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METEOROLOGICAL CONTROLS ON PRIMARY PRODUCTION IN SHELF SEAS

by Angela Andrea Bahamondes Dominguez

Shelf seas are regions of high biological activity, contributing 15-30% of global oceanic primary pro-
duction, with temperate shelf seas as an important global carbon sink. To understand how shelf seas
will respond to environmental changes it is important to fully understand phytoplankton dynamics
and inter-annual variability of phytoplankton production in these areas. Previous modelling works
have shown that meteorology can affect phytoplankton seasonal dynamics but there is still debate
in the literature about the direct mechanisms that affect long-term phytoplankton productivity.
Challenges can include a lack of long-term observations and mismatch of these with numerical
models due to a range of factors from the simplicity of the assumptions made in model structure
to inappropriate parameterisations. This study explores the effects of wind speed, cloud cover-
age, air temperature, and relative humidity on primary production using a simple one-dimensional
biological and physical coupled model to simulate the inter-annual variability of seasonal stratifi-
cation and productivity over the last five decades (1965 - 2015) and shelf sea observations (2014
- 2015) in the Central Celtic Sea location. Results with the simplest model structure show that
wind speed has the largest effect on the inter-annual variability of primary production associated
to the onset of thermal stratification. However, a mismatch with observations and inconclusive
results motivated further model development, introducing a nutrient-phytoplankton-zooplankton
framework and modelling photo-acclimation. Extensive analysis of the new models was performed
by calibration and sensitivity analyses, demonstrating that the addition of these processes pro-
duces substantial changes in the model dynamics, improving the model fit to observations. This
allows reassessment of the questions analysed with the simplest model, providing new insights into
the meteorological impacts on phytoplankton productivity, showing that wind speed has a direct
influence on the timing of thermal stratification and, therefore, in the timing of the spring bloom,
affecting annual production. In contrast to the simpler model, cloud coverage is shown to have the
largest effect on the annual phytoplankton production, affecting the available light in the water
column with large daily variations directly affecting daily primary production during the spring
bloom and summer growth periods. Thus, in this work it is demonstrated that the structure and

parameterisation of the model influences the fidelity of the simulations.
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and 08/08/2015, respectively).. . . . . ... ... o
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(a) Daily time-series showing the seasonal cycle for the default experiment

during the year 1965 for the surface chlorophyll-a (black dashed line, mg

Chl m—?), bottom temperature (black dash-dot line, °C ), and surface tem-

perature (black solid line, °C), (b) Annually averaged surface chlorophyll-a

(black dashed line, mg Chl m~?), bottom temperature (black dash-dot line,

°C ), and surface temperature (black solid line, °C) from 1965 to 2015 for

the detault experiment.|. . . . . . . .. .. ... ... 0000000
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B3

Total annual NPP (mg C m™* yr~ ) time-series calculated from 1965 to 2015

for the control experiment (red line) and for (a) wind-only experiment, (b)

cloud-only experiment, (c) temperature-only experiment, and (d) humidity-

only experiment.| . . . . . . ... ...
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(a) An RMSD for the total annual NPP (mg C m™“ yr—') calculated between

the control experiment and 1: wind-only experiment, 2: temperature-only

experiment, 3: cloud-only experiment, and 4: humidity-only experiment.

(b) RMSD calculated for the wind-only experiment (blue solid line), cloud-

only experiment (black solid line), temperature-only experiment (red solid

line), and humidity-only experiment (magenta solid line) for every year. The

RMSD for (a) and (b) were calculated throughout 1965 and 2015.|. . . . . .

82

B.10

Boxplot for the timing of the peak bloom NPP (days) calculated from daily

NPP (mg C m—= day ') from 1965 to 2015 for 1: control experiment, 2:

wind control-based experiment, 3: cloud control-based experiment, 4: tem-

perature control-based experiment, and 5: humidity control-based experiment.| 84
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Time-series from the output of the default experiment (black solid line) and

from the knockout wind experiment (black dashed line) using the year 1965

as an example for (a) Daily wind speed (black solid line) and daily wind

speed control (black dashed line, m s~!), (b) daily temperature difference

(surface temperature minus bottom temperature, °C) for the default exper-

iment (black solid line) and the knockout wind experiment (black dashed

line), and (c) daily NPP (mg C m™ day ') for the default experiment

(black solid line) and the knockout wind experiment (black dashed line).| . .

86

B.12

Contour plots of mean daily difference between the knockout-wind exper-

iment and the default experiment during 1965 and 2015 along the whole

water column with a maximum depth of 140m. (a) Temperature (°C), (b)

Chlorophyll-a (mg Chl m™?), and (¢) DIN (mmol N m—°). The red colour

represents positive values and the blue colour represents negative values.| . .

88

B.13

Scatter plots of model output for 1965 to 2015. The red line represents the

regression line of the correlations between (a) Timing of the spring phyto-

plankton bloom (days) for the default experiment and the knockout-wind

experiment, (b) Total spring NPP (mg C m—* day ) for the default experi-

ment and knockout-wind experiment, (c) timing of the spring phytoplankton

bloom (days) and total spring NPP (mg C m~2 day ') for the default ex-

periment, and (d) timing of the spring phytoplankton bloom (days) and

total spring NPP (mg C m~* day ') for the knockout-wind experiment.| . .
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B.14

Scatter plots of model output for the period 1965 and 2015. The red line

represents the regression line of the correlations between (a) timing of the

spring phytoplankton bloom (days) and surface BML (m) for the default ex-

periment, (b) timing of the spring phytoplankton bloom (days) and surface

BML (m) for the knockout-wind experiment, (c) total spring NPP (mg C

m ¢ day ') and surface BML (m) for the default experiment, and (d) total

spring NPP (mg C m™“ day ') and surface BML (m) for the knockout-wind

experiment.| . . . . . . L. L L e e e
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B15

ocatter plots calculated for the period 1965 and 2015. Red line represents

the regression line of the correlations between (a) length of the stratified

period (days) and the total summer NPP (mg C m—2 day ') for the default

experiment, (b) length of the stratified period (days) and the total summer

NPP (mg C m = day ') for the knockout-wind experiment, (c) total summer

NPP (mg C m~2 day ') and the length of the summer period (days) for the

default experiment, and (d) total summer NPP (mg C m™* day ') and the

length of the summer period (days) for the knockout-wind experiment.| . . .
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(a) Time-series of total annual NPP (black solid line; mg C m—2 yr~—!) and

total spring + summer NPP (blue solid line; mg C m—* yr—!) for the default

experiment throughout 1965 to 2015. (b) Time-series of total annual NPP

(black solid line; mg C m~2 yr—') and total spring + summer NPP (blue

solid line; mg C m—2 yr—') for the knockout-wind experiment from 1965 to

| 20000 . . e
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Conceptual view of NPZ models. The arrows represent the nutrient flow

pathways between P (phytoplankton), Z (zooplankton), and N (DIN).|

. 108
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Map of the three main stations across the Celtic Sea for the cruises DY 026,

DY018, DY029, and DY033. The sampling sites are represented by crosses

and include the Celtic Deep, the Central Site (or CCS site), and the Shelf

Edge. Grey scale shows the bathymetry (in m). Image taken from Giering

00 al, D0I8] « o o o e
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Depth-integrated zooplankton biomass for daytime and night-time samples

at the CCS location, including different species of mesozooplankton from

the cruises DY026, DYO0I8, DY029, and DYO033] « « « « « v v o oo
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Map for study area and stations for the JR98 (stations IS1, CS3, D2, CSI1,

U2, N1, CS2) and CD173 (stations B2, CS2, JB1, OB, P1, U2, ctd16)

cruises, including the CCS location (in red colour). Image created with

Matlab using the repository data for gridded bathymetry provided by Gen-

eral Bathymetric Chart of the Oceans (GEBCO). Bathymetric data only

considered for the shelf sea region (0 to 300m depth) with open ocean depth

neglected (deeper than 300m). Continents considered in black colour (over

Om elevation).|. . . . . . . .. L.
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Photophysiological parameters obtained from *C-uptake photosynthesis ver-

sus irradiance experiments (n = 55) from the JR98 and CD173 cruises. (a)

Chlorophyll-a specific maximum light-saturated photosynthesis rate, and

(b) Light saturation parameter, spectrally corrected to the in situ irradi-

ance at the sample depth (see Moore et al., 2006).] . . . ... ... ... ..
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SSB observations (black lines) for (a) Surface chlorophyll-a, (b) zooplankton

biomass along the S2P3-NPZ (red line), S2P3-Photoacclim (blue line), and

S2P3 v8.0 (green line) calibrated models. | . . . . . .. ... ... ... ...
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CTD observations from the SSB programme including data for: spring-

time (20,/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for sum-

mertime (24,/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN

along the S2P3-NPZ (red line), S2P3-Photoacclim (blue line), and S2P3

v8.0 (green line) calibrated models.| . . . . . . .. .. ... ...
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Observations from the cruises CD173 and JR9S for:(a) chlorophyll-a specific

PChl

o) in different locations

maximum light-saturated photosynthesis rate (

of the Celtic Sea and for the calibrated S2P3-Photoacclim model (blue lines)

and the S2P3 v8.0 model (green lines); (b) observations of the light satu-

ration parameter (Ey) for different stations across the Celtic Sea and Ey

from the calibrated S2P3-Photoacclim model (blue lines) and the S2P3 v8.0

model (green lines). The data from both models were plotted for the same

days that the observations were collected: between 15 July to 6" August

of 2003 (JR98 cruise) and between 24" July to 14" August of 2005 (CD173

CTUISE).|. . o o o
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SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control NPZ (magenta line), Run 1 (v; = 0.1; black

line), and Run 2 (v; = 0.3; cyan line) shown from start of April 2014 to the

end of August 2015 for (a) surface chlorophyll-a and (b) zooplankton biomass.[136
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and

(f) DIN along the S2P3-NPZ (magenta line), Run 1 (y; = 0.1; black line),

and Run 2 (v =0.3; cyan line).|. . . . . ... . ... . L
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SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control NPZ (magenta line), Run 3 (72 = 0.25; black

line), and Run 4 (7o = 0.75; cyan line) shown from start of April 2014 to

the end of August 2015 for (a) surface chlorophyll-a and (b) zooplankton

blomass. . . . .. e
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and

(f) DIN along the S2P3-NPZ (magenta line), Run 3 (y2 = 0.25; black line),

and Run 4 (y2 =0.75; cyan line).| . . . . . ... ... ...

139

E13

SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control NPZ (magenta line), Run 5 (A = 0.375; black

line), and Run 6 (A = 1.125; cyan line) shown from start of April 2014 to

the end of August 2015 for (a) surface chlorophyll-a and (b) zooplankton

blomass. . . . .. e
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and

(f) DIN along the S2P3-NPZ (magenta line), Run 5 (A = 0.375; black line),

and Run 6 (A =1.125; cyan line).| . . . . .. ... ... ... .. ... ..
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SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control NPZ (magenta line), Run 7 (R,, = 1.25; black

line), and Run 8 (R,, = 3.75; cyan line) shown from start of April 2014 to

the end of August 2015 for (a) surface chlorophyll-a and (b) zooplankton

blomass. . . . .. e
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

for summertime (24,/07/2015) for (d) temperature, (e) chlorophyll-a, and (f)

DIN along the S2P3-NPZ (magenta line), Run 7 (R, = 1.25; black line),

and Run 8 (Ry, =3.75; cyan line).| . . ... ... ... ... .. ...
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SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control NPZ (magenta line), Run 9 (m = 0.025; black

line), and Run 10 (m = 0.075; cyan line) shown from start of April 2014 to

the end of August 2015 for (a) surface chlorophyll-a and (b) zooplankton

blomass.l . . . .. e
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN;

for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and

(f) DIN along the S2P3-NPZ (magenta line), Run 9 (m = 0.025; black line),

and Run 10 (m = 0.075; cyan line).| . . . . . ... ... ... ... ... ..
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SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control Photoacclim (blue line), Phot 1 (PY =~ = 1;

max

black line), and Phot 2 (P, = 3; cyan line) shown from start of April 2014

to the end of August 2015 for surtace chlorophyll-a). . . . . . . . . ... ..
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and

(f) DIN along the S2P3-Photoacclim (blue line), Phot 1 (PY = 1; black

line), and Phot 2 (P$,. =3;cyanline)| . .. ... ... ........ ...
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Celtic Sea, including Control Photoacclim (blue lines), Phot 1 (PY = =

max

1; black lines), and Phot 2 (PY, = 3; cyan lines) for: (a) chlorophyll-a

specific maximum light-saturated photosynthesis rate (P$%,) and (b) light

saturation parameter (Ey). The data from the model was plotted during

the same days that the observations were collected.| . . . . . . . . . . .. ..

152
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SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control Photoacclim (blue line), Phot 3 (Qn = 0.2;

black line), and Phot 4 (Q,, = 0.6; cyan line) shown from start of April 2014

to the end of August 2015 for surface chlorophyll-af. . . . . . . .. . .. ..

123

CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and

(f) DIN along the S2P3-Photoacclim (blue line), Phot 3 (Qn = 0.2; black

line), and Phot 4 (Q,, = 0.6; cyan line).| . . . .. ... ... ... ... ...
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the Celtic Sea, including Control Photoacclim (blue lines), Phot 3 (Q, =

0.2; black lines), and Phot 4 (Qn, = 0.6; cyan lines) for: (a) chlorophyll-a

specific maximum light-saturated photosynthesis rate (P$™) and (b) light

saturation parameter (Ey). The data from the model was plotted for the

same days that the observations were collected.| . . . . . .. ... ... ...
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125

SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control Photoacclim (blue line), Phot 5 (6. = 0.15;

black line), and Phot 6 (65

Nax = 0.45; cyan line) shown from start of April

2014 to the end of August 2015 for surtace chlorophyll-a.|. . . . . . . . . ..
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN;

for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and

(f) DIN along the S2P3-Photoacclim (blue line), Phot 5 (6, = 0.15; black

line), and Phot 6 (6},

max

=0.45; cyan line)| . . . ... ... ... ... ...
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Celtic Sea, including Control Photoacclim (blue lines), Phot 5 (6. = 0.15;

specific maximum light-saturated photosynthesis rate (P$%,) and (b) light

|
black lines), and Phot 6 (#. = 0.45; cyan lines) for: (a) chlorophyll-a |
|
|

saturation parameter (Ey). The data from the model was plotted for the

same days that the observations were collected.| . . . . . . . . ... ... .. 158

.28

SSB buoy observations (red line) from the start of April 2014 to end of

Reni = Ry = 0.01; black line), and Phot8 (Rc = Rey = Ry = 0.03; cyan

|
June 2015 compared to the Control Photoacclim (blue line), Phot 7 (R¢ = |
|
|

line) shown from start of April 2014 to the end of August 2015 for surface

chlorophyll-a.| . . . . . . . . . 159
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CTD observations from the SSB programme (red line) including data for: |

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN; |

for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and |

(f) DIN along the S2P3-Photoacclim (blue line), Phot 7 (Rc = Reyy = Ry = |

0.01; black line), and Phot8 (Rc = Repp = Ry = 0.03; cyan line).|. . . . . .. 160
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the Celtic Sea, including Control Photoacclim (blue lines), Phot 7 (Rc =

Reni = Ry = 0.01; black line), and Phot8 (Rc = Rey = Ry = 0.03; cyan

|
|
line) for: (a) chlorophyll-a specific maximum light-saturated photosynthesis |

Chl
Pmax

rate ( ) and (b) light saturation parameter (Ey). The data from the

model was plotted for the same days that the observations were collected.| . 161

31

SSB buoy observations (red line) from the start of April 2014 to end of June

max

1.75; black line), and NPZPhot 2 (P%._ = 5.25; cyan line) shown from start

|
2015 compared to the Control NPZPhot (green line), NPZPhot 1 (PC = |
|
|

of April 2014 to the end of August 2015 for (a) surface chlorophyll-a and

(b) zooplankton biomass.| . . . . ... ... L0000 Lo 168

132

CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

|
|
for summertime (24/07/2015) for (d) temperature, (e) chlorophyll-a, and |
(f) DIN along the Control NPZPhot (green line), NPZPhot 1 (P = 1.75; |

black line), and NPZPhot 2 (P$. = 5.25; cyan line)|. . . . ... ... ... 169
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Celtic Sea, including Control NPZPhot (green lines), NPZPhot 1 (P, =

max

1.75; black lines), and NPZPhot 2 (PY, = 5.25; cyan lines) for: (a)

chlorophyll-a specific maximum light-saturated photosynthesis rate (P$2)

max

and (b) light saturation parameter (Ex). The data from the model was

plotted for the same days that the observations were collected. . . . . . ..

131

SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control NPZPhot (green line), NPZPhot 9 (v; = 0.05;

black line), and NPZPhot 10 (y; = 0.15; cyan line) shown from start of

April 2014 to the end of August 2015 for (a) surface chlorophyll-a and (b)

zooplankton biomass.|. . . . . . . ... oo Lo
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

for summertime (24,/07/2015) for (d) temperature, (e) chlorophyll-a, and (f)

DIN along the Control NPZPhot (green line), NPZPhot 9 (y; = 0.05; black

line), and NPZPhot 10 (y; = 0.15; cyan line).| . . . . . . .. ... ... ...
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Celtic Sea, including Control NPZPhot (green lines), NPZPhot 9 (v; = 0.05;

black lines), and NPZPhot 10 (y; = 0.15; cyan lines) for: (a) chlorophyll-a

specific maximum light-saturated photosynthesis rate (PY™ ) and (b) light

saturation parameter (Ey). The data from the model was plotted for the

same days that the observations were collected., . . . . . . ... . ... ...
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SSB buoy observations (red line) from the start of April 2014 to end of

June 2015 compared to the Control NPZPhot (green line), NPZPhot 11

(y2 = 0.2; black line), and NPZPhot 12 (72 = 0.6; cyan line) shown from

start of April 2014 to the end of August 2015 for (a) surface chlorophyll-a

and (b) zooplankton biomass.| . . . . . .. ...

174
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CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c¢) DIN;

for summertime (24,/07/2015) for (d) temperature, (e) chlorophyll-a, and (f)

DIN along the Control NPZPhot (green line), NPZPhot 11 (72 = 0.2; black

line), and NPZPhot 12 (v = 0.6; cyan line).|. . . . . ... .. ... ... ..
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Celtic Sea, including Control NPZPhot (green lines), NPZPhot 11 (v = 0.2;

black lines), and NPZPhot 12 (2 = 0.6; cyan lines) for: (a) chlorophyll-a

specific maximum light-saturated photosynthesis rate (P$%,) and (b) light

saturation parameter (Ey). The data from the model was plotted for the

same days that the observations were collected.| . . . . . . . . ... ... ..
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Daily time-series from 1965 to 2015 for the calibrated version of the 52P3

v8.0 model (default experiment), including: (a) surface temperature minus

bottom temperature (°C), (b) surface chlorophyll-a (mg Chl m™?), (c) sur-

face zooplankton biomass (mmol N m—), (d) surface DIN (mmol N m—?),

and () NPP (mg Cm=2day 1). | ... ... ... ... ... ........

52

Contoured daily vertical profiles for the start of 2014 to the end of 2015 for

the calibrated version of the S2P3 v8.0 model (default experiment) includ-

ing: (a) temperature (°C), (b) phytoplankton chlorophyll-a (mg Chl m~?),

(c) zooplankton biomass (mmol N m™°), (d) phytoplankton chlorophyll :

phytoplankton carbon ratio (mg Chl (mgC)~'), and (e) DIN (mmol N m~—?).[196

53

ocatter plots calculated from 1965 to 2015. Red line represents the sig-

nificant regression line of the relationships between the total annual NPP

(mg C m~2 yr—1) and (a) total annual average wind, (b) total annual aver-

age cloud coverage, (c) total annual average air temperature, and (d) total

annual average relative humidity| . . . . .. ... .. ... 000
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B4

Differences relative to the control experiment of the wind-only experiment

(represented in black), cloud-only experiment (represented in red), temperature-

only experiment (represented in blue), and humidity-only experiment (rep-

resented in cyan) over the period 1965 - 2015 for (a) total annual NPP (mg

C m—° yr— 1), (b) RMSD of total annual NPP (mg C m~ yr—'), and (c)

RMSD of total annual NPP (mg C m~“ yr—'), where years with a star (x)

in the x-label represent a mean value of the RMSD every five years starting

from 1965 . . . . . .o
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Differences relative to the control experiment of the wind-only experiment

(represented in black), cloud-only experiment (represented in red), temperature- |

only experiment (represented in blue), and humidity-only experiment (rep-

resented in cyan) over the period 1965 - 2015 for (a) the timing of the spring

phytoplankton bloom, and (b) an RMSD for the timing of the spring phy-

toplankton bloom.| . . . . . ... ... 000000000

5.6

Daily surface PAR versus daily NPP for 1965-2015 for the (a) S2P3 v7.0

model, and (b) S2P3 v8.0 model. Colorbar represents the day of the year,

from day O to 365.) . . . . . . . . ...
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Difterences relative to the control experiment ot the wind-only experiment

(represented in black), cloud-only experiment (represented in red), temperature- |

only experiment (represented in blue), and humidity-only experiment (rep-

resented in cyan) over the period 1965 - 2015 for (a) total spring NPP (mg

Cm~—2yr—1), (b) total summer NPP (mg C m~2 yr—), (c) total autumn +

winter NPP (mg C m™ yr~ ), and (d) an RMSD for the total spring NPP

(blue colour), total summer NPP (green colour), and total autumn + winter

NPP (yellow colour).| . . . . . . ... ... ...
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Differences of total annual NPP (mg C m™—* yr— ') from 1965 - 2015 rel-

ative to the control 1 (A, .. |) and control 2 (6. 1) experiments and

the (a) wind-only 1 - 2 experiments (black and red colours, respectively)

(b) cloud-only 1 - 2 experiments (black and red colours, respectively), (c)

temperature-only 1 - 2 experiments (black and red colours, respectively),

and (d) humidity-only 1 - 2 experiments (black and red colours, respectively).206
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Differences of total annual NPP (mg C m™—* yr~!) from 1965 - 2015 relative

to the control 3 (Ry, |) and control 4 (Ry, 1) experiments and (a) wind-only

3 - 4 experiments (black and red colours, respectively) (b) cloud-only 3 - 4

experiments (black and red colours, respectively), (c) temperature-only 3 -

4 experiments (black and red colours, respectively), and (d) humidity-only

3 - 4 experiments (black and red colours, respectively).| . . . . . . . ... ..
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[5.10

Differences of total annual NPP (mg C m™* yr~ ") from 1965 - 2015 relative

to the control 5 (m ) and control 6 (m 1) experiments and (a) wind-only

5 - 6 experiments (black and red colours, respectively) (b) cloud-only 5 - 6

experiments (black and red colours, respectively), (c) temperature-only 5 -

6 experiments (black and red colours, respectively), and (d) humidity-only

5 - 6 experiments (black and red colours, respectively). . . . .. .. .. ..
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B.11

RMSD calculations from the year 1965 to the year 2015 tor the control-

based experiments with 62Y = 0.135 (blue bars), %' = 0.165 (light blue

max max

bars), R,, = 3.15 (turquoise bars), R,, = 3.85 (green bars), m = 0.018

(orange bars), and m = 0.022 (yellow bars) for the wind-only 1 - 6 exper-

iments, cloud-only 1 - 6 experiments, temperature-only 1 - 6 experiments,

and humidity-only 1 - 6 experiments in terms of (a) total annual NPP (mg
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Chapter 1

Introduction

This introduction provides a background of general knowledge about the physical and
biological dynamics of shelf seas and the purpose of the work presented. This chapter
is divided into five sections. The first section includes a general background on shelf
seas, their main characteristics, and a description of the study area. The second section
shows the physical controls in temperate shelf seas, including seasonal stratification, spring
bloom development, and tidal mixing fronts. The third section explains about the biological
processes driving shelf sea ecosystems, including a general review on photo-acclimation and
grazing. The fourth section shows the different methods to study shelf seas and justifies the
use of a 1-D model to study phytoplankton production. The final section of this chapter

provides an outline of this work.

1.1 Shelf Seas

Shelf seas are ocean regions where water depth is less than a few hundred metres (~ 200
m). They are separated from the deep ocean by a shelf break, where the seabed inclination
generally increases rapidly from the top of the continental slope to the abyssal ocean. In
these regions, the effects of friction and boundaries play a crucial role in determining ocean
dynamics, experiencing a physical regime which is distinct from that of the abyssal ocean

where depths are measured in kilometres (Simpson & Sharples, 2012).

Shelf seas represent less than 10% by area of the global ocean as shown in Figure 1.1a
(white regions). Despite this small area in comparison to the slope and abyssal ocean,
shelf seas have a disproportionate importance because of their exceptionally high biologi-

cal productivity (Figure 1.1b; Holt & Proctor., 2008), being responsible for 15 to 30% of
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the total oceanic primary production (PP) in the ocean (Davis et al., 2014; Muller-Karger
et al., 2005; Wollast, 1998).
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Figure 1.1: (a) Global ocean bathymetry (depth in kilometres), divided into shelf, slope,
and abyssal ocean. Bathymetry information obtained from the General Bathymetric Chart
of the Oceans (GEBCO). (b) Global annual PP, from Moderate Resolution Imaging Spec-
troradiometer (MODIS) satellite (Beherenfeld & Falkowski, 1997). Images taken from
Simpson & Sharples, 2012.

Many aspects of the marine environment and human activities (e.g. food, renewable energy,
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transport) rely on shelf seas (Holt et al., 2017). Approximately 40% of the human popula-
tion lives in regions close to the sea, and these coastal zones host high industrial activity

and provide more than 90% of the fish consumed by humanity (Simpson & Sharples, 2012).

The focus of this work is on temperate shelf seas, which are characterised by key features as
illustrated in Figure 1.2. Closest to land are the regions of freshwater exchange (ROFIs),
where freshwater river discharge is a source of buoyancy, which is balanced by tidal and
wind stirring (Simpson, 1997). ROFIs exhibit changes in stratification and mixing cycles
varying from semi-diurnal to spring-neap tidal cycles. The next closest zone to the shore
is a permanently mixed region where phytoplankton are transported through the whole
water column. Nutrients are abundant in this zone, but the light is limited and high lev-
els of re-suspended sediments maintained by vertical mixing can reduce growth rates of
phytoplankton (Rippeth, 2005). The boundaries between the permanently mixed region
and those that are thermally stratified during spring and summer are called tidal mixing
fronts (Simpson et al., 1981). In the regions of temperate shelf seas that are seasonally
stratified, the effect of tides (Kobayashi et al., 2006) and wind (Williams et al., 2013) is
small in comparison to the very large seasonal exchange of heat energy through the sea
surface (Sharples, 2008; Simpson & Bowers, 1984), which will modify buoyancy of the wa-
ter column leading to stratification during spring in some parts of the temperate shelf sea,
when the increased solar irradiance and reduced mixing can trigger phytoplankton blooms
(Riley, 1942). Finally, shelf edge regions act as a control on the productivity of the shelf
seas due to important biochemical exchanges with the open ocean, supplying large fluxes
of nitrate and phosphate from the deep sea for phytoplankton growth (Liu et al., 2010).
Due to the variety and strength of forcing, shelf seas are the most dynamic regions of the

ocean and play an important role in biogeochemical processes (Simpson & Sharples, 2012).

Other characteristics can be observed in temperate shelf seas during summer months when
the surface and stratified waters, are relatively warm, nutrient-depleted and with low
concentrations of chlorophyll-a allowing light penetration to the thermocline and, con-
sequently, developing an sub-surface chlorophyll maximum (SCM; Hickman et al., 2012;
Hickman et al. 2009; Moore et al. 2006; Holligan et al. 1984a,b). During the autumn and
winter months, the net heat flux becomes negative (net cooling/loss of heat to the atmo-

sphere) and, with an increase in wind speed, the water column is mixed. The deeper mixing
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and shortened day length reduces light availability, inhibiting phytoplankton growth.
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Figure 1.2: Modified diagram of shelf seas processes and characteristics taken from Simpson
& Sharples, 2012. The rightmost region is called the ROFI whose proximity to land leads
to an input of freshwater. ROFIs are followed by a permanently mixed region, where
tidal stirring (o0) is stronger at the seabed. The transition zone from a well-mixed water
column to a stratified region is called the tidal mixing front. In the stratified areas of shelf
seas, tidal mixing becomes less important at the seabed. Finally at the shelf edge, there is

exchange with the deep ocean and internal waves can occur in the thermocline.

Shelf seas experience a supply of nutrients from the continents which results in these re-
gions maintaining of high PP (Joint & Pomroy, 1993), representing 48% of the global total
production (Carr et al., 2006; Field et al., 1998). This high PP mediates carbon dioxide
(CO3z) drawdown from the atmosphere and exports it to the sub-surface layers via the
biological pump. The C'Os is then transported to the open ocean in a process called the
Continental Shelf Pump (Thomas et al., 2004). Shelf seas strongly affect the global carbon

cycle and have been suggested to act as a source of atmospheric COy (Bozec et al., 2005).
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Because of the characteristics of temperate shelf seas described in this section, there is a
need to understand the biological and physical processes governing these ecosystems. This
is why it is necessary to have in situ observations to understand the dynamics of these
regions and to validate models, through research programmes such as the Shelf Sea Bio-
geochemistry (SSB) programme, which was developed and run from 2011 to 2017 to reduce
the uncertainty in the understanding of nutrient and carbon cycling within the shelf seas,

and their role in global biogeochemical cycles.

This study is focused on the Central Celtic Sea (CCS), a region located in the North-
Western (NW) European Shelf (Figure 1.3), which is characterised by its tidally dynamic
environment and summer stratification (Hickman et al., 2012; Sharples & Holligan, 2006;
Pingree et al., 1978). Figure 1.3 shows that the seasonally stratified regions of the NW Eu-
ropean Shelf are the area with high sea surface temperature (SST) values during summer.
In the CCS region (marked as IM1 point in the map), conductivity-temperature-depth
(CTD) profiles clearly show the development of an SCM with chlorophyll-a reaching val-
ues of ~ 1.2 mg Chl m~3 at ~ 40 m depth and inorganic nutrients depleted in the surface

waters with high values below the SCM (~ 10 mmol N m~3).



Chapter 1 Introduction 6

Salinity (psu)
302353 354355 356

Nitrate (mmol rm3)
0 2 4 6 8 10

| o

e

100

C L T T P

120

[

10 12 14 16
Temp ( 9C)

0.002040608101.2
chl (mg m3)

FrT T Temp
—— Chla
—-c— Nitrate
——— Salinity

Figure 1.3: Map of the Celtic Sea and North Sea (as part of the NW European Shelf) taken
from Williams et al., 2013. (A) The map shows the sea surface chlorophyll-a composite
measured by satellite in a range between 0 to > 5 mg Chl m~2 during 10 - 16 June 2010.
(B) Profiles found by a CTD station marked on the map as IM1 during 6 June 2010. The
plot shows profiles in the Celtic Sea of salinity (psu; blue dashed line), nitrate (mmol N
m~3; black dashed line with circles), temperature (°C; red dashed line), and chlorophyll-
a (mg Chl m~3; green line). The model experiments of this work were run in the CCS

location shown on the map as the IM1 station.

1.2 Key physical controls in temperate shelf seas

1.2.1 Stratification vs mixing

As described in section 1.1, the development of stratification in temperate shelf seas results
from the competition between the buoyancy inputs due to surface heating or freshwater

input (Sharples, 2008), stirring by the tides (Kobayashi et al., 2006), and wind stress
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(Williams et al., 2013). Towards late winter and the start of spring, the sun gains more
elevation and the water column receives more heat until this eventually exceeds the losses
of heat back into the atmosphere. Initially, wind and tidal mixing prevent stratification
until the heat flux switches to net warming and a weak thermocline is developed, inhibiting
the vertical turbulent transfer of water between the surface and bottom layers of the water
column. The process that allows the development of stratification can be defined by the
potential energy anomaly (PEA, ®; Simpson et al., 1981). This parameter is a quantitative
measure of stratification and represents the work required per unit volume to completely

mix the water column [Jm ™3] (Simpson & Sharples, 2012).

0
N O

where z is the water column depth (m), h is the mixed layer thickness (m), g=9.81 (m
s72) is the gravitational acceleration, p is the water column mean density determined from
temperature and salinity profiles, p(z) is the density profile determined from temperature

and salinity profiles. PEA defines a criteria for stratification:

e & > 0 : water column is stratified,
e & =0 : water column is vertically mixed,

e & <0 : water column is convectively unstable (high density above low density).

1.2.2 The onset of stratification and the spring bloom

In temperate shelf seas, towards springtime changes occur in the vertical profile of turbu-
lent mixing in the water column in response to the development of stratification driven by
the seasonal cycle of the Sun, which increases its elevation during late winter and spring.
These changes in the physical environment control the availability of resources (light and
nutrients) to the phytoplankton (Simpson & Sharples, 2012). During this period, it is
possible to observe the spring bloom, a process that can be defined as the fast growth and
accumulation of phytoplankton, generated by high concentrations of inorganic nutrients

that have been trapped above the thermocline and high irradiance, sufficient for photo-
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synthesis to exceed respiration (Goffart et al., 2015). This process can represent one-third
of the annual phytoplankton production in some regions (Townsend et al., 1994), while
Joint et al. (2001) demonstrated with observations and satellite measurements over 1993
- 1995 that in the Celtic Sea about 39 - 42% of the total annual PP corresponds to the
spring bloom production (April and May). The spring bloom will depend on environmental
factors including incident sunlight and its subsurface attenuation, surface layer mixing, nu-
trients, and temperature (Beherenfeld & Boss, 2018), which are physical properties linked
to climate and therefore, the timing, magnitude, and duration of the spring bloom will be

regulated by climate and local meteorology.

The start timing of the spring bloom can vary every year due to variability in weather
conditions including changes in the air-sea exchange of heat and wind stirring (Simpson
& Sharples, 2012). Inter-annual shifts of the spring-neap tidal cycle can also be a source
of variability in the timing of the spring phytoplankton bloom as shown by Sharples et al.
(2006). The timing of the spring phytoplankton bloom is an important feature because
many organisms depend on it: directly, organisms that feed on phytoplankton such as
zooplankton, whose spring bloom will also depend on the start timing of the spring phyto-
plankton bloom (Sarmiento & Gruber, 2006); and indirectly, organisms at higher trophic
levels (Platt et al., 2003; Rey et al., 1987).

There is general agreement that the spring phytoplankton bloom is closely dependent on
the development of thermal stratification (Simpson & Sharples, 2012; Riley, 1942). In the
late winter and spring, the increase in irradiance creates a warm surface layer (Sharples
et al., 2006; Gill, 1982) that cannot be dissipated by tidal (Simpson & Hunter, 1974)
and wind mixing. This process leads to the formation of a thermocline, separating the
warming layer from the colder layer (deeper waters). As stratification develops from the
balance between buoyancy and mixing (Turner, 1973), the phytoplankton are split into
two separate communities: the cells that are in the warm surface layer, and the cells that
are trapped in the cold bottom layer (Simpson & Bowers, 1990; Simpson & Bowers, 1984).
The phytoplankton cells in the surface layer will have enough light and nutrients to grow

until they have used all the available nutrients in that layer.

The onset of the spring phytoplankton bloom is determined by a balance between the
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amount of solar radiation received by a phytoplankton population, availability of nutrients,
and phytoplankton biomass losses associated with respiration, grazing, and sedimentation.
However, finding a quantitative definition of the timing of the spring bloom has been a
matter of discussion in the literature, with many different approaches used. Sverdrup
(1953) developed the critical depth model theory to establish a relationship between the
depth of water column mixing and the available light as main controllers of the start timing
of the spring bloom, being valid in temperate and sub-polar latitudes where the seasonal
phytoplankton cycle is a distinct feature. Yet there are observations in the North Atlantic
of earlier blooms prior to stratification (Townsend et al., 1994; Garside & Garside, 1993;
Townsend et al., 1992; Colebrook, 1979), which can be the result of favourable weather
conditions (i.e. calm and clear days), producing intermittent changes in the mixed layer
depth (MLD; Henson et al., 2006; Durbin et al., 2003; Townsend et al., 1992). Therefore,
some studies report the timing of the spring bloom as once a specific threshold in phyto-
plankton biomass has been exceeded (Henson et al., 2009; Fleming & Kaitala, 2005; Greve
et al., 2005; Siegel et al., 2002), while Beherenfeld & Boss (2018) report the start of the
spring bloom as the rate of change of phytoplankton biomass, resulting from the difference

between carbon production and loss rates.

Sharples et al. (2006) showed that the inter-annual variability of the onset of thermal strat-
ification and the spring phytoplankton bloom are correlated to meteorological forcing of
mean spring values of wind stress, solar irradiance, and air temperature. Wind stress vari-
ability and spring air temperature controlled the timing of spring stratification and bloom
by balancing the water column mixing due to wind stress at the surface, and the increase
of heating during spring to stabilise the water column and develop stratification, showing
significant correlations between meteorological variables and the timing of the spring phy-
toplankton bloom. Despite these results, no significant correlation has been found between
phytoplankton long-term variability and local atmospheric forcing (Barton et al., 2014),
suggesting that a non-linear response from plankton communities to inter-annual variabil-
ity of ocean surface wind speed, heat fluxes, turbulence, MLD, stratification, or SST might
be the cause; Barton et al., (2014) also suggests that the year-to-year variability in phy-
toplankton assemblages is greater than in the physical drivers. This lack of sensitivity of
phytoplankton biomass inter-annual variability may be because there are other ecological

(e.g. zooplankton grazing) and physical mechanisms (e.g. ocean circulation) that play a
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role in driving ecological dynamics.

The magnitude and duration of the spring phytoplankton bloom in a temperate shelf sea
can affect the amount of energy transferred to higher trophic levels (Shi et al., 2017; Sigler
et al., 2014). Inter-annual variability has been observed in the magnitude and duration of
spring phytoplankton bloom, affected by changes in the vertical mixing induced by atmo-
spheric forcing variability (Follows & Dutkiewicz, 2001). Variations in mean wind speed,
cloudiness (which affects surface irradiance as well as night convection), and air tempera-
ture can condition phytoplankton growth. Knowing these processes in shelf seas is relevant

for understanding the ecology and biogeochemistry of these systems.

1.2.3 Stratification during summer

A two-mixed layer model can be considered for a stratified region in temperate shelf seas:
a surface mixed layer, heated and stirred by the atmosphere with high levels of light and
low in nutrients; and a bottom mixed layer, stirred by tides, rich in nutrients but with low
light. These two layers are separated by a thermocline, a high gradient region of water
temperature that inhibits the vertical turbulent transfer of water, nutrients, and phyto-
plankton between the surface and bottom layer (Simpson & Sharples, 2012; Pingree et al.,
1976).

Seasonal stratification develops in early spring as surface heating rate increases and the
turbulent kinetic energy (TKE) of the water decreases (due to decreasing wind speeds)
and then strengthens throughout the summer months (Elliott & Clarke, 1991). During
summer, warm waters at the surface are nutrient depleted because phytoplankton fed on
them during the spring bloom, consequently, concentrations of chlorophyll-a are also low
in the surface layer after the peak of the bloom has decreased (Pingree et al., 1978). The
low concentrations of chlorophyll-a in the surface mixed layer allows light penetration to
the thermocline (Hickman et al., 2012), which is rich in inorganic nutrients due to mixing
at the bottom of the thermocline (Sharples & Tett, 1994). Wind pulses can supply nutri-
ents to the thermocline and increase growth, deepening the thermocline to a depth where
light received by the phytoplankton cells is typically low. The spring-neap tidal cycle also

plays a role in the strength of mixing (Sharples, 2008), increasing the turbulent mixing of
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the water column during spring tides and eroding the base of the thermocline, allowing
phytoplankton carbon to be mixed downward into the bottom layer (Sharples et al., 2001).
During neap tides, tidal currents decrease while wind stirring weakens stratification and
mixes up nutrients to be incorporated into the base of the thermocline from the bottom
mixed layer. In this bottom mixed layer, light is limited, although sometimes irradiance is

still high enough for PP to be possible (Van Leeuwen et al., 2013).

During anomalous heating periods, model experiments have suggested that sensible heat
flux driven by air-sea temperature difference can restore the heat content and temperature
structure to normal. In shelf seas wind speed is reduced during a hot summer, limiting the
depth of the mixed-layer. In this shallower mixed-layer, temperatures are increased due
to the absorption of incoming radiation, stabilising the thermocline and thus restricting
the penetration of the wind mixing and driving a sensible heat flux from the sea to the

atmosphere.

In a temperate shelf sea, a maximum concentration of chlorophyll-a within the thermocline
is often referred to as SCM (Simpson & Sharples, 2012). The SCM is near-ubiquitous in
stratified surface waters, formed by interacting processes, including enhanced growth of
phytoplankton under an optimal combination of light and nutrients, physiologically con-
trolled swimming behavior or buoyancy regulation, and photoacclimation of the algal cells
(Cullen et al., 2015). Cells may sink to form a layer at a location within a pycnocline
or nitracline where they are neutrally buoyant (Steele & Yentsch, 1960). Phytoplankton
in the thermocline have high concentrations because the characteristic mixing time of the
water is longer than the algal generation time, allowing growth and accumulation (Cullen,
1982), and because beneath the thermocline, tidal turbulence maintains these cold waters

with supplies of inorganic nutrients from sediments.

Studies in the Western English Channel have found that the enhanced PP in the SCM
is 0.5 - 0.8 g C m~2 d=! (Moore et al., 2003), with similar results found in the Celtic
Sea of 0.1 to 0.6 ¢ C m~2 d~! (Joint & Groom, 2000) and the estimated rates of PP for
the same location by Hickman et al. (2012) of 0.174 to 0.386 ¢ C m~2 d~! (compared to
cruise observations done by Maranén et al., 2005). These reported observations are less

than the value reported by Pingree et al (1976) for the spring phytoplankton bloom in
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the same region of 6 g C m™2 d~!. These differences are due to the low light availability
at the thermocline but compared to the spring phytoplankton bloom, these production
rates are maintained for many weeks. On the other hand, in the North Sea, values for
PP rate during summer of 0.91 g C m~2 d=! (Fernand et al., 2013) have been found. In
a typical year, the total annual new PP (creation of new organic material from the input

2 yr~!, where 40% of this production

of inorganic nutrients) corresponds to 40 g C m™
would be associated with the spring phytoplankton bloom in the stratified surface waters

(Richardson & Pedersen, 1998).

1.2.4 Tidal mixing fronts

Tidal mixing fronts can be identified as the transition zone between vertically mixed areas
and those that are seasonally stratified. Their position depends on the balance between
buoyancy input by heating, tidal mixing at the seabed and, to a lesser extent, mixing by

the wind at the surface.

PEA (®) theory formulates the basic competition between the stratifying and stirring
agencies in terms of stratification. ® is zero for a fully mixed water column and becomes
increasingly positive as stratification increases. In the development of an equation for the
position of tidal fronts, considering the mechanical stirring by the tides and the influence of
stirring by wind stress, the full equation to observe frontal positions postulated by Simpson
& Hunter (1974) can be written as:

0P  agQ; ekppolul®  esksp WP

9t 2, bR h (1.1)

The first term on the right side of eq. 1.1 represents the net change of ® by heating, where
« is the volume expansion coefficient of seawater, g is the gravitational force, Q); is the
heat supplied in a short interval of time, and ¢, is the specific heat capacity of seawater.
The second and third terms on the right side of the equation represent the net change of ®
due to tidal stirring and wind mixing, respectively. e is an efficiency term of tidal stirring,
po is the density of seawater, u is the depth-mean tidal current, p, is the density of the
air, W is the wind speed, e is an efficiency of wind mixing, h is the full depth, k; and ks

are drag coefficients.
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The condition for frontal transition, balancing heating and stirring is:

0P
E_O'

For a region where ); and W can be assumed uniform and considering the other parame-
ters as constants, except u and h, then from eq. 1.1, the position of a tidal mixing front can
be represented by a critical value of h/u?, which is derived by a balance between potential
energy induced by surface heating and tide-induced turbulent kinetic energy (heating -
stirring theory) to identify front locations (Simpson & Hunter, 1974). As the depth of
water increases, the strength of the tidal currents required to maintain vertical mixing also
increases. For example, when h < 30 m stratification can only exist for low values of w
(Bowers & Simpson, 1987). Tidal mixing fronts represent important physical and chemical
boundaries and, therefore, become important biological boundaries (Pingree & Griffiths,

1978; Pingree et al., 1975), enhancing chlorophyll-a concentrations in the surface waters.

