ABSTRACT

India’s efforts to improve air quality under the National Clean Air Programme (NCAP) and to
transition toward long-term decarbonization are often framed through emission-control
strategies; however, the role of land use-land cover change (LULCC) in modifying
atmospheric chemistry, pollutant dispersion, and climate forcing remains insufficiently
quantified. This thesis examines how LULCC and changing anthropogenic emissions interact
to influence air quality, public health, and near-term climate over India, with a particular focus
on short-lived climate pollutants (SLCPs), including fine particulate matter (PM ), black
carbon (BC), and tropospheric ozone (O3). The study evaluates their impacts on the ventilation
coefficient (VC), aerosol radiative forcing (RF), and near-surface temperature for the years
2019, 2026, and 2030 under NCAP-aligned and interim Net Zero policy pathways. The central
objective is to determine whether land-use transitions can amplify or undermine emission-
reduction policies and to identify land-management pathways that generate simultaneous air

quality, health, and climate co-benefits.

The present thesis research addresses three interrelated objectives. First, the independent
influence of LULCC on VC, PM2s concentrations, and PMoas-attributable mortality is
quantified for 2019 and 2026 under NCAP-consistent land-use trajectories. Second, the effect
of anthropogenic emission changes alone on PM> 5, BC, and O3 concentrations, together with
associated RF and temperature responses, is assessed while holding LULC constant. Third, the
combined influence of LULCC and emission changes (on SLCPs, RF and temperature) is
evaluated for 2019 relative to 2030 under an interim Net Zero scenario to examine the extent
to which integrated policy pathways can support India’s concurrent clean-air and climate
objectives. Together, these analyses provide a comprehensive assessment of the coupled
interactions among meteorology, emissions, and land-surface processes and their implications

for national scale policy design.

The modelling framework is built on the Weather Research and Forecasting model with
chemistry (WRF Chem v3.9.1), configured over pan Indian domain at 27 km resolution. The
domain is divided into six climatologically and geographically distinct zones: North, South,
East, West, Central, and Northeast India. The model employs a physics configuration
previously demonstrated to perform reliably over the Indian region, including Morrison two-

moment microphysics, Grell-Freitas convection, RRTMG short- and long wave radiation,




Unified Noah land surface, and MYNN Level 2.5 PBL and surface layer schemes.
Meteorological initial and boundary conditions are taken from NCEP FNL, while gas phase
chemistry is represented by MOZART 4 coupled with the MOSAIC 4 bin aerosol module that
includes interactions among inorganic and organic aerosols. Biogenic emissions are computed

using MEGAN v2.1, and biomass burning is from FINN v1.5, both at high spatial resolution.

A critical component of the study is a systematic evaluation of anthropogenic emission
inventories (Els) for India. Four widely used global/regional Els (EDGAR, SMoG, REAS, and
ECLIPSE) are implemented in WRF-Chem and assessed through simulated aerosol optical
depth (AOD) against satellite retrievals at 0.1° spatial resolution. Among these, the SMoG
inventory yields the lowest root mean square error (RMSE) in AOD across all zones, with zonal
RMSE ranging from 0.32 in Eastern India to 0.45 in the North and Northeast; and is, therefore,
selected as the reference EI for India. Emission reductions embedded in the future NCAP and
Net Zero scenarios are implemented by scaling this best performing EI forward from its base
year, with sector-specific and state-level reduction factors applied to align with the official

national policy targets.

Rigorous model evaluation is conducted for both meteorology and chemistry. For 2019, surface
PM, 5 and O3 along with wind speed, 2 m temperature (T2), and relative humidity (RH) from
26 cities in 13 states are obtained from the Central Pollution Control Board (CPCB). WRF
Chem’s performance is assessed using the Boylan—Russell mean fractional bias (MFB) and
mean fractional error (MFE) metrics; except for O3 in Delhi and PM; 5 in Andhra Pradesh, all
locations satisfy the recommended thresholds of MFE < 0.75 and —0.6 < MFB < 0.6, providing
confidence in the model’s ability to reproduce base year pollutant levels. Additional validation
with ERAS reanalysis shows that RMSE for T2, RH, and wind speed largely falls within World
Meteorological Organization (WMO) criteria (2 °C, 20%, 2 m s™'), with exceedances in a few
states linked to coarse model resolution and observation uncertainties. These evaluations are
consistent with earlier Indian WRF based studies that highlight improved performance at finer
spatial scales but confirm that the chosen configuration is robust for pan India assessments.
The model reproduces observed pollutant concentrations and meteorological fields within the
accepted performance benchmarks for most of the regions, confirming its suitability for

national-scale policy analysis.

