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Abstract

South Asia is strongly influenced by the so-called Atmospheric Brown Cloud (ABC),
a wide polluted layer extending from the Indian Ocean to the Himalayas during the
winter and pre-monsoon seasons (November to April). This thick, grey-brown haze
blanket substantially interacts with the incoming solar radiation, causing a cooling of
the Earth’s surface and a warming of the atmosphere, thus influencing the monsoon
system and climate. In this area, the Himalayan region, particularly sensitive to climate
change, offers a unique opportunity to detect global change processes and to analyse
the influence of anthropogenic pollution on background atmospheric conditions through
continuous monitoring activities.

This paper provides a detailed description of the atmospheric conditions character-
izing the high Himalayas, thanks to continuous observations begun in March 2006 at
the Nepal Climate Observatory — Pyramid (NCO-P) located at 5079 m a.s.l. on the
southern foothills of Mt. Everest, in the framework of ABC-UNEP and SHARE-Ev-K?-
CNR projects. Besides giving an overview of the measurement site and experimental
activities, the work presents an in-depth characterization of meteorological conditions
and air-mass circulation at NCO-P during the first two years of activity (March 2006—
February 2008). The mean values of atmospheric pressure, temperature and wind
speed recorded at the site were: 551 hPa, —-3.0°C, 4.7ms ™', respectively. The highest
seasonal values of temperature (1.7 °C) and relative humidity (94%) were registered
during the monsoon season, which was also characterized by thick clouds present in
about 80% of the afternoon hours and by a frequency of cloud-free sky less than 10%.
The lowest temperature and relative humidity values were registered during winter,
-6.3°C and 22%, respectively, the season being characterised by mainly cloud-free
sky conditions and rare thick clouds. The summer monsoon influenced the rain pre-
cipitation (seasonal mean 237 mm), while wind was dominated by flows from the bot-
tom of the valley (S-SW) and upper mountain (N-NE). In relation to seasonal weather
conditions, the time series variability of black carbon and dust particles (optical active
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aerosols) and ozone (regional greenhouse gas) were analysed, as they are signifi-
cant constituents of the Atmospheric Brown Cloud and strongly influence the atmo-
spheric radiative forcing. The highest seasonal values of black carbon (BC), ozone
(O3) and dust particles were observed during the pre-monsoon season (316.9 ng m=3,
60.9 ppbv, 0.37cm™3, respectively), while the lowest concentrations occurred dur-
ing the monsoon for BC and O3 (49.6ng m~ and 33.6 ppbv, respectively) and post-
monsoon for dust particles (0.07 cm's). The seasonal cycles of these compounds are
influenced both by the local mountain wind system and by the three principal large-
scale circulation regimes: Westerly, South-Westerly and Regional, as shown by the
analysis of in-situ meteorological parameters and 5-day LAGRANTO back-trajectories.
In particular, the analysis of data representative of synoptic-scale circulation showed
that the highest median values (O3: 68 ppbv, BC: 124 ng m~2, dust particles: 0.44 cm™3,
respectively) were related with air-masses from polluted and arid regions in the Indian
subcontinent, as well as the Arabian Peninsula and Persian Gulf. Furthermore, it was
documented that in 90% of pre-monsoon days the Khumbu valley represents a “di-
rect channel” able to transport polluted air-masses from the Asian Brown Cloud up to
NCO-P and to higher altitudes. On such days the average day-time BC concentration
(625ng m'3) was at least double that recorded on the remaining days, even if during
some pollution hot spots BC daily values increased up to 1000 ng m™>.

In this study, two years of Himalayan observation activities carried out at NCO-P, in
conjunction with model circulation analyses, provide some of the first evidence that pol-
luted air-masses linked to the Atmospheric Brown Cloud can reach the high Himalayas,
in particular during the pre-monsoon season, influencing the pristine atmospheric com-
position.

1 Introduction

During recent years, field experiments, in-situ observations and satellite monitor-
ing have pointed to the existence of so-called “Brown Clouds”, i.e. wide polluted
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tropospheric layers characterised by anthropogenic aerosol optical depth (AOD)
greater than 0.3 and absorbing AOD greater than 0.03 (Ramanathan et al., 2007, and
references therein). Due to the large amount of gases and aerosol particles, includ-
ing black carbon, these brown clouds have strong impacts on the air quality, visibility
and energy budget of the troposphere. In the past decade, scientific research has
been conducted over the Indo-Asia-Pacific region, where an extensive observation
system has been developed within the INDOEX project (Ramanathan and Crutzen,
2003). Such observations have served to better investigate the so-called “Asian Brown
Cloud”, a large brown cloud extending from the Indian Ocean to the Himalayan range,
attaining a vertical thickness of about 3 km (Ramanathan et al., 2007) during the dry
season (especially from November to March), and affecting some of the most populous
Asian regions, currently home to a population of more than 2 billion. For the purpose
of improving knowledge about the “Brown Cloud” phenomenon and its influence on re-
gional and global climate, air quality, public health and food security, the United Nations
Environment Programme (UNEP) established the “Atmospheric Brown Cloud” (ABC)
project (http://www.rrcap.unep.org/abc/). The research activities performed within ABC
and previous projects (i.e. INDOEX, ACE-Asia, see Ramanathan and Crutzen, 2003;
Huebert et al., 2003) have suggested that anthropogenic absorbing aerosols in the
Atmospheric Brown Cloud warm the lower atmosphere just as much as greenhouse
gases do (Ramanathan et al., 2007), leading to a major redistribution of solar radiation
in the troposphere by dimming solar energy at the surface and enhancing the atmo-
spheric heating rate. The Asian Brown Cloud is thus capable of producing a strong
variation of the hydrological cycle associated with the South Asian monsoon. In fact,
besides exerting a large south-north heating gradient between the equatorial Indian
Ocean and Arabian Sea, the absorbing aerosols (black carbon and dust) within the
Atmospheric Brown Cloud may also affect the Indian monsoon through the “Elevated
Heat-pump” effect (Lau et al., 2006). Finally, the presence of large amounts of aerosol
particles strongly influence the lifetime and microphysical properties of clouds, thus
further influencing the regional water vapour cycle (Rosenfeld et al., 2008). Alongside
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the aerosol particles emitted by fossil fuel and biomass burning (nitrate, sulphate, or-
ganic matter and black carbon), large amounts of gaseous pollutants (ozone, organic
trace gases) have also been observed in the Atmospheric Brown Cloud (Ramanathan
et al., 2008). Tropospheric ozone (O3), in addition to being a harmful pollutant, also is
a strong greenhouse gas, and significant increases in its concentration can impact the
regional radiative equilibrium of the troposphere (e.g. Ohara et al., 2007), further en-
hancing the atmospheric heating rate of absorbing aerosols. Although the ABC project
activities have already allowed an improved understanding of the role of the Atmo-
spheric Brown Cloud in affecting air-quality and climate on both the regional and global
scales, a gap in knowledge still exists concerning the characterization of the Asian
Brown Cloud and its effects over the high Himalayas. In fact, even if the monitoring of
atmospheric composition at high altitudes is recognised as playing an important role
in climate change studies (e.g. by early detection of composition change, as well as
by investigating the variability and seasonality of atmospheric compounds and the pos-
sible influence of hot-spot pollution), to date only sparse experimental work has been
performed in this high-altitude region (Ramanthan et al., 2008; Shresta et al., 2000;
Hindman et al., 2002; Carrico et al., 2003). It should be borne in mind that, while high
mountain areas are generally considered to be “clean” regions, they can be strongly
impacted by anthropogenic pollution (e.g. Henne et al., 2004; Cristofanelli et al., 2009).
The current issue aims to foster a better understanding of the characteristics of atmo-
spheric conditions in the Himalayas, the world highest mountain region, which is lo-
cated between China and India, two of the most rapidly developing areas in the world,
and primary sources of anthropogenic pollution. A few previous investigations have
already suggested that the southern Himalayas can be affected by significant amounts
of pollution uplifted by the typical valley circulations, or advected by regional and long-
range transport events (e.g. Hindman et al., 2002; Hedge et al., 2007; Bonasoni et al.,
2008). In particular, the thermal valley circulation can represent a preferred channel for
the transport of polluted air-masses up to altitudes of 5000 m a.s.l., where the interac-
tion between clean “upper” tropospheric air and more polluted boundary layer air rising
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along the valley leads to very frequent new particle formation events (Venzac et al.,
2008). Given their influence on the mountain ecosystem and tropospheric background
conditions, and their role in the radiative equilibrium of the atmosphere and Earth’s
surface, the determination of absorbing aerosol and trace gas concentrations, together
with the investigation of processes influencing their variability, represent urgent tasks
for the Himalayan region. The continuous monitoring of atmospheric composition in this
area is crucial for evaluating the Asian background conditions of the free troposphere,
and for quantifying the region’s pollution levels.For the above reasons, in the framework
of ABC-UNEP and SHARE (Station at High Altitude for Environmental research) — Ev-
K2-CNR projects, the Nepal Climate Observatory — Pyramid (NCO-P) was installed in
the high Khumbu valley (Nepal) at 5079 m a.s.l., in 2006 (Bonasoni et al., 2008). In
particular, this research station was designed to perform continuous measurements of
surface ozone, and to study the physical (mass and number size distribution), optical
(absorption and scattering coefficients) and chemical (organic and inorganic, soluble
and insoluble) properties of aerosol. Climate-altering halocarbon concentrations are
also measured weekly at NCO-P, while aerosol sun-photometry studies are carried out
as part of the AERONET (AErosol RObotic NETwork) program (Gobbi et al., 2010).
Within the special issue “Atmospheric Brown Cloud in the Himalayas”, the objective
of this paper, is to evaluate the influence of the Asian Brown Cloud on the Himalayan
atmosphere composition. To this end and to investigate the possible role played by
this Brown Cloud in affecting some of the climate-driving processes, the monitoring ac-
tivities undertaken at NCO-P since March 2006 are presented and discussed. Instru-
mentation, technical set-up and analysis methodologies are initially illustrated, together
with the description of synoptic and mesoscale models applied to depict air-mass cir-
culation at the measurement site. With the aim of providing basic information useful
for other research activities conducted at NCO-P and presented in detail in the com-
panion papers, the meteorological conditions at the station during the first two years
of activity (March 2006—February 2008) are presented, identifying the seasonal tran-
sitions as a function of local weather regime and discussing the local and large-scale
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air-mass circulation that characterised the measurement site. The variability of opti-
cally active aerosol, i.e. black carbon (BC) and coarse particles (with Dp>1 um, here
considered as a proxy of dust aerosol) and regional greenhouse gases, i.e. O, is also
investigated for monsoon and non-monsoon seasons. In particular, for the purpose of
evaluating the influence of the Atmospheric Brown Cloud on the atmospheric compo-
sition in the South Himalayas, the BC, dust and O behaviours were investigated as a
function of different local/regional and synoptic circulation regimes observed during the
pre-monsoon seasons. This permitted the identification and evaluation of the principal
transport processes bringing high pollutant concentrations to this measurement site,
representative of the conditions of the South Himalayas troposphere.

