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Abstract: This study investigates the effect of mesoscale eddies on air-sea heat and fresh water 1

exchange in the tropical Atlantic Ocean (TAO) using 8 years of satellite altimetry data, combined with 2

sea surface temperature (SST), latent and sensible heat fluxes (LHF and SHF), infrared fluxes (IRF) 3

and precipitation (PR) data. Results indicate that approximately ∼40% of cyclonic eddies contribute 4

to warm SST anomalies, and ∼40% of anticyclonic eddies contribute to cold SST anomalies. Eddies 5

were found to play a role in the variability in LHF, SHF and IRF, contributing 10-35% of their total 6

variability, with the largest contributions observed beneath the intertropical convergence zone (ITCZ) 7

and frontal SST areas. Composite analysis of SST and heat flux anomalies over eddies suggested 8

that the anomalies created through horizontal advection processes may not significantly impact 9

the overall LHF, SHF and IRF over eddies, contrary to vertical processes. Despite a lack of clear 10

correlation between heat flux and PR anomalies over eddies in the TAO, significant correlations were 11

found beneath the ITCZ, suggesting that eddies may impact both heat fluxes and PR in the ITCZ 12

region. This study provides an original contribution to the understanding of the impact of ocean 13

mesoscale eddies on the atmosphere in the TAO. 14

Keywords: Mesoscale eddies; Air-sea heat exchange; Precipitation; tropical Atlantic Ocean; Satellite 15

altimetry 16

1. Introduction 17

Over the past 30 years, extensive research has been conducted to describe and under- 18

stand ocean mesoscale dynamics, made possible by the constellation of altimetry satellites 19

that measure sea surface height. These measurements have revealed the widespread pres- 20

ence of energetic cyclonic and anticyclonic eddies (CE and AE, respectively), that have 21

typical radii of several tens of kilometers and lifetimes lasting several months or years 22

[1–12]. The vertical extent of mesoscale eddies can reach several hundred meters, impacting 23

the ocean at depth [8,13–19]. These structures can trap water masses within their cores and 24

transport them across long distances and they play a key role in the transport, mixing and 25

redistribution of heat, salt, nutrients and others physical and biogeochemical tracers [20–23]. 26

Recently, research has shown that oceanic eddies can significantly impact the atmosphere 27

above them by altering ocean-atmosphere heat exchange, causing modification in wind 28

characteristics, cloud coverage, and precipitation (PR) [24,25]. In the Southern Ocean, for 29

instance, heat transfer from the ocean to the atmosphere is increased above AEs, linked to 30

positive sea surface temperature (SST) anomalies, leading to more convection, clouds and 31

PR [25]. On the other hand, CEs with negative SST anomalies reduce heat exchange with 32

the atmosphere and thus, reduce convection, clouds, and PR [25]. The impact of CEs and 33

AEs on turbulent heat exchange at the ocean-atmosphere interface has also been studied in 34
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the South Atlantic, particularly in highly energetic eddy regions like the Brazil-Malvinas 35

confluence and the Agulhas Current retroflection [10]. Our study aims to fill the gap in 36

the knowledge of the impact of mesoscale eddies on heat and freshwater exchange in the 37

tropical Atlantic Ocean (TAO), a region of interest in this regard, in particular because of 38

the possible impact on the African Monsoon. 39

The TAO is a vital component of the Earth’s climate system, playing a significant role 40

in shaping the world’s weather patterns by exchanging heat, moisture, and other important 41

variables between the ocean and atmosphere [26]. Its location near the equator and high 42

intensity of solar radiation result in higher sea surface temperatures (SST, Figure 1) and 43

a positive heat balance, making it a key source of heat for the atmosphere [26]. This 44

heat exchange leads to increased atmospheric turbulence and low-level wind speeds [24], 45

driving deep atmospheric convection and the formation of the Intertropical Convergence 46

Zone (ITCZ, Figure 1). The ITCZ, marked by cumulus and cumulonimbus clouds and 47

heavy PR, represents an essential feature in the global water and energy cycles, affecting 48

the distribution of PR, clouds, and atmospheric circulation across the tropics. The ITCZ’s 49

seasonal migration from its northernmost position (approximately 8°N) in the boreal 50

summer to its southernmost position (approximately 2°N) in the boreal winter (Figure 1) 51

[27–29] also influences global wind patterns and ocean currents, making the TAO a critical 52

component of the Earth’s climate system. 53

Figure 1. Mean sea surface temperature (SST, background color) and SST gradient (black thin contour
lines) in the tropical Atlantic ocean (TAO) from 2010 to 2017. The green thick solid and dashed
lines denote the average and the northernmost and southernmost locations of the intertropical
convergence zone (ITCZ), during boreal winter and summer, respectively. Magenta dashed lines
represent Cape Verde Frontal Zone, Angola Benguela Frontal and Cabo Frio Frontal. North Brazil
Current Retroflection (NBCR), North Equatorial Current (NEC), North Equatorial Counter-current
(NECC), Brazil Current (BC), Angola Current (AC) and Benguela Current (BeC) are shown by wide
black arrows.

