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Abstract

The Himalayas is located at the southern edge of the Tibetan Plateau, and it acts
as a natural barrier for the transport of atmospheric aerosols, e.g. from the polluted
regions of South Asia to the main body of the Tibetan Plateau. In this study, we investi-
gate the seasonal and diurnal variations of aerosol optical properties measured at the5

three Aerosol Robotic Network (AERONET) sites over the southern (Pokhara station
and EVK2-CNR station in Nepal) and northern (Qomolangma (Mt. Everest) station for
Atmospheric and Environmental Observation and Research, Chinese Academy of Sci-
ences (QOMS_CAS) in Tibet, China) slopes of the Himalayas. While observations at
QOMS_CAS and EVK2-CNR can generally be representative of a remote background10

atmosphere, Pokhara is an urban site with much higher aerosol load due to the influ-
ence of local anthropogenic activities. The annual mean of aerosol optical depth (AOD)
during the investigated period was 0.06 at QOMS_CAS, 0.04 at EVK2-CNR and 0.51
at Pokhara, respectively. Seasonal variations of aerosols are profoundly affected by
large scale atmospheric circulation. Vegetation fires, peaking during April in the Hi-15

malayan region and northern India, contribute to a growing fine mode AOD at 500 nm
at the three stations. Dust transported to these sites results in an increase of coarse
mode AOD during the monsoon season at the three sites. Meanwhile, coarse mode
AOD at EVK2-CNR is higher than QOMS_CAS from July to September, indicating the
Himalayas blocks the coarse particles carried by the southwest winds. The precipita-20

tion scavenging effect is obvious at Pokhara, which can significantly reduce the aerosol
load during the monsoon season. Unlike the seasonal variations, diurnal variations are
mainly influenced by meso-scale systems and local topography. In general, precipita-
tion can lead to a decrease of the aerosol load and the average particle size at each
station. AOD changes in a short time with the emission rate near the emission source25

at Pokhara, while does not at the other two stations in remote regions. AOD increases
during daytime due to the valley winds at EVK2-CNR, while this diurnal variation of
AOD is absent at the other two stations. The surface heating influences the local con-
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vection, which further controls the vertical aerosol exchange and the diffusion rate of
pollutions to the surrounding areas. The Himalayas blocks most of the coarse particles
across the mountains. Fine and coarse mode particles are mixed to make atmospheric
composition more complex on the southern slope in spring, which leads to the greater
inter-annual difference in diurnal cycles of Ångström exponent (AE) at EVK2-CNR than5

that at QOMS_CAS.

1 Introduction

Atmospheric aerosol effect is one of the largest uncertainties to predict climate change
for inadequate understanding of its properties (IPCC, 2007), especially for anthro-
pogenic aerosols (Kaufman et al., 2002). On one hand, aerosols absorbing and scatter-10

ing solar radiation can change atmospheric temperature profile, surface solar radiation
and reflected solar radiation at the top of atmosphere (Wild, 2009; Sena et al., 2013).
On the other hand, aerosols can also act as cloud condensation nuclei (CCN) to impact
cloud cover, cloud properties and precipitation, and ultimately influence the hydrologi-
cal cycle (Ramanathan et al., 2001). Therefore, it is important to simulate and quantify15

climatic effects of atmospheric aerosols.
The studies of tropospheric aerosols and their impacts are of great importance (Li

et al., 2011). Tibetan Plateau (TP) is the largest and highest plateau on the earth.
TP acts as a receptor of natural and anthropogenic aerosols from the surrounding
areas, and its environment is highly sensitive to climate change and human activities.20

The Himalayas is located at the southern edge of TP, and it acts as a natural barrier
for the transport of atmospheric aerosols. However, the knowledge for aerosol optical
properties is lacking on the TP.

Many studies have focused on environmental and climate change on TP (Xu et al.,
2009; Yang et al., 2011; Yao et al., 2012), particularly in the Himalayan region (Lau25

et al., 2006; Gautam et al., 2009). Although TP has pristine atmospheric conditions
with quite low aerosol load in annual average (Cong et al., 2009), both anthropogenic
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and natural aerosols can be transported there (Cong et al., 2007). Some extreme con-
taminative events in the central TP indicate that pollutions extending to 3–5 km above
sea level (a.s.l.) could be transported to TP by the southwesterly prevailing winds (Xia
et al., 2011). Dust also influences TP greatly, and Tibetan airborne dusts appear to
be largely associated with surrounding source regions, for example, Taklimakan desert5

(Xia et al., 2008), Tarim Basin, Gobi Desert, northwest India and Middle East (Huang
et al., 2007; Liu et al., 2008). The concentration of aerosols decreases rapidly with in-
creasing altitude over the Himalayan region, and Ångström exponent (AE) remains high
in the well mixed region but decreases above (Dumka et al., 2011). Black carbon (BC)
transported to the Himalayas and the Tibetan Plateau (HTP) has increased in recent10

years, and South Asia and East Asia are the two main source regions (Lu et al., 2012).
Large abundance of BC in central Himalayas is related to the boundary layer dynam-
ics and the human activities in the adjoining valley (Pant et al., 2006). The Himalayas
blocks BC particles across the mountains into the plateau, but Yarlung Tsangpo River
valley acts as a “leaking wall” to contaminate the southeast TP (Cao et al., 2011).15

Both seasonal and diurnal variations of aerosols are important to investigate aerosol
optical properties. The characteristic time scale of variation of AOD is about 3 h in
remote regions, but can be less than 1 h near the emission sources (Anderson et al.,
2003). The characteristics of total aerosol or carbonaceous aerosol daytime variations
have been studied at many regions, such as North and South America (Zhang et al.,20

2012), South Asia (Singh et al., 2004; Pandithurai et al., 2007; Gautam et al., 2011),
China (Wang et al., 2004).

Remote sensing retrieval of AOD has been applied in many regions (Li et al., 2007;
He et al., 2010; Breon et al., 2011), but with much uncertainty on the TP for its low
aerosol load (Wang et al., 2007). This paper analyzes the seasonal characteristics of25

fine and coarse mode aerosols respectively using AERONET data. Diurnal variations
of aerosol optical properties are revealed and potential causes are also discussed. The
data and methodology are described in Sect. 2. The spatial feature of precipitation and
wind field are presented as meteorological feature in Sect. 3.1. The seasonal aerosol
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optical properties are analyzed in Sect. 3.2, and the diurnal aerosol variations are
discussed in Sect. 3.3. Conclusions are given in the Sect. 4.

