Development and Application of an Online

Transient Coupled Groundwater-Surface

Water Model in Indus Basin

WAGENINGEN

UNIVERSITY & RESEARCH

M.Sc. Thesis by Haochen Yuan

April 2024

Water System and Global Change Group




Development and Application of an Online Transient Coupled

Groundwater-Surface Water Model in Indus Basin

M.Sc. Thesis by Haochen Yuan

WAGENINGEN

UNIVERSITY & RESEARCH

Author: Haochen Yuan

Student Number: 1251880

Study Program: Environmental Sciences

Chair Group: Water System and Global Change
Supervisor 1: dr.ir. IEM (Inge) de Graaf
Supervisor 2: Sida Liu

Wageningen University & Research, Wageningen, the Netherlands
April 9, 2024

Disclaimer: This report is produced by a student of Wageningen University and Research as a part
of his M.Sc. program. It is not an official publication of Wageningen University and Research, and
the content herein does not represent any formal position or representation by Wageningen
University and Research.

Copyright © 2024 All rights reserved. No part of this publication may be reproduced or distributed
in any form or by any means, without the prior consent of the Water System and Global Change

group of Wageningen University and Research.



Acknowledgements

I would like to express my sincere gratitude to all those who have contributed to the
completion of this master's thesis. Without these kindly help I couldn’t have the
possibility to finish it successfully.

The first and foremost ones come to my mind are my supervisors, Inge de Graaf and
Sida Liu. I am deeply thankful to all of them for their invaluable guidance, continuous
support, and encouragement throughout this journey. I vividly recall my initial
encounter with Inge, during which she generously offered valuable suggestions for my
course study and proposed potential thesis topics. Throughout my thesis study, Inge
remained reachable and attentive, consistently providing useful suggestions and support.
She also taught me to take my time to work and if problems exist, be patient to check
it step by step. That really helps.

My direct supervisor, Sida Liu, provided assistance not only in scientific guidance and
study methodology but also offered emotional support. Whenever I need help, she was
always patient and peace. She could even sit together with me to check the problems
one by one. It is because of her presence that I often felt reassured and was willing to
spend a considerable amount of time solving a problem. She also gave lots of comments
on my report, which really helped me to improve it. I am deeply grateful to her.

I also want to appreciate my family as well as my girlfriend, Qi Su. They are always
the ones who I can trust and discuss the pressures with. Despite the time difference and
thousands of kilometres apart, they cared about me every day and visited the
Netherlands to accompany me at different times, which provided me with a lot of
emotional support.

Thanks to all of my friends here. Over the study of a year and a half, they have been
the individuals I could easily reach out to in times of joy or distress, and together, we
have created many cherished memories.

In all, thank to everyone I met and everything I experienced. It shapes me myself today.



Abstract

Groundwater, as one of the most important freshwater resources in this world, supports
billions of people’s livelihood and economic growth of various countries. It also plays
a vital role in the global water cycle and contribute to the total water storage. However,
during the past decades, groundwater is sometimes overlooked in water availability
worldwide evaluation processes. The VIC-WUR macroscale hydrological model,
which can simulate multiple natural hydrological processes and human impacts on
global water resources, still lacks a good representation of the groundwater aquifers,
causing an inaccurate estimation of the groundwater availability.

To address this problem, The VIC-WUR hydrological model has been coupled with a
MODFLOW6 model and tested by a case study in Indus Basin. It is realized by
replacing the bottom layer of the VIC-WUR model with a two-layer groundwater model
constructed by MODFLOWG6. The VIC-WUR model supplies groundwater recharge
and river discharge data to MODFLOW®6, while MODFLOW®6 updates baseflow and
capillary rise information to the VIC-WUR model. With the use of MODFLOW®6, the
lateral groundwater flow can be simulated. In this study three different coupling
schemes have been evaluated: offline coupling (OFC), partially online coupling (POC)
and fully online coupling (FOC). OFC settings allow MODFLOW®G to run completely
after VIC-WUR. POC and FOC run the two models in each time period consecutively,
while the former only consider baseflow but the latter one also takes capillary rise into
account.

Under naturalized condition (NatCon), which only reflects the impact of historical
climate variations, the three coupling models are tested. The majority of the Indus
Basin’s groundwater level (GWL) range from 0 to 2000 m, with value exceeding 5000
m in the mountainous areas. Under OFC, among the six selected cells, the monthly
GWL difference ranges from 0.02 m to 5.08 m. In the upper and middle basin, GWL
decrease, while in the remaining cells, there is a slight increase in GWL, peaking around
summer. The total groundwater discharge throughout the analyse period is
approximately 70 times greater than river leakage, with different seasonal variation.
FOC estimates groundwater discharge higher than OFC by 2.02% on average across
twelve months. River leakage decreases under FOC compared to OFC, ranging from
17.49% to 86.76% across twelve months. Compared to POC, FOC predicts slightly
lower groundwater discharge by 0.29% on average. Overall, FOC estimates 0.42% less
river leakage than POC, mainly in the summer months. Simultaneously, following
changes in baseflow, GWL exhibit a delayed response, typically peaking half a month
to a month later.

Under human impact condition (HumanCon), which considers not only historical
climate but also human activities impact, only the offline coupling model is run (OFC-
HumanCon). There is a noticeable decline in GWL in the middle and lower basins.
Across six cells, GWL declines are between 0.01 to 8.15 m. In total, 20% areas show
GWL drawdown less than 10 meters. Most of the upper basin experience drawdown
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within 1 m. Over 80% of the agriculture region show drawdown over 20 m. In lower
basin, most areas near rivers have GWL declines ranging from 1 to 10 m. The upper,
middle and lower basin frames show GWD at an average of 0.67, 56, 9.67 km?/yr,
which are larger than other studies.

The coupling schemes are compared with the original VIC-WUR model. The maximum
discharge in the original VIC-WUR model is 12105.40 m?/s while the number in FOC
model is 11951.70 m?/s. In the upstream, FOC model simulates river discharge 7.00%
lower than the original VIC-WUR model. However, in the midstream and downstream,
the coupling model predicts higher river discharge than the original VIC-WUR model,
with increases of 4.97% and 0.23%, respectively. During low-flow periods, the FOC
model predicts river flow values up to 2.53 times higher than those of the original VIC-
WUR model. Conversely, during high-flow periods, the FOC model forecasts up to a
26.90% lower discharge compared to the original VIC-WUR model.

In all, the three coupling schemes are plausible and well-performed in Indus Basin.
They all present distinct strengths in calculating components in hydrological models. It
could improve the understanding and estimation of surface and groundwater availability.

