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Abstract Accurate information about aerosol vertical distribution is needed to reduce uncertainties in
aerosol radiative forcing and its effect on atmospheric dynamics. The present study deals with synergistic
analyses of aerosol vertical distribution and aerosol optical depth (AOD) with meteorological variables
using multisatellite and ground-based remote sensors over Kanpur in central Indo-Gangetic Plain (IGP).
Micro-Pulse Lidar Network-derived aerosol vertical extinction (¢) profiles are analyzed to quantify the
interannual and daytime variations during monsoon onset period (May-June) for 2009-2011. The mean
aerosol profile is broadly categorized into two layers viz,, a surface layer (SL) extending up to 1.5 km (where
o decreased exponentially with height) and an elevated aerosol layer (EAL) extending between 1.5 and
5.5 km. The increase in total columnar aerosol loading is associated with relatively higher increase in
contribution from EAL loading than that from SL. The mean contributions of EALs are about 60%, 51%,
and 50% to total columnar AOD during 2009, 2010, and 2011, respectively. We observe distinct parabolic
EALs during early morning and late evening but uniformly mixed EALs during midday. The interannual and
daytime variations of EALs are mainly influenced by long-range transport and convective capacity of the
local emissions, respectively. Radiative flux analysis shows that clear-sky incoming solar radiation at surface
is reduced with increase in AOD, which indicates significant cooling at surface. Collocated analysis of
atmospheric temperature and aerosol loading reveals that increase in AOD not only resulted in surface
dimming but also reduced the temperature (~2-3°C) of lower troposphere (below 3 km altitude).
Radiative transfer simulations indicate that the reduction of incoming solar radiation at surface is mainly due
to increased absorption by EALs (with increase in total AOD). The observed cooling in lower troposphere in
high aerosol loading scenario could be understood as a dynamical feedback of EAL-induced stratification
of lower troposphere. Further, the observed radiative effect of EALs increases the stability of the lower
troposphere, which could modulate the large-scale atmospheric dynamics during monsoon onset period.
These findings encourage follow-up studies on the implication of EALs to the Indian summer monsoon
dynamics using numerical models.

1. Introduction

Aerosols are tiny solid or liquid particles suspended in Earth’s atmosphere, which play a major role in global
and regional climate [Ramanathan et al., 2005]. Incoming solar radiation can be dominantly scattered or
absorbed depending on the relative concentration and type of aerosols [Boucher et al., 2013]. This per-
turbs the atmospheric as well as surface energy balance and thereby affects the regional hydrological cycle
[Ramanathan et al., 2001]. Aerosol extinction coefficient (o) is an optical estimate of attenuation of incom-
ing solar radiation due to presence of aerosols. Extinction is the most frequently measured optical quantity,
which is highly correlated (R? = 0.4-0.8) with aerosol mass and number concentration [Ozkaynak et al., 1985].
Limited information of 3-D aerosol distribution induces large uncertainties in estimates of aerosol radiative
effects and their impacts on regional/global climate [Boucher et al., 2013].

Kanpur, located in central Indo-Gangetic Plain (IGP), is one of the largest industrial cities in India. IGP is known
as the food basket of India, and its agricultural productivity is mainly dependent on monsoon rainfall. Many
studies, using ground-based Aerosol Robotic Network (AERONET) measurements [Kaskaoutis et al., 2012], as
well as various satellite retrieved data sets, such as Moderate Resolution Imaging Spectroradiometer (MODIS)
[Kaskaoutis et al., 2011], Multiangle Imaging Spectroradiometer (MISR) [Dey and Di Girolamo, 2011], and Total
Ozone Mapping Spectrometer (TOMS) data [Lal et al., 2012], identified IGP as a major hot spot of increasing
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atmospheric pollution, with premonsoon being peak aerosol loading period [Bollasina et al., 2008]. Growing
energy demands of increasing population and associated rapid urbanization are responsible for the back-
ground increase in anthropogenic pollution in this region [Dey and Di Girolamo, 2011]. At the same time, the
premonsoonal AOD distribution over IGP is associated with deepening of the Indian thermal low over north-
west IGP [Kaskaoutis et al., 2014]. Modeling of dust transport suggests that dust is transported across the
Indo-Gangetic Basin at ~700-850 hPa altitude and accumulates over Himalayan slopes during March-May
[Das et al., 2013]. Using multisatellite and ground-based observations, Badarinath et al. [2010] suggested that
the long-range transport of desert dust aerosols is favored by strong winds, both along the surface and in
the middle troposphere. A clear relation of transported dust loading with increase in columnar AOD and
decrease in columnar Angstrom exponent is suggested during premonsoon season over IGP [Dey et al.,
2004; Badarinath et al., 2010]. Consequently, significant aerosol radiative forcing is also found during
dust-dominated premonsoon periods over the IGP [Chinnam et al., 2006; Kaskaoutis et al., 2013; Pandithurai
etal., 2008; Sharmaetal.,2012; Kumaretal., 2015, and references therein]. Modeling studies over different sites
in IGP reveal that transported dust loading can potentially warm the atmosphere by 35-75W m~2 during dust
events over Kanpur [Chinnam et al., 2006; Kumar et al., 2015], 111-123 W m~2 during May-June 2006 over
Delhi [Pandithurai et al., 2008], and between 40 and 80 W m~2 during April-June 2010 over Patiala [Sharma
etal., 2012]. Kaskaoutis et al. [2013] reported a significant increase in elevated aerosol layer, aerosol radiative
forcing, and heating rates over Kanpur during premonsoonal severe aerosol loading cases (2001-2010).

Das et al. [2015] examined the dynamic impact of large aerosol forcing on the atmospheric temperature and
circulation over India using a regional climate model and showed a positive feedback of aerosol radiative
effect on summer monsoon circulation. General circulation model (GCM) results show that premonsoonal
accumulation of aerosols over southern slopes of Himalayas can potentially alter the South Asian monsoon
circulation [Lau et al., 2006]. Lau et al. [2006] hypothesized that the presence of solar absorbing aerosols over
the Himalayan slopes and region around the Tibetan Plateau can cause midatmospheric warming, which in
turn enhances Hadley circulation during premonsoon period. These processes draw more warm and moist
low-level inflow from Indian Ocean and eventually strengthen the monsoon. This hypothesis is termed as
the Elevated Heat Pump (EHP) mechanism. KuhImann and Quaas [2010] contradicted the EHP hypothesis by
simulating radiative forcing using observed premonsoonal vertical aerosol profiles from Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO). On a slightly contradictory note, the solar dimming
theory claimed that decrease in surface radiation due to aerosol masking over India could lead to weakening
of the meridional sea surface temperature gradient and the meridional overturning circulation eventually
resulting in reduction of monsoonal rainfall [Ramanathan and Carmichael, 2008; Bollasina et al., 2011, 2008;
Chung and Ramanathan, 2006; Cherian et al., 2013]. Therefore, improved understanding of aerosol vertical
distribution and their physical and radiative properties is essential [Kinne and Pueschel, 2001; Gadhavi and
Jayaraman, 2006], mainly during the monsoon onset period.

Mishra and Shibata [2012] reported the CALIPSO-retrieved monthly mean backscatter profiles for 20062009
over central IGP. They found elevated aerosols up to 4 km during mid-April to mid-June with maximum alti-
tudes during May. Similar results are also reported by Gautam et al. [2009] during April-May 2008. Another
recent study [Misra et al., 2012] illustrates elevated aerosol layers (EALs) using ground-based lidar measure-
ments over Kanpur during premonsoon. Modeled heating rate profiles during this period show peak heating
rate at 2—-4 km [Jaidevi et al., 2011; Gautam et al., 2009, 2010; KuhImann and Quaas, 2010]. However, quanti-
tative characterization of the aerosol profile and perturbation to atmospheric stability due to EALs remained
unexplored in those studies. Due to the temporal limitations of CALIPSO observations (one scan per daytime),
previous studies [Mishra and Shibata, 2012; Misra et al., 2012] also lack information on daytime variation of
aerosol vertical distribution.

In this study, we use Micro-Pulse Lidar Network (MPLNET)-derived o profiles during May-June for 2009,
2010, and 2011 to characterize and quantify the mean vertical distribution of aerosols, particularly EALs, over
Kanpur. We have also examined the interannual and daytime variability of EALs during the study period.
Cotemporal ¢ and radiosonde measurements are used to investigate the associations of meteorological
parameters with daytime (morning versus evening) variation of EALs. Further, we investigated the radiative
impact of EALs on incoming shortwave solar radiation using observations and radiative model simulations.
Finally, the regional implication of EALs on observed atmospheric temperature and atmospheric stability is
discussed. The present study shows the importance of radiative effect of EALs on atmospheric stability during

SARANGI ET AL.

RADIATIVE IMPACT OF EALS 7937



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2015)D024711

monsoon onset period, which could enable better understanding on aerosol’s implications to summer
monsoon dynamics over the IGP.