The enhanced phytoplankton populations found at tidal fronts occurs due to nitrate supply
to surface frontal waters, with different possible ways of transferring nutrients across, and
into, a front as shown in Figure 1.4, including: (1) increased vertical mixing allowed by
the weakening of stratification at the front, (2) effect of spring-neap tidal cycle leading
to fortnightly re-stratification (when neap tides are not strong enough to balance the
solar heating input that leads to stratification), and mixing (due to spring tides that can
breakdown stratification as they increase turbulent mixing) which can increase the annual
productivity in tidal mixing fronts by 70% compared to a front only driven by the M> tide
(Sharples, 2008), (3) eddy transfers across the front, and (4) fluxes associated with the
friction within fronts (Simpson & Sharples, 2012; Loder & Platt, 1985).
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Figure 1.4: Schematic illustration of a tidal mixing front and the different processes that
allow high production of phytoplankton in these regions due to nutrients supply from (1)
diapycnal mixing, (2) spring-neap tidal adjustment of the front, (3) eddy transfer across
the front, and (4) due to lateral intrusion of mixed waters. These conditions are optimal
for phytoplankton growth, because there is sufficient light and nutrients available. Figure

adapted from Simpson & Sharples (2012); Loder & Platt (1985).

1.3 Biological processes

1.3.1 Primary production: light and nutrients supply

Phytoplankton are the foundation of the aquatic food web because they are primary pro-
ducers (Vargas et al., 2006), using photosynthetic carotenoids, chlorophyll-a and other
pigments to absorb solar energy and convert COq into organic compounds (Barlow et al.,

2008; Kirk, 1994). This process can be referred to as photosynthetic fixation of carbon and
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can be described as gross PP (GPP) or net PP (NPP). GPP is the total amount of carbon
fixed by phytoplankton, while NPP is the gross production minus the amount of carbon
consumed in cell respiration (Simpson & Sharples, 2012), with phytoplanktonic respiration
defined as the release of CO2 by photosynthetic organisms. Thus, PP can be defined as
the amount of organic material produced per unit area per unit time (units usually namely

mg C m~2 d~1; Cloern et al., 2014).

The phytoplankton carbon fixation is also influenced by the concentration of inorganic
nutrients during the year in the photic zone, and it requires corresponding uptakes of these
inorganic nutrient elements (nitrogen, phosphorus, silicon, etc) in stoichiometric propor-
tions (Heath & Beare, 2008; Redfield et al., 1963). Therefore, phytoplankton production
will depend on the rate of supply of nutrients or fluxes to the photic zone through advec-
tion, convection, mixing, diffusion or atmospheric input; it can also depend on the uptake

of nutrients from synthesized organic matter by excretion and microbial activity.

In seasonally stratified temperate seas, vertical mixing during winter can supply nitrate
concentrations to the photic zone from deeper waters, whilst vertical diffusion across the
seasonal thermocline is the main process that delivers nitrate from depth to the photic

zone during the summer (Rippeth, 2005).

1.3.2 Photo-acclimation of algal cells

In algal cells, photosynthesis is carried out by organelles called chloroplasts, which contain
specialised membranes called thylakoids (Kirk, 1994). In the thylakoid, some pigments
capture the necessary light to enable photosynthesis. However, variations in light intensity
can produce phenotypic adjustments in the cells by changing the disposition of chloro-
plasts and, therefore, the cellular cross-section occupied by chloroplasts (MacIntyre et al.,
2002). This phenotypic change in response to variations in the photon flux density is called

photo-acclimation (Moore et al., 2006; Falkowski & LaRoche, 1991).

The main property of photo-acclimation is the reduction of photosynthetic pigment con-
tent in response to increased irradiance, but it can also have morphological implications by

changing the cell volume, number and density of thylakoid membranes, etc; and physiologi-
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cal implications by changing the minimum quantum requirement for growth rate (Falkowski
& La Roche, 1991). Photo-acclimation can be assessed by analysing the differences in the
photosynthetic physiology or biochemistry of a given taxa in response to a range of light

intensities and phytoplankton growth (Moore et al., 2006).

Despite widespread measurements of chlorophyll-a concentrations to understand marine
PP, it is a poor measure for phytoplankton biomass (Cullen, 1982; Strickland, 1960) be-
cause it only contributes about 0.1 to 5% to phytoplankton biomass (Geider et al., 1997,
Geider, 1993). Consequently, studying the phytoplankton chlorophyll-a : phytoplankton
carbon ratio can give better estimates about phytoplankton growth rates from CO3 assim-
ilation measurements. According to phytoplankton culture studies performed by Geider
(1993) and Geider (1987), this ratio can vary from 0.1 to 1 g g~! responding to changes in
irradiance, nutrient availability, and temperature, reaching a maximum under high tem-
peratures, low irradiance, and nutrient replete conditions. Down regulation of the phyto-
plankton chlorophyll-a : phytoplankton carbon ratio at high irradiance occurs because the
rate of light absorption exceeds the maximum capacity to assimilate photosynthate, how-
ever, temperature or restricted nutrient availability can constrain phytoplankton growth

rates reducing the demand for energy.

Attempts to describe and quantify phytoplankton growth rates were performed and in-
troduced by cell quota models as in Droop (1983). The cell quota or nutrient quota (Q)
could be defined as the quantity of substrate required to produce a given biomass, in-
troducing a concept of internal nutrient pool upon which phytoplankton growth depends
on, therefore, it assumes that phytoplankton growth rate is a function of the dissolved
nutrient concentration availability. Geider et al. (1998) describes the light-, nutrient-. and
temperature-dependencies of phytoplankton growth rate in one model based on the cell

quota theory with varying ratios of N : C : Chl.

1.3.3 Zooplankton and grazing

Plankton in the ocean can be divided into two main groups: phytoplankton (photosyn-
thetic algal cells) and zooplankton (heterotrophs). Phytoplankton are at the base of the

oceanic trophic chain, being able to take carbon using the uptake of nutrients from the
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environment through photosynthesis. Zooplankton are at a second trophic level, grazing
on the available phytoplankton based on a predator-prey relationship (Irigoien et al., 2005;
Cushing, 1990). In shelf seas, zooplankton play a central role in the biogeochemical cycles
of the ocean, because they transfer energy to higher trophic levels (Giering et al., 2018).

Thus, understanding the dynamics of planktonic ecosystems becomes important.

Zooplankton grazing has important effects on biomass in the upper ocean (Ki¢grboe et al.,
1998) because it has a direct influence on the amount of phytoplankton (Lee et al., 2012;
Calbet, 2008) and, also, because some proportion of the food ingested by zooplankton is
excreted as particulate matter. The sinking of that detrital matter is one of the important
mechanisms that removes organic matter from the surface waters (Legendre & Rivkin,
2002). Thus, the relevance of understanding the role of zooplankton in shelf seas through
models that can capture their dynamics with accuracy is crucial (Giering et al., 2018). In
many biogeochemical models, zooplankton are represented by 1-3 groups (Everett et al.,

2017), from microzooplankton (> 0.002 mm) to krill or jellyfish (> 5000 mm).

Microzooplankton includes single-celled heterotrophic flagellates, dinoflagellates, tintin-
nids, and ciliates, along with the early stages of some of the mesozooplankton (e.g. copepod
larvae, called nauplii). These grazers feed on bacteria and autotrophic phytoplankton. The
response of microzooplankton growth rates is similar to that of phytoplankton (Irigoien
et al., 2004), providing a top-down control on the concentration of small phytoplankton
(Simpson & Sharples, 2012). Mesozooplankton communities include multicellular animals,
that feed on the microzooplankton and phytoplankton. Mesozooplankton can be divided
into two groups: holoplankton, which means that they spend their entire life as plankton
including copepods, krill, ostracods, chaetognaths, tunicates, and amphipods; and mero-
plankton communities, which means that they spend only the early stage of their life as
plankton, including larvae of larger marine organisms and young gelatinous plankton (e.g.
jellyfish; Simpson & Sharples, 2012). Mesozooplankton response to changes in the growth
rate of phytoplankton takes time (Peterson & Keister, 2003), which can allow phytoplank-
ton to briefly bloom in response to nutrient availability before they come under grazer

control.

Simple models have been used to study the effect of zooplankton grazing on phytoplank-



Chapter 1 Introduction 18

ton (Riley, 1946). As described by Franks (2002), the response of zooplankton grazing on
phytoplankton depends on the functions that are used (Holling, 1959). The first function
described in this paper is a Holling Type I or Mayzaud and Poulet grazing, where the func-
tional response assumes a linear increase of the grazing rate with phytoplankton biomass
(Figure 1.5a). The second functional response corresponds to a Holling Type 2 or Ivlev
grazing, which shows a saturating response to increasing food (Figure 1.5b). Finally, a
third function is called Holling Type III or sigmoidal-shaped response, which shows sat-
uration at high levels of phytoplankton biomass, and a linear response when the value of

prey density is low and zero gradient when it is near zero (Figure 1.5¢).
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Figure 1.5: Ingestion curves for (a) Holling Type I or Mayzaud and Poulet grazing, (b)
Holling Type II or Ivlev grazing, and (c) Holling Type IIT or sigmoidal-shaped grazing.
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1.4 Observing shelf sea physics and biology

1.4.1 SSB programme

As described in section 1.1, shelf seas are highly valuable ecosystems in many aspects (e.g.
fisheries, food production, carbon and nutrient cycling, etc). However, these ecosystems are
under considerable stress, as a result of anthropogenic nutrient loading, overfishing, habitat
disturbance, climate change, amongst other impacts. However, even within the relatively
well-studied European shelf sea, fundamental biogeochemical processes are poorly under-
stood (e.g. the role of shelf sea in carbon storage, in the global cycles of key nutrients,
and in determining primary and secondary production). This is the main reason for the
creation of the UK SSB research programme, whose aim was to increase the understanding
of how physical, chemical and biological processes interact on UK and European shelf seas

(for more information, https://www.uk-ssb.org/).

Large fieldwork campaigns were done throughout 2014 and 2015, along with laboratory ex-
periments and biogeochemistry modelling. Data were obtained for oxygen, phytoplankton
and zooplankton using CTD casts in different regions of the UK shelf sea, water samples,

etc.

Multiple observations obtained from the SSB programme have been used in this work to

validate the results obtained from modelling the CCS location.

1.4.2 Modelling shelf seas (1D vs 3D)

There are different ways to study shelf seas including using research vessels and remote,
autonomous vehicles. Water samples are needed to understand the ecology and biogeo-
chemistry of the system. However, data from research vessels is limited as it is not synoptic,
i.e. it is not sampled at different locations simultaneously and, because of this, remote sens-
ing plays an important role in the study of shelf seas (Joint & Groom, 2000). With satellite
data it is possible to obtain information about the distribution of net phytoplankton pro-
duction in the ocean (Behrenfeld and Falkowski, 1997), but other phenomena such as the
SCM are difficult to observe. Besides, suspended sediments and dissolved organic material

can influence this data (Hyde et al., 2007; Melin et al., 2007; Longhurst et al., 1995).
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To complement the available data from research vessels and remote sensing, ocean mod-
els are used to study and understand marine biogeochemistry. A variety of high spatial
resolution models have been developed to represent the biogeochemistry of shelf seas with

high complexity and horizontal spatial resolution.

One of these models is the physical model Nucleus for European Modelling of the Ocean
(NEMO), which can be coupled with the European Regional Seas Ecosystem Model (ERSEM)
and is called NEMO-ERSEM (Edwards et al., 2012). This Nitrogen - Phytoplankton - Zoo-
plankton - Detritus (NPZD) model has been developed to gain a better understanding of
shelf sea biogeochemistry, nutrient fluxes, effects of eutrophication, harmful algal blooms,
etc. Other physical models can be coupled with ERSEM, such as Regional Oceanic Mod-
elling System (ROMS) and Finite Volume Community Ocean Model (FVCOM). ROMS
is a 3D model that uses a free-surface and terrain-following coordinates (Shchepetkin &
McWilliams, 2005). It includes physical algorithms and several coupled models for bio-
geochemical, bio-optical, sediment, and sea ice applications. FVCOM is a 3D model that
uses an unstructured mesh to study the physical properties of the ocean (e.g. currents,

stratification, salinity, temperature) (Chen et al., 2003).

Simulations of models like NEMO-ERSEM, ROMS, and FVCOM rely on high-performance
computing resources as well as a high level of complexity which can make the results dif-
ficult to understand in terms of the behaviour of processes. Moreover, running multiple
sensitivity analyses and experiments is difficult. In contrast, the Shelf Sea Physics and Pri-
mary Production (S2P3) model (Simpson and Sharples, 2012; Sharples, 1999) can study
the dynamics of shelf seas and simulate seasonal stratification with greater computational
efficiency by using a 1-D Nutrient-Phytoplankton (NP) model to represent physical and

biogeochemical processes in the water column.

At the CCS location, which is situated in the central continental shelf and in the middle
of the seasonally-stratifying region about 100 km from the shelf edge and approximately
200 km from the British Isles (Sharples et al., 2013), the seasonal changes in the vertical
water column structure and the seasonal cycle of PP is dependent on the changes of the

vertical water column structure (Sharples et al., 2013; Hu et al., 2011; Thomas et al., 2003;
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Tett et al., 1993), and vertical ocean-atmosphere heat fluxes to control the development
and breakdown of the seasonal stratification (Simpson & Bowers, 1981). Furthermore,
different studies have calculated and analysed the flushing times of different sites of the
NW European shelf, showing that for the complete renewal of the water, is about one to
three years (Simpson, 1998) for the North Sea over the period 1987 - 1993, the overall
flushing time for the Irish Sea as a whole is about one year (Knight & Howarth, 1999),
while Hydes et al. (2004) identifies the transit time for Atlantic water crossing the Celtic
Sea into the Irish Sea to be 6 yr with this flushing time being generally longer than
the seasonal cycle of heating and cooling. Consequently, the S2P3 model will be able
to accurately simulate the vertical dynamics of different temperate shelf sea locations
that might present a flushing time longer than 1 yr, but awareness about changes in
the winter nitrate concentration should be considered for long-time series for inter-annual
studies where advective fluxes could play a bigger role than in year-to-year simulations
due to advective fluxes. In conclusion, away from advective sources such as the shelf break
or plumes from rivers, and for the purposes of this work that aims to understand the
influence of meteorological forcing in the water column, then horizontal processes can be
neglected in comparison to vertical processes for the CCS location. S2P3 does not consider
advective fluxes but can make a good representation of the dynamics in the water column
for temperate shelf seas and the CCS location. There is evidence in former studies done
across the NW European shelf sea, where S2P3 successfully simulated vertical processes,
with results showing a good approach in comparison with observational data (Marsh et

al., 2015; Sharples, 2008; Sharples et al., 2006).

1.5 Structure of the following work

The structure of this thesis is as follows: in Chapter 2 the methodology and model devel-
opment of this work is presented as well as the meteorological forcing used, and general set
up for all the models in the CCS location; Chapter 3 provides an analysis and discussion
about the effect of meteorology on the timing of the spring phytoplankton bloom and PP
in the CCS location using the original simplest model of S2P3 v7.0 alongside the descrip-
tion of the in situ data used to validate this model; Chapter 4 includes the sensitivity
analyses, validation, and calibration of three new versions of the original model used in

Chapter 3 and developed into a Nutrient-Phytoplankton-Zooplankton (NPZ) framework
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(S2P3-NPZ), a version of S2P3 v7.0 that incorporates the photo-acclimation process of
phytoplankton (S2P3-Photoacclim), and a version of the model that combines the NPZ
framework and the photo-acclimation of phytoplankton (S2P3 v8.0); Chapter 5 shows a
long-term analysis of the S2P3 v8.0 model, to give a well-informed perspective of the effect
of meteorology on PP in the CCS location, revisiting the open questions and hypotheses
from Chapter 3; finally, Chapter 6 summarises the main findings, and provides conclusions

and implications for future work.

The appendix and all references are listed at the end of this work.



Chapter 2

Methods and model development

Chapter 1 explained the importance of shelf seas for the global ocean production and the
populations that rely on them, it also described the advantages of using a simple 1-D model
in order to study these ecosystems. A 1-D model can be useful for addressing some ques-
tions by trying, for example, different forcing, changing parameters, and running different

experiments simultaneously at a low computational cost.

This chapter presents the S2P3 v7.0 model (Sharples et al., 2006) followed by the devel-
opment of that model into an NPZ-framework (S2P3-NPZ), a model that includes the
photo-acclimation process of algal cells (S2P3-Photoacclim), and finally a model that com-
bines the NPZ framework and photo-acclimation into one (S2P3 v8.0). The description of
the model will be divided into the physical details of S2P3 and the methods of the biolog-
ical part for each subsequent model version. Finally it is presented the general set-up for

the meteorological forcing in the CCS location, and the spin-up considerations.

2.1 S2P3 model: physics

S2P3 v7.0 is a 1-D model developed for regional modelling of physical and biological pro-
cesses in shelf seas that allows simulation of the seasonal cycle, stratification, and PP at a

selected location defined by water depth and tidal current amplitude.

The model can be divided into two different components: a physical part and a biologi-
cal part. For this research, the model is an improved version of the original described in

Sharples et al. (2006) to be compiled and executed in a Unix environment (Marsh et al.,

23
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2015).

All of the variables and parameters required by the physical part of the model explained
in this methodology are listed in Tables 2.1 and 2.2.

The equations of motion in this model for the z and y horizontal directions, with u (m

s71) the x-component of velocity and v (m s~!) the y-component of velocity are as follow:

ou m 0 ou
5 —g;Amcos(wit — ¢iz) + fo+ 9 (NZ(?Z> ) (2.1)
v m 0 ov
i —g Z_Zl Agycos(wit — ¢uy) + fu + 9 (Nzaz> ) (22)

where z (m) is the vertical co-ordinate set as zero at the seabed and positive upwards, t is
time, g = 9.81 (m s™2) is the gravitational acceleration, Aix and Ay (dimensionless) are
the amplitudes of the oscillating sea surface slopes in the x and y directions, ¢ix and ¢;y are
the phases of the slope oscillations, N, (m? s™!) is the coefficient of vertical eddy viscosity,
m represent the number of tidal constituents (e.g if m = 2, the tidal constituents are My
and S3), w; is the frequency of every tidal constituents, f (s7!) is the Coriolis parameter

calculated as:

f = 2wgsing,

where ¢ is the latitude set by the user and wy is the rotational velocity of the earth.

Sharples (1999) produced the original work that developed the S2P3 model, using the tur-
bulence closure scheme of Mellor-Yamada (Mellor & Yamada, 1982), contrary to the model
used in this work based on Sharples et al. (2006). Improvements were subsequently made
to the physical assumptions used in the models to deal with turbulence, and in the S2P3

v7.0 a new turbulence model was used based on Canuto et al. (2001).

This new methodology aimed to represent the wide spectrum of eddies in the ocean, choos-

ing a variable to represent large scale processes (the TKE, represented as E in the following
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equations) and another variable to represent the small scale processes that contain little
energy but have a large vorticity (the dissipation €). From these physical foundations, this

model was called the k - € model (Canuto et al., 2001).

S2P3 v7.0 calculates vertical profiles of eddy viscosity and eddy diffusivity at each time

step using the k - € turbulence scheme. The local changes of E are calculated as:

OE 0 OF ou\?  [Ov\? g dp

where z is the vertical coordinate (positive upwards), u and v are respectively the x- and

y-components of velocity, ¢ is time, N, is a depth-, time-dependent coefficient of vertical
eddy viscosity, K, is a depth-, time-dependent coefficient of vertical eddy diffusivity, g is
the gravitational acceleration, p is the water density, and € is the dissipation rate of E. The
first term on the right side of eq. 2.3 is the vertical diffusion of E, the next three terms
represent the shear production of turbulence, work done against buoyancy, and dissipation

of TKE due to viscous forces, respectively.

The dissipation rate of TKE also needs a closure and is calculated as follows:

+ sk, <gap> —e6),  (24)

Oe 0 Oe € ou\ 2 ov\ 2

where c¢q, co, and c3 are dimensionless model constants that were determined based on

prediction methods tested on different types of turbulent flows (Sharples et al., 2006;
Canuto et al., 2001; Canuto & Dubovikov, 1996):

0,
~0.629, — K, (%FP) >0

cp=144 |, =192 , c3=

1,-K, (%%) <0.

N

N, = )
€ 1.08

The TKE and turbulent dissipation are related via a turbulent length scale:
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where L (m) is a length scale used to measure the size of turbulent eddies with L = k2o,
k = 0.41 is the von Karman’s constant, zg is the roughness length of the boundary, and

¢y = 0.5562 is a parameter for the stability function.

N, and K, depend on the amount of turbulence in the flow and are obtained from the
turbulence closure model. They can be obtained from the product between the intensity
of turbulence E (m? s~2), the depth-dependant length scale L, and two stability functions
(Sar, Sp) that represent the inhibition effect of stratification on mixing and depend on
the gradient Richardson number, derived from the velocity and density fields. Therefore,
the following equations represent the vertical eddy viscosity and vertical eddy diffusivity,

respectively:

N. = SyVEL; (2.5)

K. = SyVEL. (2.6)

The stability functions Sys and Sy depend on the flux Richarson number (Ry) which is
the ratio of power demand to power supply and must be less than 1 if turbulence is to be

sustained; and the Richardson number (R;):

K
Rf = 7Ri7

z
N,
where the Richardson number is calculated as:

2
Ri=—_L%—. (2.7)
! du\2 v\ 2
(92)"+ (32)
Boundary conditions for the E profile are determined by surface (wind) and seabed (tides)

stresses, respectively:
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E:<TS> at z=nh,

Cu

E:<Tb> at z=0.
Cu

where ¢, = 0.5562 is a parameter for the stability function, 7, is the surface stress due to
wind and 73 is the near-bottom stress due to tidal currents (see Sharples et al., 2006, for

calculations of 74 and 7).

2.1.1 Physical forcing

For temperate latitudes, it can be assume that of the total incident solar radiation, 45%
corresponds to the photosynthetically available radiation (PAR) in the visible range of the
spectral energy distribution of solar radiation (between 400 - 700 nm) and the remaining
55% corresponds to the infra-red range (> 700 nm) and to the radiation < 400 nm (Kirk,
1994). Therefore, the S2P3 model calculates that from the total incident radiation, 55% is
absorbed within the top depth grid cell (eq. 2.8) to simulate the rapid attenuation of the
infra-red portion of the incident radiation spectrum, while the remaining 45% is distributed
exponentially through the water column (eq. 2.8) according to:
9Qn(2)

—5, = —Qn(2) (Ao + €2 X7 (2)), (2.8)

where €, is the pigment absorption cross-section, A, is the local heat attenuation coeffi-

cient, and Xp(z) is the concentration of chlorophyll-a biomass.

Once the water column has been heated and cooled, the thermal structure in the water

column will be defined as:

or o oT
= = s (Kaz> + Qn(2). (2.9)

The available irradiance for photosynthesis (Ipagr) is then distributed through the water

column as:

0Ipar(z)

92 = —IPAR(Z)()\PAR+ExXT(Z)), (2.10)
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where Apar (m™1) is the vertical absorption coefficient of PAR. A surface PAR irradiance
boundary condition is set, being a fraction of the incident daily mean solar irradiance de-
fined by the user, in this case that fraction corresponds to 45% of the daily mean solar

irradiance.

A surface net heat flux (Qet) is defined as the sum of incoming shortwave radiation
(Qsw), long-wave back radiation (Qrw), and latent and sensible heat exchange with the
atmosphere (Qq¢ and Qsens). The latent heat flux is defined as heat loss due to evaporation
(related to air temperature, relative humidity, and wind speed), while the sensible heat flux
is a direct conduction of heat across the air-sea interface due to differences in temperature

and wind speed.

Qnet = QSW - (QLW + Qsens + Qlat)~ (211)

The surface net heat flux (@) is partitioned down the water column: the red end of the
spectrum, 55% of shortwave radiation is assumed to be absorbed at the top depth level:
Qno = 0.55Qsw-(Qrw + Qiat + Qsens). The remaining 45% of insolation is available for
heating at lower levels, distributed exponentially throughout the water column as shown

in eq. 2.8.

Incoming shortwave radiation is a function of cloud cover (C), calculated as:

Qsw = (1.0 — 0.004C — 0.000038C%)Q,, (2.12)

where @), is the clear sky daily mean irradiance at the surface, calculated as a function of

the atmospheric albedo, and the seasonal variation in day length at a given latitude.

Long-wave heat flux is the energy radiated from the sea surface back into the atmosphere,

calculated as a function of the cloud fraction and the relative humidity (R):

Qrw = ew (1.0 — 0.6 x 1072C?)(0.39 — 0.05¢y*5)oT*, (2.13)

where eppy is long-wave emissivity, gy is vapour pressure (qy = Rgs, given saturated

vapour pressure and relative humidity), and o is the Stefan-Boltzmann constant.
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The sensible and evaporative heat fluxes are calculated as:

Qsens = ,OanCth(Ts - Ta)a (214)

Qlat = paLvCeWS(qs - Q)- (215)

where p, is the density of air, ¢, is the specific heat capacity of air, C}, is the Dalton
number, W is surface wind speed, T is the sea surface temperature, T, is the sur-
face air temperature, L, is the specific heat capacity of air as a function of Ty (L, =
2.5 x 1076 — 2.3 x 10737}), and C. is the Stanton number. See Sharples et al. (2006) for

calculations of ¢ and gq.

2.1.2 Stability criteria and resolution

The integration scheme of the model is explicit using a 4th order Runge-Kutta method.
Time-step intervals (At) are constrained by the diffusive stability criterion or Courant-

Friedichs-Lewy (CFL) condition, controlling the speed at which the model runs.

Az2

At = .
2N,

(2.16)

By changing the vertical resolution in the model, it changes the number of vertical levels

and Az.

The user needs to specify some initialisation parameters such as the location, depth, and
amplitude of tidal constituents. For this work, the My, So, and Ny tidal constituents were

used, so that the model can simulate the spring-neap tidal cycle (Sharples, 2008).

A simplified diagram of the physical part of S2P3 v7.0 is illustrated in Figure 2.1, showing

the different dependencies between variables, processes, and respective equations.
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Figure 2.1: Simplified diagram of the physical part of the S2P3 model to illustrate the
interdependence of the different variables used in the turbulence closure scheme (modified

diagram taken from Simpson & Sharples, 2012).
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Variables | Definition Units
Ao, Ay ?mpli.tudes of the. oscillating sea surface in the x and y- dimensionless
irections, respectively
C Cloud fraction %
E TKE m? s~
f Coriolis parameter s—1
Ipar Photosynthetically available radiation Wm 2
K, Depth-dependant vertical eddy diffusivity m?s !
L Length scale for turbulent eddies size m
L, Specific heat capacity of air depending on Tg Jkg K1
N, Coefficient of vertical eddy viscosity mZs~T
N, Coefficient of vertical eddy viscosity m?s !
q Specific humidity of air at sea temperature kg kg~ !
Qn Local heating irradiance Wm—?
Qiat Latent heat exchange with the atmosphere Wm 2
Qrw Long-wave back radiation Wm—?
Qunet Surface net heat flux Wm—?
Qo Clear sky daily mean irradiance at the surface W m—?
qs Specific humidity of air at air temperature kg kg~ !
Qsens Sensible heat exchange with the atmosphere Wm 2
Qsw Incoming shortwave radiation Wm 2
qv Vapour pressure kg kg~!
R Relative humidity %
Ry Flux Richardson number dimensionless
R; Richardson number dimensionless
Sy Stability function related to the flux Richardson number | dimensionless
S Stability function related to the flux Richardson number | dimensionless
T, Surface air temperature °C
U x-component of velocity ms !
v y-component of velocity ms !
W Angular frequency of the ith tidal constituent s~!
W Surface wind speed ms !
Xr Local total concentration of chlorophyll biomass mgChlm =3
z Vertical coordinate (positive upwards) m
20 Roughness length of the boundary m
Water density depending on water temperature with a _3
p .. kg m
fixed salinity value
€ Dissipation rate of TKE m? s~3
T Bottom stress of the water column due to tidal currents | N m~2
Ts Surface stress of the water column due to wind N m—2
Phase of the slope oscillation in the x and y directions, | _;
¢iaca ¢iy S

respectively

Table 2.1: List of variables, with their definitions and units, from the physical part of the
S2P3 v7.0 model.
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Parameters | Definition Units Value
cl Turbulence model constant dimensionless 1.44
co Turbulence model constant dimensionless 1.92
cs3 Turbulence model constant dimensionless -0.629, 1
C, Dalton number dimensionless 1.45x103
Ch Stanton number dimensionless 1.5x1073
Cp Specific heat capacity of air JkgTK—! 1004
Cu Stability function dimensionless 0.5562
g Gravitational acceleration m s~ 2 9.8
h Total water column depth m 140.0
T Initial water temperature °C 10.10
T Sea surface temperature °C 10.1
At Time step S 2.50
ny Angular velocity of the earth rad s~! 0.000072
Az Depth resolution m 1.0
Ao Vertical attenuation of PAR m! 0.1
ApaR ;/:"Pt{lcal absorption coefficient of - 0.1
€x Pigment absorption cross-section m?(mgChl)~! 0.012
ELW Long-wave emissivity Wm 2 0.985
K von Karman’s constant dimensionless 0.41
Pa Air density kgm 3 1.3
o Stefan-Boltzmann constant Wm 2K 5.67x1078
¢ Latitude degrees 49.4°N

Table 2.2: List of initialised parameters, with definitions, units, and values, for the physical

part of the S2P3 v7.0 model.

2.2 S2P3 model: biology

This section describes the biological part of each model version developed from the original

S2P3 v7.0 model. The physical part of each model version is exactly the same, therefore

only differences in the biological methodology are presented.

2.2.1 S2P3 v7.0

The biological part of the S2P3 v7.0 model calculates the development of one or more

groups of phytoplankton in response to light and DIN (Sharples, 2008). In this study, only

one species was used.

Phytoplankton biomass is modelled in terms of chlorophyll (Phyto.;, mg Chl m~3)
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8Phytochl o 8 (K 8Phytochl

o 0z 0z

> + puPhytoep; — GPhytoey. (2.17)
The change of Phyto.p; over time is due to the net effect of vertical turbulent transport

of biomass, growth of phytoplankton, and losses of phytoplankton biomass through grazing.

The model does not explicitly calculate densities of zooplankton, but it does include a graz-
ing rate for phytoplankton (G; d~!), which is calculated as a fraction of phytoplankton
biomass removed each time step to be recycled back into the available pool of water column
DIN (e; eq. 2.22), which in this study corresponds to 50% of the grazed phytoplankton.

The grazing rate is then calculated as a seasonally-varying sinusoidal function.

Growth of phytoplankton biomass (u) can be either nutrient-limited or temperature-
limited. To account for nutrient and temperature effects, the maximum growth rate is

calculated as:

Qm - qub

The maximum growth rate (u,,) is related to temperature (7'; °C) and modified by the

= ( Q — Qsub ) 0.50¢—0-06337 (2.18)

nutrient quota @ (mmol N (mg Chl)~!), which corresponds to the ratio between phyto-

plankton internal nitrogen and phytoplankton biomass (Figure 2.2). So:

_ Phyton

@ = Phytoen
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Figure 2.2: Phytoplankton growth rate dependency on nutrient availability, based on the

cellular nutrient quota. Parameters values are taken from literature (Flynn, 2008).

The S2P3 v7.0 model considers two growth models for the temperature dependence of
phytoplankton: (1) relating the maximum phytoplankton growth rate and temperature by
using the Eppley function (Eppley, 1972), and (2) relating biological rates to temperature
by using the Q10 model (Valiela, 2010). According to the study of Bissinger et al. (2008),
there is no significant difference between the Eppley curve and Q10 values, suggesting that
the Eppley curve is an appropriate estimate of the thermal sensitivity of phytoplankton
growth rates in temperate regions. Therefore, in this study, the Eppley function was used

(Figure 2.3; eq. 2.18).
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Figure 2.3: Phytoplankton growth dependency on temperature based on the Eppley curve,
where the maximum growth increases with temperature. Parameter values are taken from

literature (Eppley, 1972).

The maximum cell nutrient quota (Q,,; mmol N (mg Chl)~!) is the maximum amount of
nitrogen that phytoplankton can contain per unit chlorophyll-a and the subsistence cell
nutrient quota (Qy; mmol N (mg Chl)~!) corresponds to the internal nitrate concentra-

tion required before there can be phytoplankton growth.

Phytoplankton growth rate can also be light-determined by PAR (Ipar, W m~2), where
surface PAR is taken to be a fixed 45% of the solar irradiance:

= pm (1l — e_(O‘IPARe/“m)) — B, (2.19)

Eq. 2.19 shows the relationship between phytoplankton growth and irradiance (Figure 2.4),
but physiological acclimation (i.e. photoacclimation of cells) to changes in light intensity

are not considered in this version of the model.
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Figure 2.4: Phytoplankton growth dependency on light availability. Parameter values are

taken from literature (Hickman et al., 2012).

Phytoplankton biomass is also modelled in terms of internal cellular nitrogen:

OPhytoy 0 OPhyton
ZERON K, TON
ot 0z

— 9, > + uPhyto. — GQPhytou, (2.20)

where v is the uptake rate obtained as a Michaelis-Menton function of the external DIN

concentration (mmol N m~3):

B Q> N ] pQ,pu <0
u= |tuny|l—=— + (2.21)
[ ( Qm) ku + N 0.1 0

The last term on the right side of eq. 2.21 represents the regeneration of cellular nitrogen

following dark respiration.

The change in time for external DIN is calculated as:

ON 0 ON
ot 0s (Ka

) — uPhytocn + eGQPhytoey, (2.22)
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where the second term on the right side of eq. 2.22 represents the loss of nitrogen from the
DIN pool due to phytoplankton uptake of nutrients; the third term on the right side of the
equation represents the source of nitrogen into the DIN pool due to grazed phytoplankton,
where e is a fraction of the recycled grazed phytoplankton that goes back into the DIN
pool; and the rest of the grazed phytoplankton (1-e) is transferred to sediments or higher

trophic levels.

Water column nitrogen is constantly restored towards an initial winter concentration, Np

(mmol N m~3), by a flux of inorganic nitrogen from the seabed (Marsh et al., 2015):

ON1 _ v (i N1
= A <1 N0> (2.23)

where N is the dissolved nitrogen in the bottom depth cell of the model grid.

Note that the user needs to set initial values for the internal cell nitrate, biomass of phy-
toplankton, and DIN using the available information from the literature and based on

observations from the CCS location.

A simplified diagram of the biological part of the S2P3 v7.0 model is illustrated in Figure
2.5. Information about the biological variables is listed in Table 2.3 and the information
about biological parameters is listed in Table 2.4, with parameter values obtained from
similar model setups for temperate shelf sea environments (Marsh et al., 2015; Sharples,

2008, according to observations from the Proudman Laboratory Liverpool).
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Figure 2.5: Schematic illustration of the biological part of the S2P3 v7.0 model for the

nitrate-phytoplankton relationship.

Variables | Definition Units
N External DIN concentration mmol N m—3
N Dissolved nitrogen in the bottom grid cell ol N m—3
of the water column
Phytou Phytoplankton biomass in chlorophyll cur- mg Chl m—3
rency
Phytoy Phytoplankton biomass in nitrogen cur- ol N m—3
rency
Q Cellular nutrient quota mmol N (mg Chl)~!
u Uptake rate of external DIN mmol N (mg Chl)~t d~}
7 Phytoplankton growth rate d-!
7. Maximum growth rate of phytoplankton | d=!

Table 2.3: List of variables, with their definitions and units, for the biological part of the
S2P3 v7.0 model.
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Parameters | Definition Units Value

e Recyc.led grazed phytoplank- dimensionless 0.5
ton nitrogen

N Seabed nitrogen flux mmol m? d~! 10.0

a Maximum grazing rate of phy- q-! 0.12
toplankton

Ky Half-saturation quota mmol N m~—3 0.3

Ny Seabed nitrogen concentration | mmol N m—3 7.0
Maximum cellular quota of 1

Qm N-Chl mmol N (mg Chl) 1.0

Qsup Subsistence cell quota mmol N (mg Chl)~! 0.2

rB Respiration rate mg C (mg Chl)~! d~! 3.5

w, gsiﬂmum nitrogen uptake mmol N (mg Chl)~! d-! 20
Maximum light utilisation co- | mg C (mg Chl)~! (W m=2)~!

o . ] 4.0
efficient d

0 Cellular Chl:carbon ratio mg Chl (mg C)~! 0.03

thm Maximum growth rate d-! gele 3 ed-

Table 2.4: List of initialised parameters, with definitions, units, and values, for the bio-
logical part of the S2P3 v7.0 model. Parameter values obtained according to the work of
Sharples (2008).

2.2.2 S2P3-NPZ

In order to explicitly account for the influence of zooplankton grazing and, hence, predator-
prey relationship dynamics, the simplest version of the S2P3 model (S2P3 v7.0) was de-
veloped into an NPZ framework. This new version of the model (S2P3-NPZ) includes
zooplankton as a state variable, contrary to the S2P3 v7.0 model where grazing was con-
sidered as a constant rate every year. The development of the S2P3-NPZ model includes
new parameters to be described in this section but with the advantage that this new ver-

sion will allow comparison to data on zooplankton biomass.

The biological part of the S2P3-NPZ model calculates phytoplankton biomass in chloro-
phyll currency (Phytoq;; mg Chl m—3). Additionally, phytoplankton modelled in terms
of internal nitrogen (mmol N m~3) is represented by Phytoy. Zooplankton biomass and

external DIN are modelled in terms of nitrogen (mmol N m~3).

Changes of phytoplankton biomass (Phyto.y;) over time can then be described by:
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OPhytoew _ 0 (. OPhylocn
ot 9z \" 7

IZ
=z Phytog, — —. 2.24
s >+u Ytoch (2.24)

Q

The change of Phyto.p; over time is due to the net effect of vertical turbulent transport
of biomass, growth of phytoplankton, and losses due to an ingestion rate of phytoplankton

by zooplankton.

Phytoplankton biomass is also modelled in terms of internal nitrogen, Phytoy. The S2P3-
NPZ model calculates Phytoy as:

OPhytony 0O ( OPhyton
GrRYON K, ON

ot 0z 0z

) + uPhytochl - IZ, (2.25)
where the changes over time of Phytoy are due to vertical mixing in the water column,
growth of phytoplankton due to the uptake of nitrogen from the DIN pool, and losses due

to zooplankton grazing.

Because most formulations show a saturating response to increasing food, the use of an
Ivlev response to describe phytoplankton concentrations was chosen (see Chapter 1, sec-
tion 1.3.3; Franks et al., 1986; Vidal, 1980; Steele & Mullin, 1977; Mullin et al., 1975).
Therefore, the ingestion rate of zooplankton (I) in this model can be described as a Holling

Type II or Ivlev grazing:

I = Rm(l - e(f)\PhytoN))’

where R,, is the maximum ingestion rate (d~!) and \ is the rate at which saturation is

achieved with increasing food levels (mmol N m~3)~1.

Zooplankton biomass is modelled as:

9z _ 0 07
ot 0z \" %0z

) +(1—m)IZ—-mZ, (2.26)

where the change zooplankton biomass (Z) over time is due to the net effect of vertical
turbulent transport of biomass, growth of zooplankton due to the ingested phytoplankton,

and losses due to mortality of zooplankton.
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The change in time of external DIN is calculated as:

ON 0 ON
0z

il KZ> +YIZ + vomZ — uPhytocy . (2.27)
Eq. 2.27 describes the cycle of inorganic nitrogen, where a fraction of the grazed phy-
toplankton is added into the DIN pool due to inefficient grazing or messy eating of zoo-
plankton. Another addition to external nutrients corresponds to a fraction coming from

zooplankton mortality, which is lost to sediments or higher trophic levels.

Equations (2.24) - (2.27) describe how each state variable is linked in the S2P3-NPZ model
via the uptake of nutrients by phytoplankton (uP), phytoplankton grazed by zooplankton
(IZ), and a loss term for zooplankton due to a death rate (mZ), where a fraction of the
zooplankton (yemZ) is recycled back into the nitrogen pool and the rest is assumed to
go into sediments ((1 — v2)mZ), which is conceptually added in the model (as shown in
Figure 2.6) but not explicitly calculated. A non-assimilated fraction of the consumed food
by zooplankton (y1/72) is also recycled back into the nitrogen pool due to "sloppy feeding"
and/or excretion and the rest ((1 —1)IZ) is grazed by zooplankton.

Balance in the model is reached when nutrients are supplied by resuspension from the
seabed through a flux of DIN that restores water column nitrogen back to an initial winter

concentration (Np; eq. 2.28):

ON1 _ fn Ny
- = A, <1 NO) , (2.28)

where N1 is the DIN in the bottom depth cell of the model grid, and fx corresponds to a

constant nitrogen flux from the seabed.

Similar to the S2P3 v7.0 model described in section 2.2.1, phytoplankton net growth rate is
represented by p (d™1; eq. 2.29), determined by the photosynthetically available radiation
(Ipagr) and by losses due to a cellular respiration rate (r?) dependent on temperature via
a Qo relationship (Sharples, 1999; Valiela, 1995).

olpARY

i = (1 — e )y 0B (0l ) (2.20)




Chapter 2 Methods, thesis and model development 42

The maximum growth rate of phytoplankton (u,,; d=!) is modified by temperature follow-
ing an Eppley curve and also by a cellular nutrient quota (@) that varies over time (for

more information see Tables 2.5 and 2.6).

L = <c§2 __%“”b> 0.59¢ ~(0-06337) (2.30)

The uptake rate of external nutrients (u; mmol N (mg Chl)~! d=1) is again obtained using

a Michaelis-Menton function:

(- 2) (). o

where @ corresponds to the nutrient cellular quota (N:Chl), @, is the maximum cellular

quota, and k, is the nitrate uptake concentration.

2.28
(g ) Sediments

v,mZ uPhyto.
(€q.2.27) (eq.2.27)

(1-y,)mZ

Sediments

Figure 2.6: Schematic representation of the biological part of the S2P3-NPZ model illus-
trating the NPZ framework.
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Variables | Definition Units
1 Ingestion rate of phytoplankton d-!
N External DIN concentration mmol N m—3
N Dissolved nitrogen in the bottom grid cell ol N m—3
of the water column
Phytoc: Phytoplankton biomass in carbon cur- mg C m—?
rency
Phytou, Phytoplankton biomass in chlorophyll cur- mg Chl m~3
rency
Phytox Phytoplankton biomass in nitrogen cur- mmol N m—3
rency
Q Cellular nutrient quota mmol N (mg Chl)~!
u Uptake rate of external DIN mmol N (mg Chl)~! d~!
Z Zooplankton biomass mmol N m—3
7 Phytoplankton growth rate d-!
L Maximum growth rate of phytoplankton | d=!

Table 2.5: List of variables, with their definitions and units, for the biological part of the
S2P3-NPZ model.

2.2.3 S2P3-Photoacclim

A new version of the S2P3 v7.0 model was developed here, based on Geider’s model (Gei-
der et al., 1998), which allows phytoplankton to photo-acclimate to changes in light and,
therefore, the ratios of Chl:C:N can vary, contrary to the S2P3 v7.0 where only the N:Chl
quota (Q) could vary and the Chl:C quota was a fixed value. Therefore, in this model the
dynamics of Phytog, can be different to that for Phyton. This new version of the model

is called S2P3-Photoacclim and allows direct comparison to physiological data.

The biological part of the S2P3-photoacclim model uses three currencies of phytoplankton
biomass: carbon (Phytoc; mg C m~3), nitrogen (Phyton; mg N m~3), and chlorophyll
(Phytoen; mg Chl m—3). The S2P3-photoacclim model is based on the Geider et al. (1998)
model, with phytoplankton growth being proportional to both nitrogen assimilation and

carbon fixation (i.e. variable Chl:N and Chl:C ratios).

