Chapter 4 )
Meridional Heat Convergence Will Increase g
Tropical North Atlantic Heat Content

Available for Hurricane Intensification

Elizabeth Harris, Dipanjan Dey, Robert Marsh, and Jeremy Grist

Abstract Ocean heat content 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 develop-
ment 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.
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Key Points:
* The volume of warm water increases to the north, east, and in depth, in a high-
resolution ocean model with high emissions forcing.
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» Convergence of ocean heat transport between 10 °N and 30 °N drives this
increase.

» This additional ocean heat content could be available for potential hurricane
intensification if atmospheric conditions allow.

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 sea surface temperature (SST) since
the 1970s has provided a larger energy source for hurricane intensification (Saunders
and Lea 2008). The Atlantic Warm Pool (AWP) has maintained feedback loops
resulting in lower wind shear and a moist atmosphere (Wang and Lee 2007). Annual
Atlantic basin major hurricane counts exhibit an increasing trend in the last few
decades (Vecchi et al. 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 and Emanuel 2022). Recent high major hurricane landfall
activity since 2017 (Murakami et al. 2018) marked a return to expected behaviour
due to warming Atlantic SSTs, after an unusual gap in the record (Hall and Hereid
2015). When changes in the observational network are accounted for, there remains
significant multidecadal variability, but little upward trend 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), a record which offers reasonable
consistency since the onset of anthropogenic warming, as few of these storms are
likely to have been missed.

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). It is 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 tropical
cyclone (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, con-
tinued 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. 2016). Tropical cyclone activity is simulated in
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high-resolution climate modelling, HADGEM3-GC31-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 Atlantic Meridional Overturning Circulation (AMOC) is
predicted to decrease in strength due to increased freshwater at high latitudes
reducing deep water formation (Madan et al. 2023), as polar ice caps melt. This
allows accumulation of heat in the tropical Atlantic. Variation in inter-model AMOC
strength remains a major factor in future climate uncertainty (Bellomo et al. 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 (VWS) (DeMaria et al. 2001). Tang and Camargo (2014) propose an index
for tropical cyclone activity including VWS, entropy, and potential intensity, from
analysis of CMIP5 models. Tropical Atlantic VWS, the strength of which is asso-
ciated with the El Nifio Southern Oscillation (ENSO) on interannual timescales, is
stronger in climate model projections (Vecchi and Soden 2007; Emanuel 2021),
inhibiting hurricane development (Lin et al. 2020). Atlantic VWS 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 and 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
and McBride 2011; McTaggart-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
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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 ocean heat content as a critical ingredient of
increased tropical cyclone activity and in model TC simulation (Chan et al. 2021;
Hallam et al. 2021; Domingues et al. 2019; Pfleiderer et al. 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.

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-GC31-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 ocean heat content 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 Wm 2 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
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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
HadGEM3-GC31 HM NEMO 3.6 1/4° 50
EC-Earth3P HR NEMO 3.6 1/4° 50
CESM1-3 HH POP 1/10° 25

(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 4.1), including HadGEM3-
GC31-HM with a lower resolution ocean model, at 1/4° (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.

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, at 1° 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 National Center for Environmental Prediction (NCEP) Global
Ocean Data Assimilation System (GODAS) ocean reanalysis product (Behringer
and Xue 2004). This dataset contains gridded global potential temperature at 40 dis-
crete 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 ECMWF atmospheric reanalysis of the global climate covering
the period from January 1940 to the present. Hourly 30 km grid data is aggregated to
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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 Interna-
tional 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 min 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 National
Hurricane Center (NHC).

4.2.5 Water Mass Transformation

From the original formulation of Walin (1982), the Water Mass Transformation
(WMT) framework (Groeskamp et al. 2019) is applied in temperature space, quan-
tifying 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, Qe
combines surface net solar radiation (Qs,,), net longwave radiation (Q,y), sensible
heat flux (Qgy,), and latent heat flux (Qy,). Throughout this study, the convention is
that all heat fluxes are positive into the ocean:

Qnet = wa + Qlw + Qsh + th (41)

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> s71) (2), is found by area-integrating Q,.,, Wwhere SST is at or above
a given value of temperature, T, then dividing by reference density, py, and specific
heat capacity, cp:

0,(T) = / / " 0y (e )T(SST (x,). T)dxdy (42)

1
pocﬁ Vs
where x, y are distance in west (w) to east (e) and south (s) to north (n) directions,
and I is a sampling function; I' = 1 where SST > T, otherwise I' = 0. Q,,; values at
the potential temperature grid points are found using bilinear interpolation.
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The thermal water mass transformation rate, Fr(T) (m’s ™), can then be arrived at
by taking differences between Q;,(T) across two temperature surfaces:

Fo(T = AT/2,T + AT/2) = Lol = AT/Z);TQM(T +AT/2) (4.3)

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 trans-
port 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
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-GC31-HH grid cell.