2 Measurements and methodologies
2.1 Measurement site

The Nepal Climate Observatory — Pyramid (NCO-P, 27.95N, 86.82E) is located at
5079 m a.s.l. in Sagarmatha National Park, in the eastern Nepal Himalaya, near the
base camp area of Mt. Everest (Fig. 1). NCO-P is sited at the confluence of the sec-
ondary Lobuche valley (oriented NNW-SSE) and the main Khumbu valley (oriented NE-
SW), a tributary of the Dudh Koshi valley, a major Ganges tributary. Forests exist only
in areas of the valley below 4 km a.s.l., while the landscape around the measurement
site is mostly rocky with patches of musk. The area is subject to short-lived snow cover
periods, especially during the cold months and summer monsoon. NCO-P is located
away from important anthropogenic sources of pollutants, and only small villages are
present along the valley: Lobuche, Pheriche, Tyangboche, Namche Bazar (the biggest
village with about 800 inhabitants), Phakding and Lukla (Fig. 1). The closest major ur-
ban area is Kathmandu (1 081 845 inhabitants; 2001 census), situated in the valley of
the same name (estimated population of the valley in 2009 was ~3 million). The city, lo-
cated about 200 km South-West of the measurement site and more than 3.5 km lower
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down, is characterised by high atmospheric pollution and poor air quality (Shrestha
and Malla, 1996; Pudasainee et al., 2006; Panday and Prinn, 2009).The Observatory
stands at the top of a hill, 200m from the Pyramid International Laboratory, a multi-
disciplinary high altitude research centre founded by the Ev-K?-CNR Committee and
the Nepal Academy of Science and Technology in 1990 (Baudo et al., 2007). NCO-
P was set up during January and February 2006, and the observation program was
launched at the end of February 2006 (Bonasoni et al., 2008). The power required to
carry out activities is supplied by 96 photovoltaic panels with 120 electric storage cells,
in order to minimize the possible influence of local emissions and guarantee air mass
sampling in clean conditions. In cases when the energy obtained from the panels is
insufficient (which occurred for 6% of hours during the summer monsoon), additional
power is supplied by the photovoltaic panels at the main Pyramid facility where, only in
the event of further problems, a diesel-electric generator is available. The only major
event of insufficient power occurred on 14-25 June 2007, when two instruments were
switched off to save energy for the other instruments. A dedicated satellite connection
permits near-real-time data transfer, as well as the remote control of instrumentation.
Further details on the measurement site can be found in Bonasoni et al. (2007) and
Bonasoni et al. (2008).

2.2 Measurements and sampling procedures

Starting in March 2006, a wide range of measurements for aerosols and trace gas
characterisation have been continuously running at NCO-P. In particular, the following
instruments are housed in a wood and aluminium shelter:

1. Photometric O analyser (Thermo Electron Corporation — Tei 49C) operating at
the wavelength of 254 nm. Data are first stored on a 1-min basis and finally val-
idated as 30-min average values. The sampling methodology was based on the
GAW-WMO requirements (GAW, 1992). In particular, during a maintenance cam-
paign on February 2007, the instrument was compared against one of the transfer
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standards working at GAW/WCC-EMPA (World Calibration Centre for Surface
Ozone, Carbon Monoxide and Methane at the Swiss Federal Laboratories for
Materials Testing and Research). This allowed the determination of the combined
standard uncertainty, which, following Klausen et al. (2003), was estimated to be
less than 2 ppbv in the range 0—100 ppbv.

. Multi-Angle Absorption Photometer (MAAP 5012, Thermo Electron Corporation)

operating at the wavelength of 670 nm, measuring aerosol light absorption. The
MAAP calculates absorbance from particles deposited on the filter using mea-
surements of both transmittance and reflectance at two different angles. The ab-
sorbance is then converted to the mass concentration of black carbon (BC), using
a fixed mass absorption coefficient of 6.6 m? g_1, as recommended by Petzold et
al. (2002). The uncertainty in the determined absorbance has been estimated to
be 12% (Petzold et al., 2002), while the detection limit was calculated during a
field campaign as 30 of a 12h blank (11.16ng m'3).

. Differential/Scanning Mobility Particle Sizer (DMPS/SMPS) determining the

aerosol size distribution for particle diameters from 10 to 500 nm and the Total
Particle Count (TPC), with a three-minute time resolution. The SMPS is com-
posed of a ®3Ni neutralizer, a custom-made Differential Mobility Analyzer (DMA)
(Villani et al., 2008) selecting negatively charged particles, and a TSI Inc. 3010
Condensation Particle Counter (CPC). Sheath and excess flow rates were fixed
at 5Imin_1, while the aerosol flow rate was determined by the CPC critical ori-
fice at 11min~'. The aerosol flow rate was monitored continuously to ensure
a first step data quality check. The SMPS inversion took into account the CPC
efficiency and the charge equilibrium state (Wiedensohler, 1988), using 108 chan-
nels over the 10-500 nm range on the up-ramp of the voltage scan. Data quality
of the size-distribution was further ensured by comparing the integrated SMPS
number concentrations with total concentrations measured by an additional TSI
Inc. 3010 CPC, connected to the same sampling line over limited periods. This
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comparison indicated that the SMPS was in agreement with the total CPC count
within 16+£15%, except for nucleation periods, when the two instruments differed
because of the high number of ultrafine particles close to the CPC detection limit.

. Aerosol total and back scattering coefficients at three wavelengths (450, 550 and

700 nm) are derived by an integrating nephelometer (model TSI 3563), installed
in March 2006. A PM, 5 cyclone limits sampling to aerosol particles with aerody-
namic diameter less than 2.5 um before they enter the nephelometer. Operating
procedures follow those described in Anderson and Ogren (1998), in particular
for calibration procedures and corrections for truncation errors. The asymmetry
factor is then calculated using the method described in Marshall et al. (1995).
In addition, due to high relative humidity (RH), especially during the monsoon
season (mean RH above 90%), correction procedures recommended by Nessler
(2005) were applied. Measurements are performed at 30Imin~" with a time in-
tegration of 5min, averaged every hour. Over the course of the 2-year period, a
number of problems limited the measurement record: from 1 November 2006 to
10 February 2007, from 10 December 2007 to 25 February 2008. In fact, instru-
ment failures occurred during the autumn and could not be fixed until late winter
of the following year.

. Optical Particle Counter (OPC, GRIMM 190) determining the aerosol size distri-

bution for particle diameters from 0.25 up to 32 um with an accuracy of 2%, on
concentrations over the entire measurement range. The OPC uses a 683 nm
laser-diode to illuminate the aerosol beam, and a wide-angle collector optic to
detect light pulses with a photodiode. The optical arrangement (mean scattering
angle 90°) collects the scattered light with a parabolic mirror (120°). The wide
angle optic increases the total amount of scattered light detected by the photo
sensor, close to the Rayleigh scattering domain. This improves the signal to noise
ratio, which leads to a decrease in the minimum patrticle size that can be detected
(specified by the manufacturer as 0.25 um). The optic design also smoothes out
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Mie scattering undulations caused by the monochromatic illumination, and the
sensitivity to particle shape is also reduced. Due to instrument failure, measure-
ments were interrupted on 4 December 2007 and resumed on 5 February 2008.

. Cimel CE-318 sunphotometer installed at NCO-P at the end of March 2006 within

the framework of the Aerosol Robotic Network, AERONET (http://aeronet.gsfc.
nasa.gov, EvK2-CNR site). It provides a characterization of aerosol optical and
microphysical properties of the air column above the station. From direct-sun ob-
servations the instrument measures aerosol optical depth (AOD) at seven wave-
lengths (340, 380, 440, 500, 670, 870, and 1020 nm), fine mode (r <~ 0.7 um)
aerosol optical depth at 500 nm (AODgy), plus total precipitable water (PW) at
940 nm (Holben et al., 1998). Inversion of the measured sky radiance data (almu-
cantars) allows the derivation of other aerosol column properties, such as single
scattering albedo (SSA), particle size distribution, asymmetry factor and refrac-
tive index (Dubovik and King, 2000). About 11 000 direct-sun observations were
collected in the period April 2006—March 2007. Some 7700 passed the cloud-
screening process and were employed in the analysis presented by Gobbi et
al. (2010).

. Kipp&Zonen CMP21 pyranometer, measuring downward solar irradiance through-

out the 305-2800 nm spectral range. The CMP21 was installed in March 2007.
Measurements were interrupted for technical problems in November 2007 and re-
sumed in February 2008. The solar irradiance and instrument body temperatures
are acquired every 60s. The CMP21 has a very good cosine responsivity (cosine
error less than 0.4% for solar zenith angles smaller than 80°). The temperature
dependence is also small (less than 0.5% within the range —20++50°C), and
the spectral responsivity is uniform within the measurement range (95% points
at 335—-2200 nm). The CMP21 was calibrated at Kipp&Zonen in November 2007,
based on the World Radiometric Reference of the World Meteorological Organiza-
tion. The estimated total uncertainty on hourly irradiance values is less than 2%.
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8.

