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Intensification of a rain system 
imparted by Mediterranean 
mesoscale eddies
Ehud Strobach1, Alok Kumar Mishra1, Babita Jangir1, Baruch Ziv2, Rui Sun3, 
Lia Siegelman3, Agostino Niyonkuru Meroni4 & Patrice Klein5,6

Ocean mesoscale eddies, with 20− 300 km size, present in energetic regions of the global ocean, are 
known to impact local and remote atmospheric weather. The impact of eddies in the Mediterranean 
Sea on the local weather, however, remains largely unknown. Here, we study this impact during an 
extreme weather event observed over Israel on January 8− 10, 2020, resulting in heavy rains and 
floods. To do so, we designed a set of coupled and forced numerical simulations with a horizontal 
resolution of 5 km in both ocean and atmosphere. The coupled simulation successfully reproduces the 
main characteristics of the torrential rains observed during the event, whereas the forced simulations 
exhibit poorer performance. Our results emphasize the importance of mesoscale air-sea coupling 
in supplying moisture to the atmosphere, via mechanisms involving both sea surface temperature 
and surface currents associated with sea eddies. Extreme weather events are intensified by the 
Mediterranean Sea eddies, especially through atmospheric meso-cyclones.

The ocean interacts with the atmosphere through the exchange of heat, water, and momentum. While this 
interaction is considered small on long-term time scales and large-scale space scales1,2, several studies from 
recent years have shown its importance in reproducing extreme precipitation events such as atmospheric rivers, 
monsoons, and storms3–11.

Ocean mesoscale eddies of 20 to 300 km (hereafter mesoscale eddies) contain 80 % of the kinetic energy in 
oceans and seas12,13. They are now known to impact the atmosphere, with an emphasis on precipitations, through 
their associated sea surface temperature (SST) anomalies14–16. This is particularly true in winter, when SST 
anomalies are closely related to mesoscale eddies with a phase shift similar to what is expected from baroclinic 
instability2,17–19. Meso and sub-mesoscale SST fronts are also known to modulate heavy rains20–22. Because of 
the asymmetric response of warm and cold eddies to air-sea interactions, mesoscale eddies alone explain 15% 
to 30% of the total surface heat fluxes (including latent heat fluxes (LHF), a source of moisture) in winter, which 
intensifies extratropical storms23,24. Subsequently, these atmospheric storms transport moisture downwind, 
leading to heavy rains when they make landfall on mountainous coasts. These mechanisms in mesoscale eddies 
were shown by Liu et al. (2021)14 to explain 20% to 30 % of the heavy precipitations over the west coast of the US.

Like Western Boundary Currents (WBCs), the Mediterranean Sea (MS) is characterized by high sea eddy 
activity25–27. However, MS eddies are typically smaller in size (< 100 km diameter) and have a shorter time scale 
(less than two weeks) than in WBCs27–29. In winter, the Eastern Mediterranean region is characterized by two 
main storm tracks: a northern track to the south of the Black Sea and a southern track centered in the north 
part of the Eastern MS30–32. The cyclones of the southern track typically land on the Eastern coast of the MS and 
are the main precipitation source for Israel. Atmospheric meso-cyclones (∼500 km size) are also present over 
the MS. These mesoscale storms, which are smaller than mid-latitude synoptic atmospheric storms (∼1500 km 
size), have a high impact on precipitations, in particular over mountainous coasts33. Also, when interacting with 
complex topography, mesoscale convective systems have been shown to be related to flash floods34. Mesoscale 
SST structures have been found to affect the atmospheric dynamics (in terms of wind, clouds, and rainfall) over 
the MS on daily time scales9,10,35,36 and longer37. The interaction between mesoscale eddies and cyclones in the 
Mediterranean region has not been studied yet.

The current study focuses on one specific atmospheric event related to the above-mentioned southern storm 
track in the Eastern MS. This event was chosen due to its exceptional daily rainfall, massive flood damage, 
and loss of lives. Using a set of numerical simulations, we investigate the effects of the air-sea coupling and 
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of the presence of mesoscale SST patterns on the atmospheric circulation and the resulting precipitation. 
The general methodology used in this study follows previous studies by comparing a control simulation with 
other sensitivity simulations in which small-scale ocean dynamic is removed (14,15,38). Here, the mesoscale SST 
anomaly impact is demonstrated for one specific cyclone in the MS using coupled and uncoupled simulations at 
5 km resolution both in the atmosphere and the ocean. The comparable high resolution, together with a high-
frequency atmosphere-ocean exchange of properties (10 seconds), allow for resolving the dynamical mechanism 
both spatially and temporally. Similar modeling studies investigating the role of SST have been performed in the 
MS by3,4,6,11. This study further extends these studies by focusing on the mesoscale SST variability in the January 
2020 flood event.

