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Abstract 8 

Recent satellite observations show efficient vertical transport of Asian pollutants from the 9 

surface to the upper level anticyclone by deep monsoon convection. In this paper, we 10 

examine the transport of carbonaceous aerosols including Black Carbon (BC) and Organic 11 

Carbon (OC) into the monsoon anticyclone using of ECHAM6-HAM, a global aerosol 12 

climate model. Further, we investigate impacts of enhanced (doubled) carbonaceous aerosols 13 

emissions on the UTLS, underneath monsoon circulation and precipitation from sensitivity 14 

simulations.  15 

These model simulations show that boundary layer aerosols are transported into the monsoon 16 

anticyclone by the strong monsoon convection from the Bay of Bengal, southern slopes of 17 

the Himalayas and the South China Sea. Doubling of emissions of BC and OC aerosols, each, 18 

over the South East Asia (10°S - 50°N; 65°E - 155°E) show that lofted aerosols enhance 19 

radiative heating rates (0.02-0.03 K/day) near the tropopause, produce  significant warming 20 

(1K), and instability in the mid/upper troposphere. The enhanced carbonaceous aerosols alter 21 

aerosol Radiative Forcing (RF) at the surface by –4.74 W/m
2
; at the Top Of the Atmosphere 22 
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(TOA) by +0.37 W/m
2 

and in the atmosphere by +5.11 W/m
2 

over the Asian summer 23 

monsoon region (20ºN - 40°N, 60ºE - 120°E). Atmospheric warming increases vertical 24 

velocities and thereby cloud ice in the upper troposphere. An anomalous warming over the 25 

Tibetan Plateau (TP) facilitates the relative strengthening of the monsoon Hadley circulation 26 

and increases moisture inflow by strengthening the cross-equatorial monsoon jet. This 27 

increases precipitation amounts over India and north east China.  28 

Key words: Aerosol radiative forcing; Black Carbon and Organic Carbon aerosols; ECHAM6-29 

HAM; Upper Troposphere and Lower Stratosphere (UTLS); Asian Tropopause Aerosol 30 

Layer (ATAL).  31 
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1. Introduction  33 
 34 

 South East Asia (10
°
S–50

°
N; 65

°
E–155

°
E) is one of the most fast-growing regions in 35 

terms of population and economy which contributes significantly to the emission of global 36 

aerosol particles (Ramanathan and Crutzen, 2003; Lin et al., 2013). India and China are the two 37 

main contributors in Asia (Carmichael et al., 2009; Lin et al., 2014; Butt et al., 2016). Black 38 

Carbon (BC) and Organic Carbon (OC) are the important aerosol species as they substantially 39 

contribute to the climate forcing (Penner et al., 1998; Chung and Seinfeld, 2002; Ramanathan 40 

and Carmichael, 2008; Hodnebrog et al., 2014), alter the energy balance in the atmosphere and 41 

the global water cycle (Solomon et al., 2007). Recent studies show that their impacts on local 42 

meteorology and monsoon circulation are large (Ackerman et al., 2000; Ramanathan et al., 43 

2001a, 2001b; Lelieveld et al., 2001; Menon et al., 2002; Manoj et al., 2011). BC and OC 44 

together account for more than 60 % of the Aerosol Optical Depth (AOD) (Chin et al., 2009; 45 

Streets et al., 2009). 46 

 There is ever growing concern for rapidly increasing anthropogenic emissions of 47 

carbonaceous aerosols namely BC and OC. Global emissions of BC have almost doubled during 48 

the past century (Baron et al., 2009). Developing countries in Asia, e.g. India and China produce 49 

BC emissions at high growth rates.  These countries together produced about 40% of total world 50 

BC emissions from combustion (Kopp and Mauzerall, 2010). The estimated growth of  BC is 46 51 

% (33% in OC) over China and 41% (35% in OC) over India during 2000 to 2010 (Lu et al., 52 

2011). On a regional scale, their emissions are high over densely populated Indo-Gangetic Plains 53 

in India and eastern China (Kumar et al., 2011; Lelieveld, 2001; Gautam et al., 2011; Fadnavis et 54 

al., 2013; Zhang et al., 2015).  Over the Asian region, (Indo-Gangetic Plains and north-eastern 55 

China) emission of OC is almost twice as that of BC (Fig. 1).   56 
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The majority of BC and OC aerosols are formed by incomplete combustion (Satheesh and 57 

Ramanathan; 2000; Carmichael et al., 2009). The important emission sources of BC aerosols are 58 

diesel vehicles, exhaust from coal-based power plants, exhaust from industries, forest fires and 59 

residential bio-fuel and fossil-fuel combustion. The OC aerosols are emitted from fossil fuel and 60 

biofuel burning and natural biogenic emissions. Biogenic carbonaceous aerosol are produced 61 

from of plant debris, pollen, fungal spores, and bacteria (Jacobson et al., 2000; Bond et al., 2004) 62 

and secondary organic aerosol from the oxidation of volatile organic compounds (VOCs) 63 

(Solomon et al., 2007).  64 

 Recent satellites, Cloud Aerosol Lidar and Infrared Path finder Satellite Observation 65 

(CALIPSO) (Vernier et al., 2011; Thomason and Vernier, 2013), Stratospheric Aerosol and Gas 66 

Experiment II (SAGE) (Thomason and Vernier, 2013) and Balloonsonde (Vernier, et al., 2015) 67 

observations show Asian Tropopause Aerosol Layer (ATAL) near the tropopause persisting 68 

during the monsoon season (June-September). Satellite observations reveal transport of trace 69 

gasses (CO, PAN, H2O HCN) into the upper level monsoon anticyclone by deep monsoon 70 

convection (Park et al., 2009; Randel et al., 2010, Kunze et al.,2010; Ploeger et al., 2011; 2012; 71 

2013; Fadnavis et al., 2014; 2015, Govardhan et al., 2017). Moreover, both back trajectory 72 

analysis based on CALIOP observations (Vernier et al., 2015) and modeling studies (Fadnavis et 73 

al., 2013) indicate that deep monsoon convection transports boundary layer aerosols into the 74 

UTLS. A Civil Aircraft for Regular Investigation of atmosphere Based on an Instrument 75 

Container (CARBIC) measurements show aerosols at the lower levels in the ATAL contain 76 

higher levels of carbonaceous and sulphate aerosols. The ratio of carbon to sulfur is ~4.0 with 77 

concentrations of carbon ~36 ng/m
3
 and sulfur ~ 13 ng/m

3
 in the Asian upper troposphere during 78 

August 2006, 2007 and 2008 (Vernier et al., 2015). Carbonaceous aerosols in the upper 79 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Vernier%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=26691186
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troposphere lead to atmospheric heating due to their absorptive properties which may 80 

subsequently alter the atmospheric thermal structure and cloud amounts. Higher concentrations 81 

of carbonaceous aerosols in the ATAL may significantly alter thermal structure of the UTLS and 82 

therefore the underneath monsoon circulation (Meehl et al., 2008; Kloster et al., 2009). The 83 

