atmosphere

A

Article

Changing Convection in Central Asia during the Seasonal
Transitional Period and Region to Its West before and after
1999: Role of Upper Vertical Thermal Contrast

Bakshi Hardeep Vaid

Citation: Vaid, B.H. Changing
Convection in Central Asia during
the Seasonal Transitional Period and
Region to Its West before and after
1999: the Role of Upper Vertical
Thermal Contrast. Atmosphere 2023,
14, 59. https://doi.org/10.3390/
atmos14010059

Academic Editors: Jimy Dudhia and

Jason C. Knievel

Received: 1 November 2022
Revised: 19 December 2022
Accepted: 26 December 2022
Published: 28 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

School of Marine Sciences, Nanjing University of Information Science and Technology (NUIST),
Nanjing 210044, China; 002553@nuist.edu.cn; Tel.: +86-15251744283

Abstract: The objective of this study is to investigate and understand the changes in thermal contrast
in the upper troposphere over Central Asia before and after 1999. It was observed that there was a
discernible increase/decrease in upper tropospheric temperature (TT) in the 100 hPa/250 hPa over
the Central Asian region during PRE99, whereas during POST99, it was found to be the other way
around. A clear increase and decrease in the upper TT pattern in 100 hPa and 250 hPa can be at-
tributed to anti-cyclonic and cyclonic circulations in the wind shear, respectively. The subtropical
jet has been shown to act as a significant dynamical system generating cyclonic circulation over
Central Asia, resulting in dynamical features favorable for enhancing convection during PRE99.
This is evinced by the structure of the 200hPa zonal winds, which serve as a surrogate for a subtrop-
ical jet. It can be seen that the westerly winds over the southern part and the easterly winds over the
northern part of Central Asia culminate in a significant cyclonic circulation over the region. In sum-
mary, PRE99 showed an increase in convection over Central Asia and the regions to its west. The
anatomy, using geopotential height, relative humidity, total cloud area (TCA) fraction, longwave
fluxes (LWF), and shortwave fluxes (SWF) through the top of the atmosphere, is consistent with the
above results. To further support these findings, an updated and thorough causality analysis is per-
formed, and it is noteworthy to mention that the variation of thermal temperature contrast is found
to be causally related to LWF and SWEF.

Keywords: upper thermal contrast; seasonal transition period; convection; causal distribution

1. Introduction

The monsoon in Central Asia, one of the well-known arid areas in the mid-latitudes,
has changed significantly due to climate change [1-7]. From the perspective of climate
change, the westerly winds are considered one of the most important features of the re-
gion [1,3]. The literature reveals that numerous studies have been conducted to investi-
gate the variability of the monsoon over Central Asia [8-12]. In addition, a variety of fac-
tors have been used to explain the variability of the monsoon over Central Asia. For ex-
ample, sea surface temperature (SST) warming in the tropical Indian Ocean was found to
influence the variability of summer precipitation over Central Asia [9]. Evidence of sea-
sonal precipitation over Central Asia closely related to ENSO was proposed [8]. Apart
from the oceanic factor, the atmospheric factor was shown to play an important role in
the Central Asian monsoon. For example, changes in westerly winds may be the main
factor affecting the development of precipitation [10,12-14]. Moreover, research on Cen-
tral Asia revealed that variations in its humidity are impacted by human-induced warm-
ing [11]. Nevertheless, the land signal (the contribution of soil moisture) was also ob-
served to have a significant influence on Central Asia [15].
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In particular, it has been documented that dramatic changes in the monsoon can
prove catastrophic and that these changes can have significant impacts on regional econ-
omies by affecting agricultural, industrial, and hydropower development, as well as the
human dimension in the form of health, education, and employment [6,7]. Surprisingly,
despite the significance of Central Asia’s monsoon, it has not been extensively studied.
Apart from this, none of the previous studies worked on the upper thermal contrast, the
most dominant parameter impacting climate variability [16-21], and no work has been
carried out so far on its dependency on convective activities over Central Asia. Principally,
as far as we are aware, the relationship between upper thermal contrast and convection
over Central Asia has not been examined previously.