The following section briefly describes the atmospheric conditions that led to the heavy rains. Section 3 
presents results from different numerical simulations designed to emphasize the impact of mesoscale eddies 
through air-sea interactions on the atmosphere. Section 4 discusses the dynamical processes involved in these 
interactions on the resulting weather. A conclusion is offered in the last section.

The January 8-10, 2020 floods
On January 8-10, 2020, severe floods occurred over Israel’s northern and southern coastal plain, between the 
seashore and the mountains, 20 km inland, further east. The most severe floods took place up to the drainage 
channel of Nahal Hagaton, where the city of Naharia resides. The observed rainfall over the region reached ∼
150 mm. Such an amount, which constitutes about 15% to 25% of the annual rainfall in this region, fell in just 
two days. One person lost his life during this event, and heavy damage to private property and infrastructure was 
reported. The municipality of Naharia city, for example, estimated damage to the infrastructure of about 20M US 
dollars, excluding loss of private property.

About 36 hours before the beginning of the floods (January 6), a cutoff low (∼1500 km size) was located 
over the Aegean Sea, accompanied by a surface low, with the same size and location (Fig. 1a). A first phase of 
high precipitations occurred at that time over Southern Turkey. The SST anomaly (with respect to a 300 km2 box 
mean) field in the MS on January 6 displayed high mesoscale (≤100 km size) activity, reaching 1◦C within 20 
km (Fig. 1b). Particularly relevant to this study, the Eastern MS was characterized by warm and cold mesoscale 
SST anomalies north of Egypt.

In the following 36 hours, the cyclone moved eastward, crossing the warm SST anomalies in the Eastern MS 
(Fig. 1b). At that time, a second phase of heavy rains affected the Levant (eastern Egypt, Sinai Peninsula, Israel, 
Jordan, Lebanon, and Syria). For Israel, this phase can be further split into two parts: on January 8, most of the 
precipitation was concentrated over the northern part of Israel, and on January 9, precipitation occurred mostly 
over its southern coastal plain. This explains the bimodal distribution revealed by the Israeli Meteorological 
Service (IMS) observations (Fig. 2a): large amounts were observed in the northern and the southern coastal 
plains relative to its central part. Integrated Multi-satellite Retrievals for GPM (IMERG) observations (Fig. 2b) 
confirm this bimodal shape and further reveal a northern precipitation peak extending to Lebanon and Syria and 
other peaks north and west of Cyprus.

We found that MS has experienced a long-term warming trend in recent decades (SI Figure  1), and specifically 
at the time of storm development (SI Figure  2). A recent study has also indicated an increase in precipitation in 
Israel during the past decades, attributed to changes in SST and an increase in rain intensity per rain event (yet a 
decrease in the total number of events)39. These factors could have a general positive contribution to the cyclone 
intensity. Because of the well-known impact of mesoscale SST anomalies and related SST gradients on moisture 
fluxes through air-sea interface40,41, the question we would like to answer here is to what extent small-scale SST 
anomalies and gradients can explain the precipitation distribution observed over the coast of Israel.

Simulation’s results
We have designed a set of numerical simulations to study the dynamical processes explaining the observed 
precipitation patterns (see Methods). Briefly, this set includes three major simulations initialized on January 1 
and integrated for nine days until January 10, using the same initial and lateral boundary conditions: (i) CPL, a 
regional coupled simulation, initialized with the ERA5 atmosphere and HYCOM ocean reanalysis datasets; (ii) 
ATM, an equivalent atmosphere-only simulation forced by SST (from CPL simulation, zero currents), updated 
every six hours; (iii) SMT, a smoothed atmosphere-only simulation, similar to ATM, except that the SST field 
is smoothed using a boxcar filter of 1◦ by 1◦ (see Figure S2, which illustrates the SST difference between ATM 
and SMT, and see also the Methods section for more information about additional simulations performed to 
estimate the uncertainty of the results). All simulations used the same atmospheric boundary conditions from 
ERA5.

The CPL simulation reveals a conspicuous pattern in the field of Total Column Precipitable Water (TCPW) 
(Fig. 3a) over the Eastern MS on January 7. This pattern is associated with a meso-cyclone (∼300–400 km size), 
located at 30◦E longitude in the westerly wind sector south of the synoptic-scale cyclone. Later on, the TCPW 
pattern propagates eastward and intensifies, possibly gaining moisture (Fig. 3b) from warm SST anomalies (SI 
Figure  3). Then, TCPW quickly decreases over land, due to the rain. This sharp evolution of the mesoscale 
TCPW pattern implies that the warm mesoscale SST anomalies in the Eastern MS may have controlled the 
moisture supply into it and affected its intensity. This TCPW pattern is consistent with a large increase in latent 
heat flux (SI Figure  4) associated with the crossing of the meso-cyclone over the warm SST anomalies.

