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Mesoscale eddies are a dominant feature of the Red Sea circulation, yet
their three-dimensional characteristics remain largely unexplored. This hinders our understanding of about eddy-induced transport in the basin. This
study analyzes 14-year outputs from a high-resolution eddy-resolving model
to investigate the three-dimensional signature of the Red Sea eddies, their
contribution to the air-sea flux, and the eddy-induced transport of heat and
salt. Eddies are mostly active and energetic in the central and northern Red
Sea. Their associated variability explains ∼8% of the total variance in the
surface heat flux, and particularly, ∼39% in the salt flux. The asymmetric
eddy structure and meridional gradient drive significant transport of heat
and salt across the basin. A negative feedback mechanism is identified that
relates the eddy intensity and the meridional steepness of the mixed layer
depth in the basin.
Keypoints:
• Investigating three-dimensional signature of the Red Sea eddies and identifying their asymmetry.
• Main point 2: Highlighting the substantial contribution of eddy-induced
transport and air-sea exchange in the Red Sea.
• Revealing a negative feedback mechanism between the eddy activities
and meridional steepness of mixed layer depth.
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1. Introduction
The Red Sea circulation is characterized by a large number of mesoscale eddies. These
have been captured in various independent observations, including remotely sensed sea
surface height (SSH) data [Zhan et al., 2014; Bower and Farrar , 2015; Raitsos et al., 2017],
sea surface temperature (SST) data [Papadopoulos et al., 2015], chlorophyll-a data [Raitsos
et al., 2013], Synthetic Aperture Radar (SAR) imagery [Karimova and Gade, 2014], and
in-situ observations [Sofianos and Johns, 2007; Zhai and Bower , 2013; Zarokanellos et al.,
2017]. The Red Sea eddies have been reported to make critically important contributions
to plankton blooms [Raitsos et al., 2013; Triantafyllou et al., 2014], species connectivity [Nanninga et al., 2015; Raitsos et al., 2017], brine and discharge diffusion processes
[Zhan et al., 2015], large-scale overturning circulation [Yao et al., 2014a, b; Bower and
Farrar , 2015; Zhan et al., 2016], and deep water formation [Papadopoulos et al., 2015;
Yao and Hoteit, 2018]. Nevertheless, the observations are sporadic and sparse in space
and time. This makes it quite challenging to obtain a full picture of the Red Sea eddies,
not to mention that their three-dimensional signatures are among the most poorly observed quantities. Advances in high performance computing (HPC) resources now enable
conducting high-resolution eddy-resolving numerical simulation of the Red Sea circulation with sufficient spatial and temporal resolution to investigate the three-dimensional
characteristics of the Red Sea eddies [Zhan et al., 2016, 2018].
Mesoscale eddies usually exhibit vertical structures different from that of the ambient
water. There are temperature/salinity (T/S) anomalies inside individual eddies as a direct
effect of geostrophic depression (for an anticyclonic eddy, AE) and uplift (for a cyclonic
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eddy, CE) of the background pycnocline [Dong et al., 2014]. These perturbations can
extend up to the sea surface, associated with the eddies’ stirring and trapping that may
create T/S anomalies via laterally redistributing the water mass, leading to anomalies
in SST, sea surface salinity (SSS) and SSH. Consequently, it is anticipated that oceanic
mesoscale eddies largely contribute to the air-sea flux and interaction [Cerovečki and
Marshall , 2008; Leyba et al., 2017]. Meanwhile, with the most notable perturbations of
temperature and salinity appearing particularly in the upper layers, eddies also play a
major role in T/S transport in the ocean. Water masses of different T/S properties can
be stirred or carried by eddies, which usually feature amplified velocities and time-varying
variabilities. This would generate T/S displacement and yield eddy-induced transport.
Studies have clearly shown that oceanic mesoscale features have a substantial impact
on the air-sea turbulent heat fluxes [Cerovečki and Marshall , 2008; Villas Bôas et al.,
2015; Leyba et al., 2017]. The process of generating air-sea heat flux by mesoscale eddies
in the Red Sea is still not well understood. Better understanding of this may improve
weather forecast skills and help interpret the mechanism of regional air-sea interaction,
as the fronts associated with oceanic mesoscale eddies could leave a distinct imprint on
the overlying wind, cloud coverage and rainfall [Frenger et al., 2013; Byrne et al., 2015].
This could also help in the design of basin-scale guidance for observational strategies and
parameter estimation in a coupled data assimilation system. On the other hand, the eddyinduced transport of heat and salt is of considerable interest because they are important
qualities in the ocean. The T/S anomalies, if subjected to an asymmetric eddy structure,
could produce noticeable transport of heat and salt [Dong et al., 2014; Villas Bôas et al.,
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2015]. All these contributions influence the general circulation of the Red Sea and affect
the overlying atmospheric dynamics.
Although satellite-based products providing surface turbulent heat fluxes have become
available for the global ocean [Villas Bôas et al., 2015; Leyba et al., 2017], the relatively
coarse resolution makes it difficult and risky to identify the eddies’ contribution to heat
fluxes in the Red Sea. A comprehensive understanding of eddy-induced transport in the
basin is also still lacking. The main goal of this study is to examine the three-dimensional
signature of the Red Sea eddies based on high-resolution model outputs, and to unravel
the role of the Red Sea eddies in air-sea heat flux and transport.

