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Abstract: 14 

The Asian summer monsoon plays a key role in changing aerosol amounts in the upper 15 

troposphere and lower stratosphere (UTLS) via convective transport. Here, we use the 16 

ECHAM6–HAMMOZ global chemistry–climate model to investigate the transport of 17 

anthropogenic South Asian sulfate aerosols and their impact on the UTLS. Our experiments 18 

(ten-member ensemble) with SO2 emissions enhanced by 48 % over South Asia, based on an 19 
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Ozone Monitoring Instrument (OMI) satellite observed rising trend of ~4.8 % per year during 20 

2006 – 2017, simulate how the Asian sulfate aerosols are convectively transported to the 21 

UTLS. The tropospheric increase in SO2 leads to an increase in UTLS sulfate aerosol loading 22 

of 10 – 33 % over South Asia and 5 – 10 % over the high latitudes in the northern hemisphere. 23 

The enhanced sulfate aerosols lead to warming (0.1±0.06 to 0.6±0.25 K) in the lowermost 24 

stratosphere and cooling (-0.1±0.06 to -0.8±0.41 K) in the troposphere in the Northern 25 

Hemisphere. The estimated mean direct radiative forcing at the top of the atmosphere (TOA) 26 

induced by the increase in South Asian aerosol emissions is -0.2 to -1.5 W•m
-2

over north India 27 

during the monsoon season. The decrease in vertical velocity and the associated enhanced 28 

stability of the upper troposphere in response to increased SO2 emissions will likely have a 29 

weakening effect on the South Asian monsoon. 30 

Key words: sulfate aerosols, radiative forcing, upper troposphere and lower stratosphere, 31 

South Asia. 32 
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1. Introduction 34 

Understanding the effects of rapid increases in anthropogenic sulfur dioxide (SO2) 35 

emissions in South Asia is very important both for air quality, as they lead to haze formation 36 

and significant human health and crop yield impacts (Li et al., 2017), and for climate and the 37 

hydrological cycle (Guo et al., 2016). Sulfur dioxide is converted into sulfuric acid, which 38 

forms sulfuric acid-water particles (aerosol particles), which scatter and absorb solar and 39 

infrared radiation (direct radiative forcing), causing cooling at the surface and warming the 40 

atmosphere locally (Niemeier and Schmidt, 2017). A variety of aerosol particles including 41 

sulfate aerosol particles are important for ice cloud formation in the atmosphere (DeMott et 42 

al., 2010); sulfate aerosols also act as condensation nuclei in cloud formation processes, 43 

increasing cloud albedo and changing cloud microphysical properties (indirect radiative 44 

forcing)  (Smith et al., 2011).  45 

The sustained economic growth in India during the last few decades has been driving a 46 

large rising trend in emissions of SO2. Satellite observations show ~50 % increase in SO2 47 

emission over South Asia during the past decade (Krotkov et al., 2016). According to the 1999 48 

Indian Ocean Experiment (INDOEX), sulfate aerosols are responsible for 29 % of the 49 

observed aerosol optical depth (AOD) over the Indian region (Verma et al., 2012).The 50 

Network of aerosol observatories established under the Aerosol Radiative Forcing (ARFINET) 51 

measurements over India show a consistent rising annual trend in AOD of 0.004 during 1988 – 52 

2013 (Babu et al., 2013). All these rising trends point to an increase in aerosol impacts, with 53 

potentially important climatic effects (e.g. increased radiative forcing, changes in monsoon 54 

precipitation) (Ramanathan et al., 2005; Guo et al., 2016).  55 
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The current best estimate of global sulfate aerosol direct radiative forcing (RF) is -0.4 56 

W•m
–2 

(-0.6 W•m
–2 

to -0.2 W•m
–2

) (Myhre et al., 2013). The INDOEX experiment (January to 57 

March 1999) recorded a sulfate aerosol AOD range of 0.1 – 0.14, and a regional direct 58 

radiative forcing of -1.25 to -2.0 W•m
−2

 at TOA over North India (Verma et al., 2012). The 59 

variability of sulfate aerosols over the Indian region and their associated radiative forcing in 60 

the context of convective transport to the upper troposphere and lower stratosphere (UTLS) is 61 

not well understood. A number of studies reported linkages of rising trends in AOD with 62 

observed decreasing trends in Indian summer monsoon rainfall via changes in radiative 63 

forcing, surface cooling and a decreasing land–ocean temperature gradient (Ramanathan et al., 64 

2005). A decrease in monsoon precipitation over South Asia can potentially affect the south 65 

Asian region economy, agriculture as well as the life of billions of people (~80 % of annual 66 

rainfall is received during June and September) (Paul et al., 2016). It is therefore important to 67 

understand the impact of the observed rising trends in Asian SO2 emissions over the south 68 

Asian region on radiative forcing and the associated effects. 69 

Recent satellite observations show a layer of aerosols in the upper troposphere and lower 70 

stratosphere (UTLS) known as the Asian Tropopause Aerosols Layer (ATAL) (Vernier et al., 71 

2011; 2015). The formation and maintenance of the ATAL is linked to the convective 72 

pumping of aerosols and aerosol precursors into the UTLS by the Asian summer Monsoon 73 

(Fadnavis et al., 2013; Vernier et al., 2015; Yu et al., 2017). While the majority (~80 %) of 74 

sulfur emissions from South Asia is removed by precipitation, the remaining fraction is 75 

transported into the uppermost troposphere and lower stratosphere contributing to the ATAL 76 

(associated with the monsoon anticyclone). Two thirds of the total aerosols loading that reach 77 

the monsoon anticyclone are transported pole ward through circulation in the lower 78 
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stratosphere (Lelieveld et al., 2018). The observed SO2 concentrations in the monsoon 79 

anticyclone are ~5 – 10 times higher than throughout the rest of the tropics (Lelieveld et al., 80 

