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ABSTRACT

Organic aerosols (OA) constitute a significant fraction of total aerosols and especially are one
of the major components of submicron-sized aerosols both over landmass and ocean. OA
concentration is highly uncertain varying in between 20-90% of the total aerosol concentration
depending upon the geographical locations. The OA is a crucial climate forcing agent due to
their ability to interact with incoming shortwave radiation through absorption and scattering
of radiation leading to direct radiative forcing and also they are capable of modifying the cloud
properties such as cloud lifetime and cloud albedo thereby resulting in aerosol indirect radiative
forcing of the climate. Robust investigation of life cycle of organic aerosols (OA) and
associated compounds are needed to improve our scientific understanding regarding the
implications of changing levels of atmospheric OA on air pollution, atmospheric chemistry and
their impact on weather, climate, agriculture, and human health. Since the formation of
secondary OA follows a highly complex mechanism, and is strongly dependent on of its
precursors, and uncertainty associated with simulation of organic compounds could result in
inaccurate estimation of their concentrations and distribution in the global atmosphere and
hence incorrect estimation of their impacts on weather and climate using atmospheric
chemistry-climate models. Therefore, continual evaluation of representation of organic
aerosols concentrations simulated by state-of-the-art chemistry-climate models with
observations across the globe is crucial for identifying the deficiencies in the representation of
organic aerosols and their precursors to improve our understanding about the likely effects of
these aerosols on weather and climate using these models as a tool. Present thesis uses different
versions of sophisticated state of the art chemistry climate model named CESM in combination
of different emission inventories for aerosols and their precursor gases for improving the
simulation of organic aerosols and their precursors as well as estimating the radiative forcing

caused by organic aerosols and their impact on the regional climate of south Asia.

Present thesis attempts to address some of the previously known uncertainties associated with
simulation OA over the Indian region using a global chemistry climate model, find out the
effect of improved emissions of precursors using a top-down approach in the estimation of OA
over India, and also investigates the implications of changing emissions of OA and its precursor
gases from Preindustrial (P1) to present day (PD) in terms of aerosol radiative forcing and

impacts on the regional climate of India. The four primary objectives that are approached in



this thesis; a) attempting to improve the simulation of OA and its precursor gases by
appropriately modifying the emissions of these precursor gases (VOCs and NOx) used by the
model using a top-down approach and updating the stoichiometric coefficients (SC) involved
in the calculation of SOA by a global chemistry-climate model, b) investigating the impact of
changing emissions of individual sources namely, anthropogenic, biomass burning, and
biogenic sources of VOCs on the distribution and variability of the concentrations of VOCs
and SOA over the Indian region, ¢) investigate the improvements in the simulation of SOA and
precursor VOCs across the Indian region using two different versions of global chemistry-
climate model namely, CESM1.2.2 and CESM2.0 and using emissions of OA its precursors
from three different emission inventories namely, CMIP5, CMIP6, and SMoG-India, and d)
assessment of the direct radiative forcing (DRF) and climate responses to change in the

emission of OA and its precursor gases on the regional climate of south Asia.

A series of carefully designed simulations are performed by modifying SC values involved in
the calculation of SOA, and using emission inventories developed for CMIP5 and CMIP6
activities as well as modified emissions of NO, and ArVOCs over India for understanding the
consequences of these changes towards improvement in simulation SOA and its precursors
over the Indian region. Our results show that changes in certain ArVOC emissions improved
the simulated concentrations of these ArVOCs and the associated SOA significantly as
compared to available observations from selected sites within India. We further find that the
changes in VOC emissions from CMIP5 to CMIP6 has improved the simulation of VOCs and
SOA formation, simulated by the chemistry-climate model. This happened due to
improvements in the simulation of multi-oxidant products of ArVOCs such as toluene as well
as oxidants such as OH and HO:2 radicals that further enhances the SOA production in the

model.

A set of eight different systematically designed model sensitivity simulations are performed
to understand the contribution of anthropogenic, biomass burning and biogenic (ANT, BB, and
BNG respectively) VOC emission sources towards the concentration and distribution of VOCs
and SOA over the Indian region. We show that lower emissions of isoprene (ISOP) over the
Indian region in PD are caused by the combined effect of decreases in both downwelling solar
flux (FSDS) and total leaf area index (TLAI) of plants, while changes in ANT and BB sources
alone have insignificant contributions to the changes in ISOP emission with marginal increases

emissions noted in PD.. Further, due to increases in emissions of aerosols and their precursors



from BB and ANT sources from Pl to PD, their combined effect is to decrease in emissions of
VOCs from BNG sources in PD as compared to PI. The changes in biogenic emissions from
Pl to PD have resulted in a significant decrease in the concentration of SOAI, however it has
no impact over the changes in SOA (BTX). The surface concentrations of SOA (BTX) across
the Indian region has significantly changed due to increases in emissions of VOCs and other
precursor gases from ANT sources, followed by BB and BNG sources from PI to PD period.
Present thesis discusses results from additional model sensitivity simulations performed using
two different versions of CESM namely, CAM4-Chem and CAM®6-Chem, using different
emission inventories namely CMIP5, CMIP6, and a locally developed emission inventory
called SMoG-India, to understand the impact of improved representation of SOA lifecycle in
models and improved emissions used as input data in these models on the simulated
concentrations of VOCs and associated SOA. Significant improvement in simulated
concentrations of ArVOCs are noted using CAM6-Chem as compared to CAM4-Chem.
Results of our model sensitivity simulations show that surface level ArVOCs across major
metropolitan cities of India such as Delhi, Mumbai, etc. is are better simulated by the CAM6-
Chem (SMoG-India) model due to better emissions of aerosols and their precursors considered
in SMoG-India emission inventory. It is noted that generally simulated concentrations of the
ArVOCs are found to be closest to observations within India using CAM6-Chem and SMOG-
India emission data.