ATAL may affect the Radiative Forcing (RF) regionally. Vernier et al., (2015) reported that the 84 

ATAL had exerted a short-term regional forcing at the top of the atmosphere ~ -0.1 W/m
2 

during 85 

past two decades. 86 

BC and OC aerosols absorb and scatter radiation, resulting in heating of the atmosphere and a 87 

layer of aerosols in the UTLS may reduce solar radiation reaching the Earth’s surface (Penner et 88 

al., 1998). The global mean estimated cumulative (since 1970) BC radiative effect is +0.3 W/m
2 89 

while OC emitted from fossil fuels is estimated to be -0.1 W/m
2
 (Myhre et al., 2013). The 90 

presence of BC aerosols can change the sign of forcing from negative to positive (Haywood and 91 

Shine, 1997). Studies pertaining to BC/OC RF are sparse over the Indian region. Sreekanth et al., 92 

(2007) reported BC RF at the TOA +2.36 W/m
2
 and -9.9 W/m

2
 at the surface at Visakhapatnam 93 

(17.7ºN, 83.3ºE) during the monsoon season 2006. Babu et al., (2002) obtained BC RF +5 W/m
2
 94 

at the TOA and at the surface -23 W/m
2 

at Bangalore (13ºN, 77ºE), during November-December 95 

2001. Badarinath and Latha, (2006) reported BC RF of +9 W/m
2 

at the TOA and -33 W/m
2 

at the 96 

surface at Hyderabad (78ºE, 17ºN), India during January-May 2005. 97 

 Asian Summer Monsoon (ASM) has a major impact on agriculture, water resources, and 98 

economy and social life. Therefore it is important to study the impact of fast-growing Asian 99 

emission of carbonaceous aerosols on monsoon precipitation.  However, there are a few studies 100 

reporting the impacts of carbonaceous aerosols on precipitation over India (Meehl et al., 2008; 101 

Wang et al., 2009; Ganguly et al., 2012) and China (Guo et al., 2013; 2015). Since convective 102 
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transport (during the monsoon season) inter-links tropospheric processes with the UTLS (Randel 103 

et al., 2010; Vogel et al., 2011, 2015;  Fadnavis et al., 2013), it is essential to understand impacts 104 

of boundary layer emissions on the UTLS. To our knowledge, transport of carbonaceous aerosols 105 

from the boundary layer to upper troposphere, their impacts on the UTLS and connecting 106 

monsoon circulation are not explored in detail. In this study, we address the question of the 107 

impact of rapidly growing emissions of carbonaceous aerosols (BC and OC) on the thermal 108 

structure of the UTLS, monsoon transport processes and rainfall over India and China. We 109 

perform control and sensitivity simulations using the ECHAM6-HAM aerosol climate model. In 110 

sensitivity experiment, we have doubled anthropogenic emissions of BC and OC, each, over the 111 

South East Asia (10°S-50°N; 65°E-155°E). The paper is organized as follows; in Section 2 112 

model simulations and satellite observations are described. The transport processes are discussed 113 

in Section 3. The impact of enhanced carbonaceous aerosols emissions on the UTLS and 114 

monsoon precipitation are described in Section 4, followed by conclusions given in Section 5. 115 

 116 

2. Model simulations and satellite data analysis  117 

2.1 Experimental setup and model simulations  118 

 The fully coupled aerosol-climate model ECHAM6-HAM (version echam6.1.0-ham2.1-119 

moz0.8) used in this study comprises the general circulation model ECHAM6 (Stevens et al., 120 

2013) coupled to the aerosol sub-module Hamburg Aerosol Model (HAM) (Stier et al., 2005, 121 

Zhang et al., 2012). HAM predicts the evolution of sulfate (SU), black carbon (BC), particulate 122 

organic matter (POM), sea salt (SS), and mineral dust (DU) aerosols. The size distribution of 123 

aerosol population being described by seven log-normal modes with prescribed variance as in the 124 

M7 aerosol module (Vignati et al., 2004; Stier et al., 2005; Zhang et al., 2012). Moreover, HAM 125 
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uses the two-moment cloud microphysics scheme in which the nucleation scavenging of aerosol 126 

particles by acting as cloud condensation nuclei or ice nuclei, freezing and evaporation of cloud 127 

droplets and melting and sublimation of ice crystals is treated explicitly (Lohmann et al., 2010, 128 

Neubauer et al., 2014). The anthropogenic and fire emissions of SO2, BC, and OC are based on 129 

the AEROCOM-ACCMIP-II emission inventory. The anthropogenic emissions are based on 130 

Lamarque et al., (2010). The biomass burning emissions are from GICC 1850 -1950 (Mieville et 131 

al., 2010), RETRO 1960-1990 (Schultz et al., 2008) and GFED v2 (1997 - 2008) (van der Werf 132 

et al., 2006). Biogenic emissions are derived from MEGAN (Guenther et al., 1995), and fossil 133 

fuel sources are provided by the ACCMIP inventory (Lamarque et al., 2010). In the model, 134 

biogenic OC is directly inserted via emissions. Secondary organic aerosol (SOA) emissions are 135 

as described by Dentener et al. (2006). The emissions of sea salt (Guelle et al., 2001 and Stier et 136 

al., 2005) and dust (Tegen et al., 2002; Cheng et al., 2008) are computed interactively.  137 

The model simulations are performed at the spectral resolution of T63. This spectral 138 

representation is associated with a horizontal resolution of 1.875
º
 x 1.875

º
 on a Gaussian grid and 139 

a vertical resolution of 47 levels spanning from the surface up to 0.01 hPa. The simulations have 140 

been carried out at a time step of 20 minutes. AMIP sea surface temperature (SST) and sea ice 141 

cover (SIC) are used as lower boundary conditions. Note that our base year for aerosol and trace 142 

gas emissions is 2000. Each simulation was performed for the 30 years from January 1979 to 143 

December 2009. We analyze simulated data for 20 years (1989-2009) considering initial ten 144 

years as spin-up time. Emissions are the same in each simulation, and meteorology varied 145 

because of different monthly sea surface temperature (SST) and sea ice (SIC) data. The 146 

interactive aerosols change the meteorology and feedback to aerosols variations Most of the 147 

models underestimate BC and OC mass concentrations observed over Asia (Bond et al., 2013; 148 
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Butt et al., 2016; Winiger et al., 2016). Bond et al. (2013) have suggested that global atmospheric 149 

absorption attributable to black carbon is too low in many models and should be increased by a 150 

factor of three. Butt et al. (2016) obtained better predictions when residential carbonaceous 151 

emissions were doubled. We performed control experiment (CTRL) with baseline emissions (for 152 

the year 2000) and three sensitivity simulations for doubling of carbonaceous aerosols over the 153 