2. The Model
A high-resolution MIT general circulation model (MITgcm) [Marshall et al., 1997] was
configured for the entire Red Sea, the Gulf of Aden and the two gulfs (Suez and Aqaba)
at the north end, extending from 30◦ E to 50◦ E and from 10◦ N to 30◦ N . The model has
a horizontal resolution of 0.01◦ and 50 vertical z-levels, the thickness of which gradually
increases from 4 m at the surface to 300 m near the bottom. This resolution is fine
enough to resolve the mesoscale eddies and the associated turbulent heat flux anomalies
in the Red Sea, given that the first baroclinic Rossby radius of deformation ranges from
10 to 40 km in the basin (not shown). The eastern open boundary was specified using
temperature, salinity, and horizontal velocity fields provided in an ocean reanalysis from
the Estimation of the Circulation and Climate of the Ocean (ECCO) project [Köhl and
Stammer , 2008] on a monthly basis. The model is forced by surface wind, air temperature,
specific humidity, precipitation, and downward shortwave and longwave radiation of a 10c 2019 American Geophysical Union. All Rights Reserved.

km Weather Research Forecast (WRF) product [Viswanadhapalli et al., 2017] downscaled
from ERA-Interim products of the European Centre for Medium-Range Weather Forecasts
(ECMWF) [Dee et al., 2011]. The atmospheric forcing was sampled every three hours.
This model is developed as an updated version of the one implemented by Yao et al.
[2014a, b] to investigate the general and overturning circulation in the Red Sea. In
addition, the model outputs were validated against different observations and have been
used in various studies, to name a few, the eddy energy budget [Zhan et al., 2016], the
adjoint sensitivity analysis of eddies [Zhan et al., 2018], and phytoplankton phenology in
the southern [Dreano et al., 2016] and northern Red Sea [Gittings et al., 2018]. Outputs
from 2001 to 2014 are used in this study.
The atmospheric conditions and oceanic circulation of the Red Sea exhibit a strong
seasonal cycle [Yao et al., 2014a, b; Bower and Farrar , 2015; Viswanadhapalli et al.,
2017; Langodan et al., 2017]. Therefore, the monthly climatology fields can be taken as the
large-scale background reference. To isolate features generated by mesoscale eddies, which
are generally distinguishable based on climatology, we used the anomalies of the fields
calculated by subtracting the corresponding monthly climatology from the original signals
inside the detected eddies. This approach helps to highlight the signatures of mesoscale
eddies by smoothing as much as possible the basin-scale features without significantly
attenuating eddy variability. Similar methodologies have been applied to a variety of data
sets [von Storch et al., 2012; Zhai and Marshall , 2013; Yang et al., 2013], including the
Red Sea [Zhan et al., 2016].
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3. Results and Discussion
During the 14-year study period (2001-2014), eddies were frequently observed in the
Red Sea. To identify the mesoscale eddies; an improved winding-angle (WA) method
(see in appendix A) was applied to the 14-year simulation outputs of SSH and surface
velocity. Given maximum first baroclinic Rossby radius of deformation of about 40 km
and a typical width of the basin of about 300 km, the eddies with a radius of 45-130
km and a lifespan longer than 12 days were selected, totaling of 4381 AE and 4087 CE
realizations, the majority of which were observed in the central and northern Red Sea. No
significant difference is found in the locations of AEs and CEs, and the long-lived eddies
(whose lifespan are longer than 45 days) are likely to appear in the central and northern
basin, without obvious preference expect for the region to the very north end where CEs
seem to be more dominant (not shown). Figure 1 (b) presents the spatial distribution
of the eddy frequency computed as the percentage of time an eddy was detected in each
pixel. This result coincided well with the regions of larger standard deviation of sea
surface height (SSH, Figure 1 a), suggesting that eddies predominantly contribute to the
variation of the absolute value of SSH in the basin. Typical values of the eddy radius and
amplitude (Figure 1 c and d) ranged between 50 km and 100 km, and from 3 cm to 10
cm, respectively, with no obvious predominance of AE or CE.
3.1. Averaged Composite Analysis
The spatial patterns of the anomaly fields inside different eddies were demonstrated
using composite maps, similar to the studies reported by Dong et al. [2014]; Song et al.
[2015]; Villas Bôas et al. [2015]; Leyba et al. [2017]. For each identified AE or CE, the fields
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were mapped onto a uniform grid of which the coordinates were normalized by the size
