
ACPD
11, 15697–15743, 2011

Accumulation of
aerosols over the

Indo-Gangetic plains

R. Gautam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Atmos. Chem. Phys. Discuss., 11, 15697–15743, 2011
www.atmos-chem-phys-discuss.net/11/15697/2011/
doi:10.5194/acpd-11-15697-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Accumulation of aerosols over the
Indo-Gangetic plains and southern slopes
of the Himalayas: distribution, properties
and radiative effects during the 2009
pre-monsoon Season
R. Gautam1,2, N. C. Hsu2, S. C. Tsay2, K. M. Lau2, B. Holben2, S. Bell2,3,
A. Smirnov2,4, C. Li2,5, R. Hansell2,5, Q. Ji2,5, S. Payra6, D. Aryal7, R. Kayastha8,
and K. M. Kim2,9

1Universities Space Research Association, Columbia, MD 21044, USA
2NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
3Science Systems and Applications, Inc., Lanham, MD 20706, USA
4Sigma Space Corporation, Lanham, MD 20706, USA
5Earth System Science Interdisciplinary Center, University of Maryland, College Park, MD
20742, USA
6Birla Institute of Technology Mesra, Extension Centre – Jaipur, Jaipur, India

15697

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/15697/2011/acpd-11-15697-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/15697/2011/acpd-11-15697-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 15697–15743, 2011

Accumulation of
aerosols over the

Indo-Gangetic plains

R. Gautam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

7Tribhuwan University, Kathmandu, Nepal
8Kathmandu University, Dhulikhel, Nepal
9Morgan State University, Baltimore, MD 21251, USA

Received: 21 April 2011 – Accepted: 13 May 2011 – Published: 23 May 2011

Correspondence to: R. Gautam (ritesh.gautam@nasa.gov)

Published by Copernicus Publications on behalf of the European Geosciences Union.

15698

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/15697/2011/acpd-11-15697-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/15697/2011/acpd-11-15697-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 15697–15743, 2011

Accumulation of
aerosols over the

Indo-Gangetic plains

R. Gautam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

We examine the distribution of aerosols and associated optical/radiative properties in
the Gangetic-Himalayan region from simultaneous radiometric measurements over the
Indo-Gangetic Plains (IGP) and the foothill/slopes of the Himalayas during the 2009
pre-monsoon season. Enhanced dust transport extending from the Southwest Asian5

arid regions into the IGP, results in seasonal mean (April–June) aerosol optical depths
of over 0.6 – highest over southern Asia. The influence of dust loading is greater over
the western IGP as suggested by pronounced coarse mode peak in aerosol size dis-
tribution and spectral single scattering albedo (SSA). The transported dust in the IGP,
driven by prevailing westerly airmass, is found to be more absorbing (SSA550 nm ∼0.89)10

than the near-desert region in NW India (SSA550 nm ∼0.91) suggesting mixing with car-
bonaceous aerosols in the IGP. On the contrary, significantly reduced dust transport
is observed over eastern IGP and foothill/elevated slopes in Nepal where strongly ab-
sorbing haze is prevalent, associated with upslope transport of pollution, as indicated
by low values of SSA (0.85–0.9 for the wavelength range of 440–1020 nm), suggesting15

presence of more absorbing aerosols compared to IGP. Assessment of the radiative
impact of aerosols over NW India suggests diurnal mean reduction in solar radiation
fluxes of 19–23 Wm−2 at surface (12–15 % of the surface solar insolation). Based on
limited observations of aerosol optical properties during the pre-monsoon period and
comparison of our radiative forcing estimates with published literature, there exists spa-20

tial heterogeneity in the regional aerosol forcing, associated with the absorbing aerosol
distribution over northern India, with both diurnal mean surface forcing and forcing effi-
ciency over the IGP exceeding that over NW India. Additionally, the role of the seasonal
progressive buildup of aerosol loading and water vapor is investigated in the observed
net aerosol forcing over NW India. The radiative impact of water vapor is found to am-25

plify the net regional aerosol radiative forcing suggesting that the two exert forcing in
tandem leading to enhanced surface cooling. It is suggested that water vapor contribu-
tion should be taken into account while assessing aerosol forcing impact for this region
and other seasonally similar environments.
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1 Introduction

Aerosols over South Asia have received growing attention in recent years due to their
potential effects on the seasonal evolution and long-term variability of the summer
monsoon (Menon et al., 2002; Ramanathan et al., 2005; Lau et al., 2006; Meehl et
al., 2008; Collier and Zhang, 2009; Sud et al., 2009; Wang et al., 2009). Effect of5

aerosol solar absorption causing atmospheric warming and surface cooling, has been
demonstrated to influence the monsoon rainfall distribution over the South Asian re-
gion, which largely is responsible for sustaining the agrarian economy and livelihood
of a large population base. Together with the summer monsoon, meltwater from the
glaciers in the Himalayas also constitute a significant component of the regional hydro-10

logical resource. Accelerated snowmelt due to aerosol deposition (Ming et al., 2008;
Yasunari et al., 2010; Qian et al., 2011) and aerosol-induced warming (Ramanathan
et al., 2008; Lau et al., 2010; Qian et al., 2011) over the snow surface, also under-
scores the role of absorbing aerosols in influencing the hydrological cycle of the overall
South Asian region from the elevated and sparsely inhabited Himalayas to the densely15

populated flat-lying flood plains of the Indus-Ganges river basin.
The pre-monsoon season (April through early June) is the key period when aerosol

loading peaks over the Indo-Gangetic Plains (IGP) as well as over the elevated slopes
of the Himalayas (Pant et al., 2006; Gobbi et al., 2010; Bonasoni et al., 2010; Kuhlmann
and Quass, 2010; Marinoni et al., 2010; Ram et al., 2010). Fraught with high levels20

of anthropogenic emissions, aerosol distribution in terms of type and loading undergo
strong variability associated with the episodic yet strong influence of dust transport
and biomass burning during the pre-monsoon period. The prevailing westerly airmass
causes large influx of mineral aerosols originating over the arid regions of Southwest
Asia from the Arabian Peninsula to the Thar Desert and mixes with anthropogenic25

emissions in the IGP. Ground-based radiometric and in situ observations have clearly
indicated the strong seasonal variation of aerosol loading and the changes in aerosol
properties over both the IGP (Singh et al., 2004; Dey et al., 2004; Beegum et al., 2008;
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Pandithurai et al., 2008; Gautam et al., 2009a 2010; Soni et al., 2010) and the south-
ern slopes of the Himalayas (Pant et al., 2006; Dumka et al., 2010; Bonasoni et al.,
2010; Decesari et al., 2010; Gobbi et al., 2010; Ram et al., 2010). The critical role
of transported dust in influencing aerosol optical properties is systematically observed
in episodic events (Hegde et al., 2006) as well as in the intra-seasonal variability (Hy-5

varinen et al., 2009; Kompulla et al., 2009; Marinoni et al., 2010; Ram et al., 2010) at
a few locations in the Himalayan region. Mixed with heavy loadings of carbonaceous
aerosols over northern India, mineral dust can potentially induce changes in the re-
gional atmospheric circulation thereby redistributing the summer monsoon rainfall via
the so-called Elevated Heat Pump mechanism (Lau et al., 2006; Lau and Kim, 2006).10