Asian region; (1) Demiss in which emissions of BC and OC, both, are doubled, (2) emissions of 154 

only BC aerosols are doubled in DBConly, and (3) simulation of doubling of only OC aerosols 155 

refers to DOConly. We compare CTRL simulation with Demiss scenario to analyze the impacts 156 

of doubled carbonaceous emissions (BC and OC together) on the UTLS and rainfall during ASM 157 

season (June - September). We also provide contribution of BC and OC aerosols separately from 158 

comparison of CTRL with DBConly and DOConly simulations.  159 

2.2 Satellite measurements 160 

2.2.1 The Tropical Rainfall Measuring Mission (TRMM) 161 

The Tropical Rainfall Measuring Mission (TRMM) is a joint National Aeronautics and 162 

Space Administration (NASA) - Japan Aerospace Exploration (JAXA) satellite mission to 163 

monitor the tropical and subtropical precipitation and estimate its associated latent heat. TRMM 164 

was launched in 1997 from Tanegashima space center in Japan. The rainfall measuring 165 

instruments on the TRMM satellite include an electronically scanning radar Precipitation Radar 166 

(PR), (operating at 13.6 GHz), TRMM microwave image (TMI), a 9 channel passive microwave 167 

radiometer (which records radiation at the 10.65, 19.35, 37.0, 85.5 (V and H) and 21.3 (V) GHz), 168 

and Visible and Infrared Scanner (VIRS) with five operating channels (Kummerow et al., 1998). 169 

The 3B42 algorithm produces TRMM adjusted merged infrared precipitation rate and root mean 170 

square (RMS) precipitation error estimates (Huffmen et al., 2007). The algorithm combines 171 

http://trmm.gsfc.nasa.gov/
http://trmm.gsfc.nasa.gov/
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multiple independent precipitation estimates from the TMI, Advanced Microwave Scanning 172 

Radiometer for Earth Observing Systems (AMSR-E), Special Sensor Microwave Imager (SSMI), 173 

Special Sensor Microwave Imager/Sounder (SSMIS), Advanced Microwave Sounding Unit 174 

(AMSU), Microwave Humidity Sounder (MHS), and microwave-adjusted merged geo-infrared 175 

(IR). The final 3B42 precipitation (in mm hr
-1

) estimates have a 3-hourly temporal resolution and 176 

a 0.25-degree by 0.25-degree spatial resolution. TRMM precipitation can be obtained from 177 

https://disc2.gesdisc.eosdis.nasa.gov/data/TRMM_L3/TRMM_3B42.7/. 3-hourly precipitation 178 

data are averaged to obtain daily mean. Then, seasonal mean (June-September) is computed from 179 

daily mean data. Further, seasonal mean data is averaged for 20 years (1997-2016) to obtain 180 

climatology of the monsoon season.  181 

2.2.2 CloudSat and Cloud-Aerosol Lidar Infrared Pathfinder Satellite Observations 182 

(CALIPSO) 183 

 Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) and 184 

CloudSat are two A-Train constellation satellites, launched together in April 2006. They provide 185 

information related to the role of cloud and aerosol in the Earth's climate system and radiative 186 

imbalance of the atmosphere. The Cloud Profiling Radar (CPR) on board of CloudSat satellite is 187 

a 94-GHz nadir-looking radar which measures the power backscattered by clouds as a function 188 

of distance. It provides information on cloud abundance, distribution, structure, and radiative 189 

properties (Stephens et al., 2008). The Cloud-Aerosol Lidar with Orthogonal Polarization 190 

(CALIOP) is an elastically backscattered active polarization sensitive Lidar instrument onboard 191 

CALIPSO. The CALIOP transmit laser light simultaneously at 532 nm and 1064 nm at a pulse 192 

repetition rate 20.16Hz. The Lidar receiver subsystem measures backscatter intensity at 1064 nm 193 

and two orthogonally polarized components of 532 nm backscatter signal that provides the 194 

https://disc2.gesdisc.eosdis.nasa.gov/data/TRMM_L3/TRMM_3B42.7/
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information on the vertical distribution of aerosols and clouds, cloud particle phase, and 195 

classification of aerosol size (Winker et al., 2010; Powel et. al., 2013). In this study, we use Ice 196 

water content (IWC) dataset from the combined measurement of CloudSat and Calipso (2C-197 

ICE_L3_V01) for the period 2007-2010. The 2C-ICE cloud product is an ice cloud retrieval 198 

derived from the combination of the CloudSat radar and CALIPSO Lidar, using a variational 199 

method for retrieving profiles of the IWC in ice clouds (Deng et al., 2013). The details of the 200 

data retrieval method are explained in Li et al., (2012). IWC data has been averaged for the 201 

monsoon season and period 2007-2010 to obtained seasonal climatology.  202 

2.3 Comparison with in-situ measurements 203 

 We compare CTRL simulated BC concentrations  with (1) aircraft measurements at 204 

Guwahati (26°11′N, 91°44′E) on 30August, 4 and 6 September 2009 from Rahul et al. (2014) 205 

and (2) Balloon borne measurements at Hyderabad (17º.48' N; 78º.40'E) (aethalometer installed 206 

on the hydrogen-inflated balloon) on 17 March 2010 from Babu et al., (2011). The model is not 207 

forced with meteorology therefore daily variations are not reproduced. Hence for comparison, 208 

monthly mean simulated BC concentrations are extracted at the grid centred at Guwahati and 209 

Hyderabad. Figure 2a-d shows the comparative analysis of model simulated BC and in-situ 210 

measurements. It can be seen that model underestimates BC emissions; therefore, we compare 211 

in-situ measurements with Demiss simulations, additionally. The profiles of BC concentration 212 

obtained from Demiss simulation show reasonable agreement with observations at Guwahati in 213 

the lower troposphere below 3km while differences are large between 3-6 km. Simulated BC 214 

profiles (CTRL and Demiss, both) show large differences with observations at Hyderabad 215 

(Fig.2d). These balloon-borne measurements show a variation of BC between 1000-10000 ng m
-3

 216 

while simulated BC concentration varies between 3000-3 ng m
-3

. The differences between in-situ 217 
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measurements (balloon borne and aircraft) and model simulations may be due to number of 218 

factors such as the uncertainty in BC emissions in the model’s emission inventory, uncertainty in 219 

the model’s transport processes, and it’s coarse spatial grid (1.875° x 1.875°) compared to point 220 

measurement. Moreover, the meteorological conditions of each individual measurement day 221 

cannot be captured by monthly average values from the model output. The large differences at 222 

Hyderabad may be due to uncertainty in measurements due to attachment of aethalometer to the 223 

balloon. Although there are differences in the troposphere, Demiss simulations show reasonable 224 

agreement with measurements near the surface at Guwahati (Fig.2a-c) and Hyderabad (Fig. 2d). 225 

A similar agreement is also observed with observations near the surface (0-2km) at Kanpur 226 

(80º.20'E, 26º.26'N) (Tripathi et al., 2007). The BC concentrations at Kanpur obtained from 227 

Demiss simulations ~7.5 µg m
-3

 - 3 µg m
-3 

are comparable with observations ~8 µg m
-3 

- 4 µg m
-

228 

3
.  229 

 Figures 2e and 2f show the vertical distribution of cloud ice obtained from CTRL 230 

simulation and climatology of the seasonal mean from combined measurement of CloudSat and 231 

