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Abstract

Agroecosystems cover nearly 50% of the land in India, with wheat and rice accounting for ap-
proximately 80% of the farmlands. Several site-scale investigations explored terrestrial carbon,
water, and energy fluxes (terrestrial fluxes — from now in the thesis) within Indian agroecosys-
tems (Patel et al., 2011 and 2021; Bhattacharya et al., 2013). However, these do not accurately
reflect the extensive and climatically varied farming environments present in India. Conse-
quently, the primary aim of this study is to quantitatively understand the long-term trends
and regional variations in yield, growth parameters, and terrestrial fluxes of Indian agroecosys-
tems. Land surface models (LSMs) are valuable tools for such studies because they can be
used to conduct numerical experiments to examine the effects of natural and human drivers
on agroecosystems across regional and global scales. The Community Land Model version 5.0
(CLM5) is a state-of-the-art LSM that has been widely used to study agroecosystems. How-
ever, the depiction of Indian agroecosystems in CLM5 is not realistic, leading to biases in the
simulation of yield and irrigation compared to observed data (Lombardozzi et al., 2020; Mathur
and AchuthaRao, 2020). The primary challenge in improving the representation of Indian crops
is the scarcity of publicly accessible crop data necessary for model calibration and evaluation

(Gahlot et al., 2020).

This thesis aims to investigate the spatio-temporal variability in crop phenology and
terrestrial fluxes across Indian agroecosystems and the role of natural and anthropogenic drivers
in the observed variability. The specific objectives are outlined as follows: (1) to understand
the crop phenology of Indian agroecosystems from site-scale observational data, (2) to improve
the CLM5 model using site-scale observations, (3) to evaluate the improved CLM5 model
at a regional scale, (4) to estimate the regional and inter-annual variability of crop growth
parameters and terrestrial fluxes within Indian agroecosystems and the role of various drivers
using CLM5 model, and finally (5) to evaluate the improved CLM5 model against the state-of-

the-art LSM representing Indian agroecosystems.

First, Chapter 2 addresses the objective 1 that attempts to solve the main bottleneck
in accurately simulating Indian agroecosystems, specifically the absence of publicly accessible
crop datasets that hinders our ability to quantitatively understand and model agroecosystems.
This thesis compiled a novel crop dataset focusing on two significant crops in India: rice and
wheat. This was done by digitizing the archived masters and doctoral thesis from agricultural

universities across India. The crop dataset spans from 1970 to 2020, encompassing site-scale
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observations across 47 sites and 147 growing seasons. This dataset served as the foundation
for calibrating the CLM5 model. The LAI data from the site-scale observations shows that
the major growing season for rice is June to October and for wheat it is November to April.
Major observations from the data analysis are that rice and wheat have a statistically signif-
icant increasing trend in yield (38 kg/ha/yr— 97.4% increase, for rice and 34 kg/ha/yr— 83%
increase, for wheat) over the 1970-2020 period. However, there is no considerable difference
or trend observed in the growing season length of the crops during this period. Interestingly,
a statistically significant increasing trend in harvest dates of wheat crop is observed from the

dataset; harvest dates extended by ~14 days over the 50-year period (p<0.1).

Chapter 3 addresses objective 2, where the CLM5 model is improved and evaluated
against site-scale observations. The default version of the CLM5 model failed to replicate the
crop phenology and growth seen in the site-scale observations. To address this drawback, the
crop module in CLMS5 is calibrated and validated at a point scale using the novel Indian crop
dataset compiled in this thesis. The representation of crops in CLM5 is improved through a
two-step approach: (1) calibrating the growing season and crop parameters specific to crop
growth; (2) integrating regional variations in crop growth parameters, which is crucial for a
country like India with its diverse climate conditions. The calibration of the growing season
and crop parameters involved 30 sensitivity simulations. I evaluated the base temperature
used in calculating the growing degree days for the crop at each site to account for the regional
variability in crop growth. One hundred fifty sensitivity experiments are carried out to establish
a relationship between latitude and base temperature for a crop. The calibration of the model
significantly improved the simulation of the growing season, crop physiological parameters, crop
phenology, and yield compared to site-scale observations. RMSE for Leaf Area Index (LAI) in
wheat and rice reduced by ~50%. The RMSE in yield estimations for wheat and rice reduced
by ~40% and ~60%, respectively. The RMSE of the growing season length for the wheat crop
reduced by ~75%.

Chapter 4 addresses objective 3, where the improved CLM5 is evaluated at regional
scale by conducting numerical simulations for the 2000-2014 period. For this purpose, the
values of yield, irrigation amounts and patterns, and terrestrial fluxes simulated by the default
and improved models are compared against multiple data sources. The results show that the
CLM5 improvements reduce the RMSE in rice yield by 25% and the RMSE in GPP by about
50%. Major improvements are also observed in water and energy fluxes at the regional scale

after improvements to the crop module. The irrigation pattern and amount irrigated saw a
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considerable improvement and are now closer to observations. The findings from the site-scale
and regional-scale assessment of the improved model underscore the importance of employing
region-specific crop parameters to accurately simulate agroecosystems and regional land surface

processes.