Keywords: Groundwater modelling; Indus Basin; coupling models; VIC-WUR;
MODFLOWG6
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Chl Introduction

1.1 Research background

Groundwater, as the largest accessible freshwater resources for humans, serves as a
lifeline for billions across the globe, supporting their livelihoods and facilitating the
economic growth, a trend that is increasingly pronounced (Yu et al., 2018). Globally,
about 25% of anthropogenic water demand relies on groundwater, contributing 50% to
drinking water, 40% to industry and 20% to irrigation (Hao et al., 2018). Within the
global water cycle, groundwater also plays a fundamental and pivotal role (Condon et
al., 2021). It could not only mitigate the excess rainfall from short-time extreme
precipitation events by accepting water infiltrated through soil layer, but also act as a
vital buffer to discharge water to river to against water scarcity during droughts (Kuang
et al., 2024). In this way, groundwater could storages more than 23 million km? water
in this world, as shown in Figure 1. It is a crucial sector in the management of global
water resources, playing a vital role in ensuring water availability and sustainability
(Gleeson et al., 2010).

_ ! 1/
v / T
Wiy iy

Unconfined N
aquifer
“““ Seawater

e formation T

© Flux (x1000 km3/yr) @ Storage (x1000 km?)

1 Ocean evaporation (420 + 20%) 6 Terrestrial evapotranspiration (69 + 10%) 11 Ocean 1,338,000

2 Precipitation on ocean (380 + 20%) 7 Runoff (46 +10%) 12 Glaciers and snow 24,064
3 Net water vapor flux transport (46 £ 20%) 8 Groundwater discharge (4.5 + 70%) 13 Permafrost 300

4 Rainfall (98.5 +10%) 9 Groundwater withdrawal (~1.0) 14 Groundwater 23,400

5 Snowfall (12.5) 10 Managed aquifer recharge (MAR) 0.01

Figure 1 Global water cycle (Kuang et al., 2024)

In recent years, due to the changing climate and rising temperature worldwide,
significant hydrological changes are expected to happen and lots of people may suffer
from the water resources problems (Khan et al., 2020). Thus, lots of researchers are
trying to evaluate the large-scale water availability. Building hydrological models is an
efficient way in that as it simulates the water flow system both in spatial and temporal
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scale (Khan et al., 2020). These models have the capability to simulate global or
regional hydrology and associated processes, yielding insights into meteorological
phenomena, water balance dynamics, pollutant transport, surface runoff patterns,
energy fluxes, and more. Examples include the WBM-WTM model, ECHAM model,
VIC model, PCR-GLOBWB, WaterGAP model, among others (Sood & Smakhtin,
2015). However, groundwater has always been overlooked in the model although it is
anon-neglectable component indeed (Condon et al., 2021). Fortunately, in recent years,
more and more scientists come to realize the importance of considering groundwater in
global water resources research, prompting the incorporation into existing frameworks
(de Graafet al., 2019; Burek et al., 2020; Gerdener et al., 2023). This shift enhances the
model complexity and improves the accuracy and reality of the hydrological model
representation.

The VIC-WUR model is a macroscale hydrological model, capable of simulating the
multiple natural hydrological processes and human impacts on global water resources
(Hamman et al., 2018). However, the current version of VIC-WUR regarding
groundwater is a simplistic approach (Droppers et al., 2020). It incorporates a
groundwater layer that receives infiltration from soil moisture and generates baseflow
as a result, which means the groundwater does not flow between cells (Figure 2). It also
views groundwater withdrawals as a linear extraction from an unlimited aquifer below
the soil column and moreover, does not simulate the groundwater flow exchanges
between cells nor between groundwater/surface water and groundwater/soil moisture,
which are unrealistic (de Graaf et al 2015). By not simulating the above listed
interactions and fluxes, estimates of groundwater availability are substantial lower and
consequently, estimates of groundwater depletion (hereafter refers as GWD) are
substantially higher, especially in the regions where groundwater pumping rates are
high (de Graaf et al., 2019; de Graaf & Stahl, 2022). Moreover, a proper aquifer
parameterization is lacking in the current VIC-WUR model, which could improve the
representation of the current groundwater layer (Droppers et al., 2020).
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Figure 2 VIC model design (retrieved from VIC-website University of Washington)

Therefore, to obtain more reliable estimates of groundwater availability and its
interactions with surface water and soil moisture, the current groundwater
representation in VIC-WUR has to be replaced with a real groundwater flow model. In
this study, the Indus Basin is selected as the research area to simulate and test as it has
a long history of groundwater use and is experiencing crisis in terms of groundwater
use (Droppers et al., 2022). Detailed information of the area will be given in the
following section.

1.2 Research area

The Indus Basin is located in the southwest of Asia, drained by the Indus River (Laghari
et al., 2012). The catchment area is shared by four countries: Pakistan, India,
Afghanistan and China, in order from the most to the least (Laghari et al., 2012), as
shown in Figure 3. The total basin area spans an area of around 1.13 million km? which
is composited by various topographical regions (Cheema & Qamar, 2019), as defined
by International Water Management Institute. The elevation of the basin ranges
approximately from 0 to 6100 meters, with over 40% of it locates above 2000 m above
sea level (Cheema & Qamar, 2019). The total basin could be divided into two
physiographic divisions: the upper mountain part consisting of Himalaya, Karakoram,
Hindu Kush, Shiwalik, Suleiman and Kirthar ranges, with an attitude greater than 5000
m (Cheema & Qamar, 2019); and the mid-lower agriculture intensive alluvial plains,



including the Punjab and Sindh Provinces (Laghari et al., 2012).

The Indus river basin
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Figure 3 The Indus Basin (https://www.grida.no/resources/6692)

The climate in Indus Basin is complex due to the large area of high mountains. Overall,
most of the basin is arid or semi-arid, with the exception in Himalayan mountainous
area which receives significant rainfall (A. B. Shrestha et al., 2019). The mean annual
precipitation varies between 90 mm and 500 mm in the middle agriculture area and
downstream plains, while it could reach more than 1000 mm in the upper catchment (A.
B. Shrestha et al., 2019). The average temperature varies a lot, from 2°C in winter to
49°C in summer. According to A. Ali (2013), the average annual evaporation ranges
between 1650 mm to 2040 mm, leading to the aridity of the basin.

The Indus Basin includes the largest permanent glacial ice outside the polar regions,
with an area of 37,134 km? (Laghari et al., 2012; A. Shrestha et al., 2015). Since the
terrain is high in the northeast and low in the southwest, the river also shows this flow
trend from the north to the south, east to the west. Approximately, 80% of the runoff in
the upper basin are from meltwater from glaciers in Himalaya, Hindu Kush and
Karakorum mountains (A. B. Shrestha et al., 2019). Therefore, the river flow always
reaches its peak in summer, which results in substantial floods in this area (A. Ali, 2013).