The direct radiative forcing (DRF) and climate responses to changes in emissions of VOCs and
POM from PI to PD has been investigated in the present study using the CAM6-Chem model.
Two separate sets of systemically designed model simulations has been successfully performed
for calculation of DRF and climate responses using the standalone CAM6-Chem model and
the CAMG6-Chem model coupled with a SOM respectively. Our results show positive values of
DRF at TOA due to POM over the snow covered Himalayan region and Tibetan plateau, while
negative values of DRF are noted over rest of the south Asian region. This positive DRF and
warming over the snow covered Himalayan region and Tibetan plateau is due to enhancement
in absorption property of internally mixed aerosols considered in our model when they are
present above reflecting surfaces like snow. Our results further show that the atmospheric DRF
due to both POM and SOA is positive across the south Asian region thereby demonstrating an
atmospheric heating caused by both POM and SOA over the Indian region. It is shown that
DREF at surface and heating within the atmosphere due to POM is 3 to 6 times larger than due
to SOA due to both differences in optical properties SOA and POM as well as differences in

atmospheric burdens of both these types of OA over the study region. Over the Indian region



the contribution of POM to the DRF at TOA, and Surface has cooling effect with value -0.239
W/m?, -0.945 W/m? respectively, and warming in atmosphere with +0.706 W/m?2. While DRF
value for SOA at TOA, Surface, and Atmosphere are -0.184 W/m?, -0.335 W/m?, and +0.097
W/m? respectively. Further, the atmospheric DRF having positive value for both POM and
SOA that shows atmospheric heating caused by OA over the India region. Results of our
simulations show significant cooling at the surface across India except over Central India and
south east India due to changes in emissions of POM, while insignificant changes in surface
temperature over the Indian region are noted due to changes in emissions of precursors of SOA
from Pl to PD. We find that increased emissions of POM and SOA precursors as well as
increased cloud cover in PD as compared to Pl further decrease the downwelling shortwave
(SW) flux reaching to surface across the Indian region. This results in regional surface cooling
by up to 1.8°C especially over the Himalayas and Tibetan Plateau. Increased emissions of
emission of POM and VOC in PD as compared to Pl have resulted in stronger cooling above
500 hPa up to the tropopause level over the south Asian region due to reduced convection in
the lower troposphere and lesser heat getting transported to the upper troposphere region. Our
results show that the diabatic heating rate changes induced by the increases in emissions of OA
and its precursors causes changes in the atmospheric meridional circulation in such a way that
it leads to slow down the summertime local Hadley circulation over 60-100°E. Finally, the
results of our simulations show that increases in emissions of OA and its precursors in PD as
compared to Pl causes a significant reduction in mean summer monsoon precipitation over

peninsular India, and eastern India and increases over north west India.



ARTR
FTE AT TIIET (AT) Tl TLHTA FT T Hged o7 3797 g 37 9T =7 F T 3i qgrEme
T I TAHTSHIT AR & ULHIA o6 @ Tl | § Teh gl HETITereh ST o ST 98 FeA

TEA FizaTl & 20-90% o 1= AT FTEAT SAATE A2 il &l T TFh Tgead ol STAany
I Usie g ST TATheor o SIenuor 3 foe= & ATeqw & A aretl orfcad fafeheor & a1

ATAATT FLA T IAhT SAHAT o HTLOT TeaeT FAtheor aer o forw smoft g & |7 87 F F=18e

ATTHETSH T FATIT A Sl SIF FATSE IO T AT Fled § T4 &, o TR

T SIS T T ZIAT gl TAATY o (AThL0w T a1 a1 T, ATIHEA (I T (A

T /W, TAa1, 1Y AT AHT G692 396 TATE T AASATT AT % T&Ad &q<l
TATET o FTC | AT AT G0 § T o (o7 FTa s T (30) 37 dafed FIReT
& ST =k o[ TSI STl STALTHAT gl FIeh ATeA W AT FT T5H U STATEH AT

T ST FAT §, AT THH STAGAL I AT & AT g, Sl FTafaa Feht o SITHC0T o [T

AATETAT & TRUTHEAET AT ATaTawoT § Sehl FigaT Sl [Aaor &7 T SATHIT gl dahd]

3T AT I THTET T TAd ATHTT TR ST Thd T | AIIHSATT THEAT [AAH-Saarg

T FT ITTRT HId U HIEH S TAGTY 2| TAT, AT 9T § FEoafort & 1o sreargaes

I AeE-sea atea g fegede wEs TiEe Jigdr & Tidaeteed w1
AT a7 TLEI ST 3T FUGAT b (A A2 H FHIHAT 6] TEATT FIA 6 (o107 gATLT
qHE § YT T & [T Agca Ul gl Uk STHLT o &9 H T HISAT T STANT Tk HEH 3T

ST 9T T UL o TATH| AT HHT e T ST I TAGAT o AT H

AT & ATA-ATT FTA % TITEIA o 0T [ 0207 T T AThAT il o [oTT TEIA 3T ITeh

ST T & o AT IS AT & G0 ° HSUaus T AAT AT A o



AT AfEd & (At HEheor FT START FLAT gl IR0 TRET 6T &= STAarg 9 3T
THT

Faard Nfaw vE afas W B Toarg A F7 ITANT H%h A o7 # e

AT F ST T TF AT ATATAAATAT Tl §L FLA HT TITH HLAT §, AT I AT 6 AT o

TIT-TSA FIEHIOT FT ITART FTh SRAGAT & Jga? ST & THE HT GqT 0T 8, 3T
T Yf2ufed BT o 9 & &g STerary o g974l & g2 # e (fer)
T FaAT o (=) # o oY =6eh STIgd 91 o Scaoid H gaoTd o TATEl i AT ST FedT

gl =9 Ao & 59 = yrataeE ITedT 9% "9 AT AT 7 F) S(T-ST3H G 0T T ITIRT

Fh A G STTNRT &l ST ATAT = STAGA AT (ATATEHT ST TAATAT) % eI il I=d
& F FINTET Fleh AT 3T THh UG T o AR H LT FLA T TATH HAT S TOEAT
T oo TErEaTAfEE T (THEY) FT ST AT THAT U AFHF TIA-STAarg qieed
FIT, @) Wi & § freieft siiv uesiu & wigar & e s afadasfierar av s

T FIAT ST HTAaST A, STITHATE a7 30T A1=0dT F araiST s Sl & d5dd Icasid &

THTE i ST FHEAT, M) AT AT AAA-TAGTT TS F T SAAT-3TAT G0N, L TauH
1.2.2 3T FEUHATH 2.0 FT ITANT Fideh AN & H THAT T AUGT ATAHT o6 TH0T H

T AT ST FIAT AL AT AAT-3AT IS AT, HITHATSHT 5 F AT % FUZAT o6 I

FT ITANT HAT , HUHSMEAN6, T THUFAS -3 (T, < ) Teaer fAfFwor ao (Sr=meu)

