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Abstract 10 

Pre-monsoon dust aerosols over Indian regions are closely linked to the monsoon dynamics and 11 

Indian summer monsoon rainfall. Past observational studies have shown a decline in dust loading 12 

over the Indian landmass potentially caused by changing rainfall patterns over the desert regions. 13 

Such changes are expected to have far reaching impact on regional energy balance and monsoon 14 

rainfall. Using a regional climate-chemistry model, RegCM4.5 with an updated land module, we have 15 

simulated the long-term (2001-2015) changes in dust over the arid and semi-arid dust source regions 16 

of the North-Western part of the sub-continent. It is found that the area-averaged dust aerosol optical 17 

depth (AOD) over the arid and semi-arid desert regions has declined by 17% since the start of this 18 

millennium. The rainfall over these regions exhibits a positive trend of 0.1 mm day-1year-1 and a net 19 

increase of > 50%. The wet deposition is found to be dominant and ~5 fold larger in magnitude over 20 

dry deposition and exhibits total changes of ~ 79 % and 48% in the trends in atmospheric dust. As a 21 

response, significant change in the surface (11%), top of the atmosphere radiative forcing (7%), and 22 

widespread atmospheric cooling are observed in short wave domain of radiation spectrum, over the 23 

Northern part of the Indian landmass. Such quantification and long term change studies are necessary 24 

for understanding the regional climate change and the water cycle. 25 
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1.0 Introduction  27 

Mineral dust (or dust) is one of the most important sources for aerosol mass in the atmosphere (I 28 

Tengen, 1995). They are of various size ranges and exert a radiative effect in both the solar and 29 

terrestrial radiation known as the aerosol direct effect (Atwater, 1970; Charlson et al., 1992; Ensor et 30 

al., 1971). Based on their hygroscopic nature and secondary mixing, the dust aerosols also have an 31 

effect on the radiation by affecting cloud microphysics, known as the indirect effect (Dipu et al., 2013; 32 

Gu et al., 2012; Twomey, 1977). Dust is known to have a strong influence on both regional and global 33 

climate  (Lau et al., 2006; Sanap and Pandithurai, 2015). 34 

The abundance of mineral dust over India makes the overall aerosol burden about three times higher 35 

than the global average, especially during summer and monsoon seasons (Dey et al., 2004). The 36 

primary sources of dust over the Indian landmass are the arid and semi-arid regions (mostly 37 

northwestern and adjacent parts of India) and long-range transport from middle-west Asia and North 38 

Africa by the westerly winds (Das et al., 2015a; Jin et al., 2015; Lau, 2016; Maharana et al., 2019; 39 

Pandey et al., 2017; Vinoj et al., 2014). It peaks during Apr/May and declines thereafter due to the 40 

arrival of monsoon and enhanced wet deposition (Lau, 2016; Maharana et al., 2019). 41 

The direct and indirect effects take place simultaneously, interacting with each other. This adds more 42 

complexity to the overall forcing and responses of the hydrological cycle over the South Asian/Indian 43 

monsoon system (Lau et al., 2009). Dust is known to alter atmospheric dynamics through warming, 44 

thereby impacting the atmospheric circulation (Dash et al., 2015; Harikishan et al., 2015; Jin et al., 45 

2015). Many studies highlight the short and long term impacts of remote/local aerosols to monsoon 46 

rainfall through elevated heat pump (EHP) mechanism solar dimming and local and remote 47 

atmospheric heating processes (Bollasina et al., 2008; Chung et al., 2002; Jin et al., 2015; Lau and 48 

Kim, 2011; Maharana et al., 2019; Nigam and Bollasina, 2010; Vinoj et al., 2014). The presence of 49 

absorbing aerosols like dust and black carbon over parts of northern India and the Himalayan foothills 50 

could enhance monsoon rainfall in subsequent months (June/July) through dynamical feedback (Lau 51 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 June 2021                   doi:10.20944/preprints202106.0282.v1

https://doi.org/10.20944/preprints202106.0282.v1


et al., 2006, 2016). Therefore, variations in the summer dust cycle could inevitably impact the 52 

monsoon hydrology by altering the regional radiation balances, thereby atmospheric dynamics.  53 

