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Abstract. Satellite-based precipitation, Aerosol Optical abruptly during the monsoon: the regions of aerosol buildup
Depth (AOD), Cloud Optical Depth (COD), and Aerosol In- during the pre-monsoon season and the areas of high rain-
dex (Al) data were used to characterize the linkages amondggll/cloudiness during the monsoon are collocated and have
landform and the intra-annual variability of aerosols, cloudi- opposite signs suggesting aerosol-cloud-rainfall interaction.
ness and rainfall in the Himalayas using empirical orthogo-Itis proposed that the third EOF of AOD maps the area where
nal function (EOF) analysis. The first modes of AOD and Al aerosol-cloud-rainfall interactions play an important role in
show the presence of two branches of dust aerosol: over ththe regional hydro-climatology.

Indus river basin and the Thar desert with a sharp west-east
gradient parallel to the southern slopes of the Himalayas —
the Southern Branch; and the second against the slopes gf
the Tian Shan and over the Takla Makan desert in the Ti-
betan Plateau-the Northern branch. The third EOF mode Oéate”ite data from various p|atforms show that the Hi-

AOD accounts for about 7% of overall variance of AOD. It malayas act as a barrier that separates a region of abundant
is attached to the foothills of the Himalayas east of the Ar- aerosols in the |nd0_GangetiC Plains (|GP) from the region
avalli range peaking in April-May-June followed by a sharp of pristine air at high altitude in the Tibetan plateau (Gau-
decrease in July during the first active phase of the montam et al., 2009a, Fig. 1a). The accumulation of aerosol in
soon. The first and second EOF modes of COD and prethjs region can be explained in part by the blocking effect of
cipitation show consistent patterns against the central anﬁhcoming flows from the Indian subcontinent, but regional-
eastern Himalayas and along the ocean-land boundaries igcale circulations modulated by topography also play an im-
western India and the Bay of Bengal. The break in cloudi-portant role. Previous studies by Barros et al. (2006), Chiao
ness and rainfall between the winter and the monsoon se&snd Barros (2007), Barros et al. (2004) and Lang and Barros
sons is captured well by the second EOF mode of COD an¢2002) have shown that the space-time distribution of clouds
rainfall concurrent with the aerosol build up mode (April- and rainfall are strongly intertwined with the terrain in the re-
May) over the region depicted by the third mode of AOD. gion. The complex circulation patterns that arise from block-
The results show that the Aravalli range Separates the two dlfrng lead to Strong orographic enhancement of precipitaﬂon
ferent modes of aerosol variability over northern India with gn the southern slopes of the Himalayas.

dust aerosols to the west and polluted mixed aerosols to the | 5 et al. (2006) used GCM experiments to show that the
east consistent with its role in regional circulation and pre-mixture of black carbon and dust aerosols at higher altitude
cipitations patterns as per Barros et al. (2004) and Chiagyer the foothills of the Himalaya can act as an elevated
and Barros (2007). SVD analysis between rainfall, COD heat source in the troposphere, strengthening the monsoon
and AOD showed a pattern of aerosol loading (resemblingoyer northern India by intensifying convergence of moist air
EOF3 of MODIS AOD) extending from 8E~90°E that iy the pre-monsoon season. In addition to this mesoscale
peaks during the winter and pre-monsoon seasons and decay§namic effect, Fig. 1b illustrates another possible mecha-
nism of aerosol scavenging by orographic enhancement of
clouds and rainfall: aerosols act as condensation nuclei alter-

Correspondence td?. Shrestha ing cloud drop distributions, and therefore cloud and precip-
BY (prabhakar.shrestha@duke.edu) itation microphysical processes, the so called indirect effect.
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b) and elevated transport of aerosol from the Indo-Gangetic
Plains (IGP), whereas the lower level peak was attributed to
local pollution within the Kathmandu Valley (population 2
million). The local aerosol contribution was investigated by
s Regmi et al. (2003) who argued that boundary layer circula-
e B S0l wEBTERLES tions caused by warm north-westerly flows over cooler shal-
- el low south-westerlies (250 m thick) in the Kathmandu Valley

LOCAL POLLUTICN

TIBETAN PLATEAU
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AEROSOLBY — fany.
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o] A i IR AT A acuiTawiLic could explain the lower level peak. An alternative mech-
e ’“E:“ anism was proposed by Hindmann and Upadhyay (2002)
L who suggested that mountain-valley winds transported Kath-

mandu Valley pollution to the surrounding hilltops, thus re-
Fig. 1. (a) The Tibetan plateau and the Himalayas are unique fea-gjstributing low level pollutants to higher elevations where
tures of Asia with the Indian Gangetic Plain (IGP) and Indus river they could be picked up by synoptic flows. However, Carrico
basin on the southern slopes and Takla Makan desert on the northerém[ al. (2003) found that the surface aerosol signature at Lang-
slopes of the Tibetan plateau. Thar desert lies on the western slopet%mg (4000 m altitude, north of Kathmandu Valley) was sim-

of the Aravalli range (straight white strip). Elevation contours are . . .
plotted at 400, 1000, 2000, 3000 and 5000 m. Topography was opilar to that associated with long range transport of dust, and
ey found no evidence of transport from local sources in the

tained from the USGS gtopo30 data. b): Processing of aerosols b ] 4
clouds along the North-South cross-section passing through KathKathmandu Valley. Their measurements of AOD in the Kath-

mandu Valley in Central Nepal. mandu Valley (0.3%0.25) in the February—May period, that
is the aerosol peak season, are also consistent with Ramana
et al. (2004) (AOD in the range of 0:3.5). Recently Stone

