Journal of the Institute of Engineering, Vol. 8,.180 pp. 1-10

TUTA/IOE/PCU © TUTA/IOE/PCU
SAHR All rights reserved. Printed in Nepal
Fax: 977-1-5525830

Black Carbon Aerosol Characteristics and Its Radiative
Impact over Nainital: A High-Altitude Station in the Central
Himalayas

A.K.SRIVASTAVA" P.PANT? U. C. DUMKA? P. HEGDE¥
! Indian Institute of Tropical Meteorology (BrancPxof Ramnath Vij Marg, New Delhi, India

2 Aryabhatta Research Institute of Observationali®es (ARIES), Nainital, India
% Space Physics Laboratory, Vikram Sarabhai Spaca€gSSC), Trivandrum, India

Abstract: Ground-based measurements of aerosol black carb@), (Bom a high altitude
location at Nainital in the central Himalayas (dgridune 2006 to May 2007), were used to
study its temporal variability and impact onthenaspheric radiative forcing. Diurnal variation
of BC mass concentration shows single enhanced pedlke late afternoon hour. The peak is
rather pronounced in winter months due to shallow stable boundarylayer condition, which
is largely associated with low surface temperatlitee mean BC mass concentrations were found
to be as ~0.6 (+0.2), 1.4 (+0.1), 1.2 (+0.3) arfdl (0.2) pg n? during monsoon, post-monsoon,
winter and spring periods, respectively while its maxm value was ~1.8 (+0.8) ughduring
April. The prevailing winds revealed to facilitatdgettransport of BC from the distant sources to
the observing site. A radiative transfer model wasduin conjunction with an aerosol optical
model to estimate the BC radiative forcing over #iation. Results show BC forcing at the
top-of-atmosphere (TOA), surface and in the atmospharies between about +3 to +7, -6 to
-14 and +8 to +21 Wi respectively which is more pronounced during sprihen during
monsoon depending upon BC mass loading. The pesiitmosphere forcing represents a
considerable amount of heating to the lower atmespland has been conjectured as potential
factor causing global warming. The estimated heatiate of the lower atmosphere over the
station was found to be ranging from 0.24 Kdalring monsoon to 0.58 Kdayduring spring
season.

# This work was initiated during author’s tenure at ARJEainital.

I ntroduction

The total BC emission from India constitutes a dafigiction as far as the total global emissions
is concerned (Reddy and Venkataraman 1999) andsskawge spatio-temporal variability due to
varied land-use and agricultural practices. Theegfoonitoring of BC aerosols across various
parts of the country is important to assess thiatiad effects on regional as well as global scale
as it exhibits largest uncertainty in constraining the radiative forcing of aerosols
(Ramachandran and Rajesh 2007). Numerous measuseweBC aerosols and its impact
assessments are being reported at the variousolesan India by Babu et al. (2002); Babu and
Moorthy (2002); Latha and Badarinath (2003); Tripat al. (2005); Ramachandran and Rajesh
(2007); Safai et al. (2007); Sreekanth et al. (206lbwever, most of these studies focused to
either urban/semi-urban landmass or oceans adjaerdensely populated coastal belt.
Investigations from remote, sparsely inhabitedargihave the importance of providing a sort of
background against which the urban impacts carmob#ared. In this perspective, observations
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from high altitude stations have a special sigaifice as the aerosols in this region provide a
“far-field picture”, quite away from the potentsburces (Pant et al. 2006).

The present study aims to show BC aerosol charstiterover a high altitude station at Nainital
(~1958 m above mean sea level, msl) situated incémeral Himalayas. Apart from the basic
characteristics, the key focus of the present stadyn to study the impact of BC aerosols on
radiative forcing over the station.

Site description

Observations were carried out at Manora Peak ‘(BIQ.lQ.é’E, 1958 m above msl), Nainital,
located in the central Himalayas. The north andheast of Manora Peak has sharply undulating
topography of Himalayan mountain ranges; however,south-west side has low elevated plain
land merging into the Ganga Basin. Due to its laefgvation, associated with a very low
atmospheric boundary layer height, this site magdigsidered to be as a free tropospheric site
(Srivastaveet al. 2010). As the site is devoid of any major polluti@agaret al. 2004; Pant

et al. 2006), the investigation from such a remote, sparsghabited regions have the
importance of providing a sort of background leaghinst which the impact of aerosol loading
from far-off regions can be assessed.