Changes in phytoplankton biomass (Phytoc) over time can then be described by:

OPhytoc 0 i OPhytoc
R AEE

> + Phytoc (i — ReT punction — v — G). (2.32)
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Parameters | Definition Units Value
In Seabed nitrogen flux mmol m? d—! 10.0
ko Nltrate. uptake half-saturation con- ol N m—3 0.3

centration
m Los§ rate of zooplank.ton due to pre- q-! 0.05
dation and physiological death
Ny Seabed nitrogen concentration mmol N m—3 7.0
Qm Maximum cellular quota of N:Chl mmol N (mg Chl)~! 1.0
Qsub Subsistence cell nutrient quota mmol N (mg Chl)~! 0.2
rB Reference respiration rate mg C (mg Chl)~1 d! 3.5
R, Maximum ingestion rate of phyto- q-! 95
plankton
rQ1o Q10 exponent for respiration dimensionless 1.0
T, Reference temperature for respira- | C 150
tion rate
U, Maximum nitrate uptake rate mmol N (mg Chl)~! d~! 2.0
N Maximum light utilisation coeffi- | mg C (mg Chl)~! d=t (W 40
cient m~2)~! '
Grazing inefficiency or 'messy feed-
ing’ (0.0-1.0), returns a fraction of | .. .
m grazed material back into the DIN dimensionless 0.2
pool
Fraction of dead zooplankton that . .
Y2 . . dimensionless 0.5
goes into the sediments
0 Chl:C mg Chl (mg C)~! 0.03
A\ Rate at which saturation is achieved (mmol N m~3)-1 0.75

with increasing food levels

Table 2.6: List of all the parameters, with their respective definitions, initialised values,
and units, in the biological part of the S2P3-NPZ model. This includes the new variables
used to simulate the new grazing rate by using zooplankton biomass, including: m, v1, 7y,
R,,, and \. Parameter values of the newly added NPZ parameters are taken from different
sources of the literature and they are specified in Chapter 4, Table 4.2.

The change of Phytoc over time is due to the net effect of vertical turbulent transport

of biomass, growth of phytoplankton (uPhytoc), losses due to respiration (R¢), the cost

associated with biosynthesis (u(; Geider et al., 1998; Geider, 1992; Penning De Vries et
al., 1974), and grazing (G).

Phytoplankton biomass is also modelled in terms of internal nitrogen, Py. The S2P3-

photoacclim model calculates Phytoy as:
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OPhytoy 0 K OPhyton
ot 9z \"7

“ 5 ) + uPhytoc — Phyton (RnTfunction + G). (2.33)

The rate of change of Phytoy is due to the net effect of vertical turbulent transport of
biomass, nitrate uptake (uPhytoc), and losses due to nitrogen remineralisation (R,) and

grazing (QG).

The rate of change of phytoplankton biomass in terms of chlorophyll (Phytoc;) is described
by:

8Phytochl 0 ( aPhytochl
R K;——

0z 0z

ot T 9z > + upeni Phytoc — Phytocn (RenT function + G), (2.34)

where changes in phytoplankton chlorophyll content are regulated by the net effect of ver-
tical turbulent transport of biomass; a coefficient of chlorophyll synthesis (pcn;), which
reflects the ratio of energy assimilated to energy absorbed (Geider & Maclntyre, 1996).
The losses of Phytocy; include a term for chlorophyll degradation rate (R.p;) and grazing
(Q).

The change in time of external DIN is calculated as:

ON 8( ON

_—= - Phyton — uPhuyt 2.
5% = 9, Zaz>+'yG ytony — uPhytoc, (2.35)

where the cycle of inorganic nitrogen is given by imbalances due to a fraction of grazed
phytoplankton added to the DIN pool (i.e. messy eating or inefficient grazing, vG) and

losses due to nitrogen assimilation by phytoplankton (uPhytoc).

In the S2P3-photoacclim model the carbon-specific, light-saturated photosynthetic rate
depends on the internal nitrogen of phytoplankton described as an f-ratio (f) based on the

work of Moore et al. (2001):

Pm = maxfa (236)

where
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_ Q - Qmm

f_ Qm_Qmm

Nitrogen assimilation is calculated as a Michaelis-Menten function based on the develop-

ment of the f-ratio:

B 1—f N
U= m (1.015— f) <kn+N> ’ (2:37)

The carbon-specific photosynthesis is a saturating function of irradiance and it is calculated

as:

aIPARo)
)

M:Pm(l—ef( Pmo ), (2.38)

where P,, is assumed to be a linear function of the ratio Phytoy : Phytoc as shown in

Figure 2.2.

Finally, chlorophyll-a synthesis depends on the rates of photosynthesis and light absorption

Pchl = 0%@0 <M> . (239)

alparf

Note that in this model, the following condition is met: Rc = Ry = Rcon = RrefT tunction,

where R,.¢ (d71) is a degradation rate constant at a reference temperature.

A list of biological variables and parameters are shown in Tables 2.7 and 2.8.
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Variables | Definition Units
N External DIN concentration mg N m~3
Phytoc: Phytoplankton biomass in carbon cur- mg C m—?
rency
Phytou Phytoplankton biomass in chlorophyll cur- mg Chl m~3
rency
Phytoy Phytoplankton biomass in nitrogen cur- mg N m—?
rency
P, Carbon-specific rate of photosynthesis d-!
Q Cellular nutrient quota (N:C) mg N (mg C)~!
Phytoplankton carbon-specific nitrate up- 1 -1
Y take rate mg N (mg C)7" d
0 Chlorophyll : phytoplankton carbon ratio | mg Chl (mg C)~!
7 Carbon-specific rate of photosynthesis d—t
Pchl Chlorophyll synthesis regulation term mg Chl (mg N)~!

Table 2.7: List of variables, with their definitions and units,
S2P3-photoacclim model.

for the biological part of the

2.2.4 S2P3 v8.0

Finally, this section describes a new version of the S2P3 v7.0 model where the zooplank-
ton and photo-acclimation components were combined in order to provide a more realistic
representation of the ecosystem dynamics. This new version of the model is called S2P3

v8.0.

The biological part of the S2P3 v8.0 model calculates changes in phytoplankton carbon

biomass (Phytoc) over time as:

OPhytoc 0 ( OPhytoc
L0 Y (g,

ot 0z 0z ) + PhytOc (M - RCTfunction - UC)

—I5s (240)

Phytoplankton biomass is also modelled in terms of internal nitrogen, Phytoy. S2P3 v8.0

calculates Phytoy as:

OPhyton g K OPhyton
a9\ 0

) + uPhytoc — Phyton(RnTrunction) — 1 2. (2.41)

The rate of change of phytoplankton biomass in terms of chlorophyll (Phyto.;) is described
by:
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Parameters | Definition Units Value
Half-saturation constant for ni- _3

Fon trate uptake mg Nm 0.2

pehl Maximum value of the carbon- q-! 19

maz specific rate of photosynthesis ’

Maximum value of the cellular nu- 1

@m trient quota mg N (mg C) 0-2
Minimum value of the cellular nu- 1

Qrmin trient quota mg N (mg C) 0.05

Re Respiration rate constant d-1 0.1

R Chlorophyll degradation rate con- q-! 01
stant

R, Nitrate remineralisation rate con- q-! 0
stant
Maximum value of the phyto-

U, plankton carbon-specific nitrate | mg N (mg C)~* d~! 0.6
uptake rate

ey Chlorophyll-specific initial slope | mg C (mg Chl)~! d~! 1.0x10
of the photosynthesis-light curve | (uE m=2 s71)~! '

¢ Cost of biosynthesis mg C (mg N)! 0
Maximum value of the chlorophyll _

N 1
Omac : phytoplankton nitrogen ratio mg ChI (mg N) 0-4
Ttunction Temperature-response function dimensionless 1.0

Table 2.8: List of all the parameters, with their respective definitions, initialised values,
and units, in the biological part of the S2P3-photoacclim model. Parameter values of the
newly added photo-acclimation parameters are taken from different sources of the literature
and they are specified in Chapter 4, Table 4.2.
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A
> +upeni Phytoc — Phytoch (RenT function) — 1 0. (2.42)

z

OPhytoe 0 < OPhyton
OLYtOchi _ | o DOkl

ot T 0z 0z

The change in time of external DIN is calculated as:

ON 0 ON
—— =7\ Kz |t nlZ +yamZ + PhytON(Ranunction) — uPhytoc. (2.43)
ot 0z 0z
As described by Franks (2002), zooplankton grazing on phytoplankton response depends
on a Holling Type II or Ivlev grazing, with the ingestion rate of zooplankton (I) described

as:

I = Rm(l o e(—)xPhytoN))’

where R, is the maximum ingestion rate (d~!) and A is the rate at which saturation is

achieved with increasing food levels (mmol N m~3)~!.

Zooplankton biomass is, therefore, modelled as:

0z 0

07z
prel (K ) +(1—m)IZ —-mZ. (2.44)

29z
Finally, Figure 2.7 illustrates and summarises each version of the model developed in this

work.
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Explicit zooplankton?

NO YES

NO S2P3v7.0 S2P3-NPZ

Photo-acclimation?

YES | S2P3-Photoacclim

Figure 2.7: Schematic illustration of each version of model development.

Tables 2.9 and 2.10 show the biological variables and parameters of the S2P3 v8.0 model.
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Variables | Definition Units

N External DIN concentration mmol N m—3

P Phytoplankton biomass in carbon cur- mg C m-3
rency

P Phytoplankton biomass in chlorophyll cur- mg Chl m—3
rency

Py Phytoplankton biomass in nitrogen cur- ol N m—3
rency

Z Zooplankton biomass in nitrogen currency | mmol N m—3

1 Ingestion rate of phytoplankton d-!

P, Carbon-specific rate of photosynthesis d-!

" Phytoplankton carbon-specific nitrate up- mmol N (mg €)1 d-1
take rate

Qp Cellular nutrient quota (N:C) mmol N (mg C)~!
Internal nitrogen : phytoplankton chloro- _1

Qz phyll ratio mmol N (mg Chl)

0 Chlorophyll : phytoplankton carbon ratio | mg Chl (mg C)~!

7 Carbon-specific rate of photosynthesis d-!

Pchl Chlorophyll synthesis regulation term mg Chl (mmol N)~!

Table 2.9: List of variables, with their definitions and units,

S2P3 v8.0 model.

for the biological part of the
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Parameters | Definition Units Value
K, Half-saturation constant for ni- ol N m—3 0.014
trate uptake

pehl Maximum value of the carbon- q-! 19

maz specific rate of photosynthesis '

Maximum value of the cellular nu- 1

Qm trient quota mmol N (mg C) 0.014
Minimum value of the cellular nu- 1

Qmin trient quota mmol N (mg C) 0.0035

Rc Respiration rate constant d-! 0.1

Ror Chlorophyll degradation rate con- q-! 0.1
stant

R, Nitrate remineralisation rate con- q-! 0
stant
Maximum value of the phyto-

Um plankton carbon-specific nitrate | mmol N (mg C)~! d~! | 0.004
uptake rate

ochl Chlorophyll-specific initial slope | mg C (mg Chl)~! d—! 1.99x10~6
of the photosynthesis-light curve | (W m=2)~! '

¢ Cost of biosynthesis mg C (mmol N)~! 0
Maximum value of the chlorophyll _

N 1

Omaz : phytoplankton nitrogen ratio mg Chl (mmol N) 56

T'tunction Temperature-response function dimensionless 1.0

m Loss r(iite of zooplzfmkto-n due to q-! 0.05
predation and physiological death
Maximum ingestion rate of phy- | ,_;

Fm toplankton d 2:5
Grazing inefficiency or ’'messy
feeding’ (0.0-1.0), returns a frac- | .. .

m tion of grazed material back into dimensionless 0.2
the DIN pool
Fraction of dead zooplankton

Y2 (0.0-1.0) that goes into the sedi- | dimensionless 0.5
ments
Rate at which saturation is

A achieved with increasing food lev- | (mmol N m~3)~1 0.053
els

Table 2.10: List of all the parameters, with their respective definitions, initialised values,
and units, for the biological part of the S2P3 v8.0 model.
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2.3 Meteorological forcing

Daily meteorological data, provided by the National Centers for Environmental Predictions
(NCEP) Reanalysis data (http://www.esrl.noaa.gov/psd) was used to force the model at
the CCS site, located at 49.4°N, 8.6°W. The data is provided in a 2.5° global mesh, where
one grid square is used for the CCS location and taken from 1! January 1965 to 315 De-
cember 2015 (Figure 2.8). Wind speed (m s~!), cloud coverage (%), air temperature (°C),
and relative humidity (%) variables from this dataset were all used to force each model ver-
sion. This dataset has been used by Marsh et al. (2015) using this same model in different
temperate shelf sea locations, showing a reasonable agreement with observations in those
locations, with differences accounted, but suggested to be due to the photo-acclimation
process not being included, influence of riverine inputs (East China and Yellow Seas), and
advective fluxes being relevant in some of those locations (e.g. English Channel). There-
fore, the use of the NCEP Reanalysis data has demonstrated to be a good input of forcing
for the S2P3 v7.0 model. However, here it is suggested that in future research, this dataset
could be downscaled into higher resolution to, specially, account for the local changes of
wind speed, air temperature, and relative humidity. Local sources of observations to be
compared with this dataset could be obtained from the Western Channel Observatory

(https://www.westernchannelobservatory.org.uk/pml_weather_station/).

In the meteorological data there is daily to seasonal to inter-annual variability, as shown in
Figure 2.9. Wind speed (Figure 2.9a) shows seasonal variability with higher values during
wintertime and a slight decrease in frequency and magnitude of extreme events from the
start of spring and during summer. Cloud coverage (Figure 2.9b) shows a decrease during
springtime, ranging from ~ 50% to ~ 40% at the beginning of the year and increasing
towards the end of the year (~ 60%) with more cloudy days. Air temperature shows a
strong seasonality (Figure 2.9¢c), which it is repeated each year with an increase close to
spring (approximately 15 °C) and lower values from the start of autumn, reaching ~ 9 °C
at the end of the year. This strong seasonality found only in air temperature might be due
to wind speed, cloud cover, and relative humidity are driven by variables of the weather
system that are highly variable, contrary to the main driver of air temperature which is
the Sun, also showing a marked seasonality throughout the year. Finally, relative humidity

(Figure 2.9d) shows daily variability but there is only a weak observable seasonal pattern


http://www.esrl.noaa.gov/psd
https://www.westernchannelobservatory.org.uk/pml_weather_station/
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for this parameter, maintaining an almost constant level throughout the year.
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Figure 2.8: Whole record of the meteorological forcing used in the S2P3 model from the

start of the year 1965 to the end of the year 2015, showing (a) wind speed, (b) cloud

coverage, (c) air temperature, and (d) relative humidity.
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Figure 2.9: Seasonal variability of daily time-series for meteorological forcing (black line)

and a running mean (red line) with a span of 80 days in every case. Time-series representing

the year 1965 as an example for: (a) wind speed (m s™!), (b) cloud coverage (%), (c) air

temperature (°C), and (d) relative humidity (%).
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Annual means were calculated from 1965 to 2015 in order to observe the inter-annual
variability of each meteorological variable (Figure 2.10). A linear regression was performed
to estimate trends over time, and a Pearson correlation coefficient was calculated (with
95% confidence interval), between the annual mean of each meteorological variable and
time. It was found that wind speed increases over time at a rate of 0.0145 m s~ yr—!
(r2=0.2422, p < 0.05; Figure 2.10a) with strong variability during the years 1970 to 1975.
Air temperature also increases over time at a rate of 0.0143 °C yr—! (12=0.2273, p < 0.05;
Figure 2.10c), ranging from an initial value of ~ 10.5 °C (year 1965) to ~ 12 °C (year 2015).
On the other hand, there are no significant trends over time for either cloud coverage

(r2=0.0033, p > 0.05; Figure 2.10b) or relative humidity (r>=0.0004, p > 0.05; Figure
2.10d).
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Figure 2.10: Annual means from daily data showing inter-annual variability throughout
1965 to 2015 for each meteorological variable (black lines) and a linear regression line
(red lines) fitted in each case for (a) wind speed (m s—1), (b) cloud coverage (%), (c) air
temperature (°C), and (d) relative humidity (%).
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2.4 Model setup for the CCS location

The model setup consists of defining a local depth and tidal currents. The tidal components
consists of the u-component (semi-major axis) and the v-component (semi-minor axis) for
the Mo, S2, and Ny tidal constituents (see Table A.1). This data was obtained from a
fine mesh (12km horizontal resolution) covering the UK shelf. Tidal currents are pre-
dicted using the Proudman Oceanographic Laboratory Coastal Ocean Modelling Systems
(POLCOMS) 3-D shelf model using 42 vertical levels in s-coordinates to allow increased
resolution near the surface and bed in deeper water (Holt et al., 2009; Wakelin et al.,
2009), with an output extracted for the CCS location. Tide components included in the
S2P3 v7.0 model will, therefore, simulate the spring-neap tidal cycle by using the u and v
components of each tidal constituent, however, the tidal phases are set to zero, which is
not doing a well representation of tides in the shelf sea, which could produce changes in

the timing of stratification or the spring bloom from up to a week.

The model is initialised on 1% January of the first year of simulation with a temperature of
10.10 °C at all depths, and water column presumed mixed throughout. The setup of initial
values for physical and biological parameters in this study is consistent with former studies
in UK shelf seas (Marsh et al., 2015) but using tide and water depth information specific
to the CCS location. These initial values are only set up at the start of each simulation

and do not reset in between years.

2.5 Spin-up and resolution of the model

Spin-up is the time taken for a model to reach a state of statistical equilibrium under the
applied forcing. The S2P3 model shows a stabilisation time of five years (Figure 2.11).
This is why five climatological years were added to each meteorological variable prior the
start of the year 1965. Therefore, experiments were run during the years 1960 - 2015 but

every analysis of the output starts from 1965 so the spin-up time is neglected.
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Figure 2.11: Total annual NPP (mg C m~2 yr~!) calculated from the start of the year
1960 to the end of the year 2015. First five years show the spin-up of the S2P3 v7.0 model.
Dashed black line represents the mean of the time-series from 1965 to 2015 (i.e. spin-up is

not included).

In terms of the model resolution, experiments were conducted with the same model set up
as in the S2P3 v7.0 model but with different depth resolutions. Four model experiments
of Im, 2m, 7m, and 14m depth resolutions can be taken as examples (Figure 2.12). As
shown in Figure 2.12, when the model is run with a coarser resolution, the total annual
NPP (mg C m~2 yr~!) is higher. Therefore, it is important to choose an appropriate
vertical resolution as it can alter the dynamics of vertical processes in the shelf sea. For
example, if the model has a vertical resolution of 14m, each grid cell can overestimate some
processes and features in the water column such as the mixed layer depth (MLD), with
higher productivity being modelled for an unrealistically deep MLD. Furthermore, Figure
2.12 shows that there are differences between total annual NPP values when the model
is set with different vertical resolution, showing that differences with the finest resolution
(Im) are less when a 2m vertical resolution is chosen in comparison to coarser resolutions
(e.g. 7Tm, 14m) that show larger differences. However, there are still observable differences

in NPP between the 1m and 2m vertical resolution. Therefore, a depth resolution of 1m is
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considered for every experiment developed in this work, which is also the highest resolution

that can be calculated without blowing-up the model (see CFL condition, eq. 2.16).
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Figure 2.12: Total annual NPP (mg C m~2 yr—!) calculated from daily time-series during

the years 1965 to 2015 with four different resolutions: black line for 1m, blue line for 2m,

green line for 7m, and magenta line for 14m.



Chapter 3

Meteorological controls on inter-annual variability in onset
and duration of the spring bloom and summer growth in the

Central Celtic Sea using a single 1-D model

3.1 Abstract

A single one-dimensional biological and physical coupled model (S2P3 v7.0) is used to
explore the effect of meteorology on PP in the CCS, a temperate shelf sea of the NW Fu-
ropean Shelf. A default simulation was conducted using observational data to force the
model including air temperature, cloud coverage, wind speed, and relative humidity. The
model was run between the years 1965 - 2015 and a mean total annual NPP of ~ 61 g C
m~2 yr=! was found over those 51 years, with results showing that meteorological forcing
produces inter-annual variability in phytoplankton production. Therefore, targeted experi-
ments and a control experiment (i.e. no inter-annual variability of meteorological forcing)
were performed. The model experiments provide an understanding of the effects of each
meteorological variable, showing that over the 51 years of simulation, wind speed has the
largest effect on the inter-annual variability of total annual NPP. Based on these results,
a knockout wind experiment was performed to investigate how wind speed affects the tim-
ing, magnitude, and duration of the spring phytoplankton bloom as well as summer growth.
Wind speed produces variability in the onset of thermal stratification and, consequently,
on the timing of the spring phytoplankton bloom, showing that in a long-time scale (1965
- 2015), the high-frequency variability of wind speed is delaying the spring phytoplankton
bloom, driving 2 -8 times more NPP variability than the other meteorological variables. A
significant correlation between the total spring NPP and the onset of the spring phytoplank-
ton bloom was found (r* = —0.73, p < 0.05), suggesting that a later spring bloom will also

61
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be less productive, being primarily a consequence of the inter-annual variability in wind

speed.

3.2 Introduction

This chapter is divided into four sections. The first section is an introduction that pro-
vides background knowledge about the effects of meteorological variability in temperate
shelf seas and their observed relationship with inter-annual variability of PP, timing, mag-
nitude, and duration of the spring bloom, as well as summer production. The second
section describes the model experiments developed to analyse the main questions of this
chapter, providing information about the validation of the model in the CCS location over
the years 1965 to 2015. The third section is a description of the results found. Finally, the
last section provides a discussion and conclusions from the main results, stating the open

questions to be studied in future research.

3.2.1 Spring bloom and meteorological drivers

To understand the effect that meteorology plays on the spring phytoplankton bloom, it is
necessary to have an understanding of the annual and inter-annual cycles of the processes
that drive seasonal stratification and, therefore, the spring bloom. As explained in Chapter
1, seasonal stratification in temperate shelf seas is modulated by a competition between
buoyancy inputs due to surface heating and cooling (or freshwater inputs in areas near to

land) and mixing by tides and winds.

In temperate shelf seas, the initiation, development, and termination of the spring phyto-
plankton bloom are controlled by various factors (Sverdrup, 1953; Riley, 1946, 1942). One
of these factors is the different heat fluxes that combined create a vertical heat flux at the
sea surface, which varies over the year. Its primary driver is the input of short wavelength
radiation from the sun (Qgw), with a fraction being reflected and another being absorbed
in the ocean, allowing heating of the surface waters, but ultimately returned back to the
atmosphere through the surface as long wave back radiation (Qrw), or as a combination
of heat fluxes due to evaporation (Qiat) and sensible heat transfer by conduction (Qgens;

Figure 3.1).
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Figure 3.1: Heat fluxes across air-sea boundary showing the incoming short wave radiation
(Qsw) representing absorbed and scattered photons. There is long wave radiation (Qrw)
emitted from the sea surface, evaporation (E) is related to contributions from latent heat
flux (Qat), and exchange of heating by conduction (Qgens). Diagram adapted from Simpson
& Sharples, 2012.

The combination of each heat flux component in temperate latitudes determines the net
heat flux which will vary seasonally (Figure 3.2), with an increase in the heat input (Qsw)
during summer months and a minimum over winter. Qrw, on the other hand, does not
show strong seasonality because it is proportional to the small changes of the sea surface
temperature (in Kelvin units) in comparison to the changes of temperature in the atmo-
sphere. The contribution of the evaporation and conduction components to the net heat
flux is small but tends to reach larger values in winter months when winds are generally

stronger (Simpson & Sharples, 2012).
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Figure 3.2: Idealized seasonal cycles of vertical heat fluxes at temperate latitudes over one
year, showing each component of the net heat flux (units of W m~2), with net cooling

periods during winter months, and net heating over spring and summer months.

At the start of the year, the water column is completely mixed but towards spring the in-
crease of solar radiation heats the surface waters, making them more stable by lowering the
density of the water at the surface and reducing the convective mixing (Taylor & Stephens,
1993). The vertical net heat flux becomes positive in early spring, producing a state of
net heating in the surface waters, stabilising the water column and allowing the start of
thermal stratification, intensifying the net growth rate of phytoplankton due to increased
irradiance and initiating the spring phytoplankton bloom (Kanda et al., 1989). The spring
phytoplankton bloom will terminate because of the depletion of inorganic nutrients at the
surface and due to grazing by zooplankton. Finally, thermal stratification is destroyed in
late autumn by convective overturning and increasing wind speeds, which together force
vertical mixing of the upper water column resulting in a supply of nutrients to the photic
zone. However, long and frequent wind events inhibit the phytoplankton bloom from con-
tinuing (Kasai et al., 1997). Besides, during the winter period, the mixed layer is relatively

deep and phytoplankton spend a large proportion of their time in waters with insufficient
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light to support photosynthesis (Smith et al., 2015).

The key physical drivers of phytoplankton production include tidal and wind forcing, and
surface buoyancy fluxes from the atmosphere. These factors affect the physical environ-
ment by altering stratification, TKE, SST, and the MLD (Barton et al., 2014). These
physical drivers impact the light and nutrients received by phytoplankton in the ocean
surface (Follows & Dutkiewicz, 2001; Sverdrup, 1953). The interactions and imbalances
in the predator-prey relationship between zooplankton and phytoplankton will also be af-
fected by atmospheric forcing (Behrenfeld & Boss, 2014; Behrenfeld, 2010). Grazing by
zooplankton is also an important loss factor for phytoplankton biomass (Kasai et al., 1997;
Frost, 1987; Sverdrup, 1953; Riley, 1946), yet there is a limited understanding about the
impacts of long-term variability in meteorology. Hence, variability in the timing and in-
tensity of the spring phytoplankton bloom will affect the population dynamics of higher
trophic levels, and the effects will persist beyond the bloom period. It is necessary to
understand the processes regulating the dynamics of the spring phytoplankton bloom to

quantify and model the dynamics of pelagic ecosystems (Waniek, 2003).

This chapter aims to investigate the relationship between phytoplankton production in the
CCS and meteorological processes. This will be achieved by using a 1-D model (S2P3 v7.0),
with different experiments developed to compare and to quantify the importance of mete-
orological variables in terms of PP variability. The main focus of this study is a seasonally

stratified shelf sea, therefore observations from this location are used to validate the model.

The general hypothesis of this work is:

e PP varies between years due to inter-annual variability in meteorological forcing.

The sub-hypotheses of this work are:
e Wind speed has the largest effect on inter-annual variability of total annual PP.

e Wind speed impacts PP moderating the timing, duration, and extent of the spring

bloom.

e Variations in wind speed produce inter-annual variability in summer stratification

and the SCM.
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Following these hypotheses, the main objective is:

e Use a 1-D model forced using meteorological data from 1965 to 2015 to find correla-

tions between each component of the meteorology and the total annual NPP.

e Use a 1-D model forced using meteorological data from 1965 to 2015 and simulate
targeted experiments to identify the importance and role of each of the four com-
ponents of meteorological forcing (wind speed, air temperature, cloud coverage, and

relative humidity) on PP.

e Find the direct and indirect control, in terms of physics, on PP and how do they

operate.
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3.3 Methods

This section describes each experiment, simulated by the S2P3 v7.0 model at the CCS
location from 1965 to 2015, used to investigate the effect of meteorological forcing on
the inter-annual variability of PP. The model simulations section is divided into three
parts, the first one describing a “default simulation” used to address the main hypothesis
of this project by comparing the effects of each meteorological variable in terms of the
onset of the spring phytoplankton bloom and NPP. The second part describes a series
of simulations called “control-based experiments”, which consider meteorological forcing
without inter-annual variability to understand which of wind speed, cloud cover, air tem-
perature, or relative humidity has the largest effect on phytoplankton production. The
third part explains a final simulation called the “knockout-wind experiment”, based on the
sub-hypothesis that wind speed has the largest effect on total annual NPP inter-annual
variability. Finally, there is a section that validates the model with CTD and time-series

observations.

3.3.1 Model simulations

All the experiments use tidal forcing calculated from the POLCOMS model (Artioli et al.,
2012; Holt et al., 2012; Wakelin et al., 2012; Holt et al., 2009; Wakelin et al., 2009) and
meteorological forcing between the years 1965 - 2015 at the CCS location. Values for the

tidal components used in the simulations are listed in Table Al.

3.3.1.1 Default simulation

A default simulation was calculated with the S2P3 v7.0 model using meteorological forcing
(see Chapter 2, section 2.3) with variability at a range of temporal scales. For Figure 3.3,
black arrows represent the modal value (tallest bar in each histogram); these values are
different from the mean (red arrow) and median (green arrow) of the data. Wind speed
(Figure 3.3a) shows a typical Weibull distribution, emphasising that during the year strong
gale force winds are rare, while moderate and fresh winds are quite common. Cloud cover
(Figure 3.3b) shows a similar distribution than wind speed (right-skewed distribution), with
completely cloudy days being more rare than partially clouded days. On the other hand,
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air temperature shows a normal distribution during the year (Figure 3.3c) and relative
humidity shows a left-skewed distribution, i.e. there are a higher proportion of days during
the period with higher values of relative humidity (Figure 3.3d). The statistical test used
to check each meteorological variable was the Lilliefors test (Lilliefors, 1967), which tests

the closeness of fit to a normal distribution (a = 0.05 in every experiment tested).
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Figure 3.3: Histograms of daily meteorological data taken from the NCEP Reanalysis.
Each meteorological variable is taken from the start of the year 1965 to the end of the year
2015. The black arrows represent the modal value in each histogram, the green arrows
are the median, and the red arrows are the mean for (a) wind speed (m s=!), (b) cloud

coverage (%), (c) air temperature (°C), and (d) relative humidity (%).

3.3.1.2 Control-based experiments

A “control experiment” was simulated, including climatological wind speed, air tempera-
ture, cloud coverage, and relative humidity. To obtain the climatology of every meteoro-
logical variable, a seasonal cycle was considered from 1st January to 31st December from
1965 to 2015 and a mean of the seasonal cycle was calculated over those years to remove

inter-annual variability in the forcing of the model.

The control experiment was compared to the other four control-based experiments for which
the effect of each meteorological component was identified in turn. The “wind-only experi-

ment” involves only inter-annual variability for wind speed, but all the other meteorological
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variables are the same as in the control experiment. The three other experiments follow the
same procedure but for each of the three remaining variables, where the “cloud-only exper-
iment” only considers inter-annual variability of cloud cover in the meteorological forcing;
the “temperature-only experiment” has only inter-annual variability for the air tempera-
ture; and finally, the “humidity-only experiment” considers only inter-annual variability for
relative humidity (Table 3.1). In each case, the remaining meteorological components were

the same as the control experiment (i.e. had no inter-annual variability).

With the default experiment, control experiment and the other four control-based experi-
ments, it is possible to compare their PP to understand which meteorological variable has

a greater effect on phytoplankton productivity at the CCS location.

3.3.1.3 Knockout-wind experiment

Following the main hypothesis of this project and the different sub-hypotheses developed,
this simulation was created to analyse the effect of wind speed on the seasonal and inter-
annual variability of PP. The “knockout-wind experiment” considers wind speed without
inter-annual variability (climatology), while all the other meteorological variables (cloud
coverage, air temperature, and relative humidity) are the same as in the observations used

to force the default experiment.

Table 3.1 illustrates how each experiment in this chapter has been developed in terms
of the meteorological forcing including wind speed, cloud coverage, air temperature, and
relative humidity. Climatological variables are represented in red, while the meteorolog-

ical variables from the NCEP Reanalysis data are represented in blue as observed variables.
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Run name Wind speed Cloud cover- | Air tempera- Re.:lz?tive Hu-
age ture midity
Default Observed Observed Observed Observed
Control Climatology Climatology Climatology Climatology
Wind-only Observed Climatology Climatology Climatology
Cloud-only Climatology Observed Climatology Climatology
Temperature-only Climatology Climatology Observed Climatology
Humidity-only Climatology Climatology Climatology Observed
Knockout-wind Climatology Observed Observed Observed
M2-only Climatology Climatology Climatology Climatology
Spring-neap Climatology Climatology Climatology Climatology

Table 3.1: List of each experiment developed with the S2P3 v7.0 and the differences for
the meteorological forcing.

3.3.2 Validation of the model

Experiments from the S2P3 model have been conducted in former studies in UK shelf seas.
Sharples et al. (2006), validated this model in the NW North Sea using short- and long-
term datasets from mooring deployments. The model was found to correctly simulate the
onset of stratification during 2001. The model was also compared to data from the Inter-
national Council for the Exploration of the Sea (ICES) during 1974 - 2003, finding that the
surface temperature calculated from the model and the ICES data is strongly correlated
(r2 = 0.80, p < 0.05), with warmer modelled temperatures than ICES data during summer
but a good agreement in modelled winter temperatures: the mean annual rate of change of
winter temperature produced by the model (0.05 4= 0.01 °C yr~!) is consistent with that
from the ICES observations (0.04 £+ 0.01 °C yr~!). On the other hand, the model tends
to under-predict the bottom water temperature in late summer, due to the influence of

local advection in the North Sea, as this has not been taken into consideration in the model.

Marsh et al. (2015) validated the S2P3 model in two different locations in the Western
English Channel using weekly and monthly time-series from the Western Channel Ob-
servatory. There was good agreement between the model and observations for surface
temperature and bottom temperature, although some differences were found due to the in-
fluence of freshwater in the Western English Channel because the model does not consider

salinity as a state variable, being constant throughout depth and across the time series.

In this chapter, the model was validated for the CCS location using the default experi-
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ment and available observations from buoys and CTD casts from the UK SSB programme
(https://www.uk-ssb.org). Observations were collected throughout the NW European
shelf during the spring of 2014 and 2015 as part of the research cruise expeditions DY (029
(Poulton, 2015) and DY033 (Humphreys & Moore, 2015) (Figure 3.4). Samples were col-
lected in the CCS location during the pre-bloom, peak bloom, and post-bloom conditions
of the area (Figure 3.4a). Time-series of surface temperature (°C) and surface chlorophyll-
a concentrations (mg Chl m~3) from long-term mooring deployments including the CCS
Carbon and Nutrient Dynamics and Fluxes over Shelf Systems (CaNDyFloSS; Hull et al.,
2017) and Smartbuoy (Mills et al., 2003) were also collected. The phytoplankton commu-
nity fluorescence from the water samples was calculated as a proxy for chlorophyll-a and
were calibrated taking into account photochemical quenching. Photochemical quenching
occurs when applying light to the samples; the chlorophyll fluorescence has an initial rise
but then it declines (within less than a second) and finally increases again over a period of

several minutes. For this study, day time data was removed.

CTD (stainless and titanium) casts were performed in the different locations of the NW
European shelf from the CCS location to the shelf break (Figure 3.4b,c), with discrete
samples of temperature, DIN, and chlorophyll-a. In the CCS location, the CTD samples
were collected from pre-dawn to midday with a 1m vertical resolution over the whole water
column (~ 140 m depth). CTD casts for the CCS location were chosen to validate the

model during spring and summer.


https://www.uk-ssb.org
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Figure 3.4: (a) DY029 cruise sampling sites, (b) Map of all CTD cast locations (black
dots) from DY029 cruise and bathymetry, and (c¢) DY033 cruise track (blue line), CTD
sampling stations (black dots), and bathymetry of the Celtic Sea.

As part of the SSB research programme, buoys (Candyfloss Smartbuoy) were set up at the
CCS location (49.4°N, 8.6°W, depth 145.8 m), gathering data for 5 minutes every 30 min-
utes, with sensors validated against in-situ samples during deployment and recovery (Hull
et al., 2017). For this work, measurements of surface temperature and surface chlorophyll-a
obtained from the buoy were compared to the model, showing good agreement with the
physical model (Figure 3.5a) and a strong correlation with surface temperature (Figure
3.5b; 72 = 0.91,p < 0.05), although showing that the model calculates a lower sea surface
temperature than the buoy observations during spring and summer months of the year 2014
with a difference of approximately 2° C. The magnitude of surface chlorophyll-a during

spring are well represented by the model (Figure 3.5¢), but there is not significant corre-
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lation found between the model and observations for surface chlorophyll-a (Figure 3.5d;
r?2 = 0.06, p > 0.05). However, this lack of correlation can be driven by the differences in
the timing of the spring phytoplankton bloom, with the model having later blooms than
the observations (Figure 3.5¢). Therefore, a correlation is applied for a lagged time-series
observations, finding that if the buoy is lagged by 30 days, then observations and the
model are significantly correlated in terms of surface chlorophyll (r? = 0.13, p < 0.05),
although this correlation is weak. Moreover, for a 45 day lag, correlations are significant
and stronger 2 = 0.31, p < 0.05. Another reason for the mismatch in terms of the timing
of the spring bloom between the model and the buoy data is that S2P3 v7.0 is using tidal
constituents with their phases set to zero, which is not what actually happens in reality.
This calculation of the tides in the model will produce some differences in the onset of
thermal stratification and, therefore, in the onset of the spring bloom, accounting for an
error that might vary from a day up to a week. Consequently, the onset of the spring
phytoplankton bloom plays a role in the comparison to buoy observations, but differences
between winter months remain. The model also shows a good representation of the verti-
cal structure of the CCS location (Figure 3.6) during spring and summer. During spring,
observations show a later development of the stratified period (Figure 3.6a), a later onset
of the spring phytoplankton bloom (Figure 3.6b; ~ 15 days), and a later depletion of DIN
at the surface (Figure 3.6¢). During summer, temperature profiles from observations show
a clear increase in surface temperature but this is less marked in the model (Figure 3.6d).
The development of an SCM is shown in the observations while in the model there seem to
be high values of chlorophyll-a at the surface (Figure 3.6e). On the other hand, there is a
depletion of nutrients at the surface shown by both the CTD observations and the model
(Figure 3.6f).
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Figure 3.5: Comparison to data of the S2P3 v7.0 model using the output of the default
experiment for the CCS location (black lines) and time-series from buoy observations (red
lines) from April 2014 to August 2015 for (a) surface temperature (°C) and (c) surface
chlorophyll-a (g Chl 171). Scatter plots during the period of validation with significance
at 95% confidence level (p-value is less than 0.05). The red line represents the regres-
sion line of correlation between (b) surface temperature of the default experiment and
surface temperature from buoy observations, and (d) surface chlorophyll-a of the default

experiment and surface chlorophyll-a from buoy observations.
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Figure 3.6: CTD validation of the S2P3 v7.0 model in the CCS location (black lines) using
observations taken from the UK SSB programme available data (red lines). Validation
made in spring during 20/04,/2015 for (a) Temperature (°C), (b) Chlorophyll-a (mg m~3),
and (c) DIN (umol 171) and during summer for day 24/07/2015 for (d) Temperature (°C),
(e) Chlorophyll-a (mg m~3), and (f) DIN (umol 171). Black dashed lines represent profiles
of the model fifteen days later over spring and summer for both dates (05/05/2015 and
08/08/2015, respectively).

The differences in surface temperature between the model and observations suggest that
advective fluxes from the North Atlantic might be affecting the area of study in the CCS.
The discrepancies in biology between observations and the model, specially a change in
magnitude and delay in onset of the spring phytoplankton bloom, could result from a
poorly represented predator-prey relationship between phytoplankton and zooplankton, as
a constant grazing rate (G). An NPZ framework should be considered as an improvement

of the S2P3 v7.0 model in further research. On the other hand, the addition of photo-
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acclimation, could improve modelled phytoplankton production during summer months.

This hypotheses are considered to be tested in Chapter 4 and Chapter 5 of this work.

Information with relevant information about dates and positions from other CTD casts
taken during spring and summer of the year 2015 are listed in Table 3.2. CTD casts cho-

sen to compare the S2P3 v7.0 model are marked in red in Table 3.2.

Cruise name | Date Latitude (°N) | Longitude (°W) | Depth (m)
DY029 03/04/2015 49.38 8.99 147
DY029 04/04/2015 49.38 8.59 146
DY029 05/04/2015 49.38 8.59 146
DY029 06/04/2015 | 49.4 8.58 147
DY 029 11/04/2015 | 49.39 8.58 145
DY029 15/04/2015 494 8.99 147
DY029 20/04/2015 49.4 8.6 147
DY029 21/04/2015 49.4 8.62 148
DY029 25/04/2015 494 8.59 148
DY029 26/04/2015 494 8.58 146
DY029 28/04/2015 494 8.58 146
DY033 13/07/2015 | 49.43 8.59 144
DY033 14/07/2015 49.42 8.54 144
DY033 15/07/2015 49.37 8.61 145
DY033 24/07/2015 49.36 8.62 145
DY033 25/07/2015 49.41 8.99 148
DY033 29/07/2015 49.42 8.57 147
DY033 30/07/2015 49.4 8.57 148
DY033 01/08/2015 49.38 8.58 146

Table 3.2: List of relevant CTD casts for the CCS location from DY029 and DY 033 cruises
considering the date, location (latitude and longitude), and depth. CTD casts in red are
the ones chosen in this work to validate the S2P3 v7.0 model during spring and summer.

3.3.3 Statistical analysis

A common statistical analysis was performed in this chapter. Correlations were calculated
to understand the relationship between quantitative variables, or time-series in the context
of this work. A Pearson correlation coefficient was also calculated (72) to test the linear re-
lationship between the data (i.e if it has a positive or negative correlation) and to quantify
the strength of this relationship. All correlations were considered significant when p-value

< 0.05 (i.e. 95% confidence interval).



Chapter 8 Methods 77

An RMSD (eq. 3.1) calculation was performed to measure the differences between total
annual NPP for the control experiment and each control-based experiment. Higher values

of RMSD mean that there is a large difference between the two variables being compared.

n _ 2
RMSD = \/ Lm0~ )", (3.1)

n
x1, and o, represents two time-series and n is the number of observations. In this study,

the two time-series used are the total annual NPP from (1) the control experiment and (2)

from each control-based experiment.

Standard deviations (STD) were calculated for the yearly RMSD in each control-based
experiment to quantify the amount of variation or dispersion of those sets of data values

during the 51 years (1965 - 2015).

N —14
=1

where N is the number of observations of the time-series, x; = {x1,z9,...,xx} are the

observed values of the time-series, and T is the mean values of those observations.
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3.4 Results

This section is divided into three parts that explain the different results found. To address
the main hypothesis of this chapter, the first part presents results from the default simu-
lation. The second part presents results that involve the control experiment and control-
based experiments to understand the importance of each meteorological variable and their
effect on PP inter-annual variability. Finally, the third part investigates the knockout-wind
experiment to understand the effects of wind speed during the spring phytoplankton bloom

and summer growth.

3.4.1 Analysis of the default simulation

Surface chlorophyll-a, bottom temperature, and surface temperature exhibit seasonal vari-
ability (Figure 3.7a). With the year 1965 used as an example, during the first ~ 90 days,
the surface chlorophyll-a remained at a minimum value (~ 0 mg Chl m—3) while bot-
tom and surface temperatures appeared to be the same and thermal stratification did not
develop during this period. As soon as springtime starts, surface temperature increases
due to higher irradiance and the water column stratifies, trapping phytoplankton at the
surface and leading to an increase in the surface chlorophyll-a, reaching a peak for the year
(spring phytoplankton bloom). Near the start of autumn, surface temperature decreases
and the water column becomes mixed (surface and bottom temperatures are equal). As a

consequence, surface chlorophyll-a decreases to a near minimum value.

The default simulation showed that meteorology also produces inter-annual variability in
the surface chlorophyll-a, being approximately 30% of the mean. There is also inter-annual
variability in the thermal stratification (bottom and surface temperature), affecting the

timing, extent, and magnitude of the stratified period (Figure 3.7b).
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Figure 3.7: (a) Daily time-series showing the seasonal cycle for the default experiment
during the year 1965 for the surface chlorophyll-a (black dashed line, mg Chl m~3), bottom
temperature (black dash-dot line, °C ), and surface temperature (black solid line, °C),
(b) Annually averaged surface chlorophyll-a (black dashed line, mg Chl m~3), bottom
temperature (black dash-dot line, °C ), and surface temperature (black solid line, °C)

from 1965 to 2015 for the default experiment.

3.4.2 Analysis of control-based experiments

The default simulation showed that meteorology affects phytoplankton production, pro-
ducing inter-annual variability. Nevertheless, the control-based experiments do not show
significant correlations between the total annual NPP and each meteorological variable

from 1965 - 2015 (Figure A2). Despite that, some control-based experiments showed sig-
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nificant correlations between the meteorological variables and the total annual NPP during
the spring months (Table A.2), although these correlations are significant they explain very
little of the variability in NPP.

A deeper analysis was undertaken to understand the link between total annual NPP and
meteorological variables. From the control experiment, it was noted that there is small
inter-annual variability of total annual NPP (Figure 3.8; red solid lines), although there is
no inter-annual variability in the meteorological forcing of this simulation. This variability
was further investigated using the experiments M2-only and Spring-neap (see Table 3.1),
finding that the spring-neap tidal cycle have a contribution in the observed inter-annual
variability of total annual NPP. The percentage of a bias between the total annual NPP of
a control experiment that includes spring-neap tidal cycle and a control experiment that
includes only the Ms tidal constituent was calculated, showing that the spring-neap tidal
cycle contributes 3% to the inter-annual variability of total annual NPP, producing less

NPP on average from 1965 to 2015.