of each eddy. The scaled maps averaged from thousands of individual eddy realizations
show the mean characteristics of the eddies based on their statistics. Figure 2 shows the
mean spatial distribution of the anomalies of SSH, SST, net heat flux (NHF), and net salt
flux (NSF) inside AEs (upper panels) and CEs (lower panels).
An AE is prominently marked by a lifted SSH anomaly in the eddy center decreasing
towards the eddy edges (Figure 2 a). A SST anomaly exhibits a tongue-like shape surrounding the eddy center, with warmer water extending from the south and colder water
flowing from the north following the clockwise flow in an AE (Figure 2 b). This is largely
because the Red Sea displays a pronounced meridional gradient of increasing mean SST
from north to south [Raitsos et al., 2013], a direct consequence of the variation in solar
radiation with increasing latitudes [Chaidez et al., 2017]. The rotating feature in Figure 2
(b) therefore suggests a remarkable contribution of the AEs to the horizontal, in particular
to the meridional, transport of heat in the basin. Meanwhile, the air-sea heat exchange
at the sea surface is affected by SST anomalies via both sensible and latent heat flux
(not shown). This flux is associated with the gradient between SST and air temperature,
and the saturation humidity defined for a given SST, respectively. As a result, the NHF
anomalies (Figure 2 c) are consistent with the distribution of SST anomalies. On average,
the AEs contribute to negative NHF anomalies (ocean heat loss, up to ∼ 15 W m−2 ), and
regions with higher SST tend to favor more heat loss from the ocean. The pattern of NSF
anomaly (Figure 2 d) is consistent with that of SST anomaly, suggesting that due to the
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asymmetry in a SST anomaly, evaporation tends to be enhanced on the west side of an
AE where higher SST and stronger heat loss occur.
In contrast, a CE is characterized by a depressed SSH anomaly in the eddy center
(Figure 2 e). The SST anomaly (Figure 2 f) exhibits a pronounced cold core shifted
slightly to the south of the eddy center. Different from the AEs, the CEs seem to induce
less meridional transport of heat in the basin. Corresponding to the distribution of SST
anomalies is a positive NHF anomaly (enhanced heat gain, in Figure 2 g) and a negative
NSF anomaly (reduced evaporation, in Figure 2 g), suggesting that the regions covered
by a CE tend to gain more heat and to be subjected to less evaporation compared with
surrounding regions.
On average, the NHF anomalies generated by the eddies are about one order of magnitude smaller than those of the basin-scale seasonal variation, while the eddy-induced NSF
anomalies can reach the same order. Quantitatively, the variability of the eddies explains
about 8% and up to 39% of the variance of the total NHF and NSF signals, respectively.
(First, for every snapshot, the anomalies within each detected eddy are calculated with
respect to the corresponding monthly climatology. The mean squared anomalies at each
snapshot represent the eddies contribution to the NHF and NSF signals. Then, the percentage are calculated as the ratio of variance in the eddies contribution with respect to
that in the full original data. [Villas Bôas et al., 2015]) Therefore, although the air-sea
interaction over the Red Sea is believed to be dominated by seasonal cycles [Bower and
Farrar , 2015], our results strongly suggest that eddies can play a key role in the variability
of the surface heat and in particular of the salt fluxes. Moreover, the net contribution on
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NHF and NSF from the Red Sea eddies should not be neglected. The statistics suggest
that, those areas covered by an AE are subjected to addition net heat loss of ∼-8.5 W m−2
and net salt gain of ∼11.7 gm−2 day −1 compare to the climatology. On average, these sum
respectively to ∼-18.4 GW and ∼2.6×107 kg · day −1 for each AE realization, the latter of
which is equivalent to 6.6×105 kg additional freshwater influx per day. By contrast, those
areas within a CE gain additional heat at an averaged rate of 8.5 W m−2 and are featured
with a negative NSF anomaly at -9.4 gm−2 day −1 . Considering their sizes, on average,
each CE event could contribute up to ∼17.2 GW in NHF and ∼-1.9×107 kg · day −1 in
NSF (-4.8×105 kg · day −1 in freshwater outflux) compared to their climatology.
Figure 3 presents vertical composite maps across the zonal section of temperature
anomaly (in color), temperature (green solid contours), northward velocity (purple solid
contours), and southward velocity (purple dashed contours) for AEs (left panel) and CEs
(right panel). For the AEs, the maximum temperature anomaly is found at ∼ 130 m,
about 0.7 ◦ C warmer than the ambient water. This was accompanied by a depression of