CALIPSO (2C-ICE) (2007-2010) respectively, averaged for the monsoon season (June-232 

September) and ASM region (60ºE - 110º E;15ºN - 40ºN). It can be seen that simulated (3 mg/kg 233 

-10 mg/kg) and observed cloud ice (5 mg kg
-1

 - 17 mg kg
-1

), both, show high amounts in the 234 

upper troposphere (450 hPa - 200 hPa) over the ASM region. The model simulations show 235 

maximum (7 mg kg
-1

 - 10 mg kg
-1

) at ~350 hPa - 250 hPa over 80ºE - 100ºE while satellite 236 

observations (12 mg kg
-1

 – 17 mg kg
-1

) show it at ~450 hPa - 200 hPa over ~80ºE - 120ºE. These 237 

differences may be related to uncertainties in satellite observations (Deng et al., 2010) and model 238 

biases, e.g., the model does not consider large ice particles unlike the cloud ice measurement 239 

from CloudSat and CALIPSO. The total ice water mass estimate from 2C-ICE, combine 240 
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measurements from CALIPSO Lidar depolarization which is sensitive to small ice particle (i.e., 241 

cloud ice represented in GCMs) while CloudSat radar which is very sensitive to larger ice 242 

particles (i.e., precipitating ice or snow). In most global climate models including all the CMIP3 243 

and most of the CMIP5, only small particles (i.e., cloud ice) are represented prognostically. The 244 

mass of large ice particles (about two-third of total ice) and their radiative effects, however, are 245 

not included (e.g., Li et al., 2012; 2013).  246 

 We compare simulated (CTRL) seasonal mean (June-September) precipitation with TRMM 247 

climatology (1997-2016). Figures 2g and 2h show the distribution of precipitation as obtained 248 

from CTRL simulation and TRMM respectively. It can be seen that general spatial pattern of 249 

precipitation simulated by the model is in good agreement with the TRMM. The model could 250 

reproduce high amounts of precipitation over the Bay of Bengal, the South China Sea, and the 251 

Western Ghats, in agreement with a numbers of past studies (Wang and Linho, 2002;  Hirose and 252 

Nakamura, 2005; Xie et al., 2007; Takahashi, 2016). However, model underestimates the rainfall 253 

over northern India and the Western coast of India by ~ 2 mm/day - 10 mm/day and 254 

overestimates over the Tibetan Plateau (TP) and the South China Sea by ~5 mm/day - 12 255 

mm/day. It may be related uncertainties in emissions, transport errors, and model coarse 256 

resolution. 257 

 258 

3. Transportation of aerosol to the UTLS 259 

 Figure 3a depicts the vertical distribution of carbonaceous aerosols averaged over North 260 

India (75ºE - 100ºE; 25ºN - 45ºN) during the annual cycle as obtained from CTRL simulation.  It 261 

shows elevated levels of aerosols (BC and OC together) from the surface to the tropopause 262 

during pre-monsoon (March-May) and monsoon seasons. It also shows a layer of carbonaceous 263 
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aerosols (~5 ng/m
3
) in the upper troposphere ~170hPa - 100hPa. A layer of aerosols in the upper 264 

troposphere is also observed by satellite (SAGE II, CALIPSO) and Lidar measurements during 265 

the monsoon season (Vernier et al., 2011; Thomason and Vernier, 2013; Fadnavis et al. 2013; He 266 

et al., 2014). Over the TP this aerosol layer extends above the tropopause (18-19 km) (He et al., 267 

2014). 268 

 A prominent feature in the UTLS over the ASM region during the summer season is a 269 

large anticyclone. Satellite observations show a persistent maximum in trace gases (CO, H2O, 270 

PAN, HCN, CH4, etc) (Li et al., 2005; Randel and Park 2006, Fu et al., 2006; Park et al., 2008; 271 

2009, Randel et al., 2010; Fadnavis et al., 2013, 2014, 2015) and aerosols (Tobo et. al., 2007; 272 

Vernier et al., 2011; Thomason and Vernier, 2013; Yu et al., 2015) in the ASM anticyclone. 273 

Figure 3b exhibits the distribution of seasonal (June-September) mean carbonaceous aerosols 274 

(BC and OC together) from CTRL simulation in the anticyclone (~100 hPa). In agreement with 275 

previous studies (Tobo et al., 2007 Vernier et al., 2011), Fig. 3b also shows confinement of high 276 

carbonaceous aerosols concentration (~5.5 ng/m
3
) within the anticyclone. The wind vector at 100 277 

hPa depicts the extent of the anticyclone (20°E-120°E and 15°N-40°N).  278 

 Previous studies from model simulations and trajectory analysis show that rapid transport 279 

of trace gases and aerosols from Asian boundary layer into the anticyclone is closely linked with 280 

the deep ASM convection (Li et al, 2005; Randel and Park, 2006; Park et al., 2007; Park et al, 281 

2009; Xiong et al., 2009; Fadnavis et al, 2013, 2014 , 2015). We plot longitude-pressure and 282 

latitude-pressure cross sections of carbonaceous aerosol from CTRL simulations to understand 283 

their transport. Figure 3c displays seasonal mean longitude-pressure variation of carbonaceous 284 

averaged over 15°N-35°N, along with wind vectors. It indicates that they are lifted up from the 285 

Bay of Bengal, Indo-Gangetic Plains (70ºE-90ºE) and South China Sea (110ºE-130ºE) into the 286 
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anticyclone increasing the aerosol concentration to 4-6 ng m
-3 

in the UTLS (above 200hPa) 287 

across 40°E-110°E. Transport from southern slopes of Himalaya is evident in Figs. 3d. The 288 

vertical distribution of both BC and OC show transport from above mentioned regions into the 289 

UTLS (Fig.S1). The amount of OC (3-4 ng m
-3

) crossing the tropopause is higher than BC (0.8-1 290 

ng m
-3

). Figures 3e and 3f show the condensed cloud water (both liquid and ice). Its maxima 291 

point out areas of frequent deep convective activity over the Bay of Bengal and the South China 292 

Sea (Fig. 3e) and the southern flanks of the Himalayas (Fig. 3f). Thus transport of carbonaceous 293 

aerosols (seen in Figs. 3c and 3d) from these regions into the upper level anticyclone may be due 294 

to deep monsoon convection. Pollution transport (CO, HCN, NOx, PAN) from the Asian region 295 

to the UTLS due to monsoon convection is also reported by Park et al. (2007), Randel et al. 296 

(2010), Fadnavis et al., (2014, 2015). Figures 3c and 3d show that a fraction of aerosols crosses 297 

the tropopause and enters into the lower stratosphere. It may be due to large scale upward motion 298 

within the anticyclone. Recently, trajectory analysis showed that air masses within the 299 

anticyclone are transported into the lower stratosphere in the northern subtropics (Garny and 300 

Randel, 2016). We analyze the vertical profile of anomalies of carbonaceous aerosols obtained 301 

from a difference between Demiss and CTRL simulations. Longitude-pressure and latitude-302 

pressure cross sections of the anomalies are shown in Figs. 4a and 4b respectively. Enhanced 303 

anomalies are seen along the transport pathways, e.g., from the Bay of Bengal, the South China 304 