10.

High volume aerosol sampler (30 m? h‘1) and low-volume sampler (1 m? h_1)
collecting, non-continuously, particulate matter on quartz fibre filters for off-line
chemical analyses. A 10 um cut-off is applied to the HiVol sampler using a DIG-
ITEL PM,, pre-separator DPM10/30/00, while a 1 pm cut-off is set for the low-
volume sampler using a Digitel DPM10/01/01/0 head. Samplings are routinely
carried out, differentiating between night-time and afternoon hours, with the aim of
discriminating the aerosol composition impacted by upslope valley breezes from
that characteristic of free tropospheric air masses. Off-line chemical analyses in-
cluded determination of total carbon (TC), organic carbon (OC), elemental carbon
(EC) using thermal and thermo-optical methods, water-soluble organic carbon
(WSOC) analysis, ion chromatography for inorganic ions and oxalate, and, in the
case of PM,, samples, atomic absorption spectroscopy (AAS) for determination
of Al, Fe, Ca and K.

Portable ultra clean air pumps used to fill passivated stainless steel canisters
for halocarbons analysis. Samples are collected on a weekly basis, and with
higher frequency in the case of intensive campaigns. Off-line analysis of air sam-
ples is carried out in gas chromatography-mass spectrometry, preceded by pre-
concentration (ADS-GC-MS). Samples are calibrated against working standards
(actual air samples), calibrated in turn against the UB98 (University of Bristol) and
S102005 (Scripps Institution of Oceanography) calibration scales.

VAISALA Weather Transmitter WXT510 measuring wind speed and direction, at-
mospheric pressure, temperature and relative humidity. Precipitation is also mea-
sured with a piezoeletrical sensor: this type of sensor can underestimate total
precipitation due to the omission of snowfalls.
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The sampling of ambient air is performed using four different inlets installed on the
shelter roof at about 4m a.g.l.:

— PM, 5 head for nephelometer and DMPS/SMPS instruments (flow rate 1 m> h'1).
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— Total Suspended Particle (TSP) head for the optical particle counter
(0.018m>h7")

— PM;, head for non-continuous high volume aerosol sampling (30 m?> h'1)
— second TSP head for O; and BC measurements (15m>h™")
— PM; head for non-continuous low volume aerosol sampling (1 m? h'1).

All the atmospheric compound concentrations measured at NCO-P and reported
herein refer to STP conditions, while hours of the day refer to Nepal Standard Time,
(NST), corresponding to UTC+5.45.

2.3 Air mass back-trajectories and cluster analysis

In order to determine the origin of air masses reaching NCO-P, 5-day back-trajectories
were calculated every 6 h (at 05:45, 11:45, 17:45 and 23:45 NST) with the Lagrangian
Analysis Tool LAGRANTO (Wernli and Davies, 1997). Trajectory calculations were
based on the 6-hourly operational analyses produced by the European Centre for
Medium Range Weather Forecasts (ECMWF). The 3-D wind fields were interpolated
onto a horizontal 1° x 1° grid and are available on 60 hybrid vertical levels. For every
point along the trajectory (time resolution: 2 h), the model provides the geographic lo-
cation and altitude of the air parcel, as well as other important physical quantities, like
Ertel’'s potential vorticity (PV).

Due to the very complex topography of the NCO-P area and the influence of lo-
cal/regional transport phenomena related to thermal valley winds, back-trajectory re-
sults should be treated with caution. Therefore, in order to capture the dominant
synoptic-scale circulation and to minimize the interference of local valley winds, in-
situ atmospheric compound behaviours were analysed only as a function of night-time
back-trajectories. To better understand the influence of synoptic-scale transport pat-
terns on atmospheric compound concentrations observed at NCO-P (see Sect. 4.2),
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the LAGRANTO back-trajectories are used in a hierarchical cluster analysis to group
the trajectories into clusters. Applying a version of the cluster methodology presented
in Dorling et al. (1992), an a-priori number of appropriate clusters was not fixed. At
each step of the agglomeration process, the appropriate number of clusters was de-
termined by analysing the variations of specific statistical parameters, i.e. the total
trajectory dispersion and the total root mean square deviation (see Tarasova et al.,
2007; Dorling et al., 1992). The clustering algorithm was applied to the middle mem-
bers (MMT) of the LAGRANTO ensemble calculated for the NCO-P pressure level and
composed of seven back-trajectories. In particular, following Scheele and Siegmund
(2001), the MMT was defined as the ensemble member with the smallest mean square
distance to other members, while the intra- and inter-cluster distances were based
on the Haversine formula of the great-circle distance between two latitude/longitude
points. In this way, a total of 1343 night-time trajectories were analysed during the
March 2006—February 2008 period. Since, in the area under consideration, a strong
seasonal variation of atmospheric circulation was expected, due to the Asia monsoon,
in a first step the cluster analysis was performed on a seasonal basis. Subsequently,
to obtain a better description of the seasonal frequency of each identified air mass
circulation class, the seasonal clusters were integrated in a yearly categorization by
merging similar seasonal clusters.

2.4 Mesoscale modelling using WRF

As shown in the previous section, LAGRANTO back trajectories allow the assessment
of the large-scale circulation of air masses arriving at NCO-P. To simulate the mete-
orology at a scale that captures individual peaks and valleys, nested runs were set
up of the Advanced Research (ARW) Version 3 of the Weather Research and Fore-
cast (WRF) model. This is a limited area non-hydrostatic model designed for a range
of tasks, from weather forecasting to air pollution transport simulation (Skamarack et
al., 2008). The WRF ARW was set up with four levels of nested domains, all centred
on Mt. Everest (27.99° N, 86.93° E). The coarsest-resolution (27 km) outermost domain
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covers much of South Asia and the Tibetan Plateau, while the innermost domain (3 km
resolution) covers the Khumbu and adjoining regions.

The model is driven at the boundary of the outermost domains by NCEP Final Analy-
sis (FNL) analyzed meteorology, available at six hourly intervals at 1° x 1° horizontal res-
olution on 27 vertical levels. The nested domains have two-way interactions with each
other. Model physics are parameterized using a simple ice scheme, and a Goddard
scheme for shortwave radiation (Chou and Suarez, 1994). Cumulus clouds are param-
eterized in the outer two domains using a Kain-Fritsch scheme (Kain, 2004), where they
are recalculated every 5min. They are calculated explicitly in the inner two domains.
The bottom boundary has a 4 layer Noah land surface model. Surface land use and
topography data is ingested at 30 arc-second resolution, and interpolated to the model
grid by the WRF pre-processor. In the region around Mt. Everest, the default USGS
30 arc-second digital topography database normally used by WRF contains excess
smoothing, which results in a loss of the actual shape of the topography. For example,
the Mt. Everest, Lhotse, and Nuptse reliefs are merged into one large dome shaped
mountain, while deep tributary valleys are merged together into one large basin. Thus,
an accurate simulation of the Khumbu valley meteorology for the analysis of air-mass
transport to NCO-P involved correcting the elevation of the bottom boundary. Use was
made of a gap-filled version of the NASA Shuttle Radar Topography Mission (SRTM) 3
arc-second database obtained from http://www.viewfinderpanoramas.org, averaged to
30 arc-seconds, to correct the elevation data employed by WRF from 26° to 28° north,
and 86° to 88° east. The domain of the third nest level of the present WRF simulation,
covering a 300 km by 300 km area centred on Mt. Everest, is shown in Fig. 2, where
the NCO-P location is marked by a red dot, located at grid points (46.3, 49.7).
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3 Meteorological characterization and air mass circulation
3.1 Seasonal weather regime behaviour

The Himalayan high-altitude climate is intensely characterised by its relationship with
large-scale circulation, and strongly dominated by the diurnal cycle of thermal param-
eters (Bollasina et al., 2002). In fact, at NCO-P, the seasonal variation of atmospheric
conditions is influenced both by the local mountain wind system (with a strong diurnal
valley wind and a weak mountain night-breeze), and by the large-scale Asian monsoon
circulation. In particular, besides determining the seasonal variations of the meteo-
rological parameters, the annual variations of the main synoptic circulation can also
modulate the diurnal cycles characterizing the local mountain weather regime (Barros
and Lang, 2003; Ueno et al., 2008).

Time series of atmospheric pressure, air temperature, relative humidity, rain precipi-
tation, wind speed and direction are shown in Fig. 3 for the period from March 2006 to
February 2008.

3.1.1 Atmospheric pressure (AP)

As shown in Fig. 3a, AP behaviour has an average value of 550.9+3.6 hPa (+1 sigma),
characterized by higher (and less variable) values from June to August (average value:
552.4+1.4hPa) and lower (and more variable) values from November to March (aver-
age value: 546.8+3.9hPa). Such behaviour reflects the development of the “Tibetan
High” during summer in the upper troposphere and the oscillations of the Subtropical
Jet Stream (SJS), as well as the passage of eastward propagating synoptic distur-
bances during the rest of the year (Bohmer, 2006; Schiemann et al., 2009). The daily
behaviour of AP shows a systematic semidiurnal variation characterised by an ampli-
tude of about 1—2 hPa, with diurnal maxima at 10:00-22:00 NST and diurnal minima
at 04:00-16:00 NST. This semidiurnal pressure cycle, with highest amplitude during
January—February (~2.2 hPa) and lowest during June—August (~1.0 hPa), had already
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been observed in Himalayas (Ueno et al., 2002) and at other high altitude sites (e.g.
Petenko and Argentini, 2002). It was explained in terms of the atmospheric tidal theory,
relating to the warming of upper atmospheric layers due to the interaction between O4
molecules and solar radiation (Chapman and Lindzen, 1970).

