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Abstract. This work quantifies the spatial distribution 1 Introduction

of different aerosol types, their seasonal variability and

sources.The analysis of four years of CALIOP (Cloud—

Aerosol Lldar with Orthogonal Polarization) vertically re- Aerosol alters the radiative balance through absorption and
solved aerosol data allows the identification of spatial pat-Scattering of the solar radiatio.qu et al, 200§ and in-
terns of desert dust and carbonaceous particles in differerfffuénces cloud formation, greatly impacting the hydrologi-
atmospheric layers. Clusters of Lagrangian back trajectorie§@l cycle Kaufman et al.2003. More recently, special fo-
highlight the transport pathways from source regions duringCus has been given to the aerosol-related climatic processes
the dusty spring season. The analysis shows a prevalendB the south Asian region where the largest anthropogenic
of dust; at low heights it occurs frequently (up to 70% of Sources are located and where the presence of desert dust is
available observations) and is distributed north of the Tibetarf€levant Ramanathan et ak003 Lau et al, 2008 Bollasina
Plateau with a main contribution from the Gobi and Tak- €tal, 2008. The increased presence of aerosol, especially in
lamakan deserts, and west of the Tibetan Plateau, originatate spring, can lead to significant variations on the monsoon
ing from the deserts of southwest Asia and advected by th&volution and on the hydroclimate of the area: large aerosol
Westerlies. Above the Himalayas the dust amount is minortoad can lead to surface cooling caused by the reduction of
but still not negligible (occurrence around 20 %) and mainly incident solar radiation at the surface and increased heating
affected by the transport from more distant deserts source8f the troposphere caused by absorption (direct effect). On
(Sahara and Arabian Peninsula). Carbonaceous aerosol, priie other hand, aerosol can modify the upwelling above the
duced mainly in northern India and eastern China, is subjectiimalaya with an intensification of the Indian monsoon (the
to shorter-range transport and is indeed observed closer to th0-called elevated heat pump, or EHP) that is strongly linked
sources, while there is a limited amount reaching the top off© the dust concentration around the plateau during the spring
the plateau. Data analysis reveals a clear seasonal variabili§¢@son au et al, 2006. In addition, aerosol can induce

in the frequencies of occurrence for the main aerosol types@ change in cloud amount and precipitation through micro-
dust is regulated principally by the monsoon dynamics, withPhysics (indirect effect)Mlenon et al. 2002 Ramanathan
maximal occurrence in spring. We also highlight relevant in- €t @l, 2005 Lau et al, 2009, acting as condensation nu-
terannual differences, showing a larger presence of aeros@l€i or influencing the process of water evaporation through
in the region during 2007 and 2008. The characterization oftheir impact on the radiative budgeRgmanathan et al.
the aerosol spatial and temporal distribution in terms of ob-2007). Moreover, the deposition of particulate on ice and
servational frequency is a key piece of information that canSnow affects their surface albedo and ice microphyskes (

be directly used for the evaluation of global aerosol models. €t al, 2009 Krinner et al, 2009, modifying the melting
processes. Such variations can be spatially highly inhomo-

geneous Naz et al, 2011 Raing 2010, suggesting that
those changes may be caused by local forcings and, among
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them, by the variable spatial distribution of particulate. In period and to different kinds of particulate. The second ob-
addiction Bonasoni et al(2010 show that a strong level jective is to present an assessment of the boundary layer
of pollutants can affect the southern Himalayas especiallysources for the 2007-2010 pre-monsoon seasons based on
during the pre-monsoon period and that valley circulationLagrangian numerical simulations. It is in fact necessary to
may bring also chemicals emitted by local sources up to thaénvestigate the role of distant desert areas since some studies
plateau. A characterization of the aerosol spatial distributionevidenced the role of westerly winds during the pre-monsoon
its variability at different timescales and the identification of seasonBonasoni et a).201Q Kayetha et a|.2007 Prasad et
its sources are therefore required to understand the role ddl., 2006. Also Liu et al. (2008, using Hysplit (Hybrid Sin-
both anthropogenic and natural aerosol in long-term climategle Particle Lagrangian Integrated Trajectory Model) back
change. Several studies have attempted to assess the aerogajectories, showed that dust can be advected to the region
amount and the processes that regulate its presence over tfrem the Tarim Basin and the major deserts of northeastern
region by means of satellite observatiohdenglin (2006 India, Pakistan and Afghanistan.
analyzed five years (2000-2005) of aerosols, clouds, water
vapor and cirrus observations measured by the NASA Terra
Moderate-Resolution Imaging Spectroradiometer (MODIS)2 Data and methodology
to reveal seasonality and interannual variations of the atmo-
spheric condition on the Tibetan Plateau (TP) and its link toThe CALIPSO satellite\Winker et al, 2007 was developed
the hydrological cycleXia et al.(2008 present seasonal and by NASA (National Aeronautics and Space Administration)
interannual variations of aerosol optical depth (AOD) usingand CNES (Centre National d’Etudes Spatiales) and mea-
the Multiangle Imaging SpectroRadiometer (MISR) aerosolsures clouds and aerosols from the stratosphere to the ground.
retrievals from May 2000 to May 2007 jointly with a study It was launched on 28 April 2006 on a Sun-synchronous or-
of the spatiotemporal characteristics of aerosol over the TPhit at 705 km height with 15 orbits per day. CALIPSO hosts
derived from Stratospheric Aerosol and Gas Experiment Ilithe CALIOP lidar that operates at 532 and 1064 nm wave-
(SAGE Il) data. The work adds the use of ground-based datéengths, and a passive remote-sensing instrument working in
to study the potential influence of dust storms originated inthe infrared bandwidth (IIR, Imaging Infrared Radiometer)
the Taklimakan Desert on AOD over the TBey and Di  and the visible range (WFC, Wide Field Camera). Analysis
Girolamo (2010 analyzed the spatial and temporal charac-is limited to CALIOP level 2 observations of backscatter ver-
teristics of aerosol properties, segregated by particle size antical profiles to discriminate between clouds and aerosol and
shape, over the Indian subcontinent over nine years (2000to extract local information about their vertical and spatial
2008) by means of AOD and Angstrém Exponent measuredextent, mean depolarization and backscatter coefficient; opti-
by MISR. cal properties provide a primary discrimination between six
The introduction of the CALIPSO (Cloud—Aerosol Lidar different classes of aerosol and eight types of clouds. Ma-
and Infrared Pathfinder Satellite Observations) instrumentgor concerns about the quality of CALIOP data have to do
offered new observational capabilities as the lidar CALIOP with uncertainties due to the finite detection sensitivity of the
(Cloud—Aerosol Lldar with Orthogonal Polarization) gives CALIOP instrument, to the assumption of lidar ratios, and
fundamental information on the vertical distribution of air- misclassification of features.
borne particulate. Some recent studies have already exploited Comparison of monthly regionally-averaged aerosol ex-
CALIPSO data for aerosol studies over the Himalayan re-tinction profiles over the period 2007-2009 from CALIOP
gion; Mishra and Shibat42012 produced, using aerosol Version 3 data with the AeroCom model found important
profile data, vertical profiles of aerosol optical propertiesimprovements in the data but still expressed doubts on the
over the Indo-Gangetic belt, for a time period between Junechoice of the detection limits and on the general accuracy
2006 and December 200Buhlmann and Quaa@010 es-  of aerosol extinction dateKoffi et al., 2012. Schuster et
timated the radiative forcing from different types of aerosol al. (2012, carrying out a comparison between CALIOP
above the plateau to discuss the EHP hypothesis, v@ale column aerosol optical depths at 0.532 um with measure-
tam et al.(2009 characterized the dust burden in the 2007 ments in 147 worldwide AERONET (Aerosol Robotic Net-
and 2008 pre-monsoon seasohist et al. (2008 estimated  work) sites, show that statistically significant differences be-
the spatial patterns of desert aerosol in 2007 and highlightedween the data sets are caused mainly by bias in classifica-
the possible dust transport pathways, identifying the plateadion of dust (desert aerosol) subtypes, indicating in partic-
as a dynamical obstacle for the westerly jet flow. ular the possibility that the assumed lidar ratio (40 sr) for
The first objective of this work is to provide a characteri- the CALIOP dust retrievals is too lovOmar et al.(2013,
zation of the spatial distribution of different aerosol type over comparing CALIOP 532 nm level 2 AOD with co-located
the region of the Himalayan Plateau based on CALIPSO ob-AERONET 500 nm AOD, noted that CALIOP generally un-
servations and individuate the seasonal variability over fourderestimates AOD when it is on the order of 0.05 or lower,
years (2007-2010). This work follows an approach similar toprobably because of a poor detection of weak aerosol lay-
Liu et al. (2008 but extends the observations over a longer ers.Winker et al.(2013, comparing long-term averages from
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a few AERONET sites in the remote Pacific Ocean with limited to the transport above the planetary boundary layer
regional monthly-mean CALIOP AOD, show instead that (PBL). So, an approach similar Rergman et al(2013 was
monthly-mean gridded AOD and aerosol extinction profiles chosen: sources are identified as the points where the trajec-
appear to be realistic and representative; but again, whetories crossed irreversibly the PBL height, considering the
aerosol loading decreases, representativeness of the CALIO®ugh approximation that aerosol are uniformly mixed be-
observations becomes problematic: in particular, magnitudeow that layer. The PBL height was estimated accordingly as
of aerosol extinction retrieved in the upper troposphere mayan idealized terrain-following surface:

be underestimated. These limitations should be kept in mind

while interpreting the results of CALIOP data analysis. sl — 0.15% p° )
The analysis focuses on aerosol layers defined in CALIOP pg '

data as desert aerosol (dust), particles produced by com-

bustion and composed mainly by soot and organic carborvhere po is the mean sea-level pressure. The localization
(smoke), and a mix between dust and smoke (polluted dustpf desert areas was made by means of ground cover maps
which appears from this analysis to be the main typologiesirom the US Geological Survey (USGS) Land Cover Institute
of particulate over the region. Statistics are based on the fre(LCl) (http://landcover.usgs.gpvSources of smoke aerosol
quencies of occurrence of each class, estimated as the rat@ye identified with the help of the MACCity biomass burn-
between the number of observations of at least one layer ofng emissions data setttp:/accent.aero.jussieu)fGranier

a particular class of aerosol and the total number of satelet al, 2011, Diehl et al, 2012 Lamarque et al.201Q van

lite tracks, within a 3-dimensional grid during a determined der Werf et al. 200§. Biomass burning and anthropogenic
time period. The temporal and horizontal resolution of theemissions of black carbon are cumulated to take into ac-
grid is limited by the repetition rate of the instrument. For a count two main sources of the particles that are classified
3° x 3° horizontal resolution CALIOP provides on average as smoke based on the observed optical parameters. A min-
8 to 10 profiles per month. Observations are therefore cumuimum threshold of 5 10-*2kgm~2s~1 is applied to select
lated over 3 months to have a trade-off between the possithe more active emission regions. On average, the geograph-
bility to have a seasonal coverage and a sufficient numbeical distribution during the pre-monsoon phase (not reported
of observations to ensure a reasonable representativeness figre) shows the presence of two main macro areas in north-
each bin. This resolution is compatible to the analysis pre-ern India and continental China for anthropogenic emissions,
sented inLiu et al. (2008 where data are accumulated over While biomass burning is less intense and more variable in
a 2 x 2° grid. Profiles containing opaque convective or cu- location with frequent production in southeast Asia. A fre-
mulus clouds diagnosed by CALIOP were removed to avoidduency of potential sources was estimated, analogously to
underestimation in the frequencies of occurrence. The fre CALIOP aerosol observations, as the ratio between the num-

quency of cloudy profiles on the region, over a total of aroundber of back trajectories crossing a PBL over a specific source
65000 profiles per month, is generally less than 25 % withand the number of total back trajectories for each bin. The re-
peaks of 30% in July and August. The frequency of occur-Sult represents a spatial distribution directly comparable with
rence is computed on a geographical rectangle surroundingose obtained from CALIOP data.

the Himalayan Plateau (2048, 60-120 E) for 2 km-thick

Iayers,_ln the 0to 8km height range. . . 3 Aerosol variability derived from CALIOP
The influence of aerosol sources is investigated with trans-

port analysis. Back trajectories are originated from a regularrpg fgjlowing two subsections present the results of the
Iatltudg—longltude grid with an horizontal resolutpn ofQ.5 _CALIOP data analysis. The first subsection investigates the
extending over the same region of the observation analysiggagonal variability of the spatial distribution of the more fre-
(see Figs. 1-4). The trajectories are calculated daily fromy enily observed classes of aerosol over four vertical layers
pressure levels of 700 hPa (roughly representative of the 2—(-0_2 km, 2—4 km, 4—6 km, 6-8 km). In the second subsection
4 km layer) and 500 hPa (corresponding to the 4-6 km layer)ine analysis is focused over different subregions (shown in
Trajgctones are run backward in tlme_ for 10 day; to re_SOI\’ethe bottom right of Fig. 1). Temporal series of monthly fre-
medium-range transport patterns, being compatible with th‘?quency of occurrence of the classes of aerosol are analyzed

average lifetime of aerosol in the atmosphere and with &qer different layers to study the interannual variability on
reasonable limit on the uncertainty on air parcels positioniha gerosol presence over the region.

(Stohl 1998. In any case, the use of clusters of trajecto-

ries and of a time interval of 3 months helps to reduce the3.1  Seasonal variability

uncertainties on the statistical analysis. Meteorological in-

put comes from the ECMWEF (European Centre for Medium- Spatial distribution of frequency of occurrence for each

Range Weather Forecastgtp://www.ecmwf.int] with 6h aerosol class and for each vertical layer is reported in
steps and 05resolution. Due to known limits of kinematic  Figs. 1-4 for the winter (DJF), spring (pre-monsoon, MAM),

trajectory calculations in the turbulent layer, the analysis issummer (monsoon, JJA) and fall (SON) seasons. Aerosol
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Fig. 1. Aerosol frequency of occurrence for the DJF season. Different aerosol types (dust, polluted dust, smoke) are reported from top to
bottom. Different vertical layers are reported from left to right. White shades indicate absence of aerosol layers. In the right bottom the violet
boxes highlight the four subregions that will be considered in the interannual analysis (see Sect. 3.2)

observations are cumulated over the 2007-2010years. IMay 2007 (not reported) shows that polluted dust is iden-
DJF dust occurrences are found southwest and northeast ¢ified when optical parameters lie in an intermediate range
the plateau in the lower layers with frequencies up to 50 %,between smoke and dust, thus suggesting that an external
with a net decrease found in the higher layers where, ovemixing of the two species is present without a clear predom-
the eastern part of the plateau, frequencies can reach 20 %nance of one species over another. Polluted dust in MAM is
MAM is, on average, richer in dust, forming a similar struc- mostly observed in northern India, between the main source
ture surrounding the plateau in the lower layers with higherregions of dust and carbonaceous particles (respectively Thar
frequencies (up to 80 %). In the higher layers the frequencyand Bay of Bengal). In JJA, at low heights, it is distributed
increases above the plateau with respect to DJF, with valnearly homogeneously over India, China and northwest of
ues that can reach up to 40 % at 4—6 km and 30 % at 6—8 knthe plateau with a frequency around 20 %. In SON, the fre-
height. During JJA the distribution is more localized on the quencies over India increase while decreasing on the north-
western side of the Himalaya. The branch located north ofwest side. In DJF, for the first 2 km, the frequencies over In-
the plateau appears to be weaker and does not reach eastatia reach a maximum of 70 %, while for the heights between
China. There is still a relatively important amount of dust that 2 and 4 km the highest frequencies are localized southeast
reaches the 6-8 km layer (more than 15 %). In SON the spaef the plateau. Above the Himalayas there is a nearly steady
tial distribution of dust remains largely similar to those ob- frequency of slightly less than 10 %, with a maximum in JJA.
served in JJA, with overall lower values of frequency. Nev-  The results are compared withu et al. (2008, where dust
ertheless, bias may arise due to the filtering of convectives identified as layers with an average aerosol depolarization
clouds in southern India during the Monsoon season, whemreater than 0.06, and the aerosol occurrence was determined
the scarcity of cloud-free measurements can affect the repas the fraction of profiles containing dust with respect to the
resentativeness of the statistics. As expected, polluted dugbtal number, using cloud-free nighttime data. Although the
shares the distribution of both smoke and dust. A closer looKevels of processing of the database and the time coverage are
at the CALIPSO backscatter and depolarization profiles fordifferent, there is a good agreement on the spatial distribution
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Fig. 2. As Fig. 1 but for MAM season.
(see plate 2 irLiu et al,, 2008. On the other hand, frequen- In general, dust is the principal typology of aerosol with

cies found here are in general lower than et al. (2008 two distinct main regions (SW and NE plateau sides) and
and largest differences are found for the bottom layer. Dis-also relevant presence above the Himalayas. Smoke on the
crepancy may be likely attributed to the use of different dataplateau is limited to JJA and SON, in both cases with lower
and diagnostic applied since level 2 data used here identiffrequencies with respect to dust.

the presence of dust with a method that combines an assess-

ment of volume depolarization (that has to be greater thar8.2 Interannual variability

0.2) and the underlying ground surface type. Moreover level ) i i
2 data discriminate between dust and polluted dust, the |atinterannual differences are estimated for 4 selected regions:

ter being characterized by a volume depolarization rangind®) Pakistan and Western India (2038, 60-8F E); (B)

from 0.075 to 0.2. This implies that frequencies reported inn°rth slopes of the plateau (38242, 78-102E); (C)

Liu et al. (2008 may have a positive bias with respect to the €2stern China (29-44, 105-120E); and (D) Himalayan
ones presented here. Moreover, orography reduces the veflateau (29-38N, 78-102 E). (A) and (B) are two distinct
tical thickness of the lowermost layers, inducing a possible'®9i10ns rich in dust and polluted dust, while (C) presents
negative bias on the statistics applied here. This is for exam29ain high frequencies of both dust and smoke. (D) is needed
ple visible in Fig. 2 as a lower frequency area in the 0—2km© €valuate the presence of airborne particles above the
layer (with respect to the 2—4 km one) around the Thar mounP!at€au. The different regions are marked on a map in Fig. 1.
tains (63 E 32 N), where orography is relevant. The frequency time series are reported in Fig. 5 and data are

Smoke has its maximum values of occurrence in JJA. InnOW accumulated with a monthly frequency over a 3-month-

this season, for the first 4 km atmospheric column, higher fre_wide time window. The time series are estimated for the same

quencies occur east of the plateau, while, during the follow-'2Y€rs as Figs. 1-4 but not reported for the regions where

ing season (SON), moves on the south China and northea&m,graphy substantially reduces the layer thickness to _avoid
India. The pattern remains the same for DJF and MAM but® bias on the aerosol frequency of occurrence (0—2 km in the

with a frequencies decrease. northern plateau and China and 0—4 km on the plateau).
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Fig. 3. As Fig. 1 but for JJA season.

In region (A) dust has, at low altitudes, a marked semian- As shown in Fig. 5, India is also the region with highest oc-
nual cycle with two maxima around March and Septembercurrence of polluted dust reaching values over 30 % between
(the latter is less pronounced). Minima in frequency of oc- October and February in the first atmospheric layer. Pol-
currence are found in June and November. The presence dfited dust occurrence has a marked seasonal variability with
an annual cycle at 4-6 km suggests that June minimum ira minimum in spring and a maximum in autumn. At higher
the lower layers can be linked to a mechanical wet depo-altitudes the frequencies are lower and the annual cycle is
sition during the summer monsoon. Above 6 km there is aless pronounced. Smoke also presents a well-defined an-
significant amount of dust (around 10 %) in spring and sum-nual periodicity with almost no occurrence in spring, a grad-
mer. It is possible to note a clear difference between 2007-ual increase until a maximum of about 6 % in November—
2008 and 2009-2010. In these last two years, sensibly loweDecember and then a rapid decrease. Presence of smoke
occurrence of dust aerosol is observed in the lower layersabove 4 km is marginal. Eastern China (B) is the richest in
while highest values are recorded in spring 20@8utam  smoke air with the highest values (on average 10 % of occur-
et al. (2009 observe a higher dust load in MAM 2008 with rence) in JJA and a similar frequency in the first two layers
respect to 2007, attributing the differences to the increasedeven somewhat higher for the 2—4 km). The lower occur-
2007 winter rainfall in the Thar desert region that likely rences are observed in March and April. Dust has a maximum
reduced the intensity of the dust source. TRMM (Tropical in spring as also observed from ground-based AERONET
Rainfall Measurement Mission) monthly mean data availabledata Eck et al, 2005. Polluted dust has higher frequencies
from GPCP (Global Precipitation Climatology Project) show and an annual cycle close to smoke particles, likely contribut-
a strong positive precipitation anomaly in spring 2007, while ing to the maximum optical depth observed in summer by the
the years 2009-2010 appear to be drier (available from thesame authors. The northern plateau (C) sees a dominance of
GPCP website and not shown here). Our results are theredust particles being far from the more intense source regions.
fore consistent with the 2008 maximum aerosol loading of The 2—4 km layer shows again a semiannual cycle that is less
Gautam et al(2009 but cannot be conclusive on the corre- visible at higher altitudes. Polluted dust and smoke have sen-
lation between low aerosol occurrence and positive anomalibly lower frequencies of occurrence (a maximum of 10 and
in spring precipitation. 2%, respectively) with respect to the (A) and (B) regions with
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Frequency of occurrence
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Fig. 4. As Fig. 1 but for SON season.

a less clear seasonal variability. The Himalayan Plateau (D)tories. The black contour represents the area where 99 % of
despite the lower occurrence, has a marked annual cycle fahe positions of the trajectory particles are found during the
dust and smoke with maxima in spring and summer, respec10 days. Light-blue crosses are the irreversible PBL cross-
tively. Again, 2007 and 2008 are characterized by a highering points. The red contour identifies the presence of the
occurrence of atmospheric particulate. Himalayan Plateau. From the figure it is possible to notice
Overall, as seen before, dust is the dominant type ofthat air masses come from two distinct flows surrounding
aerosol on the Himalayan plateau and the surrounding rethe plateau. The northern one intercepts the potential dust
gions. Nevertheless, smoke aerosol and polluted dust have source region from the Taklamakan and Gobi deserts and was
relevant presence in China and India, showing a similar anidentified byLiu et al. (2008 as an airborne dust corridor.
nual cycle that is out of phase with respect to the one fol-The southern one encounters mixed source regions located
lowed by dust. in West and northern IndiaSprestha and Barrp2010. It
appears that at 700 hPa air parcels exit the PBL mostly lo-
cally (light-blue points in Fig. 6, left panel) or close to the
4 Aerosol sources and atmospheric transport analysis ~ area where back trajectories are originated, with a smaller
contribution from distant sources. It should be noted that
The objective is now to identify the possible sources con-a fraction of air parcels apparently originate from the PBL
tributing to the observed aerosol spatial distribution and toabove the eastern flank of the plateau, leading to a possi-
guantify them as a probability to originate from the PBL ble overestimate of the PBL contribution. The analysis is
above a determined source region.To better explain the trangiow carried out on the back trajectories leaving from the
port patterns around the Himalayan region we report in Fig. 6source region that extends over the same area of the obser-
the back-trajectory analysis for a small source region east o¥ations (highlighted by the black box in Fig. 7) for the dusty
the plateau, for the month of April 2010. The back trajecto- spring season (MAM) for 2007-2010. Based on the PBL
ries originated both at 700 and 500 hPa. In Fig. 6 source reexit point locations, the main black carbon emission regions
gions are colored in yellow for dust and grey for smoke. Theare located in eastern China and northern India, where they
violet box represents the area of release of the back trajecseem to have a strong influence on the amount of pollution
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Fig. 5. Frequency of occurrence for dust, polluted dust and smoke fathPakistan and Western India (2038, 60-8T E); (B) north

slopes of the plateau (38-2Rl,78—-102 E); (C) eastern China (29-44\, 105-120 E); and(D) Himalayan Plateau (29-38\, 78-102 E)

for the years 2007-2010. Different lines report the vertical layers 0-2 km (black), 2—4 km (blue dashed), 4—6 km (green), and 6—8 km (red).
Readers may note the different vertical scales.

700 hPa 500 hPa

Fig. 6. Back trajectories originating east of the plateau at 700 hPa (left) and 500 hPa (right) for April 2010. Violet box indicates the starting
point area of the back trajectories. Yellow areas are the dust regions considered as potential sources. Grey areas are total black carbo
emissions greater than the threshold mentioned in the text. Black contour surrounds the regions where around 99 % of the back trajectory
particles are found, while the light-blue points are the irreversible PBL crossing points. Red contour reports the 700 hPa level to identify the
presence of the Himalayan Plateau.
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data in Fig. 2. This is based on the assumption that the prob-
ability to observe the presence of an aerosol layer (that can
be thin) can be quantitatively explained by the probability of

transport from aerosol sources given by the Lagrangian anal-
ysis. Despite the fact that this assumption can be straight-
forward, significant differences may occur, besides the error
T 00 WO WO T T 3305 of the Lagrangian transport itself (Stohl et al., 1998), from

Pelts 447 4 RBlrts °5% several factors of uncertainty. Circulation given by the at-

Gobi and Taklomakan 2.1 % Gobi and Taklarnakan 8.3 % . L .
douth East Asia 26 % South” East Asia 8.5 % mospheric analysis is not representative of mesoscale pro-

cesses that influence aerosol distribution (i.e., forced uplift,
jectories at 500 hPa (left) and 700 hPa (right). Different sources aréOcal convection); the assumption of pure passive tr_ansport
plotted with the color table reported in the figure together with its neglects .the removal processes; t.he source attr.|bu.t|on does
relative contribution. Black box indicates the starting point area of NOt take into account the uncertainty of the emissions and
the back trajectories. Analysis includes the 2007—2010 spring seatheir degree of vertical mixing inside the PBL that may af-
sons. fect the effective dust or biomass burning load at the top
of it. In addition, observed polluted dust cannot be parti-
tioned into smoke and dust aerosol since both sources may
in the east side of the plateau, with a large number of PBLcontribute to its formation (this is visible in Fig. 2 above
crossing points over these regions. Similarly dust is princi-northern India). Therefore, in the following analysis, it is
pally originated from deserts north of the plateau and, todecided to only consider pure dust and smoke in order to
a lesser extent, more distant sources. At 500 hPa, trajectaavoid multiple countings and hence an overestimate of the
ries indicate that distant sources can have a more importargbserved frequency of layer detection. CALIPSO at 700 hPa
role with respect to 700 hPa with a larger amount of air par-(2—4 km) gives a dust occurrence frequency of 26 % and a
cel conveyed by the airborne corridor. PBL exit points are smoke occurrence frequency of about 4% (as well as a pol-
now mostly located above dust sources in the central Saharduted dust occurrence frequency of 10 %). Despite the un-
Arabian Peninsula and Iran—-Afghanistan, while black car-certainties mentioned above, such values are in satisfactory
bon emissions are intercepted mainly above northern Indiagreement with those derived from the trajectories. Simi-
by the southern branch. Fig. 7 reports the locations where ailarly, at 500 hPa (4—6 km) the observed frequencies of oc-
parcels ending in the Himalayan region leave irreversibly thecurrence (dust 14.3 % and smoke 1.5%) are comparable to
PBL. At 700 hPa (roughly representative of the 2—4 km layer)those derived from the Lagrangian analysis. Figure 8 reports
more than 57 % of the air masses come from the PBL, withthe fraction of back trajectories originating from the whole
a dominance of sources included in the larger Himalayan refPBL and the source regions identified before (deserts and car-
gion. Desert sources account for nearly 23 %, with more tharbonaceous emissions in south Asia). Their spatial distribu-
one third (around 8 %) coming from arid areas north of thetion may be compared directly with the observations reported
plateau (Gobi and Taklamakan) and the remaining fractionin Fig. 2. At 700 hPa particles coming from the PBL show a
originating from Thar, Iranian and Arabian deserts. Trajec-nearly homogeneous distribution around the plateau with a
tories coming from biomass burning sources contribute upmaximum in the southeast side. This area presents modest
to 8.5% and are distributed over the main region of emis-orography and therefore a higher PBL top (in geographical
sions: eastern China and, to a lesser extent, northern Indiaoordinates) with respect to the surrounding regions. Conse-
At 500 hPa (4—-6 km) the trajectories coming from PBL are quently a back trajectory leaving from that area has a greater
24.4 % of the total with a different spatial distribution: dust probability to have a close encounter with the PBL, leading to
is linked to a longer-range transport, coming now from the higher frequencies in its geographical distribution. Moreover,
Arabian Peninsula and the Sahara. Desert dust trajectoriethe overestimate of the PBL air east of the plateau may come
now contribute up to half of the total PBL air (12.8 % of the from a flux originating on the eastern flank of the Himalaya
total), with a much smaller fraction (2.1 % of the total) com- (see discussion of Fig. 6). PBL exit is co-located with a high
ing from the Gobi and Taklamakan deserts. Air masses fromemissive region, leading to a likely overestimate of smoke
biomass burning area are also a smaller fraction (2.6 %) withmaximum occurrence. Besides this anomaly, smoke frequen-
respect to the 700 hPa layer. The PBL crossing points are loeies are substantially similar to those derived from CALIPSO
cated over the main emissions regions, but, with respect tgaround 20 %). Trajectory analysis shows that smoke emis-
the 700 hPa layer, northern India sources span over a largesions mainly impact a region southeast of the plateau (be-
area. The same estimates were done for each year from 20@Ween northern India and eastern China) that is identified in
to 2010, and it appears that there are no significant interanthe observations, the latter showing also a relevant region
nual variations in the PBL source fractions. The values re-south of the Himalaya where emissive fluxes are negligible
ported in Fig. 7 may be directly compared with the regional (as visible in Fig. 6). Again, this difference may be attributed
mean of the occurrence frequency derived from CALIPSOto an incorrect transport in the PBL and/or to the emissions

Fig. 7. Geographical distribution of PBL exit points for back tra-

www.atmos-chem-phys.net/14/4369/2014/ Atmos. Chem. Phys., 14, 43384, 2014



4378 S. Bucci et al.: Aerosol variability and transport in the Himalayan region

700 hPa
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Fig. 8. Frequency of occurrence of air masses at 750 hPa coming from different PBL sources (top left panel: whole PBL, as defined in the
text; top right: PBL above deserts; bottom left: PBL above deserts north of the plateau; bottom right: PBL above carbon aerosol emissive
regions). Color scale is the same as Figs. 1-4.
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Fig. 9. As Fig. 8 but for the 500 hPa level.
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used, including anthropogenic biomass and biomass burninduted dust, which is characterized by values of optical pa-
while the smoke identified in CALIPSO may comprehend arameters intermediate between smoke and dust, is mainly ob-
larger typology of pollutants. The spatial distribution of ob- served in northern India. The value of occurrence of polluted
served dust aerosol is correctly reproduced by the transpordust, in general, lies between those found for the two other
diagnostics. The frequency of occurrence is also generallyypes, while its annual cycle is often less marked, nonethe-
well represented, with values slightly smaller than the ob-less with a behavior similar to the smoke aerosol. Smoke par-
served ones. The dusty region north of the plateau is corticles have a lower occurrence with respect to dust, with an
rectly identified and appears to be mainly linked to aerosoloccurrence related to the cycle of emissions of anthropogenic
transport from the Gobi and Taklamakan deserts. The westand biomass burning and a maximum during the summer sea-
ern pattern of dust comes from longer-range transport, withson (reaching an occurrence frequency of around 25 %). Pol-
a relevant contribution from the Sahara and Arabian Peninfuted dust and smoke are observed over the plateau mainly
sula. Satellite observations show a more pronounced pengn summer with lower values (maximum of 10 and 5%, re-
tration of dusty layers southeast of the plateau. At 500 hPapectively). Trajectories cluster analysis is directly compared
(Fig. 9), the trajectories seem to have less agreement witho the observed occurrence frequency and, in general, a satis-
the observations. It is necessary to note that ECMWF analyfactory agreement is found, supporting the use of Lagrangian
sis gives a wind field at 500 hPa (representative of the 4—6 kntalculations for the interpretation of the observed aerosol pat-
layer) that is almost similar to the 450 hPa and 400 hPa levelserns. Discrepancies seem to arise from limitations of the
(not shown); so, the pattern reproduced by Lagrangian analtransport (limited vertical resolution, uncertainty on emis-
ysis may be qualitatively compared to the observations in thesions, inaccuracy of transport pattern leeward of the plateau).
higher layers. This confirms the presence of a W-E patterfTransport analysis shows that in the lower atmospheric layers
above the Himalayan region. Coming back to the 500 hPadust particles originate from closer sources (Taklamakan and
levels, despite a substantial agreement for the total frequensobi deserts for the northern area and south-central Asia for
cies (around 20% in both simulation and measurements)the southern area), while in upper layers a substantial fraction
the spatial distribution shows several discrepancies. Trajecef dust particles may originate from PBL above the Arabian
tories indicate a main dust belt north of (and partially above)and Sahara deserts and be subsequently advected north of the
the plateau, while the measurement, in addition to this patplateau. During spring transport occurs through the pattern of
tern, shows an accumulation of dust aerosol on the southwest W—E corridor surrounding the plateau and dividing into two
flank, similarly to the 700 hPa layer. The discrepancy can bebranches. The northern branch is fed by dust coming from
again attributed to a bias coming from the vertical resolutionthe local deserts with a likely role in determining the max-
of the wind fields that, at 500 hPa, makes the influence ofimum dust occurrence above China during spring season.
the mechanical obstacle of the plateau less relevant with reSmoke, mainly emitted in northern India and China, can be
spect to the real atmospheric circulation. Moreover, the conpartly conveyed by the southern branch and is preferentially
tribution of the high-level jet may be overestimated, leading observed southeast of the plateau, where strong sources are
to a more efficient westerly transport. There is still a small present. Despite the limited length of the observational time
amount of dust coming from the local deserts that can reaclseries, it is possible to clearly identify differences in aerosol
the northern side of the Himalayan Plateau (less than 10 %)pccurrence among the 4 years. The years 2007 and 2008
but, at this height, its contribution is less relevant. Smoke ishave larger observational frequencies for each of the aerosol
found with similar percentages to the observations but, as fotypes throughout the region. The underlying mechanism is
the 700 hPa layer, is located slightly north of the measurenot fully clarified as transport does not show any clear differ-
ments. ences between the high- and low-occurrence years. Similarly,

interannual differences in precipitation above source regions

during the pre-monsoon season are suggestive but not con-
5 Conclusions clusive to explain a possible modulation of the intensity of

dust sources. Overall the analysis presented here provides an
The CALIOP observations in the Himalaya region allow extension of the intraseasonal dust characterization reported
the analysis of the spatial distribution and the seasonaln previous works, giving an assessment of the variability of
and monthly variability of different forms of atmospheric different particle types and identifying marked interannual
aerosol, identified on the basis of the observed optical paramdifferences. Lagrangian analysis supported the identification
eters. Dust is found to be the most probable type in the wideof the main transport patterns, highlighting the possible role
Himalayan Plateau region with a marked seasonal cyclepflong-range transport in dust distribution in the Himalayan
mainly modulated by the seasonality of the monsoon with aPlateau region. The diagnostics derived from observations
maximum in spring (reaching around 75 %), and is observedn a regular geographical grid may be directly compared to
preferentially southwest and north of the plateau. In the sameglobal aerosol model output, in order to quantify models’
season it reaches also its maximum above the plateau with ability to reproduce aerosol distribution, its variability and
not negligible frequency of occurrence (around 20 %). Pol-
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the possible sources in the hot spot climatic region of the Hi-Kayetha, V. K., Senthil Kumar, J., Prasad, A. K., Cervone, G., and

malayan Plateau.
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