Other hypotheses have been proposed vis-à-vis the influence of aerosols over north-
ern India on the monsoon rainfall mediated by the heating of land surface, associated
with aerosol semi-direct effect (Bollasina et al., 2008; Nigam and Bollasina, 2010). The
radiative-dynamical process is therefore a key underlying mechanism towards assess-
ing the associated aerosol impacts on the regional hydrological cycle.15

Several aforementioned ground-based studies have provided key aerosol informa-
tion over single point locations in the Gangetic-Himalayan region in terms of episodic
and seasonal changes in aerosol optical and radiative properties. However, aerosol
characterization along the Gangetic-Himalayan region, i.e. from west to east and also
from south to north of the vast domain, is required for the better understanding of20

the regional aerosol distribution and radiative effects. In this paper, we report simul-
taneous aerosol and broadband surface flux measurements over the Indo-Gangetic
Plains (IGP) and southern slopes of the Himalayas during the pre-monsoon season of
2009, as part of the Radiation Aerosol Joint Observations – Monsoon Experiment in the
Gangetic Himalayan Area (RAJO-MEGHA). The RAJO-MEGHA field deployment was25

organized under the Joint Aerosol Monsoon Experiment (JAMEX, see Lau et al., 2008)
and coordinated with the Aerosol Robotic Network’s (AERONET, see Holben et al.,
1998) measurements from the existing network of sunphotometers placed in the IGP.
This paper presents ground-based radiometric assessment of aerosol optical/radiative
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properties and regional distribution with an emphasis on the spatial variations from
the flat plains to the elevated slopes of the Gangetic-Himalayan region. Simultane-
ous measurements in northern India and Nepal were carried out to characterize the
aerosol loading and understand the variability of optical properties (size distribution,
single scattering albedo) along with water vapor information, during the course of the5

pre-monsoon season. The regional direct aerosol radiative effect is estimated along
with the investigation of the role of seasonal progression of aerosol loading and water
vapor in the observed net aerosol forcing over northwestern India. Observational re-
sults from this paper are anticipated to enhance the overall knowledge of the regional
aerosol distribution as well as assist the modeling community to better constrain nu-10

merical experiments around aerosol-monsoon studies. Figure 1 shows locations of
the measurement sites over northern India and Nepal encompassing the near-dust
source region, the IGP and the southern slopes of the Himalayas where radiomet-
ric measurements using handheld and automatic sunphotometers, and pyranometers
were conducted during April–June 2009. Measurements from existing AERONET sun-15

photometers are also included in the analysis, which help us to portray the regional
absorbing aerosol distribution. As evident from Fig. 1 and per our underlying ratio-
nale, measurement sites were selected to represent the west-east and south-north
transects. Table 1 lists the various site locations with their coordinate and elevation
information.20

2 Datasets and methodology

2.1 Ground-based sun photometry and broadband radiometry

We use version 2 retrievals (Dubovik et al., 2006; Holben et al., 2006) of aerosol optical
properties derived from CIMEL sunphotometer, as part of the AERONET, in this paper.
Sunphotometers were installed at Jaipur, an urban location in northwestern India near25

the western edge of Thar Desert, as well as in Hetauda (foothill station), Kathmandu
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University at Dhulikhel (1500 m a.s.l.) and at Langtang (high altitude mountain slope,
3670 m a.s.l.) in Nepal. The direct sun measurements are made at seven spectral
channels from 340 to 1020 nm for Aerosol Optical Depth (AOD) retrievals with the
940 nm channel used for retrieving column Water Vapor (WV). In addition, sky radi-
ance measurements at four spectral channels (440, 670, 870, and 1020 nm) are used5

to retrieve aerosol volume size distribution and SSA. Data from other existing sunpho-
tometers in the IGP, namely Gual Pahari (25 km southwest of Delhi), Kanpur, Gandhi
College and are also presented in the paper.

In addition to automatic CIMEL sunphotometers, we also used a number of hand-
held Microtops II sunphotometers (manufactured by Solar Light Co., USA). The hand-10

held sunphotometers are easy-to-operate portable instruments which when used accu-
rately; provide highly useful information about aerosol loading and column abundance
of ozone and water vapor. For this study, sunphotometers with the capability of AOD
and WV measurements were used. Microtops sunphotometers are equipped with five
channels, i.e. four pertaining to column aerosol measurements and one correspond-15

ing to water vapor absorption channel (936 nm). Microtops can be quite accurate and
stable, with root-mean-square differences between corresponding retrievals from clean
calibrated Microtops and the AERONET Sunphotometer being about ±0.02 at 340 nm,
decreasing down to about ±0.01 at 870 nm (Ichoku et al., 2002). The estimated un-
certainty of AOD in each channel does not exceed plus or minus 0.02, which is slightly20

higher than the uncertainty of the AERONET field instruments as shown by Eck et
al. (1999) and Smirnov et al. (2009).

The operation protocol, calibration procedure and cloud-screening for the Microtops,
during the field measurements, followed the methodology of the Marine Aerosol Net-
work (Smirnov et al., 2009), in close adherence to the AERONET data processing25

(Smirnov et al., 2000). Each Microtops unit was cross-calibrated (pre- and post-field
deployment) against a reference AERONET sunphotometer at NASA/Goddard Space
Flight Center, which is calibrated from morning Langley plot measurements at Mauna
Loa. About 20–30 consecutive scans were taken on Microtops within an approximately
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5- to 6-min interval, collocated with the CIMEL. These cross-calibration measurements
were made in relatively clear (with AOD at 500 nm less than 0.2) and stable atmo-
spheric conditions to ensure accurate results. The AOD was retrieved by applying
the AERONET processing algorithm to the raw data (Smirnov et al., 2004; also see
http://aeronet.gsfc.nasa.gov/new web/Documents/version2 table.pdf).5

A strict measurement protocol was followed for the handheld sunphotometer at all
sites to ensure the highest quality data collected and also to avoid any potential cloud
contamination. The protocol is quite simple, yet effective, and requires an operator
taking 5–6 consecutive scans (slightly over a minute to complete the sequence) when
the solar disk is visibly free of clouds. Our measurement period benefitted due to the10

relatively dry pre-monsoon season. Depending on sky conditions, measurements were
made several times during the day. In general, efforts were made to have measure-
ments at a continuous interval of 30–60 min, in order to acquire adequate sample size
as well as to characterize the diurnal aerosol loading. Over Jaipur, both CIMEL and
Microtops were co-located in order to make inter-comparison between the two instru-15

ments as well as to determine the quality of handheld measurements. Inter-comparison
plots of AOD at four wavelengths namely, 340 nm, 440 nm, 500 nm and 870 nm re-
trieved from the CIMEL and Microtops sunphotometer are shown in Fig. 2. The entire
set of all temporally co-located instantaneous retrievals within ±15 min were used for
the inter-comparison. There is a slight overestimation in the Microtops-retrieved AOD20

values as indicated by the slope of the linear regression at the four channels (slope
values ranging from 1.0057 to 1.0496) which could be attributed to the inherent un-
certainty in the instrument and/or to pointing error by the operator. Overall, the inter-
comparison shows close agreement between the two measurements as indicated by
the r2 values and the linear fit between the retrieved AOD, thus providing confidence in25

the operation and quality of the handheld measurements.
Broadband surface flux measurements from pyranometers are also used in this pa-

per to assess the direct aerosol radiative effect. Pyranometers were co-located with the
handheld/automatic CIMEL sunphotometers and recorded instantaneous downwelling
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irradiance at 10-s intervals. Instantaneous flux measurements were subjected to a
cloud screening procedure similar to the methodology of Conant (2000) and Schafer
et al. (2002), wherein a time variability filter was required to eliminate scattered and
peripheral clouds in the hemispherical field-of-view. A pre-processing step was intro-
duced to average the high frequency data stream to a 2-min interval dataset in order to5

reduce the noise. Flux measurements temporally co-located with concurrent sunpho-
tometer measurements within a ±2 min time frame were selected for further analysis.
In addition, to further minimize passing cloud influence, 3-continuous measurements
from the sunphotometer (about 30–45 min), were selected to represent the time win-
dow deemed as cloud-less.10

