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Abstract

Pakistan summer monsoon rainfall consists of a large portion of the local annual total rainfall, and in the recent monsoon
seasons, prolonged periods of anomalous rainfall and excessive flooding have appeared in Pakistan. A full understanding of
the monsoon rainfall variability is important for the sustainable development of the country. Based on multiple data analyses
and the weather research and forecasting model, the potential impact of Tibetan Plateau (TP) heating on the interannual vari-
ability of Pakistan monsoon rainfall is investigated. It is observed that a significant negative relationship exists between the
thermal forcing over the southeastern TP and Pakistan monsoon rainfall in July—August. Both the data analyses and model
sensitivity experiments identify that the TP heating drives a Rossby wave response in the upper atmosphere characterized
with an anticyclonic anomaly over the southern TP but a cyclonic anomaly to the north. This dipole pattern of anomalous
circulation induces an evident upper-level convergence over Pakistan, corresponding with remarkable vertical sinking motion.
Meanwhile, in the lower troposphere, the TP heating causes anomalous westerly wind along the Himalayas over the northern
India continent. Such westerly anomaly further induces less water vapor transport into Pakistan from the Bay of Bengal.
Therefore, both the dynamic and thermodynamic processes regulated by positive TP heating are not beneficial for the occur-
rence of monsoon rainfall in Pakistan. This study proposes a new potential mechanism in which TP heating acts as a driver
of Pakistan monsoon rainfall variability on interannual time scales.
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1 Introduction

Pakistan is typically arid and semi-arid with diversified cli-
mate conditions. As the greatest contributor to the annual
total rainfall, the summer monsoon rainfall is critical for
freshwater resource, agriculture production, and overall
economy of the country (Latif et al. 2017). The monsoon
rainfall in Pakistan is a western extension of the South Asian
summer monsoon system (Hussain and Lee 2016), but it
mainly occurs in July and August (Fig. 1b). Fluctuations in
the monsoon rainfall often lead to devastating floods and
droughts (Adnan et al. 2016). For instance, a historic and
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catastrophic flooding event happened in Pakistan during
July—August of 2010, which resulted loss of life and property
and the related agricultural crisis lasted for years (Webster
et al. 2011; Houze et al. 2011).

Since the worst flooding in 2010, a number of studies
on the physical mechanisms of Pakistan monsoon rainfall
variability have been conducted. In general, two factors are
emphasized: one is the large-scale atmospheric disturbances
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Fig.1 a Terrain height (unit: km) and the locations of 60 Pakistan
meteorological stations (denoted by the blue triangles). b Monthly
mean rainfall (unit: mm day~") averaged from the 60 stations during
1980-2014. The red and blue bars represent the station observations
and GPCC data

from the middle and high latitudes (e.g., Lau and Kim 2012;
Galarneau et al. 2012), and the other is the monsoon surges
or depressions from tropical regions (e.g., Houze et al. 2010;
Galarneau et al. 2012; Rasmussen et al. 2015). Meanwhile,
Hong et al. (2011) claimed that the dominant factor result-
ing in the severe flooding in Pakistan was the interaction
between tropical monsoon synoptic oscillations and extrat-
ropical disturbances downstream of the atmospheric block-
ing. This tropical-extratropical interaction was also proposed
by Lau and Kim (2012). The climatological relationship
between the summer heavy rainfall in Pakistan and north-
western India and the atmospheric blocking over Eurasian
continent has also been investigated (Yamada et al. 2016). In
particular, the high persistent blocking frequency in western
Russia tended to bring about more rainfall in Pakistan and
northwestern India.

Geographically, Pakistan is located at the southwest of
the Tibetan Plateau (TP) with a complex terrain (Fig. 1a). It
is well known that the TP, the highest plateau in the world
with an average topography height of >4 km, exerts sig-
nificant impacts on the weather and climate over many
places of the world through both mechanical and thermal-
dynamical effects (e.g., Kitoh 2004; Yanai and Wu 2006; Wu
et al. 2007, 2012; Okajima and Xie 2007; Boos and Kuang
2010; Duan et al. 2012; Wang et al. 2014). Particularly in
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the summer time, the TP serves as a huge heat source, which
can directly heat the air in the middle troposphere (Ye and
Gao 1979; Zhao and Chen 2001b). However, the potential
relationship between the TP thermal forcing and Pakistan
summer monsoon rainfall has rarely received attention. Cli-
matologically, the TP thermal forcing tends to suppress the
summer rainfall in the area around Pakistan, as suggested by
numerical experiments [see Fig. 4h in Wang et al. (2016) and
Fig. 3b in Wu et al. (2016)]. However, such a relationship is
still unclear in observational data.