3.1.2 Air temperature (7)

During the considered period, T showed a mean value of —3.0+4.5°C and exhibited a
seasonal behaviour (Fig. 3b) characterised by a maximum during the summer period
(average value: 1.7+2.1°C), the highest values being in July (even above 8°C). Lower
T values were recorded during winter (average value: —6.3+4.5°C), the lowest being
observed in January—February (below —15°C). Such behaviour agrees well with the
analysis of the SJS location and 500 hPa geopotential height carried out in the light of
the ECMWEF analysis. In fact, since the SJS determines the northern limit of warmer
subtropical air, it is realistic to expect an increase of air temperature when the SJS
moves northward of the Himalayas (from May to September). By contrast, from Octo-
ber to February, the SJS is located at lower latitudes and the Himalayan range can be
affected by cold air mass irruptions. For instance, this was the case in January 2007,
when the lowest T daily value (-18 °C) was recorded at NCO-P. However, as suggested
by the high standard deviation, during the cold months, T showed a large variability with
daily values even above —1°C. Such “warm events” were already highlighted by Ueno
and Pokhrel (2001) and Bollasina et al. (2002), and have been related to the passage
of synoptic disturbances affecting the high Khumbu valley region, transporting warmer,
moister air masses from the Arabian Sea (Ueno et al., 2002). This could be the case
also of NCO-P, because “warm events” are also characterised by significant simultane-
ous variations of AP and RH average daily values (Fig. 3a, c).
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3.1.3 Relative humidity (RH)

The RH behaviour at NCO-P (Fig. 3c) was characterized by a clear seasonal cycle, with
very low values in the period from the end of November to January/February (average
value: 22+14%) and high values from the end of May to the end of September (average
value: 94+4%). Since RH behaviour in the Southern Himalayas is strongly influenced
by the South Asian monsoon cycle due to the transport of moist air masses from the
Indian Ocean (e.g., Krishnamurti and Bhalme, 1976; Barros and Lang, 2003), this
parameter was used to evaluate the monsoon phase over the considered region.

3.1.4 Rain precipitation (PRP)

The analysis of the PRP time-series (Fig. 3d) also highlighted the seasonal influence
of the summer monsoon at NCO-P. At the measurement site, monsoon precipitations
(237 mm in 2006 and 238 mm in 2007) were characterised by light showers or drizzles,
more frequent in the evening and at night, while only sporadic events with heavier rain
(>10mm/day) were detected (Fig. 3d). However, it should be noted that such values
could be underestimated due to the loss of snowfall (see Sect. 2). This would also
explain the absence of any signal of precipitation from November to April, when 92%
of 30-min observations showed air-temperatures below 0°C.

3.1.5 Wind speed (WS)

During the investigated period, daily values of WS were characterised by an average
value of 4.7+1.0ms™" (Fig. 3e). Thus, despite its elevation, the measurement site
does not appear to be an extremely windy location, thanks to the sheltering effect of
the mountain ridge. Wind speed above 6 m s~ was mainly observed from November to
May, and was probably due to the passage of synoptic disturbances (see, for instance,
the simultaneous AP decrease on 22 November 2006 or on 24 January 2008). On
average, these months appeared slightly more “gusty” (standard deviation: 1.1 m 3'1)
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compared to summer months (standard deviation: O.6ms‘1), probably as a result of
the more effective occurrence of the subtropical jet stream (SJS) over the Southern
Himalayas.

3.1.6 Wind direction (WD)

At NCO-P, WD showed a bidirectional distribution, with dominating directions from the
bottom of the valley (S-SW) and from the upper mountain (N-NE). This was related to
the development of a strong mountain-valley breeze regime (Bollasina et al., 2002),
brought about by the thermal heating of valley and mountain slopes (e.g. Henne at
al., 2005). For most of the year (October to May), valley winds prevailed during day-
time, while mountain winds prevailed during night-time (Fig. 3d). During the summer
months, due to the large scale forcing of the South Asian monsoon (Ueno et al., 2008),
valley breeze winds are predominant also during night-time. This was reflected by the
seasonal frequency of valley winds, which was characterised by an 80% occurrence
from June to September and a 45% one from November to April. Due to this abrupt
change in local circulation, WD was also used to define the monsoon phase over the
considered region.

3.2 Identification of season transitions

In the present work, sudden variations in the mountain weather regime (as defined by
RH and WD behaviour) were used to identify the onsets and the decay dates of the
summer monsoon and winter seasons.

The winter season was identified when daily RH values never exceeded 70%, and
northerly mountain winds were well established during night-time. In agreement with
Ueno et al. (2008), the monsoon season was defined as the period characterised by
high humidity levels, and the presence at the measurement site of southerly wind,
also during night-time. In fact, from May to September, an evident decrease in the
frequency of mountain winds was observed, and southerly winds could prevail even
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during night-time. As suggested by Barros and Lang (2003) and Ueno et al. (2008),
this change in local circulation could represent the in-situ evidence for the onset of the
large scale summer monsoon flow from the Indian plains to the Tibetan Plateau. In
good agreement with the analyses of Rajeevan and Revadekar (2007, 2008), the com-
bined analysis of RH and wind regime changes led to the seasonal definition reported
in Table 1. It should be noted that the onset dates of the monsoon season, as defined
in this way (21 May 2006 and 6 June 2007), are ahead of the onset of the rainy season
at NCO-P by about two weeks. In fact, Bollasina et al. (2002) identified 12 June as
the average onset date for summer monsoon precipitation, analysing six-year (1994—
1999) of daily precipitation data at this site. Our results are in good agreement with
those of Ueno et al. (2008) and Barros and Lang (2003), showing that in the Southern
Himalayas significant changes in mountain weather regime relating to the summer on-
set of the large scale southern monsoon circulation strongly anticipate the precipitation
onset.

3.3 Sky conditions and cloud classification

To identify cloud-free and cloudy periods at NCO-P from pyranometer measurements,
a simple algorithm was implemented. First, a cloud-free day characterized by low
aerosol and pristine conditions were identified. Following Long and Ackermann (2000),
the measured irradiance was fitted with the expression

1(6) = A[cos(8)]?

where 6@ is the solar zenith angle, and A and a are constants. The standard deviation o
of the ratio R between the observations and the fitting curve at the corresponding solar
zenith angles was calculated over 10-min intervals. The observations whose value of
o exceeded a fixed threshold (0.005) were labelled as cloudy. In addition, because
the irradiance variability was small in a few cases of overcast sky with thick cloud,
cases with measured irradiances outside a 20% range of the clear-sky fitting curve
were also labelled as cloudy. Only cases with solar zenith angle smaller than 70° were
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considered, since shadowing of the sensor by mountains sometimes occurred during
the year for larger values of 8. The method is efficient in identifying clouds, and results
agree well with determinations of cloudy periods based on visual inspection of the daily
course of measured irradiances by an experienced operator. Cloudy periods were fur-
ther separated into classes, qualitatively identified as thin/moderate, thick, or scattered,
depending on the value of AR. Thick clouds are those corresponding to R <0.5. Ac-
cording to the algorithm of Barnard and Long (2004), R=0.5 roughly corresponds to
a cloud optical depth of 8 over a surface not covered by snow or ice. Figure 4 shows
the frequency of occurrence of the different conditions during the day, summed over
the main seasons identified above. Due to the limit on the value of 8, information after
15:00 NST for the post-monsoon season is not available. The sky conditions clearly
show different behaviours during the four seasons, in response to large scale dynami-
cal phenomena. The average daily evolution in the different seasons sometimes shows
a strong diurnal cycle, partly determined by local circulation. Thick clouds were present
in up to 50% of the cases in the afternoon during the pre-monsoon and, consistently
with the precipitation data reported in Fig. 3d, their occurrence increased during the
monsoon season, with a frequency of about 80% in the mid-afternoon. Thick clouds
were found to be less frequent in the post-monsoon, and rare during the winter season.
As expected, cloud-free skies are most common in the winter season, while their fre-
quency is smaller than 10% during the monsoon period. A distinctive daily behaviour
appears, with cloud-free conditions occurring mostly during the morning throughout the
year. Thin/moderate clouds seem to display a smaller daily evolution, particularly in the
pre-monsoon season. The diurnal cycle is large in the non-monsoon seasons, while it
is reduced during the monsoon, as an effect of the interaction between large scale and
local circulation, and the influence of cloudy conditions (present in more than 90% of
cases throughout the day) on valley wind development .
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3.4 Local circulation description

At NCO-P the wind regime was characterised by an evident mountain/valley breeze
circulation, as shown by the analysis of the southern wind component (Vy) from post-
monsoon to pre-monsoon (Fig. 5, upper plate), while in the monsoon season southerly
winds were predominant. During the pre-monsoon season, valley winds (Vy > 0) were
evident from about 09:00 to 20:00 NST, and from 09:00 to 18:00 NST during the post-
monsoon and winter season. The slightly stronger valley winds observed in the after-
noon during the pre-monsoon can be explained by the stronger driving force caused by
the more efficient ground heating (Bollasina et al., 2002). During night-time, the wind
flow reversed (Vy < 0) but showed lower intensity compared to the day-time valley
winds. This mountain wind system clearly influenced the diurnal behaviour of mois-
ture at the measurement site. In fact, even if the diurnal variation of Specific Humidity
(SH, Fig. 5, middle plate) was small when compared to seasonal variation (from about
1gkg'1 during the Winter season to 3—4gkg'1 during the pre-monsoon and post-
monsoon), the valley breeze favoured the transport of moisture from lower altitudes
during day-time, the highest SH values (about 3—4 g kg_1) being recorded from 16:00
to 18:00NST . The pre-monsoon evolution of local wind fields around NCO-P was con-
firmed by WRF simulations for a selected day (30 March 2006). In particular, while
at 03:00 NST the measurement site experienced northerly flows coming from the Ti-
betan Plateau, at 15:00 NST, following ground heating, up-valley winds coming up from
the Dudh Koshi and Khumbu valleys dominated at the NCO-P location (Fig. 6, upper
panels).

