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Abstract. Aerosol radiative effects and thermodynamic responses over South Asia are 10 

examined with the Weather Research and Forecasting model coupled with Chemistry 11 

(WRF-Chem) for March 2012. Model results of Aerosol Optical Depths (AOD) and 12 

extinction profiles are analyzed and compared to satellite retrievals and two ground-based 13 

lidars located in the northern India. The WRF-Chem model is found to heavily underestimate 14 

the AOD during the simulated pre-monsoon month and about 83% of the model low-bias is 15 

due to aerosol extinctions below ~2 km. Doubling the calculated aerosol extinctions below 16 

850 hPa generates much better agreement with the observed AOD and extinction profiles 17 

averaged over South Asia. To separate the effect of absorption and scattering properties, two 18 

runs were conducted: in one run (Case I), the calculated scattering and absorption coefficients 19 

were increased proportionally, while in the second run (Case II) only the calculated aerosol 20 

scattering coefficient was increased. With the same AOD and extinction profiles, the two runs 21 

produce significantly different radiative effects over land and oceans. On the regional mean 22 

basis, Case I generates 48% more heating in the atmosphere and 21% more dimming at the 23 

surface than Case II. Case I also produces stronger cooling responses over the land from the 24 

longwave radiation adjustment and boundary layer mixing. These rapid adjustments offset the 25 

stronger radiative heating in Case I and lead to an overall lower-troposphere cooling up to 26 

-0.7 K day-1, which is smaller than that in Case II. Over the ocean, direct radiative effects 27 

dominate the heating rate changes in the lower atmosphere lacking such surface and lower 28 

atmosphere adjustments due to fixed sea surface temperature, and the strongest atmospheric 29 

warming is obtained in Case I. Consequently, atmospheric dynamics (boundary layer heights 30 

and meridional circulation) and thermodynamic processes (water vapor and cloudiness) are 31 

shown to respond differently between Case I and Case II underlying the importance of 32 

determining the exact portion of scattering or absorbing aerosols that lead to the 33 

underestimation of aerosol optical depth in the model. In addition, the model results suggest 34 

that both direct radiative effect and rapid thermodynamic responses need to be quantified for 35 

understanding aerosol radiative impacts.    36 

  37 
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1. Introduction  38 

South Asia, including the Indian subcontinent and adjacent oceans, is a regional hotspot 39 

with high aerosol loadings (Ramanathan et al., 2001; Moorthy et al., 2013). Aerosols over 40 

this region are composed of locally emitted sulfate, black carbon (BC), and organic 41 

substances (mainly from industrial, transportation, residential, and agricultural burning), as 42 

well as long-range-transported desert dust and sea spray aerosols. These aerosols together 43 

induce a large negative radiative forcing at the top of the atmosphere (TOA) through direct 44 

scattering and absorption of incoming solar radiation. With year 2000 emissions, Chung et al. 45 

(2010) estimated the regional TOA aerosol forcing in South Asia at about -1.9 W m-2, which 46 

is larger by several factors than the present-day global mean direct forcing (Boucher et al., 47 

2013). The overall aerosol cooling effect in response to negative TOA forcing is suggested to 48 

weaken the sea surface temperature gradient over the Indian Ocean and decelerate the 49 

monsoonal circulation and moisture transport (Ramanathan et al., 2005). Other studies show 50 

that local warming by BC in the upper troposphere intensifies vertical motion over land and 51 

modulates intraseasonal monsoon rainfall variations (Lau et al., 2006). Therefore, rapidly 52 

increased anthropogenic aerosol emissions in South Asia have been linked closely to 53 

observed changes in surface temperature and rainfall patterns in global climate simulations 54 

(Meehl et al., 2008; Lau et al., 2009; Wang et al., 2009; Bollasina et al., 2011; Ganguly et al., 55 

2012).  56 

For quantifying aerosol direct perturbations in the radiation budget, column-integrated 57 

aerosol optical depth (AOD) is often examined in global models, some of which include 58 

regional analysis over South Asia (Myhre et al., 2009, 2013; Shindell et al., 2013; Boucher et 59 

al., 2013; Pan et al., 2015), and in regional-scale models (Chung et al., 2010; Nair et al., 2012; 60 

Kumar et al., 2014). Besides AOD, aerosol single scattering albedo (SSA) has also been 61 

identified as a main source of uncertainty in estimates of aerosol direct forcing (McComiskey 62 

et al., 2008; Loeb and Su et al., 2010) and evaluated with observations. Most models 63 

underpredict aerosol abundances over South Asia versus data from the ground-based Aerosol 64 

Robotic Network (AERONET) (Holben et al., 1998) or satellite-retrieved AOD observations 65 

such as the Moderate Resolution Imaging Spectroradiometer (MODIS) (e.g., Yu et al., 2003; 66 

Kinne et al., 2006; Koch et al., 2009; Ganguly et al., 2012). In addition, models also tend to 67 
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underestimate aerosol absorption by over-estimating the SSA (Liu et al., 2012). Such low 68 

biases in aerosol optical properties might potentially affect model simulations of regional 69 

climatology and assessment of aerosol climate impacts over the South Asia region. 70 

Vertical distribution of aerosols is another important parameter in determining 71 

aerosol-radiation interactions. When column AOD is constrained, uncertainties in aerosol 72 

vertical profiles can still contribute to significant uncertainties in the calculation of radiative 73 

forcing (Lohmann et al., 2001; Zarzycki and Bond, 2010; Ban-Weiss et al., 2011). The extent 74 

to which the aerosol profile impacts aerosol radiative effects depends on the presence of 75 

cloud, surface albedo, and SSA. Column and global aerosol and radiation models have been 76 

used to explore the sensitivity of aerosol direct radiative forcing to the vertical distribution of 77 

aerosols, especially absorbing aerosols, relative to clouds (Haywood and Shine, 1997; Liao 78 

and Seinfeld, 1998; Samset et al., 2013; Vuolo et al., 2014; Choi and Chung, 2014). However, 79 

compared to column AOD and SSA, aerosol vertical distributions are evaluated less 80 

frequently against observations, partly due to lack of observational data sets.  81 

Aircraft profiling of aerosol concentrations from recent airborne experiments, such as the 82 

HIAPER Pole-to-Pole Observations (Schwarz et al., 2010) and the Arctic Research of the 83 

Composition of the Troposphere from Aircraft and Satellites (Jacob et al., 2010), provides 84 

high-quality data sets for model comparison (e.g., Koch et al, 2009; Liu et al., 2012). 85 

However, these data sets are usually available only for limited locations and time periods. In 86 

particular, few long-term aircraft surveys are available for South Asia, other than a few past 87 

field experiments such as the Maldives Autonomous Unmanned Aerial Vehicle Campaign 88 

(Ramanathan et al., 2007) and the Integrated Campaign for Aerosol, Gases and Radiation 89 

Budget experiment (Satheesh et al., 2009). Satellite-retrieved aerosol extinction profiles 90 

providing wide coverage in space and time have been used increasingly for model evaluation. 91 

Using the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) 92 

lidar nighttime data at 532 nm in cloud-free conditions from June 2006 to November 2007, 93 

Yu et al. (2010) evaluated aerosol extinction profiles simulated by the Goddard Chemistry 94 

Aerosol Radiation Transport (GOCART) model and found substantial underestimation in the 95 

magnitude of aerosol extinctions over the Indian subcontinent. Similar analysis of all-sky 96 

