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[1] During a comprehensive aerosol field campaign as a
part of the ISRO-GBP, extensive measurements of radiative
fluxes at the surface were made during December 2004 at
Manora Peak, in the Shivalik ranges of the Central
Himalayas. The surface radiative fluxes were used to
estimate aerosol radiative forcing. Our analysis clearly
shows that during the clean atmospheric conditions over
Manora Peak, the observed aerosol radiative forcing is in
good agreement to those of modeled ones, while for the
higher aerosol optical depths (AODs), modeled values are
significantly smaller than the observed ones. It was
observed that at Manora Peak, the anthropogenic aerosols
(from valley below) transported upwards by evolution of
boundary layer during the daytime provide an atmosphere
conducive for ‘mixed’ aerosols. Focused efforts are needed
to address this issue for which simultaneous observations at
high altitude site with those in nearby valley are essential.
Citation: Dumka, U. C., S. K. Satheesh, P. Pant, P. Hegde, and
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1. Introduction

[2] In order to assess the impact of anthropogenic aero-
sols on Earth-atmosphere system, it is essential to know its
radiative forcing. However, the impact of radiative forcing
due to aerosols still remains to be one of the largest sources
of uncertainties in estimating the effect of anthropogenic
aerosol on climate perturbations [Intergovernmental Panel
on Climate Change, 2001]. This anomaly is primarily due to
the large heterogeneity on aerosol properties and scarcity of
adequate data. Numerous measurements and impact assess-
ments have been reported from Indian region in recent years
[Moorthy et al., 2005; Satheesh et al., 2006; Pant et al.,
2006]. However, most of these studies are focused to either
urban/semi-urban landmass or oceans adjacent to densely
populated coastal belt. Investigations from remote, sparsely
inhabited regions have the importance of providing a sort of
background against which the urban impacts can be com-
pared [Pant et al., 2006]. In this paper, we report aerosol
radiative forcing estimated from radiative fluxes from a high
altitude site. These results are compared with those reported
for an urban site, Bangalore in southern India and tropical

Indian Ocean. The results and implications of these are
discussed in the manuscript.

2. Data and Analysis

[3] Aerosol optical depths (AODs) were measured during
land campaign-II, conducted by Indian Space Research
Organization’s Geosphere Biosphere Programme (ISRO-
GBP) from 1st to 31st December 2004 at Manora Peak
(29.4�N; 79.5�E, 1950 m AMSL), Nainital, located in the
Shivalik ranges of Central Himalayas. Further details of
location and meteorological conditions are described by
Sagar et al. [2004] and Pant et al. [2006]. The instrument
used was a Microtops-II hand-held sun photometer (Solar
Light, USA). It provides AOD at 5 channels (0.38, 0.44,
0.50, 0.675, and 0.870 mm) derived from instantaneous
solar flux measurements using its internal calibration. A
Global Positioning System (GPS) receiver attached with the
photometer provides the information for time, location,
altitude and pressure. Typical error in AOD measurement
using Microtops-II sun photometer is ±0.03. Further details
regarding the Microtops-II Sun Photometer, and calibration
are described elsewhere [Porter et al., 2001; Ichoku et al.,
2002].
[4] The radiative fluxes at the surface were measured at

Manora Peak Nainital, in December 2004, using LI-200X
Pyranometer (LI-COR Environmental, USA) designed for
field measurement of global (direct + diffuse) solar radia-
tion, in the wavelength range from 0.3 to 1.1 mm. The LI-
200X features a silicon photovoltaic detector mounted in a
fully cosine-corrected miniature head. The current output,
which is directly proportional to solar radiation, is calibrated
against an Eppley Precision Spectral Pyranometer (PSP)
under natural daylight conditions in units of watts per
square meter (W m�2). The absolute accuracy of LI-200X
Pyranometer under most conditions of natural daylight is
about ±3% and is sensitive to 0.2 kilo Watt per square meter
per milli volt (kWm�2mV�1). Thus, in clear, unobstructed
daylight conditions, the LI-COR Pyranometer compares
well with the first class thermopile-type Pyranometers.
[5] During the above-mentioned period of observations

