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Abstract

We use a high-resolution (9 km) one-way nested regional climate modeling framework to systematically evaluate individual
and aggregate roles of various components of topography in the precipitation distribution during South Asian Summer
Monsoon (SASM). While it is not the arrival but the north-northwestward extent of summer monsoon precipitation that is
regulated by the presence of elevated surfaces in South Asia, both the thermal and mechanical topographic forcing play a role.
Topography not only provides mechanical uplifting and prevents dry air entrainment, it also helps regulate the strength of
upper level anticyclone and tropical easterly jet, all of which are necessary to sustain a conducive environment for monsoon
precipitation in the South Asian summer. In turn, precipitation feedbacks positively by accelerating the tropospheric diabatic
warming through atmospheric latent heating and by maintaining the moisture supply through local recycling. Modifica-
tions in the topography, particularly the removal of the Tibetan Plateau, substantially modulates the moist flow in the lower
troposphere and the anticyclonic circulation in the upper troposphere to an extent that the northern branch of SASM becomes
substantially weaker. These changes give way to negative precipitation anomalies and eventually to an environment where the
cycle of feedbacks that runs the process of monsoon progression over land becomes inefficient. The design of topographic
modification experiments can influence precipitation response; therefore, we advise caution in the interpretation of these

and previously reported results.
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1 Introduction

The debate on the role of topography in the development
and maintenance of the South Asian Summer Monsoon
(hereafter SASM) remains unresolved. It has progressively
swayed between the viewpoint that topography acts as an
elevated heat source and the viewpoint that it acts as a bar-
rier to prevent thermal exchanges between the cold and dry
extratropics and the warm and moist tropics/sub-tropics
(e.g., Acosta and Huber 2020, Boos and Kuang 2010, 2013,
Chakraborty et al. 2006, Chen et al. 2014, He et al. 2018, Li
and Yanai 1996, Ma et al. 2014, and Wu et al. 2012). Inter-
estingly, these strikingly different conclusions are often a
result of sensitivity experiments of broadly similar nature.
Not a long time ago, the Tibetan Plateau (TP) was widely
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believed to have a key role in shaping climate over South
Asia (e.g., Fu and Fletcher 1985, Hahn and Manabe 1975,
Lau et al. 2006, Li and Yanai 1996, Wu et al. 1997, and Wu
and Zhang 1998). In 2010, Boos and Kuang (2010; here-
after BK10) showed that topographic thermal forcing was
not the cause of the meridional differential heating in the
troposphere and that northern branch of SASM could be
maintained without it. Through topographic modification in
a General Circulation Model (GCM), they noted that moun-
tains acted as a mechanical insulator, not as a thermal forc-
ing, and that only thin belt of the Himalayas, Karakorum and
Hindukush (HKH) was sufficient to prevent the ventilation
of warm and moist monsoon air by cold and dry extratropi-
cal air. It ignited a new debate on the role of topography in
the distribution of summer precipitation over South Asia.
In 2012, Wu et al. (2012; hereafter W12) suggested that
BK10 did not fully remove the elevated thermal forcing in
their modified topography experiments. Using a different
GCM, they showed that when sensible heating over the HKH
was removed in the BK10-modified topography experiment

@ Springer


http://orcid.org/0000-0003-4106-3027
http://crossmark.crossref.org/dialog/?doi=10.1007/s41748-020-00196-0&domain=pdf

668

M. Ashfaq

(where only the HKH were kept and the TP was removed),
they could not reproduce the northern branch of monsoon
as it was in the case of BK10. Based on their findings, they
suggested that while northern branch of SASM could be
reproduced without the presence of TP, it only happened if
thermal forcing (sensible heating) over the Himalayas was
present. W12 also suggested a role of the Iranian Plateau
as a thermal forcing. In response to W12, Boos and Kuang
(2013) showed in new sensitivity experiments that sensible
heating along the slopes of HKH was not as important as it
was suggested by W12 and that its impact was mostly local-
ized. Boos and Kuang (2013) later reinforced their viewpoint
in another co-authored study using high-resolution global
Weather Research and Forecast (WRF) model configuration
(Ma et al. 2014). More recently, using a high-resolution con-
figuration of a GCM, Acosta and Huber (2020) reignited this
debate by arguing that topography redirects moisture flow
and provides orographic lift, but it does not have a role in
the onshore moisture advection. They also suggest that the
Iranian Plateau acts as a gatekeeper and its removal allows
entrainment of dry air from northwest Asia.

Nonetheless, what has often lacked in these studies is a
discussion on the relative role of individual mountain ranges,
which encompass this region, in the spatiotemporal distribu-
tion of monsoon precipitation. There are several mountain
ranges that isolate South Asia from the surrounding regions,
including the Himalayas in the north, Karakoram and Hindu-
kush in the west-northwest, and the Arakan mountains in the
east, which respectively provide a natural divide from East
Asia, West Asia and Southeast Asia. Similarly, the Western
Ghats separate the coastal plains from the Deccan Plateau in
southwest India. The orographic uplift and rain shadowing
provided by many of these mountain ranges is manifested in
the observed spatial distribution of precipitation maxima and
minima across South Asia. However, it remains unclear as
to why the broadly similar GCM-based experiments in vari-
ous studies are unable to establish a robust understanding of
the role of topography as an insulator, deflector or thermal
regulator in shaping SASM (e.g., Acosta and Huber 2020,
Boos and Kuang 2010, 2013, and Wu et al. 2012). Moreo-
ver, a systematic evaluation focused on the individual and
aggregate impacts of these elevated surfaces on dynamic and
thermodynamic controls of the summer monsoon precipita-
tion is currently lacking.