LULC datasets and projections form the second major methodological element. For the base

period, 2018 LULC from Bhuvan (1 km) is adopted as representative of 2019 after confirming




negligible differences compared with USGS derived 2019 LULC. Future LULC for 2026 and
2030 is generated using the Land Change Modeler within TerrSet, which blends artificial neural
networks, multi-layer perceptrons, and Markov chain matrices to learn transitions from 2010
to 2015 LULC and then project forward. Model performance against 2018 LULC is strong
(overall accuracy ~85.7%; kappa statistics 0.81-0.89), though performance is moderate in
topographically complex regions such as the Himalaya, Western Ghats, and parts of southern
and northeastern India. Crucially, the TerrSet framework allows incorporation of user defined
constraints, and NCAP’s implied land use recommendations (e.g., increased mixed forest,
enhanced water bodies, constrained expansion of certain built-up classes) are encoded to
generate 2026 and 2030 maps that are consistent with policy intentions. Zonal summaries of
2018 and projected 2030 LULC classes, including changes in mixed forest, crop, fallow,
barren, urban, and water categories, are compiled to support diagnostics of VC, deposition

velocity, and radiative properties.

The thesis extends this analysis to 102 non-attainment cities identified by CPCB. Results show
that LULCC alone can significantly alter atmospheric ventilation and pollutant exposure.
Under LULCC alone, most cities outside southern India experience increased PM» 5 due to
shifts in fallow, barren/sparsely vegetated, tundra, and built-up classes. In many non-attainment
cities, particularly outside southern India, conversion of vegetated land to barren or built-up
surfaces reduces dispersion efficiency and increases PMa.s concentrations, thereby offsetting
expected gains from emission controls. Cities in Andhra Pradesh and Telangana show
reductions in PMas in line with regional LULC improvements, whereas several cities in
Maharashtra and Himachal Pradesh emerge as hotspots, with PMz 5 increases exceeding 10%
and large increments in PM; s attributable premature deaths. The most affected example is
Pune, where the projected PMa s increase driven solely by LULCC leads to an estimated rise
of more than 24,000 additional premature deaths in 2026 relative to 2019. Several rapidly
urbanizing regions exhibit notable increases in PM s-related premature mortality under land-
use change alone, demonstrating that unmanaged urban expansion can substantially weaken
policy effectiveness. Conversely, regions with increased forest and water coverage show
improved VC and reduced particulate exposure. These findings clearly demonstrate that, even
with emissions nominally fixed, unregulated LULCC can significantly erode NCAP’s air

quality gains and exacerbate health risks, especially in rapidly urbanizing states.

SLCP concentration changes under the emission only scenarios propagate into RF and

temperature. The 2019-2026 emission control experiment shows that the net aerosol RF




becomes more absorption dominated at the surface. The emission-only simulations reveal that
while PM2 5 concentrations decline under NCAP controls, the relative reduction of scattering
aerosols compared with absorbing BC can shift aerosol RF toward less negative values,
resulting in localized near-surface warming. The Northeast zone shows a somewhat different
behaviour due to its high natural forest cover and associated deposition, which partially
counteracts local warming. This finding underscores the importance of balanced SLCP

mitigation strategies that avoid unintended short-term climate penalties.

Combining the LULCC and emissions changes for 2030 under an interim Net Zero scenario
captures both structural land use transitions and deep emission reductions. In this integrated
scenario, LULC evolves in line with NCAP like prescriptions and additional assumptions
consistent with net zero planning, including increased mixed forest cover (with a national target
of at least 33—-36% forest land), expansion of water bodies, and constraints on further urban
sprawl in already dense regions. Under the integrated 2030 scenario, simultaneous emission
reductions and improved LULC management produce larger declines in PMzs and BC than
either intervention alone, while also moderating RF and temperature responses in several
regions. This is because improved VC and deposition in some zones amplify the effect of

emission reductions.

Overall, this thesis demonstrates that land-use planning is not merely a background
environmental variable but a central determinant of air quality and climate policy outcomes.
The findings show that emission-centric strategies alone may be insufficient to achieve
sustainable air-quality improvements unless accompanied by deliberate land-surface
management. Integrating LULCC into future revisions of NCAP, state implementation plans,
and Net Zero roadmaps can strengthen policy effectiveness by linking forest conservation,
agricultural management, and urban development to measurable improvements in air quality,

health, and climate resilience across India.




