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Rectification effects of regional
air-sea interactions over western
boundary current on large-scale
sea surface temperature and extra-
tropical storm tracks

Lionel Renault'™, Thomas Arsouze?3*, Fabien Desbiolles>:¢ & Justin Small’

The warm Western Boundary Currents (WBCs) and their zonal extensions are persistent, deep, strong
and narrow oceanic currents. They are known to anchor and energize the Extra-Tropical storm tracks
by frontal thermal air-sea interactions. However, even in the latest generation of climate models,
WBCs are characterized by large biases, and both the present storm-track activity and its recent
intensification are poorly estimated. Mesoscale air-sea interactions, and in particular the Current
Feedback to the Atmosphere (CFB) have been shown to be important in ocean and in particular WBC
dynamics as they modify the energy budget of the ocean. CFB causes eddy-killing by drag friction
between currents and the atmosphere. It damps the oceanic eddy activity, and, thus, weakens

the eddy-mean flow interaction, stabilizing WBCs. Based on cutting-edge high-resolution coupled
global simulations, we show that the stabilization of WBCs by CFB modulates the mean Sea Surface
Temperature and its meridional gradients as well and the turbulent heat fluxes between the ocean and
the atmosphere. This alters the baroclinicity of the lower atmosphere, which in turn modulates the
extra tropical storm-tracks intensity by up to 15%.

Extra-tropical warm Western Boundary Currents (WBCs), the Gulf Stream, the Kuroshio, and the Agulhas
Current and their zonal extensions are persistent, deep, and narrow currents and are among the strongest oceanic
currents on Earth. Progressively, they have been recognized as major emblematic oceanic features that shape the
Earth’s climate!~>. Extra-tropical cyclones occur partly over the same region, i.e., within the so-called extra-
tropical storm-tracks, located in the 30-60°latitude band>-8. They are of tremendous importance for global
climate. They advect energy poleward, mitigating the energy imbalance between the Equator and the Poles®”.
They also modulate winds, temperature, humidity, and precipitation on daily to multidecadal timescales'*-12.
However, the representation of both WBCs and extra-tropical storm tracks in climate models, and especially
in climate change projections, is subject to large uncertainties, and a better understanding of the underlying
dynamics is needed to reduce them!*-1°.

Several factors have an influence on the extra-tropical storm tracks, such as land topography, land-sea
boundaries and Sea Surface Temperature (SST) patterns!®'®!7. Fundamentally, cyclone development is
strongly related to baroclinic instability in the lower troposphere!®-2!, which is maintained in particular over
WBCs by two main mechanisms®>~>!1622-24_ On the one hand, WBCs transport considerable amounts of heat
from the subtropical oceans into the mid-latitudes!. This induces large-scale meridional SST gradients, which
sustain meridional air temperature gradients in the lower troposphere, and, thus, the baroclinicity of the
lower atmosphere. These atmospheric gradients tend to be counterbalanced by poleward transient eddy heat
fluxes?2>25, but are restored by the SST gradients?®?’. On the other hand, as WBCs separate from the coastal
boundaries and zonally extend into the ocean interior, they are prone to the largest transfer of heat from the
ocean to the atmosphere over the global ocean (more than 200 W m™2)23282%_ This heat loss can also alter the
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static stability of the lower atmosphere, increasing the baroclinicity of the lower atmosphere”330-32, In winter,
the heat loss by WBCs can be enhanced by both outbreaks of dry and cold air from the continent®-%.

In the past decades, thanks to satellite data and high-resolution climate simulations, air-sea interactions at
the oceanic mesoscale (i.e., scales of 10-100 km and 10-100 days, e.g., ***’) have received a growing interest
from the scientific community. Several studies have shown that ocean eddies and fronts have a major influence
on the ocean and atmosphere through mesoscale air-sea interactions (see*® and?* for a review). So far, two main
mesoscale air-sea interactions have been assessed: the Thermal FeedBack (TFB) and Current FeedBack (CFB).

TFB is essentially the influence of SST and SST gradients on the overlying atmosphere. It alters the turbulent
exchange of heat between the ocean and the atmosphere (latent and sensible heat), the atmospheric pressure
gradients, the stability of the atmospheric boundary layer, and other atmospheric processes (see*® and?* for
reviews). Turbulent heat fluxes anomalies caused by oceanic mesoscale eddies are often between 20 and 50
W m™? C7'3%%, They damp the SST signature of the eddies*' and can be understood in terms of a sink of
eddy potential energy to the atmosphere?2. Changes in vertical mixing of momentum, pressure adjustment, and
atmospheric boundary layer stability, result in surface wind speed anomalies that are generally positive over
warm SSTs and negative over cold SSTs. The wind anomalies cause Ekman vertical velocities in the ocean, but
generally do not modulate the mesoscale energy budget of the ocean’>. While the influence of TFB on storm
tracks has been extensively studied (e.g, 3->22-2>), the effects of CFB are less understood.