As previously noted, most of the studies investigating
the role of topography in South Asia make use of GCMs
(e.g., Acosta and Huber 2020, Boos and Kuang 2010, 2013,
Chakraborty et al. 2006, Chen et al. 2014, and Wu et al.
2012). Such an approach allows feedbacks to the large-
scale atmospheric mechanisms beyond the region of inter-
est, which in turn can exert influence on the precipitation
regulating processes over the study domain. The possibility
of two-way feedbacks between the large-scale and regional/
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local-scale processes in an experimental design provides
physical consistency. However, GCMs often exhibit biases
in the representation of observed relationships between the
large-scale and regional/local-scale processes, particularly
over the South Asian summer monsoon region (e.g., Almaz-
roui et al. 2020a, Ashfaq et al. 2017, Boos and Hurley 2013,
and Sperber et al. 2013), which can lead to unwarranted
feedbacks in sensitivity experiments. While the lack of
orographic detail in GCM-based sensitivity experiments is
another issue that limits what can be inferred about the role
of topography in South Asia from such investigations, GCM
performance over South Asia is often not a function of their
horizontal grid spacing (e.g., Ashfaq et al. 2017).

Here, we use a high-resolution one-way nested regional
climate model (RCM) within a perfect lateral and lower
boundary forcing framework to systematically evaluate the
individual and aggregate roles of various components of
topography in the precipitation distribution during SASM.
The use of reanalysis at the lower and lateral boundaries of
an RCM is termed as “perfect” forcing condition because it
provides the most realistic estimates of prognostic climate
variables in space and time (Giorgi 2019). The one-way
nesting approach (no feedbacks between the RCM and the
boundary forcing) should allow for the isolation of anom-
alies in the precipitation distribution which are directly a
result of orographically induced changes in the regional
monsoon dynamics and thermodynamics from the ones
which can arise as a result of indirect feedbacks between
the large-scale and regional/local-scale processes. Moreo-
ver, unlike the GCM-based modeling studies where simula-
tions have been conducted continuously over multiple years,
our experiments are initialized every year separately before
the monsoon season. Topographic modifications have the
potential to induce soil moisture anomalies in the preced-
ing months, which can lead to the possibility of land sur-
face memory effects during the summer season. Therefore,
summer-only runs eliminate the possibility of such indirect
influences on the simulated results. Furthermore, perfect
lateral and lower boundary conditions minimize errors in
the large-scale forcing that may impact simulated responses
within the study domain. Overall, this modeling framework
attempts to reduce simulation errors and excludes indirect
feedbacks in space and time, both of which can introduce
complex interaction that are difficult to disentangle in such
experiments. The design of experiments is not intended to
suggest that the indirect feedbacks are not important, but to
ensure that the simulated responses are easily attributable.
Lastly, our analyses are based on the entire summer season
that stretches from June to September. The previous studies
on the related topic have often considered June—August as
the SASM period in their analyses (e.g., Acosta and Huber
2020, Boos and Kuang 2010, 2013, and Wu et al. 2012).
However, monsoon does not onset over west-northwest
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South Asia until the start of July (Wang and Ho 2002).
Therefore, the period from June to August is not a robust
representation of the monsoon rainy season over South Asia.

2 Data and Methods
2.1 Model and Data

We employ the WRF model version 3.5 (Skamarock et al.
2008) over a region covering South Asia and surrounding
areas (Fig. 1a). The limited area configuration of the WRF
model and other RCMs have been commonly used over
South Asia for climate studies (e.g., Ashfaq et al., 2009,
Devanand et al. 2019, Karmacharya et al. 2017, Hassan
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et al. 2015, Huo and Peltier 2020, Karki et al. 2017, and
Rana et al. 2020). For this study, the simulation domain
is centered at 21° N and 80° E and consists of 660 points
along the longitude and 540 points along the latitude. Grid
points are separated by 9 km horizontally and distributed
through 27 vertical levels in the atmosphere. The lateral and
lower boundary forcing are provided every 6 h using the
National Center for Environmental Prediction final reanaly-
sis operational global analysis data, which is available at
1° by 1° grid (https://rda.ucar.edu/datasets/ds083.2/). The
WRF model configuration includes Grell-Devenyi ensem-
ble scheme (Grell and Dvénéyi 2002) for the convective,
Lin et al. (1983) for the microphysics and Yonsei Univer-
sity scheme (Hong 2010) for the planetary boundary layer
parameterizations. Longwave and shortwave radiations are
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Fig. 1 Elevated surfaces (m) in various experiments: a all elevated surfaces (CON), b no Tibetan Plateau (NP), ¢ no Himalayas, Karakoram and
Hindukush (NH), and d no mountains east of 90° E and west of 70° E (NE)
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parameterized using the CAM scheme (Collins et al. 2004).
For land surface physics, we make use of Noah land surface
model (Ek et al. 2003) that has full representation of com-
plex land surface processes and provides sensible and latent
heat fluxes as lower boundary condition for the vertical
transport in the planetary boundary layer in addition to other
time-dependent snow and soil variables. For comparison, we
make use of Tropical Rainfall Measuring Mission (TRMM)
3B42 product (Huffman and Bolvin 2015) at 0.25° grid
(https://gpm.nasa.gov/data/directory), CHIRPS data (Funk
et al. 2015) (https://www.chc.ucsb.edu/data/chirps) at 0.05°
grid, APHRODITE data (Yatagai et al. 2012) (https://www.
chikyu.ac.jp/precip/english/) at 0.25° grid and TerraClimate
data (Abatzoglou et al. 2018) (http://www.climatologylab.
org/terraclimate.html) at~4 km grid. These comparisons
between the observed and simulated precipitation have been
shown at their respective grids.