2 Datasets and methodology

2.1 Site descriptions

Three AERONET sites (QOMS_CAS, EVK2-CNR and Pokhara) are selected for this5

study. QOMS_CAS is on the northern slope of Himalayas, and the other two sites are
on the southern slope. The climatic conditions are different between the southern and
northern slopes. The information of these three stations is listed in Table 1. The date
ranges show the investigated period used to calculate annual means, seasonal values
and diurnal variations. The topography and the observation environment are shown in10

Fig. 1.
QOMS_CAS (China, Table 1, Fig. 1) is located at a northeast-southwest valley in the

Everest region. In monsoon season, the leading surface wind direction is southwest,
while in other seasons the dominant surface wind direction is northeast. Southwesterly
winds prevail during the monsoon season, and in other period the westerly winds pre-15

vail (Ma et al., 2011; Li et al., 2012). EVK2-CNR (Nepal, Table 1, Fig. 1) is located at
the foothill of Mount Everest in a north–south valley. The surrounding areas are dom-
inated by large moraines and high mountains (5800–6200 ma.s.l.). The wind regime
is characterized by an evident mountain-valley circulation. The leading surface wind
direction is south during daytime all year long. Only during the non-monsoon season,20

the mountain winds prevail during nighttime and northwesterly winds are observed due
to the influence of the westerly winds (Bonasoni et al., 2008; Bonasoni et al., 2010;
Gobbi et al., 2010). Pokhara (Nepal, Table 1, Fig. 1), an urban site in Nepal, is situated
in the northwestern corner of the Pokhara Valley. As a result of sharp rise in altitude,
Pokhara has one of the highest precipitation rates in its country. Summer is humid and25
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mild, and most rainfall occurs during the monsoon season (July–September). Winter
and spring skies are generally clear and sunny (Kansakar et al., 2004).

2.2 AERONET data

AERONET is a federated international ground-based global network established for
characterizing aerosol optical properties and validating aerosol satellite retrievals. This5

network has more than 800 stations globally, using the unified data correction methods
to ensure the quality of data (Holben et al., 1998). Derived from the AERONET network,
ocean, desert dust, biomass burning and urban aerosol physical properties have been
studied by previous researches (Dubovik et al., 2002a; Smirnov et al., 2002b). CIMEL
sunphotometers deployed by AERONET can measure aerosol optical properties using10

two observation modes. First, CIMEL radiometers make measurements of the direct
sun radiance at eight spectral channels (340 nm, 380 nm, 440 nm, 500 nm, 675 nm,
870 nm, 940 nm, and 1020 nm) to acquire the aerosol optical depth, and use spectral
channels of 940 nm to get water vapor content. Then, CIMEL could also make sky
diffuse radiation measurements at four spectral channels (440 nm, 675 nm, 870 nm15

and 1020 nm) to acquire aerosol microphysical and optical properties (Holben et al.,
1998, 2001). Parameters such as aerosol size distribution, single-scattering albedos,
asymmetry factor and refractive index are obtained by the inversion algorithm (Dubovik
and King, 2000; Dubovik et al., 2002b). The uncertainty in AOD for Level 2 AERONET
data is 0.01 to 0.02 (Eck et al., 1999). The less aerosols are in the atmosphere, then the20

larger uncertainty comes (Dubovik and King, 2000). The wavelength (λ) dependence
of AOD is characterized by AE with a classical empirical equation AOD(λ) = βλ−AE (β
means turbidity coefficient) (Ångström, 1929, 1964). The uncertainties in computed AE
are much larger at low AOD (Kaskaoutis and Kambezidis, 2008; Kreuter et al., 2013).
However, the quantitative uncertainty in AE for AERONET data is lacking. In addition,25

contamination by undetected clouds and hygroscopic growth of aerosol particles leads
to a decrease of AE and an increase of AOD in the humid environment surrounding
clouds (Chand et al., 2012). However, the effects of clouds are ignored in this study. At
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present, AERONET has level 1.0, level 1.5 and level 2.0 data product, which denotes
raw data, automatically cloud cleared data and manual inspected data. In this study,
we mainly use level 2.0 data, and have an alternative in level 1.5 data for the case of
missing level 2.0 data.

2.3 Satellite data and reanalysis data5

In this study, level 3 TRMM precipitation products (3B43 version 7 and 3B42 version 7),
are used to show spatial rainfall feature and rainfall daytime variations. Temporal reso-
lution of 3B43 data is a month, and its spatial resolution is 0.25◦ ×0.25◦. The temporal
resolution of 3B42 data is 3 h, and the spatial resolution is same as 3B43 (Huffman
et al., 2007). Because the winter of 2012 is defined from December 2012 to Febru-10

ary 2013 in this study, TRMM 3B43 data in 2013 are not available at present. Although
2010 to 2012 are the same observation periods among three sites, we only use the
data of 2010 and 2011 to get spatial feature. To get the monthly precipitation, we sim-
ply do the conversion by multiplying the hourly rain rate with the total hours in that
month using 3B43 product. We can get the total amount of precipitation in a season by15

adding up the monthly precipitation in that season. To reflect the actual rainfall during
the observation periods, we average the accumulated precipitation of 2010 and 2011
in each season. The following subsections would elaborate on the classifications of
seasons. 3B42 data are used to get rainfall daytime variations. TRMM data are used to
analyze diurnal rainfall changes rather than station observations. Compared with sta-20

tion data, TRMM data have same observation mode, same data processing and better
continuity at these three stations. We extract the values from the grids which these
stations are located at to get time series of precipitation. Using the extracted values
at different time, we can obtain the diurnal variations of precipitation rate (PR) in all
seasons. For diurnal variations, the date ranges of TRMM 3B42 data are selected in25

accord with AERONET data at each station.
NCEP/NCAR reanalysis monthly means are used to show the wind field at 850 hPa.