For the wind-only experiment, the total annual NPP showed abrupt changes from one
year to another and was typically lower than in the control experiment (Figure 3.8a). In
addition, the cloud-only experiment also showed inter-annual variability in total annual
NPP with lower values than in the control experiment (Figure 3.8b), due to the effect
that cloud have on heating of the water column (see eq. 2.12). Similar results were found
for the temperature-only experiment, with inter-annual variability of NPP and increasing
values over the 51 years (Figure 3.8c). Finally, for the humidity-only experiment, inter-
annual variability of total annual NPP was observed as well as decreasing values over time
(Figure 3.8d). A standard deviation (STD) was calculated to quantify the variability of
total annual NPP of each experiment from 1965 to 2015, with the wind-only experiment
showing higher variability of +£1448.5 mg C m~2 yr—!, followed by the temperature-only
experiment with £1060.4 mg C m~2 yr~!, cloud-only experiment with +977.9 mg C m~2
yr~!, and, finally, humidity-only experiment with +859.9 mg C m~2 yr~! showing the

lowest effect on inter-annual variability of total annual NPP over the 51 years.
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Figure 3.8: Total annual NPP (mg C m~2 yr~!) time-series calculated from 1965 to 2015
for the control experiment (red line) and for (a) wind-only experiment, (b) cloud-only

experiment, (c¢) temperature-only experiment, and (d) humidity-only experiment.

Figure 3.8 shows that meteorology is causing inter-annual variability of NPP and which
meteorological variable is most significant for that variability. To quantify this, an RMSD
was calculated for the total annual NPP between each control-based experiment and the
control experiment (Figure 3.9). Over the 51 years of simulation, it was found that the
highest value in the RMSD was for the wind-only experiment (2635 mg C m~=2 yr—!), fol-
lowed by the cloud-only experiment (1257 mg C m~2 yr—!), temperature-only experiment
(728 mg C m~2 yr~!), and the lowest RMSD value was given by the humidity-only exper-
iment (580 mg C m~2 yr—!; Figure 3.9a). This suggests that the largest difference of total

annual NPP between the control experiment and the control-based experiments is driven
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by the inter-annual variability of wind speed. Moreover, in order to assess variability of the
RMSD during the 51 years, an RMSD is calculated every year from 1965 to 2015 (Figure
3.9b), showing inter-annual variability of the RMSD for each meteorological component,
however, the strongest year-to-year variability can be observed for the wind-only experi-
ment (STD=1427), followed by the cloud-only experiment (STD=623.9), temperature-only
experiment (STD=424), and humidity-only experiment (STD=346). The wind-only exper-
iment presents the larger RMSD every year for ~75%, 89%, and ~90% more in comparison

to the cloud-only, temperature-only, and humidity-only experiments, respectively.
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Figure 3.9: (a) An RMSD for the total annual NPP (mg C m~2 yr~!) calculated be-
tween the control experiment and 1: wind-only experiment, 2: temperature-only experi-
ment, 3: cloud-only experiment, and 4: humidity-only experiment. (b) RMSD calculated
for the wind-only experiment (blue solid line), cloud-only experiment (black solid line),
temperature-only experiment (red solid line), and humidity-only experiment (magenta
solid line) for every year. The RMSD for (a) and (b) were calculated throughout 1965
and 2015.
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3.4.2.1 Insights for the spring bloom

Meteorological forcing have shown to have an effect in the inter-annual variability of total
annual NPP, therefore, it is important to understand the main processes that can influence
the annual phytoplankton production. One of these processes to be considered is the spring

phytoplankton bloom and the characteristics that define it.

This section shows a preliminary analysis of the spring phytoplankton bloom in terms of
the inter-annual variability of its magnitude driven by meteorological forcing. Phytoplank-
ton production generated during spring is a significant percentage of the total annual NPP
(Joint et al., 2001; Townsend et al., 1994). Therefore, it is relevant to know the contribu-
tion that the timing, magnitude, or duration of the spring bloom has on the inter-annual

variability of NPP.

Wind speed is the meteorological variable with the largest effect on inter-annual variability
of NPP. To investigate how wind speed is controlling the phytoplankton production vari-
ability, the spring phytoplankton bloom was further studied. The day that total annual
NPP has the highest value each year from 1965 to 2015 (day of maximum NPP) was cal-

culated for the control experiment and each control-based experiment (Figure 3.10).

Moreover, a boxplot was calculated for the timing of the peak bloom NPP (day), to
show the distribution of this characteristic for each model based on their minimum (lower
whisker), first quartile (lower side of the box), median (middle line of the box), third quar-
tile (upper side of the box), and maximum (upper whisker), also showing outliers and their
values (red cross). As expected, the box plot (from the minimum to the maximum val-
ues) shows that the control experiment has low variability for the day of maximum NPP,
varying between days 123 and 126 throughout the years 1965 - 2015. For the wind-only ex-
periment, the day of maximum NPP showed the widest range (between days 120 and 143).
The cloud-only experiment showed a smaller range (between days 120 and 134), followed
by the temperature-only experiment range (between days 118 and 132), where the peak
of NPP appeared to be at an earlier stage during the year, and finally, the humidity-only

experiment showed a less variable range between the days 120 and 131.

Significant and negative correlations between the day of maximum NPP and the total
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annual NPP for the wind-only experiment (r? = —0.3643, p < 0.05), cloud-only experiment
(12 = —0.5301, p < 0.05), temperature-only experiment (r> = —0.5666, p < 0.05), and
for the humidity-only experiment (1> = —0.2839, p < 0.05) were found (Figure A3).
These correlations suggest that the earlier the day of maximum NPP during the spring

phytoplankton bloom, more total annual NPP will be in a given year.
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Figure 3.10: Boxplot for the timing of the peak bloom NPP (days) calculated from daily
NPP (mg C m~2 day 1) from 1965 to 2015 for 1: control experiment, 2: wind control-based
experiment, 3: cloud control-based experiment, 4: temperature control-based experiment,

and 5: humidity control-based experiment.

3.4.3 Analysis of knockout-wind experiment

Results have shown inter-annual variability in the total annual NPP and the spring phy-

toplankton bloom driven by the different meteorological variables, with wind speed being
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the variable that has demonstrated to have the largest effect in this variability. Following
the sub-hypothesis of this chapter that states that wind speed impacts PP moderating
the timing, duration, and extent of the spring phytoplankton bloom, the knockout-wind
experiment was developed. To address this hypothesis, the results of the knockout-wind
experiment are shown in this section. Comparison between this experiment and the default
simulation might provide insight into the effects of the variability of wind speed on summer
stratification and the SCM and, therefore, its impact on spring and summer phytoplankton

blooms.

In order to assess the results obtained from Figure 3.11, it is necessary to first define how
is the start of the stratified period defined: the start of the stratified period in a given year
is defined by the difference between the surface temperature and the bottom temperature
in the water column being more than 0.5°C (Figure 3.11b). The default simulation and
the knockout-wind experiment were compared during the 51 years of simulation, but for
simplicity only the year 1965 is shown in Figure 3.11. Figure 3.11a shows the observations
of wind speed, with high-frequency variability and the seasonal cycle (black solid line);
less extreme events were observed towards spring and summer in comparison to winter.
Additionally, the wind speed control observations do not show high-frequency variabil-
ity but only the average seasonal cycle of wind speed (Figure 3.11a; black dash-dotted
line). These observed differences in the wind speed appear to produce less variability in
the knockout-wind experiment regarding thermal stratification (Figure 3.11b; black dash-
dotted line), showing that the onset of the stratified period was delayed in the case of the
default experiment (Figure 3.11b; black solid line) and with observable pulses producing
more seasonal variability. Because of this lag at the start of thermal stratification, the
spring phytoplankton bloom is delayed in the default simulation (Figure 3.11c; black solid
line) in comparison to the knockout-wind experiment (Figure 3.11c; black dash-dotted
line). With these results, it was concluded that inter-annual variability and high-frequency

variability of wind speed is affecting the timing of the spring phytoplankton bloom.
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Figure 3.11: Time-series from the output of the default experiment (black solid line) and
from the knockout wind experiment (black dashed line) using the year 1965 as an example
for (a) Daily wind speed (black solid line) and daily wind speed control (black dashed line,
m s~1), (b) daily temperature difference (surface temperature minus bottom temperature,
°C) for the default experiment (black solid line) and the knockout wind experiment (black
dashed line), and (c) daily NPP (mg C m~2 day ') for the default experiment (black solid

line) and the knockout wind experiment (black dashed line).

To assess the overall effects of wind speed throughout the year and the whole water col-
umn, the knockout-wind experiment was compared to the default simulation. A difference
for daily profiles between the knockout-wind experiment and the default simulation was
calculated for temperature, chlorophyll-a, and DIN for each year from 1965 to 2015. Each
year showed differences and these were averaged over the 51 years for each variable (Figure
3.12), showing information about the overall contribution of wind speed, although losing

year-to-year information about wind influence.

During the mixed period of the water column (winter months), the default experiment

has higher temperature values than the knockout-wind experiment (Figure 3.12a). To-
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wards spring there are some features suggesting that wind speed is affecting the start of
the thermally stratified period, while during summer there are differences at the surface,
probably affected by the spring-neap tidal cycle in periods of mixing and remixing of the
water column. There are changes at the end of the stratified period with higher values of

temperature in the sub-surface for the knockout-wind experiment.

Chlorophyll-a profiles during the year are also affected by wind speed inter-annual variabil-
ity showing negative values at the start of spring, which suggests that there are differences
in the timing of the spring phytoplankton bloom between both experiments (Figure 3.12b).
For the 51 years of simulation, the default experiment tends to show earlier spring phy-
toplankton blooms than the knockout-wind experiment. Higher values are shown during
summer at the surface, with more phytoplankton production in the knockout-wind exper-

iment than the default simulation.

Inter-annual variability seems to also affect DIN, showing fewer nutrients available during
springtime for the default simulation and differences in the sub-surface during summer
(Figure 3.12c¢). Variability of DIN happens at the end of the stratified period, with the
depletion of nutrients at the surface and more nutrients available below the thermocline

for the default simulation in comparison to the knockout-wind experiment.
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Figure 3.12: Contour plots of mean daily difference between the knockout-wind experiment
and the default experiment during 1965 and 2015 along the whole water column with a
maximum depth of 140m. (a) Temperature (°C), (b) Chlorophyll-a (mg Chl m~3), and
(c) DIN (mmol N m~3). The red colour represents positive values and the blue colour

represents negative values.

3.4.3.1 Spring phytoplankton bloom

The following results are focused on the analysis of the spring phytoplankton bloom period

using the knockout-wind experiment and comparing it to the default simulation.

As explained in Chapter 1, section 1.2.2, there are multiple definitions of the start of the
spring bloom used in the literature. In this section, a spring phytoplankton bloom period

is defined using the following criteria: the onset of thermal stratification, was defined as
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the first julian day (JD) each year when the temperature difference is more than 0.5 °C for
a period of at least ten days, so seasonal stratification was well established (Figure A4a).
This definition comes from the observed time-series of surface and bottom temperatures,
and surface chlorophyll in the North Sea where stratification begins to be established when
the surface-bed temperature differences is more than 0.5°C (Simpson & Sharples, 2012).
However, two more definitions for the start of the spring bloom were also tested using
surface chlorophyll thresholds (1.5 and 2 mg Chl m~3), showing significant correlations
for the default experiment between the definition used with temperature differences of
r2=0.58 (p<0.05), 12=0.56 (p<0.05) compared to surface chlorophyll thresholds of 1.5 and
2 mg Chl m™3, respectively. Similar results are found for the knockout-wind experiment:
r2=0.57, p<0.05 (between threshold of temperature difference and 1.5 mg Chl m~3 surface
chlorophyll threshold) and r?=0.58, p<0.05 (between threshold of temperature difference
and 2 mg Chl m~3 surface chlorophyll threshold). Between these three definitions of the
timing of the spring bloom, only small differences were found in the results of this section,
producing slightly changes in the magnitude of the correlations found. Consequently, in
order to study the effects of meteorology between the knockout-wind and default exper-
iment, it has been chosen the temperature difference proxy to define the spring bloom
as meteorology is directly affecting the physics of the model (temperature field) and it is

assumed that the spring bloom only develops once stratification is present.

The end of this spring phytoplankton bloom period is defined as when surface chlorophyll-
a, reaches a typical summer value equal to 1.5 mg Chl m~3 (Figure A4c). With this period
defined (Figure A4b), the effect of wind speed on the timing and magnitude of the spring
phytoplankton bloom was studied.

A positive and significant correlation was found for the timing of the spring phytoplankton
bloom between the default simulation and the knockout-wind experiment (Figure 3.13a;
r?2 = 0.23,p < 0.05). On the other hand, no significant correlation was found between
both experiments for the total spring NPP (Figure 3.13b; 2 = 0.0002,p > 0.05). Despite
Figure 3.13a showing a significant correlation, the strength of such correlation is weak,
explaining only 23% of the variability in the timing of the spring phytoplankton bloom
between both experiments. Therefore, Figure 3.13a,b are showing that wind variability is

not only affecting the timing of the spring phytoplankton bloom but also its magnitude
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and duration. Additionally, there is a negative and weak correlation found for the onset of
thermal stratification and the total spring NPP in the default experiment (Figure 3.13c;
7?2 = —0.15, p < 0.05), suggesting that in 15% of the years studied it is found that the later
the onset of thermal stratification then the lower the total production during that period.

This is also observed for the knockout-wind experiment although the relationship is much

stronger (Figure 3.13d; 72 = —0.73,p < 0.05).
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Figure 3.13: Scatter plots of model output for 1965 to 2015. The red line represents the
regression line of the correlations between (a) Timing of the spring phytoplankton bloom
(days) for the default experiment and the knockout-wind experiment, (b) Total spring
NPP (mg C m~2 day~!) for the default experiment and knockout-wind experiment, (c)
timing of the spring phytoplankton bloom (days) and total spring NPP (mg C m~2 day 1)
for the default experiment, and (d) timing of the spring phytoplankton bloom (days) and

total spring NPP (mg C m~2 day ') for the knockout-wind experiment.
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Another feature in the water column during spring which could still be affected by wind
forcing and contributes to the inter-annual variability of PP is the depth at which phyto-
plankton is able to grow linked to temperature and which shows inter-annual variability
(Figure 4A), defined here as the surface of the bottom mixed layer (BML). A criteria to
find the surface BML for the default experiment and the knockout-wind experiment consid-
ered mean vertical daily profiles of water temperature during the spring period (calculated
according to the same criteria used for the spring phytoplankton bloom period) with 51
profiles showing the spring vertical temperature and their gradient (Figure A4; black solid
lines). The surface BML is calculated when the gradient of temperature is equal to zero
(i.e. depth below the thermocline), and shows higher variability in the case of the default

simulation.

No significant correlation was found between the timing of thermal stratification and the
surface BML for the default simulation (Figure 3.14a; 72 = —0.04, p > 0.05) but significant
negative correlations can be observed for the knockout-wind experiment (Figure 3.14b;
r?2 = —0.339,p < 0.05). This could imply that a deeper BML would lead to a later onset
of the spring bloom. On the other hand, there is a significant and negative correlation
between the total spring NPP and the surface BML for the default simulation (Figure
3.14c; 72 = —0.176,p < 0.05), while in the case of the knockout-wind experiment, this
correlation is significant and positive (Figure 3.14d; r2 = 0.174,p < 0.05). However, these
significant correlations found are weak and, therefore, the inter-annual variability of the
BML only explains a small percentage of the inter-annual variability of the timing and

magnitude of the spring phytoplankton bloom (no more than 30%).
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Figure 3.14: Scatter plots of model output for the period 1965 and 2015. The red line
represents the regression line of the correlations between (a) timing of the spring phyto-
plankton bloom (days) and surface BML (m) for the default experiment, (b) timing of
the spring phytoplankton bloom (days) and surface BML (m) for the knockout-wind ex-
periment, (c) total spring NPP (mg C m~2 day~!) and surface BML (m) for the default
experiment, and (d) total spring NPP (mg C m~2 day~!) and surface BML (m) for the

knockout-wind experiment.

3.4.3.2 Summer growth

The spring phytoplankton bloom is one of the characteristics that have been studied in this
chapter to understand the effects that meteorology has in the inter-annual variability of
total annual NPP, but there is another seasonal feature that can contribute to the annual

production and it is the growth of phytoplankton during summer.

In this section, a summer growth period was calculated; the start defined as the end of the

spring phytoplankton bloom and the end defined by when thermal stratification becomes
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less than 0.5°C'. Further analysis during summer was done, finding that the length of the
stratified period is positively correlated with the total summer net production in the de-
fault experiment (r? = 0.1571, p < 0.05; Figure 3.15a) and the knockout-wind experiment
(r? = 0.4438, p < 0.05; Figure 3.15b); this means that the longer the stratification, the
greater the production will be in summer. Positive and significant correlations between
the total summer NPP with the length of the summer period were found for the default
experiment (r? = 0.7009, p > 0.05; Figure 3.15¢) and for the knockout-wind experiment
(r? = 0.6344, p < 0.05; Figure 3.15d). It is important to note that the results do not
show significant correlations between the total annual NPP and the total spring NPP for
the default experiment (r?> = 0.0002, p > 0.05) and for the knockout-wind experiment
(r? = 0.0015, p > 0.05); on the other hand, significant correlations were found between
the total summer NPP for the default experiment (r? = 0.0293, p < 0.05) and for the
knockout-wind experiment (r2 = 0.2931, p < 0.05).



Chapter 3 Results 94

(a) (b)
260 260
o r-square=0.1571 o r-square=0.4438
250+ p<0.05 250 p<0.05
.8 240¢ ° .8 240
& 230} &8 230
3 3
I:% 220 1% 220
& 210 o 210
200¢ 200
19?.5 2 25 3 199.5 2 25 3
Total summer net PP x 10* Total summer net PP x 10*
180 © 180 @
o r—square=0.7009 o r—square=0.6344
170
- 160
S
8 150
E 14
£ 0
» 130
120
105 2 25 3 195 2 25 3
Total summer net PP x10* Total summer net PP x 10*

Figure 3.15: Scatter plots calculated for the period 1965 and 2015. Red line represents the
regression line of the correlations between (a) length of the stratified period (days) and
the total summer NPP (mg C m~2 day~!) for the default experiment, (b) length of the
stratified period (days) and the total summer NPP (mg C m~2 day~!) for the knockout-
wind experiment, (c) total summer NPP (mg C m~2 day~!) and the length of the summer
period (days) for the default experiment, and (d) total summer NPP (mg C m~2 day~!)

and the length of the summer period (days) for the knockout-wind experiment.

Negative values of NPP were found during the winter months due to values of phytoplank-
ton cellular respiration exceeding gross photosynthesis. This explains the findings that
some years there is less total annual NPP than total spring + summer NPP in the default
simulation (Figure 3.16a). There is a stronger inter-annual variability found in the total

annual NPP for the default experiment than in the knockout-wind experiment, although
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stronger inter-annual variability of the total spring + summer net production can be ob-

served in the knockout-wind experiment (Figure 3.16b).
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Figure 3.16: (a) Time-series of total annual NPP (black solid line; mg C m~2 yr—!) and
total spring + summer NPP (blue solid line; mg C m~2 yr~!) for the default experiment
throughout 1965 to 2015. (b) Time-series of total annual NPP (black solid line; mg C
-2

m~2 yr=!) and total spring + summer NPP (blue solid line; mg C m~2 yr~!) for the

knockout-wind experiment from 1965 to 2015.
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3.5 Discussion

The results show the effects of each meteorological variable on the inter-annual variability
of PP, based on the different model run experiments. This chapter is divided into three
sections. The first part considers the default simulation to address the main hypothesis of
this work. The second part will discuss the different results obtained from the control-based
experiments and the importance of each meteorological variable to produce inter-annual
variability of PP. The third and final part will analyse the importance of wind speed and

its effect on different vertical processes of the water column during spring and summer.

3.5.1 Default simulation and inter-annual variability of stratification

A comparison between the modelled production rate of the default simulation and former
studies in the CCS, as well as typical observations, has been made. The average total
annual NPP over the 51 years of simulation obtained for the default experiment was ~ 61
g C m~2, while a value of 109 ¢ C m~2 was found for the GPP calculated by the model.
These results of PP compare to the ones found by Sharples (2008) for the Celtic Sea (in
a seasonally stratified area of the shelf) of ~ 70 g C m~2. Additionally, Joint & Groom
(2000) estimated PP in the CCS location during April to September based on in-situ in-
cubations of 80 g C m™2, which is lower to the same estimates found using the sea-viewing
wide field-of-view (SeaWiFS) ocean colour sensor, which found the PP to be 102 g C m~2
in 1998 and 93 ¢ C m~2 in 1999. Moreover, the work of Joint et al. (1986) reported mea-
surements of size fractionated PP made in all seasons over a 2 years period (1982 - 1983) in
the Celtic Sea (CS2 location at 50° 3N, 7°W), estimating an annual production of 102.81
g C m~2, with 37.89 ¢ C m~? corresponding to phytoplankton >5um, from which half
of this occurred only during April (i.e. 18.45 ¢ C m~2 mo~!). Therefore, the capability
of the S2P3 v7.0 model to accurately represent the rates of PP is comparable to results
found in the literature, reflecting the models capability to simulate the CCS location and
support the use of the 1-D framework of the S2P3 model. Differences found between the
model and estimated values of PP could be given by different reasons ranging from inter-
annual variability of PP which might not be represented in the observations if they only
calculate for one or two years, while the model is calculating PP over the last 51 years;
the methodology used to calculate phytoplankton production can also imply differences in

the estimates; and, finally, it is important to recognise that some of the assumptions in
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the S2P3 v7.0 model such as a fixed grazed of zooplankton, no inclusion of size-fractioned
phytoplankton, and the slower rates of nitrate remineralisation in the model might be one

of the sources for different estimates of PP.

The results of the default model simulation show that alongside the development of the
stratified period, a spring phytoplankton bloom developed. Inter-annual variability in ther-
mal stratification was also found to affect the extent and timing of the onset of the spring
phytoplankton bloom. This variability is related to the meteorological variables: wind
speed, air temperature, cloud cover, and relative humidity. One interesting finding was
that there were no significant correlations between the total annual NPP and each mete-
orological variable between 1965 and 2015 including wind speed (r? = 0.048, p > 0.05),
cloud cover (r? = 0.045, p > 0.05), air temperature (r?> = 0.034, p > 0.05), and rela-
tive humidity (r? = 0.004, p > 0.05). Phytoplankton production during the meteorological
spring months (April, May, and June) shows significant and positive correlations with mean
spring values of wind speed, air temperature, and cloud cover (Table A.2). It is important
to note that wind speed is correlated to total annual NPP during the whole spring period.
However, these significant correlation during spring only explain a small percentage of the
inter-annual variability of NPP due to meteorological forcing, therefore, it is important
to consider that the effects of wind speed, air temperature, and cloud cover could not
be well represented with a correlation, possibly due to a lag in the response of the water
column and phytoplankton to meteorological variability possibly due to complex feedbacks

between existing between plankton communities and changes in their physical environment.

3.5.2 Model experiments

3.5.2.1 Control-based experiments: inter-annual variability of phytoplankton

production and meteorological controls

Wind speed produces a greater contribution to inter-annual variability of total annual NPP
than any other meteorological variable (Figure 3.8). Sharples et al. (2006) showed that
wind stress variability has the greatest effect on the timing of the spring phytoplankton
bloom before the decade of 1990 in the NW North Sea, with spring air temperature playing
a major role after the decade of 1990. Changes in wind stress over long-time scales can

cause significant variations in phytoplankton production, inhibiting the start of the spring
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phytoplankton bloom due to mixing in the water column. This is related to the PEA
theory that states that different buoyancy inputs play a role in the development of thermal
stratification, considering mixing by tides (Kobayashi et al., 2006) and winds (Williams et
al., 2013) competing with surface heating (Sharples, 2008).

to an abnormally cold spring followed by a warm summer in the UK (Marsh et al., 2015),

and stronger stratification producing a delayed spring phytoplankton bloom.

Inter-annual variability of total annual NPP was observed in every control-based experi-
ment (Figure 3.8). There was an increase of annual phytoplankton production after the
1990s in the case of the temperature-only experiment (Figure 3.8¢), which can be related
to the increase of air temperature over time (Figure 2.10) and the effect that this has
on the sensible heat flux, suggesting that the increased total annual NPP after the 1990s
corresponds to a weaker cooling, affecting the MLD and thermocline. These results can
be compared with those of Elliott & Clarke (1991), which showed that anomalous hotter
years can also produce an effect on the water column temperature during the next year,
but in the case of the temperature-only experiment, air temperature seems to steadily in-
crease over time (Figure 2.11c¢). An opposing pattern was observed for the humidity-only
experiment, where up to 1990 the total annual NPP was lower than in the control simula-
tion. This is an interesting result because relative humidity does not show a tendency to
increase or decrease over time (Figure 2.11d) so the decrease of total annual NPP must be
caused by factors other than the lack of a long-term trend for relative humidity. For ex-
ample, relative humidity could be impacting other processes indirectly (e.g. air-sea fluxes
interaction, see egs. 2.11 - 2.15) and feedbacks between them can involve more complexity
and non-linear responses to be analysed only with a direct comparison between trends of
NPP and relative humidity. Moreover, a 51 years trend of relative humidity is not showing
information about short term variability (e.g. seasonal or decadal), and this also may have
a role to play. These hypotheses suggested imply that further work needs to be done to

address them.

The cloud-only experiment shows that the total annual NPP was less than in the control
experiment (Figure 3.8b). Cloud cover affects the surface irradiance which is considered
one of the controls of phytoplankton growth. Shi et al. (2017) demonstrated that earlier

phytoplankton blooms can occur as a result of favourable weather conditions, and hence,
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PP will increase over spring. However, the effect of cloud cover can produce later spring
phytoplankton blooms because it will inhibit the heating in the surface of the water col-
umn (see eqs. 2.8, 2.12), producing less total annual NPP due to this delay. On the other
hand, phytoplankton can grow in the SCM during summer and the effect of cloudiness can
also produce lower levels of PP over this period because cells are very sensitive to mete-
orological changes in the SCM region due to light limitation (Sharples et al., 2001), with
photo-acclimation of phytoplankton playing a role in the production of biomass (Moore
et al., 2006). The S2P3 v7.0 model does not include photo-acclimation, therefore, it will

require model development and this will be revisited in Chapters 4 & 5 of this work.

Of all the meteorological variables, results showed that wind speed has the largest effect
on the inter-annual variability of PP (Figure 3.9). Control-based experiments suggest that
wind variability plays a major role in the changes in phytoplankton production from one

year to another.

3.5.2.2 Insights into the spring phytoplankton bloom

A feature of the spring phytoplankton bloom that was analysed corresponds to the day
of maximum NPP. Figure 3.10 shows that wind speed is the meteorological variable with
the highest range in the timing of the spring bloom peak. This means that mixing at the
surface of the water column can lead to a larger variability in the timing of the spring
phytoplankton bloom than cloud cover, air temperature, or relative humidity. It has also
been found that wind speed produces less total annual NPP than the control experiment
(Figure 3.8a), which means that despite a later day of maximum NPP during spring, total
annual NPP will not necessarily be more in a given year. These results are supported by
significant and negative correlations between the day of peak bloom and the total annual
NPP (Figure A3), although Figure A3a does not explain a high percentage (only ~ 37%)
about the inter-annual variability between later days of maximum NPP resulting in less
total annual NPP for the wind-only experiment. The effect of wind speed will create a
deeper MLD in late winter due to vertical mixing of the water column, leading to later
blooms during spring (Zhao et al., 2013), and at the same time, the inter-annual variability
of the magnitude of the spring bloom has been attributed to changes in the depth of winter
mixing (driven by wind speed and net heat fluxes), and hence enhancing concentrations of

nutrients available in spring (Koeve, 2001). Therefore, the responses of the maximum day
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of NPP during spring and the total annual NPP to inter-annual variability of wind speed
will be produced due to different feedbacks that are not clearly represented with a Pearson
correlation and further analysis should be done to understand the direct mechanisms that
wind speed play in driving seasonal and inter-annual variability of NPP. Additionally, as
shown in Figure 3.10, air temperature variability will produce an earlier peak bloom than
wind speed variability because the mechanistic effect of higher temperature is to induce
earlier blooms by causing thermal stratification, which results in high light intensities in a
shallow mixed layer (Sommer et al., 2012). Finally, cloud cover has an important effect on
the timing of the spring phytoplankton bloom: more cloud cover can delay the stratified
period but this does not mean that the total annual NPP will necessarily be more in a

given year (Figure A3b).

3.5.3 Knockout wind experiment: analysis of the spring phytoplankton

bloom and summer growth

Inter-annual variability of wind speed changes thermal stratification, with observable pulses
of temperature in the thermocline, suggesting that extreme events of wind (i.e. storms or
calm days) are the main cause (Figure 3.12). Wind stress mixes the vertical water col-
umn inhibiting thermal stratification and, therefore, affecting the timing of the spring
phytoplankton bloom by delaying it. The differences in the timing of the spring phyto-
plankton bloom between the knockout-wind experiment and the default simulation (Figure
3.11c, Figure 3.12b) are because the knockout-wind experiment uses a climatological wind
speed as meteorological forcing. An important consideration in this experiment is that
the smoothing process used to create the climatological wind forcing leads to the removal
of daily variability. Daily variability is likely to be of importance when investigating me-
teorology, particularly in how this affects the spring phytoplankton bloom. For example,
in temperate shelf seas, strong wind forcing can be important during post-spring bloom
periods, because it has been linked to vertical transport of nutrients towards the surface
(Rippeth et al., 2009). This implies that the effect of wind speed on the results is associated
with extreme events (e.g. storms) alongside seasonal variability so these factors need to be
identified and investigated in further work. Therefore, in order to explore this hypothesis is
suggested that the occurrence of storms is defined, specially in late winter /early spring and
summer months to understand the effect of these extreme events have on the timing and

magnitude of the spring bloom, and on summer growth related to nutrient entrainment
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from below the thermocline.

Wind speed variability is affecting processes in the whole water column as shown in Figure
3.12. There is, on average, a higher temperature for the default experiment during the
years 1965 - 2015 when the water column is mixed in winter. The mixing effect produced
by wind variability in the water column allows heat from shallower layers to reach deeper
and, therefore, disperses more of that heat through the whole water column after summer
when irradiance has reached its seasonal peak. Sharples et al. (2006) discussed that the
inter-annual variability of the timing of the spring stratification and bloom is also linked
to the phase of the spring-neap tidal cycle. These results can be observed in the case
of temperature profiles during the year (Figure 3.12a), with pulses of higher temperature
during spring in the thermocline relative to the default experiment over a period of ~ 15
days. Additionally, results from the M2-only and Spring-neap experiments showed that the
spring-neap tidal cycle is contributing 3% to the inter-annual variability of total annual
NPP, which could be related to tidal stirring changing the timing of thermal stratifica-
tion and related start of the spring bloom. Therefore, here it is suggested that further
investigation needs to be done to understand the combined effects of wind speed and the

spring-neap tidal cycle in the thermocline.

It is also interesting to note a contradiction in the results. From earlier calculations, it
was found that wind speed delays the spring phytoplankton bloom during the example
year 1965 (Figure 3.11), but a general overview of the water column, and throughout the
51 years of simulation, demonstrates that, on average, wind speed variability is producing
earlier blooms (Figure 3.12b). Figure 3.12c shows a depletion of nutrients at the surface at
the start of the spring phytoplankton bloom for the default experiment and leads to a new
hypothesis about the climatological wind as a forcing. As the smoothing process of wind is
done yearly from 1965 to 2015, daily variability is lost but due to the skewed distribution of
values (Figure 3.3a) probably this new forcing has higher values than more than half of the
years during that period. Prestidge & Taylor (1995) used a model to understand thermal
stratification and phytoplankton abundance in the Irish Sea, showing that when simulations
used wind speed data smoothed over a short term period (11 days), the reduction of mixing
energy produced earlier and slightly more intense spring and autumn blooms. This proves

that wind speed is relevant in the CCS location for the inter-annual variability of PP and
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that the smoothing process of wind speed in the knockout-wind experiment over a whole
year can be one of the reasons for these opposing results. Further work needs to be done
to understand how different calculations of non-inter-annually varying forcing is the cause

of earlier blooms.

3.5.3.1 Spring phytoplankton bloom

The onset of thermal stratification is related to the competition of buoyancy inputs, which
are affected by surface heating (Sharples, 2008), as well as stirring by tides (Kobayashi
et al., 2006) and wind stress (Williams et al., 2013). In many cases, the most domi-
nant mechanical forcing of the shelf seas is the result of momentum and energy inputs
from the tides (Simpson & Sharples, 2012). The default simulation and the knockout-
wind experiment differ in the timing and magnitude of the spring phytoplankton bloom,
showing that wind variability modulates these features (Figure 3.12a,b). Wind speed pro-
duces larger variability in the default simulation for the onset of the spring phytoplankton
bloom, but the timing and total spring NPP shows lower correlation (Figure 3.13c) than
in the knockout-wind experiment (Figure 3.13d). On the other hand, the timing of the
spring phytoplankton bloom has been shown to be sensitive to changes in the grazing rate
(Behrenfeld et al., 2013; Behrenfeld, 2010), therefore, the effects of zooplankton in the

timing of the spring phytoplankton bloom need to be investigated.

A delayed bloom is often indicative of deeper mixed layers and increased surface nutrient
concentrations. Despite no significant correlations found between the timing of the spring
bloom and the BML for the default experiment (Figure 3.14a), the knockout-wind experi-
ment (Figure 3.14b) can explain ~ 34% of the inter-annual variability in the timing of the
spring bloom due to changes in the BML. Therefore, it can be concluded that the results
show that the surface BML is influenced by wind speed, through mixing in the water col-
umn, producing larger variability, with the wind not only affecting the surface layer but
the whole thermocline. However, the effects of wind speed are not explained by the cor-
relations in Figure 3.14, suggesting again about the lag and non-linearity of the responses
of the physical and biological parts of the ecosystem to changes in wind. Additionally,
it is important to note that this analysis considers averaged temperature profiles during
spring (Figure A4) and a deeper understanding of the role that surface BML variability
plays in the total annual NPP should consider daily profiles of the BML to understand
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high-frequency variability that is being lost.

3.5.3.2 Summer growth

With a defined period for the spring phytoplankton bloom (Figure Al) and for summer
growth, results show that there are no significant correlations found between the total
spring NPP and total annual NPP, or between the total summer NPP and total annual
NPP, which is interesting considering that the spring production alone reaches about 50%
of the total annual NPP every year (Figure 3.15). Therefore, it is important to consider
other processes during spring or summer (such as timing and magnitude of the spring
phytoplankton bloom, development of an SCM, or nutrient entrainment to surface layers
during summer) that might provide a large contribution to the annual variability of NPP,
but investigating other seasons of the year such as autumn and winter can also be a matter
of discussion in future work and it is suggested that all seasons be studied to analyse their

contribution to the annual variability of NPP.

The turbulent dissipation at the base of the thermocline is responsible for nutrient en-
trainment into the thermocline from the BML (Richardson et al., 1998). Therefore, this
nutrient flux will play an important role in the maintenance and production of an SCM,
driven by energy dissipated at the base of the thermocline due to wind speed (Williams et
al., 2013) and tidal periodicity (Sharples et al., 2001). The future study of an SCM and
vertical processes in the CCS is important to improve the understanding of the effects of

meteorology during summer months.

3.5.4 Concluding remarks

The S2P3 v7.0 model is used in a series of experiments to investigate the effects of mete-
orology on the inter-annual variability of NPP. Inter-annual variability of phytoplankton
growth is associated with a sequence of processes through the seasonal cycle. The onset
of thermal stratification in spring influences the timing, magnitude, and duration of the
spring bloom. This is followed by summer growth associated to the SCM. A simple 1-D
model is demonstrated to be an efficient tool at a low computational cost and showing a

reasonable representation of the CCS shelf sea ecosystem based on comparison with obser-



Chapter 8 Discussion 104

vations from the SSB programme.

It is important to mention that all ecosystem models are a simplification of the natural
ecosystems (Behrenfeld et al., 2013). For example, from the most relevant assumptions
of the S2P3 v7.0 is the no consideration of advective fluxes, therefore, to study a loca-
tion close to the shelf edge or to the continental margins that are considered ROFIs, it
would pose an issue for a realistic representation of that particular ecosystem with this
1-D model. Nevertheless, this chapter have shown that the S2P3 v7.0 model can make
a good representation of the CCS location, by being validated with buoy and CTD ob-
servations, as well as compared with PP estimates from literature values for the Celtic
Sea. However, another assumption from the S2P3 v7.0 model is the oversimplification
of zooplankton populations, by calculating the grazing rate solely as a fraction of phyto-
plankton biomass removed each time step to be recycled back into the available pool of
water column DIN. But there is evidence that the spring bloom marks the beginning of
zooplankton production in temperate marine systems (Friedland et al., 2015; Longhurst,
1995) and that the timing and duration of phytoplankton blooms can be influenced by the
grazing activity (Behrenfeld et al., 2013; Behrenfeld, 2010) of micro-zooplankton (Chen
et al., 2013) and meso-zooplankton (Hlaili et al., 2014). Consequently, improvements in
the S2P3 v7.0 model need to be considered for further analysis of the CCS location and
the meteorological drivers that produce inter-annual variability on phytoplankton PP. This
model development should include a realistic zooplankton grazing, allowing to vary over
time as in models that consider an NPZ framework. This could provide more confidence in
the results found and better insights in phytoplankton growth variability by representing

the predator-prey relationship between zooplankton and phytoplankton.

Additionally, another process that should be taken into consideration is the photo-acclimation
of phytoplankton, which will give more complexity to the model but will also resolve
the phenotypic changes of phytoplankton to changes in light (Maclntyre et al., 2002;
Falkowski & LaRoche, 1991; Falkowski, 1980). Phytoplankton photo-acclimation addi-
tion to the S2P3 v7.0 model could act to compensate for irradiance changes over period
of days (Falkowski & Raven, 1997), meaning that the shape and magnitude of the phy-
toplankton growth dependency on light availability (or PE curve, Figure 2.4) will reflect

underlying biophysical, biochemical, and metabolic processes that regulate photosynthesis
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(Falkowski, 1992), with changes in the PE curve and variability of the Chl : C : N ratio
to assess photo-acclimation. Consequently, because inter-annual and decadal variability
in the annual phytoplankton production is a response to the variability of the different
environmental drivers and to the changes that occur inside the algal cells, modelling the
response of phytoplankton to the variability of local weather conditions can have wider im-
plications in the marine shelf sea modelling, providing insights into the effects that future

changes in weather and climate will have on plankton communities.



Chapter 4

Constraining the response of phytoplankton to zooplankton

grazing and photo-acclimation in a 1-D model

4.1 Abstract

The numerical model used in the previous chapter has been developed into three different new
models: S2P3-NPZ which includes an NPZ framework, where the grazing rate is no longer
constant, but instead varies over time depending on different functions chosen to represent
the predator-prey relationship between phytoplankton and zooplankton; S2P3-Photoacclim
which includes a representation of the process of photo-acclimation in phytoplankton; and
S2P8 v8.0 which combines the NPZ framework and the photo-acclimation of phytoplankton
at the same time. FEach of these models is compared to buoy and CTD observations, as well
as zooplankton biomass and in situ physiological parameters taken in the CCS location as
components of the SSB programme. In this chapter, each new model is calibrated by com-
parison to observations of the timing and magnitude of the spring phytoplankton bloom,
magnitude of the spring zooplankton bloom, and physiological parameters throughout the
water column. A sensitivity study was also performed for each model, based on parameter
values found in the literature, to understand the effects of each parameter on model dynam-
ics. Results demonstrate that the best agreement with biological observations is obtained

with the addition of photo-acclimation and grazing.
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4.2 Introduction

This section provides an introduction and is divided into two main subsections. The first
subsection provides a background of general knowledge and description of NPZ models,
their importance and advantages. The second subsection provides information about light
and photosynthesis and how the photo-acclimation of phytoplankton influences cellular
composition and physiology. The aims of this chapter are stated in the final part of this

section.

4.2.1 NPZ models and S2P3 v7.0: S2P3-NPZ

The development and management of shelf sea ecosystems depend on the level of un-
derstanding of factors that influence the communities of resident organisms. Ecosystem

models can provide a useful tool to explore these processes.

To study plankton dynamics in the ocean and, in particular, in a temperate shelf sea (as
the main focus of this work), different models have been developed, ranging from very sim-
ple ones (e.g. the Lotka-Volterra competition model; Lotka, 1932; Volterra, 1926) to more
sophisticated ones, adding more degrees of complexity by including advection, diffusion,
or size structure (e.g. NEMO-ERSEM model; Edwards et al., 2012) . Although complex-
ity can be useful for describing the interacting behaviour of multiple system components
incomplete understanding of the ecology and key processes of the organisms, and the lack
of data for validation (Anderson, 2005) can reduce the reliability of predictions and also
demands a higher computational cost. On the other hand, simpler models using an NPZ or
NPZD framework, with the use of nutrients, phytoplankton, zooplankton, and detritus as
the main model structure (e.g. Anderson, 2005; Wroblewski et al., 1988; Steele, 1974) have
shown good agreement with observations in terms of chlorophyll and PP, by simulating

the timing and magnitude of the spring bloom in different regions of the ocean.

NPZ models were first proposed by Riley in 1946 (Riley, 1946; Figure 4.1), to explicitly
represent the first assumptions for the rate of change of phytoplankton over time, based on
environmental factors and a grazing rate by zooplankton. In terms of environmental fac-

tors, it is known that phytoplankton growth depends on light, nutrients, and temperature
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(Eppley, 1972; Jassby & Platt, 1976; Droop, 1983). These relationships define the sea-
sonal cycle of phytoplankton in the S2P3 v7.0 model and in temperate shelf seas through
thermal stratification of the water column, affecting the availability of inorganic nutrients
in the surface layers where phytoplankton can produce organic matter via photosynthesis.
In an NPZ model, these primary producers are grazed by zooplankton where a fraction
of the ingested phytoplankton will be excreted and lost to the environment and added to
sediments due to sinking, while another fraction will be remineralised through zooplankton

mortality and added back into the inorganic nutrient pool (see Figure 2.6).

Figure 4.1: Conceptual view of NPZ models. The arrows represent the nutrient flow

pathways between P (phytoplankton), Z (zooplankton), and N (DIN).

Simplistic biogeochemical models have been used to understand the dynamics of the NPZD
cycle (Yool et al., 2011; Palmer & Totterdell, 2001; Six & Maier-Reimer, 1996; Sarmiento
et al., 1993 ). Nowadays, it is known that the ecosystem community structure is regulated
by a variety of factors including: physical conditions, predation, competition for resources,
and environmental variability (Follows et al., 2007; Pedros-Alio, 2006; Tilman, 1977; Mar-
galef, 1968).

Despite their relative simplicity, NPZ models can be a better option to approach an un-
derstanding of the physics and biology of an ecosystem essentially depending about the
question being asked. In this chapter, the S2P3 v7.0 model has been developed from the
simplest assumption previously adopted where a fixed proportion of phytoplankton being
grazed and remineralised into the DIN pool (grazing rate, G), to an NPZ framework (S2P3-
NPZ) to capture the dominant dynamics of the biological system of the CCS location. This

new development of the S2P3 v7.0 model will allow to understand how the predator-prey
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relationship between zooplankton and phytoplankton is affected by meteorological forcing

with stronger confidence that the model is making a better representation of the ecosystem.

4.2.2 Light, nutrients, and photosynthesis

This subsection provides an introduction to light, photosynthesis, and the photo-acclimation
process of algal cells. It provides information about the S2P3 v7.0 model development into
S2P3-photoacclim which represents the process of photo-acclimation and associated influ-

ences on cellular composition and physiology.

In previous chapters, it was explained how phytoplankton growth depends on different
environmental factors, including temperature, nutrients, and irradiance. In this chapter,
the analysis is focused on the influences that these three environmental factors play on

phytoplankton growth and PP.