the surface solar fluxes were also measured at Bangalore
using a Single Detector Rotating Shadow-band Radiometer
(Model SDR-1) (Yankee Environmental, USA), which is a
field instrument that measures the global (direct + diffuse)
solar radiation in the wavelength range from 0.3 to 1.1 mm.
The SDR-1 consists of a single cosine-corrected broadband
silicon channel that provides fully automatic measurements.
This instrument is similar to bolometric/thermopile type
radiometers except the spectral response of silicon does
not extend as far into the mid infrared. Thermally controlled
sensor head eliminates ambient temperature-induced errors.
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Cosine response of the detector is better than 1% (after
correction) for 0–80� solar zenith angles. The absolute
accuracy of this instrument is ±3 Wm�2.
[6] For estimation of direct radiative forcing, we need

radiative fluxes for clear skies. In December 2004, clear-sky
conditions prevailed during most the month except five
days. During rest of the period whenever thin cloud patches
were present, radiation data was screened to avoid cloud
contamination. This was accomplished by using cloud-
screening procedure described by Satheesh et al. [1999].
Diurnal average fluxes were obtained by fitting the instan-
taneous clear-sky flux with a diurnal curve obtained from
radiative transfer model [Satheesh and Ramanathan, 2000].
The aerosol-free flux was obtained using radiative transfer
model, which employed measured atmospheric conditions
(data from India Meteorological Department radiosondes).
Since the station is already at �2 km altitude, humidity was
low even at surface level. More details of methodology
employed to estimate diurnally averaged forcing from
observed radiative fluxes is provided by Satheesh and
Ramanathan [2000] and are not repeated here.

3. Results

[7] 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 short-wave radiative
flux and the net short-wave flux for the aerosol free
atmosphere. We employ methods described by Satheesh
and Ramanathan [2000] for obtaining the aerosol short
wave radiative forcing directly from the observed fluxes.
The aerosol radiative forcing (DFs), thus obtained (for the
wavelength range from 0.3 to 1.1 mm) at Manora Peak is
plotted as a function of observedAODs at 0.50mm (Figure 1).
This indicates that the magnitude of DFs increases with
increasing value of AOD and slope of this curve yields the
aerosol surface forcing efficiency (Fe). The value of Fe
multiplied by individual daily value of AOD yields the
corresponding aerosol radiative forcing, which is therefore
not influenced by instrumental or model offsets. The value of
Fe thus obtained in December 2004 for Manora Peak is
�78 Wm�2. This agrees within observational uncertain-
ties with the estimated value of Fe as �71 Wm�2 by

Pant et al. [2006] by using the measured aerosol micro-
physical properties into the radiative transfer model. Thus,
the modeled aerosol radiative forcing values agree fairly
well with the observed values in these cases. Both, observed
and modeled values of Fe at Manora Peak are comparable to
the corresponding values of�71 to�82Wm�2 estimated by
Podgorny et al. [2000], Satheesh and Ramanathan [2000],
Conant [2000], and Bush and Valero [2002] over the Indian
Ocean during January, February and March 1999.
[8] A comparison of aerosol radiative forcing efficiency

values obtained at Manora Peak, Bangalore and Indian
Ocean during INDOEX is shown in Figure 2a. Similarly,
in Figure 2b, the aerosol radiative forcing values are shown.
Large differences between observed and modeled aerosol
radiative forcing and forcing efficiency are clearly observed
at Bangalore. Satheesh and Ramanathan [2000] found an
agreement between model and observations of aerosol
radiative forcing and forcing efficiency over Indian Ocean
during winter (sec Figures 2a and 2b). However, Chandra et
al. [2004] reported that over tropical Indian Ocean, during
summer monsoon season (June, July and August 1999)
modeled surface diffuse radiative fluxes overestimate the
observations by �23 Wm�2. A similar result has also been
reported by Charlock et al. [2003]. Recently, Sato et al.
[2003] concluded that the model and observations of aerosol
absorption agree only if we increase abundance of aerosol
black carbon by a factor of two to three. Several inves-
tigators, on the other hand, have found a good agreement
between models and observations [Cess et al., 1995; Kiehl

Figure 1. Scatter plot between the aerosol radiative
forcing (obtained for Manora Peak, Nainital), at the surface
as a function of AOD at 500 nm.