The temporal resolution of reanalysis data is a month, and its spatial resolution is
20967
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2.5◦×2.5◦. The date ranges of wind field data are selected in accord with TRMM data.
The seasonal means of wind field are calculated by averaging the monthly means in
each season. NECP/NCAR reanalysis data (2.5◦ ×2.5◦, 6 h temporal resolution) are
also used for back-trajectory calculations. The five-day air mass backward trajectories
are calculated by Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)5

model version 4.9. Back trajectories are run every six hours for April and July in 2012.
The arrival height is set as 1 km above ground level (a.g.l.).

2.4 Analysis methods

Total AOD at 500 nm, fine mode AOD at 500 nm and AE at 440–870 nm are selected to
exhibit the aerosol optical properties throughout the year. Total AOD reflects the extinc-10

tion of both coarse and fine mode aerosols, and fine mode AOD only reflects the ex-
tinction of fine mode aerosols. Some unrealistic measurements need to be eliminated.
The data that fall within 0.01 < total AOD< 3, 0 < fine mode AOD< 3 and 0 <AE< 3
at the same time are only considered. Box and whisker plot is used to analyze the
aerosol properties. The median is better to represent the seasonal characteristics than15

the mean, because the mean is greatly influenced by some extreme events. If the
median is lower than the mean, the parameters of aerosols have high values in ex-
treme events, and vice versa. Fine mode fraction (FMF) at 500 nm defined as the ra-
tio of fine mode AOD to total AOD is a quantitative parameter. In this study, FMF is
calculated by dividing the seasonal median of total AOD by fine mode AOD in each20

month. FMF can be used to analyze the seasonal variations of particle size and de-
duce the major aerosol type (He et al., 2012a). Single scattering albedo (SSA) is usu-
ally used to judge the aerosol type as well. Some studies have successfully combined
SSA with other parameters to determine the aerosol type over different regions (Lee
et al., 2010; He et al., 2012b; Logan et al., 2013). However, the region with low aerosol25

load (AOD 440 nm< 0.44) is difficult to obtain aerosol type by SSA with adequate ac-
curacy (Dubovik and King, 2000). Another graphical method to classify aerosols needs
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AOD> 0.15 with enough accuracy (Gobbi et al., 2007). Therefore, these methods are
not suitable in this study.

The instantaneous data of AOD and AE are used to get diurnal variations. This AOD
is roughly equal to total AOD. But AOD data have a much longer time series because
calculating total AOD and fine mode AOD needs some hypothesises. Thus the diurnal5

variations of total AOD and fine mode AOD are not calculated due to their rare data and
poor continuity. The reason for using AE instead of FMF to evaluate the daytime varia-
tions of aerosol size is for the same reason. However, some unrealistic measurements
need to be eliminated too. We also choose the normal range of values, which are in the
ranges of 0.01 <AOD< 3 and 0 <AE< 3. All the observations in a day are expressed10

as a departure percentage from the daily mean (Smirnov et al., 2002a). In this study,
we don’t use the division of monsoon season and non-monsoon season to analyze
diurnal variations of AOD and AE. Because there is no unified classification standards
for monsoon season over this region. In addition, South Asia monsoon influences the
study region at different periods in each year. Though these three stations are close,15

the onset and decay dates of South Asia monsoon are not the same in the study years.
So we divide the data into four usual seasons, namely, March to May (MAM), June
to August (JJA), September to November (SON) and December to February in the
next year (DJF). This division method makes a better comparison with other studies
in other regions. In each period, we compute the hourly mean of AOD and AE, for ex-20

ample, between 10:00 and 11:00 local time (LT) in each day. And we need to change
UTC time to LT in the data files. If the available hourly means in a day are less than
five hours, the day would be excluded. Then the percentage and absolute departures
of each hourly average are calculated from the daily mean. The diurnal variations in
each season are calculated by aggregating all hourly departures of different local hours25

in one season. If all available days in a season of a particular year are less than ten,
this season would be excluded. That is because the observation days are too rare to
represent the daytime variation pattern in one season. We can get the multiyear diurnal
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variation by averaging that in each year. Diurnal variations of PR are calculated by the
same method using TRMM data.

3 Results

3.1 Meteorological feature

Regional meteorology is one of the key factors that influence aerosol optical properties.5

Figure 2 shows the seasonal variations of precipitation and prevailing winds at 850 hPa.
Precipitation is the highest in summer, followed by in spring, and the lowest in winter. In
MAM, South Asia monsoon begins to develop and southwest winds blow towards the
southeast TP. Precipitation is less than 100 mm in the whole TP during this period. The
southeast TP is a bit wetter than other regions. In JJA, southwest or south winds prevail10

in the Himalayan region and northern India. Rainfall increases significantly, for winds
bring much moisture. Precipitation is more in the southern part of TP than the northern
part. The Himalayas plays an important role in blocking moisture to the main body of TP.
In most of the southern slope of Himalaya, precipitation is more than 1200 mm. Rainfall
decreases significantly in SON with the retreat of monsoon. South winds prevail only15

in the northeast of India in autumn. During winter, the regional dominant wind direction
is northwest, and precipitation is less than 100 mm in most regions of TP.

In short, mechanical forcing and unique elevated thermal forcing have a large impact
on regional as well as global climate. The mechanical and thermal forcing by TP makes
the relative contributions of the climbing and deflecting effects of mountains (Wu et al.,20

2012). This mechanism greatly influences the transport of air particles and moisture
(Wu et al., 2007; Cao et al., 2011). The Himalayas acting as a natural barrier is es-
sentially attributed to the mechanical and thermal forcing effects of TP. Therefore, the
southern slope of Himalayas and northern India has much more precipitation than TP,
especially in summer and autumn.25
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3.2 Seasonal variations