LUK

ST s a1 HRIHH (NCAP) & I arg [0 & GUR R AUBTITD SIbTaIgoIR B
3R THHUT & fIT YRA & TIR BT SR IoM--I=A01 Ul & H1e9d ¥ R faan
ST §; BTalds, agHSd I X9aH a3, Ugue hard 3R Sadrg ad &I IR &3 J iy
SUTNT-YfH S1aR0r aRad (LULCC) @1 it Siuaftd &9 ¥ ATed a1t gs ol a8 AiRM
3 91 1 Sid &Rl § [ HY LULCC 3R §gad AFae-d Scqoiq YRd § arg T[ura,
gIdeifies Wy 3R Fre-3aft Bt STearg o THIId R & forg srdeid &-d &, S gem
HUUETS (PM, 5) S HTa (BC) 3R SRR SIS (05) Tfed SHeudhIicids siadrg Tgud|
(SLCPs) TR fa=I e faar S 81 31899 NCAP-IRRAT 3R 3 e SRy =fifa amif &
ded a¥ 2019, 2026 3R 2030 F forw A=A Ui (Vo) W Yufed BIRAT (RF) 3R
e Tde & dIuH IR 39 THIA! &1 Jedidh ddl 8| batd 3539 U8 Fuila s1g fob
T YfH-IUINT URGd ScTo-deldt il Bl JeT Tdbd § a1 HHSR B qdhd § R YA
T&e AR &1 U8 BT ¢ Sl Uoh 1Y a1g TJ0Ta, W 3R Saar] J8-a1H SId Hd ¢ |

JAHM MY TFY T IRER G ILA! T U Rl &1 I Ugd, VC, PM, s Tigd,
3R PM, 5-OTHER Hog &R R LULCC &1 T UHTE NCAP-JHTd YfH-SUTIT U&Yash & ded
2019 3R 2026 F fore Fuifea forar T g1 IR, AHTSIT ISl &1 UHIE 3fdhd PM, s, BC
3R 0, Wigdl R dSadl 8, Y & Yafdd RF 3R arawe ufaferansit &1 gegied LuLc fRR
T gU fHAT ST 8 | T, LULCC 3R Seqoi URadHT (SLCPs, RF 3R dT9HM WR) & Sgad
TUTd HT Gegich-1 SR e SRl uRExg & d8d 2030 & ITU& 2019 & forQ fasan e g anfd
g S B Sl T { THIGd -HfavTd AN YR & THad W-a1g 3R Jdarg Il &l
T {59 8¢ dF IR Tdhd &1 TH 9, ¥ fazaiwor dw fagm, I 3R YfH-uag
fsharet & st g sia:fosarall 3Tk AP TR 1 Al fSS8 & 1T 37 UHTal &1 T

S et UGH Hd ¢ |

AISTeRT thrde & 27 fl Releg= W 89 3307 S R SR BT 7T X fagm
(WRF Chem v 3.9.1) &% T4 HIGH AU 3R YaiqH Aied IR §1-1 T 81 39 &3 &
STAATg 3R UM U T B8 SIaT-3eHT &3 7 faufora fvar o 8: IR, <fémn, gd, ufgm,
A 3R YR URd| Ared U Hifde! fa=amg &1 faiforg axar 8 o’ ugd Rd & o
g =0 3 veRiF ova & fore uefRia farar mar o, fored wilad g-Hifie Hrghifth o,




A IBIe H-daRM, RRTMG ie- 3R 14T 39 ST, AHTES g 18 TRHH 3R MYNN
dad 2.5 Uil SR IWBY R W1 AT &1 Ay et iR ok S fRufadt
NCEP FNL ¥ forar Srdr 8, Siafes 7 aRo1 [ fafM &1 MOZART4 §RT MOSAIC 4 fod
W SIS & 1 SST ST § o Sded 3R e W & s drddid M
gidl 81 IS IS DI T MEGAN v2.1 BT IUTGNT $RP Bt SId! §, 3R ST
ST FINN v1.5 9 Bl 8, 31 3o R Reileg=H W