Figure 4 displays the precipitation from the three simulations: (i) CPL (Fig. 4a), (ii) ATM (Fig. 4b), and 
(iii) SMT (Fig. 4c). Of the three simulations, the CPL simulation shows the best agreement with observations 
in terms of precipitation amounts and its spatial distribution (Fig. 6). The CPL simulation (Fig. 4a) is able to 
reproduce the bimodal pattern and its intensity, though the central coast of Israel seems to receive more rainfall 
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than observed. The ATM simulation (Fig. 4b) generates less precipitation than CPL, whereas the SMT simulation 
(Fig. 4c) increases precipitation relative to ATM but it smears the precipitation patterns over a larger area than 
the ATM. Particularly, it increases precipitation over Turkey, where precipitation was not observed. Figure 5 
confirms that ATM and SMT simulations display less precipitation than CPL over central Israel, with a deficit of 
almost 50% of the total precipitations. Here CPL-ATM represents the effect of coupling, CPL-SMT represents 
the effect of coupling plus SST resolution, and ATM-SMT is the effect of SST resolution. CPL has higher rainfall 
amounts in the south and north, and lower rainfall amounts in the center, as expected from observations. The 
rainfall in the north and west of Cyprus is also captured by the CPL, not precisely in the right location, but with 
a magnitude similar to observations. The rain in these regions is not well represented in ATM and SMT. The 
northern pattern in ATM and SMT seems to be shifted to southern Turkey.

The TCPW field over Israel resembles dipole/quadrupole patterns, undergoing a space/time shift that differs 
between the various simulations. In the CPL, the meso-cyclone associated with TCPW (Fig. 3) propagates 
slightly faster than in the ATM simulation, as indicated by the red pattern in the eastern part of the meso-
cyclone (Fig. 7a,c,e). The SMT simulation does not seem to change its propagation relative to ATM, but rather 
its rotational speed (Fig. 7b,d,f). The CPL simulation further indicates that the TCPW pattern and its associated 
precipitation arrived at the Eastern MS shore on January 8, entering the northern coast of Israel in the morning 
hours (Fig. 8a). A day later, a narrow TCPW train is observed to enter Israel’s southern coastal plain, leading to 
enhanced precipitation (Fig. 8b). These two rain episodes, in North and South Israel, left minimum in the central 
coastal plain, as found in observations (Fig. 2). In the ATM simulation, the mesoscale TCPW pattern approaches 
Israel at the North (Fig. 8c). However, because the TCPW train is wider (Fig. 8d), the total precipitation pattern 
spreads across Israel’s coastal plain. In SMT, the mesoscale TCPW pattern spreads across Israel’s coastal plain 

Fig. 1.  (a) ERA5 reanalysis 500 hPa height (shading and gray contours) and surface pressure (blue contours) 
height (b) HYCOM reanalysis SST anomaly (with respect to 300 km2 box mean) and superimposed cyclone 
track. Both fields are shown 36 hours before the beginning of the floods.

 

Scientific Reports |        (2024) 14:26810 3| https://doi.org/10.1038/s41598-024-76767-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(Fig. 8e), and the TCPW train is even wider and located more to the North relative to CPL and ATM (Fig. 8f). 
This indicates that ATM failed to represent the TCPW train while SMT failed to represent both the mesoscale 
TCPW and the train.

To study the uncertainty of the results, we performed additional four ATM and four SMT simulations in 
parallel (a total of five ATM and five SMT simulations). They were forced by the same SST boundary conditions 
but initialized on different days. These experiments, together with the core experiments, are equivalent to five 
ATM or SMT simulations initialized on the same day using different initial conditions but sharing the same 
lower and lateral boundary conditions. We have not performed additional four CPL simulations because that 
would have resulted in five different SST fields. Having five CPL simulations could mask the initial condition 
uncertainty (or the “irreducible” uncertainty) by generating five SST fields, thus, adding another source of 
uncertainty (due to different SST). The ensemble-based difference plots (SI Figure  5) further confirm that the 
improved results of the CPL with respect to ATM and SMT are not related to initial condition uncertainty. 
The ATM-SMT figure (Fig. 5c) indicates that increasing the SST resolution also contributes to generating the 
bimodal pattern in the ATM simulation but is not as good as in the CPL one.

From these results, the fully coupled simulation (CPL) performs better than atmosphere-only simulations 
(ATM and SMT), and in particular, better than the ATM simulation that has the same initial conditions, and 

Fig. 3.  Total Column Precipitable Water (TCPW) before and after the passage above the warm mesoscale 
eddies at the Eastern MS from the CPL simulation. TCPW includes both liquid water and water vapor.

