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Abstract
Hurricane activity has been higher since 1995 than in the 1970s and 1980s. This rise in activity has been linked to a warm-
ing Atlantic. In this study, we consider variability of the volume of water warmer than 26.5 ºC, considered widely to be the 
temperature threshold crucial to hurricane development. We find the depth of the 26.5 ºC 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 ºC is directly calculated using the Water Mass Transforma-
tion 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.
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1 Introduction

Recent North Atlantic hurricane seasons have produced sev-
eral 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 
3000 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 Atlantic Multidecadal Oscillation 
(AMO) (Goldenberg et al. 2001), or Atlantic Multidecadal 
Variability (AMV) (Zhang and Delworth 2006), the El Nino 

Southern Oscillation (ENSO), the North Atlantic Oscillation 
(NAO) (Elsner and Jagger 2004), the Quasi-Biennial Oscil-
lation (QBO) (Gray 1992), as well as variations in atmos-
pheric aerosols (Evan et al. 2009), including dust (Wang 
2012), volcanic emissions (Birkel et al. 2018), and pollution 
(Watanabe and Tatebe 2019).

On interannual timescales, the Atlantic hurricane season 
is subject to variable atmospheric processes. For example, 
Atlantic hurricane variability is negatively correlated with 
El Niño indices, as anomalously warm tropical Pacific Sea 
Surface Temperatures (SSTs) result in higher than average 
vertical wind 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 Atlan-
tic 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 
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depth over most of the North Atlantic (Balaguru et al. 
2013). However, it is likely that in some regions, the vol-
ume 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 tem-
peratures 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 tropi-
cal 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 et 
al. (2021) now suggest 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 quanti-
fies the contribution of surface heat flux ( Qnet ) 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 Qnet is calculated using WMT. Accumulated trans-
formation 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 (McTag-
gart-Cowan et al. 2015), geographically confined to the 
Atlantic. This removes limits of fixed latitude and longi-
tude, as for the conventional Main Development Region 
(MDR) for Atlantic hurricanes (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 hurricane landfall further north. Wang 
et al. (2011) investigated the areal extent of the Atlantic 
Warm Pool (AWP) and correlation with hurricane activ-
ity, emphasizing the importance of the AWP to the west of 
the MDR, extending across the Caribbean and the Gulf of 
Mexico. In summary, we quantify AWP volume anomalies 
attributed to anomalous air-sea interaction, with residual 
AWP volume anomalies attributed to a combination of 
mixing and advection.

The rest of the paper is organized as follows. In Sects. 2 
and 3, we outline the WMT framework used in temperature 
space, and the datasets used here. In Sect. 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 hur-
ricane formation. Using this approach, we attribute changes 
in the volume of warm tropical waters directly to anoma-
lous surface fluxes, and further consider the extent to which 
anomalous surface fluxes drive enhanced warm water vol-
ume in specific years, when hurricane activity was particu-
larly intense. In Sect. 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  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. Return-
ing to the original formulation of Walin (1982), the WMT 
framework (Groeskamp et al. 2019) can be applied in tem-
perature space, quantifying volume fluxes across isotherms 
which are associated with variations of heat fluxes in that 
property space.

The net surface heat flux, Qnet , combines radiative pro-
cesses with turbulent fluxes. Shortwave ( Qsw ) radiation is 
absorbed from the sun and net longwave ( Qlw ) radiation 
is obtained by balancing upwelling and downwelling heat 
fluxes. Sensible heat ( Qsh ) is transferred directly between 
the ocean surface and the atmosphere, and latent heat ( Qlh ) 
flux transfer results from evaporation, which cools the ocean, 
and condensation, which transfers heat into the ocean. These 
processes are depicted schematically in Fig. 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 

Fig. 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
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Circulation (AMOC). Throughout this study, our conven-
tion is that heat flux components are positive into the ocean, 
hence the net surface heat flux follows as:

In Fig. 2, we show the long-term annual and April-Sep-
tember meanQnet , 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, par-
ticularly through the winter. The annual-mean heat flux is 
consequently negative across most of the MDR (Fig. 2a), 
although there is some net warming during April-Septem-
ber, most notably in the eastern MDR (Fig. 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.

