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The impacts of the Kuroshio Extension (KE) interannual fluctuation on the
Mediterranean trough (MedT) and associated Euro-Mediterranean climate in
wintertime are analyzed in this study. It appears that when the KE index is
positive (corresponds to a stable KE state with sharp sea surface temperature
front and subsided oceanic eddies), the MedT is observed to be stronger in the
west of its climatological position, resulting in a colder condition to the west of
the Black Sea and more precipitation in the East Mediterranean and Anatolia
Plateau. The opposite atmospheric pattern holds when the KE index is negative
(unstable KE state). The empirical orthogonal function analysis is performed on
500-hPa geopotential height to obtain the dominant modes of MedT. The
results show the KE index is significantly correlated with the intensity and zonal
displacement of MedT, with correlation coefficients of 0.57 and 0.40,
respectively. The low-frequency Rossby wave activity and high-frequency
eddies are revealed as the prominent contributors to this co-variability
between the KE and MedT. The upward turbulent heat flux transport from
the ocean to the atmosphere strengthened by the stable KE activates the
Rossby waves propagating upward and westward to the MedT region,
contributing to approximately 30% of the MedT deepening. Meanwhile, the
KE-driven Rossby waves intensify the background baroclinicity to the north of
the Mediterranean Sea and thus enhance the transient eddy activity,
consequently leading to another 20% of the MedT amplification via the
eddy—mean flow interaction. The findings highlight the impacts of the KE
state on the meteorological conditions in the Euro-Mediterranean region,
which can potentially optimize the forecast accuracies of the MedT and
associated Euro-Mediterranean climate variability.
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Introduction

The Mediterranean trough (MedT), as the semipermanent
trough system in the middle and upper troposphere over eastern
Europe and the Mediterranean region in boreal winter, is featured
with a pronounced northeast-southwest-tilted axis and is closely
linked to the ridge covering the west coast of Europe (Luo et al,
2015). The baroclinic disturbances from the British Isles develop
into the equivalent barotropic signals, resulting in a downstream
energy dispersion of quasi-stationary Rossby waves and thus
sustaining the MedT (Kushnir and Wallace, 1989; Ziv et al,
2006). Many studies reported that the MedT has prominent
impacts on the Euro-Mediterranean winter climate, including
temperature, precipitation, and extreme weather processes. The
MedT, together with the western Europe ridge, prompts a 500-
hPa geopotential height dipole structure over the Euro-
Mediterranean region, resulting in the reverse winter state
between the south Levant (wet and cold) and western Europe
(dry and warm) (Ziv et al., 2006). This dipole pattern, however,
also modulates the west-east displacement and intensity of
the MedT and associated climate. When the region to the west
of the Mediterranean Sea is controlled by the negative anomaly of
the dipole pattern, the MedT is displaced westward with stronger
intensity compared to its climatological condition, thus promoting
a colder western Europe and northwestern Africa, a warmer
northeastern Africa and Middle East, and a wetter Balkan,
Italian, and Anatolian peninsulas (Sen et al., 2019). The robust
variations of MedT can lead to extreme rainfall events in Turkey
(Lolis and Ttirkes, 2016) and extreme warm spell cases in eastern
Anatolia (Bozkurt et al,, 2019). Given the significant role MedT
played on Euro-Mediterranean climate variability, it is crucial to
understand the physical processes influencing the MedT, as it can
pose serious threats to scarce water resources, human livelihoods
(Cook et al., 2016), and vulnerable eco-system (Islam et al., 2021)
in this region.