The mid-lower part in Indus Basin has the largest contiguous irrigation system and is
one of the most densely populated and agriculture intensive region in this world (Dahri
et al., 2016). It carries the livelihoods of over 240 million people from Pakistan, India,
Afghanistan and China (Droppers et al., 2022; Smolenaars et al., 2022). Agriculture
supports more than half of the inhabitants in Indus Basin and is one of the most



important development strategies of India and Pakistan (Droppers et al., 2022). Major
agriculture zones such as Sindh, Haryana and Punjab province lie along the mid-
southern downstream part. In general, in the upper basin, the irrigation water is mostly
from the wet mountainous area as the glacial area is very large. While in the
downstream area, excessive extractions of groundwater accounts for about 29% to 59%
of the irrigation needs (Cheema et al., 2014; Droppers et al., 2022). In Punjab province,
this number even rises to 90% (Qureshi et al., 2010), which makes groundwater
withdrawal exceeds the recharge (Cheema et al., 2014; Droppers et al., 2022). Moreover,
to sustain the stable and sufficient production of croplands, more than 95% of the
irrigated water was obtained from blue water withdrawals (Laghari et al., 2012), which
leads to the consequence that many of the wells are running dry due to dropping water
table depths which are falling at an annual average rate of 2 to 3 m (Qureshi et al., 2010).
A large area of the basin is experiencing a severe GWD (de Graaf et al., 2017),
combined with salinity problems and flooding, which poses potential threats to local
water resources (Laghari et al., 2012; Droppers et al., 2022). It is expected that the
population in the region and water demand for food production will increase in the
following years, bringing challenges to development of Indus Basin (Vinca et al., 2021).
It is essential to have a holistic and detailed vision of the current water storage and
availability in Indus Basin, by constructing the hydrological model considering
groundwater flow system (Laghari et al., 2012; Arshad et al., 2022).

1.3 Research objectives and questions

The general objective of this research is to simulate the surface water and groundwater
availability in Indus basin by different modelling schemes under naturalized and human
impact condition (hereafter refers as NatCon and HumanCon respectively). The NatCon
aims to reflect the influence of sole historical climate change, while the HumanCon
seeks to reflect the consequences of anthropogenic activities encompassing industrial,
agricultural, and domestic water use, among others. To achieve this, this study
integrated the VIC-WUR model with groundwater flow model by MODFLOW6, in
three kinds of coupling schemes: Offline coupling (hereafter refers as OFC), partially
online coupling (hereafter refers as POC) and fully online coupling (hereafter refers as
FOC), which accounts for the lateral groundwater flow and groundwater storage
(hereafter refers as GWS) change. For this study, it is expected to enhance the model
performance by having a better representation of the surface water-groundwater
interaction and water exchange between the vadose and saturated zone, by building and
running the model in Indus Basin.

The general research question is:

What are the differences in the estimations of the groundwater and surface water
availability with and without adding groundwater flow model in Indus Basin?

The sub research questions are:

What are the impacts of historical climate variations on groundwater flow system in



Indus basin?
What are the impacts of human activities on groundwater flow system in Indus basin?

How does the groundwater impact the surface hydrological components in Indus Basin?
1.4 Thesis report structure

This report consists of six chapters: Introduction, Literature Review, Methodology,
Result Analysis, Discussions, Conclusions and Prospects. In Introduction, the research
background, research area and the research objectives are given, providing the
fundamental statement of the thesis.

In Literature Review, a brief overview of the current research related to water
availability in Indus Basin was provided, followed by model introduction of VIC-WUR
model and MODFLOW6 model.

In the subsequent chapter, the research methodology of this thesis was delineated. This
chapter elaborated on the coupling approaches of all three coupling schemes.
Furthermore, it presented the conceptual model, encompassing boundary conditions,
initial conditions, sources and sinks, and all other requisite settings. Subsequently,
methods for data acquisition and processing, along with simulation settings for all
schemes and conditions, were provided. For both NatCon and HumanCon, the selected
input and output settings were outlined.

In the Result Analysis section, the content was divided into three parts: NatCon
simulation, HumanCon simulation, and comparison between the two conditions. The
main analysed characteristics involved groundwater level (hereafter refers as GWL),
baseflow (including river leakage and groundwater discharge), and GWD, in terms of
spatial distribution and temporal variation.

Following the Result Analysis, the discussion section presented comparison studies.
Here, the importance of baseflow modelling was realized by comparing river discharge
with and without feeding baseflow back after MODFLOWG6 simulation for each stress
period, which involved online coupling and offline coupling. Additionally, by
considering capillary rise into the model, the fully online coupling model was compared
with the original VIC-WUR model to demonstrate the contribution of groundwater in
the hydrological model, considering seasonal and spatial differences.

The Conclusion and Prospect chapter served as the final chapter. It firstly provided the
final statements of key findings and achievements in this study. Then, a prospect of the
development and application of the coupling hydrological model with the groundwater
model was provided to showcase the potential improvement of such model framework
in the future.



Ch2 Literature Review

2.1 Current research

The Indus Basin, confronting significant challenges in its water sectors and facing a
prolonged water crisis, has been subject to extensive research aimed at quantifying
water availability and assessing related impacts. As a consequence of excessive
abstraction of groundwater, Northern India and adjacent areas were losing groundwater
at a rate of 54 + 9 km?/yr between 2002 and 2008 and for the Indus Basin this number
is rough 10 km?/yr, from satellite-based Gravity Recovery and Climate Experiment
(GRACE) estimates of total water storage (hereafter refers as TWS) change (Tiwari et
al., 2009). However, the observed TWS by GRACE accounts for the total groundwater,
surface runoff, soil moisture, and canopy water (S. Ali et al., 2022). Therefore,
sometimes it is not applicable to quantify total GWS as TWS is affected by various
components (D61l et al., 2014). By analysing the groundwater storage anomaly
(hereafter refers as GWSA) in sub river basins in Indus Basin, Akhtar et al. (2022)
derived the GWD for the Lower Bari Doab Canal and the Kabul River Basin at values
of 4.87 m and 4.82 m during 2002 — 2017. Climate change projections indicate an
increase in flash floods, which is expected to further diminish recharge rates and elevate
runoff levels (Akhtar et al., 2022). Unfortunately, the coarse resolution of GRACE data
impedes the identification of localized hotspots in GWS variations (Arshad et al., 2022).
Therefore, Akhtar et al. (2022) downscaled the GRACE data and combined it with Soil
and Water Assessment Tool (SWAT). It was calculated that between 2002 and 2019,
Dehli Doab experienced the highest loss of over 50 km?, followed by upstream areas
with losses ranging from 7.8 to 49 km?, and downstream areas with losses ranging from
0.77 to 7.77 km? (Akhtar et al., 2022).