2.2 Satellite measurements from Terra/Aqua MODIS data

Level-2 MODIS aerosol products (Collection 5.1, or C5.1), namely Dark-Target (Remer
et al., 2005; Levy et al., 2007) and Deep Blue (Hsu et al., 2004; 2006), were used in the
paper to show the regional aerosol loading. The C5.1 Dark-Target aerosol algorithm
is an improvement over the previous MODIS aerosol retrieval algorithms (Collection15

4). Specifically, this new algorithm performs a simultaneous three-channel inversion to
make use of aerosol information contained in the shortwave infra-red (2.12 µm) chan-
nel. However, the data show gaps over bright surfaces such as deserts and arid re-
gions. Therefore, in addition to the Dark-Target aerosol product, MODIS Deep Blue
AOD was used that includes global aerosol information over land including, but not20

limited to, bright surfaces. The Deep Blue aerosol retrievals are also available from the
MODIS C5.1 dataset. The level-2 MODIS AOD data were binned into a quarter degree
uniform spatial grid and were averaged to represent the composite aerosol loading over
the Indian subcontinent for each month.
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2.3 Radiative transfer model

We used a 1-dimensional radiative transfer code for plane-parallel atmospheres (Fu
and Liou, 1993), to estimate aerosol radiative effects during pre-monsoon season.
The radiative effects of Rayleigh scattering, continuum absorption of WV and surface
albedo are also considered. The inputs to the model calculation include AOD and5

water vapor from the sunphotometer. Aerosol optical model consisted of an external
mixture of dust, water soluble species and soot which were mixed iteratively until a
close agreement was achieved between the model calculated flux and observations. A
mid-latitude summer atmosphere profile was selected in the model but was adjusted to
correct for the surface elevation above mean sea level. Vertical distribution of aerosols10

was provided to the model based on spaceborne CALIPSO aerosol extinction profile for
the period 15 March–15 June 2009 for all measurement points. A slightly longer period
was chosen (from March 15 onwards) to have a larger sample size due to the sparse
availability of CALIPSO profiles. The model calculation also included adjustments to
AOD and water vapor profile depending on the surface elevation. Additionally, the wa-15

ter vapor profile in the model was linearly scaled to make it consistent with the column
integrated observed value from CIMEL. Here, the methodology followed for model in-
puts and calculations in this paper is similar to our previous aerosol radiative forcing
estimation over Kanpur (Gautam et al., 2010). More details about the selected external
aerosol mixture model for this study and comparison between modeled and observed20

surface fluxes is given in Sect. 5.

3 Regional aerosol distribution and meteorology

Several satellite-based studies indicate the IGP as a major pollution hot spot due to
dust transport, anthropogenic aerosols and biomass burning during pre-monsoon sea-
son (Jethva et al., 2005; Habib et al., 2006; Gautam et al., 2009b, 2010). In contrast to25

the winter season which is characterized by dense haze and dominated by fine-mode
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aerosols, the transition from winter to pre-monsoon season signals the enhanced influx
of desert dust over northern India from April to June. With the onset of summer mon-
soon rainfall, significant reduction in AOD has also been reported due to wet removal
of aerosols from the atmosphere.

Figure 3 shows the spatial distribution of MODIS AOD for April, May and June during5

2009. A progressive buildup and increase in aerosol loading is clearly visible over
northern India, associated with enhanced dust transport from the Thar Desert into the
IGP and Himalayan foothill region during the pre-monsoon season. Due to the influx of
westerly wind-blown mineral dust, there is a nearly twofold increase in the net column
aerosol loading over the IGP region from April (0.5–0.7) to May (0.7–1). In addition, a10

marked increase in AOD is observed over the northern Arabian Sea also associated
with the predominant westerly airmass transport from the arid regions of the Arabian
Peninsula. The higher AOD (∼0.5) over northern Arabian Sea is in sharp contrast
with the substantially lower over the southern Arabian Sea and northern Indian Ocean.
The north-south contrast is typical to the Arabian Sea aerosol distribution during the15

pre-monsoon season as previously shown by shipborne measurements (Satheesh and
Srinivasan, 2002; Kalapureddy et al., 2009; Kaskaoutis et al., 2010). Similar aerosol
loading pattern exists over the Indian subcontinent, in general, with a stronger gradient
from north to south.

The aerosol loading pattern is consistent with the regional prevailing meteorology20

such that the persistent high AOD regions in north-western India and other southwest
Asian arid regions are also the driest areas in terms of both water vapor and rainfall.
Figure 4 (top panel) shows the monthly mean WV obtained from NASA’s Modern Era
Retrospective-Analysis For Research And Applications (MERRA) data for April, May
and June 2009. Northern regions of India and Arabian Sea are associated with sub-25

stantially lower water vapor (<<30 mm) compared to southern India, Indian Ocean and
Bay of Bengal. Similar to the AOD monthly variation, WV also increases substantially
from April (<20 mm) through June (>30 mm), albeit the regional distribution of water va-
por remains similar to April with lower moisture influx over Southwest Asia compared to
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the rest of the subcontinent and oceanic regions. As the monsoon season approaches
around June, with the deepening of the Bay of Bengal depression, enhancement in
WV is observed over the eastern IGP associated with the Bay of Bengal branch of
the summer monsoon resulting in values exceeding 40 mm. Higher values of WV are
also observed over the western Ghats during this period indicating the onset of rainy5

season.
Additionally, the elevated Himalayas and Tibetan Plateau are characterized by preva-

lent dry airmass. The southern edge of the Himalayas forms a barrier for the winds
carrying moisture as shown in the WV distribution indicating the lack of moisture in the
middle troposphere. Only during June, there is an increase in WV over the eastern Ti-10

betan Plateau which is associated with the large-scale circulation feature of the South
and East Asian Monsoon that spawns deep convection activity and strong updrafts in
the middle-upper levels of the troposphere. In terms of rainfall, the southern coast of
India received the pre-monsoon showers as early as in April as seen in the TRMM-
observed rainfall rate for April (Fig. 4, bottom panel). With the onset of monsoon in15

June, the most pronounced rainfall occurs over the western Ghats, northeastern In-
dia and Bay of Bengal in values exceeding 15 mm-day−1. Modest increase in rainfall
is also observed over the foothills and lower slopes of the Himalayas in the central-
eastern fringe indicating moist convection in June relative to April. On the other hand,
northwestern India and adjacent arid regions largely remained dry and received lit-20

tle rainfall during the entire measurement period further reinforcing the persistence of
regional high AOD.