CALIPSO nighttime data in the AeroCom (Aerosol Comparisons between Observations and 97 
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Models) multi-model evaluation of the vertical distribution of aerosols (Koffi et al., 2012) 98 

found that 11 of the 12 AeroCom models underestimated the annual mean aerosol extinctions 99 

below 2 km over South Asia. A recent study by Quennehen et al. (2015) examined six global 100 

and one regional models with CALIPSO-derived backscatter profiles at 532nm during August 101 

and September 2008, and the multi-model mean backscatter is also underestimated between 0 102 

and 2 km over northern India and eastern China. 103 

Although these model-data comparisons help to identify the biases in model simulations 104 

of aerosol extinction or concentration profiles, the resultant changes in atmospheric heating, 105 

dynamics, and cloud adjustments (the aerosol semi-direct effects) have yet to be investigated. 106 

Moreover, satellite retrievals of aerosol extinction profiles are also subject to uncertainties 107 

associated with cloud contamination, surface overlap correction, and daylight background 108 

noise. Observational studies have examined atmospheric heating rates extensively by using 109 

aerosol extinctions retrieved from ground-based or CALIPSO lidar instruments (Misra et al., 110 

2012; Gautam et al., 2010; Kuhlmann and Quaas, 2010) and in situ aircraft data (Ramana et 111 

al., 2007; Satheesh et al., 2008). These studies directly provide observational constraints on 112 

the instantaneous atmospheric heating caused by aerosols, ranging from 0.35 to 2 K day-1, in 113 

the South Asia region. On the other hand, observational methods face challenges in 114 

distinguishing the rapid adjustments in the atmosphere attributable to aerosols versus other 115 

environmental influences.  116 

In the present study, we examine the atmospheric radiative and thermodynamic responses 117 

to uncertainty associated with vertical distributions of aerosol extinction coefficient by 118 

correcting bias in model calculations with satellite and surface remote sensing data. This not 119 

only identifies discrepancies between the model-predicted and observed aerosol optical 120 

properties as a function of height, but it also demonstrates the potential importance of 121 

aerosol-related uncertainty for regional climate simulations. The regional Weather Research 122 

and Forecasting (WRF) model, coupled with a chemistry module (WRF-Chem), is used to 123 

simulate the pre-monsoon month of March 2012 over South Asia. The next section describes 124 

the regional climate model configurations and ground-based and satellite data sets available. 125 

Section 3 evaluates the modeled and observed AODs and aerosol profiles and discusses 126 

changes in the simulated radiative energy balance, surface temperature, lower-atmospheric 127 
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heating rates, boundary layer (BL) height, large-scale circulation, and cloud occurrence, in 128 

response to optimized matching of aerosol extinction profiles to observations. The main 129 

findings of this study and implications for future work are summarized in Section 4.  130 

2. Methodology 131 

2.1 Model description 132 

This study uses a version of the WRF-Chem 3.3 (Skamarock et al., 2008; Grell et al., 133 

2005), coupled with the chemistry module MOZCART (Pfister et al., 2011), to simulate 134 

aerosol distributions, aerosol-radiation interactions, and regional meteorological fields. The 135 

default model simulations are performed for eight months from August 2011 to March 2012, 136 

the period when multi-instrumental aerosol observations were collected by the U.S. 137 

Department of Energy (DOE) Ganges Valley Aerosol Experiment (GVAX) at a mountain-top 138 

site, Nainital (29°N, 79°E, e.s.l. 1939 m), in northern India. The model domain is configured 139 

from 55°E to 95°E and 0° to 36°N, with a horizontal grid spacing of ~12 km and 27 vertical 140 

layers. The MOZCART chemistry module (Kumar et al., 2014) includes the MOZART-4 141 

gas-phase chemistry (Emmons et al., 2010) and the GOCART bulk aerosol scheme (Chin et 142 

al., 2002). MOZCART simulates externally mixed aerosol species including sulfate, BC, 143 

organic carbon (OC), dust (in 5 size bins with 0.5, 1.4, 2.4, 4.5, and 8 µm effective radius) 144 

and sea salt (in 4 size bins with 0.3, 1.0, 3.2, and 7.5 µm effective radius). This version of the 145 

WRF-Chem aerosol and chemistry modules has been used and evaluated in studying effects 146 

of dust aerosols on tropospheric chemistry during the pre-monsoon season in northern India 147 

(Kumar et al., 2014).  148 

The anthropogenic emissions of gaseous species are derived from the Reanalysis of the 149 

Tropospheric Chemical Composition and Emissions Database for Global Atmospheric 150 

Research compiled for the year 2000. The default emissions of BC, OC, and SO2 are same as 151 

in the GOCART model for year 2006. Over India, emissions of BC, OC, and SO2 are 152 

replaced with year 2010 inventories available at resolutions of 0.1° × 0.1° for anthropogenic 153 

sources and 0.5° × 0.5° for biomass burning (Lu et al., 2011). The total emissions of BC and 154 

OC used in this study are about 1.12 Gg/yr and 3.06 Gg/yr over India, respectively, roughly 155 

51% and 63% higher than those from the default GOCART global inventories (0.74 Gg/yr 156 

and 1.88 Gg/yr). The total SO2 emissions in South Asia with updated emissions over India 157 
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are 9.36 Gg yr-1, slightly less than the default GOCART emissions (10 Gg yr-1). Additional 158 

sulfate emissions from waste and biofuel burning (Yevich and Logan, 2003) are also included 159 

(about 0.21 Gg/yr). Dimethyl sulfide, dust, and sea salt emissions are calculated online as for 160 

the GOCART model (Ginoux et al., 2001; Chin et al., 2002). Primary aerosol emissions 161 

including all the anthropogenic, biomass burning and natural sources are injected into the 162 

lowest level of the model and transported by advection and updrafts. Calculations of optical 163 

properties of aerosols assume internal mixing (Fast et al., 2006), including the Kappa-based 164 

hygroscopic growth of aerosol components (Petters and Kreidenweis, 2007). The Rapid 165 

Radiative Transfer Model for General Circulation Model schemes (Iacono et al., 2008) is 166 

used for shortwave and longwave radiation calculations (Zhao et al., 2011). Other main 167 

physical packages used in this study are the Thompson cloud microphysics (Thompson et al., 168 

2008), the Zhang-McFarlane cumulus parameterization (Zhang and McFarlane, 1995), the 169 

Mellor-Yamada-Janjic BL scheme (Janjic, 1994), and the Rapid Update Cycle land surface 170 

model (Benjamin et al., 2004).  171 

The initial and boundary conditions of meteorological fields were interpolated to the 172 

model time step (72 s) from the compiled 6-h National Centers for Environmental Prediction 173 

reanalysis data available at 1° × 1° resolution. Outputs from the MOZART-4 global chemical 174 

transport model (Emmons et al., 2010) generated for the simulation time periods are used for 175 

chemistry initial and boundary conditions. Radiative feedbacks of aerosols are coupled with 176 

the meteorology updates at each model time step. Indirect aerosol microphysical effects are 177 

not considered. While this omission might affect the simulated total aerosol radiative impact, 178 

the focus here is on examination of the model’s sensitivity to uncertainty in predicted aerosol 179 

extinction, which, as an aerosol optical property, has a direct impact on aerosol direct and 180 

semi-direct radiative effects more than aerosol microphysical effect.   181 

The model-data analysis and discussions here center on simulations in March 2012, for 182 

two reasons. First, during this pre-monsoon month, ground-based lidar measurements are 183 

available at Nainital and Kanpur (in northern India) and used with satellite observations to 184 

characterize bias in the calculated aerosol extinctions. As discussed later, it is important to 185 

have independently calibrated ground-based measurements because of the uncertainty 186 

associated with satellite data. Second, we examine the model’s performance in simulating 187 
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AOD and vertical distributions for this pre-monsoon month, because the anthropogenic 188 

aerosol concentrations over this period are among the highest of the year and impose large 189 

radiative forcing (Ramanathan et al., 2007). Uncertainty in aerosol predictions might 190 

propagate into the predicted meteorological fields and influence the moisture distribution in 191 

the pre-monsoon-to-monsoon season. In addition to the default (control) run for March, two 192 

sensitivity model simulations are conducted with corrected extinction profiles, as described 193 

below. One-week spin-up is used for initializing the one-month runs. 194 

2.2 Observational data sets 195 

During the GVAX experiment, the DOE Atmospheric Radiation Measurements (ARM) 196 

Program Mobile Facility 1 (AMF-1) was operated at Nainital in the central Himalayan region 197 

of the northern India. Located at ~1939 m above sea level, this site was frequently near the 198 

planetary BL top or in the free troposphere during the experimental period. Ground-based 199 

