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Tibetan Plateau during ENSO Years
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School of Marine Sciences, Nanjing University of Information Science and Technology (NUIST),
Nanjing, People’s Republic of China

[Original manuscript received 3 June 2019; accepted 14 February 2020]

ABSTRACT Using the National Centers for Environmental Prediction–Department of Energy Atmospheric Model
Intercomparison Project 2 daily reanalysis datasets, the present study reveals that an upper tropospheric vertical
thermal contrast (VTC) exists between pressure levels at 100 and 250 hPa over the Mediterranean region (MR)
during the midsummer monsoon. An increase and decrease in the tropospheric temperature (TT) at the 100 and
250 hPa levels respectively, are found to be centred over the MR during El Niño years. The former is characterized
by an anticyclonic circulation in the wind shear and the latter by a cyclonic circulation. The opposite pattern is
exhibited during La Niña years. It is shown that the MR VTC remotely affects convection over the western
Tibetan Plateau (WTP) by inducing favourable temperature, circulation patterns, and ascending (descending)
winds on the upper vertical levels of the WTP during El Niño (La Niña) years. This effect has been further substan-
tiated by a careful causality analysis with a new causal inference technique, which identifies a dominant causality
from the MR VTC to the WTP longwave fluxes through the top of the atmosphere.

RÉSUMÉ [Traduit par la rédaction] En utilisant les données de réanalyse quotidiennes du projet 2 d’intercom-
paraison des modèles atmosphériques du National Centers for Environmental Prediction du Department of Energy
des États-Unis, cette étude révèle qu’un contraste thermique vertical existe dans la haute troposphère entre les
niveaux de pression 100 hPa et 250 hPa, sur la région de la Méditerranée, pendant la mousson de la mi-été.
Une augmentation et une diminution de la température troposphérique aux niveaux 100 hPa et 250 hPa, respecti-
vement, sont centrées sur la région en question pendant les années El Niño. L’augmentation est caractérisée par
une circulation anticyclonique dans le cisaillement du vent et la diminution, par une circulation cyclonique. La
situation s’inverse pendant les années La Niña. Il est démontré que le contraste thermique vertical au-dessus de
la Méditerranée influe à distance sur la convection se formant sur le plateau tibétain occidental, en induisant
des températures, une circulation et des vents ascendants (descendants) favorables en altitude au-dessus de
cette partie du plateau, pendant les années El Niño (La Niña). Cet effet a été corroboré par une analyse minutieuse
de la causalité à l’aide d’une nouvelle technique d’inférence, qui détermine la relation de cause à effet dominante
entre le contraste thermique au-dessus de la Méditerranée et les flux d’ondes longues du plateau tibétain occidental
à travers le sommet de l’atmosphère.

KEYWORDS upper tropospheric temperature (TT); thermal contrast; midsummer monsoon; convection; causality
analysis

1 Introduction

The Mediterranean region (MR) is situated in a transitional
geographical zone bounded by the North African desert and
the Euro-Asian region; it is often observed to be affected by
continental and maritime air masses of completely different
origins (Meteorological Office, 1962; Barry and Chorley,
2003). The geographic location and socio-economic con-
ditions make the MR vulnerable to climate change. In fact,
it has been identified as one of the regions most responsive
to climate change around the world (Giorgi, 2006). As an

example, it is significantly affected by the El Niño–Southern
Oscillation (ENSO; Alpert et al., 2005).