Considering that the remote sensing and observation data have the problem of
teleconnection and couldn’t represent the real flow system, without using any
observation data, Wada et al. (2010) used a water-budget estimate method to compute
the GWD. The global hydrological model PCR-GLOBWB was used in their study,
which provided physical-process-based calculation method (Wada et al., 2010). It
showed that North-East Pakistan and North-West India were hot spots of GWD in this
world, ranging from 2 mm/yr to 1000 mm/yr. (Wada et al., 2010). However, this
approach was intended to build a global model and didn’t consider the real groundwater
flow. In this way, it couldn’t really explain the interior water system interactions in
Indus basin and may tend to overestimate the GWD (Konikow, 2011).

By using a volume-based estimation method, de Graaf et al. (2017) built a global scale
two-layer transient groundwater model, using PCR-GLOBWB and MODFLOW. The
Indus Basin was also noted as one of the regions which experienced severe GWD
worldwide. It showed that the North India and East Pakistan had up to 50 m cumulative
GWD in 2010, resulted from human water use. However, it still suffered from several
limitation such as coarse grid resolution and the not-fully-coupled integrated model. In
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all, the broad estimation range of GWD in Indus Basin threatens the calculation of water
availability here. Additional research endeavours are warranted to further explore this
topic.

2.2 Model introduction

2.2.1 VIC-WUR model

VIC-WUR is a grid-based semi-distributed macroscale hydrologic model which can
simulate the human impact on water resources in regional and global scale (Droppers
et al., 2020). It is based on the Variable Infiltration Capacity model version 5 (hereafter
refers as VIC-5) which simulates the full water and energy balance, using the method
from the original VIC model developed by Liang et al. (Liang et al., 1994; Droppers et
al., 2020). VIC model was originally designed as a land-surface model and already
coupled to the atmosphere (Liang et al., 1994). The model simulated land-atmosphere
fluxes, and the water and energy balance at the land surface, at a daily to sub-daily
timestep. After decades of improvement and versions development, it has been
successfully applied in climate change research, hydrological studies and water
availability evaluation work in different regions of the world (Dan et al., 2012; Wang
et al., 2012; Droppers et al., 2020; Gou et al., 2020). Recently, the newly developed
version VIC-WUR extended several modules based on VIC-5 to simulate human
impacts on water resources, which includes integrated routing, surface and groundwater
use for irrigation, domestic, industrial, energy and livestock, environmental flow
requirements and dam operation (Figure 4) (Droppers et al., 2020). It enabled VIC to
study the impacts of both climate change and anthropogenic impacts on local region
water scarcity (Droppers et al., 2020).

Variable Infiltration Capacity Anthropogenic Impact
Model Modules
Streamflow routing
Precipitation
i y X4 .
Evapotranspiration X4 Reservoir
, ’ U4 inflow River streamflow
’ Small dam

reservoir
Runoff

Drainage
Baseflow

Large dam
operation

—

Figure 4 VIC-WUR model design

For each module, VIC-WUR has its well-developed calculation process. Integrated
routing is one of the most important sectors in VIC-WUR as it produces the river



streamflow. It simulates runoft sequentially each timestep by using a routing module
based on equations proposed by Lohmann et al. (1996). Also, it allows routing inflow
forcing data to provided additional water inflow to specific cells, which reserves the
possibility to couple with groundwater models. Moreover, VIC-WUR simulates water
withdrawal, consumption and return flow for all sectors. Water demand of these sectors
is provided as forcing data in the state file. Streamflow withdrawals are abstracted from
grid cell discharge, while reservoir withdrawals stem from small dam reservoirs.
Groundwater withdrawals are abstracted from the third layer of soil moisture, and the
allocation of surface water withdrawals between river streamflow and small reservoirs
is determined based on water availability (Droppers et al., 2020). Environmental flow
requirements are used to constrain the water withdrawals, in terms of surface water and
groundwater separately. Dam reservoirs is made distinct between ‘small’ and ‘large’
ones which locate in one grid cell or river cells (D6l et al., 2009). For crop growth, it
is modelled by the WOFOST crop model (Droppers et al., 2022).

2.2.2 MODFLOW6 model

MODFLOW (Mcdonald & Harbaugh, 1984) is a modular hydrological model
developed and maintained mainly by USGS. It was originally designed as a
groundwater flow calculation program written in Fortran77 which is solely able to
simulate groundwater flow (Wang et al., 2008). It has become the most widely used
groundwater flow model in this world since early 1990s (Langevin et al., 2017). It
included capabilities to resolve several hydrogeological problems and apply in different
situations, such as solute transport, saltwater intrusion, parameter estimation, etc.
(Harbaugh, 2005). It can numerically solve the three-dimensional groundwater flow
equation using a finite-difference method (Xu et al., 2012), which could construct 2-D
or 3-D groundwater models to resolve groundwater many quantity and quality problems
(Khadri & Pande, 2016). MODFLOWG6 is the newest version which develops a new
framework that supports many of the functions that have been implemented in the
MODFLOW variants, such as unstructured grids, local grid refinement, and
parallelization capability of simulating multiple models at the same time using the
Message Passing Interface (Langevin et al., 2017). This kind of change allows
MODFLOWEG6 to couple with other hydrologic models (Langevin et al., 2017).

MODFLOW6 encompasses a range of packages designed to facilitate the
characterization and simulation of groundwater flow system. The BAS6 package serves
the purpose of delineating essential data, such as cell locations and initial hydraulic
head values across the model domain. The DIS package is utilized to define the spatial
discretization of the model domain, including parameters such as the number of rows
and columns, cell dimensions, and temporal discretization. Additionally, the LPF and
NPF packages are used to assign hydraulic properties to individual nodes and compute
inter-cellular flow, encompassing attributes like hydraulic conductivity, horizontal and
vertical anisotropy. For the delineation of specified head boundaries, the CHD package
is deployed to simulate time-variant head conditions across stress periods. Similarly,
the RCH package is utilized to represent recharge processes distributed over the model's



surface for specified flux boundary conditions. The WEL package is employed to model
specific fluxes into individual cells from their respective surfaces. Furthermore, the
EVT package is utilized to simulate head-dependent fluxes exiting the model surface.
The RIV package plays a crucial role in defining and simulating flux boundaries
associated with river systems. Finally, the OC package is utilized to designate the output
variables, such as hydraulic head, drawdown, or budget data, to be printed or saved
during the simulation process. In this study, these packages are all called and set
manually to meet the different objectives.
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Ch3 Methodology