AT AT ST T G o Scaoid H Tade & ol SToary Tafharsii 1 srhad sft gferr
T T &= STaaTg 97

THAT T AT H QT TEHT AT AT ST Fh ST w5 i HruHerdie
Tiafafert & ArI-a79 TR, % Fied Scasid oY AT At 3o #§ =7 afkaadi & It
T THA % o7 TSALATAHT FT ITTRT Fleh ATAATHIIEF (o2 T 0 Hered i uF

Vi



TGAT T TI THAT STAT 2| STTHLOT THAT AT ATEAT &5 H THh qaaraal §l gHT T

AT & T T TARATATHT IS | Taqd F =1 TSLATATET 3T Haterd Tasiy hf T [
AT § AT o Hae F94q dr2el F 3uesd feoq o i qoaar # FTht g9 7ar 81 8w

AT T g o HTOHSTEHT5 | FHUAATSI6 H ATAHT Iesid | Iiadd o THAT-Sadry #ied

FT foegeies YAt 3T THSATT Mo & a0 | U1 AT g1 78 o= S USea e’
& Ag-A TS ITCIRT 6 ATT-FT A0TH T TAA 2 LSHFA TH AFHISE 3 ATHLT § X

& LT oA ST AlSd § THATT ITATE I < TETaT 2

T & T AT 3i¥ UHsNU i Ushmar ofi¥ faawor fit o § arastag, sy af=T

T FTASIAF (FHT: TUALY, A, 3T duastT) =t IesiT |l * TRET T G0AT %
T T3 STeT-37enT Fattaq &9 § 9 oy v giee deaaefiear e &1 uF &<
T StTaT g1 29 RETa g o TSt & O & # sreanid (S uasdr) 1 FF Icaod

STIAATAT AL FATH (THETHSUH) 3T GTET oF T2t AT UIAT S8 (FTUAUes) i+ o

FHT & GH TAT o FHIL AT &, T TUAST ST A& 1 ATAT § TAAT 3Tehed dISf § Al
ohT T ATET gig SIS & 9T A UEEYT IS H IRadd § Agcdgid TREM gl rers
&1 goer & T § fruestt sat T et 1w ¥ 9L § e e § afiadd

TIROTHETEY TATTT T ATZdT H Iool@= 1T FHT 32 g, gl T (AT &1 va) | qiaa+d

U THHT S T Al gl AT &= § ugsny (7 & uaw) ¥ Faqg 6 qiwar § Hhr aaara
AT B, FALF AT &It F ST 3T =T Tt TH1 % ST o i g &, T 18 I

ST STATS T ST 1 3T AT &M AT gl AAATT AT H TS THUH o QT STAT-3TT HEROT,

HUUH 4-07 T HUTHG-HT FHT ITANT Feh (T TT ATA T AT Haadefaar fgererd &

TR 9% F=7 T 5, e At sese = oo #iuRersdt 5, Hroasmsdy 6, i 914
T qHAA F 70 THUHSAS-2 [RAT A18F ST &9 Fwfaa s g1 H7 STIRT 6

vii



STAT 1 HiSe H THATY SHra=s o sga¥ TafAterea siv fmft s gag v F fgees

TIZAT 9T 39 AlSAT H TAYE ST & &9 H ITINT 0T AT AT dga? St | HITUHS-H =hl
AT H HTTUHG-FH T STANT Fideh TSAA AT il Ahed | FxdT § Hged o g4 Ale fhar

T 81 SAT AiSd Haaaeiierar FRRerad & TROTH adTd & o 91T & THE Tg=Id gl

ST fawet!, ae, o § 9dg & Ta< & ULE AT &l HIUUH 6-67 (THUHAS -3 (S 9T) Hied

ETT Jga< a<leh & IR0l TohaT SITaT § FA11eh UL AT I AGAT & dga¥ Icasid ¢

=T o STTaT 81 SHENT-ATd Icesid g1 || Tg 71 33T 747 8 T oI 1Y u% Ueeatard

Y THAT TiEaT TOTHE-FH 3T THUTAS -2 ST I ST FT ITANT ek AT & HIa¥

fecafora & Fe Fa TS ATt 2l
T FLATT H HUTHG-HT HISH FHT STAN Fd U Taef At ao (S1w) sie et
AT AR % IS | 92 § 981 § IRaqq & o Saarg Siaieharsi & S &l 15 gl

safRyd &7 & fewre By 70 ateer e F &1 SAoNT-enw T 27 1 FHIT: e

HTUHG-HH Hied 3T HUTHG-FH TS & AT AT SIF 3T STAATL T ITA a0l T9HT
& o aReaTE® J=eiE o 4T 81 gAY 9o a% ¥ g RATT A o7 fasadt o
T dIEIUH % FHO ST | SIUE & HhcHa Godl ol I90Td 8, Saih SIAuF %

TRTLTCHE AT I ZeT07 TIAATS & o qTehl (el | Al (AT AT | T THILHS SI0h

AT T T Toh [RATAAT & ST fasad! ToT¢ U< aTiHT g0 Hise § /I 70 Aiqiea s

T T ST HAT | Fleg o FEOT g, T I G (4] Iadeh qdgi & HI HI9E ard

S| THTY IIOMTH ST SdqTd & o TTeUH 3 UHeU ST & HI0 e [T S Seuh reor

TTMATE &5 | TR g, Foras AT &= | YT3iud 3fi¥ UHaT A1 & HI0 A T

qTIA FT T2 AT gl Tg fe@mar 717 g & 7ag 0% STeeu® S f=iuw & H107 arara
& HTaT SITET THAT T T § THATT ¥ FA0H 1 7 T o qTI-97 T Q41 THL 6

viii



AT % ATLHSATT A § (AL o HILIT THAY ol qAAT H 3 H 6 AT TST | TLAIAT 25| ATLA 13

g § T T SUE #§ fAUH FT AREE, 3 gag w1 ofiqad yAqTa F:Eer -0.239

T UH-2, -0.945 Teog/UH2 §, AT +0.706 TI/TH2 F AT ATATEC0 | AT g1 STafh

TOA, 97T ST TeHITRIT 9T THAU & o0 SIE 919 FwAew: -0.184 T=g/uH-2, -0.335

TY/TH2 ST +0.097 T=F/TH2 Bl THE SAATAT, ATHSHA T S AEUT HT TIATUH ST THAT
T o {70 GRS GoF g ST AT &0 § A0 o 0T AT ar9 &l qidr gl ga1e

