HYDROLOGICAL MODELLING USING APEX MODEL FOR AN
EXPERIMENTAL AGRICULTURAL WATERSHED IN
UPPER YAMUNA BASIN

GHANSHYAM AGRAWAL

DEPARTMENT OF CIVIL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
DECEMBER 2022



© Indian Institute of Technology Delhi (IITD), New Delhi, 2022



HYDROLOGICAL MODELLING USING APEX MODEL FOR AN
EXPERIMENTAL AGRICULTURAL WATERSHED IN
UPPER YAMUNA BASIN

by
GHANSHYAM AGRAWAL

Department of Civil Engineering

Submitted

in fulfilment of the requirements of the degree of
DOCTOR OF PHILOSOPHY
to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
DECEMBER 2022



CERTIFICATE

This is to certify that the thesis entitled, “HYDROLOGICAL MODELLING
USING APEX MODEL FOR AN EXPERIMENTAL AGRICULTURAL
WATERSHED IN UPPER YAMUNA BASIN” being submitted by Mr. Ghanshyam
Agrawal to the Indian Institute of Technology Delhi for the award of the degree of
DOCTOR OF PHILOSOPHY, is a record of bona fide research work carried out by him
under our supervision and guidance. This thesis work, in my opinion, has reached the standard,
fulfilling the requirement of DOCTOR OF PHILOSOPHY degree. The research report and the
result presented in this thesis have not been submitted, in part or in full, to any other university

or institute, for the award of any degree or diploma.

(Prof. B R Chahar) (Prof. A K Gosain)
Professor Professor
Department of Civil Engineering Department of Civil Engineering

Indian Institute of Technology Delhi Indian Institute of Technology Delhi



ACKNOWLEDGEMENTS

First of all, I would like to thank the supreme power - the Almighty God, who is the one
who has always guided me to walk on the right path of the life, for the everlasting blessings,
kindness, and inspiration in lending me to accomplish this research work. | could complete

this task with the blessings of the Almighty as well as blessings of my Late Father.

My deepest gratitude to my respected supervisors Prof. A K Gosain and Prof. B R Chahar,
as their continuous inspiration, motivation, support, encouragement and endless enthusiasm
has made this work possible and complete. Thank you so much Sirs for driving me to look
at my research in different ways and for developing the ideas in my mind. It was yours kind
help, creative criticism, and caring me during this research that has enabled this work to

achieve its present form and standard.

| would also like to thank my SRC Chairman Prof. Tanusree Chkraborty and SRC
members Prof. R. Khosa and Prof. S V Veeramali, for their insightful observations and
encouragement, but also for the difficult questions which incepted me to widen my research
from various perspectives. | would also like to extend my sincere heartiest gratitude to the
faculty, colleagues and staff of the Civil Engineering Department, IIT Delhi for their support

and help rendered me during the study period.

Thanks and appreciation to the University authorities and my seniors, colleagues and staff
of the Department of Soil Science and Water Management, UHF, Nauni for their generous

support and co-operation me directly or indirectly to complete this task.

Special heartiest thanks and gratitude to all my near and dear friends, seniors and colleagues
for their best wishes and time to time motivation given to me for completing this degree

programme from a prestigious institute.

Special mention to Dr. Luca Doro, Research Scientist at Texas and member of model
developers’ team for providing me continuous help and endless support for attending and

resolving my queries and doubts faced during the modelling. 1 am highly thankful to him.

Last but not the least, I am highly grateful for the blessings of my Mother and relatives,
without their blessings, the thesis work could not be completed. | wish to heartiest thanks
to my dearest ones, my beloved wife Radhika and our lovely children Aaruni and Arnav
for their unconditional love, support, patience, sacrifice and better understanding to inspire

and motivate me constantly to complete this task.