Recently, the importance of upper tropospheric thermal contrast and its impact on
convection has provided a new perspective on the monsoon [16-25]. In [26], it was noted
that thermal heating of the upper troposphere relative to the lower troposphere is one of
the most robust features of the tropics. The upper tropospheric temperature (TT) variabil-
ity is closely related to the fluctuation of large-scale circulation, and these variations have
profound repercussions on a range of environmental factors [16-21,23,27-29]. In addition,
the upper TT was observed to impact climate feedback processes and atmospheric dy-
namics [18,22,23,30-32]. Its effects on upper humidity and upper tropospheric convection
are more evident in recent studies [19,20,28,29,33,34]. Given the importance and signifi-
cance of upper TT [16-25], it would be highly anticipated that a detailed analysis of upper
TT over Central Asia and its significance in determining the thermal contrast in the Cen-
tral Asian region be carried out. Considering these factors, including societal concerns, a
detailed investigation of upper TT variability and its concomitance with convection vari-
ability over Central Asia is conducted.

We address the upper thermal contrast and its impact on convection over Central
Asia during the seasonal transition period that usually occurs in May and June (M)])
[35,36]. The period is generally characterized by rapid changes in general circulation and
weather patterns, as well as natural hazards [35,36]. This period is of utmost prominence
for a variety of reasons, including the fact that the fluctuations in the dynamics and ther-
modynamics of the atmosphere during this period can provide a compact, interpretable,
and significant predictor of the summer monsoon [16-25,37,38]. Therefore, we predomi-
nantly aimed to study the variation of the upper TT and its role in changing convection
over Central Asia during this period.

As an overview of the present investigation, this study: (1) identifies a new phenom-
enon of upper thermal contrast occurring over the Central Asia region during the seasonal
transition period; (2) explores the thermal contrast’s relationship to the possible dynam-
ical parameters over the region; and (3) utilizes this consideration to examine the thermal
contrast’s potential to alter convection patterns in the region. The remaining part of this
paper is structured as follows. In Section 2, we acquaint ourselves with the data and anal-
ysis methods. The upper tropospheric thermal contrast changes and their possible role in
changing convection before and after 1999 are presented in Section 3. A corollary of the
study is provided in the last section.

2. Materials and Methods

In atmospheric research, reanalysis products are increasingly used to monitor climate
change and conduct research in a variety of fields, including climate and energy, taking
into account their inherent uncertainties. During the seasonal transition period, we spe-
cifically examined the National Center for Environmental Prediction (NCEP) DOE—
AMIP 2 daily  reanalysis datasets  for  the period 1982-2017
(http://www.esrl.noaa.gov/psd/, accessed on 01 January 2021), which include wind fields,
air temperature, geopotential height, and relative humidity. Notably, we particularly em-
ployed NCEP version 2 [39] datasets, as prior versions of NCEP [40] data were observed
to have large temporal inconsistencies [41]. Recently, NCEP2 has been successfully used
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to highlight the decadal variability related to the Asian monsoon [16-25,42—45]. In addi-
tion, data from the Modern Era Retrospective analysis for Research and Applications
(MERRA) (a project of the Global Modeling and Assimilation Office of NASA) were also
used. The MERRA data employed are total cloud area (TCA) fraction, longwave flux
(LWF), and shortwave flux (SWF) at the top of the atmosphere [46].

To quantify the effects of the upper TT thermal contrast on the atmospheric variables,
such as longwave flux (LWF) and shortwave flux (SWF) over Central Asia and the region
towards the west during the seasonal transitional period, we explicitly used recently de-
veloped causality between time series [47-50]. To measure the causality between two time
series, for example, X1 and X2, we unambiguously applied the Liang-Kleeman infor-
mation flow method.

The equation is as follows: The highest likelihood estimate of the causality from X2
to X1 in the linear limit is:

2
_ C11C12C2,d1 - C12C1,d1
T2—>1 -

CHCrp — C1aChy (1)

where Cijj is the sample covariance between the two time series Xi and Xj (i,j = 1,2), and Cig
is the covariance between Xi and a derived series.
& X;(t + kAt) — X;(t)
J kAt 2)

i.e.,, a series formed from Xj(t) by taking Euler forward differencing, with At being the time
step size and k > 1 being some integer (for more details, refs. [20,47-50]). Specifically, to
tackle the issue at hand, we have adopted a modified version of an approach described in
[20] called “composite causality analysis” for this investigation. Among many others, see
[20,47-50], for further niceties on the methodology and applications. Note, ref. [20] pro-
vides an enlightening yet succinct introduction from the user’s point of view.