2.2 Experiments

We perform five experiments, each covering from May 15 to
October 1 for years 2004-2008. All experiments use identi-
cal boundary forcing and model parameterizations, but they
differ in terms of topographic representation within the
domain. The details of topographic representation in each
experiment are as following:

1. Reference experiment (CON) This experiment makes
use of original topography and serves as a reference to
understand the influence of topographic modifications
in other experiments (Fig. 1a).

2. No Tibetan Plateau (NP) This is an experiment where
the TP is fully removed from the simulation domain
(Fig. 1b). The topographic modification follows an
approach similar to that in Boos and Kuang (2010).
Between 75° and 100° E, north of the point at which
elevations reaches two-thirds of their maximum at that
latitude, the topography is modified by setting surface
elevations equal to zero. Similarly, the topography west
of 75° E is modified by adjusting surface elevations to
zero beyond 36° N and the topography east of 100° E is
modified by adjusting surface elevations to zero beyond
29° N. To avoid erroneous simulation errors and com-
putational instability, which can occur at the sharp edges
of modified topography, modifications are carried out
gradually in ten steps from maximum to zero.

3. No Himalayas, Karakoram and Hindukush (HKH)
mountains (NH) This is an experiment where, in addition
to the TP, the Himalayan mountains, and the mountain
ranges in the west, including Karakoram and Hindukush
are removed (Fig. 1c). This topographic modification is
achieved by setting surface elevations at each longitude
north of 26.5° N equal to zero.
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4. No Mountains east of 90° E and west of 70° E (NE) This
experiment removes all the mountains east of the 90° E
over Myanmar and northeast India by setting surface
elevation to zero. It also removes remaining elevated
surfaces west of 70° E (Fig. 1d).

5. No Topography (NT) This is the final experiment that
removes all the remaining elevated surfaces over India,
including the Deccan Plateaus and the Western Ghats.

2.3 Analyses

We calculate the meridional tropospheric temperature dif-
ference (MTD, index for meridional differential heating
in the troposphere) of the seasonal mean (June—Septem-
ber) temperature between the upper tropospheric layers
(200-500 mb) at 30° N and 5° N, averaged over the zonal
belt between 50° and 85° E (Li and Yanai 1996). We define
the vertical shear of zonal winds (U-Shear) as the differ-
ence of the seasonal mean of zonal winds between 200 and
850 mb averaged over 50°-90° E and 0°-15° N (Webster
and Yang 1992; Webster et al. 1998). Moreover, we calcu-
late the equivalent potential temperature (6,) using a built-in
function in the NCAR Command Language (https://www.
ncl.ucar.edu/). The results presented as a latitudinal cross-
section represent an averaged over 70°-90° E. In addition,
we reproduce supporting analyses based on the findings of
a previous study (Ashfaq et al. 2017), including apparent
heat source (Q,), surface latent and sensible heat fluxes in
the NCEP/NCAR reanalysis, monsoon dynamics (MTD,
U-Shear) and summer precipitation in selected GCMs from
the 5th phase of Coupled Model Intercomparison Project
(CMIP5). The Q, has been calculated at daily timescale for
the upper tropospheric layers (200-500 mb) using atmos-
pheric winds, vertical pressure velocity and temperature,
following the methodology described in Yanai et al. (1973).

3 Results and Discussion

3.1 Topographic Influence on Precipitation
Distribution

For sensitivity analyses, it is imperative to have a numeri-
cal model configuration that can provide unparalleled
accuracy in the precipitation distribution over the region
of interest to minimize the influence of the model’s inter-
nal biases on the anomalies introduced by the topographic
modifications. To this end, we note that the spatial dis-
tribution of summer precipitation in the CON experi-
ment displays high correspondence with the observa-
tions over the South Asian land regions (Fig. 2a—e). Few
noticeable exceptions exist over the eastern land regions
(Eastern Ghats) where simulated precipitation exhibits
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Fig.2 Average summer (June—
September) monsoon precipita-
tion (mm/day) in the a WRF
model CON simulations, and

b TRMM, ¢ APHRODITE,

d CHIRPS, e TerraClimate
observations during 2004-2008.
All datasets have been shown at
their native grid
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overestimation (underestimation) bias. Some disagree-
ments in the magnitudes over the precipitation hot spots
can be due to the resolution differences between the obser-
vations and the model simulations, as, ironically, obser-
vations underrepresent spatial variability of precipitation
despite their higher grid spacing (CHIRPS, TerraClimate),
which points to the fact the finer grid spacing does not nec-
essarily represent the resolution of the observations over
South Asia. This lack of detail is mainly due to the insuf-
ficient density of station observations across the region.
The four observations also exhibit noticeable differences
in the distribution of precipitation, which highlights
observational uncertainty over this region. Apart from
that, excessive precipitation bias in the CON experiment
over the Arabian Sea is a common deficiency in numeri-
cal models with prescribed sea surface temperatures (e.g.,
Cavazos et al. 2020 and Yang et al. 2019).
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The SASM exhibits distinct topographically driven pre-
cipitation maxima along the mountain ranges that separate
coastal plains from the inland basins in the southwestern
India and Myanmar (Western Ghats and Arakan mountains),
and along the Himalayas, in addition to notable rain-shadow
region over the Eastern Ghats in southern India. The north-
ern stretch of precipitation moves along the Himalayas from
the Bay of Bengal to north-central Pakistan in the west-
northwest South Asia. Moreover, precipitation exhibits a
progressive east—west contrast with higher magnitudes over
Bangladesh in the east and lower magnitudes over Pakistan
in the western Balochistan province.

