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[1] We show here that absorbing aerosols have led to a
large reduction of surface solar radiation during winter over
the Himalayan region. Our results are based on radiometric,
aerosol and Lidar observations made at three sites in Nepal
during winter 2003. The monthly mean aerosol optical
depth (AOD) ranged from 0.2 to 0.34 and the TERRA
satellite MODIS data reveal that AODs measured over these
sites were typical of the entire Himalayan region. The nearsurface aerosol single scattering albedo was in the range
from 0.7 to 0.9. The presence of strongly absorbing aerosols
resulted in a relatively large diurnal mean aerosol surface
radiative forcing efficiency of 73 Wm 2 (per unit optical
depth). The seasonal mean reduction in solar flux was as
high as 25 Wm 2 and aerosol heating as much as 1 K per
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day within the first two kilometers.
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1. Introduction
[2] The Atmospheric Brown Cloud (ABC) project is an
international research effort initiated by the United Nations
Environment Programme (UNEP) and its current focus is on
the Asia region [Ramanathan and Crutzen, 2003]. The
project seeks to answer the major environmental challenges
facing the Indo-Asia-Pacific region in the coming decades,
specifically the environmental consequences of rising air
pollution levels due to rapid industrialization and population
growth. The ABC is built upon the Indian Ocean Experiment (INDOEX) completed in 1998 – 1999 [Ramanathan et
al., 2001a].
[3] While INDOEX was mostly focused on the pollution
outflow from the Indian subcontinent to the Indian Ocean
during winter monsoon, the ABC project will have a much
broader scope. In particular, one of the prospective stationCopyright 2004 by the American Geophysical Union.
0094-8276/04/2003GL018824$05.00

ary observational sites will be located in the Himalayan
region. As shown during INDOEX [Ramanathan et al.,
2001a; Leon et al., 2001; Muller et al., 2001; de Reus et al.,
2001], this region is subject to a heavy loading of aerosols
during the winter season (see Figure 1). As seen from
Figure 1, this region provides an excellent setting for
studying the radiative forcing effects of anthropogenic
aerosols in South Asia. Towards this goal, the first direct
observations of aerosol radiative forcing have been carried
out in winter 2003 in Nepal. The objective of the paper is
manifold. First, we need to quantify the magnitude of
aerosol forcing which has direct implications for estimating
the complex effects of pollution on the regional climate and
hydrological cycle [Ramanathan et al., 2001b]. Secondly,
the results of the paper will be instrumental in defining
the ABC observational strategy in the Himalayan region.
Finally, in situ aerosol and radiometric observation will help
validate the regional aerosol forcing estimates based on
satellite measurements [e.g., Kaufman et al., 2002, and
references therein].

2. Experimental Setup
[4] The data presented have been collected during winter
2003 at Kathmandu (27.67N, 85.31E, elevation
1350 m), the capital of Nepal; Godavari (27.59N,
85.31E, elevation 1600 m), a more remote location about
10 km south of Kathmandu; and Nagarkot (27.71N,
85.52E, elevation 1975 m), a remote hilly site above the
Kathmandu valley 32 km east of Kathmandu. The directly
measured aerosol and radiometric quantities included aerosol optical depth (AOD), aerosol single scattering albedo
(SSA), aerosol vertical profile and global broadband shortwave fluxes at the surface. Microtops sunphotometers
have been used at Kathmandu and Nagarkot locations
to measure AOD at 340, 440, 500, 675, 870 and 1020 nm,
total columnar water and ozone.
[5] The Radiance Research portable M903 Nephelometer and Particle Soot Absorption Photometer (PSAP)
have been used at the Godavari site to measure the
near-real-time aerosol scattering and absorption coefficients at 550 nm, respectively. SSA (the ratio of the
aerosol scattering coefficient to the total aerosol extinction
coefficient) has been computed from the simultaneous
measurements of aerosol scattering and absorption coefficients. PSAP data have been processed following Bond
et al. [1999].
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Figure 1. Regional distribution of natural and anthropogenic aerosol optical depth at 0.55 mm derived from
Moderate Resolution Imaging Spectroradiometer (MODIS)
instrument onboard the Terra satellite (December 2002).