2. Materials and Methodology

2.1. Aerosol Measurements

The Micro-Pulse Lidar Network (MPLNET) is a global network of backscatter elastic lidar collocated with
Aerosol Robotic Network (AERONET) [Holben et al., 1998] Sun/sky photometer. We used level 2 columnar
AOD (500 nm) and Angstrom exponent (440-675 nm) along with level 2 ¢ profiles (20 min temporal and
75 m vertical resolution), which are retrieved from AERONET and MPLNET, both located at Indian Institute of
Technology-Kanpur (IITK). The following periods are analyzed in this study: (a) 15 May to 15 June (31 days) in
20009, hereafter referred to as P9; (b) 1 May to 15 June (46 days) in 2010, P10; and (c) 1 May to 15 June (46 days)
in 2011, P11. MPLNET site became functional at Kanpur from 15 May 2009; hence, the period 1 May to 15
May in 2009 is not included in our study. AERONET-derived columnar AOD retrievals have an uncertainty of
approximately +£0.01 at 500 nm [Eck et al., 1999].

MPLNET Level 0 data consists of near-real-time measured raw data (photon counts). The algorithm for con-
verting these raw data (Level 0) to uncalibrated backscatter (Level 1) is described in Campbell et al. [2002]. Level
1 product provides combined profiles from molecular and aerosol backscatter at every 75 m from surface
to 60 km. To separate molecular contribution from the total signal, the calibration process used constructed
Rayleigh optical functions [Welton et al., 2000]. To create aerosol extinction profiles (Level 1.5), Level 1 profiles
are constrained by collocated aerosol optical depth (AOD) measurements (from AERONET Sun photometer)
and a constant (throughout the column) columnar-averaged lidar ratio (extinction-to-backscatter ratio) is
retrieved. These processed profiles are available at a frequency of 20 min. Moreover, Level 1.5 product may
contain errors related to temperature of instrument and cloud contamination. Level 2 data, the final quality
assured MPLNET product, is created by omitting these bad data from Level 1.5. Uncertainties in MPLNET instru-
ments for raw signal and measured background are negligible (about 0.3%), but the uncertainty in energy
monitoring due to fluctuations in incoming data rate is 1-5%. However, the highest uncertainty in measured
backscatter is due to near-surface optical overlap. Details about calculations of these uncertainties and their
correction terms are documented in Welton and Campbell [2002]. The lowest recoverable altitude is 400 m
for newer MPL models due to instrumental error and near-surface retrieval error. The overall uncertainty in
aerosol backscatter retrieval is 13 x 107> km~! sr=" at around 530 nm [Misra et al., 2012]. As aerosol lidar ratio
varies with altitude, the assumption of constant columnar lidar ratio can also contribute to uncertainties in
Level 2 aerosol extinction profiles [Welton et al., 2000].

We have also used Cloud Aerosol Lidar with Orthogonal Polarization (CALIOP) on board CALIPSO satellite
retrieved aerosol profiles [Winker et al., 2009]. We have used daytime/nighttime CALIOP Level 2 version 3.02
aerosol extinction (at 532 nm) product [Young and Vaughan, 2009] to support our analysis on interannual and
diurnal variation of EALs. It should be noted that daytime profiles have possible noises due to solar interfer-
ence. All aerosol profiles are screened for possible artifacts (cloud contamination) using a standard scheme
given by Winker et al. [2013].

2.2, Meteorological Measurements

National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) PC version model [Draxler and Hess, 19971 is used
to calculate 7 days air mass backward trajectories at three altitudes (1.5, 2.5, and 3.5 km) at 1130 LT. Gridded
(1° x 1°) wind fields from the Global Data Assimilation System (GDAS) [Parrish and Derber, 1992] are used as
input. Hourly mixing layer height over Kanpur is also obtained from these HYSPLIT calculations.

Upper air radiosondes with 12-hourly temporal resolution (0530 and 1730 local time) for P9 at Indian
Meteorological Department’s (IMD) Lucknow station (26.5°N, 80.5°E) are used to understand the associa-
tion of aerosol profile and meteorological variables. The 12-hourly resolved radiosonde measurements are
not available during P10 and P11. This data set is available from the website of University of Wyoming
(http://weather.uwyo.edu). Many previous studies have also used the radiosonde measurements from
Lucknow and Delhi to represent the atmospheric stability and wind circulation conditions in the context of
aerosol variability over the entire IGP [Bhattacharjee et al., 2007; Mishra and Shibata, 2012]. Lucknow’s IMD sta-
tion (128 m above sea level) and [ITK (123 m above sea level) are located only 60 km apart on a plain terrain.
Moreover, temporal averaging (15 May to 15 June) of profiles will also suppress short time scale differences in
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the atmospheric structure. Therefore, the mean thermodynamic structure of Lucknow could be representative
of that over Kanpur.

Virtual potential temperature (VPT) is used as a stability criteria when vertical moisture gradient exists in the
atmosphere. Seidel et al. [2010] showed that the uncertainty in determining the extent of boundary layer by
this conservative method is a few hundred meters. A typical radiosonde profile provides measurements of
meteorological variables such as horizontal wind speed, temperature (T), and mixing ratio (g). T and g are
grouped and averaged in vertical bins of 500 m from 0.5 km to 6 km altitudes. These parameters are used in
equation (1) as inputs to calculate corresponding VPT profiles [Srivastava et al., 2011].

VPT = (140.61xq)x T x (p,/p)* M

where k = R/C,, q is the moisture mixing ratio, p,, is surface pressure, C, is specific heat at constant pressure, R
is the gas constant, and T and P are temperature and pressure at the altitudes where VPT is computed. Mean
VPT profiles during morning and evening periods of P9 are created by averaging all the VPT profiles avail-
able within these periods. Mean cotemporal VPT and o profiles are used to examine the association between
daytime variability of aerosol profiles and local atmospheric structure.

2.3. Solar Flux and Temperature Measurements

Measurements of total solar flux at surface available from a Kipp and Zonen CM 21 pyranometer estab-
lished under the Solar Radiation Network (SolRad-Net) [Schafer et al., 2002] are used to understand the
aerosol-induced radiative extinction of incoming solar radiation. The pyranometer is collocated with the
AERONET and the MPLNET at lITK. The pyranometer measures the instantaneous downwelling total solar flux
(305-2800 nm) at surface (TSqg;) every 2 s within an uncertainty of 2%. These instantaneous measurements
are cloud screened by employing twofold prepossessing methodology. First, only temporally collocated
instantaneous flux measurements with concurrent Level 2 AERONET measurements (cloud screened) within
a +5 min time frame are selected. Although this process assures the absence of cloud along the direct Sun
beam path, the possible cloud effect on the diffuse component cannot be eliminated. The clouds close to the
Sun’s disc (which do not obscure the direct Sun beam) can also increase the total solar radiation at surface
due to increased diffuse component [Gu et al., 2001]. To avoid this effect from the scattered and peripheral
clouds in the hemispherical field of view, a measurement is eliminated if its root-square-mean error within
the £30 min temporal running box is greater than 0.75% of that solar measurement. Similar data processing
methodologies to remove sudden fluctuating measurements due to influence from scattered clouds have
been used in previous studies [Conant, 2000; Gautam et al., 2010; RosdRio et al., 2011]. The magnitude of the
clear-sky incoming shortwave flux at the surface at any given time is dependent on the thickness of the atmo-
spheric layer crossed by the incident ray before reaching the surface, which varies with the solar zenith angle
of the Sun. To remove the dependency of our clear-sky sampled fluxes on variability in solar zenith angle (SZA),
observed cloud-screened solar fluxes are divided with cosine of solar zenith angle to create normalized solar
fluxes at surface [Long and Ackerman, 2000]. Finally, our analysis is restricted to a narrow interval between 25°
and 40° solar zenith angle (SZA) between 1200 and 1500 LT to focus our analysis on the attenuation of solar
flux mainly due to aerosols [Gautam et al., 2010].