I nstrumentation and data analysis

Measurements of BC aerosol mass concentration wemméed out at Nainital, using a seven
channel Aethalometer (Model AE-42) of Magee ScfentCompany, USA. The extensive
database with a temporal resolution of 5 minutasttfe period June 2006 to May 2007 is used in
the present study. Aethalometer measures BC mag=ictrations in the wavelength range of
370 to 950 nm. In the present study, BC mass caratezn measured at 880 nm wavelength is
considered to represent a true value of BC in thesphere as at this wavelength, BC is the
principal absorber of light while the other aerosoimponents have negligible absorption at this
wavelength (Bodhaine 1995). This is a filter batsshnique that measures the light attenuation
due to particles deposited on to a quartz filteordidetails on the instrument and the principle of
measurements are available elsewhere (Hansen E38#). Since the standard flow rate of the
instrument corresponds to the standard atmospteariperature of 293 K and pressure of 1017
hPa, therefore the measured values of BC were aeddor the mean surface level pressure
(~817 hPa) and the hourly measured surface temyeraf the station for maintaining the
constant flow rate.

Results and discussion

BC mass concentration

Figure 1 shows contour plot of monthly-hourly véidas of BC mass concentration illustrating
the intensification and deterioration of BC massasmtration. Although the enhanced patches of
BC mass concentration were observed during Noveniagruary and April months but large
temporal spreading of enhanced BC was observeddamlgig the month of April. For the study
of seasonal variation of BC concentration, the dedae grouped into four different seasons as
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Monsoon (June, July, August, September), Post Mmums{October, November), Winter
(December, January, February) and Spring (MarchrilLApMay). Seasonal mean diurnal
variations of surface BC mass concentration aloith mean surface temperature is shown in
Figure 2 where vertical bars indicate standardat®ns in the BC mass concentration from their
respective mean. Moderately high temperature wasrebd during spring and monsoon months,
which vary from about 14 to 18°C and 17 to 21°Gpestively whereas during post monsoon
and winter surface temperature vary from aboub1PfC and 7 to 13°C, respectively.

BC Mass Concentration (micro g/m3)

24, 28
21 2.4
18 )

_ ] 2.0

215 1.6

< 12, = -

= o 1.2

© 6 P o e o EAAd A 00
) S O QO " N O O N0 Q
IR\ S ) & 8
< W vgg Q’QQ ov P 5@*‘ Qé? RN \&\fs\
Months

Figure 1: Monthly-hourly variations of surface BC mass conications.

A significant diurnal variation in BC mass concatisn was observed during the post
monsoon, winter and spring periods, which was ald@ing monsoon with very low magnitude
of BC mass concentrations and it is mainly due he tashout process by rain activities.
The trend of diurnal variations with day time highd morning and night time low values of
BC mass concentrations over Nainital is quite oftpo® other low altitude urban locations
as reported by Babu and Moorthy (2002); Latha aaddnath (2003); Tripattet al. (2005);
Ramachandran and Rajesh (2007); Safaial. (2007); Sreekantret al. (2007). In their
observations they have reported two significankp&a BC mass concentrations during morning
and night hours, which are largely associated viftbreased anthropogenic activities and
fumigation effect. On the other hand the diurnakiatioons observed at Nainital, show
(Figure 2) lower values of BC mass concentrationngumorning and night hours and increases
slowly thereafter approaching its highest levethia late afternoon (around 17:00 hr local time
(LT)) and then decreases more rapidly to reaclowdevel around midnight.
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Figure 2: Seasonal diurnal variations of surface BC massamnations and temperature
(Vertical bars indicate standard deviations froeirthespective means)

The late afternoon peak value of BC mass concémsatduring post monsoon, winter and
spring months were found to be ~2.1 (+0.4), 2.5@¥&nd 2.0 (+0.6) ug th respectively which

is due to the accumulation of BC aerosols withia ftocturnal boundary layer. The peaks are
quite prominent in the winter months due to shalklvd more stable boundary layer. However,
morning hour peaks are not observed over the sfatiich are mainly due to the absence of
locally generated pollution induced by anthropogeagtivities. Panét al. (2006) have observed
the similar diurnal pattern of BC mass concentratiwer Nainital during a land campaign (LC-
II) held in December 2004 as a part of Indian Sgaesearch Organization-Geosphere Biosphere
Program (ISRO-GBP) for aerosol characterizationeyThave attributed the results mainly due
to boundary layer dynamics that brings up the pedluemissions from thanderlying valley
regions to the high altitude location.