2018). The major sources of aerosols in the ATAL are found in South Asia and East Asia with 81 

South Asian emissions dominating the composition of the ATAL (Lau et al., 2018). Since 82 

2005, sulfur emissions over China show a decrease of about 50 % (Krotkov et al., 2016), while 83 

they continued to increase over South Asia (Li et al., 2017). This indicates that sulfur emitted 84 

from South Asia may in the near future contribute substantially to the composition of the 85 

ATAL. Climate model simulations show that the Asian region is three times more efficient 86 

(per unit area and time) in enhancing aerosol in the Northern Hemisphere stratosphere than 87 

tropical upwelling (Yu et al., 2017). Although the chemical composition of the particles 88 

constituting the ATAL is not well understood, satellite observations (e.g. Cloud–Aerosol Lidar 89 

and Infrared Pathfinder Satellite Observation (CALIPSO), Stratospheric Aerosol and Gas 90 

Experiment (SAGE–II)), balloonsonde and aircraft measurements (e.g. Civil Aircraft for the 91 

Regular Investigation of the atmosphere Based on an Instrumented Container (CARIBIC)) 92 

suggest that ATAL particles contain large amounts of sulfate, as well as black carbon, organic, 93 

nitrates and dust (Vernier et al., 2011; 2018; Yu et al., 2015; 2016). Further, model studies 94 

suggest sulfate, together with organics, as a major chemical component of the ATAL (e.g., 95 

Fadnavis et al., 2013; Yu et al., 2015). However, there is also a model study (Gu et al., 2016) 96 

that emphasizes the importance of nitrate as a chemical component of the aerosol in the UTLS 97 

over the Tibetan Plateau and the South Asian summer monsoon region. And balloon 98 

measurements made from Hyderabad, India show the presence of large amounts of nitrate 99 

aerosols near the tropopause (100 ng m
-3

), which may be due to NOX from anthropogenic 100 

emissions, lightning, and gas-to-aerosol conversion (Vernier et al., 2018). Vernier et al. (2011, 101 
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2015, 2018) and Yu et al. (2015, 2016, 2017) report that sulfate and nitrate aerosols are 102 

important components of the ATAL. The increasing Asian SO2 emissions are a focus of many 103 

studies due to their impacts on a decrease in summer monsoon precipitation (Kim et al., 2016; 104 

Meehl et al., 2004; 2000). The reinforcement of the monsoon circulation and the associated 105 

changes in monsoon precipitation results from radiative cooling by the sulfate aerosol forcing. 106 

Aerosol loadings in the UTLS result in a significant impact on radiative forcing for example, 107 

satellite observations show that the ATAL layer has exerted a regional radiative forcing at the 108 

top of the atmosphere of approximately -0.1 W•m
−2

 in the past 18 years, thus locally reducing 109 

the impact of global warming (Vernier et al., 2015).  110 

In this study, we investigate the impacts of rising South Asian SO2 emissions when 111 

distributed globally by the monsoon convection, using the state of art aerosol-chemistry-112 

climate model ECHAM6–HAMMOZ (version echam6.1.0-ham2.1-moz0.8). The key 113 

questions we address here are: (1) what is the contribution of increased SO2 emissions from 114 

South Asia to the ATAL? (2) What is the associated radiative forcing? (3) Can the increase in 115 

South Asian SO2 emissions change the dynamics and clouds in the UTLS?  116 

The paper is organized as follows: Section 2 describes the model and satellite data. A 117 

short model evaluation follows in Section 3. The distribution of aerosols in the UTLS is 118 

discussed in Section 4. The impact of sulfate aerosols on radiative forcing, heating rates, cloud 119 

ice, and temperature are presented in Section 5. Finally, section 6 presents the conclusions of 120 

this study.  121 

 122 

 123 
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2. Measurements and model simulations 124 

2.1 Satellite and ground bases measurements of AOD 125 

We analyze aerosol retrievals from multiple satellites e.g. Multi-Angle Imaging 126 

Spectroradiometer (MISR) (level-3 version 4, at 550 mn wavelength during 2000 – 2016) 127 

(Martonchik et al., 2002), Total Ozone Mapping Spectrometer (TOMS) Earth probe aerosol 128 

index (AI) (level-3, during 1997 – 2005) (McPeters et al., 1996). The MISR AOD 129 

measurements give aerosol properties over the global ocean and land with bright targets such 130 

as deserts (Kahn et al. 2001). The spatial distribution of MISR and TOMS measurements are 131 

consistent over most of the regions (Zhang and Christopher 2003). Aerosol-Robotic-NETwork  132 

(AERONET) sun photometer, level 2.0 version 3 daily AOD observations during 2006 – 2016 133 

(Holben et al., 1998) were also analyzed at four stations over the Indo–Gangetic Plain, Bihar 134 

(84.12 °E , 25.87 °N), Jaipur  (75.80 °E, 26.90 °N), Kanpur (80.23 °N, 26.51 °N), Karachi 135 

(67.13 °N, 24.95 °N).  136 

2.2 SO2 measurements from Ozone Monitoring Instrument (OMI) 137 

The Ozone Monitoring Instrument (OMI) aboard the NASA Aura spacecraft retrieves 138 

SO2 data from Earthshine radiances in the wavelength range of 310.5 – 340 nm (Levelt, et al., 139 

2006). It gives the total number of SO2 molecules in the entire atmospheric column above a 140 

unit area (https://disc.gsfc.nasa.gov/datasets/OMSO2e_V003/). Details of the retrieval 141 

technique are documented by Li et al., (2013, 2017). SO2 emissions over China have recorded 142 

a decreasing trend since 2006 (Krotkov et al., 2016) while in South Asia they continued to rise 143 

(Li et al., 2017). In order to understand the impact of increasing South Asian SO2 emissions 144 

we estimate a trend in SO2 burden (2007 – 2017) over the Indian region (70 – 95 °E, 8 – 35 145 
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°N, see Fig. 1c). For this purpose, we used version 1.3, level-2, OMI retrievals that assume all 146 