Either via direct and, or indirect radiative forcing and, or via et al. (2009) also reported that carbonaceous aerosol concen-
cloud microphysics (Ramanathan et al., 2001), the strongrations measured during 2006 at Godavri site in Kathmandu
gradient in aerosol concentration appears therefore to b&alley showed peak concentrations in late March and early
linked to the variability of orographic precipitation along the April during the dry pre-monsoon season which is consis-
southern slopes of the Himalayas, thus collocating two of thetent with the annually occurring regional haze over the IGP.
world's steepest gradients of optical depth and topography irFurther east, Shrestha et al. (2000) measured water soluble
a region critical for the Asian summer monsoon. aerosols at Phortse (4100m a.m.s.l., Himalayan region of

Barros et al. (2004) showed that spatial variability of the eastern Nepal), which is important from the point of view
diurnal cycle of convective activity as depicted by cloudinessof aerosol-cloud microphysical interactions. They also re-
in the southern-facing slopes of the Himalayas is stronglyport gradual build up of pollutants in the pre-monsoon season
tied not only to the overall terrain envelope but also to the (peaking in April-May), which the authors linked to shifts in
west-east succession of ridges and valleys, with the majothe large scale circulation, specifically transport from the In-
river valleys that cut through the mountains connecting thedian Gangetic Plains (IGP), and even farther west from the
Indian sub-continent and the Tibetan plateau controlling theThar desert. On the other side, Bonasoni et al. (2008) sug-
overall spatial variability of clouds. Liu et al. (2008) could gested that the monsoon-driven cleansing mechanisms of the
not find evidence of transport between northern India andatmosphere at pollution sources left locally suspended natu-
the Tibetan plateau across the southern slopes of the Hiral particles dominating the AOD at the ABC-Pyramid site
malayas using CALIPSO (Cloud-Aerosol Lidar and Infrared (Khumbu Valley, Nepal, 5079 m a.m.s.l.) during the wet sea-
Pathfinder Satellite Observations) data. However, their analson indicating the after-effects of the dominant monsoon sea-
ysis was limited by the persistent cloud cover during the ac-son in the region.
tive phase of monsoon (Barros et al., 2004), which precluded One limitation of field studies is the short duration and
detection of plumes associated with low-level flows alignedscattered distribution of surface point measurements that pre-
with major river valleys across the Himalayan range that per-vent data collection required to extract robust spatial pat-
mit transport from northern India to the Tibetan Plateau asterns. Nevertheless, all field studies agree on the consistent
shown by Barros et al. (2006) for two high-resolution simula- presence of high concentration of aerosols at high altitude
tions of monsoon onset depressions (also see MODIS Rapiih locations far away from urban sources. Furthermore, the
Response Image Subset over Nepal). presence of elevated aerosol concentrations of remote ori-

In the Central Himalayas, Ramana et al. (2004) reportedyin at high altitudes beyond the edge of rainfall maxima
that the vertical aerosol extinction measured during Februsignals the modulation of orographically enhanced precipi-
ary 2003 over the Kathmandu Valley showed two local max-tation processes upwind (Barros et al., 2004, 2006), and is
ima with the secondary maximum at 1.3km a.g.l. (2.6 km consistent with transport from the northern Indian subconti-
a.m.s.l.). Both studies, Ramanathan and Ramana (200%)ent to the High Himalaya and the Tibetan Plateau through
and Ramana et al. (2004), suggest that the primary elevateloth deep and shallow flow channels along the N-S oriented
aerosol layers arises possibly from boundary layer mixingriver valleys present over the Himalayas (as observed from
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MODIS Rapid Response Image Subset over Nepal in the pre-a)
monsoon season of 2009). o
Recently, observations of aerosols and rainfall from mul-
tiple satellite platforms have been used to characterize the = =
relationship between aerosols, monsoon rainfall, and mon- zs =2 :
soon dynamics. Gautam et al. (2009a) present evidence sug e -
gesting a close link between pre-monsoon onset tropospheric .., |
warming in the IGP and increased atmospheric aerosol load- ;
ing in the region, which could amplify the land-sea gradi- w0
ent and thus strengthen the initial active phase of the mon-
soon (June-July). Previously, Gautam et al. (2009b) pointed
out that dust outbreaks over the Thar desert were the critical
source of aerosol loading in the IGP prior to monsoon onset,
and therefore interannual variability of the observed tropo-
spheric warming discussed by Gautam et al. (2009a) would
be dependent on the frequency and magnitude of dust ac
tivity in northwest India. Bollasina et al. (2008) found that
increased aerosol concentrations in May lead to cloud sup-

pression, with increased shortwave ra(_ilanon reaching an(Ii—'ig. 2a. Mean geopotential height (m) and horizontal wind (m/s)
warming the land-surface, thus proposing another pathwa)ét 500 hPa from 1998 to 2007 for the month of March, April, May

to strengthen the land-sea gradient prior to monsoon onset ifng june. ERAInterimhttp:/www.ecmwf.int/research/era/do/get/
addition to tropospheric warming. Trend analysis of rainfall era-interin) dataset were used for the above analysis.