The annual mean of AOD during the investigated period was 0.06 at QOMS_CAS,
0.04 at EVK2-CNR and 0.51 at Pokhara respectively. Pokhara is an urban site with
much higher aerosol load according to the annual means. Monthly statistics of aerosol
properties are presented in Figs. 3–5. And different stations have different seasonal5

characteristics.
Total AOD (Fig. 3) is quite low at QOMS_CAS and EVK2-CNR, but much higher

at Pokhara. Because urban/industrial and fuel combustion emissions do have a sig-
nificant impact on the atmospheric environment at Pokhara (Sharma et al., 2012).
At QOMS_CAS, the maximum seasonal mean of 0.12 occurs in July. However, the10

maximum seasonal median of 0.09 occurs in May. All monthly means are higher than
monthly medians, indicating the contributions of some events with higher aerosol load.
Both seasonal mean and median are less than 0.10 except July, suggesting pristine
atmospheric conditions during these months at QOMS_CAS. In addition, the lower
aerosol load is recorded from September to December. Total AOD at EVK2-CNR shows15

a similar variation pattern to that at QOMS_CAS. And all monthly means are higher
than monthly medians as well. The maximum seasonal mean and median both occur
in August, and they are 0.17 and 0.09 respectively. The mean in August at EVK2-
CNR is about two times higher than that at QOMS_CAS, while the median in August
at EVK2-CNR is 1.5 times as high as QOMS_CAS. This phenomenon illustrates the20

Himalayas blocks the aerosol particles across the mountains during the monsoon sea-
son. Both seasonal mean and median are less than 0.04 from November to January at
EVK2-CNR. Unlike QOMS_CAS and EVK2-CNR, total AOD shows two peak values at
Pokhara. The seasonal mean and median have similar seasonal patterns, but the peak
months are different. The peak values of seasonal means occur in April and November,25

while the peak values of seasonal medians are in April and October. All monthly means
are higher than monthly medians, especially in November. The aerosol load is lower
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from July to September than other months, resulting from the large rainfall during the
monsoon season.

The seasonal variations of fine mode AOD (Fig. 3) are different from total AOD at
QOMS_CAS and EVK2-CNR. The maximum seasonal mean and median are both in
April. The higher fine mode AOD is recorded in April at both QOMS_CAS and EVK2-5

CNR. Previous studies revealed that March to June was major fire season in the low
altitude areas in the Himalayan region (Vadrevu et al., 2012). Smoke aerosols released
from strong forest fires in northern India and Himalayas can be transported above the
planetary boundary layer by deep convection (Vadrevu et al., 2008; Tosca et al., 2011),
which can be further transported to central TP by atmospheric circulations (Xia et al.,10

2011). At EVK2-CNR, the maximum seasonal mean and median are both in April too.
The higher aerosol load is recorded during March to June and August. Fine mode
AOD from March to June is lower at EVK2-CNR than at QOMS_CAS, but is higher in
August. This indicates the Himalayas blocking fine mode aerosols mainly occurs during
the monsoon season. On the contrary, the seasonal distribution of fine mode AOD is15

similar to total AOD at Pokhara. The maximum seasonal mean and median occur in
April, and the lower seasonal values are recorded from July to September. The monthly
mean of fine mode AOD is about two times higher than median in November, due to
some extremely high aerosol load events. For instance, total AOD is 2.50 and fine
mode AOD is 2.46 at 3 November 2011. These extreme events may be influenced20

by agriculture crop residue burning over the Indo-Gangetic Basin during November
(Mishra and Shibata, 2012).

The HYSPIT analysis is used to show the impact of long-range transportation of
smoke and dust aerosols more clearly. April and July in 2012 are selected as examples
to shown the potential aerosol sources (Fig. 6). Due to relatively close locations and25

similar aerosol sources, the frequency plots of 5 day back trajectories at QOMS_CAS
are shown (the plots at the other stations are not shown). Based on the frequency plot
of 5 day back trajectories at 1 kma.g.l. in April, most of the air masses come from the
west, agreeing well with the prevailing westerly winds. And the Himalayas and north-
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ern India are the major source regions. Therefore, vegetation fires in the Himalayan
region and northern India influence the environment in Everest region significantly dur-
ing this period, as well as the other two sites. The frequency plot in July indicates that
South Asia monsoon may carry aerosols to the study sites. Airflows mainly come from
two directions which are in accord with two branches of South Asia monsoon. The air-5

flow originating from Arabian Sea may transport dust from northwest India (e.g. Thar
Desert) to the study sites. Thus dust may have a significant impact on these stations.
This is similar to the results of previous studies (Carrico et al., 2003). The above results
provide the potential aerosol sources. But the results are not absolutely accurate due
to the uncertainty and disadvantage of HYSPLIT model (Koracin et al., 2011).10

AE (Fig. 4) shows two peak values at QOMS_CAS. The seasonal mean and median
in April and December (> 1.0) are higher than other months. The seasonal means are
lower from July to September, while the seasonal medians are lower in July and Au-
gust. It suggests that fine particles may account for the majority of the aerosol volume
concentration in April and December, but the minority during monsoon season. The15

seasonal pattern of AE at EVK2-CNR is similar to that at QOMS_CAS from April to
December. The maximum seasonal mean and median AE (> 1.0) occur in January.
AE is a little higher in April and winter, while lower in July and August. At Pokhara, the
highest value of AE occurs in September, and the lowest value occurs in July. The sea-
sonal mean and median, more than 1.0 except July, are much higher than the other two20

stations. Seasonal mean and median of AE from September to February (> 1.3) indi-
cate the majority of the aerosol volume concentration consisted of fine particles during
these months. AE is a bit higher in April, resulting from fire emissions in the Himalayas.