Chapter 5 addresses objective 4. The chapter examines the regional and inter-annual
variability in crop yield and terrestrial fluxes within Indian agroecosystems, utilizing multi-
decadal simulations that cover the period from 1970 to 2014. Furthermore, numerical experi-
ments are conducted to investigate the impact of two natural and two agricultural management
factors on the observed trends in crop physiology and terrestrial fluxes throughout the simula-
tion period. The LAI, yield, total dry matter of wheat and rice, and the carbon fluxes associated
with the crops in their respective growing regions demonstrated statistically significant increas-
ing trends (p<.05) from 1970 to 2014. The numerical experiments revealed that management
practices predominantly drive the upward trend, while the rise in CO, is also a significant
driver. The application of nitrogen fertilization had a significant impact on rice yield, which
is cultivated in warm and wet seasons. Irrigation primarily influenced wheat yield, which is
grown in dry and cold seasons. Even with the detrimental effects of climate on crop growth
and terrestrial fluxes, higher CO; levels and increased human activities, like fertilization and

irrigation, alleviated these challenges, leading to a rise in crop yields over the study period.

Chapter 6 of the thesis performs a comparative analysis of the CLM5 model and the
Integrated Science Assessment Model (ISAM), which is the only other land surface model
calibrated and assessed (Gahlot et al., 2020) to simulate the Indian crops to the best of my
knowledge. This thesis has two advantages over the Gahlot et al. (2020). First, the CLM
model is calibrated using data from 14 sites covering 33 growing seasons. Second, this study
investigates both rice and wheat as opposed to Gahlot et al. (2020), who look at only spring
wheat. Numerical experiments conducted in Chapter 5 with CLM5 were repeated using the
ISAM model. The findings demonstrate that CLM5 simulates the observed variation in growing
season length more precisely with an RMSE of 14 days, in contrast to the ISAM model, which
has an RMSE of 28 days. The wheat yield in CLM5 shows a strong sensitivity to nitrogen
fertilization, while in ISAM, the yield demonstrates a significant sensitivity to irrigation. The
AR/GPP ratio exhibits variability in CLMb5, while it remains constant in ISAM. The ratio
in ISAM is comparatively low when evaluated against the values reported in multiple studies.
Examining climate and human management impacts on carbon fluxes reveals that although

net primary productivity (NPP) trends in CLM5 and ISAM are similar, the effects of human



management practices on carbon fluxes vary considerably. Nitrogen fertilization has a signif-
icant impact in CLM5, while irrigation shows a more substantial effect in ISAM. Comparing
the current state-of-the-art representation of Indian agroecosystems in LSMs, i.e., CLM5 and
ISAM, major conclusions are drawn. Both models have a lot of scope for improvement. CLM5
can incorporate the precipitation variability to simulate regional variability in sowing dates.
ISAM can incorporate an improved carbon-nitrogen cycle so that the simulated carbon fluxes

over agroecosystems are closer to observations.

This is the first study to address the long-term spatial and inter-annual variability of
agroecosystem physiological parameters and their terrestrial fluxes in India using a robustly
calibrated LSM. One of the primary contributions of this work is making the Indian crop data
accessible to all model developers to enhance Indian crop simulation in models, which is a

long-lasting bottleneck in the accurate representation of Indian crops.
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HRILA

YR T T 50% ‘lﬂ:&f agroecosystems (Agroecosystems) Y smearied 8, f’A=H wheat IR rice
ST 80% HfT A TR MY ST & | hd WIA-TR 3T A HRART agroecosystems H Ry hre,
STeT 37 it TaTgl (37 59 MY H 38 terrestrial fluxes gl AT §) hi ST &l & (Patel et al., 2011
and 2021; Bhattacharya et al., 2013) 1 JTfU, & 34T YR hl AU R STerarg i gt & fafay
E’ff@[-qﬁ@ﬁﬁ i 1:rs°r &0 H :l'&p[ | Theldd&y, g9 Ner <hl q<y 3%5221 R~ agroecosystems &
I, gig-uRATOT qoT terrestrial fluxes & &renlfereh Ugiial SR &g fafqearsi st ATt 0 &
FASAT 81 Land Surface Models (LSMs) 39 UehR o &A1 oh folg IuATT ATeH € erilfch gch Areas
Y Urehpfdeh 3R ATT-URA ShRent & UTal <l ST &t 3R AfYer TR iR &l ST Fehelt &1 Community
Land Model version 5.0 (CLM5) Uk 3iTggfAeh LSM & fSEehT agroecosystems & Iea= | <mdeh
3T gt g1 aurfy, CLM5 & 9RdT agroecosystems <hl o7 gurduRes gt 8, Oaeh sRur Iust
3R &g & st A Hferd Siiens! i go=m H g&uTd I4= gial & (Lombardozzi et al., 2020;
Mathur and AchuthaRao, 2020) | YRR kel & sgar ufafAfere st g gl Afed & sisiena
3R Hedich g HIdSI-eh U ¥ IJuelet had-Hicha! chl AT & (Gahlot ct al., 2020)]