However, these complex processes in the TAO can also be influenced by mesoscale 54

oceanic eddies that can have, as mentioned above, a significant impact on air-sea heat and 55

moisture exchanges. Our study aims to investigate the imprint of these mesoscale eddies 56

on air-sea interaction in the TAO, and in particular, in the ITCZ region, which is a key area 57

for heat and moisture exchange between the ocean and atmosphere. In the Earth climate 58

models (e.g CPIM) small scale structures are not taken into account explicitly, due to the 59

coarse spatial resolution. Warm SST biases are mentioned in the CMIP estimations in the 60

eastern part of the TAO [30] and might be due to the non representation of small scale 61

structures such as mesoscale eddies. A comprehensive understanding of the influence 62

of mesoscale eddies on air-sea interaction in the TAO is thus crucial for improving our 63

understanding and modeling of the Earth’s climate system. 64
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In the TAO, mesoscale eddies have typical amplitudes of 1-5 cm and radii of 40-100 65

km, with the highest eddy kinetic energy (EKE) located in the western boundary in the 66

North Brazil Current retroflection [1]. On average, TAO eddies persist for several months 67

and can cross the Atlantic basin from east to west [1,7]. As shown by ARGO data, most 68

of these eddies are located at subsurface, with their maximum temperature and salinity 69

anomalies located below the pycnocline [8,13]. A unique feature of these subsurface eddies 70

is their inverse SST signature compared to surface intensified eddies, with negative SST 71

anomalies for subsurface AEs and positive for CEs [13,14,31]. Referred to as "Inverse Eddy 72

SST Anomalies" or "Abnormal Mesoscale Eddies," they make up approximately one third 73

of the global oceanic mesoscale eddy population [32]. The abnormal SST anomalies in 74

mesoscale eddies have been linked to factors such as vertical mixing, particularly during 75

ocean re-stratification in spring and early summer [13,33], or the surrounding large-scale 76

SST distribution [13,34,35]. Indeed, the SST signature/anomaly of an eddy may change 77

as it moves through different water masses and during its decay, through the absorption 78

of surrounding water masses [35]. Thus, mesoscale eddies with inverse SST anomalies 79

may impact ocean-atmosphere interactions differently from eddies with the same polarity 80

but a normal SST signature, particularly at the seasonal scale. The aim of this study is to 81

investigate the impact of these cold-core or warm-core eddies, regardless of their cyclonic or 82

anticyclonic polarity, on latent heat fluxes (LHF), sensible heat fluxes (SHF), ocean infrared 83

fluxes (IRF) at the ocean-atmosphere interface and their relationship with PR anomalies in 84

the TAO region. 85

The paper first provides a detailed presentation of the dataset and methodology used. 86

Then, it analyzes the SST anomalies across mesoscale eddies in the TAO to determine 87

the presence of warm-core or cold-core eddies. This preliminary analysis serves as the 88

foundation for the subsequent examination of the eddies’ influence on heat fluxes and PR 89

anomalies. 90

2. Materials and Methods 91

The study period for all the data used extends from January 2010 to December 2017. 92

2.1. Altimetry data and mesoscale eddy tracking 93

In the present study, mesoscale eddies were detected and tracked from daily absolute 94

dynamic topography (ADT) maps which is a multimission satellite altimetry product, 95

optimally interpolated onto a 0.25° × 0.25° longitude/latitude grid [36] . This product is 96

freely distributed by the Copernicus Marine Environment Monitoring Service and available 97

on https://marine.copernicus.eu/ 98

The mesoscale eddies were detected using the eddy detection algorithm by [2,3], 99

which defines the center of an eddy as a local maximum for AEs or a local minimum for 100

CEs in the ADT maps, and the edge as the outermost closed ADT contours surrounding 101

the center. After an eddy is detected, its properties such as amplitude, radius and EKE are 102

derived. Eddy amplitude is defined as the absolute value of the ADT difference between the 103

eddy center and the averaged ADT along the eddy edge.The radius of an eddy corresponds 104

to the radius of an equivalent circular vortex having the same area, delimited by the eddy 105

edge, while the EKE of an eddy is the average eddy kinetic energy over the considered 106

eddy. 107

The eddy trajectories were reconstructed using the eddy tracking algorithm by [8]. To 108

ensure robust results, we only considered eddies that lasted for a minimum of 30 days and 109

had a median amplitude and radius greater than 1 cm and 30 km respectively, all along 110

their trajectory. This approach is consistent with previous studies in TAO such as [1,13]. 111