NEW DELHI GHANSHYAM AGRAWAL
DECEMBER 2022



ABSTRACT

Land and water are the precious natural resources that are essential for the existence of life.
The management of these resources has become most crucial and simultaneously difficult to
manage. The development and management of water resources require thorough understanding
of basic hydrologic processes and simulation capabilities at a watershed level. An accurate
understanding of the hydrological behavior of a watershed is important for effective
management. Various hydrological models have been developed to predict runoff, soil loss,
and nutrient losses from agricultural watersheds ranging from plot level to basin level. APEX
(Agricultural Policy/Environmental eXtender) model is one of them which has the capability

to model the watershed at both plot and field scale effectively and efficiently.

The overall goal of the present study was to understand various hydrological processes at field
or micro watershed level and applicability of APEX model in Indian scenario for simulating
runoff, sediment and crop yields and validating them through field experimentation at local
level and to study the available hydrologic processes and highlight the shortcomings of the

model.

An experimental agricultural watershed at Dr Y S Parmar University of Horticulture & Forestry
was selected under the present study. The study area has an area of 0.4 ha in the Research Farm,
Department of Soil Science and Water Management, College of Forestry, Dr Y S Parmar
University of Horticulture and Forestry, Nauni — Solan, Himachal Pradesh — India. The
historical meteorological data and comprehensive information on land and crop management
practices for crops grown in the study area were collected for preparing APEX model input
files. The various laboratory and field experiments were conducted to determine the accurate

values of soil properties of different soil layers to provide the soil properties input values in the



APEX model and also to categorize the soil productivity class of the experimental agricultural

watershed.

The soil of experimental agricultural watershed was categorized sandy clay loam at surface
and loam at subsurface layer, medium quality soil structure, ideal bulk density, neutral pH,
normal EC, medium to high SOC, low to medium available N and available K, medium to
high available P, medium CEC, high profile water storage capacity, moderate infiltration rate,
moderately slow saturated hydraulic conductivity, erodible soil surface in nature. The physical
health rating index (PRI) value for the experimental agricultural watershed was estimated as
0.9025. The experimental agricultural watershed was rated as Productivity Class I, which is
very suitable for productive cultivation and capable to provide high yields of the crops grown

in the watershed.

An experimental set up comprising a 90° V- notch was constructed and installed with an
automatic stage level recorder at the outlet for measuring continuous discharge and taking
runoff samples for estimating sediment yield from the experimental agricultural watershed.
The continuous runoff and sediment yield data were measured during the rainy season from

year 2015 to year 2021 for performing calibration and validation of the APEX model.

The mean rainy season rainfall, runoff, ratio of runoff to rainfall and soil loss were observed
732.29 mm, 161.68 mm, 21.99 percent and 2.68 t ha, respectively during the entire study
period from year 2015 to year 2021 for the experimental agricultural watershed, which is lower

than permissible soil loss tolerance limit of the country.

The correlation equation between runoff (Y) and rainfall (X) as Y = 0.5512X - 8.3443 (R?
=0.6994), correlation equation between soil loss (Y) and rainfall (X) as Y =0.01X —0.1594 (R?
= 0.7018) and correlation equation between soil loss (Y) and runoff (X) as Y = 0.0164X -

0.0061 (R? =0.8352) were established for the experimental agricultural watershed.



The APEX model for simulating runoff, sediment yield and crop yield from the experimental
agricultural watershed were calibrated for the period of year 2015 — 2018, while the model
performance were evaluated by considering a validation period from year 2019- 2021. The
water balance components for the experimental agricultural watershed were also simulated

using APEX model.

The evaluation of model performance revealed that the APEX model performed very well at
field scale for predicting surface runoff, soil loss and crop yields for calibration and validation
periods for daily, monthly and seasonal time scales in the Indian perspective due to acceptable
values of coefficient of determination (R?), Nash-Sutcliffe Efficiency (NSE), Pearson’s
Correlation coefficient (r), RMSE observations standard deviation ratio (RSR), Index of
Agreement (d) and lower values of Percent Bias (PBIAS), Root mean square error (RMSE),

Mean absolute error (MAE).

The calibrated and validated APEX model would be helpful to assess the effect of various
prevailing land and water management practices on runoff, sediment and crop yield and would
be beneficial in agricultural water management as well as various soil and water conservation

practice in Indian scenario similar to the study area.

Keywords: APEX model, agricultural watershed, land management, water management, crop

management, soil loss.