FMF (Fig. 5) can also reflect the particle size, and FMF nearly changes in accord with
AE at each site. But there are still some differences between AE and FMF. Because25

AE can be changed according to the effective radius of the fine mode aerosol and the
ratio of fine mode to total volume concentration (Lee et al., 2010). At QOMS_CAS, the
maximum FMF of 0.78 occurs in April. FMF is much higher in April and May than other
months (< 0.60). The relative lower FMF is recorded from June to August, and the
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minimum FMF of 0.37 occurs in August. This indicates that the aerosol compositions
are dominated by fine particles in April and May at QOMS_CAS. Coarse particles
account for the majority of the aerosol volume concentration in August. At EVK2-CNR,
the lower values of FMF occur from July to September. FMF is less than 0.40 during
these months, which is apparently lower than that at QOMS_CAS. It suggests that the5

majority of the aerosol volume concentration consisted of coarse particles at EVK2-
CNR, which may be associated with the dust transported to the station during these
months. FMF is a little more than 0.60 in February and November. At Pokhara, FMF is
more than 0.60 except July. Therefore, fine mode particles account for the majority of
the aerosol volume concentration at Pokhara.10

Monthly precipitation (Fig. 5) is analyzed at these sites. The three sites show similar
seasonal pattern of precipitation. The maximum precipitation occurs in July at all sites.
The average precipitation in July is 200 mm at QOMS_CAS, 301 mm at EVK2-CNR and
519 mm at Pokhara, respectively. From April to September, the monthly precipitation is
highest at Pokhara, and followed by at EVK2-CNR. Conversely, precipitation at Pokhara15

is lower than the other two sites from October to March. The monthly precipitation is
less than 60 mm at the three sites during these months. The inter-annual difference of
precipitation is usually higher from April to September than other months at the three
sites.

In summary, QOMS_CAS and EVK2-CNR do have a pristine environment. However,20

Pokhara is seriously affected by human activities. Both total AOD and fine mode AOD
at Pokhara are much higher than other two sites in each season. Vegetation fires peak
in the Himalaya region in April (Vadrevu et al., 2012), which makes an enormous impact
on all the three sites. Dust can be also transported to these sites during the monsoon
season.25
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3.3 Diurnal variations

3.3.1 Precipitation rate

To interpret the possible effects of rains, the diurnal cycle of PR is analyzed (Fig. 7).
The diurnal variations of precipitation show a consistent pattern in each season among
years, such as obvious higher PR (not shown). And only diurnal variations of the aver-5

age PR are displayed. The daytime variation range is the largest in summer at all the
sites, and the smallest in winter. The inter-annual fluctuation is larger in summer. PR
at Pokhara is higher than at the other two high-altitude stations, and PR at EVK2-CNR
is a bit higher than QOMS_CAS. The PR peak at each site generally occurring in the
late afternoon may be related to the strong interaction between meso-scale convective10

systems and steep terrain (Barros et al., 2000).
The diurnal variations of PR do not show similar patterns in each season at

QOMS_CAS. PR is less than 0.1 mmh−1 during the day in MAM. Rainfall mainly occurs
in the afternoon in JJA. The lowest PR in summer is close to zero at 09:00 (LT, the time
below is LT without a specific instruction). PR rises sharply from 12:00 to 15:00, and15

then fluctuates within a narrow range until midnight. The peak value of PR is observed
in SON and DJF but the occurrence time is different.

PR is higher at EVK2-CNR than at QOMS_CAS except in winter. PR in spring (MAM)
and autumn (SON) is about 0.2 mmh−1, but in winter (DJF) is less than 0.1 mmh−1. No
evident peaks or obvious patterns are found in MAM, SON and DJF. It rains more from20

the afternoon to midnight rather than in the morning in MAM. However, there are no
similar consequences in SON and DJF. In JJA, PR decreases from 3:00 to 6:00, then
increases slowly from 6:00 to 15:00. PR increases dramatically from 15:00 to 18:00,
reaches the maximum at 18:00, and then decreases sharply.

Daytime variations of PR in each season at Pokhara are clearly different from the25

other two stations with high altitude. It has the highest precipitation among these three
stations. In MAM, a higher PR value (about 0.46 mmh−1) occurs at 18:00. No significant
rainfall occurs in the rest of the day. In JJA, rainfall decreases before 15:00 and then
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increases. Lower PR (about 0.18 mmh−1) occurs at noon and early afternoon (12:00
to 15:00). That means more rainfall occurs in the late afternoon and night. The diurnal
variations of PR in SON look like JJA to some extent. However, PR is much lower in
SON than in JJA. There is no significant rainfall in winter.

3.3.2 AOD at 500 nm5

The diurnal variations of AOD at 500 nm are shown in Fig. 8. Different stations have
different diurnal variation patterns. At QOMS_CAS, the diurnal variations of AOD do
not have similar patterns among seasons, and the relative daytime variation range is
less than 20 % except in summer. At EVK2-CNR, AOD almost increases from morning
to sunset in all seasons, and the relative daytime variation ranges are larger than at the10

other two sites. At Pokhara, AOD decreases from early morning, reaches to minimum at
noon, and then increases significantly except in summer. The relative daytime variation
range at Pokhara is a bit larger than at QOMS_CAS. However, the absolute daytime
variation range of AOD at Pokhara is the largest. The absolute daytime variation range
of AOD is quite small at QOMS_CAS and EVK2-CNR, and can be comparable to the15

uncertainty of AERONET AOD measurements in some seasons. The consistent day-
time variation pattern by multi-year observations may indicate the physical processes.

At QOMS_CAS, the diurnal variations of AOD do not have similar patterns among
seasons. The diurnal cycles have great differences among multiyear observations in
spring, autumn and winter (not shown). In spring (MAM), the daytime variation range20

of AOD is generally small. In summer (JJA), AOD changes little from morning to 15:00,
and then decreases sharply in the late afternoon. This sharp decrease can be associ-
ated with rainfall at later afternoon, deduced from TRMM data. In autumn (SON) and
winter (DJF), the daytime variation range is less than 20 %. Generally the relative day-
time variations in spring are smallest, and in summer are largest. Correspondingly, the25

absolute daytime variation range of AOD is about 0.03 in summer, and it is usually
below 0.02 in other seasons.
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At EVK2-CNR, the diurnal variations of AOD show similar patterns in all seasons with
different magnitude. AOD has small fluctuations from 7:00 to 10:00, and then increases
in spring, summer and autumn. AOD increases from morning to sunset in winter. The
relative daytime variation range is about 103 % in MAM, 57 % in JJA, 54 % in SON
and 66 % in DJF, respectively. Correspondingly, the absolute daytime variation range5

of AOD is about 0.06 in MAM, 0.05 in JJA, 0.02 in SON and 0.02 in DJF. The absolute
daytime change is related to monthly average AOD. Lower relative daytime variation
but larger absolute daytime variation occurs in summer, which may be due to higher
aerosol load during monsoon season. Because of lacking effective observations in
the late afternoon, whether large rainfall would remove aerosols cannot be known in10

summer.
At Pokhara, the diurnal cycles of AOD in all seasons are similar and repeatable

between different years (not shown). The diurnal variations of AOD show a similar pat-
tern in spring, autumn and winter. In these three seasons, AOD decreases from early
morning, reaches to minimum at noon, and then increases significantly. Peak values of15