2.2. Sea surface temperature, heat fluxes and precipitation data 112

In order to investigate mesoscale eddy signatures on SST, we used the v2.1 version of 113

the optimum interpolated sea surface temperature (OISST) analysis https://www.ncei.noaa. 114

gov/products/. The OISST product, formerly known as Reynolds SST, is a multi-platform 115

https://marine.copernicus.eu/
https://www.ncei.noaa.gov/ products/
https://www.ncei.noaa.gov/ products/
https://www.ncei.noaa.gov/ products/
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product merging infrared satellite observations of the Advanced Very High-Resolution 116

Radiometer and in situ measurements [37,38]. This dataset provides daily SST data on a 117

grid with a resolution of 0.25° longitude by 0.25° latitude, with a good accuracy (bias = 0.04 118

°C and root mean square difference = 0.24 °C, see Table 3 in [37]). 119

To study the impact of mesoscale eddies on turbulent heat fluxes, we used the LHF 120

and SHF products, version 4.1, provided by the Institut Français de Recherche pour 121

l’Exploitation de la Mer (IFREMER, https://wwz.ifremer.fr/oceanheatflux/). These prod- 122

ucts offer daily global heat fluxes at a spatial-resolution of 0.25° × 0.25° in longitude and 123

latitude. The computation of LHF and SHF is derived from atmospheric boundary layer 124

parameters including wind-speed, air and SST and air specific humidity [39–41]. Ocean 125

IRF is calculated based on the SST. The LHF, SHF and IRF are given by the following bulk 126

formulae: 127

LHF = ρCELvU(qs − qa) (1)

SHF = ρCpChU(θs − θa) (2)

IRF = ϵσ(SST)4 (3)

where θs and θa represent the sea surface and air (10 meters above sea level) tempera- 128

ture respectively, qs and qa denote the saturated and specific humidity in the air. The air 129

density ρ and latent heat of vaporization (Lv) are also taken into account, as well as the 130

specific heat capacity of air at constant pressure (Cp), turbulent exchange coefficients for 131

latent heat (CE) and sensible heat (Ch), wind-speed at 10 meters above the sea surface (U), 132

sea surface emissivity (ϵ), and the Boltzmann constant (σ). For IRF, SST represents the sea 133

surface skin temperature in Kelvin degrees ( K). 134

The analysis of PR over mesoscale eddies were performed using the 3B42 version 135

of the Tropical Rainfall Measuring Mission Multi-satellite Precipitation Analysis (TMPA) 136

distributed by the National Aeronautics and Space Administration (NASA, https://disc. 137

gsfc.nasa.gov/). This product is elaborated from a satellite constellation equipped with 138

infrared and microwave sensors measuring PR between latitudes 50°N and 50°S [42,43]. 139

Daily PR data were obtained by accumulating the 3-hourly data over 24-hour periods. 140

The mean latitude and the northernmost and southernmost locations of the ITCZ were 141

determined using the latitude of the maximum annual mean PR and the maximum latitude 142

during the boreal summer (July to September) and winter (January to March). 143

2.3. Eddy induced anomalies and composite analysis 144

To obtain mesoscale signals, large-scale structures and low-frequency variations unre- 145

lated to eddies were removed from the background features (SST, LHF, SHF, IRF and PR). 146

The high-pass filtering of the background features was performed in both space and time 147

using a 6° × 6° longitude/latitude and 120 days Hanning filter as described in [44]. Slight 148

variations in the spatial and temporal filtering scales did not affect the results significantly. 149

Eddies detected on ADT maps were then colocalized with high-pass filtered data to deter- 150

mine anomalies in SST, LHF, SHF, IRF and PR that are induced by the eddies, following the 151

method outlined in [10]. As an example for SST, the Figure 2 shows the detected eddies 152

on 2012/11/25, colocalized with the corresponding daily high-pass filtered SST. The SST 153

anomalies within eddy contours were then extracted from each daily SST map. 154

https://wwz.ifremer.fr/oceanheatflux/
https://disc.gsfc.nasa.gov/
https://disc.gsfc.nasa.gov/
https://disc.gsfc.nasa.gov/


Version June 7, 2023 submitted to Remote Sens. 5 of 19

30°S

15°S

0°

15°N

30°N

70°W 55°W 40°W 25°W 10°W 5°E 20°E

S
S

T
' 
(°

C
)

-1

-0.5

-0.75

   0

 0.25

 0.5

  1

-0.25

 0.75

Figure 2. (a) High-pass filtered SST (background color) and detected eddies on 2012/11/25. Cyclonic
and anticyclonic eddy edges are represented in thick and thin black contours, respectively.