e % qivome dTeue F IEs § aEdTd & FT gL ARG ST I 0F AT &

BIEHY IX A | dag I Hgca Ui Sfiaae fR@rd g, STafsh IIedid &= § dag & arqq_ o

AT FEATd THEAT & FUAGAL 6 IS § @1 o L0 A€ [T SATd g1 dTemrs § T gq

ard & % feiruH T vEey sugdi F IS # gy & qrg-ar feg i qorn § O §

FATIS A H Il § AT &= H Tdg T Tgad aTal ST [T e (THSeey) Tare |

AT FHT A gl THh TROTHEAET @G99 &7 & BHred Y [Teadr 12 92 &3 9qg
1.80f2 4t T S=1 B STt g1 frare i gerar § Nt § fauw i et F s+ # gfg +
TS = ATaHese | 998 &7 g 3T FULT ATAHSS & § FH THT & TagT &
IO TR0 TIAATS & H Zraraie £q< a% 500 T & s7fares werga offaa gam gl . g9

TR & 9aT FAqaT g o A0 3T THeh STAGAN & 3o § gl | Jq qegHg a19 3¢ |

TREdT ATHSA T ST TRHEE0 § 36 q3g | TadH T w10 a9aT g o a8 60-100°

TF 7 ek T § e geet aRE=or # T F7 3qr 81 s §, gAY Raed

TR AT g o Tems i goreT & TS & o $fi¥ 26 sgal & Scaoid § gig o STag g
AT ST QT 9T H THAT § ATTEA 6 a0 H Iec@d (7 HHl AT § AT I T%HH qa
H gt grar 2|



Contents

Certificate
Acknowledgements

7 N 1 13 2 1
L0 1171 11 5

List of Figures = criiiiiiiiiiiiiiiiiiiiiiiiiiiii i itree e e e a e
List of Tables ciiiiiiiiiiiiiiiiiieeettttetienassttccsscnsssstecsssnssans

List of acronyms = it r s e ae

Chapter 1 Introduction

1.1 INErOAUCHION «.ceveeeeenneeereeeeeeeneneeseccesseressssssssoscssssassnssene

xviii

Chapter 2: Simulation of aromatic volatile organic compounds (VOCs) and

associatedsecondary organic aerosols (SOA) by CAM4-Chem model over the Indian region.

2.1 INrOAUCTION c.cccueeiiciereninrecsnnesinncssnnesssnessssnessssncsssseessssesssssssssssssssssssssssssssssssses 14
2.2 Model deSCription ........cccceeeeveeicssneicssnnicssnnecssassssssssssasssssanes 16
2.3 Emission details ........ccceeveeeervunicssnnicssnencssnnncssnnncsssnccssnnccnnns .18
2.4 Satellite data......eeeueeerueineiisenisiecsiinsiisennsnecsiissseiseesssessssssssssssesssessssssssssssasess 19
2.5 Ground MeASUICIMENTS....ccccveeerrsrresssrrcssnnessssnessssnesssseessssasssssssssssasssssssssssssssssssses 20
2.6 Experiment design and methodology ...........ccceceeerurccnnes 20
2.7 Model evaluation .........ccceeeeseeecsseencssnencssnnecssnnscssseecsssecssanee 25
2.7.1 Reference height temMpPerature......cceeiicieei e 25
2.7.2 Wind speed and wind direction at 850 and 200 hPa..............cccceecvueeeecveeeeiinneennns 25
2.7.3 Precipitation and SUIfACE PreSSUIE..........uuuueeeeecciveeeeeeeeeciiieeeeeeeesareeeeeeeesrsraeeaaeeens 26
2.7.4 NO; column burden and surface concentrations of ArVOCS .........ccocceevcvvveeeivneennnns 30
2.8 Discussion on the results of model sensitivity experiments 31
2.8.1 Spatial diStribULION Of VOGS .......uueeeeeeeecireeeeeeeeeciiveeeeeeeeeiitreeeseeesestrveseeeeeesssaraseeeesens 32
2.8.2 Spatial distribution Of ArSOA .........ooeeee e eetee et e et e e etee e e eette e e eeraeeeaaes 39
2.8.3 Monthly cycle Of ArSOA.......oo ettt e e e re e e s bee e e aeeas 40
2.8.3 SOAT production MEChANISM .....cccccciiieiiiieec e e e e 42
2.8.4 Observations and simulated reSUltS .........coceereiiiiieieee e 46



2.8.4.2 Comparison of NO; column burden of Satellite and Simulations .............. 48
2.8.5 Vertical profile 0f SOAB .........uviiiiiieeccireeeee ettt e e e e esrrre e e e e e eentaraeeeaeeens 50

2.9 Summary and CONCIUSIONS ....coveevuirirrenseensrecssenssaensseesssesssnnssanssseesssesssssssassssaesss 52

Chapter 3: Contribution of emissions from different types of sources (Anthropogenic,
Biomass burning, and Biogenic) towards the production of secondary organic aerosols over
the India

3.1 INLrOAUCTION ouueceeeeniiineineicennneicsnnisniissecssiessessssnsssessssessssssssnsssasssssssssssssssssassss 54
3.2 Model DeSCription .......ccoeeeveeeseecsuecsnncsaenssncsssesssnssssssssacsns 58
3.3 Emission details ........couiineeiieennninsneissnensnecssnecsneissnncsnecsnnee .58
3.4 Experiment design and methodology ...........cccevueeceeennne. 59
3.5 Results and diSCUSSIONS .....cccueevvercsueisseiiseenssnicsnnssnnisecsssncssnssssnsssessssessssssssssssasens 61
3.6 Summary and CONCIUSIONS ....ccveerueriireisrenssrecssenssaensnesssecssenssanssseesssessssssssssssscsss 81

Chapter 4: Simulated AVOCs and associated SOAs with emissions from CMIP5, CMIP6,
and locally Indian inventory

4.1 INLrOAUCEHION coccoueenerecrissnnrecssssnnsecssssassessssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssss 84
4.2 Model deSCription ........cccceeerveercssericscnricssnnicssnnecssssecsssessannes 87
4.3 Experiment design and methodology ...........cccevcnerecccnnnes 89
4.3.1 Aerosols represSentation .......cccuiiiire e a e e e e ean 90
4.3.2 SOA production scheme in MOdEls .........cccuviiiiiiiiiiiiec e 91
4.3.2.1 TWO-Product SChEME ......uviiiieiecieee e e e e 91