3.1 Modelling approach

To answer the research questions and accomplish the objectives of this research, based
on the information from the preliminary literature review, the hydrologic model and
groundwater flow model of Indus Basin were built first by using VIC-WUR and
MODFLOWS, respectively. Secondly, the groundwater model was coupled to the
surface water model in offline way. VIC-WUR and MODFLOW6 were run
independently for all stress periods, taking the outputs of river discharge and
groundwater recharge from VIC-WUR as the inputs in MODFLOWG6. Next, the two
models were composited and coupled in partially online and fully online ways. It was
realized by attaching the groundwater model built by MODFLOW®6 to the bottom of
the hydrologic model built by VIC-WUR. More specifically, there were two critical
connections between the two models. In VIC-WUR model, it simulated surface and
subsurface processes at each timestep to supply inputs of groundwater recharge and
surface runoff to the MODFLOWG6 model. Conversely, the MODFLOW6 model
calculated capillary rise flux into the vadose zone and groundwater baseflow,
contributing to total river discharge, which was then fed back into the VIC-WUR model.
The model was run from January 1968 to December 2000, in total 396 time periods.
The resolution of the model was 5 arcmin (approximately 10x10 km at the equator).
More details are given in this chapter.

3.1.1 Coupling scheme

Coupling was classified into two main modes: offline coupling and online coupling.
Offline coupling involved the independent execution of two models without mutual
feedback during the entire simulation process. Specifically, the VIC-WUR model was
initially run for the total stress periods, generating outputs such as river discharge,
groundwater recharge, and human impact groundwater abstraction need when
necessary. These outputs served as inputs for MODFLOW®6, which subsequently ran
for all stress periods. On the other hand, online coupling entailed the sequential
execution of VIC-WUR and MODFLOW®6 within a single stress period. For each stress
period, MODFLOWG6 utilized outputs from VIC-WUR as inputs, and concurrently,
VIC-WUR incorporated outputs from MODFLOW®6 to update its inputs. This dynamic
interaction characterized the online coupling approach, where the models iteratively
exchanged information to improve the authenticity of the simulation (Figure 5).
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Figure 5 The coupling model design of this study

Under a technical context, the interaction between VIC-WUR and MODFLOW6
involved two distinct mechanisms (Figure 6). The first mechanism is the infiltration-
capillarity system. Upon rainfall reaching the ground, a portion infiltrates into the soil,
and some is intercepted by vegetation. In instances where the soil's infiltration capacity
is surpassed, inland overflow occurs. Within the groundwater system, when the water
table intersects the bottom of the unsaturated zone, capillary rise ensues, and vegetation
roots extract water to the ground. VIC-WUR computes surface recharge to groundwater
by precipitation. Through the incorporation of an additional evapotranspiration package
in MODFLOWG, capillary rise to soil moisture is calculated. The second mechanism is
the leakage-baseflow system. River leakage involves the infiltration of water from a
river into the subsurface, replenishing groundwater. This phenomenon occurs as water
from a surface water body permeates through the riverbed, banks, and into the
underlying soil and rock layers. Baseflow, representing the steady and slow streamflow,
is primarily sustained by the gradual release of groundwater. This flow persists between
precipitation events. If the groundwater level exceeds that of the river, baseflow
becomes significant, recharging the river. In MODFLOW®6, the presence of baseflow is
indicated by a negative computed groundwater discharge, while positive values signify
river leakage. In the following analysis, to align with the total river discharge, positive
values represent groundwater discharge, while negative values represent river leakage.
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Figure 6 Surface water-groundwater interactions (Winter et al., 1998)
3.1.2 Conceptual model

Based on the available data, the aquifer was conceptualized as a quasi-three-
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dimensional (quasi-3D) transient two-layer groundwater system. The delineation of the
boundary was determined by the actual shape of the basin. In MODFLOW®6, inactive
land cells and ocean cells were indexed as 0 and -1, respectively. Active boundary cells
were designated as 1, while the cells at the interface between land and ocean were
assigned a value of 4. Inner active computed cells were all set to 2. The visualization of
idomain can be found in Appendix A. A time-variant constant head boundary was
employed in this modelling work, wherein for each stress period, a series of GWL
datasets containing two layers were input into the model boundaries. The groundwater
level data were computed based on the groundwater depth and DEM data, from Inge de
Graaf’s global groundwater model (de Graaf et al., 2015). Details are as follows:

GWL;k1lj=0 = DEMy; — GWDE, (1

Where GWL; is groundwater level (m). DEM is ground elevation (m). GWDE is
groundwater depth (m). i is layer index. 1 is top layer and 2 is bottom layer. j is stress
period index, with a total number of 396. k is latitude index, ranges from 1 to 180, [
is longitude index, ranges from 1 to 204. In this way, the groundwater level data of each
grid cell in each layer for the whole stress periods were obtained. The value was
assigned to the boundary of each layer in each stress period to run a transient model.
Furthermore, by executing a steady-state model utilizing the average GWL as the
starting head, the steady-state GWL could be determined and designated as the initial
head in the model:

GWL; kil j=0 = GWLSS; 1, (2)
Where, GWLSS is the steady-state groundwater level.

In this model, sources and sinks included groundwater recharge, river discharge and
evapotranspiration, used for representing capillary rise, which were also time-variant
data. Groundwater recharge and river discharge were computed by VIC-WUR in each
stress period. River discharge was extracted from the VIC-WUR output, along with an
average input river discharge, to compute river characteristics utilized in the model.
These characteristics encompass width, slope, stage, bottom, and conductance. The
stage and bottom were set based on different river width, which are drains and large
rivers. For all the rivers and drains, the width is set to no less than 0.5 m and computed

as follows:
RW = max {4'8 X \f Qavg 3)

0.5

Where, RW is river width (m), Qave is the average river discharge (m?/s). For the river
conductance:

1
RC = {ﬁxRWx\/ZCA,RWZ 30 @
0,RW < 30

RC is river conductance with flux unit. RR is river resistance which was set to 1. CA is
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the cell area (m?). For drains, the width and conductance were set as follows:

_ 10
DW = max{RW (5)
1 VS RC
0,RC+#0

Where DW is drain width (m), DC is drain conductance with flux unit. Then, the final
river conductance for all rivers and drains is expressed as:

RC,RC > 0

RDC = {DC, RC < 0 (7)

The evapotranspiration used to represent capillary rise requires values of the elevation
of the ET surface (m), maximum ET flux rate (m/d) and ET extinction depth (m).
MODFLOWG takes these data to calculate if the evapotranspiration (capillary rise)
would occur in this grid and the relative amount in each stress period. This portion of
water will be lost from the entire model and will not be replenished.