The elimination of the TP and Pamir mountains in the
NP experiment removes the bulk of elevated terrain, leav-
ing South Asia with a thin belt of the Himalayas in the
north and Karakoram and Hindukush mountain ranges
in the west-northwest, which separates the moist and
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warm South Asia from the dry and cold Eurasian region
in the north and arid central-southwest Asia in the west
(Fig. 1b). Such a modification in topography weakens
the northern branch of SASM in the NP experiment with
stronger decreases over Bangladesh and northeastern India
(Fig. 3a). The suppressive impact from the removal of TP
on the northern branch of SASM progressively dimin-
ishes from northeast to northwest. Moreover, the below
normal precipitation anomaly in the north-northeast is

NP minus CON

NH minus NP

compensated by an excessive rainfall anomaly over south-
southwestern India.

The additional removal of the HKH mountain ranges in
the NH experiment (see Fig. 1c) reduces the excessive pre-
cipitation anomaly over south-southwestern India (below
20° E) that appeared in the NP experiment (see Fig. 3b).
Alternatively, positive precipitation anomaly appears over
the terrestrial region in the northeast (~ east of 90° E), cov-
ering northeast India, Bangladesh and Myanmar (Fig. 3e).

Precipitation changes due to topographic

modifications

NE minus NH

NT minus NE

Fig.3 Changes (mm/day) in summer precipitation in various modi-
fied topography experiments: a NP minus CON, b NH minus CON, ¢
NE minus CON, d NT minus CON, e NH minus NP, f NE minus NP,
g NT minus NP, h NE minus NH, i NT minus NH, and j NT minus
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NE. The diagonal (a, e, h and j) represents precipitation change con-
tributed by each topographic modification while the first column (a,
b, ¢ and d) represents progressive changes after each modification

Published in partnership with CECCR at King Abdulaziz University



Topographic Controls on the Distribution of Summer Monsoon Precipitation over South Asia 673

The nonexistence of orographic lift in the NH experiment
further reduces topographically forced precipitation over the
Himalayan region. However, compared to the NP experi-
ment, northern branch of summer monsoon is relatively less
weak in the NH experiment (Fig. 3a, b). The NE experiment
(NP +NH + no elevated surface east of 90° E; Fig. 1d) not
only eliminates the excessive precipitation of the NH experi-
ment (east of 90° E), it also substantially reduces the mon-
soon precipitation over those regions that is present in the
CON experiment (Fig. 3c, f, h). The NE experiment does not
have any noticeable influence on the precipitation distribu-
tion over the rest of South Asia. The final experiment with
no topography (NT), which removes remaining elevated sur-
faces over India, reduces the orographically driven precipi-
tation over the Western Ghats. Moreover, in the absence of
the rain-shadow effect, precipitation over the Eastern Ghats
region increases (Fig. 3j).

3.2 Dynamic and Thermodynamic Drivers
of Changes in Precipitation

There is a need to establish a clear picture of the background
state over South Asia during summer season to fully under-
stand how various topographic modifications in our experi-
ments induce changes in the regional dynamic and thermo-
dynamic drivers of SASM and cause anomalies in the rainy
season precipitation. On average, monsoon circulations
over South Asia exhibit many fundamental characteristics,
including a westerly jet over the Arabian Sea along with
a southwesterly flow over the Bay of Bengal in the lower
troposphere (~ 850 mb) and an anticyclonic circulation cen-
tered around the Tibetan and Iranian Plateaus along with
a tropical easterly jet in the upper troposphere (~200 mb).
There exists a combination of land—sea and north—south
tropospheric thermal contrast on the surface and in the
atmosphere, respectively, that overturns the pre-monsoon
strong atmospheric subsidence and helps transitioning of the
region into a deep convective state (e.g., Ashfaq et al. 2017,
Li and Yanai 1996, and Webster et al. 1998). However, it is
important to note that while land—sea thermal contrast peaks
in May, just before the onset of monsoon season over South
Asian land, meridional tropospheric thermal contrast reaches
its maximum in July when the rainy season is at its peak. The
combination of land and tropospheric warming over South
Asia is reflective of the development of sensible heating-
driven heat lows on the surface and precipitation-induced
latent heating in the upper atmosphere (Ashfaq et al. 2017).
As previously noted, the land in South Asia is the warmest
just before the monsoon onset, therefore, it is reasonable to
assume that precipitation-induced tropospheric latent heat-
ing increasingly becomes the key driver of monsoon pro-
gression over land. In other words, precipitation begets more
widespread precipitation as it strengthens differential heating
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gradient in the troposphere. This viewpoint is supported by
evidence in both the observation and the model simulations.
For instance, atmospheric latent heating-driven tropospheric
warming is manifested in the record high MTD over South
Asia in June 2013 when Uttarakhand—a northern state of
India in the Himalayas—experienced very early monsoon
onset and devastating floods due to excessive precipitation
(Singh et al. 2014). Similarly, studies based on the analyses
of GCMs from the 5th phase of coupled models intercom-
parison project (CMIP5) have demonstrated a relationship
between the amount of simulated precipitation over South
Asian north and the strength of MTD (Ashfaq et al. 2017;
Rastogi et al. 2018). We will come back to this point again
later in the proceeding discussion.