During the monsoon season, significant changes of the local wind regime were ob-
served at NCO-P, bringing moisture from the bottom to the top of the Khumbu valley,
due to the strong heating of the ground and the consequent release of large quanti-
ties of latent heat into the atmosphere. The average diurnal variation of VVy showed
increasing values in the morning (with the valley breeze) and a maximum around mid-
day, with decreasing values until night, when the southerly winds were still observed at
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the measurement site (Fig. 6). As shown by WRF simulations for a specific monsoon
day (15 July 2007), during day-time the up-valley wind observed at NCO-P was related
to very pronounced flows onto the Tibetan Plateau, which originated from the lower
valleys of Nepal (Fig. 6, bottom panels). Also during night-time (03:00 NST), the upper
reaches of the valleys continue to show a southerly flow towards the Tibetan Plateau
(Fig. 6, bottom panels). This is in agreement with previous investigations by Ueno et
al. (2008) and Barros and Lang (2003), suggesting that during night-time the measure-
ments carried out at NCO-P can be representative of the large-scale monsoon flow
between the Indian plains and Tibetan Plateau. During the monsoon season, the day-
time valley breeze showed a gentler decreasing trend toward the evening (VVy, Fig. 6),
probably due to the “pumping effect” of the latent heat release relating to water vapour
condensation on cumulous clouds (Bollasina et al., 2002). During this season, the SH
diurnal variation characterized by high values (in average above 7g kg'1) with maxi-
mum after midday, indicated the efficient transport of moist air masses from the bottom
of the valley, with a larger presence of clouds at NCO-P. This was further confirmed
by the analysis of solar irradiance (Fig. 5), which showed lower irradiance levels dur-
ing the monsoon (average value at 12:00 NST: 832+342 W m'2) than in other seasons
(average value at 12:00 NST: 954+£242 W m™2).

3.5 Large scale circulation description

Located on the south-facing side of the Himalayas, the upper Khumbu valley is particu-
larly affected by large scale circulation. In fact, signals of the so-called Tropospheric Bi-
ennial Oscillation (Webster et al., 1998) were found by Bertolani et al. (2000) analysing
in-situ meteorological parameters at the Pyramid International Laboratory, while Bol-
lasina et al. (2002) showed a clear link between intra-seasonal precipitation variation in
the upper Khumbu valley and large-scale circulation modes. In this area, the seasonal
weather behaviour depends on variations in the “Tibetan High”, a strong thermal anticy-
clone forming in the upper troposphere during summer season, and correlating with the
strength and location of the SJS during the rest of the year (Krishnamurti and Bhalme,
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1976; Bertolani et al., 2000; Ueno et al., 2001). During the cold season, from October
to May, the low-level cold Siberian high controls the weather over much of Asia, while in
the upper troposphere the axis of the SJS is just south of the Himalayas, and synoptic
disturbances travel eastward affecting the southern slope of this mountain ridge (Ueno
et al., 2001). Moving into summer, the SJS starts to oscillate between northern Tibet
and the southern Himalayas (Barros and Lang, 2003). This leads to a weakening of
general flows, which can provide favourable conditions for the development of daytime
convection over the southern Himalayas, thus modulating the onset of the summer
monsoon rainy season (Barros and Lang, 2003; Ueno et al., 2008). In June—August,
the SJS is situated in northern Tibet, and the “Tibetan High” becomes the predom-
inant synoptic pattern at upper levels. The migration of monsoon depressions from
the northern Gulf of Bengal (Ueno et al., 2008) and the low-level cross-equatorial jet
(Krishnamuti and Bhalme, 1976) may influence the regional weather and total column
moisture over the Himalayas. In fact, as deduced by sun-photometer measurements
(Fig. 7), a strong annual cycle characterized the precipitable water (PW) at the EvK?-
CNR Aeronet site at NCO-P. While low PW values were observed from October to May;,
higher values characterized the atmospheric moisture from June to September. This
is consistent with the transport along the northern flank of the low-level westerly jet
of air-masses rich in moisture from South/South-East to eastern Nepal and southern
Himalayas during the summer period (Barros and Lang, 2003).

The air-mass flows specifically characterising the NCO-P region for each season are
depicted in Fig. 8, showing the field concentrations of the LAGRANTO back-trajectory
points calculated along the period 1 March 2006-18 February 2008. To emphasize
the transport paths also on “peripheral” regions far away from the measurement site, a
logarithmic scale is adopted. From the analysis, it is evident that: (a) during the winter
season NCO-P is mainly affected by a very fast westerly circulation related to the well-
developed SJS along 30° N; (b) during the pre-monsoon and post-monsoon, slower but
still westerly air-masses mainly affected the measurement site with evident excursions
related to SJS undulation and synoptic scale systems; (c) during the monsoon season
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NCO-P is strongly affected by air masses originating at lower latitude regions (i.e. Gulf
of Bengal and Indian sub-continent). The analysis magnifies the different atmospheric
circulation characterising the high Himalayas with respect to the South Asia plains dur-
ing the winter and transitional seasons. While in the South Asia boundary layer, a north
to north-easterly circulation usually prevails, in the middle and upper troposphere the
mean flow turns to westerly (Phandis et al., 2002), thus indicating a synoptic-scale
decoupling of the middle troposphere circulation from the lower troposphere. To inves-
tigate the synoptic-scale circulation at the measurement site, and to identify possible
relationships between different air mass paths and atmospheric compound variations
at NCO-P (see Sect. 4), a cluster analysis was applied to night-time LAGRANTO back-
trajectories (see Sect. 2.3).

Depending on the geographical origin and paths of the analysed back-trajectories,
7 clusters were identified, divided into three main classes: SW south-westerly (SW-
AP: Arabian Peninsula, SW-AS: Arabian Sea, SW-BG: Bengal Gulf); W westerly (W-
NA: North Africa, W-EU: Europe, W-ME: Middle East); and REG regional, as shown
in Fig. 9. Significant variations in the cluster frequencies among the different sea-
sons were found, as shown by the seasonal cluster analyses at NCO-P for the period
March 2006—February 2008 (Fig. 10) and in agreement with previous investigations
(e.g. Bohmer et al., 2006). In particular, the three “W” clusters characterised 43.3%
of the investigated period (Fig. 9), suggesting the prevalent role of the SJS and west-
erly synoptic scale systems in influencing the atmospheric circulation over the south-
eastern Himalayas (particularly during non-monsoon seasons). The obtained cluster
analysis also showed a not negligible contribution on the part of the “SW” circulations,
which were established at NCO-P for 23.5% of the analysed period. According to
Bohmer et al. (2006) and Barros and Lang (2003), these circulation classes are related
to the passage of synoptic-scale disturbances over the western Indian subcontinent
and Himalayas (SW-AS and SW-AP) during non-monsoon seasons, and to the devel-
opment of the well-established monsoon circulation over the Gulf of Bengal (SW-BG)
during the monsoon season, promoting synoptic-scale air mass uplift, as also shown
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by the cluster vertical cross-sections (Fig. 9). Similar cross-section depicted by REG
circulation (33.2% of clusters, Fig. 9) stressing the possible uplift of regional polluted
air-mass observed at the measurement site during the 2-year period (Fig. 10). In order
to assess the possible influence of regional emissions on the atmospheric compounds
observed at the measurement site, it is worth noting that not-negligible REG contri-
butions were also present in the pre-monsoon and post-monsoon seasons even if the
most important contribution was related to the summer monsoon (Fig. 10). However,
this type of circulation was not present during the winter season, when the main syn-
optic transport flow to NCO-P usually occurred in the free-troposphere (Fig. 9), further
attesting the predominant influence of the SJS during this period.

Also noteworthy is the strong circulation change associated with the South Asian
summer monsoon, causing the NCO-P station to be almost solely affected by “SW”
(SW-BG) and “REG” air masses (96.1% of frequency in total). This suggests the im-
portant role played by depressions migrating from the Gulf of Bengal (Ueno et al.,
2008) and the low-level monsoon trough (Krishnamuti and Bhalme, 1976; Bollasina et
al., 2002) in determining air mass transport towards the measurement site during this
season.

4 Atmospheric composition at NCO-P and possible influence of the Atmo-
spheric Brown Cloud

The long dry season in the South Asian region, and the persistent subsidence and
trade wind inversion characterising the winter and pre-monsoon seasons, strongly in-
hibit the ventilation and dilution of pollutants, favouring their build-up in the lower tropo-
sphere (Ramanathan et al., 2008). Such meteorological conditions also promoted ideal
conditions for the onset of wildfires, which represent an additional important source of
BC and O4 precursors in atmosphere (Novelli et al., 2003; Bond et al., 2004). Aerosol
and gaseous pollutants in layers of brownish haze cover the vast Indian sub-continent
during the winter and pre-monsoon period, forming the so-called Atmospheric Brown
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Cloud (Ramanathan et al., 2007). On the Indian sub-continent, alongside anthro-
pogenic pollution, dust aerosols also build up in the pre-monsoon and monsoon sea-
sons (Liu et al., 2008).

Because the NCO-P atmospheric observations constitute the first continuous atmo-
spheric characterization in the high Himalayas, as well as providing an overview of
the seasonal variations of anthropogenic and natural atmospheric compounds (BC,
O3 and coarse particle numbers, Dp>1 um), the following discussion also focuses on
the possibility that local/regional and synoptic atmospheric circulations might favour
the transport of Brown Cloud pollutants to the Himalayas and their glaciers. For the
three considered compounds, the observed seasonal variation values (Table 2) and be-
haviours shown in Fig. 11, magnify the role of the South Asia summer monsoon cycle
in determining the characteristics of atmospheric composition at NCO-P, even if short
time variations (on synoptic scales) are also evident (Fig. 11). These marked “acute
events” also influenced the BC yearly averaged concentrations at NCO-P (160 ng m'3),
which are similar to values obtained by measurements carried out at NAM CO, a sta-
tion located on the Tibetan Plateau (4730m a.s.l.) (J. Ming, personal communication;
Marinoni et al., 2010). The monsoon season was characterized by the lowest sea-
sonal BC concentrations (50 ng m_3), a value comparable with the European continen-
tal background, as reported by Marinoni et al. (2010), while a clear maximum during
the pre-monsoon period was observed.