AOD are reached at 8:00 in the morning and at 17:00 in the late afternoon, which may
be consistent with BC emissions from biofuel cooking at a fixed time (Rehman et al.,
2011). In MAM, AOD at 18:00 drops quickly, which is due to wet deposition of precipi-
tation. This phenomenon does not happen in autumn and winter, because rainfall does
not have an evident peak during the day. As a result of large rainfall, the diurnal varia-20

tions are different in summer. The relative daytime variation range in summer is about
10 %, and much smaller than other seasons. Correspondingly, the absolute daytime
variation range of AOD is about 0.20 in MAM, 0.04 in JJA, 0.10 in SON and 0.08 in
DJF.

3.3.3 AE at 440–870 nm25

The diurnal variations of AE at 440–870 nm are shown in Fig. 9. At QOMS_CAS, AE
decreases first in the morning and then increases in the afternoon in each season. And
the relative daytime variation range is the largest at QOMS_CAS. The diurnal cycle at
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EVK2-CNR is similar to that at QOMS_CAS except in summer. No significant diurnal
variations of AE are found at Pokhara. The relative daytime variation range at Pokhara
is the smallest. However, the larger relative daytime variation range can be partly due
to greater AOD uncertainties at QOMS_CAS and EVK2-CNR. The uncertainty of AE is
larger at low aerosol load.5

At QOMS_CAS, the diurnal variations of AE have similar patterns in all seasons.
AE drops from the morning, reaches to minimum at noon or the early afternoon and
then reverses to increase. The patterns of diurnal curves are similar between multiyear
observations but with different magnitude and phase (not shown). The relative daytime
variation range is about 36 % in MAM, 63 % in JJA, 79 % in SON and 45 % in DJF.10

Correspondingly the absolute daytime variation range is 0.35, 0.32, 0.54 and 0.36,
respectively. AE is a qualitative indicator, and it can only show the relative particle size.
The above results indicate smaller particles in the morning and late afternoon, and
relatively larger particles at noon in all seasons.

The diurnal cycle at EVK2-CNR is similar to that at QOMS_CAS. However, the diur-15

nal variations have great inter-annual differences with different magnitude and phase
in spring and autumn (not shown). In summer, AE increases from 7:00 to 10:00, de-
creases a little from 10:00 to 14:00, and then increases again. This phenomenon re-
sults from uneven precipitation at EVK2-CNR. In winter, the daytime variation pattern
is quite similar to that at QOMS_CAS. The relative daytime variation range is 35 % in20

MAM, 26 % in JJA, 23 % in SON and 32 % in DJF. And the relative ranges are very
close among all seasons. Correspondingly, the absolute daytime variation range is
0.32, 0.18, 0.26 and 0.37, respectively.

At Pokhara, AE changes little during daytime in MAM, SON and DJF. Specifically,
the relative daytime variation range is less than 6 % in spring, autumn and winter, but25

about 20 % in summer. The absolute daytime variation range of AE is less than 0.12 in
spring, autumn and winter, but about 0.25 in summer. This result indicates the average
aerosol particle size hardly change in MAM, SON and DJF. However, AE increases
significantly in the late afternoon in JJA. TRMM results indicate that rainfall begins to
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increase from 15:00 to 18:00. Therefore, large rainfall in summer plays an important
role in wet deposition, and more coarse mode aerosols than fine mode are deposited
by precipitation scavenging effect.

3.3.4 Possible factors contributing to aerosol daytime variations

The diurnal variations of AOD and AE are due to many factors, such as rainfall, emis-5

sions, mountain-valley circulations, surface heating and so on. The major factors are
discussed in sections below.

Uneven diurnal precipitation leads to the great change of aerosol properties by pre-
cipitation scavenging effect. The precipitation is effective in removing the aerosols,
which can result in a decrease of the average aerosol size in a fixed time. For ex-10

ample, the diurnal peak value of rainfall exists in spring at Pokhara. AOD decreases,
but AE increases slightly. The same phenomenon happens in autumn at QOMS_CAS.
In addition, more rainfall happens in the afternoon or the late afternoon in summer at all
the three stations. Wet deposition changes the aerosol load and the average particle
size.15

Aerosol properties are also impacted by the diurnal emission rate. It is certainly
related with the distance between the station and the emission source. The sun
photometer is located in Pokhara city, highly influenced by emission source. Previ-
ous studies found that the diurnal mean concentration of PM10 was higher in the
morning (7:30 a.m. to 11:30 a.m.) and evening (3:30 p.m. to 7:30 p.m.) than afternoon20

(11:30 a.m. to 3:30 p.m.) at Pokhara (Bashyal et al., 2010). The PM10 represents the
emission characteristics in the city to a certain extent. So the higher AOD is observed
in the morning and the early evening during the day. Man-made pollutions mainly con-
sist of fine particles, so AE changes very little during the day. Thus, the diurnal varia-
tions of aerosols may be related with the emissions from human activities. Conversely,25

the above phenomenon does not take place at QOMS_CAS and EVK2-CNR, because
these two sites are both located at high altitude areas and far away from anthropogenic
emission sources.
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Mountain-valley circulations also influence the transport and removal of aerosols on
a daily time scale. EVK2-CNR is greatly influenced by valley wind during daytime. The
airflow of valley wind continues to carry aerosols from lower polluted region, which
leads to the ever-increasing AOD. The other two stations are not located in the moun-
tain without the valley winds, so the phenomenon does not appear.5