CFB expresses the influence of surface ocean currents on the overlying atmosphere. It acts mainly through
changes in surface stress. In a coupled model, CFB is accounted for by estimating the surface stress using the
relative wind to the ocean currents (see*® for its practical implementation):

7 = paCp(Ua — Uo)|[Ua — U, ey

where 7 is the surface stress, p, is the density of the air, Cp is the drag coefficient, and U, and U, are the 10
m wind and the surface current, respectively. When neglecting the current feedback, the stress is estimated as

Ta :paCDUa‘Ua|» (2)

The surface stress response to CFB is linearly related to the current vorticity: a negative vorticity yields a positive
surface stress curl and vice versa?®*’. The large-scale effect of CFB is a slow down of the mean oceanic circulation
that is induced by a reduction in the mean energy input from the atmosphere to the ocean*®->!. More importantly,
at the mesoscale, CFB induces sinks of kinetic energy from the ocean to the atmosphere50‘53, i.e., the so-called
eddy killing, which damps the mesoscale activity by about 30% overall>*-%°. Oceanic eddy killing is the main CFB
mechanism. By reducing the reservoir of mesoscale kinetic energy, CFB causes a weakening of the eddy-mean
flow interaction (the inverse cascade of energy in the ocean): mesoscale eddies transfer less energy to large-scale
currents such as WBCs, altering their mean positions and characteristics and stabilizing them>"61-66.57 and®4,
using a regional ocean-atmosphere coupled model over a 5-year period, demonstrate that the CFB-induced
stabilization of the Agulhas Current: it causes a greater advection of warm water from the Indian Ocean into the
South Atlantic Ocean, which alters the mean SST and, subsequently the local precipitation. This modulates the
turbulent heat fluxes and the mean SST gradients, altering the baroclinicity of the lower atmosphere, and, thus,

the extra-tropical storm tracks over the South Indian Ocean®.

In this study, we aim to extend the evaluation of the rectification effect of the mesoscale CFB on the extratropical
storm track, focusing mainly on the Gulf Stream, the Kuroshio, and the Agulhas Current. Specifically, we aim to
achieve the following three objectives:

1. Demonstrate on a global scale the mesoscale CFB effect, including the surface stress response and the eddy
killing effect, which have mostly been assessed on a regional scale.

2. Evaluate the associated upscaling effect on the oceanic mean state, focusing on mean currents and SST;

3. Determine the rectification effect on extratropical storm tracks.To achieve these objectives, we take advan-
tage of the cutting-edge coupled eddy-rich global ocean-atmosphere simulations carried out within the
PRIMAVERA project (https://www.primavera-h2020.eu/) as part of HighResMIP%. We use the Very High
Resolution “VHR” ORCA12 / IFS1279 configuration of the EC-Earth climate model®-7!, which has a spatial
resolution of ~ 7 km for the ocean and ~ 15-km for the atmosphere (see “Methods”). Both spatial resolu-
tions meet the requirements to properly simulate the extratropical storm tracks, as shown by?*, which is con-
firmed by the comparison of the extra-tropical storm tracks simulated by the “VHR” simulation and coarser
climate model simulations in”!. Two experiments are available: Ccrp considers both TFB and CFB, and
Cnocr considers TFB but neglects CFB (see “Methods”). Cnocrp is available for a period of 80 years
and is the original PRIMAVERA simulation. Ccrp is available for a period of 24 years and was run specif-
ically for this study. In the following, we use a bootstrap method’? to disentangle the differences due to CFB
from internal and climate variability. We consider the 80 years of the Cvocrp simulation as our population
data and compute 1000 samples on 24 unique and not necessarily consecutive years (see “Methods”). The
1000 samples of Cnocrp are then compared to Corp.

Results

A partial control of the ocean dynamics by CFB

The main direct effect of CFB is to systematically induce surface stress curl anomalies that are anticorrelated
with surface current vorticity (e.g., 1°): positive surface current vorticity causes negative surface stress curl, and
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vice versa. At the mesoscale, the strength of this coupling has been measured by the coupling coefficient s,
which is defined as the slope of the linear regression between mesoscale surface stress curl and mesoscale ocean
current vorticity (see “Methods”). s- in a simulation without CFB (as CnyocFg) is approximately zero”>%. In
Fig. la, s- is estimated over the 24-year simulated period of Ccrp. s+ in Ccrp is characterized by negative
values everywhere and an intensity on the order of —1072 N's m ™~ 3, which is consistent with the values found
in previous regional studies?’**. s, depends primarily on the wind strength>>>: the stronger the wind, the more
negative the s-. Consistent with the literature, s- has its largest negative values within extratropical storm tracks
and over the eastern boundary upwelling system.