Light is fundamental to phytoplankton and photosynthesis, but phytoplankton growth can
also be constrained by nutrient availability and temperature, affecting growth rates, mak-
ing it necessary to understand the effects that each of these factors has on the seasonal
cycle of PP. The temperature-dependence of growth rate can be explained as an expo-
nential dependence according to Eppley (1972) as described in Chapter 2, section 2.2 (see
Figure 2.3). On the other hand, availability of inorganic nutrients can also modify the
nutrient quota (N:Chl), showing a maximum phytoplankton growth rate when N:Chl is
maximum (see Figure 2.2). Moreover, it is necessary to understand the effects that irra-
diance has on algal cells and to learn about the way light penetrates in the water column
and how it is absorbed by phytoplankton. Underwater light is commonly measured as
irradiance or as photosynthetically available radiation (PAR; Wm~2), a parameter that
provides information about how much light is available for photosynthesis in the water
column, including only photons in the visible spectrum with wavelengths between 400 and
700 nm and which usually correspond to the 45% of the total incident radiation (Kirk,
1994). In S2P3 v7.0, PAR decays exponentially through the water column (see Chapter
2, eq. 2.10), simulating the absorption and scattering of light in the ocean due to the
interaction with water molecules, detrital matter, coloured dissolved organic matter, and

phytoplankton (Dutkiewicz et al., 2015).
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To understand the photo-acclimation process it is necessary to study two factors: (1) the
relationship between photosynthesis and irradiance (PE curve; Figure 2.4), which provides
information about the biophysical, biochemical, and metabolic processes that regulate pho-
tosynthesis. Also because the chemical composition of cell changes in response to light and
nutrients variability, it is necessary to consider (2) the Chl:C and ChLN ratios (Cloern
et al., 1995; Langdon, 1988; Geider, 1987), where chlorophyll production is proportional
to carbon fixation and nitrogen assimilation (Geider et al., 1998; Droop, 1983). On time
scales from hours to days, phytoplankton adjust their physiological responses to variations
in light intensity and nutrients, including variations in the amounts and ratios of photo-
synthetic pigments, gross chemical composition (e.g. C:N ratios), cell volume, and dark

respiration rates (Falkowski, 1980).

In the Celtic Sea, stratification develops in spring (April; Hickman et al., 2012), triggering
a phytoplankton bloom that depletes the surface mixed layer (SML) of nitrate (Fasham
et al., 1983; Pingree et al., 1976). During the summer months, surface waters are rela-
tively warm and nutrient depleted, with low concentrations of chlorophyll-a (Hickman et
al., 2012). Low pigment standing stocks resulting from lack of nitrate in the SML hence
permit light penetration to the thermocline, which will be determined by the competition
between buoyancy input from solar heating and mixing caused by tidally generated tur-
bulence at the seabed and wind at the surface (Simpson & Hunter, 1974). During this
period, the thermocline will represent a barrier to transport between high-light surface
waters and the low-light sub-surface chlorophyll maximum (SCM) (Sharples et al., 2001),
contrary to winter months when a mixed water column is present and can be characterised
by the rapid movement of phytoplankton between high and low light (Moore et al. 2003).
Therefore, to understand the interactions of physical forcing and biological response of
phytoplankton in the Celtic Sea, it is relevant to consider the photo-acclimation process of
phytoplankton (S2P3-photoacclim model). This new version can model the light-, nutrient-
, and temperature-dependencies of phytoplankton growth rate at the same time, by adding
prognostic Chl:C, C:N, and ChL:N ratios based on Geider et al. (1998) model as described

in Chapter 1, section 1.3.2.
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4.2.3 Combining S2P3-NPZ and S2P3-photoacclim: S2P3 v8.0

The chapter aims to build on the findings of Chapter 3, where it was suggested that the
differences in the timing of the spring bloom between buoy observations and CTD data
during the years 2014 and 2015 in the CCS location were probably a consequence of the
fixed grazing rate in the S2P3 v7.0 model or the non-inclusion of the photo-acclimation
process. Further questions that remained from Chapter 3 (e.g. effect of the spring-neap
tidal cycle, tendency of NPP in the humidity-only experiment, etc), could be analysed in
future work with the newly developed model (S2P3 v8.0) to give more robust answers due
to a more realistic representation of the CCS location as some relevant processes to tem-
perate shelf seas can be represented in this model (e.g. zooplankton, photo-acclimation).
Therefore, S2P3-NPZ and S2P3-photoacclim are developed into a new model called S2P3
v8.0 that combines both models in order to study the role of grazing and physiological flex-
ibility on the dynamics of PP in the CCS location, by having a more realistic 1-D model.
For this reason, the main objective of this chapter is to calibrate each model based on in
situ observations and to analyse the effects of each parameter on the model dynamics and

the associated relative sensitivities.
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4.3 Methods

This section is divided into three different subsections: a description of the multiple data
and observation types used to simultaneously constrain and validate the S2P3-NPZ, S2P3-
Photoacclim, and S2P3 v8.0 model behaviours; a section calibrating each model and, also

a sensitivity analysis for the CCS location.

The physical part of each model is the same as in the S2P3 v7.0 model and it is not de-

scribed in this chapter (for more information see Chapter 2, section 2.1).

4.3.1 Validation of the model

S2P3-NP7Z, S2P3-Photoacclim, and S2P3 v8.0 are calibrated and validated using the CTD
observations and time-series from the Smartbuoy and CaNDyFloSS moorings described in
Chapter 3, section 3.3.2. For S2P3-NPZ, zooplankton biomass was used to validate this

model in the CCS location. Similarly, physiological observations were used to validate the

S2P3-Photoacclim model.

4.3.1.1 Zooplankton biomass

Zooplankton biomass samples were collected during the cruises DY026, DY018, DY029,
and DYO033 across the Celtic Sea (Figure 4.2) at three main stations: the Shelf Edge near
the shelf break (CS2 site; 48°34 N, 9°30 W, ~ 200 m water depth), the Central Site or
CCS location (49°25 N, 8°35 W, ~ 150 m water depth); and the Celtic Deep near the
coast (~ 51 °10 N, 6°20 W, ~ 100 m water depth). These cruises were undertaken during
four periods: 5th - 12th August 2014, 10th - 29th November 2014, 3rd - 28th April 2015,
and 13th - 31st July 2015 (Giering et al., 2018). For this work, only the CCS site data

is considered for analysis because this location is directly comparable to buoy observations.
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Figure 4.2: Map of the three main stations across the Celtic Sea for the cruises DY026,
DY018, DY029, and DY033. The sampling sites are represented by crosses and include
the Celtic Deep, the Central Site (or CCS site), and the Shelf Edge. Grey scale shows the

bathymetry (in m). Image taken from Giering et al., 2018.

For zooplankton biomass samples, net rings of 57 ¢m diameter were used and fitted with
two different mesh sizes of 63 yum and 200 pm. The nets had a closing mechanism when
deployed, sampling zooplankton biomass during daytime and night-time at different depth:
above and below the thermocline, and, when existing, across the deep chlorophyll maxi-
mum (DCM; determined based on fluorescence measurements). The thermocline and DCM
were determined from CTD casts immediately prior to the net deployments. The 63 pum
and 200 pm mesh nets were hauled at 0.2 m s~ and 0.5 m s~!, respectively. See Table

4.1 for more details about net deployments in each site, depth, and date.

Zooplankton were fractionated into microplankton, small mesozooplankton, and large
mesozooplankton by using different mesh sizes. For this work, only mesozooplankton
biomass at the CCS location was considered due to the small contribution that microzoo-
plankton has in this location, contributing only ~1.3%, ~2.3%, and ~0.8% of the total

zooplankton biomass for the measurements done in November, April, and July, respectively
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(Giering et al., 2018). Furthermore, microzooplankton was no directly measured but their
biomass values were inferred from FlowCam images. Mesozooplankton consist in a com-
munity composition that included: amphipods, appendicularian, chaetogratha, copepods,
euphausiacea, polychaeta, and others (e.g. cladocerans, dinoflagellates, echinoderm, eggs,
foraminifera, gymnosomata, unidentified larvae, nauplii, ostracods and radiolarian, all of
which contributed < 3% in all samples). A FlowCam (Fluid Imaging Technologies Inc.)
and a ZooScan were used to scan zooplankton individuals images processed using ZooPro-
cess 7.19 and Plankton Identifier 1.3.4 softwares (Gorsky et al., 2010). From the images
the biovolume spectra were calculated and converted into image-derived dry weight (DW).
The total 246 net hauls collected for biomass samples (Figure 4.3) provided 44 vertical
depth profiles, integrating zooplankton biomass typically between 0 and 120 m at the CCS
location. The complete data set can be obtained from the British Oceanographic Data

Centre (BODC), http://www.bodc.ac.uk/data).

Net Net Shallow | SCM Deep Integrated
Date opened opened depth depth* depth depth (in
at day at night | (in m) (in m) (in m) | m)
05/08/2014 | 13:41 21:29 0-30 30-120 0-120
10/11/2014 | 14:01 20:24 0-50 50-130 0-130
12/11/2014 | 13:31 03:11 0-50 50-130 0-130
25/11/2014 | 14:02 20:55 0-60 60-130 0-130
04/04/2015 | 16:19 23:59 0-80 80-120 0-120
05/04/2015 | 16:20 00:06 0-60 60-140 0-140
10/04/2015 | NA 21:38 0-60 60-120 0-120
11/04/2015 | 15:20 21:34 0-50 50-120 0-120
15/04/2015 | 14:12 21:27 0-20 20-120 0-120
16/04/2015 | 11:24 20:04 0-40 40-120 0-120
20/04/2015 | 14:15 21:00 0-50 50-120 0-120
21/04/2015 | 11:16 20:20 0-50 50-120 0-120
25/04/2015 | 14:12 21:44 0-50 50-120 0-120
28/04/2015 | NA 00:17 0-50 50-120 0-120
13/07/2015 | 13:40 23:50 0-60 60-120 0-120
14/07/2015 | 13:33 21:46 0-30 30-70 70-120 0-120
25/07/2015 | 12:43 NA 0-30 30-70 70-130 0-130
29/07/2015 | 12:23 22:02 0-30 30-50 50-130 0-130
30/07/2015 | 12:29 22:26 0-30 30-70 70-130 0-130

Table 4.1: Net deployments at the CCS locations including date, time during the day and
night, and depth horizons. *SCM depth sampled when SCM present. Information obtained
from Giering et al., 2018.


http://www.bodc.ac.uk/data
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Figure 4.3: Depth-integrated zooplankton biomass for daytime and night-time samples at
the CCS location, including different species of mesozooplankton from the cruises DY 026,

DYO018, DY029, and DY033.

Observations from the four different cruises of depth-integrated zooplankton biomass (g
DW m~2) were obtained over the years 2014 and 2015. Note that there is usually more
zooplankton biomass during daytime over the whole water column and a seasonal cycle of
zooplankton can also be observed (Figure 4.3), with lower values during November 2014
(winter) and highest values during July 2015 (summer). This dataset allows comparison
with the S2P3-NPZ model not only in terms of phytoplankton biomass, but also in terms
of the seasonal cycle of zooplankton, providing validation of the spring zooplankton bloom
and summer growth. However, it is important to note that the S2P3-NPZ model does
not account for changes in the community composition of mesozooplankton during the
different seasons of the year as it does not differentiate between species, but it does aver-

age the total biomass of the different species of mesozooplankton found at the CCS location.

4.3.1.2 Physiological observations

Samples were collected at a number of stations in the Celtic Sea from the cruises JR98
and CD173 (Figure 4.4). The JR98 cruise was undertake from 24th July to 14 August of
2003. In Figure 4.4 it is shown the different stations, from the Irish Sea to the Celtic Sea
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shelf break, ranging from weakly stratified or fully mixed stations (IS1b) to very strong,
narrow thermoclines in the southern Celtic Sea (CS1), and to the weak, deep surface layer
associated with internal wave mixing at the shelf edge (CS2). The physiological properties
(e.g. photoacclimation) and survival strategies of phytoplankton in the SCM determine
the efficiency of nutrient assimilation within the thermocline and lead, in turn, to broadly
predictable patterns in the density and species composition of the population (Hickman
et al., 2012; Hickman et al., 2009). On the other hand, the CD173 cruise was undertaken
from 15th July to 6th August of 2005. CD173 was the second cruise from the project
"Physical-Biological Control of New Production within the Seasonal Thermocline". This
cruise expedition was split into two: from July 15th — July 25th it was primarily focused
on the shelf edge of the Celtic Sea, in an investigation of the spring-neap variability in
the vertical mixing of nutrients by the breaking internal tide; from July 25th — August
6th it was carried out an investigation of the effects of seabed banks on the generation of
internal mixing and the response of the primary producers. Figure 4.4 also shows the sites
occupied in this cruise, from the stratified region of the Celtic Sea shelf (stations D2, CS1,
CS3, U2, CS1, B2, JB1, OB, P1, ctd16) and shelf break (stations CS2, N1) and at a mixed

site within the Irish Sea (station IS1).
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Figure 4.4: Map for study area and stations for the JR98 (stations IS1, CS3, D2, CSI,
U2, N1, CS2) and CD173 (stations B2, CS2, JB1, OB, P1, U2, ctd16) cruises, including
the CCS location (in red colour). Image created with Matlab using the repository data
for gridded bathymetry provided by General Bathymetric Chart of the Oceans (GEBCO).
Bathymetric data only considered for the shelf sea region (0 to 300m depth) with open
ocean depth neglected (deeper than 300m). Continents considered in black colour (over

Om elevation).

Photosynthesis versus irradiance (P vs E) experiments were conducted in short-term in-
cubations (2 - 4h) using a photosynthetron (Moore et al., 2006). A photosynthetron is
a chamber that allows simultaneous incubations of multiple samples over a range of light
intentisities to provide a P vs E curve (Figure 2.4; Lewis & Smith, 1983). From these
P vs E experiments chlorophyll-a normalised PP was derived from *C uptake to obtain
the chlorophyll-a specific maximum light-saturated photosynthesis rate PChL (mg C (mg

max

Chl — a)~! h™!) and the maximum light utilisation coefficient, o™ (mg C (mg Chl-a)~!
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h=! (uE m~2 s71)~!) (Hickman et al., 2012; Jassby & Platt, 1976). Water samples were
collected before dawn using 10-liter Niskin bottles for four of the sites: CS1, CS2, CS3, and
IS1 (Figure 4.4) during 24-h periods on 31st July, 29th July, 05th August, and 2nd August,
respectively. Multiple samples were collected in the surface and in deeper layers (in the
surface mixed layer (SML) and the SCM) to obtain different phytoplankton populations
throughout the photoperiod. Additionally the CS1 and CS3 sites were resampled on 10 and
11 August, respectively. The water samples were then incubated in 73 ml polycarbonate
bottles in photosynthetrons at constant temperature corresponding to measured depths in
the SML or the SCM. Values of a™ and the light saturation parameter, Ei (uE m~2 s™1)
(given by Ey = PShL /ahl) were spectrally corrected to the in situ irradiance at the sample

depth according to the phytoplankton light absorption (Moore et al., 2006).

For this work, observations from both cruises were used considering only the stations from
the seasonally stratified sites (B2, CS1, CS3, D2, JB1, OB, P1, U2, and ctd16) and ex-
cluding stations CS2 and N1 because they are in the shelf edge where advective fluxes
are more relevant than in the stations nearer to the CCS location. The maximum light
utilisation coefficient (o) was constrained for the model by finding the mean from all
observations (o™ = 9.16 x 1076 mg C (mg Chl-a)™! h™! (uE m~2 s7!)~!, and therefore,
the values of PSEL and Ey were used as variables for comparison with equivalent modelled
values (Figure 4.5). Figure 4.5 shows that near the sea surface where there is high light

Chl

max and Ey are higher than in deeper layers

photo-acclimation of phytoplankton, values of P
of the water column. With the observed ng; having a range of approximately 0.5-2.5 X
1073 (mg C (mg Chl—a)~! s71) in the surface waters (first 5m), while this range is smaller
and lower in deeper layers (0-1.0 x 1073 mg C (mg Chl — a)~! s71) for the 40m depth.

Similar variability can be observed with Ej, having lower values in deeper layers of the wa-

ter column, but the largest variability occurs in the surface layer (~ 100 - 250 uE m~2 s71).
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Figure 4.5: Photophysiological parameters obtained from '*C-uptake photosynthesis versus
irradiance experiments (n = 55) from the JR98 and CD173 cruises. (a) Chlorophyll-a
specific maximum light-saturated photosynthesis rate, and (b) Light saturation parameter,

spectrally corrected to the in situ irradiance at the sample depth (see Moore et al., 2006).

4.3.2 Calibration of the models

This section explains the methodology used to calibrate each version of the S2P3 model

developed in this work.

To calibrate or tune a model, there is usually two options: an approach to determine the
values of the model parameters is to run the model to equilibrium with many separate sets
of parameters and then determine which set provides results that are in best agreement
with observations (trial-and-error basis); another alternative would be to undertake a for-
mal parameter optimisation, where each parameter of the model is automatically adjusted
until disagreement with the in situ observations is minimised. The latter approach requires
sophisticated numerical modifications of the code and is computationally expensive, there-

fore, in this work it was used the first approach. Besides, the first approach also permits
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to investigate directly the sensitivity of the model to changes in the parameters.

Calibrating each model developed in this work was performed on a trial-and-error basis, by
adjusting the NPZ and physiological parameters based on their agreement with the obser-
vations described in this methodology and in Chapter 3, section 3.3.2. Parameter values
adjustment were set based on previously published modelling studies (see Table 4.2), with
some parameters and variables set and initialised based on the in situ observations. It is
important to note that the range of parameter values referred in Table 4.2 were obtained
through different methodologies (observations, laboratory cultures, and models) and differ-
ent locations, therefore, the calibrated versions of the S2P3-NPZ, S2P3-Photoacclim, and
S2P3 v8.0 models might not necessarily adjust to these parameter ranges. Consequently,
not all parameter values from Table 4.2 might be representative for the CCS location, but

it is relevant to have an estimate to start the model calibrations.

Parameters | Range Units Reference
. : Franks et al. (1986); Raymont
" [0.2-0.7] dimensionless (1980)
Y2 [0.1 - 0.9] dimensionless
Franks et al. (1986); Checkley
A [0.1 - 2.0] (mmol N m~3)~1 | (1980); Frost (1972); McAllister
(1970)
Rm [0.16 - 1.5] d-! Franks et al. (1986)
Franks et al. (1986); Steele &
m [0.07 - 1.75] d-t Henderson (1981); Steele & Frost
(1977); Steele (1974)
PC . [3.0 - 5.1] d-! Geider et al. (1998) and Sources
Qm [0.167 - 0.2] mg N (mg C)~! Geider et al. (1998) and Sources
oN . [0.3 - 0.4] mg Chl (mg N)~! | Geider et al. (1998) and Sources
EO - R [0.0 - 0.025] d-! Geider et al. (1998) and Sources
chl
Qmin [0.04 - 0.04] mg N (mg C)~! Geider et al. (1998) and Sources
-1
U [0.5 - 1.0] glf;l N (mg C) Geider et al. (1998) and Sources

Table 4.2: Ranges for parameter values for the S2P3-NPZ, S2P3-Photoacclim, and S2P3
v8.0 models. Sources from Geider et al. (1997); Langdon (1988); Falkowski et al. (1985);
Cosper (1982); and Yoder (1979) for phytoplankton species: Skeletonema costatum, Tha-
lassiosira pseudonana, Isochrysis galbana, and Pavlova lutheri.
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4.3.3 Sensitivity analysis

A sensitivity analysis was performed to assess the robustness of the results and conclusions

based on the uncertainty of some parameter values for each version of the S2P3 model.

After calibrating/tuning each version of the model, the set of parameters listed in Table
4.2 were analysed taking into account the range of values found in the literature. Model
runs with these parameters were compared to observations and to the default version of
each model developed (or calibrated version). Each parameter was varied one at a time
in order to understand how sensitive the model is to those changes and the effect that
they have on the modelled ecosystem dynamics of the CCS location. For every experiment
developed to perform these sensitivity analyses, each parameter was varied from the best

calibrated value by +50% and -50%.

4.3.3.1 S2P3-NPZ

Sensitivity studies were conducted to study five different parameters in the S2P3-NPZ
model to understand the effects on predator-prey dynamics of phytoplankton and zoo-
plankton. This sensitivity analysis included comparisons with observations from the Can-
dyfloss and Smartbuoy time-series of surface chlorophyll-a, and CTD data at the CCS site
(Chapter 3, section 3.3.2). This model also allowed comparison to the zooplankton biomass

observations (Giering et al., 2018).

The procedure of the sensitivity analysis consists of finding the best fit/calibrated version
of the S2P3-NPZ model in comparison to in situ observations, minimising the differences in
terms of the timing and magnitude of the spring phytoplankton bloom, summer chlorophyll-
a, spring zooplankton bloom magnitude, and chlorophyll-a and DIN vertical structures.
The calibrated experiment of this model was called ’Control NPZ’, which was found by
changing the following five parameters: v1, 72, A\, Ry, and m (see Chapter 2, section 2.2.2).
Each of these parameters were adjusted from +50% and -50% from their values found in

the Control NPZ experiment (Table 4.3).
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4.3.3.2 S2P3-Photoacclim

A sensitivity analysis was performed for the S2P3-Photoacclim model to understand the
effects of physiological parameters in the ecosystem dynamics. These parameters included:
PC. ., Qm, OY.., and respiration rates (Rgc = Ry = Renl) (see Chapter 2, section 2.2.3).
The model did not show to be sensitive to changes in the Qui, and u,, parameters, there-

fore, they are not shown in this section.

Each experiment of the sensitivity analysis for this model was compared to in situ ob-
servations, considering the timing and magnitude of the spring phytoplankton bloom, the
vertical structure of chlorophyll-a, DIN, chlorophyll-a specific maximum light-saturated
photosynthesis rate, and light saturation parameter. The calibrated experiment of this
model was called ’Control Photoacclim’. Each physiological parameter was adjusted from

-50% and +50% from their values found in the Control Photoacclim experiment (Table 4.4).

4.3.3.3 S2P3 v8.0

For the S2P3 v8.0 model the procedure for the sensitivity analysis was the same as the
one performed for the S2P3-NPZ and S2P3-Photoacclim models. The advantage of this
model in comparison to the other versions of the S2P3 model studied in this chapter, is
that it is possible to analyse the zooplankton parameters at the same time as analysing the
physiological parameters that are involved in the photo-acclimation process. Therefore, the
sensitivity analysis for the S2P3 v8.0 model includes experiments that vary each parame-
ters from +50% and -50% based on the values found in the Control NPZPhot experiment,

which is the calibrated version of this model in comparison to observations (Table 4.5).
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Name of experiments | v; Y2 A R m
Runl 0.1 0.5 0.75 2.5 0.05
Run2 0.3 0.5 0.75 2.5 0.05
Run3 0.2 0.25 0.75 2.5 0.05
Run4 0.2 0.75 0.75 2.5 0.05
Runb 0.2 0.5 0.375 2.5 0.05
Run6 0.2 0.5 1.125 2.5 0.05
Run7 0.2 0.5 0.75 1.25 0.05
Run8& 0.2 0.5 0.75 3.75 0.05
Run9 0.2 0.5 0.75 2.5 0.025
Runl0 0.2 0.5 0.75 2.5 0.075
Control NPZ 0.2 0.5 0.75 2.5 0.05

Table 4.3: List of experiments developed for the sensitivity studies of the S2P3-NPZ based
on the Control NPZ experiment.

Name of experiments | P$, Qm o . Echlz Ra =
C.
Photl 1.0 0.4 0.3 0.02
Phot2 3.0 0.4 0.3 0.02
Phot3 2.0 0.2 0.3 0.02
Phot4 2.0 0.6 0.3 0.02
Photb 2.0 04 0.15 0.02
Phot6 2.0 0.4 0.45 0.02
Phot7 2.0 0.4 0.3 0.01
Phot8 2.0 0.4 0.3 0.03
Control Photoacclim 2.0 0.4 0.3 0.02

Table 4.4: List of experiments developed for the sensitivity studies of the S2P3-Photoacclim
based on the Control Photoacclim experiment.
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Re
exll\)IZIr‘Iilr(Ieleolfts Pga" Qu | fmas | Ra m "2 A R | m
Ren
NPZPhotl 1.75 | 0.45 | 0.15 | 0.02 0.1 04 |02 3.5 0.02
NPZPhot2 5.25 | 0.45 | 0.15 | 0.02 0.1 0.4 0.2 3.5 0.02
NPZPhot3 3.5 0.225] 0.15 | 0.02 0.1 0.4 0.2 3.5 0.02
NPZPhot4 3.5 0.675| 0.15 | 0.02 0.1 04 |02 3.5 0.02
NPZPhotb 3.5 0.45 | 0.075] 0.02 0.1 0.4 |02 3.5 0.02
NPZPhot6 3.5 0.45 | 0.225] 0.02 0.1 04 ]0.2 3.5 0.02
NPZPhot7 3.5 0.45 | 0.15 | 0.01 0.1 04 |02 3.5 0.02
NPZPhot8 3.5 0.45 | 0.15 | 0.03 0.1 0.4 0.2 3.5 0.02
NPZPhot9 3.5 0.45 | 0.15 | 0.02 0.05 |04 |02 3.5 0.02
NPZPhot10 3.5 0.45 | 0.15 | 0.02 0.15 | 0.4 0.2 3.5 0.02
NPZPhotl11 3.5 0.45 | 0.15 | 0.02 0.1 0.2 0.2 3.5 0.02
NPZPhot12 3.5 0.45 | 0.15 | 0.02 0.1 0.6 0.2 3.5 0.02
NPZPhot13 3.5 0.45 | 0.15 | 0.02 0.1 0.4 0.1 3.5 0.02
NPZPhot14 3.5 0.45 | 0.15 | 0.02 0.1 04 |03 3.5 0.02
NPZPhot15 3.5 0.45 | 0.15 | 0.02 0.1 0.4 0.2 1.75 | 0.02
NPZPhot16 3.5 0.45 | 0.15 | 0.02 0.1 04 |02 5.25 | 0.02
NPZPhot17 3.5 0.45 | 0.15 | 0.02 0.1 04 |0.2 3.5 0.01
NPZPhot18 3.5 0.45 | 0.15 | 0.02 0.1 0.4 0.2 3.5 0.03
Control NPZPhot 3.5 0.45 | 0.15 | 0.02 0.1 0.4 0.2 3.5 0.02

Table 4.5: List of experiments developed for the sensitivity studies of the S2P3 v8.0 model
based on the Control NPZPhot experiment.
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4.4 Results

This section is divided into two main parts. The first part shows the calibrated versions of
the S2P3-NPZ, S2P3-Photoacclim, and S2P3 v8.0 models compared to in situ observations.
The second part of this section shows the sensitivity analysis of each model compared to

the calibrated version of each model and to observations.

4.4.1 Calibration

The best fit calibrated version of each model was found through comparison to observa-
tions. Seasonal cycles of phytoplankton (Figure 4.6a) and zooplankton (Figure 4.6b) were
considered from the start of April of the year 2014 to the end of June of the year 2015.
In the case of buoy observations, two spring phytoplankton blooms can be observed in the
early spring during March and April of each year (surface chlorophyll-a; red line). On the
other hand, the lowest values of zooplankton biomass are found during winter (November

2014), while the highest values can be observed during summer (July 2015).

As described in Chapter 2, the physical part of each model is exactly the same as in
the S2P3 v7.0 model, therefore, there are no differences in the physical seasonality of the
ecosystem and it is not affected by the change of parameter values, therefore, comparison

of surface temperature buoy observations was omitted in this chapter.

4.4.1.1 S2P3-NPZ

The S2P3-NPZ model is represented in magenta colour in this chapter. To calibrate this
model, it was necessary to test different experiments by changing parameter values of 71,
Y2, A, Rm, and m. As a starting point, the values suggested in Table 4.2 were taken into
account to set each parameter between those ranges. In a trial-and-error basis, each pa-

rameter was changed at one time.

To calibrate this model it was necessary to understand beforehand the effects that each
parameter has in the model dynamics. For example, an increase of 1 implies more sloppy

feeding which would increase the values of surface chlorophyll-a due to the increase in
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N released by grazed phytoplankton being directly supplied to the DIN pool. A change
in v will modify the amount of dead zooplankton going to sediments or the DIN pool
(Figure 2.6), therefore, an increase in 2 would increase the amount of N released by dead
zooplankton into the DIN pool. On the other hand, changes in A would play a direct
role in the predator-prey relationship and estimating the effects that this parameter has in
the model dynamics are more complex to understand; a decrease of A would weaken the
grazing effects of zooplankton on phytoplankton, while stronger predator-prey interactions
could be expected when A is increased. Another parameter that affects the phytoplankton
and zooplankton dynamics is Ry,, where an increase of this parameter would imply that
zooplankton can graze more phytoplankton per unit time and a decrease of Ry, will allow
phytoplankton to grow more. Finally, zooplankton mortality (m) will modify how much
zooplankton dies per unit time, affecting phytoplankton growth through modification of

grazing pressure and resupply of zooplankton associated N to the DIN pool.

With the best fit of the S2P3-NPZ model found, differences can be seen in terms of the
timing of the spring phytoplankton bloom for the year 2015, with a later bloom from the
S2P3-NPZ model, reaching a peak bloom about a month later (Figure 4.6). Additionally,
the magnitude of the spring phytoplankton bloom is also higher in the model in comparison
to observations. Phytoplankton is able to escape grazing control in April and early May,
with the spring zooplankton bloom occurring about a month later. During summer months
(June, July, and August) there are low concentrations of chlorophyll-a at the surface for
the buoy observations and the S2P3-NPZ model as shown in Figure 4.6a. Over winter
months (December, January, and February) phytoplankton biomass observations reach a

minimum, with surface chlorophyll-a decreasing to zero in the model.

CTD observations compared to the calibrated S2P3-NPZ model show that during spring
(Figure 4.7b), the model has not yet reached the spring phytoplankton bloom as in the
observations, therefore, there are very low chlorophyll-a concentrations at the surface and
inorganic nutrients have not yet been depleted at this stage. On the other hand, during
summer months there is an SCM in the buoy observations and in the model (Figure 4.7e),

with a similar magnitude, although this is shallower in the case of the model.
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4.4.1.2 S2P3-Photoacclim

The S2P3-Photoacclim model is represented in blue colour in this chapter. To calibrate
this model, it was necessary to test different experiments by changing parameter values
of P$.., Qm, ON.., and respiration rates (Rc = Ry = Ren). As a starting point, the

values suggested in Table 4.2 were taken into account to be set between those ranges. In

a trial-and-error basis, each parameter was changed at one time.

Similar to the S2P3-NPZ model, understanding the effects of each parameter in the model
C

max modify the maximum growth of

dynamics was necessary. For example, changes in P
phytoplankton under saturated nutrients and irradiance levels in the P vs E curve described
in Figure 2.4, therefore, a change in this parameter is expected to modify the timing and
magnitude of the spring phytoplankton bloom. Another parameter that was changed to
find the best fit of S2P3-Photoacclim model was Qy,, which will modify the maximum up-

take rate of inorganic nutrients and it is likely to modify the concentrations of DIN at the

N
max

surface and phytoplankton growth. Additionally, under balanced growth conditions, 6
is inversely related to the light-saturation parameter (Ey), which means that an increase of
oN. . will decrease Ey. Finally, changes in the respiration rates modify the phytoplankton
carbon concentrations based on the imbalances with photosynthesis, therefore, it will affect

the magnitude and timing of the spring phytoplankton bloom.

Differences can be observed between the calibrated S2P3-Photoacclim model and buoy ob-
servations in terms of the timing of the spring phytoplankton bloom (Figure 4.6a). These
differences in the timing are complex to constrain because fitting earlier blooms modifies

the magnitude of the spring bloom by increasing it to unrealistic levels.

CTD observations compared to the calibrated S2P3-Photoacclim model showed that dur-
ing spring (Figure 4.7b), the model has not yet reached the spring phytoplankton bloom
as in the observations, therefore, there are very low chlorophyll-a concentrations at the
surface and inorganic nutrients have not yet been depleted at this stage. On the other
hand, during summer months there is a marked and shallower SCM than in the CTD

observations (Figure 4.7¢).

Finally, there is good agreement between physiological observations and the model (Figure
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4.8), with sensible values of P& and Ejy found through the water column, showing novelty

work performed to calibrate this model against physiological data.

4.4.1.3 S2P3 v8.0

The S2P3 v8.0 model is represented in green colour in this chapter. To calibrate this model,
it was necessary to change every parameter that was used to constrain the S2P3-NPZ and
S2P3-Photoacclim models. With more degrees of freedom due to the larger number of
parameters than in any of the other models, it was necessary to develop more experiments

on a trial-and-error basis allowing more data constraints.

Figure 4.6a shows that between the three models the best agreement found in comparison
to buoy observations correspond to the S2P3 v8.0 model. The timing and magnitude of the
spring phytoplankton bloom show some remaining small differences with the buoy observa-
tions, with higher concentrations of surface chlorophyll-a during spring (~ 10 mg Chl m~=3).
Moreover, the timing of the spring phytoplankton bloom during the year 2014 matches the
observations but a delayed bloom is shown during the year 2015. Quantitatively, an RMSD
was calculated between the buoy observations and the chlorophyll time-series of the S2P3
v8.0, S2P3-Photoacclim, and S2P3-NPZ, resulting in a difference of 1.67 mg Chl m~—3,
2.68 mg Chl m~2, and 2.7 mg Chl m~3, respectively. Correlations between each model
and the buoy observations were also calculated between the time-series, with the strongest
and significant correlation given for the S2P3 v8.0 model (r?2=0.23, p < 0.05), followed
by the S2P3-NPZ model (r2=0.19, p < 0.05), and finally, the S2P3-Photoacclim (r?=-
0.006, p > 0.05). It is important to note that low correlations between the models and
the surface chlorophyll observations can be given due to disagreement with the timing of
the spring phytoplankton bloom, specially during the year 2015 where none of the models
matched the observed timing and during winter months each model show lower values of
surface chlorophyll than the observations. Altogether, the S2P3 v8.0 does have a better
agreement with the buoy observations than the S2P3-NPZ and S2P3-Photoacclim models.
On the other hand, zooplankton biomass (Figure 4.6b) is higher than in the S2P3-NPZ
and the predator-prey relationship is well represented, with the spring zooplankton bloom
happening approximately a month later than the spring phytoplankton bloom. However,

quantifying the differences between each model and the zooplankton biomass observations
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is complex due to the nature of the sampling (discrete values over the seasons), although
the S2P3-NPZ and S2P3 v8.0 represent low values of zooplankton during winter months
which show agreement with observations having the lowest values sampled for November.
Furthermore, the highest values of observed zooplankton biomass occur during July while

the models represent high values of zooplankton from late May.

Vertical profiles of chlorophyll-a during spring (Figure 4.7b) show higher values at the sur-
face than in the CTD observations, therefore, the concentrations of DIN at the surface are
lower than in the observations (Figure 4.7¢). On the other hand, during summer months,
the SCM of the model has the same magnitude than in the observations but it is shallower

(Figure 4.7¢).

Finally, the physiological variables from the model have a good agreement with observa-

chl
max

tions through the water column (Figure 4.8), although higher values of P and Ey are

shown in comparison to the ones found in the S2P3-Photoacclim calibrated model.

Table 4.6 shows each parameter that was used to calibrate the S2P3-NPZ, S2P3-Photoacclim,
and S2P3 v8.0 models. The chosen values of each parameter are listed along the calibrated

version of each model: Control NPZ, Control Photoacclim, and Control NPZPhot.

Parameters | Control NPZ | Control Photoacclim | Control NPZPhot
Y1 0.2 0.1
Yo 0.5 0.4
A 0.75 0.2
R 2.5 3.5
m 0.05 0.02
PC. . 2.0 3.5
Qm 0.4 0.45
oN . 0.3 0.15
RC = Rn =

Roy 0.02 0.02

Table 4.6: List of parameter values for the Control NPZ, Control Photoacclim, and Control
NPZPhot experiments (for parameter units see Table 4.2).

Further quantitative comparison between each newly developed model and the buoy ob-

servations were made as shown in Table 4.7. A comparison with the time-series of surface



Chapter J Results 130

chlorophyll (Figure 4.6a), shows that the timing of the spring bloom is earlier during 2014
for the S2P3 v&8.0 model than in the observations by two days, while during the year 2015,
the model shows a later start of the bloom by 24 days. In this context, the S2P3-NPZ and
S2P3-Photoacclim models show later timing of the spring bloom than the observations, but
these differences are larger than with the S2P3 v8.0 model, while the S2P3-Photoacclim
shows the lesser accurate timing based on the observations, with a delayed bloom by 20
days (2014) and 51 days (2015). Moreover, the length of the spring bloom and total spring
surface chlorophyll were also calculated but only for the year 2014 due to the lack of data
in the observations during the year 2015. The length of the spring bloom shows that the
S2P3-Photoaccim model and the S2P3 v8.0 models are the most similar to the observed
length of the spring bloom. The total spring surface chlorophyll is higher for the S2P3-
NPZ and S2P3-Photoacclim models than the observations, showing that the most accurate
value correspond to the S2P3 v8.0 model. Consequently, the S2P3 v8.0 model does a better
representation of the CCS location than the S2P3-NPZ and S2P3-Photoacclim models.

Characteristic Year | Buoy S2P3-NPZ | S2P3-Phot | S2P3 v8.0
2014 | 5t April 14" April 25t April 3r¢ April
Timing spring bloom
2015 | 16" March | 24" April 6" May 9" April
Length spring bloom
2014 | 35 27 40 40
(days)
Total spring chl (mg
2014 | 1384 208.6 224.15 137.7
Chl m~3)

Table 4.7: Quantitative comparison of observed time-series of surface chlorophyll from
buoy samples in terms of the timing and length of the spring bloom, and the total spring

surface chlorophyll between the S2P3-NPZ, S2P3-Photoacclim, and S2P3 v8.0 models.
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Figure 4.6: SSB observations (black lines) for (a) Surface chlorophyll-a, (b) zooplankton

biomass along the S2P3-NPZ (red line), S2P3-Photoacclim (blue line), and S2P3 v8.0

(green line) calibrated models.
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Figure 4.7: CTD observations from the SSB programme including data for: spring-
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Figure 4.8: Observations from the cruises CD173 and JR98 for:(a) chlorophyll-a specific
PpChl

may) in different locations of the Celtic

maximum light-saturated photosynthesis rate (
Sea and for the calibrated S2P3-Photoacclim model (blue lines) and the S2P3 v8.0 model
(green lines); (b) observations of the light saturation parameter (Ey) for different stations
across the Celtic Sea and Ey from the calibrated S2P3-Photoacclim model (blue lines) and
the S2P3 v8.0 model (green lines). The data from both models were plotted for the same
days that the observations were collected: between 15" July to 6" August of 2003 (JR98

cruise) and between 24" July to 14" August of 2005 (CD173 cruise).

4.4.2 Sensitivity analysis

In this section, a sensitivity analysis for each model was performed. Firstly, the sensitivity
analysis of the S2P3-NPZ model is shown by comparing it to the Control NPZ experiment,
surface chlorophyll-a and zooplankton biomass observations. Moreover, CTD observations
for spring and summer months were also used to compare each experiment listed in Table

4.3. Secondly, a sensitivity analysis for the S2P3-Photoacclim model was performed (Table
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4.4) and compared to the Control Photoacclim experiment and also to surface chlorophyll-a
and CTD observations of temperature, chlorophyll-a, and DIN; physiological observations
were also used to analyse the parameters in this model. Finally, a sensitivity analysis for the
S2P3 v8.0 model is shown (Table 4.5) and compared to the Control NPZPhot experiment

and to surface chlorophyll-a, zooplankton biomass, CTD, and physiological observations.

For each model, a series of features were calculated per experiment performed to quanti-
tatively analyse which parameter causes the model to be the most sensitive to its changes.
These features included the timing and magnitude of the spring phytoplankton bloom, and
the total annual zooplankton biomass for the S2P3-NPZ and the S2P3 v8.0 models only.
The definition of the timing of the spring phytoplankton bloom differs from the criteria
calculated in Chapter 3 (Figure A1), where the onset of stratification was considered to
be the day when the surface-bed temperature difference was more than 0.5°C (Simpson
& Sharples, 2012) during a period of at least ten days. In the context of Chapter 3,
the modification of thermal stratification was a good proxy for the timing of the spring
phytoplankton bloom because the meteorological forcing was different in each experiment
and, therefore, it modified directly the physical part of the model (i.e. thermal stratifi-
cation), which aided the aim to understand the effects of meteorology in phytoplankton
inter-annual variability. However, in this section, the timing of the spring phytoplankton
bloom is directly defined with the surface chlorophyll-a data (when it reaches more than
1.5 mg Chl m~—3), because the physical part of S2P3 v7.0 was not modified to develop
S2P3-NPZ, S2P3-Photoacclim, and S2P3 v8.0, showing no differences in the physical fea-
tures (e.g. temperature). Furthermore, in Chapter 3 it was demonstrated that different
definitions of the start of the spring bloom when considering a threshold for surface-bed
temperature and surface chlorophyll produces differences in the results that could be neg-
ligible, differences that can also be neglected for the purposes of this chapter, where the
understanding of each parameter to the dynamics of each model will not be dependent on
such definition. Consequently, defining the timing of the spring bloom directly based on
chlorophyll for the sensitivity analysis, seems more appropriate than based on the temper-
ature profile as the physics of the model does not seem to be affected by changes in the
parameter values, while surface chlorophyll seems more sensitive and a good proxy for the
timing of the spring bloom in this case to compare behavioural responses in each model

according to each parameter.
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4.4.2.1 S2P3-NPZ

The assimilation efficiency parameter called v is tested from a value of 0.2 found in the
Control NPZ experiment, ranging from 0.1 (-50%, Run 1) to 0.3 (+50%, Run 2). There
are not large changes observed in terms of surface chlorophyll-a compared to the Control
NPZ experiment or in terms of the timing and magnitude of the spring phytoplankton
bloom (Figure 4.9a). A lower value of 7; means that there is less nitrogen coming from
sloppy feeding into the DIN pool, so when 71 = 0.1, only 10 % of the total phytoplankton
N being grazed by zooplankton goes back to the DIN pool. On the other hand, when ~;
is equal 0.3, surface chlorophyll-a is a lot higher than in the buoy observations and in the
Control NPZ experiment, while the spring phytoplankton bloom is earlier by 3 days in the
year 2014 and by five days in the year 2015 for the Run 2 experiment (Table 4.9).

Table 4.9 shows the differences between the Control NPZ and each model experiment in
terms of the timing and magnitude of the spring phytoplankton bloom, and in terms of the
total annual zooplankton biomass. In the experiments that negative values can be observed
in the difference of the timing, it means that the spring bloom start was delayed in those
experiments in comparison to the Control NPZ. On the other hand, negative values of the
difference of the magnitude represent experiments with larger spring blooms than in the
Control NPZ experiment. Finally, the differences of the total annual zooplankton biomass
that have negative values, implies more zooplankton production over the year than in the

Control NPZ experiment.

Figure 4.9b shows than when «; = 0.1, there are small differences between the Control
NPZ experiment and Run 1 in terms of the spring zooplankton bloom, although delayed
blooms can be observed for Run 2 (y; = 0.3) including lower total annual zooplankton

biomass than in the Control NPZ experiment.

The differences between the Control NPZ experiment and Run 2 can be observed in more
detail through the water column in Figure 4.10, where surface chlorophyll-a is not high
enough in comparison to CTD observations because despite an earlier bloom in Run 2 in

comparison to the Control NPZ experiment, it is still later in the year in comparison to the
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date of the CTD observations. On the other hand, an SCM can be observed for Run 1 and
Run 2 during summer (Figure 4.10e). The SCM exists at the same depth but the mag-
nitude is higher in Run 2 rather than in Run 1, Control NPZ, and in the CTD observations.
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Figure 4.9: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZ (magenta line), Run 1 (3 = 0.1; black line), and Run
2 (71 = 0.3; cyan line) shown from start of April 2014 to the end of August 2015 for (a)

surface chlorophyll-a and (b) zooplankton biomass.
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Figure 4.10: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summertime
(24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-NPZ

(magenta line), Run 1 (y; = 0.1; black line), and Run 2 (v, = 0.3; cyan line).