Previous studies on Pakistan summer rainfall have been
mostly focused on the details of individual events separately,
especially on the above-reviewed flooding event in 2010
(e.g., Houze et al. 2011; Galarneau et al. 2012; Rasmussen
et al. 2015). With the growing attention on the floods and
droughts in Pakistan, further and fully understanding the
variability of summer monsoon rainfall is an urgent issue,
both scientifically and socially. Especially, a skillful predic-
tion of monsoon rainfall is the major prerequisite of agricul-
tural productivity and economic stability, particularly to the
developing countries like Pakistan.

In this study, our finding raises the intriguing possibility
that the TP heating can significantly regulate the summer
monsoon rainfall in Pakistan on interannual time scale. We
will show the detailed physical mechanism from both data
analysis and modeling investigation. The remainder of this
paper is organized as follows. In Sect. 2, the data, method-
ology, and model are described briefly. Sections 3 and 4
present the data diagnosis and modeling results, and further
explain how the TP heating affects Pakistan monsoon rain-
fall. Finally, a summary and a further discussion are pro-
vided in Sect. 5.

2 Data, methodology, and model

Monthly precipitation data for the period of 1980-2014
from 60 meteorological stations of the Pakistan Meteoro-
logical Department (PMD) is used, and the locations of
these stations are marked by the blue triangles in Fig. la.
Meanwhile, another monthly grid rainfall data is extracted
from the Global Precipitation Climatology Centre (GPCC)
with a horizontal resolution of 1.0°x 1.0° (Schneider et al.
2014). The GPCC, a widely-used rainfall data set over land,
is based on the quality-controlled raingauge data drawn from
67,200 stations worldwide that had available data of 10 or
more years. For Pakistan, the monthly mean rainfall from
the above two data sets present a basically consistent annual
cycle (Fig. 1b). Moreover, there exists a high correlation
between the two data sets for the interannual rainfall vari-
ability in Pakistan (Adnan et al. 2016). Also employed are
the monthly atmospheric fields from the long-term Japanese
55-year Reanalysis (JRA-55, Kobayashi et al. 2015), which
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has a horizontal resolution of 1.25°x 1.25°. This data set
extends from 1000 hPa to 1 hPa, with 37 vertical pressure
levels. We choose JRA-55 to do the atmospheric diagnose
also because its atmospheric circulation and diabatic heating
fields agree well with those derived from station and satellite
observations on the interannual time scale over the TP and
surrounding areas (Hu and Duan 2015).

This study is focused on the peak boreal summer
(July—August), for the period of 1980-2014, because the
Pakistan monsoon rainfall is largest in these 2 months
(Fig. 1b). Based on the PMD rainfall data set, a Pakistan
monsoon rainfall index (PMRI) on the interannual vari-
ability is defined as the averaged summer (July—August)
rainfall from the observed values of 60 stations. Besides,
the TP heating is represented by the vertically-integrated
atmospheric diabatic heating, which is synthesized from
different heating rates. The expression of total diabatic
heating (Q) can be written as

O=LH+ VDH + RH, (1)

where LH is atmospheric latent heating, which includes
convective heating rate and large scale condensation heat-
ing rate; VDH is vertical diffusion heating rate; and RH is
radiative heating rate, which covers long wave and short
wave radiation. All of these heating rates can be obtained
from JAR-55 data set, with a unit of K day_l. Then, (Q)
denotes the vertical integration of diabatic heating, which
is expressed as

Ds

CP
(Q)=— [ Qdp. )
g

Pr

Here g is acceleration due to gravity, C, is the specific
heat of dry air at constant pressure, and p;, is surface pres-
sure. The pressure of top layer p, is equal to 100 hPa. After
the integration, unit of (Q) is W m™2.