Groeskamp and Iudicone (2018) discuss the influence of 
Qsw 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 radia-
tion will be absorbed at slightly lower temperatures. However, 
accounting for typical chlorophyll-a levels and globally averag-
ing, they estimate that only around 3.3% of shortwave radia-
tion 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 m 
in 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 radia-
tion is absorbed below the mixed layer. We therefore adopt the 
conventional approach (Grist et al. 2014) of assuming all net 
Qsw is absorbed at the surface, with negligible shortwave trans-
mission and absorption beneath the surface. The calculated 

(1)Qnet = Qsw + Qlw + Qsh + Qlh

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 Qnet 
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, Qin(T) (°C  m3s−1) (2), 
is found by area-integrating Qnet , where SST is at or above 
a given value of temperature, T, then dividing by reference 
density, �o , and specific heat capacity, cp , where that isotherm 
is outcropped.

where x , y are distance in west (w) to east (e) and south (s) 
to north (n) directions, integrating from a west limit ( xw ) 
to an east limit ( xe ), and from a south limit ( ys ) to a north 
limit ( yn ), and Г is a sampling function; Г = 1 where SST > T, 
otherwise Г = 0; Qnet 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 trans-
formation rate, FT (T)  (m3s−1), can then be arrived at by taking 
differences between Qin(T) across two temperature surfaces.

where Qin is calculated at temperature intervals of ΔT  . This 
transformation rate is equivalent to rate of change of the 
volume of water with temperature exceeding T .

In this way, the volume of water transformed via sur-
face heat fluxes across a particular temperature threshold 
can be calculated for each month. Other processes playing 

(2)Qin(T) =
1

�ocp∫
xe

xw
∫

yn

ys

Qnet (x, y)Γ(SST(x, y), T)dxdy

(3)FT (T) =
Qin(T − ΔT∕2) − Qin(T + ΔT∕2)

ΔT

Fig. 2  NCEP 1980–2019 Mean  Qnet  (Wm−2, positive into the ocean), MDR outlined in red: a Jan-Dec, b Apr-Sept
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a role 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 Ocean Heat 
Content (Holmes et al. 2019).

3  Data

The National Center for Environmental Prediction/National 
Center for Atmospheric Research (NCEP/NCAR) reanaly-
sis (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 observa-
tional data, the reanalysis product consists of data at 2.5º 
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 observa-
tions assimilated into these products are increasingly scarce 
with depth and further back in time, so the degree of con-
straint afforded by the observations will vary in a corre-
sponding manner. GODAS potential temperatures are used 
to calculate observed volume anomalies of water warmer 
than 26.5 °C.

The US National Hurricane Center (NHC) tropical 
cyclone data, HURDAT, was used to obtain annual hur-
ricane counts and location of the onset of hurricane force 
winds. This dataset includes storm center 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 dataset 
in 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 transport is measured by the amount of electrical 
current generated by flow across an underwater cable which 
runs between Florida and the Bahamas. Ekman transport is 
derived from satellite scatterometer surface wind observa-
tions. 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.

4  Results

We first summarise the extent to which warm water vol-
ume 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 sev-
eral years of the last four decades.

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 (Fig. 3). In only 6 of the 25 years dur-
ing 1995–2019 was annual hurricane activity below the 
1970–2019 mean, aligned with the GODAS volume anoma-
lies zero-line in Fig. 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 becom-
ing 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 vol-
ume 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.

The relationship between Atlantic SST and seasonal hur-
ricane counts is well established (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 Atlan-
tic basin seasonal hurricane count, in some regions of the 
North Atlantic in the spring. This is most clearly seen in 
April (Fig. 4a), focussed in the tropics at 60°W. These cor-
relations 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 Ocean Heat Content as 
a hurricane intensity forecasting tool (Mainelli et al. 2008).

Local SST correlation patterns with seasonal basin hur-
ricane count show the typical horseshoe shape of AMV, 
particularly by May (Fig. 4d). Areas of deep warm water in 
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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 add-
ing 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 bet-
ter 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 storms are generated from 
unusual atmospheric conditions rather than underlying oce-
anic heat. One example is Hurricane Alex, which formed in 
January 2016 from an extra-tropical low (Jesús González-
Alemán, 2018).

4.2  Characteristics of water mass transformation

Surface WMT calculates the rate that water masses are trans-
formed 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 to 31 °C (Fig. 5). The climatol-
ogy is consistent with annual net cooling and warming in 
different temperature ranges. Surface water is transformed 
by Qnet across isotherms: towards cooler temperatures in the 
range 0 to 27 °C, where Qnet < 0; towards higher tempera-
tures between 27 and 30 °C, where Qnet > 0. The latter tem-
peratures 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 ºC.

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 
Fig. 5. Transports across lateral boundaries (in particular 
10°N) import and export water masses in different tem-
perature 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 hur-
ricane 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 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 ºC peaks in 
August. This leads actual warm water volume, which peaks 
in September (Fig. 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.

The net surface heat flux, Qnet transforms water from 
cooler SST to water warmer than 26.5 °C under the hur-
ricane genesis and track regions through the spring and 
summer months. Figure 7a plots climatological Qnet during 
1980–2019 transferred into the ocean, time-integrated from 
April to September, where SST exceeds 26.5 °C—the inte-
grand of Eq. 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 (Fig. 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 

Fig. 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 mov-

ing average (orange line). For GODAS volume anomalies, the zero-
line is aligned with the mean hurricane count
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between these two plots. Relating this more closely to hur-
ricane development metrics, the point at which 1980–2019 
tropical cyclones strengthened into hurricanes with maxi-
mum sustained 1-min 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 obser-
vational evidence to connect this water mass with hur-
ricane development. The patterns of strong net warming 
and 26.5 °C isotherm depth, which span the breadth of the 

Fig. 4  Pearson correlation coefficient between Atlantic basin seasonal 
hurricane count 1980–2019 and depth of the 26.5 °C isotherm in dif-
ferent months: (a) r(Z26.5, hurricane count), April; (b) r(SST, hurri-

cane count), April; (c) r(Z26.5, hurricane count), May; (d) r(SST, hur-
ricane count), May. Stippling indicates 95% significance level

Fig. 5  Annual-mean transfor-
mation 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 tem-
peratures has occurred over the 
period
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Atlantic basin and extend to ~ 40ºN, reinforce our emphasis 
that ocean warming of consequence for hurricane genesis is 
not confined to the MDR.

4.3  Inferred warm water volume changes

In Fig. 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  km3 per month. The aim is to see how 
closely these may be linked, and how Qnet processes may 
therefore drive development of this warm water to fuel hurri-
canes, and, by inference, the extent to which other processes 
must contribute to form this water mass. Monthly anomalies 
of water transformed by Qnet are positively correlated with 
month-to-month actual volume change anomalies of water 
warmer than 26.5 °C (Fig. 8). The Pearson correlation coef-
ficient is 0.32, which is statistically significant at the 99% 
confidence level.

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 vari-
ability. In particular, there is 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 transforma-
tion, but this was particularly marked during June through 

Fig. 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  km3)

Fig. 7  a Mean 1980–2019 April-September  Qnet  (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)

Fig. 8  Anomalous observed month-to-month (red) volume change of water warmer than 26.5 °C and the anomalous transformation rate (million 
 km3 per month) across the 26.5 °C isotherm (purple), applying 12-month centred moving average
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September (Fig. 9). This is important as it highlights that 
surface fluxes during as well as before the hurricane sea-
son can be important in driving anomalies in warm water 
volume.

In Fig.  10, we show anomalies of monthly Qnet 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 dur-
ing these peak months of the 1998 hurricane season.

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  5th highest since 1970, when satellite data cover-
age extended basin-wide and this metric could be diagnosed 
appropriately (Kossin et al. 2007). Major Hurricanes Bon-
nie, Georges, and Mitch all made landfall in 1998. Anoma-
lous net surface heating heavily contributed to this, the 
deadliest Atlantic Hurricane season in the last 200 years. 
The period during 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 (Fig. 3).

By contrast, in other years, it is clear from the difference 
between the two signals in Fig. 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  km3 of 
anomalous volume of water warmer than 26.5 °C in 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 heat in 
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.

The relative contributions of these heat sources will also 
vary on longer timescales over the study period. A down-
ward 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 time-
scale. 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 vol-
ume of warm water are plotted in Fig. 11 along with negative 
RAPID heat transport anomalies, suggesting the amount of 
heat retained in the tropical Atlantic. There is a correspond-
ence 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 vari-
ability, 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.

To be more specific about the physical processes behind 
Qnet , we examine anomalies in the four terms of the net heat 
flux (Eq. 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 sepa-
rately calculated for each component of Qnet . The transfor-
mation rate calculated with latent heat flux, Qlh (Fig. 12) 
explains 35% (r = 0.59) of the transformation rate calcu-
lated using Qnet for this particular temperature threshold. In 
comparison, calculating the transformation rate with other 
components of Qnet , including Qlw and Qsw explains 3% (3% 
and less than 1% respectively) of the total variance. The 
transformation rate calculated with Qsh is 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.

4.4  Drivers of warm water volume changes

Having identified Qlh as the main driver of anomalous trans-
formation 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 

Fig. 9  1980–2019 (blue) annual 
cycle of volume transformed 
across 26.5 °C isotherm (mil-
lion  km3) versus climatology 
(purple)
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Fig. 10  Anomaly of June–September  Qnet  (Wm−2) in 1998 where SST > 26.5 °C

Fig. 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 trans-

formation across the 26.5  °C isotherm, with negative RAPID heat 
transport anomalies across 26°N (red), applying 12-month centred 
moving average

Fig. 12  Transformation rate anomalies (units: million of  km3 per month) across the 26.5  °C isotherm calculated from  Qnet (purple) and  Qlh 
(blue), applying 12-month centred moving average
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less latent heat flux to the atmosphere. In Fig. 13, we plot 
the local correlation coefficient between Qlh and wind speed 
(Fig. 13a) and cloud cover (Fig. 13b). Conditions conducive 
to a low evaporation rate and reduced latent heat loss include 
high surface humidity and light winds. Qlh is negatively cor-
related to a larger degree (r < -0.5) with wind speed across 
the majority of the hurricane MDR, and cloud cover in the 
eastern MDR (Fig. 13), implying that weaker winds lead 
to reduced latent heat loss and an increase of net heat flux 
into the ocean. Figure 13b however, implies that enhanced 
latent heat loss is associated with increased cloudiness. This 
relationship suggests that whereas latent heat flux variabil-
ity is likely to be influence by wind speed variations, cloud 
cover variability is more likely to respond to it. These condi-
tions have been found to strengthen under a positive phase 
of tropical AMV (Bellomo et al. 2016).

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, Qnet . 
It is shown that the amount of water warmer than 27 °C 
has increased in the last 40 years, with the transformed vol-
ume of water warmer than 26.5 °C leading observed volume 
anomalies through the spring and early summer. The trans-
formed 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.

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. 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 sur-
face fluxes. Heat transport changes associated with the 

Fig. 13  a Pearson correlation coefficient heat map for  Qlh and wind 
speed b correlation coefficient heat map for  Qlh and cloud fraction 
using NCEP-NCAR data spanning 1980–2019. Values are only plot-

ted where 1980–2019 September mean depth of 26.5 °C isotherm is 
greater than 10 m. Stippling indicates 95% significance level
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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 devel-
opment 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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