It is important to note that MTD remains negative in all
months in a given year except during summer season. Before
the onset of rainy season in South Asia, rate of tropospheric
warming in the north exceeds than that in the south due
to pre-monsoon precipitation (Ashfaq et al. 2017, 2020).
As a result, the difference between north and south starts
diminishing. By the earliest onset of the rainy season over
Kerala in the south and the Bay of Bengal in the northeast,
magnitude of tropospheric temperatures in the north exceed
that in the south, causing a reversal in the gradient—a mon-
soon feature that lasts until the end of the summer season.
The strongest positive magnitude of this gradient (north
warmer than south) coincides with the peak of the rainy
season. Since the differential heating gradient again becomes
negative at the end of the monsoon season, the seasonal
progression and retrieval of SASM can be marked by the
seasonal march of this meridional differential heating. The
differential warming of the atmosphere between land and
ocean regions over South Asia regulates the development of
vertical wind shears, such as U-Shear (index for the vertical
shear of zonal winds; see Methods) that remains stronger
than 20 m/s throughout the summer season (Ashfaq et al.
2009; Goswami et al. 1999; Webster et al. 1998; Webster
and Yang 1992). The strength of U-Shear has been shown
to have indirect association with the strength of MTD over
South Asia (Ashfaq et al. 2017).

Given a direct linkage between SASM and meridional
differential heating in the troposphere, changes in the char-
acteristics of MTD can be a key in determining the causes of
anomalies in various modified topography experiments. For
instance, Ashfaq et al. (2017) noted that general circulation
models with weak MTD tend to exhibit delayed onset, south-
ward monsoon trough, and weaker-than-normal precipita-
tion over South Asian north-northwest. Similarly, Rastogi
et al. (2018) showed that models with such a weak MTD
bias exhibit westward monsoon depressions trajectories
compared to the north-northwestward path taken on aver-
age by monsoon depressions in the observations. Boos and
Hurley (2013) noted that lower-than-observed tropospheric
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heating in the CMIP5 GCMs could be due to overly smooth
topography that allowed the entertainment of dry air from
the arid West Asia. Nonetheless, it is the strength of moist
convection in the north-northwest South Asia that eventually
determines the magnitude of tropospheric warming (e.g.,
Singh et al., 2014). To this end, there are other factors, such
as the strength of upper and/or lower level jets and anoma-
lies in the strength and/or the positioning of the upper level
anticyclone, that can also exert influence on the distribution
of precipitation in South Asia. For instance, weaker-than-
normal westerly jet limits the lower level moisture transport
(e.g., Mei et al. 2015), while weakening of the monsoon
circulations in the lower and upper troposphere weakens
the background relative vorticity that has an impact on the
frequency of low-pressure systems over South Asia (Rastogi
et al. 2018; Rao et al. 2004). Similarly, shift in the anticy-
clonic circulation in the upper troposphere is known to have
influence on the inter-annual variability of monsoon precipi-
tation (Wei et al. 2015; Ashfaq et al. 2009). The relationship
between the strength of upper level easterlies and the tropo-
spheric differential heating has also been well established
(Abish et al. 2013).

With this background in mind, we compare MTD and
U-Shear in the CON and modified topography experiments.
The MTD and U-Shear in the CON experiment provide a
graphical illustration of their characteristics described in
the preceding paragraph (Fig. 4). All modified topography
experiments exhibit weaker MTD right from the begin-
ning of the summer monsoon season (June 1). It should be
noted that pre-monsoon precipitation is mostly convective,
which is distributed along the slopes of HKH (Ashfagq et al.,
2017), in contrast to the monsoon season where precipitation
is widespread and the fraction of stratiform precipitation
also increases due to the presence of organized precipita-
tion systems (Ashfaq et al., 2020; Schumacher and Houze,

2003). An obvious impact of the removal of the TP and
other elevated surfaces is the entertainment of dry and cold
air, which makes conditions inefficient for moist convec-
tion. Therefore, weaker MTD at the start of monsoon sea-
son (Fig. 4a) is likely a result of reduced moist convection
right from the beginning (May 15) of the modified topog-
raphy experiments. The impacts of dry entrainment have
been discussed in more detail later in this section. During
the summer season, the reduction of precipitation in the
northern branch of summer monsoon in the NP experiment
substantially limits the precipitation-induced tropospheric
warming in the north, resulting in the weakening of MTD
by several degrees throughout the summer months. Interest-
ingly, further removal of other topographic components of
South Asian terrain does not have any noticeable impact on
the strength of MTD beyond what is already witnessed in the
NP experiment. These negligible influences of the additional
modifications are not surprising given that it is the loca-
tion of precipitation anomalies that dictates how tempera-
ture difference between north and south is shaped in each
experiment. The bulk of negative precipitation anomaly in
the northern South Asia comes from the removal of TP (NP
experiment) and further topography modifications mostly
reduce precipitation in the east and/or south of the domain.
In fact, it is the contrast in the precipitation anomalies south
of 20° N between the NP and other experiments what appar-
ently drivers their MTD differences at intra-seasonal time-
scales (Figs. 3, 4a). A combination of enhanced precipita-
tion in the south (below 20° N) and reduced precipitation in
the north leads to the strongest decrease of MTD in the NP
experiments, which is in contrast to other experiments that
remove excess precipitation from the south, and hence their
MTD magnitudes are relatively stronger than those in the
NP experiment during most of the mid to late season. As
previously noted, after the monsoon onset over the southern

Fig.4 a Meridional tropo-
spheric temperature difference
index (MTD; K) and b vertical
shear of zonal winds index
(U-Shear, m/s) in all experi-
ments

200mb minus 850mb

(D©s/W) SPUIM [PUO7 JO J08YS ASISDT [DDILUSA
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and northeastern edges of South Asia, further northwest-
ward progress over land is due to a delicate balance between
moist convection and its latent heating-induced tropospheric
warming in the atmosphere that strengthens MTD which in
turn helps in the progression of monsoon over land. Lack
of sufficient precipitation begets more drying through the
continuous feedback loop between precipitation and MTD.