AMF-1 multi-filter rotating shadowband radiometer (MFRSR) measurements were made 200 

from September 2011 to March 2012. The post-processed, quality-assured AOD products 201 

(pghmfrsraod1michM1.s1) from the MFRSR are used to evaluate the model simulations of 202 

monthly and daily mean daytime (0600-1800 local time) AODs. Instrumental uncertainty in 203 

the MFRSR-retrieved AOD is about 0.026 above 380 nm (Schmid et al., 1999), which is 204 

generally below the typical AOD levels observed at this site. Monthly mean AERONET 205 

(Holben et al., 1998) level 2 sun photometer AOD data sets that are also used have a reported 206 

uncertainty of approximately 0.01 at 500 nm (Eck et al., 1999; Smirnov et al., 2000). 207 

Comparisons of the simulated monthly mean AODs with Moderate Resolution Imaging 208 

Spectroradiometer (MODIS)/Terra satellite observations (MOD08 Level 3, edition 5; Platnick 209 

et al., 2003) are used to evaluate the geographic distribution of AOD. 210 

Vertical profiles of aerosol extinction at 532 nm are retrieved at Nainital from micropulse 211 

lidar (MPL) backscatter measurements and MFRSR AOD data for March 2012, according to 212 

Kafle and Coulter (2013) and Klett (1981). After exclusion of cloud contamination and 213 

missing data, 26 days of MPL-retrieved extinction profiles remain, 25 of which have valid 214 

data during the daytime when MFRSR AOD retrievals are available. The 30-min-frequency 215 

extinction retrievals are averaged hourly and monthly for model comparison with a vertical 216 

resolution of ~500 m. Aerosol extinction profiles at 532 nm are also available at a nearby 217 
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low-elevation site, Kanpur (26.5°N, 80.3°E, e.s.l. 120m), from the National Aeronautics and 218 

Space Administration’s MPL network (MPLNET; Welton et al., 2001). Unlike Nainital, 219 

which is located near the BL top, the Kanpur site provides aerosol characteristics close to the 220 

surface pollution sources in the Indo-Gangetic Basin. During winter and the pre-monsoon 221 

season, this site is often loaded with high concentrations of anthropogenic aerosols mixed 222 

with dust from episodic events (Dey and Di Girolamo, 2010). The quality-assured MPLNET 223 

level 2 daytime products are available from August 2011 to March 2012 for model 224 

comparison. In addition to the ground-based remote sensing data, CALIPSO satellite 225 

retrievals of extinction profiles from the Cloud–Aerosol Lidar with Orthogonal Polarization 226 

sensor (Winker et al., 2009), version 3, level 2, nighttime products are also used to 227 

characterize regional variations in aerosol vertical distribution. Uncertainties associated with 228 

these lidar retrievals of aerosol extinction profiles, either space-borne or ground-based, 229 

include overlapping corrections near the surface, signal-to-noise ratio in the background 230 

(Welton and Campbell, 2002), and propagated errors in AOD measurements (Kafle and 231 

Coulter, 2013). The observations of extinction profiles are used mainly to identify and correct 232 

systematic bias in the model-simulated monthly mean vertical profiles of aerosols. The 233 

aerosol abundances in the column are constrained with column-integrated AOD 234 

measurements from MFRSR and MODIS.  235 

3. Results 236 

3.1 Aerosol optical depth 237 

The model simulations of monthly mean AOD for March 2012 are compared with the 238 

MODIS/Terra satellite observations in Fig. 1. During this time of the year, the Indo-Ganges 239 

Valley is impacted with locally emitted aerosols from urban and industrial sources as well as 240 

dust mainly from nearby arid agricultural lands and deserts (Giles et al., 2011). As shown in 241 

Fig. 1a, the MODIS retrievals of AOD are generally larger than 0.5 in these areas. Given the 242 

dry pre-monsoon conditions with small wet removal, these aerosols are transported in long 243 

distance by the northwesterly winds prevailing in the Valley. That leads to similarly high 244 

AODs (>0.5) over to the Bay of Bengal and the eastern India in the MODIS observations. 245 

Another aerosol hotspot is off the southwest coast of the Indian subcontinent, influenced by 246 

both nearby anthropogenic emissions in the western India and long-range transported 247 
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pollutions from the northern India (Ramanathan et al., 2001). Dust dominates the AOD 248 

observed over the Arabian Sea with values about 0.3~0.5. 249 

The model-calculated AODs (shown in Fig. 1b) are lower than MODIS retrievals over 250 

most of the domain, while the overall geographic pattern of AOD distributions is simulated 251 

except for over the Arabian Sea. Large AODs are predicted in northern and eastern India and 252 

along the pathway that the aerosol plumes travel to southwestern India and the downwind as 253 

depicted similarly in the MODIS observations. But the maximum AOD values calculated by 254 

the model are much lower around 0.3~0.4. AODs less than 0.1 are predicted over most of 255 

northwestern India and the adjacent oceans, whereas MODIS has much higher values (> 0.3). 256 

These discrepancies could be attributable to episodic dust activities not reproduced by 257 

WRF-Chem (as shown in Fig. S1 that dust aerosols are dominating species) or to 258 

overestimation associated with the MODIS satellite retrievals over highly reflective surfaces 259 

such as deserts and clouds over the ocean. In other aerosol-concentrated regions, 260 

anthropogenic pollutants such as sulfate, BC, and OC are the main contributors to the AOD 261 

underestimation (Fig. S1).   262 

3.2 The degree to which the model-calculated AOD is lower than the MODIS data is 263 

shown in Fig. 1c. The figure compares the latitudinal variations in AOD averaged 264 

between 60°E and 95°E. The default model (control run) calculations of AOD are 265 

systematically smaller than the MODIS data (by about a factor of 2), from the Equator 266 

northward to 27°N (Latitudes north of 27°N are not shown for the MODIS data, 267 

because more than 2/3 of the data are missing). Despite the underestimation in 268 

absolute AODs, a gradient in AOD calculated as a function of latitude is similar to the 269 

MODIS observations, increasing by about ~0.1 AOD every 10° in latitude. In addition, 270 

the calculated daily daytime mean AODs are compared with ground-based GVAX 271 

MFRSR measurements at Nainital and AERONET data at nearby Kanpur (~390 km 272 

southeast; the two sites are marked in Fig. 1b). Being a relatively clean site, Nainital 273 

has a monthly mean AOD of 0.232 from MFRSR measurements, while the mean 274 

AERONET AOD is 0.583 at Kanpur.   The discrepancies between the modeled and 275 

observed AOD are much smaller at the Nainital site in Fig. 1d. The monthly mean 276 

AOD at Nainital is estimated at 0.181 by WRF-Chem — about 22% lower than the 277 
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MFRSR AOD — and the model-data difference is only 13% if the outlier on day 27 278 

of the observations is excluded. In contrast, the model’s underestimation at Kanpur is 279 

about 54%, which is more close to the zonal-mean differences shown in Fig. 1c. 280 