4 Ground-based assessment of aerosol optical properties

4.1 Aerosol characterization near dust-source region

Figure 5 shows the daily variations of CIMEL sunphotometer retrievals of AOD,25

Angstrom Exponent (AE), along with WV, from April to June 2009 over Jaipur, i.e.
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around the western edge of the Thar Desert. Similar to MODIS observations, ground-
based sunphotometry also indicates progressive increase in aerosol loading through-
out the pre-monsoon period, primarily contributed by the increased mineral dust trans-
port as indicated by the significantly low AE values. The first major dust outbreak over
Jaipur was observed on 8 April 2009 with higher AOD (0.76) and low AE (0.06), respec-5

tively. The mean value of AE for the pre-monsoon period is ∼0.3 with lowest value in
June (0.24) indicating an overall dust-laden period, in general, and June, in particular.
During this period, AOD increased from 0.36 (Aprilmean) to 0.55 (May–Junemean).

The enhanced influx of dust over northern India is not only due to dust emis-
sions over the Thar Desert region but also due to its long-range transport from the10

Afghanistan/Iran and Middle-Eastern peninsular regions moving eastward over the
northern Arabian Sea (Prospero et al., 2002; Deepshikha et al., 2006; Satheesh et
al., 2006, Prasad and Singh, 2007). Figure 6a shows simulated 5-day airmass tra-
jectories (1500 m above ground level) ending at Jaipur (northwestern India) from 1–
31 May 2009. The predominant warm and dry westerly airmass that originates over15

the arid regions of Arabian Peninsula is enriched with moisture as it moves over the
northern Arabian Sea before reaching northwestern India. Together with the increase
in dust loading, water path abundance is also found to increase over Jaipur during the
AMJ period as shown in the daily variations of WV (Fig. 5). Initial phase of the measure-
ment period is marked by relatively dry airmass with mean WV value of 1.27 cm during20

April. The lowest value of WV for the AMJ period is also observed during April (mean
value of 0.7 cm on 22 April 2009). Towards the end of April and during May and June,
WV increases significantly as the monsoon season approaches with about twofold in-
crease in WV values (Maymean–2.43 cm and Junemean–3 cm). Seasonal mean values
of AOD, AE and WV over Jaipur and other regions during 2009 are given in Table 1.25

The increased moisture influx is more discernible in the scatter plot between AOD
and WV (Fig. 7) that shows a systematic increase in aerosol loading relative to wa-
ter path abundance in the instantaneous clear-sky retrievals for the AMJ period. The
systematic and steady increase in aerosol loading and water vapor is not just specific
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to Jaipur but is also observed in general over northwestern India, i.e. over Chitkara,
∼350 km northeast of Jaipur located in the vicinity of the Himalayan foothills and over
Shimla (2100 m elev.) northward in the mountain slopes. Here, the increase is more
pronounced which can be primarily attributed to the higher frequency of heavy aerosol
loading conditions, i.e. AOD greater than 0.8, compared to the range of AOD values5

observed over Jaipur.
On the contrary, sites located in the eastern Himalayan foothill and slope, in Nepal,

show a weak relationship between AOD and WV. Figure 7 (bottom panel) shows scatter
plots between AOD and WV over Hetauda (465 m), Dhulikhel (1500 m) and Langtang
(3670 m) in Nepal. A direct comparison can be made between Chiktara and Hetauda10

– western and eastern foothill locations, respectively, where a close association be-
tween the two is found at Chitkara. Unlike the strong relationship at Chitkara (r2–0.64),
data over Hetauda does not show any association between AOD and WV. In addi-
tion, a weak association between AOD and WV was also observed over the eastern
IGP as indicated by the data from AERONET stations at Gandhi College and Kolkata15

(see Supplement Fig. 1). As seen in the 850 mb wind pattern (Fig. 4), the eastern
IGP and elevated sites along the southern slopes of the Himalayas (east of 85◦ E) are
influenced by a cyclonic flow centered over northeastern India in May and June, i.e.
typical to the onset of the summer monsoon circulation. The 5-day backward trajectory
analysis also supports the observation that a prevailing wind flow over the eastern IGP20

and adjacent elevated regions may be absent and the region is likely influenced by a
mix of airmasses from the Bay of Bengal and northwestern India as suggested by the
airmass ending at Hetauda for 1–31 May 2009 (Fig. 6b). We believe the contrasting
association between aerosol loading and moisture influx over northwestern India and
eastern IGP/Nepal, across the west-east domain, is largely governed by the prevailing25

boundary level westerly airmass over the former compared to the lack of a prevailing
flow over the latter being influenced by a cyclonic-type circulation. Important implica-
tions of the simultaneous increase in AOD and WV will be discussed in more detail in
Sect. 3.3 in relation to the regional radiative impact at surface.
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It should be pointed out here that the relationship between AOD and WV over
NW India is not intended to construe any implications regarding the hygroscopicity
of aerosols. In fact, aerosol humidification is not likely to play a major role due to the
low relative humidity (RH) values over Jaipur as indicated in the surface-based meteo-
rological data in April, May and June where the RH is less than 50 % (see Supplement5

Fig. 2). For aerosol humidification/swelling effect to take place, the RH is typically over
70–80 % as shown previously in observations (Rood et al., 1987; Kotchenruther et
al., 1999). Moreover, dust-dominated environments (generally non-hygroscopic) are
not likely to undergo significant humidification, even at high RH values, compared to
aerosols comprising water soluble species. Thus, the positive association found be-10

tween AOD and WV over locations in NW India is a manifestation of the predominant
westerly airmass that transports dust and is enriched with moisture during the course
of the pre-monsoon season.

4.2 AERONET measurements over the IGP and Himalayan foothills and slopes

With the characterization of aerosols near the Thar Desert and the better understand-15

ing of the dust-dominated column aerosol loading, we further investigate aerosol load-
ing over the IGP and foothill/slope region, in terms of the size distribution, in order to
determine the extent of the dust transport. Here, we show the aerosol volume size
distribution from CIMEL sunphotometer over three locations in the IGP – Delhi (77◦ E),
Kanpur (80.5◦ E) and Gandhi College (84.5◦ E) as well as over Jaipur for the 2009 AMJ20

period. All four locations have operational CIMEL sunphotometers and their advantage
being the adequately placed spatial distribution with Jaipur located around eastern
edge of the Thar Desert. In the IGP, Gual Pahari is located nearest to the dust-source
region, followed by Kanpur, while Gandhi College is the farthest. The overall pattern of
size distribution is similar across all four sites characterized by a bi-modal log-normal25

distribution with a prominent peak in coarse mode in the monthly mean plots suggest-
ing the regional dust-dominated environment (Fig. 8). The fine-mode peak is small,
with values in the range 0.02–0.06 µm3/µm2, centered around 0.1 µm, associated with
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the relatively lower anthropogenic aerosol content during pre-monsoon season. In
general, greater influence of dust loading is observed in the coarse mode peak of May-
June that is systematically higher than April over Jaipur, Gual Pahari and Kanpur. The
log-normal aerosol size distribution indicates mean values of 0.2–0.3µm3/µm2 cen-
tered around 2.2–2.9µm radius corresponding to the dust-laden May-June period over5

Jaipur, Gual Pahari and Kanpur. On the other hand, Gandhi College does not exhibit
a similar systematic change in size distribution from April to June. While there is an
apparent peak in the coarse mode, the volume size distribution values (0.15 to 0.2),
centered around 2.7 µm radius, are significantly smaller compared to the western re-
gions. Overall, the greater influence of dust transport is evident based on the lower AE10

over Jaipur and western IGP compared to higher AE value over Gandhi College during
the pre-monsoon period (see Table 1 for more details).