the isotherm whose slope increases with depth. The magnitude of meridional velocities
are comparable at deeper levels, while in the upper 50 m, the northward velocity to the
west of AEs is stronger than the southward velocity on the east. This is also reflected in
the positive temperature anomaly near the upper left corner of Figure 3 (a). This results
from the northward transport of relatively warmer water from the south. In contrast, the
minimum temperature anomaly of the CE appears at ∼ 80 m, about 0.5 ◦ C colder than
the ambient water, with the negative anomalies bulging up to the surface. Colder water
carried from the north and upwelled from the deep jointly result in the isotherm contours’
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doming toward the CE center, where the 22 ◦ C isotherm is about 100 m, on average,
shallower than that in the AE. Both the northward and southward velocities in the CE
are weaker than in the AE, and the northward velocity east of the CE has a larger magnitude than the southward velocity on the west. An eddy could become asymmetric when
it interacts with a current [Zhao et al., 2018]. Earlier studies have reported a northward
boundary current flowing along the Saudi coast [Sofianos and Johns, 2003; Yao et al.,
2014a; Zhai et al., 2015]. This northward boundary current, when encountering side of
an eddy, could boost the northward velocity on the east side of an CE or reduce the
southward velocity on the east side of a AE, resulting in asymmetric structures according
to the different types of eddies.
3.2. Eddy-induced Heat and Salt Transport
In the global oceans, temperature and salinity anomalies inside individual eddies tend
to move with eddies because of advective trapping of interior water parcels. Therefore,
eddy-induced heat and salt transport is mainly due to individual eddy movements [Dong
et al., 2014]. In the Red Sea, however, the movement of individual eddies is impeded
due to the limited width of the basin [Zhan et al., 2014]. In spite of this, the Red Sea
eddies still play a noticeable role in net T/S transport because of their asymmetry and the
existence of basin-wide meridional gradients in temperature and salinity (Table 1). The
composite vertical distributions of eddy-induced heat and salt transport per unit depth
(see Appendix B) are shown in Figure 4 (a) and (b). In the zonal direction, westward
heat transport (shown by the dashed curves in the negative quadrant in Figure 4 a) and
eastward salt transport (shown by the dashed curves in the positive quadrant in Figure
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4 b), are manifested for both AEs and, in particular, CEs in the upper layers above ∼ 80
m. This highlights the contribution of eddy activities to cross-basin transport between
the west and east sides of the Red Sea, in addition to the transport due to the shifting
of boundary currents from the African to the Saudi coast [Sofianos and Johns, 2003;
Yao et al., 2014b]. Meanwhile, the eddy-induced zonal transport is reported to promote
active material and genes exchange among coral reefs between the two coasts of the Red
Sea, supporting survival connectivity for the biologically diverse ecosystems in the basin
[Raitsos et al., 2017]. Given that an eddy can reach 200 km in diameter, these could fill
most of the basin width.
In the meridional direction, as depicted by the solid curves in Figure 4, both AEs and
CEs contribute to northward heat transport and southward salt transport, the latter of
which can be reinterpreted as an equivalent northward freshwater transport. Apart from
individual eddies, the already-considerable meridional transport can be enhanced by a
series of flanking eddies [Zhan et al., 2014]. Noticeable meridional transport occurs in
the upper 100 m. This is attributed almost exclusively to the meridional gradient in
temperature and salinity. It is also worthy noting that the asymmetric structure in both
AEs and CEs strengthens their northward velocity compared to their southward velocity,
as described in Section 3.1. More pronounced meridional transport of AEs than in CEs
is observed at all depths above 150 m, corresponding to the aforementioned superior
strength of AEs to that of CEs.
The mean depth-integrated transport of heat and salt induced by eddies (including AEs
and CEs) in the Red Sea is illustrated as a function of latitude, as shown by the purple
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curves in Figure 4 (c) and (d). The meridional eddy-induced heat transport is predominately positive, suggesting active northward heat transport in the central and northern
basin that can reach up to ∼5 T W . The negative zonal heat transport indicates an overall
westward transport of heat in the Red Sea, which is particularly noticeable between 24
◦