g MY TR agroecosystems H et &l thAterst 3R terrestrial fluxes Pl RIH-aIfeldh
gRad=efierdr aur tféra fafaeyarstt & urpfde SR AMa-SIAT SReR! AT ST THeT0T A ol
3830 3@dT ¢l 395 fafdw ey FAefafea € (1) a-wda deion § 9RA™ agroecosystems 6l
T Thelcllst! hl THSMT, (2) 3 U&IUT T IUTNT Rk CLM5 Higel el GURAT, (3) garRda CLM5
ATSA T & TR UR Helieh AT, (4) CLMS5 Higd dhl gradr § MR agroecosystems chl hdd-
gfe aRATOT T terrestrial fluxes i &1 3R arftfer uRad=Rfierdr aur fafe= tke srent ht gfaer
T STTA THIAT, TAT 3ida: (5) GERA CLM5 ATee @l ¥RAN agroecosystems & AfAd@ o
et 31 STATYFeh LSM & eI Jedich ATl

A, T 2 I (1) Pl AT T & S URAM agroccosystems o Géleh R0l H
UHE S14T St 8l e Rl T Hdl g, HATd Hideli-ich &Y U IJUAeY hicl-3Ichg! hl AT, S
agroecosystemsEﬁww@mﬁﬁ?q\mﬁmﬁzﬁmWTG%@'I‘@IHERFIT%I Eﬁflﬂ?l
H R I & TG Bl —T 3R Ng—UR hicd Yeh Tl HHI-3HTehsT Henfeld fohaT TaT| T8 i
3R & N Ryl # dufga Ared gd ieeiRa ity usidl a1 f2fSieeftensor e fohar mam ag
3iTergl 1970 ¥ 2020 &t 3rafd ol heaR ST & U7 47 Wiell 3R 147 GHA FJSM & RIA-TRY
TeTorl ol IfMferd @xar g1 I8 SfisT CLMb HiSd o HRIRMEA &l YR a7 IA-<g Jeon &
UTed Uit &5 gaehich (LAT) Siichs GRITd ¢ foh U hl TR hiddl kg S & IaIeR 3R g &l AdeR
Y 3l g1 Hichel fAsAU & UHE Sfercileh-T g & foh 1970-2020 & 3rafey # e 3R g Y IusT A
HifrehIg &4 § Hgwaqul dedt Ugi &&i 7S (€7 o feig 38 fohur/gerkar/ay - 97.4% gf; g o foig
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34 forum/gaRaR/ad - 83% i) | auft, 39 Srafdr # thefe g ol @d1E H Phig Ag<aqol Siax a1 ugh
o1 &t T8 | feeraey wu ¥ g I Shers [Afdat | giehia wu € #g<ayui It ugh & 7T herd
fafr amrr 14 R T8 718 (p<0.1)1

ST 3 I8 (2) ot FIfT el §, STer CLM5 Aige ol RN AT 3R IA-T Teqon
& favg Hegicr TR maTI CLMS5 o fethice T¥erul thdel dht Thteirot! SR gfeg AT STehur et
H Tt 81| 39 HHT ol T A o, 39 MY H Hehfold VR hya Sifehs T IUANT & 0005 &
YA Ayl ol foig TR W imida gd qanfud fohar man waa-afafafda wt a-azofia gfeeton
R QURT T (1) e gig-fafe wea Fg ok afkemon o sireres, (2) aitg fafdearst ar
GHATEGRM, S R 9 fAfdy Seraryg aret 1 & oy Agwaqut 81 e kg ok afRkemor & sixrsne= |
30 HIEY 3IhR0T fohY 1T | Tdeh R R Hhie o folq dget (21l fiawt & 7o &g vRge SiTerR argd =
T Gedieh1 fohat T difeh & fafqerdarstt at afffara forar ST Tah | e o forg sretisr ok emaR
dTUH o T Geie AT e gg 150 Tt TR fohg Q| AiSd T SN WIA-a< Hefon i
T | I g, el ARIRER TRATOT, Slelsll 3R IUST & STIehi0l hl Hg<dqul U & JYURAT g
g 3R g & LAIL & felg RMSE TRTHRT 50% <h 3171 IUST 1A H 7ig 37R 19 o felg RMSE shA:
40% 3R 60% H ST g chl TdicT g ialTs oh felg RMSE W9 75% &hH g3