SO2 is located in the planetary boundary layer. We use a regression model described by 147 

Fadnavis et al., (2014) and Fadnavis and Beig (2006). A model regression equation is given as 148 

follows: 149 

θ(t,z) = (z) + (z) Dayindex (t)                                         (1) 150 

where θ(t,z) is the daily mean number of SO2 molecules averaged over the Indian region, 151 

with altitude z set to 1 km, as we use column data. The model uses the harmonic expansion 152 

to calculate the seasonal coefficient, , and the trend coefficient, . The harmonic expansion 153 

for (t) is given as:  154 

(t) = A0 + A1 cos t + A2 sint + A3 cos 2t + A4 sin 2t   (2) 155 

Where =2π/12; A0, A1, A2 ……. are constants and t (t=1,2 ….n) is the time indexThe 156 

estimated trend value is 4.8 ± 0.97 % yr
-1

. This trend value is used while designing the 157 

model sensitivity experiments (discussed in section 2.4). 158 

2.3 CloudSat and Cloud-Aerosol Lidar Infrared Pathfinder Satellite Observations 159 

(CALIPSO) 160 

We use the ice water content (IWC) dataset from a combination of CALIPSO lidar and 161 

CloudSat radar data (2C–ICE dataset, version L3_V01) for the period 2007 – 2010 (Deng et 162 

al., 2013).  The Cloud Profiling Radar (CPR) onboard the CloudSat satellite is a 94 GHz nadir-163 

looking radar which measures the power backscattered by clouds as a function of distance. It 164 

provides information on cloud abundance, distribution, structure, and radiative properties. The 165 

Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is an elastically backscattered 166 
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active polarization-sensitive lidar instrument onboard CALIPSO. CALIOP transmits laser 167 

light simultaneously at 532 and 1064 nm at a pulse repetition rate 20.16 Hz. The lidar receiver 168 

subsystem measures backscatter intensity at 1064 nm and two orthogonally polarized 169 

components of 532 nm backscatter signal that provide the information on the vertical 170 

distribution of aerosols and clouds, cloud particle phase, and classification of aerosol size 171 

(Winker et al., 2010). The details of the data retrieval method are explained in Li et al. (2012).  172 

2.4 The model simulations  173 

The ECHAM6–HAMMOZ aerosol–chemistry–climate model (Schulz et al., 2018) 174 

used in the present study comprises of the ECHAM6 global climate model (Stevens et al., 175 

2013) coupled to the two moment aerosol and cloud microphysics module HAM (Stier et al., 176 

2005; Zhang et al., 2012; Tegen et al., 2018) and the sub-model for trace gas chemistry MOZ 177 

(Kinnison et al., 2007). HAM predicts the nucleation, growth, evolution, and sinks of sulfate 178 

(SO4
2-

), black carbon (BC), particulate organic matter (POM), sea salt (SS), and mineral dust 179 

(DU) aerosols. The size distribution of the aerosol population is described by seven log-180 

normal modes with prescribed variance as in the M7 aerosol module (Vignati et al., 2004; 181 

Stier et al., 2005; Zhang et al., 2012). Moreover, HAM explicitly simulates the impact of 182 

aerosol species on cloud droplet and ice crystal formation. Aerosol particles can act as cloud 183 

condensation nuclei or ice nucleating particles. Other relevant cloud microphysical processes 184 

such as evaporation of cloud droplets, sublimation of ice crystals, ice crystal sedimentation, 185 

detrainment of ice crystals from convective cloud tops, etc. are simulated interactively 186 

(Lohmann et al., 2010; Neubauer et al., 2014). The anthropogenic and fire emissions of 187 

sulfate, BC, and OC are based on the AEROCOM-ACCMIP-II emission inventory (Textor et 188 

al., 2006). (The distribution of the sulfate emission mass flux (kg•m
−2

•s
−1

) averaged for June–189 
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September show high amounts over South Asia (see Fig. S1). The MOZ sub-model describes 190 

the trace gas chemistry from the troposphere through to the lower thermosphere. The species 191 

included within the chemical mechanism are contained within the OX, NOX, HOX, ClOX, and 192 

BrOX chemical families, along with CH4 and its degradation products. Several primary non-193 

methane hydrocarbons (NMHCs) and related oxygenated organic compounds are also 194 

included. This mechanism contains 108 species, 71 photolytic processes, 218 gas-phase 195 

reactions, and 18 heterogeneous reactions on aerosol (Kinnison et al., 2007). Details of 196 

anthropogenic, biomass burning, biogenic, emissions fossil fuel sources etc. are reported by 197 

Fadnavis et al. (2017a). 198 

The model simulations are performed at the T63 spectral resolution corresponding to 199 

1.875º× 1.875º in the horizontal dimension, while the vertical resolution is described by 47 200 

hybrid σ-p levels from the surface up to 0.01 hPa. The simulations have been carried out at a 201 

time step of 20 minutes. AMIP (add reference) sea surface temperature (SST) and sea ice 202 

cover (SIC) were used as lower boundary conditions. We performed 10-member ensemble 203 

runs by varying the initial conditions (both SST and SIC) starting between 1 and 10 January 204 

2010 and ending at 31 December 2011 to obtain statistical significant results. The analysis is 205 

performed for the year 2011. The 2011 Indian monsoon was relatively normal, with no strong 206 

influences from the Indian Ocean Dipole or El Niño modes of inter-annual climatic variability. 207 

We refer to it as the control simulation (CTRL). In previous work, Fadnavis et al. (2013; 208 

2017c) used the ensemble means from 6–10 members to analyze the variability of aerosols and 209 

associated impacts during the monsoon season. In the emission sensitivity simulations 210 