The spaceborne Clouds and the Earth’s Radiant Energy System (CERES)-observed top of the atmosphere (TOA)
fluxes are used to estimate the impact of aerosol loading on outgoing radiation fluxes [Wielicki et al., 1996].
CERES’s 1-hourly (1° x 1°) gridded Single Scanner Footprint (SSF) data product considers MODIS-observed
cloud and aerosol properties in estimating the outgoing shortwave (SW) radiation fluxes. The fluxes are
obtained from measured radiances using angular distribution models [Loeb and Kato, 2002]. The error in
SW;a due to the radiance to flux conversion has been estimated to be ~3%. We used SWq, (0.3-5pm)
clear-sky SSF1deg-Ed4a flux and collocated MODIS-AOD products [Platnick et al., 2003] available at AQUA
overpass time (1330 LT) during our three study periods. We used linear regression between SZA normal-
ized SWqq, and collocated MODIS-AOD over the region 25-27°N and 79-81°E centered at IITK (26.3°N,
80.2°F) to get a statistically significant estimate of the TOA radiative forcing efficiency of aerosol loading.
The MODIS-AOD has been extensively validated against AERONET measurement over Kanpur [Tripathi et al.,
2005a]. The expected uncertainty of MODIS-AOD is + 0.05 + 0.15 x AOD over land [Remer et al., 2005].
Previous studies have also estimated the surface and TOA radiative forcing efficiency over IGP using CERES
measurements [Gautam et al., 2010, 2011].
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We have also used 1° x 1° gridded columnar MODIS-derived aerosol optical depth (AOD at 550 nm) and the
Atmospheric Infrared Sounder (AIRS)-derived temperature (1° x 1° spatial resolution) at five pressure levels
over the region 25-27°N, 79-81°E to analyze the effect of EALs on atmospheric stability. Both MODIS and
AIRS products (collection 6) are retrieved at Aqua overpass time (~1330 LT). The AIRS temperature data are
sorted according to MODIS-AOD and divided into nine bins of 10% each. Davidi et al. [2009] and Mishra et al.
[2014] have previously used this methodology to estimate aerosol-induced temperature perturbation over
the Amazon and Mediterranean Basin, respectively. Validation of AIRS temperature against radiosonde mea-
surements showed that the AIRS temperature measurements have an uncertainty of ~1 K/1 km atmospheric
layer [Aumann et al., 2003]. Details on accuracy and validation of AIRS temperature product are documented
elsewhere [Aumann et al., 2003; Diao et al., 2013, and references therein].

Clear-sky SW (0.25-4pm) radiative transfer calculations are done using a columnar radiative transfer com-
puter code known as Santa Barbara DISORT (discrete ordinates radiative transfer) Atmospheric Radiative
Transfer Model (SBDART) [Ricchiazzi et al., 1998]. Discrete ordinate method is used for numerical integration
of the radiative transfer equations, which provides a numerically stable algorithm to solve the equations of
plane-parallel radiative transfer in a vertically inhomogeneous atmosphere [Stamnes et al., 1988]. This algo-
rithm includes multiple scattering in a vertically inhomogeneous, nonisothermal plane-parallel media. Solar
zenith angle, surface albedo, the spectral aerosol optical depth, the spectral single-scattering albedo, and the
spectral asymmetry parameter are inputs required for characterization of the atmospheric aerosol radiative
effects. Aerosol properties are provided from [ITK AERONET measurements. The spectrally invariable surface
albedo (0.22) over the region is provided using MODIS land product. The MPLNET-derived aerosol vertical
extinction is also used as an input. AIRS-derived (over Kanpur) profiles of water vapor, ozone mixing ratio, and
temperature are used for atmospheric model. Keeping all other inputs same, we performed four SBDART sim-
ulations with different aerosol profile scenarios (four equal AOD bins of 25% each) and one simulation without
aerosols (AOD = 0). The atmospheric heating rate for each layer is calculated using equation (2) [Liou, 2002].

dT/dt =g/C, X AF/AP (2)

where T is the temperature (K), t is the time (s), g is the gravitational acceleration (9.8 ms=2), C, is the specific
heat of dry air (1004 J/kg/K), AF is the net SW flux (W m~2), and AP is the pressure difference between the
layers (Pa). The aerosol heating rate is calculated as the difference in heating rates between simulations with
and without aerosols.

We have used data sets from several sources (ground based, satellite, and reanalysis) to provide an overall per-
spective of elevated aerosol layers over Kanpur. First, we have characterized and quantified the interannual
and daytime variations in SLs and EALs using MPLNET-derived ¢ profiles. We have used measurements from
collocated AERONET site to understand how EALs change with columnar aerosol properties. CALIPSO-derived
aerosol profiles and HYSPLIT-calculated back trajectories are used to understand the interannual variability
of EALs, while radiosonde measurements were used to investigate the association of atmospheric structure
on daytime variation of EALs. In section 3.4, we have investigated the radiative impact of EALs. Cotemporal
pyranometer-measured radiation flux and AERONET-AOD measurements along with collocated CERES-flux
and MODIS-AOD data set are used to estimate the aerosol SW radiative forcing efficiency at surface, atmo-
sphere, and TOA over Kanpur. SBDART radiative model simulations are used to investigate the role of
EAL-radiation interactions in the observed radiative forcing of increasing aerosols. Finally, the collocated and
cotemporal AIRS-temperature and MODIS-AOD data are used to understand the regional implication of EALs
on observed atmospheric temperature and atmospheric stability. We note that various different data sets with
different sampling frequency are used in this study. For any particular analysis, we have sampled the analyzed
parameters at same time or within small time interval. It should be noted that the present limitation to the
data availability and their frequency may affect the results in view of daytime variation. Therefore, this issue
is highlighted while discussing the respective results (wherever applicable).

3. Results and Discussion

3.1. Mean Vertical Distribution of Aerosol and Its Interannual Variation

Seinfeld and Pandis [2006] have stated that generally, ¢ decreases exponentially under standard atmospheric
structure with maximum ¢ near surface as represented in equation (3) below.

E(z) = E(surf) x exp(=z/hg ) + F, (3)
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where E(2) is extinction at altitude z, F is offset,
E(surf) is the estimated extinction at surface,
and hg, is the scale height of mean o profile of
surface layer (SL) (SL will be explained below).
Scale height (hg) indicates the height within
which ¢ will be exponentially reduced by a
factor of e.

Figure 1 shows the mean ¢ profiles during P9
(top), P10 (middle), and P11 (bottom) using
the available MPLNET measurements. Extinc-
tion coefficient decreases exponentially with
height from about 0.5 km to 1.5 km in all
three periods. Equation (3) is fitted to average
o profile between 0.5 km and 1.5 km. These
fitted curves have adjusted R? value of 0.99
during P9 and P10 and 0.98 during P11. They
are extended to 6 km altitudes (red colored
lines in Figure 1). The comparison of the the-
oretical fitted curve and the actual measured
mean o profile highlights the EAL over Kanpur.
The aerosol gradient within the EALs is shown
in green. The thin horizontal bars represent
the standard deviation at discrete heights.
The total number of profiles available in each
period, scale height (hg, ), E(surf), and EAL,, for
the profiles is mentioned in Table 1.

We find that hg, E(surf), and EAL_, are dif-
ferent during each period (Table 1). The scale
height (hg, = 2.35) in P11 is higher relative
to that observed during P9 (1.70) and P10
(1.32), which implies slow rate of exponential
decay in aerosol extinction during P11. Above
1.5 km (Figure 1) the change in vertical gradi-
ent of aerosol is relatively small up to a critical
altitude (EAL,). Above EAL,, aerosol gradi-
ent decreases steeply with height and the ¢
value becomes very small above 5.5 km. The
mean aerosol vertical structure over Kanpur
during May-June period can be categorized
into 2 layers: (a) surface layer (SL), surface to
1.5 km, where ¢ exponentially decreased with
altitude, and (b) EAL, 1.5 km to 5.5 km where
o significantly diverges from the theoretical
curve. We numerically calculate AOD using

Figure 1. Mean ¢ profiles (black) with standard deviation during
(top) P9, (middle) P10, and (bottom) P11. The red lines represents
the exponential fit (equation (1)) to the mean ¢ values between
0.5 km and 1.5 km. The green lines show the aerosol gradient
changes within EAL for each period. The legend box shows the
modeled parameters for this fit (refer text for explanation). L is the
fitted scale height (hg ).

equation (4) to quantify the amount of aerosol
present in SL and EAL.

z2
AOD = / (o)dz (4)
z1

where altitude z1 and z2 are 0 km (1.5 km) and 1.5 km (5.5 km) for SL (EAL), respectively. ¢ measurements
are available at a constant vertical resolution of 75 m. We assume that o remained constant within these
75 m vertical layer. Hence, dz is equal to the width of the layer in equation (4). Due to unreliable ¢ values
below 0.5 km, we extrapolate the exponential fitted curves to get the ¢ values between 0 km and 0.5 km.
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Table 1. This Table lllustrates Measured and Fitted Parameters of Mean Annual (Figure 1) and Daytime Segregated
(Figure 4) Aerosol Profiles Used in This Study?®

Period No. of Profiles hg (km) E(Surf) (km~1) AODg EAL¢; (km) AODgp, FAODgp, (%)

P9 322 1.71 0.23 0.22 3.8 0.33 60.1
P10 225 1.32 0.4 0.33 3.4 0.33 50.1
P11 239 235 0.33 0.31 2.6 0.32 51.0
POM 114 1.84 0.19 0.20 3.9 0.43 64.4
PON 93 1.47 0.27 0.25 39 0.36 58.4
POE 115 1.87 0.25 0.23 2.8 0.34 59.2
P10M 93 1.1 0.4 0.3 4.6 0.44 59.4
P10N 45 0.99 0.51 0.36 3.8 0.28 43.6
P10E 87 15 0.33 0.3 23 0.32 518
P11M 72 242 0.33 0.3 33 033 523
P11N 35 2.57 0.39 0.36 2.6 0.30 45.0
P11E 132 233 0.33 0.30 2.6 0.29 48.9

3The number of profiles used, scale height of SL (hg ), estimated extinction at surface (E(surf)), mean AOD of surface
layer (AODg ), EAL, (location of change in aerosol gradient within EAL), mean AOD of elevated aerosol layer (AODgy, ),
and fractional contribution of EAL to columnar AOD (FAODg,, ) for each study period is reported in different columns. M,
N, and E represent the morning, midday, and evening period of the three study periods, respectively.

