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Tibetan Plateau (TP), a high elevation region in the Asian subcontinent, play an inCuential role in the
Indian summer monsoon. In this numerical model study, sensitivity to the local changes in the microphysics over Tibet on the model forecast of circulation and precipitation over Indian monsoon regions is
assessed. The local modiBcation of the cloud microphysical parameters, riming, over TP is attempted.
The simulation experiments have been carried out for different synoptic situations during the summer
monsoon season. The riming gave differing responses in the two synoptic cases with the ice to rain
conversion displaying a uniform distribution throughout the atmospheric column for the active monsoon
case, whereas it is restricted up to an altitude of 8000 m in pre-monsoon case. The experiment over TP
gives a 1.97% increase (0.54% reduction) in the all India rainfall for the pre-monsoon (active monsoon)
case, which are mainly driven by the changes in the monsoon core zone. The maximum impact is found in
Western Ghats rainfall with a 3.74% reduction (10.49% increases) for the pre-monsoon (active monsoon)
case. Modulations in Tropical Easterly Jet and surface circulations in the experiments have substantial
eAect over the head Bay and the Western Ghats.
Keywords. Tibetan Plateau; riming; monsoon; uniBed model; cloud microphysics; Western Ghats.

1. Introduction
Tibetan Plateau (TP) is the highest plateau in the
world, which is located in central-eastern Eurasia
with an aerial extent of 2.5 9 106 km2 and an
average elevation of more than 4000 m. TP holds
large amount of fresh water, and supplies to the
surrounding Asian countries. In recent years, there
have been more frequent incidences of droughts,
Coods and landslides in the Hindu Kush Himalaya
and TP region. Numerous studies attributed these
events to climate change (You et al. 2017; Krishnan
et al. 2019; Sabin et al. 2020). Multiple years of
droughts in western Nepal since 2000, which

turned to severe drought during 2008–2009, have
been additionally identiBed with natural and
anthropogenic inCuences (Wang et al. 2013). TP
experienced severe drought during the recent premonsoon and early monsoon period (Zhao et al.
2019), which aAect the source of freshwater. During
the summer season, the 10,000 km long ridge in
the upper atmosphere centered over TP, which
becomes an elevated source of heat due to both
latent and sensible heat Cuxes (Krishnamurti et al.
2015). There are studies on the thermal and
dynamical impacts of the diabatic heating on Asian
summer monsoon, as a source of active exchanges
of heat and moisture (e.g., Yanai and Wu 2006).
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Cumulus clouds are frequently observed over
Tibet, in CALIPSO and CloudSat A-train satellite
observations, at mid-tropospheric levels during the
convective periods (Hu et al. 2016). Hence, it is
expected that the amount and spatial coverage of
rainfall over this region will be highly inCuenced by
ice microphysical processes. During the weak convection period, warm rain process produce heavier
precipitation and is sensitive to the amount of
available Cloud Condensation Nuclei (Zhou et al.
2017).
TP has a complex terrain and hence a higher
resolution model with more accurate orography is
required for better simulation of the orographic
precipitation and associated meso-scale circulations. Our recent studies have demonstrated the
advantage of using high resolution orography, such
as from CartoSat and SRTM (Jayakumar et al.

2019; Sethunadh et al. 2019), for predicting
extreme weather events such as heavy rainfall, fog
using high resolution regional NCMRWF UniBed
Model (NCUM-R). Mamgain et al. (2018) showed
the beneBt of using high resolution NCUM-R with
explicit convection in capturing the diurnal rainfall
cycle compared to coarse resolution global model
having parameterized convection. Francis et al.
(2020) in their sensitivity simulations of a mesoscale convection system over Western Himalayan
region using NCUM-R with different partitioning
between explicit and parameterized convection,
found that the explicit convection gives more
realistic and organized cloud matches with Himawari satellite images.
There are studies that documented the link of
the summer monsoon over TP with the Indian
monsoon at seasonal time scale (e.g., Ge et al.

Figure 1. The total 24-hr accumulated rainfall (cm) valid on (a) 7 June, 2016 and (b) 9 July, 2016 from the control run
representing pre-monsoon and active-monsoon cases, respectively. The boxes of Tibetan Plateau (blue), All India domain (thick
dashed magenta), and other selected Indian domains (red) illustrated here is used for further analysis (please see the main text for
domain details).