Mesoscale eddies were classified into 2 groups, depending on whether eddy-induced 155

SST anomalies were positive or negative. A warm-core (cold-core) eddy is defined as an 156

eddy that has in average, a positive (negative) SST anomaly within its central core. The 157

central core of an eddy, as depicted by Figure 3a, is defined as the inner part between the 158

center and 2/3 of its radius. The outer parts were not considered in the classification to 159

eliminate potential biases from the surrounding water masses as in [44]. The Figure 3b,c 160

show the example of the detected eddies on 2012/11/25 that were separated into warm- 161

core and cold-core eddies and their corresponding mean SST anomalies. Both of them are 162

composed of AEs and CEs. After eddies were classified, the corresponding LHF, SHF, IRF 163

and PR anomalies were also determined. From daily eddy-induced anomaly maps the 164

mean eddy-induced anomalies throughout the study period were calculated. 165
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Figure 3. (a) A representative example of an eddy with its central-core, where the mean anomalies
were computed. (b and c) Mean SST anomalies induced by warm-core and cold-core eddies on
2012/11/25. White areas are areas without eddies.

For each group of eddies (warm-core or cold-core) we performed composite analysis 166

of the various properties (SST, LHF, SHF, IRF and PR). To study the impact of the eddies 167

regardless of their size, we interpolated the property anomalies onto a high-resolution two- 168

dimensional Cartesian grid for each identified vortex, normalized by the radial distance 169
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from the center of the vortex to twice its radius. Note that eddies were classified regardless 170

of their trajectories. Same as eddy composite analysis. 171

SST can be influenced by eddy surface currents through horizontal advection [44,46], 172

which can result in dipolar anomalies with opposit signs depending on the large-scale 173

background SST gradient and the eddy’s rotation (clockwise or counterclockwise). To 174

highlight these influences, we examined composites anomalies in a rotated frame, aligning 175

the large-scale SST gradients to a same direction (here to a polar angle of -90° such that 176

warmer SST are oriented in a southward direction (∂SST/∂x = 0 and ∂SST/∂y < 0)) in 177

both the northern and southern hemispheres for all eddies. Figure 4a displays an example 178

of the mean composite of large-scale SST within a set of eddies (case of AEs) after rotation. 179

For this example, eddy effects of warm surface water advection northward and cold surface 180

water southward can be readily observed. This approach eliminated the horizontal blurring 181

of dipolar structures in anomalies caused by spatial variations in the large scale SST gradient 182

and its direction as in [44]. 183

To isolate the portion of SST anomalies caused by eddy-driven horizontal advection of 184

large-scale SST, composite maps of SST anomalies were decomposed into axisymmetric and 185

non-axisymmetric components, as performed by [47]. An example of this can be seen in the 186

mean composite of a set of warm-core and counterclockwise eddies, with a maximum SST 187

anomaly (> 0.2 °C) located in the northeast quadrant (Figure 4b). The mean composite was 188

separated into a non-axisymmetric component, forming a dipole pattern with opposite sign 189

anomalies near the eddy periphery (Figure 4c), and an axisymmetric component, consisting 190

of a monopole structure with a maximum positive anomaly centered within the eddy 191

cores (Figure 4d). As indicated by previous studies, the axisymmetric component is likely 192

associated with initial water masses trapped in the eddy core and vertical processes like 193

vertical dispalcement of the isopycnals or mixing, while the non-axisymmetric component 194

arises from horizontal advection of large-scale gradient properties at the periphery of the 195

eddy cores [44,46–48]. 196
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Figure 4. (a) Example of large-scale SST pattern within an eddy after rotation in a normalized coordi-
nate system. b) Composite of SST anomalies within eddy with corresponding c) non-axisymmetric
and d) axisymmetric component. Surface geostrophic currents are represented by black arrows. R
denotes the eddy radius.

3. Results 197

3.1. Mesoscale eddy characteristics 198

The main surface characteristics of TAO’s eddies, including their occurrence, am- 199

plitudes, radius, EKE, generation location and lifespan, have recently been studied by 200

Aguedjou et al. (2019). The present study analyzed ∼7800 long-lived AE and ∼8100 CE tra- 201
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jectories, which correspond to ∼329000 and ∼368000 individual AEs and CEs, respectively, 202

detected in the TAO from January 2010 to December 2017. Approximately half of detected 203

AEs and CEs in the TAO have amplitudes less than 2 cm, but some exhibit amplitude 204

greater than 12 cm (Figure 5a). The EKE is relatively low for most eddies in the TAO, with 205

only about 20% having EKE greater than 100 cm2s−2, indicating a general low level of EKE 206

in the region (Figure 5b). The majority of eddies have a radius smaller than 200 km, with 207

the most common range being between 60 and 70 km (Figure 5c). Eddy lifespan ranges 208

mostly between 30 and 60 days. Only 2% of eddies have a lifespan longer than a year 209

(Figure 5d) 210
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Figure 5. Histograms of eddy (a) amplitude, (b) kinetic energy, (c) radius and (d) lifespan in the TAO.

