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Abstract: Increasing the amount of anthropogenic aerosols over the Himalayas modulate cloud
properties; thereby altering cloud phase and cloud height; consequently influence formation and
distribution of orographic precipitation. Moreover; further rises in global temperature may
influence cloud properties by the ‘Clausius — Clapeyron effect’; which increases moisture holding
capacity of air. This study presents sensitivity of simulated cloud properties to aerosol and
temperature perturbations using the Weather Research and Forecasting (WRF) model; coupled
with a bulk microphysics scheme; in a convection permitting configuration applied to a complex
topographical region; the Nepal Himalayas. We find that the effect of aerosol on the simulated
rainfall is nonlinear; ranging from -3% to +4% depending on the investigated aerosol perturbation
scenarios. The model results highlight a realistic simulation of the 1st indirect (Twomey) effect.
However; the rainfall was not overly sensitive to the aerosol perturbations and not statistically
significant at the 95% confidence interval. The oversimplified parameterization of ice phase
processes; a dominant cloud formation process over the Himalayas; appears to play a crucial role
in buffering the sensitivity to increased aerosol loading. Our results; however; show that aerosol
perturbations may modify shape; size and spatial distribution of individual cloud and their
precipitation production. In contrast; the impact of temperature perturbations is more than the
aerosol effect; ranging from -17% to +93%; which is statistically significant at the 95% confidence
interval; suggesting that more intense rain events are likely as the climate warms in this region.
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1. Introduction

The majority of the population in South Asia are dependent upon monsoon precipitation for
their daily lives [1-3]. An accurate prediction of the monsoon onset and decay, its movement and
variability is critical [4, 5] which subsequently influences rainfall dependent agriculture [3] that
provides security for the majority of the working population [6].

The impacts of global warming on the Indian monsoon precipitation are uncertain [7],
which may be associated with uncertainties in the projections of future climate change [8]. An

assessment of the Intergovernmental Panel on Climate Change (IPCC, 2014) shows that the annual
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mean surface temperature across the Tibetan Plateau region in the high greenhouse gas
concentration scenario (RCP8.5), often thought of as a ‘worst case’, will produce a rise in ~9°C by the
end of 21t century. Furthermore, IPCC [9] emphasizes that the RCP2.6, considered as a very low
greenhouse gas concentration scenario, predicts ~1.5°C positive surface temperature anomaly across
the region. Recent studies have highlighted that the Himalayan region is warming faster than the
other parts of the world [10-12], which increase moisture holding capacity of air [13], known as the
‘Clausius — Clapeyron effect’. Consequently, the resulting enhanced water vapour in the atmosphere
may increase potential for heavy precipitation in convective or orographic initiated storms due to
additional latent heat release that invigorates the storm.

It is hypothesised that the monsoon precipitation is affected by the enhanced aerosol
loadings in South Asia [14, 15] as aerosols act as a source of additional cloud condensation nuclei
(CCN). In warm stratus clouds, increased aerosols may subsequently decrease average cloud
droplet effective radius altering cloud radiative forcing — the first indirect effect [16]. Smaller cloud
droplets consequently suppress rainfall for a given water path — the second indirect effect for warm
clouds and also increase their lifetime [17]. In addition to their contribution to CCN effects,
anthropogenic aerosols are identified as one of the major sources of Ice Nuclei (IN) [18, 19], and can
influence several other ‘indirect effects” such as ‘thermodynamic’, ‘glaciation” and ‘riming’ which
may modulate mixed-phase properties of clouds [20].

A complete understanding of the Indian monsoon system is complicated [2] owing to the
role of the rugged topography of the Himalayas [21], its interactions with large scale dynamics, and
cloud microphysics that cause wide ranging impact on pollution transport, cloud and precipitation
[22]. Shrestha et al. [23] suggest that the advected aerosols from the Indo-Gangetic Plains is confined
within the valleys, localizing their properties, which in turn play a critical role in modulating cloud
microphysical and precipitation processes. This effect was observed in the Sierra Nevada
Mountains, according to Lynn et al. [24], where ‘clean-air’ produce more and aged ‘dirty-air’
produce less precipitation in the foothills of the mountains. Furthermore, the pristine air mass across
the Caliafornia Mountains produce 30% more precipitation than the aged polluted air [25]. An
increasing aerosol number concentrations over the Swiss Alps (e.g. in the region of the Jungfraujoch
Mountain) seemed to suppress warm cloud processes, leading to a decrease in orographic
precipitation on the upslope of the mountains [26]. However, the relation between aerosols and
precipitation is not always linear, which may depend on environmental conditions of the study area
[24]. A non-linear relationship between aerosol and precipitation is observed in a tropical convective
system, and also the precipitation amount is not overly sensitive to aerosol perturbations [27, 28].

In this paper we aim to investigate how aerosol and temperature perturbations may affect
cloud microphysical processes and to what extent subsequent aerosol - cloud interactions may alter
precipitation formation and distribution over the complex terrain of the Himalayas. We address the
following questions:

e How will the precipitation respond to aerosol and temperature perturbations?
e How is the spatial distribution of the precipitation affected by aerosol perturbations?

e How are these perturbations manifested in the microphysical properties of the clouds?
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This paper is organized as follows: the numerical model and microphysics are explained in
section 2 and 3 respectively; Section 4 outlines the experimental set up and the results follow in

section 5. A discussion and conclusion is presented in section 6.

2. Numerical model

The simulations described here were carried out using version 3.1.1 of the Weather Research
and Forecasting (WRF) model. The model incorporates the advanced Research WRF (ARW) mass
based, terrain following vertical coordinate system, with adjustable vertical grid spacing. Prognostic
variables include vertical and horizontal wind components, microphysical quantities, perturbation
potential temperature, geopotential and surface pressure of dry air. Twenty four categories from the
USGS “30s’ global data set were used to initialize surface properties such as terrain, vegetation index
and land use type.

The model uses a 34 order Runge - Kutta time integration scheme with 5% order horizontal
and 3 order vertical momentum advection options. A gravity wave absorbing layer was used to
damp anomalously large vertical velocities in the model [29]. A complete description of the WRF
model is provided by Skamarock et al. [30].

The WRF model has been widely tested and successfully applied for the evolution of
mesoscale weather phenomenon in areas of complex topography [31, 32]. The studies by Ikeda et al.
[33], Rasmussen et al. [34] and Liu et al. [35], show that orographic precipitation from simulations
with the WRF model are comparable with observations in complex terrain. Furthermore, Maussion
et al. [36] applied the WRF model to simulate a precipitation event over the Tibetan Plateau and
compared with the Tropical Rainfall Measuring Mission (TRMM) satellite observations. The
simulated precipitation was consistent with the satellite observation, giving confidence that our

set-up will also be suitable for this study.

3. Cloud Microphysical Description

The Morrison double-moment bulk cloud microphysical scheme [37, 38] was used in WRF
in this study. This double moment microphysics scheme thus predicts the number concentration
and the mixing ratio of different hydrometeors. Prognostic equations are used to describe the
evolution of five hydrometeor species (cloud droplets, rain, cloud ice, snow and graupel) and water

vapour. CCN activation is parameterized following the standard Twomey [39] power-law relation,

N.= CSk' using the modification described by Rogers and Yau [40] for use in this model. This

scheme does not explicitly include calculation of peak super-saturation, since this is not resolved by
the model grid, but instead it calculates the number of activated droplets as a function of updraft
velocity. The maximum super-saturation is therefore implicit in this formulation, as it mainly
depends on updraft speed and the CCN characteristics (C and k). Following Twomey [39], the

equation governing the number of CCN activated at cloud base is:
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where N describes the total number of activated droplets (cm™). The vertical velocity, which
includes grid and sub-grid scale velocity, is represented by U (cm s™), C is the CCN number
concentration (cm?) at 1% supersaturation, and k represents an activation parameter that depends
on air mass type and which may vary from 0.4 to 1.0. In this study we use a constant value of k
equal to 0.8.

In Morrison scheme the warm rain process is parameterized using the method of
Khairoutdinov and Kogan [41] which was arrived at by regression analysis against droplet size
spectra predicted by an explicit bin-microphysical model. The ice phase descriptions in the model
include diffusional growth, aggregation, riming and melting of ice hydrometeors (processes
relevant for cloud ice crystals, snow and graupel). Heterogeneous ice nucleation was parameterized
following Rasmussen et al. [42], where primary ice crystals are generated through immersion
freezing, contact freezing and deposition and condensation nucleation. Ice multiplication processes

were parameterized following Hallett and Mossop [43].

4. Model setup

The model was configured using three (two-way) nested domains with a horizontal grid
resolution of 27, 9 and 3 km centred over central Nepal (26.34° N, 83.12° E) defined in the Lambert
conformal projection (Figure 1). The outermost domain (Domain 1) covered Asian monsoon region
including the Himalayas, the Indian subcontinent and the Bay of Bengal to capture regional flow
patterns. Domain 2 covered the entire Nepal region including the central Himalayas and part of
Northern India in order to capture mesoscale circulation. The innermost high resolution domain
(Domain 3) covers central Nepal focusing on circulation over the foothills and valleys of the
Himalayas. Evaluation of the model results is focused on the high resolution (3 km x 3 km) domain
which contains 111 x 111 horizontal grid points and 40 vertical levels with the domain top pressure
of 50 mb. First few hours of the simulation is considered as a spin-up run and not included in the
calculation. The model integration time-step was set to 30 s. We use NCEP/DOE reanalysis 2 data for
model initialisation and boundary conditions. The physics packages include the Dudhia short-wave
radiation [44], the RRTM long-wave radiation [45], the YSU boundary layer [46] and the Noah land
surface models. No cumulus parameterization was used in the high resolution (3 km x 3 km)
simulations presented here as the model set up should explicitly resolve the cumulus convection in

sufficient detail, but the Grell-Devenyi ensemble scheme was used in the lower resolution domains.
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Figure 1. Domains used for WRF simulation with horizontal grid resolution 27 km (domain 1), 9 km
(domain 2) and 3 km (domain 3) centered over central Nepal (26.34°N, 83.12°E) and the model is set to
40 vertical levels. Elevation contours are plotted at intervals of 500 m between 1,500 — 8,000 m

altitudes.

The atmospheric moisture content was altered by perturbing the temperature i) uniformly
and ii) randomly across the domain by modifying the model standard code and holding the relative
humidity constant. In the uniform perturbation case a constant increment is added to the
unperturbed (control) temperature (hereafter Tctrl) at every model grid point. Two different
temperature enhancement scenarios i) Tctrl+5, and ii) Tctrl+10 were created with respect to the Tctrl
run by adding T=5°C and 10°C, respectively. In contrast, the random perturbation was created
using a random number generator. The range of perturbations was restricted to between  T=-0.5°C
to +0.5°C, T=-25°C to +2.5°C and T=-5.0°C to +5.0°C, forming three different temperature
perturbation scenarios relative to the control simulation, i.e., i) Tctrl+0.5, ii) Tctrl+2.5, and iii) Tctrl+5.
The aerosol concentrations were prescribed as 500 cm=, 1,500 cm= and 3,500 cm referred to as the
‘low’, ‘medium’ and ‘high’ aerosol cases, respectively. These aerosol perturbation scenarios provide
only approximate ranges for the region [23], with the high aerosol case being considered as biomass
burning event, for example. However these need to be verified with further observations.

We also used a more realistic approach to investigate aerosol perturbation effects on
precipitation response by implementing a prognostic CCN scenario. For this we modified the
standard WRF model code to predict CCN as a function of time and position within the domain.
Aerosol number concentration remains constant from ground level to an altitude of 3500 m,
followed by linear reduction in concentration up to 4000 m and then decreases logarithmically. We

also used aerosol parameters that were derived from the Aerosol and Chemical Transport in
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Tropical Convection (ACTIVE) field campaign [47] to initialize the model, the study uses similar
assumption for the ‘low’, ‘medium’ and ‘high” aerosol scenarios as we did here.

To investigate the sensitivity of rainfall to aerosol and temperature perturbations we
applied the range of initial conditions to three real rainfall events that occurred during different
seasons of a one year period with varying rainfall intensity. This resulted in 45 WRF simulations in
total. In the first case (Case I) the model was initialized at 00 UTC (11:45 Local) on 06 September 2007
and ran for 24 hours. This case was characterized by monsoonal flow from the Bay of Bengal, and
may be referred to as a moderate intensity rain case. The second case (Case II) was initialized at 12
UTC (17:45 Local) on 25 September 2011 and ran for 30 hours. This case was strongly influenced by
moist monsoonal flow and representative of a high intensity rain event. In the final (Case III) the
model was initialized at 00 UTC on 27 March 2011 and ran for 24 hours. This case is characteristic of
a winter monsoon case influenced by extra-tropical cyclones, locally known as western disturbance,
and was a low intensity rainfall event. In addition to the aerosol scenarios, the case-I was examined
for the uniform temperature perturbation, random temperature perturbation and prognostic CCN
scenarios, whereas the case studies II and IIl were investigated for the random temperature

perturbation and the aerosol cases.

5. Results

We analyze the sensitivity of rainfall to aerosol and temperature perturbations using
experimental and control run simulations. The domain averaged accumulated rain (hereafter
accumulated rain), the domain and time averaged cloud droplet effective radius and ice crystal
effective radius (hereafter Reef and Rie, respectively) are investigated. Furthermore, cloud droplet
number concentration (hereafter CDNC) is also analyzed to examine the sensitivity of aerosol and

temperature perturbations.

5.1 Activation of CCN and IN

5.1.1 Case study I

As expected, the majority of our simulations show greater that aerosol concentrations give
rise to clouds with smaller Rcer (Table 1) and greater droplet number concentrations (N¢) (Figure
2a-2c). However, no consistent effects of the aerosol perturbations were observed on Ric (Table 2)
and ice number concentration (Ni) (Figure 2d). The effects of temperature perturbations on cloud
droplet activation were not significant. However, they showed a strong positive effect on ice
nucleation processes, producing more ice crystals concentrations with increasing temperature. A
good correlation between positive vertical velocity (W.), which play a role to activate aerosol

particles, and corresponding CDNC was found (Figure 3).
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Figure 2. Correlation between cloud droplet number concentration (CDNC) and  aerosol
concentrations simulated for a) random temperature perturbations, b) uniform temperature
perturbations, and c) prognostic CCN scenarios. d) Correlation between ice number concentration and

aerosol concentration simulated for uniform temperature perturbations.

5.2 Case study II

Our results show that CDNC increases with increasing aerosol concentrations. The effect of
temperature perturbations on droplet activation was not significant, even less effective than in the
case I. Consistent with strong and organized updraft, relative to the other cases described in this
study, a stronger positive correlation between CDNC and W. was found. A decreased Rece,
consistent with the case I, was observed with an increase in aerosol concentration, however the
effects of temperature was non-monotonic (Table 1). Our simulations indicate that aerosol
perturbations exert minimal impact on Ri. . In contrast, the effect of temperature perturbations is

significant and non-linear (Table 2).



The 2nd International Electronic Conference on Atmospheric Sciences (ECAS 2017), 16-31 July 2017;
Sciforum Electronic Conference Series, Vol. 2, 2017

5.3 Case study III

Consistent with previous cases, a positive correlation was observed between CDNC and
aerosol perturbations. As this is low rainfall event, the impact of temperature perturbations on
droplet activation was negligible. Unlike the previous cases correlation between CDNC and W. was
not so strong in this case, as the event is characterized by weak updraft velocity, in turn, show
limited numbers of activated droplets. Furthermore, as opposed to the previous cases, Reef
remained unchanged with increasing aerosol number concentration (Table 1) and also minimal
impact was observed on Rie. The impact of temperature perturbations on Reef, and Rief are shown in

Table 1 and Table 2, respectively.
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Figure 3. Correlation between domain and time averaged updraft speed (Wa) and CDNC in the
uniform temperature perturbation along the north — south transect of the domain. Average CDNC is
calculated for positive mean vertical velocity (Wa>0) in the corresponding grid box of the model. L, M

and H in the legend stands for the ‘low’, ‘medium’, and ‘high” aerosol cases, respectively.

5.2 Distribution of clouds and rain

5.2.1 Case study I

Hovmoller diagrams (Figures 4a-4c) describe an evolution of hydrometeors over time along
south - north direction of the domain. The spatial distribution of hydrometeors in the ‘low’,
‘medium’ and “high” aerosol cases is not significantly different. In all cases, results show that a thick
cloud band (~20 g kg) is developed across central Nepal (~27°N — ~28°N) early in the simulation
which gradually diminishes after ~8 hours, however, thin clouds (< 2 g kg') evolve almost
everywhere from the beginning to the end of the simulations. In contrast, temperature perturbations
show a significant impact on the distribution of clouds (Figures 4b-4c). The thick band of cloud
develops rapidly, spread out reaching almost to 29°N (South of the Tibetan Plateau), and sustains

longer in the atmosphere. In contrast, the thin clouds do not survive until the end of simulations. In

8
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particular, this effect is prominent in the Tctrl+10 run. A weak cloud band was observed in the
Tctrl+0.5, Tctrl+2.5 and Tctrl+5 simulations.

Consistent with distribution of hydrometeors, the impact of aerosol perturbations on the
distribution of rainfall is negligible and not statistically significant at the 95% confidence interval. In
general, in all cases, a WNW — ESE oriented rainfall corridor was observed along the foothills of the
Himalayas (Figure 5a). Results show that the foothills of the Himalayas (e.g. Siwalik Hills and
Mahabharat Range; altitude 1500 m — 4500 m) receive more rain than in the high Himalayas (altitude
> 5000 m) and ‘Teari” areas (southern low land, altitude <200 m). Heavy rainfall is confined mostly
across the windward side of two prominent peaks, Champadevi (85.25° E, 27.65° N; altitude: 2250
m) and Phulchowki (85.41° E, 27.57° N; altitude 2760 m), located SW — SE of the Kathmandu Valley.

Unlike aerosol, temperature perturbations show a significant impact on distribution of
rainfall (Figure 5b-5c¢) and statistically significant at the 95% confidence interval. An elongated
rainfall corridor further encroaching northwest of the Himalayas was observed in the Tctrl+5 and
Tctrl+10 simulations. A wider rainfall corridor covering a large geographical area in the central
Nepal is developed, if temperature rises by 10°C. The rain belt is relatively weak and not organized
in the Tctrl+0.5, Tctrl+2.5 and Tctrl+5 runs.
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Figure 4. Hovmoller diagrams for total condensate (g kg') simulated for the ‘low’ aerosol
concentration a) Tctrl, b) Tctrl+5°C, and c) Tctrl+10°C. As explained in the text, this diagram is very

similar for the ‘medium” and ‘high” aerosol concentrations.
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5.2.2 Case study 1I

The spatial distributions of hydrometeors are very similar in the ‘low’, ‘medium’ and ‘high’
aerosol cases (not shown). Consistent with case I, in all cases, a thick blanket of cloud is developed
over central Nepal early in the simulations and disappears after ~8 hours, however, thin clouds are
found everywhere from the beginning to end of the simulations. Unlike aerosol, temperature
perturbations show a considerable impact on the distribution of hydrometeors. The thick blanket of
cloud develops rapidly, moves toward the high Himalayas and stays longer in the atmosphere with
increase in temperature.

The impact of aerosol perturbations on the distribution of rainfall is not statistically
significant at the 95% confidence interval. In all cases, consistent with case I, a WNW — ESE rainfall
corridor was formed along the foothills of the Himalayas (not shown). The maximum amount of
rainfall was observed across the Siwalik Hills and Mahabharat Range (altitude 1500 m — 4500 m).
In contrast, the impact of temperature perturbations on the distribution of rainfall is statistically
significant at the 95% confidence interval. The rainfall corridor is further widened as temperature

rises.
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Figure 5. Spatial distribution of rainfall simulated for the ‘low’ aerosol concentration a) Tctrl, b)
Tctrl+5°C, and c) Tctrl+10°C.  As explained in the text, this diagram is very similar for the ‘medium’
and ‘high” aerosol concentrations. Elevation contours are plotted at intervals of 300 m between 300 —

6,000 m altitudes.
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5.2.3 Case study III

The distributions of hydrometeors are very similar between the ‘low’, ‘medium” and ‘high’
aerosol cases (not shown). As this case is characterised by a low rainfall event the thick blanket of
cloud, as observed in the previous cases, does not appear. Instead few patches of scattered clouds
are observed from the beginning to the end of simulations.

Consistent with distribution of clouds, the impact of aerosol perturbations on the
distribution of rainfall is minimal and not statistically significant at the 95% confidence interval. As
this event is caused by a winter monsoon precipitation, which is influenced by extra-tropical
cyclones, the high Himalayan region receives patches of light rains. The light rainfall area widens up
and moves southward along the foothills of the Himalayas as the magnitude of the temperature
perturbations increases. The impact of temperature perturbations on rainfall is statistically

significant at the 95% confidence interval.

5.3 Precipitation sensitivity to aerosol and temperature perturbations

5.3.1 Case study I

Figures 6a-6c show the effects of aerosol and temperature perturbations on accumulated
rainfall. The impact of aerosol perturbations was minimal ranging from -3% to +4%. The effect was
non-linear and not statistically significant at the 95% confidence interval. However, temperature
perturbations show greater impact on the rainfall (-5% to +93%), which was statistically significant
at the 95% confidence interval. The decreased rainfall is attributed to the random perturbations of
atmospheric temperature which randomly choose a grid box to add or subtract the perturbations on

Tctrl. A summary of the accumulated rainfall from the sensitivity runs is presented in Table 3.

Table 1. Inter-comparison of domain and time averaged cloud droplet effective radius (um). Dashes

indicate no simulations were performed for the case.

Case-1 Case-1I Case - 1II
Low Medium High Low Medium High Low Medium High

Simulation

Control (Tctrl) 14.85 14.80 14.77 14.84 14.82 14.78 15.21 15.21 15.21
Uniform temperature perturbation
Tctrl+5 14.95 14.91 14.90 - - - - - -
Tctrl+10 14.93 14.89 14.86 - - - - - -

Random temperature perturbation

Tctrl+0.5 14.84 14.81 14.76  14.85 14.82 14.79 15.21 15.21 15.21
Tctrl+2.5 14.85 14.82 14.78 14.85 14.82 14.80 15.21 15.21 15.21
Tctrl+5 14.81 14.75 14.72  14.82 14.78 14.77 15.21 15.21 15.21

Prognostic CCN  14.58 14.64 14.58 - - - - - -

11
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Figure 6. Sensitivity of accumulated rain to aerosol and temperature perturbations a) random

temperature perturbation, b) uniform temperature perturbation, and c) prognostic CCN scenarios.

In the Tctrl runs, time series analysis show an early and rapid development of rain followed
by an intense downpour that occurred for a short period of time (Figure 7), which is consistent with
the evolution of clouds as shown in Hovmoller diagram (Figure 4). This feature of rainfall was also
observed in Tctrl+5 and Tctrl+10 simulations, however, with more intense downpour. In contrast,
although rainfall initiates at the same time, a more gradual evolution of rain was observed,
consequently producing less intense and prolonged rainfall in the Tctrl+0.5, Tctrl+2.5 and Tctrl+5
simulations.

Figures 8a-8c show a cross section of the total condensate (sum of cloud droplets, rain, cloud
ice, snow and graupel) along the line AB in Figure 5a which was taken just before onset of rainfall
for the ‘low’, ‘medium’ and ‘high’ aerosol perturbations. In the ‘low’ aerosol case a narrow
condensate region, both horizontal and vertical distribution, with less hydrometeor content was
observed. In contrast, in the ‘medium’” and “high” aerosol cases, height of the condensate regions and

its horizontal extents were significantly increased.
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Figure 7. Time series analysis of accumulated rainfall, which is averaged over the domain simulated

for the ‘low” aerosol concentration. As explained in the text, this diagram is very similar for the

‘medium’ and ‘high” aerosol concentrations.

Table 2. Same as Table 1 but for the ice effective radius (um).

Case -1 Case-1I Case - II1
Simulation
Low Medium High Low Medium High Low Medium High

Control (Tctrl) 38.45 38.66 38.74 31.20 31.14 31.26 26.43 26.43 26.44
Uniform temperature perturbation

Tctrl+5 35.48 35.60 35.26 - - - - - -

Tctrl+10 37.12 37.36 36.89 - - - - - -
Random temperature perturbation

Tctrl+0.5 38.97 38.89 38.83 31.51 31.45 31.34 2644 26.44 26.44

Tctrl+2.5 39.00 39.16 39.16 31.82 31.81 31.77 26.54 26.54 26.54

Tctrl+5 39.05 39.19 39.26 32.56 32.50 3245 26.57 26.57 26.58

Prognostic CCN  29.87 29.36 29.22 - -

5.3.2 Case study 1I

Consistent with the case I, the impact of aerosol perturbations on rainfall was not

statistically significant at the 95% confidence interval and the effects were non-linear. In contrast, the

effect of temperature perturbations, which was statistically significant at the 95% confidence

interval, was estimated to range from -11% to +3%. Note that this effect is entirely due to the random

perturbation of temperature profile, as the uniform perturbations cases are not simulated here.

Consistent with distribution of clouds in the Hovmoller diagram, an early evolution of rain and its

rapid growth was observed in the time series analysis of rainfall, which subsequently generates high
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intensity rainfall over a short period of time. The maximum rainfall occurred ~5 hours of simulation
in the Tctrl run, which gradually shifted farther in the Tctrl+0.5, Tctrl+2.5 and Tctrl+5 simulations.
Analysis of individual cloud regions show that the cloud could extend up to 18 km from the ground
level, where freezing level generally exist around 5 km, indicates a dominance of cold phase

hydrometeors.

5.3.3 Case study III

Amount of rainfall are very similar in the all aerosol perturbation scenarios. Hence, the
impact of aerosol perturbations on rainfall is not statistically significant at the 95% confidence
interval. Note that this event is characterised by a low intensity rain during a winter season as
explained above. However, a strong sensitivity of rainfall to the temperature perturbations (-1% to
+22%) was observed. Consistent with distribution of clouds in the Hovmoéller diagram, time series
analysis of rainfall shows that onset timing is very similar in all the simulations. However, gradual
evolution of the rain, as compared to Tctrl, was observed in the perturbed simulations. Shape, size
and spatial distribution of the total condensate are very similar in the ‘low’, ‘medium’, and ‘high’

aerosol cases, which were mostly dominated by ice phase hydrometeors.

a)

Height (km)

i
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Figure 8. Distribution of total condensate (g kg!) along line AB in the Figure 5a for a) ‘low’, b) ‘medium’,
and c) ‘high” aerosol concentration simulated for the Tctrl simulation. These cross-sections were taken at

4:45 GMT (10:30 am local time), just before onset of the rainfall.

Table 3. Inter-comparison of accumulated rainfall (mm). Dashes indicate no simulations were performed

for the case.

Simulation Case -1 Case - 11 Case - 1II
Low Medium High Low Medium High Low Medium High

Control (Tctrl)  34.5 35.0 352 518 51.0 509 03 0.3 0.3
Uniform temperature perturbation

Tctrl+5 47.1 47.1 46.2 - - - - - -

Tctrl+10 66.7 66.6 67.7 - - - - - -
Random temperature perturbation

Tctrl+0.5 36.3 35.6 36.1 531 52.1 523 03 0.3 0.3

Tctrl+2.5 324 324 31.8 479 48.1 480 03 0.3 0.3

Tctrl+5 29.6 29.0 30.2  46.0 45.9 454 04 0.4 0.4
Prognostic 21.1 20.6 20.7 - - - - - -
CCN

6. Discussion and conclusions

In this study we use a high resolution (3 km x 3 km) Weather Research and Forecasting
(WRF) model to simulate the effects of aerosol and temperature perturbations on the distribution of
clouds and precipitation over the Himalayas. Rainfall sensitivity was analyzed for three different
case studies, accompanied with varying rainfall intensity and different season of a year, in order to
draw more robust conclusions. We compare the simulated results from control runs to experimental
runs which were created perturbing atmospheric temperature profiles using both i) uniform, and ii)
random perturbations, for three different ‘low’, ‘medium’ and ‘high’ aerosol perturbation

scenarios.
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The cloud droplets number concentrations are positively correlated to aerosol number
concentrations, as expected. However, as explained above the effects of aerosol perturbations are
non-linear. This non-linear effect of aerosol was also observed in the convective clouds over India
[48] attributed to increased droplets concentration, due to higher CCN concentration, which
compete for available water vapour, in turn, reduce supersaturation [39]. Ice crystal number
concentration is not significantly affected by the aerosol perturbations. The poor sensitivity of the ice
concentration is attributed to the oversimplified parameterizations scheme of ice nucleation
processes, where chemical properties of aerosol particles that play a critical role to determine
particle’s ice nucleation behaviour [49, 50] are not considered. Although the droplet size is
decreased with increasing aerosol number concentration, the size of the cloud ice is generally
increased, which may be associated with the ‘glaciation’ indirect effect. In this mechanism ice
particles grow at the expense of cloud droplets due to its lower saturation vapour pressure [20, 51].
However, this feature is less robust as it is not supported by all scenarios.

Our results show that the amount of rainfall is not overly sensitive to aerosol perturbations
(-3% to +4%) and not statistically significant at the 95% confidence interval. Consistent with droplets
concentration the effect of aerosol on rainfall is non-linear, the similar effect was also observed in the
deep tropical convection [47]. The insensitivity of rainfall to aerosol perturbations over the
Himalayas can be explained in two ways. Firstly, ice phase is the dominant precipitation formation
processes over the mountainous region [52], this mechanism was also observed in our simulations
as the ratio of liquid water content (LWC) to ice water content IWC) ranges from 0.5 — 0.9. However,
the ice phase processes are not sensitive to the aerosol perturbations as explained above that have a
strong influence on the sensitivity to rainfall. The same effect was also observed in Alps and Rocky
Mountains [50]. Secondly, the ice phase clouds could compensate the suppressed warm rain via
melting of ice hydrometeors [28].

Spatial distributions of rainfall show that the foothills of the Himalayas (e.g. Siwalik Hills
and Mahabharat Range; altitude 1500 m — 4500 m) receive more rain as compared to the high
Himalayas (altitude > 5000 m) and ‘Teari’ region (southern low land, altitude <200 m). This feature
is consistent with all the aerosol perturbation scenarios. A WNW — ESE oriented rainfall corridor is
observed along the foothills of the Himalayas, confining heavy rainfall mostly across the windward
side of two prominent peaks (i.e. Champadevi and Phulchowki; altitude 2500 — 2700 m) located SW
— SE of the Kathmandu Valley. These are well understood properties of orographic rain attributed to
the complex mountainous terrain [53] where warm and moist air is forced up to high elevation
resulting in cooling and condensation/precipitation along the windward slope of the topographic
barrier and subsidence in the leeward side evaporates the clouds.

Intense rainfall over the foothills of the Himalayas is observed in a warming climate which
sustained for a very short period of time. The magnitudes of such effects are more pronounced with
rising temperatures, for example, +31% to +93% more rain will be produced if the temperature is
increased by 5°C to 10°C. The increased rainfall amount is associated with increase in atmospheric
moisture due to increased temperature, the Clausius — Clapeyron effect, which suggests that at
constant relative humidity moisture content increases by ~6%/ K near surface and ~12%/ K in the
upper troposphere [13]. Thus, it is likely that the Indian monsoon precipitation will intensify as the

climate warms which is also suggested by Turner and Annamalai [2].
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Analysis of total condensate (i.e. sum of cloud droplets, rain, cloud ice, snow and graupel)
shows that aerosol perturbations are likely to modify shape, size and spatial distribution of
hydrometeors and their precipitation production at individual cloud region. However, in some
cases, presented in this study, low intensity rainfall during winter season is not affected at all by the
aerosol perturbations. This could be attributed to a weak response of ice phase processes to the
aerosol perturbations. So the resulting effects of aerosols on cloud processing, spatial distribution

and precipitation onset can be highly non-linear and case dependent.
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