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Abstract
Recently it has been found that the summertime tropospheric temperature gradient (hereafter TT gradient) over East Asia provides a natural characterization of
the local climate variability, particularly, the precipitation variability, and can help
forecast the onset of summer monsoon. In this study we extend the study to the winter months, using the National Center for Environmental Prediction (NCEP) - DOE
AMIP 2 reanalysis daily datasets. It is shown that the TT gradient during the El Niño
years is significantly smaller than that during the La Niña years, and the difference
in TT variation in the two ENSO phases leads to a distinctly different pattern of variability of precipitation over East Asia. The corresponding variabilities of circulation
and moisture transport are in agreement with the observation, which are further substantiated in a causal inference using the traditional regression analysis and a newly
developed causality analysis technique with time series.

1. Introduction
The boreal winter monsoon is one of the important climate systems; its anomalous variations can lead to disasters,
such as anomalous precipitation, over East Asia, and, consequently, plays a significant role in the economy of region
(Huang et al. 2007; Zhou et al. 2009). Numerous previous
studies (e.g., Jhun and Lee 2004; Wang et al. 2009; Ha et al.
2012) have reported that the interannual variability of the
boreal winter monsoon variability over East Asia is distinct.
It is closely related to the large-scale circulations such as the
Siberian high, Aleutian low, East Asian jet, and Arctic oscillation (Thompson and Wallace 1998); it is also observed
to be significantly affected by El Niño-Southern Oscillation
(ENSO) (Wu et al. 2003; Zhou and Wu 2010). However, it
remains unclear whether there is any linkage between the
tropospheric temperature (hereafter TT) and winter precipitation over East Asia, especially during the ENSO periods.
To our best knowledge, the TT variations and its associated
impacts in the boreal winter months, i.e., December, January, and February (hereafter DJF), which make the mature
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phase of ENSO, have not been fully recognized.
Recently, many studies have highlighted the importance
of the TT variation and its role in the precipitation variability over East Asia the most active area of the climate system.
They are however focused mostly on the seasonal transition and summer monsoon period, including Schneider and
Lindzen (1977), Gill (1980), Webster et al. (1998), Rodwell
and Hoskins (1996), Wu (2005), Emanuel (2010), Vecchi
et al. (2013), and Vaid and Liang (2015, 2018), to name
a few. It is found that the deep tropospheric heating cannot be elucidated by the classical land-ocean contrast model
involving surface temperature gradient forces (Schneider
and Lindzen 1977), as the model can only explain shallow
circulations. Webster et al. (1998) observed that the deep
Asian monsoon circulation is a manifestation of the meridional gradient of the deep tropospheric heat and may be efficaciously represented by the meridional gradient of the TT.
In response to such a heat source (Gill 1980; Rodwell and
Hoskins 1996), a large scale cyclonic circulation is generated above the planetary boundary layer (PBL). Besides, it
is shown (Wu 2005) that the TT decreases over East Asia
and the African monsoon region weaken the Indian summer
monsoon circulation during the mid-1960s, and TT has been
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evidenced to influence the tropical storm activities through
changing the storm intensity (Emanuel 2010; Vecchi et al.
2013). Recently, the role of TT gradient in driving the south
and East Asian summer monsoon has been identified (Vaid
and Liang 2015), and, moreover, the gradient during the seasonal transition period is found to undergo an abrupt change
late in the 1990s (Vaid and Liang 2018). In this study, we
will continue our previous research along the line (Vaid and
Liang 2015, 2018) but with a focus on the boreal wintertime
(namely the DJF period) in the ENSO years. In other words,
this study is intended to present the distinct spatiotemporal
pattern of TT variation over East Asia, which has never been
revealed before, during the boreal winter period, particularly
during the ENSO winters. The remaining part of this paper
is organized as follows. In section 2, we introduce the data
and analysis methods. The TT gradient pattern and its associated relationship with anomalous atmospheric circulation
in El Niño and La Niña years are revealed in section 3. A
summary of the study is given in the last section.
2. Data and methodology
We derive the horizontal wind fields, air temperature
and relative humidity (Kanamitsu et al. 2002) from the National Center for Environmental Prediction (NCEP) - DOE
AMIP 2 reanalysis daily datasets, which are provided by the
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (http://
www.esrl.noaa.gov/psd/). The precipitation data is from
Asian Precipitation - Highly-Resolved Observational Data
Integration Towards Evaluation (APHRODITE's) of Water
Resources (http://www.chikyu.ac.jp/precip/english/products.html) (Yatagai et al. 2012), and the SST anomalies
are derived from the National Oceanic and Atmospheric
Administration (NOAA) Optimum Interpolation (OI) sea
surface temperature (SST) V2 (OISSTV2) (Reynolds et al.
2002) (https://www.esrl.noaa.gov/psd/).
The ENSO events during the boreal winter of East
Asia (DJF) for the period 1982 - 2014 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 (Fig. 1), and the years with
a standard deviation greater than 0.8 are considered as an
event year in this study. Based on the Niño-3 DJF index for
the period 1982 - 2014 (Fig. 1), the boreal winters in the
four years, DJF 1982/83, 1986/87, 1991/92, and 1997/98
are identified as El Niño winters, and five other winters,
i.e., DJF 1984/85, 1988/89, 1999/00, 2007/08, and 2010/11
are La Niña winters. The so-identified El Niño years and
La Niña years are consistent with those in previous studies
(e.g., Ratnam et al. 2014).
Further, to understand the causal mechanism associated with TT variation during the El Niño and La Niña
events, moisture transport has been examined; particularly,
the total horizontal mean transport components (zonal and