N and 27 ◦ N in the northern basin, suggesting the eddies’ ability to bring warmer water

from east to west. Consistent with the eddy frequency (Figure 1 b), both meridional and
zonal eddy-induced heat transport are more significant from the south towards the northern basin. Meanwhile, more pronounced negative meridional salt transport is found in the
central Red Sea (∼ 3 × 105 kg · s−1 southward transport of salt or equivalently northward
transport of fresh water). This is accompanied by positive zonal salt transport (eastward
transport of salt or equivalently westward transport of fresh water).
Figure 4 also depicts the depth-integrated meridional transport by the mean flow (light
grey curves). The mean flow results in positive meridional heat transport (towards the
north) with the rate decreasing from 7 T W at 17 ◦ N to less than 1 T W at 27 ◦ N . A
close-up examination of Figure 4 (c) reveals that the mean flow plays the major role
in meridional heat transport in the southern Red Sea, while that in the northern basin
is mostly governed by activities of eddies. The meridional salt transport by the mean
flow (Figure 4 d) is predominantly southward (with all values negative) through out the
basin, which generally reaches more than 105 kg · s−1 , about 3 to 4 times more than that
contributed by the eddies.
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3.3. A Negative Feedback Mechanism
Eddies in the Red Sea exhibit strong seasonal variability in their eddy kinetic energy
(EKE), and in particular, in their eddy intensity (EI, defined as EKE normalized by
the eddy area [Chaigneau et al., 2008]). These peak in winter (not shown, consistent
with [Zhan et al., 2014]), when the basin is subjected to a northward-increasing gradient
of heat loss [Zhan et al., 2016]. As a result, the mixed layer depth (MLD) is tilted to
the north (shallower in the southern basin and deeper in the northern basin). The tilted
MLD makes potential energy available, which, when accompanied with a relatively smaller
Richardson number in winter, is likely to be released by triggering baroclinic instability
that subsequently forms eddies [Stammer and Wunsch, 1999; Zhan et al., 2014].
The interannual evolution of the winter MLD steepness anomaly (approximated by
the MLD difference between the southern and northern Red Sea subtracted from the
monthly climatology) versus the winter EI anomaly is shown in Figure 4 (e). The blue
curve correlates strongly with the red curve (coefficient of -0.85). In the 14-year record,
when the MLD slope is steeper-than-normal, such as in the years of 2003, 2007, and 2012
(marked by the light grey shade) when the MLD difference exhibits negative anomalies,
the eddies exhibit a stronger-than-normal intensity with positive EI anomalies, and vice
versa. This extends and reinforces the previous conclusion that the intensity of Red Sea
eddies is largely modulated by the meridional slope of the MLD, which was suggested to be
governed by the meridional gradient of heat flux between the southern and northern Red
Sea [Zhan et al., 2016]. Meanwhile, as discussed in the last section, the Red Sea eddies play
a crucial role in south-to-north heat transport. Therefore, this would in turn reduce the
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difference in water temperature between the southern and northern Red Sea and moderate
the steepness of the meridional MLD slope. A flatter MLD slope provides a less favorable
condition to trigger baroclinic instability, and hence less eddy activity. This would in
turn limit the eddy-induced south-to-north heat transport. The converse interpretation is
equally true. Therefore, a change in the MLD slope would lead to a compensation process
that would mitigate its change through eddy-induced heat transport, which is a typical
negative feedback mechanism. This mutual restraint process provides the system with
the self-adjustment needed to maintain a dynamical balance.