These differences in AOD comparison imply that WRF-Chem tends to underpredict 281 

aerosol extinction (whose vertical integral is AOD) at lower elevations (in the BL) 282 

more than in the free troposphere over this region, because the Nainital data are more 283 

representative of the atmosphere near or above the BL top.Aerosol extinction 284 

profiles 285 

To further evaluate the vertical distribution of calculated aerosol extinctions (𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒), the 286 

ground-based MPL retrievals available in March at Nainital and Kanpur, along with 287 

CALIPSO satellite retrievals, are used. Figure 2 compares the simulated monthly mean 288 

vertical profiles of 𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒 with the observational data sets. Like column-integrated AOD, 289 

calculated aerosol extinctions are also lower at the high-elevation Nainital site (Fig. 2a), at 290 

the polluted surface Kanpur site (Fig. 2b), and as an average over the South Asia region (Fig. 291 

2c). Moreover, the discrepancies between the modeled and observed profiles are larger in the 292 

lower atmosphere, where aerosols are more concentrated (as indicated by larger extinctions), 293 

than at higher altitudes in the free troposphere. These differences are further illustrated in Fig. 294 

2d-f, which shows the percent differences in calculated extinction profiles relative to the 295 

CALIPSO data in the column. Table 1 summarizes the column-mean relative differences (%) 296 

between the predicted monthly mean 𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒 and retrievals from the CALIPSO data, expressed 297 

as 298 

∑
�𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒,𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒𝑚𝑚(𝑖𝑖)−𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑖𝑖)�

𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑖𝑖)
𝑛𝑛
𝑖𝑖=1

𝑛𝑛
× 100, 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 > 0.01 . (1) 299 

For altitudes below 850 hPa (or ~2-3 km, depending on the location), the calculated 300 

average differences between the model control run and the CALIPSO data are -56%, -52%, 301 

and -77% for Nainital, Kanpur, and South Asia, respectively. In comparison, smaller 302 

differences of -33%, -33%, and -75%, respectively, are estimated for the entire column.  303 

The monthly mean extinction height (𝑧𝑧𝛼𝛼), defined as ∑ 𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖𝑧𝑧𝑖𝑖𝑛𝑛
𝑖𝑖=1
∑ 𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝑛𝑛
𝑖𝑖=1

 (Koffi et al., 2012), is 304 

also calculated in order to compare the modeled aerosol mean vertical structure with 305 
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observations (Table 2). On a regional mean basis over South Asia, 𝑧𝑧𝛼𝛼 estimated from the 306 

March CALIPSO data is 1.7 km in this study. This value is consistent with the 307 

March-April-May mean extinction height of 1.99 km given by Koffi et al. (2012). However, 308 

model estimates of 𝑧𝑧𝛼𝛼 in the control run are generally higher than those inferred from 309 

ground- and satellite-based data sets over different locations/areas in South Asia, as shown in 310 

Table 2. The only exception is the comparison with MPL data at Nainital, with a slightly 311 

lower model-calculated 𝑧𝑧𝛼𝛼. This might be due to spatial averaging differences between the 312 

12-km grid mean model results and the point-based MPL data, because the comparison of 𝑧𝑧𝛼𝛼 313 

with the value estimated from CALIPSO for Nainital points to model overestimation, 314 

consistent with the other sites. The analysis of extinction profiles confirms model 315 

underestimation of column AOD in March and moreover, indicates that the low bias in AOD 316 

arises mainly from calculated lower aerosol burden in the lower atmosphere, which leads to 317 

an AOD underestimate of > 50%, irrespective of location. These differences between the 318 

observed and modeled profiles at low altitudes are generally larger than the uncertainties 319 

associated with ground-based measurements (~40%). Although the CALIPSO satellite 320 

retrievals indicate uncertainties of ~91% to 110%, at the two ground sites their monthly mean 321 

values are comparable with the ground-based measurements. This validation provides support 322 

to the regional mean comparison with the CALIPSO data here, as no sufficient ground-based 323 

measurements are available on the regional scale. Two-sample t-test of extinction time series 324 

suggests that the differences between the model calculations and observations (MPL data for 325 

Nainital and Kanpur; and CALIPSO data for South Asia) are significant below 2.5 km with 326 

p-values less than the significance level of 0.05. 327 

To examine potential impacts on calculated radiative and thermodynamic processes from 328 

the underestimation of aerosols, sensitivity model runs are conducted for March 2012 by 329 

optimizing matching of the observed aerosol vertical profiles. The calculated aerosol 330 

extinctions in the lowest eight model layers (below ~850 hPa, at 1.5-3 km above sea level in 331 

the simulated model domain) are increased by a factor of 2 at each time step to reduce the 332 

identified low bias. However, there are no independent observations of aerosol absorption 333 

vertical profiles to constrain the model. AERONET SSA or the satellite-based absorption 334 

AOD retrievals provide constraints for column-integrated absorption properties, but neither 335 
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of them resolves in altitude. To address this uncertainty, two approaches are tested for 336 

adjusting the extinction profiles. In Case I, the calculated scattering and absorption 337 

coefficients are increased proportionally, so that the altitude-dependent SSA — the fraction of 338 

scattering in total extinction — remains the same as in the control run. This case assumes that 339 

the underestimation of AOD is contributed proportionally by both scattering and absorbing 340 

aerosol loadings. In Case II, only the calculated aerosol scattering coefficient is increased to 341 

compensate for the AOD underpredictions, whereas the absorption coefficient remains the 342 

same as in the control run, so that the aerosol SSA is increased. This assumption for example 343 

could represent for a case study of the underrepresented hygroscopic growth of aerosol 344 

particles postulated in other studies for this region (Pan et al., 2015). Comparing Cases I and 345 

II will help to illuminate the impact due to uncertainty in modeled aerosol absorption profiles, 346 

when the model representation of aerosol extinction profiles is comparable to observations. 347 

As Fig. 1c shows, the zonal-mean AOD comparison with the MODIS observations as a 348 

function of latitude is much improved in the sensitivity studies with the adjusted extinction 349 

profiles (red dot-dashed line). The domain-averaged mean AOD is higher at 0.31 compared to 350 

the base case value of 0.12, and only about 11% lower than that obtained from the MODIS 351 

retrieval (0.35). Similarly, adjustment of the extinction profiles also leads to significant 352 

improvement in the comparison with MPL and CALIPSO vertical profiles (Fig. 2 and Table 353 

1). Below 850 hPa, the average percentage differences from the CALIPSO extinction profiles 354 

decrease to -12%, -11%, and -30% at Nainital, Kanpur, and South Asia, respectively. The 355 

mean errors averaged through the entire column also decrease to -22%, -14%, and -40%, 356 

respectively.  357 

Some of the remaining differences between the calculated and observed profiles in the 358 

sensitivity studies can be attributed to uncertainty associated with column AOD retrievals by 359 

CALIPSO. When the CALIPSO extinction profiles are normalized to the MODIS AOD data, 360 

the differences between modeled and observed extinction profiles averaged over the South 361 

Asia domain (Figs. 2c and 2f) are decreased to -16% for the entire column and -0.4% below 362 

850 hPa (Table 1). This confirms that the bias correction method introduced in the sensitivity 363 

studies compares better with the observed extinction profiles on the regional scale. On the 364 

other hand, the CALIPSO profile normalized to the column integral of the MPL-retrieved 365 
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extinctions at Kanpur results in even larger AOD, thus enlarging the discrepancy from the 366 

predicted extinction profile to -33%. At Nainital, normalization makes little difference, 367 

because the surface and satellite retrievals of column AOD agree well at this site. Overall, at 368 

both ground sites and on the regional mean, the simulations of aerosol extinctions, 369 

particularly near the surface (below 2-3 km), are significantly improved in the sensitivity 370 

studies, compared to the control run. Furthermore, Table 2 shows that, for various regions in 371 