meridional) of water vapour have been calculated using the
following formula:
P
Qm = 1 #P rh u dp
g

(1)

P
Qz = 1 #P rh v dp
g

(2)

t

b
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b

where Qλ is the zonal component, and Qφ is the meridional
component of the vertically integrated total mean vapor flux,
rh (relative humidity) is the ratio of the partial pressure to the
equilibrium vapor pressure of water vapor, (u, v) is the velocity vector, g is the acceleration due to gravity, and Pb and
Pt are the pressures at the bottom (850 mb) and top (200 mb)
levels of the integration volume, respectively. Based on this
the moisture flux across a section can be computed:
P L
Fv = 1 #P #0 rh vn dpdl
g
t

b

(3)

where vn is the wind component normal to the horizontal
section, and L is the length of the section.
Besides, to quantitatively examine the measurable impact of the TT variation on the precipitation over East Asia
during El Niño and La Niña events, we use the traditional
regression analysis technique and a newly developed theory
and methodology for identifying the causality between time
series (Liang 2014, 2015, 2016). We adapt that methodology for the purpose of this study by introducing a “composite
causality analysis”. The details are referred to Appendix A.
3. Results
We take average of the TT between 1000 - 400 mb and
draw the composite TT variations during El Niño and La
Niña events (Figs. 2a and b, respectively). Figure 2c shows
their difference, i.e., the TT during the El Niño events minus
that during the La Niña events, along with statistical significance (regions enclosed in black contours are significantly
different from zero at a 99% level). From the figure we can
distinguish two regions. Over the region 72 - 120°E, 40 57°N (hereafter region I), the troposphere seems to be relatively warmer during El Niño than during La Niña events,
whereas over the region 72 - 120°E, 16 - 30°N (hereafter
region II) the TT is cooler during the El Niño events than
during the La Niña events. Mostly the warming and cooling
of the TT are confined to these two regions in the two ENSO
phases. The difference (Fig. 2c) reveals that there exists a
sharp gradient in TT over East Asia, with one pole over region I, another over region II. We hence define an index,
called TT gradient, as the difference between the TTs over
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Fig. 1. Standardized DJF SST anomalies based on the Niño-3 index.

(a)

(b)

(c)

Fig. 2. DJF TT (in K) during (a) El Niño events and (b) during La Niña events. (c) The difference between (a) and (b), i.e., (a) - (b). The regions
enclosed in black contours are significantly different from zero at a 99% level.

these regions. As from previous studies the TT variations
play a vital role in precipitation variability over south and
East Asia (Vaid and Liang 2015, 2018), we speculate that
the contrast in TT distribution during El Niño and La Niña
events may cause a measurable impact on the precipitation
over East Asia, which we explore henceforth.
In order to see how the TT gradient varies with time,
in Fig. 3 it is plotted for the El Niño events and La Niña
events, respectively. Evidently, during the El Niño years,
TT gradient is observed to be significantly smaller than that
during the La Niña years (Fig. 3c). However, the oscillation is more pronounced in El Niño years, Niño (in El Niño
winters: variance 2.90; standard deviation 1.70; in La Niña
winters: variance 2.04; standard deviation 1.43).
By the thermal wind relation, such a gradient will play an
important role in driving the circulation (e.g., Webster 1987;
Holton 2004; He et al. 2007). This motivates us to see what
a circulation pattern the TT variation would lead to during El
Niño and La Niña events. We draw in Figs. 4a and b wind