4. Summary
Based on validated simulation with a high-resolution MITgcm, analysis of the threedimensional eddy structure revealed an important common feature of the mesoscale eddies
in the Red Sea. Eddies are mostly active in the central and northern Red Sea. The
composite maps reflect some expected indications of mesoscale eddies in the Red Sea: the
AEs correspond to a higher SSH and exhibit a warm core characterized by a positive SST
anomaly, while the CEs correspond to a lower SSH and exhibit a cold core characterized
by a negative SST anomaly. The SST anomalies induce anomalous NHF and NSF in
the upper ocean. The anomaly field imprints by the CEs have their largest magnitude
near the eddy center while that by the AEs peaks to the west of the eddy center. The
anomalies of surface heat and salt fluxes caused by Red Sea eddies cannot be neglected,
and can explain about 8% and up to 39% of the total variance, respectively.
In addition, the composite analysis suggests that the Red Sea eddies not only actively
redistribute water mass horizontally, but also adequately foster vertical convection. The
c 2019 American Geophysical Union. All Rights Reserved.

downwelling/upwelling typical in AEs/CEs and water trapped and carried by the eddies
from lateral regions jointly influences transport of nutrients that control phytoplankton
growth [Raitsos et al., 2013, 2015], and the associated change in stratification may also
affect the generation of internal waves mostly found in the Southern Red Sea [Guo et al.,
2016].
The asymmetry of the eddy structures and the gradient of water properties yield significant net T/S transport across the basin. It is found that eddies make the primary
contribution to heat transport, in the central and northern Red Sea, in both zonal and
meridional directions. Particularly, the AEs are more active in the integrated meridional
transport than the CEs. This is not only due to their superior strength, but also because
of the thicker anomalies inside the AEs (Figure 3) that can be carried and transported
by the velocity. The results reveal that the eddy-induced transport varies considerably
with geographic locations and serves as a critical mechanism for mass transport in the
Red Sea. Furthermore, the presence of deep and shallow excursions in MLD anomalies
between the southern and northern Red Sea has an evolutionary reverse, right in phase
with the interannual EI anomaly. This suggests that the intensity of the Red Sea eddies is significantly correlated with the steepness of the MLD slope. A negative feedback
mechanism is proposed to interpret the dynamics of their interactions.
Unraveling the three-dimensional structure of eddies even only in the Red Sea is challenging. This study focused on identifying the composite eddy structure and typical
features of eddy-induced transport by exploring similarities as well as addressing differences between AEs and CEs in the Red Sea. The analysis provides evidence of regional
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coupling between the ocean and the atmosphere at the mesoscales in the Red Sea. The
non-negligible eddy-induced net effects also strongly suggests that resolving eddies is critical to properly simulate the Red Sea circulation. Further study of the evolution of such
processes following individual eddies would reveal how the air-sea flux and eddy-induced
transport change during the lifetime of the eddy and how they affect the eddy decay rate.
This would also provide useful information with more details on eddy interactions with
the general circulation, and eventually more accurate estimates of air-sea flux over the
Red Sea.