4.3 Results

4.3.1 Future Trends in Available Heat Content

In this section, we investigate HadGEM3-GC31-HH 1950-2050 predicted changes
in the amount of heat potentially available for hurricane intensification. We first
evaluate changes in the AWP 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 Fig. 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.
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Fig. 4.1 September HadGEM3-GC31-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)
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Fig. 4.2 September mean monthly area of water (million km?) warmer than 26.5 °C in the North
Atlantic north of 10 °N: HadGEM3-GC31-HH 1950-2050 forced run (green) and depth of the
26.5 °C isotherm (black)

The HadGEM3-GC31-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 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 twenty-first 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-GC31-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 Fig. 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
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Fig. 4.3 Depth of the September 26.5 °C isotherm (m) in the North Atlantic north of 10 °N by
decade 1950-2049 HadGEM3-GC31-HH forced run (rows 1 and 3) and 1980-2019 GODAS
(rows 2 and 4)

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.

The depth of the HadGEM3-GC31-HH forced September 26.5 °C isotherm is
plotted by decade, providing spatial insight into the depth and extent of the AWP
(Fig. 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 m is evident in the observational data than in the model, due to the
HadGEM3-GC31-HH cold bias. A thin layer of warm water (light yellow) extends
further to the north and east in the HasGEM3-GC31-HH maps due to higher
resolution of vertical levels near the surface than in the GODAS data. GODAS
vertical levels have a 10 m 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.

The HadGEM3-GC31-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-GC31-HH.
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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.

We inspect the main drivers of heat accumulation in the tropical North Atlantic
in HadGEM3-GC31-HH, to explain these changes in the warm water pool.
HadGEM3-GC31-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 (Fig. 4.4). We then calculate the volume of water
transformed across isotherms, using the WMT framework, to quantify the ocean-
atmosphere heat exchange driving AWP volume changes.

Figure 4.5 shows a small upward trend in Q, into the ocean in HadGEM3-
GC31-HH over the Atlantic between 10 °N and 30 °N in the forced model run. The
mean 2015-2050 Q. is 0.04 Wm 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 Q, then suggests that
transfer of additional heat from the atmosphere into the ocean at these latitudes is not
the driver of increasing AWP by 2050 in the high-resolution model.

Observed (ERAS) Q. is higher into the ocean and exhibits more variability than
the model on multidecadal timescales. ERAS heat input into the ocean has a negative
trend in this period of —0.04 Wm ™2 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.

140
-, f 120
' -100

40

10 20 30

-40 -20

Fig. 4.4 1980-2022 Mean depth of GODAS September 26.5 °C isotherm (m) and IBTrACS points
19802022 where hurricanes intensified into major hurricanes
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Fig. 4.5 Mean monthly Q,., into the Atlantic Ocean (Wm™2) 10 °N to 30 °N with 12-month
centred moving average: HadGEM3-GC31-HH 1950-2050 forced run (green) and control (blue),
compared with observed ERAS (black)
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Fig. 4.6 Mean monthly volume (million km3) 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

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 AWP.

Figure 4.6 indicates 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 temper-
ature 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
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ocean, as suggested by the absence of a trend in HadGEM3-GC31-HH atmospheric
heat exchange (Fig. 4.5).

The significant increase in the size of the AWP by 2050 in the
HadGEM3-GC31-HH forced run cannot be attributable to additional absorption of
net heat transfer from the atmosphere as greenhouse gases continue to increase (from
Fig. 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 in the HadGEM3-GC31-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-GC31-HH forced simula-
tion 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 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 AWP 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-GC31-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-GC31-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).

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 develop-
ment. The increase in greenhouse gases in the HadGEM3-GC31-HH forced run
results in a greater reduction in ocean transport via weakening of the AMOC
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Fig. 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-GC31-HH, HadGEM3-GC31-HM, ECE
and CESM

(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 AWP 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-GC31-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 years. The variability is significantly correlated with annual major Atlantic
basin hurricane counts over 19802022, with Pearson Correlation Coefficient of .44,
significant at the 95% level (Fig. 4.8).

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-GC31-HH forced
run is plotted in Fig. 4.9 (right) for the 3 decades representing pre-industrial
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Fig. 48 GODAS July 1 volume (million km®) of water warmer than 26.5 °C between 10 °N and
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Fig. 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)
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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 experi-
ment 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.

The zonally integrated 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 Fig. 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).

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-GC31-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 (Fig. 4.9, bottom right), where much warmer water,
with temperatures greater than 27 °C, reach 20 °N in the previous 6 months than in
the earlier decades, the 1950s and 2000s, where there is less change in the temper-
ature 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-GC31-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 comple-
mentary 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.
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4.4 Conclusions

We have quantified changes in the volume of warm water related to increasing ocean
heat content, 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 shown here to be positively correlated with annual major
Atlantic hurricane counts in the observational record, though climate models suggest
lower hurricane frequency in a warmer climate. The HadGEM3-GC31-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.

While net heat flux into the tropical Atlantic does not increase in the HadGEM3-
GC31-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-GC31-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-GC31-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 intensifica-
tion not found in previous climate model studies using lower resolution models.

Ocean heat content 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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