Thus, the SL would be treated as aerosol layer between 0 and 1.5 km in further sections. The computed AOD
for SL (AODg, ) and EAL (AODg,, ) and the fractional contribution from EAL to total columnar AOD (FAODgy, )
for the mean profiles are estimated and reported in Table 1.

FAODg,, is0.60+0.16,0.50+0.19,and 0.51+0.08in P9, P10, and P11, respectively. On an average, about 50%
of aerosols are lifted to EAL, which indicates that EALs are a persistent feature during monsoon onset period
over Kanpur. Figure 1 shows that the mean aerosol extinction coefficient varies from 0.05 to 0.1 km~', 0.01 to
0.12km~',and 0.015t0 0.15 km~" in EAL during P9, P10, and P11, respectively. The maximum ¢ in SL (500 m)
is found to be 0.28 km~ (in P10) followed by 0.25 km~" (in P11) and 0.19 km~" (in P9). The persistent EALs are
also present in daily mean o profiles for P9, P10, and P11 (Figure S1 in the supporting information). The shape
of EALs has different feature during P11 as compared to P9 and P10. The lofted distinct parabolic shape of
EALs present during P9 and P10 is flattened in P11. During P9 and P10, higher ¢ values are observed at altitude
above 3 km compared to P11, but between 1 and 3 km, higher ¢ values are observed during P11. These
interannual differences could be the result of variations in aerosol advection at different altitudes (discussed
below) along with interannual variability of local atmospheric structure.

Similar types of mean aerosol profiles are reported by Komppula et al. [2012], who found aerosol extinction
coefficients of 0.1-0.25 km~' between 2 and 4 km altitudes using Raman lidar over Delhi during premon-
soon season (2008-2009). Mishra et al. [2010] have found about 55% contribution from elevated aerosols
(1-3.5 km) to total columnar AOD during June 2008 over west coast of peninsular India using Micro-Pulse
Lidar (MPL). Another study over the eastern coast of India (Visakhapatnam) also shows dominance of elevated
aerosol layer from 1.6 to 5.0 km during premonsoon 2006 [Niranjan et al., 2007]. The study reported that the
AOD of elevated aerosol layer could go as high as 0.25 in severe aerosol loading conditions [Niranjan et al.,
20071. Sinha et al. [2013] have reported 25% contribution from elevated aerosol layer (above 3.5 km) over
Hyderabad during premonsoon, 2009-2010. In another study using MPL, 40-60% contribution of aerosol
above 1.0 km during March 2005 were reported over Bangalore [Satheesh et al., 2006]. The comparison of our
results with those of other studies indicates the persistent nature of EALs over India, which have notable spa-
tiotemporal variability. However, the shape and ¢ values of EALs observed over IGP have significant differences
compared to EALs over the southern part of India. Cloud Aerosol Interaction and Precipitation Enhancement
Experiment (CAIPEEX) campaign (2009) measurements show almost two order higher aerosol mass concen-
trations in EALs over IGP than that over Southern India [Kulkarni et al., 2012].

To visualize the association between EALs and columnar aerosol properties, we plot the columnar AOD
(AOD_,) and Angstrom exponent from AERONET measurements as a function of MPLNET-derived FAODg,, in
Figure 2. We have divided all the collocated (AERONET-MPLNET) samples during P9, P10, and P11 period into
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1 ‘ ‘ ‘ ‘ ‘ 21 bins of 5% each. Similar plots for
each period are shown in Figure S2 in

o8l | the supporting information. The crosses
and vertical lines indicate mean and

3 standard deviation for each bin, respec-
8 0.6} i tively. We find a significant (at 99%
< confidence interval) positive correlation
0.4t 8 coefficient (r = 0.9) between FAODg,,
=09 and AOD_,,. At the same time, we also

0.0 ‘ ‘ ‘ ‘ ‘ find a significant (at 99% confidence
0.2 0.3 0.4 0.5 0.6 0.7 0.8 interval) negative correlation coeffi-
FAODEAL cient (r = —0.8) between FAODg,, and

1 — : : : : Angstrom exponent. The bin-averaged

i - columnar Angstrom exponents are in

g 0.8} T 1 the range of 0.4-0.7 (Figure 2, bottom).
§_ These results together indicate that
5 0.6t L i increase in FAODg,, over this region
= T~ is strongly associated with increase in
% 0.4} i AOD,,, and coarse particles. Previous
= | studies have established dust as a
< 0.2} ol f- 0.8 i prime aerosol species over the IGP dur-
) ing premonsoon, which mixes with the

0.2 0.3 0.4 0.5 0.6 0.7 0.8  high concentration of black carbon (BC)

FAODEAL emissions from urban regions [Tripathi
Figure 2. Association of (top) columnar AOD and (bottom) Angstrom etal, 2005b;.Dey et al, 2008; Gau‘tam
exponent, both from AERONET measurements with fractional etal, 2011; Srivastava et al., 2012]. Singh
contribution to columnar AOD from EAL (FAODg,, ) calculated from et al. [2004] showed that dust is the
collocated MPLNET profiles. The sample set containing all collocated prime contributor to AOD over Kanpur

AERONET-MPLNET measurements during P9, P10, and P11 is divided into
21 bins of 5 percentile each. Legend shows the correlation coefficient (r)
values significant at 99% confidence intervals.

during premonsoon. They revealed that
the diurnal variation in Angtrom expo-
nent and columnar AOD was inversely
related. Using transport model, Das
et al. [2013] have shown that dust is transported across the Indo-Gangetic Plains (IGP) at ~700-850 hPa alti-
tude range and is accumulated over Himalayan slopes during March—May. In agreement, several studies on
aerosol profiles over the Indian region during premonsoon have also reported the presence of nonspherical
coarser particles at elevated layers [Komppula et al., 2012; Mishra et al., 2010; Niranjan et al., 2007]. A recent
study by Chatterjee et al. [2012] over Darjeeling in Eastern Himalayas has shown strong positive association
between measured concentration of calcium mineral at surface and columnar AOD suggesting that dust
loading during premonsoon season is linearly related to increase in columnar AOD. In this context, our results
indicate that increase in FAODg,, over Kanpur may be due to advection of coarse particles at higher altitudes,
which in turn increases the columnar aerosol loading and decreases the Angstrom exponent over the region.

To estimate the origin of air masses reaching EAL altitudes at 1130 LT over Kanpur, 7 days back trajectories are
computed using HYSPLIT model. Figure 3 shows the mean back trajectories for the days when MPLNET pro-
files are available during P9 (blue), P10 (black), and P11 (red) and corresponding altitudes of air masses at three
altitudes (1.5 km (a and b) , 2.5 km (c and d), and 3.5 km (e and f) in Figure 3). The spread of wind direction is
shown by the thin vertical lines. The mean AOD distribution (Figure 3) during April-June (2009-2011) is cre-
ated by averaging gridded Level 3 aerosol product (0.5° x 0.5°) derived from MISR satellite [Diner et al., 1998]
and shown in the background. The 7 day back trajectories show that air masses reaching Kanpur at 3.5 km dur-
ing all the three periods originated mainly from the layer, 3—6 km, over Middle East region (Box 3 in Figure 3e).
However, the air masses reaching Kanpur at 2.5 km and 1.5 km during P9, P10, and P11 originated from differ-
entregions and also traversed at different mean altitudes. The air masses reaching Kanpurat 1.5 kmand 2.5 km
during P9 traversed the heavily polluted western IGP region of Pakistan and India (Box 1 in Figure 3a), while
during P10, the air masses traversed Thar Desert and Arabian Sea region (Box 2 in Figure 3c). During P11 the
mean air masses reaching Kanpur at 1.5 and 2.5 km traversed at higher altitudes compared to P9 and P10 and
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Figure 3. Back trajectories (7 day) and altitude variation for air masses reaching Kanpur (1130 LT) at (a, b) 1500 m, (c, d) 2500 m, and (e, f) 3500 m during periods
P9 (blue), P10 (black), and P11 (red). The mean back trajectories in each period are average of days when MPLNET-observed ¢ profiles are available. The thin
vertical lines across the mean back trajectories represent the spread of back trajectories in respective case. MISR-observed mean AOD (P9, P10, and P11) is
illustrated in background of Figures 3a, 3¢, and 3e. Black bounded Boxes 1-3 in Figures 3a, 3¢, and 3e represent the source area for mean air masses reaching
Kanpur below 3 km during P9, P10, and P11, respectively. The mean o profiles over these boxes are shown in the supporting information (Figure S3).

were coming from as far as the Middle East. Mean AOD map shows high aerosol concentrations throughout
the well-documented pathway (Saudi Arabia-Persian Gulf-Arabian Sea-Indus Valley in Pakistan-Thar Desert
and northwestern IGP-Kanpur) of premonsoonal dust transport from Saudi Arabia to IGP [Prasad et al., 2007;
Chinnametal., 2006; Liu et al., 2008; Gautam et al., 2009; Ram et al., 2010]. Moreover, the anthropogenic aerosols
from the big urban agglomerates in Indus Valley and northwest IGP also get convected to midtroposphere
and then advected to central IGP [Kumar et al., 2015]. The air masses can bring aerosols with them to Kanpur
from these heavily polluted/dusty regions (Boxes 1-3) lying in the trajectory paths of P9, P10, and P11. The
aerosols present in EAL are mostly a mixture of coarse-sized natural and fine-sized anthropogenic aerosol
(both transported and locally emitted). However, these back trajectories cannot help to make a sound conclu-
sion about aerosol composition within EAL. A deep understanding of aerosol chemistry of EALs is essential,
which warrants dedicated airborne experiments over this region in future.