Moreover, surface heating has an enormous impact on the local convections, which
greatly influence the aerosol vertical exchange between ABL and free troposphere
and the diffusion rate of pollutions. As the sun rises, surface heating enhances gradu-
ally, reaches to maximum at about 12:00, and then weakens again (Ma et al., 2005).
The convections change in accord with surface heating (Yanai and Li, 1994). The pa-10

rameters of aerosols reflect the properties of the whole atmosphere. If aerosols just
exchange between upper and lower atmosphere, the vertical distribution of aerosols
would change. But the aerosol properties are nearly invariable. If the flow of aerosols
into or out of the observation region has changed, the aerosol properties would change
accordingly. At QOMS_CAS, AOD does not show a consistent daytime variation pat-15

tern, while AE has a similar pattern in each season. What are the reasons of this
interesting phenomenon? Local aerosols, dominating in the lower atmosphere, are
predominantly composed of natural emissions at Everest region. Surface wind speed
is crucial for picking up coarse mode aerosols from the earth surface to the atmo-
sphere (Kok, 2011). The surface wind speed always increases greatly in the afternoon20

(Sun et al., 2007). The aerosols in upper atmosphere like free troposphere (FL) mainly
consist of long-range transport aerosols. Aerosols in the lower atmosphere may have
a clear daytime variation pattern related to wind speed. Conversely, long-range trans-
port aerosols are of great randomness on a diurnal time scale. The changes at lower
and upper atmosphere are combined together, which lead to different diurnal varia-25

tions of AOD among seasons or multiyear observations. And different size aerosols
blended contributes to the similar diurnal variations of AE. The aerosol particle size in
upper atmosphere like free troposphere (FL) is much smaller than aerosols in surface
layer (SL). Surface heating enhances gradually in the forenoon, which make convec-
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tions strengthen. The more intensive the convection is, the more large particles can
be transported into the troposphere. And the particle size in the upper atmosphere
is small and changes little. Therefore, the concentrations of large particles continually
grow and the column-integrated particle size becomes larger in the forenoon. Instead,
convection weakens in accord with the change of surface heating in the afternoon.5

Accordingly, the aerosol particle size becomes smaller gradually from noon to late
afternoon. The aerosol load in upper atmosphere is comparable to that in the lower
atmosphere. The aerosol properties are sensitive to the whole atmosphere. In other
words, no matter the aerosols in upper or lower atmosphere vary, AOD or AE would
change accordingly at QOMS_CAS during daytime. The environment at EVK2-CNR10

is similar to QOMS_CAS, and the similar convection process happens. So the diur-
nal variations of AE in autumn and winter are similar to QOMS_CAS. Nevertheless,
the diurnal variations of AE have another pattern and show great differences among
multi-year measurements in spring at EVK2-CNR. The Himalayas blocks most of the
coarse particles across the mountains. Fine and coarse mode particles are mixed to15

make atmospheric composition more complex on the southern slope, which result in
the great inter-annual difference of diurnal curves in spring. The surface heating and
convections happen at Pokhara too. Convections make the pollution transport upward
so that the pollution concentration would drop at the surface. Nevertheless, the pollu-
tion in the upper atmosphere would increase. The airflow in or out of the observation20

region can change aerosol properties greatly, regardless of the vertical distribution.
Convection becomes stronger and stronger in the forenoon, and the diffusion of pol-
lutants into the surrounding region enhances gradually. Thus, AOD decreases in the
forenoon. Conversely, convection as well as pollutant diffusion rate weakens gradually
in the afternoon. Thus, AOD increases in the afternoon during daytime.25
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4 Conclusions

We have investigated seasonal and diurnal aerosol optical properties from three
AERONET sites around the Himalayan region. The critical factors are different at the
two time scales. As expected, seasonal changes are profoundly affected by large scale
atmospheric circulation. Diurnal variations are mainly influenced by meso-scale sys-5

tems and local topography.
Aerosols optical properties exhibit seasonal change patterns in the Himalayas. While

observations at QOMS_CAS and EVK2-CNR can generally be representative of a re-
mote background atmosphere, Pokhara is an urban site polluted by human activities.
Vegetation fires in the Himalayan region and northern India can release large amount10

of smoke aerosols especially in April (Andreae and Merlet, 2001), leading to a growing
fine mode aerosol load at QOMS_CAS and EVK2-CNR. Although there is large rainfall
in summer, the effect of southwest winds carrying dust is stronger than wet deposition
at QOMS_CAS and EVK2-CNR. The dust concentration may build up in between the
rainy days. Coarse mode AOD at EVK2-CNR is higher than QOMS_CAS from July15

to September, indicating the Himalayas plays a significant role in blocking the coarse
particles brought by the southwest winds. The atmosphere environment has been seri-
ously polluted by human activities at Pokhara, leading to much higher aerosol load than
the other two stations. The seasonal peak values of total AOD and fine mode AOD are
observed in April and November, and lower aerosol load occurs in July and August.20

The first peak occurs in April at Pokhara for the same reason as the other two sites,
and the second peak in November is associated with crop residue burning. Conversely,
large rainfall can remove aerosols effectively, which contributes to lower aerosol load
in July and August.

These stations show different daytime variation patterns, depending on season. Sim-25

ilar diurnal variation patterns of AOD are not observed in each season at QOMS_CAS,
but are found at the other two stations. AOD nearly increases from morning to sun-
set in all seasons at EVK2-CNR. And AOD decreases from early morning, reaches
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to minimum at noon and then increases significantly except in summer at Pokhara.
The relative daytime variation range of AOD at EVK2-CNR is the largest, and is a bit
larger at Pokhara than at QOMS_CAS. The absolute daytime variation range of AOD
at Pokhara is the largest, and quite small at QOMS_CAS and EVK2-CNR. Because
the absolute daytime variation range of AOD is closely related to the aerosol load at5

each station. At QOMS_CAS, AE decreases first in the morning and then increases
in the afternoon in each season. And the daytime variation pattern in autumn and
winter at EVK2-CNR is similar to that at QOMS_CAS. But the diurnal cycle of AE is
not significant at Pokhara. The relative daytime variation range of AE is the largest at
QOMS_CAS, and the smallest at Pokhara.10