vectors at 200 mb for El Niño and La Niña events, respectively. The wintertime subtropical jet is clearly seen; it is like its
DJF climatology (cf., the Fig. 2.15 of Neelin 2011) but with
different intensity. Notice that even modest changes in jet
stream location, intensity or altitude can impact stratospheretroposphere exchange (Wei 1987), circulation regime shift
(Ruti et al. 2006), etc., and hence lead to severe weather (Nakamura 1992). Given the facts that the jet stream’s sensitivity
to the distribution of air temperature (e.g., Palmén 1948) and
the evolving thermal structure of the troposphere, also plotted
are the resulting difference between wind vectors at 200 mb
for the two ENSO phases (i.e., EL Niño events minus La
Niña events; Fig. 4c and La Niña events minus EL Niño
events; Fig. 4d). From it the TT variation during the El
Niño events seems to be associated with the distinctive circulation. The closed loop circulation structures are clearly
seen over regions I and II. A conspicuous feature is an anticyclonic (cyclonic) circulation over region I (region II)
during the El Niño (La Niña) events (Figs. 4c and d). Just
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like the wind vectors at 200 mb, we also show the wind shear
(200 - 850 mb) during the El Niño and La Niña events, and,
clearly, they also reveal similar structures (Figs. 4e - h). In
order to examine the water vapor budgets and hydrology
cycles, also computed is the vertically integrated moisture
transports during the El Niño and La Niña events, using the
formulas in section 2 (Figs. 4i - l). Clearly the moisture transport distribution appears to be consistent with that of wind
vectors. As moisture is a basic element in the monsoon precipitation variability, we go ahead to examine the moisture
fluxes across a typical meridional wall and a zonal wall during both El Niño and La Niña events.
The longitude and latitude for the meridional and zonal
sections are chosen on the basis of the unveiled tropospheric
temperature gradient (Fig. 1c) in the midst of the two dipolar regions. The former is set to be at 90°E from 31 - 39°N,
while the latter is at 35°N from 80 - 100°E. First look at
the meridional wall. The vertical integration is between the
levels 850 - 200 mb and the resulting fluxes are plotted in
Fig. 5. During the El Niño periods, the series has a variance
of 73.98, or a standard deviation of 8.60 (Fig. 5a), while during the La Niña periods, the variance is 56.28 (or standard
deviation: 7.50) (Fig. 5b). The positive values of the moisture flux across the meridional wall mean that the moisture
transport over the region is always eastward. The difference
between Figs. 5a and b is also plotted, as shown in Fig. 5c.
Interestingly, the TT gradient is in accordance to the flux;

particularly, smaller/larger TT gradients during El Niño/La
Niña events correspond to small/larger moisture transports
between the two regions, namely, regions I and II.
For the flux across the zonal wall at 35°N from 80 100°E, we repeat the same computations as above. Likewise, the resulting series for the two ENSO phases have
different variances: the meridional moisture flux during El
Niño has a variance of 31.14, whereas that during La Niña
has a variance of 26.16. From Figs. 5d, e, and f, in El Niño
years, a substantial reduction in moisture flux is clearly
seen, echoing the reduction in temperature gradient during
El Niño events (refer Fig. 3). In other words, the TT gradient variation has indeed caused the reduction in moisture
transport between regions I and II.
The above can be understood with the aid of thermal
wind relation. The geostrophic velocity difference between
the two pressure levels 1000 and 400 mb is
P
- R d p T ln c 0 m
f
P1

(4)

where T is the temperature between two pressure levels, R the universal gas constant, f the Coriolis parameter,
and d p the gradient operator on the pressure surface. This
formula says that, in the Northern Hemisphere, if we face
downstream, the warm air is on our right hand side. This

(a)

(b)

(c)

Fig. 3. DJF TT gradient during (a) El Niño events and (b) La Niño events. (c) Difference between (a) and (b).
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Fig. 4. Wind vector (in m s-1) at 200 mb (a) during El Niño events and (b) during La Niña events. (c) is (a) - (b), (d) is (b) - (a), (e) to (h) is same as
(a) to (d) but for wind vector shear (200 - 850 mb). (i) to (l) is same as (a) to (d) but for vertically integrated moisture flux vector between 850 to
200 mb level.