Consistent with earlier findings (Ashfaq et al., 2017),
the anomalies in U-Shear are in line with the anomalies in
MTD as U-Shear exhibits a decrease in all experiments with
modified topography (Fig. 4). While the strongest decrease
in this case is witnessed in the NT experiment, compared
to the NP experiment, we also note a slight recovery in

the NH experiment in the latter half of the season. Know-
ing that anomalies in the strength of vertical shear in the
atmosphere depends on the characteristics of circulations
anomalies in both the lower and upper troposphere, we also
analyze circulation changes at 875 mb and 200 mb in all
experiments (Figs. 5, 6). In the lower troposphere, strong-
est changes are observed in the northern flank of wester-
lies, which are mostly consistent in all modified topography
experiments as onshore flow from the Arabian Sea exhibits
areduction (Fig. 5). Other lower level circulation anomalies
vary across different experiments. In the NP experiment, the
lower level southwesterly flow through the Bay of Bengal
that transports moisture to the northern stretches of South

Fig.5 Lower level (875 mb)
atmospheric circulations (vec-
tors, m/s) and geopotential
height (contours, m). a CON,
b NP minus CON, ¢ NH minus
CON, d NE minus CON, and e
NT minus CON
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Fig.6 Upper level (200 mb)
atmospheric circulations (vec- x1000
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Asia along the Himalayas gets disrupted as an anomalous
anticyclonic circulation circumvents the modified topogra-
phy, allowing dry entertainment from the northeast (Fig. 5b).
Due to this anomalous circulation, the strength of onshore
flow over Myanmar and Bangladesh is also affected. Alter-
natively, there is an increase in moisture transport over the
south-southwestern India from the Bay of Bengal and from
the Arabian Sea as a result of a weak cyclonic anomaly.
When the HKH are removed in the NH experiment, it cuts
off the circumventing flow from the northeast reducing the
dry entrainment in South Asian north. The anomalous moist
flow towards southwestern India from the Bay of Bengal
also diminishes (Fig. 5¢). Similarly, the anomalous offshore

@ Springer
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flow over Bangladesh and Myanmar in the NP experiment
disappears in the NH experiment. These differences in the
lower level circulations response explain why weakening of
northern branch of summer monsoon in the NH experiment
is not as robust as it is in the NP experiment (see Fig. 3a, b).
Further removal of mountains east of the 90° E in the NE
experiment again disrupts the onshore flow over Bangladesh
and Myanmar and increases the anomalous moist flow over
southwestern India through the Bay of Bengal (Fig. 5d). The
southwesterly flow from the Bay of Bengal to the north-
ern South Asia also weakens in the absence of mechani-
cal deflection from Arakan mountains (Wu et al., 2014).
Apart from that, it does not have any noticeable impact on
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the cyclonic anomaly over the Arabian Sea beyond what is
already present in the NH experiment. The most noticeable
addition in the anomalous circulation pattern in the final
experiment that removes the remaining elevated surfaces
(NT) is noticed along the western and eastern Ghats where
anomalies favor more (less) onshore flow over the rain-
shadow (Western Ghats) region (Fig. 5e).

In the upper troposphere (200 mb), circulations exhibit
a cyclonic anomaly centered over the northeastern South
Asia in the NP experiment, which reflects weakening of the
upper level anticyclone and the tropical easterly jet (Fig. 6b).
These circulation changes are located over the northeastern
region where maximum precipitation reduction is witnessed
in this experiment. It is interesting to note that several ear-
lier studies have also suggested the influence of thermal and
mechanical forcing from the TP over northeast South Asia,
particularly during the onset phase (Park et al., 2012; Wu
and Zhang 1998). The strength of cyclonic anomaly over the
northeast weakens as it stretches westward over South Asia
when the HKH are removed in the NH experiment (Fig. 6¢).
Further removal of mountains east of 90° E in the NE exper-
iment exacerbates the weakening of the tropical easterly jet
over the Bay of Bengal and the Arabian Sea (Fig. 6d). Some
incremental weakening is also witnessed when remaining
topography over India is removed in the NT experiment.
Overall, South Asia experiences a progressive weakening of
the anticyclonic circulation in the upper troposphere with the
gradual removal of elevated surfaces while monsoon trough
moves southward due to anomalies in the lower levels.