3 D1 Uh HedqU! Ucdh HRA o (ol AFaSIHd STor ot (Els) 1 Ueh Tared Jedidh
g1 IR US ¥U J AN fHT 9 a1t 3few/&1a Els (EDGAR, SMoG, REAS, 3R
ECLIPSE) & S&g3RUG-HH & a1 far orar § 3R 0.1 {33l wife Refege@ W I3wg
JAVTG & RIaT Adhal RN PHd S (AOD) & H1H ¥ Jedid- fBar A gl g4
T, TauHafol 3dct Tt &3 § walisl # W HH we HiH WhIR TR (RMSE) 7 ! g,
o Qe SRuATHS gdl 4R # 0.32 & AR IR 3R TaftR 7 0.45 I BidT 8; 3R 34,
R & oy e Sei1s & FU A AT 81 HiasT o Tiiedt 3R Ae ofiR) ufkexal & fAfgd
IO B S DI SHD YR TY I 3T S JAYT TR B a1 EI DI Whd B AN [l
T &, fores st es wigta =fif ded & T TR He & forg 8-ffky ok wroa-w’da
B HRB AR B & |

N fa SR 39 fag S & ot $3R Aled Yedid far St g1 2019 & g, 13
ST} &b 26 e W g1 B I, 2 Hex dUHM (T2) 3R FI0&T ST (RH) P I1Y FA8 PMas
3R 0; FT YN FHT=0 SIS (CPCB) | U fFT MU E WRF Chem ¥ UGRIH HT YT
SiaaH-39d Ui ThaRMd S99 (MFB) 3R HH FhavMd TR (MFE) AR &1 SUTNT dp
far Sirar §; foweht # 05 3R 3iie U= H PM, s Y BlsdR, I+ RIM MFE < 0.75 3fR-0.6 <
MFB < 0.6 ! SFIRIRId T & T o 8, I8 Afed &1 YR I8 UgVH Wkl HI G: O
B B &1 H Y §AT 31 ERAS & U: fIzowur & 1y stfafved g | v Iefan @
f% T2, RH, 3R g1 ! 1A & 7T RMSE HTH! 8 I 3%y AW A7 167 (WMO) 1SS
(2°C, 20%, 2 m s—1) & YR 3T &, o $o Il § S1fdepadr Hie Aisd Adhed 3iR faaidh
SfffEraarsli & ISt g1t 81 T Tl Ugd & URAI WRF SMUTRA SHETA & ST g off
G&A RIS THM R S8R TSR &I IR R g i 39 §1d &1 gfY HRd @ 1o aaf-d
fa=mey Sife WRdia GeaichT & oY Aoled 31 I8 Hisd it & ¥ foy Wied vexi
! % iR T T UGy FigdT 3R T Taieht &5 1 H: TR 1 8, S AP TR &
Hifer fareere o & forg guet Iugaadr &1 gfY HRaT g |




LULC ST 3R 3IHM GORT YW Ufaid dcd §1d & | SMUR 3af¥ & fag, usGs 4 ured
2019 LULC &1 &1 & 10T 3R D1 gfP R o &g Yo (1 fasdh) ¥ 2018 LULC D1 2019 &
Ui & E 0§ ORI TR 1 2026 3R 2030 & 7T HiIST &7 LULC SX¥e & HidR ds 3
HISTR BT SUIRT PXb I b1 A &, Sl HIAH AABT Acady, §g-URd URUPI 3R AIDIG
o B BT 2010 ¥ 2015 LULC T HshH0T W@+ 3R R 31t ot ufkaier & forg ffda
FRAT§1 2018 LULC & GHIad AISd YGRH Holgd § (THY Feldhdl ~ 85.7%; HUI 3fidhg
0.81-0.89) BT USRH RIdTHiaw U I Sfed &Ff o1 fguTerd, ufyeh gre siR gfémft sik
AR HRA & $© W H 490 8| HedYUl ©U I, TerrSet &A1 SUTANTGH T GRHUTYT arersif
D! A HRA DT 3 T B, 3R NCAP & FAfed Y Iuait RN (e.g., g a9 &
3, 3¢ gU I o, 3 Ffta ol & Wi fIdR) 1 Idd B o 1o This b
2026 3R 2030 TR St RTd SIS & STET G| 2018 P &I TRT 3R SFTHTT 2030
LULC T, forg# fiferd 9, o, iRdl, soR, W8t 3R oiat Afort # ulkada Wi § &1 v,
fergor 3T 3R fafeor 7on & e &1 99da wva & fow Yoferd forar man B

