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Abstract. The study differentiates and quantifies the impacteodsolemitted locally within NortkEast (NE)
India region and those transported from outside this region to ascertain whether toaasported aerosotse
more impactful in influencing this régo nainall during the prenonsoon season (Markpril-May). Due to
the existence of a declining preonsoon rainfall trend in NE India, the study also quantified the role of different

aerosol effectsnradiative forcing (RF) and rainfalThe study has been carried out using the WIRIEm model

by comparing simulation scenarios where emissions were turned on and off within and outside the NE region.

The impact of all emissions as a whole and Black carbon (BC) specifically was sRehalts show that aerosols
transported primarily from the Ind@angetic Plain (IGP) areresponsible for 93.98 % of the Rjnass over
NE I ndiads at mos p hsurface PMycahcebtdtiordIéansBortenl feronotmatributed>50 %

of BC, organic carbon, sulfate, nitrate, ammonium and dust aerosol cotioerdrad hence a major contributor
to air pollution.Hence,the aerosol effects werauch greater withtransported aerosolidirect aerosoleffect
was foundto be the major effe@nd more impactful with transported aerogblst dominatedoth rainfall and
RF, and suppressed rainfall significantly than the direct and-deett effect.However, the increasa direct
radiative effects withan increase in tansported BQcounteractedhe rainfall suppressionausedby relevant
processes ofther aerosol effect§hus this study shows atmospheric transport to be an important process for
this region agransportedemissions specifically from IGPwere also found to have greater control over the
regi on 6 ghus, anisgidnadntrol policies implemented in IGP will redaicepollution as well ashe

climatic impacts of aerosols over the NE India region.
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1 Introduction

Aerosolsregulat theE a r teredyys budget and hydrological cy¢lroughscatteing and absorption ofsolar
radiationandacing as sites fotheformation of cloud dropletsvhich leads to its varied effectsz. direct, semi
direct and indirect effest(Mitchell, 1971 Rosenfeld, 2012Menon et al., 2002)The effectsdiffer spatially
depending on the constituents of aerosols, their phyasigithemicalpropertiesas well as the quantity. Among
these factorsatmospheric trarsort also plays an important rolevhich extend the climatic impactsto the
transported regiofrom the source regioflL.ee et al., 2022)The IGP is gglobalhotspot ofdiverseaerosolgOjha

et al., 2020Kumar et al., 2018hatimpacts regionaand global climat¢Ramanathan et al., 200bripathi et al.,
2005 Sarangi et al., 2015Air masses transport aerosols frome IGPto nearby regios) which alsoimpact air
quality (Bhat et al., 20220jha et al., 201R Bonasoni et al. (201Ghowed that pollutants frothe IGPfollow
thesouthern slope of the Himalayas a path intthe Bay of Bengal ahNE India andsimilar observations were
made byGogoi et al. (2017)The condition becomes more critical in the-ptensoon season when the westerlies
directly transport air pollutants from the 1G®NE India.Amongthe aerosols, BC is a high climdtéluencing
aerosol component due its strong absorption capabilifBond et al., 2013Nenes et al., 200XKoch and Del
Geniq 2010 and IGPis thelargest source region ofiit India (Rana et al., 2019Feveral studie€Guha et al.,
2015;Sarkar et al., 201 Lhatterjee et al., 201®und BC, among other aerosols measured at sites in NE India
to be transported from the IGRloreover,in the NE India region,anincrease irBC emissionsvasobserved
along with high BC concentratiomgearthe surface leve[Barman and Gokhale, 201€@haudhury et al., 2022
Singh and Gokhale, 202I)iwari et al. (2016)bserved maximum BC concentratidaring this season in this
region along with the highest surfaR&. The regionalsoobserveghe highest atmospheric heatiagdhighest
aerosol optical depth withnincreasing trenduring this periodNair et al., 2017Dahutia et al., 203,8ahutia
et al., 2019Gogoi et al., 201;7Pathak et al., 2010Pathak et al., 2016The gesence of high aerosol loading

along withhigh atmospheriteating is likely to have varied aerosol effects over the region and may alsmhave a
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important role to play with the rainfalMondal et al. (2018showeda decreasing trend of preonsoon rainfall
in this biodiversity hotspot regiofrew modelling studiefKant et al., 202]1Kedia et al., 201Kedia et al., 201P
are available that studigte aerosol effect on rainfall over India. However, oB8lgni et al. (201yandBarman
and Gokhale (20223tudied theBC effect onpremorsoonrainfall in this regionbut without the inclusion of
aerosol indirect effecBoth studies found BC to increase total rainfallBatman and Gokhale (202&)so found
semidirect effecto be a rainfalbuppressiomechanism by evaporating clouds betweém 2 km above ground

level.

Howeverafew questions rema@tdto be answered. How much is the contributiotrafisported aerosols
toair pollution and climatic effectsompared to those emitted within NE India region? What is the role of different
aerosol effects on the rainfall mechanism$fis this study wascarried out with the following objectives (a)
Compare the contributions of local amdnsported aerosals air pollution and different climatic effects over NE
India (b) Quantify theole ofdifferent aerosol effects dhe climatic effects (dnvestigate the role of BC emitted
within NE India and transported BC in such climatic effekksre, transported aerosols include the transported
primary aerosols emitted from outside NE India as well as the secondary aerosols formtue tramsporte
emissions. Same goes for local emissidimsoughqualitative and quantitative comparison of the impacts of local
andtransported aerosoglshe study tries to find the source region of aerodwshasa greater impact on the
atmosphere over NE India duritigepremonsoon seasoSinceobservationastudiescannotdistinguish between
the local andtransported aerosolmpacts, he studywas carried out withnumerical modding. The effect of
transported erosolson different regions of the avld has been studidékrishnamohan et al., 202Wang et al.,
202Q Bagtasa et al2019)but none of them covedthe IGP and its impact on the nearby region.

2 Methods

The study used the WREhem v4.2.1 modg|Grell et al., 2005)The modelconfiguration, modelling domajn
model inputsand simulation period is similar to tle@me used irBarman and Gokhale (2022)etails regarding
physial andchemicalparametrization schemasd the emissionareprovided h Table 1.

Tablel: Details of physicaparametrizationg;hemical parametrizationsd emissions

Physical parametrizations

Planetary boundarayer MYNN3 (Nakanishi and Niino, 2006)
Radiation RRTMG (lacono et al., @08)

Land surface model NOAH (Tewari et al., 2004)
Cumulusscheme Grell-Freitas(Grell and Freitas, 2014)
Microphysics Morrison (Morrison et al., 2009)

Meteorology initial and boundary conditiony ERAS (Hersbach et al., 2020)

Chemical parametrizations and emissions

Chemistry scheme MOZART (Emmons et al., 2010)

Aerosol scheme MOSAIC (Zaveri et al., 2008)

Chemistry initial and boundary conditions | CAM-Chem(Lamarque et al., 2012)
Anthropogenic emissions CAMS emission inventoryGranier et al., 2019)
Fire emissions FINN (Wiedinmyer et al., 2010)
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Dustemissions ‘ Onlinemodel(zZhao et al., 2010)

‘ MEGAN v2.04(Guenther et al., 2006)

Biogenic emissions

The model was ruat 10 km grid sizéor a duration of 13 days from 9 April 2018, out of which a3
day period from @ April 2018 was discarded as spup and outputs from 109 April 2018 were used for
analysis.The period represents the mid of pn@nsoon season. Also, April 2018 was Indian Ocean Dipole and
ENSO neutral period and hence suitable for study of aerosol effdtsmoa| domain is shown in Fig. 1(a)
which extends from 10.69N to 31.22 N and 71.8° E t0100.43 E, and the NE India is the part of India within
the region bounded by the blue box. The region within the box is bounded by 22° N and 29° N latitudes and 89°
E and 97° E longitude3he climatic situation during the study periods also described Barman and Gokhale
(2022) The near surface wind flow was fraiime Bay of Bengal towards NE Inaj which gradually ciinged to
westerly wind flow carrying aerosols from IG&wards NE IndiaHence the domain was selected by keeping the
NE India region near the uppeght corner of the domaimescriptions of the simulations are provided in Table
2.

Table2: Description of simulations

Simulation name Description of simulations
1. | NORI Baseline simulation with all aerosol effects
2. NOFEEDI Same as NORbutwith aerosol radiative effects turned off
3. NOCHEM Simulation with no atmospheric chemistry and aerosol effects
4. No_EMISS NE Same as NOR but with emissions turned on only outside NE India
5. Only_EMISS NE Same as NOR but with emissionsurned on only within NE India
6. | No_EMISS_NE_4S©@ Same as No_EMISS_NE but with 4xS€missions
7. | No_EMISS_NE_0.25S9 Same as No_EMISS_NE but with 0.25xS#mnissions
8. No_EMISS_NE_NOFEED | Same as No_EMISS_NE but with aerosol radiative effectsed off
9. | Only_EMISS_NE_NOFEEDL Same as Only_EMISS_NE but with aerosol radiative effects turnec
10. | No_NE_BCI Same as NOR but with BC emissions turned on only outside NE In
11. | Only_NE_BCI Same as NORbut with BC emissions turned amly within NE India
12. | ANORI Same as NORbut with 4xBC emissions
13. | No_BC_ABS Same as NORbut with BC absorption disabled
14. | NOR Baseline simulation witlonly direct and semdirect effect
15. | 2NOR Same as NOR but with 2xBC emissions
16. | No_NE_BC Same as NOR but with BC emissions within NE India region turnet
17. | No_NE_2xBC Same as No_NE_BC but with 2xBC emissions outside NE India
18 | Only_NE_BC Same as NOR but with BC emissions turnédutside NE India
19. | Only_NE_2xBC Same as Only_NE_BC but with 2xBC emissions inside NE India
20. | NOFEED Same as NOR but with aerosol radiative effects off
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All the simulations were conducted with the MOZARIOSAIC scheme, except simulation 3, which was purely

a meteorology simulation and did not include any atmospheric chemistry and aerosol &ffegetsver,
simulations 1 to 13 (except 3), werendoicted with the version of MOZARMOSAIC scheme which also
supports indirect aerosol effect by coupling with Eherrison microphysics schensong with direct and semi

direct effect, while simulations 14 to 20 did not include indirect effect. The N@Radion used inBarman and
Gokhale (2022)wasalso used in this study. NOGRs also the baselmsimulation run with the same baseline
emissions for the study period as NOR, but also includes indirect aerosol effect. No_EMISS_NE had all emissions
(biogenic, anthropogenic and dust) disabled within the region bounded by 22° N and 29° N latitud#sEnd 8

and 97° E longitudes, shown by the blue box in Figure 1(a) while No_NE_BC and No_NE_BCI only had BC
emissions disabled within the same region. Only_EMISS_NE had all emissions disabled outside of the above
region along with boundary conditions for alhemical species modified to zero to nullify the transport of
emissions from outside the domain and similarly, Only_NE_BC and Only_NE_BCI had BC emissions disabled
outside the NE India region with boundary conditions for BC modified to zero. Remainintatsimsi can be

understood from Tabl2 and their applicatiopareunderstood from the results and discussion in Sect 3.

As perGhan et al. (2002andBauer and Menon (2012bhe total aerosol effect is the algebraic sum of
direct, indirect and sendirect effects. Similar approaches were usedégg et al. (2011)Thus,

NOR-I T NOCHEM = Total aerosol effect = Direct + Sedirect + Indirect, (1)

Both NOFEEDI and NORI includes indirect effect but NOFEEDdoes not include aerosol radiative effects.
Thus,

NOR-I i NOFEEDI = Direct + Semidirect effect, (2)
Also, since NOFEER includes only indirect effect,
NOFEEDI i NOCHEM = Indirect effect, 3)
Similar approaches were usegWang et al. (2015)

The NOR simulatiorutilised in this study wasvaluated irBarman and Gokhale (2022Yloreover,
meteorological evaluation of NORw.r.t wind direction, wind speed, temperature and humidity was carried out
against surface station datas@gttps://mesonet.agron.iastate.edu/sites/locatg @h@uwahati (26.10 °N, 91.58
°E), Kolkata (22.65 °N, 88.45 °E), Bangalore (13.20 °N, 77.70 °E), Patna (25.59 °N, 85.08 °E), Delhi (28.56 °N,
77.11 °E) and Mumbai (19.10 °N, 72.86 °B)mulated rainfall was evaluated against the Indian Meteorologica
Department (IMD) rainfall dataset of Pai et al. (2014)
(https://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download)htndex of agreement (I0A),
root mean sgare erro (RMSE) and mean error (ME) weunsed as statistical parameteks per thecriteria of
Emery et al. (2001xhe NORI simulationunderpredictd temperature but showed good performance with wind
speeal and wind direction but had large RMSE with wind direction, similar to the NOR simul&&sfarmance
statistics are provided in Table 3oreover, NOR and NORsimulated chemical species (BC, organic carbon,
dust and sulfate aerosol) were compared irmsga the MERRA2 dataset
(https://disc.gsfc.nasa.gov/datasets/M2TINXAER _5.12.4/sunymaty the above locationsPerformance

statistics are shown in Table 20R gaveamuch better estimation @fll the chemical species at all locations.
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Moreover, the predied chemical species of nitric oxide (NO), nitrogen dioxide fN6ulfur dioxide (SG),

PM; s and PMo were compared against-gitu observations at Delhi (28.56 °N, 77.11 °E), Kanpur (26.57 °N,
80.32 °E), Patna (25.61 °N, 85.13 °E) and Siliguri (26.69 °N, 88.41 °E), obtained from Central Pollution Control
Board, India kittps://app.cpcbccr.com/ccr/#/caagiashboarehll/caagmlanding/caaqrdataavailability). These
locations are located along the IGP. Performancesstatiare given in Table S3. The performance statistics were
better with both particulate matter than gaseous species. Comparatively the performance was better with
MERRAZ2. The relatively lower performance with-$itu comparison may be due to the grides&s insitu
observations are affected by local emission sources as well the deficiencies in emission indentewver,the
inclusion of all aerosol effects greatly improved simulated rainfall performanceNEitindiaregional average

IOA: 0.52, ME: 3.2 mm day*, RMSE: 13.55 mm daycompared to only considering direct + setirect effect

(I0A: 0.40, ME: 9.22 mm da¥, RMSE: 21.26 mm da}) in Barman and Gokhale (2022}he improvement in
performance and decrease in ME show that indirect effect played a major rolettigipgriod in controlling

and suppressing rainfall.
3 Results and discussion

3.1PMaio spatial andvertical distribution

15 B 15
10 & 10

75°E 80°E 85°E 90°E 95°E 100°E o 75°E 80°E 85°E 90°E 95°E 100°E o 75°E 80°E 85°E 90°E 95°E 100°E

Figure 1: Spatiadistribution of PM;o concentration(ug n®) in NOR-I, (a, d), No_EMISS_NE(b, €) and
Only_EMISS_NE (¢f). Upper row show distribution at model level (mear surfacegndthelower row at model

level 15

Figure 1 shows the timaveraged spatial distributiasf PMyo concentrationThe NE India region was divided

into four regions based on the proximity from the IGP, shown in Fig. 1(d). Region 1 and region 2 fall along the
Brahmaputra River Valley, with region 1 being closest to IGP. Region 3 is mostly a mountainouarnediisn

the southern region closer to the Bay of Benghe spatial distributiorof geopotential heights afiodel level 0

and 15 are shown in Fig. Stvhile regionwise (Fig. 1(d)) concentration valuewithin NE India at the wo
atmospheric heights ashownin Table 8. PM;o concentration contours shown in Fig. 1(a), 1(b), 1(d) and 1(e),
emanating from IGP and spreading into NE India indicated the transport of aémsol&Pinto NE India The
similarity of these spatial distributions of No_ EMISS NEhe baselinscenario, NOR, especially within NE
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India region inferred that most of the aerosol mass within NE India westnged bytransported aerosolahile
PM;jo emittedor formedover NE India remained mainly confined within the regagrshown in Fig. Tf, possibly
due to the mountainous terrain, as also describ&imu et al. (2018)The transport of PM can also be seen
from Fig. 2, in which the streamlitearrowfrom IGP to NE India show the transport of-aiassand the colour

of the streamlines show the RiMnass flux in pg nf s*. The fluxwashigher over IGP.
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Figure 2: Streamlines showing transport ofragiss from IGP to NE India and RjMnass flux(ug n? s?) at 1300

m above terin

Both near the surface and at higher atmosphere (level 15), No_EMISS NE showed a higher regional average
concentration (surface: 14.46 ug*nhigher atmosphere: 24.43 pug¥rwhich was closer to theaseline scenario

of NOR-I (surface: 27.43 ug M) higher atmosphere: 34.13 pg3pcompared to the local emission scenario of
Only_EMISS_NE (surface: 8.07 ugnhigher atmosphere: 0.98 pg3nThus,transported aerosot®ntributed

higher PMg concentration (64.18 %) than local emission eotribution from local emissionserenegligible

at higher atmgphere, as also seen in Fig.)ldhd 96.14 % of it was contributed Iyansported aerosol¥he

higher concentration at highatmoserewasdue totransported aerosotievelopingan elevated PM profile

(Fig. S2)having maximum concentration near 2000 m w&héth shows much greatsimilarity with the baseline
scenario The long range transport and strong convective active during this season is responsible for the elevated
profile (Pathak et al.2016. Hence, tansported aerosols contribdteo bulk of theaerosolsover NE India
throughout the atmospheric colunf®3.98 %)indicated by the column integrated R\nass of 313.97 g ™
(No_EMISS_NE)and 20.08 g M (Only_EMISS_NE)NOR-I had column integratePM;o mass of 466.63 g m

2. Further analysis indicated thaansported aerosoégecounted for >50 % of BC, organic carbon, sulfate, nitrate,
ammonium and dust aer os ol asthexaluma ntegratediniassifontdeseasPesiest mo s p
No_BEMISS_NE were 4.5519.59, 51.66, 2.20, 13.74 and 207¢8®7, respectively, while it was 0.94, 6.51, 1.79,
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0.12, 0.56 and 6.6@ nT2, respectively in Only_EMISS_NHhe spatial distribution of column integrated mass

of these species can be seen in Fig88, S4, S5, S6, NdS8 Regions 1, being in close proximity to IGP, as
seen in Fig. 1(9, receivedmaximum near surface aerosol mass (73.70 %) fransported aerosglsompared

to the other regions, followed by region 2 (66.86 %), 3 (60.48 %) and 4 (57.4dd4kver, even though
No_EMISS_NE and Only_EMISS_NE is the bifurcation of NDRto two sepeate emission regionthe sum

of No_EMISS_NE and Only_EMISS_NE column integrated nraasgell as concentratiodsi d n 6t NOB-uat e
| values and is always leffzan it This indicatedormation of extra aerosol mass due to interactioenoifssions

of thetwo regions.
3.2 Aerosol effects of local andransported aerosolson radiative forcing

RF due to different aerosol effectsagestimated based on the methodology described in Sect. 2. Further details

regarding its estimation are provided in the supplementary.

The baseline scenario indicated that direct and indirect aerosokeffested net (NET) surface and top
of the atmosphre (TOA) dimming while causing atmospheric heatiagseen in Fig.. 3his is due to the presence
of aerosols that scatter and absorb solar radiation, reducing it at the surface while increasing it at the top of the
atmosphere as well as causing atmodgpHherating. Net direct surface, TOA and atmospheric RF wiey84,-
7.49 and 7.85 Wrhand was mainly contributed by shavave (SW) radiatiorindirect effect had the same effect
on solar radiation as the direct effect avas due tdheformation of nunerous smaller cloud droplets which has
better reflectivity to solar radiation, also knownthe 1% indirect effect or Twomey effeqffwomey, 1977)
However, positive atmospheric RE8.20 W n¥) causing atmospheric heati(.06 W n¥) was mainly caused
by longwave (LW) radiation(16.22 W n¥) at the TOA contributed by indirect effect. This was dugreater
cloud cover (Fig. 9 at 81 10 km which is not seen in the other twemsarios The indirect effect also caused
warming at the surface (6.17 W3n as its contributed to greater cloud cogdandan et al., 2022nd caused
heating of the surface through LW radiatidine total net surface RF wa27.88 W n¥ out of which-23.92 W

m2 or 85.80% was contributed

t
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Figure3: NE India regional averageF (W m?) due to different aerosol effe@sNET, SW and LW wavelengths

in different emission scenarios

by indirect forcingIndirect SW forcing {30.08 W n?) was almost twice the direct SW forcing .82 W n?),

while semidirect SW forcing (+11.58 W 1) was ~75%of the direct forcingSemidirect effect showed positive
surfaceRF due to cloud cover reductioifthus, atmospheric heating and the subsequenbeatign of clouds
compensated to a large extent thductionin solar radiation due to aeroscle atmospheriiRF (0.76 W m?)

due to semtlirect effect was due to LW radiation, which may be due to increased solar radiation at the surface,
whichreleased the heat into the atmosphere in the form of LW radiatéamever this value wasery small The

indirect RF contributed most to the total surface, TOA and atmospheric RF at both SW and LW wavelengths and

hence was found to be the dominant adreffect affecting radiation over NE India.

Quantitatively, No_EMISS_NE provided RF valu@sirface:-17.02 W n?, TOA: -9.99 W n? and
atmospheric RF: 7.03 W B thatwere much similar and closer to the baseline sceifsuidace:-27.88 W nv,
TOA: -9.68 W m? and atmospheric RF: 18.20 W3rthan Only_EMISS_NHEsurface-1.21 W n?, TOA:-0.24
W m? and atmospheric RF: 0.97 W3n Consequently, thelo EMISS_NEnet indirect, direct and serdirect
surface RF valuesof -13.12,-13.08 and 9.19 W rh were significantly larger than the corresponding
Only_EMISS_NE RF values 860.24,-1.80 and 0.83 W & A similar conclusion could be inferred at TOA also.
Hencetransported aerosolgere primarily responsible for e different aerosol effects aadiation over NE
Indiaasagreater amount of aerosol magas contributed byt. Moreover, No_EMISS_NE net direct atmospheric
RF (9.32 W ni?) was found to be even higher than the baseline scenario (7.8%)VWis indicated that the NE

India region contained more scattering aerosols wralesported aerosot®ntained more absorbing aerosols as
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the difference in the direct atmospheric RF is mainly driven by changes in the TOX.BRF\(s.-3.77 W m?)
than suface RF {15.34 vs-13.08 W ). Region 1 had the highest direct and selinéct net surface RF of
20.41 W n? and 19.20 W 3, respectively due to its close proximity to IGP.

3.3 Aerosol effectof local andtransported aerosolson rainfall

Table3: Changes imainfall due to different aerosol effedtsdifferent scenariognm)

Total aerosol effect | Direct + semtdirect Indirect
NOR-I -275.13 -17.04 -258.09
No EMISS NE -73.06 -23.95 -49.11
Only_EMISS NE | -24.45 -8.42 -16.04

The quantitativechanges imegional averageainfall amounts over NE India due to the different aerosol effects
induced by the aerosols in different scenarios are provided in IaRégionwise valuexanbe read from Table
S5. Rainfall from regiom was not considered due to lasgeors being associated witi{Fig. SL0). In the baseline
scenaridNOR-I), thetotal aerosol effect causedinfall suppressioin all threeregions with a regional total of
-275.13mm, shown in Table3. Reductions inrainfall due tothe total aerosol effect was contributed by
suppressions due twth direct + semilirect and indirect effed@nd was observed @il the considered regions
The hghestsuppressiomvas observed in region 3102.60 mm), followed by region 31(00.60 mm). The rolefo
direct + semidirect effect was observed to be minimal wittotal regioral suppressiomf -17.04mm while the
indirect effect {258.09 mm) was responsible for almost the whole of the suppressigiol3 mmRegion 1
observed the highestppressiomnf -13.21 mm due to direct + semirect effect as this regidh sadiation was

highestimpacted by these effects

Direct effect could suppress rainfall by reducing surface evaporatidnconvectiorthrough surface
dimmingwhile semidirect by evaporatioof clouds(Talukdar et al., 2039.ohmann and Feichter, 200 abib
et al., 2006; Bollasina et ak011 Koch and Del Genio, 2010However, he surface dimming by indirect effect
(-23.92 W n?) with NOR-I was much largethan the combined direct + seulirect effect {3.96 W nm¥). Hence
the reduction irsurfacemoisture fluxdue to indirect effect-6.45<10° kg nm? s) was much greater than due to
combined direct + sendirect effect {1.1x10° kg nm? s¥) andmuch similar to the reduction due to total aerosol
effect ¢7.56x10° kg m? s1). This was also observedtinecase of No_EMISS_NE.He greater surface dimming
of -17.02 W n?in No_EMISS_NE causeamuch higher negative surface moisture flux chang8.82x10° kg
m?2 st due to total aerosol effect, mostly contributed by indirect eff@c7@x10° kg n7? s*) compared to direct
+ semidirect effect {1.03x10® kg m? s%). Hence, indirect effecin NOR-I and No_EMISS_NEdominated
moisture reduction through reduction in surface moisture flux over most areas of NE India at both low-and high

terrain regions, as seen in Fg.

However direct + semidirect effect caused an increase of moisture in N@Rd No_EMISS_NE over
most of NE India in spite of a negative surface moisture flux not observed in Only_EMISS_NE. This indicated
that direct + semdlirect caused an increase in the transport of moisture from another region, in this case from Bay
of Bengal. The equivalent patiéal temperature (EPT) profiles in Figcompare the atmospheric stability due

to
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Figure4: Spatial distribution of change iearsurfacevater vapor mixing ratio (g kb due tototal aerosol effect
direct + semidirect effectandindirect effect

different aerosol effects. The greater surface dimming due to the indirect effect in No_EMISS NE caused not

only negativesurfacemoisture flux but also a significant increase in atmospheric stafiilificated by increasing
value of indirect effecEPT profile with height)reducing convectigrwhich possibly also contributed reduction
to rainfall suppressiarHowever, although the direct + sedirect EPT profile showed increased atmospheric
stability below 1 km, but created awerall unstable atmgphere in the lower atmosphefkhis instability,
primarily caused due tot@ospheric heating of BQ&reatedan unstable region over NE India which facilitated
the increasedransport of moisture from the Bay of Bengal (discussed later). Hence, tioeidhrect effect
reducegainfall by reducingsurface moisture fluandconvectionbut also possibly enhances it by transporting
moisture. This transported moisture possibly compensated to some extent the rainfall reducti@ddusetse

in surface moiste flux, convection and cloud evaporation caused by direct anddiezut effects. Hence, the
rainfall reduction due to direct + semirect effect {17.04 mm) was possibly significantly less thhaindirect
effect €258.09 mm)Thus, the effect of dit and indirect effeston dynamics asdistinctly different.The EPT
profile of thetotal aerosol effedn No_EMISS_NEshowed a unstabldower atmosphergsupporting moisture
transport Similar explanation could be given fanoisture increase due to direct + satitect inNOR-I but the
increase in atmospheric stabilaypd moisture reductiotiue to greater surface dimming itgyindirect effect was
significantly larger, which created an overall stable atmosptheeeto totalaerosol effect in NOR. The EPT
profiles of Only_EMISS_NE showed almost zero perturbativoughout the atmospheaed hence was unable
to affect atmospheric stabilityand cause moisture transpoithus, the direct + sendirect effectin
Only_EMISS_NHIid not show significant moisture change in FigMoreover, the significantly smaller surface

dimming ¢1.21 W m?) in Only_EMISS_NE caused very small but positive change ok&a%kg m? s due to
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the total aerosol effect and hence similar moisture change is observed 4n IF@nce aerosols emitted solely
from NE India had negligibleapability in affecting moisture through f#ifent aerosol effects. dilsture reduction
over NE India was much grie due tothe indirect effect in No_EMISS NE compared to Only EMISS NE,
while moisture increase was much greater in No_EMISS NE compared to Only _EMISS NEadhigher
direct + semidirect effect.

Figure5: Perturbatiorof EPT (K) due to total aerosol effect (Total), direct + setimect (D+S) and indirect (I) aerosol effect
in No_EMISS_NE (nordashed)Only_EMISS_NE (dashednd NORI (dashdot)

Moreover, he positive NE India regional average differenceafimn integratedloud condensation
nuclei (CCN) number (4.38.0"°° m?), cloud droplet number (4.420" m?) andcloudwater (27.93 g 1), and
estimated from No_EMISS NE Only EMISS_NE indicated thatansported aerosolsad a greater impact
through aerosol indirect effe(Zhang et al., 2010)The presence of largaerosol amounts in the form of CCN
affects the cloud lifetime by affecting the conversion from cloudwater to rainwater, thus, to rainfall, thereby
suppressing rainfall, also known as tH& idirect effect(Shiogama et al., 2010; Cherian et al., 20THe
presence of a large amount of CCN facilitates condensation of water vapor on numerous CCN particles, producing
numerous cloud droplets with smaller radii. This restricts small cloydletsoto grow in size due to reduction in

interaction with other cloud droplets which affect its conversion to rain droplet, and thus to rRinéalb more
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