ST

A 3R ST AT TTehiceh HHYS g ST Siiael & 3Hieded & v 3ifasmaegs gl

g7 AT T YUl o0 FAgcaqol & =1 § 3R & & @Y e yeus e
AR 81 I §| ST FHTEA & T 3R JaeeT & fIU STordsRoT (watershed) FX
TR AT STel AT Foaely Gfshanait 3R IR &TACTHT AT ITgeT THS AT ITaRThT
Tl FTdY JeYe & T JToHIROT & Ao faaer deel sqagR i JUry FHST Agcaqur
gl Tdlc TR @ A a8 TR dh PV FoHeRl & STel H9aTg, Hel g1 3R diweh
dedl @1 gife FFaett qalegae & fav Rffes sor e aeath Aisar sl e
T gl APEX (T sifd/aaearor faedre) Alsd 37 & s ¢ f9@d cdic AR &7
TR et oY Gerdl R FHACTAT F STerEsROT i TIRAOT el I &THT B

AT AT T AT o8, &F AT F&A FTAEIN0 TR W A STof e el

FRRATHT & FASET 3R Fe H9ATE (runoff), F&T TeoC (sediment) HR FHA He@R
HT 3HTROT HA & [T HRAT IRTT A APEX Alsel &I GAlsTar &l FAET 3R
YT &R W 8T WART & AEIA § 3o¢ TN el AN 3Telet STl faare
AT YAl ST A LT TishaT N APEX HISHT &I HiAAT & Regifhd e

o)

IAAT LTI & HAAd Sf a5 TH WAR 3uAdr 3R arfadr faeafacaed & s
TN HIY STHIRUT Sl Tl a1 I-AT AT| Ueh 0.4 eI &TABel &l HEITed
WAR 34Tferehr AR arferhr [aeafaere, Ao, ffaArae wewr, siva & o= |

Vi



APEX HISeT &1 3T (3e9¢) BISell @l §elil o v Wderide Alea dath 3ms,
eI 8T H 39S A arell AT woel & AT gaer 7 o a8 F@fr qfA 3k
HHA U AT U1 o 19 SATABRT Thiad @l 5| APEX HAisel H fafdieet
HeT Tl F FHeT AU I IR AT Jald el & v 3R arafaies $i¥ SToreror $
HeT 3cuteehal A0 gafihd @tal & foIv faffiest seremren 3R 3egas &7 & T
ferw arg|

T HIY STAHIROT I FHel A Tdg W Ichlell Fehell el IR 3988 W |
e TACE, FegH TUTEdT dlell #HeT EXUET, G Uleh Helcd (bulk density), SereleT
dive, A [AUgd drefehdl (EC), H#EIH & 3T #HeT Sifde @ee (SOC), faet &

HEIH 3UclsY Agclold (N) 3R 39erstl GIcfATA (K), ALIA § 3T 3Tl BIREGRY

(P), ALIH YUllcHD TGl YTl &HT (CEC), 3T WIS ool HSRUT &HdT, HLIH
R&mE @ (Infiltration rate), FETH HFAT Hod ST =Tefeha (hydraulic conductivity),
Yhid # 3REs AT FHel Hag IS 75| FAAh ¥ STer@sror & fav #difds Faeey
Ao gahieh (PRI) AT 0.9025 IgAAT o aram 41| grafaes Hf¥ StermsrRor S
Sculeehdl J9 GUH HT gsit AT AT, S 3cuesd W & fU ggd 3ugEd § 3R
STAHIROT F 39S ST aTell Bl $r 3T YeaR Yl et & TeTH B

WA Y STEEFROT & RaR 7ol 379aTE &l A9 3N Hal TaToe 39T &l iehiold
A & AU STel ITaE & FAH ol & AT FEIReT e W Te yrRiifEe 4
Tfua foRar o/ ar f5ad &7 T 90° V- Atg (notch) & fAToT fohar =m 3R

TgAfeld Fol oldel RSy o7 IAT| APEX 9fa®a &r 37erfehd (calibrated) T
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U (validated) X & fIT a¥ 2015 - 2021 & aW & & AR Tl ST HIATE