The interannual differences in back trajectories at different altitudes may explain the observed interannual
differences in aerosol vertical distribution over Kanpur (Figure 1). In order to explore the interannual variations
in aerosol vertical extinction profiles, we investigated the CALIOP-derived aerosol vertical distribution at pos-
sible source regions (Boxes 1-3) for respective periods (Figure S3 in the supporting information). We consider
Box 3 as source region for air masses reaching 3.5 km over Kanpur during P9, P10, and P11 (Figure S3a). The
frequency distribution of aerosol extinction between 3 and 6 km altitude over Box 3 shows lower values dur-
ing P11 compared to P9 and P10 (Figure S3b). Similarly, Boxes 1 and 2 are considered as the source regions for
air masses reaching Kanpur at 1.5 and 2.5 km during P9, P10, and P11 (Figure S3c). The frequency distribution
of o between 1 and 3 km over these boxes shows that P11 exhibits higher frequency of large ¢ values (>0.15)
(Figure S3d). These results suggest that higher aerosol concentration might be transported below 3 km dur-
ing P11 compared to other periods. At the same time, the transported aerosol concentrations above 3 km are
lower during P11 than that during P9 and P10. This analysis can explain the observed interannual differences
in aerosol profiles. However, the local atmospheric structure could also modulate the aerosol profiles and can
contribute to these interannual differences.

3.2. Daytime Variation of Aerosol Profiles

The mean daytime variation in aerosol vertical distribution (averaged for P9, P10, and P11) is shown in
time-altitude plot by averaging the ¢ profiles every hour of the day from sunrise to sunset (Figure 4). Daytime
variation in mixing layer height (black solid line) along with its standard deviation (dashed black line) is also
shown in Figure 4. Increase in mixing height implies enhancement of turbulent mixing in the atmosphere.
Aerosol vertical distributions show significant changes throughout the daytime. To highlight and quantify the
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Figure 4. Time-altitude contour plot of mean vertical distribution ber of profiles available in each temporal

(2009-2011, monsoon onset period) of o averaged every hour of the day  bin. Figure 5 shows the mean ¢ pro-

from sunrise to sunset. The black solid and dashed lines show mean file for M (black), N (pink), and E (blue)

mixing layer height and its variability, respectively. time bins during P9 (top), P10 (middle),

and P11 (bottom). The horizontal lines
denote the standard deviation. The red lines in Figure 5 are the same exponential fitted curves used in Figure 1.
The total number of profiles, scale height (hg, ), E(Surf), EAL,,, AODg , AODg,, , and FAODg,, for each temporal
bin are given in Table 1.

An elevated aerosol layer disconnected from the surface layer is present between 2 km and 4 km during morn-
ing period (0530 LT to 0930 LT) (Figure 4). The distinct EALs seen during morning period got dissipated with
deepening of PBL by forenoon. As the PBL stabilizes in afternoon and starts subsiding by late evening, the
distinct EALs are observed again. Figure 5 shows that the basic two-layered aerosol structure and the daytime
variations in EALs from morning to evening are seen in all the three years. During morning and evening the
EALs are parabolic shaped, while uniformly mixed EALs are observed during midday (Figure 5). The mean val-
ues of AODg,, are high during morning periods and decreases as the day progresses (Table 1). The decrease
in AODg,, from morning to midday (evening) is 0.07 (0.09), 0.16 (0.12), and 0.03 (0.04) during P9, P10, and P11,
respectively. The interannual variations in magnitude of AODg,, in each temporal bin (M, N, and E) are similar
to that seen in Figure 1. We find that AODg,, was higher during P10M (0.44) and P9M (0.43) than that dur-
ing P11M (0.33). EAL,, also followed similar trend suggesting that EALs reached higher altitude during P10M
(4.6 km) and P9M (3.9 km) as compared to that during P11M (3.3 km). In general, a uniformly mixed aerosol
layer is found from 1.5 km to 4 km altitude during PO9N and P10N but during P11N the mixed layer was below
3 km (Figure 5).

Aerosols which remain in the layer between stable nocturnal surface layer and entrainment zone after sunset
are called the residual layer [Stull, 1988]. The distinct EALs observed during early morning periods might be
the remnant of these residual layers from previous nights. However, EALs during morning periods are present
at higher altitudes as compared to the EALs during evening periods. This may be due to the effect of some
intense dust storm on certain days within the study period. To explore this, we have further analyzed the
time-altitude profiles for individual years during morning periods (Figure S4). Figure S4 shows persistent high
values of extinction between 3 and 5 km during P9 and P10, which is slightly decreased during P11 (2-4 km).
The nighttime CALIPSO profiles (Figure S4) over Kanpur for three representative days (in P9, P10, and P11)
show distinct elevated aerosol layer between 1.5 and 5 km. The interannual variation is also captured by these
three representative profiles. These profiles suggest that the distinct morning EALs are a regular feature and
may be the mixture of remnant aerosols from previous days and nighttime transported aerosol layers.

Mean AODy, is higher during midday as compared to morning and evening during all the three years (Table 1).
The increase in AODg from morning to midday is 0.05, 0.06, and 0.06 during P9, P10, and P11, respectively.
Many previous studies over urban polluted cities have shown significant decrease in surface concentration of
pollutants (especially BC) from morning to noon period due to enhanced dilution effect of increased boundary
layer height during noon period (like Ganguly et al. [2006] for Delhi, Safai et al. [2007] for pune, and Beegum
et al. [2009] for many sites over India). However, increase in AOD, as the day progresses from morning to
afternoon indicates the dominance of increased surface emissions over the convective dilution effect (due to
higher mixing height) in afternoon over Kanpur. This expected daytime variation can be explained as traffic
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Figure 5. Mean ¢ profiles during (top) P9, (middle) P10, and
(bottom) P11 segregated into three temporal bins, M (black), N
(pink), and E (blue). The red line represents the exponential fit
(equation 1) to the mean ¢ from 0.5 km to 1.5 km. Horizontal
lines depict standard deviation.

and anthropogenic activities remain high
between 0830 LT and 1630 LT over the lITK site
[Singh et al., 2004]. Bisht et al. [2015] also found
midday increase in surface particulate matter
concentration below 2.5 pm (PM, ;) over Delhi
during premonsoon season (contrary to winter
and postmonsoon season), which is explained
as increased contribution of resuspended dust
particles during midday rush period. Zhang
et al. [2012] studied the diurnal variations in
aerosol concentration within aerosol boundary
layer over Beijing and found noon period to be
more polluted compared to morning period.
The impact of frequent dust storms on the mean
diurnal pattern of EAL and SL could be signifi-
cant over this region during the monsoon onset
period. Depending on the time of arrival of these
dust storms at Kanpur, the mean diurnal pat-
tern of aerosol profiles influenced by boundary
layer dynamics and local emissions could get
completely overshadowed [Dey et al., 2004].