Figure 3 shows monthly mean BC mass concentratiodsemperature, measured over Nainital
from June 2006 to May 2007. Vertical bars represtgmdard deviations from their respective
means. BC was observed to be started increasingtfite month of August when its magnitude
was lowest ~0.4 (+0.1) pgPrand reached to the maximum value of ~1.8 (+0.8)rfgn the
month of April. The seasonal mean BC mass condantravas observed to be ~0.6 (x0.2), 1.4
(+0.1), 1.2 (+0.3) and 1.5 (+0.3) pugnwith corresponding mean of surface temperature as
~18.5 (¢1.6), 14.3 (£2.3), 9.1 (¢2.2) and 15.5 @1iC, during monsoon, post monsoon, winter
and spring seasons, respectively.



Black Carbon Aerosol Characteristics ... 5

07 [] Mean Temperature O Mean BC 6
1 Monsoon : Post ' Winter : Spring
: 1
241 Monsoon | I .
1 | 1 | 9
21 ‘} L , jf £
— T o
&) 1 ! 1 | 3.
< 184 g % {» | I ! 4z
£ 15] NI . S
- i | | | 1 m
2 ' | %| 1 -3 d:-="
"é.’_ 121 "o I ‘e T 3
] I T | | | c
S 97 I I i 2 3
6. 1 C | I o0
1 | | | 1 L1 [11]
3 % 1= | |
] § 5 | | oL I
0 ] M T M L T T ! T T ! L v T T ! T L L} 0
© L o o o O o A LA A A A
O H H H L H S OO0
FEIF LS E F

Figure 3: Monthly mean variations of BC mass concentrationstemperature

The other factor that influences the BC concemmatover the station is the surface wind
patterns. In order to understand their effect ond@@centration, the surface wind parameters at
the station have been studied. Figure 4 shows riyonikan surface wind speed (WS) in the
upper panel and wind direction (WD) in the lowenglafrom June 2006 to May 2007 where
vertical bars on wind speed indicate the standandations. Generally, the prevailing surface
winds were observed to be from south-westerly timacwith the speed varying between 2.1
(+1.1) and 3.8 (+1.6) nis To the south-west of Nainital is the IGB, whishconsidered to be a
major source of various anthropogenic pollutantsluing BC. Thus the apportionment
probability to increase BC concentrations overélkperimental site is more during the upslope
valley winds. To see the association between sairfiand and BC mass concentrations, monthly
mean BC values were plotted along with monthly meamd speed in the upper panel of Figure
4. By-and-large positive association between these parameters has been observed except
during October and December months when a shamgake in wind speed corresponds to an
increase in BC mass concentration and vice-vetisasd results are found to be opposite to those
observed over other low altitude stations (Ramadteanand Rajesh 2007).
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Figure 4: Monthly mean variations of wind speed and BC masgentration (upper panel)

and wind direction (lower panel).

Radiative forcing due to BC aerosols

As a usual convention, the forcing is representad t the composite aerosols but in the
present study, forcing was estimated due to preseaficBC aerosols alone by neglecting
other aerosol components as the exact forcingss affected by how the BC aerosols are
mixed with other aerosol constituents (Jacobsorilp0d@ order to describe the implications of
BC aerosols alone over the radiative forcing, theasnred BC values have been introduced
as an inpuparameter to the optical properties of aerosol elndd (OPAC) model given by
Hess et al(1998). Thus the important optical parameters sash aerosol optical depth
(AOD), single scattering albedo (SSA) and asymmgtayameter were estimated at different
wavelengths in short wave (SW) region. For this, exe followed an approach given by
Moorthy et al. (2005) by using measured BC mass concentrationeadsnanchoring points in
a standard continental average aerosol model wtdlglecting the other types of aerosol in
the model, which is then fine-tuned to match thesneements. The measured BC was used to
represent as soot particles in the model. BC akroptical parameters deduced from the
OPAC model were then fed into the Santa BarbaraORE Atmospheric Radiative Transfer
(SBDART) model given by Ricchiazat al. (1998) for BC aerosol forcing estimations. The
other important input parameters required in SBDAR®del are solar geometry, a model
atmosphere and surface albedo. On the basis ocdifingvweather conditions and the measured
meteorological parameters, mid-latitude summer apheric model was used in the present
case. However, the albedo of the surface over thtos was considered as vegetation type
among all the existing surface types in SBDART nhoféurnal average aerosol radiative
forcing at the top-of-atmosphere (TOA) and at thefexe is estimated by computing the
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difference in the net radiative fluxes (down minys) with and without aerosols at their
respective levels (Moorthet al. 2005; Srivastaveet al2010). The difference between the
TOA and surface forcing is considered as atmosphfericing (AF), which represents the
amount of energy trapped or absorbed by the aerowithin the atmosphere and gets
transformed into heat.