The diurnal variations of AOD and AE are affected by many factors, such as rainfall,
emission sources, mountain-valley circulations, surface heating and their interactions.
Uneven diurnal precipitation leads to the great change of aerosol properties by precip-
itation scavenging effect. Precipitation can reduce the aerosol load and result in a de-
crease of the average particle size. Aerosol properties are also impacted by the char-15

acteristics of diurnal emissions and the distance from the emission source. Pokhara
is near the emission source, and the enhanced emissions can result in an increase
of AOD in the morning and late afternoon. The other two stations are far away from
the emission source so the aerosol load would not change immediately with the emis-
sions. Mountain-valley circulations also influence daytime aerosol variations. Because20

valley winds prevail during daytime in each season at EVK2-CNR, AOD continuously
increases. The surface heating has an enormous impact on the local convections, and
the convections influence the vertical aerosol exchange as well as the diffusion rate
of pollutions. The aerosol parameters reflect the aerosol change in the whole atmo-
sphere. The aerosol exchange between the upper and lower atmosphere can change25

the vertical distributions of aerosols, but has no significant influence on aerosol proper-
ties. The aerosol properties would change accordingly with the flow of aerosols into or
out of the observation region. At QOMS_CAS, aerosols in the lower atmosphere may
have a clear daytime variation pattern. Nevertheless, long-range transport aerosols in
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the upper atmosphere are of great randomness on a daily time scale. Therefore, AOD
does not have a consistent diurnal variation pattern at QOMS_CAS. The diurnal varia-
tions of convections have its inherent laws due to surface heating. Large particles are
picked up from the surface into the atmosphere by strong convection. However, the par-
ticle size in the upper atmosphere is small and changes little. Thus, the aerosol particle5

size changes in accord with the convection during daytime at QOMS_CAS. The diurnal
variations of AE in autumn and winter at EVK2-CNR are similar to QOMS_CAS, be-
cause the similar convection process happens. However, there is greater inter-annual
difference in diurnal curves of AE in spring at EVK2-CNR. The surface heating and con-
vections make the pollution transport upward so that the pollution concentration would10

drop at the surface at Pokhara. Nevertheless, the pollution in the upper atmosphere
would increase. The strength of convection controls the vertical exchange and the dif-
fusion rate of pollutions. AOD decreases in the morning with an enhanced convection,
but increases in the afternoon with a weakened convection at Pokhara.

Although we confirm that aerosols come from long-range transport and vicinity re-15

gion, we can only discuss aerosol source qualitatively. We cannot give the exact pro-
portions, no matter on seasonal time scales or diurnal time scales. It is deduced that
the aerosol load in lower atmosphere is comparable to that in the upper atmosphere
at QOMS_CAS on a daily time scale. And the aerosol load in lower atmosphere is
a bit more than that in the upper atmosphere at EVK2-CNR. But the aerosol load at20

Pokhara is nearly completely influenced by the local emissions. Based on the objective
phenomenon of aerosol daytime variations, we try to elucidate aerosol daytime varia-
tions in the Himalayan region. This interpretation is inferred by us, however, this results
need more direct evidences such as chemical sampling at different atmosphere lay-
ers or micro-pulse lidar observations from surface. These aspects need further studies25

in future. However, these uncertainties or problems could be solved if some new ap-
proaches would emerge and other advanced instruments would be installed on the TP
in future researches.
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Table 1. The basic information of all the three AERONET sites (QOMS_CAS, EVK2-CNR and
Pokhara) includes longitude, latitude, elevation, and date ranges of level 1.5 and level 2.0 data.

Site Name Longitude Latitude Elevation Level 1.5 Level 2.0
(m) a.s.l. Date range Date range

QOMS_CAS 86.95◦ E 28.37◦ N 4276 Oct 2009–Jul 2010; Oct 2010–Oct 2011
Nov 2011–Dec 2012

EVK2-CNR 86.81◦ E 27.96◦ N 5050 Nov 2011–Oct 2012 Mar 2006–May 2011

Pokhara 83.97◦ E 28.15◦ N 807 Jul 2011–Dec 2012 Jan 2010–Jun 2011
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Fig. 1. The left pictures display the topography (in m) map over the Tibetan Plateau and the
locations of the three AERONET sites selected for this study. The right pictures show the
AERONET sunphotometer deployments in the field observations (a QOMS_CAS, b EVK2-
CNR, c: Pokhara).
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Fig. 2. Spatial distribution of TRMM-derived seasonal mean climatology of accumulated pre-
cipitation (mm) and wind at 850 hPa over the Tibetan Plateau (a March–May (MAM); b June–
August (JJA); c September–November (SON); d December–February (DJF)). Bold black line
marks the geographic location of Tibetan Plateau, and the black dots indicate the locations of
the three station.
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Fig. 3. Box plots of total aerosol optical depth (left) and fine mode aerosol optical depth (right) at
500 nm at QOMS_CAS, EVK2-CNR and Pokhara. The blue dots represent daily observations.
The central bar is the median, and the lower and upper limits are the first and the third quartiles,
respectively. The 99 % and 1 % percentile are indicated by red crosses. The maximum and
minimum values are shown by red dashes. The red hollow-block symbols indicate geometric
means (the following symbols are the same).
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Fig. 4. Box plots of Ångström exponent at 440–870 nm at QOMS_CAS, EVK2-CNR and
Pokhara. Same symbols are used as in Fig. 3.
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Fig. 5. Monthly means of accumulated precipitation (mm) and fine mode fraction (FMF). The
uncertainty of precipitation indicates the inter-annual difference.
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Fig. 6. Frequency plots of five-day back trajectories by using HYSPLIT at QOMS_CAS (a April
2012; b July 2012). Different colours indicate the possibility for aerosol source region.
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Fig. 7. Diurnal variations of PR at the three stations in all seasons. The uncertainty indicates
the inter-annual difference of PR at each time. MAM denotes March to May, JJA denotes June
to August, SON denotes September to November and DJF denotes December to February in
the next year (the followings are the same).
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Fig. 8. Percentage deviations of hourly average AOD at 500 nm relative to their daily mean in all
seasons at QOMS_CAS, EVK2-CNR and Pokhara. The uncertainty indicates the inter-annual
difference of relative AOD at each hour.
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Fig. 9. Percentage deviations of hourly average AE at 440–870 nm relative to their daily mean
in all seasons at QOMS_CAS, EVK2-CNR and Pokhara. The uncertainty indicates the inter-
annual difference of relative AE at each hour.
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