Considered to be the most prominent coupled air–sea inter-
action in the tropical Pacific, ENSO alternates between anom-
alously warm (El Niño) and cold (La Niña) sea surface
temperature (SST) conditions (Bjerknes, 1969; Kessler,
2002). It remotely affects extreme weather events in various
parts of the globe through atmospheric teleconnections (Yu
and Zou, 2013; Ward et al., 2014; Chiodi and Harrison,
2015; Vaid and Liang, 2019). Previously, ENSO had been
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considered to be irrelevant to the MR or only a marginal factor
(Ropelewski and Halpert, 1987). Later it was found that a con-
sistent ENSO signal exists in the region though the signal itself
may be variable (e.g., Mathieu et al., 2004). For example,
ENSO conditions give rise to pronounced anomaly patterns
in seasonal climate in the MR as well (e.g., Alpert et al.,
2005; Yu and Zou, 2013, Ward et al., 2014). Ehsan et al.
(2013) found that ENSO affects the MR by contributing to
the interannual variability of storm frequency and precipitation.
The storms play the role of an atmospheric bridge through
which the effects of the ENSO-related tropical Pacific SST
anomalies are taken into the mid-latitudes (Abid et al., 2015).
Note that the influence of ENSO on the region may bemodified
by other factors, such as large interannual variability of the
atmospheric circulation over the Atlantic-European sector,
which make the regional atmospheric dynamics subtle and
might be nonstationary on multidecadal scales (Bronnimann,
2007). These significant relationships between ENSO and its
remote effects form a solid basis for seasonal to longer time
scale temperature predictions over the MR that have aroused
widespread concern in the changing climate.
In the MR extreme temperature is a major concern, consid-

ering its potential impact on natural and human systems there.
Beniston and Stephenson (2004) showed that an increase in
temperature over the course of the twenty-first century is
likely to produce an increase in the frequency of severe heat-
wave episodes in the MR. In addition, the surface of the MR
has been continuously warmed during the last several
decades, especially during midsummer (Brunetti et al., 2004;
Volosciuk et al., 2016). In the future, it is projected that a 2°C
increase in global mean temperature implies a 3°C warming
in hot temperature extremes in the MR (Seneviratne et al.,
2016). Depending on the climate trend (Stocker et al.,
2013), a rise in temperature from 2° to 6°C by 2100 is
expected in the MR, making it an important region for study
in the context of ecosystems and human well-being and expli-
citly attracts a wide range of international academic attention
regarding global changes.
Considering the importance of the MR, several attempts

have been made to understand the temperature variation
over the MR, which is associated with widespread synoptic
systems and also human health concerns (Saaroni et al.,
2003; Xoplaki et al., 2004; Tolika et al., 2009), but these are
mostly limited to lower level temperature variation.
However, it is known that most climate change processes
occur in the upper troposphere as well, so the upper tropo-
spheric temperature (TT) variation should also be taken into
account in evaluating climate variability. Recently, tempera-
ture changes in the upper troposphere have attracted increasing
attention because of their connection to precipitation variation,
large-scale circulation, and surface climate variability on a
wide range of time scales (Liu and Yanai, 2001; Zhou and
Zhao, 2010; Zuo et al., 2012). But, as one of the important
signals characterizing climate change, the study of the TT is
still far from sufficient, particularly for the MR. This study
intends to close that gap. Specifically, we want to examine

variations in the upper TT in midsummer (i.e., July–August)
over the MR and its associated impacts.