Surface ozone concentrations (yearly mean: 49 ppbv) also exhibit a clear seasonal
cycle at NCO-P (Fig. 11), with high values during the pre-monsoon and lower values
during the monsoon period (Table 2). In general, the average Oy diurnal cycles pre-
sented different shapes in the different seasons, suggesting a considerable interaction
between the synoptic-scale circulation and the local mountain wind regime (Cristo-
fanelli et al., 2010). A similar seasonal behaviour is found when observing the median
values of coarse particle concentrations, even if the analysis of seasonal mean values
suggests that the monsoon period may be more influenced by dust transport events
than the post-monsoon.
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4.1 Atmospheric composition during the monsoon period

During the monsoon, 96% of air-masses reaching NCO-P were related to synoptic-
scale uplift (Figs. 9 and 10) within the REG (74%) and SW-BG (22%) clusters.
The specificity of summer monsoon air-mass circulation at the measurement site
was strengthened by the SW-BG air-mass circulation, which, usually associated with
strongly precipitating low pressure systems over the Bay of Bengal (Barros and Lang,
2003), influences NCO-P only during this season. Conversely, when westerly shifts in
the monsoon circulation occurred, large amounts of anthropogenic pollutants (i.e. BC
and O3) and mineral dust can be transported from the Western Indo-Gangetic plains
towards the Himalayas and NCO-P, as recorded on 12—-22 June 2006 (Bonasoni et al.,
2008).

As deduced from LAGRANTO back-trajectories (Figs. 9 and 10), this synoptic circu-
lation favoured the transport of clean air-masses, also coming directly from the Bay of
Bengal. Accordingly, very low BC, coarse aerosol and O3 concentrations (about 1/6,
1/4 and 1/2 with respect to pre-monsoon mean values, respectively) characterized the
measurement site, as reported in Table 2. Enhanced wet scavenging and decrease
of emissions from domestic heating, which commonly affect the region during sum-
mer, can significantly contribute to reducing the aerosol concentration in air-masses
transported to NCO-P, as also shown by Marinoni et al. (2010), Sellegri et al. (2010)
and Decesari et al. (2010). The significant role played by the South Asia monsoon
in determining O3 summer concentrations, the wash-out of the O5 precursor and the
meteorological conditions not favourable to an efficient photochemical O production
(Agrawal et al., 2008), are also reflected in the low O3 concentrations measured at
NCO-P during the monsoon (Table 2). Similar O3 behaviours have been observed at
other mountain stations in this continental area, e.g. Mt. Abu, in India (Naja et al., 2003)
and Mt. Tai and Mt. Huang, in eastern China (He et al., 2008).
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4.2 Atmospheric composition during non-monsoon seasons and influence of
Atmospheric Brown Cloud

A pronounced change in atmospheric composition properties occurred at NCO-P in the
passage from the monsoon to post-monsoon period, as shown by O3 and BC seasonal
values in Table 2. Significant increases in O; and BC were observed at the measure-
ment site in the post-monsoon season. They became increasingly marked in winter
and the pre-monsoon season (Fig. 11), following the change in weather conditions and
atmospheric circulation (Figs. 8 and 9). In fact, most of the post-monsoon (56%) and
winter (77%) was characterised by westerly air-masses, as indicated by LAGRANTO
analyses (Fig. 9). Similar behaviour was also found for PM; and coarse mass values
(Marinoni et al., 2010), and was evident in the amounts of chemical compounds investi-
gated by Decesari et al. (2010), which indicated a large contribution from carbonaceous
aerosols, and, to a lesser extent, from nitrate and sulphate. During the cold-dry winter
and pre-monsoon seasons, domestic heating and cooking, open biomass burning and
energy production favour anthropogenic emissions of large amounts of aerosols and
pollutants in the atmosphere, encouraging the formation of the Brown Cloud on the
Indian plains (Ramanathan et al., 2008). As indicated by Gautam et al. (2009), strong
westerly winds can lead these pollutants to accumulate with mineral dust over the
Indo-Gangetic plain towards the Himalayan foothills (Fig. 1), subsequently transporting
these air masses up to NCO-P. This transport is more effective in the warmer season
(pre-monsoon), when the atmospheric boundary layer attains greater thickness.
During non-monsoon seasons, the maximum seasonal Oz concentration
(60.9+8.4 ppbv) was registered during the pre-monsoon period (Table 2). Due to the
station’s high altitude, a not negligible contribution to surface O concentration (19.2%)
was related to stratospheric air-mass intrusions (Sl), which affected the measurement
site for about 20% of pre-monsoon days (Cristofanelli et al., 2010). Nevertheless, for
O, as for BC, an influence of anthropogenic emissions was likely, as suggested by
Ramanathan et al. (2007), who observed, over India and South Asia, the strongest
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influence of the Brown Cloud from November to April. As reported in Table 2, high
coarse particle concentrations also affected NCO-P during the pre-monsoon period.
Air-masses rich in mineral aerosol supplied by dust storms in desert areas, or from vast
dry fallow agricultural lands, can plausibly affect the slopes of the southern Himalayas
during the pre-monsoon period, as suggested by previous investigations (Prasad and
Singh, 2007; Liu et al., 2008a; Gautam et al., 2009). This is confirmed by Duchi et
al. (2010) and Decesari et al. (2010), who indicate that air masses rich in mineral dust
coming from Pakistan/Afghanistan and the Indo-Gangetic plains may play an important
role in determining both coarse aerosol concentrations and PM;, values at NCO-P.

4.2.1 Influence of local/regional circulation on atmospheric composition at
NCO-P during the pre-monsoon period

The transport of high levels of pollutants to the high Himalayas is efficiently accom-
plished by transport processes on both the local/regional-and long-range scales. Par-
ticularly in the pre-monsoon season, the Khumbu valley represents an efficient and
persistent channel for the transport of large amounts of absorbing particles to NCO-P,
carried by the day-time up-valley breeze, as suggested by the analysis of average BC
and PMy diurnal variations presented by Marinoni et al. (2010). Shortly after sunrise,
pollutants start to rise, reaching a maximum in the late afternoon (~600 ng m~° for BC
and 6 ug m~2 for PM,, with average diurnal amplitude between 2 and 5) (Marinoni et
al., 2010). Such diurnal behaviour was well correlated with the behaviour of specific
humidity (SH) (Sect. 3.4 and Fig. 6), indicating that polluted air-masses coming from
the lower troposphere can reach the measurement site under valley wind breezes. This
possibility is well traced by WRF model simulations (Sect. 3.4), and is further supported
by Decesari et al. (2010), who show the existence of a clear difference in the chemical
composition between night-time and afternoon samples of both PM; and PMy,, filters.

In view of the above considerations and of experience gained in other mountain ar-
eas (e.g. Carnuth et al., 2002; Henne at al., 2004), the present observations suggest
that Himalayan valleys could represent a “natural chimney” through which Brown Cloud
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pollutants can be directly vented to the high Himalayas and middle/upper troposphere.
The “natural chimney” effect is probably induced by thermal circulation. Thus, with
the purpose of accurately determining its contribution to the high BC values observed
during the pre-monsoon season, days on which the diurnal breeze cycle was well de-
veloped were identified, by singling out the days that showed significantly higher after-
noon than night-time SH values, as also applied by Zellwegger et al. (2003) and Henne
at al. (2008). From this pre-monsoon analysis 183 days were found to be influenced
by local breeze circulation, confirming that about 90% of the days were characterized
by the “natural chimney” effect. On such days, significantly higher daytime BC val-
ues (625.0ng m‘3) and diurnal amplitude (441.9ng m'3) were observed as compared
to the remaining days (317.0ng m~2 and 141.6 ng m~3, respectively), indicating that
when up-valley winds were well-developed, the BC concentration observed at NCO-P
was at least double. However, it should be noted that the BC concentrations seem
to decrease strongly with altitude. In fact, the BC values registered at the central Hi-
malayan Nainital station (1950 m a.s.l.) during the winter of 2004 (1.36+0.99 ug m'3),
were significantly higher than NCO-P ones, while BC concentrations in India ranged
from few pg m~3 to 27 Hg m~3 (Marinoni et al., 2010).

Despite BC, surface O4 did not show any significant average diurnal variation during
the pre-monsoon period (Cristofanelli et al., 2010). This suggests that, on a seasonal
basis, the contribution of polluted air-masses carried from the lower troposphere by
up-valley breezes was similar to that coming from the upper troposphere via night-
time down-valley breezes, without ruling out the possibility that the Himalayan free
troposphere could be characterized by O3 amounts directly connected to polluted air
mass venting and recirculation processes.

4.2.2 Influence of synoptic circulation on atmospheric composition at NCO-P
during the pre-monsoon period

For the purpose of evaluating the possible influence of synoptic-scale air-mass concen-
trations on the atmospheric composition observed at NCO-P during the pre-monsoon
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phase, BC and O; data were analysed as a function of the mass cluster classifica-
tion presented in Sect. 3.5. To avoid interaction with local valley wind, only night-time
(i.e. between 22:00 to 06:00 NST) data was considered. In addition, in order further to
exclude data possibly influenced by local emissions from combustion processes, ob-
servations characterised by the presence of BC “spikes” in 3-h night-time values (i.e.
BC>431ng m=3, corresponding to 95th percentile) were also neglected. The results
obtained are shown in Table 3.

The seasonal pre-monsoon highest O3, BC and coarse particle median values
(68 ppbv, 124 ng m™ and 0.44cm™°, respectively) were recorded for the W-ME air-
masses, whose values were well above the median values observed at NCO-P during
the pre-monsoon night-time (61 ppbv, 100 ng m~2, and 0.14cm’3). This suggests that,
alongside the influence of up-valley winds, the synoptic circulation also significantly af-
fects concentrations of anthropogenic pollutants and mineral dust in the pre-monsoon
season. Moreover, the W-ME selection was also characterised by the greater occur-
rence of concentrations above the seasonal 75th percentile (conditional probabilities:
42%, 34% and 58%, respectively). Even if the W-ME cluster presents a 19% frequency
during the pre-monsoon period (Fig. 9), it is clear that air-masses containing the high-
est concentrations of pollutants are associated with this circulation.