 

Fig. 2.  Accumulated precipitation 8-10, January based on (a) interpolated in-situ observations - red dots 
represent available observations, and (b) IMERG. In Israel, a bimodal distribution is observed along the coastal 
plain. The northern rainfall peak extends to the north (Syria and Lebanon). Two more precipitation regimes 
are found in the north and west of Cyprus.
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for which the SST field is exactly the same as in CPL. Thus, CPL increases the rainfall along the coastal region 
of Syria, Lebanon, North Israel, in agreement with IMERG observations, however, with some apparent shift to 
the East relative to IMERG. CPL is also able to reproduce the precipitation patterns to the North and west of 
Cyprus. In ATM, the peak of precipitations to the North of Cyprus was shifted further to the North, towards 
south Turkey, and the peak of precipitations west of Cyprus is considerably underestimated.

This first analysis strongly suggests that the rainfall over the coast of Israel reflects interactions between 
dynamical processes associated with features of different scales: (i) air-sea moisture fluxes, involving mesoscale 
MS SST anomalies (10–200 km), (ii) a lower-tropospheric meso-cyclone (<500 km) with a strong signature 
in the TCPW field, and (iii) an upper-tropospheric synoptic cyclone (1500 km). The following section further 
analyses these dynamical processes.

Understanding the dynamical processes
Surface winds can shed some light on the mechanisms controlling the differences among the simulations. Figure 
9 reflects considerable surface wind difference between CPL and ATM, with CPL having stronger eastward 
winds, but smaller westward winds to the north (near Cyprus). The difference between the wind speeds can be 
attributed to a shift of the meso-cyclone to the North-East. Results from ATM and SMT simulations are close, 
and in particular, the location and strength of the meso-cyclone are similar. The main difference is that the 

Fig. 5.  Total precipitation differences between experiments are shown for (a) CPL - SMT, (b) CPL - ATM, and 
(c) ATM - SMT. Observed IMERG precipitation is depicted in contour lines (20 mm contours). The coupled 
simulation consistently pushes the model results toward observed values.

 

Fig. 4.  Accumulated precipitation 8-10, January for (a) CPL, (b) ATM, and (c) SMT. Observed IMERG 
precipitation is depicted in contour lines (20 mm contours).
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rotation around the cyclone center has changed (positive and pointing to the East, south of the cyclone center; 
negative and pointing to the West, North of the cyclone center).

Two main contributors to the surface wind speed differences between simulations may be suggested – wind 
stress and pressure gradients (see methods for more information). These two are plotted in Fig. 9c-f. The source 
for the change in surface winds seems to come mostly from changes in wind stress (Figure 9c,d). The change 
in wind stress suggests the involvement of the downward momentum mixing (DMM) mechanism42 (see also 
SI Figure  6). Likewise, the changes in pressure gradients may be associated with the pressure adjustment (PA) 
mechanism43. The increase in surface winds in CPL relative to ATM and the faster rotation in ATM relative 
to SMT are both highly correlated with the wind stress, suggesting that these mechanisms contribute to the 
precipitation in CPL. Pressure gradient (Fig. 9e,f) also seems to play an important role, but to a lesser extent. 
Positive and negative anomalies are found below the meso-cyclone location but the pattern is less correlated 
with the surface wind pattern. The anomaly pattern of the pressure contribution may indicate its contribution to 
the northward shift of CPL relative to ATM and the faster rotation of ATM relative to SMT. SI Figure  7 further 
indicates the significance of the DMM and PA mechanism based on a new recently developed metric44. Here, 
DMM and PA mechanisms were found to be significant only on the days before the storm.

To further understand why CPL performs better than ATM and SMT in terms of TCPW and precipitations, 
we analyzed additional simulations emphasizing the characteristics of the ocean variables that impact the 
atmosphere. First, we analyzed the sensitivity of the atmosphere to the frequency of these variables, particularly 
the frequency of SST and ocean currents updates. The first additional simulation is the FREQ simulation, which 
is similar to ATM, except for the SST forcing taken every hour instead of 6 hours. The difference between FREQ 
and ATM in terms of wind stress and TCPW reveals a significant northward displacement of the meso-cyclone 
by the FREQ (Fig. 10e, f), which is closer to the CPL. This suggests that air-sea moisture fluxes are sensitive to the 
frequency of the SST forcing that may differ in northern and southern parts of eastern MS. The second additional 
simulation, FCUR, is similar to FREQ, except for the inclusion of surface currents in the surface boundary 
conditions every hour (instead of zero current in FREQ). The differences between FCUR and FREQ (Fig. 10c,d) 
are again significant, in particular in the center of eastern MS, suggesting that the surface currents in this region 
cannot be ignored when considering TCPW. It was found that the cyclone location in FREQ was to the west of 
FCUR (SI Figure  8). This difference may suggest that the alignment of currents to the wind could reduce surface 
wind stress and increase the cyclone’s translational speed. At last, FCUR may be considered similar to CPL, 
except for the forcing, taken every hour instead of every 10 seconds in CPL. Results again indicate a significant 
difference between the CPL and FCUR simulations in terms of TC PW (Fig. 10a, b). These results indicate that 

Fig. 6.  Binscatter plot (mean in markers and standard deviation in error bars) and regression lines for CPL, 
ATM and SMT. CPL has a significantly better slope (closer to one) and a better correlation relative to ATM and 
SMT.
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the main advantage of the coupling comes from the inclusion of currents when comparing the pattern of the 
difference in Fig. 8 with Fig. 10c.

In summary, mesoscale sea eddies, through their associated SST anomalies, directly impact surface latent 
heat (moisture) fluxes because of the SST gradients at the eddy edges. This explains the difference between ATM 
and SMT. As emphasized by Frenger et al. (2013)17, because of the strong SST gradients at the eddy edges, the 
atmosphere is destabilized above warm eddies, which brings momentum from upper levels, which leads to an 
increase in surface winds above warm eddies and, therefore, increasing turbulence and latent heat fluxes. The 
opposite holds above cold eddies. However, because of the asymmetric response of warm and cold eddies, sea 
eddies lead to a net moisture release to the atmosphere45–47. The differences between FREQ and FCUR reflect 

Fig. 7.  TCPW difference CPL-ATM (a,c,e) and ATM-SMT (b,d,f) for three dates. The black rectangle 
approximates the location of the mesoscale cyclone.
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the impact of surface currents forcing. One possible explanation is the well-known impact of surface currents 
on wind stress and, in particular, of surface currents associated with mesoscale sea eddies on the wind stress 
curl and divergence48,49. Such wind stress curl and divergence are known to affect the atmospheric weather23. 
Thus, the results from the three major simulations (CPL, ATM, and SMT) and the additional simulations (FREQ 
and FCUR) confirm the impact of mesoscale sea eddies on the TCPW and the resulting precipitations over 
the west coast of Israel. The differences between CPL and FCUR are more puzzling. In both simulations, the 
atmosphere has the same boundary conditions at the air-sea interface, except for the frequency: ocean variables 
are taken every hour in FCUR instead of every 10 seconds in CPL. The meso-cyclone mentioned above is a 
feature confined to the lower levels of the troposphere (SI Figure   9) and is apparently generated above the 
Mediterranean Sea. It may be produced by the instability of the upper-tropospheric synoptic system, with 
positive relative vorticity much larger than the Coriolis parameter f (SI Figure  9). Large wind stress curl and/or 

Fig. 8.  Total column precipitable water at the beginning of the first (a-c) and the second (d-f) precipitation 
phase for CPL (a,d), ATM (b,e) and SMT (c,f).
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divergence values associated with sea eddies at the air-sea interface can easily destabilize such fronts, producing 
intensified meso-cyclones. This is something to be investigated in a future study.

Discussion and conclusion
Our results suggest that air-sea interaction and mesoscale SST variability may have a crucial role in determining 
the spatial distribution of rainfall. This was demonstrated by performing a set of modeling sensitivity experiments 
using coupled and uncoupled simulations and using various SST fields in the uncoupled simulations. In 
particular, we found a direct impact of coupling and SST variability on the moisture flux from the MS, which 
resulted in higher TCPW in CPL relative to ATM and in ATM relative to SMT at the core of the cyclone that 
later precipitated over land.

This study investigates the impact of sea mesoscale eddies on the atmosphere and the potential influence on 
the January 2020 flood event that occurred in Israel. Since the meso-cyclone is represented in all of our sensitivity 

Fig. 9.  (a,b) One snapshot (2020-01-07 23:00) of surface wind difference; (c,d) stress contribution to the wind 
speed equation; (e,f) pressure contribution to the wind speed equation for CPL-ATM (a,c,e) and ATM-SMT 
(b,d,f). Green arrows in Panels a-b represent the difference in surface winds.
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experiments, it suggests the factors we tested (e.g., coupling, SST variability) are not responsible for the genesis of 
the cyclone. Also, our study does not indicate that the water vapor source for the cyclone is local. Yet, this study 
indicates that the inclusion of small-scale ocean dynamics in a coupled sea-atmosphere model, as well as high-
frequency air-sea coupling, have an important role in increasing the model performance to reproduce this event. 
Both sea surface currents and SST play an important role.

It is important to note that all the static fields in our simulations are kept constant (terrain, land use categories, 
soil categories, etc,...). Except for the changes described in the text (e.g., coupling, SST variability, currents), all 
other properties in the simulations are the same. Therefore, although one can, for example, attribute the change 
in precipitation to the change in the location of the cyclone (e.g., in FCUR relative to FREQ), the source of 
the change in the model comes from the change in the forcings (the inclusion of currents in the case of FCUR 
relative to FREQ).

Figure 9 suggests that DMM is the governing mechanism in regulating surface winds. However, unlike the 
classical wind change above SST anomalies, here, the change in wind propagates along the meso-cyclone, and 
does not remain stationary above the eddies. Nevertheless, air-sea coupling and SST resolution considerably 
control the degree of agreement between the simulations and observations. It turns out that air-sea coupling 
and SST resolution initiate the anomalies through changes in vertical mixing, but once they are initiated, the 
anomalies propagate with the meso-cyclone.

Fig. 10.  Wind stress (left) and TCPW (right) differences between simulations for (a,b) CPL - FCUR, (c,d) 
FCUR - FREQ, and (e,f) FREQ - ATM. Jan 7, 11 PM, 2020.
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Wind speed and wind stress differences between the CPL and ATM simulations seem to be mostly related 
to the effect of sea currents. This finding is explained by the high spatial correlation between Fig. 9a and Fig. 
10c, indicating that the simulation with current (FCUR) relative to the one without current (FREQ) reflects the 
difference pattern. Unexpectedly, we also find notable differences between CPL (coupled) and FCUR (uncoupled, 
one-hour forcing). Here, both simulations have currents, and one may think that a one-hour resolution of 
forcing for the ocean may suffice to represent coupling mechanisms in the slow-evolving ocean. However, the 
difference between CPL and FCUR is not only the coupling frequency since the ocean state in FCUR is one that 

Fig. 11.  SST snapshot from ATM (a) SMT (b) and their difference (c) at 2020-01-08T06.
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was developed by interacting with the atmosphere every ten seconds (CPL SST and currents). The difference 
between CPL and FCUR is, therefore, also related to sub-hourly air-sea interactions.

Yet, at this stage, we do not have a good explanation for the large difference in wind stress between CPL and 
FCUR (Fig. 10a). A rough estimation of the difference between CPL and FCUR stresses indicates a small effect. 
As an example, if we consider an idealized setup, 1 Pascal wind stress applied on a 100m ocean mixed layer with 
a zero-current will result in 3.6 cm/s current in one hour ( 1[Pa]

1000[kg/m3]·100[m]
· 3600[s/h] = 0.036m/s). In FCUR, 

this feedback is inactive: the ocean will not respond, and currents will not change their velocities. A difference 
of 0.036m/s between the two cases (with and without feedback) does not explain a change of about 0.2Pa found 
in Fig. 10a. Nevertheless, small differences may accumulate over time, and if they propagate with the mesoscale 
pattern, they may explain the simulated differences.

One major result of this study is that the January 2020 flood event is principally explained by the formation of 
a lower-tropospheric meso-cyclone over the Mediterranean Sea that takes moisture from the sea, subsequently 
triggering heavy precipitation when mesoscale air currents are pushed inland, over the mountainous coast of 
Israel. Characteristics of this meso-cyclone are susceptible to the coupling mechanisms at the air-sea interface: 
High-resolution SST anomalies significantly impact the meso-cyclone TCPW. Sea surface currents, as well as the 
frequency of the air-sea coupling, have a substantial impact on TCPW as well. The lower-tropospheric meso-
cyclone has a size of ∼300–400 km, intermediate between the synoptic-scale cyclone, ∼1500 km size, and MS 
eddies, less than ∼100 km in size. As such, it is more sensitive to air-sea coupling at scales of the order of 100 
km than the synoptic cyclone. One question still needs to be addressed is how this meso-cyclone is formed. In 
particular, whether this is due to the instability of fronts associated with the synoptic-scale cyclone or forced by 
the air-sea coupling involving Mediterranean Sea eddies.

Two other conclusions can be drawn from the above study. One is that anomalies in the Eastern MS have a 
crucial contribution to the distribution of rain over the region, including the Levant. Second, the WRF model is 
capable of reproducing this effect when the air-sea coupling is introduced.

Methods
The CPL simulations
The CPL simulations were performed using the Scripps-KAUST Regional Integrated Prediction System (SKRIPS) 
model, which is constructed from the Weather Research and Forecasting (WRF) atmospheric model coupled 
to the Massachusetts Institute of Technology general circulation model (MITgcm) ocean model50. The model 
domain is shown in SI Figure  10. WRF was configured with the Single-Moment 3-class microphysics scheme, 
Kain-Fritsch Cumulus parameterization, RRTMG for long and short-wave radiation, the Monin-Obokhov based 
surface layer scheme, and the Yonsei University PBL scheme. Gasper et al. (1990)51 vertical mixing scheme was 
used in MITgcm.

Three CPL simulations were conducted. They were initialised on Jan 1, Jan 2, and Jan 3, 2020, and integrated 
until Jan 10, 2020. The atmospheric initial and boundary conditions were taken from ERA5 reanalysis52 and the 
oceanic initial and boundary ocean conditions were taken from HYbrid Coordinate Ocean Model (HYCOM) 
analysis53. SST and sea surface currents from MITgcm are exchanged with the atmospheric model and used to 
calculate air-sea fluxes that are updated at every model time step (10 seconds for the atmosphere and the ocean). 
Boundary conditions in the atmosphere and the ocean were updated every six hours. WRF horizontal resolution 
was 0.05◦ by 0.05◦ (about 5km horizontal resolution) with 39 vertical levels. MITgcm horizontal resolution 
was the same as WRF (sharing the same horizontal grid) and it also had 39 vertical levels, starting at 2-meter 
thickness for each of the first six levels.

CPL simulations include three realizations but only one was used for the comparison with ATM simulations. 
This allowed us to assess the effect of the uncoupled simulations under the same SST conditions. The use of the 
three CPL simulations was only done to assess the uncertainty between the CPL simulations, which was found 
to be small (SI Figure  11). Arguably, the small difference between the simulations is not surprising considering 
the slow evolution of the SST fields for the integrated period (SI Figure  3). SI Figure  12 and SI Figure  13 
compare the SST fields from the first CPL simulation with OISST and HYCOM. Not surprisingly, CPL has better 
agreement with HYCOM, since HYCOM’s sea temperature on January 1 was used to initialize CPL.

Atmosphere-only simulation forced with observation-based SST
To increase our confidence in the CPL simulations, we have performed an additional atmosphere-only 
simulation, forced with observed SST (ATMO). In terms of the main precipitation patterns (SI Figure  14), the 
CPL simulation was better at reproducing the observed fields. Qualitatively, the atmosphere-only simulation 
forced by ERA5 SST resembles the ATM simulation forced by SST from the coupled simulation: i.e., peak 
precipitation in the center of Israel rather than split between the north and the south, unobserved precipitation 
pattern over Turkey, precipitation pattern over Eastern Cyprus and to the west of Cyprus similar to observations.

ATM and SMT simulations
ATM includes five realizations of atmosphere-only simulations initialized every day between the 1st and the 5th 
of January 2020. These simulations use initial and boundary conditions from ERA5, and the SST was provided 
by CPL (updated every six hours). The reason for using SST from CPL and not observed SST was to study the 
effect of coupling by keeping the SST close to the SST in the CPL simulation but disabling the effect of the 
atmosphere on the ocean. In between these six hours, SST is kept constant, and it does not respond to changes 
in the atmospheric conditions above. An additional change in ATM relative to CPL is that, like the common 
practice in atmosphere-only simulations, it assumes zero current (which is, in general, very small relative to 
winds). The role of surface currents is further investigated in the FREQ and FCUR experiments described below. 
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Except for the duration of the simulations (five to nine days), the last five days of the five realizations differ 
only by the initial conditions. The boundary conditions for the five simulations are the same during the time 
the simulations overlap. SMT simulations are identical to the ATM set of simulations except that the SST was 
smoothed using a boxcar filter of 1◦ by 1◦ (see Fig. 11 for an illustration of the effect of the SST smoothing in one 
snapshot). It is noted that in our broad definition, mesoscale eddies are not just quasi-circular patterns. They 
can also be long and narrow, like those situated in the coastal regions. The high horizontal resolution (5km) 
simulation suggests that even corner coastal points will average a square of 50 km2. This means that it will include 
about 100 grid points. Since coastal points are relatively few and even these few points are averaged over  100 
points, we believe that their effect is small.

An additional simulation (CONST) was performed in which SST variability over the entire MS was removed 
by averaging the SST field over the simulated period (spatial and temporal average). These simulations produced 
a considerably lower amount of rainfall, which may be attributed to the lower SST in eastern MS resulting from 
the averaging (in general the Eastern MS is warmer than the Western MS). The simulated rainfall from this 
simulation is shown in SI Figure  15.

Validation with ASCAT
SI Figure  16 and SI Figure  17 compare the simulated surface winds in CPL, ATM, and SMT (first realization) 
with ASCAT satellite observations in two different snapshots. Overall, the three simulations agree with the main 
wind pattern. While the difference in surface winds seems to be small, they affect the resulting precipitation 
pattern as can be seen in Fig. 5.

FREQ and FCUR simulations
Two additional experiments were performed to further analyze the effect of forcing frequency and sea surface 
currents. FREQ simulation (only one initialized on January 1, 2020) is identical to ATM, except that the SST 
update happens every hour (SST is kept constant in between) instead of every six hours. Therefore, it can 
demonstrate the effect of SST update frequency. FCUR simulation is similar to FREQ, except that sea currents 
from CPL are also included in the surface boundary conditions in FCUR (updated every hour). In FREQ, 
the currents are zero, which is the common practice in atmosphere-only simulation. The FCUR simulation 
demonstrates the effect of currents relative to FREQ and the effect of coupling relative to CPL.

Table 1 summarises the simulations performed as part of this study. ens. stands for the number of ensemble 
members.