3N FHeT derse 39T & s fav arv|

TR S STEsROT & T dqUT 3readsT 3af® a¥ 2015 & a¥y 2021 H ATgA
& e AT aw, ST IUare, ool 39Arg 3R AWl IqUId Ud Hel gl A
732.29 AT, 161.68 A, 21.99 gfaerd vd 2.68 & Ufid garea” 3nishfeld HT a3,
it foh 2o T ITAT Her g1 FEAMerar WA F wA g

Urfaeh HIY STeRoT & AT STel 39are (Y) vd as (X) & &g @gaHaer gHieor
Y = 0.5512X - 8.3443 (R? = 0.6994), #aT gfe¥ (Y) wd I (X) & &I WeHaw
AT Y = 0.01X - 0.1594 (R? = 0.7018) 3R Far &1 (Y) Ta o 3@ (X) &
T FEgsy THROT Y = 0.0164X - 0.0061 (R? = 0.8352) Tuifaa fw arv|

WA HiY STEHROT & faT APEX HISel &I Sief 319dTg, el dooe 39 AR Bae
YeraR AT T IFHRA Hel & fAv afr af 2015 - 2018 & fow sierfera  fma
I Sdieh AISST G&TAT &l Hediehel ¥ & folw a¥ 2019 - 2021 & fow gfasq i
AT fohaT 11| AT i SToHeRoT & fT APEX HSel T 3UANT aeh fafdiee
STol HJoleT el & HeAl I 3efehRel foham Irm|

AlSHT GETAT Hediehel & ToIU 3fiehfolcd & IS TAUROT q[uieh (R?), 71 FlFelh GaTel

(NSE), Ta¥dia HgHeer Iulish (r), HeT ALY @91 i Yafor ATeh fawierel 3qa1d (RSR),
FHSIAT Fashieh (d) & TSR AG AR a7 gfaerd (PBAIS), Hel #YF adf e
(RMSE) 3R H&T ey I (MAE) & % Al & gal Ierr 6 #RT aRved &
APEX HSel & 817 T W HAe! 37918, FeT glfel 3R Hdel YelaR HAlell Hl g 3o

JhR O ‘-I‘\dclo:ljd-llfo\-ld R
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3feniferd 3R HATUA APEX HISel STl 319dTg, Hal deoc 39a AR ®Hel YgarR W
e gafeld @ 3R T JaUeT Thailehrdl & FoI1d I HTeholel el H HERIH I
AR AR IRYeT # eI ST & FHEET &9 A PN S GG & qY- qY
fafies FeT Ua Siel et depeitenial & $T oTseraeh gram|

iﬁﬁ%}?c\' : APEX HISel, i STIHRUT, A Jate, STl Yatle, Bhiel Yetlel, Fel giiel|
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Symbol
ACTMO
ALMANAC
ANSWERS
APEX
APEX-CUTE
ARM
AS
BD
BGWS
BMA
BMPs
BSW
Ca
CEC
CHL
Cl
CN
COoD
CREAMS
Cu
d

DAP

ACRONYMS AND ABBREVIATIONS
Definition

Agricultural Chemical Transport Model
Agricultural Land Management Alternatives with Numerical Assessment
Criteria
Areal Non-point Source Watershed Environmental Response Simulation
Agricultural Policy/Environmental Extender
Agricultural Policy Environmental eXtender Auto-Calibration and
UncerTainty Estimator
Agricultural Runoff Management
Aeration Stress
Bulk Density
Beginning Ground Water Surface
Bayesian Model Averaging
Best Management Practices
Beginning Soil Water Content
Calcium
Cation Exchange Capacity
Distance from subarea outlet to most distant point of subarea
Cumulative Infiltration
Curve Number
Chemical Oxygen Demand
Chemicals, Runoff, and Erosion from Agricultural Management Systems
Copper