3.1.3 Parameterization

The Indus Basin was formed approximately 15 million years ago due to the uplift of
the Himalayas, the load on the lithosphere, and the subsidence of the Indian continental
plate (Bonsor et al., 2017). Across the majority of regions, the aquifer system is covered
by unconsolidated alluvium. The sediment thickness is substantial, boasting high
hydraulic conductivity ranging from 20 m/d to 50 m/d (Shamsudduha et al., 2011). The
specific yield is in the range 0.1 — 0.15 (Bonsor et al., 2017). In numerous sections of
the basin, groundwater extraction is concentrated within the upper 200 m of these
sediment layers. (Bonsor et al., 2017). The river streams in the Indus Basin flow from
the northeast mountainous area to the southwest plain and eventually into the Arabian
Sea of the Indian Ocean. The mean annual precipitation in the Indus Basin is 365 mm.
The upper Indus region receives approximately 500 mm/year, while the lower basin
receives slightly less, just under 300 mm/year.

Based on the available information, aquifers were distinguished into confined and
unconfined layers based on the information of grain sizes (de Graaf et al., 2017), with
specific storage and specific yield values allocated accordingly to each type of aquifer.
A uniform specific yield of 0.15 was assigned to all unconfined aquifers. The specific
storage spanned from 0.11 to 0.36, as depicted in Figure 7 (left). The aquifer thickness
was delineated by a stratified structure, wherein the upper layer accounted for 10% of
the total thickness and the remainder formed the lower aquifer. The horizontal hydraulic
conductivity ranged approximately from 0 to 30 m/d, as shown in Figure 7 (right). The
vertical hydraulic conductivity was set to 10% of the horizontal value.
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Figure 7 Settings of specific storage (left) and hydraulic conductivity (right) in the model

3.2 Data

3.2.1 Data processing

All the data used in this study are based on the global transient groundwater model
developed by Inge de Graaf in 2017 (de Graaf et al., 2017). They were extracted from
the global dataset and made slight adjustment including reversing the direction,
defining the boundary, coding the index, calculating groundwater level for initial and
boundary condition, etc. Full input list can be found in Appendix B. The main input
datasets and their uses are listed below in Table 1.

Table 1 Main input datasets and their uses

Dataset

Use

demfrom30s.nc
damc ave.nc
lkme _ave.nc
Qbank new average.nc
mindem_05min.nc

conflayers4.nc
kl1B_ave.nc

StorCoeff NEW.nc

boundary.nc

Indus Basin terrain
Initial aquifer depth
To define hydraulic conductivity
To calculate river width
DEM used to define river head
Separate confine and unconfine layers

To define top layer hydraulic
conductivity

Specific yield
To define the boundary
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3.2.2 Unit conversion

VIC-WUR typically produces output related to soil moisture, runoff, and other surface
water-related variables, whereas MODFLOWG6 provides information on hydraulic
conductivity, initial groundwater levels, boundary conditions, etc. Occasionally, there
are mismatches in units between the two models, requiring unit conversion before
modelling. References for unit conversion of key parameters are provided in Table 2
below.

Table 2 Unit conversion table

VIC-WUR MODFLOW®6
Parameters Unit Parameters Unit
Precipitation mm/month

Recharge m/day
Evapotranspiration =~ mm/day, m/day
Time month Time day
Soil moisture mm Hydraulic s
conductivity
Hydraulic head m
Water table depth m
River discharge m3/s River stage m
River bottom m
River conductance m?/day

3.3 Input settings

All inputs were read simultaneously prior to the commencement of the first stress period,
followed by a spatial data flip. This is necessary due to the different data read methods
employed in VIC-WUR and MODFLOW®6, which have different data origins. Both
models saved results at each stress period and subsequently updated to another under
POC and FOC. The simulation settings for NatCon and HumanCon were largely
identical, with the exception that in HumanCon, VIC-WUR was configured to generate
the ' NONRENEWABLE WITHDRAWAL' variable to represent human water use in
each stress period. Here visualizes the recharge input as a sample.

The recharge rate has significant seasonal changes. During autumn and winter, the
recharge rate is notably low, with only minimal recharge occurring in the high mountain
areas. In contrast, during spring and summer, while the plain areas maintain a relatively
low recharge rate, the upper basin experiences a period of high recharge, with the
maximum value reaching 85.64 mm/month. The human activities almost don’t affect
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the recharge rate to groundwater. Same with that in OFC-NatCon, there are much more
recharge in spring and summer but fewer in autumn and winter. The value ranges from
0 mm/month to 85.79 mm/month, only a slightly higher than that in OFC-NatCon.
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Figure 8 Monthly variation of recharge rate under OFC (left: NatCon; right: HumanCon)
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Ch4 Results Analysis

This chapter presents the results of the study, encompassing offline coupling (OFC),
partially online coupling (POC), and fully online coupling (FOC). Throughout the
analysis, the top layer represents the analysed groundwater layer, while the bottom layer
is utilized solely for simulation purposes and is excluded from the analysis. In OFC,
both NatCon and HumanCon are considered in model execution. The analysis consists
of the behaviours of GWL, recharge rate, and baseflow across different coupling
schemes and conditions, exploring both spatial and temporal aspects. Each subsection
offers detailed insights. To mitigate the influence of relatively ambiguous initial
conditions and to better showcase the results, the analysis period is set from January
1970 to December 1999, spanning 30 years and 360 time periods.

4.1 Naturalized Condition — NatCon

The naturalized condition (NatCon) was configured to mirror the influence of historical

climate variations during the simulation period (1968 — 2000) within the Indus Basin.

In this setting, all three coupling schemes - OFC, POC, and FOC - were systematically

applied to comprehensively capture the dynamics of the system. The analysis includes

the variations of GWL and baseflow, encompassing groundwater discharge and river

leakage, through an exploration of long-term monthly averages (hereafter refers as ltma)
and seasonal behaviours. By analysing these hydrological characteristics across

different coupling schemes, a comprehensive understanding of the basin's hydrological

responses to historical climate fluctuations was attained.