AT 4 I8 (3) A TS har g, STt gurika CLM5 &1 &g TR ™R 2000-2014 6
Jafy g TATHS TN oh ATH T Hedich [ohdT TaTI 39 foig 3o, farg fi amr ok Ted,
JT terrestrial fluxes @l fSthle R GuUTRA AigeT RT SO R Igfay Siferst Hldl & JeiT <l
3 | giRomH g1fd & foh gariRa CLM5 # €1 &l Iust g RMSE 25% adT GPP 8g RMSE &4 50%
A GIHTI STeT 3R Kot yaTgl H it Agwayul GurR & 7g| =g de oiRk f&AfRd A siq e & siferen
fehe €| RIT-T 3R &t Jedichd | e g foh &31-fafre thaer ufRAToT &1 SUANT agroecosystems
3R it of T ufcharett & Tt SIIeRuT &g AT gl

37T 5 I8 (4) ot FeIfAd heal &1 FH 1970-2014 <Y 3rafe) el eher I dlel Tgashi
Gﬂ_GR'Uﬁ T IUTNT PR HRA agroecosystems i IUST 3R terrestrial fluxes &hi &g R aTffen
afkacefierar s ateror famar maT| A1 € IR ST TR fhg g a1feh &t urepfae ok &t -
Y&ie ShRehl o UHTal oht fasatwor gt @ik | R gerfd 8 fh LAT, Iust, A5 ofR a1 &l et sk uared
HIAT, JUT 37ch e TaTg 1970-2014 &t 3afd 7 giferdha 9 & Agwayuf sedl ugit (p<0.05)
T 81 gANT & TE gar foh g8 ugia qead: sy UUrsil gRT "=iferd 8, Sidich CO, Jieg i Teh
He<aqul BReh & | ATSEIST IAIRUT ahT & hY IusT IR He<aguf UTa a1 ma, it 7 ofk ore g &
IS STt g1 71, i SuST Jeerat: =g & gatferd gidl 8, it seh 3R 3t kg H IS STt 81 Setaryg
& Ufddpet gTal & sasia CO, gfeg 3R Ueied uAmd (S19 Idderor oik f&=rs) g gifaal &l i &
el IUST H gfg T hROT &
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e 6 H CLM5 3R e 9189 SwHe Aise (ISAM) &l JaHTHe fasawor fhar ma,
S MR Gl el TR0l 8 M Ud Fedifhd foham mar erAT 319 LSM g (Gahlot et al.,
2020) | 39 MY & & U@ ATH 8: (1) CLM AISd T SiRIRMe 14 Tl 3R 33 thdd Fg3l & Hiehs!
Y forar T; (2) 39 31 H g SR A &lH1 o1 fasAwor fohan mar Siafds Gahlot et al. (2020) A dhael
A kg oh Ng W M hisd fhanl sreamg 5 # fohy g Tearares gt ISAM Aise € +ff ey mq|
gfRuTH Z20id & feh CLM5 Hlel g & <iaTs ehT Srgensur 3ifeieh Gten & 8 &l 8 (RMSE = 14 &)
Stafeh ISAM # RMSE 28 f& 1 CLM5 # g &l IJuST ATsgior Iaienor & ufd siferes daeafie g,
Stafer ISAM # gg f&ams & ufa ddgazfia 81 CLM5 # AR/GPP siurd uRad=efia g, stafes ISAM
# gg R g € SR Ueront i go=1 J A &1 i TaTgl R STdry 3R Uee U7t bl Sird & gdT
Terar g fob gafd CLM5 3R ISAM ® NPP ugfidl 96 €, TR A1d Uees gHral | shrthl f=dr g1
CLM5 # ATt IAh0T U UG STeldT &, Siafch ISAM # &g &1 uwra orfdes g1 LSMs &
IRAT agroecosystems & UfARAE &t ada AT (CLMS5 $iR ISAM) &t T & e g foh &=t
Aisdl J YR Fl AR TGN g1 CLM5 F qut gRad-sfterar st afffera o gars fafdat & &fia
3R I STIAOT fohdT ST FehdT &1 ISAM H chTei-I--TSg IS deh Sl YRS hie TdTal bl HeroT &
31fden Repe AT ST TehaT 21

g UAY 371y § foa R agroecosystems o MR TRATON 3R 3965 terrestrial fluxes
& Erefeprfores wfAes iR arftfer uRad=fterar ot T gge sivrifda LSM gRT Geifda fakar 81 39
I oh1 Yoh W TG HRARI il Hichel chl HIduli-ich U ¥ IUelet] ohl-1 & dlfch Algel [dchriehdl
YR el ch AT Sl dgaR T Heh, STl e THYT H Teh UHE 14T <& 8
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