South Asia, the estimated mean extinction height 𝑧𝑧𝛼𝛼 for the adjusted extinction profiles in 372 

the sensitivity studies is generally lowered by about 10-20%. This also results in better 373 

agreement with the CALIPSO-inferred mean extinction heights. In the sections below, 374 

radiative and thermodynamic responses to these improved aerosol extinction profiles are 375 

discussed.  376 

3.3 Radiative and surface temperature responses 377 

The buildup of aerosols in March plays an important role in modulating the distribution 378 

of solar radiation throughout the atmosphere over South Asia. In the control run, the 379 

aerosol-induced change in net downward solar radiation at the TOA is estimated at about -3 380 

W m-2, averaged over South Asia (Table 3), suggesting an overall cooling effect. On the other 381 

hand, aerosols heat the atmosphere by absorbing incoming solar radiation at +6.3 W m-2. This 382 

reduces the net downward radiation at the surface (surface dimming) by -9.3 W m-2. These 383 

estimated changes in radiation fluxes not only account for the instantaneous perturbation on 384 

radiation by aerosols (aerosol direct radiative forcing), but they also include the effects of 385 

rapid responses to aerosols at the land surface and in clouds (semi-direct radiative effects). 386 

Because aerosol extinctions (thus AODs) in Cases I and II are increased to the same level, the 387 

TOA radiative effects of aerosols are similar for the two cases, a net reduction of about -5 W 388 

m-2. However, the distribution of incoming solar (shortwave) radiation in the column is very 389 

different between the two cases: the estimated atmospheric absorption is 50% stronger in 390 

Case I, leading to a larger negative aerosol forcing at the surface (-14.2 W m-2) than in Case II 391 

(-11.7 W m-2).  392 

The aerosol impact on the surface air temperature (at 2 m) in the model simulations, 393 

linked directly to aerosols’ perturbation of the radiation budget, is shown in Fig. 3 as a 394 

function of latitude over the land and oceans, respectively. Because the sea surface 395 
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temperature is fixed, the surface air temperature over the ocean responds little to aerosol 396 

surface forcing. The near-surface air temperature responds mainly to aerosol heating and 397 

increases in the lower atmosphere over the ocean. . In contrast, the absolute changes in the 398 

surface air temperature are much more significant over the land area, and they are also 399 

opposite in sign. Over land, the dominating effect of aerosols is cooling corresponding to an 400 

overall negative forcing at the TOA. The latitudinal variations in the surface air temperature 401 

changes are consistent with the AOD distribution, with a maximum up to -0.45 K at around 402 

26°N. Of the three simulations, Case II estimates the largest cooling by aerosols at the surface, 403 

although the largest surface dimming of the incoming radiation is given by Case I (Table 3). 404 

This could be because aerosols over land are generally concentrated near the surface, and the 405 

aerosol-induced warming of the lower atmosphere offsets the cooling due to the surface 406 

dimming (Penner et al., 2003). Because Case I has more absorbing aerosols, the near-surface 407 

compensating heating effect is stronger, resulting in weaker surface cooling for the same 408 

AOD conditions as in Case II. The breakdown of the heating rate changes due to individual 409 

processes is discussed in the next section. 410 

3.4 Lower-atmosphere heating rate response 411 

In addition to instantaneous radiative heating due to aerosol absorption of solar radiation, 412 

rapid adjustments in the surface energy balance and BL dynamical and thermodynamical 413 

processes also influence the heating rate in the lower atmosphere. The heating rate in a 414 

volume of air or the temperature tendency term (dT/dt) is calculated in the WRF-Chem model 415 

as a function of altitude for five different physical processes: shortwave (SW) and longwave 416 

(LW) radiation, BL mixing, exchange of the latent heat flux in cloud microphysics (Micro), 417 

and heat transport in cumulus (deep convection) parameterization. The differences in the 418 

calculated heating rates with and without aerosols are shown in Fig. 4 for individual 419 

processes, except that cumulus cloud parameterization — a small term at a grid spacing of 12 420 

km in March — is not shown. The heating rate profiles are shown separately over the land 421 

(Figs. 4a-c) and oceans (Figs. 4d–f). The land-ocean contrast is evident in SW heating rates 422 

that are much more significant over land because of higher aerosol loadings. The SW heating 423 

over the ocean peaks at more elevated levels, mostly above ~900 hPa, not as close to the 424 

surface as over the continental source regions. Since the sea surface temperature is fixed in 425 
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the simulations, stronger lower-atmosphere thermodynamic responses (indicated by larger 426 

heating rates) are estimated over the land than over the ocean for BL and LW process.  427 

Consistent with the atmospheric forcing shown in Table 3, Case I estimates the largest 428 

diurnal mean SW heating rate (maximum ~0.7 K/day) of the three cases, and the SW heating 429 

rate in Case II is similar to that for the control run (maximum ~0.35 K/day). Forced by the 430 

same aerosol extinction profiles with the bias correction, the differences in calculated heating 431 

rates for individual processes between Case I and Case II are shown in Fig. 4. These results 432 

demonstrate the impact of different absorbing aerosol profiles on boundary layer dynamics 433 

and cloud microphysics processes. The BL cooling is initiated as a dynamical response to 434 

both surface dimming (reduced sensible and latent heat fluxes) and atmospheric heating 435 

(enhanced or suppressed vertical mixing, depending on height). Over land, the local 436 

maximum cooling due to BL mixing occurs at the height with the largest SW heating; the 437 

larger SW heating in Case I also drives stronger BL cooling than in Case II. The LW radiation 438 

responds similarly to surface dimming and atmosphere heating, so Case I estimates the 439 

largest LW cooling over land. Over the ocean, the LW responses are also affected by cloud 440 

microphysics processes (i.e., the subsequent latent heat flux exchanges from cloud 441 

condensation and evaporation [Micro]). Because absorbing aerosols tend to stabilize the 442 

lower atmosphere and suppress the cloud formation, Case I estimates a smaller Micro heating 443 

rate at the cloud condensation level and also a smaller LW heating (cooling) below (above) 444 

the cloud layer over the ocean than Case II.  445 

The total aerosol impact on the lower-atmosphere temperature profile is determined by 446 

the combined effects of all the heating rates (solid black line in Fig. 4). Over the ocean, the 447 

total heating rate is strongly governed by the SW heating. Thus, Case I calculates the most 448 

significant atmospheric heating by aerosols, which warms most of the lower atmosphere 449 

below 600 hPa. The maximum heating occurs below the level where the SW heating rate 450 

peaks, because of compensating LW cooling by lower marine clouds. The heating response is 451 

different over land. The calculated total heating rate deviates from the SW heating profile in 452 

the lower atmosphere as a result of rapid thermodynamic adjustments over the land surface 453 

and through BL mixing. Aerosols tend to have an overall cooling effect (negative heating rate) 454 

near the surface that exceeds the direct instantaneous SW radiative heating. The surface 455 
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cooling rate is enhanced from ~-0.4 K/day in the control run to -0.7 K/day in Case I and -0.8 456 

K/day in Case II after aerosol extinctions are increased nearly to the observed levels.  457 

Furthermore, sensitivity studies of unconstrained partitioning between absorbing and 458 

scattering components of aerosols (Case I versus Case II) show that higher atmospheric 459 

heating due to a larger absorption fraction (as in Case I) offsets part of the near-surface BL 460 

and LW cooling responses generated, which are similar to those in Case II. Therefore, Case I 461 

warms the lower atmosphere more pronouncedly than Case II but cools less at the land 462 

surface. This implies that the manifestation of aerosol direct and semi-direct radiative effects 463 

not only depends on the aerosol extinction profile but also is affected strongly by aerosol 464 

absorption. These uncertainties in the estimated heating rates resulting from aerosol vertical 465 

distributions further propagate into simulations of the BL height and cloudiness, as discussed 466 

below. 467 

3.5 Atmospheric dynamic and thermodynamic responses  468 

As a result of changes in the heating rate, aerosol effects tend to stabilize the lower 469 

atmosphere over land. As Fig. 5 shows, the predicted BL height is lowered over most of the 470 

land areas in all three simulations compared to the run without aerosol-radiation feedbacks. 471 