3. Results

This study analyzes the periods 1982-1998 (hereafter PRE99) and 1999-2017 (hereaf-
ter POST99) separately because of the recognized dramatic changes in global and regional
temperatures before and after 1999 [16,17,51,52]. Interestingly, these distinctions were re-
ported to have affected the convection pattern before and after 1999 [17]. Figure 1 shows
the May-June (M]) averaged TT for the periods PRE99 (a,e) and POST99 (b,f) at 100 hPa
and 250 hPa, respectively. The difference (here, a,b) is illustrated in Figure 1c, and a Stu-
dent’s t-test was used to determine its statistical significance (Figure 1d). Similarly, Figure
1g,h correspondingly indicates the differences (here, Figure 1e,f) and their statistical sig-
nificance. In short, MJ] PRE99-POST99 is observed to be significantly different from zero
at the 99% confidence level based on a Student’s t-test (Figure 1d,h). It is exhibited that
throughout the PRE99 and POST99 periods, there was a significant change in TT at 250
hPa and 100 hPa. Positive anomalies at 100 hPa and negative anomalies at 250 hPa (the
region’s Long. = 54° E-85° E, Lat. = 22° N-38° N; hereafter Vertical Thermal Contrast re-
gion or Region I), respectively, reveal a precise vertical dipole structure over Central Asia
(Figure 1¢,g). Unambiguously, over the two separate periods, the air temperature at 100
hPa and 250 hPa changed by around 2.5 K and 1 K, respectively. PRE99 minus POST99
cases were shown to have a much warmer/colder upper troposphere at 100/250 hPa (Fig-
ure 1c,g), whereas POST99 minus PRE99 displays the reverse structure (Figure not
shown). Remember that the case POST99 minus PRE99 is essentially the reverse case of
PRE99 minus POST99, which is why we have refrained from showing the figure for the
case POST99 minus PRE99 throughout the paper, although a discussion of it was una-
voidable. The anatomy in Figure 1 supports the striking difference between the upper
thermal contrast in PRE99 and POST99.
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Figure 1. M] TT (in K) over 100 hPa for the PRE99 (a) and POST99 (b) periods. (c) What separates
(a) from (b), i.e., (a) - (b). (d) regions (shaded) showing that (c) is significantly different from zero at
a 99% level. (e-h) is like (a—d) but for 250 hPa level. The white contour denotes the topography
isoline of 3000 m.

Next, taking into account the role that the upper tropospheric thermal contrast plays
in the monsoon system [22-25], we hypothesized that the revealed upper vertical thermal
contrast over Central Asia may modulate the monsoon circulation as well as convection
over the region and the surrounding area. To determine the upper thermal contrast
changes, the M] TT at 250 hPa is subtracted from that at 100 hPa. The results for PRE99,
POST99, and PRE99 minus POST99 for Region I are shown in Figure 2a—c. Over Central
Asia, an analysis of the upper vertical thermal contrast during the seasonal transition pe-
riod suggests a wide range of differences between the different episodes (i.e., PRE99 and
POST99), as well as a close relationship between the two. In general, it has been demon-
strated that the upper vertical thermal contrast during the seasonal transition period var-
ies by approximately 3K to 6K between the two episodes (i.e., PRE99 and POST99) over
Central Asia.



Atmosphere 2023, 14, 59

5 of 14

(a) Air temp.(250hpa minus 100hpa) over Region |
404 MJ PRE99

35 1
30 1
25 1

Py ] _ OTJUN _
&)) Air temp.(250hpa minus 100hpa) over Region |
404 MJ POST99

30JUN

35 1

01JUN 30JUN

_5.

01MAY 01JUN 30JUN

Figure 2. MJ (250 hPa - 100 hPa) air temperature over Region I for (a) PRE99 and (b) POST99. (c) The
difference between (a) and (b), or (a) - (b).

It is critical to remember that prior research indicates that upper TT variabilities
greater than 0.1-0.3 K are considered to be of substantial importance in climate change
studies and their climate drivers [22-25,53,54]. Next, the vertical profiles of the average
air temperature for PRE99 and POST99 between the pressure levels 400 hPa to 50 hPa, and
their difference between PRE99 and POST99 during MJ, were plotted to further demon-
strate the existence of upper vertical thermal contrast over the upper atmosphere (Figure
3c). The disparities show a precise vertical thermal contract of the order of 3 K (Figure 3c).
When PRE99 minus POST99 is investigated, the upper troposphere at 100 hPa and 250
hPa is observed to be warmer and colder, respectively. In light of the relationship between
thermal contrast and convection [22-25], and its ability to modulate convection patterns
[17,55,56], the present study projects that the above observed variation will eventually
exert influence on the Central Asian region and its surroundings based on the upper TT
variations.
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Figure 3. Vertical air temperature changes over Region I (a) PRE99 and (b) POST99. (c) The differ-
ence between (a) and (b), specifically, (a) - (b).