This is in agreement with the results of Mihle et al. (2002), who pointed out that a
significant amount of pollution can characterise the mid-latitude free troposphere over
the Arabian Peninsula and Middle East. The Middle East region is a significant source
of anthropogenic emissions and photochemical air pollution (Lelieveld et al., 2009; de
Laat et al., 2001), as well as a considerable dust source area (Washington et al., 20083;
Prospero et al., 2002). The presence of large amounts of anthropogenic pollutants and
mineral dust over the Indo-Genetic plain during the pre-monsoon period was observed
by Ramanathan et al. (2008) and Prasad et al. (2007). As shown by the cluster analy-
sis (Fig. 10), under W-ME circulation it is likely that such pollutants reach NCO-P after
being vented into the free troposphere. Liu et al. (2008) observed dust layer depths up
to 3—6 km over the Indian sub-continent for about 44% of cloud-free periods, indicating
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that natural and anthropogenic emissions from the surface may be injected into the free
tropospheric circulation. High pollution layers had already been observed by Verma et
al. (2006) over the Indian sub-continent, as high as 600 hPa in the presence of strong
upward motions along southern Asian coastlines during winter-spring. As proposed
by Raman et al. (2002), continental outflow of pollutants driven by the surface level
northeast monsoon winds can be lifted into the free troposphere by the strong land-
sea breeze circulation which characterises the western Indian coastlines. As analysed
by Phandis et al. (2002) in the NCEP reanalysis at 1000 hPa for February 1999, strong
north-easterly winds also flow over the northern coastlines of the Arabian Sea. Thus, it
was hypothesized in the present work that land-sea diurnal breezes and the continental
outflow from the western Indo-Gangetic plain and Arabia could affect air-masses flow-
ing towards NCO-P under W-ME circulation (Fig. 9). Consequently, it was also likely
that aerosol and O3 transported from polluted Arabian, Persian Gulf region and Indian
subcontinent significantly affected the behaviour of atmospheric compounds observed
at NCO-P under W-ME circulation. The possible influence of these regions as emitters
of pollution in the southern Himalayas was also supported by the high BC concentra-
tions (124 and 101 ng m‘s) observed when W-ME and SW-AP air-masses affected the
measurement site. Given that W-ME air masses could cross other large arid areas (i.e.
Iran, Turkmenistan and Afghanistan/Pakistan) before reaching the measurement site,
relatively high calcium and low iron, considered fingerprints for mineral dust originat-
ing from India-Pakistan deserts, were found in the PM,, at NCO-P (Decesari et al.,
2010), confirming the path of such air masses (Decesari et al., 2010 and references
therein). During pre-monsoon W-ME circulation, the surface O5 analysis performed by
Cristofanelli et al. (2010) shows that 26% of observations were probably influenced by
air-mass transport from the stratosphere, suggesting that this contribution cannot be
excluded for the high O5 concentrations observed at NCO-P. During the biomass burn-
ing spring-time season, plumes rich in BC and O can be rapidly transported into the
free and upper troposphere from western Asia and north Africa, as already pointed out
by Sudo and Akimoto (2007) and Verma et al. (2008). Due to the dominant westerly
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circulation, it can lead to a rather efficient transport of biomass burning products over
the Indian sub-continent and Tibetan plateau. In particular, the modelling investigation
conducted by Verma et al. (2008) for the period January—March 1999, showed that
BC emitted by open fires in north Africa — west Asia may contribute up to 30-40% of
the 550 nm — AOD over the Himalayan region. The rather high BC levels (101 ng m~3
and 91 ng m=3, respectively) observed at NCO-P under SW-AP and W-NA circulation
can support this possibility. In agreement with investigations during INDOEX (Rasch
et al., 2001; Verma, 2006) and results provided by Koch et al. (2007), it suggests that
a transport channel from western Asia and Africa towards southern Asia and the Hi-
malayas may contribute to explaining the high night-time BC levels observed during the
pre-monsoon period at NCO-P.

During the pre-monsoon season, a not negligible fraction of the time (24%) was also
affected by REG circulation, characterised by the direct uplift of regional air-masses to
NCO-P (Fig. 10). High values of BC, O3, and coarse particle concentrations (96 ng m‘3,
61 ppbv and 0.160m‘3, respectively) were also observed during the night-time circu-
lation (Table 3). From the LAGRANTO back-trajectory analysis, it was deduced that
air-mass uplift by synoptic-scale processes could also play an appreciable role in trans-
porting pollutants and mineral dust from the Asian Brown Cloud regions to NCO-P and
the southern Himalayas. For instance, as shown by Bhowmik et al. (2008) and Kiguchi
and Matsumoto (2005), the interaction of Himalayan orography with low level circulation
induced by westerly-disturbance over northern India, or through passages in the upper
troposphere moving eastward along the southern edge of the Tibetan Plateau, may
represent some of the synoptic-scale processes favouring this air-mass uplift during
the pre-monsoon period.

5 Conclusion

Starting March 2006, continuous observations of atmospheric composition were car-
ried out at the Nepal Climate Observatory — Pyramid (NCO-P), the highest WMO —
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GAW Station (5079 m a.s.l.) not far from the Everest Base Camp. These activities
were performed in the framework of SHARE (Station at High Altitude for Environmen-
tal research) Ev-K?-CNR and ABC (Atmospheric Brown Clouds) UNEP projects. In
the present paper, the first two years (March 2006—February 2008) of atmospheric
compound observations are introduced and discussed, in relation to seasonal weather
conditions and regional and synoptic circulations. Moreover, the possible connections
between the atmospheric observations at the NCO-P and the wide-scale accumula-
tion of pollutants and mineral dust over South Asia during pre-monsoon, i.e. Atmo-
spheric Brown Cloud, have been also investigated. Brown Cloud composition includes
aerosols such as black carbon, soil dust coarse particles, as well as pollutant gases
such as ozone: the seasonal and diurnal behaviours of these compounds at NCO-
P, as well as their variability, have been analyzed and studied in this work, while the
companion papers of this special issue cover other aspects of NCO-P observational
activities (Decesari et al., 2009; Gobbi et al., 2010; Cristofanelli et al., 2010; Marinoni
et al., 2010; Duchi et al., 2010; Sellegri et al., 2010; Marcq et al., 2010). In South Asia,
pollutants present near the surface are transported vertically and horizontally by atmo-
spheric winds, attaining an extension of thousands of kilometres and thickness up to
4 km (Ramanathan et al., 2008). This thick haze layer transported from South Asia and
Indo-Gangetic Plains towards the Himalayas can be vented along the mountain valleys,
reaching NCO-P, particularly during the pre-monsoon season when the highest sea-
sonal values of BC, O3 and coarse particles were registered: 316.9ng m~2, 60.9 ppbv,
0.37cm™>, respectively. The lowest concentrations occurred during the monsoon for
BC and O3 (49.6ng m~ and 33.6 ppbv, respectively), and the post-monsoon period for
coarse particle (0.07 cm'3), showing a clear seasonal variation of atmospheric com-
pounds at NCO-P, with mean 2-year values of BC, O3 and coarse particle numbers of
160 ng m~2, 49 ppbv and 0.25 cm™>, respectively.

The analysis of meteorological parameters and 5-days LAGRANTO back-trajectories
showed that the atmospheric seasonal conditions at NCO-P are influenced by both
the local mountain wind system and the large-scale Asian monsoon circulation. On
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the synoptic scale, a westerly circulation prevails from October to May, while wet air-
masses from South Asia are more frequently advected to the NCO-P during the sum-
mer monsoon.

Pollution events (high values of BC and Oj) related with long-range transport were
observed at the NCO-P rather frequently during pre-monsoon, while only a few cases
were registered during the monsoon onset periods (e.g. during June 2006 and May
2007). During the pre-monsoon season, events of pollution coming from South-Asia
and Indo-Gangetic plain (Gobbi et al., 2010) with AOD values (at 500 nm) greater than
0.10 were observed at NCO-P, while mean values below 0.05 generally characterise
typical remote high altitude areas (Saha et al., 2005). In addition to anthropogenic
pollution, natural phenomena (e.g. stratospheric intrusions and dust transports) act-
ing on the synoptic scales can also affect the atmospheric properties at NCO-P. As
shown by Cristofanelli et al. (2010), 14.1% of analysed days were found to be affected
by stratospheric intrusions, resulting in an average 27.1% (+13 ppbv) ozone increase
and low BC levels (average value, 70 ng m’3) as compared to periods not affected by
such events. The 23 multiday episodes of mineral dust transport on the synoptic scale
observed at NCO-P (Duchi et al., 2010) could significantly affect the coarse particle
concentrations that accounted for about half the PM,, mass (Marinoni et al., 2010;
Decesari et al., 2010). Such high concentrations of mineral dust, BC and O3 at high
altitudes can affect solar radiation absorption at the surface and in the atmosphere,
thus influencing the regional climate and biogeochemical cycle.