The linear correlation and regression methods are applied
to detect the relationship between the TP heating and Paki-
stan monsoon rainfall along with the associated atmos-
pheric process. According to Wilks (1995), the simple linear
regressionis expressedasY; = a+bX,(i = 1, 2, 3, ..., n),
where a and b are the regression constant and linear regres-
sion coefficient, respectively. In this study, the independent
variable X; is normalized time series of diabatic heating over
the southeastern TP with a sample size n, and the dependent
variable Y, is the spatial pattern of atmospheric process (e.g.,
wind, vertical velocity, upper-level divergence, or moisture
transport). Then, the regression coefficient b is finally cal-
culated (Eq. (3)) to describe the linear relationship between
X; and Y;. It should be noted that all the data analyses in this
study are performed on linear detrended time series, as the
interannual time scale is emphasized.

b= Z?:l Xlel - i(z:’:] Xl) (Z?:l Yl) (3)
Z?:l Xz'2 - %(ZLX!‘)Z

The weather research and forecasting (WRF) model ver-
sion 3.4.1 (Skamarock et al. 2008) is used to better under-
stand the analysis results. The model has been employed
widely as a regional climate model to simulate the varia-
tions of the Asian summer monsoon (e.g., Wang et al. 2014,
2017b; Raju et al. 2015), with proved performance. Com-
pared with global models, the WRF has higher resolutions
that can represent topography and land surface processes
more accurately (Gao et al. 2016). The physical packages
incorporated in the WRF model for this study include the
WREF Single-Moment 6-Class microphysics scheme, the
Grell-Devenyi convective scheme, the Noah land surface
model, the BouLac planetary boundary layer scheme, the
Goddard shortwave scheme, and the Rapid Radiative Trans-
fer Model for longwave radiation. More details of these
physical schemes can be found in the user’s guide of the
WREF (http://www2.mmm.ucar.edu/wrf/users/docs/user_
guide_V3/). The initial state of the atmosphere and the lat-
eral boundary conditions (updated every 6 h) are obtained
from the Final Analysis of the National Centers for Environ-
mental Prediction (NCEP, http://rda.ucar.edu/datasets/ds083
.2/). The SST forcing data set used in this WRF model is the
Optimum Interpolation SST (OISST, Reynolds et al. 2007)
from the National Oceanic and Atmospheric Administration,
which is updated daily. Further detailed information about
the experimental design will be depicted in Sect. 4.

3 Observational features

Figure 2a shows the spatial distribution of climatologi-
cal summer (July—August) mean rainfall in Pakistan based
on the observations from 60 PMD stations. The station
data are transformed into grid data through the iterative
improvement objective analysis before drawing the spa-
tial plot. It is noted that the observed monsoon rainfall
gradually reduces from the northeast to the southwest
and rainfall is most intense in northern Pakistan, with a
maximum amount of >8 mm day~'. This pattern is mainly
induced by the westward transport of moisture flux along
the Himalayas from the northern Bay of Bangle (Lau and
Kim 2012). More water vapor is accumulated in northern
Pakistan than in the south during the monsoon season. It
should be also noted that a sub-center of monsoon rain-
fall exists in southeastern Pakistan about ~3 mm day~".
But the moisture source for this sub-center is different,
which is from the northern Arabian Sea, in conjunc-
tion with a relatively much weaker intensity (figure not
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Fig.2 Spatial patterns of the mean Pakistan monsoon rainfall (unit: mm day~!) in July-August during 1980-2014. a Based on station data and b
based on the GPCC data. c—d The corresponding variances (unit: mm? day~2) with the linear trend excluded

shown). Additionally, the corresponding rainfall variance
is presented in Fig. 2c, which shows that two significant
centers of rainfall variance (>4 mm? day_z) in northern
and southeastern Pakistan respectively, suggesting strong
year-to-year fluctuations of the monsoon rainfall. In other
words, the significant interannual variability also gives
an implication that the disastrous floods or droughts are
more likely to arise in those two regions of Pakistan. Such
as the worst flooding event in 2010 (Houze et al. 2011),
which was mainly occurred in northern Pakistan. Similar
results are obtained from the GPCC data set (Fig. 2b, d),
which are reflected by both the spatial patterns and the
magnitude of values, indicating that the GPCC rainfall

@ Springer

data is credible for studying the Pakistan monsoon rainfall
variability.