The MedT and the associated Euro-Mediterranean climate in
wintertime are largely controlled by the large-scale circulation and
synoptic weather processes (Sen et al, 2019). The Hadley cell
brings upper westerly winds to much of the region with
descending motion, resulting in a surface high-pressure system
in subtropical regions. The meridional displacement of Hadley
cells generally determines the dry or wet conditions in the
Mediterranean Basin by modifying the large-scale moisture flux
(Sahin et al, 2015). The Siberian High is accepted as another
primary climate system influencing the Euro-Mediterranean
climate. The simultaneous westward-positioned MedT brings
more cold and snowy weather to eastern Europe and Asia
Minor when the Siberian High extends westward (Tiirkes,
2010). The subtropical cyclones, which generate from the North
Atlantic and western Mediterranean regions, transport more
moisture to the southern part of the Euro-Mediterranean region
and therefore induce more rainfall and snow storms in this region
(Luo et al., 2015; Yao et al., 2016).
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The teleconnection patterns are also referred to as dominant
factors that shape the MedT and related Euro-Mediterranean
climate. El Nifio Southern Oscillation (ENSO) plays a key role in
the downstream rainfall, with more precipitation over the
western Mediterranean in the preceded autumn and early
winter, while the precipitation is observed to be less over the
eastern Mediterranean (Mariotti et al., 2002; Shaman and
Tzipperman, 2011). Ziv et al. (2006) pointed out that the
weakened MedT is associated with the warm sea surface
temperature (SST) anomaly of the Pacific Warm Pool. The
southward-displaced North Atlantic Oscillation (NAO) of
positive phase, on the one hand, prompts an anomalous
Europe blocking dipole pattern tilting northeast-southwest,
resulting in a deepened MedT and thus bringing cold air
surges and snowfall to southeastern Europe and the Middle
East (Luo et al, 2015). On the other hand, the positive NAO
favors a wet and warm (dry and cold) condition over northern
Europe (Mediterranean Basin) (Visbeck et al., 2001). The Arctic
Oscillation (AO) is also found to be related to the climate in
midlatitudes. The negative phase of AO is accompanied by
decelerated westerlies and stronger meridional atmospheric
circulation over the midlatitudes, which is conducive to the
occurrence of atmospheric blocking events and stronger MedT
(Cheung and Zhou, 2016; He et al, 2017). This situation
strengthens the cold air advection from the polar region, thus
leading to cold spells in Europe and the Middle East (Buehler
et al., 2009; Demirtas, 2017).

The Kuroshio Extension (KE) is characterized by an
interannual fluctuation between a stable dynamic state (in
which the steady KE jet generates a strong SST front and
inhibits oceanic eddies) and an unstable dynamic state (where
the unsteady KE jet is accompanied by a weaker SST front and
substantial oceanic eddies) (Qiu et al., 2014). Many studies have
pointed out that this KE shift has crucial influences on the
atmospheric state on various scales via different physical
mechanisms. On the local scale, the KE variability can modulate
the overlying atmospheric boundary layer and clouds within
through varying the heat fluxes passing the sea-air interface
(MaJ. et al,, 2015; Wang and Liu, 2015; Jiang et al., 2019; Wang
et al.,, 2019), while on the basin scale, the cyclogenesis of North
Pacific storm track is intensified by the unstable KE via the moist
baroclinic instability (Ma X. et al., 2015; Ma et al., 2017). The KE-
induced storm-track modulation, further, is one of the key
determinants in altering the large-scale circulation over the
North Pacific and the Arctic through the eddy-mean flow
interaction (O’Reilly and Czaja, 2015; Omrani et al, 2019),
along with the Rossby wave activity and direct thermal forcing
driven by the KE fluctuation (Reévelard et al., 2016; Sun et al,
2016). Sun et al. (2022) demonstrated that the KE-caused
atmospheric disturbance can spread throughout the North
Hemisphere midlatitudes. The stable KE generates the SST
anomalies and associated turbulent heat flux anomalies, exciting
a Rossby wave train that propagates eastward and modulates the
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storm track over the midlatitudes in the North Hemisphere,
resulting in a deeper East Asian trough (EAT) and stronger East
Asian winter monsoon.

Therefore, the KE is one of the prominent phenomena in
the ocean worldwide and a significant driver of the North
Hemisphere climate; however, so far, few of the existing studies
have explored whether the KE fluctuation can exert influences
on the MedT and associated Euro-Mediterranean climate. In
addition, Figure 6 of Sun et al. (2022) implies a possible
relationship between the KE dynamic state and MedT, giving
us the interest to dig deep into the linkage between them.
Hence, the main objectives of the present study are to
investigate the relationship between KE variability and MedT
and explore the underlying physical mechanisms. Section 2
presents the data and methodology employed in this study. We
analyze the results in Section 3 and summarize and discuss
them in Section 4.