during June over an almost twenty-year period showed sta-
tistically significant (though modest) increases in monsoon

rainfall over regions in the Indian subcontinent that are con-
he southern branch between north-westerly (low concen-

current with increased aerosol loading in the pre-monsoo ) q h v (hiah . !
period over time (Gautam et al., 2009¢). In this manuscript, arations) and south-westerly (high concentrations) orienta-

concerted analysis of multisensor satellite data is performediOns: Figure 2a shows the 500 hPa mean horizontal winds
to characterize the joint space-time modes of variability of 21d 9eopotential heights from ERAInterim (reanalysis prod-

rainfall and aerosol loading in the in the IGP with the objec- uct from the European Center for Medium Range Weather
tive of mapping the region where local aerosol-cloud-rainfall Foreca_sts — ECMWF at 1.5 degre_e re_solutlbtlp:/ Paww.
interactions are dominant vis-vis large-scale transport. ecmwi.intiresearch/era/do/get/era-interimeraged over 10
For this purpose, we present an assessment of the Spé(_ears from 1998 to 2007.forthe months of March, April, May
tial mode of variability of aerosols and space-time modu-and Jgne. Thg mean wind profiles suggest that strong west-
lation of rainfall using aerosol data products from the To- erly wind dominates from March to April and gradually veers

tal Ozone Mapping Spectrometer (TOMS) & Moderate Res—north from 18N t'o 25.N turning north-westerly over Nepal
olution Imaging Spectroradiometer (MODIS), cloud prod- and northern India. With the ons_et of Monsoon in June, the
ucts from MODIS, and rainfall data products from Tropical _southern V\_/esterly branch of the_ jet stream falls apar_t, caus-
Rainfall Measuring Mission (TRMM). Section 2 provides an ing the main westerly flow to shift northward of the Tibetan
overview of the large scale circulations persistent over theplateau.
region of study during the identified aerosol build up and de- At lower levels, the buildup of the temperature gradient
cay period. Section 3 describes the remote sensing data usédie to the development of a heat low (deepest in July) over
for this study. The EOF analyses of the fields are discussed iithe arid regions of Pakistan and north-west India during May
Sect. 4, and the joint spatial variability is discussed in Sect. 5pulls low level westerly flow from the Arabian sea and the
Summary and conclusions are reported in Sect. 6. Somali low-level jet (Findlater, 1969; Wu et al., 1999). Fig-
ure 2b shows the 900 hPa horizontal wind and geopotential
height from the ERAInterim, averaged over 10 years from
2 Regional scale circulation 1998 to 2007 for the months of March, April, May and June.
The wind fields at higher altitudes where the surface geopo-
The Tibetan Plateau and the Himalayas are the dominantential is higher than the mean 900 hPa geopotential were
topographic features in Asia (Fig. 1a). During the win- masked out. North-westerly flow is prevalent in March along
ter season, the westerly jet stream is bifurcated by the Tithe IGP. Note the two circulation patterns west and east of
betan Plateau, and Shrestha et al. (2000) attributed chang#ise Western and Eastern Ghat Mountains on the west and
in concentration of pollutants in aerosols at high altitude east coasts of the Indian subcontinent respectively that persist
locations in the Himalayas to shifts in the orientation of through April, as well as the strong low-level jet at-226 N
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crossing over the Thar desert into the IGP. The mean wind The aerosol index (Al) data from Total Ozone Mapping

flow over the IGP weakens in the following months, whereasSpectrometer (TOMS) instrument was also used for the

the westerlies further south strengthen and veer northeasstudy:

ward along the Eastern Ghats, and a weak convergence zone

forms over the IGP below the Nepal-India border. StrongAl = (1)

westerly flow is well established in the lower-half of the In- —100{log, o[ (/340/ 1380) mead — 1003 o[ (1340/ I380) calcl}

dian subcontienent up to the Bay of Bengal. This westerly

flow bifurcates at the Aravalli range turning south-westerly where Iveas is the backscattered radiance measured by

over the Thar desert, whereas it remains westerly, soutf OMS at a given wavelength, anidyic is the radiance cal-

of the Aravalli range. Dust storms in the IGP during the culated using a radiative transfer model for a pure Rayleigh

pre-monsoon season have been associated with dusts lifteefmosphere (Hsu et al., 1999). The low value of near-UV

mainly from the Thar desert and arid regions farther westalbedo for land/water bodies combined with the large molec-

along the path of the westerlies (Gautam et al. 2007). Thellar scattering in this region of the spectrum allows for a

observed blocking and convergence effects over the foothillgobust determination of aerosol properties by TOMS. How-

of the Himalayas over Nepal create favourable conditions forever, the retrieved quantities are sensitive to the height of

the accumulation of both remote and local aerosol establishUV-absorbing aerosol layer over the ground, but are not sen-

ing sharp regional gradients. sitive to the presence of non-absorbing aerosol, as well as
smoke in the lowest 1 km of the atmosphere except for col-
ored aerosols like mineral dust (Torres et al., 2002). Fur-

3 Satellite data ther, it is not possible to distinguish among different UV-

. . , absorbing aerosol types leading to Al errors if the aerosol
Table 1 describes the various satellite datasets used for tht‘f/pes fordifferentgeo%raphical regions are misclassified (see

study. Obsgrvations from th(? Moderate Resolution Imaging ttp://toms.gsfc.nasa.gov/newsAlthough the TOMS data
Spectroradiometer (MODIS) instrument aboard the Terra an rom Earth Probe are available between 1996 and 2005, the

Aqua satellites are used to study the variability of aeroso'time-window for this study was constrained to the period

optical dept_h (AQD) over the region. Over Ianq, MODIS 1998 to 2005 for subsequent comparison against TRMM
aerosol retrieval is less accurate where albedo is _h'gh (e-Yainfall data which are available from 1998 onward. Due to
dﬁ)sedrts, free (\;vatke r—surfacgs) comp?red 0 thel region _Of l0Waibration issues associated with sensor performance degra-
albedo (e.g. dar ve_ggtqnon) (Ka_u man e.t al, .1997’ Hsudation, trend analysis of the data after 2001 is not recom-
etal, 20.04)' To minimize the signal noise ratio (SNR)' mended by the NASA TOMS science teahntt://toms.gsfc.