The dissipation of EALs from morning to midday
with increase in mixing height can be attributed
to a combination of vertical mixing with lower
layers and horizontal advection of aerosol from
our site to southern slopes of Indian Himalayas.
Dumka et al. [2015] have shown that the con-
centration of surface pollutants over Nainital
(in central Indian Himalayas) increased during
midday with deepening of mixing height over
IGP. They attributed this increase to contribu-
tions from transported aerosol mass from IGP
region. Another study revealed that transported
BC concentration from IGP contributes about
27% to observed surface BC concentration over
Darjeeling in eastern Indian Himalayas [Sarkar
et al., 2015]. Increase in surface aerosol mass
concentration during afternoon has also been
found at Nepal Himalayan region [Marinoni et al.,
2010]. A recent study of CALIPSO-derived aerosol
profiles has shown enhanced aerosol layer of
nonspherical particles at high altitudes (between
15 and 18 km altitude), mainly due to deep
convection during summer period over IGP
[Srivastava et al., 2016]. Using CAIPEEX measure-
ments, Prabha et al. [2012] showed the removal
of pollution from the IGP to higher atmospheric
levels via dynamically forced updrafts. As pre-
monsoon season is associated with deep con-
vective activities over this region during midday
[Mishra and Shibata, 2012], it may be also possi-
ble that aerosols are getting convected to higher

altitudes (above 6 km) and are not captured by ground-based Level 2 MPLNET measurements due to low
signal-to-noise ratio. Recently, a study over Beijing also showed that the upper boundary of elevated aerosols
was greater during morning as compared to afternoon [Zhang et al., 2012]. They have attributed this variation
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all the three years (Table 1).
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3.3. Aerosol Vertical Distribution
and Meteorology: A Case Study
Several studies suggest that atmospheric sta-
bility and structure modulate the aerosol ver-
tical distribution [Raj et al., 2008; Zhang et al.,
2009]. Mishra and Shibata [2012] have suggested
that the atmospheric instability over IGP dur-
T ing premonsoon season caused aerosol lofting
0.3 to higher altitudes. EALs could be the result of
330 335 either or both of the two sources: (1) aerosols
advected by horizontal wind at high altitudes
and/or (2) convected surface aerosols thermally
1 capped at high altitudes. Correlation analysis
between horizontal wind speed and ¢ is investi-
gated to understand the difference in horizontal
advection during PO9M and P9E. We linearly inter-
polate ¢ to the same altitudes, wherever and
whenever measurements of wind speed from
radiosondes are available during P9M and P9E.
We divide the region between altitude 0.5 km
" and 4.5 km into three bins: (a) 0.5 km to 1.5 km,
‘ (b) 1.5 kmto 2.5 km, and (c) 2.5 km to 4.5 km. Sta-
’—;ﬁ‘% tistically significant (>95% confidence interval)
T : ' T correlation coefficient (r) values are reported in
0.0 0.1 0.2 03 Table S1.
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The wind rose diagrams for air masses reach-
Figure 6. Mean ¢ profiles (black) with corresponding mean VPT  ing Kanpur within these three layers are shown
profiles (blue) during (top) P9M and (bottom) P9E. Horizontal in Figure S5. It is found that most of the winds
lines represent standard deviation. reaching Kanpur below 4.5 km are coming from
the west and northwest direction (Figure S5) as
also seen from our back trajectory analysis. The high correlation coefficients between ¢ and wind speed
(r ~0.6-0.8) suggest that advected aerosols are present in considerable amount till 2.5 km altitudes, mainly
coming from the west and northwest directions. No significant correlation is found in both cases (morning
and evening) between 2.5 and 4.5 km. Daily mean Angstrom exponent-based segregation of the samples
indicates that wind speed during dusty days (Angstrom exponent <0.6) may increase aerosol loading in this
layer (2.5-4.5 km) but decrease during nondusty days (Angstrom exponent >0.6) resulting in an uncertain
association (figure not shown). Also, during morning and evening, the upper part of this layer comprises
interface between mixed layer and free troposphere (as discussed in the paragraph below), which may have
more influence on the aerosol concentration in this layer compared to wind speed, thus resulting in uncer-
tain correlation. Due to limitation of collocated and cotemporal data set, the sampling time of radiosonde
measurements (0530 (1730)) and MPLNET profiles (0530-0930 (1630-1900)) during morning (evening) in
this analysis is different. However, as the variation in aerosol profiles within M and E bin is less (Figure 4), we
believe that the sampling difference could not affect significantly the quantitative nature of this analysis.

Capping inversion layer (CIL) is the interface of mixed layer (ML) and free troposphere (FT). Virtual potential
temperature (VPT) profiles usually suffice for the identification of CIL. The sudden change in VPT gradient from
nearly neutral to a persistent positive gradient identifies the beginning of CIL [Stull, 1988]. Figure 6 shows
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the mean VPT profiles (blue) and mean ¢ profiles (black) during P9M (top) and P9E (bottom). A continuous
statically stable atmosphere (FT) is present above 4.5 km during both the periods. A previous study [Raman
et al., 1990] also shows FT near 4.5 km during daytime over Delhi. The mean radiosonde profile in bin POM
shows that CIL is located between altitude 3.6 km and 4.5 km. EAL,, is located (Table 1) near CIL during PO9M
and P9E. These associations suggest that the nearly neutral aerosol gradient in the lower portion of EAL was
because of the turbulent mixing of aerosol in ML and the steep decreasing slope of aerosol distribution above
EAL,,. was due to thermal capping of CIL. Similar association between temperature and aerosol profile was
also reported by Sinha et al. [2013] on 16 April 2009 over Hyderabad. They found a well-mixed aerosol layer
till 4 km below the CIL and steep decrease in aerosol concentration above 4.5 km.

3.4. Radiative Forcing Efficiency at Surface and TOA

The direct clear-sky shortwave (SW) aerosol radiative forcing (W m~2) is defined as the difference between
net SW fluxes (downward-upward) at a given atmospheric layer in aerosol-laden and aerosol-free conditions
[Garcia et al., 2012; McComiskey et al., 2008; Christopher and Zhang, 2002; Boucher et al., 1998]; i.e., at surface
(SRF), the direct SW aerosol radiative forcing is defined as

sw
AFge = <FfSRF - F?sm) - (F?SRF - F?SRF) = (FfSRF - F?SRF) X (1-5A) ®)

where FfSRF and F?SRF are downward and upward fluxes at surface in aerosol-laden conditions and FfSRF and

F?SRF are downward and upward fluxes at surface in aerosol-free conditions. SA is surface albedo. Similarly, the

SW aerosol radiative forcing at the TOA is defined as

W __ 0 0 _ (0
FTOA - (FfTOA - ?TOA) - (FlTOA - FTTOA) - (FTTOA - F?TOA) ©)

because at the TOA the downward flux is the same for either aerosol-free or aerosol-laden condition (i.e.,
FfTOA = F?TOA). The difference between the TOA and SRF radiative forcing is the atmospheric radiative forcing
(ATM) that represents the energy trapped in the atmosphere due to the aerosol presence:

SW _ SW SW
FATM - FTOA - FSRF @)

Figure 7a shows the association between pyranometer-measured incoming total solar (TS) radiative fluxes
at Earth’s surface (TSqze) and temporally concurrent (within =5 min) AERONET-derived columnar AODs for
P9 (blue), P10 (black), and P11 (red). The linear regression lines are also shown for respective years. Similarly,
Figure 7b shows the linear regression between CERES-measured total shortwave solar outgoing flux at TOA
(TSton) With cotemporal MODIS-observed AOD over Kanpur. The correlation coefficients (r) significant at 99%
confidence interval and the slope with uncertainty for both the regressions are mentioned in respective plot
legends.

Aerosol SW radiative forcing efficiency (7 in W m=2 AOD~") is the change in the SW aerosol radiative forcing per
unitincrease in AOD. The magnitude of slope of AOD flux regressions in Figures 7a and 7b provides the magni-
tude of radiative forcing efficiency, , at SRF and TOA, respectively. However, it should be noted that the sign of
radiative forcing efficiency at SRF would be the same as the sign of the slope in case of Figure 7a (equation (5)),
whereas the same at TOA would be opposite to the sign of slope in case of Figure 7b (equation (6)). The
difference between x at TOA and SRF will provide an estimate for radiative forcing efficiency in atmosphere.

The decrease in TScge with increase in columnar AOD suggests aerosol-induced attenuation of incoming
solar radiation at surface during all the three study periods (Figure 7a). The instantaneous forcing effi-
ciencies (1) are —=229.5 + 26.8 W m=2 AOD~' (r = —0.8), —=179.5 + 29.7 W m~2 AOD™! (r = —0.9), and
—255.1 + 29.3 W m~2 AOD™" (r = —0.9) during P9, P10, and P11, respectively. The interannual variability
of n at surface may be attributed to the interannual difference in aerosol composition. The reported # of
columnar aerosol loading on TScg: over Delhi (around 350 km from Kanpur) is —136.3 W m=2 AOD~" during a
dust-dominated period, April-June 2003 [Singh et al., 2005], while Gautam et al. [2010] reported higher 5 val-
ues at surface (—188 W m=2 AOD~") over Kanpur during April-June of 2006-2007. Li et al. [2004] performed
model calculations of SW surface 1 due to Saharan dust near the African coast. That study also illustrated that
the value of # was higher (=81 W m~2 AOD™") for low dust season as compared to 5 (=65 W m~2 AOD~") for
high dust season. Pandithurai et al. [2008] showed that modeled # values at surface over Delhi increased from
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1000 March (=71 W m~2) to May (—87 W m-2)
with increase in dust loading and thereby