Data and methodology

Data

We used the daily-mean sea surface height anomaly (SSHA)
with a 0.25° x 0.25° resolution provided by the Archiving,
Validation, and Interpretation of Satellite Oceanographic
(AVISO) (Ducet et al., 2000). The sensible and latent heat
fluxes are from the Objectively Analyzed Air-Sea Fluxes
(OAFlux) conducted by the Woods Hole Oceanographic
Institution, available in daily mean on a 1° x 1° grid (Yu and
Weller, 2007). To obtain the anomalous atmospheric circulation
related to the KE fluctuation, the reanalysis states, including SST,
air temperature, geopotential height, snow cover, precipitation,
and horizontal winds from the fifth major global ReAnalysis data
from the European Centre for Medium-Range Weather
Forecasts (ERA5), are analyzed in this study. The ERA5
dataset has hourly intervals, with a horizontal resolution of
31 km and 137 levels in the vertical (https://www.ecmwt.int/
en/newsletter/147/news/era5-reanalysis-production). The
present study focuses on the wintertime spanning from 1
December to 28 February (DJF) of the following year. Here,
the first winter of 1993 denotes December 1993 and January and
February 1994, and a total of 27 winters from 1993 to 2019 are
analyzed in this study. To eliminate disturbances from the
climate trend, all the data are linearly detrended before
proceeding with further analysis. Since the KE index has non-
negligible autocorrelations, a Student’s t-test with an effective
degree of freedom proposed by Bretherton et al. (1999) is used to
evaluate the significance of variable anomalies.
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Methodology

Following Qiu et al. (2014), the KE index (KEI), defined as
the 1-year lowpass-filtered SSHA averaged in 31°-36°N, 140°-
165°E, is employed to characterize the interannual KE dynamical
state. Previous studies have extensively used this identification
method to fully capture the KE variation feature (e.g., Sun et al.,
2022; Usui and Ogawa, 2022).

The trough-tracking algorithm proposed by Sen et al. (2019)
is applied to extract the MedT axis in a region of 23°-57°N and
0°-70°E where the MedT is mostly observed. First, we locate the
minimum zsg, at a specific latitude of 39.75°N between 0°E and
70°E. Then, the sequential minimum zs, to the south and north
is detected in a zonal length of 12° with the minimum at the
previous latitude as the center. If no minimum can be located or
the detected point is out of the domain interested in a direction,
the algorithm is determined in this direction. Finally, we connect
all the points selected to obtain the MedT axis.

We conducted the empirical orthogonal function (EOF)
technique in the MedT region (25°-55°N, 0°-65°E) to extract
the dominant modes and principal components (PCs) of the
500-hPa geopotential height variability of the MedT. The EOF
analysis has been widely used in obtaining the dominant modes
of atmospheric fields of various monsoon systems, such as the
East Asian winter monsoon (Chen et al., 2014; Shi, 2021), EAT
(Wang et al., 2009; Leung and Zhou, 2015; Chen et al,, 2018),
and MedT (Sen et al., 2019).

As the upper troposphere is likely to be equivalent
barotropic over the midlatitudes, the atmospheric anomalous
processes are explained through the barotropic vorticity
equation. The anomalous Rossby wave source (RWS) is
diagnosed as follows (Sardeshmukh and Hoskins, 1988):

RWS :—V-(V;(E) -V (V,€) 1)

where V,, is the divergent winds and & is the absolute
vorticity. The overbars and primes denote the wind-mean
states and perturbations from the mean states, respectively.

In the middle and upper troposphere, the wave activity flux
(WAF) is employed to calculate the wave propagation of
stationary eddies on the zonally varying basic flow (Takaya
and Nakamura, 1997; Takaya and Nakamura, 2001). The
phase-independent WAF, which parallels its local group
velocity, is used to depict the Rossby wave activity associated
with the KE fluctuation. The formula is as follows:

(v -wv) +v(vevy - vvy)

u(vew, - W) v (v - vy,

 alvwr- ) o)
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Here, (u,v) is the winter-mean horizontal wind over the
period from 1993 to 2019, |U| is the speed for climatological
horizontal flow, y' is the geostrophic stream function
perturbation, f is the Coriolis parameter, R is the gas constant,
p is the air pressure, and ¢ = (RT/C,p) — dT /dp is based on the
temperature (7') and the specific heat at constant pressure (C, ).
The subscripts x , ¥, and p indicate the partial derivatives along
the zonal, meridional, and vertical directions, respectively.

The maximum Eady growth rate (EGR), proposed by Hoskins
and Valdes (1990), is used to estimate the atmospheric baroclinicity
and determine whether the atmospheric dynamical state is
conducive to the weather system origination. We calculated the
EGR at the 300-hPa level using the equation of

floU

0 =031 ‘E 3)

with f being the Coriolis parameter, N being the Brunt-

Viisild frequency, U being the horizontal wind speed, and z
being the vertical height.

To effectively extract the synoptic-scale transient eddies, the
meridional wind variance v'v' at the 300-hPa level subject to a
2.5-6-day bandpass 31-point filter (Sun and Zhang, 1992) is
applied to represent the storm track.

To evaluate the geopotential height anomaly generated by
low-frequency atmospheric waves and high-frequency eddies
associated with the KE variation, we applied the equation given
by Lau and Nath (2014) to calculate the Rossby wave-induced
and transient eddy-induced geopotential height tendency at the
500-hPa level. The equation is shown as follows:

(59) Lo )

where Z is the monthly geopotential height, fis the Coriolis

4

parameter, g is the gravitational acceleration setting to 9.80 m/s?,
and V' and £’ are the wind and relatively vorticity disturbances,
respectively, subjected to an 8-90-day Butterworth bandpass
filtering for Rossby wave and a 2.5-6-day bandpass filtering for
synoptic eddies. The contributions of Rossby waves and
transient eddies to the observed geopotential height tendency
can be quantified by comparing their magnitudes and spatial
patterns. This method has been extensively used in calculating
the effects of Rossby waves and transient eddies on the
geopotential height anomaly (Song et al., 2016; Sun et al., 2022).

Estimating the atmospheric responses

Over midlatitudes, the feedback response of the atmosphere
to the extratropical forcing in the ocean and land is difficult to
evaluate, because the atmospheric response, to a large extent, is
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overwhelmed by the tropical remote forcing (i.e., ENSO) and
atmospheric internal variability. To extract the midlatitude
oceanic feedback on the atmosphere, we follow the lag
regression approach of Revelard et al. (2016), which separates
the slow atmospheric response to the SST from the rapid
atmospheric internal variability. Hence, any atmospheric
variable x() consists of three components, as follows:

x(t) = cKEI(t - 2) + Be(t - 1) + n(t) (5)

Here, aKEI(t-2) and Pe(t-1) represent the quasi-equilibrium
atmospheric responses to the KE 2 months earlier and ENSO 1
month earlier, respectively, with and B as the feedback parameters,
KEI as the KE index described above, and e as the Nifio 3.4 index
(defined as the 5-month running mean SST over the region of 5°S-
5°N, 170°-120°W). n(t) represents the atmospheric white noise. It
generally takes 1-2 months for the extratropical SST-forced
baroclinic signal to fully transform into the large-scale equivalent
barotropic circulation and reach its maximum amplitude via the
transient eddy-mean flow interactions (Liu et al., 2007; Ferreira and
Frankignoul, 2008; Liu et al., 2008; Revelard et al., 2016). Indeed, the
KE fingerprint on the large-scale atmospheric circulation has some
persistence as the atmosphere lags the ocean by 1 to 6 months, but
the strongest imprint emerges when the delay is set to be 2 months
(not shown). In addition, we have assumed a 1-month delay for
ENSO signals reaching the Mediterranean region, considering the
maximum ENSO teleconnection patterns. For the above reasons,
the atmosphere response times to the KE and ENSO are regarded as
2 and 1 months, respectively, in our paper, consistent with the lag
time applied in Révelard et al. (2016) and Sun et al. (2022).

To access the feedback parameter o, first, we eliminate the
ENSO signal, yielding the ENSO-filtered atmospheric variables
and KEI , expressed as follows:

x(t) =x(t) — Ae(t - 1) (6)

KEI(t) = KEI(t) — Be(t + 1) 7)

Here, A=x(t),e(t—1)/e(t—1),e(t—1) , and B=KEI(t), e(t+1)/e(t+1),
e(t+1), with p,q representing the covariance of p and g . Then, given
that the KE variability has no correlation with the atmospheric
intrinsic variability, we substitute the and KEI in Equation (5) with
Equations (6) and (7), leading to the following:

x(t) = oKEI(t - 2) + n(t)

®)

After multiplying KEI(f - 2) on two sides of Equation (8), we
take the ensemble average and obtain as follows:

o XOKEI(t-2)
KEI(t - 2), KEI(t - 2)

)
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FIGURE 1

(A) The monthly normalized KEI time series before (black curve) and after (blue curve) ENSO filtering based on the AVISO SSHA observations.
The gray bars mark out the KEI in OND. Composite SSHA (shading; unit, m) and corresponding KE axis (black curve) defined by the 1-m sea
surface height for the (B) SP and (C) USP during the period of 1993-2019, with black rectangle indicating the region used to calculate the KEI.
KEI, Kuroshio Extension index; ENSO, El Nifio Southern Oscillation; AVISO, Archiving, Validation and Interpretation of Satellite Oceanographic;

SSHA, sea surface height anomaly; SP, stable period; USP, unstable period.

The feedback parameter o for the atmospheric variable
shows similar spatial patterns with the composite differences
between the KE stable period (SP) and unstable period (USP)
(Supplementary Figures), validating the effectiveness of the lag
regression approach that this paper applied.

Results

The KE index

Since this paper focuses on the atmospheric feedback in
winter (DJF) to the KE variability 2 months earlier, Figure 1
highlights the time series of KEI from October to December
(OND) and the corresponding SSHA patterns for the two
opposite KE states. As depicted in Figure 1A, the KEI exhibits a
feature of bimodal interannual fluctuation, with a low-frequency
shift between positive and negative phases. The OND SSHA
pattern, with correspondence of KEI larger than 0.5, is
characterized by a prominent positive SSHA anomaly to the
south of the KE axis and a weaker negative SSHA to the north,
suggesting a stronger and steadier KE jet, hereafter KE SP (OND
in 2002, 2004, 2010-2014, 2016, and 2018-2019) (Figure 1B). The
KE USP is selected when the OND KEI is less than —0.5 (OND in
1993-1997 and 2006-2008), which shows a basically opposite
SSHA pattern with smaller amplitude compared to that in the KE
SP (Figure 1C). The KE variation feature during 1993-2012 above
is consistent with Qiu et al. (2014) and sustains a stable dynamical
state from 2012 to 2019 (Usui and Ogawa, 2022).
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The relation between KE fluctuation
and MedT

Figure 2 shows the spatial distribution of year-to-year winter
MedT axes and corresponding zsqo along the trough lines for KE
SP and USP. The MedT location is highly unstable zonally,
shifting in the east-west direction substantially from year to
year. When the KE is in its stable (unstable) state, the MedT
axis is situated to the west (east) of its climatological location, with
stronger (weaker) intensity along the trough line. On average, the
longitude and zsq, differences of MedT between the KE SP and
USP are approximately —12° and —15 gpm, respectively, pointing
to a close connection between KE and MedT dynamical states. To
further investigate this relation, Figure 3 displays the KE-induced
atmospheric anomalies derived from the lag regression approach.
Indeed, the KE exerts significant impacts on the atmospheric
circulation in the Euro-Mediterranean region. An anomalous
cyclone center of —18 gpm, slightly located to the west of the
MedT climatological position, is developed in the middle
troposphere over the Euro-Mediterranean region (Figure 3B),
along with accelerated (decelerated) westerly winds to its south
(north) (Figure 3D). The atmospheric anomaly on the 250-hPa
level bears similar distributions to that on the 500-hPa level
(Figures 3A, C), which implies that the atmospheric response to
the KE fluctuation is equivalent to barotropic. Therefore, the
MedT tends to be stronger and locates farther west in the KE SP,
and the opposite for the USP.
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(A) The winter year-to-year MedT axis lines for KE SP (light red lines) and USP (light blue lines) traced from the ERA5 500-hPa geopotential height
and superposed with the winter climatology of 500-hPa geopotential height (contours with an interval of 50 gpm). Thick red line and blue line
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and USP (green line, right y-axis). MedT, Mediterranean trough; KE, Kuroshio Extension; SP, stable period; USP, unstable period.
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By performing EOF analysis, the first three leading modes
of MedT variability and their relations with KEI are given in
Figure 4. Here, the area of 25°-55°N, 0°-65°E is chosen for EOF
analysis, taking into account the region where the MedT is
mostly detected and the location of 500-hPa geopotential
height anomaly in Figure 3C. Our results are broadly
consistent with Sen et al. (2019), except that the order of the
first and second modes is contrary to their results, probably due
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to the different periods and regions we focused on. The first
eigenvector of detrended and normalized zso fields during
1993-2019, which contributes to 31.86% of the total variance,
depicts that this mode corresponds to a pronounced anomaly
extending northeastward from the eastern Mediterranean Sea
to the Caucasus Mountains (Figure 4A). The correlation
coefficient between the first PC time series (PC1) and MedT
intensity index (the average zs5o in the box of 30°-50°N and
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20°-45°E) proposed by Sen et al. (2019) is 0.85 (p< 0.001),
revealing that the leading EOF mode can well represent the
MedT intensity variation. Figure 4B shows there exists a
relatively weak co-variation between the PC1 and KEL After
applying a Savitzky-Golay filter to extract the lowpass MedT
signal, the relation between the PC1 and KEI is strengthened,
with the correlation coefficient increasing to 0.57 (p< 0.01),
demonstrating that the KE fluctuation has some potential
influences on the MedT intensity. The second PC (PC2) time
series is found to be highly correlated with the MedT zonal
displacement index (the z5,, difference between 39°N, 10°E and
39°N, 50°E) developed by Sen et al. (2019), with a correlation
coefficient of 0.86 (p< 0.001). Therefore, the second EOF mode,
which accounts for 31.37% of the total variance, mainly
explains the zonal displacement variability of MedT
(Figure 4C), also having linkage with the lowpass KEI (r =
0.40, p< 0.1) (Figure 4D). The third EOF mode, which is
responsible for 13.68% of the total variance, is hard to be
identified as far as its physical implication, but it shows a
similar spatial pattern with the oscillation between the eastern
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and western Mediterranean (Xoplaki et al., 2004) (Figure 4E).
The correlation between the third PC (PC3) time series and
KEI is weak and insignificant (r = 0.28, p > 0.1) (Figure 4F). In
summary, there exists a significant relationship between the
variability of the KE dynamical state and the intensity/zonal
displacement of MedT, which raises a new question: how does
the KE fluctuation affect the MedT intensity/zonal displacement?