An analysis of lower level sub-cloud 6, has often been
used to highlight changes in the thermodynamic structure of

338
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(3) @injpiadws] [plUSIOH JUSIDAINDT

e e b e b g b by

36 o
TON 20N 30N
Latitude
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boundary layer in the CON and modified topography experi-
ments (e.g., Boos and Kuang 2010). Higher magnitudes of
0. reflect positively buoyant air or convective instability
as 6, increases with temperature and atmospheric mois-
ture content. We show latitudinal cross-section of 875 mb
0. and precipitation averaged between 70°-90° E to high-
light the location of their maxima in various experiments
(Fig. 7a). Over South Asia, . maxima are witnessed south
of the TP (25°-30° N), which also coincides with the loca-
tion of the maximum tropospheric warming and the bulk
of domain averaged summer precipitation (Figs. 7b, 8a) in
the CON experiment. As dynamical anomalies induced by
the removal of TP limit moisture supply and reduce pre-
cipitation over northern latitudes of South Asia, magni-
tudes of 6, substantially drop north of 20° N, reflecting a
non-conducive environment for atmospheric convection.
Further removal of other topographic features exacerbates
these conditions which results in a southward shift in the
monsoon precipitation. As previously noted, a slight recov-
ery of precipitation between 22° and 26° N can also be seen
in the NH experiment, which is also reflected in the higher
magnitudes of MTD over the northeastern South Asia and
in the slight recovery of the U-Shear in the latter half of the
season (Fig. 8c).

3.3 IsThere a Middle Ground in this Debate?

The hemispheric oscillation of the intertropical convergence
zone in search of the thermal equator is fundamentally regu-
lated by the orbiting of Earth around the Sun. While the
resulting rapid monsoonal transitions are even witnessed in

(Abp/wiwi) uonpdidald

T ‘ T
20N
Latitude

——
10N

NH NE NT

Fig.7 Zonal average (70°-90° E) a 875 mb equivalent potential temperature (6,; K) and b precipitation (mm/day) during summer season in all

the experiments
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Fig.8 Average tropospheric
temperature (K) between 200

Average Tropospheric Temperature between 200mb to 500mb
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and 500 mb during summer
season. a CON, b NP, ¢ NH, d a
NE, and e NT
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the aqua planet simulations (Bordoni and Schneider 2008), it
is ultimately the shape of the continent/subcontinent, surface
heterogeneities, and the characteristics of meridional dif-
ferential heating that form the distinct characteristics of pre-
cipitation distribution over each monsoon region. Numerical
modeling studies demonstrate that land—sea thermal contrast
is often sufficient for the arrival of monsoon rains over land
(e.g., Wu et al. 2012); however, a multitude of factors may

@ Springer
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determine the extent of subsequent meridional progression.
Take an example of West and East African (Australian) mon-
soons that extend up to~20° N (~20° S) (Ashfaq et al. 2020;
Almazroui et al. 2020b) and do not have any elevated sur-
faces in their north (south). The northward extent of South
Asian monsoon is not very different from these monsoons
when it is stripped of its elevated surfaces (Figs. 3, 7b). And
it is at this point where debate regarding the role of thermal
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and/or mechanical topographic forcing in furthering the
north-northwestward progress of monsoon over South Asia
heats up. Most of the studies agree that if we only retain
the HKH (NP experiment), their topographic insulation is
sufficient to generate the northern branch of SASM (e.g.,
Acosta and Huber, 2020, Boos and Kuang 2010, 2013, Ma
et al. 2014, and Wu et al. 2012).

Our results do not necessarily provide contradictory
evidence to the findings of previous studies; however, the
reduction in the strength of northern branch of South Asian
monsoon after the removal of TP (NP) is substantially robust
in our experiment than what has been reported earlier. Here,
one cannot rule out the possibility that the disagreements in
our experiments may partly be due to the differences in our
modeling approach. More importantly, we find a progres-
sive weakening of upper level anticyclonic circulation and
tropical easterly jet with the gradual removal of elevated
surfaces in our experiments. Only exception is in the case of
NH experiment where weakening of the easterly jet over the
northeast is slightly reduced (see Fig. 6¢), which is consist-
ent with the precipitation response (see Fig. 3e). Overall,
these results suggest that monsoon circulations are respon-
sive to changes in both thermal (moist convection) and
mechanical forcing. Therefore, regulatory role of elevated
surfaces, such as TP, in maintaining the northern branch
of SASM cannot be completely ruled out. Beyond this, our
experimental framework is rather limited to quantitatively
answer the question that whether it is the thermal forcing
or the mechanical forcing that regulate topographic influ-
ence of remaining elevated surfaces in retaining the weak-
ened northern branch of South Asian monsoon, as it has
been addressed in earlier studies (Boos and Kuang 2013;
Wau et al. 2012). However, sensitivity experiments are not
always a requirement for such investigations as one can also
seek answers to these questions by comparing precipitation

Fig.9 Climatological annual

Sensible/Latent Heat Fluxes

biases and their driving mechanisms in a suite of GCMs
with similar topographic forcing. Fortunately, in an earlier
study (Ashfaq et al. 2017), we performed detailed analyses
of CMIP5 GCMs to understand the nature and sources of
their precipitation biases over South Asia. We will take few
examples from those analyses to aid this discussion.

First, through the analyses of NCEP/NCAR reanalysis,
we note that the sensible heating maxima over South Asian
north is observed before the onset of monsoon season, in
contrast to the latent heat maxima that is observed during the
monsoon season (Fig. 9a). These comparisons are shown in
three latitudinal bands to reflect the location of their strong-
est magnitudes. We also note that the annual cycle of surface
latent heat flux matches the annual cycle of apparent heat
source (@) in the troposphere (500 mb and 200 mb) for
all the latitudinal bands, suggesting a dominant role of the
moist convection in the tropospheric warming over South
Asia (Fig. 9b). Here, surface latent heat flux has been used
as a proxy for the moist convection as it directly relates with
the evaporation that moistens the atmosphere (Gentine et al.
2013). The maxima for atmospheric diabatic heating and
surface heat fluxes lies in the 20°-25° N latitudinal band,
consistent with the maxima of tropospheric temperatures
(Figs. 8a, 9b). Second and consistent with the first analy-
sis, we find that models with substantial dry precipitation
bias in the northern branch of SASM also exhibit very weak
MTD and vice versa. We explain this relationship by con-
sidering two extreme cases in the CMIP5 GCM ensemble:
Hadley Center and NASA GCMs that represent tail ends
of the MTD bias spectrum. HadGEM2-CC and HadGEM2-
ES are the warmest while GISS-E2-H and GISS-E2-R are
the coldest models in terms of MTD bias in the suite of
50 CMIP5 GCMs (Ashfaq et al. 2017) (Fig. 10a). As we
have noted earlier that the strength of MTD is a function
of precipitation-induced latent heating, particularly over the
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Fig. 10 a Climatological merid-