Figure 2. (a) Comparison of modeled and observed
aerosol forcing efficiency at Manora Peak (MP), Bangalore
(BLR) and Indian Ocean (IO) [during winter months of
January, February and March 1999 and summer monsoon
months of June, July and August 1999]. (b) Comparison
between the modeled and observed aerosol radiative forcing
is shown in lower panel.
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et al., 1998; Satheesh et al., 1999]. In summary, some
studies report excellent agreement between the measured
and observed radiative fluxes while other reports indicate
large differences. It is important to note that Halthore et al.
[1998] reported significant discrepancies between observed
and modeled fluxes at low altitude stations while showed
good agreement at high altitude sites. Over tropical Indian
Ocean, measured and modeled radiative fluxes agree
[Satheesh et al., 1999; Satheesh and Ramanathan, 2000]
during winter while they differ significantly in summer
monsoon season [Chandra et al., 2004].
[9] The aerosol measurements at Manora Peak, Nainital

have shown that AODs is much lower compared to other
low altitude locations in India [Sagar et al., 2004; Pant et
al., 2006]. It was also observed that the values of afternoon
AODs are generally higher than those of the forenoon
AODs (see Figure 3 for 500 nm). This was attributed due
to the evolution of boundary layer, which transports aero-
sols from the nearby polluted and valley regions to higher
altitude. A gradual increase in aerosol optical depth from
forenoon to afternoon can be seen in Figure 3. Due to this
forenoon-afternoon asymmetry in AODs, we have exam-
ined the measured radiative fluxes separately for forenoon
and afternoon hours. Surprisingly, during forenoon hours
modeled aerosol forcing slightly overestimate the observa-
tions (by 4 Wm�2, which is within instrumental uncertain-
ties) while during afternoon hours, the model underestimate
the observations (by �17 Wm�2). In summary, during
afternoon hours aerosols at Manora Peak absorbs more than
predicted by radiation model (which incorporate measured
aerosol microphysical properties). Our study demonstrate
that observed and modeled aerosol forcing agree during
clean atmospheric conditions while show a statistically
significant difference when the evolving boundary layer
brings polluted air from nearby valley below the observa-
tional site. It appears that the anthropogenic aerosols (from
valley below) transported upwards by evolution of bound-
ary layer during midday and afternoon hours provide an
atmosphere conducive for ‘mixed’ aerosols.
[10] Jacobson [2000, 2001] has pointed out that when

smaller aerosols accumulate over larger ones (and forms a
mixture) its radiative impact is significantly larger com-
pared to that of external mixture (where various aerosol
species exist independently) as also acknowledged by
Chandra et al. [2004]. Thus it appears that during
afternoon hours at Manora Peak existing aerosols and
those transported from below valley region enhance
absorbing efficiency of aerosol.

4. Conclusions

[11] The main conclusions of our study are the following:
[12] 1. Our study shows that observed and modeled

aerosol forcing agrees at Manora Peak during clean atmo-
spheric conditions contrary to the large differences observed
while the AOD values are larger.
[13] 2. The value of aerosol radiative forcing efficiency Fe

(for the wavelength range from 0.3 to 1.1 mm) is�78 Wm�2

at the surface, which is comparable to the IndianOcean values
obtained for winter months of January, February and March
1999 during INDOEX field campaign.

[14] 3. It was observed that anthropogenic aerosols (from
valley below) transported upwards by evolution of bound-
ary layer during daytime provide an atmosphere conducive
for ‘mixed’ aerosols. For such atmosphere, the model
aerosol radiative forcing is underestimated in comparison
to the observed ones.
[15] 4. Focused efforts are needed to address this issue for

which observations at high altitude site simultaneous with
those in nearby valley are essential.
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