Sea and southern flanks of the Himalayas into the anticyclone. They show an enhancement of 305 

nearly 4 ng m
-3

 relative mass of aerosol near the tropopause and part of it (>2 ng m
-3

) enters the 306 

lower stratosphere. Comparisons of DBConly and DOConly simulations with CTRL show 307 

anomalies in BC 3-5 ng m
-3

 and OC 8-12 ng m
-3

 in the lower stratosphere (not shown). 308 

 309 
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4. Impact of enhanced carbonaceous aerosols emissions  310 

4.1 Impact on radiative forcing and heating rates 311 

 The convectively transported carbonaceous aerosols may alter RF, heating rates, 312 

temperature, and vertical velocities in the UTLS. The carbonaceous aerosol can affect the 313 

radiative energy balance of the atmosphere directly by scattering and absorbing solar radiation 314 

and indirectly by acting as cloud condensation nuclei (Rosenfield, 2000). Anomalies in aerosol 315 

RF estimated from Demiss, DBConly and DOConly simulation against CTRL are averaged for 316 

the monsoon season and ASM region (see Table-1). The seasonal mean anomaly of aerosol 317 

forcing for Demiss simulation is +0.37 W m
-2 

at the Top Of the Atmosphere (TOA) and -4.74W 318 

m
-2 

at the surface. The estimated aerosol forcing anomalies for DBConly (DOConly) simulation 319 

is +0.31 W m
-2

 (-0.51 W m
-2

) at the TOA and -4.2 W m
-2 

(-1.9 W m
-2

) at the surface. In 320 

comparison, AR5 assessment of global mean BC RF at the TOA is +0.4 W m
-2

 (Myhre et al., 321 

2013). The atmospheric RF is computed from the difference between forcing at TOA and 322 

surface. It represents the energy trapped in the atmosphere due to the presence of higher amounts 323 

of carbonaceous aerosols. The resultant anomaly of atmospheric aerosol RF for Demiss is +5.11 324 

W m
-2

, and for DBConly (DOConly) +4.52 W m
-2

 (+1.45 W m
-2

). Table-1 indicates that among 325 

the carbonaceous aerosols, the major contribution in enhancing atmospheric RF is due to BC 326 

aerosols although emission of OC higher than BC aerosols over Asia. This may be due to 327 

scattering and absorbing property of OC aerosols. From athelometer observations, Sreekanth et 328 

al., (2007) reported BC RF at the TOA +2.36 W/m
2
 and -9.9 W/m

2
 at the surface at 329 

Visakhapatnam (17.7ºN, 83.3ºE) during the monsoon season of the year 2006. These values are 330 

higher than anomalies of BC RF (DBConly-CTRL) (TOA +1.3W/m
2
 and surface -5.0W/m

2
) 331 

obtained at the grid centred at Visakhapatnam. These differences may be due to a comparison of 332 
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point observations at Visakhapatnam with model output extracted over a grid (1.875°x1.875°) 333 

centred at the same location. Also, BC aerosols are underestimated in the model (Fig.2a-c). Pan 334 

et al (2015) has shown model simulations with AEROCOM-ACCMIP-II emissions 335 

underestimate AOD over south Asia (15 to 44 %) in comparison with Multi-angle Imaging 336 

Spectro Radiometer observations.  337 

 The resulting short-wave plus long-wave atmospheric forcing due to doubled 338 

carbonaceous aerosols will translate to a significant atmospheric heating (Babu et al., 2002). We 339 

obtain anomalies in total Heating Rates (HR) due to carbonaceous aerosols (Demiss - CTRL). 340 

Figures 4c and 4d show longitude-pressure (averaged for 15ºN-35ºN) and latitude-pressure 341 

(averaged for 80ºE-110ºE), cross sections of HR anomalies during the monsoon season. 342 

Enhanced carbonaceous aerosols emissions increase HR near the surface over the Indo-Gangetic 343 

Plains, southern slopes of the Himalayas and south China. High emissions from these regions 344 

cause anomalous heating (0.08 K/day) in the lower troposphere (1000 hPa - 600 hPa). Positive 345 

anomalies of HR can be seen along the pathway through which carbonaceous aerosols are 346 

transported into the anticyclone. The carbonaceous aerosols have increased HR by ~0.02 K/day - 347 

0.03 K/day near the tropopause in the AMS region in comparison with CTRL simulations (0.006 348 

K/day - 0.01 K/day). FigureS2 exhibits latitude-pressure cross section of HR anomalies for 349 

DBConly and DOConly simulations. It can be seen that in transport pathways, anomalies of HR 350 

for DBConly simulation are higher than DOConly. This may be attributed to the high absorbing 351 

property of BC than OC although emissions of OC aerosols are higher than BC over Asia. 352 

Radiative heating of the tropopause region increases the vertical motion and transport into the 353 

lower stratosphere (Gettelman et al., 2004). Carbonaceous aerosols enhancement (> 2 ng/m
3
) in 354 
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the lower stratosphere seen in Figs. 4a and 4b is due to increase in vertical motion in response to 355 

enhanced aerosol HR. This indicates that aerosols induce positive feedback in vertical transport.  356 

4.2 Impact on temperature, circulation and precipitation 357 

Further, we analyze changes in temperature induced by doubled carbonaceous aerosol 358 

emissions. Figures 4e and 4f show the longitude-pressure (averaged over 15ºN - 35ºN) and 359 

latitude-pressure (averaged over 80°E - 110°E) cross sections of temperature anomalies. These 360 

aerosols induce significant warming in the mid-troposphere (500 hPa -300 hPa) over the ASM 361 

region and an anomalous warm core (warming ~1K) in the mid-upper troposphere (~400 hPa- 362 

300 hPa) over the TP (Fig. 4f). This warming may be due to heating by aerosol and water vapour 363 

together. The aerosol induced warming may enhance water vapour transport in the mid/upper 364 

troposphere (discussed in section 4.3) in response to dynamical changes. The enhanced water 365 

vapour would contribute additionally to this warming and provide positive feedback (Fig 7 a-b). 366 

The warming over TP in response to doubling of BC (DBConly) and OC (DOConly) aerosols 367 

individually is shown in FigS3. Warming due to BC aerosols is ~0.3-1.2K over the TP while OC 368 

aerosols show cooling (-0.3K) over central TP and warming (+0.6K) over northern TP. The 369 

warm core over the TP plays an important role in enhancing the ASM circulation (Flohn 1957; 370 

Yanai et al., 1992; Meehl, 1994; Li and Yanai, 1996; Wu and Zhang, 1998) (discussed later in 371 

this section). Figure 4e shows cooling near the tropopause in the anticyclone with a small patch 372 

of positive anomalies over the TP (80º-100°E). During the monsoon season, cold temperatures in 373 

the UTLS persist the over warm mid-troposphere (Randel and Park 2006; Park et al., 2007). Our 374 

model simulations show that doubling of carbonaceous aerosol emissions amplifies the mid-375 

tropospheric warming and cooling near the tropopause. The mid-upper tropospheric warming 376 

would enhance convective instability (Defouw, 1970). The strong negative anomalies in Brunt–377 