4.3.2.2 Volatility basis set SChemMe........ccciviiiiiiiie e 92

4.4 Results and diSCUSSIONS ....ccceeriercvreniecsssnrecsssssseesssssnsecsssssssessssssssssssssssssssssssssases 93
4.4 Summary and ConClUSIONS ....cccceeerveresssercsssnicsssnncssnissssnssssasssssasssssasssssssssssassss 103

Chapter 5: Direct radiative forcing and climate responses over the Indian region to changes
in emissions of organic aerosols and their precursors from Pre-Industrial to Present-day

5.1 INErOAUCTION «.ueeeueerieeisneiiseensnnssnensnecssesssnecssnesssesssnssssesssassssesssssssassssassssassssssases 106
5.2 Experiment design and methodology .........cccceevueerecccnnnnees 108
5.3 Results and diSCUSSIONS ....ccueeeveeiieiisnenseecsennssnensnisssesssessssecssnssssessssssssessssssssens 111
LT T8 B 2 - To [ - 1V o (ol o = USROS 111
I A O 11 o - | £l =T 0T o 1Y SRR 115

xi



5.3.2.1 Global Mean reSPONSES .....cccuiiiieeeecccieee e e e e e e 115

5.3.2.2 Aerosol optical dePth .....cceocciieiieieecee e 116
5.3.2.3 SUrface TEMPEIatUrE ......ccueiiicieeeecieeeeettee ettt e e te e e e eree e e e ete e e e e 118
5.3.2.4 AtmOoSpPheric tEMPErature ......cccceieciieeieciee ettt 120
5.3.2.5 Atmospheric Circulation..........ccceeeeiiiiiciee e 120
LT 707 T e T T PSPPSR 121
5.3.2.6 PreCipitation oo e e e e e e e e e e e e e e e s 123
5.4 Summary and CONCIUSIONS ........ciervricrvrricssnnccssnncssssncsssncssssncssasssssssesssssssonsecses 124

Chapter 6: Summary, Conclusions and future scope

6.1 Summary and ConClUSIONS ........ccoveierrericssarenssancssssncssssssssssssssssesssssessssssssssssses 128
6.1.1 Simulation of ArVOC and associated SOA by CAM4-Chem model........................ 129
6.1.2 Contribution of emissions from individual sources to SOA production................ 130

6.1.3 Simulated ArVOCs and associated SOAs with emissions from CMIP5, CMIP6, and
locally INdian iNVENTOINY .......uviiieee e e e e e e e 131

6.1.4 DRF and climate responses with change in the emission of OA and its precursors
Lo ] a T 24 I e TN o 5 TSR PPR 132

6.2 FULUIE SCOPEC ccuuueeriirirnnricsssnrricssssnssecsssssssssssssssssssssassssssssssssssssssssssssssassssssssssssses 133

RETCTEIICE: ceveeeeerereeeeeerereeeeereeseceesresssssssssscssssessssssssssssssssssssssssssssssssssssssssssssssssssansssss LI

Xii



List of Figures

Figure No. Title Page
No.

Figure 2. 1: Scatterplot between annual mean concentration of NO and NO: at all grid
points across India as simulated by the model in CAM4C-CMIP6 experiment.

23
Figure 2. 2 Spatial distribution of seasonal mean reference height (2m above surface)
temperature climatology (2008 to 2015) simulated by the CAM4-Chem and

CRU data over the Indian sub-continent. 27
Figure 2. 3 Spatial distribution of seasonal (JJAS) mean wind vectors climatology (2008
to 2015) at 850 and 200 hPa from CAM4-Chem and ERA-Interim. 28

Figure 2. 4 Spatial distribution of seasonal (JJAS) mean (a) precipitation climatology (2008
to 2015) from CAM4-Chem and IMD data along with (b) surface pressure
climatology (2008 to 2015) from CAM4-Chem and ERA-Interim data. 29
Figure 2. 5 Spatial distribution of annual mean NO2 column burden climatology (2008 to
2015) from satellite observations made using OMI and CAM4-Chem model
over the Indian region. 29
Figure 2. 6 Comparison of annual cycle of monthly mean surface level mixing ratios of
selected ArVOCs namely, benzene, toluene, and xylene simulated by the
CAM4-Chem model and in-situ observations available from Mohali and
Udaipur for the years 2012 to 2013, and 2015 respectively. 30
Figure 2. 7 Eight years annual mean surface concentration of Benzene (mol/mol) in various
simulation, a) CAM4C-CMIP6, b) CAM4C-CMIP5, c) CAM4C-CMIP6-E,
d) CAMAC-CMIP6-S €) CAMAC-CMIP6-N, and f) CAM4C-CMIP6-A with
common colour bar. While change simulated concentration of benzene from
all experiments with respect to CAM4C-CMIP6 (control) simulation are
shown in sub-figures (g) to (k). which represents the difference between the
control and sensitivity experiments where black dots represents the regions
where the anomalies are at 95% confidence level or exceeds it (computed

using the Student’s t-test). 34
Figure 2. 8 Same as Figure 2.7, except for change in Toluene. 35
Figure 2. 9 Same as Figure 2.7, except for change in Xylene. 36
Figure 2. 10 Same as Figure 2.3, except for change in Isoprene. 37
Figure 2. 11 Same as Figure 2.3, except for change in Monoterpenes (C10H16) 38
Figure 2. 12 Same as Figure 2.7, except for change in total aromatic SOA (sum of SOAB,

SOAT, and SOAX) with unit (Kg/Kg). 41

Figure 2. 13 Monthly average surface concentration of ArSOA as predicted by various
CAM4-Chem simulations for the period of 2008 to 2015 over India for (a)
SOAT (b) SOAB (c) SOAX and (d) sum of ArSOA. 42