Monsoon Dynamics
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ional tropospheric temperature
difference index (MTD; K) and
vertical shear of zonal winds
index (U-Shear) in selected
CMIP5 GCMs and NCEP/
NCAR reanalysis. Climatologi-
cal summer monsoon precipita-
tion in observations (CRU over
land, CPC over ocean) (b),
selected CMIP5 GCMs (c-—f).
These results have been derived
from Ashfaq et al. (2017)
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elevated surfaces, models with the weakest MTD exhibit
very weak northern branch of SASM while models with the
strongest MTD exhibit excessive precipitation over the TP
(Fig. 10b—f).

Overall, these comparison of CMIP5 GCMs and regional
model experiments with modified topography (this study)
suggest that both thermal and mechanical forcing play a role
in the normal distribution of precipitation during SASM.
Topography prevents dry air entrainment, and indirectly con-
tributes to tropospheric warming through moist orographic
convection. Precipitation additionally feedbacks by main-
taining the moisture supply through local recycling, which
is one of the major sources of moisture particularly during
the mature phase of monsoon (Mei et al. 2015). Moreover,
the upper level circulations respond to changes in both moist

@ Springer

. . . . ]
Aug Oct 60E

T
80E

GISS-E2-H

60E 80E 100E

30N 7

20N 1

10N

100E 60E 80E 100E

convection and topography. Therefore, a sustained condu-
cive environment for the observed present-day summer pre-
cipitation distribution over South Asia delicately hinges on
the complementary and interacting thermal and mechanical
processes.

Lastly, we would like to caution that design of sensitiv-
ity experiments may have an influence on the outcome of
such studies over South Asia. For instance, when the Iranian
Plateau and mountains in the west are removed and the TP/
Karakoram mountains are retained in one of the experiments
considered in Acosta and Huber (2020), it tunnels dry air
from the northwest of the domain and leads to substantial
drying over the SASM region. Such a forced dry entertain-
ment is absent in their experiment with no elevated surfaces
(no topography experiment), which leads to relatively less
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drying. The comparison of these experiments leads one to
believe that it is perhaps the presence/absence of the Ira-
nian Plateau that regulates monsoon precipitation over South
Asian land by preventing mixing of dry air from West Asia
when it is, in fact, the presence/absence of the TP in the two
experiments that leads to differences in how the dry air from
West Asia interacts with the moist flow over South Asia.
Similarly, sensible heating is important for the overturn-
ing in the lower troposphere and its forced removal leads to
inefficiency of precipitation generating processes and hence
to the weakening of tropospheric warming during SASM
in a numerical model experiment. Therefore, experiments
without sensible heating along the slopes of elevated sur-
faces (e.g., Wu et al. 2012) can lead to a conclusion that
northern branch of South Asia is regulated by the direct
influence of sensible heating-driven thermal forcing when
it is, in fact, one of the processes that facilitates precipita-
tion and atmospheric diabatic heating through latent heat
release. We do, however, note that elevated sensible heating
may be important to maintain the strength of upper level
anticyclonic circulation and further systematic evaluation
is needed in this regard.

4 Summary

In this study, we perform a series of high-resolution (9 km)
experiments using the WRF model where South Asia is
stripped of its elevated surfaces one by one to understand
their individual and collective roles in the maintenance of
South Asian summer monsoon and in the distribution of
rainy season precipitation. The experiments are based on
a one-way nested limited area configuration of the WRF
model. While there are clear differences between this study
and any of the earlier studies in terms of experimental frame-
work, still, there are some commonalties in the simulated
results. Specifically, consistent with earlier studies, we find
that precipitation south of 20° N is insensitive to thermal
and/or mechanical forcing of South Asian mountains in the
East, North and West. Apart from that, in some cases, role of
mountains is local and limited as a barrier, such as Western
Ghats south of 20° N, while in other cases, elevated surfaces
exert their influence both as a barrier/flow regulator and as
a modulator of dynamic and thermodynamic characteristics
of summer monsoon over South Asia. The moist convection
along the slopes of mountain ranges in the South Asian north
substantially contributes to the strengthening of MTD and
hence in the north-northwestward propagation of SASM.
The removal of high plateau regions, the TP in particular,
substantially modulates the monsoonal flow in the lower
troposphere and the anticyclonic circulation in the upper
troposphere to an extent that northern branch of South Asian
summer monsoon ceases to exist like the way we know it.
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These changes give way to negative precipitation anomalies
and eventually to an environment where cycle of feedbacks
that runs the very engine of monsoon progression over land
becomes inefficient. Nonetheless, we advise caution in the
interpretation of these and previously reported results as
precipitation responses in these studies are partly sensitive
to the choice of models and the design of the experiments.
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