3.2. Eddy-induced SST anomalies and composite analysis 211

3.2.1. Spatial distribution of eddy-induced SST anomalies 212

On average, ∼60% of AEs and ∼40% of CEs have a positive SST anomaly, while the 213

remaining ∼40% of AEs and ∼60% of CEs have a negative SST anomaly (Table 1). This 214

suggests that AEs and CEs are not systematically warm-core or cold-core eddies, contrary 215

to popular belief. However, the observed fraction of cold-core AEs and warm-core CEs 216

in the TAO is higher than in the global ocean, where cold-core AEs and warm-core CEs 217

account for about one-third of all eddies [32]. The spatial distributions of warm-core 218

and cold-core eddies are comparable (Figure 6a,b). Eddy activities are most pronounced 219

in the eastern and western boundaries, specifically in the eastern boundary upwelling 220

systems (EBUS), along the southeastern coast of America, and north of 15°N and south of 221

20°S (Figure 6a,b). However, there are some regional differences, such as in the northern 222

Hemisphere, south of 20°S and in SST frontal areas in the Cape Verde Frontal Zone (CVFZ) 223

and in the Angola Benguela Frontal Zone (ABFZ). Indeed, in these regions, cold-core 224

eddies slightly outnumber warm-core eddies with a maximum of 600 eddies per square 225

degree. In the equatorial region, similarly to previous studies [1,5,6], the number of both 226

warm-core and cold-core eddies is limited. However, a hot spot of both cold-core and 227

warm-core eddies can be found beneath the ITCZ, between 40°W and 10°W longitude 228

(Figure 6b), probably due to the zonal current instabilities, espacially the North Equatorial 229

Countercurrent, combined with equatorial upwelling which induces strong SST gradient. 230

In the following, and for consistency, areas of few number of eddies were discarded and 231

were not taken into account in our analysis. 232
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Figure 6c,d, displays the distribution of the mean eddy-induced SST anomalies in the 233

TAO during the study period. In general, the distribution indicates low values of averaged 234

eddy-induced SST anomalies of ∼±0.2°C in the most areas. However, SST anomalies of 235

±0.4°C are found in some regions such as in i) the EBUS, ii) the equatorial regions beneath 236

the ITCZ, and iii) southwest of the TAO off Brazil. There is also a hot spot of SST anomalies 237

near the northern coast of the Gulf of Guinea. Despite these areas not being highly energetic 238

in terms of EKE [1], they have a relatively high number of eddies (Figure 6a,b). 239

Despite the large number of warm-core CEs and cold-core AEs, the mean SST anoma- 240

lies induced by all CEs (AEs respectively) remain dominantly negative (positive), reflecting 241

what has been traditionnally admitted. In addition, the observed positive and negative 242

anomalies witin all detected eddies do not cancel each other, highlithing the imprint of 243

mesoscale eddies on SST in the TAO. On average, the ratio of the variance of eddy-induced 244

SST anomalies to the total SST variability indicates that mesoscale eddies contribute to 10%- 245

25% oh the total SST variability in the TAO (not shown), with the maximum contribution 246

observed beneath the ITCZ. 247

At the basin scale, eddy induced SST anomalies exhibit no strong seasonal variability 248

(not shown). However, in particular regions, mainly in the coastal and equatorial upwelling 249

areas, a seasonal amplitude of eddy-induced SST anomalies up to 0.5° C are observed. The 250

seasonal amplitude is defined as the absolute difference of the maximum and minimum 251

monthly anomalies. 252
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Figure 6. Distribution of (a-b) warm-core and cold-core eddies, and (c-d) eddy induced SST anomalies
over the 2010 – 2017 period. Solid and dashed curves represent the mean annual and extreme (during
boreal winter and summer) location of the ITCZ. White areas stand for areas where not enough
eddies were available.

3.2.2. Composite analysis of eddy-induced SST anomalies 253

The composite analysis of eddy-induced SST anomalies was conducted in the Northern 254

and Southern Hemispheres using the method outlined in Section 2. The results show that 255

the maximum SST anomalies in both hemispheres are generally displaced from eddy 256

centers and are closer to the edges (Figure 7). More precisely, in the Northern Hemisphere, 257

maximum anomalies of about ±0.3 °C were found in the northwest quadrant for warm-core 258

AEs and in the southeast quadrant for cold-core AEs (Figure 7a,b). AEs rotate clockwise in 259

the Northern Hemisphere, and the mean large-scale SST gradient is southward-oriented in 260

the rotated frame as shown by Figure 4a. This leads to the horizontal advection of warm 261

SST from the south to the northwest and concurrently, cold SST from the north to the 262

southeast. This mechanism of horizontal advection leads to positive SST anomalies in the 263

northwest side of the eddies and negative SST anomalies in the southeast side. Similar 264
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processes have also been found to play a key role in eddy-induced SST, sea surface salinity 265

and chlorophyll anomalies in some regional studies outside of the TAO [44,46–48]. In the 266

Southern Hemisphere, maximum positive and negative SST anomalies were observed in 267

opposite quadrants due to the anticlockwise rotation of AE (Figure 7e,f). Similar results 268

were also obtained for CEs, but with opposite rotation direction in both hemispheres 269

(Figure 7c,d and Figure 7g,h). 270
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Figure 7. Averaged composites of SST anomalies within warm-core and cold-core (a,b,e,f) anticyclonic
and (c,d,g,h) cyclonic eddies in the Northern and Southern Hemisphere. For each composite, N
denotes the number of individual eddy while Rm denotes their mean radius ± one standard deviation.