The upper tropospheric circulation may alter before and after 1999, as we will see in
the subsequent section. The MJ PRE99 minus POST99 wind vector shear anomalies are
shown in Figure 4a,b. These are obtained by subtracting the wind vectors at 100 hPa from
those at 50 hPa (Figure 4a), and those at 250 hPa from those at 200 hPa (Figure 4b). The
illustration demonstrates a precise anomalous cyclonic circulation and an anomalous anti-
cyclonic circulation at 250 hPa and 100 hPa, respectively. Even though cyclonic circulation
is predominant over region I, as a result of the presence of TT over that region, it has also
been shown to dominate the western region of Central Asia. The evidence implies that the
out-of-phase vertical change of TT over Central Asia, as seen in Figure 1c,g, and the circu-
lation patterns are related. In short, this is effectively reflected by the structures that have
been presented in Figures 1g and 4b.

An analysis of the wind shear indicates an interaction between anomalous cyclonic
circulation at 250 hPa and anomalous anti-cyclonic circulation at 100 hPa over the Central
Asian region, implying a sign of convection during PRE99 minus POST99. Recollect that
the essential force that drives convection over a particular region is the vertical variation
of wind [57]. For further details regarding the interaction between anomalous cyclonic
circulation and anomalous anti-cyclonic circulation, and its association with convection,
please refer to [19,21,57]. This development points to the role of vertical TT interaction in
strengthening convection in the case of PRE99 minus POST99 (Figure 4a,b). Overall, it
may be suggested that temperature characteristics, in tandem with the circulation (Figures
1g and 4b), constitute the thermodynamical and dynamical cause of the increase and/or
decrease in convection before and after 1999, respectively, over Central Asia.
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Figure 4. M] averaged wind shear (in m/s) around 100 hPa and 250 hPa during PRE99 minus POST99
(a) 50 - 100 hPa; (b) 200 - 250 hPa.

Knowing that geopotential height demonstrates the amount of effort made against
gravity to raise a unit mass and indicates the capacity of air mass to be lifted, we con-
ducted a geopotential height analysis. The exercise’s debriefing lends support to the idea
that convection increases and decreases before and after 1999, respectively (Figure 5c).
Negative and positive anomalies in geopotential height can be delineated below and
above 100 hPa, respectively, from the plot of PRE99 minus POST99 (Figure 5c). The ability
of air mass to be raised from below 100 hPa is demonstrated to be high during the PRE99
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minus POST99 period (Figure 5f), and this is in agreement with the aforementioned out-
comes (Figures 1g and 4b). Accordingly, geopotential height during PRE99 minus POST99
is observed to be accompanied by an increase in relative humidity (Figure 5f). Notably, in
the PRE99 minus POST99 case, a relative humidity increase of around 10% is revealed. A
small variation in relative humidity in the upper troposphere may be crucial to the radia-
tive forcing [33]. Around 10% change, for instance, might result in around 1.4 Wm2
change in radiative forcing [19,33,34].

(a) MJ PRESY GH (b) MJ POST99 GH (c) Differences (a—b)
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Figure 5. Vertical variation in the geopotential height over the latitudinal band 22° N-38° N (a)
PRE99 and (b) POST99. (c) The difference between (a,b), that is, (a-b). (d-f) as in (a—c), but for rela-
tive humidity.

Now, to see the convection changes, the surplus (PRE99 minus POST99) upward
LWF, downward SWF, and total flux were plotted at the top of the atmosphere (Figure
6a—c). The findings are further supported by the fact that the longwave flux (LWF) and
shortwave flux (SWF) in PRE99 minus POST99 during the seasonal transition period also
exhibit consistent fluctuations. In addition to this, we also examined the total cloud area
fraction in the PRE99 minus POST99 period. A clear indication of cloud cover is shown in
Figure 6d, which is congruent with the PRE99 and POST99 debate (recall here, if the cloud
fraction is around 0.01, the sky is considered cloudy; see [58]).
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Figure 6. (a) The top of atmosphere MJ mean upward LWF (Wm~2) during PRE99-POST99, (b) as in
(a), but for downward SWEF; and (c) is the same as (a), but for LWF + SWEF. (d) TCA fraction during
PRE99 - POST99.