the algorithm (dark target approach) over land is app,l'ednasa.gov/news/news.hthﬂsee also Gautam et al., 2009).

to 10 k”‘Xl‘? km_areas. _The mean monthly aerosol optical Precipitation estimates were obtained from the TRMM
depth u_sed in this study is obtained from_the MODIS Level 33B-43 data product hitp://mirador.gsfc.nasa.gov/cgi-bin/
(L3) daily product for each month sorted into &n<1l* equal mirador/presentNavigation.pl?tree=project&project=

?ngIeLgnd.I Zh&g?;lém pro?uctfhc?ntaln stagf;\cscqn:jpute RMM), which are derived from the combination of
épm tevle 2003 H bgrall(nu ?SI 2032"’1” a pero (See3-hourly merged high-quality/IR estimates with the monthly

|r_1rg_e al., th7 ut an Ise a'b. ht). ; like d . accumulated Climate Assessment and Monitoring Sys-
an lergr%zyee Aeorg r'?ﬁj (;\t/e_rs gga]:[;;acssn ' ?heesDG;reS’tem (CAMS) or Global Precipitation Climatology Centre
Bl i IVI I 'thp IL':h : h'\t” tLrj1 ' gl th IO(GPCC) rain gauge analysis (Huffmnan et al., 2007).

ue refru?vada gortlj trr?, af ough ce}nnct)_ ar: € eplresd'Montth precipitation estimates gridded on ®2%).25°
ence of clouds and therefore aerosol retrievals over clou e;global grids are available since 1998.
contaminated scenes are not available (Hsu et al., 2006). Be= _. .

. . A Finally, MODIS Level 3 cloud optical depth (COD) was

cause the region of interest in this study has frequent cloud-

cover, this will also create gaps in the data. Hence, both théjseOI to study the spatial and temporal modes of variability in

. . cloudiness. The retrieval of cloud optical depth requires in-
dark target approach and the deep blue algorithm will haveformation about particle phase and cloud cover, and a radia-

gaps in the monthly mean data, one spatlally statlon{:lry du%ve transfer model is used for the inversion algorithm. The
to bright surfaces (desert), and the other spatially varying dUE%etrieval is valid for single-layer, liquid water clouds, plane-
to cloudy pixels. In order to eliminate the gaps in the MODIS ' '

AOD using the dark target approach algorithm, the MODIS parallel geometry, and errors might arise for multiple layer
- ' . clouds and when ice is present (King et al., 1998). Miss-
Deep Blue aerosol retrieval (550 nm) at the same location

: o ing values (small number) in MODIS COD were filled by
and time was used to replace the missing AOD values 0Verinear interpolation in time. Similar to the MODIS Level 3
bright reflecting areas such as the Thar desert and the Takla- P i

man desert. The AQUA data obtained from Deep Blue algo-ae.rOSOI prodgc'Fs, the 'Level 3 cloud optical depth a]so con-
. : tains the statistics derived from Level 2 products gridded at
rithm was available only from July 2002.

1°x 1° spatial resolution (see King et al. (1998) for more de-
tails).
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Table 1. List of data products used from different satellite platforms.

Sino.  Description Satellite Coverage

1 Gridded daily aerosol index (Al)  Earth Probe TOMS  01/42/05
2 Gridded monthly AOD Terra MODIS 0l/6212/07
3 Gridded monthly COD Terra MODIS 01/622/07
4 Gridded monthly rainfall TRMM 3B43 (V6) 01/9812/07

40°N

4 EOF analysis b) Mar

EOF analysis when applied to a space-time dataset can b #~+/~
used to decompose the observed variability into a set of or- =i -,
thogonal spatial patterns (EOFs), which are invariant in time, = zsw +£-—=%
and a set of time series, the expansion coefficients (ECS),
which are invariant in space (e.g. North et al., 1982; Behera t2 N
etal., 2003; Perry and Neimann, 2007; Giovanntone and Bar-  [friiiiiiibgediooiiifon b :
ros, 2008; among many others). In this study, we conducted " e s e me s s soE ot e e or 7o s s o o
EOF analysis using the covariance method (Von Storch and May Jun
Zwiers 1999) to study temporal and spatial anomalies of rain- i ;
fall, aerosols and cloudiness over a larger spatial domain cov-
ering the IGP in the south to the Tibetan plateau in the North.
Note that, due to the relatively short duratioalQ years)

of the data sets analyzed here, interannual variability can be
detected through the temporal variability of the EOF expan-
sion coefficients but a robust statistical characterization is not jon P R - |
possible. Thus, the discussion of results is focused onthe an ~ ©F ®F 7 7 WE 8% QF a5 O @S 708 750 S0E 65 a8
nual/seasonal cycles.