A similar pattern of aerosol distribution was found across the foothill/slope regions.
Figure 9 shows AOD plotted against the AE at western locations (top panel), while
bottom panel shows the AOD vs. AE relationship over the three transect sites in Nepal15

in increasing order of elevation. The western foothill and slope locations – Chitkara
and Shimla, are about 30 km apart but vary greatly in elevation and are character-
ized by a mixed aerosol type indicated by the AOD values distributed evenly across
the AE (0–1.4 for Chitkara and 0–1.7 for Shimla). The distribution of instantaneous
retrievals, as shown in Fig. 9, indicates a mix of fine- and coarse-mode particulates20

associated with dust loading and anthropogenic pollution. Mean values of AOD (AE)
over Chitkara and Shimla for the measurement period are 0.57±0.25 (0.72±0.28)
and 0.33±0.18 (0.87±0.34), respectively. For the sake of comparison, AOD vs. AE
relationship over Jaipur is also shown where dust loading is largest with more than
90 % of aerosol retrievals associated with AE less than 0.5. On the contrary, mea-25

surement sites in Nepal witnessed more fine-mode particles as clearly indicated by the
majority of AOD retrievals associated with AE greater than 1 (Fig. 9). Aerosol loading
was significantly higher over the foothill location at Hetauda (AOD∼0.75) and the mid-
dle mountain slope at Dhulikhel (AOD∼0.73) compared to the remote elevated site of
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Langtang (AOD∼0.35) with AE>1 at all three sites. It must be pointed out here that
relatively fewer measurements were obtained at Langtang due to the shorter deploy-
ment time period. Overall comparison of mean AE (see Table 1), for the measurement
period, over the foothill/slope regions in NW India and Nepal indicates smaller con-
tribution of coarse particles in Nepal (at all three locations) compared to the western5

Himalayan region, similar to the aerosol distribution in the west-east domain of IGP.

4.2.1 Aerosol single scattering albedo

In this section, we report SSA values obtained from AERONET sun photometers over
northern India and Nepal. Table 2 and Fig. 10 show the mean spectral SSA variation at
each location. Here, SSA values corresponding to AOD440 nm >0.4 are only considered10

in the analysis since the inversion-based AERONET SSA retrievals may be subject to
greater uncertainty in low aerosol loading conditions. Amongst the most scattering
aerosol type, SSA over Jaipur is systematically higher than other regions of IGP due
to its proximity to the Thar Desert. The spectral shape clearly indicate dominance of
dust with SSA440 nm being the lowest (absorbing) to increasing values at longer wave-15

lengths (scattering) – SSA440 nm =0.88 and SSA1020 nm =0.95. Compared to Jaipur, the
spectral SSA at Gual Pahari and Kanpur also exhibit similar pattern, representing dust-
dominated environment, but indicate the presence of fairly more absorbing aerosols
as suggested by the lower values, especially in the 670 nm–1020 nm range. On the
contrary, relatively flat spectrum is found at Gandhi College compared to the western20

locations, with lower SSA (<0.9) at longer wavelengths, suggesting reduced dust load-
ing and presence of greater absorbing aerosol concentration, in general, associated
with local anthropogenic pollution.

Over Nepal, SSA values from AERONET present an interesting pattern of absorb-
ing aerosol distribution from the foothill to elevated sites within the transect. Firstly,25

the SSA over the transect locations, i.e. from 465 m to 3670 m elevation, is quite low
(<0.9 at each wavelength) and hence quite absorbing due to anthropogenic pollution,
long-range transport of dust (Carrico et al., 2003) and biomass burning smoke in the
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form of intense forest fires witnessed during the pre-monsoon period. The spectral
shape of SSA over the foothill site (Hetauda) is quite similar to that of Gandhi Col-
lege (∼190 km S–SW of Hetauda) with slightly lower values at Hetauda. Similar spec-
tral shape suggests the possibility of similar aerosol type with slightly more absorbing
aerosols at Hetauda compared to Gandhi College. There also exists some influence of5

dust which can be inferred from the spectral SSA shape at Hetauda – most likely due
to transported dust and/or disturbed soil associated with urban activities. Note that
a partial coarse particulate influence over Hetauda was observed earlier in the AOD
vs. AE relationship thus complementing the SSA variation. Compared to Hetauda,
dust/coarse particle influence is found to weaken over Dhulikhel that shows a relatively10

flat spectrum suggesting a mix of local pollution aerosols from upslope transport as
well as long-range transport of dust (Carrico et al., 2003; Shrestha et al., 2010). Un-
like over western IGP, SSA over Hetauda and Dhulikhel is generally lower at longer
wavelengths (670–1020 nm) and less sensitive to variation in wavelength. Chemical
composition analysis carried out by Shrestha et al. (2010) over Dhulikhel during the15

2009 pre-monsoon period indicates organic carbon as a major fraction of the aerosol
concentration with major sources of pollution in Kathmandu valley, in particular, and
IGP, in general. Additionally, their chemical analysis found about 10 % contribution
from elemental carbon in the total aerosol composition suggesting presence of signif-
icant absorbing aerosol concentration thus implying overall low spectral SSA (greater20

absorption) as reported here by AERONET over Dhulikhel.
Quite different from the two locations in Nepal, as well as from IGP, is the SSA vari-

ation over the elevated site at Langtang where SSA440 nm is 0.89 and drops to 0.84 at
1020 nm. The reversed shape of the SSA spectrum thus represents a mixed state of
scattering water soluble and carbonaceous aerosols associated with the injection of25

polluted boundary layer as well as smoke from forest fires in the slopes. In situ mea-
surements at Langtang have previously showed increased concentrations of sulfate,
nitrate and other scattering species that constitute a major fraction of the aerosol com-
position (Carrico et al., 2003). In addition, enhanced levels of carbonaceous aerosols
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during pre-monsoon season have also been found over Langtang (Carrico et al., 2003)
and also at an even higher elevated site over Nepal Climate Observatory – Pyramid
(NCO-P) at 5079 m a.s.l., ∼100 east of Langtang, (Decesari et al., 2010; Marinoni et
al., 2010; Marcq et al., 2010). Low SSA values (<0.85 at 670–700 nm) were mea-
sured regularly at NCO-P in particular during episodes of regional pollution during5

pre-monsoon season (Marcq et al., 2010). In comparison, AERONET at Langtang
also provides a considerably low value of 0.86 at ∼700 nm (Table 2) suggesting similar
distribution of absorbing aerosols in the elevated Himalayas. Aforementioned studies
including the analysis by Carrico et al. (2003) also found evidence of mineral dust in the
aerosol load over elevated regions, which is not captured in the spectral SSA reported10

here at Langtang. The lack of dust influence as inferred from AERONET SSA (Fig. 10)
as well as the previous observation of significantly low fraction of coarse particles in
the AOD vs. AE relationship (with over 90 % of aerosol retrievals corresponding to
AE>1, Fig. 9), may be attributed to the smaller sample size obtained for the period
24 April–10 May at Langtang. The dust transport activity usually peaks in May–June15

and therefore our short sampling period at Langtang, ending in early May, may not
have captured the long-range transport of dust and therefore does not reflect seasonal
mean aerosol characteristics. Overall, limited observations of spectral SSA during the
2009 pre-monsoon period suggest the presence of more absorbing aerosol concentra-
tion (SSA440−1020 nm ∼0.85−0.9) over foothill/slope and remote elevated sites in Nepal20

compared to the IGP.