In the subsequent section, we explored the subtropical jet, a prominent dynamical
mechanism that was observed to impact the Asian monsoon [21,59,60], and how it related
to the changing dynamics over Central Asia. PRE99 minus POST99 shows westerly winds
over the southern part in conjunction with easterly winds over the northern part of the
Central Asian region (Figure 7c). This signage advocates the development of a cyclonic
circulation over Central Asia in support of convection. Implicitly, the observed 200 hPa
zonal wind pattern (Figure 7c) indicates a cyclonic circulation in Central Asia. Such po-
tential physical processes should be interpreted as an indication of convection over Cen-
tral Asia (Figures 4b and 7c). This is supported by the aforementioned conclusions, which
indicate that in the case of PRE99 minus POST99, the dynamics and thermodynamics over
the Central Asian region cause an increase in convection. Therefore, we conclude that the
upper troposphere’s dynamics and thermodynamics play a role in the convection mani-
festations that occur across Central Asia during the seasonal transition period (Figures 1g,
4b, and 7c).
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Figure 7. M] zonal wind at 200 hPa (in m/s) (a) PRE99, (b) POST99, and (c) the difference between
the two (i.e., MJ PRE99 - POST99). The 3000 m topographic isoline is shown by the dashed contour.

To strengthen the claim made, the direct relationship of the upper TT variation to
LWEF and SWF is investigated. The association is quantified using a recently created “com-
posite causality analysis.” The causal patterns generated by various time window sizes,
such as 41, 51, 61, and 71 days, were applied; however, the resulting causal patterns are
similar. For more details on “composite causality analysis”, please refer to [20]. The results
are presented in Figure 8. Causation from the upper TT thermal contrast to LWF and SWF
at the top of the atmosphere is measured in nats/day. Nat is the unit for entropy, which
has the form of fplogp (p is the pdf; probability density function) when the base of the
logarithm is e. The analysis demonstrated that the upper TT variation over the region I
was identified to be significantly casual to LWF and SWF over the Central Asian region
and the area to its west (Figure 8). It is critical to emphasize that the causalities discovered
in this way are asymmetric in direction; specifically, they are derived from the upper TT
thermal contrast to the LWF and SWF and are unrelated to those obtained from the other
direction. This remarkable observation distinguishes the impact of the upper vertical TT
thermal contrast over the region I on the convection changes in PRE99 and POST99.
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Figure 8. The causation (information flow in nats/day) from the TT thermal contrast (i.e., MJ Air
temperature 250 hPa - 100 hPa) over Region I to LWF at the top of the atmosphere for the time
windows size of 51 (a) PRE99 and (b) POST99, respectively. (c) Difference (a) from (b), i.e., (a) - (b).
The selections (d-f) are identical to (a—c), but SWF was chosen rather than LWE.

4. Discussion

Convection reversal over Central Asia in POST99 was attributed to an upper tropo-
spherical thermal contrast during the seasonal transition period. Studies show that the
upper TT over Central Asia in POST99 increased and decreased at 250 hPa and 100 hPa,
respectively. This remarkable change in upper thermal contrast is consistent with the
change in circulation and longwave and shortwave fluxes at the top of the atmosphere.
During POST99, there was an anomaly of anti-cyclonic circulation in the upper tropo-
sphere over Central Asia when the upper tropospheric temperature was warmer at 250
hPa. The upper troposphere temperature at 250 hPa was cooler during PRE99, resulting
in cyclonic circulation at 250 hPa. The subtropical jet has been shown to contribute signif-
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icantly to the cyclonic and anti-cyclonic circulation over Central Asia, leading to dynam-
ical features that influenced convection during PRE99 and POST99, respectively. Based on
this physical process, it has been shown that the upper TT over Central Asia is directly
relevant to convection over the region. To obtain valid evidence for the effect of the tem-
poral variation of the upper TT on convection over Central Asia and the region to the west
of it, we performed a new causality analysis. It confirmed our results. As for the causal
inferences, there seems to be a dominant causal relationship between the upper TT gradi-
ent over Central Asia and the long- and shortwave fluxes through the upper atmosphere.
In short, over Central Asia and regions west of it, the upper TT has been shown to influ-
ence convection. Nevertheless, this study supports the idea that convection over Central
Asia is influenced by the vertical thermal contrast of the upper troposphere. However,
there is a possibility that climatic extremes in other regions of Asia may influence convec-
tion over Central Asia. Future studies need to apply sensitivity tests with climate models
for precise results, and use short- and long-term predictions to investigate whether con-
vection over Central Asia has global implications.
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