950t AOD values during 2006.
In contrast to TSgz-AOD association,
o 900¢ TStoa Shows a positive association with
£ columnar AOD (Figure 7b). The increase
=3 850+ in TSt With increase in AOD suggests
5 the increase in aerosol-induced backscat-
|(£ 800+ tering of incoming solar radiation, i.e.,
P9 8 2205+ 268 . cooling at TOA. The 7 values at TOA are
750} p1o _09 1795 + 997 -239 £112 W m=2 AOD™' (r = 0.4),
Pi1 00 9551 + 993 -21.4+11.4Wm~2 AOD™" (r = 0.4), and
i P —14.7+11.1Wm2A0D! (r = 0.4) during

7000 0.5 1 1.5 P9, P10, and P11, respectively. Our esti-
A AERONET-AQD mated 7 values at TOA are comparable with
that of previous studies over this region.
Using CERES-measured fluxes at TOA,
. Rajeev and Ramanathan [2001] showed
260+ | that the magnitude of diurnal mean
clear-sky outgoing solar radiation forcing
efficiency at TOA was 24 W m~2 AOD™'
during March over northern India. We
should note that the relatively weak asso-
ciation between outgoing SW flux at TOA
and AOD (Figure 7b) could be a result of
increased surface albedo over northern

240+

2
£
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S 220¢
'_
()]
'_

200+ P9 04 239 +112
India (e.g., Kanpur) during the premonsoon
‘ P10 04 214 £114 season [Gautam et al, 2010]. Therefore,
180+ P11 04 147 21114 the qualitative conclusion drawn from this
0 0"5 1 1.5 analysis rather than quantitative values

B MODIS-AQD should be emphasized.

Figure 7. (a) Association between AERONET-observed AOD and Simultaneous increase in TS5, and
pyranometer-measured incoming solar fluxes at surface (TSsgg) over decrease in TSgg with AOD indicate the
Kanpur for periods P9 (blue), P10 (black), and P11(red). (b) Similar increase in both absorption and scattering

association between MODIS-observed AOD and cotemporal N .
CERES-measured outgoing shortwave fluxes at TOA (TStoa) over a of solar radiation by atmospheric aer.os?ls.
3° X 3° box centered over Kanpur. The legends show correlation It should be noted that the association
coefficient (r) significant at 99% confidence interval and slope of between AOD and radiation flux at surface
regression with uncertainty. Although # at SRF will be the same as the  (ground based) and TOA (satellite based)
slope in Figure 7a,  at TOA will be of opposite sign of the regression are analyzed from different platforms and
slope in Figure 7b. Please see equations (5) and (6) in text. have different spatial resolutions, which
could affect the quantitative estimation
of atmospheric aerosol forcing efficiency. Nonetheless, approximately threefold to fourfold lower aerosol
forcing efficiencies at TOA as compared to that at surface and their differences (+195.6 W m=2 AOD~" in P9,
+158.1 W m~2 AOD™" in P10, and +230.4 W m~2 AOD~" in P11) imply significant warming of atmosphere
per unit increase in AOD. An increase in AOD from 0.36 (25th percentile) to 0.67 (75th percentile) may absorb
radiation of ~61 W m~2 causing atmospheric warming. Similarly for P10 and P11, a comparable increase in
AOD (~0.3) may warm the atmosphere by 49 W m—2 and 71 W m~2, respectively. The TOA and surface cool-
ing along with atmospheric warming during premonsoon season was previously modeled over this region.
Large positive shortwave atmospheric warming (37-75 W m—2) associated with negative surface and TOA
cooling was found by Kumar et al. [2015] during dusty periods over Kanpur. The SW aerosol radiative forcing
calculations performed over Delhi show large atmospheric warming (111-123 W m~2) during May-June
periods of 2006 [Pandithurai et al., 2008]. Jaidevi et al. [2011] used in situ aircraft measured profiles at different
places in central IGP during premonsoon period 2008. They reported diurnal averaged surface (atmospheric)
forcing of —50 (+30) W m—2 (near Kanpur) and —80 (+53) W m~2 (near Bareilly, 200 km north of Kanpur).
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Figure 8. (a) Profiles of incoming SW radiation flux for five different SBDART simulations (in different colors). Legend
shows the AOD values of each of the five simulations. (b) The difference in aerosol heating rate profiles between higher
AOD cases and lowest AOD case. The aerosol heating rate is calculated as a difference between heating rate with and
without aerosol (AOD = 0).

We have seen earlier (Figure 2) that the increase in AOD over Kanpur is associated with increase in frac-
tional AOD of EAL (FAODg,, ) and decrease in Angstrom exponent. Combination of these results (flux-AOD
and FAODg, -AOD association) indicates that EAL is an important factor, which may contribute to radia-
tive changes at surface and TOA. We have used SBDART model to understand the importance of EAL in
aerosol-radiation interaction using P10 as a case study. Figure S6 shows the inputs for SBDART simulations.
Mean aerosol profiles as function of AOD are derived from MPLNET measurements by segregating all collo-
cated AOD measurements into four equal bins (25% each). AODs mentioned in the legend are mean AODs
of each bin. We have used AERONET-derived mean (P10) columnar single-scattering albedo (w), asymmetry
parameter (g), and Angstrom exponent (a) constant for all four AOD cases to explore the importance of EALs.

Figure 8a shows the profiles of incoming SW solar radiation fluxes (W m~2) as a function of AOD. It shows a
decrease in incoming SW solar radiation with increase in aerosol loading in lower troposphere (<4.0 km). This
decrease is relatively higher below EAL (<1.5 km) with highest reduction near surface layer. As expected, there
is no significant change in incoming radiation with AOD in layers (>5.0 km) above EALs. Aerosol heating rate
profiles for each case are calculated as a difference between SBDART simulations with and without aerosols
(AOD = 0). Figure 8b shows the differences in aerosol heating rate profiles between higher AOD cases and
lowest AOD cases (as mentioned in the legend). We find that the increase in aerosol heating rate with increase
in AOD is higher above ~3 km compared to that in lower layers (Figure 8b). Our results show maximum EAL
heating rate to be ~1.5 Kd~" and ~0.5 K d~' between 3 and 5 km altitudes for highest (mean AOD = 0.66)
and lowest (mean AOD = 0.23) aerosol loading cases during P10. Gautam et al. [2010] found a peak value
(~2 Kd~") of aerosol heating rate at 3 km altitude over Kanpur during premonsoon of 2006-2007. A decadal
study (2001-2010) over Kanpur revealed a mean heating rate of ~0.6-1.1 Kd~! between 1 and 4 km altitude
during premonsoon, which increased to ~0.9-1.7 Kd~" during heavy aerosol loading cases [Kaskaoutis et al.,
2013]. Dey and Tripathi [2008] showed that mixed dust and black carbon could heat up the lower atmosphere
up to 1 K d~" during premonsoon of 2001-2005. A similar range (2.1-2.5 K d='") of heating rates in lower
atmosphere (up to 5 km) were found over Delhi during May-June 2006 [Pandithurai et al., 2008].

The increase in AOD (among the five cases used in our simulation) is associated with increase in FAODg,,
(Figure S6); therefore, the strong decrease in incoming radiation at lower tropospheric layers (Figure 8a) may
be attributed to attenuation of a large fraction of incoming solar radiation by the elevated aerosols. In gen-
eral, aerosols at higher altitudes would interact with more incoming radiation as compared to lower altitudes
[Mishra et al., 2015]. Therefore, relative increase in aerosol loading at EAL will cause strong attenuation of
incoming solar radiation due to both aerosol-induced absorption and scattering of incoming radiation. The
attenuation of radiation due to aerosols at an elevated layer can reduce the incident radiation to lower layers
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Figure 9. MODIS-AOD versus AIRS temperature at five different levels (Surface, 925, 850, 700, and 600 hPa) for P9, P10,
and P11. The AIRS temperature data are sorted according to AOD and divided into nine bins of 10th percentile each
between 5 and 95%. Error bars present the standard deviation of points in each bin. The mean altitudes representing
the different pressure levels 925, 850, 700, and 600 hPa for each year are approximated using the radiosondes to be 0.7,
1.4, 3.1, and 4.5 km altitude, respectively.

as shown in Figure 8a. Although at this stage we cannot quantify the scattering effect of elevated aerosols,
significant increase in aerosol heating rates of EALs suggests significant contribution of aerosol absorption in
attenuation of incoming solar radiation by EALs.

3.5. Possible Implication of EAL-Radiation Interaction on Atmospheric Stability

How could the radiative effect of persistent EALs modulate the lower tropospheric stability during monsoon
onset period over central IGP? To answer this question, we analyze collocated MODIS-observed AOD and
AIRS-observed atmospheric temperature over a 3° x 3° area centered over Kanpur during all three periods.
The temperature data are sorted according to AOD (only 5-95% of AOD data set is used) and divided into nine
bins of 10th percentile each. The scatterplot of AOD and atmospheric temperature (at surface (2 m), 925, 850,
700, and 600 hPa pressure levels) is shown in Figure 9. The mean altitudes representing the different pressure
levels 925, 850, 700 and 600 hPa are approximated using the radiosondes from Lucknow to be about 0.5, 1.3,
2.9, and 4.5 km, respectively.