Table 1. Local cloud microphysics experiments using NCUM-R.
Experiment name
Control (um˙land˙tapering˙cntl)
Exp1 (um˙qclrim˙tloctp)
Exp2 (um˙qcl˙factor˙neg˙tloctp)

Brief description
Control experiment where condensation nuclei concentration
is calculated based on aerosol climatology
Minimum qcl is 10 6 kg kg 1
Riming factor is +20% + minimum qcl is 10 6 kg kg 1
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Figure 2. Vertical distribution of time integrated super-cooled water content (gm 3) (a, b) and time-averaged total
precipitable water rate (m ms 1) over Lhasa location (c, d) for control (black), Exp1 (blue) and Exp2 (red).

2017), whereas the short term modulation of the
TP eAects are not much explored. A thorough
investigation is required to understand how the
extra heat and moisture generated through local
cloud microphysics over TP impacts the precipitation and wind circulation over the monsoon
region. In this study, local modiBcations are made
in the microphysics of NCUM-R over Tibet and the
overall impact on the monsoon rainfall over India is
examined. The details of the modelling strategy
and experiments conducted are discussed in the
following sections.

2. Brief description of the modelling
strategy
NCUM-R is conBgured at a horizontal grid resolution of 4 km covering Indian domain and extended southwards and eastwards (5.98°S 41°N;
62° 106°E) to produce real-time short-range
weather forecasts and is being run operationally for
3 days (Jayakumar et al. 2017) to generate short
range numerical weather prediction products. Science conBguration of the dynamics and physics
scheme of this model is similar to the regional
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Figure 3. Frequency of the precipitating cells within the different thresholds over the TP domain for (a) pre-monsoon case and
(b) active monsoon case. Total number of rainy grid cells covered under control (black), Exp1 (blue) and Exp2 (red) is indicated
in the right central corners. Exp2 gives +16.5% for pre-monsoon and +20.75% grids spread in compared to control run. Right
panels give the box average precipitation and change (% shown on the top of bars) for Exp2 (red) experiments with respect to
control (black) for the different domain regions such as Tibet Plateau (TP), All India (AI), Western Ghats (WGhat), North-East
India (NEast), Monsoon Core Zone (MCZ), Central Bay of Bengal (BoB) for the (c) pre-monsoon case and (d) active monsoon
case.

atmosphere and land conBguration for tropics
(RAL1-T; Bush et al. 2020). This model conBguration is used to produce the control run described
in this work. The modiBcation in the large scale
clouds over Tibet (which is at the level of around 4
km above mean sea level) during summer monsoon
can be through the changes in mixed phase cloud
microphysics. In convective clouds, the cloud droplet numbers inCuence the rainfall through factors
such as ice formation, environment conditions and
the aerosol–cloud interaction processes. The cloud
microphysics scheme is a single moment
scheme based on Wilson and Ballard (1999) which
has undergone extensive modiBcations. The aerosol
climatology is prescribed over the domain except for
the dust species which is prognostic. CLASSIC
(Coupled Large-scale Aerosol Simulator for Studies
in Climate; Bellouin et al. 2011) aerosol climatology
is used for the calculation of cloud droplet concentrations, and is calculated based on the empirical
relationship discussed in Jones et al. (1994). The
activation of cloud droplet is coupled to aerosol
concentration, which is speciBc to model’s warm-rain
scheme (Boutle and Abel 2014). The cloud droplet
number is derived from the climatological aerosols
and is scaled by a factor of 1.4 before being used in

the precipitation scheme. The cloud droplet number
derived from the climatological aerosols is scaled by a
factor of 1.5 in order to enhance the minimum cloud
droplet number over land, from 300 to 450 per cm3.
Ice microphysics parameterization (Furtado and
Field 2015) is based on the dual fall speed of both
smaller ice crystals, and larger ice aggregates along
with the particle size distribution of ice is as
described in Field et al. (2007). Ice is heterogeneously nucleated by freezing small amounts of
liquid water when the temperature is below a
threshold value, and this threshold temperature is
termed as ice nucleation temperature (Tnuc). The
amount of ice and liquid water content present is
inCuenced mainly by the processes such as:
(i) Depositional growth, which is deBned as the ice
droplets growth by the deposition of water
vapour. This is based on the diagnosis of in-ice
cloud relative humidity (RH) which is a function of in-ice cloud and clear-sky speciBc
humidity along with the cloud fraction in
clear-sky, liquid, and ice-only cloud.
(ii) Riming is the accretion of super-cooled cloud
droplets by ice crystals. The riming rate is
based on the shape of the ice particle under the
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Figure 4. Frequency of the precipitating cells over the selected Indian domains for the different thresholds under pre-monsoon
case. Total number of rainy grid cells covered under Exp2 with respect to control (in %) is indicated at the top of each panels.

particle size distribution of ice water content.
The shape of the crystal is deBned on the area
ratio to crystal diameter relation, which is
described in HeymsBeld and Miloshevich
(2003).
The nucleation of ice crystal is acted via aerosolindependent freezing of cloud droplets. Hence the
ice processes in NCUM-R are modiBed to isolate
the cloud microphysics eAect over TP.
3. Experimental details
As the microphysics scheme called by model has
only a list of cloudy points without geographical
coordinates, the model code was modiBed to enable
location/region-speciBc activation of microphysics
scheme. In this study, a geographical area covering
Tibetan Plateau (marked in blue colour in Bgure 1)
is identiBed and the code modiBcations are applied
only for this domain. All the experiments discussed
in this paper are based on the local change of

microphysics over this domain. By default, Tnuc in
the model is set to 10°C. We have tested the
eAects of setting it to 0°C as well, which is too
warm for ice nucleation to happen throughout the
cloud layer. However, growth of ice is unaffected by
change in Tnuc (Bgure not shown), suggests that
the growth of ice in the cold cloud is insensitive to
change in Tnuc. Hence, the experiments are setup
only based on the ice growth processes as discussed
above. Further, Furtado and Field (2017) showed
that riming dominates at the heights near freezing
levels where the liquid water content (LWC) is
relatively high; hence we have chosen modiBcation
in the riming process.
The availability of cloud water mixing ratio (qcl)
for the accretion by ice is playing a significant role
in the riming parameterization. The experiments
were setup to locally modify the riming of ice
crystals inside the box covering TP, where minimum qcl (qcl˙min) is an amount of liquid that is
protected from riming (Furtado and Field 2017), so
that riming only depletes the excess of qcl over
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Figure 5. Frequency of the precipitating cells over the selected Indian domains for the different thresholds under monsoon case.
Total number of rainy grid cells covered under Exp2 with respect to control (in %) is indicated at the top of each panels.

qcl˙min. In the default microphysics scheme, a
threshold of 10 4 kg kg 1 is used to calculate
riming with the concept that small liquid droplets
are not rimed, because they are swept around the
rimers by aerodynamic eAects. In the Brst experiment, value of qcl˙min is lowered to make riming
faster and produce less liquid and more ice in
orographic clouds. Hence, qcl˙min was changed
from 10 4 to 10 6 kg kg 1 and this experiment is
deBned as ‘Exp1’. The second experiment (Exp2),
is with an additional increase in riming inside the
chosen domain by a factor of 20% as an upper
limit and keeping qcl˙min as 10 6 kg kg 1 to
enhance precipitation eDciency through autoconversion of ice crystal to snow/frozen droplets
even though this assumption may not be very
realistic as designed in Exp1. The set of experiments are brieCy described in table 1. The
experiments were run with two initial conditions,
representing pre-monsoon and active monsoon
conditions.

4. Discussion of results
The local onset days and active-break monsoon
days for 2016 Indian summer monsoon are illustrated in Bgure 1 of Jayakumar et al. (2020). Based
on this work, we have chosen two cases, one for
pre-monsoon (7 June, 2016) and the other for an
active monsoon (9 July, 2016), which have significant rain events over Tibet and other parts of
India. Distribution of 24 hr accumulated precipitation from control for the two cases is illustrated
in Bgure 1. Model shows slightly higher precipitation over the orographic regions in comparison
with the observed values (Bgure not shown as the
objective of current work does not require model
validations with observations). Different domain
boxes (in red colour) selected for the analysis of
results are: All-India (AI) avoiding most of the
Himalayas, Indo-Gangetic Plain (IGP) which
includes some part of experiment box TP, Monsoon
Core Zone (MCZ) covering a major part of central
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Figure 6. The difference of Exp2 from control for 850 hPa wind (m/s) circulation and precipitation (shaded in cm/day) for
(a) pre-monsoon and (b) active monsoon case delineated the spatial impact of the local microphysics modiBcations over TP. Red
box corresponds to TP domain.

India, North-East India (NEast), Bay of Bengal
(BoB) and Western Ghats (WGhat). Symbols
marked in the TP domain indicate the Lhasa city
(x mark) and a station located within TP (red dot)
– same as which is discussed in Zhou et al. (2017).
The vertical proBles of super-cooled water content (g m 3) and the corresponding time-averaged
total precipitable water rate (mm s 1) (from the
addition of average rain rate and snow rate on the
model levels) over Lhasa, the capital city of Tibet,
for the two cases are shown in Bgure 2. Both Exp1
and Exp2 give a reduction in the amount of supercooled water content and an increase in the total
precipitable water content with respect to control.
Exp2 gives maximum precipitation and is expected
to have lower LWC because of the accretion of
liquid by ice happens more swiftly than in control
and Exp1. This Bgure also reveals the varying
response in the experiments for the two different
synoptic situations, which can be noticed in the
vertical distribution of rain rate. During the active
monsoon period, larger LWC is available even up
to much higher altitudes due to the moisture
transport by the monsoon depression. The humid
layer is relatively less thick during the pre-monsoon period compared to active monsoon. Higher
core updraft induced by both glaciations and the
auto-conversion of ice to snow process could have
resulted in higher total precipitation in Exp2.

Distribution of total precipitable water rate in the
model at a vertical level is more uniform in the
monsoon case, whereas it is insensitive above 8000
m altitude during pre-monsoon. Furthermore,
Exp1 exhibits a different response for the two
synoptic situations, with active monsoon case
showing lesser rainfall than the control. This can be
attributed to the sensitivity of the size of cloud
droplets to the total precipitation eDciency. To
check the robustness of the experiment, we have
separately analyzed the proBle of total cloud water
content over another location which is discussed in
Zhou et al. (2017), and the results over here are
generally in consistent with what we found over
Lhasa.
Figure 3(a, b) shows the frequency of 24-h precipitation over TP and Bgure 3(c, d) is the box
average precipitation over the selected domains
including TP. It is seen that Exp2 gives cumulative
precipitation of +12.05% over TP (Bgure 3c) with a
spread of +16.5% for all bin categories during premonsoon case with respect to control (Bgure 3a).
For the active monsoon case, cumulative precipitation is +14.37% (Bgure 3d) with a spread of
+20.75% (Bgure 3b). Spread of precipitation in
Exp1 is reduced in TP for the active monsoon case
as is evident from the histogram analysis, and is
consistent with the vertical precipitation proBles
over Lhasa.
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Figure 7. 200 hPa wind vector and magnitude (shaded, m/s) from control (a) for the pre-monsoon and (b) active monsoon case is
shown in the upper panels. Difference of Exp2 from control for 200 hPa wind (m/s) vector and magnitude for the (c) pre-monsoon
and (d) active monsoon case is given in the lower panels. Red box corresponds to TP domain.

In Exp2, there is a local precipitation enhancement
of 12.05% over TP and a 1.97% enhancement over
All India domain for the pre-monsoon case, with a
maximum negative impact over WGhat with a
decrease of 3.74%. Except WGhat, all other Indian
domains show a positive impact in this period. In
addition to the average precipitation changes, an
increase of the areal spread of 16.5% in TP leads to a
1.16% reduction over All India domain for pre-monsoon (Bgure 4). Areal spread shows a decreasing
tendency for the lower thresholds (lighter precipitation), whereas opposite nature is exhibited in heavy
precipitation bins. All sub-domains except WGhat
( 1.19%) shows an increasing tendency in areal
coverage under this synoptic condition.

For the active monsoon case, there is an increase
(14.37%) in precipitation over TP and a 0.54%
decrease over All India domain. A maximum positive impact is found over WGhat where an
increase of 10.49% is noticed. The areal spread is
increased by 20.75% over TP, while the All India
domain shows an increase of 0.2%, except over IGP
and NEast (Bgure 5). The other selected domains
(MCZ, BoB, WGhat) show a decreasing tendency.
All India domain is highly inCuenced by the MCZ
rainfall with an increase of 1.82% and a decrease of
0.51% for the pre-monsoon and active monsoon
case, respectively.
Figure 6(a, b) respectively illustrates the difference of Exp1 and Exp2 with respect to control