The reduction in the BL height is about -10% to -20% at locations where the estimated peak 472 

BL height (at 1300-1400 local time) is above 2-3 km during the pre-monsoon month. The 473 

aerosol impact on the BL height is more significant with increased AOD or extinction in the 474 

sensitivity studies, Case I and Case II, than in the control run. Moreover, more absorbing 475 

aerosols in Case I result in smaller reductions in the BL height than in Case II. This implies 476 

that the BL height is predominately linked to surface cooling. Because Case II generates the 477 

largest cooling at the surface (Fig. 3), we obtain the largest reductions in the BL heights for 478 

Case II. On some portions of the ocean and land surfaces, the BL height is moderately higher 479 

(roughly about 200 m) with aerosols, and these regions correspond to areas where aerosols 480 

generally have a warming effect on the near-surface air temperature.  481 

Figure 6 illustrates percent changes due to aerosols in meridional circulation (υ, -ω) and 482 

total precipitable water vapor (background color map) averaged at 60-95°E. These changes 483 

are linked closely to anomalies of total heating or cooling in the atmosphere (Fig. 4). At 484 

5-20°N where ocean prevails, atmospheric heating by aerosols results in strengthening of the 485 
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upward motion in all three model simulations, especially below 700 hPa (Figs. 6a-c). This is 486 

accompanied by enhanced large-scale subsidence in the lower troposphere north of 20°N 487 

where land surface prevails and aerosols have an overall cooling effect due to strong negative 488 

LW and BL responses. The largest enhancement in the ascending zone for aerosols is in Case 489 

I, which also has the highest absorbing aerosol content. Similarly, Case II, with the strongest 490 

cooling, calculates the largest enhancement in the descending zone.  491 

The changes in updraft and downdraft are consistent with the aerosol-induced changes in 492 

surface pressure, as illustrated in Fig. 6d for Case I. The decreased pressure over the ocean 493 

and an increase over the northern Indian subcontinent are accompanied by enhanced 494 

convergence at 850 hPa over the Arabian Sea and enhanced divergence over the eastern India 495 

coast, adjacent to the Bay of Bengal. The high-pressure system and divergence drive 496 

recirculation of the subsidence flow northward and form more terrain-elevated convection 497 

along the Himalayan foothills. Aerosols transported over high-elevation mountains induce a 498 

warming effect over the snow-covered surface by reducing the surface albedo, thus enhancing 499 

convective updraft over the Qinghai–Tibet Plateau.  500 

In response to the radiative and dynamical perturbation, the aerosol-induced 501 

thermodynamic responses are manifested through enhanced surface evaporation and upward 502 

transport of clean, moist marine air from the northern Indian Ocean (Figs. 6a-c). The 503 

elevation of water vapor to the upper troposphere in the tropics leads to reduced moisture in 504 

the middle troposphere over the subtropics. The calculated percent changes in predicted total 505 

precipitable water vapor are very sensitive to the aerosol properties simulated. Compared 506 

with the control run, Case I predicts both larger increases of water vapor at 5-20°N and larger 507 

decreases of water vapor north of 20°N in the free troposphere, as a result of increased 508 

aerosol extinctions and AOD. On the other hand, Case II has the same aerosol extinctions and 509 

AOD as Case I but gives rise to weaker BL moistening in the tropics and stronger drying (by 510 

about 50% drier than Case I) in the middle troposphere of the subtropics (>15°N), as a result 511 

of less light-absorptive aerosols.  512 

As for water vapor, Fig. 7 shows responses in cloudiness for different aerosol simulations. 513 

Cloud frequency of occurrence is calculated as percent of hours in a month with non-zero 514 

liquid water cloud fraction below 500 hPa in each column. In pre-monsoonal March, clouds 515 
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occur more frequently over the tropical and subtropical ocean than land, in the range of 20-80% 516 

(green contour lines in Fig. 7). Over most of the land, cloud occurrence is lower than 10%, 517 

except for the mountainous areas and over the Plateau with orographic and convective cloud 518 

formation which is either not very susceptible to aerosol effects or has low aerosol 519 

concentrations. Therefore, over the polluted land surface, in spite of high aerosol loadings, 520 

cloud changes resulting from the simulated aerosol effects are small within ±5% and 521 

considered as insignificant, as shown by the color map in Fig. 7a. The most significant cloud 522 

response is found over the Bay of Bengal at 10-20°N, where the cloud occurrence exceeds 60% 523 

of the time and aerosol loadings are also high. Increased aerosol extinctions in Case I (Fig. 7b) 524 

and Case II (Fig. 7c) result in different cloud responses from the control run (Fig. 7a), which 525 

calculates a moderate increase of 5-10% in cloudiness due to aerosols. Case I enhances the 526 

aerosol effect in the control run and calculates a distinct and overwhelming increase of 10-20% 527 

more cloudy skies over this region, whereas cloud formation in Case II is largely suppressed 528 

and aerosols are found to decrease cloudiness by about 5-10% over some areas. Therefore, 529 

while aerosol extinctions being the same, a smaller SSA (more absorbing aerosols) in Case I 530 

could change the cloud response to aerosol radiative effects from negative to positive in 531 

pre-monsoon month. And this uncertainty in cloud response up to 10-20% could contribute to 532 

about one third of the calculated local cloud frequency of occurrence (40-60%). 533 

4. Summary and Discussion  534 

Although aerosol radiative effects have been incorporated into global and regional 535 

climate simulations, quantification of simulated aerosol vertical distributions and subsequent 536 

climate responses in large-scale models is lacking. This is of particular importance for 537 

climate studies over South Asia, where high concentrations of aerosols are possibly linked to 538 

weakening of the South Asian Monsoon in the 20th century (Bollasina et al., 2014). During 539 

March 2012, ground-based lidar measurements of vertical distributions of aerosol extinctions 540 

were made available in a polluted area of northern India, both at a high-elevation site 541 

(Nainital) near the BL top and at a valley site (Kanpur) near sea level. The aerosol extinction 542 

profiles retrieved at these two sites provide an independent ground calibration of CALIPSO 543 

satellite retrievals of aerosol vertical distributions, which cover a more extended domain. 544 

Together, the profiles are used to identify altitude-related bias in WRF-Chem regional model 545 
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simulations of aerosol optical properties over this region.  546 

Our study reveals some broad tendencies and biases in model AOD simulations over 547 

South Asia. Compared to the MODIS satellite AOD, the WRF-Chem model generally 548 

underestimates AOD, despite using a high-resolution regional model with a grid spacing of 549 

12 km and updated anthropogenic emissions. On a zonal or regional mean basis, the modeled 550 

AODs are underestimated by about half of the MODIS retrievals. Furthermore, we 551 

demonstrate that the low bias in column AOD is mainly associated with underprediction of 552 

aerosol extinctions in the lower troposphere versus observed extinction profiles. Systematic 553 

underestimation of > 50% was observed below 2-3 km at the two ground sites. Comparison 554 

with CALIPSO satellite data indicates even larger discrepancies of roughly 77% below ~2 555 

km on a regional mean basis, although some of the differences can be attributed to 556 

uncertainty associated with the CALIPSO retrievals of column AOD. Above ~2 km, the 557 

model’s low bias in calculated aerosol extinction is smaller and the extent of the model 558 

underestimation also varies depending on the geographical locations. Previous studies have 559 

indicated similar low bias (to different extents) in modeled column AOD (Ganguly et al., 560 