Index of agreement

Di-Ammonium Phosphate

XiX



DDS-AU Dynamically Dimensioned Search — Approximation of Uncertainty

DEM Digital Elevation Model

DF Difference in Error

DLAI Fraction of growing season when leaf area declines

DMLA Maximum potential leaf area index

DR Dispersion Ratio

DTPA Diethylene Triamine Penta Acetic Acid

EC Electrical Conductivity

El Erosion Index

EPIC Environmental Policy Impact Climate / Erosion Productivity Impact
Calculator

ER Erosion Ratio

ET Evapo-Transpiration

EVRT Evaporation from flow during routing

Fe Iron

FGWS Final Ground Water Surface

FSW Final Soil Water Content

FYM Farm Yard Manure

GIS Geographical Information System

GLEAMS Groundwater Loading Effects of Agricultural Management Systems

GLUE Generalized Likelihood Uncertainty Estimation
GUI Graphical User Interface

HI Harvest Index

HRU Hydrologic Response Unit

IBUNE Integrated Bayesian Uncertainty Estimator
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ICAR

IDSS

IRG
IRGA
IRLD

ISSS

KS

LAI
MAE
MCMC
MCS
Mg

M ha
mm

Mn
MOP
MUSLE
MWD

MWHC

Na

NPP

Indian Council of Agricultural Research
Integrated Decision Support System
Infiltration Rate

Irrigation

Irrigation Applied

Irrigation Distribution Losses
International Soil Science Society
Potassium / Erodibility Factor
Potassium Stress

Leaf Area Index

Mean Absolute Error

Markov Chain Monte Carlo

Monte Carlo Simulation
Magnesium

Million Hectare

Millimetre

Manganese

Muriate of Potash

Modified Universal Soil Loss Equation
Mean Weight Diameter

Maximum Water Holding Capacity
Nitrogen

Sodium

National Pilot Project

XXi



NPS Nonpoint Source Runoff

NRCS Natural Resources Conservation Service
NS Nitrogen Stress

NSE Nash-Sutcliffe Efficiency

NTT Nutrient Tracking Tool

OoPV Operation value

P Phosphorus

PAWC Plant Available Water Capacity
PBIAS Percent BIAS

PCP Precipitation

PD Particle Density

PER Percent error

PHU Potential Heat Units

PRI Physical health Rating Index

PRK Percolation

PS Phosphorus Stress

QDRN Soluble nitrogen in drainage outflow
QGIS Quantum Geographical Information System
QN Nitrogen in runoff

QNW Nitrogen in runoff from watershed
QRFN Nitrogen in quick return flow

r Pearson’s Correlation Coefficient

R? Coefficient of Determination

RCHL Distance of routing reach flowing through the subarea
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RDF
RMSD
RMSE
ROTO
RS
RSFN
RSR

RUSLE

SCS
SHC
SMZ
SOC

SS

SSI

SSP
SUFI-2
SW
SWAT
SWRRB
TBS
TGA
thatyrt

TN

Recommended Dose of Fertilizers
Root Mean Square Deviation

Root Mean Square Error

Routing Outputs to Outlet

Remote Sensing

Soluble nitrogen yield in surface runoff
Root mean square error observations Standard deviation Ratio
Revised Universal Soil Loss

Sulphur

Soil Conservation Service

Saturated Hydraulic Conductivity
Stream Management Zones

Soil Organic Carbon

Salt Stress

Small Scale Irrigation

Single Super Phosphate

Sequential Uncertainty Fitting -2

Soil Water

Soil and Water Assessment Tool
Simulator for Water Resources in Rural Basins
Minimum temperature for plant growth
Total Geographical Area

Tons per hectare per year

Total Nitrogen

XXiii



TOP

TP

TS

TSS

USA

USDA

USLE

VBA

VFS

VSC

WA

WEEP

WS

WSA

WUE

WYLD

Zn

Optimal temperature for plant Growth
Total Phosphorus

Temperature Stress

Total Suspended Solids

United States of America

United States Department of Agriculture
Universal Soil Loss Equation

Visual Basic for Applications
Vegetative Filter Strips

Variable Storage Coefficient

Biomass energy ratio

Water Erosion Prediction Project

Water Stress

Watershed Area/ Water Stable Aggregates
Water Use Efficiency

Water Yield

Zinc
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