The influence that synoptic-scale transport could have in determining O3, BC and
coarse aerosol concentrations during the pre-monsoon period, were analysed as a
function of night-time air-mass back-trajectory clusters. For the considered com-
pounds, the highest median values (68 ppbv, 124 ng m'3, 0.44 cm‘s, respectively) re-
lated to Westerly-Middle East (W-ME) circulation, affecting the measurement site for
19% of nigh-time observations. Thus, even if during this season 26% of W-ME air-
masses were probably influenced by air-mass transport from the stratosphere (Cristo-
fanelli et al., 2010), it was likely that the remaining 74% of W-ME air masses favoured
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the transport of high concentration of aerosol and ozone from the polluted Arabian,
and Persian Gulf regions, and Indian subcontinent to NCO-P, significantly affecting the
behaviour of these atmospheric compounds. Within the present framework, as also
specified by Decesari et al. (2010) and Duchi et al. (2010), transport from arid source
areas in the Middle East, Central Asia and South-West Asia may represent an impor-
tant source of the coarse aerosols at NCO-P. However, the average BC seasonal val-
ues registered during the pre-monsoon season (317 ng m'3) was considerably higher
than the night-time W-ME median value (124 ng m‘3), which is supposed here to be
representative of large scale circulation. In agreement with Decesari et al. (2010) and
Marinoni et al. (2010), it is deduced that local and regional scale circulations represent
synergic processes able to transport efficiently into the upper Himalayan troposphere
large amounts of organic particulate matter, BC and inorganic ions, from the Indo-
Gangetic Plain and the Nepalese Himalayan foothills where, favoured by the long dry
season, the pollution from the Atmospheric Brown Cloud accumulates (Ramanathan
et al., 2008, and references therein). In fact, as shown herein, on 90% of pre-monsoon
days the valley wind represents a preferred channel for the transport of Brown Cloud
polluted air-masses up to NCO-P and (probably) to higher altitudes, particularly dur-
ing the pre-monsoon season. The interaction between polluted boundary layer air-
masses rising along the valley slopes and clean “upper” tropospheric air-masses was
also found to lead to frequent new particle formation events, as already shown by Ven-
zac et al. (2008). The absorbing aerosols, like BC and mineral dust, transported to
the high Himalayas can also affect the atmospheric regional radiative budget (Marcq
et al., 2010) and, once deposited onto snow and glacier surfaces, also impact surface
radiation budgets, probably accelerating cryosphere melting (Aoki et al., 2007; IPCC,
2007; Flanner et al., 2009).

In the framework of the ABC project, the results presented here contribute to filling
the gap in knowledge concerning atmospheric composition over the high Himalayas,
providing the basis for a better evaluation of the impact of anthropogenic and natu-
ral processes on radiative forcing and air-quality in this critical region (Ramanathan et
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al., 2008). Future implementation of the observational capacities at the NCO-P GAW
station (starting with continuous monitoring of CO, NO,, CO,, ...) will allow to better
define the trend of atmospheric composition and the ABC hotspots characterizing the
high Himalayas and its glaciers. Therefore, it seems very important that the extension
of the ABC research activity is accompanied by suitable policies at the local govern-
ment and institutional levels, aimed at promoting a sensitive reduction of soot particle
emissions, based on the proposals of Ramanathan et al. (2009), in the context of the
SURYA project, recently strengthened during COP15 in Copenhagen (EPA, 2009).
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Table 1. Identification of seasonal transitions as a function of the local weather regime. :
P. Bonasoni et al.

Year Season Start day—-End day
Pre-monsoon 1 March—20 May
2006 Monsoon 21 May—-26 September g
Post-monsoon 27 September—20 November ! !
Winter 21 November 2006—-31 January 2007
Pre-monsoon 1 February-5 June ! !
2007 Monsoon 6 June—12 October
Post-monsoon 13 October—14 November ! !
2008 Winter 15 November—18 February 2008 ! !
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Table 2. Seasonal average (meanzstandard deviation) and median values of O4, BC and
coarse particle number at NCO-P during the period March 2006—February 2008. Seasons are P. Bonasoni et al.
defined following Table 1, and mean values are calculated from the N available daily values
(last number).

Pre-monsoon Monsoon Post-monsoon Winter
O3 (ppbv) 60.9+8.4; 38.9+9.6 46.3+5.0 51.2+5.4
60.8, 200 36.8, 244 46.8, 86 51.2, 167

BC (ng m~2) 316.9+342.9 49.6+60.9 135.3+78.5 118.4+80.9
212.0, 205 30.6, 258 108.3, 89 98.3, 168

Coarse (cm_s) 0.37+0.37 0.09+0.02 0.07+0.05 0.16+0.14
0.25, 203 0.03, 225 0.05, 88 0.11,107
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Table 3. Cluster frequency (%) and surface O5, BC and coarse particle number statistical anal-
ysis according to the different back-trajectory clusters: median, standard deviation and number
of 3-h average data (in brackets). The conditional probability (%) of obtaining observations
exceeding the seasonal 75th percentile is also reported. Bold characters denote the air-mass
cluster characterised by the highest median value.

Air mass back-trajectory clusters for pre-monsoon night-time

SW-AP SW-AS  SW-BG W-NA W-ME W-EU REG
Cluster frequency 8.9% 11.9% - 29.8% 19.3% 6.2% 23.9%
(O 55/9 61/11 - 58/7 68/8 60/6 61/9
(ppbv) (26) 12% (39) 31% - (90) 10% (49) 42% (23) 22% (80) 29%
BC 101/90 74/87 - 91/100 124/95 69/87 96/85
(ng m=3) (26) 27%  (39) 21% - (92) 23% (68) 34% (24)17% (83) 22%
Coarse 0.07/0.14 0.06/0.06 - 0.10/0.18 0.44/0.64 0.11/0.11 0.16/0.38
(cm™®) (25)12%  (37) 5% - (84) 19% (64) 58% (21) 19% (61) 33%
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Fig. 1a. The Atmospheric Brown Cloud on southern slope of Himalayas (MODIS sensor on
NASA Terra satellite, 21 January 2007) and location of the NCO-P (Nepal Climate Observatory
— Pyramid, red point).

4874


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/4823/2010/acpd-10-4823-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/4823/2010/acpd-10-4823-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
10, 4823-4885, 2010

Atmospheric Brown
Clouds in the
Himalayas: first two
years of observations

P. Bonasoni et al.

0 2860 m* "

Y & & | g _,"_K:; {
-f" o 1)

Fig. 1b. The Nepalese Khumbu valley (yellow line) and the NCO-P (red triangle). Modified by
NASA World Wind, http://worldwind.arc.nasa.gov/.
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Fig. 2. Map of the domain of the third nest level in WRF simulations (surface elevation ex-
pressed in meters a.s.l., see coloured scale). NCO-P is marked by the red dot. Mountain
peaks are denoted by single letters as follows: S=Shishapangma, E=Everest, M=Makalu,
K=Kanchanjunga. For reference, the map of the valley region is also reported in the green box.
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Fig. 3. Daily values of atmospheric pressure (a), air-temperature (b), relative humidity (¢), rain
precipitation (d), wind speed (e) and 30-min values of wind direction (f) at NCO-P from 1 March
2006 to 28 February 2008. Monsoon (blue) and winter (red) season onset and offset dates are
represented by vertical lines.
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Fig. 4. Frequency of occurrence of clear skies (light blue), thin/moderate clouds (grey), thick
clouds (pink), and scattered clouds (white) versus time of day for the different seasons, as

derived from the CMP21 observations.
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Fig. 5. Average seasonal diurnal variations of southerly wind component (Vy, upper plate),
specific humidity (SH, middle plate) and solar irradiance (bottom plate) at NCO-P during the
pre-monsoon (white circles), monsoon (black circles), post-monsoon (grey triangles) and winter
(white squares) seasons.

4879

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/4823/2010/acpd-10-4823-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/4823/2010/acpd-10-4823-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

30 March 2006 02:45 LT 30 March 2006 14:45 LT ACPD

= " 10, 4823-4885, 2010
I ' Atmospheric Brown

: ‘ Clouds in the

B - Himalayas: first two

years of observations

P. Bonasoni et al.

o o o

o

CONTOURS: UNITS=m LOW= 20000
MAXIMUM VECTOR: 200

INTERVAL= 200,00

15 July 2007 14:45 LT
> : ” ----- L/ c

15 July 2007 02:45 LT

CONTOURS: UNITS=m Low=

He 74000 INTERVAL=  200.00 CONTOURS: UNTS=m LOW= 200,
MAKIMUM VECT o

.00 HGH= 74000 INTERVAL= 20000
MAXMUM VECTOR: 185 m o~ —

200,00
oR: 208

Fig. 6. 3km resolution WRF model simulations in the region surrounding Mt. Everest during
night-time (02:45 NST) and day-time (14:45 NST) for a specific pre-monsoon (30 March 2006)
and monsoon day (15 July 2007). Temperature in the lowest model layer (150 m thick) is shown
by the coloured field, while surface wind vectors are plotted in black. Terrain height is shown
with a contour interval of 200 m. The red dot represents NCO-P location.
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Fig. 7. Precipitable water monthly medians for the period April 2006—February 2008 at the
EvK2-CNR AERONET station at NCO-P. The error bars represent the 25th and 75th percentiles
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Fig. 8. Field concentrations (expressed as the logarithm of the number of back-trajectory points
passing over a 1° x 1° grid) of LAGRANTO back-trajectories for the seasons defined in Sect. 3.2.
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Fig. 9. Night-time three-dimensional back-trajectory cluster analysis at NCO-P for the period 1

March 2006—-18 February 2008 (vertical cross section included).
4883

ACPD
10, 4823-4885, 2010

Atmospheric Brown
Clouds in the
Himalayas: first two
years of observations

P. Bonasoni et al.

(&)
()



http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/4823/2010/acpd-10-4823-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/4823/2010/acpd-10-4823-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Frequency (%)

100
80
60
40 -+
20 1

0

Pre-monsoon Monsoon Post-monsoon  Winter

Season

Fig. 10. Seasonal cluster frequencies at NCO-P for the period March 2006—February 2008:
SW-AP (South Westerly — Arabian Peninsula), SW-AS (South Westerly — Arabian Sea), SW-BG
(South Westerly — Bengal Gulf), W-NA (Westerly — North Africa), W-EU (Westerly — Europe),

W-ME (Westerly — Middle East), REG (Regional).
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Fig. 11. Seasonal time series (daily averages) of surface O; (upper plate), BC (middle plate)
and coarse particle number (button plate) at NCO-P from March 2006 to February 2008. Sea-
sons (as defined in Table 1) are also reported: red — winter; light blue — monsoon. BC is
reported by log-scale on y-axis.
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