2009; Cherian et al., 2013; Pan et al., 2015) and lower-atmosphere extinction coefficients (Yu 561 

et al., 2010; Koffi et al., 2012) over this region. Therefore, although the atmospheric radiative 562 

and dynamical responses derived from the sensitivity studies in this study are based on the 563 

WRF-Chem model used in this study, the dependence on aerosol extinction profiles might 564 

also be applicable to other model simulations.  565 

Resolving the mismatch between simulated and observed aerosol extinction profiles 566 

requires possible upgrades of multiple model physics schemes and quantification of key 567 

parameters that could affect vertical distribution of aerosols, for instance, biomass burning 568 

injection heights (Grell et al., 2011), boundary layer height and near-surface winds (Nair et al., 569 

2012). Additionally, high-quality measurements at different locations are also needed for 570 

model evaluation over longer time periods, and it is recommended for future studies over this 571 

region. Here, instead of speculating on factors that contribute to the model-data differences, 572 

we apply a bias correction to simulated aerosol extinction profiles and demonstrate the 573 

impact on regional climate simulations. In our sensitivity studies, increases in aerosol 574 

extinction below 2-3 km lead to improved agreement in column AOD, from an 575 



21 
 

underestimation of -66% to -11% relative to MODIS retrievals averaged over South Asia. 576 

This suggests that about 83% of the AOD underestimation is attributable to model levels 577 

below 2-3 km. In addition, the column-mean differences between modeled and CALIPSO 578 

extinction profiles averaged over the South Asia domain are reduced from 75% to 40% or 16% 579 

if the CALIPSO profiles are normalized to the MODIS AOD retrievals. In the 580 

aerosol-concentrated lower atmosphere below 2-3 km, the predicted regional-mean extinction 581 

profile agrees with the CALIPSO retrieval within 30% or 0.4% compared with the CALIPSO 582 

profile normalized to the MODIS AOD.  583 

Compared to the control run, the increased aerosol extinctions in Case I and Case II 584 

result in 63% and 80% larger negative forcing at the TOA for -4.9 and -5.4 W m-2, 585 

respectively, and 53% and 26% stronger dimming effects at the surface for -14.2 and -11.7 W 586 

m-2, respectively. The contrast between Case I and Case II demonstrates the importance of 587 

constraining the vertical distribution of aerosol absorption, in addition to extinction profiles. 588 

When column AOD and extinction profiles are the same as in Case I and Case II, additional 589 

absorbing aerosols (a smaller SSA) in Case I generate a 48% larger atmospheric forcing for 590 

+9.3 W m-2. 591 

More importantly, we demonstrate that the larger atmospheric heating and surface 592 

dimming in Case I lead to smaller lower-atmosphere cooling (up to -0.7 K day-1) over land 593 

than in Case II (up to -0.8 K day-1); in the latter, the aerosols cause a smaller energy 594 

imbalance between the atmosphere and surface. This indicates that although absorbing 595 

aerosols generate larger radiative heating in the atmosphere, they also cause stronger cooling 596 

responses from the land surface and BL. These rapid adjustments counteract atmospheric 597 

heating and lead to overall cooling at the surface and in the lower atmosphere. The resultant 598 

cooling effect is lower than that due to fewer absorbing aerosols with the same AOD (a larger 599 

SSA).  600 

Consequently, atmospheric dynamic and thermodynamic processes also respond 601 

differently. Case I predicts smaller reductions in BL height than Case II over land, as a result 602 

of a more stabilized lower troposphere. On the other hand, the larger atmospheric warming 603 

due to increased absorption of solar radiation in Case I increases surface evaporation from the 604 

ocean and enhances the upward convective transport of moisture into the upper troposphere 605 
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in the tropics. The consequence is a reduction in the transport of moisture to the subtropical 606 

lower-to-middle troposphere during the pre-monsoon time over this region. And clouds occur 607 

more frequently over the Bay of Bengal. Although the simulated aerosol perturbation is small 608 

for large-scale circulation (about 10 hPa day-1 vertically, and 0.1 m s-1 in the meridional 609 

direction), water vapor (±6%), and cloud occurrence (±10%), the propagated uncertainty due 610 

to aerosol extinction is comparable to the absolute aerosol effect, and the partitioning of 611 

absorbing and scattering aerosols could change the sign of these responses.  612 

In this work, we had to limit the evaluation of model vertical extinction profiles to one 613 

month, because of the need for ground-based vertical profile observations at different 614 

locations and times to validate and supplement the CALIPSO satellite retrievals. It would be 615 

desirable to conduct similar evaluations for longer times and use ensemble members of 616 

perturbed meteorological conditions to better investigate the climate response to uncertainties 617 

in modeled aerosols. In addition, observational constraints on aerosol absorption profiles are 618 

lacking. In particular, light absorption by brown carbon aerosols from biomass burning, 619 

which are important aerosol sources in South Asia, might contribute additional aerosol 620 

absorption (Feng et al., 2013). This absorption enhancement is not considered in this version 621 

of the WRF-Chem model used for this study and evaluated. Also, model simulations of 622 

semi-direct aerosol effects depend strongly on the model representation of clouds, which is 623 

not examined here; on the other hand, cloud occurrences are generally low over this region 624 

during the pre-monsoon month. 625 

Nevertheless, this study improves the understanding of model underestimation of 626 

aerosols in particular their vertical distribution over South Asia and highlights the importance 627 

of accurate representation of both aerosol extinction and absorption profiles in regional 628 

climate simulations. Determining whether aerosol scattering or absorption contributes to the 629 

aerosol optical underestimation is critical, because the two sensitivity studies here reveal 630 

different responses in predicted large-scale dynamics and in subsequent water vapor and 631 

cloud distributions. Additional high-quality, routine measurements of both aerosol extinction 632 

and absorption profiles are needed. Furthermore, we show that rapid adjustments in the land 633 

surface energy budget and atmospheric dynamics modulate the instantaneous radiative 634 

perturbation by aerosols with comparable force and can either amplify or offset the direct 635 
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aerosol radiative forcing. Our results thus reinforce the need for observational constraints of 636 

effective radiative forcing, which includes both direct and semi-direct radiative effects, for 637 

quantifying aerosol-radiation interactions, as suggested in the Intergovernmental Panel on 638 

Climate Change fifth assessment report (Boucher et al., 2013).  639 
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 902 

Tables 903 

Table 1. Estimated differences relative to CALIPSO extinction profiles at Nainital, Kanpur, 904 
and South Asia in March 2012 905 

 Column Differences (%) Differences below 850 hPa (%) 

Site 

Model 
(control 

run) 

Model 
(increased 
extinction) 

Model 
(increased 

extinction)* 

Model 
(control 

run) 

Model 
(increased 
extinction) 

Model 
(increased 

extinction)* 
Nainital -33 -22 -25 -56 -12 -16 
Kanpur -33 -14 -33 -52 -11 -31 
S. Asia -75 -40 -16 -77 -30 -0.4 

*Percent differences relative to the CALIPSO extinction profiles normalized to the column 906 
AOD inferred from the surface measurements for Nainital and Kanpur and the MODIS data 907 
for South Asia. 908 
 909 
 910 
Table 2. Calculated mean extinction height (km) from observations (MPL and CALIPSO) 911 
and model simulations over different regions in March 2012 912 

 Calculated Mean Extinction Height (km) 

 Nainital Kanpur 
Indo-Ganges 

basin 
Central 
India 

North 
Indian 
Ocean South Asia 

MPL 4.11 1.39 - - - - 
CALIPSO* 3.55 (3) 1.48 (4) 1.53 (9) 1.74 (4) 1.09 (5) 1.70 (29) 
Model  
(control run) 

4.00 2.09 1.86 1.91 1.73 1.85 

Model 
(increased 
extinction) 