(referred to as Ind48), we have applied a flat 48% increase in anthropogenic SO2 emissions 211 

over India (8 – 40 °N, 75 – 95 °E) (same for all the years), based on the estimated trend of 4.8 212 
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% per year in OMI SO2 observations during 2007 – 2017. The Ind48 simulations are also 10 213 

member ensemble runs for the same period as CTRL and analyzed for the year 2011 (See 214 

Table-1). We compare the CTRL and Ind48 simulations in order to understand the impact of 215 

enhanced sulfate aerosol on the UTLS, radiative balance, and cirrus clouds during the 216 

monsoon season.  217 

We must mention that our experiments are necessarily canonical in design to show the 218 

impact of Asian sulfate aerosols; they do not include many of the observed complexities, like 219 

radiative forcing due to non-sulfate aerosols (e.g. organics, nitrates, and dust etc.). 220 

Notwithstanding this, this work provides valuable insight into the relevance of the impact of 221 

sulfate aerosol originating from south Asia on the UTLS, where SO2 emissions show 222 

continued increase while SO2 emissions are declining over East Asia. 223 

2.5 Offline radiative calculations  224 

We use offline radiative calculations to explore the radiative impacts of enhanced 225 

sulfate aerosol loadings in the UTLS only (300 – 50 hPa), compared to the all atmosphere 226 

enhancement. Heating rates and radiative effects associated with the sulfate aerosol 227 

enhancement are calculated using the SOCRATES radiative transfer model (Edwards and 228 

Slingo, 1996; Rap et al., 2013) with the CLASSIC aerosol scheme (Bellouin et al., 2011). We 229 

used the offline version of the model with six shortwave and nine longwave bands, and a 230 

delta-Eddington two-stream scattering solver at all wavelengths. 231 

3. Model evaluation with satellite observation 232 

In Fig. 1a–b we show the distribution of cloud ice from ECHAM6–HAMMOZ and 233 

combined measurements of total cloud ice from CloudSat and CALIPSO (2C–ICE) (2007 –234 
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2010). Both the model simulations (8 – 18 mg•kg
-1

) and observations (8 – 20 mg•kg
-1

) show 235 

high amounts of cloud ice in the mid-upper troposphere (450 – 250 hPa) over the Asian 236 

monsoon region. The distributions of simulated cloud ice show a maximum over South Asia 237 

while the CloudSat and CALIPSO observations indicate maxima over Asia (70 – 120°E). The 238 

differences in model simulations and observations may be related to uncertainties in satellite 239 

observations and model biases (Li et al., 2012); for example, the model does not consider large 240 

ice particles unlike the cloud ice measurement from CloudSat and CALIPSO. The total ice 241 

water mass estimates from 2C–ICE combine measurements from CALIPSO lidar 242 

depolarization, which is sensitive to small ice particles (i.e., cloud ice represented in global 243 

climate models), and CloudSat radar, which is very sensitive to larger ice particles (i.e., 244 

precipitating ice or snow) (Li et al., 2012).  245 

Figure 1c-e shows the distribution of seasonal mean AOD from MISR (2000 – 2016), 246 

model simulations and AERONET observations (2006 – 2016) (Bihar, Jaipur, Kanpur, 247 

Karachi) over the Indo–Gangetic Plain. TOMS aerosol index (1997 – 2005) is shown in Fig 1f. 248 

MISR and TOMS indicates high amounts of aerosols over the Indo–Gangetic Plains and 249 

northern Arabian Sea. The magnitude of simulated AOD is in agreement with MISR over the 250 

Indo-Gangetic plain (~0.4 – 0.5) and over west Asia the model shows an underestimation by 251 

~0.35. Comparison with AERONET observations shows that simulated AOD is 252 

underestimated over the Indo-Gangetic plain (0.23 – 0.35). The differences in magnitude of 253 

AOD between model, satellite remote sensing (MISR) and AERONET observations may be 254 

due to various reasons for e.g. underestimation of dust aerosols in the model (Kokkola et al., 255 

2018). Satellite remote sensing detects AOD from top of the atmosphere while AERONET 256 

detects AOD from the ground. In AERONET, aerosols above 4 km contribute 50 % of AOD 257 
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(Dumka et al. 2014). Inclusion of nitrate aerosol may affect the distribution of the AOD. 258 

During the monsoon season, dust is transported from west Asia to the Arabian Sea via the low 259 

level monsoon jet (Vinoj et al., 2014). Distribution of TOMS AI which is sensitive to 260 

absorbing aerosols (like dust particles) also show high magnitude over Arabian Sea and West 261 

Asia. In the past, largest differences between annual mean AOD (0.23 – 0.3) over South Asia 262 

and Southeast Asia between the ECHAM6–HAMMOZ model and observations (MODIS) are 263 

reported by Kokkola et al., (2018). Majority of CMIP5 models underestimate global mean dust 264 

optical depth (Pu and Ginoux, 2018). There are uncertainties in model estimates of sea salt 265 

emission and parameterization too (Spada et al., 2013). High magnitude of AOD near 25 °N, 266 

75 °E may be due to high amount of sea salt and water soluble aerosols in the model.  267 

 268 

4. Results 269 

4.1 A layer of aerosol in the UTLS  270 

The South Asian region frequently experiences convective instability during pre-271 

monsoon (March–May) and monsoon (June–September) and post-monsoon season (October–272 

November) (Manohar et al., 1999). Convection plays an important role in lifting the boundary 273 

layer pollutants to the UTLS (Fadnavis et al., 2013, 2014, 2015). The uplifted aerosols 274 

contribute to the formation of a layer over South Asia between April and October (Lau et al., 275 

2018). Convective transport during pre-monsoon and post-monsoon seasons is most by 276 

cyclones and thunderstorm (Manohar et al., 1999). The large scale organized convection and 277 

the upper level anticyclone during the monsoon season play key roles in formation of Asian 278 