18 
 

Väisälä frequency (an indication of strong convective instability) in the mid-upper troposphere 378 

(300 hPa - 200 hPa) confirm (Fig. 5a) positive feedback between warming and convective 379 

instability in the mid-upper troposphere.  380 

During Northern hemispheric summer, heating over the TP maintains a large-scale 381 

thermally driven vertical circulation (Yanai et al., 1992). The analysis of simulated vertical 382 

velocities shows that carbonaceous aerosols induce positive anomalies over the southern TP and 383 

Indo-Gangetic plains (Figs 5b and 5c). Thus carbonaceous aerosols amplify warming (Fig. 4e 384 

and Fig. 4f) and enhance ascending motion over these regions. Previous studies (Rajagopalan 385 

and Molnar, 2013, Vinoj et al., 2014) have reported that the warm ascending air above the TP 386 

gradually spreads southward and descends over the northern Indian Ocean. The south-westerly 387 

winds at the surface, on the other hand, complete the monsoon Hadley cell. This local circulation 388 

system releases latent heat and further maintains the Tibetan warm core. Thus heating over the 389 

TP leads to increased Indian summer monsoon rainfall by enhancing the cross-equatorial 390 

circulation and concurrently strengthening both the Somali Jet (low level Jet) and the westerly 391 

winds that bring rainfall to India. Goswami et al., (1999) also reported that there is a strong 392 

correlation between monsoon Hadley circulation and precipitation. Figure 5d shows that 393 

carbonaceous aerosols strengthen the monsoon Hadley circulation, ascending motion over 10ºN - 394 

20ºN and descending over 0º-10ºS. These aerosols reinforce low-level monsoon jet (850hPa) 395 

(seen in Fig. 5e and also Fig.5d) and outgoing long-wave radiation (Fig. 5e). Figure 5e show 396 

enhanced convection (negative anomalies in OLR) induced by the carbonaceous aerosols over 397 

the Arabian Sea, Bay of Bengal, a majority of the Indian subcontinent, Myanmar and East China 398 

region. 399 
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The carbonaceous aerosols also indirectly affect precipitation processes by altering the 400 

CCN and Cloud Droplet Number Concentration (CDNC) (Rosenfeld et al., 2002). In our model 401 

simulations, doubling of carbonaceous aerosols and related indirect effect result in enhancement 402 

of CDNC (8-12 mg
-1

) and cloud water (5-20 µg m
-3

) in the region of strong convection (The Bay 403 

of Bengal, southern slopes of the Himalayas and South China Sea) in the lower troposphere 404 

(Fig.6a-d).  405 

Figures 4-6 suggest that enhanced emissions of carbonaceous aerosols increase the HR, 406 

and amplify warm anomalies in the middle troposphere and cold anomalies near the tropopause. 407 

Aerosol induced warming elicits enhancement in vertical velocities. These aerosols induce an 408 

anomalous warming over the TP which in turn strengthens the monsoon Hadley circulation, low 409 

level monsoon jet and convection over the Indian subcontinent and East China. Previous studies 410 

(Meehl et al., 1994; Krishnamurthy and Achuthavarier, 2012) have explained the mechanism of 411 

strengthening of the monsoon Hadley circulation facilitates enhance precipitation over the Indian 412 

region. Consequently, aerosol (carbonaceous) induced precipitation anomalies are positive over 413 

the Indian region (1 mm day
-1

 - 4 mm  day
-1

) (Fig. 7a). Strong positive anomalies (2 mm day
-1

 - 4 414 

mm day
-1

) are located over North India, the Bay of Bengal, Western coast of India and foothills 415 

of Himalaya. There is an enhancement in precipitation over North east China (0.2 mm day
-1

 - 2 416 

mm day
-1

) and some parts of central and south China (0.2 mm day
-1

 - 1 mm day
-1

). We show 417 

anomalies in precipitation obtained from DBConly and DOConly with respect to CTRL in Figs. 418 

7b-c. These figures show that BC aerosols induce positive precipitation anomalies (~1-5 mm 419 

day
-1

) over the Indian region by strengthening of monsoon Hadley circulation (Fig.S4a)  while 420 

OC aerosols elicit negative precipitation anomalies over India (-1mm day
-1

  - -5 mm day
-1

), north 421 

eastern China (0 - -1mm day
-1

) by producing subsidence over these regions (Fig. S4b). In 422 
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agreement with the present study, aerosol-climate modeling studies by Wang et al., (2004, 2007) 423 

also show enhancement in precipitation over India due to black carbon direct RF. Increase in the 424 

Indian summer monsoon precipitation due to the loading of absorbing aerosol (BC and dust) has 425 

been reported in the past (Lau and Kim., 2006; Vinoj et al., 2014; Fadnavis et al., 2016). In the 426 

current study, simulations are performed with prescribed SSTs. In the model setup, interactive 427 

aerosols change the meteorology and feedback to aerosols variations. Other model studies using 428 

prescribed SSTs (Chung et al., 2002; Menon et al., 2002; Lau and Kim, 2006) also show an 429 

increase in precipitation over India due to black carbon aerosols. These model simulations did 430 

not take into account aerosol feedback with SSTs, unlike coupled atmosphere-ocean general 431 

circulation model. However, ocean-atmosphere coupled models often need multi-century 432 

simulations to take into account slow response of SSTs (Danabasoglu and Gent, 2009). The 433 

coupled atmosphere slab ocean model by Ganguly et al. (2012) show a mix response of 434 

precipitation distribution on climate scale. It shows a reduction in precipitation over the western 435 

coastline of the Indian peninsula and an increase over north western part of Indian subcontinent. 436 

Reduction in precipitation is attributed to anthropogenic aerosols from Asia and remote 437 

locations. These differences are due to different model-set up; present study gives an impact of 438 

doubled Asian carbonaceous aerosol emissions using aerosol-atmosphere-climate model. On the 439 

other hand, Ganguly et al. (2012) show responses of all anthropogenic and biomass burning 440 

aerosols in the context of climatic change (pre-industrial and present day) accounting also the 441 

slow response of SSTs. 442 

4.3 Impact on water vapour and cloud ice 443 

 Recently from satellite observations, Park et al., (2007) have shown that water vapour in 444 

the upper troposphere (~216 hPa) varies coherently with deep monsoon convection both 445 
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temporally and spatially. Transport of high water vapour in the UTLS by the monsoon 446 

convection has been reported in the past (Gettelman et al., 2004; Dessler and Sherwood, 2004; 447 

Fu et al., 2006; Randel and Park, 2006, Braesicke et al., 2011; Ploeger et al., 2013). We analyze 448 

the difference in water vapour anomalies (Demiss - CTRL) to understand the impact of doubled 449 

Asian carbonaceous aerosol emissions on the transport of water vapour in the UTLS. Figures 8a 450 

and 8b show an increase in water vapour in the upper troposphere and lower stratosphere 3% - 451 

15% (~0.1 ppmv - 20 ppmv). Water vapour anomalies 10 % - 15% (~8 ppmv - 20 ppmv) are 452 

seen near 200 hPa and 1 % - 5% (~0.1 ppmv - 0.8 ppmv) near the tropopause.  Fadnavis et al. 453 

(2013) reported an increase in water vapour (~ 0.1 ppmv - 10 ppmv) in the UTLS in response to 454 

the increasing aerosols which are in agreement with the current study. In the past, Gettleman et 455 

al. (2004), Fu et al. (2006), Fadnavis et al., (2013), Garny and Randel (2016) also reported 456 

transport of water vapour above the tropopause into the lower stratosphere during the monsoon 457 

season. Enhanced aerosol emissions increase water vapour transport into the lower stratosphere 458 

by enhancing HRs, mid/upper tropospheric warming, and vertical velocities. These elevated 459 

levels of water vapour will provide positive feedback by intensifying the HRs. 460 

 In addition to thermal and dynamical impact, aerosols in the UTLS also largely influence 461 

the formation and microphysical properties of cirrus clouds. Cirrus clouds have a great impact on 462 

radiation and intensity of the large-scale tropical circulation (Randall et al., 1989; Ramaswamy 463 

and Ramanathan, 1989; Liu et al., 2003). Figures 8c –8f show longitude-pressure and latitude-464 

pressure cross sections of anomalies of cloud ice and Ice Crystal Number Concentration (ICNC). 465 

These figures show enhancement of anomalies of cloud ice (by 0.4µg m
-3 

- 2 µg m
-3

) and ICNC 466 

(by 0.02 mg
-1

 - 0.05 mg
-1

) occurrence in the upper troposphere (350 hPa - 100 hPa). Maximum 467 

increase (cloud ice by 2 µg/m
3
, ICNC by 0.05 mg

-1
), is seen in the 80°E -90°E, 20ºN - 30ºN 468 
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where stronger upwelling motion prevails (Figs. 8e and 8f). A fraction of positive anomalies of 469 

ICNC is seen near the tropopause indicating entrainment into the lower stratosphere. Positive 470 

anomalies in cloud ice and ICNC (in the upper troposphere) are due to enhancement in ASM 471 

deep convection (increase in heating rates, mid/upper tropospheric temperature, vertical velocity, 472 

and monsoon Hadley circulation) induced by the doubling of carbonaceous aerosols emissions. 473 

5. Summary and conclusions  474 

  In this paper, we investigated impacts of enhanced Asian (65°E - 155°E; 10°S - 50°N) 475 

carbonaceous aerosols on the UTLS, underneath monsoon circulation and precipitation over 476 

India and China using a state of the art aerosol-climate model. We performed sensitivity 477 

experiments for doubling of carbonaceous aerosol emission over the Asian region.  478 

To validate the model simulations, we compare simulated BC vertical profile with 479 

observations from aircraft measurements at Guwahati (26°11′N, 91°44′E) India during August-480 

September 2009 and athelometer launched on Balloonsonde at Hyderabad (78ºE, 17ºN) on 17 481 

March 2010 (pre-monsoon season); seasonal mean of simulated cloud ice content with 482 

climatology of combined measurements from CloudSat and CALIPSO (2007-2010); and 483 

simulated precipitation with climatology of TRMM observations (1997-2016). The aircraft 484 

measurements show reasonable agreement with BC concentrations obtained from doubling of 485 

carbonaceous aerosol simulation (Demiss) in the lower troposphere. In the troposphere, the 486 

difference between aircraft measurements and simulated BC vary with altitude. Balloonsonde 487 

measurements at Hyderabad show large differences with Demiss simulations in the troposphere. 488 

The spatial patterns of the simulated season mean (June - September) precipitation are 489 

comparable with climatology of TRMM precipitation (1997-2016) and cloud ice with combined 490 

measurements from CloudSat and CALIOP (2007-2010) respectively. Simulated cloud ice is 491 
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underestimated 2 mg kg
-1

- 7 mg kg
-1

 in the UTLS (60ºE - 120°E; 15ºN - 40°N) during the 492 

summer monsoon season.  493 

 Our model simulations show that monsoon convection over the Bay of Bengal, the South 494 

China Sea and Southern flanks of the Himalayas transport Asian carbonaceous aerosol into the 495 

UTLS. A persistent maximum of carbonaceous aerosols is seen within the anticyclone during the 496 

ASM season, and a fraction of these aerosols enter the lower stratosphere. Doubling emissions of 497 

carbonaceous aerosol over the Asian region leads to their enhancement (by 4-6 ng m
-3

) in the 498 

UTLS. They alter aerosol RF at the surface by -4.74 W m
-2

; at the TOA by +0.37 W m
-2 

and in 499 

the atmosphere by +5.11 W m
-2

. Positive anomalies of heating rates are seen along the pathway 500 

through which aerosols are transported into the anticyclone. These carbonaceous aerosols 501 

increase heating rates in the anticyclone (~100 hPa) by 0.02 K day
-1

 -  0.03 K day
-1

. They induce 502 

significant warming (temperature increases by 1 K) in the mid/upper troposphere over the ASM 503 

region. An anomalous in-atmospheric warming enhances vertical velocities and thereby cloud ice 504 

(2 mg m
-3

), ICNC (0.05 mg
-1

). A significant increase in water vapour transport in the upper 505 

troposphere 10-15% (0.5-10 ppmv) and 1-5 % (0.1 ppmv - 0.5 ppmv) near the tropopause is 506 

apparently related to the mid/upper tropospheric warming. Doubling of carbonaceous aerosols 507 

emissions enhance warming over the TP (~1K) and cold anomalies near the tropopause. The 508 

warming over TP may be partially due to heating by water vapour creating a positive feedback. 509 

The enhanced carbonaceous aerosols strengthen the monsoon Hadley circulation by intensifying 510 

warming over TP. They strengthen the low level monsoon jet, convection and elicit precipitation 511 

enhancement over India (1-4 mm/day) and eastern China (0.2 mm day
-1

- 2 mm day
-1

). In 512 

agreement with the present study, aerosol-climate modeling studies by Wang et al., (2004, 2007) 513 

also show enhancement in Indian summer monsoon precipitation due to black carbon direct RF. 514 
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The experiments with doubling of BC only (DBConly) and OC only (DOConly) aerosols 515 

indicate that the HRs due to BC is higher that of OC aerosols along the transport path ways (the 516 

Bay of Bengal and southern slopes of the Himalayas). BC aerosols induce anomalous warming 517 

over the TP and enhance positive precipitation anomalies (~1-5 mm day
-1

) over the Indian region 518 

by strengthening of monsoon Hadley circulation. While, OC aerosols produce cooling over 519 

central TP and elicit negative precipitation anomalies over India (-1mm day
-1

 - -5 mm day
-1

) and 520 

north eastern China (0 - -1mm day
-1)

 by producing subsidence over these regions.    521 

In the current study, simulations are performed with enhanced Asian carbonaceous 522 

aerosols and prescribed SSTs where interactive aerosols change the meteorology and feedback to 523 

aerosols variations. Other modeling studies using prescribed SSTs and increase in global BC 524 

emissions also show an increase in precipitation over India (Chung et al., 2002; Menon et al., 525 