The next parameter to be analysed is 79, being modified from its default value of 0.5
(Control NPZ) ranging from 0.25 (-50%, Run 3) to 0.75 (+50%, Run 4) as shown in Table
4.3. It is interesting to note that differences between these experiments in terms of surface
chlorophyll-a are small (Figure 4.11a), with differences in the timing of the spring phyto-
plankton bloom (Tables 4.8, 4.9). On the other hand, zooplankton biomass shows large
differences between each experiment, with secondary blooms in Run 4 when v, is higher

than in the Control NPZ experiment.
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Vertical profiles of chlorophyll-a and DIN during spring do not show large differences be-
tween experiments (Figure 4.12b,c), but concentrations of surface chlorophyll-a are low in
comparison to CTD observations because the spring phytoplankton bloom in the model is
delayed. During summer, differences in the SCM and in DIN concentrations at the surface
can be observed between experiments, with highest values of DIN in Run 4, because more
dead zooplankton N is being directly supplied to the DIN pool rather than going to sedi-

ments.
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Figure 4.11: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZ (magenta line), Run 3 (72 = 0.25; black line), and Run
4 (2 = 0.75; cyan line) shown from start of April 2014 to the end of August 2015 for (a)

surface chlorophyll-a and (b) zooplankton biomass.
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Figure 4.12: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summertime
(24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-NPZ
(magenta line), Run 3 (y2 = 0.25; black line), and Run 4 (72 = 0.75; cyan line).

In this study it was found that, on average, the S2P3-NPZ model is most sensitive to
changes in the rate of saturation achieved by grazing () in terms of the magnitude of the
spring phytoplankton bloom (marked in red cells in Table 4.9) and in terms of the total
annual zooplankton biomass (marked in grey cells in Table 4.9). When A is equal 0.375
(mmol N m~3)~! (Run5; Table 4.3), the predator-prey coupling between phytoplankton
and zooplankton is weaker allowing phytoplankton to grow up to unrealistic levels over a
sustained period of time (April to December) as shown in Figure 4.13a. On the other hand,

Run 6 shows that when \ equals 1.125 (mmol N m~3)~! (Table 4.3), the timing of the



Chapter J Results 140

spring phytoplankton bloom is delayed only by 2 days (year 2014) and 5 days (year 2015)
in comparison to the Control NPZ (Table 4.9), but secondary blooms can be observed

during the year.

Zooplankton biomass responds accordingly to surface chlorophyll-a dynamics, with zero
total annual zooplankton biomass in Run 5 and secondary blooms during the year as a
response of the post-blooms of phytoplankton in Run 6 (Figure 4.13b). This is not rep-
resented in the vertical profiles of chlorophyll-a (Figure 4.14b,e), where small differences
can be observed between the Run 6 and the Control NPZ experiments during spring and
summer months. On the other hand, high values of surface chlorophyll are observed for

Run 5, with depleted inorganic nutrients during spring and summer (Figure 4.14c.f).
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Figure 4.13: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZ (magenta line), Run 5 (A = 0.375; black line), and
Run 6 (A = 1.125; cyan line) shown from start of April 2014 to the end of August 2015 for

(a) surface chlorophyll-a and (b) zooplankton biomass.
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Figure 4.14: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summertime
(24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-NPZ
(magenta line), Run 5 (A = 0.375; black line), and Run 6 (A = 1.125; cyan line).

The maximum ingestion rate of phytoplankton (Ry,) was also studied in this section.
Changes in Ry, imply that different amounts of phytoplankton will be grazed by zooplank-
ton per unit time, therefore a decrease in Ry, from its default value of 2.5 d=! to 1.25 d~!
(Run 7, Table 4.3) will allow phytoplankton to grow more leading to unrealistic values
of surface chlorophyll-a (Figure 4.15a) and, consequently, zero total annual zooplankton
biomass (Figure 4.15b). On the other hand, a higher value of Ry, equal to 3.75 d~! (Run
8), did not produce large differences in the timing or magnitude of the spring phytoplank-
ton bloom (Table 4.9).
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Figure 4.15: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZ (magenta line), Run 7 (R, = 1.25; black line), and
Run 8 (Ry, = 3.75; cyan line) shown from start of April 2014 to the end of August 2015

for (a) surface chlorophyll-a and (b) zooplankton biomass.

For the comparison to CTD observations (Figure 4.16), high values of surface chlorophyll-a
are observed in Run 7 (Ry, = 1.25; Figure 4.16b,e), while DIN concentrations are set to
zero because phytoplankton have consumed it all (Figure 4.16¢,f). On the other hand, Run
8 (Rm = 3.75) do not show significant differences for vertical profiles of chlorophyll-a and

DIN in comparison to the Control NPZ experiment.
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Figure 4.16: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summertime
(24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-NPZ
(magenta line), Run 7 (Ry, = 1.25; black line), and Run 8 (Ry, = 3.75; cyan line).

Finally, zooplankton mortality rate (m) is analysed in Run 9 (m = 0.025) and Run 10
(m = 0.075). A lower value of m from its default of 0.05 d~! in the Control NPZ ex-
periment to 0.025 d~! means that zooplankton mortality will be less, therefore, more
zooplankton will be able to graze phytoplankton (Figure 4.17a). The S2P3-NPZ model
showed to be, on average, the most sensitive to zooplankton mortality in terms of the
timing of the spring phytoplankton bloom (marked in orange cells in Table 4.9), showing
later blooms when m is lower and earlier blooms when m is higher. Run 10 resulted in the

total annual zooplankton biomass being close to zero.
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Figure 4.17: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZ (magenta line), Run 9 (m = 0.025; black line), and
Run 10 (m = 0.075; cyan line) shown from start of April 2014 to the end of August 2015

for (a) surface chlorophyll-a and (b) zooplankton biomass.

Figure 4.18b,e shows that surface chlorophyll-a is high in Run 10 when mortality of zoo-
plankton is higher, depleting DIN concentrations at the surface. On the other hand, small
differences through the water column are observed between the Control NPZ experiment

and Run 9.
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Figure 4.18: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summertime
(24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-NPZ
(magenta line), Run 9 (m = 0.025; black line), and Run 10 (m = 0.075; cyan line).
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Timing spring

Magnitude spring

Total annual zoo-

Experiments| Years| phytoplankton | phytoplankton plankton biomass
bloom (date) bloom (mg Chl m~3) | (g DW m~2)

2014 | 15* April 152.6 3158
Runl (1 4)

2015 | 24% April 266.3 3066

2014 | 11% April 1430 2062
Run2 (71 1)

2015 | 19" April 1425 1986

2014 | 14*™ April 208.5 2337
Run3 (72 |)

2015 | 24 April 289.8 2270

2014 | 15 April 306.1 4004
Rund (72 1)

2015 | 22" April 343.9 3744

2014 | 1%* April 3707 0
Runb (A )

2015 | 10*" April 3705 0

2014 | 16*" April 90.6 1943
Run6 (A 1)

2015 | 29" April 80.4 1845

2014 | 15% April 3711 0
Run7 (Rm {)

2015 | 10*" April 3709 0

2014 | 15% April 226.7 2909
Run8 (R, 1)

2015 | 24*™ April 242.1 2835

2014 | 22" April 209 4269
Run9 (m )

2015 | 28" April 213.5 4065

2014 | 15% April 3710 0
Runl0 (m 1)

2015 | 10" April 3708 0

2014 | 14*™ April 208.6 3118
Control NPZ

2015 | 24 April 315.8 2983

Table 4.8: List of the experiments run for the S2P3-NPZ model including the year of

observations, timing and magnitude of the spring phytoplankton bloom, and total annual

zooplankton biomass values.
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Difference Difference magni- | Difference total
timing spring | tude spring phy- | annual zooplank-

Experiments| Years
phytoplankton | toplankton bloom | ton biomass (g DW
bloom (days) (mg Chl m~3) m~?)

2014 | -1 56 -40
Runl (y1 {)

2015 | 0 49.5 -83

2014 | 3 -1221.4 1056
Run2 (y1 1)

2015 | 5 -1109.2 997

2014 |0 0.1 781
Run3 (72 \L)

2015 | 0 26 713

2014 | -1 -97.5 -886
Run4 (72 1)

2015 | 2 -28.1 -761

2014 | 13 -3498.4 3118
Runb (A )

2015 | 14 -3389.2 2983

2014 | -2 118 1175
Run6 (A1)

2015 | -5 235.4 1138

2014 | 13 -3502.4 3118
Run7 (R |)

2015 | 14 -3393.2 2983

2014 | -1 -18.1 209
Run8 (R, 1)

2015 | 0 73.7 148

2014 | -8 -0.4 -1151
Run9 (m |)

2015 | -4 102.3 -1082

2014 | 13 -3501.4 3118
Runl0 (m 1)

2015 | 14 -3392.2 2983

Table 4.9: List of the experiments run for the S2P3-NPZ model

including the year of

observations, differences in the timing and magnitude of the spring phytoplankton bloom,

and differences in the total annual zooplankton biomass values (differences given by the

Control NPZ minus each experiment). Orange colour represents the largest difference in

terms of the timing of the spring phytoplankton bloom between the Control NPZ and a

given experiment; the red colour represents the largest difference in terms of the magnitude

of the spring phytoplankton bloom between the Control NPZ and a given experiment; and

the grey colour represents the largest difference in terms of the total annual zooplankton

biomass between the Control NPZ and a given experiment.
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4.4.2.2 S2P3-Photoacclim

The experiment Photl and Pho2 (Table 4.4) show the sensitivity of the model to the pa-

rameter PC_ | ranging from its default value of 2 d=! (Control Photoacclim experiment)

max>
to 1 d=! (-50%, Photl) and to 3 d=! (+50%, Phot2). This parameter produces changes in
the magnitude and timing of the spring phytoplankton bloom (Figure 4.19). In the Photl
experiment, it can be observed a delay of the spring phytoplankton bloom by 31 days (year
2014) and by 37 days (year 2015) as shown in Table 4.10, while an increase of P$,  pro-
duces earlier spring blooms. On the other hand, the comparison to CTD observations show
that the spring phytoplankton bloom have not been reach yet (Figure 4.20b), therefore,

surface chlorophyll-a has low values. During summer months, there is an SCM developed

for the Photl and Phot2 experiments (Figure 4.20e).
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Figure 4.19: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control Photoacclim (blue line), Phot 1 (PS, = 1; black line), and
Phot 2 (P§

max

= 3; cyan line) shown from start of April 2014 to the end of August 2015 for

surface chlorophyll-a.
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Figure 4.20: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (¢) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-
Photoacclim (blue line), Phot 1 (P, = 1; black line), and Phot 2 (P, = 3; cyan
line).

Additionally, P2l and Ey are directly affected by changes in PC__ because:

max max

chl max
Pmax - N ’
0
max
chl
E _ Pmax
k = achl

In consequence, the Photl experiment produces lower values of Pfgx and Ey through the
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C

max (Phot2 experiment) generates higher values

water column, while a higher value of P

Pl and Ey (Figure 4.21), which are not well matched to observations.
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Figure 4.21: Observations from the cruises CD173 and JR9S8 in different locations of the
Celtic Sea, including Control Photoacclim (blue lines), Phot 1 (P$,. = 1; black lines),
and Phot 2 (P¢

max = 3; cyan lines) for: (a) chlorophyll-a specific maximum light-saturated

PChl

max

photosynthesis rate ( ) and (b) light saturation parameter (Eyx). The data from the

model was plotted during the same days that the observations were collected.

Changes in Qu produce differences in terms of the timing and magnitude of the spring
phytoplankton bloom by delaying it by 33 days (year 2014) and by 40 days (year 2015)
in the Phot3 experiment (Qm=0.2, Table 4.4). On the other hand, the Phot4 (Qu=0.6)

experiment produces earlier spring phytoplankton blooms.
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Figure 4.22: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control Photoacclim (blue line), Phot 3 (Qu = 0.2; black line), and
Phot 4 (Qm = 0.6; cyan line) shown from start of April 2014 to the end of August 2015

for surface chlorophyll-a.

The Phot3 and Phot4 experiments show delayed spring phytoplankton blooms in compar-
ison to the buoy and CTD observations, with low values of surface chlorophyll-a (Figure
4.23b) and inorganic nutrients not been depleted yet and, therefore, showing high values
of surface DIN during spring (Figure 4.23c). An SCM is shown for the Phot3 and Phot4
experiments, with higher values of the SCM than in the Control Photoacclim experiment

for the Phot3 experiment (Figure 4.23¢).
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Figure 4.23: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (¢) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-
Photoacclim (blue line), Phot 3 (Qm = 0.2; black line), and Phot 4 (Qn = 0.6; cyan

line).

Lower values of Qu, (= 0.4 mg N (mg C)~!) produces lower values in the profiles of P

and Ey , increasing a mismatch with observations in comparison to the Control Photoac-
clim experiment. While a value of Qy = 0.6 mg N (mg C)~! increases the value of the

physiological profiles.
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Figure 4.24: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control Photoacclim (blue lines), Phot 3 (Qm = 0.2; black lines),

and Phot 4 (Q, = 0.6; cyan lines) for: (a) chlorophyll-a specific maximum light-saturated
PChl

max

photosynthesis rate ( ) and (b) light saturation parameter (Ey). The data from the

model was plotted for the same days that the observations were collected.

The experiments Phot5 and Phot6 test the sensitivity of the S2P3-Photoacclim to changes

: N
in 0,

ranging from 0.15 to 0.45 mg Chl (mg N)~!, respectively (Table 4.4). This pa-
rameter produces changes in the dynamics of the ecosystem in terms of the timing and
magnitude of the spring phytoplankton bloom (Figure 4.25), being able to delay it by 33
days (year 2014) and by 41 days (year 2015) when 6N, = 0.15 mg Chl (mg N)~! and, on

max

the other hand, producing earlier spring phytoplankton blooms than the Control Photoac-
clim experiment by 11 days (year 2014) and 15 days (year 2015) when 6 = 0.45 mg Chl

(mg N)~! as shown in Table 4.11. The S2P3-Photoacclim model is, on average, the most
N

max Parameter in terms of the timing and magnitude of the

sensitive to changes of the 6
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spring phytoplankton bloom.
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Figure 4.25: SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control Photoacclim (blue line), Phot 5 (6Y,, = 0.15; black line),

max
and Phot 6 (6N

max

= 0.45; cyan line) shown from start of April 2014 to the end of August
2015 for surface chlorophyll-a.

In the comparison to CTD observations, the spring phytoplankton bloom has not yet
started in the Phot5 (6N

max = 0.15) experiment, therefore, there are low values of sur-

face chlorophyll-a (Figure 4.26b). During summer, an SCM can be observed for Photb
(6N = 0.15) and Phot6 (6

max max

= 0.45; Figure 4.26e), with Phot6 experiment showing a

very similar SCM than in the Control Photoacclim experiment.
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Figure 4.26: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (¢) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-
Photoacclim (blue line), Phot 5 (AY., = 0.15; black line), and Phot 6 (6

max max

= 0.45; cyan

line).

Finally, 6N produces changes in the physiological variables shown in Figure 4.27, with
lower profile values for the Phot6 experiment through the water column in comparison to
the Control Photoacclim experiment, but higher values than in the Control Photoacclim

experiment when decreasing 63 to 0.15 mg Chl (mg N)~! (Phot5 experiment).

max
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Figure 4.27: Observations from the cruises CD173 and JR98 in different locations of
the Celtic Sea, including Control Photoacclim (blue lines), Phot 5 (6, = 0.15; black
lines), and Phot 6 (N

max

= 0.45; cyan lines) for: (a) chlorophyll-a specific maximum light-
saturated photosynthesis rate (PSEl) and (b) light saturation parameter (Ey). The data

from the model was plotted for the same days that the observations were collected.

Respiration rates in the S2P3-Photoacclim were also analysed, ranging from 0.01 d~!
(Phot7) to 0.03 d~! (Phot8), showing that the model is less sensitive to changes in respira-
tion rates in terms of the timing and magnitude of the spring phytoplankton bloom (Figure
4.28; Table 4.11). Moreover, small differences are observed between these experiments and
the Control Photoacclim experiment in terms of the magnitude of the SCM during summer

(Figure 4.29¢).
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Figure 4.28: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control Photoacclim (blue line), Phot 7 (Rc = Renp = Ry = 0.01;
black line), and Phot8 (Rc = Renp = Ry = 0.03; cyan line) shown from start of April 2014
to the end of August 2015 for surface chlorophyll-a.
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Figure 4.29: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (¢) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the S2P3-
Photoacclim (blue line), Phot 7 (Rc = Ren = Rn = 0.01; black line), and Phot8
(Rc = Ren = Ry = 0.03; cyan line).

Finally, changes in the respiration rates show small differences for the Phot7 and Phot8

Chl
max

experiments in terms of P and Ey (Figure 4.30), changing values only at the surface

(top 20 m of the water column).
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Figure 4.30: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control Photoacclim (blue lines), Phot 7 (R¢c = Repp = Ry = 0.01;
black line), and Phot8 (Rc = Reny = Ry = 0.03; cyan line) for: (a) chlorophyll-a specific
maximum light-saturated photosynthesis rate (PS2) and (b) light saturation parameter

(Ex). The data from the model was plotted for the same days that the observations were

collected.
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Timing spring | Magnitude spring
Experiments Years | phytoplankton | phytoplankton
bloom (date) bloom (mg Chl m—3)
2014 | 26" May 306.9
Phot1 (P )
2015 | 12t June 273.6
2014 | 18 April 245.9
Phot2 (PG, 1)
2015 | 25 April 292.9
2014 | 28" May 410.3
Phot3 (Qm )
2015 | 15" June 376.1
2014 | 18" April 200.4
Photd (Qu 1)
2015 | 25" April 219.2
2014 | 28" May 118.2
Phot5 (Ohax 4)
2015 | 16" June 118.4
2014 | 14" April 497.3
Phot6 (6. 1)
2015 | 215 April 496.2
2014 | 24 April 266.2
Phot7 (RC = Re = Ra \L)
2015 | 3*4 May 286.8
2014 | 29" April 197.5
Phot8 (RC = Reu = Rnu T)
2015 | 12th May 230.9
2014 | 25 April 224.1
Control Photoacclim
2015 | 6" May 261.9

Table 4.10: List of the experiments run for the S2P3-Photoacclim model including the year

of observations, and timing and magnitude of the spring phytoplankton bloom.
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Experiments

Years

Difference timing
spring phytoplankton

bloom (days)

Difference magnitude
spring phytoplankton

bloom (mg Chl m~3)

2014 | -31 -82.8
Phot1 (PSa 1)

2015 | -37 -11.7

2014 | 7 -21.8
Phot2 (PS 1)

2015 | 11 -31

2014 | -33 -186.2
Phot3 (Qm {)

2015 | -40 -114.2

2014 | 7 23.7
Phot4 (Qm 1)

2015 | 11 42.7

2014 | -33 105.9
Phot5 (6}, 1)

2015 | -41 143.5

2014 | 11 -273.2
Phot6 (6, 1)

2015 | 15 -234.3

2014 |1 -42.1
Phot7 (RC = Reu = Rn L)

2015 | 3 -24.9

2014 | -4 26.6
Phot8 (Re = Rent = Ry 1)

2015 | -6 31

Table 4.11: List of the experiments run for the S2P3-Photoacclim model including the year

of observations, and differences in the timing and magnitude of the spring phytoplankton

bloom (differences given by the Control Photoacclim minus each experiment). Orange

colour represents the largest difference in terms of the timing of the spring phytoplankton

bloom between the Control Photoacclim and a given experiment; the red colour represents

the largest difference in terms of the magnitude of the spring phytoplankton bloom between

the Control Photoacclim and a given experiment.




Chapter J Results 164

4.4.2.3 S2P3 v8.0

Finally, a sensitivity analysis was performed for the S2P3 v8.0 model, by changing nine
different parameters, which were included in the analysis of the S2P3-Photoacclim and
the S2P3-NPZ models. A total of 18 experiments were analysed in comparison to the
observations, including characteristics of the ecosystem dynamics such as the timing and
magnitude of the spring phytoplankton bloom, and the total annual zooplankton biomass
(Table 4.12), which enabled to quantify which parameter produces the most changes in
this model and which one produces the least (Table 4.13).

Because the number of figures plotted for this sensitivity analysis was large, they are shown
in the Appendix section of this work, except for the experiments NPZPhot 1, 2, 9, 10, 11,

and 12 that showed results closest to observations (Figures 4.31 - 4.39).

Differences in sensitivity experiments for the S2P3 v8.0 model could be compared with
those of the S2P3-NPZ and the S2P3-Photoacclim models. As expected, for the physio-
logical parameters analysed in this model (PS, ., Qum, 6., and respiration rates) similar
changes in behaviour were observed for the ecosystem dynamics in comparison to the sen-
sitivity analysis of those parameters in the S2P3-Photoacclim model. The physiological
variables have similar responses in the S2P3 v8.0 model (Figures A7, A10, and A13) and
the ones studied in the S2P3-Photoacclim model (Figures 4.21, 4.24, 4.27, and 4.30).

The default values of each parameter are different to the ones found in the S2P3-NPZ and
S2P3-Photoacclim models, but these were changed by -50% and+50% as in former sensi-
tivity analyses. The first experiments NPZPhot1 and NPZPhot2 test the P$,  parameter,
showing that the model is less sensitive to these changes in terms of the timing and magni-
tude of the spring phytoplankton bloom than in the S2P3-Photoacclim model (Tables 4.11,
4.13), possibly due to the inclusion of zooplankton in the S2P3 v8.0 model, accounting to
be more important for these spring characteristics than photo-acclimation. Additionally,
no changes in the magnitude of the spring zooplankton bloom could be observed (Figure
4.31b); a delayed bloom is observed for the NPZPhot1 experiment, which agrees with the

later phytoplankton blooms as shown in Figure 4.31a. The largest differences caused by the
C

max

changes in P occur during spring, with Figure 4.31b,c showing the spring phytoplank-

ton bloom in the NPZPhotl and NPZPhot2 experiments. No changes can be observed
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during summer in comparison to the Control NPZPhot experiment (Figure 4.32e,f).

The analysis of Q,, show some differences regarding the sensitivity study performed for
that parameter in the S2P3-Photoacclim model. When Q= 0.225 mg Chl (mg N)~!
(NPZPhot3 experiment), a delayed spring bloom occurs for phytoplankton and zooplank-
ton but the magnitude of the spring phytoplankton bloom is higher than in the Control
NPZPhot experiment (Figure A5). These differences between a delayed bloom produced
by NPZPhot3 can be observed in the profile of chlorophyll-a during spring, where no spring
bloom can be observed by that date (Figure A6b); on the other hand, NPZPhot4 shows
the same timing than in the Control NPZPhot experiment, with higher concentrations of

surface chlorophyll-a.

The S2P3-Photoacclim model was the most sensitive to changes in the 6Y, parameter
in terms of the timing and magnitude of the spring phytoplankton bloom (Table 4.11).
Similarly this parameter was, on average, the one to produce the most changes in the
timing of the spring phytoplankton bloom for the S2P3 v8.0 model. The NPZPhot5 and
NPZPhot6 experiments produced changes not only in the timing but in the magnitude
of the spring phytoplankton bloom (Figure A8), with less productive and delayed spring

blooms when 60X was lower (0.075 mg Chl (mg N)~!). The spring zooplankton bloom

coincide with the timing of the phytoplankton blooms. Additionally, Figure A9 shows that
the largest differences between the Control NPZPhot and these experiments occur during

spring, with a delayed bloom in the NPZPhot5 and a large spring bloom for the NPZPhot6.

Finally, for the last set of physiological parameters considered in the S2P3 v8.0 model, res-
piration rates were analysed. Sensible changes in terms of the timing and magnitude of the
spring blooms could be produced (Figure Al1), with earlier blooms when the respiration
rates are lower (NPZPhot7) and delayed blooms by ~ 15 days when the respiration rates
are higher (NPZPhot8). Similar to all the experiments shown in the S2P3 v8.0 model, dif-
ferences with the Control NPZPhot experiment can only be observed during spring (Figure
A12), with a marked SML for the NPZPhot7 experiment (Figure A12b) and similar values
of surface chlorophyll-a than in the Control NPZPhot experiment; on the other hand, the
NPZPhot8 experiment showed that the spring phytoplankton bloom has not yet started

in comparison to CTD observations.
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The experiments NPZPhot9 and NPZPhot10 analyse the v, parameter, ranging from 0.05
to 0.15 (Table 4.5), respectively. Small differences are observed in terms of the timing
and magnitude of the spring phytoplankton bloom (Figure 4.34a), showing lower values of
surface chlorophyll-a during spring than the Control NPZPhot experiment (Figure 4.35b).
Moreover, the model did not show a strong sensitivity to changes in v; in terms of physi-
ological variables (Figure 4.36). On average, the S2P3 v8.0 model is the least sensitive to
changes in 7 in terms of the timing and magnitude of the spring phytoplankton bloom and
the total annual zooplankton biomass than any of the other parameters analysed (Table

4.13).

The NPZPhotll and NPZPhot12 experiments show larger differences in the timing of
the spring phytoplankton bloom than in the analysis of vo in the S2P3-NPZ model. The
zooplankton biomass differences coincide with the phytoplankton differences between each
experiment, but the predator-prey coupling is not as strong as the one shown in Figure
4.11b. Differences in the surface chlorophyll-a can be observed in comparison to the Control
NPZPhot experiment (Figures 4.37a, 4.38b). Additionally, Figure 4.39 showed differences
in the shallower layers of the water column for Pl and Ej.

The predator-prey coupling did not seem to be as strong as shown in the S2P3-NPZ model,
in the case of the experiments NPZPhot13 and NPZPhot14, secondary blooms are no ob-
served in Run5 (A = 0.375) and Run 6 (A = 1.125; Figure 4.11). The A parameter generated
differences in the timing of the spring phytoplankton bloom in comparison to the Control
NPZPhot experiment. The NPZPhot13 was run with A=0.1 (mmol N m~—3)~!, showing
more productive spring blooms than the Control NPZPhot experiment (Figure Al4a) with
lower peak spring bloom but longer duration and, therefore, delaying the spring zooplank-
ton bloom (Figure Al4b). Moreover, during spring the NPZPhot14 show that the spring
bloom has not started yet (Figure A15b), while the NPZPhot13 show similar values of
surface chlorophyll to the Control NPZPhot. Additionally, changes in A produce slight dif-
ferences during summer in the SCM (Figure Al5e) and DIN concentrations (Figure A15f).
On the other hand, physiological variables also change with X, with higher values of Pl

max

and Eyx when X is lower.
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The NPZPhot15 and NPZPhot16 experiments show that the S2P3 v8.0 model is, on aver-
age, the most sensitive to changes in Ry, in terms of the magnitude of the spring phyto-
plankton bloom (Table 4.13). The effects that Ry, has in the model dynamics are very sim-
ilar to the ones found in the case of experiments that change A (NPZPhot13, NPZPhot14).
Lower values in the maximum ingestion rate of phytoplankton can produce earlier and
larger spring phytoplankton blooms (Figure A17a) compared to the Control NPZPhot ex-
periment. On the other hand, a higher value of Ry, shows a delayed spring bloom (Figure
A18b) compared to the CTD observations and the Control NPZPhot experiment. Addi-
tionally, lower values of Ry, produces higher values on P&l and Ey, with larger differences

in the shallower depths.

Finally, zooplankton mortality produced differences in the timing of the spring bloom,
with delays of 30 days (year 2014) and 35 days (year 2015) for the NPZPhot17 experiment
(m = 0.01; Figure A20a), affecting the timing and magnitude of the spring zooplankton
bloom (Figure A20b). Differences in the timing and magnitude of the spring phytoplankton
bloom are small between the Control NPZPhot and the NPZPhot18 (m = 0.03) exper-
iments, but larger differences can be observed in terms of zooplankton biomass for both
experiments. Zooplankton mortality affects the S2P3 v8.0 model the most in terms of total
annual zooplankton biomass. On the other hand, because the spring bloom is delayed when
m is lower, low values of surface chlorophyll-a are observed during spring (Figure A21b);
during summer there are no large differences between chlorophyll-a and DIN profiles (Fig-
ure A2le,f). Finally, the largest differences between physiological variables (Figure A22)

are given by zooplankton mortality, changing the vertical profiles in the shallower levels of
C

the water column by, for example, increasing Py,

and Ex when m is higher.
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Figure 4.31: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZPhot (green line), NPZPhot 1 (P$,. = 1.75; black

line), and NPZPhot 2 (P¢
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of August 2015 for (a) surface chlorophyll-a and (b) zooplankton biomass.
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Figure 4.32: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (¢) DIN; for summer-
time (24,/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the Control
NPZPhot (green line), NPZPhot 1 (PS, = 1.75; black line), and NPZPhot 2 (PS,,, = 5.25;

cyan line).
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Figure 4.33: Observations from the cruises CD173 and JR98 in different locations of the

Celtic Sea, including Control NPZPhot (green lines), NPZPhot 1 (PS,. = 1.75; black
lines), and NPZPhot 2 (PS,. = 5.25; cyan lines) for: (a) chlorophyll-a specific maximum

light-saturated photosynthesis rate (PSHl) and (b) light saturation parameter (Ey). The

max

data from the model was plotted for the same days that the observations were collected.
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Figure 4.34: SSB buoy observations (red line) from the start of April 2014 to end of June

2015 compared to the Control NPZPhot (green line), NPZPhot 9 (y; = 0.05; black line),

and NPZPhot 10 (73 = 0.15; cyan line) shown from start of April 2014 to the end of August

2015 for (a) surface chlorophyll-a and (b) zooplankton biomass.
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Figure 4.35: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the Control
NPZPhot (green line), NPZPhot 9 (y; = 0.05; black line), and NPZPhot 10 (y; = 0.15;

cyan line).
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Figure 4.36: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control NPZPhot (green lines), NPZPhot 9 (y; = 0.05; black lines),
and NPZPhot 10 (3 = 0.15; cyan lines) for: (a) chlorophyll-a specific maximum light-
saturated photosynthesis rate (PSEl) and (b) light saturation parameter (Ey). The data

max

from the model was plotted for the same days that the observations were collected.
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Figure 4.37: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZPhot (green line), NPZPhot 11 (y2 = 0.2; black line),
and NPZPhot 12 (72 = 0.6; cyan line) shown from start of April 2014 to the end of August

2015 for (a) surface chlorophyll-a and (b) zooplankton biomass.
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Figure 4.38: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the Control
NPZPhot (green line), NPZPhot 11 (72 = 0.2; black line), and NPZPhot 12 (y2 = 0.6;

cyan line).
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Figure 4.39: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control NPZPhot (green lines), NPZPhot 11 (y2 = 0.2; black lines),
and NPZPhot 12 (2 = 0.6; cyan lines) for: (a) chlorophyll-a specific maximum light-
saturated photosynthesis rate (PSEl) and (b) light saturation parameter (Ey). The data
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from the model was plotted for the same days that the observations were collected.
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Magnitude
Timing spring | spring phy Total annual
Experiments Years| phytoplankton | toplankton f)?gril:;kto?
bloom (date) bloom (mg DW m-2) &
Chl m~3) o
2014 | 14™ April 88.4 5656
C
NPZPhot1 (Prax 1) 2015 | 25 April 208.7 5362
2014 | 4" April 114.9 6003
C
NPZPhot2 (P 1) 2015 | 12" April 176.7 5906
2014 | 2" May 156.1 3658
NPZPhot3 (Qum 1) 2015 | 13" May 236.2 3884
2014 | 4™ April 118.7 6334
NPZPhotd (Qu 1) 2015 | 9th April 118 6389
2014 | 19" May 103.5 3055
NPZPhot5 (6o 4) 2015 | 21% May 103.1 3514
2014 | 25" March 110.2 6733
N
NPZPhot6 (0rpax 1) 2015 | 27" March 211.5 6797
2014 | 315% March 36.4 6432
NPZPhotT (R = Ren =R 1) 55 | gin April 106.1 6410
2014 | 18 April 126.6 5515
NPZPhot8 (Ro = Ran = Ra 1) 9015 | g7th ppyi) 256.6 5173
2014 | 9 April 93.3 5941
NPZPhot9 (71 1) 2015 | 15 April 163 5304
2014 | 8™ April 113.7 5869
NPZPhot10 (1 1) 2015 | 14" April 192.6 5724
2014 | 5" April 93.4 5268
NPZPhotll (72 1) 2015 | 11" April 153.4 5235
2014 | 11% April 113.6 6613
NPZPhot12 (2 1) 2015 | 215t April 201.5 6392
2014 | 29" March 282.8 6834
NPZPhot13 (A 1) 2015 | 3" April 349.7 6807
2014 | 14™ April 61.4 5296
NPZPhot14 (A1) 2015 | 25" April 159.7 4997
2014 | 29 March 292.5 6840
NPZPhot15 (R ) 2015 | 34 April 359.2 6812
2014 | 14% April 61.4 5283
NPZPhot16 (R 1) 2015 | 25t April 159.5 4992
2014 | 3" May 238 8362
NPZPhot17 (. ) 2015 | 14™ May 203.5 8369
2014 | 315" March 104.4 4311
NPZPhot1$ (m 1) 2015 | 6" April 134.5 4368
2014 | 34 April 137.7 6110
Control NPZPhot 2015 | 9" April 172.6 6094

Table 4.12: List of the experiments run for the S2P3 v8.0 model including the year of
observations, timing and magnitude of the spring phytoplankton bloom, and total annual

zooplankton biomass values.
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Difference Diﬂ'er.e nee Difference
timing magmtude h total annual

Experiments Years| spring phy- :E;llzrglktorf Y- z(.)oplankton

toplankton bloom (mg Chl blomafg (&
bloom (days) m-?) DW m—#)

NPZPhot1 (PS 1) 38}‘5‘ 1(15 i?éi ;Lg;l
NPZPhot2 (P, 1) ggié :; 2518 12;
NPZPhot3 (Qu 4) ;81? o :(13212 33?(2)
NPZPhot4 (Qm 1) 381151 E)l ;)26 :;gg
NPZPhot5 (6%, 1) 381451 :ig 23:? 3223
NPZPhot6 (6}, 1) s |13 _2375,59 oo
NPZPhot7 (Rc = Rei = Ra ) ;81151 g (152153 :332
NPZPhot8 (Rc = Renp = Ry 1) 381151 jg -18141 gg?
NPZPhot9 (71 }) 381? :g 3%64 ;gg
NPZPhot10 (1 1) ;81? j§ _2;10 ?;(1)
NPZPhot11 (v, |) ggig :3 ‘1‘32 §§§
NPZPhot12 (2 1) 381? i _2;5.19 282
NPZPhot13 (A ) s | o i :Zfé
NPZPhot14 (A 1) ;81151 E Igg ?337
NPZPhot15 (R ) s | o 1860 Tis
NPZPhot16 (R, 1) 381? 1(13 Iﬁi’ ﬁgz
NPZPhot17 (m |) ;81? e o s
NPZPhot18 (m 1) ggig g gg:? 1;32

Table 4.13: List of the experiments run for the S2P3 v8.0 model including the year of
observations, differences in the timing and magnitude of the spring phytoplankton bloom,
and differences in the total annual zooplankton biomass values (differences given by the
Control NPZPhot minus each experiment). Orange colour represents the largest difference
in terms of the timing of the spring phytoplankton bloom between the Control NPZPhot
and a given experiment; the red colour represents the largest difference in terms of the
magnitude of the spring phytoplankton bloom between the Control NPZPhot and a given
experiment; and the grey colour represents the largest difference in terms of the total
annual zooplankton biomass between the Control NPZPhot and a given experiment.
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4.5 Discussion

4.5.1 Calibrating models: a validation

The calibration of each model developed in this work was done on a trial-and-error basis
where numerous parameter combinations were tested in order to find the most accurate
version of each model in comparison to in situ observations. Calibrating models is a com-

plex task, involving expertise, time, and computing resources.

Figure 4.6a shows differences in the timing and magnitude of the spring phytoplankton
bloom between the optimised/calibrated versions of S2P3-NPZ, S2P3-Photoacclim, and
S2P3 v8.0 models. As these features are a key focus of this work, this highlights the
importance of introducing more realistic representations of biology and physics into the
model, given that the S2P3 v8.0 model shows fewer quantitative differences with obser-
vations in comparison to the other two models developed. This important features were
discussed in Chapter 3, suggesting that differences found in comparison to observations
were significant to consider further development of the model complexity and this also rep-
resented a weakness of the S2P3 v7.0 model. However, it is important to note that there
are remaining differences between the newly developed models and observations because
each of these models are representing the CCS location with different limitations. For
example, the S2P3-Photoacclim and S2P3 v8.0 models consider the metabolic rates for ni-
trogen remineralisation (Ry), chlorophyll degradation (Rey;), and maintenance respiration
rate (R¢) as equal; and the S2P3-Photoacclim model does not consider a realistic grazing.
Furthermore, despite the S2P3-NPZ and S2P3 v8.0 considering zooplankton, these models
do not take into account seasonal variability of zooplankton biomass composition, and the

S2P3-NPZ model does not consider photo-acclimation of phytoplankton.

The models were tuned using parameter ranges based on published data (Table 4.2). The
true ranges for each NPZ and physiological parameter might mismatch those suggested
in the literature, because many of those observations come from laboratory experiments
performed under controlled conditions or from models that might include different assump-
tions, turbulent closure schemes, and dimensionality in a particular ecosystem (Geider et
al., 1998; Franks et al., 1986). This may explain why not all the parameter values shown
in Table 4.6 for the Control NPZ, Control Photoacclim, and for the Control NPZPhot
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experiments are within the ranges suggested by other studies (Table 4.2). Furthermore,
values referred in Table 4.2 were also obtained from different locations, which might differ
in the characteristics of the CCS location in terms of the zooplankton and phytoplankton

biomass compositions, advective fluxes, and assumptions from the models used.

Ward et al. (2010) stated that models are often underdetermined by data due to insuf-
ficient observations. For this study approximately two years of phytoplankton biomass
data were available for the CCS location, while in the case of the zooplankton biomass
observations those were collected only during certain days per year allowing only a discrete
representation of the seasonal cycle of zooplankton, and finally, profiles of physiological
data were only collected during summertime of the years 2003 and 2005; but each model
could potentially be calibrated for over 51 years if longer time-series of observations ex-
isted. Mismatch between the calibrated models and observations is also driven by water
column processes including advection and diffusion that were not considered in these 1-D
models, but affects the real water column where the observations were taken. For example,
advective fluxes during the time that the observations were sampled could be producing
differences in DIN in the water column through horizontal entrainment, increasing the
phytoplankton new PP (Tweddle et al., 2013). Horizontal advection could also influence
the turbulent mixing, by contributing more nutrients into the thermocline, being able to
support enhanced PP and increasing the typical estimates of annual PP rates (Tweddle et

al., 2013).

It is important to note that the S2P3-Photoacclim model shows the largest differences
in terms of surface chlorophyll-a in the timing of the spring phytoplankton bloom (Fig-
ure 4.6a), while the S2P3-NPZ model showed a better agreement with observations. It is
well-known that annual cycles of mixing and grazing regulate the timing and magnitude
of the spring bloom (Fasham et al., 1990; Frost, 1987; Evans & Parslow, 1985; Ryther
& Hulburt, 1960), with the pre-bloom structure of zooplankton being important for the
initiation of the bloom (Zhao et al., 2013). For example, if zooplankton are able to in-
crease their biomass fast enough to keep pace with the phytoplankton growth, then the
bloom may be delayed. On the other hand, a later phytoplankton bloom may lead to
increased grazing pressure (Marra et al., 1995), as zooplankton have had longer time to

reproduce, thus limiting the magnitude of the spring bloom. Consequently, the effect of
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zooplankton on the timing of the spring bloom and the fact that the S2P3-NPZ model has
a larger number of parameters available to be constrained (Table 4.3) in comparison to the
S2P3-Photoacclim model (Table 4.4), it makes easier to minimise differences with observa-
tions. Finally, a more sophisticated model (S2P3 v8.0), explicitly accounts for zooplankton
biomass and for the dynamics of internal quotas of phytoplanktonic cells, with phytoplank-
ton biomass being in carbon, nitrogen, and chlorophyll currencies, allowing the decoupling
of nutrient uptake from carbon fixation (Ayata et al., 2013; Bernard, 2011; Mairet et al.,
2011; Bougaran et al., 2010; Flynn, 2008; Klausmeier et al., 2004). The S2P3 v8.0 model
showed the best agreement with observations in comparison to the other models developed

in this work, having a good representation of phytoplankton dynamics at the CCS location.

Greater complexity allowed the S2P3 v8.0 model to resolve a more diverse range of biogeo-
chemical dynamics, which could be applicable at different sites of the shelf sea. Including
additional parameters in models can add more unconstrained degrees of freedom (Ward et
al., 2010), but also allows for more parameter combinations and, therefore, more flexibility
to constrain S2P3 v8.0 in order to reproduce observations as seen in Figure 4.6a. S2P3
v8.0 also allows comparisons with zooplankton biomass data (Figure 4.6b) and physio-
logical observations (Figure 4.8), permitting more accuracy and confidence to calibrate it
and a better representation of the physical-biological processes of the CCS location. How-
ever, it is important to note that the addition of new parameters in any model needs to
be balanced against any increase in uncertainty associated with those extra parameters.
Additionally, despite having more sophisticated formulations of the ecosystem, S2P3 v8.0
continues to be a 1-D model, allowing multiple experiments to be run at the same time

with relatively low computational cost.

4.5.2 Sensitivity analysis: dynamic responses to model parameterisa-

tions

The field of marine biogeochemical modelling has progressed through the development of
both simple and complex models, ranging from models that include implicit representation
of the marine biota (Najjar et al., 1992; Bacastow & Maier-Reimer, 1990), to ones that
have a more detailed representation of phytoplankton functional groups (LeQuéré et al.,

2005). In any case, sensitivity studies are important tools to improve the accuracy of shelf
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sea models (Chen et al., 2013), but developing these analyses has to be done carefully in
order to identify which processes are responsible for the observed model behaviour (Ward
et al., 2013). In this work, the same methodology was used in each model to perform the
sensitivity analysis, so that the parameters which have the largest effect in each model
could be found. A direct comparison was done in terms of model attributes considering;:
the timing and magnitude of the spring phytoplankton bloom, and the total annual zoo-
plankton biomass, providing better insights on the effects that each parameter produce in

the behaviour of each model.

Table 4.13 shows the differences between the model attributes calculated between each ex-
periment and the Control NPZPhot, showing that S2P3 v8.0 is strongly influenced by NPZ
parameters, with the maximum ingestion rate of phytoplankton (Ry,) and zooplankton
mortality rate (m) having the largest effect in the magnitude of the spring phytoplankton
bloom and in the total annual zooplankton biomass. It is well known that zooplankton
are key players in the biogeochemical cycling of carbon and nutrients in marine ecosystems
(Beaugrand & Kirby, 2010, Beaugrand et al., 2010), influencing the export of organic mat-
ter to the deep ocean (Juul-Pedersen et al., 2010; Gonzalez et al., 2009). In the S2P3-NPZ
model, changes of the parameters A (Figure 4.13), Ry, (Figure 4.15), and m (Figure 4.17)
can lead to the collapse of zooplankton populations, a consequence that was not observed
for the sensitivity analysis of those parameters in the S2P3 v8.0 model. According to Levin
& Lubchenco (2008), small perturbations in biological systems can be magnified through
nonlinear relationships, a behaviour that may be a characteristic feature of ecosystem
models (Anderson et al., 2010). Additionally, grazing responses comprise the dominant
losses for phytoplankton in the ocean (Banse, 1994), influencing plankton stocks and pri-
mary production (Franks et al., 1986). However, the ecological stoichiometry added into
the S2P3 v8.0 was also demonstrated to have an important effect in the model dynamics,

responding to the changes of A\, Ry, and m to a smaller extent than in the S2P3-NPZ model.

Photoacclimation has an important influence on the timing of the spring phytoplankton

bloom (Table 4.13), with 63

max

affecting the S2P3 v8.0 model the most in terms of this
model attribute. Ayata et al. (2013) demonstrated that taking into account photoaccli-
mation and variable stoichiometry of phytoplankton growth in marine ecosystem models,

produce qualitative and quantitative differences in phytoplankton dynamics. Moreover,
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these quota formulations in S2P3 v8.0 were compared to the available dataset of phys-
iological observations (Hickman et al., 2012; Hickman et al., 2009; Moore et al., 2006).
It is interesting to note that the sensitivity analysis of NPZ parameters produced dif-
ferences in the physiological variables P and Ey, specially at the surface, suggesting
that the predator-prey interactions are relevant for phytoplankton physiology, presumably
through feedbacks whereby zooplankton mediated nutrient cycling. The results shown in
this chapter and the validation of the S2P3 v8.0 using observational data suggest that
simultaneously fitting of zooplankton biomass and phytoplankton photo-acclimation can
constrain better the timing and magnitude of the spring phytoplankton bloom than in the
S2P3 v7.0, S2P3-NPZ, and S2P3-Photoacclim models. Consequently, it is suggested that
further analysis is performed about the seasonal cycle of phytoplankton and PP by using

the S2P3 v8.0 model.