(a)

(d)

(b)

(e)

(c)

(f)

Fig. 5. (a), (b) are the moisture fluxes (×108 rh s-1) across the meridional wall (at 90°E, from 31 - 39°N) for El Niño and La Niña events, respectively;
(c) is the difference (a) - (b). (d), (e) are the moisture fluxes across the zonal wall (at 35°N, from 80 - 100°E) for El Niño and La Niña events, and
(f) is the difference (d) - (e). The moisture fluxes across the meridional wall and zonal wall are found to be statistically significant at a 99% level
based on Student’s t-test.
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essentially explains the relationship between the above
moisture flux and TT gradient variation.
Because of the above established linkage between the
TT gradient and moisture transport, we speculate that the
former may have different impacts on the monsoon precipitation over East Asia during the El Niño and La Niña
periods. To investigate this, we regress the wind at 200 mb,
wind vector shear (200 - 850 mb), and moisture flux onto
the TT gradient during the DJF El Niño and La Niña periods, respectively, using the traditional regression analysis
technique. As shown in Fig. 6, over East Asia, the regressed
winds essentially appear as a cyclone during El Niño years
and an anticyclone during La Niña years, and this is in
agreement with the aforementioned large scale circulation
anomalies (refer Fig. 4). On the moisture flux maps, remarkably, the moisture is transported from the East China
Sea toward mainland China during the El Niño years, while
during the La Niña years, the flux is rather weak, and directs
northeastward. This implies that the TT gradient may have
a much larger impact on the precipitation over China during
El Niño years than during La Niña years.
Since moisture is a basic element in the monsoon system, we speculate that the TT gradient will play a corresponding role in the precipitation variation during the wintertime
El Niño and La Niña periods. To see this, we first take a
look at the composite precipitation anomaly (in mm day-1)
patterns for El Niño and La Niña years. They are shown in
Figs. 7a and b, and their difference in Fig. 7c. Obviously, the
difference in precipitation looks well in agreement with the
indicated large-scale dynamical process (Figs. 4 and 6).
We further apply the “composite causality analysis”,
which was briefly introduced in section 2 and detailed in
Appendix A, to examine the direct relationship between the
TT gradient and precipitation during the two different climate modal periods (El Niño and La Niña) which have been
linked to many natural hazards on earth. By using a time
window of size M, we in the end obtain a series of causality. Using our previous criterion for composite analysis we
are then able to select out the causalities for the El Niño and
La Niña events. We have tried different time window sizes,
such as 31, 41, 51 days, etc., and the resulting causal patterns
are similar. (Note one cannot choose two big a time window such as half a year; otherwise the El Niño and La Niña
events would be mixed.) The results are shown in Fig. 8. As
can be seen, during El Niño years, the TT gradient is causal
to the precipitation all over China, but during La Niña years,
it is only significantly causal to that over Inner Mongolia, Jiangsu-Zhejiang, and Northeast China. This is generally consistent with the previous regression analysis, particularly the
regressed analysis of moisture flux (Fig. 6), which is rather
weak over China, and most importantly, directing seaward,
during the La Niña years. But, of course, much more details
are revealed here in the causality analysis.
It is noteworthy to mention that the causalities obtained

here are asymmetric in direction; that is to say, they are
from the TT gradient to precipitation, which has nothing to
do with that from the other way around. This is in contrast
to the traditional tools such as correlation analysis, which is
symmetric and hence cannot tell which causes which. Besides, not only have we been able to determine the directions of causality, but also the magnitudes. In the El Niño
years, the impact of TT gradient is most pronounced over
Tibet Plateau, Yunnan, and over a southeast-northwest belt,
from Zhejiang-Jiangsu-Shandong to Shanxi, to Xinjiang.
Second to these regions are Inner Mongolia and the Northeast, while over the Guangdong-Sichuan belt the impact is
weak. This spatial distribution implies that the TT gradient
index can be used as a factor for the prediction of the precipitation over the corresponding regions (i.e., the regions with
large causality), which we will be elaborating in future studies. In the La Niña years, overall the impact of TT gradient
is rather weak, except over inner Mongolia. Besides, over
Jiangsu-Shanghai-Zhejiang the impact is also significant,
though rather weak by comparison. This remarkable result
from another aspect distinguishes the role of TT gradient on
the East Asian precipitation in the two ENSO phases, i.e.,
El Niño and La Niña.
4. Concluding remarks
The National Center for Environmental Prediction
(NCEP) - DOE AMIP 2 reanalysis daily air temperature
datasets for the boreal winters (DJF) of 1982 to 2014 were
utilized to study the TT variation (the layer-averaged TT
between 1000 - 400 mb) over East Asia and its impact on
the local precipitation during different ENSO phases. This
analysis reveals distinctly different patterns of TT variability over the two regions in Fig. 2, namely, regions I and II,
during El Niño and La Niña events. We subtracted the TT
averaged over region I from that over region II, which we
refer to as TT gradient, and form a time series. It is found
that the TT gradient during El Niño events is significantly
weaker than that during La Niña events. This, as implied by
the thermal wind relation, implies distinctly different circulation patterns during the two ENSO phases, which are
characterized by an anticyclonic (resp. cyclonic) circulation
over region I (resp. region II) during the El Niño (resp. La
Niña) events. This forms the dynamical reason behind the
moisture transport, and hence controls the difference in precipitation pattern over East Asia, which is further substantiated with the traditional regression analysis and a newly developed technique for causality inference from time series.
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Fig. 6. (a) Wind vector at 200 mb, (b) wind vector shear (200 - 850 mb), and (c) moisture flux vector regressed onto the TT gradient during DJF El
Niño events. (d), (e), and (f) are like (a), (b), and (c) but for DJF La Niña events. Regression coefficients are statistically significant at a 99% level
based on student’s t-test.