Figure 2. 14 continue .. 43

Figure 2. 15 Comparison between model simulated results and monthly measurements of
aromatic VOCs at two different location (Mohali and Udaipur). Mohali

xiii



observation data is available for a period of March 2012 to February 2013
whereas for Udaipur it is available for January to December 2015. For
Udaipur, observation data for January, July and November is not available. 47
Figure 2. 16 (a) Plot of spatial distribution annual average total column burden of NO2 for
2008 to 2015 of OMI Satellite, (b), (c), (d), (e), (f) and (g) represent annual
average NO2 column burden (troposphere and stratosphere) for all the six
simulations for the same period as satellite ( unit of all the panel plots is given
in molecules/cm-2). 49
Figure 2. 17 Latitude—pressure structure of SOAB concentration (averaged for monsoon
season JJAS for 2008 to 2015 eight-year average) averaged over 60—100°E
has been compared among all the six simulations 51
Figure 3. 1 Annual cycle of monthly mean values averaged across the Indian region
corresponding to Pl (1850) and PD (2010) periods for (a) emission rates of
BTX from anthropogenic sources, (b) emission rates of BTX and Isoprene
plus Monoterpene from biomass burning sources, (c) emission rates of
Isoprene from biogenic sources, d) emission rates of Monoterpene from
biogenic sources, and €) incident solar radiation. 63
Figure 3. 2 Change in annual mean ISOP+MTERP emissions over the Indian region noted
in various experiments w.r.t. PD (CTL) in (a) ANT emission from PI period,
(b) BB emission from PI period, (c) BNG emission from Pl period (d) both
ANT and BB emission from PI period, (e) both ANT and BNG emission from
Pl period, (f) both BB and BNG emission from PI period, and in (g) all ANT,
BB and BNG emission from PI period. , Here black dots in figures indicate
the anomalies are at 95% confidence level or exceed it (calculated from the
Student’s t-test). 64
Figure 3. 3 Same as Figure 3.2, except for changes in the all sky downwelling shortwave
flux (FSDS) at surface from simulations results. Here black dots in figures
indicate the anomalies are at 95% confidence level or exceed it (calculated
from the Student’s t-test). 65
Figure 3. 4 Same as Figure 3.2, except for changes in the Total Leaf area Index (TLAI)
calculated by CML4.5 from simulations results, here black dots in figures
indicate the anomalies are at 95% confidence level or exceed it (calculated
from the Student’s t-test). 65
Figure 3. 5 Same as Figure 3.4, except for changes in the surface mass mixing ratio of
(ISOP + MTERP) from simulations results, here black dots in figures indicate
the anomalies are at 95% confidence level or exceed it (calculated from the
Student’s t-test). 67
Figure 3. 6: Same as Figure 3.5 except for BTX surface concentration in term of mmr. 68
Figure 3. 7 Ozone production through free radical reaction in presence of sunlight and
NOX. 71
Figure 3. 8 (a) Isoprene to SOAI formation mechanism via beta- IEPOx. 72
Figure 3. 9 The change in annual mean spatial distribution of ISOP (top row), 1ISOPO2
(second row), NO (third row), OH radical (fourth row), HO2 (fifth row),
ISOPOOH (sixth row), NO3 (seventh row), XO2(eight row), XOOH(ninth

Xiv



row), H(tenth row), SOAI_PROD (second last row), and SOAI (last row) in
simulations ANT_PI (first column), BB_PI (second column), BNG_PI (third
column), ANT_BB_PI (fourth column), ANT_BNG_PI (fifth column),
BB_BNG_PI (second last column), and All_P1 (last column) w.r.t CTL for
the period of 2008-2014 over the Indian region. 76

Figure 3. 10 Same as figure 3.5 except the change in annual mean spatial distribution of

surface concentration of SOA from (Isoprene + Mono-terpene). 77

Figure 3. 11 The change in annual mean spatial distribution of xylene (top row), OH

(second row), XYLO2 (third row), HO2 (fourth row), XYLOOH (fifth row),
NO (sixth row), SOAX_PROD (seventh row), SAD_TROP (second last row),
and SOAX (last row) in simulations ANT_PI (first column), BB_PI (second
column), BNG_PI (third column), ANT_BB_PI (fourth column),
ANT_BNG_PI (fifth column), BB_BNG_PI (second last column), and All_PI
(last column) w.r.t CTL for the period of 2008-2014 over the Indian region. 79

Figure 3. 12 Same as figure 3.6 except surface SOA concentration from BTX emission 81

Figure 4. 1 The spatial distribution of the annual mean of benzene emission from three

different emission inventories (CMIP5, CMIP6, SMoG-India) in the first
row, while the second row represents their difference with respect to CMIP6
emission over the India region. 93

Figure 4. 2 Seven-year annual mean spatial distribution of AOD from four different

simulations as well as two different satellites (MODIS/Terra and MISER)
over the Indian region. 94

Figure 4. 3 The spatial distribution of annual mean surface concentration of benzene from

a different set of simulations and their difference between the various
experiments and control simulation over the Indian region from 2008 to
2015 Here, black dots in difference plots indicates that the dataset is
statically significant at 95% confidence level. 96

Figure 4. 4 Seven years mean annual cycle of benzene surface concentration from all

four simulations in a) panel, while b) represent difference with respect to
control simulation over the Indian region. 97

Figure 4. 5 The monthly mean of benzene, toluene, and xylene from the in-situ

observation, and simulations outcome for the Udaipur, and Mohali cities. 99

Figure 4. 6 The spatial distribution of annual mean surface concentration of Isoprene

from a different set of simulations and their difference between the various
experiments and control simulation over the Indian region from 2008 to
2015 Here, black dots in difference plots indicates that the dataset is
statically significant at 95% confidence level. 101

Figure 4. 7 The spatial distribution of annual mean surface concentration of total SOA

from a different set of simulations and their difference between the various
experiments and control simulation over the Indian region from 2008 to
2015 Here, black dots in difference plots indicates that the dataset is
statically significant at 95% confidence level. 102

XV



Figure 5. 1 Description of the method used to estimate direct Atmospheric Radiative
Forcing (both old and new mechanisms) 111

Figure 5. 2 Annual mean climatology (2008-2014) of direct radiative forcing (W m-2)
(a) at surface, (b) at TOA, and (c) within the atmosphere, whereas (d) at
surface, (e) at TOA, and (f) within the atmosphere due to POM and SOA
emissions respectively over the Indian region as estimated by the CAMG6-
Chem model by using SMoG-India emission inventory over India. 112

Figure 5. 3 Annual mean DRF at TOA, Surface, and Atmosphere due to SOA and POM
shown in Whisker boxes plot with black line show standard deviation in
its DRF over the globe and also over the Indian region. 114