Dynamical contribution to changes in SST
To assess the dynamical contribution to changes in SST between simulations, we assumed quasi-steady-stated 
and small inertial forces to get the following equations for the surface winds

	
−f · v =− 1
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where f is the Coriolis constant, u and v are the zonal and meridional winds, ρ is air density, p is the pressure, 
τx and τy are the zonal and meridional wind stress, and x, y, z are the standard Cartesian coordinates (eastward, 
northward and in the direction against gravity, respectively). By solving for wind speed, one can get the following
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where H is the height of the surface layer. Here it is assumed that the wind stress at the surface is considerably 
larger than the other vertical levels, allowing us to neglect the upper-level stress. The first term in the square 
brackets represents the contribution of pressure, the second term is the contribution of wind stress, and the 
third term is an interaction term. Only the first two terms are plotted in the manuscript, assuming that if one 
of them is considerably smaller than the second (as shown in the text), their interaction is also small. Also, the 

EXP Coupled SST update Ens. Description Objective

CPL Yes 10 s 3 Control simulation -

ATM No 6 h 5 a) Like CPL, no coupling, no currents; b) like SMT, no smoothing a) Test the effect of coupling; b) test the effect of SST variability

SMT No 6 h 5 Like ATM, no eddies Test the effect of eddies

FCUR No 1 h 1 Like CPL, no coupling Test the effect of coupling

FREQ No 1 h 1 a) Like FCUR, no currents; b) like ATM, one-hour SST update a) Coupling; b) SST update frequency

ATMO No 6 h 1 Like ATM, observed SST CPL performance

CONST No 6 h 1 Like ATM but with temporal and spatial mean SST from CPL Large scale SST variability

Table 1.  List of sensitivity experiments performed and used in this study.

 

Scientific Reports |        (2024) 14:26810 13| https://doi.org/10.1038/s41598-024-76767-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


square root of the two terms was plotted, 
√
(∂p/∂x)2 + (∂p/∂y)2/(fρ) and 

√
τ 2x + τ 2y /(Hfρ), to maintain an 

approximately linear relationship with the wind (up to a constant). Note that while the first and second terms in 
square brackets on the right-hand side are positive by definition, the third term can also be negative. Therefore, 
the sum of the first two terms can be, in principle, larger than the left side.

Cyclone track
Hourly best-track data for cyclones retrieved from54. This dataset has been built by combining 10 different 
Cyclone Detection and Tracking methods (CDTMs). These methods were applied to the hourly 0.25◦ ERA5 data 
spanning from 1979 to 2020. Here, we show the cyclone path as predicted by one of these algorithms (M05), but 
the others do not substantially differ from that track.

Data availability
ERA5 data is available on the Copernicus data store ​(​​​h​t​t​p​s​:​/​/​c​d​s​.​c​l​i​m​a​t​e​.​c​o​p​e​r​n​i​c​u​s​.​e​u​/​c​d​s​a​p​p​#​!​/​d​a​t​a​s​e​t​/​r​e​a​n​a​l​
y​s​i​s​-​e​r​a​5​-​c​o​m​p​l​e​t​e​?​t​a​b​=​f​o​r​m​​​​​)​. HYCOM data is available at the HYCOM website ​(​​​h​t​t​p​s​:​/​/​n​c​s​s​.​h​y​c​o​m​.​o​r​g​​/​​​t​h​​r​​​e​
d​d​s​​/​n​c​s​s​/​g​r​i​d​/​G​L​B​v​0​.​0​8​/​e​x​p​t​_​9​3​.​0​/​d​a​t​a​s​e​t​.​h​t​m​l​​​​​)​. IMERG data is available in the Copernicus data store ​(​​​h​t​t​p​s​:​/​
/​c​d​s​.​c​l​i​m​a​t​e​.​c​o​p​e​r​n​i​c​u​s​.​e​u​/​c​d​s​a​p​p​#​!​/​d​a​t​a​s​e​t​/​i​n​s​i​t​u​-​g​r​i​d​d​e​d​-​o​b​s​e​r​v​a​t​i​o​n​s​-​g​l​o​b​a​l​-​a​n​d​-​r​e​g​i​o​n​a​l​?​t​a​b​=​f​o​r​m​​​​​)​. IMS 
data is available from the IMS website (https://ims.gov.il/en/ObservationDataAPI). Some model output, config-
uration files, and plotting scripts are available in the Zenodo repository at: ​h​t​t​p​s​:​/​/​z​e​n​o​d​o​.​o​r​g​/​r​e​c​o​r​d​s​/​1​0​0​8​8​4​1​8​​​​​.​​

Code availability
The SKRIPS model code is available as a GitHub repository at: ​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​i​u​r​n​u​s​/​s​c​r​i​p​p​s​_​k​a​u​s​t​_​
m​o​d​e​l​​​​​. Instructions on how to download the open-source model code and how to install it are available at: 
https://skrips.readthedocs.io/en/latest/.
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