Appendix A: The Improved Winding-angle Eddy Detecting Method
The conventional WA method is usually applied as follows. First, identify the possible cyclonic/anticyclonic eddy centers based on SSH fileds and obtain the corresponding
streamlines based on velocity fields. Then, calculate the winding-angle α, sum of the angles
between each consecutive segment along the streamlines. Finally, the closed streamlines
are selected if the absolute value of the winding-angle is larger than 2π. By definition,
a cyclonic eddy corresponds to a positive α and an anti-cyclonic eddy corresponds to
a negative α. The eddies’ edges are characterized with the outer streamline, and their
amplitudes are estimated with the difference between the maximum and minimum SSH
within the eddies.
With the narrow nature of the Red Sea, eddies in the basin are sometimes restricted by
the topography and may deform greatly from a detectable circular shape, which means
that the actual outer streamline that marks an eddy edge is likely to be unenclosed. To
deal with this, an improved algorithm was implemented by including those unenclosed
c 2019 American Geophysical Union. All Rights Reserved.

streamlines selected by a to-center-distance based threshold. The details of the conventional WA method and the improved scheme are described in Zhan et al. [2014].

Appendix B: Eddy-induced Transport
The eddy-induced transport of heat and salt per unit depth is calculated as Theat =
AρCp T 0 u0 d−1 (Unit: W m−1 ), and Tsalt = 10−3 AρS 0 u0 d−1 (Unit: kgs−1 m−1 ), respectively,
where A is the area of vertical section across an eddy, ρ is the density of sea water, Cp is
the specific heat capacity, d denotes the thickness of corresponding layer, T 0 and S 0 are
the deviation of temperature and salinity from their respective means, and u0 represents
the deviations of meridional and zonal velocity.

Appendix C: Mixed Layer Depth
The mixed layer depth (MLD) is a diagnostic output variable of the MITgcm model,
computed according to the density-based criterion as the depth at which the water density
is equal to the density of water 0.8◦ C colder than the surface water.
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Table 1.

Averaged eddy-induced transport of heat and salt associated with AE and CE

in the Red Sea. T 0 v 0 and T 0 u0 represent meridional and zonal transport of heat, and S 0 v 0 and
S 0 u0 the corresponding transport of salt. Positive transport in meridional and zonal direction
indicate northward and eastward transport, respectively. Standard error is calculated statistically
significant at the 95 % confidence level.

Unit

T 0v0
(T W )

T 0 u0
(T W )

S 0v0
S 0 u0
−1
(10 kg · s ) (105 kg · s−1 )
5

AE

2.23 ± 0.19 -2.00 ± 0.22 -3.26 ± 0.13 1.17 ± 0.14

CE

0.95 ± 0.19 -2.05 ± 0.22 -1.17 ± 0.12 2.36 ± 0.13
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Figure 1.

(a) Standard deviation (δ) of SSH based on 14-year model outputs. The dashed

contours correspond to δ = 0.05m. (b) Eddy frequency, which represents the percentage of time
that any given point is located inside an eddy. The histogram of eddy radius (c) and amplitude
(d), the grey bars represent the quantities of CEs, accumulated on which the black bars represent
that of AEs.
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Figure 2.

Averaged composite maps of anomalies of SSH, SST, NHF and NSF inside AEs

(upper panel) and CEs (lower panel) in the Red Sea. The axes in the composite maps are
normalized distance between the eddy center and eddy edge.
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Figure 3.

Composite zonal sections of vertical structure across the AE (left) and CE (right).

The composite mean temperature, positive meridional (northward) velocity, negative meridional
(southward) velocity, and temperature anomaly are depicted with green contours, purple solid
contours, purple dashed contours, and color shading, respectively.
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Figure 4.

Composite vertical distribution of eddy-induced heat transport (a) and salt transport
(b). The red and blue colors represent the transport by AE and CE, and the solid and dashed lines
represent the meridional and zonal transport, respectively. Mean eddy-induced heat transport (c) and
salt transport (d) in the Red Sea as functions of latitude; the meridional and zonal transport are denoted
by solid and dashed lines, respectively. (e) Interannual variability of anomalies of EI (blue curve) and
difference of MLD between the southern and the norther Red Sea (red curve). The error shading in
each subplot represents standard error statistically significant at the 95% confidence level.
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