5 Direct aerosol radiative effect

Surface flux measurements from pyranometer were subjected to cloud-screening as
discussed previously in Sect. 2.1. The resulting flux data that fall within the successive
AOD retrieval criteria are deemed cloud-less and selected for further analysis. Our25

study presented here benefits from greater cloud-free conditions during the dry pre-
monsoon time frame, especially over northwestern India where the monsoon rainfall
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arrives around June-end. Fig. 11a shows the aerosol-induced reduction in irradiance
over Jaipur given by the aerosol forcing efficiency (forcing per unit optical depth, fe,{a})
from flux observations for April-May-June over the solar zenith angle (SZA) interval of
25◦–35◦. The observed surface flux was characterized by running a 1-dimensional ra-
diative transfer model (Fu and Liou, 1993) and subsequently the attenuation in surface5

flux due to aerosol solar absorption was better understood with the cloud-free model.
The overall comparison between the observed (x-axis) and model simulated flux (y-

axis) is shown in Fig. 11b for Jaipur at 25◦–35◦ SZA interval. The forcing efficiency is
largely sensitive to aerosol solar absorption and responds significantly to the aerosol
optical model. Inputs to the external mixture for Jaipur consisted of 60–65 % dust, 30–10

35 % water soluble and 4–5 % soot components which yielded in a close agreement
between the modeled and observed flux as indicated by the rms and mean difference,
i.e. 14.7 and 8.5 Wm−2, respectively (Fig. 10b). Similarly, the external mixture over
Chitkara comprised 30–35 % dust, 65–70 % water soluble and 2 % soot and the com-
parison between observed and modeled flux is shown in Supplement Fig. 3. This tuning15

procedure is used to account for aerosol absorption by constraining the model with ob-
served forcing efficiency as a means to achieve reasonable estimates of aerosol forcing
for the region. The diurnal forcing efficiency (24-hour average) calculated at an incre-
ment of each solar zenith angle is found to be −51 Wm−2/AOD and −38 Wm−2/AOD
for Jaipur and Chitkara, respectively. The resulting clear-sky diurnal aerosol forcing20

(aerosol-laden minus aerosol-free flux) over Jaipur ranges from −5.5–−36.5 Wm−2 and
the mean surface forcing is found to be −23.3 Wm−2, suggesting cooling influence at
surface. The intercept obtained from the linear regression between shortwave flux and
AOD is considered as the clear-sky aerosol-free flux, and hence is used to calculate
the aerosol forcing. Over Chitkara, the clear-sky aerosol forcing ranges from −5.6 to25

−39.6 Wm−2, while the mean value is found to be −19.6 Wm−2. Similarly, model calcu-
lated aerosol forcing at Top-of-Atmosphere is estimated to be +1.8 Wm−2 and +3 Wm−2

over Jaipur and Chitkara suggesting warming of the surface-atmosphere system, re-
spectively.

15716

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/15697/2011/acpd-11-15697-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/15697/2011/acpd-11-15697-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 15697–15743, 2011

Accumulation of
aerosols over the

Indo-Gangetic plains

R. Gautam et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The SSA estimated from our model calculations are also presented here (see Ta-
ble 2) and compared with that from AERONET. Figure 11c shows close agreement
in the SSA values and the spectral shape between model calculation and AERONET
at Jaipur, for the measurement period, thus providing greater confidence in modeled
surface fluxes and aerosol radiative forcing estimation as reported above. The SSA at5

∼550 nm from model calculations over Jaipur is estimated to be 0.91±0.018 (from this
study) compared to a lower value of 0.89±0.01 at Kanpur, estimated from a similar
methodology (Gautam et al., 2010), suggesting greater absorption in the IGP. For the
sake of comparison of SSA within the NW arid region, only other estimate available is
from Jodhpur (∼300 km W–SW of Jaipur, i.e. further closer to the Thar Desert) where10

SSA was inferred in the range of 0.88 to 0.94 (Moorthy et al., 2007). It is worth pointing
out here that Jaipur is not truly representative of aerosols over Thar Desert since it is
outside of the desert region and is an urban location. Therefore, it is reasonable to
anticipate that the SSA value inside the desert/arid regions would be higher (lesser
absorbing) than that reported here at Jaipur.15

How do these aerosol forcing estimates compare with other regions in northern In-
dia? Based on previous studies, aerosol forcing values at other locations in northern
India during pre-monsoon season suggest larger radiative effect regionally over the IGP
and possibly higher absorbing aerosol content when compared to the values presented
here over NW India. For example, following a similar methodology (as presented here)20

over Kanpur in central IGP, the surface forcing efficiency and mean forcing values were
estimated to be −70 Wm−2/AOD and −44Wm−2 for the 2006–07 pre-monsoon period
(Gautam et al., 2010), indicating substantially higher aerosol solar absorption effect at
surface (large cooling influence). Other estimates over Kanpur during pre-monsoon pe-
riod also suggest large negative surface forcing value (greater than −30 Wm−2) when25

transported dust adds to the heavy anthropogenic pollution (Dey and Tripathi, 2008).
Over Delhi, few model-based studies have placed even higher estimates of surface
forcing values for April-May-June period with low SSA values and attributed the large
surface cooling and solar absorption to higher soot concentration in the atmosphere
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(Pandithurai et al., 2008; Singh et al., 2010). Furthermore, larger surface cooling,
compared to our estimates, has also been found over northeastern India (−37 Wm−2

at Dibrugarh) where dust is not as abundant as in NW India (and the western IGP)
but does contribute to the seasonal peak values of AOD during pre-monsoon season
(Pathak et al., 2010). Thus, based on limited estimates of SSA from our model calcu-5

lations and AERONET data presented in this paper as well as comparison of aerosol
radiative forcing estimates over northern India, one may gather that transported dust in
the IGP is more absorbing than the mineral dust originated over and around the Thar
Desert in the NW corridor and causes spatial heterogeneity in aerosol radiative forcing
in the west-east domain of northern India.10

5.1 Relative contribution of water vapor radiative impact

In this section, we investigate the radiative impact of the enhancement of WV with re-
spect to the increasing aerosol loading over NW India as observed in the sunphotome-
ter data discussed in Sect. 4.1. In conventional terminology, aerosol radiative forcing is
the difference between aerosol-laden and aerosol-free flux in cloud-free atmosphere.15

However, the radiative impact of water vapor is generally not accounted for while study-
ing aerosol forcing which maybe inherently mixed (or masked) in the net forcing signal.
Unlike the radiative impact of aerosol where surface cooling strongly depends on its
SSA or absorbing nature, the water vapor radiative forcing (induced surface cooling) is
simply a function of the water path abundance. In an environment where a strong as-20

sociation of aerosol loading with moisture influx co-occurs as observed here over NW
India (Jaipur and Chitkara), it may be crucial to study the two separately and to inves-
tigate the radiative impacts. To further understand this, we will look at the shortwave
WV radiative forcing (hereafter WRF), i.e. changes in flux with and without WV.