2002; Lau et al., 2006). Observational evidence also shows that heavy loading of absorbing 526 

aerosols (BC and Dust) over the Indian subcontinent facilitate the enhancement of monsoon 527 

rainfall over India (Lau and Kim, 2006; Vinoj et al., 2014). 528 

We note that a realistic future emission scenario also includes the increasing emissions of 529 

sulfate aerosols and the response of climate and circulation to increasing CO2 concentrations, 530 

which might interplay with the presented results and lead to different dynamical and climatic 531 

responses. Moreover, in future, we propose to re-evaluate the studies by using the regional model 532 

with a better resolution of the complex orography over Himalayas/TP, etc. Notwithstanding this, 533 

the work provides valuable insight into the influence of growing Asian carbonaceous aerosols 534 

emissions on the UTLS, connecting monsoon processes and precipitation in the Asian summer 535 

monsoon region. 536 
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Table-1: ECHAM6 HAM simulated total (shortwave and long wave) radiative forcing (W m
-2

) 985 

averaged over the ASM region. 986 

 987 
 988 
 989 
 990 
 991 

 992 
 993 

 994 
 995 
 996 
 997 

 998 
 999 

  1000 

Model run  TOA  Surface Atmosphere 

Demiss-CTRL +0.37 -4.74 +5.11 

DBConly-CTRL +0.31 -4.20 +4.52 

DOConly-CTRL -0.51 -1.96 +1.45 
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Figure1: Distribution of emission mass flux (kg m
−2

 s
−1

) averaged for the monsoon season (June-1015 

September) for (a) BC and (b) OC aerosols. 1016 
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 1056 

Figure 2: Vertical distribution of BC aerosols (ng m
-3

) (a) aircraft measurements on 30 August 1057 

2009 at Guwahati (26°11′N, 91°44′E) (Rahul et al., 2014), CTRL, DBConly simulations for the 1058 

month of August extracted at a grid centered at Guwahati, (b) same as (a) but observations for 4 1059 

September 2009 and simulations for the month of September, (c) same as (a) but for observations 1060 

on 6 September 2009 and simulations for the month of September, (d) Balloonborne 1061 

measurement on 17 March 2010 at Hyderabad (17.48 °N,78.40° E) (Babu et al., 2011) and 1062 

CTRL, DBConly simulations for the month of March at a grid centred at Hyderabad. Seasonal 1063 

mean distribution of cloud ice mass mixing ratio (mg kg
-1

) averaged for 20°N-40°N (e) CTRL 1064 

simulation (f) CloudSat and CALIPSO combined 2C-ICE L3 for the years 2007-2010.  Seasonal 1065 

mean precipitation (mm day
-1

) obtained from (g) CTRL simulation (h) TRMM averaged for  1066 

period 1998-2005. 1067 
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 1084 
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 1087 

Figure 3: Distribution of BC and OC aerosols (ng m
-3

) together (a) monthly variations averaged 1088 

for the region 70°E - 120°E, 25°E - 45°E, Seasonal mean distribution of BC and OC aerosols (ng 1089 

m
-3

) together (b) at 100 hPa, (c) averaged for 15°N - 35°N, (d) averaged for 80°E - 110°E, 1090 

seasonal mean distribution of cloud ice+cloud water  (µg m
-3

) (e) averaged for 10°N - 25°N, (f) 1091 

averaged for 80°E - 110°E. Black arrows indicate wind vectors. The vertical velocity field has 1092 

been scaled by 1000. The black line represents the tropopause. In Figs. (a), (c), (d), (e), (f) 1093 

tropopause is averaged over the same region where field parameter is averaged.   1094 
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 1113 

Figure 4: Distribution of anomalies (Demiss - CRTL), of BC and OC aerosols (ng m
-3

) together 1114 

averaged for the monsoon season (a) averaged for 15°N -35°N (b) averaged for 80ºE-110°E, 1115 

Black arrows indicate wind vectors (the vertical velocity field has been scaled by 1000), (c) and 1116 

(d) same as (a) and (b) but for heating rate anomalies (K/day). Distribution of anomalies in 1117 

temperature (K) (e) averaged for 15ºN-35°N, (f) averaged for 80°E -110°E. The black line 1118 

represents the tropopause. The tropopause is averaged over 15°N -35°N for Figs. (a), (c) , (e) and 1119 

over 80ºE-110°E for Figs. (b), (d) and (f). Black hatched lines in Figs.(c), (d), (e) and (f) indicate 1120 

99% confidence level.  1121 
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 1133 

 1134 

Figure 5: Vertical distribution of anomalies (Demiss-CTRL) averaged for the monsoon season 1135 

(a) square of Brunt Väisälä frequency (per sec*1E-5) averaged over 25°N-40°N, (b) vertical 1136 

velocities (m s
-1

) averaged for 15ºN - 35°N, (c) same as (b) but averaged for 80ºE-110°E, (d) 1137 

difference in the meridional circulation averaged for 70ºE-90ºE. Black arrows indicate wind 1138 

vectors, (e) Distribution of OLR (shaded) (W/m
2
) and winds at 850 hPa (m s

-1
). In Figs (b)-(d) 1139 

the vertical velocity field has been scaled by 1000 and the thick black line shows the tropopause. 1140 

Black hatched lines in Figs (b) and (c) indicate 99% confidence level.  1141 
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Figure 6: Distribution of anomalies (Demiss-CTRL) averaged for the monsoon season (a) CDNC 1164 

(mg
-1

) averaged for 15°N-35°N, (b) same as (a) but averaged for 80°E-110°E, (c) cloud water 1165 

(µg m
-3

) averaged for 15°N-35°N, (d) same as (c) but averaged over 80°E-110°E. Black hatched 1166 

lines in Figs. a-d indicate 99% confidence level.  1167 

 1168 

  1169 
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Figure 7: Distribution of anomalies in precipitation (mm day
-1

) averaged for the monsoon season 1179 

obtained from (a) Demiss-CTRL, (b) DBConly-CTRL, (C) DOConly-CTRL. Black hatched lines 1180 

indicate 99% confidence level.  1181 

  1182 
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Figure 8: Distribution of anomalies (Demiss-CTRL) averaged for the monsoon season, (a)  water 1202 

vapour (%) averaged over 15°N - 35°N, (b) same as (a) but averged over  80°E - 110°E, (c) and 1203 

(d) same as (a) and (b) but for cloud ice (µg m
-3

) and (e) and (f) for ice crystal number 1204 

concentration (ICNC) (mg
-1

). The thick black line shows the tropopause while black hatched 1205 

lines indicate 99% confidence level. The tropopause is averaged over 15°N -35°N for Figs. (a), 1206 

(c), (e) and over 80ºE-110°E for Figs. (b), (d) and (f). Black hatched lines indicate 99% 1207 

confidence level.  1208 