Figure 5 shows monthly variation of BC aerosol iiagc at the TOA, surface and in the
atmosphere. TOA forcing was observed to be varfiogn about +3 to +7 Wifiover the
station, indicating net warming effect. On the othand, surface forcing, which is the net flux
received at the surface after passing through timeosphere, was observed to be negative
(ranging from -6 to -14 Wif), indicating net cooling effect. The resultant aspheric forcing
due to BC aerosols was found to be positive (rapdiom +8 to +21 W) over the
station, implies net warming effect. The forcindues are highly associated with the BC mass
concentrations in each month, which is more proonednin the month of April and less
during August. Relatively high forcing was observddring April (+7, -14, +20 WA,
respectively at TOA, surface and atmosphere), wihitthbutes due to the higher BC mass
concentration (1.8 pg M. The direct effect of positive atmospheric forrican intensify low-
level inversion, whictslow down convection and in turn inhibits cloudrfmtion (Sreekanth
et al. 2007). The annuahean forcing values at the TOA, surface and inatmosphere was
found to be about +5 (+1), -10 (+3) and +15 (+4) Wmespectively.

25 - TOA

SW BC forcing (Wm?)

Figure 5: Monthly mean variations of shortwave radiative fiogcdue to BC aerosols
(in Wm?) at the TOA, surface and in the atmosphere (cpording heating rate
values are given in the parentheses in Kilay

The atmospheric heating rate due to BC aerosols alss calculated for different months,
which is shown in the parentheses in Figure 5lstt andicates its dependence on the abundance
of BC mass concentrations. Large atmospheric hg4ti®.58 Kday) was observed in the
month of April, which corresponds to the pronounagdospheric forcing. However, less heating
(~0.24 Kday) was observed in the months of July and Augusé diimual mean heating rate at
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Nainital was found to be about 0.41+0.11 Kdaywhich was significantly lower as
compared to the value (0.56 Kd]a)observed by Sreekan#t al. (2007) at Visakhapatnam.

Though the atmospheric heating rate over Nainigalcomparatively low, this amount of
atmospheric heating has also been conjecturedtast@b factor causing global warming.

Conclusions

Surface BC mass concentration measurements wetedcaut at Nainital from June 2006 to
May 2007 using Aethalometer. The salient results ar

Significant diurnal variations in BC mass concetidra were observed in all the seasons
except monsoon, with single enhanced peak value2df (+0.4), 2.5 (¥1.0) and 2.0 (x0.6Y
m?around 17:00 hr local time during post monsoon,teviand spring, respectivelyhich is
strongly associated with the boundary layer dynamic

Low BC concentration was observed in the month efgust (~0.4+0.1 pg ) due to
enhanced rain washout activities; however, highv&S observed during April (~1.8+0.8 pg m
%. BC values are highly associated with the fluttums in surface temperatures and winds.

Surface winds over the station generally show pasassociation with BC mass concentrations,
which was found to be opposite at the other lovtuale stations. It clearly indicates transport

of BC from distant sources as the observing sitbéated at a high altitude and sparse from
the proximity of BC sources. Back-trajectory analysubstantiates the sources of BC, which

are transported mostly as continental type air naassreached over the station passing through
the IGB regions.

The mean BC mass concentration was observed tdl&e (+0.2), 1.4 (+0.1), 1.2 (x0.3) and
1.5 (+0.3) pg i during monsoon, post monsoon, winter and spriras®es, respectively.
However, the annual mean BC mass concentration ainithl was found to be
~1.1 (+0.5) pg rf.

BC forcing at TOA, surface and in the atmosphers wlaserved to be varies from about +3 to
+7, -6 to -14 and +8 to +21 Wmrespectively at Nainital, which corresponds te hieating
rate ranging from 0.24 to 0.58 KdayBC forcing and resultant atmospheric heating @rem
pronounced during spring and less during monsodngtwis largely associated with the BC
aerosol loading.

The annual mean forcing due to BC aerosols at T@Aface and in the atmosphere was
found to be about +5 (+1), -10 (+3) and +15 (+4) Wnespectively which corresponds to the
annual atmospheric heating rate of ~0.41 (+0.113ykd
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