4.5.3 Concluding remarks

This study presents a comprehensive analysis of each model developed in this work, demon-
strating that the combination of an NPZ framework and the photo-acclimation of phyto-
plankton in one model produces a better representation of the ecosystem based on the
comparison to observations. This combined framework offers a novel and innovative im-
provement to the S2P3 model, for application to the CCS location and more broadly
within shelf sea systems. The development of the S2P3 v8.0 model provides a better
fit to observations in comparison to the S2P3 v7.0 (Chapter 3, Figure 3.5), S2P3-NPZ,
and S2P3-Photoacclim models. Improved confidence in the S2P3 v8.0 model thus suggest
improved insights in studies about the effects of meteorology on PP, and phytoplankton
dynamics would be possible. Open questions from Chapter 3 will be revisited in Chapter

5 with this novel model.

Appropriate parameterisations to represent shelf seas is a subject that should be fur-
ther supported by fieldwork campaigns and future work should aim to include additional
datasets with longer time-series. For this study, constraining the seasonal cycle of the phy-
toplankton physiology is not possible due to the lack of physiological observations during

other periods of the year, furthermore, phytoplankton and zooplankton biomass datasets
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only include the years 2014 and 2015 but longer time-series would help to improve the
model calibration. Many model parameters quantities are poorly constrained observation-
ally mainly due to the fact that model state variables are highly integrated pools, which
are affected by biotic and abiotic factors in the environment, making them difficult to
be determined by in situ measurements. For this study, is not possible to constrain the
seasonal cycle of the phytoplankton physiology because physiological observations only in-

cludes summertime.

In future works, a parameter optimisation algorithm should be considered to optimise the
calibration of the S2P3 v8.0 model by doing it automatically through different statistical
techniques (e.g. least squares, linear or non-linear regression, maximum likelihood, etc), as
opposite as done in this work with a trial-and-error methodology in order to understand
how the dynamics of each model changed with different parameter values. Automatic
parameter optimisation of the model would allow in future research to find the best agree-
ment between the model and observations in other regions of the shelf sea without running
dozens of experiments, maybe proving to be a useful tool for the model parameterisation.
However, in order to use an automatic parameter calibration, it is relevant to know how
the model behaves in different locations under different parameter values, which involves
information that is likely to not be represented by the statistical tools based on the anal-
ysis of residuals. Consequently, it is suggested that a combination of trial-and-error and

automatic parameter optimisation can also be applied.

The tuning and sensitivity analysis performed in this chapter allows a better understand-
ing of the ecosystem dynamics represented in the model and how it is influenced by each
parameter. This is a necessary step showing that the model is providing a realistic repre-
sentation of the shelf sea. By considering the timing and magnitude of the spring phyto-
plankton bloom, and the total annual zooplankton biomass as features to be calculated,
a quantitative and clearer comparison between each model could be developed. Finally,
the model calibration will never be in perfect agreement with all the observations, particu-
larly in this case, where only one type of phytoplankton and zooplankton were considered.
Thus responses must represent some typical or average dynamics and cannot represent
any effects of competition between types. Additionally no stages of zooplankton growth

were taken into account, which might affect the predator-prey interactions (Fennel, 2001).
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Overall, this chapter has shown that the S2P3 v8.0 model is able to reasonably represent

the integrated behaviour of the mixture of species that inhabit the NW European Shelf

Sea.



Chapter 5

Inter-annual variability of primary production due to wind
and cloud effects using a simple 1-D NPZ model with

photo-acclimation

5.1 Abstract

The newly developed S2P3 v8.0 model is used to reassess the meteorological impact on the
inter-annual variability of PP at the CCS location. The model s run from 1965 - 2015
and forced by different meteorological components including wind speed, cloud coverage, air
temperature, and relative humidity. Targeted experiments were performed with different
meteorological setups and parameter values, providing new insights into the model dynam-
ics and responses of phytoplankton productivity to the influence of meteorology. Based on
these experiments, it was found that cloud coverage has the largest effect on the inter-annual
variability of NPP, due to the inclusion of photo-acclimation in the model that allows vari-
ability of NPP due to changes in irradiance, and daily variability of clouds has an associated
direct influence on this light availability. Additionally, wind speed affects the timing of the
spring phytoplankton bloom by delaying it when the daily variability of wind is high during
early spring and extreme events (e.g. storms) are present. Further experiments developed

with an analysis of different model parameters show the robustness of these results.
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5.2 Introduction

Temperate shelf seas are important regions due to their high productivity relative to the
deep ocean. These ecosystems are strongly constrained by their hydrodynamics and local
atmospheric conditions (Lacroix & Nival, 1998). In order to understand how these regions
may change in future it is necessary to study the existing inter-annual variability of phy-

toplankton forcing and how this is controlled by these local atmospheric conditions.

Spring months provide the largest contribution to annual phytoplankton production as this
is when the spring bloom happens, therefore, in most temperate shelf seas the initiation
of the spring phytoplankton bloom marks the start of the seasonal production cycle (Tian
et al., 2011). The timing of the spring phytoplankton bloom is also important for the
development of zooplankton (Rey et al., 1987), fish stocks (Platt et al., 2003), and the
continental shelf pump, therefore understanding the role of the environmental conditions

that affect the spring phytoplankton bloom has wider implications.

The inter-annual variability of the spring phytoplankton bloom is determined by the bal-
ance between available light, clouds, winds (Townsend et al., 1994), and also by the avail-
ability of inorganic nutrients, and phytoplankton biomass losses associated with respiration,
grazing, and sedimentation (Platt et al., 1991; Smetacek & Passow, 1990). Additionally,
during summer months, short-term wind events can determine the physical structure of
the surface layer and thermocline (Ridderinkhof, 1992), altering the SCM and generating
entrainment of inorganic nutrients into the surface layer (Yin et al., 1995). Finally, during
winter months, wind-driven turbulence and decreasing water temperatures break down the
thermal stratification. Altogether, differences in the year-to-year production during the
different periods of the seasonal cycle of phytoplankton will affect the inter-annual vari-

ability of the annual phytoplankton production.

Several 1D simple physical and biological coupled models have been applied in different
situations and have proved to be a good tool to study the ecosystem dynamics in relation
to hydrodynamic constraints (Marsh et al., 2015; Sharples et al., 2006; Lacroix & Nival,
1998; Tusseau et al., 1997; Lacroix & Nival, 1996; Fasham et al.,1990).
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This chapter aims to reassess the analysis performed in Chapter 3 by using the newly
developed S2P3 v8.0 model (see Chapter 4) to investigate the relationship between phyto-
plankton production at the CCS location and local meteorological components. This will
be achieved by running experiments developed with different meteorological forcing and
different parameter values to compare and to quantify the importance of meteorological

variables in terms of NPP variability.

The S2P3 v8.0 model will also be answer the hypothesis that changing the model structure
by adding a realistic grazing impact on phytoplankton and photo-acclimation can generate
different feedbacks between meteorology and inter-annual variability of PP. Moreover, the
S2P3 v8.0 is expected to produce more confident answers about the direct and indirect

controls of meteorology on PP and how they operate for the CCS location.
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5.3 Methods

5.3.1 Model set up, meteorological forcing, and experiments

The S2P3 v8.0 model used in this chapter is forced by daily meteorological observations
including wind speed, cloud coverage, air temperature, and relative humidity from 1960 to
2015, with the first five years considered as the spin-up period of the model and, therefore,
neglected in the analysis of the results. Meteorological forcing is described in Chapter 2,
section 2.3 and will not be described again in this section. The S2P3 v&8.0 model set up for

the CCS location correspond to the one described in Chapter 2, section 2.4.

A series of experiments were developed to reassess the effect of meteorology on inter-annual
variability of PP. These experiments correspond to those described in Chapter 3, section
3.3.1.2, i.e. Control-based experiments. Table 3.1 is shown again in this chapter (Table
5.1) to summarise the experiment setups, including a Control experiment, and Wind-only,
Cloud-only, Temperature-only, and Humidity-only experiments. Additionally, the param-
eter values listed in Table 5.2 are the same for each control-based experiment and they
correspond to the values found for the calibrated version of the S2P3 v8.0 model (see

Chapter 4, section 4.3.3.3 for more information).

5.3.2 Robustness and parameterisations

A new series of experiments was developed to assess the robustness of the results found
with the control-based experiments described in section 5.3.1. Each control-based experi-
ment was re-run with different parameter values. In this case, only three parameters were
changed to investigate how the results for each experiment (described in Table 5.1) are

sensitive to the model parameterisation.

The three parameters changed were: the maximum value of the phytoplankton chlorophyll
: phytoplankton nitrogen ratio (65, ), the maximum ingestion rate of phytoplankton (Ry,),
and the zooplankton mortality rate (m). The choice of these parameters was based on the
results found in Chapter 4, which demonstrated that the S2P3 v8.0 model is most sensi-
tive to changes in these parameters in terms of the timing and magnitude of the spring

phytoplankton bloom and total annual zooplankton biomass (see Chapter 4, Table 4.12).
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Because the model is sensitive to these parameters, they were only changed from their
calibrated value (Table 5.2) by -10% and +10% with each experiment described in Table

5.1 run with two different values at the extremes of this range.

Table 5.3 shows new experiments developed in this section with different parameter values.
These experiments have the same set up as in the control-based experiments listed in Table
5.1. For example, the Control 1 to Control 6 experiments are forced with climatological
meteorology as in the Control experiment (Table 5.1), but with different parameter values.

The same procedure is applied to the rest of the experiments showed in Table 5.3.

5.3.3 Statistical analysis

Statistical analyses were performed in this chapter, including Pearson correlations and

RSMD calculations as described in Chapter 3, section 3.3.3.

In this chapter, RMSD calculations are used to measure the difference between the total an-
nual NPP, total spring NPP, total summer NPP, total autumn + winter NPP, and timing of
the spring phytoplankton bloom between the Control experiments and each control-based

experiments described in sections 5.3.1 and 5.3.2.

Standard deviations (STD) were calculated for the wind speed and cloud coverage time-
series to quantify the amount of variation or dispersion of those sets of data values. STD
bounds of +1 x STD (68% of observations inside that range) and £2 x STD (95% of ob-
servations inside that range) were calculated from the mean of wind speed and cloudiness
during the 51 years (1965 - 2015) in order to represent a limit used to define and quantify
extreme meteorological events driven by wind and cloudiness. Therefore, values of wind

speed higher than 2 x STD are assumed to represent storms.

STD = | ——> (2 —7)?,

where N is the number of observations of the time-series, x; = {x1,z9,...,xN} are the
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observed values of the time-series, and ¥ is the mean values of those observations.



Chapter 5 Methods

192

i 1

Run name Wind Cloud Air temperature | Relative Humidity

speed coverage
Default Observed Observed Observed Observed
Control Climatology | Climatology | Climatology Climatology
Wind-only Observed Climatology | Climatology Climatology
Cloud-only Climatology | Observed Climatology Climatology
;fri;l perature- Climatology | Climatology | Observed Climatology
Humidity- . . .
! 1111;[11 1ty Climatology | Climatology | Climatology Observed

Table 5.1: List of the control-based experiments developed for the S2P3 v8.0 and corre-
sponding meteorological forcing.

Parameters Units Values
PC . d-! 3.5
Qm mg N (mg C)~! 0.45
oN mg Chl (mg N)~! 0.15
Re=Ra =R, |d! 0.02
Y1 dimensionless 0.1
Y2 dimensionless 0.4
A (mmol N m—3)~1 0.2
Rm d-! 3.5
m d-! 0.02

Table 5.2: List of parameters previously investigated within Chapter 4 with corresponding
units and values used for the Control experiment, Wind-only, Cloud-only, Temperature-
only, and Humidity-only experiments.

Name of experiments Parameter
values
. Temperature- | Humidity- N
Control 1 | Wind-only 1 | Cloud-only 1 only 1 only 1 Opax = 0.135
. Temperature- | Humidity- N
Control 2 | Wind-only 2 | Cloud-only 2 only 2 only 2 O hax = 0.165
Control 3 | Wind-only 3 | Cloud-only 3 Temperature- | Humidity- Rm =315
only 3 only 3
Control 4 | Wind-only 4 | Cloud-only 4 Temperagure- | Humidity- Rn =3.85
only 4 only 4
Control 5 | Wind-only 5 | Cloud-only 5 | -crperatures | Humidity=1 o5
only 5 only 5
Control 6 | Wind-only 6 | Cloud-only 6 Temperature- | Humidity- m = 0.022
only 6 only 6

Table 5.3: List of experiment names and parameter values developed for the S2P3 v8.0

model. See meteorological forcing of each experiment in Table 5.1.
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5.4 Results

This section is divided into five subsections that outline the results found. To assess the
main hypothesis of this chapter, the first subsection introduces the dynamics of the S2P3
v8.0 model. The second subsection investigates the effects of each meteorological vari-
able on inter-annual variability of PP using results from the control and control-based
experiments. The third subsection shows the effects of meteorology per season during the
year. The fourth subsection shows the seasonal and inter-annual variability of control and
control-based experiments with different parameterisations to address the robustness of the
results found in the first and second subsections. Finally, the fifth subsection investigates
the mechanisms through which wind speed and cloud coverage influence the annual and

seasonal NPP.

5.4.1 Insights into the S2P3 v8.0 model

This section provides a general overview of the dynamics of the full S2P3 v8.0 model,
by showing daily time-series from 1965 to 2015 for the calibrated version of this model
(Figure 5.1). Figure 5.1a shows the start of thermal stratification during early spring with
observable inter-annual variability in the extent of stratification. Once the water column
is stratified, the spring phytoplankton bloom can be observed (Figure 5.1b), followed by
the start of the spring zooplankton bloom (Figure 5.1c). As phytoplankton grows, DIN
concentrations in the surface start to deplete reaching a minimum value during spring and
summer months, and increasing when thermal stratification breaks down during winter
months (Figure 5.1d). Finally, NPP time-series show seasonal and inter-annual phyto-

plankton dynamics (Figure 5.1e).
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Figure 5.1: Daily time-series from 1965 to 2015 for the calibrated version of the S2P3 v8.0
model (default experiment), including: (a) surface temperature minus bottom temperature
(°C), (b) surface chlorophyll-a (mg Chl m~3), (c) surface zooplankton biomass (mmol N
m~3), (d) surface DIN (mmol N m~3), and (e) NPP (mg C m~2 day~!).

Figure 5.2 shows contour plots of the S2P3 v8.0 model output, showing daily profiles of tem-
perature (Figure 5.2a), phytoplankton chlorophyll-a (Figure 5.2b), zooplankton biomass
(Figure 5.2¢), phytoplankton chlorophyll : phytoplankton carbon ratio (Figure 5.2d), and
DIN (Figure 5.2e) for the years 2014 and 2015 which correspond to the observation pe-
riod of the SSB programme. Figure 5.2 allows a more detailed overview of the model
dynamics, with yellow colours representing high values of each variable and blue colours
representing the lowest values. Water column temperature increases from April of each
year, reaching a maximum value at the surface during summer months. At the same time,

the spring phytoplankton bloom can be observed during April, reaching ~ 10 mg Chl
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m~3. Additionally, the spring zooplankton bloom can be observed approximately a month
after the spring phytoplankton bloom is developed, with zooplankton being able to grow
during summer months and decreasing until a minimum value during winter due to a low
ingestion of phytoplankton (as phytoplankton biomass will also be low in winter) and,
therefore, decreasing zooplankton growth. A fraction of the dead zooplankton, depending
on the value of 75 (see Chapter 2, eq. 2.44), will go back directly to the DIN pool and the
rest will go to sediments or higher trophic levels. These spring blooms also mark the start
of DIN depletion at the surface, a state that lasts until the end of summer. Finally, the
phytoplankton chlorophyll : phytoplankton carbon ratio shows the highest values during
winter months when irradiance levels are low and it increases towards spring, and then
decreases until the end of summer due to the lower concentrations of chlorophyll in the
cell to avoid internal damage due to high irradiance during this period, highlighting the

photo-acclimation process of the S2P3 v8.0 model.
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Figure 5.2: Contoured daily vertical profiles for the start of 2014 to the end of 2015 for the
calibrated version of the S2P3 v8.0 model (default experiment) including: (a) temperature
(°C), (b) phytoplankton chlorophyll-a (mg Chl m~3), (c) zooplankton biomass (mmol N
m~3), (d) phytoplankton chlorophyll : phytoplankton carbon ratio (mg Chl (mgC)~1),
and (e) DIN (mmol N m~3).

5.4.2 Meteorological effects on inter-annual variability of primary pro-

duction

The control experiment and each control-based experiment developed in this chapter are
compared to each meteorological variable in terms of the total annual NPP as shown in
Figure 5.3. A statistical analysis shows no significant correlation between the total annual
NPP of the wind-only experiment and the total annual average wind speed (r* = 0.07,
p > 0.05; Figure 5.3a). Additionally, significant correlations are observed between the to-

tal annual NPP of the cloud-only experiment and the total annual average cloud coverage
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(12 = —0.193, p < 0.05; Figure 5.3b), the total annual NPP of the temperature-only exper-
iment and the total annual average air temperature (1> = —0.257, p < 0.05; Figure 5.3¢c),
and the total annual NPP of the humidity-only experiment and the total annual average
relative humidity (r?> = —0.2, p < 0.05; Figure 5.3d). However, the significant correlations
found are weak, showing that the effects of these meteorological variables (including wind)
can have an effect in total annual NPP that is not well represented with a Pearson cor-
relation due to non-linear responses of phytoplankton PP to the changes in the weather
conditions, which can also differ in the timescale of the variability in weather components

and phytoplankton responses.
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Figure 5.3: Scatter plots calculated from 1965 to 2015. Red line represents the significant
regression line of the relationships between the total annual NPP (mg C m~2 yr—!) and
(a) total annual average wind, (b) total annual average cloud coverage, (c) total annual

average air temperature, and (d) total annual average relative humidity.
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Figure 5.4a shows the total annual NPP (mg C m~2 yr~!) from 1965 to 2015 between the
wind-only experiment minus the control experiment (black lines), the cloud-only exper-
iment minus the control experiment (red lines), the temperature-only experiment minus
the control experiment (blue lines), and the humidity-only experiment minus the control
experiment (cyan lines). The differences between the cloud-only experiment and the con-
trol experiment show that > 80% of the values of total annual NPP difference are less
than zero. Moreover, > 90% of the differences in total annual NPP difference between the

wind-only experiment and the control experiment are greater than zero.

Figure 5.4b shows RMSD calculations of total annual NPP for the four control-based ex-
periments relative to the control experiment, with the largest value of RMSD found in the
case of the cloud-only experiment (1664.5 mg C m~2 yr—1!), followed by the wind-only ex-
periment (1196.5 mg C m~2 yr~!), temperature-only experiment (302.9 mg C m~2 yr—1),
and the lowest RMSD value was given by the humidity-only experiment (302.8 mg C m~—2
yr~1). This suggests that the largest difference in total annual NPP between the control
experiment and the control-based experiments is driven by the inter-annual variability of
cloud coverage. The RMSD also shows strong inter-annual variability (Figure 5.4c) in
the cloud-only experiment but this is always higher in each 5 year period than the other
control-based experiments except for the periods 1965 - 1970 and 1990 - 1995 where the

highest values of the RMSD were found in the wind-only experiment.
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Figure 5.4: Differences relative to the control experiment of the wind-only experiment
(represented in black), cloud-only experiment (represented in red), temperature-only ex-
periment (represented in blue), and humidity-only experiment (represented in cyan) over
the period 1965 - 2015 for (a) total annual NPP (mg C m~2 yr—!), (b) RMSD of total
annual NPP (mg C m~2 yr!), and (c) RMSD of total annual NPP (mg C m~2 yr—1),
where years with a star (x) in the x-label represent a mean value of the RMSD every five

years starting from 1965.

Another feature of interest for this study is the timing of the spring phytoplankton bloom.
Figure 5.5a shows the difference between each control-based experiment and the control
experiment in terms of this feature. Large differences can be observed for the wind-only
experiment (black line), with ~ 39% of the differences in spring phytoplankton bloom start
times are less than zero, i.e. 20 years show earlier spring blooms for the wind-only experi-
ment than in the control experiment. The cloud-only, temperature-only, and humidity-only

experiments show less variability during the years 1965 to 2015 than the wind-only exper-
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iment. These differences are quantified with an RMSD (Figure 5.5b), showing that wind
speed has the largest effect on the timing of the spring phytoplankton bloom, followed by
cloud-only and the temperature-only experiments, and the lowest RMSD value was given

by the humidity-only experiment.
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Figure 5.5: Differences relative to the control experiment of the wind-only experiment
(represented in black), cloud-only experiment (represented in red), temperature-only ex-
periment (represented in blue), and humidity-only experiment (represented in cyan) over
the period 1965 - 2015 for (a) the timing of the spring phytoplankton bloom, and (b) an
RMSD for the timing of the spring phytoplankton bloom.

One of the main differences between the S2P3 v7.0 and the S2P3 v&8.0 models is that
cloud cover instead of wind speed is the meteorological variable with the most influence

on the inter-annual variability of NPP over 1965-2015. This difference might be caused by
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the addition of photo-acclimation in the S2P3 v8.0, as phytoplankton growth will change
in response to variability in irradiance, with cloud cover being one of the meteorological
variables that directly affects the amount of light available for phytoplankton, whereas wind
speed will influence the inter-annual variability of NPP due to changes in the mixing of the
water column. Analysing the differences between the S2P3 v7.0 and S2P3 v8.0 model in
terms of the response of phytoplankton growth to irradiance is relevant to understand the
effects of photo-acclimation in the newly developed model. Figure 5.6 shows a comparison
between daily surface PAR (W m~2) and daily NPP (mg C m~2 day~!) over the course of
the year (the colour indicates the day of the year) from the period of 1965-2015 for (a) S2P3
v7.0 model, and (b) S2P3 v8.0 model. It can be observed that the relationship between
phytoplankton growth and irradiance at the surface of the water column is different in each
model, with significant differences during autumn and early winter months (red dots), with
the S2P3 v7.0 model showing larger variability in terms of NPP between 50 - 200 (W m~2)
of surface PAR, while in the S2P3 v8.0 model, the majority of NPP is maintained between

approximately between 0 - 100 mg C m~2 day !

, possibly because phytoplankton growth
is more strongly related to light variability in the S2P3 v8.0 model. The S2P3 v7.0 model’s
winter production might be primarily driven by nutrient availability subject to wind speed
and mixing processes in the water column. Furthermore, large differences between each
model can be observed during days 150 - 200 (green dots), with lower values of NPP (and
less variability) in the S2P3 v8.0 model than in the S2P3 v7.0 model, possibly indicating the
importance of zooplankton grazing in this period, when zooplankton usually starts to grow.
Future work may which to focus on improving the understanding of the direct mechanisms
of photo-acclimation and zooplankton on the results found in Figure 5.4. However, it

is clear that the addition of these processes is relevant as it more accurately models the

response of phytoplankton growth to their physical environment.
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Figure 5.6: Daily surface PAR versus daily NPP for 1965-2015 for the (a) S2P3 v7.0 model,

and (b) S2P3 v8.0 model. Colorbar represents the day of the year, from day 0 to 365.

5.4.3 Seasonal variability of primary production

Seasonal variability is also analysed, by focusing on three periods during the year: spring

NPP, which is considered to start with the spring phytoplankton bloom as defined in

Chapter 3 and ends when surface chlorophyll-a is less than 1.5 mg Chl m™°.

The same

assumption as done in Chapter 3 it is considered here: the onset of the spring phyto-

plankton bloom is linked to the development of thermal stratification. Furthermore, the
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meteorological experiments developed for Chapter 3 and Chapter 5 involve changes in ther-
mal stratification due to the different forcing applied through the experiments, contrary
to Chapter 4, where a direct comparison to surface chlorophyll was used as a proxy to
calculate the timing of the spring bloom. Therefore, in order to explore the hypothesis of
this chapter, the start of the spring bloom is considered to start once a stratified layer is
settled. Additionally, summer periods are considered to start when the spring phytoplank-
ton bloom finishes and end when stratification breaks down (i.e. when surface temperature
minus bottom temperature < 0.5 °C'). Finally, autumn and winter months are defined as
from the end of the summer until the start of the spring phytoplankton bloom in the next

year.

Figure 5.7a shows the spring period in terms of the differences between each control-based
experiment and the control experiment for total spring NPP (mg C m~2 yr—!), total sum-
mer NPP (Figure 5.7b; mg C m~2 yr~!), and total autumn + winter NPP (Figure 5.7c;
mg C m~2 yr—1). These differences were quantified for each experiment and period of the
year through an RMSD analysis (Figure 5.7d), showing that during the spring period (blue
bars), wind speed has the largest effect in terms of NPP (2783 mg C m~2 yr~!), followed
by cloud coverage (1580 mg C m~2 yr~!), air temperature (818 mg C m~2 yr=1), and the
lowest differences were found for relative humidity (758 mg C m~2 yr~!). Additionally,
similar results were found and quantified with an RMSD analysis for the summer period
(blue bars), with wind speed having the largest effect on summer production (1611 mg C
m~2 yr~1), followed by cloud coverage (705 mg C m~2 yr—!), air temperature (335 mg C
m~2 yr~!), and relative humidity (269 mg C m~2 yr=!). Moreover, the autumn and winter
periods (yellow bars) show that wind speed also has the largest effect on the inter-annual
variability of NPP over that period of the year (1833 mg C m~2 yr—'), followed by relative
humidity (1077 mg C m~2 yr~!), air temperature (989 mg C m~2 yr~!), and the lowest
RMSD value was found for cloud coverage (729 mg C m~2 yr—1).
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Figure 5.7: Differences relative to the control experiment of the wind-only experiment
(represented in black), cloud-only experiment (represented in red), temperature-only ex-
periment (represented in blue), and humidity-only experiment (represented in cyan) over
the period 1965 - 2015 for (a) total spring NPP (mg C m~2 yr=1), (b) total summer NPP
(mg Cm~2 yr!), (c) total autumn + winter NPP (mg C m~2 yr—!), and (d) an RMSD for
the total spring NPP (blue colour), total summer NPP (green colour), and total autumn

+ winter NPP (yellow colour).

5.4.4 Parameterisation: a validation for robustness

In Chapter 4 it was demonstrated that certain parameter values can have large effects on
the model dynamics. In this section, different experiments were developed to assess the
robustness of the results found in this chapter. Table 5.3 shows each experiment used to

address this validation.
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Figure 5.8 shows the difference of total annual NPP (mg C m~2 yr~!) between each control-
based experiment and the control experiment when Y = 0.135 mg Chl (mg N)~! (black

max
: N
lines) and 0.},

= 0.165 mg Chl (mg N)~! (red lines) for the wind-only experiment (Figure
5.8a), cloud-only experiment (Figure 5.8a), temperature-only experiment (Figure 5.8c),
and humidity-only experiment (Figure 5.8d). It can be observed that Figure 5.8 shows
a similar structure of the annual NPP in all the experiments compared, with the cloud-

only experiment showing the greatest inter-annual variability over the period 1965 to 2015.
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Figure 5.8: Differences of total annual NPP (mg C m~2 yr~!) from 1965 - 2015 relative
to the control 1 (6N, 1) and control 2 (AN, 1) experiments and the (a) wind-only 1
- 2 experiments (black and red colours, respectively) (b) cloud-only 1 - 2 experiments
(black and red colours, respectively), (c) temperature-only 1 - 2 experiments (black and

red colours, respectively), and (d) humidity-only 1 - 2 experiments (black and red colours,

respectively).

The same procedure as shown in Figure 5.8 is performed in Figure 5.9, but with the
control-based experiments and control experiments that consider the parameter values of
Rm = 3.15 d~! (black lines) and Ry, = 3.85 d~! (red lines). Similar results in terms of
total annual NPP are shown between each experiment, showing fewer differences than the

ones observed in Figure 5.8 when changing 6%, ..
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(black and red colours, respectively) (b) cloud-only 3 - 4 experiments (black and red colours,

respectively), (¢) temperature-only 3 - 4 experiments (black and red colours, respectively),

and (d) humidity-only 3 - 4 experiments (black and red colours, respectively).

The experiments in Figure 5.10 show the last comparison for the control-based experi-

ments and the control experiments in terms of

the total annual NPP (mg C m~2 yr—!)

when varying the zooplankton mortality from m = 0.018 d=! (black lines) to m = 0.022

d~! (red lines). Small differences can be observed in each experiment with different values

of zooplankton mortality, but the structure of annual production is very similar to the ones

in Figures 5.8 and 5.9.
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Figure 5.10: Differences of total annual NPP (mg C m~2 yr~!) from 1965 - 2015 relative
to the control 5 (m }) and control 6 (m 1) experiments and (a) wind-only 5 - 6 experiments
(black and red colours, respectively) (b) cloud-only 5 - 6 experiments (black and red colours,
respectively), (¢) temperature-only 5 - 6 experiments (black and red colours, respectively),

and (d) humidity-only 5 - 6 experiments (black and red colours, respectively).

Figure 5.11 quantifies and summarises the differences between each control-based exper-
iment and control experiment when Y. Ry, and m are changed, including an RMSD
analysis for the total annual NPP (Figure 5.11a), showing that cloud coverage produces the
largest RMSD values in all the experiments, demonstrating that the results found in section
5.4.2 are robust within the range of parameter values chosen and the annual variability
of NPP is mainly driven by cloud coverage, followed by wind speed, air temperature, and

relative humidity. These results are compared to the ones found in section 5.4.3, demon-

strating the robustness of the results found with the S2P3 v8.0 model within the range
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of variability in those parameters which have the strongest effect on model dynamics. On
the other hand, the spring, summer, and autumn + winter periods of the year were also
calculated for these experiments, not showing the inter-annual pattern observed in Figure

5.11a, with small differences between each experiment during each season.

Additional experiments were run by varying 0. by -5% and +5% to investigate the sen-
sitivity of the model to the results found for the annual phytoplankton production and
during each season (spring, summer, and autumn + winter). These results are shown in
the appendix section, with Figure A23 showing that the results are robust within the cho-
sen parameter ranges for the total annual NPP (Figure A23a); similar results are found in

the control-based experiments during the different seasons than in Figure 5.11b,c,d, show-

ing the strong variability driven annually mainly by cloud is not obvious in each season.

Further experiments were also conducted for the Ry, and m parameters, varying from -20%
to +20% (Figure A24), and from -30% to +30% (Figure A25). Results were shown to be
robust within the new ranges of the parameters in terms of the total annual NPP (Figures
A24a, A25a), while, on the other hand, the spring and summer periods were shown to be
sensitive to the variation of these parameters under the ranges chosen. Moreover, autumn

+ winter periods show robust results for the range of the parameters in these experiments.
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Figure 5.11: RMSD calculations from the year 1965 to the year 2015 for the control-based
experiments with 62 = 0.135 (blue bars), 8%, = 0.165 (light blue bars), R,, = 3.15
(turquoise bars), R,, = 3.85 (green bars), m = 0.018 (orange bars), and m = 0.022 (yellow
bars) for the wind-only 1 - 6 experiments, cloud-only 1 - 6 experiments, temperature-only
1 - 6 experiments, and humidity-only 1 - 6 experiments in terms of (a) total annual NPP
(mg C m~2 yr~!), (b) total spring NPP (mg C m~2 yr—1!), (c) total summer NPP (mg C
m~2 yr~1), and (d) total autumn + winter NPP (mg C m~2 yr—1).
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5.4.5 A deeper look into wind and cloud inter-annual variability and

their direct mechanisms of influence on primary production

Given the results found in previous sections, a deeper analysis was performed for wind
speed and cloud coverage to understand the direct mechanisms that affect inter-annual

variability of NPP.

In wind-only experiment results shown in Figure 5.4a, a few years always had lower total
annual NPP than the control experiment, these years included: 1982, 1984, and 1997. An-
other three years were chosen to be compared, including the years 1983, 1994, and 2013,
which are some of the years that show the largest values of total annual NPP. These six
years were chosen to be compared due to their opposite behaviour found in the wind-only
experiment in contrast to the control experiment’s total annual NPP: the years 1982, 1984,
and 1997 are the only years that show a negative value for the total annual NPP difference
with the control experiment (Figure 5.4a), meaning that during those years, wind speed
produced less annual NPP than in the control experiment; the years 1983, 1994, and 2013
exhibit large positive differences of total annual NPP between the wind-only and control
experiments, meaning that wind speed produced more annual NPP than in the control
experiment. The results found in Figure 5.4 shows that the contrasting values of total
annual NPP during the chosen years could give deeper insights about how wind speed is
affecting phytoplankton annual cycle. Figure 5.12 presents these years in terms of daily
NPP, showing that the years with a negative difference in the total annual NPP (black
lines) have earlier spring phytoplankton blooms than the years showing the largest positive
difference of total annual NPP (blue lines). This suggests that wind speed is directly affect-
ing the timing of the spring phytoplankton bloom, with a positive significant correlation
found between the timing of spring bloom and the total annual NPP for the wind-only
experiment during 1965-2015 (1> = 0.23, p < 0.05; Figure 5.13), demonstrating that the
later the spring bloom, the more annual production will be in a given year. However, this
significant correlation is weak and explain only 23% of the variability of total annual NPP
due to changes in the timing of the spring bloom, suggesting that other processes might be
relevant such as the magnitude of the spring bloom and summer growth (see Figure 5.12).
Table 5.4 shows the chosen years, JD for the timing of the spring phytoplankton bloom,
and the total annual NPP.
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Years ;Ey tt:;rll::i t;)i ][S)E) rcl)rrilg Total annual NPP
(gCm?yr !
1982 102 36.7
1983 104 39.8
1984 99 36.6
1994 118 39.3
1997 | 99 37.2
2013 114 39.6

Table 5.4: List of the chosen years to analyse wind speed effects on inter-annual variablity
of NPP, including the JD for the timing of the spring phytoplankton bloom, and total
annual NPP.
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Figure 5.12: Comparison of daily time-series of NPP (mg C m~2 day~!) for the wind-only
experiment for (a) year 1982 (black line) and year 1983 (blue line), (b) year 1984 (black
line) and year 1994 (blue line), and (c) year 1997 (black line) and year 2013 (blue line).
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Figure 5.13: Scatter plot calculated from 1965 to 2015. Red line represents the significant
regression line of the relationships between the timing of the spring bloom (days) and the

total annual NPP (g C m~2 yr—!) for the wind-only experiment.

To understand the direct mechanism that wind speed has on the timing of the spring
phytoplankton bloom between different years, a closer overview to wind speed time-series
are considered in Figure 5.14, beginning ten days before the earliest spring phytoplankton
bloom starts, i.e. year 1982 for Figure 5.14a, year 1984 for Figure 5.14b, and year 1997
for Figure 5.14c (black lines). The time-series finishes one day after the start of the spring
phytoplankton bloom for the years 1983, 1994, and 2013 (blue lines). Additionally, the
vertical black lines show the day that the spring phytoplankton bloom starts for each year;
the horizontal blue- and red-dashed lines represent +1 x STD and £2 x STD from the
mean of the wind speed time-series, respectively, calculated from 1965 - 2015 so they are
the same in each plot. Storms are defined based on values of wind speed being higher than
+2 x STD (i.e. 15.3 m s71), corresponding to a total of 721 events (storms) during the
1965-2015 period according to this definition (Figure 5.16). It is possible to observe that in
the years when the spring phytoplankton bloom is earlier, wind speed tends to be higher in

the ten days prior to the spring bloom start. The STD for these ten days in each year were
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calculated and showed that for Figure 5.14a, the year 1982 shows less variability of wind
speed with an STD=2.933, while the year 1983 has an STD=3.089. On the other hand,
the years 1984 and 1994 show an STD= 3.836 and STD=2.856, showing larger variability
of wind speed before the spring bloom in the year 1984, but during the year 1994 there are
storms observed during the ten days prior to the spring bloom of the year 1984, suggesting
that, on average, higher values of wind speed, even though they have less variability, are
enough to delay the spring bloom. Finally, the years 1997 and 2013 show an STD=3.583
and STD=4.463, respectively.
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Figure 5.14: Comparison of daily time-series of wind speed (m s~!) for (a) year 1982 (black
line) and year 1983 (blue line), (b) year 1984 (black line) and year 1994 (blue line), and
(c) year 1997 (black line) and year 2013 (blue line). Vertical lines represent the start of
the spring phytoplankton bloom for each corresponding year, horizontal blue-dashed lines

represent +1 x STD, and horizontal red-dashed lines represent +2 x STD.

Figure 5.12 shows that when the spring phytoplankton blooms are later, they reach higher
peaks. However, there are no significant correlations found between the timing of the
spring bloom and the spring daily NPP for the wind-only experiment (r>=-0.03, p > 0.05).
To understand why earlier spring phytoplankton blooms lead to less annual production,
depth profiles of temperature and DIN were analysed. Figure 5.15 shows the same years
chosen to study wind speed in this section, showing ten days averaged vertical profiles of

temperature and DIN prior to the start of the spring phytoplankton bloom for each re-



Chapter 5 Results 216

spective year. Figure 5.15a,b shows that the vertical profiles of temperature and DIN are
very similar between the years 1982 and 1983 because they only have two days difference
in terms of the timing of the spring phytoplankton bloom (Table 5.4). On the other hand,
differences are visible when the differences in the start of the spring phytoplankton bloom
are larger in between years. Figure 5.15¢ shows that during the year 1994 a deeper SML
can develop, allowing phytoplankton to deplete more nutrients due to the larger standing
stocks of DIN in the SML where phytoplankton can grow (Figure 5.15d). The same process
can be observed for the years 1997 and 2013 (Figure 5.15¢.f).
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Figure 5.15: Ten days averaged vertical profiles prior to the start of the spring phytoplank-
ton bloom for temperature including: (a) year 1982 (black line) and year 1983 (red line),
(c) year 1984 (black line) and year 1994 (red line), and (e) year 1997 (black line) and year
2013 (red line); and for DIN including: (b) year 1982 (black line) and year 1983 (red line),
(d) year 1984 (black line) and year 1994 (red line), and (f) year 1997 (black line) and year
2013 (red line).
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Figure 5.16: Daily wind speed time-series from 1965-2015 (black line) as a forcing of the
model. Red dots represent the day when storms events occur (wind speed is higher than

15.3 m s1).

The impact of cloud coverage was also analysed in this section. The years 1971, 1996, and
2012 were chosen based on the inter-annual variability of total annual NPP, showing that
those years show the largest positive difference between the cloud-only experiment and the
control experiment. On the other hand, the years 1980, 2001, and 2013 show the great-
est negative differences between the cloud-only experiment and the control experiment in

terms of the total annual NPP.

Figure 5.17 presents the years chosen to analyse the direct mechanism that cloudiness has
to affect annual phytoplankton production, showing that the affect of cloud cover over NPP
in comparison to wind speed produces more noticeable changes in a daily basis, showing
different spikes in the years 1980, 2001, and 2013, proving that the inclusion of photo-
acclimation makes phytoplankton production more sensitive to changes in irradiance and
cloud cover have a direct effect on how much irradiance phytoplankton will obtain, while
wind speed changes NPP through mixing processes in the water column. Figure 5.17 also
shows small differences are observed in terms of the timing of the spring phytoplankton
bloom and no significant correlations were found between the start of the spring bloom
and the total annual NPP for the cloud-only experiment (r? = 0.02, p > 0.05). The largest
differences that cloud cover produces in the annual phytoplankton production seem to re-

lated to daily variations in the NPP during the spring bloom and summer growth periods.
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Figure 5.17: Comparison of daily time-series of NPP (mg C m~2 day ') for the cloud-only
experiment for (a) year 1971 (black line) and year 1980 (blue line), (b) year 1996 (black
line) and year 2001 (blue line), and (c) year 2012 (black line) and year 2013 (blue line).

Similar to the wind speed analysis, cloud coverage was also closely analysed during the
ten-day prior to the spring bloom of the years 1971, 2001, 2013 (represented with vertical
black lines in Figure 5.18). In this case, the spring bloom period was also shown until day

150.
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Figure 5.18: Comparison of daily time-series of cloud coverage (%) for (a) year 1971 (black
line) and year 1980 (blue line), (b) year 1996 (black line) and year 2001 (blue line), and
(c) year 2012 (black line) and year 2013 (blue line). Vertical lines represent the start of
the spring phytoplankton bloom for each corresponding year, horizontal blue-dashed lines

represent +1 x STD, and horizontal red-dashed lines represent +2 x STD.

Figure 5.19 shows a close-up of Figure 5.18 for the spring phytoplankton bloom period.
A comparison between the daily cloud coverage and daily NPP is observed for (a) year
1980, (b) year 2001, and (c) year 2013. During those three years, it is possible to observe
an inverse relationship between the daily variations of cloudiness and daily phytoplankton
production, i.e. when cloud cover increases in a given day, then NPP diminishes during that
day. However, correlations do not show to be significant between cloud coverage and NPP

during those years in spring (figure not shown): 1980 (r?=0.006, p> 0.05), 2001 (r>=0.003,
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p> 0.05), 2013 (r2=0.002, p> 0.05). This inverse relationship can only be observed when

the daily variability of cloudiness is big enough (> 40%) from one day to another.
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Figure 5.19: Daily time-series for NPP (mg C m~2 day~
(%; black lines) from the start of the spring phytoplankton bloom to the day 150 of (a)

the year 1980, (b) year 2001, (c) year 2013.

Further analysis was performed to analyse the effects of cloud coverage on daily variability
of NPP during summer months (from day 150 to day 250) for the years 1980, 2001, and
2013. Figure 5.20 shows similar results to the ones observed during the spring phytoplank-
ton bloom, with an inverse relationship between the daily variations of cloudiness and
daily phytoplankton production. Furthermore, during the summer period, correlations are

negative and significant for each year studied (Figure 5.21), explaining up to 44% (year
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1980) of the summer variability due to changes in cloud cover, contrary to the correlations

found during spring months.
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Figure 5.20: Daily time-series for NPP (mg C m~2 day~!

; red lines) and cloud coverage
(%; black lines) during summer from the day 150 to the day 250 of (a) the year 1980, (b)

year 2001, (c) year 2013.
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Figure 5.21: Scatter plots calculated between cloud coverage (%) and total NPP (mg C
m~?2 day~!) during summer from the day 150 to the day 250 of (a) the year 1980, (b) year

2001, (c) year 2013. Red line represents the significant regression line of the relationships

between the daily summer NPP and cloud coverage.
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5.5 Discussion

The results present the ecosystem behaviour of the S2P3 v8.0 model (Figures 5.1, 5.2),
demonstrating that the newly developed model can reproduce the expected planktonic
behaviour of a temperate shelf sea as shown in Chapter 4 (section 4.4.1.3), through quali-

tative and quantitative comparison of the model to the observations of the CCS location.

This section analyses the meteorological controls on PP; the robustness of the results found
through an analysis of parameters values; and finally, concluding remarks for this chapter

are stated.

5.5.1 Direct and indirect controls of wind speed and cloud coverage on

phytoplankton production variability

It is interesting to compare the results obtained with the S2P3 v7.0 model in Chapter 3
(Marsh et al., 2015; Sharples et al., 2006) and the results obtained in this chapter with
the S2P3 v8.0 model because of the differences found between each model analysis. For
example, Figure 5.3 shows that cloud coverage, air temperature, and relative humidity are
significant and negatively correlated to the total annual NPP, while, on the other hand,
wind speed does not show significant correlations with the phytoplankton annual produc-
tion. In contrast, Figure A2 shows that with the S2P3 v7.0 model there were no significant
correlations found between the total annual NPP and any of the meteorological variables.
This implies a significant difference in the model dynamics due to the incorporation of
zooplankton as a state variable and the influence it has on the phytoplankton dynamics
(Irigoien et al., 2005; Cushing, 1990) and also due to the addition of photo-acclimation.
While in the simplest model used in Chapter 3, meteorology was not correlated to phy-
toplankton annual NPP, Figure 5.3 demonstrates that the influence that clouds, air tem-
perature, and relative humidity have on phytoplankton growth become more important,
possibly related to the photo-acclimation process that directly relate to how the algal cells
are adapting to changes in irradiance (Moore et al., 2006; MacIntyre et al., 2002; Falkowski
& LaRoche, 1991), suggesting that cloud coverage, air temperature, and relative humidity,
have a direct influence on the available light for phytoplankton to photosynthesise and an

indirect impact through turbulent fluxes, changing the water column stability.
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Additional to the comparison between total annual NPP and each meteorological variable,
Figure 5.4 shows different results to the ones found in Chapter 3. The S2P3 v8.0 model has
demonstrated that cloud coverage may have the largest impact on the inter-annual vari-
ability of phytoplankton production. The importance of wind speed for the phytoplankton
annual production found in Chapter 3 is diminished in the newly developed model for
inter-annual variability of the annual NPP. However, wind speed still has the largest influ-
ence in another important feature: the timing of the spring phytoplankton bloom (Figure
5.5). The effects of wind speed on the inter-annual variability of the timing of the spring
phytoplankton bloom is related to the vertical mixing of the water column induced by
wind (Follows & Dutkiewicz, 2001), directly affecting the development of thermal stratifi-
cation (Townsend et al., 1994) by adding vertical turbulence and destabilising the water
column, and, therefore, affecting the start of the spring phytoplankton bloom (Simpson
& Sharples, 2012; Riley, 1942). It is interesting to note that the response of total annual
NPP variability is not significantly correlated with annual wind speed (Figure 5.3), sug-
gesting that the effects of wind speed on inter-annual variability of phytoplankton growth
are driven by non-linear responses of phytoplankton, as wind speed will directly affect the
water column mixing, which will produce different responses such as changes in the DIN
availability, mixing of phytoplankton and zooplankton, and it will also have an impact in
tidal mixing. Altogether, it will result in a change of phytoplankton growth, which is not
possible to observe in Figure 5.3a as this process will be indirectly affected by wind speed

at shorter timescales than annual variability.

The influence of wind speed on the timing of the spring phytoplankton bloom is shown
in Figure 5.12, also demonstrating that earlier blooms are significantly correlated to lower
annual phytoplankton production (r?=0.23, p < 0.05). However, despite this correlation
being significant, it only explains 23% of the inter-annual variability of NPP due to the
timing of the spring bloom, suggesting that there are other processes during the year can
be influencing the annual NPP and that possibly explains the 77% of remaining variabil-
ity that does not correspond to the timing of the spring bloom, but it could also be due
to the magnitude/length of the spring bloom or summer growth. Moreover, for the case
of the default, wind-only, and cloud-only experiments, there are significant correlations

found between the total spring NPP and the total annual NPP, showing r?2=0.15 (p <
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0.05), 12=0.2 (p < 0.05), and 12=0.75 (p < 0.05), respectively. It is interesting to note
that the timing and magnitude of the spring bloom accounts for 40% of the inter-annual
variability of NPP in the wind-only experiment, while on the cloud-only experiment, 75%
of this variability is accounted only by the magnitude of the spring bloom, demonstrating
that because of photo-acclimation, NPP variability is more sensitive to changes in irradi-
ance directly driven by cloud cover changes. During years where the spring phytoplankton
bloom occurs later, a deeper thermocline can be set in comparison to years with earlier
spring phytoplankton blooms due to higher levels of irradiance reached by that point and
due to longer day length. These later blooms allow a deeper SML and more strongly es-
tablished thermocline (Figure 5.15), enhancing the availability of inorganic nutrients for
phytoplankton to deplete (Rumyantseva et al., 2015; Rippeth et al., 2009) and, therefore,

allowing them to grow more (Rippeth, 2005) than in the years with earlier blooms observed.

Prior to the onset of the spring bloom, phytoplankton are especially sensitive to weather
perturbations (Lacroix & Nival, 1998). In this study, it is shown that later spring phyto-
plankton blooms are driven by large variability and extreme events (e.g. storms; Figure
5.16) during the days prior to the initiation of the spring phytoplankton bloom (Figure
5.14). Towards spring, the increase in irradiance will create a warm surface layer (Sharples
et al., 2006) that will not be able to be dissipated by tidal stirring (Kobayashi et al., 2006)
but the stratification can be delayed by wind speed daily variability and when storms are
present during the early spring days (Williams et al., 2013). These results also demonstrate
that the inconclusive findings about the initiation of the spring phytoplankton bloom due
to wind stress presented in Chapter 3, section 3.5.3 (Figure 3.12) are now resolved with the
use of the S2P3 v&8.0 model because daily variability of wind speed is taken into account
in these experiments, contrary to the knockout-wind experiment developed in Chapter 3
where wind speed was smoothed to only represent seasonal variability of wind, losing daily
variability. Another important reason for the difference in the results obtained is that the
inclusion of zooplankton in the model is making S2P3 v8.0 to have a different response to
wind speed, because mixing and grazing regulate the timing and magnitude of the spring
bloom (Fasham et al., 1990; Frost, 1987; Evans & Parslow, 1985; Ryther & Hulburt,
1960), therefore, the mixing driven by wind speed will not only affect the stratification
of the water column, but the concentrations of inorganic nutrients available for phyto-

plankton growth which will be directly linked to the grazing pressure due to zooplankton,
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furthermore, phytoplankton and zooplankton will also be mixed in the water column; while
in the S2P3 v7.0 the grazing effect was not affected by wind speed, but only had a direct
dependency on phytoplankton biomass. This results in later spring phytoplankton blooms
when wind speed variability is larger, contrary to the results obtained for the knockout-
wind experiment in Chapter 3, because the daily variability of wind speed included in the
wind-only experiment will change the turbulence mixing of the water column, contrary to
the knockout-wind experiment which does not include this variability. Therefore, more
mixing in the water column driven by wind will affect the onset of thermal stratification
which will produce later spring blooms. Another important feature from the S2P3 v8.0
model that should be taken into account when analysing the timing of the spring phy-
toplankton bloom is the improvement from a fixed grazing rate into a seasonally varying

dynamic zooplankton component (see Chapter 4).

The question about the direct influences of meteorological variables on the inter-annual
variability of annual phytoplankton production remains, leading to a seasonal analysis.
Figure 5.7 shows the different periods during the year including spring, summer, and au-
tumn + winter. It is important to notice that wind speed has the largest influence on
the inter-annual variability of spring, summer, and autumn + winter phytoplankton pro-
duction. These findings are supported by the effect that wind speed is demonstrated to
have on the timing and magnitude of the spring phytoplankton bloom, the timing being a
crucial feature that will also modify the annual phytoplankton production. Additionally,
during summer months, wind speed variability might induce nutrient inputs from deeper
layers into the bottom of the thermocline, especially during spring tides periods (Sharples
et al., 2001). Due to the addition of photo-acclimation, phytoplankton can be more sensi-
tive to changes in light and nutrient availability and this might lead to larger inter-annual
variability of the SCM (Cullen et al., 2015), driven by wind pulses during summer periods
(Williams et al., 2013). On the other hand, relative humidity was shown to have the largest
influence on the autumn + winter months (Figure 5.7d), presumably because of the influ-
ence that this meteorological variable has on the latent heat flux and the long-wave heat
flux, changing the water column temperature and, therefore, surface buoyancy and water
column stability, producing shallow and short-term stratification affecting phytoplankton

production.
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Cloud coverage is another important meteorological component that drives inter-annual
variability of phytoplankton production. Figure 5.17 shows that clouds can also affect the
timing of the spring phytoplankton bloom due to the increasing radiation during spring
that is directly modulated by cloud cover (Townsend et al., 1994). Despite the influence
that clouds have on light, their effects on the start of the spring phytoplankton bloom
within the model are not as important as the ones driven by vertical mixing of the water
column due to wind speed (Figure 5.5). The largest difference driven by clouds is during
spring (Figure 5.18), when cloud cover is to be inversely correlated to phytoplankton NPP,
i.e. large daily variations in cloud coverage produce a large daily variation in phytoplank-
ton production. The reduction of light due to a high percentage of clouds on a given day
will inhibit phytoplankton growth during that day, showing that photo-acclimation will
make phytoplankton more sensitive to large daily variations of light. Moreover, Figure
5.7d showed that cloud coverage has the largest effect on summer production after wind
speed. The same mechanism that affects inter-annual variability of NPP during spring

months can be observed during summer months due to cloud variability.

Cloud coverage inter-annual and daily variability have a strong effect on the spring phy-
toplankton bloom and summer production. Despite wind speed being shown to be the
meteorological component that affects NPP the most during spring and summer periods,
on average, clouds are responsible for a larger variability of annual phytoplankton PP (Fig-

ure 5.4).

5.5.2 Parameterisation: robustness of the meteorological effects on phy-

toplankton production variability

The control and control-based experiments developed with different parameter values show
that the results found in this chapter are robust within reasonable ranges of parame-
ter variability: the inter-annual variability of annual phytoplankton production is always
most influenced by clouds (Figure 5.11a). However, these large differences can not be
observed for the each season of the year (Figure 5.11b,c,d), suggesting that the processes
that are driven by clouds that produce inter-annual variability of total NPP have a dif-
ferent timescale, rather than seasonally. Therefore, daily variability of cloud cover could

be producing responses of phytoplankton growth at similar timescales as shown in Figures
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5.18, 5.19.

5.5.3 Concluding remarks

This study presents a quantitative analysis of the effects of meteorology on the inter-annual
variability of phytoplankton production in a version of the S2P3 model with more biologi-
cal fidelity, showing different results to the ones found in Chapter 3 where the control and
control-based experiments were analysed. This demonstrates the extent of the effects that
inclusion of zooplankton and photo-acclimation have when modelling shelf sea ecosystems.
Using a more realistic and complex model has given more confidence to the results found
based on quantitative and qualitative comparisons with observations for the CCS location
and Celtic Sea (see Chapter 4), revealing cloud cover as one of the most important meteo-
rological components for long-term phytoplankton variability. However, the influence that
wind speed has on the inter-annual variability of PP during spring and summer cannot
be neglected due to its importance, driving vertical mixing of the water column, nutrient

inputs for deeper layers, and inhibition of thermal stratification.

Chapters 4 and 5 have demonstrated that the S2P3 v8.0 model is able to reasonably rep-
resent the integrated behaviour of phytoplankton and how they react to environmental
conditions as planktonic communities. In future works, this model can be set for different
locations of the NW European shelf sea, although care should be taken when doing the
parameterisation and calibrating for a new region, because it has been demonstrated that
even though the results in this chapter showed to be robust within reasonable parameter
ranges, a poorly constrained model can affect the outcome of the results as shown in Chap-

ter 4.
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Synthesis

6.1 Synthesis and discussion from this work

Temperate shelf seas are important for many human activities (Holt et al., 2017) and the
correct development and management of these ecosystems will depend on the understand-
ing of the resident organisms and their ecosystem functions (Sharples et al., 2013), as well

as the environmental drivers that affect plankton communities.

Phytoplankton are at the base of the trophic chain in the ocean (Vargas et al., 2006),
therefore, inter-annual variability in their growth affects many other organisms at higher
trophic levels. Some of those organisms are directly influenced by phytoplankton, such as
zooplankton (Irigoien et al., 2005). Zooplankton play a central role in the biogeochemical
cycles of the ocean and in the energy transfer to fish and carbon transfer to the benthos
(Giering et al., 2018; Marquis et al., 2011). In consequence, variations in the seasonal cycle

of phytoplankton will have a large impact on the entire shelf sea ecosystem.

Both complex and simple ecosystem models have been used to study shelf seas and the
ecosystem dynamics (Marsh et al., 2015; Edwards et al., 2012; Holt et al., 2012; Yool et
al., 2011; Sharples & Holligan, 2006; Sharples et al., 2006; Fasham et al., 1990), but a clear
consensus about the direct and indirect roles of meteorology on long-term phytoplankton
productivity has not been reached. This work aimed to improve our knowledge regarding
the meteorological impacts on inter-annual variability of phytoplankton PP using a 1-D

physical and biological coupled model.

In Chapter 3, the S2P3 v7.0 model was used to estimate the effects of four meteorological
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variables on the inter-annual variability of phytoplankton NPP over the past five decades.
It was found that wind speed provides a larger impact on the inter-annual variability of PP
at the CCS location in the NW European shelf sea. Inconclusive results about the direct
impact that wind has on the seasonal cycle of phytoplankton and a mismatch between the
model and buoy observations during the years 2014 - 2015 from the SSB programme, led

to further model development.

Chapter 4 presented three new models developed from S2P3 v7.0, adding an NPZ frame-
work (S2P3-NPZ), photo-acclimation of phytoplankton (S2P3-Photoacclim), and a model
that included both processes in one (S2P3 v8.0). These models aimed to better represent
ecosystem dynamics based on a comparison to zooplankton biomass and physiological rate
observations. Table 6.1 shows the quantified differences between the four models used in
this work. It is clear that, on average, the least productive model corresponds to the S2P3
v8.0 model, followed by the S2P3-NPZ, S2P3 v7.0, and S2P3-Photoacclim. This shows the
impact and complexity that the predator-prey relationship has in the model dynamics, with
the addition of zooplankton grazing as one of the main losses of phytoplankton (Franks et
al., 1986). On the other hand, the S2P3 v7.0 model shows, on average, more total annual
NPP than the S2P3-NPZ model, suggesting that the influence of a constant grazing rate is
not as strong in comparison to the one provided by the zooplankton grazing (NPZ frame-
work), because the predator-prey relationship can not be entirely represented in the S2P3
v7.0 model, with the S2P3-NPZ showing a correlation between the phytoplankton and zoo-
plankton biomass: when phytoplankton biomass is low, zooplankton biomass is also low;
but when phytoplankton reaches a maximum, zooplankton biomass starts increasing; on
the other hand, when zooplankton biomass reaches a maximum, phytoplankton biomass
reaches a minimum value. This process is not possible to be observed in the S2P3 v7.0
model, where the sinusoidal behaviour set for the grazing starts as soon as phytoplankton
biomass starts increasing. Additionally, S2P3-Photoacclim showed, on average, to have the
highest total annual NPP, demonstrating that the phenotypic responses of phytoplankton
to changes in the environment and the addition of variable stoichiometric ratios of C:N:Chl,

allows for more efficient phytoplankton, which all use the available resources to grow.

The same methodology was used to calculate the total spring NPP and the total sum-
mer NPP for each model (Table 6.1), in both Chapters 3 and 5. It is shown that for
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the S2P3 v7.0 model, on average, 69.2% of the annual phytoplankton production occurs
during the spring phytoplankton bloom. On the other hand, for the S2P3-NPZ model,
on average, only 37.8% of the annual production occurs during spring months, showing
that the predator-prey relationship has a strong influence on the magnitude of the spring
phytoplankton bloom every year. Additionally, the S2P3-Photoacclim model shows a very
strong spring phytoplankton bloom, corresponding to ~90% of the total annual NPP. Fi-
nally, for the S2P3 v8.0 model, only 67.4% of the annual production corresponds to the
spring bloom period. It is important to note that different definitions for the start of the
spring phytoplankton bloom were calculated, with the results shown here given by the defi-
nition of settled stratification (i.e. surface temperature minus bottom temperature >0.5°C
for at least ten consecutive days; Simpson & Sharples, 2012). This definition shows a
strong, positive, and significant correlation between the timing of the spring bloom defined
directly by a threshold of surface chlorophyll (Henson et al., 2009; Siegel et al., 2002) over
1.5 mg Chl m—3 (1= 0.63, p<0.05) and 2 mg Chl m—3 (r>= 0.52, p<0.05). Furthermore,
the results for each model (Table 6.1) do not show to be strongly sensitive to the different
definitions of the timing of the spring bloom calculated in this work, with a range of ~2%
difference in terms of the total spring NPP : total annual NPP. Consequently, despite the
many different quantitative definitions of the timing of the spring bloom in the literature,
including specific thresholds or rates of increase in phytoplankton concentration or chloro-
phyll biomass (see also White et al., 2009; Greve et al., 2005), the two definitions tested

in this work, have demonstrated that differences in the results are negligible.

The large differences shown and quantified between each model might (see Chapter 4,
section 4.4.1.3), show that adding photo-acclimation and zooplankton in the S2P3 v7.0
model, have quantitative differences in terms of the timing of the spring bloom, and the
total spring NPP (Table 4.7). The differences between the S2P3-NPZ, S2P3-Photoacclim,
and S2P3 v8.0 model can account for the importance of the processes added as it can
change the dynamics of the model. Moreover, Chapter 4 demonstrated, through a sensi-
tivity analysis, that a correct parameterisation of the models is relevant for the results,
and that the inclusion of observations of zooplankton biomass and physiological rates of
phytoplankton allowed to constrain each model not only based in phytoplankton biomass
(surface chlorophyll) and DIN profiles (CTD observations). Furthermore, the S2P3 v8.0

resulted in different answers to the questions posed with regard to meteorological forcing
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as shown in Chapter 5, showing that clouds have the largest impact on the inter-annual
variability of the NPP, contrary to the findings from Chapter 3, which showed that wind
speed is the main driver controlling inter-annual variability of NPP. The results differ be-
tween the S2P3 v7.0 and the S2P3 v8.0 model, but in Chapter 5 it was also shown that
wind speed affects the most during spring and summer seasons. This implies that the
overall effects of zooplankton grazing and photo-acclimation provide more realistic insights
about the ecosystem dynamics of the CCS location and their impact is enough to produce

differences in the results found with the S2P3 v7.0 model.
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Model Characteristic Mean | Maximum | Minimum | STD
S2P3 v7.0 EOSZI—SQPS:ETPP N o h
?;)tglgurgzl:rlljpp 17.2 | 22.9 56.9 5.1
(T;tglrjn;‘;lfjpp 57.1 61.1 53.1 1.8
S2P3-NPZ gole—zp;if—gllfpp Ol "~ 9'8
(Tgotglslu_f;”;fffjlap 282 | 39.7 6.8 7.7
(Tgotglnj?flgﬁl_f;IPP 55.7 | 60.0 52.7 1.5
S2P3-Photoacclim goizlszp;:gll)\IPP ! 90 o 2 e
(T;tglszu??:rfjpf) 3.8 11.4 0.6 4.2
(T;}Otcalnjg“;l_f;w 3904 | 424 37.0 1.7
S2P3 v8.0 onzl—ngjif—gll)\mp e e H
(Tg(’tglsf_??ffllfpp 103 | 129 6.8 1.1
Total annual NPP 378 47.8 33.4 2.9

(9 Cm=2yr™h)

Table 6.1: Comparison between the S2P3 v7.0, S2P3-NPZ, S2P3-Photoacclim, and S2P3
v8.0 models in terms of the total spring NPP, total summer NPP, and total annual NPP
calculated from 1965 to 2015, including the mean, maximum, minimum, and STD values.
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6.2 Wider implications and model considerations

6.2.1 Modelling different regions of the ocean

Further applications of the newly developed S2P3 v8.0 model can be assessed in different
locations of the NW European shelf sea. Sharples et al. (2006) used the S2P3 v7.0 model
in other regions of the NW European Shelf Sea to understand the effects of the spring-neap
tidal cycle on the spring phytoplankton bloom. On the other hand, Marsh et al. (2015)
used the same S2P3 v7.0 model in the NW European shelf, the western English Channel,
and the East China and Yellow Seas regions. Therefore, the S2P3 v8.0 model could be

applied to other regions apart from the CCS location as in this work.

To apply the S2P3 v8.0 model to different coastal regions of the global ocean, it would be
important to consider that in certain regions that have strong influence of riverine inputs
or in high-latitude shelf seas where the sea-ice interaction is the predominant factor con-
trolling the ecosystem dynamics of the area, there will be differences between the model
representation of those regions and observations. The model is able to identify regions
where other horizontal processes might have a large influence on the shelf sea dynamics
(Marsh et al., 2015). For example, regions of the shelf sea that are strongly influenced by
riverine inputs, can be expected to have lower salinity in the surface waters or there could
also be changes in salinity (and density profiles) due to water coming from the open ocean
specially near the shelf edge; and therefore, this would lead to changes in stratification,
phytoplankton productivity, and alterations in light attenuation by non-algal particles and

dissolved organic matter (Smyth et al., 2010; Groom et al., 2009).

6.2.2 Model development: can higher vertical resolution provide better

insights about shelf sea dynamics?

The highest vertical resolution used in this work was 1m. The user can set the number of
vertical levels in the model to change the vertical resolution, which consequently will also
change the timestep (see CFL condition, Chapter 2, section 2.1.2). For example, in this
work the number of vertical levels was of 140 to achieve 1m vertical resolution as the total
depth considered 140m. However, attempts to run experiments at even higher vertical

resolutions (e.g. 0.5m, considering 280 vertical levels), produced instabilities in the model
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because the CFL condition could not be met for this case. It was shown that different
vertical resolutions in the S2P3 v7.0 model produced differences in the biological processes
of the model, varying the total annual NPP (see Chapter 2, Figure 2.12), contrary to what
Sharples (1999) stated in the first version of this model. Therefore, vertical resolution
considerations are important to realistically represent different shelf sea processes. For the

S2P3 v8.0 model, the highest vertical resolution achieved was 1m as in the S2P3 v7.0 model.

Increasing model vertical resolution also increases the model running cost. Many modellers
have to compromise between the computational cost and model realism (¢ie Kvile et al.,
2018), especially when modelling long-term experiments. However, for marine ecologists,
predicting realistic vertical turbulent mixing and horizontal distribution of the thermocline
can have a large impact on the biological processes that are influenced by these physical
components (Hickman et al., 2009). Inaccurate predictions of such processes can occur
due to the limited knowledge of mixing processes, vertical density gradients, or poorly
constrained model parameterisations. Moreover, turbulent processes play a crucial role in
ecosystem modelling as the physical part of the model is dependant on turbulent mixing
(e.g. processes such as shelf sea water circulation, surface temperature, air-sea heat fluxes,
etc), and how this is resolved in the model is based on the specification of boundary condi-
tions and, to a large extent, based on which type of turbulence model is used. Therefore,
it is suggested that turbulence closure schemes need to be carefully chosen and additional
manipulation of the turbulent diffusivity within vertical density gradients should be con-
sidered to account for the effects of non-resolved processes (Canuto et al., 2001) and to
represent the mechanisms by which stratification suppresses turbulence and mixing. Im-
provements in this field could allow simple models to run at higher vertical resolutions,
which could be accounted for in future improvements of the S2P3 v8.0 model and further
model development to perform experiments in different shelf seas of the ocean at a higher
vertical resolution to have a better representation of the shelf sea ecosystem dynamics at

a relatively low computational cost relative to 2-D and 3-D models.

6.2.3 Model physics constraining biology

Another feature of the S2P3 v8.0 model to focus on is the physical part of the model

because the biological structure is largely dependent on the physical structure, which, ul-
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timately, can limit the validation and calibration of the model in terms of the biological
components. Throughout Chapter 4, the model temperature structure appears to be in
poor agreement with the CTD observations from the UK SSB data for summer months
(24/07/2015; see Figure 4.7d). The model appears continuously stratified to approximately
70 m, whereas CTD data indicate a mixed layer with a strong thermocline around 50 m.
The thermocline is the transition region between the nutrient-poor, well-lit surface layer
and the darker, nutrient-rich deeper water (Young et al., 2004), which plays an important
role in determining the biological properties of the water column. Therefore, this results in
differences between each model developed in Chapter 4 and the CTD observations in terms
of chlorophyll, showing differences in the depth at which the SCM is developed, being in
each model always shallower than the observations, reaching a maximum of chlorophyll
around 20m depth, while CTD data shows that the SCM is reached at ~45m depth (Fig-
ure 4.7¢). Based on the results obtained by Rippeth et al. (2005), it is suggested that the
mixing driven by the spring-neap tidal cycle and wind derived energy could be influencing
the differences between the thermocline and SCM of the models and the CTD, through tur-
bulence generated by thermocline processes that the models can not completely represent
maybe due to a coarse vertical resolution. Furthermore, these differences in the chlorophyll
profile will also affect the vertical structure of DIN (Figure 4.7f), showing a marked nitr-
acline in the CTD observations ranging from 30-50m, while in each model developed, the
DIN profile shows a larger range in depth of a weak nitracline (varying from approximately
20m to 70m depth) which is related to the temperature vertical profiles that the models
are simulating. Therefore, it can be concluded that the models were able to predict the
gross features of the observed temperature field in comparison to the CTD data, but they
were unable to adequately resolve the strong vertical temperature gradients. Similar to
the results found by Young et al. (2004) in the Celtic Sea using a 3-D model, where it
is suggested that these differences can be subject to an insufficient vertical resolution, a

factor which is limited by available computer power.

6.2.4 Validate and support modelling results with in situ observations

and remote sensing

Chapter 4 demonstrated that observations of zooplankton biomass (Giering et al., 2018)

and physiological rates of phytoplankton (Hickman et al., 2012; Hickman et al., 2009) were



Chapter 6 Synthesis 238

relevant for the model development, including a better calibration and assuring higher con-
fidence in the results found in Chapter 5. This validation, using both zooplankton biomass
and physiological rates of phytoplankton observations are rarely found in the literature,
providing novel work to the marine biogeochemistry modelling field of shelf seas. More-
over, the zooplankton biomass observations were available for the CCS location, while the
physiological observations were taken at different locations of the shelf sea, which allowed
comparisons with the models for the seasonally-stratified locations near the CCS, neglect-
ing observations that belong to the Irish Sea (vertically mixed region) and near to the
shelf edge (CS2 and N1 locations) as they do not represent a good proxy to compare the
models for two reason: the CCS location is characterised for being a seasonally stratified
region; and the S2P3 models do not consider advection, which becomes a relevant process
in the shelf edge. Therefore, it is important to fund and support further research cruises in
shelf seas to calculate and acquire more observations, which will help the model to improve
the calibration process and provide better model parameterisations. However, quantify-
ing the relative contributions of different driving forces and photosynthetic rates are not
straightforward. Moreover, collecting data with high spatial and temporal resolution to
test scientific hypotheses requires long-term logistic preparations and many cruises depend
on the local weather conditions to successfully acquire samples. Nevertheless, despite the
costs associated to research vessels, the benefits that they provide through direct and ac-
curate observations for a wide array of oceanographic parameters, and via autonomous
vehicles, is relevant for model validation in order to enable a better understanding of shelf
sea ecosystems and predictions about how they will change. Finally, laboratory experi-
ments to calculate zooplankton biomass and photosynthetic rates as explained in Chapter
4 (sections 4.3.1.1 and 4.3.1.2, respectively), requires multiple considerations, additional
use of many software, and, in many cases, calibration and normalisation of the results

found.

A limitation of the measurements made by research vessels is that they are not synoptic, i.e.
the data are not sampled simultaneously at different locations (Simpson & Sharples, 2012)
to resolve the highly dynamic nature of biogeochemical phenomena. Therefore, another
approach that could be considered to collect more observations to validate and calibrate
numerical models rely on remote sensing. Since the 1970s, the remote sensing of ocean

properties has become increasingly valuable supplement for direct observations via water
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reflectance observations, a synoptic view of algal blooms, phytoplankton community struc-
ture, PP, sediment plumes, oil spills, benthic habitats, and linkages between biology and
the physical/chemical environment (Frouin et al., 2019; Platt et al., 2008). However, it is
important to underline that remote sensing also has its own limitations, for example, in
the case of visible and infra-red sensors to measure sea surface temperature (SST), it is
compromised by cloud cover as it is only possible to be used in cloud-free conditions; fur-
thermore, in shelf sea regions the presence of suspended sediments and coloured dissolved
organic matter supplied to coastal waters mainly via rivers can complicate the accurate
determination of chlorophyll (Simpson & Sharples, 2012). Consequently, many efforts have
done to overcome these limitations. For example, in 2002, the Moderate-resolution Imaging
Spectroradiometer (MODIS) sensor was launched on NASA’s Aqua satellite platform with
a capacity to detect phytoplankton chlorophyll fluorescence for assessing phytoplankton
physiological status (Minnett, 2001). Behrenfeld et al. (2009) used satellite sensors to de-
tect natural fluorescence from surface chlorophyll to provide information on phytoplankton
physiology, such as nutrient stress. Furthermore, the Marine Primary Production: Model
Parameters from Space (MAPPS) project of the European Space Agency (ESA) aims to
assemble a global database of photosynthesis - irradiance parameters to study basin-scale
variability in the photo-physiological response of marine phytoplankton (Bouman et al.,
2018). Open-access and continuous observations at high temporal resolution (i.e. long-
time series) from this project could be used to further analyse the S2P3 v8.0 model and
improve numerical parameterisations, which has been shown to define the model dynamics
(see Chapter 4). Finally, another project to improve remote sensing involves the Plankton,
Aerosol, Cloud and ocean Ecosystem (PACE; https://pace.gsfc.nasa.gov) mission as
part of the NASA Earth-observing satellite mission to continue and advance in observa-
tions of global ocean colour, biogeochemistry, and ecology, as well as carbon cycle, aerosols

and clouds (Werdell, 2019).

6.2.5 Wider implications about shelf sea modelling: marine policies

Managing, and predicting shelf sea ecosystems and their short- and long-term integrated
impacts on the global ocean requires reliable numerical models. Modelling the CCS loca-
tion with a simple 1-D model that includes an NPZ framework and stoichiometric varying

ratios of Chl:C:N (i.e. photo-acclimation) have been demonstrated to be a useful tool to
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further understand the interactions of plankton communities, vertical processes, and the

effects of meteorology on phytoplankton production.

Wider implications of this work could provide better insights into the future quality, health,
and sustainability of the UK shelf seas, due to the improved understanding of the complex
interactions that the environment has on planktonic communities (Hardman-Mountford et
al., 2005). Therefore, models such as S2P3 v8.0, can provide practical feedbacks about
long-term predictions of possible environmental responses to changes in physical forcing.
This will be an important tool if the model provides answers about the biological and
physical interactions within the shelf sea and the consequences of these interactions on the
functioning of the whole coastal system, including its sensitivity to environmental changes.
The implications can involve improvements in predicting the shelf sea behaviour to weather
and climate changes, and provide insights to the implications of human activities such as
fisheries (Perry et al., 2005) and fish stocks in the shelf sea (Sims, 2006). Shelf seas and
coastal waters provide about 90% of global fish catches (Pauly et al., 2002), with variability
of fish stocks and fish distributions being linked to physical perturbations on phytoplank-
ton production (Tenore et al., 1995; Ware & Thomson, 1991). For example, in the Celtic
Sea it has been found that in the seabed banks around the CCS location there is a large
fishing activity during the stratified period between April and August suggested to be due
to an increase in PP modulated by the spring-neap tidal cycle that allows large supplies
of nutrients into the photic zone, and due greater concentrations of zooplankton within
the region influenced by the seabed banks and elevated PP (Sharples et al., 2013). Using
the S2P3 v8.0 model to analyse the CCS location and the impact that the spring-neap
tidal cycle and inter-annual variability of PP will have on the fishing activity of the region
is not only relevant to allow a reassessment of the marine policies of the UK (Rogers &
Greenaway, 2005), but also understanding the links between oceanographic processes and
fishing activity is necessary for the creation of marine protected areas and marine renew-

able energy installations (Sharples et al., 2013).

Shelf seas and coastal marine environments are exceptionally vulnerable to climate change;
their dynamics and ecosystems are coupled systems that are highly constrained by external
forcing from atmospheric, oceanic, and terrestrial factors (Holt et al., 2010). Studies in-

volving satellite radiometer data (Gomez-Gesteira et al., 2008) and long-term monitoring
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time-series (Hughes et al., 2010; van Leussen et al., 1996) have shown evidence for the
warming of the NW European shelf over the past decades. Over the next century, the
temperature increase is the most noticeable and robust impact of climate change on the
NW European shelf. Many studies have used regional models to understand the effects
of climate change in the shelf sea ecosystem. Particularly in the NW European shelf sea,
models have been applied based on climate model projections (Wakelin et al., 2012; Holt
et al., 2012; Holt et al., 2010), facing challenges to resolve the small-scale dynamics of the
shelf sea in comparison to global models (Groger et al., 2013). To assess the impacts of
climate change, many global socio-economic scenarios are being developed by the Inter-
governmental Panel on Climate Change (IPCC) to provide climate scenarios that take into
account estimates of possible magnitudes of greenhouse gas emissions that are responsible
for much of the climate change (Flint & Flint, 2012). These scenarios are used as bound-
ary conditions for Global Climate Models (GCMs) that provide us with insight into how
human behaviour in the future may influence changes in climate. However, despite GCMs
being used to estimate climate future projects, their horizontal and vertical resolution are
usually too coarse (e.g. one grid-cell size on the order of 2.5° x 2.5°, i.e. ~ 275 x 275 km?)
to accurately capture shelf sea regional topography (1 - 100 km), therefore, a method used
to solve this issue is to do a spatial interpolation, statistical downscaling, or dynamical
downscale of a GCM projection by using its outputs to drive a regional shelf seas model
(Tinker et al., 2016). Downscaling is the process of transferring the climate information
from a climate model with coarse spatial and fine temporal scales to the fine scale required
by models that address effects of climate. Dynamical downscaling is computationally ex-
pensive for processing multi-decadal simulations from GCMs, while statistical downscaling
considers less computational resources (Flint & Flint, 2012). Therefore, analysing future
climate projections with the S2P3 v8.0 model is suggested here as novelty work for the
CCS location and other temperate shelf sea locations (e.g. North Sea, English Channel,
East China and Yellow Seas, etc) to understand how the planktonic communities are go-
ing to be affected by climate change, for which it would be necessary to choose a GCM
projection for a selected location and downscale it using one of the methods mentioned
above depending on the questions that are to be assessed. Projections for future changes
in climate have shown to be uncertain because of the dependency on scenarios of future
anthropogenic and natural forcing that are also uncertain; an incomplete understanding

and imprecise models of the climate system and, finally because of the existence of inter-
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nal climate variability (Collins et al., 2013). Therefore, it is important to improve model
understanding and acquiring observations to validate and build more realistic models. The
local weather of the NW European shelf sea is also a matter of discussion and taking into
account these changes can better predict how the plankton communities will behave in
future, with many different studies concluding that the impacts of global rising tempera-
tures will produce a larger increase of sea temperature in shelf seas than the open-ocean
(Tinker et al., 2016; Groger et al., 2013; Holt et al., 2010). The difference in tempera-
ture increase between shelf and open-ocean based in model simulations occurs because shelf

seas are shallower than the winter mixed layer depths of the open-ocean (Holt et al., 2010).

6.3 Concluding remarks

This thesis provides a thorough investigation into the effects of meteorology and inter-
annual variability of NPP, including differences during each seasonal period (spring, sum-
mer, autumn -+ winter) due to inter-annual and daily variability in wind speed, cloud cov-
erage, air temperature, and relative humidity. Understanding the consequences of these
meteorological drivers on phytoplankton PP can help in the response to the effects that
climate change and its linked alterations to seasonal weather conditions will produce in
the marine planktonic communities of shelf seas (Costello et al., 2006). Additionally, this
work have demonstrated that the structure, validation, and parameterisation of a model
are important features for the hypotheses to be tested due to the different answers that

can be obtained based on those model features.
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Tidal constituents u-component | v-component
Mo 0.355 0.192
So 0.138 0.074
Ny 0.068 0.037

Table A.1: Three main tidal constituents (Ms, Sz, and N3) in the CCS location calculated
using POLCOMS model and used to force the S2P3 model along with meteorological
forcing, including a spring-neap tidal cycle using the two components (u,v) of every tidal

constituent [ms~!].
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Months Wind Cloud Temperature Humid
control-based | control-based | control-based control-based
experiment experiment experiment experiment

April 0.1613* 0.1659* 0.1254* 0.0011

April + | 0.0891* 0.0656 0.0734 0.0085

May

April + | 0.0847* 0.0509 0.0581 0.0122

May +

June

Table A.2: Values of correlations (r-squared) between the total annual net PP

(gCm~2yr~!) and total net PP (gCm~2day~!') averaged monthly during April, April +

May, April + May + June over the period of 1965-2015 using different control-based ex-

periments for every correlation. Other periods during the year were omitted in this table

because no significant correlations were found. Values of r-squared with a star (x) represent

the experiments that show significant correlation during that months (p < 0.05).
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Figure Al: (a) Temperature difference (surface temperature minus bottom temperature,
°C). When temperature difference is more than 0.5 °C for at least ten days, it defines the
start of the spring phytoplankton bloom. The vertical blue line represent the day when
this criteria is met, (b) Daily NPP showing the spring phytoplankton bloom (between the
days marked by the blue vertical lines), (c) Surface chlorophyll-a showing the end of the
spring phytoplankton bloom when it is less than 1.5 mg C m~3. These plots show the year

1965 from the default experiment, as an example.
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Figure A2: Scatter plots calculated for the period 1965 and 2015. Correlations represented

between the total annual NPP and (a) wind speed, (b) cloud coverage, (c¢) air temperature,

and (d) relative humidity.
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Figure A3: Scatter plots calculated for the period 1965 and 2015. Red line represents
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Figure A4: Plot of vertical profiles of temperature averaged (°C') over spring period from
daily profiles and gradient profiles of temperature (°C' m~!) calculated during 1965 - 2015.
(a) mean gradient profiles of temperature over spring for the default experiment. Red
lines represent the surface BML calculated when the gradient = 0, (b) mean profiles of
chlorophyll-a (mg m~—3) over spring for the default experiment, (c) mean gradient profiles
of temperature over spring for the knockout-wind experiment. Red lines represent the
surface BML calculated when the gradient = 0, (d) mean profiles of chlorophyll-a (mg

m~3) over spring for the knockout-wind experiment.
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Figure A6: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the Control
NPZPhot (green line), NPZPhot 3 (Qy, = 0.225; black line), and NPZPhot 4 (Q,, = 0.675;

cyan line).
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Figure A7: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control NPZPhot (green lines), NPZPhot 3 (Q, = 0.225; black
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data from the model was plotted for the same days that the observations were collected.
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Figure A8: SSB buoy observations (red line) from the start of April 2014 to end of June
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of August 2015 for (a) surface chlorophyll-a and (b) zooplankton biomass.
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Figure A9: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summer-
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Figure A10: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control NPZPhot (green lines), NPZPhot 5 (AY . = 0.075; black
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Figure A11l: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZPhot (green line), NPZPhot 7 (Rc = Renp = Ry = 0.01;
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Figure A12: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (¢) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the Control
NPZPhot (green line), NPZPhot 7 (Rc = Reni = Ry = 0.01; black line), and NPZPhot 8
(Rc = Renl = R = 0.03; cyan line).
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Figure A13: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control NPZPhot (green lines), NPZPhot 7 (Rc = Renp = Ry = 0.01;
black lines), and NPZPhot 8 (Rc = Reny = Ry = 0.03; cyan lines) for: (a) chlorophyll-a

specific maximum light-saturated photosynthesis rate (

max

) and (b) light saturation pa-

rameter (Ex). The data from the model was plotted for the same days that the observations

were collected.
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Figure Al4: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZPhot (green line), NPZPhot 13 (A = 0.1; black line),
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2015 for (a) surface chlorophyll-a and (b) zooplankton biomass.
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Figure A15: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the Control
NPZPhot (green line), NPZPhot 13 (A = 0.1; black line), and NPZPhot 14 (A = 0.3; cyan

line).



APPENDIX 260

T
o -

Depth (m)

® @
50 - @ ® B2 | 50 - @ e B2 |
® csi ® csi
cs3 cs3
@ D2 ® D2
© JB1 ® JB1
-60 - e 0B || -60 e 0B ||
® P ® P1
® U2 ® u2
® ctd16 ® ctd16
-70 I I I -70 I I I S
0 1 2 3 4 0 100 200 300 400 500
mgC(mgchl) ' s x107 pEm? st

= Control NPZPhot; = NPZPhot13; = NPZPhot14

Figure A16: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control NPZPhot (green lines), NPZPhot 13 (A = 0.1; black lines),
and NPZPhot 14 (A = 0.3; cyan lines) for: (a) chlorophyll-a specific maximum light-
saturated photosynthesis rate (PSEl) and (b) light saturation parameter (Ey). The data
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from the model was plotted for the same days that the observations were collected.



APPENDIX 261

(a)
- i
S
<
O -
(@)}
S
ol
J J A
(b)
60 -| * Day nets .
* Night nets
£ 40 -
=
()]
@20 -
*
0¥‘ I I S I I \%%\ | T m\‘ I I I
AMJ JASONDJIFMAMUJIJA

Months
= Buoy Observations; — Control NPZPhot; = NPZPhot15; = NPZPhot16

Figure A17: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZPhot (green line), NPZPhot 15 (Ry, = 1.75; black line),
and NPZPhot 16 (R, = 5.25; cyan line) shown from start of April 2014 to the end of

August 2015 for (a) surface chlorophyll-a and (b) zooplankton biomass.
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Figure A18: CTD observations from the SSB programme (red line) including data for:

springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summer-
time (24/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the Control
NPZPhot (green line), NPZPhot 15 (Ry, = 1.75; black line), and NPZPhot 16 (Ry, = 5.25;

cyan line).
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Figure A19: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control NPZPhot (green lines), NPZPhot 15 (R, = 1.75; black
lines), and NPZPhot 16 (Ry, = 5.25; cyan lines) for: (a) chlorophyll-a specific maximum
light-saturated photosynthesis rate (PSHl) and (b) light saturation parameter (Ey). The

data from the model was plotted for the same days that the observations were collected.
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Figure A20: SSB buoy observations (red line) from the start of April 2014 to end of June
2015 compared to the Control NPZPhot (green line), NPZPhot 17 (m = 0.01; black line),
and NPZPhot 18 (m = 0.03; cyan line) shown from start of April 2014 to the end of August

2015 for (a) surface chlorophyll-a and (b) zooplankton biomass.
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Figure A21: CTD observations from the SSB programme (red line) including data for:
springtime (20/04/2015) (a) temperature, (b) chlorophyll-a, and (c) DIN; for summer-
time (24,/07/2015) for (d) temperature, (e) chlorophyll-a, and (f) DIN along the Control
NPZPhot (green line), NPZPhot 17 (m = 0.01; black line), and NPZPhot 18 (m = 0.03;

cyan line).
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Figure A22: Observations from the cruises CD173 and JR98 in different locations of the
Celtic Sea, including Control NPZPhot (green lines), NPZPhot 17 (m = 0.01; black lines),
and NPZPhot 18 (m = 0.03; cyan lines) for: (a) chlorophyll-a specific maximum light-
saturated photosynthesis rate (PSEl) and (b) light saturation parameter (Ey). The data
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from the model was plotted for the same days that the observations were collected.



APPENDIX 267

a 4 b
2000 @ 5 x10% ) '
W, -o01425 W, 01425
[ oM. =0.1575 [ |0ax=0-1575
o 1500 L o —15) - 1
o a _
z = z 5
[a g )
2 3 1000 QS )
=< E =5 €
Cso T a g
5 2 S o
S E s00 S E05¢
O Il J\H I\H 0 1l
1 2 3 4 1 2 3 4
x10% (o ‘ x104 G
3l W), 01425 ), -0.1425
- [ ]oN =0.1575 & 4t [ Jon, =0.1575
o — M = — z - = M = =
a—- 25 ] 5 T
Z s € > gl
38 2 TR
= I =+ E
o £ o c
3 015 £ ©
(2] 2 L
—_— o S D
s £ 5 E
o = 1! ®
[ 5 1
05 | | | | R | | | |
1 2 3 4 1 2 3 4
Experiments Experiments

Figure A23: RMSD calculations from the year 1965 to the year 2015 for the control-based
experiments with 0 = 0.1425 (blue bars) and 3, = 0.1425 (yellow bars) of (a) total

annual NPP (mg C m~2 yr~!), (b) total spring NPP (mg C m~2 yr~1!), (c) total summer
NPP (mg C m~2 yr~!), and (d) total autumn + winter NPP (mg C m~2 yr—1).
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Figure A24: RMSD calculations from the year 1965 to the year 2015 for the control-based

experiments with Ry, = 2.8 (blue bars), Ry, = 4.2 (turquoise bars), m = 0.016 (green

bars), and m = 0.024 (yellow bars) of (a) total annual NPP (mg C m~2 yr~!), (b) total

spring NPP (mg C m~2 yr~!), (c) total summer NPP (mg C m~2 yr~!), and (d) total

autumn + winter NPP (mg C m~2 yr—1).
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Figure A25: RMSD calculations from the year 1965 to the year 2015 for the control-based

experiments with Ry, = 2.45 (blue bars), Ry, = 4.55 (turquoise bars), m = 0.014 (green

bars), and m = 0.026 (yellow bars) of (a) total annual NPP (mg C m~2 yr~!), (b) total

spring NPP (mg C m~2 yr~!), (c) total summer NPP (mg C m~2 yr~!), and (d) total
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