According to Sect. 2, PMRI is defined as the mean
rainfall values of the PMD 60 stations in July and August.
Figure 3a provides the interannual correlation coefficients
between the PMRI and the homochronous GPCC rainfall.
The significant and uniform positive coefficients in Pakistan
and its surrounding areas indicate that the yearly variations
of rainfall are consistent in these regions, one of reasons that
some previous studies preferred to consider Pakistan and
northwestern India as a whole region when investigating
the regional climate variability (e.g., Bollasina and Nigam
2011; Yamada et al. 2016). On the other hand, obviously
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Fig.3 a Interannual correlation coefficient between the Pakistan
monsoon rainfall index and GPCC rainfall in July—August during
1980-2014. Stippling indicates the values >90% confidence level and
the bold gray lines denote the topographic height of 1500 m. b Nor-
malized time series of Pakistan monsoon rainfall (blue bars, based
on the GPCC data) averaged over the red box shown in a, and rain-
fall (green curve, based on the GPCC data) and diabatic heating (red
curve, based on the JRAS55 data) over the southeastern TP (see the
blue box in a). The linear trends of all variables have been excluded

negative correlation coefficients appear in the southeastern
TP (Fig. 3a), indicating that positive PMRI always corre-
sponds with less TP summer rainfall. It should be noted that
the climatological mean rainfall is most intense over the
southeastern TP in summertime, together with maximum
rainfall variance over this area compared to the whole TP
region [see Figs. 2, 4 in Wang et al. (2017a)].

It is known that the atmospheric latent heating associated
with TP rainfall dominates in the total diabatic heating in
summertime (e.g., Ye and Gao 1979; Hu and Duan 2015;
Jiang et al. 2016; Wang et al. 2018). For the southeastern TP
(25°N-35°N, 85°E-104°E) where the topography is above
1500 m, we define a TP heating (rainfall) index as the area-
averaged diabatic heating (rainfall) based on the JRA-55
(GPCC) data. Undoubtedly, there is a very close relationship
between the two TP indexes on the interannual time scale
(with a correlation coefficient of 0.87 as shown in Fig. 3b).
On the other hand, the Pakistan monsoon rainfall is highly
correlated not only with the rainfall over the southeastern
TP (Fig. 3a, b), but also with the TP heating (Fig. 3b). Their
interannual correlation coefficients are —0.51 and —0.52,
respectively; both of which significantly exceed the 99%
confidence level.

From the foregoing analyses, it is identified that the
Pakistan monsoon rainfall is significantly correlated with
the TP heating in July—August. While the TP thermal forc-
ing can substantially regulate the changes in weather and
climate over its surrounding areas (e.g., Zuo et al. 2011;
Duan et al. 2012; Jiang and Ting 2017), a question arises:
does the TP heating act as a driver of the monsoon rainfall
variability in Pakistan? To answer this question, we further
compute the regression patterns of atmospheric circula-
tion and moisture transport associated with the TP heating
(Fig. 4). Corresponding with positive TP heating, a strong
anticyclonic anomaly appears at the upper troposphere over
the southern TP (Fig. 4a). This result matches with the pre-
viously reported patterns (e.g., Duan and Wu 2005; Wang
et al. 2016), aroused possibly by the TP thermal forcing.
Conversely, to the north of the anticyclonic anomaly, there
exists a cyclonic circulation. Under the south-north distri-
bution of anticyclonic and cyclonic anomalies, an anoma-
lous convergence generates at the upper troposphere over
Pakistan (Fig. 4a). As a consequence, strong vertical sink-
ing motion is accompanied (Fig. 4b), which is not benefi-
cial for the occurrence of monsoon rainfall over the area of
Pakistan. Additionally, Fig. 4c shows significant anomalous
lower-tropospheric westerly wind along the Himalayas and
over the northern India continent under the background of
positive TP heating. The westerly wind anomalies suppress
water vapor transport from the Bay of Bangle, and anoma-
lous divergence of moisture flux appears in the Pakistan
area (Fig. 4d). Overall, when the thermal forcing over the
southeastern TP is strong, both dynamic and thermodynamic
conditions tend to weaken the monsoon rainfall in Pakistan.

4 Numerical experiments

The above data analysis implies that the TP heating has a
potential regulation on the summer monsoon rainfall in Paki-
stan, which calls for a further investigation through numeri-
cal simulations. In this section, the WRF model is chosen to
conduct three groups of experiments.

4.1 Experimental design

Figure 5a shows the model domain, which covers most of
Asia and the adjacent oceans with the Lambert projection
(133 grid points in latitude and 195 grid points in longitude)
centered at 30°N/90°E (a buffer zone includes 5 grid points).
The WRF model has a 45-km horizontal resolution and 35
vertical layers with a prescribed model top at 50 hPa. Three
ensemble experiments are performed and each incorporates
11 cases (2000-2010) with initial conditions set at 0000
UTC of 1 June. The integration time is 3 months, i.e., every
case ends at 1800 UTC of 31 August.