Limited studies have highlighted the pre-monsoon dust changes over the arid and semi-arid (dust 54 

sources) regions of India (Pandey et al., 2016). Pandey et al. 2017, made the first attempt to 55 

investigate the long-term aerosol/dust dynamics during the pre-monsoon season over India. The 56 

complex forcing and feedback mechanisms renders, elucidating the effects of changes to dust and 57 

their regional climate interaction from other large scale forcing. Further, there are no well accepted 58 

direct measurements to distinguish dust optical and radiative properties of total aerosols from space. 59 

Hence, a model can be an optimal solution for exploring dust processes and their optical and radiative 60 

properties. The inadequate representation of various processes, coarse spatial resolution of soil data, 61 

and meteorological fields in typical global climate model (GCM’s) make it difficult to study dust and 62 

its feedback at regional scales. This makes the choice of a regional climate model (RCM) better over 63 

the global models (Dickinson et al., 1989; Gao et al., 2006; Giorgi, 2019; Giorgi et al., 2012; Giorgi 64 

and Marinucci, 1991; Oh et al., 2014) with its higher spatial resolutions, better parameterization and 65 

capacity to resolve sub-grid processes (Giorgi, 2019; Solmon et al., 2006).  66 

 67 

In this paper, a regional climate model (RegCM4.5) is used to understand changes to dust aerosol 68 

loading over the arid regions to the North-western of the subcontinent. The study specifically explores 69 

the relationship between rainfall, dust emission and its atmospheric loading.  In addition, the changes 70 

(quantification) in short and long wave radiation at surface, atmosphere and top of the atmosphere 71 

during period are elucidated.  72 

 73 

2.0 Data and Methodology 74 

2.1 Regional climate model RegCM (version 4.5):        75 

The fourth generation of Abdus Salam International Centre for Theoretical Physics (ICTP) regional 76 

climate model (RegCM version 4.5) is used to carry out this study (Giorgi et al., 2016, 2012). 77 
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RegCM’s dynamical core is based on the hydrostatic version of the mesoscale model MM5 of the 78 

National Center for Atmospheric Research and is widely used (Dash et al., 2013; Davitashvili et al., 79 

2018; Georg et al., 1994; Pattnayak et al., 2019). Radiative transfer in RegCM uses the 80 

parameterization of NCAR’s community climate model CCM (Kiehl et al., 1996). The model’s 81 

capability in simulating aerosols and their various optical properties (Abish and Arun, 2019; Ajay et 82 

al., 2019; Maharana et al., 2019) has been utilised for various applications. Also, it captures the mean 83 

patterns and climatological features other meteorological parameters (temperature, wind, 84 

precipitation etc.) over Indian regions (Ajay et al., 2019; Maurya et al., 2017; Mohanty et al., 2019; 85 

Pattnayak et al., 2018; Tiwari et al., 2015). RegCM4.5 has both online dust and anthropogenic aerosol 86 

modules, hence is widely used to study the aerosol-climate interactions (Abish and Arun, 2019; Ajay 87 

et al., 2019; Das et al., 2015b; Maharana et al., 2019; Nair et al., 2012; Solmon et al., 2006). The dust 88 

module is designed to be online, i.e., it works in two-way coupling with meteorology. This is one of 89 

the major advantages over other offline (one way interacting) model. The online dust module follows 90 

the parameterization scheme developed by (Alfaro and Gomes, 2001). The module has major features 91 

like dust emission, dry and wet deposition, transport, optical properties, and direct radiative forcing 92 