Possible mechanisms

Some studies suggested that the KE interannual variability
triggers the mesoscale SST anomalies in the KE region, thus
modulating the atmospheric large-scale circulation by
generating the atmospheric Rossby wave activity, transient
eddy-mean flow interaction, and thermal winds (Ma X. et al,
2015; O’Reilly and Czaja, 2015; Revelard et al., 2016; Lei et al,
2020; Sun et al., 2022). In our study, the Rossby wave and eddy-
mean flow interaction are likely to be the possible underlying
mechanisms. Therefore, the aforementioned two physical
processes will be analyzed in the following subsections separately.
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FIGURE 4

(A, C, E) The first three dominant EOFs at the 500-hPa geopotential height for the MedT region in winter and corresponding variance at the top
of each figure. (B, D, F) Time series of normalized values for the KEI in OND (gray bar), PC in DJF (black line), and lowpass-filtered PC in DJF
(red line), with the correlation coefficient between KEI and lowpass PC marked on the top of each figure. In order to obtain the MedT variation
characteristic with the same frequency as the KE, a Savitzky—Golay filter with a wind length of 11 years and a degree 2 polynomial is employed
to the PC time series for the leading three EOF modes to obtain the lowpass PCs. EOF, empirical orthogonal function; MedT, Mediterranean

trough; KEI, Kuroshio Extension index; PC, principal component.
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(A) The lagged regression of the SST anomaly (shading; unit, °C) in DJF onto the KEI 2 months earlier, overlapped with the winter background
SST (contours with an interval of 2°C). The black thick contours highlight the SSTs at 10°C and 20°C. (B) The lagged regression of the THF

anomaly (shading; unit, W m™)

in DJF onto the KEI 2 months earlier, superposed by the winter background THF (contours with an interval of

100 W m™2) in DJF with the black thick contours indicating the THF of 400 W m™2. A positive THF suggests that the THF transports from the
ocean upward into the atmosphere. Stippling denotes where the anomalies are significant at the 90% confidence level. SST, sea surface

temperature; KEI, Kuroshio Extension index.

Figure 5 shows the estimated responses of SST and THF to
the KE variability in the cold season. When the KE is stable, the
SST decreases (increases) by 0.8°C (0.4°C) to the west (east) of
155°E in the KE region. The THF anomaly bears some
resemblances to the SST anomaly, showing a corresponding
decreased (increased) THF of =30 W m ™2 (20 W m™2), which is
equivalent to nearly 10% of the climatological THF in
wintertime. Such a large THF anomaly is supposed to exert
pronounced impacts on the atmosphere.

Rossby wave activity

Previous studies pointed out that the positive SST anomaly
with an amplitude of 0.6°C in the midlatitude North Atlantic can
excite a wave train propagating across the North Atlantic and
northern Eurasia and ultimately strengthens the downstream
trough system over East Asia (Qiao and Feng, 2016; Feng et al.,
2018). In our study, as plotted in Figure 6, the warm SST
response and associated intensified THF in the central and
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eastern KE region generate an RWS extending from the sea
surface up to the upper troposphere, while there is a pronounced
Rossby wave sink over the MedT region. Figure 7 further
suggests that the Rossby wave activity has close corresponding
relation with the RWS. The KE, as an RWS, exerts the upward
WAEF propagating from the lower troposphere to the upper
troposphere over the KE region (Figure 7B) and then drives a
Rossby wave train spreading eastward to the Rossby wave sink in
the Euro-Mediterranean region and decreases the geopotential
height (Figure 7A). As a result, the Rossby wave activity
decreases the 500-hPa geopotential height at a rate of —0.06
gpm day ! over western Europe, which accounts for
approximately 30% of the MedT deepening rate and favors a
western-positioned MedT (Figure 8A).

Transient eddies
The baroclinic wave activity (or storm-track activity) is found to
have feedback forcing on the background zonal flow, through
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The lagged regressions of 300-hPa RWS (shading; unit, 107 s72) over the (A) KE and (B) MedT regions in DJF onto the KEI 2 months earlier. The
corresponding vertical profiles of RWS responses along the meridional average are plotted in panels (C, D) respectively, with dashed lines in
panels (A, B) marking the regions used for calculating the meridional average. Magenta contours are significant at the 90% confidence level.
RWS, Rossby wave source; KE, Kuroshio Extension; MedT, Mediterranean trough; KEI, Kuroshio Extension index.

A
80°N 32
y 16
60°N
0
40°N
-16
20°N - 32
90°E 135°E 180°W 135°W 90°W 45°W 0° 45°E 90°E
10
B
10F & == = 5
T300[T ~ 25
o v N~
< ~ & S
(5} ~ ~
Ss00f 1 s =L 0
9 A
8 i Y 71
o (R - 25
% Jf - ; % SN,
850 [ | N4 L 5
90°E 135°E 180°W 135°W 90°W 45°W 0° 45°E
FIGURE 7
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varying the eddy shape and orientation (Hoskins et al., 1983). In our
study, forced by the Rossby wave activity, an anomalous cyclone is
developed over the European continent (Figure 7A), accelerating
the westerly winds over the region extending from the United
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Kingdom to the eastern Mediterranean Sea (Figures 3C, D) and
thus strengthening the baroclinicity and corresponding transient
eddy activity (Figure 9). Consequently, the feedback forcing of
intensified storm track decreases the local geopotential height

frontiersin.org


https://doi.org/10.3389/fmars.2022.1081452
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jiang et al.
1
05
0
05
-1
1
05
]
05
FIGURE 10

10.3389/fmars.2022.1081452

60°N

50°N

40°N

60°N

50°N

40°N

The lagged regressions of (A) 2-m air temperature (shading; unit, °C), (B) snow cover (shading; unit, %), (C) convective precipitation (shading;
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regions where anomalies pass the 90% confidence level. KEI, Kuroshio Extension index.

(Zhang et al., 2019) at a rate of —0.04 gpm day " to the west of the
MedT climatological location, which can explain about 20% of the
MedT deepening with a westward displacement (Figure 8B).

In summary, the combined forcings of low-frequency
Rossby waves and high-frequency transient eddies lead to the
decrease (increase) of geopotential height to the west of MedT in
the KE SP (USP), which facilitates a stronger (weaker) and
western-positioned (eastern-positioned) MedT compared to its
climatological state.

The impacts of KE variability on the
Euro-Mediterranean climate

The KE fluctuation exerts prominent influences on the surface
parameters in the Euro-Mediterranean region, as depicted in
Figure 10. In the winter with a stable KE, the 2-m air
temperature shows a dipole-like pattern, with colder air
temperature over the Euro-Mediterranean and North Africa and
warmer air temperature over northeastern Europe and western
Central Asia, consistent with the stronger and western-positioned
MedT. The coldest temperature anomaly of —0.8°C is situated
over the Balkan Peninsula and Romania, which is upstream of the
MedT axis in the KE SP (Figure 10A). The change of snow cover
displays basically the same pattern as air temperature, with snow
accumulating (diminishing) to the west (east) of the climatological
MedT position (Figure 10B). The convective precipitation in the
northeastern Mediterranean Sea and large-scale precipitation in
the Anatolian Peninsula are enhanced (Figures 10C, D), mainly
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due to the intensified water vapor transport driven by the
accelerated westerlies from the Mediterranean Sea and stronger
upward motion resulting from the deeper and western-positioned
MedT (not shown). The aforementioned climate variability is
highly correlated with the intensity and zonal displacement
changes of MedT, implying a strong linkage between the KE
fluctuation and the Euro-Mediterranean climate.

Conclusions and discussion

This study investigates the potential effects of KE fluctuation
on the MedT variability and associated Euro-Mediterranean
climate variability in boreal winter by applying the lag
regression approach. It is found that the KE, as one of the
strongest sea-air interaction regions in the world, plays a
curtailing role in influencing the Euro-Mediterranean winter
climate through its impacts on the MedT. In the KE SP, an
anomalous cyclone is observed to the west of the MedT
climatological location in the middle and upper troposphere,
resulting in a deeper and western-positioned MedT. The
modulated MedT further leads to colder conditions with more
snow cover over the region including the Euro-Mediterranean,
North Africa, and Anatolia Peninsula by transferring the cold
polar air from the north, while the warmer temperature reduces
snow cover over western Central Asia and northeastern Middle
East. The KE USP holds an opposite pattern.

The Rossby wave activity and eddy-mean flow interaction
are found to be the key physical processes in KE influencing
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warmer SST triggers a cyclone anomaly over Europe via the physical processes of Rossby waves and eddy—mean flow interaction. As a result,
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Kuroshio Extension; MedT, Mediterranean trough; SST, sea surface temperature.

MedT. The stable KE triggers an SST warming and associated
enhanced THF in the eastern part of the KE region, exciting the
Rossby waves, which propagate upward to the middle and upper
troposphere over the central North Pacific and then spread
eastward along North America and the North Atlantic to the
Euro-Mediterranean. This Rossby wave train leads to an
anomalous cyclone with the center located over France,
contributing to 30% magnitude of the MedT deepening and its
westward shift. The anomalous cyclonic circulation, however,
intensifies the baroclinicity by modulating the westerly winds
and thus enhances the transient eddy activity over Europe,
resulting in a western-positioned MedT and 20% magnitude of
the MedT deepening through the feedback forcing of transient
eddies on the mean flow. A schematic of how the KE state
impacts the MedT and related Euro-Mediterranean climate in
the cold season is shown in Figure 11.

The field differences between the KE SP and USP are
represented in the Supplementary Material, which produces
broadly consistent patterns to those using the lag regression
approach in the paper. However, we still notice some slight
differences in the three sets of figures. First, there exist some
distinctions in the spatial distribution of atmospheric circulation,
with a northwestern-located geopotential height anomaly tilted
along the northwest-southeast direction and a northeastern-
positioned zonal wind anomaly in the case of the lag regression
approach compared with the difference analysis (Figure 3;
Supplementary Figure 1). Second, Figure 6 shows significant
RWS over the KE eastern region and Rossby wave sink over the
Euro-Mediterranean region nearly extending throughout the entire
troposphere, while the RWS response discontinues in the mid-
troposphere in Supplementary Figure 3. Third, the spatial
consistency between the atmospheric baroclinicity and transient
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eddy activity in Figure 8 is more apparent than that in
Supplementary Figure 5. The result comparisons indicate that the
lag regression and difference approaches are all capable of capturing
the atmospheric responses to the KE fluctuation, and the lag
regression approach performs better in some fields considering
the spatial consistency.

An anomalous warming event took place over eastern Anatolia
in early March 2004, leading to unprecedented snowmelt runoff in
the Euphrates and Tigris basin with heavy rainfall and thus
resulting in a once-in-50-year extreme discharge (>2,000 m> s™")
and flooding event (Bozkurt et al., 2019). Our results reveal that the
KE might be one of the drivers of this extreme case of a warm spell,
as the stable KE favors wetter conditions over eastern Anatolia. On
the contrary, the well-known drought year of 2007 in the
Mediterranean region (Sahin et al., 2015) corresponds to an
unstable KE state, implying a possible linkage between them. Sen
etal. (2019) and Bozkurt et al. (2019) proposed that, accompanied
by a deepened EAT, the MedT is displaced in the west of its
climatological location. Given the fact that the KE fluctuation is a
key determinant of the EAT (Sun et al., 2022) and MedT from our
results, the KE might be one of the drivers for the co-variability of
these two trough systems on the opposite sides of the Eurasian
continent. In addition, our results also imply some potential
influences of the KE on the European blocking, which can cause
cold air outbreaks in southeastern Europe and the Middle East and
needs to be further investigated.
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