J. Earth Syst. Sci. (2021)130:129
experiment for precipitation (shaded) and lower
level circulation (850 hPa wind) over the model
domain. Monsoon cell is characterized by easterly
jet in the upper tropospheric levels and low level jet
in lower tropospheric levels in addition to the
monsoon trough aloft to middle troposphere with a
Tibetan anticyclone above the mid-troposphere.
The equatorward outCow from this anticyclone
gains easterly angular momentum, and it appears
as the Tropical Easterly Jet (TEJ) stream
(Bgure 7). The TEJ is perturbed maximum in Exp2
(Bgure 6b) through the diabatic heat changes from
TP possibly responsible for the maximum impact
over MCZ and BoB domains. The release of latent
heat associated with the precipitation changes in
Exp2 leads to Cuctuation in wind in the total
atmospheric column. In short, the enhanced precipitation of *15% in TP is responsible for the
low-level cyclonic anomaly which is having a substantial eAect in the moisture transport over the
orographic location such as Western Ghats. Hence
the cyclonic wind anomaly associated with the
precipitation changes in the TP has produced significant impact over central BoB and Western
Ghats. Direction of the wind anomaly aligned
towards the Western Ghats could also contribute
to the moisture availability, and therefore inCuences the rainfall simulations in both the cases.

5. Conclusions
This study assesses the sensitivity of local modiBcation of cloud microphysics over Tibetan region in
NCUM-R system on the numerical simulation of
Indian summer monsoon activity through few case
studies. Model microphysics modiBcations are
mainly done through changes introduced in the
riming process. Vertical distribution of hydro-meteors and super-cooled water content is analyzed to
infer the Bdelity of the experiments. Homogeneous
distribution of total precipitation in the active
monsoon case shows higher peak updrafts and
thereby enhanced glaciation and frozen rain. With
microphysics modiBcations, simulations show an
overall impact in the all India rainfall with an
increase of 1.97% in the pre-monsoon case and a
reduction of 0.54% in the active monsoon case,
which are mainly driven by the changes in the
monsoon core zone. The maximum impact is found
in Western Ghats rainfall with a 3.74% reduction
for pre-monsoon and 10.49% increase for active
monsoon cases. In addition to the impact on the
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cumulative amount of precipitation, the impact in
areal spread in the all India rainfall is examined
through histogram of different precipitation values.
The analysis shows an increasing trend for the
medium thresholds, whereas a decreasing trend is
exhibited in the threshold edges (lighter and heavy
rainfall bins). Changes in the wind circulation
feedbacks to the rainfall enhancement in TP are in
mainly in the form of Cuctuations in easterly jet
and the low level jet. This resulted in changes in
rainfall over regions like head Bay, MCZ and
Western Ghat due to microphysics modiBcations
over TP. We have carried out the simulations for
the multiple case dates under the pre-monsoon and
active monsoon conditions. In general, nature of
the model response to the ensemble (Bgure not
shown) is similar to the case events chosen for the
current study.
The current study is conducted to mimic iceforming particles when the cloud’s base is below
the freezing point, similar way the study can be
extended to warmer clouds through local cloud
microphysics modiBcation. The modelling approach described in this study maybe helpful for the
evaluation of natural or anthropogenic changes
that takes place over a region even without
sophisticated aerosol-cloud processes in the model.
Aerosol schemes coupled with two moment
scheme of cloud–aerosol interacting microphysics
may be useful for more realistic cloud microphysics
experiments compared to single moment
scheme used in this study. The two-way coupled
schemes have advantage in representing feedback
processes such as microphysical processes on
aerosol concentration within the cloud plume.
However, more realistic representation of fully
coupled cloud–aerosol interactions through by
employing a Cloud–AeroSol Interacting Microphysics (CASIM) scheme in the future versions of
the model may represent the cloud processes in a
more realistic manner. Modelling eAorts by Patade
et al. (2019) further attributed the role of moisture
in modulating the riming process within monsoon
clouds by using Weather Research and Forecasting
(WRF) model coupled with the spectral-bin
microphysics.
Since TP is an inCuential region of Asian monsoon system with a clean atmosphere, any change
in the aerosol-indirect eAect on the cross equatorial
exchange of heat and moisture processes is significant and needs to be examined in detail. Recent
study in this direction by Basha et al. (2019) using
reanalysis and observational data indicates a
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prominent transport process over Tibetan Plateau
and the Indian region during strong monsoon
(La Niña) years.
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