4.1.1 Offline Coupling

Under NatCon, the oftline coupling model under naturalized condition (hereafter refers
as OFC-NatCon) was first constructed and simulated. Given the absence of in-situ real-
time observation GWL data, an initial steady-state model was executed to acquire the
GWL as the starting condition for subsequent simulations. This was achieved by
utilizing the computed average GWL spanning the period between 1968 and 2000 as
the initial head in the steady-state model (Figure 9). The GWL exhibits a notable
elevation gradient, with higher levels observed in the northeast Himalayan mountainous
area and lower levels in the southwest plain and coastal regions. Across the majority of
the Indus Basin, the GWL range from 0 to 2000 m. However, in the upper mountainous
areas, the GWL can reach peaks exceeding 5000 m.
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Figure 9 Steady-state groundwater level under OFC-NatCon

By taking the steady-state GWL as the initial head, the transient model showed
variations of characteristics of surface water and groundwater. Due to the significant
variation in surface elevation within the Indus Basin, an assessment of the temporal
variation of GWL was conducted. To achieve this, a total of six random cells were
selected, comprising two from the upper, middle, and lower basins respectively, as
shown in Figure 10. The indexes listed in the figure correspond to the cell row and
column indices in MODFLOW®6, denoting the precise locations of cells. Specifically,
Ul and U2 denote cells in the upper basin, M1 and M2 represent cells in the middle
basin, and L1 and L2 represent cells in the lower basin. These cells encompass river,
plain, and mountain regions, providing a comprehensive perspective on the variations
in GWL.
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Figure 10 Selected cells for groundwater level analysis

The plotted time-series in Figure 11 presents the fluctuations in GWL at six cells under
NatCon. Throughout the regions depicted, discernible seasonal patterns emerge,
indicating regular changes in GWL over the course of a year. These cells were
specifically chosen from diverse regions of the basin, and as such, each of the six
exhibits a unique pattern of GWL variation. Notably, Cell Ul and U2 in upper basin
exhibits more pronounced variations compared to the middle and lower basins. The
disparity between the highest and lowest GWL reaches 5.08 meters in Cell U1 and 0.02
meters in Cell L1. Among the six cells, three out of four cells in the upper and middle
basin exhibit a decrease in GWL, while the remaining cells show a slight increase in
GWL. Additionally, for cells situated near rivers or drains, the seasonal variation in
GWL is more pronounced compared to others. Conversely, other cells tend to align with
the recharge pattern and terrain variation more closely.
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Figure 11 OFC-NatCon six cells time-series plots of GWL

The long-term monthly average GWL data reveals seasonal fluctuations (Figure 12).
On a comprehensive scale, the seasonal fluctuations in GWL are not particularly
pronounced. The maximum difference in GWL reaches 1.46 m, observe in cell U2,
while the minimum difference is merely 0.0004 m, noted in cell M2. This suggest that
under natural conditions, the groundwater system of the Indus Basin remain relatively
stable. Among the six cells, five consistently display their highest GWL during the
summer and autumn months, from July to October. Conversely, only one cell in the
upper basin exhibits its peak in May. Additionally, four cells showcase their lowest
levels during winter, while two experience this during summer. Significantly, clear
fluctuation patterns are discerned in the plotted data, suggesting inherent natural
fluctuations. No matter if the water levels are high or low in any season, the GWL at
the six points always shows a pattern of ups and downs. There are no instances where
GWL consistently decrease or increase throughout the twelve months. This pattern
aligns with the behaviour of GWL observed in most regions of this world under natural
conditions.
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Figure 12 OFC-NatCon six cells monthly variations of GWL

Under the OFC-NatCon simulation, the GWL experience a very gradual decline. In fact,
more than half of the basin show not a deficit but rather a slight increase in GWL due
to the recharge and low hydraulic gradient, especially in the lower basin. Within the
areas where experience GWL drawdown, more than 90% varies only within 1 m, almost
all in the upper mountainous area and near mid-lower river channels (Figure 13).
However, it's worth noting that only a minority of cells exhibit a significant decrease in
GWL in the high mountainous regions. Given the low river runoff observed in these
areas, this phenomenon can be interpreted as groundwater passively replenishing to
river flow, thus contributing to a relatively noticeable decline in GWL. This interaction
between groundwater and river flow underscores the complex dynamics of hydrological
processes in mountainous terrains. In the vicinity of rivers in the middle to lower
reaches, it is evident that GWL show little to no decline, with some areas even
experiencing an increase. This phenomenon can be attributed to the fact that in the
downstream areas, river levels are typically higher than GWL. Therefore, under natural
conditions, rivers actively replenish groundwater.
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Figure 13 OFC-NatCon groundwater level drawdown

Apart from GWL, following each stress period simulation, MODFLOW®6 generated the
water budget within the model. This budget primarily mainly comprises the constant
head budget, river budget, recharge budget, evapotranspiration budget, and storage
budget. Here, particular attention is given to the river budget as it explains the
interaction between surface water and groundwater most, which includes rivers and
drains recharge to groundwater and baseflow from groundwater discharge specifically.
The raw outputs were processed that the current positive value indicates groundwater
discharge to the river, while negative values signify river flow leaks into the
groundwater (Figure 14). The term ‘baseflow’ here is a general definition which
includes groundwater discharge and river leakage. In Indus Basin, groundwater
discharge is the predominant sector compared to river leakage. Remarkably, the total
groundwater discharge over the analysis period is approximately 70 times greater than
river leakage. Specifically, in the upper mountainous basin, groundwater discharge is
consistently observed throughout the year. In contrast, in the mid-lower basin, river
flow into groundwater predominantly occurs during spring and summer. Conversely,
during autumn and winter, the river ceases to leak and instead accepts water flows from
the groundwater aquifer.
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Figure 14 OFC-NatCon long-term monthly average baseflow

As baseflow predominantly occurs within or in close proximity to rivers and drainage
channels, evaluating baseflow variations in areas lacking river flow is inappropriate.
Therefore, another six randoms cells located in river were chosen, two from each region.
These cells are indicted in Figure 15: U3, U4 represent upper basin cells, M3, M4
represent middle basin cells and L3, L4 represent lower basin cells.
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Figure 15 selected cells for river analysis

The time-series variation of baseflow exhibits distinct basin characteristics. All six cells
exhibit clear interannual variation patterns, becoming less pronounced from the upper
to the lower reaches. The characteristic feature is the alternating occurrence of high and
low years in baseflow intensity (Figure 16). The cells in the upper basin consistently
exhibit positive baseflow throughout the entire year among the six cells and have a
more pronounced alternation between groundwater discharge and river leakage. In
comparison, the middle and lower reaches of the basin exhibit smaller variations.
Numerical comparisons provide a more intuitive understanding. Among the six cells,
baseflow varies from approximately 63,457 m?/day to 1,085,564 m3/day in upper basin,
-110,291 m?/day to 313,820 m?/day in middle basin and -172,864 m3/day to 193,395
m?/day in lower basin (Figure 16). The significant differences in baseflow across
various regions of the basin highlight the heterogeneous nature of groundwater
dynamics. While the upper basin shows a broader range of baseflow values,