The surface stress anomalies caused by CFB and measured with the s coupling coefficient cause a transfer of
kinetic energy from mesoscale eddies to the atmosphere, which can be expressed by the geostrophic eddy wind
work (Fe Keg, m3s™3)%:

1 ’ ’
FeKeg = %UQT 5 (3)

where prime denotes the eddy part of the signal estimated using a Gaussian spatial filter (see “Methods”), po
is the ocean surface density, ug and 7 are the geostrophic currents and surface stress, respectively. Figure 1b
shows F. K., estimated from Ccrp. Consistent with previous studies (e.g., *°%545%%0) " F. K4 is negative
almost everywhere, revealing the presence of the eddy killing mechanism, i.e., a sink of kinetic energy from
mesoscale oceanic currents to the atmosphere of —72.5 GW, which is consistent with previous estimates from
observations®*%773, At these scales, this implies that the ocean is forcing the atmosphere, rather than the classical
view of an atmosphere forcing the ocean on a large scale, initiating a turbulent energy cascade. Fe K¢ is larger
over the WBCs and the Antarctic Circumpolar Current. Some positive values are present near the coast and
offshore. They correspond to regions where the mesoscale activity is weak and mostly composed of wind-driven
currents’. The energy sinks can be partially observed from satellite data®*”*> and are absent in a simulation
without CFB as Cnyocrp°*s.

The surface Eddy Kinetic Energy (EKE) is estimated as a proxy for the oceanic mesoscale activity using the
daily anomalies (with the same spatial filter as for Fe K.y, see “Methods”) of the surface geostrophic currents
(EKE = 0.5(u'2 + v'2)). The mean pattern and intensity of the EKE in Ccrp are consistent with the
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Fig. 1. The CFB induces a sink of kinetic energy from oceanic mesoscale eddies to the atmosphere, aka the
eddy killing. (a) Coupling coeflicient s, estimated from Ccrp (spatially smoothed over 50 km to diminish
noise). s can be interpreted as a proxy for the efficiency of the eddy killing. (b) Eddy windwork (F.K.,)
estimated from Cc r . The negative values reveal a transfer of kinetic energy from mesoscale currents to the
atmosphere. The maps were generated using Python 3.0 (https://www.python.org/).
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literature (see Supplemental Information). Figure 2a shows the difference between the EKE estimated from
Ccrp and Cnocrp. The sink of kinetic energy induced by CFB causes the oceanic eddy killing mechanism,
i.e., a damping of the EKE. On average, from CnocrB to Cor s, the EKE is reduced by =~ 30%. This improves
the realism of the simulation and is in agreement with previous studies e.g., >°>°%%, but here it is demonstrated
on a global scale and over a long time period. The largest difference is, not surprisingly, located over the most
eddying regions, such as WBCs, which is in agreement with e.g., 56276467,

The reduction of the EKE leads to a weakening of the eddy-mean-flow interaction (the so-called inverse
cascade of energy), which stabilizes and modifies the paths of the strongest oceanic currents, including the
WBCs?157:6L6266.75 The changes in the WBC paths are associated with the dipole of the negative and positive
EKE difference 2a. Figure 2b shows the difference of the mean kinetic energy between Ccrp and Cyocra. It
confirms the stabilization of the WBC paths by the eddy killing mechanism and reveals the presence of a dipole
above the WBCs. This improves the realism of the simulation (see Supplemental Information), especially above
the WBCs, where the biases in Cc rp are reduced with respect to Cnocr . As shown in®!, the weakening of the
eddy-mean flow interactions dominates the large-scale effect of CFB (i.e., the slow down of the mean currents)
on the WBCs. Finally, CFB also causes a reduction in the mean equatorial surface current, consistent with®,

An upscaling effect on the mean SST and mean SST gradients
Figure 3a shows the difference in mean SST between Ccrp and Cnvocrp. The oceanic eddy killing caused by
CFB has an upscaling effect on the SST. Over WBCs, the SST difference can reach up to 2°C, which is consistent
with previous regional studies of>”-%4. Two different behaviors can be highlighted over the WBCs. Over the Gulf
Stream and the Kuroshio, the CFB causes a warming (cooling) of the SST to the north (south) of the currents,
consistent with changes in their mean paths. For the Agulhas Current, consistent with>’%4, the CFB causes a
west-east dipole of warming/cooling over the Agulhas retroflection region and warming over its zonal extension.
Other regions of the world ocean are affected to a lesser extent, such as the Southern Ocean, the equatorial
regions of the Pacific, and the west coast of the USA, with SST differences up to 0.5°C. Finally, in the Arctic
Ocean, there are substantial changes along the sea ice margins, which may be related to differences in water mass
formation that can affect sea ice cover. In general, this rectification effect largely reduces the biases in the mean
SST from Ccrp to CnocrB, especially over the WBCs (see Supplemental Information).

The changes in SST are associated with changes in the mean absolute meridional SST gradients, as shown
in Fig. 3b. From Ccrp to CnocrB, meridional absolute SST gradients over the Gulf Stream and its zonal
extension decrease by 3°C 10~ km ™, while a dipole over the Kuroshio is characterized by a similar decrease in
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Fig. 2. The sink of kinetic energy from oceanic mesoscale eddies to the atmosphere caused by CFB induces a
damping of the oceanic mesoscale activity, with a subsequent stabilization of Western Boundary Currents. (a)
Mean surface Eddy Kinetic Energy (EKE) difference between Ccrp and Cnocrs. (b) Mean surface Kinetic
Energy (MKE) difference between C'crp and Cnvocrp. The maps were generated using Python 3.0 (https://
www.python.org/).
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Fig. 3. Oceanic eddy killing has a rectifying effect on the SST and absolute SST meridional gradients. (a)
Mean SST difference between Ccrp and Cnocrs. A positive value indicates a warmer temperature in
Ccra. (b) Colors represent the difference in mean absolute meridional SST gradients between Ccrp and
CnocrB. Black contour lines represent the mean SST gradients of Cnocrg (contours of [4], °C 1073

km ™, respectively). Only the values that have the same sign in 95% of the ensemble and that are larger than
the ensemble standard deviation are shown, the remaining areas are shown in white. The coastal areas for the
gradients are also masked in white due to the presence of land. The maps were generated using Python 3.0
(https://www.python.org/).

SST gradients over its path and an increase of the same order of magnitude north of its path. Over the Antarctic
Circumpolar Current, which can also interact strongly with the southern extratropical storm track, SST gradients
are generally reduced by up to 3°C 1072 km ™!, except over the Agulhas Current and its zonal extension, where
SST gradients are increased by 3°C 1072 km™".

Over the WBCs, these differences are primarily driven by changes in mean heat transport (related to the
stabilization of intensified currents paths by reducing the inverse energy cascade®?) and, everywhere (including
the WBCs), by eddy heat transport, with changes in e.g., mixed layer depth being secondary drivers®”*%, For
example, in Cvocrp the Gulf Stream is too meandering, causing premature separation®**%%2. ITn Cyoc r 5, the
Agulhas Current is prematurely reflected due to too large an eddy-mean flow interaction near Port Elizabeth®2.
This leads to a reduction in the mean westward advection of the mean temperature relative to that in Corp
. Again, the rectification effect on the absolute meridional gradients improves the realism of the Cnocrp
simulation relative to Ccrp (see Supplemental Information).

A rectification effect on the storm track activity

WBCs are known to anchor and energize the extra-tropical storm tracks through frontal thermal air-sea
interactions'”?. In particular, the development of cyclones is strongly dependent on baroclinic instability in the
lower troposphere!®-2!, which is driven by two main factors?->7:8:22-2432447677, the large-scale meridional SST
gradients that maintain meridional air temperature gradients in the lower troposphere, and the heat fluxes that
can modulate them. Therefore, the upscaling effect of mesoscale CFB on SST patterns should affect both of these
factors, and thus extratropical storm track activity, as we will verify hereafter. Again, we use the 1000 ensemble
means derived from C'nvocrp to disentangle the effects of CFB from internal variability.

On the one hand, the indirect heating of the WBCs by CFB mechanically intensifies the air-sea temperature
and humidity gradients, which increases the heat loss by turbulent heat fluxes by up to 80 Wm ™2 (15%, Fig. 4a,
where a positive flux indicates a transfer of heat from the ocean to the atmosphere). This should tend to increase
the baroclinicity of the atmosphere®?*3177 and thus act as a catalyzer for storm track activity. On the other hand,
over the Gulf Stream, the weakening of the SST gradients leads to a reduction of the meridional temperature
gradients in the lower atmosphere by about 1.5°C 107 km™' (30% reduction, as shown in Fig. 4b). This
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Fig. 4. The CFB-induced changes in SST drive two distinct mechanisms: an enhancement of the heat loss by
turbulent heat fluxes over WBCs and a modulation of the absolute temperature meridional gradients in the
lower troposphere. (a) The colors depict the mean turbulent heat flux difference between Ccrp and Cnocri
while the black contour lines show the mean turbulent heat flux from Cnocrp (contours of [— 400, — 300,

— 200, 200, 300, 400] W km ™). (b) The colors represent the difference in the mean absolute meridional air-
temperature gradients at 850 hPa between Ccrp and Cvocrp while the black contour lines depict the mean
absolute air-temperature gradients at 850 hPa from Cnyocr s (contours of [7,9] °C 107 3km™?, respectively).
Again, to unravel the effect of CFB from the model internal variability, the mean values of heat fluxes and

850 hPa temperature absolute gradients from C'vocrp and the mean values difference between Ccrp and
CnNocrp are estimated as the median of the ensemble of 1000 slices of 24 unique years (see Supplemental
Information). Only the values that have the same sign in 95% of the ensemble and that are greater than

the standard deviation of the ensemble are shown, the remaining areas are shown in white. The maps were
generated using Python 3.0 (https://www.python.org/).

reduction should consequently decrease the available potential energy in the atmosphere, ultimately damping
the storm track activity over the Gulf Stream”8. With respect to the Kuroshio region, the changes in SST gradients
lead to a consistent dipole pattern characterized by a decrease in lower atmospheric temperature gradients along
the Kuroshio main path and an increase north of it. This should induce a dipole of decreasing and increasing
baroclinicity and thus a change in storm track activity.

Finally, in the Southern Hemisphere, the CFB generally reduces the largest meridional temperature gradients
in the lower troposphere, weakening storm track activity. A notable exception is over the Agulhas Current and
its zonal extension, where, in agreement with the results of®*, temperature gradients in the lower atmosphere are
enhanced, which should lead to a strengthening of the storm track. Note that the rectification effect of the eddy
killing on the temperature gradients in the atmosphere and on the turbulent fluxes does not systematically reduce
the biases between the simulations and the ERA5 reanalysis, but one should keep in mind that the simulations
were not carefully tuned (see Supplemental Information).

To assess the rectifying effect of CFB on storm track activity, three classical metrics are now estimated: (i)
the maximum Eady Growth Rate (EGR) at 850 hPa®*¢%7%-83 which corresponds to a measure of baroclinic
instability; (ii) the poleward eddy heat flux in the lower troposphere at 850 hPa (|V'T”|)*!, which is a direct
measure of storm-track activity; and (iii) the standard deviation of the 2-6 day band-pass filtered daily sea
level pressure®®, which is another measure of storm-track activity. The poleward eddy heat flux at 850 hPa is
computed as |V/T"|, where the primes denote 2-8 day filtering and the overbar denotes the long-term mean.
Note that we use the absolute value of the poleward heat flux, so a positive value indicates poleward transport.
These metrics allow us to assess the rectifying effect of CFB on the storm track response via changes in heat
fluxes and temperature gradients in the lower atmosphere.

The maximum (EGR) at 850 hPa is estimated as
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opr = 0.3098

g9 00
Fr (4)

Nbss0
where g is the gravitational acceleration, N is the buoyancy frequency (estimated between 850 and 700 hPa),
and 0gs0 the potential temperature. The more positive the EGR, the more likely the cyclones are to develop82
(equivalently, the EGR is the growth rate of the most unstable mode). Both simulations reproduce the main spatial
pattern of the EGR during winter (JAS for the Southern Hemisphere and JEM for the Northern Hemisphere, see

contours in Fig. 5a) with values greater than 0.5 day ' over WBCs and their zonal extension (e.g, ®**°) and over
a portion of the Antarctic Circumpolar Current.

0.100
60°N 0.075
40°N 0.050
20°N 0.025
0° [repeite 0.000 >
i S
20°5 } -0.025
a0°s | ~0.050
— ~0.075
~0.100
. 1.50
60°N [Z 1.25
: 1.00
40°N 0.75
20°N | 0.50
0.25 v
o |, = 0.00 T,
TR Ay -0.25 &
20°5 FiT oo
40°S | -0.75
-1.00
60°S —-1.25
~1.50
Q) AStA(SLP2 6 _gay)) .
60°N R = . 25
20
40°N 15
20°N (I8 10
5
0° |- 0 &
Lo, o _5
200G FiT L %
40°s |- -15
—20
" — 2
-30

120°W 60°W 0° 60°E 120°E

Fig. 5. The reduction of the SST-gradients modulates the storm-track activity. (a) The colors represent the
EGR difference between Ccrp and Cnocrp at 850 hPa during winter. The EGR contours (0.4,0.5,0.6,0.7
day 1) estimated from Cyocrp are also indicated. (b) Meridional eddy advection of heat |V/T”|at 850 hPa.
The colors represent |V/T”|difference between Ccrp and Cnoc B, whereas the contours depict its mean
values estimated from C'nocrp (one contour each 2 m s ' Kfrom4ms™! K). (¢) Standard deviation of the
2-6 day band-pass filtered daily sea-level pressure (in Pa). The colors represent the difference between Ccrp
and CvocFB, the contours (one contour each 100 Pa from 200 Pa) show the values estimated from Cnocrs
. Only the values that have the same sign in 95% of the ensemble and that are greater than the standard
deviation of the ensemble are shown, the remaining areas are shown in white. The maps were generated using
Python 3.0 (https://www.python.org/).

Scientific Reports|  (2024) 14:31771 | https://doi.org/10.1038/s41598-024-82667-2 nature portfolio


https://www.python.org/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Figure 5a shows in color the difference in EGR between Ccrp and the ensemble simulation of CnocrB.
Across the Northern Hemisphere extratropical storm track (40-60°N), there are two regions where the EGR
is significantly altered. The first is the storm track near the Gulf Stream and its zonal extension. In this region,
the EGR is reduced by up to 15%. This implies the following chain of events: over this region, oceanic eddy
killing weakens the meridional SST gradients by stabilizing the Gulf Stream. This in turn reduces the meridional
temperature gradients in the lower troposphere, and thus the available potential energy and the baroclinicity
of the lower atmosphere. This mechanism is likely to dominate over the other mechanism associated with the
increase in heat loss, as suggested by the similarity of the patterns in Figs. 4b and 5a.

To confirm this hypothesis, following e.g., 3¢433, we separate the contributions of the 850 hPa temperature
gradient and static stability (related to surface heat fluxes) to the change in EGR (see Fig. S3 in the Supplemental
Information). It confirms that the decrease in baroclinicity from Cnocrp to Corp over the Gulf Stream is
mainly driven by a weakening of the temperature gradient in the lower atmosphere, which overcomes a slight
increase in the effect of static stability over the Gulf Stream extension. The second region where CFB has a
significant effect on EGR is, not surprisingly, the Kuroshio, where the response to CFB is significantly different
from that over the Gulf Stream. Consistent with the SST and lower atmospheric temperature gradients, CFB
induces a dipole characterized by a decrease in baroclinicity over the Kuroshio and an increase to the north.
Again, the decomposition between the effects of static stability and temperature gradients indicates that changes
in temperature gradients are the leading mechanism (Fig. S3 in the Supplemental Information).

In contrast, in the Southern Hemisphere, the effect of the CFB on extratropical storm track activity is more
subtle. On the one hand, over the Antarctic Circumpolar Current, near South America and south of Australia,
there is a decrease in the EGR, suggesting a weakening of the baroclinicity over these regions and thus a weaker
storm track activity. On the other hand, in the vicinity of the Agulhas Current and its zonal extension, consistent
with®, oceanic eddy killing indirectly causes an increase in EGR over and south of the Agulhas Current,
indicating more intense baroclinicity induced by both stronger 850 hPa temperature gradients and greater heat
loss via the Agulhas Current retroflection. This is further confirmed by the decomposition of the EGR in Fig. S3
in the Supplemental Information. _

In both the Northern and Southern Hemispheres, a poleward eddy flux is indicated by a positive |V/T"|.
Intense storm track activity is associated with large positive |V/T"|values and with large values of the standard
deviation of the 2-6 day band-pass filtered sea level pressure. Figure 5b shows the |V/T"|difference between
Ccrp and CnocrB (see Supplemental Information) and the contours of the largest |V/T"|values estimated
from Cnocra. |V'T’|in both simulations has similar values to those found in the literature (e.g., 464) with
values greater than 10 m s™' K over the Gulf Stream, the Kuroshio, and the Southern Ocean (see also the
evaluation of the simulations in the Supplemental Information). Consistent with the changes in EGR from
CnocrB to Corp, |V'T'|over the Gulf Stream is attenuated (by up to 15%), revealing a damping of storm
track activity over this region. Over the Kuroshio, as expected, there is a northward shift in storm track intensity.
These changes coincide with the CFB-induced modulation of SST and lower atmospheric temperature gradients.
In the Southern Ocean, |V'T"|is also weakened by about 10%, except in the vicinity of the Agulhas Current and
its zonal extension, where CFB, by partially regulating the retroflection of the Agulhas Current, leads to a local
re-energization of the storm track, in agreement with the regional study of®*.

The modulation of the storm track intensity is further confirmed by analyzing the difference in the standard
deviation of the 2-6 day band-pass filtered sea level pressure between Ccrp and Cnocrp (Fig. 5¢). A similar
modulation is found over the WBCs and the Antarctic Circumpolar Current, although with weaker intensity
(up to 6% in the vicinity of the Agulhas Current). Note that, as mentioned above, the CFB rectification effect
does not necessarily improve the realism of the simulations, since they are not tuned and biases from other
mechanisms are likely.

Discussion

Overall, our results are consistent with previous studies demonstrating control of extratropical storm tracks by
WBCs. Over WBCs, the more intense meridional SST gradients and intense turbulent heat fluxes are associated
with baroclinic eddies that grow faster®?>%7. An associated shift in baroclinic wave activity results in a weaker
poleward eddy heat flux. In the literature, the large meridional SST gradients and intense turbulent heat fluxes of
WBCs have also been associated with the path and intensity of the storm track downstream>*52,

Our results also provide a new perspective on how fine-scale local processes in general, and CFBs in particular,
can influence climate. Using eddy-rich coupled ocean-atmosphere simulations over a long time period, with or
without current feedbacks to the atmosphere, we provide evidence in a global context for the following main
chain of events, which is also illustrated in Fig. 6. First, CFB causes oceanic eddy killing, i.e., a damping of oceanic
mesoscale activity driven by a sink of kinetic energy from mesoscale currents to the atmosphere. It subsequently
reduces the eddy-mean flow interaction, stabilizing WBCs and other major currents and altering the associated
advection of warm water. Especially over WBCs, oceanic eddy killing has a rectifying effect on the mean SST and
its meridional gradients, modulating surface heat fluxes and temperature gradients in the lower troposphere. As
a result, storm track activity is modulated in both the northern and southern hemispheres. From the oceanic
point of view, the biases of the oceanic mean state (currents and SST) with respect to observations are reduced
thanks to a reduction of a long-standing bias in the representation of the mean path of the western boundary
currents. While this is not necessarily the case for the atmosphere, it should be noted that the global simulations
have not been carefully tuned, which could lead to some compensation of biases. In addition, unlike reanalysis
and observations, the simulations do not account for climate change, which may also introduce additional biases
in the representation of temperature gradients and other storm track metrics.

Alternative mechanisms could possibly explain the observed modulation of the storm track from the
simulation without CFB (CnocrB) to the simulation with CFB (Cc rp). Chaotic variability may contribute to
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Fig. 6. Schematic representation of the chain of events induced by the mesoscale CFB.

the observed differences between these two sets of simulations. However, we have used a bootstrap method to
isolate the CFB effect from it, highlighting the significant differences over WBCs. To disentangle the local CFB
effect over WBCs from that in other regions, another set of simulations could also have considered CFB only
over WBCs, allowing the oceanic eddy killing effect to be considered only over WBCs; this type of methodology
could be applied to future studies. CFB also slightly affects SST in the Pacific equatorial region, which could
potentially lead to changes in teleconnections between the Pacific equatorial region and the jet stream. However,
the changes in SST are weaker than 0.5°C, which is probably too weak to influence teleconnections between e.g.,
ENSO and the extra-tropical storm tracks®. There are also significant differences along the sea ice margins that
could affect the polar frontal jet and thus storm genesis, but they are further north than the observed changes
over WBCs. While a global approach has the advantage of allowing local effects to propagate into the far-field
and then have a rectifying effect on the large-scale, a regional approach has a higher degree of constraint on
model-internal variability and is less affected by global model bias. Numerous regional studies have consistently
demonstrated a reduction of the EKE (e.g., °°4-565%63) and the resulting rectification of the WBCs*7:60:62,

The indirect effects of CFB on SST highlighted in this study are consistent with the regional results of*’
and® for the Agulhas Current, and are also found in other simulations such as those of*8. Furthermore, the
changes in EGR and |V'T”|across the Agulhas Current are consistent with the results of®*, which performed
regionally coupled simulations that are per se unaffected by remote changes caused by CFB. Finally, to further
strengthen the robustness of our conclusions, we carried out a pair of regional atmospheric simulations over the
Gulf Stream for a period of 5 years, differing only in their SST forcing: W RFc g is forced by the SST of Ccrp
,and WRFnNocFB is forced by the SST of Cnocrp (see Supplemental Information). These simulations are
by construction largely constrained by their open boundary conditions (see Supplemental Information). From
WRFnocrB to WRFcrB, a weakening of | V1" |is also observed as a rectifying effect of the CFB, providing
additional support for the validity of our results from the global coupled simulations.

The importance of fine-scale ocean-atmosphere interactions in determining climate changes the classical
view of the atmosphere as a large-scale forcing on the ocean, initiating a turbulent cascade of energy. At the fine
scale, the ocean interacts with the atmosphere, altering the entire energy cascade in the ocean. These results
also shed light on possible sources of bias in climate models. As suggested by®, the CFB and the ocean thermal
feedback are inextricably linked and can act together to shape the climate. Both represent physical processes
and should not be considered as adjustment variables in modeling. Global climate models should therefore take
them into account, especially if they are tuned to fit observations (which was not the case in our simulations).
This would improve both climate projections and short-term forecasts.

Other regions may also be affected by the CFB upscaling effect. For example, the equatorial region is under
the influence of both the oceanic eddy killing and the large-scale slowing of the mean currents by the CFB
(see Fig. 2). The associated changes in meridional SST gradients may affect the overlying atmosphere and the
Intertropical Convergence Zone. This will be the focus of future research. There are still large uncertainties in the
current satellite observations that do not allow coherent observations of surface stress and currents®. Estimates
of coupling coefficients, wind work, oceanic mesoscale activity, and related eddy-mean-flow interactions thus
suffer from large uncertainties?”->>%. Future satellite projects such as Odysea®*! aim to coherently measure
total surface currents and surface stress. This would greatly contribute to a better understanding of the air-
sea exchange of momentum and heat, as well as the cascade of energy in the interior ocean. In addition, such
observations would allow to better validate and constrain coupled ocean-atmosphere models.

Methods

Models

The following description of the models is derived from*® with very few modifications. EC-Earth3 is a global
coupled climate model®®® that is used in a wide range of studies from paleoresearch to climate projections,
including seasonal and decadal predictions. The atmospheric component of EC-Earth is the Integrated Forecast
System (IFS) and uses a reduced Gaussian grid with 91 vertical levels. The horizontal domain is based on a
spectral truncation at T1279 (corresponding to a nominal spatial resolution of ~ 15 km near the equator). The
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H-TESSEL model is used for the land surface and is an integral part of the IFS atmospheric model (see®? for
details). The ECMWE bulk formulas are used over the ocean (see the IFS ECMWF Manual Part IV and®? for a
description). The ocean component is the Nucleus for European Modelling of the Ocean (NEMO,**) version 3.6.
It is based on the ORCA12 configuration, which uses a tripolar grid with poles over northern North America,
Siberia, and Antarctica with a resolution of about 15 °and 75 vertical levels. NEMO includes the Louvain la
Neuve sea ice model version 3 (LIM3,%*), a dynamic thermodynamic sea ice model with 5 ice thickness categories.
The atmosphere/land and ocean/sea ice components are coupled by the OASIS-MCT (Ocean, Atmosphere, Sea
Ice, Soil) coupler® at hourly resolution. Both spatial resolutions meet the requirements to properly simulate
the extra-tropical storm tracks, as shown in*’. Note that the PRIMAVERA project intended to focus on model
sensitivity to numerical resolution, so the simulations were not carefully designed and tuned to maximize
realism.

Experiments

Two global coupled simulations are performed over a period of 80 years (Cnocrg) and 24 years (CcrB).
The simulations differ only in the degree of coupling considered. Cnocrp uses the absolute wind to estimate
the surface stress (Eq. 2), thus ignoring CFB (see*’), while Cc i uses the relative wind (Eq. 1) in both the
atmospheric boundary layer scheme and the surface layer scheme according to*°. Note that CFB is disabled over
the ice. The two simulations start from the same restart after a 10-year spin-up, using the Cxoc r s configuration
from an ocean at rest and keeping the greenhouse gas forcing constant (following the HighResMIP protocol
defined in® for the control simulation), and thus do not account for climate change.

The PRIMAVERA simulations are evaluated against the observations in’!, showing good agreement with the
observations and an overall improvement in the realism of the simulations compared to simulations with coarser
spatial resolution. We also provide an additional evaluation of the simulations in the Supplemental Information.
In summary, the simulations show good agreement with the observations in the representation of the mean
oceanic and atmospheric large-scale and mesoscale circulations and mean states. In particular, the dynamics of
the WBCs and their mean paths are well represented, especially in the Ccrp simulation. This is also reflected in
the weak biases in SST and air temperature over the WBCs. Finally, in agreement with??, the atmospheric extra-
tropical storm tracks are also well represented.

Spatial filter

Following"” and>®, we use a spatial Gaussian filter to isolate oceanic mesoscale anomalies from the large-scale
signal with sigma = 12. The Gaussian weights of points located at distances greater than 3¢ are considered to
be zero. Thus, the Gaussian filter is applied only to a window (60 + 1) x (60 + 1). Following the mathematical
properties of the Gaussian filter, we can define an analytical expression for the cutoft spatial frequency
(wavenumber): v. = /In(c)/(27.0.d,;) Where 1/c is the cutoff (the Gaussian filter response is divided by ¢ in

the power response), d.; is the spatial resolution in km, and v, is the cutoff wavenumber in km ™', The resulting
filter has a cutoff of ~ 300 km.

Coupling coefficient

As in?’, s, is defined as the slope of the regression between surface stress curl and ocean current vorticity. It is
evaluated at each grid point for both simulations and observations. The fields are first temporally averaged using
a 29-days running mean to suppress weather-related variability®’, and the large-scale signal is removed using the
high-pass Gaussian spatial filter described above.

Estimation of the uncertainties

To estimate the uncertainties due to the chaotic variability of the coupled simulations, and thus to disentangle
the differences due to CFB from the internal variability, we used a bootstrap method”2. Our population data are
the 80 years of a given variable of the Cxocrp simulation. We have implemented the following main steps:

« Replace the population data with a sample of 24 unique (not necessarily consecutive) random years from the
80-year period of Cvocr . Depending on the analysis, we will consider the winter period (average over Jan-
uary-February-March for the Northern Hemisphere, July- August-September for the Southern Hemisphere)
or the average over the entire year.

o Sample with replacement 1000 times, allowing us to compute an ensemble of 1000 different Cnvocrp means
and mean differences between Corp and CnocFB.

 Obtain the difference between C'voc rp samples (1000) and Ccrp.

« Estimate the mean of each sample and its mean difference with Ccrp.

« Estimate the median of the sample means and mean differences.To better assess the error associated with a
given variable, we estimated the median and standard deviation by considering the 95% confidence interval,
L.e., by considering data from the 2.5 percentile to the 97.5 percentile. Note that using the mean instead of the
median does not change the results. To ensure a robust representation of the consistent signal caused by CFB,
we then focused on values where at least 95% of the sample means have the same sign and are greater than
the standard deviation of the ensemble. By using this approach, we effectively quantified the uncertainties
associated with our estimates of the CFB effect on the extra-tropical storm track, while also accounting for
the internal variability within the Cnoc rp simulation.
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Data availability
The EC-Earth climate model code is hosted on the EC-Earth development portal (https://dev.ec-earth.org/login)
under an svn repository that requires an account. Only staff of institutes that are part of the EC-Earth consorti-

um

can get an account, mainly due to the IFS code license of ECMWFE. Requests for specific data can be sent to

L. Renault (lionel.renault@ird.fr).
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