(Zakey et al., 2006). This dust module divides the size distribution of the dust particles into four bins 93 

varying from finer (0.01–1.0 μm and 1.0–2.5 μm) to coarser dust aerosols (2.5–5.0 μm and 5.0–20.0 94 

μm). The model uses Mie theory to estimate the aerosol optical and radiative properties (Davitashvili 95 

et al., 2018; Santese et al., 2003; Zakey et al., 2006). For the refractive index of dust aerosols, the 96 

model uses the Optical Properties of Aerosols and Clouds (OPAC) database (Hess et al., 1998; Zakey 97 

et al., 2006). The complexity and representation of the land model play a vital role in dust generation 98 

in RegCM. The default is the BATS (Biosphere atmosphere transfer scheme), and two community 99 

land models (CLM3.5 and CLM4.5) options are available for coupled land-atmosphere 100 

configurations. However, the benefits of CLM 4.5 over BATS and CLM, as the former has more soil 101 

layers, vegetation fractions and uses subgrid “tiles” method where separate water and energy balance 102 

for each tile is performed (Ajay et al., 2019; Steiner et al., 2009). This method aims to model the 103 
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surface parameters better than the default BATS scheme. Therefore, the CLM4.5 model has been used 104 

for dust simulation in the present study.  105 

2.2. Experimental design and data set used 106 

The simulations are carried out at 50 km spatial resolution, and the initial and lateral boundary 107 

conditions are forced with 6-hourly ERA-interim 1.5° × 1.5° gridded reanalysis data. The sea surface 108 

temperature data are extracted from the National Oceanic and Atmospheric Administration (NOAA) 109 

1.0° × 1.0° weekly data set. The land use data and terrain heights are generated from the United States 110 

Geographical Survey at 30s resolution. A total of 15 years (2001-2015) of simulations have been 111 

performed starting from 1st March to 31st May each year. In the present analysis, only data from May 112 

is used. Fig.1. (a) depicts the model run domain for this study, and Fig.1. (b) shows the various 113 

dominant soil categories associated with the land model (CLM45). The model configurations and 114 

other details used for this study are provided in table 1.  115 

 116 

 117 

Fig.1.(a) The model domain with topographical height (shaded), (b) associated soil texture dominant 118 

categories. 119 

 120 

  121 
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Table 1 Model configuration implemented for this study 122 

Model Used  RegCM ( version 4.5) 
Grid dimensions  160 x 100 , 18 sigma levels  
Dynamics MM5 hydrostatic 
Horizontal resolutions  50 km  
Simulation Periods 2001-2015 
Top layer Pressure  50 hPa 
Land Surface model  CLM4.5 
Meteorological boundary conditions  ERA-Interim (Dee et al., 2011) 
Chemical boundary conditions  Dust Chemistry (online) 
Cumulus convection scheme Emanuel over land and ocean 
Radiation scheme  CCM3 
Moisture scheme Sub-grid Explicit Moisture Scheme 

(Pal et al., 2000)  
Planetary boundary layer scheme  Holtslag PBL (Holtslag et al., 1990) 
Topography USGS 
SST Weekly Optimal Interpolation dataset 

(OI_WK) 
Dust tracers  DUST4  (4 bins) 
Dust size particle distributions  Standard scheme (Zakey et al., 2006) 

 123 

3.0. Results and Discussion  124 

This section explains the simulated spatial pattern and trends of dust AOD, rainfall, tracer burden, 125 

and radiative parameters related to dust. The results section is divided into two parts. The first part 126 

explains the spatial trends of the parameters mentioned above. In the second part, we calculate the 127 

long-term area-averaged temporal trends of these parameters over the North Western (NW) parts of 128 

India and the adjacent regions (NW box hereafter, marked as the dotted rectangular box in Fig.2). The 129 

dotted rectangular box delineated over 23.5 ºN - 33ºN latitude and 66.5 ºE - 74ºE longitude is our 130 

region of interest. This region is chosen as the significant deserts in the Indo-Pak (Thar, Thall, and 131 

Cholistan deserts) falls within them. This area is the primary dust source contributing to the total dust 132 

AOD load over India during the summer season. We further discuss the implications of the changes 133 

in the above parameters to the regional climate.  134 

135 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 June 2021                   doi:10.20944/preprints202106.0282.v1

https://doi.org/10.20944/preprints202106.0282.v1


3.1. Trends in AOD and precipitation  136 

 137 
Fig.2. (a) Trends (Year-1) for simulated dust AOD and Precipitation (b) for the period of study. The 138 
stipple show the area where trends are significant at 95% confidence level, determined using Mann-139 
Kendall Trend Tests 140 
 141 
The spatial trend of simulated aerosol optical depth (AOD) for May (2001-2015) is shown in Fig.2. 142 

The simulated pattern is similar to that observed using MERRA2 (Modern-Era Retrospective analysis 143 

for Research and Applications, version 2, Fig S1a & S1b). The AOD shows a declining trend over the 144 

whole NW part and significant parts of central Indian regions. The signal is robust, especially within 145 

the study area of interest (dotted black box). It attains the maximum negative trends (~ -0.1year -1) 146 

over the Thar Desert regions. However, there is a slightly positive trend observed east of the area of 147 

interest, though not statistically significant (p >> 0.05). To find the cause behind the decline in AOD 148 

trends, the simulated precipitation trend during the same period (Fig 2b) is also explored. The 149 

precipitation trends resemble that observed using the University of Delaware (UDel) precipitation 150 

data (Fig S1c). It shows a strong positive trend over the NW (especially over Pakistan). However, 151 

there is a sharp reduction in simulated precipitation trends covering parts of Central India and located 152 

east of the area of interest. It may be noted that the simulated trend in AOD and the precipitation over 153 

the rectangular box are in the opposite phase. The observed aerosol reduction further to the east might 154 

be due to suppression of dust transport from the source regions (here, the area covering the rectangular 155 

box). 156 

In order to find the possible pathway of the dust/AOD reduction, we further investigated the 157 

associated change in the tracer (dust) emissions, its burden, and deposition. Those are discussed in 158 

the subsequent sections.  159 
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3.2. Changes in the dry and wet deposition of dust      160 

 161 

Fig.3. Trends (Year-1) in deposition (Dry and Wet, mgm-2day-1) for the period of study. Stipple shows 

the area where trends are significant at 95% confidence level, determined using the Mann-Kendall 

trend tests 

 

The Surface emission and the dust burden are primarily controlled by the wind speed and soil texture 162 

in the RegCM (Giorgi et al., 2016; Zakey et al., 2006). On the other hand, the dust removal from the 163 

atmosphere is controlled by the dry and wet removal processes (due to gravity and rain, respectively). 164 

Dust column burden is directly linked to the surface-emission (from the surface to atmosphere), loss 165 

(due to dry deposition and wet deposition), and transport (by wind). The dust column burden follows 166 

the trend as observed for AOD (not shown). Fig.3 explains the trend of two major dust removal 167 

processes. It is clear that both the dry deposition (gravity settling) and wet deposition (washout due 168 

to rain) shows a positive trend over the NW box. The positive trend in tracer loss (combined effect of 169 

dry and wet deposition) is contributing to a reduction in aerosol optical depth. Also, the wet deposition 170 

exceeds dry deposition more than five folds in magnitude when averaged over the NW box (see Table 171 

2). This signifies that rain is one of the primary causes of dust removal from the atmosphere, hence 172 

responsible for the negative AOD trends, as observed in Fig. 1.  173 

It is established that pre-monsoon dust contributes large fractions to annual average AOD over Indian 174 

landmass (Deepshikha et al., 2006; Pandey et al., 2016; Satheesh and Srinivasan, 2002; Vinoj and 175 

Satheesh, 2003). Previous studies suggest the dust load/AOD during Apr-May has a role in 176 

modulating the rainfall during monsoon months through elevated heat pump mechanism (Lau and 177 

Kim, 2006; Lau, 2014; Maharana et al., 2019). Thus, long/short term changes in dust loads/ absorbing 178 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 June 2021                   doi:10.20944/preprints202106.0282.v1

https://doi.org/10.20944/preprints202106.0282.v1


AOD can impact regional climate and hydrological cycles. As regional climate is controlled mainly 179 

by the change in radiative balance over that region, a positive (negative) radiative balance leads to 180 

warming (cooling). It is to be noted that dust is well known to interact with both short and longwave 181 

radiation. Therefore, this decline in dust load is expected to change the regional radiative balance in 182 

near-surface (boa), top of the atmosphere (toa), and in the atmosphere (atm). The details of which are 183 

discussed in the next section.  184 

3.3. Changes in radiative forcing and heating rate 185 

 186 

Fig.4. The trends (Year-1) in simulated Radiative forcing and heating rate (SW and LW). The terms 187 
toa, boa, and atm are acronym for “Top of the atmosphere”, “bottom of the atmosphere” and “in the 188 
atmospheric column” respectively. The stipple shows the area where trends are significant at 95% 189 
confidence level, determined using the Mann-Kendall trend test 190 

 191 
 The aerosol (dust) radiation interactions is known to be direct radiative forcing (DRF or RF), which 192 

is meant to study the climate implication of aerosols. It is calculated as the change in radiative fluxes 193 
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(incoming minus outgoing) considering with and without aerosol conditions. The DRF is estimated 194 

at the top of the atmosphere (RFtoa) as well as the surface/bottom of the atmosphere (RFboa). The direct 195 

atmospheric forcing (RFatm) is the difference between radiative forcing at the top and bottom of the 196 

atmosphere as follows. 197 

RFୟ୲୫(ୗ୛,୐୛) = RF୲୭ୟ(ୗ୛,୐୛) − RFୠ୭ୟ(ୗ୛,୐୛)                             (1) 198 

In the above equation, SW/LW denotes the radiative calculation both in the shortwave or longwave 199 

radiation spectrum. Dust is known to behave differently in the shortwave (SW) and longwave (LW) 200 

spectrum of radiation. Hence we have investigated them separately. All the units of radiative forcing 201 

are in Wm-2. 202 

Fig.4 shows the trend in radiative forcing (RF) simulated by the model. The left four panels of Fig.4, 203 

depicts the long term changes in shortwave radiative (toa, boa, atm) and heating rate (SWHR) due to 204 

shortwave radiation. The right panel explains the same variable in long wave spectrums of radiation. 205 

The simulated shortwave top of the atmosphere forcing (SWRFtoa) shows an increasing trend over 206 

the NW box and North-central India. A different response is observed for longwave radiative forcing 207 

at the top of the atmosphere. It is well-known that dust aerosols show both scattering and absorbing 208 

nature at the top of the atmosphere for short wave radiation; however, the net effect is negative 209 

(cooling). Hence, a reduction in dust aerosols enhances warming (shortwave trap) at the top of the 210 

atmosphere. 211 

Similarly, in the longwave spectrum, dust is absorbing in nature. Therefore, the declining trends in 212 

long wave top of the atmosphere radiative forcing (LWRFtoa) agree with the observed trends in dust 213 

burden and/or AOD. It is interesting to note that, the longwave cooling trend exceeds the shortwave 214 

warming trends both in values and spatial extensions, leading to a net cooling effect at the top of the 215 

atmosphere. The nature of the radiative forcing at the surface for the short wave (SWRF boa) and 216 

longwave (LWRFboa) shows distinct characteristics. The overall trend is positive for shortwave and 217 

low negative for longwave. This might be due to the more (than the average) incoming solar radiation 218 

to the surface and more emission of longwave from a surface. For both cases, the decline in the dust 219 
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is a favorable condition. It is interesting to note that the spatial extent of dust-related changes in the 220 

surface and top of the atmosphere radiative forcing have shown a spread beyond the source region. 221 

In addition, a decline in the trend net (shortwave and longwave combined) atmospheric radiative 222 

forcing (top minus bottom) is observed.  223 

It may further be noted that the spatial trends of short wave forcing are dominant mostly over the 224 

NWbox and part of northwestern India. On the other hand, spatial trends of longwave forcing are 225 

prevailing over the Eastern regions. The atmospheric radiative forcing explains the amount of 226 

radiative flux absorbed or lost by the atmosphere due to the presence of an aerosol species. This is 227 

further explained using a matrix called the atmospheric heating rate (SWHR and LWHR in Fig 4) as 228 

given in equation 2. The atmospheric heating rate is considered to be a sign of climate implication of 229 

aerosols and as calculated from RFatm (Singh et al., 2016; Tiwari et al., 2019; Tripathi et al., 2007)  230 

ஔ୘

ஔ୲
=

୥

େ౦

   ∆ୖ୊౗౪ౣ

∆୔
                       (2) 231 

Where, g is the acceleration due to gravity, Cp the specific heat of air at constant pressure, and P is 232 

the atmospheric pressure. ΔP is the atmospheric pressure difference between the top and bottom 233 

boundary of each layer, respectively. As most of the aerosol load (here dust) thereby heating is 234 

confined to the lower atmosphere, a constant value of 300 hPa is used for ΔP in equation 2 (Singh et 235 

al., 2016; Tiwari et al., 2019).  236 

From Fig 4, it is clear that the simulated heating rate (both for short wave and long wave) shows a 237 

declining trend with an agreement with the aerosol burden and /or atmospheric radiative forcing. It 238 

has a more extensive spatio-temporal spread beyond the source region. The negative trend of 239 

shortwave exceeds long wave in magnitude. This is attributable to reducing dust, hence the change in 240 

atmospheric absorption in both the short and longwave radiation spectrum. The next section 241 

quantifies the net changes in dust and associated parameters over the selected region (i.e., NW box). 242 

  243 

3.4. Trends in AOD and precipitation over northwest  244 

Fig.5 depicts the inter-annual variation of the simulated rainfall and AOD, averaged over the NW. 245 

Please note that the trend has been calculated taking anomalies of different years with respect to the 246 
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year 2001(the first year of simulation or base year hereafter). It is visible that the rainfall and AOD 247 

during the summer (month of May) exhibit opposite trends.  248 

 249 

Fig.5.Trends (Year-1) within NW box with respect to the base year (2001) in simulated dust AOD and 250 
Precipitation for the period of study over the region of interest (NW part of India and adjacent 251 
regions). Trends are significant at the 95% confidence level determined using the Mann-Kendall trend 252 
tests 253 

 254 

The rainfall (top panel of Fig.5) shows a significant positive trend (0.1 mm day-1year -1, p< 0.05) with 255 

respect to the base year of simulation. On the other hand, AOD in the bottom panel shows a declining 256 

trend over the years (0.005 Year-1, p < 0.05). These results show evidence that the atmosphere over 257 

the dust source region is getting cleaner over the recent decade as a response to changes in rainfall. 258 

Therefore, further changes in rainfall over this region are of importance to regional aerosol loading.  259 

The current study thus supports the findings by Pandey et al., 2017 in addition to showing the changes 260 

to aerosol radiative effects.  This also points to the possibility of using such aerosol-chemistry models 261 

for studies related to regional hydrology. Again, the increasing rainfall over the arid /semi-arid region 262 

is indicating a change in the regional climate as dust simulated by the model simply responds to the 263 

large scale meteorological fields.  264 
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3.5 Trends in dust and the associated changes in radiative forcing      265 

We estimate the trends and net changes in the dust, rain, and radiative forcing due to shortwave and 266 

longwave spectrum (see Table 2) over NW. The inter-annual variation for each parameter is shown in 267 

Fig S2.  It may be noted that the anomalies were calculated using a similar approach, as discussed in 268 

section 3.4.   269 

Table 2 Area averaged trends of various variables w.r.to year 2001 270 

Variables Units Trend year-1 Duration Total change (%) 

AOD 

Precipitation 

unit less 

mm day-1 

-0.005 

0.10 

2001-2015 

2001-2015 

-17.5% 

54.14 % 

Burden mg m-2 -5.47 2001-2015 -19.3% 

Surface Emission mg m-2 day-1 -8.38 2001-2015 -3.6 % 

Dry Deposition mg m-2 day-1 0.28 2001-2015 48.6 % 

Wet deposition mg m-2 day-1 1.69 2001-2015 79.6% 

SWRF( toa) Wm-2 0.04 2001-2015 7% 

SWRF (atm) Wm-2 -0.19 2001-2015 -16.6 % 

SWRF (boa) Wm-2 0.24 2001-2015 11.6% 

SWHR (atm) Kday-1 -0.006 2001-2015 -16.1% 

LWRF (toa) Wm-2 -0.14 2001-2015 -88.6% 

LWRF (atm) Wm-2 -0.08 2001-2015 -32.8% 

LWRF (boa) Wm-2 -0.09 2001-2015 -20.8% 

LWHR (atm) Kday-1 -0.002 2001-2015 -22.5% 

 Bold numbers indicate statistically significant trends (p<0.05). 271 
 272 
Similar to the spatial trends, dust tracer burden and surface emission both exhibit negative trends 273 

during the summer season (Month of May). It may be due to the observed increase in rainfall, which 274 

makes the atmosphere relatively cleaner, and at the same time, the land surface becomes wetter. A 275 

wetter land inhibits soil erosion and dust emission. Further, the increase in wet depositions supports 276 

the precipitation link to dust reduction. On the other hand, an increase in dry deposition may be 277 
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attributed to the dust particle growth in the presence of additional moisture. Hence, the combined 278 

effects of dry and wet deposition and the rainfall might be responsible for the trends of simulated dust 279 

aerosol optical depth. The area-averaged temporal trends of shortwave and longwave radiative 280 

elements agree with the change in dust load/AOD. It is essential to note that these radiative elements 281 

are linked to the state of the climate of a region. Long term changes in any of these variables indicate 282 

a change in the regional climate. There are notable alterations observed in the radiative elements 283 

during the study period. Though years to year seasonal variations are observed, we have discussed 284 

only the mean changes of these elements during summer (May) for the study period. It may be 285 

mentioned that regional climate models are meant to simulate the mean and variability, rather than 286 

exact quantification of a climate state variable. Area averaged temporal trends in short wave radiative 287 

forcing show robust and significant trends (p<0.05) over its longwave counterparts. The trends in 288 

both TOA and BOA radiative forcing components are as expected.  Dust aerosols are known to warm 289 

the atmosphere by absorbing the incident solar radiation, and this can be quantitatively determined 290 

by the atmospheric heating rate. The decrease in aerosol-induced atmospheric heating over south Asia 291 

has also been reported in a recent study (Ramachandran et al., 2020, Mukherjee et al., 2021).  292 

 293 
Fig.6. Overall changes (Percentage) in various parameters within the NW box with respect to the base 294 
year (2001)). SW, LW, and HR are acronyms for Shortwave, Longwave and Heating rate, respectively. 295 
 296 

 297 
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The overall changes in the above-discussed parameters over the NW box and expressed in percentage 298 

(Fig.6). A total change in the AOD with respect to the base year is estimated to be -17% and results 299 

in a ~-19 % decrease in dust burden. The direction and magnitude of the change in burden and AOD 300 

are comparable with the earlier studies (Pandey et al.,2017, Pandey et al., 2016) . The precipitation 301 

has increased more than 50% over the semi-arid/desert regions. In addition to that, wet deposition 302 

percentage change (~80%) exceeds almost twice that of dry depositions change (~48%).  303 

 304 
There are net increases in the top and bottom of the atmosphere short wave radiative forcing (7% and 305 

11.6%, respectively). However, there is an overall decline in the atmospheric heating and atmospheric 306 

radiative forcing (~ -16%) in the short wave domain. Though the shortwave radiative forcing and 307 

heating rate trends are much higher than those of its longwave counterparts, the change in longwave 308 

forcing is more significant in magnitude and mostly negative, as shown in Fig. 6.  Further, maximum 309 

change is observed in top of the atmosphere LWRF and is approximately -88% from that of the base 310 

year. It is interesting to note that the LWRFatm responds nearly twice over SWRFatm to a unit change 311 

in dust AOD/burden. These results are essential to discern the response of shortwave and longwave 312 

forcing to the same factor (here the change in dust) 313 

4.0. Summary and conclusions  314 
 315 
Regionally, dust aerosols partly offset greenhouse Gas (GHGs) warming due to inhibiting the 316 

shortwave radiations from reaching the ground. Further, by warming the atmospheric column, it is 317 

linked to various boundary layer processes. Dust aerosols, in both short and long time scales impact 318 

the monsoon rainfall over India, as suggested by previous studies (Lau et al., 2008; Lau and Kim, 319 

2015, 2006; Sanap and Pandithurai, 2015; Vinoj et al., 2014). Hence, any change in dust 320 

magnitude/spread could affect the regional climate through various forcing and feedback 321 

mechanisms. Using a coupled chemistry-climate model with an updated land module (RegCM4.5), 322 

we simulated the summer changes in dust over the source regions adjacent to Indian landmass for 15 323 
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years (2001-2015) period span. The model performance is found to be reasonable when compared to 324 

the observations and is in fair agreement with the findings of earlier studies. In summary,  325 

1. The simulated AOD is found to exhibit a spatio-temporal declining trend, whereas rainfall 326 

shows an increasing trend over the arid/desert and semi-arid regions of NW India. 327 

2.  The change in AOD could be to be due to the combined effects of rainfall and tracer processes 328 

(emission, transport, and removal/deposition). There is an approximately 18% decline in AOD 329 

and > 50% rainfall enhancement observed over NW parts of India.  330 

3. The trend of wet removal is more than five folds dominant over the gravity settling/dry 331 

deposition. However, the net change in a wet removal is nearly twice that of dry deposition. 332 

4. The direction of the observed trend in radiative forcing in both short wave and longwave 333 

radiation regimes agrees with the change in dust load/burden. However, the short wave forcing 334 

trends are dominant over its longwave counterparts.  335 

5. The longwave radiative forcing is more sensitive to a unit change in dust burden/AOD 336 

compared to shortwave radiative forcing.  337 

6. As a response to dust change, a significant widespread atmospheric cooling trend is observed 338 

over parts of North and North-western India.  339 

  340 
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Supplementary figure  556 

 557 

Fig.S1. Trends (Year-1) for pre-monsoon simulated (a) dust AOD, (b) Dust burden (mg m-2 day-1), and 558 
(c) precipitation (mm day-1) from MERRA-2 and Udel, respectively with respect to the base year 559 
(2001). Stipple shows the area where trends are significant at the 95% confidence level, determined 560 
using Mann-Kendall Trend Tests. 561 
 562 
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Fig.S2. Trends within the NW box with respect to the base year (2001) in various parameters with 564 
the corresponding sign (positive/negative). SW, LW, and HR are acronyms for Shortwave, 565 
Longwave and Heating rate, respectively. The plus and minus signs show the nature of trend (with 566 
red colour for significant and black for insignificant trend) determined using Mann-Kendall trend 567 
test. The actual units of each variable are provided with each plot. 568 
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