@ Springer
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Fig.4 a Regression patterns of 150-hPa wind (vectors, unit: m s™')
and divergence (shading, unit: 107 s™!) against the TP heating index
in July—August during 1980-2014. b As in (a), but for the 400-hPa
vertical velocity (unit: 1072 Pa s7Y). ¢ As in (a), but for the 850-
hPa wind (unit: m s™!). d As in (a), but for the vertically integrated
(1000-100 hPa) moisture flux transport (vectors, unit: kg m™ s7!)
and the corresponding divergence (shading, unit: 1077 kg m™2 s™).
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cates the values>90% confidence level for the variables represented
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graphic height of 1500 m and the dashed red box denotes the general
region of Pakistan
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topography is above 1500 m (see the red rectangular box in a) in dif-
ferent experiments
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Table 1 Experimental design

Experiments Details

CTL Normal

TPHp Adding 2.0 SD atmos-
pheric latent heating
profile over the south-
eastern TP

TPHn Removing 2.0 SD

atmospheric latent
heating profile from the
southeastern TP

SD standard deviation on the interannual variability

Table 1 gives the details of experimental design. The nor-
mal experiment with the WRF model is named the control
run (CTL). The WRF model not only simulates the mean
rainfall successfully over the broad Asian monsoon region
(e.g., Wang et al. 2016, 2017b), but also reproduces the
regional summer rainfall reasonably in Pakistan (Fig. 6). The
CTL run well captures both the mean rainfall and the corre-
sponding variance as the observed shown in Fig. 2, although
the sub-center of rainfall variance in southeastern Pakistan
appears somewhat weaker (Fig. 6b). Moreover, comparing
with the results from JRA-55 reanalysis data, the CTL run
also reproduces the upper and lower-level atmospheric cir-
culation and air temperature reasonably (figure not shown).
To illustrate the effect of TP heating on Pakistan monsoon
rainfall, sensitivity experiments of positive/negative TP
heating are conducted, named TPHp and TPHn respectively
(Table 1). Since the atmospheric latent heating dominates
in the total heating over the TP in summer (e.g., Ye and
Gao 1979; Hu and Duan 2015; Jiang et al. 2016; Wang
et al. 2018), only the latent heating anomaly is considered
in the sensitivity experiments for simplicity. In the positive

(a) Mean rainfall
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Fig.6

(negative) TP heating experiment, from 0000 UTC of 1 July,
an anomalous atmospheric latent heating profile is added
(removed) over (from) the southeastern TP (25°N-35°N,
85°E-104°E) where the topography is above 1500 m. The
anomalous heating profile is quantified by the 2.0 standard
deviation (SD) of the interannual variability of atmospheric
latent heating in the JRA-55 data during 1980-2014. This
magnitude of heating anomaly is relatively realistic, because
2.0 SD can be observed in the yearly variations of TP heat-
ing (such as the year of 1998 in Fig. 3b). Figure 5b shows the
area-averaged atmospheric latent heating profiles over the
southeastern TP in the three experiments in July and August.

4.2 Modeling results

The differences between the two sensitivity experiments
with positive (TPHp) and negative (TPHn) TP heating
anomalies are used to illustrate the direct influences of TP
thermal forcing on Pakistan monsoon rainfall and associ-
ated atmospheric circulation (Figs. 7, 8). Strong heating over
the southeastern TP can substantially enhance the South
Asian high characterized by an anomalous anticyclone in
the upper troposphere (Fig. 7a). Meanwhile, to the north
of this anticyclonic response, an obvious cyclonic anomaly
generates. Such cyclonic anomaly can be viewed as part of a
Rossby wave train originating from the anticyclonic anomaly
over the southern TP due to its thermal forcing (Wang et al.
2008, 2014). The south—north distribution of anticyclonic
and cyclonic responses due to the TP heating effect is basi-
cally consistent with the result from data diagnosis (Fig. 4a).
Under this situation, significant upper-level convergence is
aroused over Pakistan (Fig. 7a), further corresponding with
remarkable vertical sinking motion (Fig. 7b, c).
Furthermore, positive TP heating can trigger a significant
westerly anomaly along the south foot of TP in the lower
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Fig.7 a Differences in July—August mean 150-hPa wind (vectors,
unit: m s~') and divergence (shading, unit: 107> s™!) between positive
(TPHp) and negative (TPHn) TP heating experiments with the WRF
model. b As in a, but for the 400-hPa vertical velocity (unit: 0.05 Pa
s71). ¢ As in a, but for the pressure-longitude cross sections of verti-
cal circulation (vectors, v and —50*, unit: 0.02 m Pa s™2) and verti-