(a)

(b)

(c)

Fig. 7. DJF precipitation (a) El Niño composite (b) La Niña composite (c) difference (a) - (b). The unit of precipitation is mm day-1.

Bakshi Hardeep Vaid & X. San Liang

168
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Fig. 8. The causality (information flow in nats day-1) from the TT gradient to precipitation for a time window size of 61 days: (a) El Niño composite;
(b) La Niña composite. Nat is the unit for information and entropy, which has the form of # t log t ( t is the probability density function). The
logarithm uses a base e.
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Appendix A. Causality between time
series and composite causality
analysis
Causality analysis is lying at the heart of science. During the past few years, Liang (2014) and Liang (2016) established that the causality between a couple of series, say,
X1 and X2, can be rigorously derived from first principles.
[A one-page review of the theory is referred to section 2
of Liang (2018).] Moreover, 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 (units: nats per unit time) is:
T2 " 1 =

C11 C12 C2, d1 - C 212 C1, d1
C 211 C22 - C11 C 212

(A1)

where Cij is the sample covariance between the time series
Xi and Xj (i, j = 1, 2), and Ci,dj the covariance between Xi and
the series
X j (t + kDt) - X j (t)
Xo j =
kDt

(A2)

170

Bakshi Hardeep Vaid & X. San Liang

i.e., a series derived from Xj(t) using the Euler forward differencing scheme, with ∆t being the time stepsize and k
≥ 1 some integer. [Note this is the MLE of the rigorously
derived causality under an assumption of linearity; for the
original formula, see Liang (2016).] Ideally, when T2 " 1 is
nonzero, then X2 is causal to X1; otherwise it is not causal,
but practically a statistical significance test should be performed (Liang 2015) to assess whether it is distinctly different from zero. In the present study, the computed causality is at a 95% confidence level. An immediate corollary
of the above rigorously derived formula is that causation
implies correlation, but correlation does not imply causation, resolving the long-standing philosophical debate over
causation versus correlation. For details about the derivation
and applications (in climate science and financial economics, among others), see Liang (2014, 2015, 2016), among
many others.
The Eq. (A1) is very easy to implement, but it cannot
be directly applied in this present study. In order to examine
the measurable impact of the TT variation on the precipitation over East Asia during El Niño and La Niña, we have
selected out of the overall time steps only those relevant to
the two events; that is to say, the so-obtained time series are
actually rather irregularly formed, with time steps ranging
from a day to more than a year (if there is no El Niño nor La
Niña in the year). Besides, only wintertime data are consid-

ered. All these lead to broken, irregular, and very coarsely
resolved time series, which cannot be used for the computation of the covariances in Eq. (A1).
Fortunately in this case we have all the complete time
series available. The above broken and irregular time series
arise from the composite analysis as performed. We hence
can have the causalities computed for all the time steps, and
then perform composite analyses for the causalities during
the El Niño and La Niña events, respectively. In this way,
the aforementioned difficulty is circumvented. We call this
technique composite causality analysis.
To perform a composite causality analysis, we first
need to compute the causalities at all the time steps. That is
to say, to form a “field of causality”. This is fulfilled through
running time window causality analysis. For time series of
length N (with time steps 1, 2, 3, …, N), suppose we consider a time window of length M, with M < N. We first perform the analysis for the sub-series on steps 1, 2, …, M, then
slide the window rightward by 1 and do 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 centered at
these sliding windows (no value at the beginning M/2 steps
and the last M/2 steps). Once this is done, these causalities
can be composited based on some preset criterion (see the
text). In this way the composite causalities for the El Niño
and La Niña events are obtained.