Tropopause Aerosols Layer (ATAL) in the UTLS. The CALIPSO lidar and Stratospheric 279 
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Aerosol and Gas Experiment II (SAGE-II) satellite observations show ATAL during the 280 

monsoon season extending over a wider Asian region (15 – 40 °N, 60 – 120 °E) (Vernier et al., 281 

2011; Fadnavis 2013, 2015). 282 

Both aerosol extinction and sulfate aerosol concentrations from the CTRL simulations 283 

show a peak in the UTLS over North India (75 – 95 °E, 25 – 40 °N) from the pre-monsoon to 284 

post-monsoon season (April–October) (Fig.2a–b). The sulfate aerosol layer in the UTLS is 285 

connected to the troposphere during the pre-monsoon and post-monsoon periods (Fig. 2b), 286 

indicating transport of tropospheric sulfate aerosol into the UTLS during these seasons. Strong 287 

uplift during the monsoon season lifts the mid-tropospheric aerosols and aerosol precursors to 288 

the UTLS generating aerosol minima in the mid troposphere (Fadnavis et al., 2013).  289 

The estimated ratio of ECHAM6–HAMMOZ simulated sulfate aerosols in the ATAL 290 

to the total aerosol amount is 6:10 pointing at sulfate aerosols as a major ATAL constituent. 291 

Balloonsonde observations over South Asia also show large amounts of sulfate aerosols in the 292 

ATAL (Vernier et al., 2015). Although the layer of sulfate aerosols persists throughout the 293 

pre-monsoon and monsoon season, in this paper we restrict our analysis to the monsoon 294 

season only; this is because large scale convective transport during monsoon season leads to a 295 

stronger transport of boundary layer pollutants to the UTLS (Randel et al., 2006; Fadnavis et 296 

al., 2015).   297 

The convective transport mostly occurs from the Bay of Bengal and southern slopes of 298 

Himalayas (Fadnavis et al., 2013, 2015). Park et al. (2009) have shown that monsoon 299 

convection lifts the Asian pollutants into the upper troposphere (~200 hPa) which are then 300 

transported north-westward and upward into the anticyclone (Fig.14 therein). After the 301 
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convective uplift, at altitudes above ~360 K, radiatively driven upward transport in the 302 

anticyclonic monsoon circulation occurs at a rate of ~1 K•day
-1

; this is a slower uplift than 303 

convection but faster than outside the anticyclone (Vogel et al., 2018). We show the simulated 304 

horizontal distribution of aerosol extinction and sulfate aerosols at 100 hPa in the CTRL 305 

experiment in Figs. 2c-d. This result indicates maxima in aerosols extinction (Fig. 2c) and 306 

sulfate aerosols (Fig. 2d) in the anticyclone region.  307 

4.2 Transport into the upper troposphere and lower stratosphere 308 

The climate model simulations and satellite observations show three pathways for 309 

convectively lifted aerosols: (i) quasi-isentropic transport from the monsoon anticyclone into 310 

the extra-tropical lowermost stratosphere, (ii) cross-isentropic transport from the UTLS into 311 

the tropical stratosphere by slow, radiatively driven ascent, and (iii) transport of air into the 312 

stratosphere by overshooting convection that sometimes crosses the tropopause in the tropics 313 

(Kremser et al., 2016).  In order to understand the transport pathways of sulfate aerosol, we 314 

analyze anomalies of sulfate aerosols between the simulation with increased sulfate emissions 315 

(Ind48) and the control simulation (CTRL, Fig. 3a–b).The distribution of sulfate aerosols show 316 

a plume rising from boundary layer into the UTLS occurring through a conduit (from the Indo 317 

Gangenic plain and Bay of Bengal region: 15 – 35 °N, 75 – 95 °E). Sulfate aerosol 318 

enhancement (~5 – 10 ng•m
-3

) (10 – 33 %) is observed near the tropopause over the Indian 319 

region. Cross tropopause transport (2 – 10 ng•m
-3

) is also evident in Fig. 3a-b. In the 320 

lowermost stratosphere (100 – 70 hPa), the anomalies of sulfate aerosol extend up to the North 321 

Pole (2 – 5 ng•m
-3

) (5 – 10 %) (Fig. 3a) due to the quasi-isentropic transport by the shallow 322 

branch of Brewer Dobson circulation (between 380 – 430 K) (Vogel et al., 2014; Rolf et al., 323 

2018). Yu et al., (2017) report that ∼15 % of the Northern Hemisphere column stratospheric 324 
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aerosol surface area originates from the Asian summer monsoon anticyclone region. Figure 3b 325 

shows that aerosols spread to east and west from the anticyclone (20 – 120 °E), likely due to 326 

east/westward eddy shedding from the anticyclone (Vogel et al., 2016; Fadnavis and 327 

Chattopadhyay, 2017b; Fadnavis et al., 2018). Eddy shedding may not be evident in seasonal 328 

mean distribution (Fig. 3 b) since it occurs on a daily scale. 329 

 330 

5. Impact of enhanced anthropogenic South Asian SO2 emissions 331 

5.1 Radiative forcing and heating rates  332 

The net radiative forcing at the TOA (Fig. 4a) and surface (Fig. 4b) due to sulfate 333 

aerosols, simulated in our ECHAM6–HAMMOZ experiments is varying between -0.2 and -1.5 334 

W•m
−2

 over South Asia and is approximately -0.6 W•m
−2 

over the North India (regional mean 335 

over 23 – 30 °N, 75 – 85 °E, as shown by the box in Fig. 4a). The positive forcing (both at 336 

TOA and surface) simulated over the Arabian Sea may be related to the low values of clouds 337 