troposphere (Fig. 8a). Less water vapor is thus transported
into Pakistan from the Bay of Bengal, and evident diver-
gence of moisture flux appears over Pakistan and its adjacent
areas (Fig. 8b). These modeling results are also exactly simi-
lar with those from the corresponding data analyses (Fig. 4c,
d). Therefore, based on the comparison between the sensi-
tivity experiments of positive and negative heating over the
southeastern TP, we have demonstrated that the TP heating
can significantly regulate the Pakistan monsoon rainfall in
July—August (Fig. 8a). In more detail, the TP heating drives
the interannual variation of Pakistan rainfall mainly through
changing both dynamic and thermodynamic conditions.

5 Summary and discussion

Based on data analysis and modeling study, we have exam-
ined the potential impact of TP heating on the interannual
variability of Pakistan monsoon rainfall. The observed
results indicate that a significant negative relationship exists
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cal velocity (shading, unit: 0.02 Pa s™") averaged from 28°N to 32°N.
Stippling indicates the values>90% confidence level for the variables
represented by shading in a—c, and the vectors significantly above the
90% confidence level are plotted in black color in a. The bold gray
lines denote the topographic height of 1500 m and the dashed red box
denotes the general region of Pakistan in a—b

between the thermal forcing over southeastern TP and Paki-
stan monsoon rainfall in July—August. Through the further
data diagnoses and model sensitivity experiments, the asso-
ciated physical mechanism has been clarified.

Positive TP heating forces a Rossby wave train at the
upper troposphere characterized with an anticyclonic anom-
aly over the southern TP but a cyclonic anomaly to the north.
This dipole pattern of anomalous circulation leads to evident
upper-level convergence over Pakistan, corresponding with
remarkable vertical sinking motion. In addition, the TP heat-
ing also induces anomalous low-level westerly winds along
the Himalayas over the northern India continent. Such west-
erly anomalies further weaken water vapor transport into
Pakistan from the Bay of Bengal. Therefore, when the ther-
mal forcing over the southeastern TP is strong, both dynamic
and thermodynamic conditions tend to weaken the monsoon
rainfall in Pakistan. This study proposes a new mechanism
of the interannual variability of Pakistan monsoon rainfall.

According to previous studies (e.g., Zhao and Chen
2001a; Zhang et al. 2004; Chow et al. 2008; Duan et al.
2011; Si and Ding 2013; Wang et al. 2014; Xiao and Duan
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Fig.8 As in Fig. 7, but a is 850-hPa wind (vectors, unit: m s7" and
rainfall (shading, unit: mm day~!) and b is the vertically integrated
(1000-100 hPa) moisture flux transport (vectors, unit: kg m!s7h
and the corresponding divergence (shading, unit: 1078 kg m=2s71)

2016), the summer heat source over the TP is related to
antecedent conditions of snow cover, soil moisture or sur-
face sensible heat. For example, the spring sensible heat
anomaly over the TP can maintain its impact until summer
and lead to a strong atmospheric heat source, character-
ized by both enhanced sensible heat over the western TP
and enhanced latent heat release to the southeast (Wang
et al. 2014). Thus, an accurate antecedent factor that can
reasonably represent the summer TP heating will improve
the skill of seasonal prediction of Pakistan summer mon-
soon rainfall.

Additionally, it is worth to point out that in this study
we have just emphasized the features on interannual time
scale; however, the quasi-stationary synoptic disturbances
over the TP also enable flooding in Pakistan through
anomalous easterly flow (Rasmussen et al. 2015). Are the
synoptic disturbances over the TP related with the local
heating effect? What is the possible connection between
TP heating and Pakistan rainfall event on the synoptic
time scale? Furthermore, the tropical monsoon surge and
depressions were reviewed to be important factors regulat-
ing Pakistan summer rainfall in the introduction section.
While monsoon surge and depressions undoubtedly would
be influenced by tropical oceanic forcing. Thus, the possi-
ble collaborative impact of TP heating and tropical oceanic
forcing on the Pakistan monsoon rainfall remains unclear.

Overall, these above are interesting questions that remain
for future investigations.
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