Fig. 2b. Mean geopotential height (m) and horizontal wind (m/s)
at 900 hPa from 1998 to 2007 for the month of March, April, May
and June. ERAInterimhttp://www.ecmwf.int/research/era/do/get/
era-interim dataset were used for the above analysis. Locations
The first EOF mode (EOF 1) from MODIS and TOMS ex- where the surface geopotential height is higher than the 900mb

plain 50% and 54% of the overall AOD and Al field vari- geopotential height have been masked out.

ances respectively (see Figs. 3 and 4). Both modes show

the presence of two branches of the dust aerosol distribu-

tion: the southern branch (SB) over the Indus river basin andly responsible for the buildup of the southern branch. This
Thar desert north-west of Aravalli range, with a sharp west-blocking creates a favorable spot for aerosol accumulation,
east gradient parallel to the southern slopes of the Himalayasyhich is sustained by the dust originating from the Thar
and the northern branch against the slopes of the Tian Shadesert and arid regions in Pakistan, Afghanistan and farther
and over the Takla Makan desert in the Tibetan Plateau. Thevest. Figure 5b shows the MODIS visible image of a storm
northern branch is associated with the active dust storms ithat stretches for over 1000 kilometers (about 620 miles)
the Takla Makan desert in the Xinjiang region of Western from central Pakistan into northern India in June 2005, which
China (Figs. 1b and 5a). A sandy haze covers most of theexhibits morphology typical of dust storms in the region in
oval shaped desert, which sits in a depression between twepring and summer. The heat low over the desert results in
high mountain ranges: the Tian Shan to the north, and thestrong convergence inducing dry convection that carries sur-
Kunlun to the south. Earlier, Lau et al. (2006) and Lau face dust aloft to be subsequently transported away by the
and Kim (2006) noted that the two branches of AOD shouldprevailing winds (see the dust plume in Fig. 5b). The block-
be composed primarily of dust aerosols originating from theing effect of the terrain is evident from the sharp W-E gra-
deserts, whereas carbonaceous aerosols from biomass bumtient of aerosol concentration along the foothills of the Hi-
ing over northwestern India and Pakistan should be presenthalayas in the southern branch (SB) of EOF1 for TOMS Al
in the chemical composition of the Southern Branch. Block-and MODIS AOD (68E to 80E). The MODIS SB ECL1 in-

ing of incoming air masses by the mountain ranges in thedicates that AOD starts building up in April-May, peaks in
north and west of the Indus river basin (Fig. 1a) is primar- July, and is followed by a decline in August and September

4.1 Aerosol variability

www.atmos-chem-phys.net/10/8305/2010/ Atmos. Chem. Phys., 10, 830%-2010
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a) EOF 1 VARIANCE: 50%
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Jan02 Jan03 Jan04 Jan05 Jan06 Jan07 Jan08

Fig. 3. EOF 1(a) and EC1(b) computed from MODIS monthly
aerosol optical depth (AOD) using the combined product of dark
target approach and deep blue algorithm. [Terrain contours are plot-
ted at 500 m interval from 500 to 8000 m.

a) EOF 1 VARIANCE: 54%

60E 70E 80E 90E 0.1

40N 0.05

30N

20N Fig. 5. MODIS image of dust storm over Takla Makan desert, north-

-0.05 ern slopes of Tibetan platega) and Thar desert, north-western part
of India (b), source: VISIBLE EARTH NASA Image.

10 N

-0.1
decline in the second-half of the monsoon is explained by
the strengthening and decay phases of the low level westerly
flow that can bring pollutants all the way from the east coast
of Africa and the Middle East (Lau et al., 2006).
0 The second mode (EOF2) of MODIS AOD shows a spa-
tial pattern with maximum amplitude in the Takla Man desert
over the months of March-April-May (see EC2), and ac-
counts for 15% of the overall variance (Fig. 6a, c). The south-
Fig. 4. EOF 1(a) and EC1(b) computed from TOMS daily aerosol €™M bra_nch appears with _peaks in the northwest sector of the
index (Al) indicate a dominant mode over the Indus river basin INdus river basin downwind of the Thar desert and extends
and Thar desert with a sharp west-east gradient along the southe@@stward in the IGP aligned with the slopes of the Himalayas.
slopes of the Himalayas. EC2 (Fig. 6¢) displays two distinct peaks in aerosol build up
that correspond to the bimodal peaks of the area-averaged
time-series of AOD over the Takla Man desert (78>-B1
consistent with the retreat of the monsoon. Persistent build7-39 N), one during the pre-monsoon season and another
up of aerosol in May-June-July is present over the six yeareak in the monsoon season.
span of the study (2002—-2007). This aerosol build up and the

b) ECl 1
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Fig. 6. (a, b)EOF 2 and EOF 3 from MODIS AOD using the com-  rig 7. (a, b)EOF 1 and EOF 2 obtained from the TRMM monthly
bined product of dark target approach and deepblue algoritom.  4ccymulated rainfall product(c, d) EC1 and EC2 of the corre-

d) EC2 and EC3 of the corresponding spatial patterns of EOF2 an%pondlng EOF1 and EOF2 of the TRMM rainfall respectively.
EOF3 of MODIS AOD respectively.