(Fig. 7a, discussed later in section 5.3) which might very well be caused by anomalies in dust 338 

aerosols that certainly interact with cloud formation processes. A positive anomaly in dust 339 

aerosol distribution (see Fig.S2) is likely be caused by the dynamical changes induced by the 340 

sulfate aerosol enhancement. The transport of dust aerosols from West Asia to the Arabian Sea 341 

occurs during the monsoon season (Vinoj et al., 2014). The strong scattering properties of the 342 

sulfate aerosols lead to similar TOA and surface forcing (Forster et al., 2007). The negative 343 

forcing in the northern hemisphere (0 – 80 °N) (-0.1W•m
−2

 in high latitudes) is likely due to 344 

the poleward transport of south Asian sulfate aerosols in the lower stratosphere (see Fig. 3a). 345 
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The corresponding TOA sulfate aerosol direct radiative forcing estimated with our 346 

offline simulations is shown in Fig 5a. It shows RF varying between - 0.3 to - 2.3 W•m
−2 

over 347 

the South Asian region. Over North India estimated RF is ~ -1.38 W•m
−2 

and over mid-high 348 

latitudes ~ -0.1 W•m
−2

. These values are lower than the results of the ECHAM6–HAMMOZ 349 

simulations. The differences in estimated RF from the offline calculations and the ECHAM6–350 

HAMMOZ simulations are likely due to the fact that the implicit dynamical responses are not 351 

captured in the offline experiments. Figure 5b shows the TOA direct radiative forcing 352 

(estimated from our offline simulations) induced by the sulfate enhancement in the UTLS (300 353 

– 50 hPa). The RF values vary between ~ -0.012 and -0.02 W•m
−2 

in the anticyclone region 354 

(20 – 45 °N, 60 – 120 °E) with a minimum (-0.02 W•m
−2

) at the eastern part of anticyclone 355 

(20– 30 °N, 65 – 90 °E). This is collocated with a maximum in sulfate aerosols in the UTLS 356 

(Fig. 3). The short term ATAL RF at the top of the atmosphere has been estimated to ~-0.1 357 

W•m
−2

 over the Asian region during 1998 – 2015 (Vernier et al., 2015).  358 

The RF at the TOA obtained from ECHAM6–HAMMOZ simulations (Fig. 4a) is 359 

comparable with the INDOEX experiment values corresponding to January – March 1999, i.e. 360 

-1.25 to -2.0 W•m
−2 

over North India (Verma et al., 2012). Yu et al. (2016) have reported that 361 

the increase in sulfate AOD (0.06 – 0.15) over the tropics (30 °S – 30 °N) since the pre-362 

industrial period has exerted a forcing of -0.6 to -1.3 W•m
−2

.  363 

Figure 6a shows the vertical cross sections of heating rates changes induced by the 364 

sulfate enhancement as estimated from the offline radiative transfer model. It shows negative 365 

anomalies in the troposphere in northern hemisphere (-0.5 ×10
-3

 K•day
-1

 to -1 ×10
-3

 K•day
-1

) 366 

and a large magnitude over south Asia (-1×10
-3

 K•day
-1

). In the UTLS (300 – 50 hPa) heating 367 

rate changes due to sulfate aerosols are positive (0.1×10
-3

 K•day
-1 

– 0.9×10
-3

 K•day
-1

) in the 368 
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northern hemisphere with a maximum over south Asia (10 – 40 °N). The region of positive 369 

heating rates coincides with region of positive sulfate aerosol anomalies. This heating is due to 370 

absorption of infrared radiation by the stratospheric sulfate aerosols (Heckendorn et al., 2009). 371 

5.2 Incoming solar radiation, temperature and stability of the troposphere 372 

One of the impacts of sulfate aerosols in the atmosphere is solar dimming which 373 

counteracts part of the temperature response to CO2 increase (Ramanathan et al., 2005). There 374 

is observational evidence (1300 sites spread globally) indicating that one third of potential 375 

continental warming attributable to increased greenhouse gas concentrations has been 376 

compensated by aerosol cooling during 1964 – 2010 (Storelvmo et al., 2016). Solar radiation 377 

measurements over the Indian region (at 12 stations) during 1981 – 2004 show a declining 378 

trend varying between -0.17 to -1.44 W•m
-2 

year
-1

 (PadmaKumari et al., 2007). Ramanathan et 379 

al. (2005) reported a negative trend in solar flux observations at 10 different Indian stations (-380 

0.42 W•m
−2

) and their model simulations show a trend of -0.37 W•m
-2 

induced by the BC and 381 

sulfate aerosols over India (0 – 30 °N and 60 – 100 °E).We estimate the changes in net solar 382 

radiation at the surface in response to enhanced SO2 emissions. Figure 6b shows negative 383 

anomalies of -1 to -3 W•m
−2 

corresponding to a reduction in incoming solar radiation over the 384 

Indian region (except over west India: 68 – 77 °E, 17 – 28 °N). The strong reduction in surface 385 

solar radiation (-3 W•m
−2

) over North India is mainly due to the sulfate aerosols column 386 

connecting the boundary layer of the ASM region to the UTLS, with an additional contribution 387 

from the enhancement of sulfate aerosols in the ATAL (Fig. 3a). The increases in solar 388 

radiation over west India may be due to the low values of clouds (Fig. 7a) as mentioned in 389 

section 5.1 390 
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The anomalies in the temperature distribution induced by the enhancement of sulfate 391 

aerosol over the Indian region are shown in Figs.6c–d. The latitude-pressure cross section in 392 

Fig. 6c shows negative anomalies (-0.1±0.06 to -0.8±0.41 K) in the troposphere. Near the 393 

tropopause and in the lower stratosphere, temperature anomalies are positive (indicating 394 

warming of 0.1±0.06 to 0.6±0.25 K) extending from the Asian monsoon region (15 – 40 °N) 395 

to the North Pole. Figure 3a shows that this is the same altitude region where sulfate anomalies 396 

are positive (2 – 10 ng•m
-3

), therefore causing an increased infra-red radiation absorption. 397 

Figure 6c depicts a warming up to ~1 K between 30 – 80 °N in the lower stratosphere, likely 398 

caused by the pole-ward transport of sulfate aerosol along a shallow branch of the BDC (see 399 

Fig 3b). Figure 6d shows the longitude-pressure cross sections of temperature anomalies, 400 

indicating a warming of 0.2±0.1 to 0.6±0.25 K near the tropopause and in the lower 401 

stratosphere and a cooling of -0.1±0.06 to -0.6 ± 0.25 K in the troposphere. 402 

Figures 3b and 6d indicate that sulfate aerosols disperse east and westward from the 403 

monsoon anticyclone, leading to increased heating in that region (100 – 50 hPa). The negative 404 

anomaly in tropospheric temperature and subsidence (discussed in section 5.3) over north 405 

India produce a stabilization of the upper troposphere. The anomalies of Brunt-Väisälä 406 

frequency are positive (0.2 – 2 s
-1 

× 10
-5

) in the upper troposphere (250 – 70 hPa) over north 407 

India and the Tibetan plateau region 20 – 35 °N, 70 – 110 °E) (Fig.6e). This indicates that 408 

enhanced sulfate aerosols have increased the stability of the upper troposphere and produced 409 

anonymously low temperatures (Figs.6c–d) at these altitudes and over these regions. Upper 410 

tropospheric temperature and stability over the Tibetan plateau play an important role in the 411 

monsoon Hadley circulation and rainfall. The strong subsidence, upper tropospheric cooling 412 

over the Tibetan plateau and enhanced stability may likely produce deficit monsoon rainfall 413 
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(Wu and Zhang, 1998; Fadnavis et al., 2017c). However, a complete analysis of the impact of 414 

the enhanced surface aerosols on monsoon rainfall is beyond the scope of this study. 415 

 416 

5.3 Cirrus Clouds 417 

.   Cirrus clouds cover at least about 30 % of Earth's area over the year (Stubenrauch et al. 418 

2013, Gasparini et al., 2018), occurring mainly between 400 – 100 hPa altitude. They play an 419 

important role in the Earth’s energy budget (Chen et al., 2000, Gasparini et al., 2016), in 420 

transport of water vapor into the stratosphere (Randel and Jensen, 2013), as well as in the 421 

atmospheric heat and energy cycle (Crueger and Stevens 2015; Hartmann et al., 2018). Cirrus 422 

clouds can form by either homogeneous nucleation by freezing of sulfate aerosols or by 423 

heterogeneous ice nucleation in presence of ice nuclei, most commonly dust (Ickes et al., 2015; 424 

Atkinson et al., 2013; Cziczo et al. 2016). Moreover, a large fraction of cirrus clouds have a 425 

liquid-origin history as the ice crystals were either nucleated at mixed-phase conditions and 426 

transported to lower temperatures or detrained from convective cloud tops (Krämer et al., 2016; 427 

Gasparini et al., 2018). All mentioned formation processes except heterogeneous nucleation of 428 

ice crystals below the homogeneous freezing temperature (i.e. at cirrus conditions) are simulated 429 

by our model simulations. However, heterogeneous freezing on dust and black carbon aerosols is 430 

included in mixed phase clouds (Lohmann and Hoose, 2009), for temperatures between freezing 431 

and -35°C. 432 

Figure 7a shows a 5 – 10 % decrease of cirrus clouds over the North Indian region (20 433 

– 35 °N) anomalies are negative, which coincides with the area of lofting of sulfate aerosols 434 

towards UTLS. This coincides with a significant decrease of ice crystal number concentration 435 
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by 0.1 – 0.5 cm
-3

 between 300 – 50 hPa (Fig. 7b–c). The increased upper tropospheric sulfate 436 

aerosol concentration leads to a temperature increase in the upper troposphere and lower 437 

stratosphere by about ~0.5 °C, and a cooling below (Fig. 6d). This decreases the upper 438 

tropospheric temperature gradient and increases the upper tropospheric (200 – 100 hPa) static 439 

stability (Brunt–Väisälä frequency) (over 80 – 120 °E) (Fig. 6e) and vertical velocity (23 – 40 440 

°N) (Fig. 7d). A combination of decreased upper tropospheric updraft motion and increased 441 

temperatures decrease the likelihood of cirrus cloud formation in a similar way as for 442 

simulated responses to volcanic eruptions (Kuebbeler et al., 2012) or stratospheric sulfur geo-443 

engineering (Visioni et al., 2018).  444 

 445 

6. Summary and Conclusion 446 

A ten-member ensemble ECHAM6–HAMMOZ model simulation for enhanced (by 447 

48%) anthropogenic sulfate aerosols over South Asia was performed in order to understand the 448 

transport of sulfate aerosols in the monsoon anticyclone and their associated impacts on the 449 

global UTLS. The model simulations show transport of substantial amounts of anthropogenic 450 

sulfate aerosols from South Asia (75 – 95 °E, 8 – 35 °N) to the upper troposphere and lower 451 

stratosphere (UTLS) (anomalies ranging from 2 – 5 ng•m
-3

) in the monsoon anticyclone and 452 

northern hemispheric lower stratosphere. This leads to substantial warming in the lower 453 

stratosphere (0.1±0.06 – 0.6±0.25 K) over the northern hemisphere and cooling in the 454 

troposphere over south Asia (-0.1±0.06 to -0.8±0.41 K). In addition, the net radiative forcing 455 

at the TOA is reduced over South Asia (-0.2 to -1.5 W•m
−2

) and North India (23 – 30 °N, 75 – 456 

85 °E) (~ -0.6 W•m
−2

); the incoming solar radiation at the surface is also reduced over South 457 

Asia (-1 to -3 W•m
−2

).  458 
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The RF at the TOA estimated for sulfate aerosols from the offline radiative transfer 459 

model is -0.3 to -1.3 W•m
−2

 over South Asia, ~ -1.38 W•m
−2

 over North India and ~ -0.1 460 

W•m
−2 

over mid-high latitudes. The magnitude of RF from ECHAM6–HAMMOZ simulations 461 

shows good agreement with the offline radiative transfer model. The minor differences may be 462 

due to implicit dynamical impacts in response to enhanced south Asian SO2 emissions in 463 