AT 3 fIZeo0T T CPCB §RT gD T 102 TR-IT X} ad faaia &rar g1 uRomm
§dTd § foF 3fepdl LULCC argHSed afea= 3R Ugue SIRIH &I eyl &0 § g d Fdbdl
81 3%hd LULCC & dgd, G0 HRA & aTex SMfsier WeRl # Rl, dor/favd awufd, 3
3R FAfHfd avif & Seaa & BRI PM,s H i 83 81 Ps IR-UIGT a1l X6 &, vy ®u 9
30T URA & S1ER, I YA & soR a1 FAffd gl & s ¥ g gerdt HH g 5 8
3R PM, s Tigdl 9¢ a8, Forad Scgoi fRa=or T 3fea arH o 4RUTE gidt g1 311y Uer
SR AT & RER1 H 31T Taguarsi GURT & SEU PM, s § HH! 3715 ©, Safdh HERTY 3R
fRHTEd UG & Fs XX giewic & U & I 8, Forad PM, s T 10% I 3% 31 IS &3 §
3R PM, s H 931 3fS g8 &1 oY 3iferer yvifad Ierevur qul 8, STei Ot akE ¥ LULCC §RI
ATferd AT PMa s gfax 2019 & TTUE 2026 H 24,000 T 4T ffafad THagd Hidl &I
AT I BT 3R T It 51 Ps doit I BT T & 3(hal YfH-ITIRT uRacH &
T8 PM,.s A TeifiId GHaYd §og o § Seate iy gig ueRRia #vd 8, ug exiar g i e
el foRaR ifa UHTaRiadr Y HTHt HHSR B Fhdl gl IHB [AURId, T 3R Sl Havel
A gfS ara &3 & ve HYUR SR BN & Tudh o et foams et g1 A Feees Wy &0 § ue i
HRd g o, ATHHE & IToiA & a1y 4, SifAaffid LuLcc NCAP & aTg Tura A1y &1 HIwt
FHH B Fbdl § 3R WY SIRGAT BT §¢7 JobdT 8, [IAY =Y T doit F WeIHRuT arel Il
H|




SLCP Wigdl 3o & dgd 9aad! & dad IRERT RF 3R d0q= § Had &1 2019-2026
I 0T TN § Ud Il § fob Y W RF g TR 31T Sa=iyol gTd! gl S g |
Io-Had R J UdT Ialdl § fh NCAP vl & d8d PM, s Tisdl & fIRTae o g,
SARNT BC BT FAT & IH e I $I ATue HH WA RF &I HH AHRIAD ool Bl
3R AR o= &l 7, e aRumRast RiFagd Ree-bag aiftfi 8kl g1 gakr
&1 310 F U e 91 & 31R Tafdd R & R 3 3@ aeR i@ g, it el
Y R At o1 faRly HRa1 g | I8 Wiel Sgferd SLCP YA UM o Aged &1 Saifded
HRAT g S AU SHeupIfeid Jaar] 68 ¥ e ] |

3R e ofiRY ufe=d & d8d 2030 & T LULCC 3R Icqoi URad-i ol Jais SRa-TeTd
YN ST YHHUT 3R T8 Ioi- HH 11 b1 ST 8 | S Ui UREI &, LULC NCAP
¥ TFY fawRid giar 8 o FIfrwm SR Ae SiRY w1 & sy sifafed yromg, fores
A3 97 &5 7 3 (@0 A BH 33-36% T YW & AP A6 P 1Y) ST HbTl BT faER SR
Ugd ¥ g v & § 2t Thara IR S1UTe wnfld €1 Udbidd 2030 URERT & d8d, U A1y
I B HHT 3R I8 LULC TaEH 3hdl 8XI8T &1 gaT H PM, s 3R BC H 98 fiRTae
e R 7, TIaip B3 &5 § RF 3R dToHH Ufafsharaeft &7 oft Fafid svar g1 T i @
Fife $& & § gaR Ve 3R R I & Bl & UG & 9gld & |

P i, U8 R axifar & b yff-Sudiv dier et ue gyyid wafarolia =R e R,
Sfeh arg Ua SR Saarg i oo &1 te darg RuRe g1 sl 9 udl gadr ¢ fé
R IO GUR U HRA & I8 SHhdl Soi-dbied YUMHTTAT i g Taveh g oid
T b TR YfH-Td8 Use= & AU T8I LUCC BT NCAP, I8 HAT-ag- Arorrsf 3R
¢ SIRY ASHY F HTST & TNl H TDIpd DI A I RGN, HTY Yo 3R W6l [dw
H R HRA H g T[Ura, W 3R Jdar] a3 39 3 GURT I sigdR ifaira
UTaRidT BT HoTed foar o gabdl ]