Figure 8 shows the spatial distribution of axisymmetric and non-axisymmetric compo- 271

nents of SST anomalies within AEs, averaged in 15°×15° longitude/latitude subregions. 272

Axisymmetric component distribution displays a similar pattern as the spatial distibu- 273

tion of mean SST anomalies (see Figure 6b,d), for both AEs and CEs (Figure 8a,b and 274

Figure 9a,b). Stronger positive and negative composite anomalies are located along the 275

eastern and southwestern boundaries of the TAO basin where coastal upwelling and where 276

eddy activities are more intense. It is likely that these areas are favorable for vertical 277

processes, basically because of uplifting/downlifting of isopycnal levels that occur inside 278

eddies leading to cooling/warming of the ocean surface. In addition, as suggested by 279

[33] in the Mediterranean Sea, vertical mixing modulation by eddies may also contribute 280

in SST cooling and warming within AEs and CEs respectively, especially during spring 281

and summer seasons. Moreover [21] demonstrated that AEs are more productive during 282

winter due to the modulation of vertical mixing. Such a mechanism may lead to the cooling 283

(warming) of SST witin AEs (CEs). 284

The non-axisymmetric components of SST anomalies are alsmost similar for both 285

warm-core and cold-core AEs (Figure 8b,d). They are relatively weak, with average anoma- 286

lies of around ±0.1 °C across the basin . However, certain areas, such as the ABFZ (near 287

10°E and 15°S) and the Cabo Frio Frontal Zone (CFFZ) (near 42°W and 23°S) display strong 288

anomalies (Figure 8b, d) due to strong large-scale SST gradients as displayed in Figure 1. 289

Likewise south of the equator and east of 25°W, where appears the seasonal Atlantic cold 290

tong, causing a strong SST gradient, composite of SST anomalies are up to 0.2. Similar 291

observations are valid for composite SST anomalies within CEs, as shown in Figure 9b,d. 292

However, anomalies tend to be slightly higher compared with AEs non-axisymmetric 293

composite, especially in high SST frontal areas. 294
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3.2.3. Impact of eddies on latent heat, sensible heat and infrared flux anomalies 295

The spatial distribution of LHF, SHF and IRF anomalies within eddies is similar to that 296

of SST anomalies. The maximum magnitude of the eddy-induced anomalies reaches up to 297

±10 Wm−2 for LHF, ±4 Wm−2 for SHF, and ±2 Wm−2 for IRF (Figure 10a-f), representing 10 298

to 35% of the heat fluxes variability. These results can be compared with previously studied 299

regions of strong instabilities and high EKE, such as in the Agulhas Current retroflection, 300

eddy-associated heat fluxes can reach ±20 W Wm−2 [10]. Similarly, in the confluence of the 301

Brazil-Malvinas confluence, LHF in some eddies can reach ±80 Wm−2 [34]. 302

Eddy-induced heat flux anomalies are quasi-linear functions of eddy-induced SST 303

anomalies (e.g. [61]) as shown by the bulk fomulae relating LHF/SHF and SST (see 304

Section 2). A relationship was established between eddy-induced SST anomalies and 305

corresponding latent and sensible heat flux anomalies to better understand the coupling 306

between SST and heat flux over eddies in the TAO. Eddy-induced SST anomalies were 307

binned into 0.1 °C intervals, and the corresponding average heat flux anomalies were 308

computed within each interval. As shown in Figure 11, significant linear relationships 309

were observed between the eddy-induced SST and LHF/SHF anomalies, with correlation 310

coefficients of 0.94 and 0.93, respectively. On average, the coupling strength are ∼25 Wm−2
311
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°C−1 and ∼8 Wm−2 °C−1 for LHF and SHF anomalies, respectively (Figure 11). However, it 312

is important to note that heat fluxes are also influenced by other factors such as wind speed 313

or the vertical temperature and moisture gradients between the ocean surface and the 314

lower atmosphere (stratification). Additionally, the magnitude of heat fluxes over eddies 315

are likely linked to eddy properties such as amplitude and radius, as previously reported 316

by [10]. Larger amplitude eddies are generally associated with higher SST anomalies and 317

stronger turbulent flux anomalies (not shown). 318

The LHF and SHF anomalies within eddies are proportional to the eddy-induced SST 319

anomalies, resulting in similar spatial characteristics for composite averages of these heat 320

flux anomalies (Figure 12) compared to those observed for SST anomalies (Figure 7). The 321

highest heat-flux anomalies are observed close to eddy periphery with maximum values of 322

∼±8 Wm−2 and ∼±3 Wm−2 for LHF and SHF, respectively (Figure 12a-p). 323
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(IRF) anomalies over warm-core and cold-core eddies.
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Figure 12. Same as Figure 5 for (a-h) latent and (i-p) sensible heat flux anomalies. The number
average eddy composites is denoted N.

3.3. Precipitation anomalies over eddies 324

The mean spatial structure of PR anomalies within eddies beneath the ITCZ and 325

between ∼10°W to 40°W longitude band differs from other regions in the TAO (Figure 13). 326
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PR Anomalies reach a maximum of ∼±2 mm day−1 and represent ∼15–20% of daily mean 327

PR (Figure 13a,b). There is a positive correlation between the PR and the turbulent heat 328

flux anomalies, suggesting that increased (decreased) PR occurs over warm-core (cold-core) 329

eddies (Figure 13a-c). However, the correlation coefficient found is relatively weak (|r| 330

< 0.5), but with an average p-value of ∼0.05. In other areas of the TAO, no difference in 331

the mean spatial distribution of PR between warm-core or cold-core eddies is observed 332

(Figure 13a,b), with anomalies ranging between ±0.5 mm day−1 and no significant correla- 333

tion (|r| < 0.2; Figure 13c). This may be due to lower PR levels in these regions, which are 334

generally 8 to 10 times lower than beneath the ITCZ (e.g. [62]) 335
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and (c) correlation coefficient between heat flux and PR anomalies.
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Table 1. Warm-core and cold-core eddies with their mean SST, LHF, SHF and IRF anomalies over
2010-2017 period.

Cyclonic eddies Anticyclonic eddies
Number

(%)
SST’
(°C)

LHF’
(Wm−2)

SHF’
(Wm−2)

IRF’
(Wm−2)

Number
(%)

SST’
(°C)

LHF’
(Wm−2)

SHF’
(Wm−2)

IRF’
(Wm−2)

Warm
core

eddies

145868
(39.7 %)

0.12 ±
0.05 *

1.5 ±
2.09

0.5 ±
0.60

0.73 ±
0.27

196989
(59.8 %)

0.16 ±
0.06

4.10 ±
2.27

1.15 ±
0.67

0.92 ±
0.33

Cold
core

eddies

221785
(60.3 %)

- 0.17 ±
0.08

- 4.60 ±
2.14

- 1.36 ±
0.63

- 0.96 ±
0.40

132231
(40.2 %)

- 0.13 ±
0.06

- 2.78 ±
2.00

- 0.80 ±
0.63

- 0.79 ±
0.40

Total 367653
(100 %) – – – – 329220

(100%) – – – –

* mean values ± one standard deviation.

4. Discussion 336

4.1. Contribution of axisymmetric and non-axisymmetric structures to eddy heat flux 337

The results from Figure 8a,c and 9a,c indicate a net positive and negative SST anoma- 338

lies within warm-core and cold-core eddies respectively, with a high SST anomalies com- 339

pared with the one of non-axisymmetric. Enven if the physical processes (including vertical 340

mixing and advections) are complex to determine at this stage, these results suggest that 341

axisymmetric components would have a greater impact on heat flux compared with non- 342

axisymmetric components. Consequently, the non-axisymmetric components may not 343

significantly contribute to the net LHF and SHF within eddies. 344

For evidence, the relationship between LHF and SHF anomalies have been recon- 345

structed by considering only axisymmetric components of SST and heat flux anomalies, 346

leading to similar relationships between heat flux anomalies and SST anomalies as observed 347

in Figure 11. These results would suggest that within the non-axisymmetric component, 348

the upward heat fluxes are compensated by downward fluxes within the eddy interior as 349

illustrated by Figure 14a). Contrastingly, the axisymmetric components are tought to be the 350

main contributors to the net upward or downward heat fluxes within eddies, because of 351

the one-way fluxes they induce (Figure 14b,c). These observations are also valid for the 352

shortwave IRF anomalies, as IRF is a function of SST. 353

a] b] c]

non-axisymmetric

component

Axisymmetric

component

Warm-core eddy cold-core eddy

Figure 14. Schematic representation of the contribution of (a) non-axisymmetric and (b,c) axisym-
metric components to the net latent and sensible heat fluxes. The considered eddy in (a) has a
counterclockwise rotation direction.

4.2. Relationship between heat flux and precipitation anomalies within eddies 354

Despite the lower number of detected eddies near equatorial regions (Figure 4a,b), 355

the ITCZ is characterized by a relatively high mean values of LHF and SHF anomalies 356

within eddies. Moreover the fraction of the contribution of mesoscale activities relative to 357
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the totale variability was evaluated to 20-30%, highlighting the role that mesoscale eddies 358

would play in the air-sea interaction and on cloud formation in the ITCZ. However, the 359

ITCZ represents an area of high atmospheric convection processes and heavy precipitations 360

area,thus, a high heat flux anomalies is expected and may explain the observed anomalies 361

within eddies in this region. 362

Observations indicate that beneath the ITCZ, especially east of 35°W (see black box 363

in Figure 12), higher positive PR anomalies within warm-core eddies are located south of 364

∼5°N (latitude of the mean location of the ITCZ), while within cold-core eddies, higher 365

negative PR anomalies are almost centered on the ITCZ, extending from ∼5°N to ∼8°N 366

(Figure 12a,b). As shown by the correlation between the total heat flux and PR anomalies 367

(Figure 12c), the observed PR anomalies coroborated well with the SHF and LHF anomalies 368

in the defined area. Indeed, SHF and LHF anomalies within warm-core edddies are 369

relatively higher south of the mean location of the ITCZ, compared with anomalies in the 370

northern part (Figure 9a,c). In contrast, within cold-core eddies, negative PR anomalies are 371

almost centered on the mean location of the ITCZ (Figure 9b,d), highlighting the influence 372

that eddies might have on PR in this area. This correlations is weak (between ∼2-8°N), but 373

significant (p-value ≈ 0.05). The observed weak correlations might be explained by the fact 374

that evaporation and PR processes do not occur instantly in space and time, particularly 375

beneath the ITCZ, where higher heat flux and PR anomalies are observed. Indeed, the 376

propagation of eddies, coupled with the displacement of atmospheric air masses and 377

precipitating clouds, can induce a potential spatio-temporal phase shift between the eddy 378

signature on heat fluxes and PR. It is likely that excessive heat release from a warm-core 379

eddy leads to cloud formation and PR outside of the eddy. Another potential reason 380

could be the low eddy activity that characterizes near equatorial regions such as the 381

TAO, compared to mid and high latitude regions where eddy activities are more intense 382

[1,5,64,65]. 383

The strong positive PR anomalies observed between ∼2 – 5 °N latitude band seem 384

to appear seasonally. Indeed the seasonal variation reveals that positive PR anomalies 385

within eddies are maximum during boreal winter (not shown). Since the ITCZ is at its 386

southernmost latitudes (between 2-5°N) during this periode of the year [67], the observed 387

PR maximum anomalies within eddies might possibly be influenced by the induced heavy 388

PR. In addition, the seasonal variation of SST gradient due to atmospheric and oceanic 389

processes such as trade winds and equatorial upwelling [68], might also have an influence 390

on the eddy-induced SST anomalies and thus on the heat fluxes and PR anomalies. Analysis 391

of such processes is beyond the scoop of this study but are of a great interest for future 392

studies, especially using modeling. 393

5. Conclusions 394

Combining 8 years of daily altimetry ADT, SST, LHF, SHF, ocean IRF and PR data, this 395

study aimed to investigate the influence of mesoscale eddies on air-sea heat exchange in 396

the TAO, and the relationship between heat flux and PR anomalies over eddies. Results 397

indicated that in the TAO, about 40% of the CEs are warm-core CEs and 40% of AEs are 398

cold-core AEs. Eddy-induced SST anomalies ranged between ±0.4 °C, contributing to 399

10-25% of the total SST variability in the TAO, with higher anomalies observed in coastal 400

regions, especially EBUS. 401

Heat flux anomalies over eddies showed patterns similar to SST anomalies, with 402

maximum positive and negative values of ±10 Wm−2 for LHF, ±4 Wm−2 for SHF, and 403

±2 Wm−2 for IRF. The eddy-associated anomalies accounted for 10-35% of the LHF and 404

SHF variability. On average, LHF and SHF anomalies over eddies varied quasi-linearly 405

with eddy-induced SST anomalies, with coupling strength coefficients of ∼25 and ∼8 406

Wm−2°C−1, respectively. Composite od anomalies were constructed and decomposed 407

into axisymmetric and non-axisymmetric components. Only the axisymmetric part of 408

eddy-induced SST anomalies were found to significantly influence the net LHF, SHF and 409

IRF over eddies 410
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The PR anomalies over eddies are significant only beneath the ITCZ, with values 411

up to ∼±2 mm day−1. The correlation between heat flux et PR anomalies are relatively 412

weak but significant, probably because of the differences of spatial and temporal scale of 413

atmospheric and oceanic mesoscale processes. Investigate the impact of such difference 414

and the atmospheric responses in wind speed and cloud formation, could be set up from 415

a high resolution numerical coupled ocean-atmosphere model, and will deserve future 416

studies. Also, PR, as a freshwater flux, is known to be the main driver of large-scale salinity 417

changes in the equatorial Atlantic beneath the ITCZ [66]. However, the role of mesoscale 418

eddies in salinity variability in the near-equatorial region, beneath the ITCZ is not well 419

understood. Investigating the influence of mesoscale eddies in this context would deepen 420

our understanding of the mesoscale physical processes influence in salinity changes in the 421

equatorial Atlantic. 422
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SHF Sensible heat flux
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