ECHAM6–HAMMOZ, which are not represented in the offline model. We also estimate that 464 

the enhancement of sulfate aerosols in the UTLS (300– 50 hPa) produces a forcing of -0.012 465 

to -0.02 W•m
−2

 over North India.  466 

Enhancement of South Asian anthropogenic sulfate aerosols leads to a decrease in 467 

cirrus clouds, a stronger subsidence, cooling of the upper troposphere over the northern 468 

regions of south Asia and over the Tibetan plateau. This enhances the stability (anomalies in 469 

Brunt Väisälä frequency 0.2 to 2 s
-1 

× 10
-5

) of the upper troposphere (250 – 70 hPa) of these 470 

regions. Upper tropospheric temperature and stability over the Tibetan plateau play an 471 

important role in impacting the monsoon Hadley circulation and rainfall. Strong subsidence, 472 

upper tropospheric cooling over the Tibetan plateau and enhanced stability are the features 473 

associated with deficit monsoon rainfall (Wu and Zhang, 1998; Fadnavis et al., 2017c). The 474 

link between these features and deficit monsoon rainfall should be addressed in future 475 

research.  476 

It is important to note that an increase in surface emissions of SO2 does not necessarily 477 

lead to a reduction in RF (as might be expected) but that regional enhancements of RF might 478 

occur in response to an inherent dynamical response (including changes in high cloud cover) 479 

to enhanced SO2 emissions. 480 

481 
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Table 1: Details of model simulations performed. 765 
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 788 

Figure 1 : Seasonal mean distribution of (a) cloud ice mass mixing ratio (mg•kg
−1

) from 789 

CloudSat and CALIPSO combined 2C–ICE L3 for the years 2007 – 2010, (b) cloud ice mass 790 

mixing ratio (mg•kg
−1

) averaged for 20 – 40 °N from CTRL simulations. Distribution of 791 

seasonal mean (June-September) Aerosol Optical Depth (AOD) from (c) MISR for the period 792 

2000 – 2016, (d) AOD from ECHAM6–HAMMOZ CTRL simulations, (e) comparison of 793 

AOD from the model simulations and AERONET (2006 – 2016) at the stations: Bihar, Jaipur, 794 

Kanpur, and Karachi, (f) TOMS AI for 1997 – 2005. The dashed box in Fig. (c) indicates the 795 

region (70 – 95 °E, 8 – 35 °N) of SO2 emission enhancement by 48 %. 796 
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Figure 2 : Monthly vertical variation of (a) extinction (km
−1

× 10
-4

) averaged for 80 – 95 °E, 25 807 

– 40 °N, (b) sulfate aerosols (ng•m
-3

) averaged over 75 – 95 °E, 25 – 40 °N, (c) distribution 808 

aerosol extinction (km
−1 

× 10
-4

) at 100hPa averaged for the monsoon (JJAS) season, (d) 809 

Distribution of sulfate aerosol at 100 hPa averaged for the monsoon (JJAS) season. Wind 810 

vectors in (d) indicate extent of the anticyclone. (a)–(d) are obtained from CTRL simulations.  811 

  812 

   (x10
-4

 Km
-1

) 

   (x10
-4

 Km
-1

) 

(d) (c) 

(b) (a) 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-81
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 1 March 2019
c© Author(s) 2019. CC BY 4.0 License.



40 
 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 

Figure 3: Distribution of anomalies of sulfate aerosols (ng•m
-3

) averaged for the monsoon 821 

season (a)  latitude–pressure cross sections averaged over 75 – 95 °E (b) longitude–pressure 822 

cross section averaged  over 15 – 35 °N. The thick black line represents the tropopause height 823 

and the dashed lines represent the potential temperature (θ). 824 
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 837 

 838 

 839 

Figure 4: Clear sky direct net radiative forcing (W•m
−2

) due to enhanced sulfate aerosols 840 

simulated by ECHAM6–HAMMOZ (a) at the top of the atmosphere, and (b) at the surface. 841 

North India (23 – 30 °N, 75 – 85 °E) is indicated by a box. The black hatched lines indicate 842 

the 90 % significance level. 843 
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 853 

Figure 5: Clear sky TOA direct net radiative forcing (W•m
-2

) simulated by our offline 854 

experiments due to (a) all atmosphere and (b) UTLS–only enhanced sulfate aerosol loadings. 855 

North India (23 – 30 °N, 75 – 85 °E) is indicated by a box. 856 
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 866 

 867 

Figure 6: Distribution of anomalies in (a) Net sulfate heating rate (× 10
-3 

K•day
-1

) (b) net solar 868 

radiations (W•m
-2

) at the surface. Distribution of anomalies in temperature (K), (c) latitude-869 

pressure cross section averaged  over 80 – 90 °E, (d) Longitude pressure cross section 870 

averaged over 20 – 30 °N. In (c–e) the black hatched lines indicate the 90 % significance level 871 

and thick black line indicates the tropopause. (e) Brunt–Väisälä frequency (s
−1

 × 10
−5

) 872 

averaged over 25 – 40 °N. 873 
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 887 

 888 

Figure 7: Distribution of anomaly in (a) high cloud (%), (b) Latitude-press cross section of 889 

anomaly in  ICNC (cm
-3

) averaged over 80 – 90 °E, (c) Longitude cross section of anomaly in  890 

ICNC (cm
-3

)  averaged over 20 – 30 °N. The black hatched line in Fig. (a–c) indicates 90 % 891 

significance level, (d) Anomaly in vertical velocity (m•s
-1

). Vertical velocity is scaled by 1000. 892 

In (b)–(d) thick black line indicates the tropopause. 893 
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