Figure 9 shows a decrease in temperature with increase in AOD at surface (blue), 925 hPa (green), and
850 hPa (red) pressure levels. However, statistically insignificant changes (with respect to standard deviation)
in atmospheric temperature are observed at 700 hPa (cyan) and 600 hPa (magenta). The standard deviation
of temperature in each bin is the result of intraseasonal variation. The magnitude of cooling in the lower tro-
posphere varies between 2 and 4°C during all the three periods. Temperature at 925 hpa (850 hpa) decreases
by 3.6 (2.6), 1.8 (1.0), and 3.9 (2.4)°C as AOD increases from the lowest bin (mean AOD ~0.23) to the high-
est (mean AOD ~0.82) during P9, P10, and P11, respectively (Figure 9). The observed cooling with increase in
AOD at surface is 2.2, 0.9, and 2.6°C during P9, P10, and P11, respectively. Although one will expect maximum
cooling at surface with increase in AOD values, we find that the decrease in temperature within lower tropo-
sphere is highest at 925 hPa in all the three years. This could be explained as AIRS temperature retrievals are
found to degrade near surface mainly due to the daytime convective buildup, heterogeneity of land surface
properties and surface elevation (over land) [Divakarla et al., 2006].

Sabbah [2010] found that the diurnal range of temperature in Kuwait reduced with heavy dust loading due to
increase in atmospheric opacity. A recent study showed an overall lower tropospheric cooling up to —0.7Kd™"
over Indian landmass for higher aerosol loading case as compared to lower aerosol loading using Weather
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Research and Forecasting model coupled with
Chemistry (WRF-Chem) for March 2012 [Feng
et al, 2016]. They explained the observed
cooling as a dynamical response to both sur-
face dimming and atmospheric heating by
elevated aerosols. Aerosol-induced radiative
effects reduced the temperature gradient
between the land and atmosphere thereby
decreasing the buoyancy of surface parcels.
This leads to the reduction in boundary layer
convection causing the lower tropospheric
cooling [Feng et al., 2016]. Large eddy simu-
‘ . lations by Barbaro et al. [2013] also illustrated
0 10 20 30 40 that elevated aerosol-induced surface dim-

T°C ming and stratification of lower troposphere
can cause reduction in convective atmo-
spheric boundary layer. Another WRF-Chem

Altitude (km)

Figure 10. The comparison of atmospheric temperature profiles
representing the lowest (blue) and highest (red) AOD bin (as

shown in Figure 9). The solid lines represent the median study showed a warming (0.8°C) effect at ele-
atmospheric temperature profiles. The envelope represents the vated layers and a cooling (—1.6°C) effect in
corresponding spread between 25% and 75%. lower layers due to increase in dust emission

over the Indian region [Dipu et al., 2013]. Simi-
larly, in our study, higher aerosol absorption of incoming radiation at EALs as compared to lower tropospheric
layers could affect the boundary layer dynamics and thereby result in lower tropospheric cooling. We find
interannual differences in the rate of cooling between low and high aerosol bins. The cooling was lower
during P10 as compared to P9 and P11, which is consistent with our SW aerosol radiative forcing analysis as
n at surface during P10 was also minimum (Figure 7a). The interannual variations in aerosol-associated rate
of cooling are mainly a result of differences in aerosol number concentration, aerosol chemical composition,
and vertical structure. However, at this stage, we cannot rule out the possible large-scale meteorological
impact on observed AOD-temperature association and its interannual variations. We did not find any signif-
icant warming at higher altitudes as shown by other studies [e.g., Lau et al., 2006]. It could be possible that
the temperature change below AIRS uncertainty range, i.e., 1 K[Aumann et al., 2003], may not be captured by
this analysis.

Further, we visualize the after effect of EAL-radiation association on atmospheric stability. Figure 10 illustrates
the AIRS atmospheric temperature profiles (25th-75th percentiles) representing the lowest (blue, ~0.2) and
highest AOD bin (red, ~0.8) using all the three periods together. The blue and red solid lines represent the
median of the bins. The mean surface temperatures for low and high aerosol bin are 38.7 and 36.4°C, respec-
tively. We find ~0.54°C/km decrease in environmental lapse rate from surface till 4 km between low AOD (lapse
rate ~—8.85°C/km) and high AOD (lapse rate ~—8.31°C/km) scenario (Figure 10). These observations indicate
increase in lower atmospheric stability for higher aerosol loading as compared to that for lower aerosol load-
ing case. Thus, EALs may provide negative feedback to buoyancy of rising parcels from the surface. Although
we have limited number of cotemporal radiosonde-temperature and MPLNET-aerosol profiles for PYE,
similar analysis shows decrease in lower tropospheric temperature profile for high aerosol loading conditions
(Figure S7ain the supporting information). Figure S7b shows corresponding mean aerosol profile for high and
low aerosol loading cases. Combined feedback of reduction in surface fluxes and stabilization of boundary
layer indicates that these EALs can affect cloud formation and precipitation patterns [Dipu et al., 2013].

Modeling studies also suggest that these effects of aerosol over northern India can weaken the near-surface
wind circulations, providing negative feedback to oncoming early phase monsoon [Mahmood and Li, 2013;
Collier and Zhang, 2009]. However, several other studies [e.g., Gautam et al., 2009; Lau et al., 2006] reveal
increase in early monsoonal rainfall over India due to midtropospheric warming caused by aerosol absorp-
tion. Moreover, the dynamical effect of dust radiative forcing may impart a positive feedback on the summer
monsoon circulation over India [Das et al., 2015; Solmon et al., 2015]. Therefore, the aerosol-rainfall interaction
over the region is a highly complicated issue and needs further detailed study using both observations and
numerical models.
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4. Summary

This study presents the interannual and daytime variation of aerosol vertical distribution and their radiative
impacts over Kanpur, one of the largest industrial cities in IGP. Synergistic analyses of various satellites (MODIS,
CERES, and AIRS) and ground-based remote sensors (MPLNET, AERONET, pyranometer, and radiosondes) are
used during monsoon onset period (May-June) for three years (2009-2011). The salient features of this study
are listed below:

1. Aerosol vertical o profiles are measured from sunrise to sunset with high accuracy and frequency using
MPLNET. We have observed two distinct aerosol layers: an exponentially decreasing surface layer (SL) below
1.5 km altitudes and an elevated aerosol layer (EAL), a region of accumulated lofted aerosols between 1.5
and 5.5 km altitudes. Itis found that >50% of aerosols are generally lofted to elevated altitudes. The increase
in fractional contribution of EALs is associated with transported coarse particles, which in turn also increases
the total columnar AOD. EALs are a persistent phenomena during monsoon onset period of 2009-2011.

2. Substantial daytime variation exists in aerosol vertical distribution including shape, location, and optical
thickness of EALs. Large distinct residual layers of elevated aerosol are observed during early morning
period which disperse during midday with daytime evolution of boundary layer. Aerosols emitted into SL
during midday are lofted to higher altitudes by evening. The distinct EALs again reappear by late evening.

3. Back trajectory analysis coupled with case studies of collocated radiosonde-measured variables suggests
that transported aerosol from the Arabian Sea and Pakistan is reaching Kanpur, mainly below 2.5 km alti-
tude. Interannual variability of aerosol profiles is associated with differences in transportation pathways
and altitudes of air masses reaching Kanpur. However, interannual variation of local atmospheric structure
can also modulate the aerosol vertical distribution. Thermal capping (inversion layer) near free troposphere
may inhibit upward convection of aerosols across the entrainment zone and, thereby, could enhance the
accumulation of aerosols below this inversion layer. The daytime variation in EALs is linked both with vari-
ations in local atmospheric structure as well as local emission and with vertical and horizontal transport of
aerosols.

4. Collocated and cotemporal analysis of incoming shortwave solar flux with columnar AOD shows increase
in surface cooling as a function of AOD during all the study periods. The SBDART analysis for 2010 shows
that EALs have significant contribution in reduction of incoming surface flux in lower troposphere. This
reduction was mainly the result of increase in absorbed radiation at EALs with increase in aerosol loading.

5. Collocated analyses of MODIS-AOD and AlIRS-temperature show significant cooling of about 2-3°C in
lower troposphere (>700 hPa) for high aerosol loadings. These radiative effects of EALs stabilize the lower
troposphere, which could have impact on regional convection and large-scale atmospheric dynamics.

The differences in spatiotemporal resolution of various data (satellite- and ground-based sensors) used in
this study could affect the quantitative analysis in view of daytime variation of measured optical quantities
and their association with meteorological parameters. However, each separate analysis is performed using
concurrent data sets to minimize the effect of sampling variations. Evaluation of aerosol vertical distribution
and radiative impacts of EALs on the Indian summer monsoon using numerical models can be undertaken
as follow-up studies. Our results can serve as a baseline for such studies, which can reduce uncertainty about
aerosol direct radiative effect on monsoon dynamics.
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