Figure 5. 4 Scatter plot of monthly mean direct radiative forcing (W/m2) at TOA,
surface, and atmosphere with increase in column burden of SOA and POM
(kg/m2) at each grid point of model over India, where panel (a), (b), and
(c) represent TOA, Surface, Atmosphere respectively due to SOA, while
panel (d), (e), and (f) is same as (a), (b), and (c) except for POM from the
all the sensitivity simulation for the period 2008-2014. 114

Figure 5. 5 Annual mean time series of global mean surface temperature, where black,
blue, red, and green colours represent control P1 simulation, PD SOA, PD
POM, and PD SOA POM respectively from CESM2-SOM experiments. 116

Figure 5. 6 Annual mean change in the AOD at 550 nm relative to Pl due to change in
the emissions of (a) PD_POM, across the global, (b) PD_SOA, across the
global, and (c) ) PD_SOA_POM across the global, while PD emission of
SOA precursors for PD taken from India SMoG-India emission inventory.
Where the different cluster of black dots in the panel figures indicate the
regions where the anomalies are at 95% confidence level or above it (Same

is calculated by Student’s t-test). 116
Figure 5. 7 same as figure 5.6 except for JJAS and over Indian region along with change
in the anomalous wind vectors plotted at 850 hPa. 118

Figure 5. 8 Same as figure 5.6 except for variable reference height temperature (K) and
JJAS period. Anomalies in time mean vertically integrated total cloud
relative to Pl are also shown as green contour lines with positive and
negative intervals of 1, 2, and 5%. Here green solid contour indicate
regions with increase, while green dotted line indicate regions to the
vertically integrated total cloud fraction. 119

Figure 5. 9: Zonal mean (average calculated over the 60 to 1000 E) response to
atmospheric temperature (K) along with pressure (1000 to 5) hPa during
monsoon season (JJAS) from various sensitivity simulations relative to the
Expt — PI (Control) due to change in the emission of POM and SOA
precursors over the Indian region, where panel (a) change in POM
emission for PD, (b) change in SOA emission for PD, and change in both
SOA and POM together. Enhancement in zonal mean heating rate (which
is a linear summation of vertical diffusion, moist processes and radiative
heating rates) w.r.t control simulation i.e Pl are shown by solid black line
contours, while the reduction in the heating rate are denoted by dotted solid

XVi



line contours. While black doted regions in the figures demonstrate where
the anomalies are at 95% confidence level or above it (Same is calculated
by Student’s t-test). 119
Figure 5. 10 Difference in the zonally averaged (same as shown in Figure 5.9, an average
taken from 60 to 100 °E) meridional circulation shown by (v,-®), where -
o is the vertical velocity in hPa/day and v is the meridional winds in m/s.
Changes in vertical velocity under various POM and VOC emission
simulations relative to the Expt - Pl simulations are demonstrated by the
shaded region on the backside of the Fig. 122
Figure 5. 11 Average change in Zonal mean cloud fraction (%) response due to change
in VOC, POM emission from PI to PD period for monsoon season over
60—1000E, where the panel (a), (b), and (c) represent change in POM
emission, SOA precursors emission, and both emission together
respectively.  Variation in the time mean grid box average of
concentrations both cloud ice & cloud liquid number represent by
Strawberry and Forest Green colour contour lines respectively, while
solid(dotted) line shows increases (decreases) for both colours. 123
Figure 5. 12 Same as Figure 5.7, except for changes in the precipitation (mm/day) along
with anomalous wind vectors at 850 hPa. 124

XVii



Table No.

List of Tables

Title

Table-2.1 List of experiment names, arvoc emissions, no emissions, and choice

Table-2.2

of stoichiometric coefficients (sc) involved in the calculation of soa

mass yield by the model

Stoichiometric coefficients used in the present study in various

experiments.

Table-2.3 Chemical reaction employing toluene and oxidants for production of

Table-3.1

Table-3.2:

multigeneration oxidized compounds of toluene which further

converts into soat

List of experiment names and choice of anthropogenic, biomass
burning and biogenic emissions of vocs made in each of these

experiments

Consists details of some relevant chemical reactions for soa
production and its precursors used in the model, for more

information (lamarque et al., 2012; tilmes et al., 2016).

Table-4.1 List of various numerical experiments with cesm1.2.2 and cem2.0.0

Table-5.1

carried out in the present study.

Complete description of various sensitivity simulations performed in
this chapter for the estimation of atmospheric radiative forcing due

to pom and soa.

Table-5.2 Complete description of various sensitivity simulations performed in

this chapter for the calculation of climate change because of pom and

soa.

XViii

Page

No.

21

24

45

61

69

920

110

110



List of acronyms

AGCM
AOD
ARF
ANT
AVOC
ArvOC
ArSOA
AWB
BC

BB
BAM
BNG
BVOC
BTX
CAM4
CAM6

CAMA4-Chem

CCN
CEDS
CESM1.2.2
CESM2
CMIP3
CMIP5
CMIP6
cLuBB
CLM
CLM 4
CLM 45
CLM5
CRU
DOMINO
DRF
FINN
FireMIP
FSDS
GCM
GFEDA4
GHG
GSM

Atmospheric Global Climate Models
Aerosol Optical Depth

Aerosol Radiative Forcing

Anthropogenic

Anthropogenic Volatile Organic Compounds
Aromatic Volatile Organic Compound
Aromatic Secondary Organic Aerosols
Agricultural Waste Burning

Black Carbon

Biomass Burning

Bulk Aerosol Model

Biogenic

Biogenic Volatile Organic Compounds
Benzene, Toluene, and Xylene
Community Atmospheric Model version 4
Community Atmospheric Model version 6

Community Atmospheric Model Version 4 With Tropospheric and
Stratospheric Chemistry

Cloud Condensation Nuclei

Community Emissions Data System
Community Earth System Model version 1.2.2
Community Earth System Model version 2
Coupled Model Intercomparison Project Phase 3
Coupled Model Intercomparison Project Phase 5
Coupled Model Intercomparison Project Phase 6
Cloud Layers Unified by Binormals
Community Land Model