Over Jaipur, WV shows a nearly increasing trend from April to June (Fig. 5) and25

is not constant or randomly distributed with respect to the AOD as with the case
over Chitkara as well (Fig. 9). Sensitivity analysis over Jaipur and Chitkara for the
25◦–35◦ SZA interval shows model calculated shortwave flux as a function of WV
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(obtained from instantaneous CIMEL sunphotometer observations) with no aerosol
input to the model, i.e. AOD=0 (see Supplement Fig. 4). The slope or the effi-
ciency for WRF is −28.6 Wm−2 cm−1 for Jaipur and −25.6 Wm−2 cm−1 for Chitkara,
while the normalized slope values (divided by cosine of SZA) are −27.86 Wm−2 cm−1

and −27.79 Wm−2 cm−1, respectively. This suggests a significant radiative impact of5

WV in the reduction of surface flux due to the strong absorption bands in the near-
infrared wavelengths. The diurnal WRF for Jaipur and Chitkara are estimated to be
−9.18±3.5 Wm−2 and −7.96±3 Wm−2, respectively, and is certainly a non-negligible
fraction of the net aerosol radiative forcing calculated earlier as −23.3±7 Wm−2and
−19.6±9.2 Wm−2, respectively over the two locations. We further isolate the impact10

of dependency of RH on aerosol optical properties (aerosol humidification effect) in
the radiative transfer model by setting RH=0 for all input data in order to focus on the
airmass effect driving the enhanced aerosol loading and moisture influx. The resulting
surface flux, pertaining to aerosol radiative forcing only without any RH dependency,
is compared with the WRF. More importantly, it is found that aerosol and water va-15

por radiative forcing are strongly correlated over the two locations, suggesting that the
two exert forcing (surface cooling) in tandem driven by the coupled airmass effect. Fig-
ure 12 shows strong association in the diurnal aerosol and water vapor radiative forcing
(r2 =0.69 at Jaipur and r2 =0.83 at Chitkara) during the measurement period. In other
words, the radiative impact of water vapor amplifies the net regional aerosol forcing20

leading to enhanced surface cooling in an environment where seasonal progression of
aerosol loading and moisture influx co-occurs.

6 Conclusions

Recent climate model-based studies have underscored the role of absorbing aerosols
over South Asia in impacting the evolution and long-term variability of the summer mon-25

soon rainfall as well as health of the Himalayan glaciers. This paper presents results
from the RAJO-MEGHA field campaign regarding aerosol and broadband surface flux
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measurements over northern India and Nepal during the 2009 pre-monsoon season
(April–June) to further understand regional aerosol distribution and radiative effects.
Along with the existing sunphotometers as part of AERONET, aerosol and flux mea-
surements were conducted in the vicinity of the dust-source region of Thar Desert,
the IGP and foothill/slopes of the Himalayas, i.e. in the zonal, latitudinal and vertical5

domain of the Gangetic-Himalayan region. Sunphotometry over the nearly 3-month
period captured the spatial distribution of aerosol loading and its optical properties
over the west-east and north-south transects of the aerosol-laden valley-type setting of
the IGP and of the foothill/elevated mountain slopes upto 3670 m a.s.l. The progressive
buildup of aerosol loading during the course of the pre-monsoon period was observed10

in the enhancement of AOD in the vicinity of the Thar Desert, over the IGP and as
far as the elevated slopes associated with the predominately westerly airmass. Partic-
ularly over NW India and western IGP, the impact of large influx of mineral dust was
observed resulting in characteristic increase in AOD, reduction in AE and strengthening
of coarse mode in the volume size distribution. A prevailing westerly airmass is iden-15

tified in largely governing the moisture influx and dust loading over northwestern India
and western IGP, resulting in a steady and systematic increase of enhanced water va-
por and AOD. Enhancement of water vapor and aerosol loading is observed over NW
India with a twofold increase from April to May and a strengthened relationship between
the two is found to be associated with the prevalent westerly airmass as indicated by20

the boundary layer flow and daily airmass trajectory simulations.
On the contrary, due to the lack of a prevailing airmass associated with a typical

pre-monsoonal cyclonic flow over northeastern India, dust transport significantly weak-
ens over the eastern parts of IGP and elevated sites along the southern slopes of
the Himalayas in Nepal (east of 85◦ E). Overall, NW India and western IGP is associ-25

ated with greater dust transport compared to eastern IGP and Nepal as suggested by
aerosol optical properties including size distribution, AE and spectral SSA. The SSA
over Jaipur is estimated to be 0.91±0.018 at ∼550 nm, with our model calculations
in close agreement compared to AERONET-retrieved spectral SSA, and the spectral
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SSA is found to be higher (less absorbing aerosol) than other regions in the IGP. Over
the eastern IGP (Gandhi College) and foothill/elevated slope regions in Nepal, fine-
mode particles constitute bulk of the regional aerosol loading and the spectral SSA
from AERONET suggests the presence of a strongly absorbing haze (SSA∼0.85–0.9
from 440–1020 nm) associated with a mix of upslope transport of pollutants from Kath-5

mandu valley (perhaps transported pollution from IGP as well) and biomass burning
smoke aerosols (as a result of intense forest fires).

The direct aerosol radiative effect is assessed at surface using shortwave flux ob-
servations and calculations using a radiative transfer model. Aerosol radiative forcing
efficiency is estimated to be −50 and −38 Wm−2 per unit optical depth over the north-10

western corridor with the diurnal mean reduction in surface fluxes is found to be com-
parable within the region, −23 and −19 Wm−2, i.e. in the vicinity of Thar Desert and
mountain slope, respectively. Based on limited radiometric observations of aerosol op-
tical properties (optical depth, volume size distribution, SSA) and flux measurements
during April–June 2009, and comparison of our estimates of aerosol radiative effects15

over northern India with published literature, it appears that transported dust in the IGP
is more absorbing than the mineral dust originated over and around the Thar Desert
and causes spatial heterogeneity in aerosol radiative forcing in the west-east domain
of northern India. Clearly, more in situ measurements are required to quantify chemical
composition of the complex pre-monsoon aerosol loading in order to better understand20

the impact of absorbing aerosols, over the Gangetic-Himalayan region, in modulating
the summer monsoon rainfall via radiative-dynamical processes. Finally, the role of
the enhancement of water vapor over northwestern India is investigated in terms of its
net effect on the aerosol radiative forcing. It is found that the radiative impact of water
vapor amplifies the net regional aerosol forcing over NW India, leading to enhanced25

surface cooling in an environment where seasonal progression of aerosol loading and
moisture influx co-occurs.
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Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/15697/2011/
acpd-11-15697-2011-supplement.pdf.
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Table 1. Mean values (and standard deviation) of Aerosol Optical Depth, Angstrom Expo-
nent and Water Vapor, for the measurement period during 2009, over various measurement
sites at near-Desert (Jaipur), Indo-Gangetic Plains (Gual Pahari, Kanpur, Gandhi College) and
foothill/slope stations (Chitkara University, Shimla, Hetauda, Dhulikhel and Langtang). Site
information including coordinate and elevation is also listed for each site.