The third EOF mode (EOF3) of MODIS AOD is dominant 4.2 Rainfall and cloud variability
along the Ganges basin, bounded by the Aravalli range to the
west and by the Bay of Bengal in the east and accounts fo6trong gradients of cloudiness and rainfall are aligned along
7% of the overall AOD variance. Earlier studies by Chiao the Western Ghats in the SW of India, the SW coastlines of
and Barros (2007) focused on the role of the Aravalli rangeBangladesh and Burma, and the southern slopes of the Hi-
as a hydro-meteorological dryline separating western, driemalayas. The modes of rainfall and cloudiness are highly
and more unstable air masses from moist and relatively staeorrelated indicating clouds as tracers of the anomalous mon-
ble air masses from the Bay of Bengal. Likewise, note thesoon rainfall. The first EOF mode (EOF 1) of TRMM 3B-43
well defined belt of haze on the foothills of the Himalayas rainfall (Fig. 7) explains 63% of the overall variance and cap-
eastward of 80E in the north-eastern sector of the IGP (seetures the strong gradient of monsoon rainfall prevalent over
Fig. 6b). This also explains the phase shift in the build-upthe Western Ghats and near the Bay of Bengal, as well as a
and decay of the EOF3 of MODIS AOD (April-May-June) substantial amount of rainfall in Central India. The scarcity
with regard to EOF1. The development of low level conver- of monsoon rainfall over the arid region of NW India is con-
gence in this zone during the month of May as observed incurrent with the strong gradient of aerosol build-up in the
the 900 hPa wind fields (Fig. 2b) results in the accumulationregion which peaks in July as per the first EOF mode of
of emissions from the IGP that mix with pollutants from the MODIS AOD and TOMS Al. As discussed before, the con-
west (especially dust) and the east, creating a more mixedective activity is confined to the east of the Aravalli range
aerosol loading. The decline of the third EOF mode westduring the monsoon. The first EOF mode of rainfall dis-
of the Aravalli in June is due to the onset of the monsoonplays a strong gradient aligned with the lower foothills of the
in northern India and contrasts with the August—SeptembeHimalayas during the JJAS period consistent with the oro-
decline of the first EOF mode. After the monsoon season iggraphic modulation of low level depressions that propagate
over, the aerosol again starts to peak during the winter seawestward from the Bay of Bengal and produce large rainfall
son (December—January) (Gautam et al., 2007). Thus, thé_ang and Barros, 2002). In the analysis of summer mon-
Aravalli range appears to separate two different modes of resoon rainfall in 1999, 2000 and 2001 in the Marsyangdi river
gional aerosol variability in the lower atmosphere. basin in Central Nepal, Lang and Barros (2002) noted that
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the spatial distribution of precipitation was primarily due to when lightning activity peaks up in the region, EC3 is char-
the specific track of monsoon depressions originating fromacterized by very large interannual variability.
the Bay of Bengal, specifically whether they veer toward or The temporal correlation of the ECs between TRMM rain-
away of the Himalayas. On the other hand, large differencedall/MODIS AOD and MODIS COD/AOD were also exam-
in rainfall (up to a factor of 8) were also observed within a ined. The highest correlatiom £ 0.86) is found among the
high density network with raingauges placed within 1-2 km first modes of MODIS AOD and COD and between the first
from each other illustrating the importance of small scalemodes of MODIS AOD and TRMM precipitation € 0.85)
orographic effects in modulating rainfall. Although the EOF with a lag of 1 month and correlation length of five-months.
analysis of monthly TRMM3B-43 rainfall data used here are Further, a survey of the temporal evolution of the standard-
not able to discern the active and break phases of monsooized anomalies of ECs of the first modes of MODIS AOD and
that take place at sub-monthly time-scales (KrishnamurthyTRMM rainfall and MODIS AOD and COD indicates that
and Shukla, 2000; Barros et al., 2004), the presence of largthe sign is the same (i.e., the anomalies are in phase) about
spatial patterns of the same sign in northern India and thé&0% of the time with maximum agreement for the month of
southern foothills of the Himalaya indicates that the domi- May. Although the data sets are short at present to elabo-
nant mode of the JJAS seasonal variation of rainfall is robustrate on inter-annual variability effects, the anomalies do sug-

The first EOF mode (EOF1) of the MODIS Cloud Op- gest a positive relationship between the monsoon rainfall and
tical Depth (COD, Fig. 8) explains 35% of the variance the development of the first mode of MODIS AOD. The first
and shows cloudiness associated with the monsoon over thepatial mode (EOF1) of clouds and the rainfall are aligned
Western Ghats of southwest India and the SW coastlines oélong the Bay of Bengal and the Western Ghats of India, and
Bangladesh and Burma. Variation over the southern slopes dahe first spatial mode (EOF1) of AOD is aligned NW of Ar-
the Himalayas is only apparent in the second mode (EOF2gavalli range, these modes reflect different source areas for
of MODIS COD corresponding to 12% of the variance con- moisture (ocean) and aerosol (the middle-east, deserts and
sistent with the highly transient nature of regional circula- urban areas in northwest India), but both are modulated by
tion in the region. The EOF2 pattern is linked to westerly the same regional circulation patterns (Lau et al., 2006; Bar-
disturbances propagating eastward along the foothills of Hi-ros et al., 2004). Regarding the standardized anomalies of the
malayas during the winter and the dominant monsoon seafirst mode of MODIS AOD and the second mode of TRMM
son (JJAS) (Shrestha, 2000; Kansakar et al., 2004). EOF2ainfall, the most consistent agreement is in June and July:
also shows distinct cloudiness patterns in the Northern Indighat is, the increase in monsoon rainfall over Central India
Convergence Zone (NICZ, a convergence zone constrainednd the southern slopes of Himalayas is concurrent with the
to the Ganges valley and the Himalayan range, Barros eincrease in AOD NW of the Aravalli range. Thus, the same
al., 2004). In northern India, EOF2 of COD is positive large-scale dynamics drive aerosol and moisture transport in
while EC2 is negative in May and October—November. Thisthe region.
implies less cloudiness in May and October—November in
northern India consistent with the the expansion and retreat ) o
of cloudiness patterns over the NICZ and the latitudinal ex-> J0int variability
cursions of the ITCZ (Intertropical Convergence Zone) dur-
ing the pre and post-monsoon seasons. In the ITCZ the Ma
cloudiness pattern precedes the onset of the summer mo
soon while the October—November cloudiness is associate . .

relevant property of the left and right singular vectors ob-

with the retreat of the monsoon. In fact, the first two mOdestained from SVD s that they maximize covariance and hence

of the rainfall (Fig. 7) and. COoD (Fig. 8_) capFure the north are the patterns themselves. The expansion coefficients (a,b)

ward movement of the Indian monsoon: the first mode corre- . oo . .

: are obtained as the projection of the fields on the left and right

sponding to the annual cycle of the monsoon proper, and the. .

second mode corresponding to the semi-annual cvole ShOWsmgular vectors respectively (see Bretherton et al. 1992,
b 9 Y Storch and Zwiers 1999 for detailed discussions). The anal-

ing the southern rain band in the spring (before the monsoo&SiS was applied to pairs of TRMM precipitation, MODIS
onset) and in the fall (after the monsoon retreat). EOF3 9fAOD and COD for a time span of six vears from 2002 to
MODIS COD (not shown) explains 8% of all variance and P y

exhibits a spatial pattern that is consistent with deep con-2007' The TRMM precipitation data (0.250.25) was in-

. o . ) ; . : terpolated to the same grid°(t1°) of the MODIS products.
vection activity in the region of highest intensity of light- : . ) . .
) . . ] . Further, to identify temporal relationships among the fields,
ning strikes detected by the Lightning Imaging Sensor (LIS, . . L .
g . - . the correlation of the expansions coefficients of the pair of
http://thunder.msfc.nasa.gyw the Manhadi Valley against :
. atterns f, f,) at different lags was calculated (Table 2).
the topography of the Eastern Ghats, in the Bramaputhr o :
: . . : Il the patterns exhibited a strong correlation at zero lag.
valley against the Garo Khasi Mountains, and in the moun-
tainous region of the Indus river valley in the western Hi-
malayas. Although consistently positive in March and April

The coupled modes of variability between the time series of
wo fields were analyzed by singular value decomposition
VD) of the covariance matrix between the two fields. The
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Table 2. Cross-correlation between the expansion coefficients of the pair of patterns TRMM Precipitation-MODIS AOD.

Lag -3 -2 -1 0 1 2 3 Covariance explained
0.16 0.60 0.84 088 0.58 0.16-0.29 96% (al, bl)
—-0.56 -0.18 0.38 0.71 044 0.14 -0.05 3% (a2, b2)
MODIS COD and MODIS AOD
Lag -3 -2 -1 0 1 2 3 Covariance explained
—-0.20 -0.12 -0.05 0.27 0.24 0.5 0.16 87% (al, bl)
—0.08 0.32 0.68 0.87 0.71 0.45 0.04 10% (a2, b2)

5.1 TRMM precipitation-MODIS AOD

The first pair of patterns has a maximum squared cross-
covariance of 96% and resembles the first two EOF modes of
MODIS AOD and the first mode of TRMM rainfall (Fig. 9,
Table 2). The main features of the TRMM precipitation are
the heavy rainfall over the Western Ghats of India, Bay of
Bengal, and a narrow strip of precipitation along the Hi-
malayas associated with the strong monsoon season. The
MODIS AOD shows a dominant mode in the Indus valley
with sharp W-E gradient running parallel to the southern ©
slopes of Himalayas. But this pair of patterns is not ex-
actly collocated and has the same signs i.e. similar (in phase
build up and decay cycles. These spatial modes reflect dif-
ferent source areas for moisture and aerosols, with the sam:
large scale dynamics driving the aerosol and moisture trans-
port into the region. The patterns and the lag coefficients
are consistent with the timing and spatial signature of mon- «
soon dynamics. The expansion coefficients of the first pair
of patterns show a strong correlation at zero lag during the
monsoon season (Fig. 10a). The second pair of patterns ha
a squared cross-covariance of only 3%, though the morphol-
ogy of the spatial features resembles the EOF2 of TRMM
rainfall and EOF3 of MODIS AOD. Notice in particular
the MODIS AOD pattern extending from 8&~90° E that

EOF 1 VARIANCE: 35%
a) b)
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Fig. 8. (a, b)EOF 1 and EOF 2 obtained from the MODIS COD

peaks during the winter and pre-monsoon season and decaygoyct.(c,d) EC1 and EC2 of the corresponding EOF1 and EOF2
abruptly during the monsoon season (Fig. 10a (Pattern 2)ef the MODIS COD respectively.

Table 2). The areas of anomalous aerosol buildup during the
pre-monsoon season and the areas of high rainfall during the
monsoon are collocated and have opposite signs indicating
scavenging of aerosols by rainfall (see Fig. 9).

(Fig. 10 b) indicate a persistent presence of cloudiness along

the Bay of Bengal and Himalayas with a weak signal of

5.2 MODIS COD and AOD

cloudiness over the Western Ghats. On the other hand, the

aerosol loading is also present throughout the year along
Similar to the results obtained for TRMM Precipitation the southern and northern slopes of the Tibetan plateau but
and MODIS AOD, the first pair of covariance patterns for it does exhibit an annual cycle with peaks during the mon-
MODIS COD and AOD has the maximum squared covari- soon. These two signals appear to explain the maximum
ance of 87%, and the MODIS AOD pattern resembles itscross-covariance, although the time series do not have high
first mode (Fig. 11). The cloudiness in the first pattern how-correlation (Table 2). Unlike the gradual build up and de-
ever differs from the first mode of MODIS COD. The time cay of the annual cycle of precipitation (Fig. 10a, pattern
series of the first pair of patterns between COD and AOD1), cloudiness is present throughout the year but increases
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T2
0
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dramatically during the monsoon (Fig. 10b, pattern 2). The -1 , Y ¢ Vi ’
first modes of TRMM rainfall, MODIS AOD and MODIS R
COD explain 63%, 50% and 35% respectively of the total _.

variance with comparativelv lowest maanitude for the COD Fig. 10. The time series of the expansion coefficients between the
P y 9 " pair of patterns:(a) Spatial patterns of TRMM precipitation and

SVD analysis of TRMM rainfall and MO_DIS C_OD (not MODIS AOD, (b) Spatial patterns of MODIS COD and MODIS
shown here) show spatial patterns consistent with TRMMaop

EOF1 and EOF2. The temporal variability of the coefficients

of the second patterns exhibit higher negative values for COD

compared to rainfall in the late fall and winter season, con-ilar to the second pair of TRMM precipitation and MODIS
sistent with a strong regional increase of cloudiness withoutAOD, an inverted L-shaped pattern of aerosol is visible in the
significant rainfall at that time of the year. This signal was north-eastern sector of India bounded by the Himalayas over
highly dominant in the NW part (58-75 E, and 30-47 N) and Nepal. This aerosol pattern peaks during the winter and pre-
appears in the first EOF of COD. AOD and rainfall on the monsoon seasons and is collocated with the areas of cloudi-
other hand show a distinct monsoon peak only. This differ-ness along the IGP but with opposite sign (see Fig. 11), thus
ence in seasonal behavior provides a possible explanation fauggesting possible interaction with the clouds before and
the different spatial patterns of rainfall and COD associatedduring the onset of the monsoon.

with similar AOD (Figs. 9 and 11).

The second pair of patterns explains 10% of the squared
cross-covariance with a strong correlation between the time6é Summary
series of the patterns (Table 2). It shows the distinct monsoon
signal with cloudiness over the Western Ghats, Bay of Ben-The objective of this study is to identify the domain of
gal and Eastern Ghats, and it is coupled with the built up ofjoint space-time variability of aerosols, clouds and rainfall
aerosol over the Arabian sea. The expansion coefficient ollong the south facing slopes of the Himalayas. The space-
the MODIS COD for the second pair of patterns explains thetime patterns of the first EOF modes of satellite-based pre-
cloudiness over the Western and Eastern Ghats of India, Bagipitation (TRMM 3B-43), Aerosol Optical Depth (AOD),
of Bengal and northern India along the IGP during the sum-Aerosol Index (Al), and Cloud Optical Depth (COD) reflect
mer monsoon and the cloudiness over the Himalayan topoglarge-scale circulation patterns modulated by the Himalayan
raphy, north-eastern India and the northern Pakistan, and neaange. Indeed, the overall EOF spectra (Fig. 12) are con-
the ITCZ during the remainder of the year (Fig. 10b). Sim- sistent with the results pointed out by Barros et al. (2004)
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for the Himalayas and by Giovannetone and Barros (2009)

for the Andes with the first EOF mode explaining 45-55% interaction. Earlier, Lau et al. (2008) provided evidence for
of the overall variance of all observations in continental re- 3ergsol indirect effect over the IGP using the MODIS de-
gions where orography plays the dominant role in organizingrived cloud effective radius and AOD by showing smaller
regional circulation and transport patterns. effective radius of cloud drops less than 10um over the re-

Analysis of the regional mean flow shows that the blocking gions of polluted cloud. In addition, Tripathi et al. (2007)
and convergence effects over the Indus river basin and Thagxamined the MODIS AOD and liquid/ice cloud effective
desert and along the foothills of the Himalayas over Nepalradius from 2001 to 2005 over the IGP. In their study, for
create favourable conditions for the accumulation of both re-increasing cloud cover fraction, best correlation between lig-
mote and local aerosol establishing sharp regional gradientsjid/ice cloud effective radius and AOD was obtained during
which is consistent with the spatial modes of aerosol vari-the pre-monsoon season, suggesting an increase in indirect
ability obtained from EOF analysis. Two different modes effect with increase in cloud cover during the pre-monsoon
of aerosol buildup that develop east and west of the Aravalliseason. The strongest correlation was obtained when cloud
range can be clearly identified from the analysis of the spacefraction was 0.6-0.8 but then it decreased for higher val-
time patterns defined by EOFs and ECs. The spatial patternes, suggesting a possible threshold for the aerosol indirect
of the third mode of AOD is collocated with the first and sec- effect. The SVD analysis between rainfall, COD and AOD
ond mode of TRMM precipitation and MODIS COD respec- showed the presence of aerosol loading (resembling EOF3 of
tively. The first EOF modes of COD and precipitation show MODIS AOD) extending from 8TE~9C°E that peaks dur-
consistent patterns against the central and eastern Himalayasg the winter and pre-monsoon season and decays sharply
and the Western Ghats and along the ocean-land boundarietiring the monsoon season: the areas of anomalous aerosol
in western India and the Bay of Bengal. The break in cloudi- buildup during the pre-monsoon season and the areas of high
ness between the winter and the monsoon captured by theainfall/cloudiness during the monsoon are collocated and
second EC of MODIS COD coincides with the aerosol build have opposite signs suggesting aerosol-cloud-rainfall inter-
up mode (April-May) over the region corresponding to the action. This study identifies an area focused on Central Nepal
transition between distinct modes of cloudiness from coldincluding the IGP where there is consistent spatio-temporal
(winter) to warm (monsoon) seasons. These results conagreement among aerosol, cloudiness and rainfall variabil-
firm previous work regarding the relationship between theity both in the pre-monsoon and monsoon seasons, and thus
anomalous aerosol buildup during the months of April andwhere the aerosol indirect effect is likely to be important in
May and the pre-monsoon rainfall regime by aerosol cloudthe region.
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