Community Land Model Version 4

Community Land Model Version 4.5
Community Land Model Version 5

Climatic Research Unit

Dutch OMI NO2

Direct Radiative Forcing

Fire Inventory from NCAR

Fire Model Intercomparison Project
Downwelling Solar Flux

Global Climate Model

Global Fire Emissions Database Version 4
Green House Gases

Global Circulation Model

XiX



HO2

ISR
IEPOX
IGP

IPCC
ISOP
ISOPNO3
ISOPOOH
IVOC
JJAS

LAI
MAM
MEK
MERRA
MEGAN
MISR

MODIS

MOZART
MTERP
MVK
NCAR
NMVOC
NO

NO2
NOx

OA

OH

oMl
ovocC
PD

PFT

PI

POA
POM
RCP
RCP8.5
RETRO

SAD_TROP

SC
SIvVOC

SMoG-India

SOA
SOAG

Hydroperoxyl Radical

Incident Solar Radiation

Isoprene Epoxy-diols

Indo Gangetic Plain

Inter-Governmental Panel on the Climate Change
Isoprene

Peroxy radical from isoprene NO3 oxidation

Isoprene Hydroxy-hydroperoxides

Intermediate VOC

June, July, August, September

Leaf Area Index

Modal Aerosol Module

Methyl Ethyl Ketone

Modern-Era Retrospective Analysis for Research and Applications
Model of Emissions of Gases and Aerosols from Nature
Multi-Angle Imaging Spectroradiometer

Moderate Resolution Imaging Spectroradiometer

Model for Ozone and Related Chemical Tracers
Mono-Terpene

Methyl Vinyl Ketone

National Centre for Atmospheric Research
Non-Methane VOC

Nitric Oxide

Nitrogen Dioxide

Nitrogen Oxides

Organic Aerosols

Hydroxyl radicals

Ozone Monitoring Instrument

Oxidized VOC

Present Day

Plant Function Type

Pre-Industrial

Primary Organic Aerosols

Primary Organic Matter

Representative Concentration Pathway
Representative Concentration Pathway Scenario 8.5
Reanalysis of the Tropospheric Chemical Composition
Surface Area Density of Troposphere
Stoichiometric Coefficients

Semi-Volatile Organic Compounds

Speciated Multi Polluter Generator-India
Secondary Organic Aerosols

Secondary Organic Aerosols Gases

XX



SOAI
SOAM
SOAX
SOAB
SOAT
SOM
SSA
SW
TLAI
TOA
TOLOOH

TOLO2
UTLS
VSL
VOC
VBS
XO2
XOOH
XYLOOH
XYLO2
soal_al
soal a2
soa2_al
soa2_a2
soa3_al
soa3 a2
soad al
soad a2
soa5_al
soa5_a2

Secondary Organic Aerosols by Isoprene
Secondary Organic Aerosols from Mono-terpene
Secondary Organic Aerosols from Xylene
Secondary Organic Aerosols from Benzene
Secondary Organic Aerosols from Toluene
Slab Ocean Model

Single Scatting Albedo

Shortwave

Total Leaf Area Index

Top of Atmosphere

Bicyclic Hydroperoxide from Toluene

Bicyclic Peroxy Radical from Toluenebicyclic Peroxy Radical from
Toluene

Upper Troposphere and Lower Stratosphere

Very Short-Lived

Volatile Organic Compounds

Volatility Basis Set

Peroxy Radical From ISOPOOH, IEPOX, HPALD
Lumped Hydroperoxide from XO2 Chemistry
Bicyclic Hydroperoxide from OH+XYLOL Chemistry
Bicyclic Peroxy Radical from OH+XYLOL Chemistry
SOA Bin 1, MAM Accumulation Mode

SOA Bin 1, MAM Aitken Mode

SOA Bin 2, MAM Accumulation Mode

SOA Bin 2, MAM Aitken Mode

SOA Bin 3, MAM Accumulation Mode

SOA Bin 3, MAM Aitken Mode

SOA Bin 4, MAM Accumulation Mode

SOA Bin 4, MAM Aitken Mode

SOA Bin 5, MAM Accumulation Mode

SOA Bin 5, MAM Aitken Mode

XXi



	Pawan_vats_2013ASZ8508.pdf
	by
	Submitted
	1.1 Introduction
	2.1 Introduction
	2.2 Model description
	2.3 Emission details
	2.4 Satellite data
	2.5 Ground measurements
	2.6 Experiment design and methodology
	2.7 Model evaluation
	2.7.1  Reference height temperature
	2.7.2 Wind speed and wind direction at 850 and 200 hPa
	2.7.3 Precipitation and Surface pressure
	2.7.4 NO2 column burden and surface concentrations of ArVOCs

	2.8 Discussion on the results of model sensitivity experiments
	2.8.1 Spatial distribution of VOCs
	2.8.2  Spatial distribution of ArSOA
	2.8.3 Monthly cycle of ArSOA
	2.8.3 SOAT production mechanism
	2.8.4 Observations and simulated results
	2.7.4.1 Surface measurements and results of models pertaining to aromatic VOC (ArVOC)
	2.7.4.2 Comparison of NO2 column burden of Satellite and Simulations

	2.8.5 Vertical profile of SOAB

	2.9 Summary and Conclusions
	3.1 Introduction
	3.2  Model Description
	3.3  Emission details
	3.4  Experiment design and methodology
	3.5  Results and discussions
	3.6  Summary and Conclusions
	4.1  Introduction
	4.2  Model description
	4.3  Experiment design and methodology
	4.3.1  Aerosols representation
	4.3.2  SOA production scheme in models
	4.3.2.1 Two-product scheme

	4.3.2.2 Volatility basis set scheme

	4.4  Results and discussions
	4.4  Summary and Conclusions
	5.1  Introduction
	5.2 Experiment design and methodology
	5.3 Results and discussions
	5.3.1 Radiative forcing
	5.3.2  Climate response
	5.3.2.1 Global mean responses
	5.3.2.2  Aerosol optical depth
	5.3.2.3  Surface Temperature
	5.3.2.4  Atmospheric temperature
	5.3.2.5 Atmospheric circulation
	5.3.2.5 Cloud
	5.3.2.6  Precipitation


	5.4 Summary and conclusions
	6.1 Summary and Conclusions
	6.1.1 Simulation of ArVOC and associated SOA by CAM4-Chem model
	6.1.2 Contribution of emissions from individual sources to SOA production
	6.1.3 Simulated ArVOCs and associated SOAs with emissions from CMIP5, CMIP6, and locally Indian inventory
	6.1.4 DRF and climate responses with change in the emission of OA and its precursors from PI to PD

	6.2 Future scope
	Reference:




