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Tropical North Atlantic Ocean Heat Content has increased materially over the past 40-50 years,
and has been linked to an uptick in major hurricane landfalls. This increasing damage potential
has led to fears for the future from extreme events. In this thesis, the volume of water warmer
than 26.5 °C is used to diagnose observed historical and modelled future changes in the
underlaying fuel source available for the development of intense hurricanes. The processes
driving changes in this fuel source are examined using complimentary Eulerian and Lagrangian
techniques.

From the Eulerian perspective, observed month-to-month volume changes in water warmer
than 26.5 °C in the North Atlantic can be explained by changes in the anomalous volume of
warm water transformed across the 26.5 °C isotherm by atmospheric heat flux; this is primarily
attributed to surface heat gain in some years. An inference is that ocean heat transport is more
important for warm water volume anomaly development in other years. Transformed volume
changes are calculated using the Water Mass Transformation Framework in temperature space.
Anomalies are notably driven by latent heat flux, which is highly correlated with wind speed and
cloud fraction over most of the warm water surface.

The residual warm water volume accumulated by ocean heat transport also plays a key role in
heat content accumulation in the tropical North Atlantic. Lagrangian analysis is used to analyse
heat flux along ocean currents into the Main Development Region (MDR) for Atlantic hurricanes.
ARIANE particle tracking output highlights that a large number of particles are resident in the
MDR (20-40%), and relatively fewer particles are transported into the MDR via the North Brazil
Current (5-15%) or Ekman drift across 10 °N six months before the start of hurricane season, in
years with high hurricane activity. The results are consistent with the view that a reduced
meridional circulation is likely to lead to accumulation of warm water in the tropical North
Atlantic and more active hurricane seasons.

Both Eulerian and Lagrangian analyses are applied to a high-resolution climate model,
HadGEM3-GC31-HH, to examine evolving mechanisms impacting the growth of the Atlantic
Warm Pool under future high anthropogenic greenhouse gas emissions. Warm water
convergence due to reduced ocean transport is confirmed to be the driver of additional future
heat available to fuel major hurricane development in this model. The total heat accumulation
along modelled particle tracks crossing 10 °N and ending at 20 °N after 6 months, which are
warmer than 26.5 °C, is 14% higher (4.2 GW) in 2041-2050 than 2001-2010. The results imply an
increasing importance for ocean transport over atmospheric heat flux as the Atlantic continues
warming.
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Chapter 1

Chapter 1 Introduction

I moved from weather forecasting for Bermuda public, marine, and aviation into natural
catastrophe modelling for reinsurance in 2007, at a time when several major hurricanes had
recently made landfall in successive years after a long relatively quiet period. After the very
active years of 2004 and 2005, the science community began trying to gain deeper
understanding of the observed upwards trend in Atlantic basin hurricane activity since 1980. 17
years later, science and industry are still trying to quantify the contributions of anthropogenic
climate change and natural variability (Vecchi et al., 2021), drivers of internal variability in the
tropical Atlantic, the extent to which climate change and other human activity have already
impacted hurricane development (Knutson et al., 2019), and what to expect from the future
(Knutson et al., 2020). As the ocean effectively drives the climate on longer timescales (Yeager
and Robson, 2017), | have looked to the ocean for answers to this problem, using historical and

future ocean model data.

In the first section of this chapter, Atlantic hurricane climatology will be outlined. Following this,
hurricane variability on a variety of timescales and concepts surrounding drivers of activity will

be discussed. Finally, recent investigations into the impact of a warming atmosphere and ocean
due to greenhouse gas forcing on these drivers of variability will be considered, which reference

both observational data and climate model output.

1.1 Atlantic Hurricane Climatology

A description of hurricane climatology is presented to identify the atmospheric and oceanic
conditions conducive to hurricane genesis and development. Hurricane seasonality, tracks, and
landfall regions will be described as these details are pertinent to the time of year and region

selected for analysis in the experiments in subsequent chapters.

1.1.1 Hurricane Formation

Tropical cyclones (TCs) are a global weather phenomenon which play an important part in the
redistribution of heat polewards (Emanuel, 2001). They generally form over the ocean where sea
surface temperature (SST) is greater than 26.5 °C (Dare & McBride, 2011; McTaggert-Cowan et
al., 2015). Deep convection is facilitated by low vertical wind shear (DeMaria, 2001). Spin-up is
more likely with sufficient Coriolis force at latitudes 5 ° or more from the equator (Gray, 1975).
An existing atmospheric disturbance, usually a tropical wave or other thunderstorm complex,

provides the seed for development (Gray, 1982). Ideal atmospheric conditions for tropical storm
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genesis include a moist, unstable atmosphere with low atmospheric pressure at the surface
and high pressure aloft (DeMaria, 2001). While atmospheric conditions are important for storm
genesis and development, a warm Atlantic provides the energy necessary to fuel the system
(Shapiro and Goldenberg, 1998); hence the importance of understanding drivers of anomalous
oceanic heat. Figure 1.1 depicts several of these processes, including an underlying warm
ocean, low vertical wind shear, atmospheric instability, and some initial rotation from an

existing disturbance.

Constant winds
with height

. Tropical Wave or A? r};c im‘p};l/
Thunderstorms with height
:

Figure 1.1 Oceanic and atmospheric conditions conducive to hurricane genesis and

development

The studies referenced above describe how tropical oceans allow development of deep, intense
tropical cyclones with high winds, damaging waves, high storm surge and heavy precipitation
which pose a great danger to human life and property. In the North Atlantic, large population
centres along coastlines throughout the Caribbean, Central America, and North America are at
risk from these impacts, so much study has been undertaken in order to understand the physics

of these events in the present and future climate.

1.1.2 Seasonality

The National Hurricane Center (NHC) defines the Atlantic hurricane season as June 1 to
November 30. However, a small percentage of tropical storms and even hurricanes have formed
on either side of these dates, and it has been suggested that the length of the hurricane season
may increase in future (Truchelut et al., 2022; Patricola et al., 2024). The 1944-2020 average

peak of the hurricane season is September 15, when the tropical Atlantic SST is at its warmest
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point of the year (Figure 1.2), allowing for greater intensification of storms (Fraza and Elsner,
2015). This is therefore the time of year where anomalous tropical Atlantic heat has the greatest

impact on hurricane intensification. (NHC, 2023)

Atlantic Hurricane and Tropical Storm Activity
Based on Data from 1944 to 2020
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Figure 1.2 Number of Atlantic named storms and hurricanes per 100 years between May 1 and
December 31 based on HURDAT track data 1944-2020, normalized to 100 years, 5-
day running average smoothing (NHC, 2023)

1.1.3 Tracks and Landfall

Most Atlantic TCs have formed in a region defined as the Main Development Region (MDR) for
Atlantic hurricanes, 10 to 20 °N, 20 to 80 °W (Goldenberg et al., 2001). A typical track moves
northwest and then recurves in a northeasterly direction (Kossin et al., 2010). TCs are driven by
500 mb steering winds, generally tracking around the edge of the Bermuda-Azores High (George
and Gray, 1976). Storms are more likely to form in the Gulf of Mexico earlier in the season, with
genesis points moving eastwards and northwards in the open Atlantic, due to the Atlantic Warm
Pool of water warmer than 26.5 °C expanding in these directions as the season progresses
(NHC, 2023). Hurricane landfalls in July are more likely to be along the Gulf coast, with
hurricane landfalls becoming more likely along other coastlines of the western North Atlantic by
August and through October (Figure 1.3). Hurricane landfalls are possible as far north as
Canada in August and particularly September. Ocean temperature in the eastern MDR and north
of the MDR can be influential in landfall intensity along the US northeast coastline and eastern

Canada (Kossin, 2010).
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Figure 1.3 The number of hurricanes whose centres pass within 150 nautical miles of a point on
the map, using HURDAT track data 1944 to 2020, but normalized to 100 years (NHC,
2023)

1.2 Variability in Hurricane Activity

The NHC database of storm tracks, HURDAT2 (Landsea et al., 2013), covers 1851 to the present.
Observational networks have varied significantly during that time. Land-based meteorological
station cover has increased over time. Over the ocean, ship traffic has also increased.
Measuring equipment of wind speeds, and air and ocean temperature, have become more
accurate (Landsea, 1993). Critically for basin activity metrics, satellite-based imagery has
allowed collection of much more complete, continuous data over the ocean since the launch of
the first geostationary weather satellites in 1966. Landfalling hurricane variability is usually
analysed from 1900 (Klotzbach et al., 2018), during which time the US coastline has been fairly
continuously populated, and basin activity from 1970, after the dawn of the satellite era. Prior to
these dates, some storms are missing in the dataset due to incomplete coverage (Vecchiet al.,
2021), particularly by ship traffic which would naturally try to avoid hurricanes where possible. It
is important to understand the how the fidelity of the historical hurricane record has evolved

through time when analysing trends occurring with changes in ocean heat.
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Hurricane basin activity exhibits variability on multidecadal, interannual, and intraseasonal
timescales (Figure 1.4). This also varies by landfall region. An anomalously quiet period
occurred in the 1970s and 80s (Nyberg et al, 2007). 2004 and 2005 are notable for higher-than-
average activity. Landfalling US hurricanes were less common between 2006 and 2017, (Hall &
Hereid, 2015), and have been more common since then. There is a slight downwards linear
trend in US landfalling hurricane frequency 1900-2022. A downwards but not significant trend

with a p value of 0.33 has been calculated by Klotzbach et al. (2018).
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Figure 1.4 Hurricane counts for the Atlantic Basin 1970-2022 (top) and the US coastline 1900-

2023 (bottom), and 10-year centred average

Hurricane variability has been linked to large-scale oceanic and atmospheric processes on
multidecadal scales, including the Atlantic Meridional Overturning Circulation (AMOC, Xan et
al., 2017), and Atlantic Multidecadal Variability (AMV, Zhang et al., 2019), the drivers of which
remain under scrutiny. In additional to anomalous heat in the North Atlantic, interannual
variability in hurricane frequency is related to the EL Nifio Southern Oscillation (ENSO), which
influences tropical Atlantic wind shear (Lin et al., 2020), and the North Atlantic Oscillation
(NAO), which, in a negative phase, is associated with warm MDR SST anomalies and lower

vertical wind shear
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(Mazza and Chen, 2023). Hurricane tracks also vary with the strength and position of the

Bermuda-Azores high (Bell & Chelliah, 2006).

1.2.1 Multidecadal Variability of the Atlantic Ocean

The AMOC is responsible for Ocean Heat Content (OHC) accumulation in the tropical Atlantic
(Johns et al., 2023). Dense water at high latitudes of the North Atlantic forms over the Greenland
and Iceland seas during cold winters, displacing large volumes of water as it sinks and spreads
southwards at depth, creating the overturning circulation (Dickson and Brown, 1994). In the
tropics, divergent trade winds cause upwelling of cooler water via Ekman dynamics (Roberts et
al., 2013). The western boundary currents of the North Atlantic, the Gulf Stream and the North
Brazil Current transport most of the Atlantic Ocean surface heat northwards (Buckley &

Marshall, 2016).

The heat content of the MDR is impacted by the strength of the AMOC at these latitudes (Duchez
et al., 2016). The slower the AMOC transportis in the months leading up to the peak of the
Atlantic hurricane season, the more heat accumulates in this region through heat transfer with
the atmosphere (Figure 1.5), rather than being transported to higher latitudes. This dynamic is
examined in depth in the following chapters, in which historical and future climate model
simulations are analysed on interannual timescales. Changes in the volume of warm water
which accumulates in the tropical Atlantic are used to explain hurricane variability from an

oceanic heat perspective.

Strong AMOC Weak AMOC

Figure 1.5 AMOC heat transfer dynamics in strong (left) transport regime and weak (right)
showing surface northwards (red) and mid-ocean (blue) southwards transport, and

the consequences for SST (Duchez et al., 2016)

Atlantic MDR SST has increased 0.8 °C since 1980 (Figure 1.6), which many studies have

attributed to multidecadal variability, rather than climate change (Goldenberg et al., 2001).
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Enfield et al. (2001) first described the Atlantic Multidecadal Oscillation (AMO), a naturally
occurring cycle of SST anomaly patterns to explain variability in US rainfall extremes, which are
largely driven by TC precipitation. Later studies (Booth et al, 2012; Dunstone et al, 2013) found
that this signal could be replicated in climate models using atmospheric aerosols. They suggest
that increasing sulphates and other pollutants caused an anomalously cool period in Atlantic
SST by reducing incoming shortwave radiation. The United States Clean Air Act of 1970 reduced
atmospheric aerosol content, allowing increasingly warm MDR SST anomalies to develop, after
which the impact of anthropogenic climate change could be the driver of unprecedented warm
SST since 2000 (Figure 1.6). Recent analyses of Saharan dust (Rousseau-Rizzi et al., 2022) find
that associated optical depth variability explains nearly half of the anomalously cool period in

the Atlantic.
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Figure 1.6 NCEP/NCAR September average MDR SST (°C) 1900-2021, 10-year smoothing (Kalnay

et al., 1996), emphasising the emergence of anomalous warmth after around 1995.

Other investigations using coupled models suggest that while atmospheric aerosols did
contribute to the observed decrease in Atlantic SST in the 1970s and 1980s, changes in ocean
circulation do play a role in the development of Atlantic SST anomalies on decadal timescales

(Zhangetal., 2019). Smeed et al. (2018) analyse RAPID array measurements of AMOC heat
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transport northwards at 26 °N, presenting an example on interannual timescales of an AMOC
slowdown resulting in anomalously warm Atlantic SST in 2009/10. This decrease in meridional
transport across 26 °N can be seen in NCEP Global Ocean Data Assimilation System (GODAS,
Behringer and Xue, 2004) and RAPID (Cunningham et al., 2007; Kanzow et al., 2009)
observational timeseries (Figure 1.7). Resulting warm SSTs contributed to an active hurricane
season in 2010, with 12 storms reaching maximum wind speeds of 64 knots, the third most

active season during 1970-2022 (Hallam et al., 2019).
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Figure 1.7 GODAS (blue) at 26 °N to 1000 m and RAPID array (red) transport (Sv)

More recent studies have linked the AMO signal with volcanic eruptions (Mann et al., 2021),
suggesting volcanic aerosols as the source of reduced heat flux from the atmosphere into the

ocean following significant tropical eruptions (Figure 1.8).

AMO Index and Significant Tropical Volcanic Eruptions
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Figure 1.8 AMO Index 1851-2019 and significant tropical volcanic eruptions (Sousounis, 2021)

Regardless whether anomalous atmospheric and oceanic conditions in the Atlantic region are a
result of human activity or internal variability, AMV has been noted in connection with many
features of the climate system. The AMV signal includes a pattern of warm MDR SST, reduced

tropical wind speed, increased specific humidity and lower cloudiness (Yan et al., 2019).
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Hurricane activity is closely related to changes in these conditions of the tropical ocean (Figure

1.9).

Time Series of Major U.S. Landfalling Hurricanes and AMO Index
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Figure 1.9 Major US Landfalling hurricanes and AMO index by decade (Sousounis, 2021)

1.2.2 Interannual Variability

Atlantic hurricane count per year has ranged from 2 to 15 storms during 1970-2022. ENSO is the
climate index most highly correlated with annual hurricane frequency (Lin et al., 2020). As
eastern Pacific trade winds slacken, less upwelling occurs off the west coast of South America,
and warm SST pools across the central tropical Pacific, with a period of 1-2 years, generally
(Wan & Picaut, 2004). This large area of anomalously warm (or cool) water drives climate
changes globally. The Walker circulation increases with enhanced convection over the warmer
waters of the tropical Pacific. This causes increased vertical wind shear over the tropical
Atlantic due stronger upper-level westerly winds, in particular over the Gulf of Mexico, hence
limiting conditions conducive to TC development in this region (Klotzbach et al., 2011). Since
1950, there has been an average of 1 US landfalling hurricane when the average August to
October ENSO index s in an El Nifio state, and an average of 1.9 US landfalling hurricanes when

La Nifa conditions are present during this time.

NAO conditions of the previous winter have also been observed to be related to Atlantic basin
hurricane activity. Trade wind strength is lower with a negative NAO, when the pressure gradient
taken between Iceland and the Azores is weaker (McCloskey et al., 2013). Not only is vertical
wind shear reduced with lower surface tropical easterly winds, but less divergence in the

surface Ekman transport leads to less upwelling of cooler water.

Similarly, the pressure differential between Bermuda and the Azores defines the Bermuda-
Azores High. The strength and position of this large high-pressure area in the summer months

determines hurricane track and landfall patterns (Knowles & Leitner, 2007). A stronger high-
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pressure area pushes storms along the southern edge into the Caribbean and Gulf of Mexico.
Weaker conditions allow for more recurving to the north and east around the western edge;
hence, more landfalls are possible along the east coast of the US and Canada. It has been
proposed that a warmer Atlantic SST regime results in a weaker Bermuda High and more

recurvature of strong storms into the open ocean (Wang, 2011).

Anincreased understanding of interannual variability in hurricane activity helps society to
prepare for potential landfalling events. However, many of these climate conditions have proven
difficult to predict very far into the future, and annual hurricane forecasts ahead of the start of
hurricane season have shown little skill compared to 10-year climatology (Lea, 2024). However,
itis possible that including additional variables could improve seasonal prediction. For
example, Atlantic SST anomalies vary somewhat predictably from year to year, as cloudiness
inhibits incoming solar radiation, and increased surface divergence drives cooling due to Ekman
dynamics. From an ocean heat perspective, quantification of heat convergence due to these
processes will provide insight into potentially more predictable seasonal hurricane variability,

which is explored in chapters 2 and 3.

1.2.3 Intraseasonal Variability

Within any one hurricane season, there are shorter timescale climate factors which can impact
hurricane development. If these impact deep convection during the time when MDR SST is
warmest, seasonal activity is affected. If intraseasonal factors enhance convection at the
seasonal SST peak, large, intense storms can develop quickly, in quick succession. If factors

inhibit convection, systems will not develop into potentially dangerous storms.

The Madden-Julian Oscillation (MJO) is an eastward moving wave of enhanced precipitation with
a 30- to 60-day period (Jiang et al., 2020). In MJO phases 1 and 2, convection is enhanced over
the tropical Atlantic, during which time several TCs may be spawned in the peak months of
hurricane season (Klotzbach, 2010). If the timing of the MJO phases conducive to hurricane
development are in phase with the peak of the warmest waters, most of the Accumulated

Cyclone Energy (ACE) for the season will occur during this time.

Several past hurricane years which were forecast to have had above average activity proved to
be quieter years than expected due to an outbreak of the Saharan Air Layer (SAL) over the
tropical Atlantic during the peak of hurricane season. The SAL is dry, dusty, and accompanied by
a mid-level jet. Hence, tropical convection is less likely due to cooling of MDR SST by aerosols,
higher vertical wind shear, and lower moisture content of the atmosphere (Dunion & Velden,

2004).
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In other years, like 2013, while tropical Atlantic SST was anomalously warm, high frequency
weather events (e.g. cold fronts) impacted hurricane activity (Klotzbach et al., 2013). While wind
shear from approaching cold fronts generally inhibits TC development, in some circumstances,
like sub-tropical storms, they can aid intensification (Guishard et al., 2007). Hence, on shorter
timescales, the chaotic nature of weather systems can affect tropical Atlantic climate

conditions, reducing total seasonal hurricane activity from the level which was expected.

In summary, while hurricane variability is impacted by natural climate variability on a variety of

timescales, longer timescale variability tends to be driven by oceanic processes.

1.3 Climate Change and Hurricanes

Anthropogenic carbon dioxide emissions from burning fossil fuels in energy production, industry
and transport have exceeded the potential to be absorbed by global forests and oceans for
decades (IPCC, 2023), creating a layer of insulation in the upper atmosphere which has trapped
outgoing longwave radiation within Earth’s atmosphere. The global oceans have absorbed much
of this heat (Johnson et al., 2020). Global mean annual SST has increased 0.06 °C per decade
since 1900 (Garcia-Soto at al., 2021), with record heat content increase recorded in 2023
(Cheng et al., 2023). The Atlantic has warmed at a faster rate than the global mean; the
September mean SST has increased 1 °C since 1900 (Figure 1.6). Drivers of variability including
atmospheric sulphate emissions (Booth et al, 2012; Dunstone et al, 2013), ocean-atmosphere
heat flux (Mann et al., 2021), and the AMOC (Xan et al., 2017) have been discussed. The impact
which the upward trend in Atlantic SST is likely to have had on Atlantic hurricane frequency and
severity to date, as well as investigations into the effect of a projected continuing increase in

Atlantic SST by the end of the century, will be reviewed in this section.

1.3.1 Observed Trends in Hurricanes

Several studies have analysed trends in tropical storm parameters using global TC track data.
These studies have revealed that tropical storm peak intensity has moved polewards (Kossin et
al., 2014), forward speed has decreased (Kossin, 2018), the intensity of the strongest storms in
the International Best Track Archive for Climate Stewardship (IBTrACS) (Knapp et al., 2010;
Knapp et al., 2018) dataset has increased (Holland and Bruyere, 2014, Figure 1.10), and TC
precipitation has increased (Hallam et al., 2023). These factors could all potentially contribute
to increased risk to human activity if these trends translate to landfalling severe storms. Large,
high population density areas are further polewards of the tropics in the North Pacific and North

Atlantic.
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1950 1960 1970 1980 1990 2000 2010 2020

Figure 1.10 Annual number of Category 4 and 5 hurricanes 1950-2022

TC precipitation over land increases with large storms (Lavender & McBride, 2021) which have
reached a higher lifetime maximum intensity (Touma et al., 2019), have a slower translation
speed at landfall (Titley et al., 2021), and are impacted by orographic uplift in the vicinity of
mountains (Houze, 2012), which also tend to be closer to more northern areas of the North
American coastline. It has been argued that TC translation speed has decreased due to a slow-
down in global atmospheric circulation (Kossin, 2018), which would have increased TC flood
footprints over land. A larger pool of warm water available for TC development increases the
region able to sustain TCs further north and east (Wang et al., 2011), as warmer SSTs provide
fuel and vertical instability for stronger storms. A warmer atmosphere is capable of holding
more moisture; the Clausius-Clapyron equation shows that the atmosphere can absorb 7%
more water with a 1 °C increase in surface air temperature. However, Hallam et al. (2023) show
that the recentincrease in TC rain rate has been much greater than this, due to other changes in
TC behaviour, like increase in size and intensity. The dynamics underlying some of these
concepts are clearer than others, and historical data is complicated by internal variability.
Furthermore, there is only a fairly short record of accurate historical data points, complicated
by the chaotic nature of atmospheric events, Nevertheless, past trends are one representation
of actual climate behaviour, and are an important test to validate climate models. However,
increasing global temperatures (IPCC, 2023) and potential tipping points in atmospheric and
oceanic feedback mechanisms (van Westen at al., 2024) may materially alter dynamics going

forward.

Extending trends in global basin activity to landfalling severe storms is complicated by changes
in both climate variability and in the observational record in both the Atlantic and the Pacific.
Additionally, there may have been changes in storm track with a warming atmosphere and
ocean, affecting the percentage of storms which make landfall. It has been suggested that
storms are more likely to recurve into the open ocean when the AMO is positive (Wang et al.,

2011). Uncertainty in trends in he number of landfalling hurricanes in some regions is very high
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due to reduced sample size (Dailey et al., 2009). Annual US landfalling hurricane count over
1900-2022 has no significant upwards or downwards trend (Figure 1.4). However, the 4 years

with the highest number of landfalls, 6 in one season, have all occurred during the last 40 years.

While analysis of global TC data by basin has yielded some interesting trends in storm metrics, it
remains unclear how much can be attributed to climate change, internal variability,
atmospheric sulphate emissions, or observational network changes, particularly as many global
trends are driven by multidecadal variability of Atlantic SST. Hence, further analysis of the
drivers of anomalous Atlantic SST can help answer some important questions about likely
hurricane activity in today’s climate and potential for the future by extrapolation of recent

trends. This is addressed in chapter 4.

1.3.2 Climate Model Projections

Numerical weather prediction for weather forecasting, including hurricane track (Landsea &
Cangialosi, 2018) and intensity (Cangialosi et al., 2020), has yielded increasingly reliable
forecasts extending several days. On longer timescales, increasing horizontal, vertical, and
temporal resolution for climate modelling has been shown to represent internal climate
variability more accurately in hindcast simulations (Roberts et al., 2019) than lower resolution
configurations. Climate conditions conducive to TC development can be identified in climate
models, specifically tropical Atlantic and Pacific SST and atmospheric moisture content. As in
the current climate (Patricola et al., 2022), future states of AMV and ENSO will likely determine

the frequency and severity of hurricanes with climate change.

Tropical cyclones generated by high resolution climate models decrease in frequency as global
temperature increases in climate change projections (Roberts et al., 2020). Major hurricanes,
however, are still not resolved at the grid resolution of even high-resolution climate models,
though the intensity of these tropical cyclones is a marked improvement on previous lower-
resolution climate models (Davis, 2018; Roberts et al., 2020). Downscaling techniques have
been used to spin up hurricanes from projected climate conditions (Emmanuel, 2021), which
suggest increasing frequency and severity. Tropical cyclone frequency is not that well
understood (Sobel et al., 2021), but the driver of Atlantic tropical cyclone frequency is more
likely the temperature differential between the tropical Atlantic and tropical Pacific, than the
absolute temperature of the tropical Atlantic, as tropical instability in the Atlantic increases with
warmer surface layers in addition to lower vertical wind shear as a result of a cooler tropical

Pacific (Murakami et al., 2018).

Atlantic SST and the Atlantic Warm Pool increase in surface extent and depth in global coupled

climate models forced with greenhouse gas emissions (Cheng et al., 2022), despite generally
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cold or warm biases, which suggests increasing severity of hurricanes with further warming of
the planet. The tropical North Atlantic could begin to warm much more quickly than has been

observed to date, with slower northwards heat transport via the AMOC (Madan et al., 2024).

Tropical Pacific SST will also be impacted by a warmer climate. Model based studies mainly
agree that interannual variability of ENSO amplitude will continue to increase in the future (Cai
et al., 2021; Cai et al., 2023), which would impact interannual hurricane variability. Furthermore,
studies have shown that spatial variations in EL Nifio events impact Atlantic hurricane frequency
differently; a central Pacific EL Nifio does not generate as much wind shear over the western

Atlantic as an eastern Pacific EL Nifio (Mueller et al., 2024).

Considering expected changes in all variables impacting hurricane development, the IPCC
(2023) has concluded in the most recent report that hurricane frequency will decrease, and
intensity of the strongest storms will increase. Further analysis of existing model output to
identify oceanic and atmospheric drivers, and development of increasingly high-resolution
models which will overcome existing model biases and can spatially resolve intense hurricanes,

would likely increase confidence in projections of future activity.

1.4 Summary

Given the importance of tropical Atlantic SSTs in the development of TCs, the following chapters
analyse historical and future climate model data to determine the drivers of tropical Atlantic
OHC, using novel techniques. The drivers are associated with changes in either air-sea
interaction, the ocean circulation or both (Figure 1.11). In Chapter 2, the Water Mass
Transformation framework is used as a tool to diagnose the volume of water transformed across
the critical temperature threshold for hurricane development. This is related to month-to-month
changes in the total volume of water above the temperature threshold and attributed to air-sea
heat fluxes. This mechanism explains warm water development for some hurricane seasons but
not every year, indicating that oceanic processes (advection and mixing) also contribute to the

development of warm water to fuel hurricanes.
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Figure 1.11 Tropical Atlantic anomalous heat content investigation identifying the main open
question identified in this thesis, components which are investigated, the methods

used, and how these feed into the final results chapter

Chapter 3 traces warm water in the MDR backwards over a 6-month period, to examine
potential heat sources in the region. The study suggests that the major heat source for active
hurricane seasons is the MDR itself, as in situ water from slower-moving Ekman drift across 10

ON absorbs more heat from the atmosphere.

To consider how these processes might evolve in a warming climate, Chapter 4 applies the
techniques in the previous two chapters to an eddy-resolving, high resolution coupled ocean

model.

Chapter 5 synthesises the results of the previous chapters. Contributions of this work to the
state of the science surrounding the atmospheric and oceanic dynamics behind the
development of warm water available for hurricane development will be summarised. Potential
future work will be suggested which could increase understanding of this problem and societal

preparedness for these disasters.
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Chapter 2 The Water Mass Transformation Framework

and Variability in Hurricane Activity

Abstract

Hurricane activity has been higher since 1995 than in the 1970s and 1980s. This rise in activity
has been linked to a warming Atlantic. In this study, we consider variability of the volume of
water warmer than 26.5 °C, considered widely to be the temperature threshold crucial to
hurricane development. We find the depth of the 26.5 °C isotherm better correlated with
seasonal hurricane counts than SST in the early part of the Atlantic hurricane season in some
regions. The volume of water transformed by surface heat fluxes to temperatures above 26.5 °C
is directly calculated using the Water Mass Transformation framework. This volume is
compared with the year-to-year changes in the volume of water of this temperature to see how
much of the volume can be explained using this calculation. In some years, there is notable
correspondence between transformed and observed volume anomalies, but anomalies in other
years must be largely associated with other processes, such as the divergence of horizontal
heat transport associated with the AMOC. This technique provides evidence that, in a given
year, coordinated physical mechanisms are responsible for the build-up of anomalous ocean
heat; not only net surface heat exchange but also the convergence of horizontal heat transport

from ocean currents, to provide fuel for larger numbers of intense hurricanes.

2.1 Introduction

Recent North Atlantic hurricane seasons have produced several high impact hurricanes,
including Harvey, Irma, and Maria in 2017, Florence and Michael in 2018, and Dorian in 2019,
which resulted in 335 billion USD damage and over 3,000 deaths (NCEI, 2020). Questions
remain open on drivers of high activity seasons. Variability in hurricane activity on a range of
timescales has been linked to large scale climate oscillations, including the AMO (Goldenberg
et al. 2001), or AMV (Zhang and Delworth, 2006), ENSO (Bove et. al, 1998), the NAO (Elsner and
Jagger, 2004), the Quasi-Biennial Oscillation (QBO) (Gray, 1992), as well as variations in
atmospheric aerosols (Evan et al., 2009), including dust (Wang, 2012), volcanic emissions

(Birkel et at., 2018), and pollution (Watanabe and Tatebe, 2019).

Oninterannual timescales, the Atlantic hurricane season is subject to variable atmospheric
processes. For example, Atlantic hurricane variability is negatively correlated with EL Nifio

indices, as anomalously warm tropical Pacific SSTs result in higher-than-average vertical wind
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shear in the tropical Atlantic, which inhibits vertical motion necessary for Atlantic hurricane
formation (DeMaria, 1996). On timescales longer than interannual, slower modes of ocean
variability are important. Associated with warmer ocean temperatures in the tropical North
Atlantic is an increase in available energy in the upper ocean to fuel hurricane development

(Shapiro and Goldenberg, 1998).

Much attention has focused on the role of oceanic warmth as a driver of Atlantic hurricane
seasons, on a range of timescales. SST has been found to be more highly correlated with
hurricane intensification than thermocline depth over most of the North Atlantic (Balaguru et al.,
2013). However, itis likely that in some regions, the volume of potentially hurricane-producing
water may be a more physically meaningful metric than area-averaged SST. For example,
intensity estimates of tropical cyclones around Bermuda were improved by use of subsurface

temperatures rather than SST alone (Hallam et al, 2021).

Other investigations have found a meaningful role for aerosol concentration in multidecadal
warming of the North Atlantic. This result has been simulated in climate modelling studies
(Booth et al., 2012) due to variation in anthropogenic aerosols, and point to an influence on
tropical cyclone activity (Dunstone et al., 2013). A modelled increase in anthropogenic sulphate
aerosols can explain much of the observed cool period in the 1970s and 80s in the North
Atlantic (Watanabe and Tatebe, 2019). Mann (2021) now suggests that multidecadal variability

in Atlantic SST is mainly driven by volcanic activity, and finds no evidence for internal variability.

Rather than suggesting large-scale physical mechanisms for heat transfer into the ocean, this
study directly quantifies the contribution of surface heat flux (Qne:) processes to the variability of
warm water volume available for hurricane development through the holistic Water Mass
Transformation (WMT) framework (Groeskamp et al. 2019). The volume of water transformed
across isotherms through Q.. is calculated using WMT. Accumulated transformation fluxes over
a time interval are compared with observed changes in volume of water above a temperature

threshold over the same interval.

This approach has the advantage of referencing the total volume of water above a temperature
threshold intimately connected with hurricane development, 26.5 °C (of enduring practical use
as the temperature threshold for tropical cyclogenesis — see McTaggert-Cowan et al. 2015 and
references therein), geographically confined to the Atlantic. This removes limits of fixed latitude
and longitude, as for the conventional MDR (Goldenberg et al., 2001), generally defined as 10-
20 °N, 20-80 °W.

Oceanic conditions which sustain hurricane winds are not constrained to the MDR. In

particular, warm water availability outside this region is one factor which could result in major
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hurricane landfall further north. Wang et al. (2011) investigated the areal extent of the Atlantic
Warm Pool and correlation with hurricane activity, emphasizing the importance of the Atlantic
Warm Pool to the west of the MDR, extending across the Caribbean and the Gulf of Mexico. In
summary, we quantify Atlantic Warm Pool volume anomalies attributed to anomalous air-sea
interaction, with residual Atlantic Warm Pool volume anomalies attributed to a combination of

mixing and advection.

The rest of the paper is organized as follows. In Sections 2 and 3, we outline the WMT framework
used in temperature space, and the datasets used here. In Section 4, we present our results,
starting with an overview of changes in the volume of warm water and hurricane activity over the
last 40 years. We then outline the WMT at temperatures relevant to hurricane formation. Using
this approach, we attribute changes in the volume of warm tropical waters directly to
anomalous surface fluxes, and further consider the extent to which anomalous surface fluxes
drive enhanced warm water volume in specific years, when hurricane activity was particularly
intense. In Section 5, we conclude with a discussion of the extent to which our findings inform

the wider efforts to associate active hurricane seasons with a warming tropical Atlantic.

2.2 Methods

In this section, the calculations used to quantify the volume of water warmer than 26.5 °C,
generated from net surface heat flux using the WMT framework, are described. Returning to the
original formulation of Walin (1982), the WMT framework (Groeskamp et al. 2019) can be
applied in temperature space, quantifying volume fluxes across isotherms which are associated

with variations of heat fluxes in that property space.

The net surface heat flux, Q.e, combines radiative processes with turbulent fluxes. Shortwave
(Qsw) radiation is absorbed from the sun and net longwave (Qw) radiation is obtained by
balancing upwelling and downwelling heat fluxes. Sensible heat (Qs) is transferred directly
between the ocean surface and the atmosphere, and latent heat (Q,) flux transfer results from
evaporation, which cools the ocean, and condensation, which transfers heat into the ocean.
These processes are depicted schematically in Figure 2.1, for a region warmer than 26.5°C in
the North Atlantic, along with heat transfer by vertical mixing and ocean currents, such as those
associated with the Atlantic Meridional Overturning Circulation (AMOC). Throughout this study,
our convention is that heat flux components are positive into the ocean, hence the net surface

heat flux follows as:

Qnet = Qsw + Quw + Qsp + Qi (1)
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Figure 2.1 Heat transfer mechanisms leading to water warmer than 26.5 °C, critical to hurricane

development, in the region southwards and upwards of thick red lines.

In Figure 2.2, we show the long-term annual and April-September mean Q.e, across the tropical
and subtropical North Atlantic. In most months, heat is lost to the atmosphere from the warm
tropical surface waters of the MDR, particularly through the winter. The annual-mean heat flux is
consequently negative across most of the MDR (Figure 2.2a), although there is some net
warming during April-September, most notably in the eastern MDR (Figure 2.2b). It follows that
years with less heat loss from the ocean, through these processes, will result in more water

being transformed to warmer temperatures which can support potential hurricane

development.
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Figure 2.2 NCEP 1980-2019 Mean Q.. (Wm™, positive into the ocean), MDR outlined in red: (a)
Jan-Dec, (b) Apr-Sept.

Groeskamp and ludicone (2018) discuss the influence of Qs depth penetration for WMT due to
the redistribution of heat with depth. In relation to local optical properties (notably related to the
local concentration profile of chlorophyll-a) and thermal stratification, a small percentage of
shortwave radiation will be absorbed at slightly lower temperatures. However, accounting for
typical chlorophyll-a levels and globally averaging, they estimate that only around 3.3% of
shortwave radiation is absorbed below the mixed layer. Even given relatively shallow mixed layer
depths in our region of interest — from a summer minima of typically 20 m to a maxima of around
40 min the eastern tropics and around 100 m in the western tropics (Holte et al., 2017) — this
percentage is apparently also small across the tropical Atlantic, where 2-6% of shortwave
radiation is absorbed below the mixed layer (Groeskamp and ludicone, 2018). We therefore
adopt the conventional approach (Grist et al., 2014) of assuming all net Qs is absorbed at the
surface, with negligible shortwave transmission and absorption beneath the surface. The
calculated change in water mass volume is thus associated with the net heating of the surface

in the region of interest.

The volume of water transformed across isotherms by Q.. is calculated over the North Atlantic,
north of 10 °N, where there is sufficient Coriolis force for tropical storm spin up. Firstly, the
diathermal temperature flux, Qi, (T) (°C m®s™) (2), is found by area-integrating Que:, Where SST is
at or above a given value of temperature, T, then dividing by reference density, p,, and specific

heat capacity, c,, where that isotherm is outcropped.
1 e n
Qn(T) = 5= [ [} Qnee (6, YIT(SST (1, ), Txdly - (2)

where X, y are distance in west (w) to east (e) and south (s) to north (n) directions, integrating
from a west limit (xy) to an east limit (xe), and from a south limit (ys) to a north limit (y,), and lis a
sampling function; I =1 where SST > T, otherwise I' = 0; Q..: values at the selected temperatures
are found using bilinear interpolation between both latitude and longitude points of the gridded
data at each depth level. The diathermal temperature flux is proportional to the heat flux across
a selected isotherm but constructed as a temperature flux to obtain a diathermal volume flux,

as outlined below.

The diathermal volume flux, or thermal water mass transformation rate, Fr (T) (m®s™), can then

be arrived at by taking differences between Qi, (T) across two temperature surfaces.

in(T=AT/2)=Qin(T+AT/2

(3)
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where Qi» is calculated at temperature intervals of AT. This transformation rate is equivalent to

rate of change of the volume of water with temperature exceedingT.

In this way, the volume of water transformed via surface heat fluxes across a particular
temperature threshold can be calculated for each month. Other processes playing arole in
WMT are considered as the residual of observed volume anomalies after water transformed by
surface heat fluxes is accounted for. An additional advantage of the WMT framework is that
changes in water mass properties can be analysed without the limitations of an arbitrary

reference temperature otherwise used in the calculation of OHC (Holmes et al., 2019).

2.3 Data

The National Center for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis (Kalnay et al., 1996) is used for monthly mean values of heat transfer
from the atmosphere into the ocean from 1980 through 2019 in order to calculate Qnet
anomalies. Wind speed and cloud cover values used in further analysis are also from this
source. Incorporating all available observational data, the reanalysis product consists of data at
2.5 9 horizontal resolution from 1950 onwards. Previous similar uses of this reanalysis data in
the WMT framework include studies of the subtropical and subpolar North Atlantic (Grist et al.

2014).

The NCEP Global Ocean Data Assimilation System (GODAS) ocean reanalysis product
(Behringer and Xue, 2004) contains gridded global potential temperature at 40 discrete depths,
at 1/3 ° latitude and 1 ° longitude spacing, from 1980 to present. It is important to note that
observations assimilated into these products are increasingly scarce with depth and further
backin time, so the degree of constraint afforded by the observations will vary in a
corresponding manner. GODAS potential temperatures are used to calculate observed volume

anomalies of water warmer than 26.5 °C.

The US NHC tropical cyclone data, HURDAT, was used to obtain annual hurricane counts and
location of the onset of hurricane force winds. This dataset includes storm centre coordinates
and maximum winds at 6 hourly intervals over the ocean. These wind speeds are rounded to the
nearest 5 knots. This data has been incorporated in a global tropical cyclone datasetin a
standard format, maintained by the International Best Track Archive for Climate Stewardship

(IBTrACS) (Knapp et al., 2010, Knapp et al., 2018).

Ocean heat transport across 26.5 °N from the RAPID-MOCHA array 2004-2018 (Cunningham et
al., 2007; Kanzow et al., 2009) is comprised of 4 components. Gulf Stream transportis

measured by the amount of electrical current generated by flow across an underwater cable
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which runs between Florida and the Bahamas. Ekman transport is derived from satellite
scatterometer surface wind observations. The southward mid ocean transport is calculated
using current meters at shallower depths. Further down the water column, current is calculated
from temperature and salinity measurements at various depths by zonally integrating the
geostrophic profile. Instruments are attached to a variety of deep-water moorings spanning

26.5°N.

2.4 Results

We first summarise the extent to which warm water volume and hurricane activity have co-
varied since 1980. We then introduce the WMT framework in temperature space, applied to the
warm water pool. Over our study period, we present evidence of a leading role for surface fluxes
as the dominant driver of anomalous upper ocean warmth in several years of the last four

decades.

2.4.1 Warm Water Volume and Hurricane Activity

North Atlantic hurricane activity has generally been above the 1970-2019 average of 6.2
hurricanes per year since 1995, with an average of 7.5 hurricanes per year 1995-2019. This is
50% higher than the mean of 5 hurricanes per year during 1970-1995 (Figure 2.3). In only 6 of the
25 years during 1995-2019 was annual hurricane activity below the 1970-2019 mean, aligned
with the GODAS volume anomalies zero-line in Figure 2.3. Recent years with the highest annual
hurricane counts include 2005 and 2010. Anomalous volume of water warmer than 26.5 °C in
the North Atlantic shows similar multidecadal variability, with warm episodes becoming more
frequent after 1995. While the most active years don’t always occur when the volume of water
warmer than 26.5 °C is highest, due to, for example, the important role of vertical wind shear
(DeMaria, 1996), active years have become more frequent during this recent regime of a larger
volume of warm water. The annual average anomalous volume water warmer than 26.5°C is
positively correlated with annual Atlantic hurricane count, with a Pearson correlation coefficient

of 0.42, statistically significant at the 99% level.
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Figure 2.3 HURDAT Annual North Atlantic Hurricane count (blue bars) and GODAS volume
anomalies of water warmer than 26.5 °C in the Atlantic north of 10 °N 1980-2019,

applying 12-month centred moving average (orange line). For GODAS volume
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(Goldenberg et al., 2001; Gray et al., 1992; Wang et al., 2012). Rather than SST, we however find

better correlation between the depth of the 26.5 °C isotherm (Z26.5) at each grid point with

North Atlantic basin seasonal hurricane count, in some regions of the North Atlantic in the

spring. This is most clearly seen in April (Figure 2.4a), focussed in the tropics at 60 °W. These

correlations are significant at the 95% level, as indicated by stippling on the plots. This finding is

in line with studies which highlight the importance of OHC as a hurricane intensity forecasting

tool (Mainelli et al., 2008).

38



Chapter 2

]

'_"'H'

P _
r"’f'l"'
|

Figure 2.4 Pearson correlation coefficient between Atlantic basin seasonal hurricane count
1980-2019 and depth of the 26.5 °C isotherm in different months: (a) r(Z26.5,
hurricane count), April; (b) r(SST, hurricane count), April; (c) r(Z26.5, hurricane
count), May; (d) r(SST, hurricane count), May. Stippling indicates 95% significance

level.

Local SST correlation patterns with seasonal basin hurricane count show the pattern typical of
AMV, particularly by May (Figure 2.4d), where value are higher in the tropics and eastern
Atlantic, and lower in the subtropical gyre. Areas of deep warm water in the spring indicate
water warm enough to sustain tropical development early in the Atlantic hurricane season,
which is likely to increase total hurricane count for the year by adding early season storms and

suggests a deeper pool of warm water will be available later in the season.

These correlations were examined in detail to see if better correlation existed between early
season hurricane count (hurricanes forming before July 1) and 26.5 °C isotherm depth in a
particular month (April or May for example), than hurricane counts for the whole season, but
that did not seem to be the case. This observation implies that early season hurricanes are not
driving the correlation. As the sample size of these hurricanes since 1980 is quite small (8

hurricanes), it is unlikely that a high correlation would be observed. Indeed, some of these early
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season storms are generated from unusual atmospheric conditions rather than underlying
oceanic heat. One example is Hurricane Alex, which formed in January 2016 from an extra-

tropical low (Jesus Gonzalez-Aleman, 2018).

2.4.2 Characteristics of Water Mass Transformation

Surface WMT calculates the rate that water masses are transformed across isotherms by heat
transfer between the ocean and the atmosphere. A North Atlantic WMT climatology shows the
transformation rate across all isotherms found in the North Atlantic, from 0 °C to 31 °C (Figure
2.5). The climatology is consistent with annual net cooling and warming in different temperature
ranges. Surface water is transformed by Q.: across isotherms: towards cooler temperatures in
the range 0 to 27 °C, where Q.. < 0; towards higher temperatures between 27 °C and 30 °C,
where Qnet > 0. The latter temperatures are of particular relevance to hurricane and major
hurricane development. This indicates that in general, local surface fluxes act to increase the

volume of water warmer than 27 °C.
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Figure 2.5 Annual-mean transformation rate (Sv) for the Atlantic north of 10 °N as a function of
SST 1980-2019, given diathermal temperature fluxes at 0.25 °C intervals; positive
values imply transformation of water towards higher temperatures has occurred

over the period.

In general, WMT produces distinct water masses via either warming or cooling while other
processes act in the opposite sense to mix or homogenize the distribution in Figure 2.5.
Transports across lateral boundaries (in particular 10 °N) import and export water masses in
different temperature ranges. Vertical mixing by sub-mesoscale eddies distributes heat down
the water column (Hieronymus et al., 2014; Holmes et al., 2019), to depths inaccessible for
hurricane development. Heat is also advected poleward with the large-scale ocean circulation,

into cooler regions of the North Atlantic. A portion of the air-sea heat flux into the tropical ocean
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is thus redistributed by mixing and advected poleward, reducing the volume of warm water

generated by WMT.

Considering water temperatures affecting hurricane development, annual average cumulative
transformed water volume of temperatures warmer than 26.5 °C peaks in August. This leads
actual warm water volume, which peaks in September (Figure 2.6), over the 1980-2019 time
period. This is consistent with atmosphere-ocean heat exchange being a critical process in
forming these warm waters. We note that in a case where the surface fluxes are solely
responsible for the volume variability, then actual volume anomaly would equal the time-

integral of the transformation rate.
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Figure 2.6 1980-2019 mean monthly volume transformed across 26.5 °C isotherm (purple, right

axis) and actual volume warmer than 26.5 °C (red, left axis) (million km?).

The net surface heat flux, Qe transforms water from cooler SST to water warmer than 26.5 °C
under the hurricane genesis and track regions through the spring and summer months. Figure
2.7a plots climatological Qne: during 1980-2019 transferred into the ocean, time-integrated from
April to September, where SST exceeds 26.5 °C - the integrand of Equation 2, where T =26.5 °C.
While other processes also contribute to the observed September climatological depth of the
26.5°C isotherm in the North Atlantic (Figure 2.7b), spatial coherence between the area which
can be transformed to temperatures warmer than 26.5 °C through the spring and early summer,
and the observed climatological area of 26.5 °C waters in September is suggested by
comparison between these two plots. Relating this more closely to hurricane development
metrics, the point at which 1980-2019 tropical cyclones strengthened into hurricanes with
maximum sustained 1-minute mean winds of 64 knots or greater is overlaid onto the
climatological depth of the 26.5 °C isotherm. These points are found south of 40 °N, west of 40
°W and south of 20 °N, east of 40 °W, and are bounded to the south around 10 °N. Few points

are found north of this region of the North Atlantic, providing additional observational evidence
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to connect this water mass with hurricane development. The patterns of strong net warming and
26.5 °C isotherm depth, which span the breadth of the Atlantic basin and extend to ~ 40°N,

reinforce our emphasis that ocean warming of consequence for hurricane genesis is not
confined to the MDR.
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Figure 2.7 (a) Mean 1980-2019 April-September Q.. (Wm™2) into the ocean where SST exceeds
26.5°C, (b) 1980-2019 September mean depth of 26.5 °C isotherm (m) with
HURDAT 1980-2019 hurricane formation points overlaid).

2.4.3 Inferred Warm Water Volume Changes

In Figure 2.8, time series of GODAS 1980-2019 differences from one month to the next of
observed volume anomalies of water warmer than 26.5 °C are plotted with NCEP-NCAR
anomalous monthly transformation rate across 26.5 °C, both expressed as million km?® per
month. The aim is to see how closely these may be linked, and how Q. processes may
therefore drive development of this warm water to fuel hurricanes, and, by inference, the extent
to which other processes must contribute to form this water mass. Monthly anomalies of water
transformed by Q..: are positively correlated with month-to-month actual volume change
anomalies of water warmer than 26.5 °C (Figure 2.8). The Pearson correlation coefficientis 0.32,

which is statistically significant at the 99% confidence level.
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Figure 2.8 Anomalous observed month-to-month (red) volume change of water warmer than
26.5 °C and the anomalous transformation rate (i.e. million km?® per month) across

the 26.5 °C isotherm (purple), applying 12-month centred moving average.
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However, while the correlation is significant, it is also clear that the level of agreement between
WMT and the observed warm water volume exhibits marked temporal variability. In particular,
there is particularly close correspondence between the two time series during several periods.
One such period was 1998, when there was a notable peak in both time series, and the
transformation rate led the observed volume change of water warmer than 26.5 °C by a few
months. This also coincided with the beginning of the multi-decadal (post-1998) period of
above-average warm water volume available for hurricane development. Examining 1998 in
more detail, in most months there was anomalously positive transformation, but this was
particularly marked during June through September (Figure 2.9). This is important as it highlights
that surface fluxes during as well as before the hurricane season can be important in driving

anomalies in warm water volume.
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Figure 2.9 1998 (blue) volume transformed across 26.5 °C isotherm (million km?®) versus 1980-

2019 climatology (purple).

In Figure 2.10, we show anomalies of monthly Q..: over waters warmer than 26.5 °C for June to
September of 1998, relative to 1980-2020 climatological values. These positive anomalies led to

anomalous warm water transformation during these peak months of the 1998 hurricane season.
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Figure 2.10 Anomaly of June-September Qne: (Wm2) in 1998 where SST > 26.5 °C.

In 1998, hurricane activity was well above average (Pasch et al. 2001), with an Accumulated
Cyclone Energy (ACE) of 182, 67% higher than that of the 1980-2019 average ACE, and the 5"
highest since 1970, when satellite data coverage extended basin-wide and this metric could be
diagnosed appropriately (Kossin, 2007). Major Hurricanes Bonnie, Georges, and Mitch all made
landfall in 1998. Anomalous net surface heating heavily contributed to this, the deadliest
Atlantic Hurricane season in the last 200 years. The period 1995-1998 of enhanced
transformation appears to have also been important in sustaining a shift from below average to

above average warm water volume that occurred near this time (Figure 2.3).

By contrast, in other years, it is clear from the difference between the two signals in Figure 2.8
that additional processes must have contributed to accumulation of warm waters. The warm
water volume will further vary as a consequence of anomalies in heat transport divergence
associated with both large-scale geostrophic currents and Ekman dynamics. In 2009-2010, Qnet
fails to explain up to 0.015 million km?® of anomalous volume of water warmer than 26.5°Cin a
month. Bryden et al. (2014) calculate a 0.4 PW reduction in ocean heat transport across 26 °N
during this period. A decrease in the AMOC then allowed a greater accumulation of heatin the
tropical Atlantic in this period, leading to a much greater volume of water warmer than 26.5 °C

during the very active 2010 hurricane season.
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The relative contributions of these heat sources will also vary on longer timescales over the
study period. A downward trend has been observed in AMOC transport since 2008 in the RAPID
array measurements at 26.5 °N (Smeed et al., 2018) which would help develop anomalously
larger volume of warm North Atlantic water on a decadal timescale. Bryden et al. (2020) note a
decrease of 0.17 PW across this latitude since 2009. Hallam et al. (2019) discuss the
importance of this slowdown to the 2010 hurricane season in comparison with the 2017
hurricane season, where they show that weaker net heat loss to the atmosphere in the

northeastern MDR was a driver of anomalously warm SST.

These differences between observed and transformed volume of warm water are plotted in
Figure 2.11 along with negative RAPID heat transport anomalies, suggesting the amount of heat
retained in the tropical Atlantic. There is a correspondence between the anomalous residual
warm water volume not explained by surface fluxes and the anomalous export of ocean heat
from the tropics associated with AMOC variability, notably in 2009 and 2012. The Pearson
correlation coefficient for the residual volume of water warmer than 26.5 °C after accounting for

the volume transformed by Qnet, and annual mean RAPID heat flux anomalies, is -0.60.
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Figure 2.11 Difference in 4-month warm water volume anomalies (Blue) between observed
(EN4) July to October volume anomalies > 26.5 °C and that inferred by the
anomalous integrated May to August transformation across the 26.5 °C isotherm,
with negative RAPID heat transport anomalies across 26 °N (red), applying 12-

month centred moving average.

To be more specific about the physical processes behind Q..;, we examine anomalies in the four
terms of the net heat flux (Equation 1). To isolate the dominant component in heat flux variability
for warm water in this region of the ocean, the transformation rate across the 26.5 °C isotherm
was separately calculated for each component of Q... The transformation rate calculated with
latent heat flux, Qu (Figure 2.12) explains 35% (r = 0.59) of the transformation rate calculated
using Qne: for this particular temperature threshold. In comparison, calculating the
transformation rate with other components of Qnet, including Quw and Qsw explains 3% (3% and

less than 1% respectively) of the total variance. The transformation rate calculated with Qg is
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highly correlated (r = 0.72) with the total, but is an order of magnitude smaller, and so on its own

contributes little to the WMT variability.

Million km *
0.00

-0.02

T T T T T T T T T T T T T T T 1
1980 1984 1988 1992 1996 2000 2004 2008 2012 2016 2020

Figure 2.12 Transformation rate anomalies (units: million of km® per month) across the 26.5 °C
isotherm calculated from Q.. (purple) and Qu, (blue), applying 12-month centred

moving average.

24.4 Drivers of warm water volume Changes

Having identified Qi as the main driver of anomalous transformation of water towards
temperatures above 26.5 °C, the impact of the atmospheric conditions on latent heat exchange
into the ocean are now considered. Heat is gained by the ocean when there is a lower rate of
evaporation or less latent heat flux to the atmosphere. In Figure 2.13, we plot the local
correlation coefficient between Q\, and wind speed (Figure 2.13a) and cloud cover (Figure
2.13b). Conditions conducive to a low evaporation rate and reduced latent heat loss include
high surface humidity and light winds. Qu is negatively correlated to a larger degree (r <-0.5)
with wind speed across the majority of the hurricane MDR, and cloud cover in the eastern MDR
(Figure 2.13), implying weaker winds lead to reduced latent heat loss and an increase of net heat
flux into the ocean. Figure 2.13b however, implies that enhanced latent heat loss is associated
with increased cloudiness. This relationship suggests that whereas latent heat flux variability is
likely to be influence by wind speed variations, cloud cover variability is more likely to respond
to it. These conditions have been found to strengthen under a positive phase of tropical AMV

(Bellomo et al., 2016).
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(a) (b)

1.0
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Figure 2.13 (a) Pearson correlation coefficient heat map for Qi and wind speed (b) correlation
coefficient heat map for Qi and cloud fraction using NCEP-NCAR data spanning
1980-2019. Values are only plotted where 1980-2019 September mean depth of

26.5°C isotherm is greater than 10 m. Stippling indicates 95% significance level.

2.5 Conclusions

Multidecadal hurricane activity is largely associated with anomalously warm water in the
tropical and subtropical North Atlantic. We have applied the WMT framework (Groeskamp et al.
2019) in temperature space to quantify the volume of water transformed at the surface through
air-sea interaction, attributed to the net surface heat flux, Qne:. It is shown that the amount of
water warmer than 27 °C has increased in the last 40 years, with the transformed volume of
water warmer than 26.5 °C leading observed volume anomalies through the spring and early
summer. The transformed volume of water warmer than 26.5 °C shows signs of spatial
coherence with the observed volume, which is closely tied to the area identified earlier, where

storms are able to intensify into hurricanes.

Anomalous positive WMT increases the volume of warm water to the north and east of this
hurricane development area. Wang et al. (2010) note that years where the Atlantic Warm Pool is
larger than average have increased genesis further east and more re-curving tracks. While some
of these tracks may remain over the open ocean, the chance of landfall in the US Northeast
states is also likely to increase (Dailey et al., 2009). Similarly, Kossin et al. (2010) group Atlantic
storms into clusters, finding that increasing trends in recent hurricane activity are driven by the
storm clusters originating in the deep tropics. These storms make up the largest proportion of
major hurricanes and also account for the majority of storms making landfall further north along

the US coastline.
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Transformation rate anomalies across 26.5 °C in the North Atlantic are highly variable on
timescales from intra-seasonal to multidecadal. A time dependent fraction of this variability is
attributed to Qnet, using the WMT framework to calculate monthly volume anomalies that can be
compared with observed anomalies of warm water volume. We identify the active and deadly
hurricane season of 1998 (Pasch et al. 2001) as a year with particularly close correspondence

between transformed and observed volume anomalies of substantial magnitude.

The other major influences on intraseasonal variability of the warm water volume are likely
anomalous ocean heat transport divergence, associated with changes in both the AMOC (Zhang
et al. 2019, and references therein) and Ekman dynamics, both of which are related in turn to
the same anomalous winds that modulate the turbulent surface fluxes. Heat transport changes
associated with the 30% AMOC downturn of 2010 account for the observed increase of warm

water volume in that exceptional year.

This analysis, using the WMT framework, quantifies the amount of warm water available for
hurricane development which is transformed, accounting for air-sea heat flux variability that is
primarily related to surface winds. This mechanism only appears effective in some years, due to
contribution in other years of variable heat transfer from ocean currents. This reinforces ideas
that, at interannual and decadal timescales, coordinated physical mechanisms must come
together to explain recent warming of the tropical North Atlantic which has been conducive to

more intense hurricane seasons and more frequent landfalls of destructive storms.
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Chapter 3 Tracing Oceanic Sources of Heat Content

Available for Atlantic Hurricanes

Key Points:

e 20-40% of the warm water available in the MDR for Atlantic hurricanes in June is resident
there 6 months previously.

e Of the remaining warm water, which arrives from outside the MDR, 5-15% arrives via the
North Brazil Current.

e Years of anomalous warmth in the MDR are associated with reduced arrival from outside

the MDR and more local air-sea heat exchange.

Abstract

In the MDR, the volume of water warmer than 26.5 °C quantifies the potential source of energy
for major storms. Taking a Lagrangian perspective, this warm water is backtracked on seasonal
timescales in an eddy-resolving ocean model hindcast spanning 1988-2010. Being confined
near the surface and assuming a mixed layer depth of 50 m, net heat fluxes into or out of water
parcels advected towards the MDR are inferred from along-trajectory temperature tendencies.
To first order, these heat fluxes match surface net heat fluxes during the months over which
water advects into the region. Contributions to this warm water in the preceding 6 months
include water resident in the MDR (20-40%), arriving via the North Brazil Current (5-15%), or via
Ekman drift across 10 °N. In relative terms, decreased contributions from the North Brazil
Current and Ekman drift and more in situ warming within the MDR lead to warmer, more active

hurricane seasons.

Plain Language Summary

More and stronger hurricanes can be maintained by a larger quantity of warm ocean water in the
North Atlantic. This water can be tracked backwards through time in high resolution model data
to see where it originated. While some of the warm water is already in the tropical Atlantic six
months before the hurricane season, some moves into the area via ocean currents or is pushed
northwards by local winds. More and stronger hurricanes are more likely to occur in years where
there is less movement of water into the tropical North Atlantic, along with more local heating of

the region in the months leading into the hurricane season.
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3.1 Introduction

North Atlantic hurricanes continue to be a major cause of natural catastrophe damage and loss
of life. The 2017 to 2021 seasons consistently produced damaging landfalling storms, driving the
5-year average annual economic loss in the US alone to 102.5 B USD (CPl-adjusted, NCEI,
2022), an unprecedented level. These years include the particularly damaging hurricanes
Harvey, Irma, and Maria in 2017. Category 5 Michael in 2018 had the strongest recorded
maximum windspeed for US landfall. Dorian decimated islands in the Bahamas in 2019. Six
hurricanes made landfall in the US in 2020. Category 4 Ida hit New Orleans in 2021. 2022
brought Category 4 lan to the west coast of Florida, the most damaging US hurricane since
2005. These active recent seasons have mainly occurred in years with anomalous warm water in

the tropical North Atlantic (Figure 3.1).

Hurricane development requires an underlying heat source of water warmer than 26.5 °c,
combined with a low vertical wind shear atmospheric profile. This is in addition to an existing
disturbance, atmospheric instability, and mid-level moisture to aid genesis of individual events
(Demaria et al., 2001). McTaggert-Cowan et al. (2015) summarise work identifying the
aforementioned temperature threshold as key to generating and sustaining hurricanes. Hence,
a deep understanding of the oceanic heat sources necessary to support these storms is
required to increase societal preparedness for possible disasters on seasonal and longer

timescales.

The June monthly-mean anomalous volume of water warmer than 26.5 °C in the North Atlantic
north of 10 °N is shown in Figure 3.1 along with annual hurricane count in the Atlantic basin.
These metrics have a Pearson correlation coefficient of 0.43, statistically significant at the 99%
level. This anomalous volume of warm water varies on multidecadal and interannual
timescales, and is mainly negative prior to 1995, then generally higher after that. Peaks in the
volume occurin 1998, 2005, 2010-11 and 2016-17, years with some of the highest hurricane

counts.
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Figure 3.1 IBTrACS Annual North Atlantic Hurricane count (blue bars) and GODAS June volume
anomalies of water warmer than 26.5 °C in the Atlantic north of 10 °N 1980-2021
(orange line). For GODAS volume anomalies, the black zero-line is aligned with the

mean hurricane count.

Efforts continue to unravel the oceanic and atmospheric systems contributing to anomalous
heat in the tropical North Atlantic. It has become clear that atmospheric heat flux plays a major
role in heat transfer into the ocean on interannual timescales. Booth et al. (2012) found that
variation in anthropogenic aerosols, modulating the incoming shortwave radiation, impacted
North Atlantic SST in a climate model. Dunstone et al. (2013) then linked this to tropical cyclone
activity. Later studies (Watanabe and Tatebe, 2019) found that much of the anomalously cool
North Atlantic SSTs observed in the 1970s and 80s can be explained by increasing
anthropogenic sulphate aerosols in climate model studies. Another source of aerosols into the
atmosphere is volcanic activity, which Mann et al. (2021) suggest as the driver of multidecadal
variability in Atlantic SST. Recent studies have confirmed the role of anomalous surface heating,
and specifically a reduction of the oceanic latent heat loss in producing anomalous warm water

in the tropical North Atlantic (Hallam et al., 2019; Harris et al., 2022).

While the role of air-sea heat flux in establishing Atlantic SST anomalies has been established in
previous studies, heat transfer by ocean transport also plays a role in the development of
Atlantic SST anomalies. Yan et al. (2017) argue that major hurricane frequency has increased
since 2005, during which time aerosol concentration has been stable, while the AMOC has
weakened. A slowdown in the AMOC has been suggested to have driven anomalously positive
OHC in 2010, in contrast with 2017 when warming was attributed to changes in regional air-sea
interaction (Hallam et al., 2019). Zhang et al. (2019) compile evidence for anomalous ocean
heat transport divergence in the Atlantic, associated with changes in both the AMOC and Ekman

dynamics which contribute to the changing circulation, notably in 2009-10.
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Different ocean currents feed into the MDR (Goldenberg et al., 2001). To the north of the MDR,
the basin-integrated AMOC is monitored at 26 °N, and comprises contributions from the Gulf
Stream, mid and deep ocean, as well as Ekman transport (Cunningham et al., 2007). Seasonal
variability is driven by basin-wide wind stress (Yang, 2015). The Ekman component was
anomalously low in 2009-10 (Smeed et al., 2018), allowing accumulation of heat in the MDR.
The westward-flowing North Equatorial Current traverses the southern MDR, while the
eastward-flowing North Equatorial Counter Current lies immediately to the south (Philander,
2001), and hence both potentially impact MDR temperature development. Amazon river outflow
via the North Brazil Current has been proposed as a mechanism for hurricane intensification via
a stratifying influence (Ffield, 2007). Despite the ground covered by these studies, the oceanic
sources of warm MDR water in the lead up to the Atlantic hurricane season have not been
examined collectively. This study aims to quantify transport into the MDR from these different
regions in the lead up to the hurricane season, using a realistic high-resolution eddy-resolving

ocean model hindcast.

Closing a heat budget for the MDR using Eulerian methods to quantify heat transport into this
region via ocean transport is difficult due to disparate observational networks. Adopting a novel
approach to investigating heat transfer into the MDR, we use the ARIANE particle tracking
algorithm (Blanke and Raynaud, 1997), with data from the ocean model, to back-trace MDR
warm water for 6 months. In a related study, ARIANE was used with this model hindcast in the
same region to forecast the drift of sargassum on seasonal timescales (Marsh et al., 2021).
ARIANE is specifically used here to examine flows into the MDR that are associated with

anomalously warm or cool hurricane seasons.

Data and methods will be described in more detail in the following section. Following this will be
an investigation into the climatology of these oceanic pathways using model hindcast data to
further understand the ocean dynamics in the study region. This will be compared with oceanic
and atmospheric influences. Interseasonal variability will then be analysed, to explain individual
hurricane seasons. Finally, connections with Atlantic modes and mechanisms will be

discussed, to link intraseasonal and interannual variability.

3.2 Data and Methods

We outline the various datasets used here to provide information on interannual variations in
hurricane seasons and the associated warm water volume, and to obtain Lagrangian
diagnostics. We further outline how the Lagrangian analysis is developed to partition waters

inside and outside the MDR (here defined at 10 to 20 °N, 30 to 60 °W), to associate timescales to
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MDR arrival, and to infer (Lagrangian) heat fluxes along flow pathways for evaluation with

(Eulerian) net surface heat fluxes.

3.2.1 IBTrACS

Atlantic basin hurricane count by year was compiled using the International Best Track Archive
for Climate Stewardship (IBTrACS) (Knapp et al., 2010, Knapp et al., 2018). Unique storms
reaching greater than 64 knots of maximum wind speed were identified from this storm-centred
point data which includes maximum winds at 6-hourly intervals over the ocean, more frequent

near land, rounded to the nearest 5 knots.

3.2.2 GODAS

The observed volume of Atlantic water warmer than 26.5 °C north of 10 °N was calculated using
the GODAS ocean reanalysis product (Behringer and Xue, 2004). This dataset contains gridded
global potential temperature at 40 discrete depths, at 1/3° latitude and 1° longitude spacing,
from 1980. While observations used to create this data are increasingly scarce with depth and

further back in time, the data used in this study is near the surface and relatively recent.

3.2.3 NEMO hindcast

A 1988-2010 hindcast model run was used to track particles. This dataset is output from the
Nucleus for European Modelling of the Ocean (NEMO) ocean model (Madec, 2008), runin a
high-resolution 1/12° eddy-resolving global configuration (ORCA12). Data used to compute
trajectories comprise 5-day averages 3D ocean currents, temperature, and salinity; surface

winds and net heat fluxes were used in further analysis.

NEMO-ORCA12 is forced with surface datasets produced by the DRAKKAR project (Brodeau et
al., 2010), comprising 6-hourly mean 10-m winds, 2-m air temperature, 2-m humidity, daily
mean radiative fluxes, and monthly-mean precipitation fields, adjusted from ERA40 reanalysis
(Uppala et al., 2005). The hindcast used here is obtained with NEMO v3.2 and the following
DRAKKAR Forcing Sets (DFS): DFS4.1 forcing up to the end of 2007, switching to NEMO v3.3.1
and DFS5.1.1 forcing in an extension to the end of 2010. Details of model parameterisation and

initialisation are outlined in Blaker et al. (2015).

3.2.4 Lagrangian analysis

The ARIANE package is used for tracing water parcels using the NEMO-ORAC12 model output

data described above. Starting points are selected, and positions are saved at 5-day intervals up
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to 170 days forwards or backwards from the start date. Start points on June 30 and September
30 are defined at grid points within the MDR where the temperature in the water column is
greater than 26.5 °C, in each year of the dataset. Constraining the start points to the MDR allows
for identification of movement of particles and heat transfer into this highly studied region
intimately connected with hurricane development, at a temperature threshold identified as a

minimum for sustaining hurricanes.

The number of particles warmer than 26.5 °Ccanbeusedasa proxy for heat contentin the
MDR. In Figure 3.2, this number is plotted for June and September of each year in the ORCA12
dataset. The variability in June is much greater than September. By September, most of the MDR
SST particles are already warmer than 26.5 °C. As a consequence, the amount of warm water in
the MDR is less variable than in June. As the number of ‘warm water particles’ in the MDR in
June is indicative of MDR OHC, it is naturally linked to hurricane activity in the Atlantic Basin,

with notable peaks in the active hurricane seasons 1995, 1998, 2005, and 2010 in Figure 3.1.
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Figure 3.2 Number of particles initially warmer than 26.5 °C in MDR on 30 June (purple) and on

30 September (red).

From the start points, ARIANE runs backwards (or forwards) to trace the path of the water
parcels into (out of) the MDR, recording the tendencies of temperature and other properties
along flow pathways. A forwards run from June 30 was run to quantify potential heat loss out of
the region. Net heat fluxes, Qagrangian, are inferred from temperature (T) tendencies between the
5-day outputintervals (t, t + Dt, etc.,), so T(t+At)-T(t), for a representative mixed layer depth h =

50 m, as:

T(t+At)—-T(t)
QLagrangian = pCph At f (1)

where p and C; are respectively a representative density and the specific heat of seawater. The

value of his informed by a recent mixed layer climatology for the tropical Atlantic (Holte et al.,

2017). Located midway between particle locations at arbitrary latitudes and longitudes, these

heat fluxes are then averaged on a 0.5 0 grid along with mean age and other particle properties.
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Figure 3.3 shows the tracks of a sample of particles at 1 0 spacing within the MDR and warmer
than 26.5 °C in September 2010, tracking particles backwards for 6 months. While the lengths of
some particle tracks are contained within the MDR, longer tracks of faster moving particles are
evident, clustered along the northeast coast of Brazil (North Brazil Current). The remainder of

the particles move more slowly into the MDR across the southern boundary.

Figure 3.3 Sample of back-trajectories from September 2010, colour-coded by particle id; MDR -

black box, North Brazil Current measured across red line at 10 °N

This Lagrangian approach to examining different routes of ocean heat transferinto the MDRis a
novel methodology for investigating the variability of warm water available for hurricane
development. The analysis reveals new insights into quantification of the sources of warm water
flowing into this region and inter-seasonal variability leading to anomalously warm (cool) years

in which the MDR heat content can support more (fewer) potentially damaging hurricanes.

3.3 Results

Output from the three experiments: the particle back-trajectories from June 30 (BAC06) and
September 30 (BACO09), as well as forward trajectories from June 30 (FORO06), are analysed in the
following sections. To understand the climatology of warm water transport into and out of the
MDR, averages over the hindcast period of 1988-2010 are examined. This is demonstrated using
monthly snapshots of the number of particles and average properties through the 6 months per
0.5° grid cell, including particle age and Lagrangian heat fluxes, which are compared with
corresponding Eulerian surface heat fluxes from the hindcast. Mean ocean currents and wind
stress are referenced as drivers of particle movement. Dynamics of heat transfer via ocean

currents are then summarised schematically.

Individual years are compared to consider interannual variability, by identifying various source
regions for water warmer than 26.5 °C and quantifying the number of particles originating via

individual pathways. The differences between particularly warm, active years in the dataset and
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cooler, inactive years are then examined, along with ocean currents and wind stress for those
years, to highlight atmospheric and oceanic dynamics driving anomalously warm or cool

conditions in the MDR that are of consequence for hurricane seasons.

Finally, we examine climate modes and mechanisms over the hindcast period, relating the
variable development of MDR heat content via oceanic pathways to established analyses of

tropical Atlantic variability.

3.3.1 Climatology of oceanic sources of warm water into the summertime MDR

In this section, the climatology of oceanic sources of water warmer than 26.5 °C are discussed,
by examining the backwards (forwards) trajectories of particles from June 30 and September 30,
for 170 days (approximately 6 months), to January or April (November) respectively. Particles in
Figure 3.4 converge (diverge) gradually into (out of) the MDR with time along the backwards

(forwards) trajectories.

In the top row, starting in June, and back-tracking one month earlier to May, particles are largely
within the MDR, with some particles arriving via the North Brazil Current. In March, the North
Brazil Current pathway is very clear along the north coast of Brazil. There is also a high density of
particles visible south of 10 °N in March, clearly to the north of the North Brazil Current. We can
infer that these particles will move northwards more slowly than the North Brazil Current. In
January, while the highest particle concentration is the MDR itself, particle origins are also well

dispersed, from 10 °S to 10 °N, and largely west of 20 °W.

The North Brazil Current also contributes to warm water particles residing in the MDR in
September (middle row), though the local maximum in particle numbers in the eastern MDR in
Aprilis very pronounced, indicating far less movement into the MDR from other water sources
over the spring and summer months. This suggests some westwards movement of particles

within the MDR through this period.

Apr

Jun
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Figure 3.4 Number of particles per 0.5 ° grid cell at 1-month intervals from start date. Tracing
particles that were in the MDR and warmer than 26.5 °C on June 30 (top, tracing
backwards), September 30 (middle, tracing backwards) and June 30 (bottom,

tracing forwards). The MDR is outlined.

To identify the extent to which warm water is being lost from the MDR via ocean currents, a
forward run from June 30 is also undertaken (bottom row). Warm water particles move into the
Gulf of Mexico in 2 to 3 months, some reaching the Gulf Stream by 4-5 months, along with

general dispersal up to 10 ° to the north and south of the MDR.

While the Lagrangian analysis identifies the basic source regions of warm water, the particles
also gain and lose heat along their track towards or away from the MDR, so the impact of ocean
currents as heat sources or sinks cannot be isolated from air-sea heat flux, or Ekman dynamics,
with this methodology. To elucidate this, the along-track heat flux via Equation (1), per 0.5 0 grid
cell over the 6 months of each experiment, is plotted in the top row of Figure 3.5. The average
particle age per experiment, in the middle row of Figure 3.5, is helpful for understanding the
Lagrangian heat fluxes, as heat transfer processes are highly variable on intraseasonal
timescales, with the ocean losing heat to the atmosphere in the northern hemisphere winter,
and starting to gain heat from the atmosphere by early summer. As particle tracks begin in the
MDR, and move quickly backwards along the North Brazil Current, away from the MDR, this
brings down the average particle age in these areas, but regions furthest from the MDR have an
average age closer to the end of the experiment. Over the 6 months of BACO6, on the left, heatis
gained in the MDR in May and June, off the west coast of Africa where cool water upwells due to

offshore easterly trade winds, and south of the equator in January.

The Eulerian 6-month averaged heat flux (Qne) in the left panel of the bottom row (averaged
January to June) also shows general heat loss in the Atlantic north of 5 °N, as this winter heat
loss to the atmosphere in the northern hemisphere outweighs the heat gain in early summer,
and heat gain south of this latitude, in the deep tropics, and for the upwelling area along the

west coast of Africa.
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In contrast, heat is gained over most of the particle tracks ending in September, in the middle
column of Figure 3.5, which corresponds to April to September averaged Qe 0n the bottom row
(middle panel), as the ocean gains considerable heat from the atmosphere in the late spring and

through the summer.

BACDS BACCD FORDE

Figure 3.5 1988-2010 ORCA12 mean heat flux (top row) and particle age (middle row) for ARIANE
experiments BACO06 (backwards form June, left column), BAC09 (backwards from
September, middle column), and FORO06 (forwards from June, right column); with
mean Eulerian heat flux for the same 6-month periods as ARIANE experiments
(bottom row; January to June left, March to September, middle, July to December,

right)

FORO0G6, on the other hand (right panels), shows heat loss where warm water particles move
north, as they mix with cooler water and lose heat to the atmosphere, particularly via the Gulf
Stream. Some heat is gained in June and July in the MDR and equatorial regions in November
and December. Mean monthly Qe for July to December (bottom right), shows mainly heat
transfer into the ocean during the peak of summer and through the fall, with heat loss along the

Gulf Stream as warm water moves quickly northwards.

The Lagrangian heat flux thus provides a complementary, time-varying perspective of ocean-

atmosphere dynamics along flow pathways, contributing to the warm water pool available for
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hurricane development. This novel analysis reveals the role of oceanic pathways in the
development of hurricane seasons, by highlighting heat transfer into the region in the months

preceding the start of the Atlantic season, sourced within, or remote from, the MDR.

3.3.2 Climatology of dynamical influences on MDR heat content and Atlantic

hurricanes

In addition to seasonal change in Qne:, winds and ocean currents also vary seasonally, and
contribute to varying mechanisms of heat transfer into the MDR through the year. Figure 3.6
highlights that winter/spring MDR wind stresses (top row) are stronger, leading to more mixing
with cooler sub-surface waters and stronger advection. Weakening of wind stress through
spring/summer subsequently favours heat accumulation in the MDR by September. The impact
of the North Brazil Current (bottom row) will be examined in more detail on interannual

timescales.

Jan - Jun Mean Wind Apr - Sep Mean Wind Jul - Dec Mean Wind

Figure 3.6 ORCA12 1988-2010 averages of 6-month means for wind stress (Nm) and surface
current (ms™). January-June corresponds to the time of BACO06, April-September to

BACO09 and Jul-December to FOR06.

Figure 3.7 depicts warm water pathways into and out of the MDR, as traced with particles, along
with the atmospheric and oceanic drivers that contribute to heat content available for hurricane
development. Ocean currents transporting water in and out of the MDR are identified as red
arrows in this schematic. The Gulf Stream transports heat out of the region. The North Brazil
Current bifurcates to partly flow into the MDR. The northern edge of the westward Equatorial
Current crosses the southern boundary of the MDR. Variable Easterly trades (blue arrows) drive
not only the Atlantic Nifio signal, but also vertical mixing (purple arrows) across the 26.5°C

isotherm. A combination of these dynamics and processes generates a larger or smaller pool of
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warm water, leading in turn to above or below average hurricane season activity. This warm pool

is depicted by the red lines labelled 26.5 °C.
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Figure 3.7 Physical mechanisms influencing ocean heat transport divergence in the MDR shown

as arrows (see main text above for details).

3.3.3 Interseasonal variability of oceanic pathways into the MDR in relation to

hurricane activity

Section 3.1 considered average particle movement across the ORCA12 hindcast, introducing
Quagrangian @S @ measure of net surface heat flux into the MDR for potential hurricane
development. In this section, we develop Lagrangian diagnostics to compare mechanisms for

oceanic heat transfer leading up to the start of the Atlantic hurricane season.

Figure 3.4 indicated that 6 months before the start of the hurricane season, many of the
particles terminating in the MDR are already in situ in the MDR. This percentage of particles
located within the MDR is plotted for each year, by experiment, in the top row of Figure 3.8. For
BACO06, the MDR particle count quickly declines to a mean of 64% by month 2 of the experiment,
associated with some of the faster moving pathways, though this varies between 52% and 77%
by year. On average for these years in the dataset, 36% of the particles are in the MDR 6 months

before the experiment start, varying between 17% and 50%.

Most of the particles from the start of the BAC09 (middle) experiment are in the MDR 2 months
before the peak of the hurricane season, with a mean of 91% of the particles in the MDR at that
time, and on average 65% of the particles in the MDR in April. Addressing heat loss from the

MDR at the start of the hurricane season, in FOR06, on average 71% of particles are still in the
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MDR after 2 months from the experiment start time, and 51% by January, at the end of the

experiment.

Comparing these experiments by start date, more heat exchange affecting the MDR heat
contentis via ocean currents from January to June (BACO06). From April to September (BACO09),
more heat exchange affecting the MDR heat content is through in situ heat exchange from the

atmosphere into the ocean.
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Figure 3.8 Percentage of particles in the MDR at each timestep that were in the MDR and warmer
than 26.5 °C at the start of the experiments, for each of the three experiments:
BACO06, BACO09, and FORO06 by year (top panels). Time series of the percentage of
these warm particles in the MDR at the end of the 6-month experiments (bottom

panel).

The bottom panelin Figure 3.8 is a time series of the percentage of particles in the MDR at 6
months from the start of each experiment, essentially the ‘end points’ 6 months earlier or later
than the start time in the top row. This timeseries shows peak MDR ‘residency’ for June-
backtracked particles in 1995, 1998, 2005 and 2010; these are the years with the warmest MDR
inJune, and likewise, the most active hurricane seasons. There is a minimum in 2009,
conversely a year with one of the lowest number of particles warmer than 26.5 °C, during which
only three hurricanes formed in the Atlantic basin. The number of particles in the MDR in January
has a Pearson correlation coefficient of 0.78 with the number of particles in the MDR in June,
and 0.55 with the annual Atlantic basin hurricane count, significant at the 99% level, suggesting

a reasonable level of predictability for MDR heat content in June as well as seasonal basin-scale

hurricane activity.
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Apart from water resident in the MDR, a clear pathway for water moving into the MDR is the
North Brazil Current, which is evident in the climatological analysis in Figure 3.4. To capture
particles moving into the MDR via this current, Figure 3.9 shows the percent of particles in each
year at each 5-day time timestep, south of 10 °N, between 50 and 60 °W. In BACO06, the greatest
percentage of particles in this region is during March through May. Only a small percentage of
particles is found in the North Brazil Current throughout BACO9, with variability by year for the 6

months of this experiment.
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Figure 3.9 Percentage of particles in the North Brazil Current at each timestep that were in the
MDR and warmer than 26.5 °C at the start of the experiments, for BAC06 and
BACOQ9, by year (top panels). Time series of the percentage of these warm particles

in the North Brazil Current at the end of the 6-month experiments (bottom panel).

The time series in Figure 3.9 (bottom panel) shows the maximum percentage of particles in the
North Brazil Current region at any time, rather than at the end of the experiment, recognising
that particles may pass through this region throughout the 6-month timespan. The BAC06
experiment maximum percentage of particles in the North Brazil Current timeseries is negatively
correlated with the number of particles in the MDR in June, with a maximum in 2009, and
minima in the active hurricane seasons. The Pearson correlation coefficient with the initial

number of particles is -0.87 and with hurricane count is -0.61, significant at the 99% level.

We have quantified the contributions to warm MDR water coming from water in situ within the
MDR six months prior to the start of hurricane season, and flow into the MDR via the North Brazil

Current. The remaining water moving into the MDR moves north across the southern boundary
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primarily with Ekman drift. MDR warmth in June of warm years is largely in situ already by
early/mid spring. This implies that warm years result from the accumulation of heat within the
MDR (via surface fluxes), rather than transport of excess heat into the region from more
equatorward regions. In cool years, an active North Brazil Current pathway accompanies
suppressed MDR heat content. This is consistent with the relatively low heat gain or even heat

loss that occurs in the along the main input pathway of the North Brazil Current (see Figure 3.5).

Three sample years were selected to examine oceanic and atmospheric dynamics leading to a
smaller or larger than average number of warm particles in the MDR in June: 2005, 2009 and
2010. In 2005, there were a record number of 15 hurricanes, while only 3 hurricanes were
recorded in 2009; in 2010, there were 12, well above the climatological average of 7 for 1980-
2021 (Figure 3.1). For both 2005 and 2010, there is a relatively large number of warm water
particles in the MDR in June. These two years are compared to see if similar antecedent
conditions led to a larger warm pool in both years. In 2009, on the other hand, there is a
relatively small number of particles in the MDR in June. In summary, around twice as many
particles represent water warmer than 26.5 °C in the MDR in 2005 and 2010, than in 2009 (Figure
3.2); comparing 2009 to 2010, we examine how antecedent conditions vary ahead of a cooler

year and a warmer year, respectively.

Figure 3.10 shows the number of particles per 0.5 0 grid cell in each of these years from the
BACO06 experiments. In 2005 and 2010, we note generally similar locations of particles six
months earlier, in January. This suggests similar warm water pathways in the preceding months,
with most particles residing in the MDR through this time, a contribution from the North Brazil
Current, and the remaining particles drifting northwards across 10 °N into the MDR. In contrast,
warm waters in June 2009 originate mainly south of the MDR. These sample years demonstrate
how warm years have more limited transport of water via ocean currents into the MDR, and

more in situ warming within the MDR.
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Figure 3.10 Number of particles per 0.5 ° grid cell in January which are in the MDR and warmer

than 26.5 °C in June of the same year.

Oceanic and atmospheric conditions preceding June 2005 are compared with those prior to
June 2010. We consider how Lagrangian motion and driving oceanic and atmospheric dynamics
could potentially differ between these active hurricane seasons with large warm pools. Both
years are characterised by negative wind stress anomalies across much of the region in the
months preceding June (Figure 3.11a, e), although this is more strongly negative in 2010,
particularly north of the MDR. Warm water in the MDR in 2005 therefore is more heavily

influenced by Qnet, and in 2010 by Ekman dynamics, which other studies have also concluded

(Hallam et al., 2019).
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Figure 3.11 Mean January-June 2005 wind stress anomalies (Nm) (a) and ocean current

anomalies (ms™) (b) vs 2009 (c, d) and 2010 (e, f).

To consider how atmospheric and oceanic forcing may lead to cooler and warmer years in the
MDR in June, we now compare the prevailing surface conditions in 2009 and 2010. Lower OHC

in June 2009 is coincident with positive wind stress anomalies across the MDR through the
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preceding winter and spring (Figure 3.11c). The North Brazil Current and equatorial current are
also anomalously positive in this period (Figure 3.11d). Wind stress anomalies, on the other

hand, are negative in 2010, both in and around the MDR (Figure 3.11e).

This Lagrangian analysis of interannual variability of transport along pathways into the MDR, in
the months preceding a hurricane season, confirms that increased transport from the south via
the North Brazil Current and northwards Ekman drift across 10 °N are associated with a smaller
warm pool available for hurricane development by the start of the hurricane season; conversely,
heat has more time to be exchanged via air-sea fluxes in years with less influential ocean

transport.

3.3.4 MDR heat content linked to modes of climate variability

Given the evidence for remote influences on MDR heat content, in particular the equatorial
origin of warm water in the BACO06 experiments, and the more local MDR heating in BAC09
experiments, we examine regional patterns and time series of climate variability. Variability in
tropical Atlantic temperatures and winds are evident on a range of timescales. Much of the
variability can be quantified with two indices, which will be discussed in relation to the
Lagrangian analyses and the associated volume of warm water available for hurricane

development.

Oninterannual to decadal timescales, the Atlantic Meridional Mode (AMM) is the dominant
statistical mode of tropical Atlantic SST variability (Servain et al, 1999, Chiang and Vimont,
2004). An index for the AMM is based on a leading dipole mode, associated with meridional SST
gradient anomalies across the mean latitude of the Intertropical Convergence Zone (ITCZ).
When the AMM is in a positive phase, warm SST anomalies are centred at 10 °N, with weak trade

winds centred at 5 °N.

A similar SST pattern to the Pacific El Nifio had been observed in the tropical Atlantic, with a
tongue of SST anomalies centred on the equator off west Africa (LUbbecke et al, 2018). This
signal is formed in a similar fashion, as anomalous trade winds result in variations in coastal
upwelling. A positive phase occurs when Atlantic trade wind strength is lower than average,
allowing more warm water to pool across the eastern equatorial Atlantic. This results in positive
feedback with trade winds over the area. The signal peaks in the summer and fall. An Atlantic
Nifno Index (ANI) is calculated here from ORCA12 output by averaging SST anomalies over 3 °N—
3°S, 0°-20 °W (following Zebiak, 1993).

The AMM-index is linked with hurricane activity (Vimont and Kossin, 2007) through warmer SST
and low wind shear. The AMM-index (blue) in Figure 3.12 exceeds 2.0 in 1997, 2004, 2005, and
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2010, with minima in 1994 and 2009. This is significantly correlated with hurricane count, with a

Pearson correlation coefficient of 0.54, significant at the 99% level.

The ANI (Figure 3.12, red) is strongest in 1988, and also positive in 1995, 1999, and 2010,
although notably fairly neutral in the very active hurricane seasons of 2004 and 2005.
Regardless, the Pearson correlation coefficient with hurricane count for the years in this study is

0.49, significant at the 99% level.
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Figure 3.12 Annual mean AMM-index (purple), ANI °C (red), and annual Hurricane count 1988-
2010. (Chiang and Vimont (2004).

The North Brazil Current has been discussed in previous sections in relation to inflow of water
into the MDR. Transport via this current itself has been observed to exhibit variability on
interannual and multidecadal timescales, in connection with AMOC variability (Zhang et al.,
2011). However, though much of AMOC variability is buoyancy forced via the formation of North
Atlantic Deep Water at higher latitudes, in this region, variability is largely wind-driven (Ruhs et

al., 2015).

In summary, the AMM index, AN, and North Brazil Current transport are mainly indicative of
trade wind strength which is intimately tied to the development of warm water volume in the
northern tropical Atlantic, and the MDR specifically. Changes in tropical circulation associated

with larger-scale AMOC variability likely play a secondary role in the MDR heat budget.
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3.4 Conclusions

Lagrangian techniques have been used to trace the origin of warm water into the MDR in the
Atlantic hurricane season. A climatology is described using high resolution hindcast data
spanning 1988-2010. This showed pathways into the MDR via the North Brazil Current,
northwards flow across 10 °N, and a component resident in the MDR 6 months earlier, which is
more variable in June than September, when most of the near-surface MDR is above the 26.5 °C
threshold. On examining heat flux over the 6 months prior to the start of the hurricane season
(backtracking experiment BACO06), heat is seen to be lost as water moves along much of these
pathways towards the MDR; heat is conversely gained by waters within the MDR, particularly in
the spring and summer (BAC09), which is associated with lower easterly wind stress in the

region over the backtracking period.

Analysis of warm water source by year showed the variability between seasons, confirming that
most of the heat in the MDR by June is resident in the MDR 6 months earlier, and a larger fraction
in anomalously warm years with active hurricane seasons. The relative contribution of warm
water from the North Brazil Current is hence smaller in these years, pointing to less transport

from other potential remote heat sources, leading to anomalously warm and active seasons.

Examination of two warm years, 2005 and 2010, showed different dynamics in these years, with
more negative wind stress anomalies in 2010 resulting in less transport into the MDR in
connection with Ekman driven slowdown of the AMOC. Smeed et al. (2018) note increased heat
transfer into the Atlantic due to this documented phenomenon, including higher sea level along
US east coast, which would compound potential storm surge impacts if landfalling hurricanes

were to occur in these conditions.

A comparison between a year with a high number of particles warmer than 26.5 °Cinthe MDRin
June (2010) and a year with a low number (2009) highlighted the increased transport in the
cooler year across the southern boundary and into the MDR, including the North Brazil Current,

driven by anomalously positive wind stress.

Further analysis could use similar methods to trace water north of the MDR backwards from
September, to find origins of this larger Atlantic Warm Pool (Wang et al., 2011) in years when the
Atlantic is anomalously warm, which is likely more variable than the MDR itself in the late

summer.

Selected climate indices are significantly correlated with variability in the interannual
contribution of MDR warm water sources. These indices are connected via trade wind strength

and offer some insight into seasonal predictability of the climate system in this region.
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Predictions for the future also rely on understanding changes in surface heat flux, cloudiness,
wind stress, and Ekman transport caused by climate change and variability. Wild (2016) predicts
increasing brightness, which would increase atmospheric heat transfer into the ocean. To
compound this, Caesar et al. (2021) conclude that the AMOC is weaker than it has been in the
last 1000 years, allowing more heat to accumulate in the MDR. These compounded trends are

likely to increase MDR heat content further, if persisting into the future.

In summary, we have shown that warm MDR hurricane seasons are characterised by an
anomalously large volume of warm water up to 6 months before the start of the hurricane
season and relatively low advection of warm water into the MDR. The longer residency of water
parcels in the MDR provides more time to be heated by air-sea fluxes, especially in the west of
the MDR. Changes in the amount of warm water advected into the MDR are primarily associated
with variability of pathways via the North Brazil Current and northwards Ekman drift, both of
which are heavily dependent on tropical Atlantic wind stress. We have thus highlighted the
relative importance of local and remote drivers of the seasonal warm water volume of the MDR,

that in turn drives Atlantic hurricane activity when atmospheric conditions allow.
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Chapter4 Meridional Heat Convergence will Increase
Tropical North Atlantic Heat Content

Available for Hurricane Intensification

Key Points:

e Thevolume of warm water increases to the north, east, and in depth, in a high-resolution
ocean model with high emissions forcing.

e Convergence of ocean heat transport between 10 °N and 30 °N drives this increase.

e This additional OHC could be available for potential hurricane intensification if

atmospheric conditions allow.

Abstract

OHC available for hurricane intensification is expected to increase in a warming world.
Mechanisms for growth of the Atlantic Warm Pool to 2050 are examined in a high-resolution
coupled ocean and atmosphere model with greenhouse gas forcing. The model warm pool
increases in depth as well as northern and eastern extent. While net heat flux from the
atmosphere remains stable through the forced model run, heat convergence from reduced heat
transport by ocean currents drives growth of the warm pool. While atmospheric heat flux and
oceanic heat convergence both contribute to anomalous warm water for hurricane
development at present, high resolution ocean modelling suggests that, when atmospheric
conditions allow for hurricane formation, increased potential for intensification from a warmer

ocean will primarily be due to reduced meridional heat transport.

4.1 Introduction

Recent US landfalling hurricanes have resulted in more than 40 billion USD in damage (NCEI,
2023) in 5 of the last 7 years (2017-2023), bringing to the forefront the need to understand how
anthropogenic warming may have contributed to the intensity of these events, and how major

hurricanes could develop in a future, warmer climate.

An increasing area of warm tropical Atlantic SST since the 1970s has provided a larger energy
source for hurricane intensification (Saunders & Lea, 2008). The Atlantic Warm Pool has
maintained feedback loops resulting in lower wind shear and a moist atmosphere (Wang et al.,

2007). Annual Atlantic basin major hurricane counts exhibit an increasing trend in the last few
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decades (Vecchi, 2021), mainly due to a recovery from anomalously low activity in the 1970s
and 80s, compared with subsequent decades (Nyberg et al, 2007, Rousseau-Rizzi & Emanuel,
2022). Recent high major hurricane landfall activity since 2017 (Murakami et al., 2017) marked a
return to expected behaviour due to warming Atlantic SSTs, after an unusual gap in the record
(Hall & Hereid, 2015). When changes in the observational network are accounted for, there
remains significant multidecadal variability, but little upward trend in major hurricane frequency
since the 1850s (Vecchi et al., 2021). There is also no upward long-term trend in US landfalling
major hurricanes since 1900 (Klotzbach et al., 2018). This record doesn’t suffer the same
inconsistencies in observational network as the basin count data; few major storms are likely to
have been missed, due to fairly continuous population along the US coastline, since the onset

of anthropogenic warming.

Observed multi-decadal variability in Atlantic major hurricane activity has been explained by a
cool period in the North Atlantic resulting from a combination of sulphate aerosol emissions
(Dunstone et al., 2013) and natural variability in ocean circulation (Yan et al., 2017; Zhang et al.,
2019). ltis difficult to separate the potential impact of climate change on major hurricane
frequency from these other atmospheric and oceanic factors which have influenced activity on
multidecadal timescales; for example, while Kang and Elsner (2015) found a recent increase in
global TC intensity, they do not attribute it to climate change. More generally, while a recent
review (Knutson et al., 2019) found mixed evidence to support conjectures that an increase in
major hurricane activity has already occurred, continued warming of the tropical ocean due to
greenhouse gas forcing could provide the potential for additional hurricane intensification in

future decades, provided atmospheric conditions permit tropical cyclone development.

Climate models systematically underestimate the number and strength of tropical cyclones
(Walsh et al. 2015). Tropical cyclone activity is simulated in high-resolution climate modelling,
HADGEM3-GC3.1-HH, but projected changes for the North Atlantic are inconclusive,
particularly as major hurricanes are not produced by even the highest resolution climate models
(Roberts et al., 2020a, Davis, 2018). A number of future model projections using downscaling
techniques predict a lower frequency of global tropical cyclones, and an increase in the
proportion of the most intense storms (Knutson et al., 2020). In general, the reliability of future
projections is challenged by the low annual frequency and large variability of TCs (Yoshida et al.
2017). While truly understanding the mechanisms of TC frequency and resolving extreme TCs
accurately within climate models remains elusive (Sobel et al., 2021), they can provide insight

into the processes which will drive future TC changes.

For example, the AMOC is predicted to decrease in strength due to increased freshwater at high

latitudes reducing deep water formation (Madan at al., 2023), as polar ice caps melt. This allows
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accumulation of heat in the tropical Atlantic. Variation in inter-model AMOC strength remains a
major factor in future climate uncertainty (Bellomo et el., 2021). Liu et al. (2013) consider the
historical runs of 19 CMIP5 models, many of which exhibit a cold SST bias in the tropical
Atlantic. While this cold bias still exists in CMIP6, higher resolution models more realistically
represent ocean processes, so the impacts of continued greenhouse gas warming can be
anticipated with greater confidence. Han et al. (2021) examined 33 CMIP6 models and found
that model reanalysis skill for tropical cyclone predictor climatology and interannual variability
improves with higher horizontal resolution, including tropical SST. This is likely due to the better
representation of northwards heat transport via the AMOC (Roberts et al., 2020b), due to
increased ocean resolution, as well as improvements in parameterization of the surface mixed

layer and interior mixing processes.

Climate models provide projections of the atmospheric variables relevant to hurricane activity,
including atmospheric stability, humidity, and vertical wind shear (DeMaria, 2001). Tang and
Camargo (2015) propose an index for tropical cyclone activity including vertical wind shear,
entropy, and potential intensity, from analysis of CMIP5 models. Tropical Atlantic vertical wind
shear, the strength of which is associated with the EL Nifio Southern Oscillation (ENSO) on
interannual timescales, is stronger in climate model projections (Vecchi and Soden, 2007;
Emmanuel, 2021), inhibiting hurricane development (Lin et al., 2020). Atlantic vertical wind
shear exhibits Interseasonal and intraseasonal variability (Aiyyer and Thorncroft, 2006), leaving

windows of opportunity for hurricane development, given existing disturbances and warm SSTs.

Historically, a warmer tropical Atlantic has been linked with increased hurricane activity
(Goldenberg et al., 2001, Moharana & Swain, 2023). Warm water is primarily defined here as
warmer than 26.5 °C. This has been identified as the threshold temperature for most hurricane
development in previous studies (Dare & McBride, 2011; McTaggert-Cowan et al., 2015).
Johnson and Xie (2010) note covariability in tropical SST and convection in satellite
precipitation, while Dare and McBride (2011) find that the temperature threshold directly related
to tropical cyclogenesis has not been observed to have changed significantly during 1981-2008.
However, based on climate model analyses, it has been proposed that the temperature
threshold for tropical deep convection could vary with the climate state (Evans and Waters,
2012; Korty et al., 2012; Sugi et al. 2015). Nevertheless, many studies confirm the importance of
OHC as acriticalingredient of increased tropical cyclone activity and in model TC simulation
(Chan et al., 2021; Hallam et al., 2021; Domingues et al., 2019; Pfleiderer, 2022). The goal here
is not to resolve this issue but to diagnose the source of increased ocean heat which will be

available for potential TC development when atmospheric conditions allow.
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In general, there is low confidence in observed long-term change in major hurricane frequency
and uncertainty in their future projections. However, further growth in the amount of warm
water available to fuel intense hurricanes would be one factor which could impact Atlantic
basin activity in the next few decades. Climate models using high-resolution ocean models can
improve projections of hurricane climate predictors, particularly the region of warm water
available for hurricane development. In this study, the potential future change in the volume of
warm water available for hurricane development is quantified using the HadGEM3-GC3-HH
high-resolution climate model with prescribed greenhouse gas forcing following the Shared

Socioeconomic Pathway 585 (SSP585) high emissions scenario.

In summary, although climate models suggest that variables other than SST may drive future
tropical cyclone frequency, increasing OHC is widely understood to explain recent increases in
hurricane activity. Hence the drivers of warm water volume variability in an increasingly warm,
forced climate are examined here, including air-sea heat flux into the ocean, and advective heat
convergence across the tropical Atlantic. The robustness of the advective heat convergence

trend is tested by extending the analysis to three other high-resolution climate models.

4.2 Data and Methods

4.2.1 CMIP6 HighResMIP (High-Resolution Model Intercomparison Project)

High-resolution coupled climate model output is analysed from experiments described by
Haarsma et al. (2016). These models start with a short spin-up period of 30 to 50 years and then
are run from 1950 through 2050. The control run external forcing is at 1950 levels. Historical
forcing is used in years 1950 to 2014. The SSP585 high emissions scenario forcing, where

radiative forcing increases to 8.5 Wm2 by 2100, is applied during 2015 to 2050.

Our primary focus in this study is analysing the outputs from the high-resolution ocean and
atmosphere model HadGEM3-GC31-HH (Roberts et al., 2019), which includes the project’s
(HighResMIP) highest resolution ocean configuration, at 1/12°. The ocean model is the Nucleus
for European Modelling of the Ocean (NEMO) version 3.6 (Madec et al., 2017), with 75 levels.

Atmospheric resolution is 50 km.

To sample the diversity of model configuration and resolution, we compare data from three
other high-resolution models (Table 1), including HadGEM3-GC31-HM with a lower resolution
ocean model, at ¥ ° (HM), EC-Earth3P (ECE), with a similar configuration to HM (Haarsma et al.,
2020), and CESM1-3 (CESM), which uses the POP ocean model at 1/10 ° horizontal resolution

(Danabasoglu et al., 2012; Small et al., 2014), with 25 km atmospheric resolution.
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Table 4.1 HighResMIP Model configurations

Horizontal Resolution

Model Resolution Name Ocean Model Ocean Atmosphere (km)
HadGEM3-GC31 HH NEMO 3.6 1/12 50
HM NEMO 3.6 1/4° 50
EC-Earth3P HR NEMO 3.6 1/4° 50
CESM1-3 HH POP 1/10° 25

4.2.2 Ocean Data

The observed volume of Atlantic water warmer than specific temperature thresholds, north of
10 °N, was calculated using the UK Met Office Hadley Centre EN4 subsurface ocean
temperature analysis, which provides ocean analysis data from 1900 to the present (Good et al.,
2013). This dataset contains gridded subsurface temperature at 42 discrete depths, at1°
latitude longitude horizontal resolution, from 1900 to the present, from 83 °S to 90 °N. While this
dataset offers a longer record than other datasets, direct observations used are increasingly

scarce with depth and further back in time.

The mean decadal observed depth of the 26.5 °C isotherm, north of 10 °N, was calculated using
the GODAS ocean reanalysis product (Behringer and Xue, 2004). This dataset contains gridded
global potential temperature at 40 discrete depths, at 1/3 ° latitude and 1 ° longitude spacing,
from 1980.

4.2.3 Atmospheric and Surface Flux Data

ERAS (Hersbach et al., 2020) is produced by the Copernicus Climate Change Service (C3S) at
the European Centre for Medium-Range Weather Forecasts (ECMWEF). It is the fifth generation
ECMWEF atmospheric reanalysis of the global climate covering the period from January 1940 to
the present. Hourly 30 km grid data is aggregated to monthly averages. Surface latent heat flux,

net solar and longwave radiation, and sensible heat flux are used in this analysis.

4.2.4 Hurricane Data

Annual North Atlantic basin major hurricane counts are collected from the International Best
Track Archive for Climate Stewardship (IBTrACS) (Knapp et al., 2010; Knapp et al., 2018) Version
4 dataset for the Atlantic basin. This data consists of storm-centred point data from 1851, which
includes maximum 1 minute mean winds at 6-hourly intervals over the ocean, more frequent
near land, rounded to the nearest 5 knots. Unique storms reaching greater than 96 knots of
maximum wind speed in their lifetime during 1980 to 2022 are identified here, as recorded by

the NHC.
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4.2.5 Water Mass Transformation

From the original formulation of Walin (1982), the WMT framework (Groeskamp et al. 2019) is
applied in temperature space, quantifying volume fluxes across isotherms associated with
variations of heat fluxes in that property space. With this diagnostic, we attribute variations in
warm water volume to variations in surface heat exchanges. The net surface heat flux, Qnet,
combines Qsw, Qw, Qsn, and Q. Throughout this study, the convention is that all heat fluxes are

positive into the ocean:

Qnet = st + Qlw + Qsh + th (1)

Across temperature space, the volume of water transformed by Q... is calculated over the North
Atlantic, north of 10 °N, where tropical storms are able to form due to sufficient Coriolis
acceleration. Firstly, the Diathermal Temperature Flux, Qin(T) (°C m®s™) (2), is found by area-
integrating Qnet, where SST is at or above a given value of temperature, T, then dividing by

reference density, po, and specific heat capacity, c;:
1
Qn(T) = 5= [ [ Qnee (6, IT(SST (1, ), Tdxdy - (2)

where X, y are distance in west (w) to east (e) and south (s) to north (n) directions, and l'is a
sampling function; ' =1 where SST > T, otherwise I = 0. Q.. values at the potential temperature

grid points are found using bilinear interpolation.

The thermal water mass transformation rate, Fr(T) (m®s™), can then be arrived at by taking

differences between Qi,(T) across two temperature surfaces:

Fr(T = AT/2, T + AT/2) = Qo022 0TI ()

The WMT framework is used here to diagnose the contribution of heat flux trends from air-sea
interaction to the evolving volume of warm water in the tropical North Atlantic in a warming

future climate.

4.2.6 Back-tracking warm water (TRACMASS)

The TRACMASS Lagrangian trajectory code has been designed for use with gridded weather and
climate models to track water paths and associated heat and salt fluxes (Aldama-Campino et
al., 2020; D66s et al., 2017). One of the unique characteristics of TRACMASS is that it uses
differential equations and mass transport fields at the grid cell walls to analytically calculate the
trajectory path through grid boxes. The use of mass transport in a grid cell makes TRACMASS a

mass-conserving algorithm. From changes in temperature along each path, we obtain
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Lagrangian heat divergences, which are ensemble-averaged to obtain heat input to the
northward flow across tropical latitudes. Here we track water paths backwards from latitudes
currently relevant to hurricane development for water warmer than 26.5 °C. Water parcels are

seeded so there is at least one water path start point per HADGEM3-GC3.1-HH grid cell.

4.3 Results

4.3.1 Future Trends in Available Heat Content

In this section, we investigate HADGEM3-GC3.1-HH 1950-2050 predicted changes in the
amount of heat potentially available for hurricane intensification. We first evaluate changes in
the Atlantic Warm Pool at various temperature thresholds at the peak of hurricane season in the
high-resolution model, referencing observational data for model validation. Timeseries of total
volume and area of warm water are presented. Maps of the decadal mean depth of the 26.5°C
isotherm are included to highlight the regional extent of warm water through the forced model

run.

The total model volume of water in the North Atlantic north of 10 °N and warmer than 26.5 °C,
27.5°C and 28.5 °C is summed for the month of September, and plotted over time, in Figure 4.1.
September is the peak of the hurricane season; 48% of major hurricanes intensified to 96 knots
or above in this month during 1900-2023. The forced run is compared with the control run and

EN4 observations.

- EN4 26.5
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Forced 26.5
_ — Forced 27.5
— Forced 28.5
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Figure 4.1 September HADGEM3-GC3.1-HH 1950-2050 forced run mean monthly volume
(million km?®) in the North Atlantic north of 10 °N of water warmer than 26.5 °C
(green, solid), 27.5 °C (blue), and 28.5 °C (purple); warmer than 26.5 °C in the
control run (green, dashed), and EN4 1950-2022 (green, dotted).

The HADGEM3-GC3.1-HH September volume of warm water (> 26.5 °C) increases gradually
from 1950 to around 2000, after which it increases rapidly with additional external forcing in the

model high emissions forced years. The 1950-1959 September mean monthly volume warmer
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than 26.5 °C is 0.40 million km?. In the final decade of the years with historical forcing, 2005-
2014, the mean September volume of warm water has reached 0.64 million km?, an increase of
0.04 million km?® per decade. The rate of change increases with time in the forced run. The model
predicts 0.96 million km?® by 2040-2049, an increase of 0.08 million km?® per decade compared
with the volume at the end of the period with historical forcing. Hence, the model predicts 56%
more warm water by the middle of the 21" century, with high emissions forcing. The trend in
observed September volume of water warmer than 26.5 °C is an increase of 0.003 million km?
per year. The model cool bias in the tropical North Atlantic is clear, as the EN4 monthly mean
warm water volume (> 26.5 °C) in is nearly twice as large as the warm water volume in the high-

resolution model.

HADGEM3-GC3.1-HH mean monthly area and depth of water warmer than 26.5 °C in the North
Atlantic north of 10 °N in September is shown in Figure 4.2. As with warm water volume, the area
at the surface also increases, with an increase in the rate of change in the forced run. The mean
depth of the September 26.5 °C isotherm north of 10 °N also continues to increase in the high
emissions years of the forced run. Both the area and depth of the warm water pool increases, so
volume changes are not only the result of both increasing area and depth of the 26.5 °C

isotherm with atmospheric forcing.
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Figure 4.2 September mean monthly area of water (million km?) warmer than 26.5 °C in the
North Atlantic north of 10 °©: HADGEM3-GC3.1-HH 1950-2050 forced run (green) and
depth of the 26.5 °C isotherm (black).

The depth of the HADGEM3-GC3.1-HH forced September 26.5 °C isotherm is plotted by decade,
providing spatial insight into the depth and extent of the Atlantic Warm Pool (Figure 4.3, rows 1
and 3). The warm water area expands to the north and east over time and deepens in the
Caribbean Sea and western tropical Atlantic. This is compared with GODAS (rows 2 and 4). A
larger area of warm water extending vertically to 100 mis evident in the observational data than
in the model, due to the HADGEM3-GC3.1-HH cold bias. A thin layer of warm water (light yellow)
extends further to the north and east in the HADGEM3-GC3.1-HH maps due to higher resolution

of vertical levels near the surface than in the GODAS data. GODAS vertical levels have a 10 m
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resolution in the top 100 m. The much higher resolution of HH vertical levels near the surface do

not average out very shallow warm temperatures in surface layers.

1950-1959 1960-1969 1970-1979 1980-1989 1990-1999

T T T T T T T T T T
-80 -60 -40 -20 -80 -60 -40 -20 -80 -60 -40 -20 -80 -60 -40 -20 -80 -60 -40 -20

1980-1989 1990-1999

100

80

w
S
1
¥

| ———

60

-80 60 -40 -20 -80 -60 -40 -20
2000-2009 2010-2019 2020-2029 2030-2039 2040-2049 40
| | | ‘1;\ 1 1 1 ‘q | | 20
O A - w40 = -
.{— 30 L-(— 30 - - o
o204 204 - -
I T T T T - -

-80 -60 -40 -20 -80 -60 -40 -20 -80 -60 -40 -20 -80 -60 -40 -20 -80 -60 -40 -20

2000-2009 2010-2019

8]
=]
L

L I

-80 -60 -40 -20 -80 -60 -40 -20

Figure 4.3 Depth of the September 26.5 °C isotherm (m) in the North Atlantic north of 10 °N by
decade 1950-2049 HADGEM3-GC3.1-HH forced run (rows 1 and 3) and 1980-2019
GODAS (rows 2 and 4).

The HADGEM3-GC3.1-HH model predicts a high emissions scenario future with a much larger
volume of deep warm water extending further north and east than the present day. In the
following sections, we analyse changes in the mechanisms of heat transfer into the tropical
North Atlantic, to diagnose which processes drive the projected increase in warm water in high

resolution forced models, with a focus on HADGEM3-GC3.1-HH.

4.3.2 Changes in Atmospheric Heat Flux

Heat exchange between the atmosphere and ocean is a major driver of interannual variability in
the volume of warm water in the tropical North Atlantic, particularly through latent heat flux
(Hallam et al., 2019). Similarly, an increasing trend in heat flux into the ocean over surface water
which flows through the tropical Atlantic would result in an increase in warm water volume.
Additional absorption of heat from the atmosphere could be a result of, for example, higher
humidity surface conditions decreasing latent heat flux from the ocean by reducing evaporation,
and/or decreased cloudiness, allowing additional short-wave radiation absorption into the

ocean.
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We inspect the main drivers of heat accumulation in the tropical North Atlantic in HADGEM3-
GC3.1-HH, to explain these changes in the warm water pool. HADGEM3-GC3.1-HH heat flux in
the North Atlantic between 10 °N and 30 °N is examined. This covers the region of 26.5 °C water,
where 90% of hurricanes intensify into major hurricanes (Figure 4.4). We then calculate the
volume of water transformed across isotherms, using the WMT framework, to quantify the

ocean-atmosphere heat exchange driving Atlantic Warm Pool volume changes.
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Figure 4.4 1980-2022 Mean depth of GODAS September 26.5 °C isotherm (m) and IBTrACS

points 1980-2022 where hurricanes intensified into major hurricanes.

Figure 4.5 shows a small upward trend in Q,.: into the ocean in HADGEM3-GC3.1-HH over the
Atlantic between 10 °N and 30 °N in the forced model run. The mean 2015-2050 Q. is 0.04 Wm-
2 higher than the 1950-2014 mean. This small change in Q. is a consequence of large but
compensating changes in the component fluxes (not shown here) in the model. The small
change in Qne: then suggests that transfer of additional heat from the atmosphere into the ocean
at these latitudes is not the driver of increasing Atlantic Warm Pool by 2050 in the high-

resolution model.
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Figure 4.5 Mean monthly Q.. into the Atlantic Ocean (Wm™) 10 °N to 30 °N with 12-month
centred moving average: HADGEM3-GC3.1-HH 1950-2050 forced run (green) and

control (blue), compared with observed ERA5 (black).
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Observed (ERA5) Qnet is higher into the ocean and exhibits more variability than the model on
multidecadal timescales. ERA5 heat input into the ocean has a negative trend in this period of -
0.04 Wm™ per year. Mayer et al. (2023) likewise observe a negative trend for a sample location in

the tropical North Atlantic, which they suggest is due to global warming.

The volume of water transformed across the isotherms which have historically been relevant to
hurricane development in the North Atlantic north of 10 °N can be calculated using the WMT
framework (Harris et al., 2022). This metric diagnoses the additional volume of water warmer
than these temperature thresholds. The total volume increases due to both deepening of the
26.5°C isotherm and a larger area of water warmer than 26.5 °C, over which the heat flux into

the ocean warms the Atlantic Warm Pool.

Figure 4.6 indicates that the amount of water transformed across the 26.5 °C, 27.5 °C, and 28.5
°C isotherms. For each temperature threshold, the transformed volume is positive from 1950-
2050 in the forced run. Using this framework, the rate at which water is transformed by
atmospheric heat flux increases around 2000. The transformed volume peaks in the mid-2020s
and then begins to decline towards the end of the simulation for water transformed across 26.5
°C, as much of the tropics and subtropics reach this temperature, but continues to increase for

higher temperature thresholds.

As the WMT framework calculates the volume transformed by heat flux bounded by the area of
water at that temperature, the increase in transformed volume of 26.5 °C water over time must
be due to an increasing area of water over which the transformed volume is calculated, rather
than an increase in the heat flux into the ocean, as suggested by the absence of a trend in

HADGEM3-GC3.1-HH atmospheric heat exchange (Figure 4.5).
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Figure 4.6 Mean monthly volume (million km?) of water transformed across the 26.5 °C (green),
27.5°C (blue) and 28.5 °C (purple) isotherm, with 12-month centred moving

average.
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The significant increase in the size of the Atlantic Warm Pool by 2050 in the HADGEM3-GC3.1-
HH forced run cannot be attributable to additional absorption of net heat transfer from the
atmosphere as greenhouse gases continue to increase (from Figure 4.5). Hence, next, we

consider the contribution of advective heat flux by ocean currents.

4.3.3 Climate change and Tropical Atlantic Advective Heat Flux

In this section, the advective component of warm water volume changes in the tropical Atlantic
inthe HADGEM3-GC3.1-HH forced run are discussed. warm water volume convergence
between 10 °N and 30 °N is analysed across a suite of ‘HighResMIP’ ocean models. These
models differ by resolution and ocean model, adding robustness to our results. Employing a
complementary technique, we also use TRACMASS Lagrangian analysis applied to HADGEM3-
GC3.1-HH forced simulation output to analyse ocean properties and heat convergence along
trajectories, and hence, diagnose mechanisms of advective heat transfer into the tropical
Atlantic. These trajectories are calculated backwards from 20 °N in the Atlantic for 6 months

prior to June 30, near the beginning of the hurricane season.

Figure 4.7 shows the warm water volume convergence between 10 °N and 30 °N. This is
calculated by subtracting the volume transport across 30 °N from the volume transport at 10 °N.
This has been calculated using meridional mass transport from four high-resolution ocean
climate models. All models show an increase in warm water convergence between these
latitudes at these temperatures. Convergence of water warmer than 26.5 °C increases after
2000 and begins to decrease after 2030. At this time there is still a larger volume of water
warmer than 26.5 °C transported across 10 °N than 30 °N. However, the difference between the
transport across the higher and lower latitudes decreases, as the Atlantic Warm Pool extends
this far north most of the time by the end of the simulation. At higher temperature thresholds,
warm water convergence increases through the model run as the amount of water warmer than

these temperatures steadily increases between these latitudes.

HADGEM3-GC3.1-HM behaves in a similar fashion, although the decline in convergence of 26.5
°C and warmer water is less pronounced than in the HADGEM3-GC3.1-HH model. The ECE
model convergence of 26.5 °C plateaus in the forced run, rather than declines. The CESM
model, on the other hand, shows less increase in convergence at any temperature threshold,

which may be due to its near-surface warm bias (Roberts et al., 2020b).
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Figure 4.7 Monthly meridional convergence of warm water volume (million km?®) convergence
between 10 °N and 30 °N with 12-month centred moving average for water warmer
than 26.5 °C (green), 27.5 °C (blue), and 28.5 °C (purple) in HADGEM3-GC3.1-HH,
HADGEM3-GC3.1-HM, ECE and CESM.

Analysis of output of this suite of high-resolution forced ocean models shows an increase in the
volume of water warmer in the region of recent hurricane development. The increase in
greenhouse gases in the HADGEM3-GC3.1-HH forced run results in a greater reduction in ocean
transport via weakening of the AMOC (Roberts et al., 2020b), when compared to lower
resolution ocean models. An oceanic decrease in heat transfer to higher latitudes allows heat to
accumulate in the tropical Atlantic, and the Atlantic Warm Pool consequently expands

northward and eastward.

To confirm and develop these findings, Lagrangian trajectory analysis of warm water flow into
the tropical North Atlantic is undertaken. TRACMASS calculations using output from the
HADGEM3-GC3.1-HH forced run are obtained as 6-month backwards trajectories from particles
seeded at 20 °N, on June 30 of each of 10 years in 3 decades: 1951-1960, 2001-2010, and 2041-
2050. This latitude is in the middle of the region of warm water analysed in previous sections.
The choice of start date, near the beginning of the hurricane season, is motivated by the fact
that the observed interannual variability at June 30 is higher than in September (Harris et al.,

2023), during which time much of water at this latitude is warmer than 26. 5 °C in most historical
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years. The variability is significantly correlated with annual major Atlantic basin hurricane

counts over 1980-2022, with Pearson Correlation Coefficient of .44, significant at the 95% level

(Figure 4.8).
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Figure 4.8 GODAS July 1 volume (million km3) of water warmer than 26.5 °C between 10 °N and

30 °N (red) and annual major hurricane count (black) 1980-2022.

The mean January — June temperature of warm water (warmer than 26.5 °C) particle tracks
ending at 20 °N at the end of June in the HADGEM3-GC3.1-HH forced run is plotted in Figure 4.9
(right) for the 3 decades representing pre-industrial conditions at the start of the model run,
1951-1960 (top), 2001-2010, near the end of the historical forcing (middle), and the last decade
of the high emissions forcing, 2041-2050 (bottom). Particle temperatures at all time stamps
through the experiment of particles which are located within 0.5 degree grid boxes are averaged,
and then averaged over 10 years to smooth interannual variability. The mean temperature of
warm water arriving at 20 °N by July 1 is notably warmer near the coast of central America and in
the Amazon outflow region in the 2000s than the 1950s. Warm water sources extend 20 degrees
further east of the Caribbean. By the 2040s, warm water sources are 2 °C degrees warmer over
most of the Caribbean Sea, and 3 °C warmer near the coast of central America and in the

Amazon outflow region. Warm water sources extend as far east as 30 °W in the North Atlantic.
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Figure 4.9 Left: Smoothed mean zonally integrated January-June heat flux into particles back-
tracked from 20 °N, which cross 10 °N (GWm™ positive for heat gain) by latitude,
averaged over 1951-1960 (blue), 2001-2010 (green), and 2041-2050 (red). Right:
January-June mean particle temperature (°C) within 0.5 degree grid boxes averaged

over a decade; 1951-1960 (top), 2001-2010 (middle), and 2041-2050 (bottom).

The zonally integrated meridional heat flux for particle tracks ending at 20 °N after 6 months,
which cross 10 °N, summarises total energy into warm water sources from other regions. This is
plotted by latitude in Figure 4.9 (left). Across all latitudes, the total heat flux along these particle
tracks changes very little from the first historical decade (1951-1960, 3.8 GW) to the later
historical decade (2001-2010, 3.7 GW). By the final future forced decade (2041-2050), the total
heat accumulation along particle tracks crossing 10 °N and ending at 20 °N after 6 months,

which are warmer than 26.5 °C, is 14% higher than final historical forced decade (4.2 GW).
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Heat flux along these tracks peaks between 12 °N and 14 °N. There is 0.01 GWm™ more zonally-
integrated heat convergence at the latitude of smoothed peak heat flux by the present-day
decade than the pre-industrial decade, and an additional 0.02 GWm™ of smoothed peak heat
flux by the near-future decade than the present-day. In summary, HADGEM3-GC3.1-HH
predicts that more heat will move through the tropical Atlantic from south of 10 °N over the next

few decades, with the peak heat flux convergence just north of 10 °N.

This accumulation of heat in the tropical Atlantic is evident in the mean sea temperature map of
the 2040s (Figure 4.9, bottom right), where much warmer water, with temperatures greater than
27 °C, reach 20 °N in the previous six months than in the earlier decades, the 1950s and 2000s,

where there is less change in the temperature of water parcels approaching 20 °N by July 1.

In summary, two techniques are used here to quantify changes in ocean currents leading to
future accumulation of heat in HADGEM3-GC3.1-HH over the region of recent hurricane
development. Advective heat convergence between 10 °N and 30 °N is quantified and
compared with other high-resolution models. A complementary technique, Lagrangian heat
convergence analysis backwards from 20 °N, is used to confirm findings. Both methods
highlight the role of reduced meridional ocean transport in the next few decades, allowing more
heat accumulation into the tropical Atlantic by the middle of the century, beginning around the

present-day.

4.4 Conclusions

We have quantified changes in the volume of warm water related to increasing OHC, which
could be available for hurricane intensification in the tropical North Atlantic in the forced run of
a high-resolution ocean model. The pool of warm water becomes more widespread to the north
and east, as well as deepening. Quantification of changes in tropical North Atlantic
mechanisms, leading to heat accumulation in a high-resolution forced ocean model, provide
insight into one factor which could impact future hurricane risk, due an increase in deeper,
more extensive pool of warm water which would be available for development of major

hurricanes when atmospheric conditions are conducive to tropical deep convection.

This warm water volume is positively correlated with annual major Atlantic hurricane counts in
the observational record, though climate models suggest lower hurricane frequency in a warmer
climate. Looking forward to a warmer future, the HADGEM3-GC3.1-HH volume of water warmer
increases steadily towards 2050, at a higher rate than has been observed, albeit from a lower
starting point in the model. This indicates that more intense hurricanes are possible in a warmer

climate when atmospheric conditions allow.
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While net heat flux into the tropical Atlantic does notincrease in the HADGEM3-GC3.1-HH
forced run, the amount of water transformed across warm isotherms does increase, due to the
larger surface area of warm water just below these temperatures. However, this increase in the
area is itself not expanding because of heat transfer mechanisms from the atmosphere, but due

to oceanic processes.

Heat accumulation in this expanding region of warm water in the North Atlantic stems from
slower ocean circulation in HADGEM3-GC3.1-HH. This is quantified by the increasing volume of
heat convergence between 10 °N and 30 °N, which is also found in in 3 other high-resolution
climate models. Likewise, Lagrangian heat convergence analysis for water arriving at 20 °N by
July 1 shows a dramatic increase in warm water parcels by the 2040s, relative to the difference
between the changes from the 1950s to the present day. HADGEM3-GC3.1-HH has the highest
climate model ocean resolution available and the largest increase in warm water between
latitudes currently relevant to major hurricane development, suggesting that, from an ocean
heat perspective, there will be more potential for future hurricane intensification not found in

previous climate model studies using lower resolution models.

OHC is projected to increase due a larger volume of warm water in the tropical Atlantic, driven
by slower ocean circulation, if greenhouse gas emissions continue at the present rate. Future
climate model runs at even higher resolutions could better resolve oceanic and atmospheric
pathways for heat transfer into the tropical Atlantic, as well as detecting intense hurricanes
themselves, and overcoming SST biases, which would increase confidence in future hurricane

activity projections.
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Chapter5 Summary

This study has been motivated by striking variations in recent Atlantic hurricane seasonal

activity, from the record high activity of 2005, which initiated use of Greek letters to name
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storms after the prescribed list was exhausted, to surprisingly low activity in 2013 (Klotzbach et
al., 2013). Oceanic drivers of the variability in Atlantic hurricane activity are identified and
quantified, with answers developed for open questions in the contribution of these to variable

warm water volume on interannual timescales in the recent past and near future, as follows:

e Variability, trends, and drivers of warm water volume relevant to hurricane development
are examined using:
o Gridded observational ocean data
o High-resolution climate models
o New techniques are applied which diagnose drivers of anomalous tropical Atlantic warm
water volume:
o Eulerian approach: WMT framework in temperature space
o Lagrangian analysis: Ariane and TRACMASS
e Contributions are quantified from both atmospheric and oceanic sources to:
o warm water volume historical interannual anomalies

o warm water volume future trends

This work uses novel methods to more effectively diagnose dynamics of warm water volume
accumulation in the tropical Atlantic available for major hurricane development in both the
recent past and the near future, when extreme major hurricane activity of the current climate

could become the new normal.

5.1 Context and Overview

Hurricane climatology includes distribution of hurricane genesis, seasonality, tracks, and
landfall regions (NHC, 2023), all of which are related to temporal and spatial patterns of warm
water in the tropics and their influence on atmospheric circulation and stability. While much of
this detail is well-documented in studies based on historical data (Bell & Chelliah, 2006;
Goldenberg et al., 2001; Zhang & Delworth, 2006), reproducing comparable statistics in climate
models has proven to be difficult due not only to low spatial and temporal resolution, but also

SST biases (Chan et al., 2021).

Observed hurricane activity varies on a variety of timescales, including sub-seasonal,
interannual, and multidecadal, and these variations are related to available tropical OHC on
similar timescales. Observed changes in Atlantic SST are associated with both variations in heat
exchange with the atmosphere and with variable ocean circulation. More specifically,
atmospheric heat flux has been impacted by changes in atmospheric sulphate aerosols (Booth

etal., 2012; Dunstone et al, 2013), African dust (Dunion & Velden, 2004), and cloud cover
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(Bellomo et al., 2016). AMOC transport variability impacts Atlantic hurricane activity (Yan et al.,
2017; Zhang et al., 2019), notably the component driven by Ekman dynamics in the tropics
(Duchez et al., 2016). Seasonal forecasting of annual hurricane activity shows little skill at time
horizons longer than a few weeks (Lea, 2024), partly due to the chaotic nature of short timescale
weather events, so additional insights into more predictable factors like Atlantic SST may be an

area where forecasts could be improved.

While investigations strive to explain interannual changes in hurricane activity in the current
climate, there is even more concern regarding possible future changes in a warmer climate.
Current research on the impacts of anthropogenic climate change on hurricane activity has
concluded that, while no signal has been definitively observed in basin or landfall activity to
date, hurricane frequency in the Atlantic will decrease in the future, but intensity of the
strongest storms will increase (IPCC, 2023). However, much uncertainty remains due to large
cold biases in many models, low spatial and temporal resolution, and poor representation of

ENSO and the AMOC (Han et al., 2021).

This thesis examines contributions to observed interannual anomalies and future trends in

warm water volume attributed to changes in atmospheric heat flux and ocean heat transport.

5.2 Warm water transformation - the Eulerian perspective

Chapter 2 (Harris at el., 2022) quantified the contribution of warm water volume available for
hurricane intensification from atmospheric heat exchange with the ocean. This process, in
particular latent heat flux, has been highlighted in previous studies as a driver of tropical
Atlantic OHC during 2017 (Hallam et al., 2019). The WMT framework in temperature space in the
North Atlantic is used to answer this question, which calculates warm water volume produced

by heat flux across temperature thresholds related to hurricane development.

The anomalous volume of water warmer than 26.5 °C in the North Atlantic north of 10 °N is
compared with annual hurricane counts. Positive anomalies are more common after 1995, as
are hurricane counts. This link is fundamental to the subsequent analyses through the thesis.
Spatial correlation between the depth of the 26. 5 °C in May and annual hurricane counts
supports this link, and potential for preseason hurricane activity predictability. The spatial
pattern is similar to that of the tripolar AMO, with high positive correlation in a horseshoe shape
to the north, east and south of the subtropical gyre. Likewise, locations where storms intensify

into hurricanes are spatially coherent with the depth of the 26. 5 °C in September.

Positive correlation is found between water transformed across 26.5 °C and observed warm

water volume 1980-2019, although these two quantities are out of phase in some years. In 1998,
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there was a particularly close match between the observed volume of water in the North
Atlantic at this temperature and the calculated volume from atmospheric heat flux. Net heat
flux into the ocean had been anomalously positive over most the of the North Atlantic for the
months leading up to the peak of the 1998 hurricane season. In 2009/10, on the other hand,
observed and transformed warm water volume are not clearly related. This leaves room for
oceanic rather than atmospheric contributions to warm water volume, which is supported by

the changes in the RAPID heat transport timeseries from the same time period.

Considering individual components of Q.. in the transformed volume, the latent heat flux
component was found to explain 35% of the total transformed volume. Negative spatial
correlations of Qi with surface wind speed and cloud fraction over the warm water volume
region provide evidence that low winds and cloud cover diminish heat transfer from the
atmosphere into the ocean by latent heat exchange. When less heat is lost through evaporation,
in some years this has increased the warm water volume available for hurricane intensification.
Thus, the analysis clearly identifies that, though latent heat flux drives warm water volume in
some years, additional oceanic processes must explain the warm water volume in the
remaining hurricane seasons to close the tropical Atlantic heat budget from an Eulerian

perspective.

5.3 Tracing sources of warm water - the Lagrangian perspective

Heat transport via ocean currents naturally accounts for the residual of the previous analysis of
heat transfer into hurricane regions from atmospheric heat exchange. However, heat transport
into the tropical Atlantic is difficult to quantify due to disparate observational networks. Hence,
Chapter 3 (Harris et al. 2023) uses Lagrangian analysis to quantify contributions to warm water

volume from oceanic heat transport, revealing oceanic pathways of heat transfer into the MDR.

In this chapter, water particles warmer than 26.5 °C in NEMO-ORAC12 1988-2012 hindcast
model output are traced backwards from the MDR in September using the ARIANE package. The
number of particles in the MDR in both June and September varies in a similar fashion to the
September warm water volume and annual hurricane counts, with peaks in active hurricane
seasons. Interannual variability is higher in June, at the beginning of the hurricane season, than
September, the peak of the season, when most particles within the MDR are already warmer

than 26.5°C.

In the 6 months prior to the start of the hurricane season, warm water particles flow into the
MDR via the North Brazil Current and across 10 °N via Ekman drift, or continuously reside within

the MDR. The percentage of particles which are found within the MDR 6 months before the
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beginning of the hurricane season has clear peaks corresponding to the most active hurricane
seasons during the study period, e.g. 2005 and 2010. Similarly, the percentage of warm particles
arriving into the MDR from the North Brazil Current peaks in years with low activity in the MDR,
e.g. 2009. In high hurricane activity years, with more warm particles in the MDR in the beginning
of the hurricane season and the 6 months prior, wind stress anomalies in the previous 6 months
are anomalously low. This demonstrates how low wind stress in the tropical North Atlantic leads
to less movement of water into the MDR, allowing water in the MDR to gain heat and drive active

hurricane seasons.

This chapter adds clarity to questions around mechanisms of accumulation of warm water
volume into the MDR via ocean transport by quantifying interannual differences in particle
movement from various sources into the MDR. The MDR itself is materially the main source of
warm water available for hurricane development when ocean transport from other sources is
lower, resulting in more warm water accumulating in the tropical Atlantic and higher basin

hurricane counts.

5.4 Drivers of future changes in Warm Water Volume of likely

consequence for hurricane seasons

Chapters 2 and 3 interrogated observational and hindcast datasets to determine methods of
warm water volume accumulation in the tropical Atlantic in the current climate. However, it is
expected that oceanic conditions will evolve due to increased anthropogenic gas emission.
While no trend in basin activity has heretofore been detected to date (Vecchi et al., 2021),
studies have identified to the threat of a tipping point in ocean circulation in the near future (van
Westen at al., 2024), which would impact hurricane development. High-resolution climate
model output is the best tool at our disposal today to assess possible future changes in
hurricane activity due to anthropogenic climate change. The final chapter of this thesis
quantified modelled extension of warm water volume in the tropical Atlantic and examined

evolution of current oceanic drivers of hurricane activity in a warming world.

The two techniques outlined in Chapters 2 and 3 were applied to HadGEM3-GC31-HH high-
resolution forced climate model data in Chapter 4 (Harris et al. 2024). This chapter quantified
impacts on these dynamics under climate change, in modelling with the most realistic ocean
dynamics available. While this coupled model makes major strides over lower resolution
climate models in that it does in fact generate hurricane strength cyclones, the fact remains
that hurricanes of major hurricane strength, with winds greater than 111 mph, are not resolved
(Roberts et al., 2020). These are the most material events to life and property loss, and therefore

of most interest to society. Additionally, while the 26.5 °C threshold has been established as a
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major factor in observed hurricane genesis, climate model studies have shown larger numbers
of hurricanes in a cooler climate (Sugi et al., 2015), and fewer in a future warmer climate (IPCC,
2023). This implies that hurricane activity on longer timescales is affected by additional factors
which contribute to future convective potential. Nevertheless, in recent years, MDR SST and
hurricane activity have both continued to escalate, with extreme warm SSTs observed in 2023

and 2024, leading to concerns over further heat accumulation in the tropical North Atlantic.

HadGEM3-GC31-HH North Atlantic warm water volume above a variety of temperature
thresholds related to observed hurricane activity is shown to increase from 1950-2050,
accelerating after 2020 as forcing increases. The Atlantic Warm Pool expands to the north, east,
and down the water column, which creates a larger area of the ocean able to support dangerous
hurricanes. While the amount of water transformed across relevant temperature thresholds
increases after 2000, Q.. has little upwards trend, implying that while the amount of energy
supplied to the ocean surface remains relatively constant (though individual components vary),
the area of water available to be transformed to warmer temperatures increases in area, due to

ocean dynamics.

warm water volume convergence increased between 10 °N and 30 °N at 3 temperature
thresholds in all 4 HighResMIP models analysed, for the warmest water at these latitudes where
major hurricanes develop, providing evidence that slower ocean circulation could lead to
accumulation of warm water available for hurricane intensification in a warming climate.
Additional support was offered by TRACMASS backwards-in-time Lagrangian calculations,
which show much more heat flux into the ocean along water particle trajectories 6 months prior

to the beginning of hurricane seasons with additional forcing compared with historical forcing.

Assessment of warm water volume in the highest available resolution climate model, supported
by additional HighResMIP models, highlights an increasing trend in Atlantic Warm Pool growth in
the high-emissions scenario as greenhouse gases continue to increase. This potentially rapidly-
increasing energy source in the near future, which can fuel destructive storm development,
should be a source of great concern — adding global pressure to prevent greenhouse gas

emissions rising to this level, to prevent such a scenario.

5.5 Concluding Remarks and Outlook

In these analyses, a combination of both Eulerian and Lagrangian diagnostics have provided
complementary perspectives on variations of warm water volume that play a key role in the
Atlantic hurricane seasons, in current and future climate states. Inputs have been quantified

from observational atmospheric and oceanic data into one major driver of hurricane severity
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and intensity: the volume of warm water available as an underlying energy source for deep
convection. This analysis was extended to high-resolution climate model data for the next

couple of decades with high emissions.

Drivers of observed anomalous interannual warm water volume available to fuel dangerous
hurricanes were explored: atmospheric heat flux and ocean heat transport. The study
determines that combined atmospheric and oceanic dynamics contribute to warm water
volume, with contributions from each pathway varying by year. Figure 5.1 Schematics
highlighting the relative importance of local and remote forcing of the warm water volume: (a)
strong recirculation and heat gain in the MDR leading to enhanced warm water volume (WWV),
coincident with weakening imports from the south via the North Brazil Current and Ekman drift;
(b) reversed scenario, leading to reduced warm water volume (WWYV). Note that the North Brazil
Current and Ekman drift are not necessarily strengthened in (b) relative to (a), but are found to
contribute proportionately more to the warm water volume in (b), when this volume is back-
tracked over 6 months. depicts scenario(s) for accumulation of positive (negative) anomalous
warm water volume, with increased (decreased) atmospheric heat flux and weaker (stronger)

meridional ocean transport.

(a) Strong recirculation & local heat gain, weak imports, enhanced WWV

(b) Weak recirculation & local heat gain, strong imports, reduced WWV
-
4,0 %rift

@l

Figure 5.1 Schematics highlighting the relative importance of local and remote forcing of the
warm water volume: (a) strong recirculation and heat gain in the MDR leading to
enhanced warm water volume (WWV), coincident with weakening imports from the
south via the North Brazil Current and Ekman drift; (b) reversed scenario, leading to
reduced warm water volume (WWV). Note that the North Brazil Current and Ekman

drift are not necessarily strengthened in (b) relative to (a), but are found to
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contribute proportionately more to the warm water volume in (b), when this volume

is back-tracked over 6 months.

The dual relative importance of both atmospheric and oceanic variables highlights the need for
robust monitoring systems to improve seasonal hurricane activity prediction. Real time
reporting of remote ocean transport detection (e.g. RAPID programme) would provide necessary
information on AMOC transport in advance of the hurricane season, improving predictions for
years like the very active 2010 hurricane season, when large, positive OHC anomalies arose as a

consequence of weaker meridional transport (Hallam et al., 2019).

Looking forward, high-resolution climate modelling suggests that increasing ocean heat
transport into the tropical Atlantic will result in an increasing trend of warm water volume by
2050, if anthropogenic carbon emissions continue to increase. While studies (IPCC, 2023)
conclude that hurricane frequency is most likely to decrease in the future, this dramatic rise in
warm water volume would allow development of much stronger storms when atmospheric
conditions allow for storm intensification. The MDR has been increasingly warm in recent years,
with extreme SSTs in 2023 and early 2024, which has generated rapidly intensifying storms,
including Category 5 Hurricane Beryl, which was the strongest storm ever to occurin June in the
historical record. This is a warning of potential future conditions as the climate continues to

warm.

The advances made in this thesis towards the understanding of drivers of major hurricane
probability in the current and near future climate will improve societal resilience to upcoming
disasters. Current statistical seasonal forecasting techniques based on regression analysis still
suffer from unexpected changes in the climate system due to weather noise. Machine learning
techniques may allow for more inputs, but miss extreme events not represented by the training
data. Climate prediction from combined Al/physics will allow for faster, cheaper climate
analyses without the need for supercomputers (Kochkov et al., 2024). As resolution increases,
climate models may eventually capture more hurricane activity, but the current low spatial and
temporal resolution, as well as SST biases, limit the simulation of the most destructive extreme
winds. Continued investigation into understanding hurricane frequency and intensity on
interannual and multidecadal timescales due to atmospheric and oceanic factors will improve

forecast tools to increase human resilience to these devastating events.
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