3.64 1.68 1.69 1.68 1.53 1.68 

*Numbers in the parentheses are the counts of CALIPSO tracks of the month. 913 
 914 
Table 3. Aerosol-induced changes in shortwave radiation flux calculated by the WRF-Chem 915 
model in the control run and two sensitivity studies (Case I and Case II) for March 2012, 916 
averaged for 60-95°E, and 0-36°N.  917 

 Aerosol-Induced Change (W m-2) 
 Control run Case I Case II 
Top of the atmosphere -3.0 -4.9 -5.4 
Atmosphere +6.3 +9.3 +6.3 
Surface -9.3 -14.2 -11.7 
 918 
  919 
  920 
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Figures 921 

Figure 1. For March 2012: (a) MODIS-retrieved and (b) simulated monthly mean AOD 922 

distributions over South Asia. The locations of Nainital and Kanpur sites are indicated by red 923 

dots. (c) Latitudinal variations in AOD averaged for 60-95°E from the model control run (red 924 

solid), sensitivity runs (red dotted dash), and MODIS retrievals (blue). North of 27°N, more 925 

than 2/3 of the MODIS AODs are missing (data not shown). (d) Comparison of simulated and 926 

observed daily mean AOD at Nainital and Kanpur 927 

Figure 2. Comparisons of monthly mean aerosol extinction profiles from model calculations 928 

at 550nm (red squares for the control run and green open circles for the sensitivity studies), 929 

ground-based MPL data at 532nm (solid black), satellite-retrieved CALIPSO data at 532nm 930 

(dashed black), and CALIPSO data normalized to the MODIS AODs (dashed blue) (a) at 931 

Nainital, (b) at Kanpur, and (c) over South Asia (60-95°E, 0-30°N), respectively. The 932 

column-mean uncertainty in CALIPSO extinction data is ±110%, ±93%, and ±91% in panels 933 

(a)-(c); Percent differences between the simulated and CALIPSO profiles are shown for (d) 934 

Nainital, (e) Kanpur, and (f) South Asia 935 

Figure 3. Changes in surface air temperature (K) due to aerosol radiative effects for three 936 

model simulations 937 

Figure 4. Calculated monthly mean heating rates (temperature tendency, dT/dt, in K/day) 938 

perturbed by aerosols, over land for (a) the control run, (b) Case I, and (c) Case II, as well as 939 

over the ocean for (d) the control run, (e) Case I, and (f) Case II. The heating processes 940 

include shortwave (SW) radiation (red), longwave (LW) radiation (blue dashed), boundary 941 

mixing (BL; magenta dashed), and cloud microphysics (Micro; green). The total heating due 942 

to aerosol effects is shown with solid black lines 943 

Figure 5. (a) Calculated monthly mean planetary BL height (PBLH) at 1300-1400 local time 944 

for March, without aerosols; and estimated changes in PBLH (∆PBLH) due to aerosols in (b) 945 

the control run, (c) Case I, and (d) Case II 946 
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Figure 6. Changes in meridional circulation (v, -ω), averaged at 60-95°E, due to different 947 

aerosol effects for (a) the control run, (b) Case I, and (c) Case II, where v (scaled to 0.1 m/s) 948 

is the meridional velocity, and -ω (scaled to 10 hPa/day) is the vertical velocity. The 949 

color-shaded contours in the background indicate the changes (%) in total precipitable water 950 

(∆Qv) in the column due to aerosols. Panel (d) shows the changes in horizontal winds (u, v) 951 

at 850 hPa and surface pressure changes(∆PSURF) due to aerosols for Case I 952 

Figure 7. Changes in frequency of cloud occurrence (defined as % of hours in a month with 953 

clouds below 500hPa in each column) due to aerosols for (a) the control run, (b) Case I, and 954 

(c) Case II. The contour lines in green color in each panel indicate calculated frequency of 955 

cloud occurrence without aerosols. The contour levels are shown for 10%, 20%, 40%, and 956 

60% 957 
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Figure 1. For March 2012: (a) MODIS-retrieved and (b) simulated monthly mean 
AOD distributions over South Asia. The locations of Nainital and Kanpur sites are 
indicated by red dots. (c) Latitudinal variations in AOD averaged for 60-95°E 
from the model control run (red solid), sensitivity run (red dotted dash), and 
MODIS retrievals (blue). North of 27°N, more than 2/3 of the MODIS AODs are 
missing (data not shown). (d) Comparison of simulated and observed daily mean 
AOD at Nainital and Kanpur 
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(a) Nainital (b) Kanpur (c)  South Asia 

   
(d) Nainital (e) Kanpur (f) South Asia 

   

Figure 2. Comparisons of monthly mean aerosol extinction profiles from model calculations at 
550nm (red squares for the control run and green open circles for the sensitivity studies), 
ground-based MPL data at 532nm (solid black), satellite-retrieved CALIPSO data at 532nm 
(dashed black), and CALIPSO data normalized to the MODIS AODs (dashed blue) (a) at 
Nainital, (b) at Kanpur, and (c) over South Asia (60-95°E, 0-30°N), respectively. The 
column-mean uncertainty in CALIPSO extinction data is ±110%, ±93%, and ±91% in panels 
(a)-(c); Percent differences between the simulated and CALIPSO profiles are shown for (d) 
Nainital, (e) Kanpur, and (f) South Asia. 
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Figure 3. Changes in surface air temperature 
(K) due to aerosol radiative effects for three 
model simulations. 
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  968 

(a) Control run: land (b) Case I: land (c)  Case II: land 

   
(d) Control run: ocean (e) Case I: ocean (f) Case II: ocean 

   
Figure 4. Calculated monthly mean heating rates (temperature tendency, dT/dt, in K/day) 
perturbed by aerosols, over land for (a) the control run, (b) Case I, and (c) Case II, as well as 
over the ocean for (d) the control run, (e) Case I, and (f) Case II. The heating processes include 
shortwave (SW) radiation (red), longwave (LW) radiation (blue dashed), boundary mixing (BL; 
magenta dashed), and cloud microphysics (Micro; green). The total heating due to aerosol effects 
is shown with solid black lines. 
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 969 

(a) Without aerosols (b) Control run 

  
(c) Case I (d) Case II 

  

Figure 5. (a) Calculated monthly mean planetary BL height (PBLH) at 1300-1400 
local time for March, without aerosols; and estimated changes in PBLH (∆PBLH) due 
to aerosols in (b) the control run, (c) Case I, and (d) Case II. 
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(a) Control run: (v, -ω) and ∆Qv (b) Case I: (v, -ω) and ∆Qv 

  
(c) Case II: (v, -ω) and ∆Qv (d) Case I: (u, v) and ∆PSURF 

  
Figure 6. Changes in meridional circulation (v, -ω), averaged at 60-95°E, due to 
different aerosol effects for (a) the control run, (b) Case I, and (c) Case II, where v 
(scaled to 0.1 m/s) is the meridional velocity, and -ω (scaled to 10 hPa/day) is the 
vertical velocity. The color-shaded contours in the background indicate the changes 
(%) in total precipitable water (∆Qv) in the column due to aerosols. Panel (d) shows 
the changes in horizontal winds (u, v) at 850 hPa and surface pressure 
changes(∆PSURF) due to aerosols for Case I. 
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(a) Control run (b) Case I 

  
(c) Case II  

Figure 7. Changes in frequency of cloud 
occurrence (defined as % of hours in a 
month with clouds below 500hPa in each 
column) due to aerosols for (a) the control 
run, (b) Case I, and (c) Case II. The 
contour lines in green color in each panel 
indicate calculated frequency of cloud 
occurrence without aerosols. The contour 
levels are shown for 10%, 20%, 40%, and 
60%  

 