In comprehending the TT variation over the MR, it was
found to be remotely impacted by convective systems over
central and eastern Europe and the surrounding basin area
(Lionello et al., 2006; Sodemann and Zubler, 2010; Ciric
et al., 2018). But, to the best of our knowledge, there has
not been any study of its relation to convective systems over
the western Tibetan Plateau (WTP), a region that, during
mid-monsoon months, has been shown to be the most impor-
tant heat source region in East Asia (Xu et al., 2008; Ma et al.,
2017; Vaid and Liang, 2018a, 2018b). The Tibetan Plateau
(TP) has been recognized as the water tower of Asia (Immer-
zeel et al., 2010) and is well known for its profound impor-
tance to regional and global climate through dynamical and
thermodynamical processes (Wu et al., 2015; Bao et al.,
2010). For example, Kitoh (2004) found that the Mei-Yu–
Baiu rainfall intensifies and extends to inland Asia with
increasing TP uplift. Wang et al. (2008) suggested that the
heating induced by increasing temperature over the TP could
enhance East Asian summer rainfall, suggesting that rising
TP temperature in the near future may result in further
strengthened summer rainfall over East Asia. Wu et al.
(2012b) showed that the TP heat source and sink and snow
cover and depth modulate the effect of ENSO on the Asian
summer monsoon. In addition, in the summer the TP can
also be responsible for the northern China heatwave frequency
on decadal-to-interdecadal time scales (Wu et al., 2012a); the
TP can affect (Abe et al., 2013) the onset of the South Asian
monsoon by modulating the air–sea interaction in the Indian
Ocean. Recently, summer heatwave frequency in southern
Europe and northeastern Asia has been linked to anomalous
summer snow cover on the TP (Wu et al., 2016). For these
reasons, it has been shown that the TP atmospheric heat
source and sink may act as a potential indicator for climate
forecasts at shorter time scales (Orsolini et al., 2013; Senan
et al., 2016; Lin et al., 2016). Because the TP is a water
source for Asia’s major rivers (Fekete et al., 1999, 2000),
affecting the lives of one-quarter of the world’s population,
it is highly desirable to determine whether or not any telecon-
nection exists because this may lead to regional water cycle
variabilities and extreme events, such as severe and extreme
drought and flood. In this study we focus on the connection
between the convective systems over the WTP and the MR.
To the best of our knowledge, no study on this topic currently
exists in the literature.

Hence, we specifically want to (i) examine the upper tropo-
spheric vertical thermal variation over the MR during the mid-
summer monsoon and (ii) study the causes of the TT variation
over the MR, in particular, the possible relation between the
upper TT variation over the MR and that over the WTP
during ENSO years. In Section 2, we introduce the data and
analysis methods. Section 3 is devoted to examining the
upper TT variation over the MR and its associated relationship
with atmospheric convection over the WTP. Our study is sum-
marized in Section 4.
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2 Data and methodology

We derive the wind fields, air temperature, and geopotential
height (Kanamitsu et al., 2002) from the National Centers
for Environmental Prediction (NCEP)–Department of

Energy (DOE) Atmospheric Model Intercomparison Project
2 (AMIP 2) daily reanalysis datasets for the period 1982–
2017 (NOAA, 2019a). For composite analysis the data
during the midsummer monsoon (i.e., July and August for

Fig. 1 Standardized JA SST anomalies based on the Niño-3 index.

Fig. 2 JA TT (K) for the 100 hPa level during the (a) El Niño and (b) La Niña events. (c) The difference between (a) and (b) (i.e., (a)–(b)). In (c), the thick white dot-
dashed line indicates the areas statistically significant at the 99% level based on a Student’s t-test. (d) to (f) as in (a) to (c), but for the 250 hPa level.
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the years from 1982 to 2017) are used. These two months (i.e.,
July and August) were chosen because the MR temperature
reaches its maximum during that period (Alpert et al., 1990;
Saaroni and Ziv, 2000; Saaroni et al., 2003), causing economic
loss and human health problems. Other data include the long-
wave flux (LWF), which are acquired from the Modern Era
Retrospective-analysis for Research and Applications
(MERRA; Rienecker et al., 2011), and the SST anomalies,
which are derived from the National Oceanic and Atmospheric
Administration (NOAA) Optimum Interpolation (OI) SST, v2
(OISSTV2), dataset (Reynolds et al., 2002; NOAA, 2019b).
The ENSO events during the midsummer monsoon (JA) for
the period 1982–2017 are identified using the SST anomaly-
based Niño-3 index (area-averaged SST anomaly over 150°–
90°W, 5°N–5°S). The index is normalized by its standard
deviation, and the years with a standard deviation above 0.5
are considered an event year for the purposes of this study
(more details can be found in Fig. 1). Based on the Niño-3
JA index for the 1982–2017 period (Fig. 1), the midsummer
monsoon in the nine years, JA 1982, 1983, 1987, 1991,
1997, 2009, 2012, 2014, and 2015 are identified as El Niño
mid-monsoon years, and eleven other mid-monsoon years
(i.e., JA 1984, 1985, 1988, 1989, 1995, 1998, 1999, 2000,
2007, 2010, and 2013) are identified as La Niña years. In
general, ENSO events are mainly represented by the Niño-3
index and Niño-3.4 index. We chose Niño-3 because it has
been found to be the optimal index for monitoring El Niño
compared with other Niño indices. In other words, all other
Niño indices are found to be less efficient at distinguishing
between El Niño and El Niño Modoki signals or are easily
adulterated by El Niño Modoki signals (Li et al., 2010). None-
theless, we also repeated the study using the Niño-3.4 index;
as expected, the results do not make a significant difference.
In this study, significance is mainly determined using a Stu-
dent’s t-test with 62 degrees of freedom.
To quantitatively examine the measurable impact of the

upper TT thermal contrast on the atmospheric variables, for
example, LWF, over the study region during the midsummer
monsoon, we used a newly developed theory and method-
ology to rigorously identify the causality between time
series (Liang, 2014, 2015, 2016, 2018). We adopted a

modified version of that methodology, the “composite causal-
ity analysis,” as detailed in Vaid and Liang (2019), for appli-
cation in this study. In the following we provide a brief
description.

Causality analysis is one of the most important topics lying
at the heart of scientific research. During the past few years,
Liang (2014, 2016) established that the causality between
two series, say, X1 and X2, can be rigorously derived from
first principles; it can also be quantitatively evaluated. (For a
one-page review of the theory the reader is referred to
Section 2 of Liang (2018)). The resulting formula is very
concise in form and very easy to use. In the linear limit, the
maximum likelihood estimator (MLE) of the causality from
X2 to X1 (nats per unit time) is

T2�1 = C11C12C2,d1 − C2
12C1,d1

C2
11C22 − C11C2

12

, (1)

where Cij is the sample covariance between the two time series
Xi and Xj (i, j = 1, 2), and Ci,dj is the covariance between Xi and
a derived series

Ẋj = Xj(t + kΔt)− Xj(t)
kΔt

,

that is, a series formed from Xj(t) through taking Euler forward
differencing, with Δt being the time step and k≥ 1 some
integer. (Note this is the MLE of the rigorously derived causal-
ity in the linear case; for the original non-linear formula, see
Liang (2016).) Ideally, when T2�1 is non-zero, then X2 is
causal toX1, otherwise it is not causal. In practice, statistical sig-
nificance must be tested (Liang, 2015) before reaching a con-
clusion as to whether a causality exists or not. In the present
study, the computed causality is at the 95% confidence level.

Composite causality analysis is a causality analysis in com-
bination with composite analysis. As detailed in Vaid and
Liang (2019), first the causalities are computed using Eq. (1)
on running time windows (i.e., form a “field of causality”) at
all the time steps. For a time series of length N (with time
steps 1, 2, 3,… , N ), suppose we consider a time window of

Fig. 3 Vertical variation of JA air temperature over the VTC region during (a) El Niño and (b) La Niña events. (c) The difference between (a) and (b) (i.e., (a)–(b)).
The difference between (a) and (b) is statistically significant at the 99% level based on a Student’s t-test.
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length M, with M <N. We first perform the analysis for the
sub-series at steps 1, 2,… , M, then slide the window to the
right by 1 and carry out the analysis for the sub-series on
steps 2, 3,… , M + 1, and so forth. In the end, we will
obtain a series of causality on time steps centred at these
sliding windows (no value for the beginning M/2 steps and
the last M/2 steps). Once this is done, these causalities can
be composited based on some criterion (e.g., the criterion to
pick out El Niño events). In this way the composite causalities
for the El Niño and La Niña events are obtained.

As a supplement, traditional analyses (e.g., regression
analysis) are also used to explore the potential relationships
between the upper TT variation over the MR and large-scale
atmospheric circulation patterns over the WTP.

3 Results

We mainly examine the upper TT variation (i.e., between
pressure levels 400 hPa and 50 hPa) over the MR during the
mid-monsoon months. We are particularly interested in the
250 hPa and 100 hPa levels because the TT at these levels is
found to be most variable. Figure 2 shows the July–August
(JA) averaged TT for El Niño (Figs 2a and 2d) and La Niña
(Figs 2b and 2e) periods for the 100 and 250 hPa levels,
respectively. The difference and associated confidence level
(shaded with white contours) are displayed in Figs 2c and
2f. To check the statistical significance of the difference as
observed, a Student’s t-test was performed. It can be seen
that the 100 hPa TT and the 250 hPa TT have undergone sub-
stantial changes. Interestingly, the difference between the TTs
during the El Niño and La Niña periods is organized into a
strong vertical thermal contrast centred over the MR (15°W–

45°E, 25°N–48°N; hereafter VTC region). Figures 2c and 2f
show TT differences (i.e. the TT during the El Niño events
minus that during the La Niña events). Figure 2c exhibits an
obvious dipole pattern during El Niño events with a positive
pattern at 100 hPa, while at 250 hPa, it reveals a negative
pattern (Fig. 2f). The troposphere at 100 hPa seems to be
much warmer during El Niño events than during La Niña
events, whereas at 250 hPa it is cooler. Interestingly, the
warming and cooling of the TT is confined within the VTC
region in the two ENSO phases. We have also explored the
connection without the influence of ENSO. The difference
between the air temperature patterns for neutral and ENSO
years (figure not shown) reveals no such VTC over the MR.

Fig. 4 JA wind shear (m s−1) (El Niño minus La Niña events): (a) 50 hPa–
150 hPa and (b) 200 hPa–400 hPa. The shaded region is statistically
significant at the 99% level based on a Student’s t-test.

Fig. 5 JA LWF top of the atmosphere TOA (Wm−2) (El Niño minus La Niña
events). The dashed line marks the 3000 m topographic isoline. The
enclosed region marked by the thick black contour (dot-dashed line)
is statistically significant at the 99% level based on a Student’s t-test.
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This study is about the effect of upper tropospheric VTC over
the MR on the convection over the western TP during ENSO
years, so we leave the study of El Niño’s influence on the
upper tropospheric VTC over the MR to future studies.

To examine the thermal contrast occurring in the upper tro-
posphere over the VTC region in more detail, the vertical pro-
files of average air temperature during the midsummer
monsoon are plotted. Shown in Figs 3a and 3b are the profiles
for El Niño and La Niña periods, respectively, and the differ-
ence between them (Fig. 3c). A closer look at the difference
(Fig. 3c) reveals that a sharp VTC in the TT exists over the
VTC region, with one pole at 100 hPa and another over
250 hPa. Hence, we define it as VTC over the MR because
the difference between the TTs exists over these centres (i.e.,
differences between 250 hPa and 100 hPa; hereafter VTC).
Previous studies have shown that the TT variations play a
vital role in convection changes during the monsoon season
(Vaid and Liang, 2015; 2018a; 2018b; 2019), so we speculate
that this strong VTC in the VTC region during El Niño and
La Niña events may cause a measurable impact on convection
over the MR and surrounding regions, which we now explore.

Considering the relation between thermal contrast and con-
vection, the observed variation above will inevitably exert an
influence on the local climate in the context of mid-monsoon
variation over the MR and the surrounding area. In the follow-
ing we first look at how the upper tropospheric circulation may
change during ENSO. For this purpose, we compute the wind
shear vectors around the 100 and 250 hPa levels by subtract-
ing the wind vectors at 150 hPa from those at 50 hPa, and sub-
tracting those at 400 hPa from those at 200 hPa. We then take
their respective averages over the El Niño and La Niña periods
and subtract the former from the latter. The resulting differ-
ence field is drawn in Figs 4a and 4b. Clearly, the results are
well correlated with the TT difference pattern (Figs 2c and
2f). In particular, the closed loop circulation structures are
clearly seen over the MR. In the upper layers at 100 hPa the
circulation is anticyclonic and at 250 hPa it is cyclonic (Figs

Fig. 6 The causality (information flow in nats d−1) from the VTC region to the LWF at TOA, for a time window size of 71 days: (a) JA El Niño events and (b) JA La
Niña events. Nat is the unit for entropy, which has the form of ∫ρlogρ (ρ being the probability density function) when the logarithm uses base e. The dashed
line marks the 3000 m topographic isoline. The causality enclosed in the thick black contour (dot-dashed line) is at the 95% confidence level.

Fig. 7 (a) Air temperature (K) at 100 hPa regressed onto the VTC for El Niño
minus La Niña events. (b) As in (a) but for 250 hPa. The regression
coefficients (thick dot-dashed black contours) are statistically signifi-
cant at the 99% level. Shown are regressed air temperature on a 1° ×
1° latitude–longitude grid. The dashed line marks the 3000 m topo-
graphic isoline.
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4a and 4b, respectively) during El Niño, while during La Niña
events the opposite circulation pattern appears (figure not
shown). According to the ideal gas law, we know that pressure
multiplied by the specific volume equals the temperature mul-
tiplied by a constant, which implies that, given specific
volume, temperature decreases as air pressure decreases.
Thus, the associated causes of the VTC over the MR can be
seen in the upper troposphere circulation changes during
ENSO years (Fig. 4). Because cyclonic circulation leads to
ascending winds, which are considered a sign of convection
(Vaid and Liang, 2018a); it is, therefore, possible that, associ-
ated with the TT change and aforementioned system, there is
an increase (decrease) in convection in the MR and surround-
ing regions during El Niño (La Niña) years. The LWF in
ENSO during the midsummer monsoon period also exhibits
consistent variations. In Fig. 5 we plot the surplus (El Niño
minus La Niña) upward LWF through the top of the atmos-
phere. We see a clear increase in LWF, in agreement with
the TT variation (Figs 2c and 2f) and wind variation as
observed above (Figs 4a and 4b).
To examine the direct relationship between the TT variation

over the MR and LWF we use the time series of a VTC (as
defined above) over the MR, then apply to it and the series
of LWF, a newly developed composite causality analysis,

which is detailed in the appendix of Vaid and Liang (2019).
We tried different sizes of time windows, such as 41, 51,
61, and 71 days, and the resulting causal patterns are
similar. The results are shown in Fig. 6. As can be seen, the
VTC over the MR is causal to the LWF. It is worth noting
that the causalities obtained here are asymmetric in direction;
that is to say, they are from the VTC over the MR to convec-
tion over the region and its surrounding area, and it is not the
other way around (i.e., not from the LWF to VTC). This is in
contrast to traditional tools, such as correlation analysis, which
is symmetric and, hence, cannot determine what causes what.
Besides, we have not only been able to determine the direc-
tions of causality but also the magnitudes.

A closer look at Fig. 5 shows that, along with the increase in
the convection over the MR, there is also a similar convection
pattern over the WTP. We postulate that it may have some-
thing to do with the MR VTC. To determine whether this is
true or not, it is interesting to note that the resulting causalities
above show that the impact of the MR VTC is not only limited
to within the MR only but can also be extended to the WTP
(Fig. 6). In fact, a large impact on convection over the WTP
during El Niño and La Niña events is clearly seen. We
know that the TP is the highest plateau in the world, with an
average altitude over 3000 m, and has a significant effect on

Fig. 8 The causality (information flow nats d−1) from the VTC region to the air temperature at the 100 hPa level for a time window size of 71 days: (a) JA El Niño
events and (c) JA La Niña events. (b) and (d) as in (a) and (c) but for the 250 hPa level. The dashed line marks the 3000 m topographic isoline. The causality
enclosed in the thick black contour (dot-dashed line) is at the 95% confidence level.
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the climate and environmental processes over Asia (e.g., Ye
and Gao, 1979; Vaid and Liang, 2018a, 2018b). This note-
worthy result is of scientific importance. We also know that
the TP is prone to devastating threats (e.g., abundant rainfall,
flooding episodes, and landslides) during the midsummer
monsoon, but the reason has been poorly understood. The fore-
going result indicates that theMRVTCcould be a remote driver
because it may modulate the WTP circulation and, hence, the
upper TT, thereby, influencing the convection over the WTP.

To better understand the relationship between the MR
VTC and convection over the WTP as specified in Figs 5
and 6, the upper TT over the WTP is regressed onto the
VTC over the MR. Interestingly, the VTC is seen to
induce a thermal contrast between the 100 and 250 hPa
levels over the WTP region with positive (negative) tempera-
ture anomalies over the 100 (250) hPa level; that is to say,
the VTC seems to be responsible for inducing favourable
conditions for convection over the WTP (Figs 7a and 7b).
The induced vertical temperature dipole structure between
the upper troposphere (centred at 250 hPa) and the lower
stratosphere (centred at 100 hPa) suggests the role of the
MR in inducing the aforementioned opposing temperature
changes. To further corroborate the assertion about the role
of VTC over the MR on the WTP, we chose to perform com-
posite causality to examine the cause and effect of the MR
VTC. Interestingly, the computed causality clearly exhibits
the cause and effect between the MR VTC and the air temp-
erature over the WNP (Fig. 8). In particular, the MR VTC is
found to be causal to the air temperature over the WTP, sub-
stantiating our finding that the VTC seems to be responsible
for convection over the WTP.

The aforementioned induced TT pattern (Fig. 7) can be
understood through analyzing the wind shear field regressed
(c.f. Figs 4a and 4b for more details regarding the chosen
wind shear vectors) onto the MR VTC (Fig. 9). As shown in
Figs 9a and 9b, the El Niño minus La Niña VTC seems to
be concomitant with the induced 100 and 250 hPa TT vari-
ation (Fig. 7), with a noticeable anticyclonic and cyclonic cir-
culation in the wind shear positioned over the WTP,
respectively, whereas the La Niña minus El Niño VTC circu-
lation is more or less mirrored there (figure not shown because
it is simply the opposite of Figs 9a and 9b). The geopotential
height distribution also supports this (Fig. 9, shading).

The structure in Fig. 9 implies increasing ascending and
descending favourable winds in the troposphere over the
WTP in the El Niño minus La Niña and La Niña minus El
Niño cases, respectively. Because the vertical variation of
winds is considered to be the basic element driving convection
over the region, we proceed to regress the vertical variations of
winds averaged over 68°–80°E onto the VTC over the MR.
From Fig. 10, the impact of the MR VTC on the WTP is
evident during ENSO years. In the El Niño minus La Niña
case, the ascending winds (a sign of convection) are clearly
seen in the upper vertical levels over the WTP, while in the
La Niña minus El Niño case, descending winds (a sign of sub-
sidence) are seen (Figs 10a and 10b). In other words, the com-
posite analysis and causality analysis indicate that the VTC
over the MR has a significant effect on WTP convection,
which can induce ascending (descending) winds over the
WTP between the 250 and 100 hPa levels during El Niño
(La Niña) years. Based on these analyses, we can say that
the MR VTC is closely related to the WTP, modulating the
upper tropospheric variation and, hence, the large-scale circu-
lation pattern over the WTP regions, thereby influencing the
convection over the WTP.

Fig. 9 JA wind shear (m s−1) (El Niño minus La Niña events) and geopoten-
tial height (shaded, m) regressed onto VTC: (a) 50 hPa–150 hPa; (b)
200 hPa–400 hPa. The regression coefficients enclosed by the thick
black dot-dashed line are statistically significant at the 99% confi-
dence level. The regressed wind vectors and geopotential height are
shown on a 1° × 1° latitude–longitude grid. The dashed line marks
the 3000 m topographic isoline.
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Hence, we can say that the vertical motion over the WTP is
indeed impacted by the vertical temperature dipole structure
over the MR. Apart from this, further attention has been
given to exploring the possible pathways (i.e., the teleconnec-
tions) through which the VTC over the MR may impact the
dynamics over the WTP. For this, the interference of the
VTC over the MR with the subtropical jets over the region
was explored. Previously, the subtropical jets were often
found to act as a bridge between Europe and Asia in the
summer (e.g., Branstator, 2002; Li et al., 2008). However,
the role of the MR in possible interactions with the subtropical
jets has not been examined. To examine its role, we analyzed
the 200 hPa zonal winds (a proxy for subtropical jets) during
El Niño (Fig. 11a) and La Niña (Fig. 11b) events, and, inter-
estingly, an explicit subtropical jet can be seen linking
Europe and Asia during both events. Looking more closely
at the differences (i.e., El Niño minus La Niña events, Fig.
11c), significant changes in the so-called subtropical jets
linking Europe and Asia can be seen over the MR region. A
detailed analysis of Fig. 11c shows westerly winds over the
southern part of the MR region in association with easterly
winds over the northern part; this distribution implies a cyclo-
nic circulation centred over the MR, in accordance with the
results shown in Fig. 4b, which is favourable for local convec-
tion and is evident in Fig. 5. Also, the role of the VTC on the
WTP over the MR is clearly reflected in a regression map
shown in Fig. 11d, with a conspicuous feature (i.e., an
induced cyclonic circulation by the MR VTC over the WTP)
in agreement with the findings presented in Fig. 9b. Neverthe-
less, it is too early to make a conclusive statement; we would
like to carry out a detailed study using adequate atmospheric
general circulation models in the near future.

4 Summary

The MR is surrounded by three continents: Africa, Asia, and
Europe and is known as one of the regions of the world
most vulnerable to climate change (Giorgi, 2006). The
surface of the MR has been continuously warmed over the
last several decades, especially during midsummer (Volosciuk
et al., 2016). The impact of this warming has been documented
in several previous studies on both widespread synoptic
systems and human health concerns (Tolika et al., 2009),
but most of these studies have been limited to lower level
temperature variations, with very few considering the upper
layer TT. Recently, it has been reported that the upper TT vari-
ation also plays a key role in affecting precipitation and large-
scale circulation (Zuo et al., 2012); hence, in this study we
explored the upper TT variation over the MR and its potential
impacts in the region and its surrounding area.

Using the gridded NCEP/NCAR daily values of upper TT
between the pressure levels 400 and 50 hPa for the 1982–
2017 period, we showed that a VTC exists in the upper tropo-
sphere centred over the MR. Further study explored the poss-
ible relationship between the MR upper thermal conditions
and the WTP convection during the midsummer monsoon
season; we also explored the associated physical mechanisms.
With a recently developed causality analysis, we showed that
the MR VTC has a significant impact on convection over the
WTP during El Niño and La Niña years. We also showed that
the MR VTC influences WTP convection through modulating
the upper TT variation and, hence, the large-scale circulation
pattern over the WTP regions. During El Niño (La Niña)
years, the VTC over the MR seems to be concomitant with
the WTP, with a conspicuous circulation structure;

Fig. 10 Meridional and vertical cross-section distribution of the wind vectors (arrows; m s−1) averaged over (68°–80°E) at different pressure levels regressed onto
VTC for (a) El Niño minus La Niña events and (b) La Niña minus El Niño events. The regression coefficients are statistically significant (grey shading) at
the 99% confidence level based on a Student’s t-test.
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correspondingly, the VTC over the MR induces ascending
(descending) winds over the WTP between the 250 and
100 hPa levels during El Niño (La Niña) years. This finding
of the upper tropospheric variation over the MR and, particu-
larly, its effects on the WTP convection, to the best of our
knowledge, has not been documented in the literature and
has so far not received any attention. It is expected that this
finding will help provide a fresh insight into the complex pro-
cesses concomitant with the hydrology and geomorphology of
the WTP.
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