[6] For the first time, Lidar observations of tropospheric
aerosols have been carried out in the Himalayan region
using a high-resolution (0.030 km) Micro-Pulse Lidar
(MPL) system [Spinhirne et al., 1995]. MPL has been
installed inside a climate-controlled housing at Kathmandu
site and operated continuously during February 9– 17, 2003
at 523 nm. The MPL signals have been averaged and stored
at 1-min time intervals up to the altitude of 30 km and have
been processed following Campbell et al. [2002]. The
Microtops AODs at 523 nm have been used to calibrate
the MPL. The aerosol extinction profile has been determined following Welton et al. [2000].
[7] Finally, CM21 Kipp & Zonen ventilated pyranometers have been used at Kathmandu (Jan. 7 to Feb. 17, 2003)
and Nagarkot (Feb. 10 to Mar. 30, 2003) sites to obtain
broadband (280– 2800 nm) global radiative fluxes at the
surface. The pyranometer absolute accuracy is ±9 Wm 2
and the error due to directional response is about
±10 Wm 2 . Pyranometers and Microtops have been
purchased just before the start of this study and calibrated
at Kipp & Zonen and Solar Light Co. respectively.
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from Figure 2b, SSA values exhibit a diurnal cycle ranging
from 0.7 to 0.9. The diurnal cycle in aerosol SSA is most
likely due to RH, which varied from a low of about 55%
(±12%) during local noon to a high of about 72% (±10%)
during the night. The time of low and high values of SSA in
Figure 2b coincide approximately with the times of the
observed low and high values of RH. The positive correlation between SSA and RH is due to the growth of aerosols
with humidity which enhances the scattering.
[10] Figure 3 shows 24-hour averaged vertical aerosol
extinction profile from the MPL on Feb. 10, 2003. 24-hour
average profile is calculated using the profiles derived
from each 30-min MPL averages. The extinction profile
showed a decrease in extinction from the surface to near
0.3 km, followed by extinction minimum at 0.3– 0.6 km.
Extinction then increased with altitude up to a mean
extinction maximum at 1.3 km, finally decreasing until
reaching the top of the aerosol layer, which is near 2.0 km
altitude. The layer below 0.3 km is possibly due to
aerosols originating locally. The peak seen at 1.3 km
above ground level (2.6 km MSL) is most likely due to
dry convective lifting of pollutants at distant sources and
subsequent horizontal upper air long- range transport. It is
important to note from Figure 1 that aerosols over the
Kathmandu valley is part of a wide spread layer of
aerosols over the entire Indo-Gangetic plains.
3.2. Aerosol Radiative Forcing in the Himalayan
Region
[11] In order to ensure that the observed solar fluxes are
consistent with measured aerosol properties (Figures 2a
to 3), we used the Monte Carlo Radiative Transfer model
described in Podgorny et al. [2000] and compare observed

3. Results
3.1. Observed Aerosol Characteristics
[8] Shown in Figure 2a are variations of daily mean AOD
at 500 nm at the Kathmandu (0.16 to 0.55 ranges) and
Nagarkot (0.06 to 0.29 ranges) sites in winter 2003. The
average clear sky AOD value at Kathmandu is 0.34, which
is typical for the polluted areas. The Angstrom coefficients
have been determined by calculation, on a logarithm scale,
the linear-square-fit slope of the spectral sunphotometer
measurements (340– 1020 nm) as a function of wavelength.
The mean value of the Angstrom exponent during the
observational campaign was 1.3 and 1.4 at the Kathmandu
and Nagarkot sites respectively, pointing out the dominance
of sub-micron aerosol particles at both sites.
[9] Monthly mean (January 7 to February 17, 2003)
SSAs measured under ambient conditions at Godavari are
shown in Figure 2b as a function of time of the day. As seen

Figure 2. (a) Temporal variation of daily mean aerosol
optical depth (AOD) at 500 nm at the Kathmandu and
Nagarkot sites during the observational campaign; (b)
Diurnal cycle of monthly mean aerosol single scattering
albedo (SSA) at the Godavari site during January– February
2003. The vertical bars represent standard deviations.
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Figure 3. 24-hour average aerosol extinction profile at the
Kathmandu site on a clear day February 10, 2003. The
ordinate represents height above the ground surface, which
is 1.3 km above the mean sea level.
with model computed fluxes. We could do this comparison
only for the Kathmandu site. The number of usable observations at Nagarkot were too few to permit statistically
significant comparisons. The INDOEX aerosol model
[Satheesh et al., 1999] is used as input for the Monte Carlo
calculations; however, certain adjustments are made to
account for the local conditions. Specifically, (1) dust and
sea salt contributions are assigned to be zero, (2) soluble
species contributions are rescaled to account for the observed relative humidity, and (3) soot contribution is
rescaled to match the observed SSA at Godavari. The
measured AOD, column water and ozone from Microtops
measurements and vertical extinction distribution from
Lidar observations are used as inputs into the model. During
the Monte Carlo integration, the effect of Himalayas has
been simulated by blocking the photons from 5 elevations
to the north of both sites. The clear sky screening of the
measured fluxes was done following the procedure described in Satheesh et al. [1999] and Conant [2000]. Fog
typically persists till mid-morning over the Kathmandu
valley; therefore radiometric data prior to this period was
not used for the analysis. The solar zenith angle was limited
to less than 60 to avoid the shading affect from the hills
and mountains. These constraints confine the data used in
this study to a local time period of 11 to 15 hrs; during this
interval, the measured average SSA (see Figure 2b) was
0.78 for clear sky conditions. We assumed that the surface
SSA is valid for the entire column. Figure 4 compares
broadband (280– 2800 nm) observed global radiation fluxes
with calculated fluxes for the Kathmandu site. The model
overestimates measured fluxes by 5.2 Wm 2 with root
mean square (RMS) error of 5.3 Wm 2. These differences,
however, are well within instrumental uncertainty and
similar differences [Markowicz et al., 2002; Conant, 2000;
Satheesh et al., 1999] were documented previously.
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[12] The aerosol radiative forcing at the surface is the
effect of aerosol, both natural and anthropogenic, on the net
short-wave radiative fluxes and is defined as the difference
between the observed clear-sky net shortwave radiative flux
and the net shortwave radiative flux for the aerosol-free
atmosphere. We employ the two independent methods
described in Satheesh and Ramanathan [2000] for obtaining
aerosol shortwave radiative forcing directly from the observed fluxes. The first method relies solely on observations
to derive the forcing efficiency. The second method
employs a combination of models (for aerosol-free fluxes)
and observations.
[13] First method: We construct a reference diurnal cycle
by fitting a polynomial curve to the screened clear-sky data.
We then normalize all of the observed fluxes to this diurnal
cycle to convert the instantaneous values to equivalent
24-hour average fluxes. To calculate the net fluxes (down
minus up) we assumed that the broadband surface albedo
was 0.20 [Briegleb et al., 1986]. The resulting 24-hour
average net flux is plotted against corresponding AOD as
shown in Figure 5a. The slope of the 24-hour average net
flux versus AOD yields the aerosol surface forcing
efficiency. We derive the aerosol surface forcing efficiency
over Kathmandu for January and February to be 76 Wm 2
and 73 Wm 2 respectively.
[14] Second method: In this method, we first estimate the
daily mean aerosol forcing and obtain the efficiency by
plotting the forcing versus AOD. The diurnal aerosol
radiative forcing is obtained by subtracting the observed
diurnal solar flux from that estimated by the model for an
aerosol-free atmosphere. The 24-hour average aerosol
radiative forcing using the above approach is shown in
Figure 5b as a function of AOD at 500 nm. The 24-hour
average aerosol forcing efficiency was found to be 73 Wm 2
at the Kathmandu site. Both the approaches for obtaining
forcing efficiency yield similar estimates.
[15] The aerosol optical depth, which when multiplied
with forcing efficiency yields the 24-hour average aerosol
forcing. The diurnally averaged surface aerosol forcing at
Kathmandu (1.35 km above MSL) is about 25 Wm 2 for
an optical depth of 0.34 at 500 nm. The top of the
atmospheric (TOA) forcing estimated by the model is about
zero (about 0.2 Wm 2), and since the TOA forcing is the
sum of the surface forcing and the atmospheric forcing, the
atmospheric forcing is inferred to be +25 Wm 2. Further-

Figure 4. Observed versus modeled surface broadband
(280– 2800 nm) global fluxes at the Kathmandu site. The
solid line corresponds to perfect agreement.
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Kathmandu, (b) 24-hour average aerosol broadband (280 –
2800 nm) radiative forcing at the surface as a function of
AOD at the Kathmandu site. The 24-hour average aerosol
forcing efficiency is obtained as the best linear fit to the
aerosol forcing values.
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