Location AOD Angstrom Water Measurement
Site Coordinates Elev. (m) (500 nm) Exponent Vapor (cm) period (2009)

Jaipur 26.90◦ N, 75.80◦ E 450 0.46±0.17 0.31±0.19 2.02±0.82 3 Apr–16 Jun
Chitkara 30.86◦ N, 76.86◦ E 520 0.57±0.25 0.72±0.28 1.8±0.65 11 Apr–16 Jun
Shimla 31.08◦ N, 77.18◦ E 2100 0.33±0.18 0.87±0.34 0.99±0.36 7 Apr–16 Jun
Gual Pahari 28.42◦ N, 77.15◦ E 384 0.64±0.24 0.52±0.27 2.2±0.85 1 Apr–16 Jun
Kanpur 26.51◦ N, 80.23◦ E 123 0.61±0.22 0.57±0.32 2.51±1.01 1 Apr–16 Jun
Gandhi College 25.87◦ N, 84.12◦ E 60 0.60±0.23 0.77±0.32 3.2±1.56 1 Apr–16 Jun
Hetauda 27.42◦ N, 85.03◦ E 465 0.75±0.50 1.10±0.27 2.64±0.91 18 Apr–30 May
Dhulikhel 27.61◦ N, 85.53◦ E 1500 0.73±0.49 1.23±0.36 1.49±0.53 11 Apr–16 Jun
Langtang 28.01◦ N, 85.49◦ E 3670 0.35±0.31 1.40±0.38 0.34±0.14 24 Apr–10 May
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Table 2. Aerosol Single Scattering Albedo values obtained from our model calculations (indi-
cated by ∗) and AERONET sunphotometer measurements (indicated by ∗∗), for the 2009 pre-
monsoon period, over various measurement sites at near-Desert (Jaipur), Indo-Gangetic Plains
(Gual Pahari, Kanpur, Gandhi College) and foothill/slope stations (Chitkara, Hetauda, Dhulikhel
and Langtang).

λ (nm) Jaipur∗ Chitkara∗ Jaipur∗∗ Gual Kanpur∗∗ Gandhi Hetauda∗∗ Dhulikhel∗∗ Langtang∗∗

Pahari∗∗ College∗∗

397 0.85±0.022 0.90±0.013
441 0.88±0.028 0.86±0.02 0.87±0.019 0.88±0.028 0.86±0.02 0.88±0.02 0.89±0.03
467 0.88±0.019 0.91±0.013
546 0.91±0.018 0.93±0.012
642 0.93±0.014 0.94±0.009
676 0.92±0.029 0.89±0.03 0.91±0.028 0.89±0.028 0.87±0.02 0.89±0.02 0.86±0.02
869 0.94±0.02 0.91±0.03 0.93±0.03 0.90±0.029 0.88±0.02 0.88±0.02 0.85±0.02
1000 0.93±0.012 0.92±0.007
1020 0.95±0.02 0.92±0.03 0.93±0.03 0.90±0.030 0.89±0.02 0.89±0.02 0.84±0.02
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Fig. 1. Major sites of RAJO-MEGHA (stars) with AERONET sunphotometer (triangles) and
deployments during April-May-June 2009 over northern India and Nepal.
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Fig. 2. Inter-comparison of co-located measurements of Aerosol Optical Depth from automatic
and handheld sunphotometers over Jaipur. Scatter plots show the entire set of all temporally
co-located instantaneous retrievals within ±15 min from the two instruments at four wavelengths
namely, 340 nm, 440 nm, 500 nm and 870 nm.
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Fig. 3. Monthly mean AOD for April, May and June 2009 obtained from daily Level-2 Aqua
MODIS aerosol products showing the distribution of aerosol loading over the Indian subconti-
nent and the progressive increase in AOD over northern India from April through June.
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Fig. 4. Monthly mean column water vapor (top panel, unit: mm) obtained from MERRA data
monthly mean rainfall rate (bottom panel, unit: mm-day−1) from TRMM data for April, May and
June 2009. Southwest Asian regions remain largely dry during the entire pre-monsoon period
while the western Ghats, Bay of Bengal and northeastern India show characteristic increase in
both the moisture influx and rainfall, most pronounced during the monsoon onset in June 2009.
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Fig. 5. Daily mean variations of AOD at 500nm, AE for (440–870 nm) and water vapor from
CIMEL sunphotometer retrievals over Jaipur from 3 April to 15 June 2009. Monthly mean values
during April, May and June for (i) AOD–0.36, 0.57 and 0.6; (ii) AE–0.35, 0.31 and 0.19; and (iii)
WV–1.27, 2.43, 2.73 cm, respectively.
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Fig. 6. Five-day backward trajectories of airmass (1500 m above ground level) ending at
(a) Jaipur (northwestern India) and (b) Hetauda (Nepal) from 1–31 May 2009. Note, eleva-
tion of Jaipur and Hetauda is 450 m and 465 m above mean sea level, respectively. Locations
of Jaipur and Hetauda are indicated by arrows.
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Fig. 7. Scatter plots between AOD and water vapor over Jaipur, Chitkara, Shimla in India (top),
and Hetauda, Dhulikhel, Langtang (bottom) for the entire measurement period during the 2009
pre-monsoon season. Data points shown are instantaneous retrievals of AOD and water vapor.
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Fig. 8. Monthly mean aerosol size distribution from CIMEL sunphotometer over Jaipur, Gual
Pahari (outskirts of Delhi), Kanpur and Gandhi College are shown for April (black), May (blue)
and June (red) 2009.
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Fig. 9. Scatter plots between AOD and AE for the foothill and slope of the western (top panel)
and eastern Himalayas (bottom panel) over Jaipur, Chitkara and Shimla in India, and over Het-
auda, Dhulikhel, and Langtang, respectively. Data points shown are instantaneous retrievals
during the 2009 pre-monsoon season.
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Fig. 10. SSA from AERONET sunphotometers at (a) Jaipur, Gual Pahari, Kanpur and
Gandhi College in northern India, and (b) at Hetauda, Dhulikhel and Langtang of Himalayan
foothill/slope regions Nepal. The SSA from AERONET is retrieved at four wavelengths –
440 nm, 670 nm, 870 nm and 1020 nm. Values shown are mean SSA for the 2009 pre-monsoon
measurement period. Other details including the standard deviation of SSA are given in Table 2
and information of measurement sites (coordinates, elevation) is given in Table 1.
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Fig. 11. (a) instantaneous aerosol radiative forcing efficiency over Jaipur from surface solar
flux measurements co-located with sunphotometer for the 25◦–35◦ solar zenith angle inter-
val; (b) comparison of observed and model simulated surface fluxes for Jaipur; and (c) single
scattering albedo calculated from model (black circles) and obtained from AERONET (grey
triangles) over Jaipur for the 2009 pre-monsoon measurement period.
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Fig. 12. Relationship between diurnal aerosol (ARF, x-axis) and water vapor (WRF, y-axis) ra-
diative forcing over (a) Jaipur and (b) Chitkara, indicating moderate-strong association between
the two forcings in northwestern India.
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