25



Cell U3 Cell U4

<,1000000 =
S% 800000 [ “ ‘ S%moooo I . . 1 .
35 600000 ‘ gg | ' A \
§§ 400000 ' \ r«ﬁ\ HH‘ ‘ r‘\ EEZOOOOO " ‘\ F'MH 'M\ “H” “‘.
s m J“M‘\NJU"\‘JM UM | & “‘ﬁ A
1970 1975 1980 1985 1990 1995 2000 1970 1975 1980 1985 1990 1995 2000
cel M3 cell ma
- 300000
£Z 50000 F 1 M Ly ﬁ €2 200000
8% M h | ﬁ N ‘\ ‘w MIEE
5S \“ \’« W H‘ ” H A i1 . 5 100000 k
52 w\ i \ N 'MMJ 8 ) wH ‘w'
= 0 \ I 2 2 | \w \‘
og_soooo ' N A1 ‘L w W M M 1Y 53 moooz 'M WMF IR MW u‘W w{*"‘” ”“l‘l “w «Jf‘ fi
1970 1975 1980 1985 1990 1995 2000 1970 1975 1980 1985 1990 1995 2000
Ime ime
Cell L3 Cell L4
; ; 200000
S,}g 100000 A Wﬁ h A l 4 “M "1 S,?E 100000 H' f”
2E M \Hl m\ﬁm 2E M‘ I “‘ MW (
3 0 1 M I 'J J J W MUH\‘NMW [J‘ww 3 ‘ \M‘ L \HHI\ M (H“ Mf ‘ “ H
52 “ ‘ ﬂw “h ‘“W [UabAL 6k}%—looooo ‘ " ;“ -
© 100000 ‘ @
1970 1975 1980 1985 1990 1995 2000 1970 1975 1980 1985 1990 1995 2000
Ime ime

Figure 16 OFC-NatCon six cells monthly baseflow

Aggregating the time series data into monthly averages allows for the examination of
the long-term monthly average of GWL and baseflow across the six river cells,
revealing the correlation between these two aspects, as shown in Figure 17. Due to the
long-term stability of river flow, the overall fluctuations in GWL across river cells are
relatively small. Generally, they exhibit higher levels in summer and autumn, and lower
levels in winter and spring. Compared GWL with baseflow, in the upper reaches, GWL
and baseflow exhibit nearly identical co-variation trends, indicating that baseflow does
not significantly affect GWL fluctuations in this region. However, in the middle and
lower reaches, a starkly contrasting trend emerges. The GWL and baseflow exhibit
opposite trends, attributed to the positive baseflow indicating groundwater
replenishment to the river, resulting in a subsequent decline in GWL, and vice versa.
This indicates that groundwater in the middle and lower reaches is more sensitive to
changes in baseflow. Simultaneously, a hysteresis can also be observed. When baseflow
initiates a change, GWL exhibit a lagged response, consistently peaking half a month
to a month later than baseflow. This also demonstrates the self-regulating capacity of
the groundwater system. Furthermore, due to variations in hydraulic gradients,
topographical conditions, and primary sources of recharge, this capacity may differ, as
evidenced in the upper, middle, and lower reaches.
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Figure 17 OFC-NatCon long-term monthly average GWL and baseflow
4.1.2 Online Coupling

The online coupling model under naturalized conditions was developed to improve the
estimation of hydraulic characteristics. This encompasses two models: partially online
coupling (POC) and fully online coupling (FOC), which respectively update baseflow
and both baseflow and capillary rise during each stress period. Due to the similar trends
observed in some results across the three coupling schemes (such as GWL), not all
figures will be displayed here. Instead, only the most significant findings regarding the
impact on baseflow will be presented. More detailed content and figures can be found
in the discussion section.

The same six river cells were selected for analysis for ease of comparison with the
previous sections (Figure 18). In POC, similar to OFC, baseflow in the upper reaches
is entirely positive and exhibits the most pronounced interannual variation, ranging
from approximately 77,355 m®/day to 1,088,586 m?/day. The baseflow variation in the
middle reaches is relatively minor compared to the upper reaches, ranging from -80,993
m>/day to 202,244 m?/day. Additionally, there are no pronounced interannual variations
here. Only in 1993-1994 was there a notably higher value, likely attributed to a sudden
increase in recharge at that time. The baseflow variation in the downstream cells is
overall more subtle, ranging from -178,103 m?/day to 258,074 m?/day. Additionally,
there is an increase in river leakage in lower basin, while the proportion of groundwater
discharge decreases. However, overall, groundwater discharge still far exceeds river
leakage, which also indirectly indicates the substantial contribution of groundwater to
river replenishment.
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Figure 18 POC-NatCon six cells daily average baseflow

For long-term monthly average data, POC also exhibits similar trends to OFC, but with
some differences in detail. In the rivers of the upper reaches, the co-variation trend
between baseflow and GWL is more pronounced, with almost no hysteresis observed.
However, for cells located on rivers in the middle and lower reaches, the reverse trend
and lag effect between baseflow and GWL are more pronounced, as shown in Figure
19. The peaks of both variables clearly alternate, further indicating the high degree of
connectivity between groundwater and rivers in the middle and lower reaches of the
Indus Basin.
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Figure 19 POC-NatCon long-term monthly average GWL and baseflow

Under POC-NatCon, while the general trend of overall baseflow resembles that under
OFC, a more detailed analysis separates baseflow into groundwater discharge and river
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leakage to illustrate their distinct behaviours. In general, the total groundwater
discharge over the analysis period is 120 times greater than river leakage, bigger than
the difference under OFC. The highest average groundwater discharge occurs in July
with the value of 47,801 m?/day and the lowest occurs in February with the value of
23,680 m?/day. As shown in Figure 20 (left), in most part of the middle and lower basin,
there’s no groundwater discharge but only river leakage, which reveals the spatial
variation of baseflow. The average groundwater discharge is 35,082 m®/day, and the
maximum value is 1,776,687 m3/day, occurs in the upper mountainous area. This
highlights the significant contribution of groundwater from mountainous areas to river
flow. River leakage to groundwater primarily occurs during the summer months.
Among all twelve months, July exhibits the highest average river leakage, amounting
to 1,150 m?/day, representing 2.4% of the average groundwater discharge for that month.
October has the lowest average river leakage at 37 m3/day, which is only 0.1% of the
groundwater discharge for the same month, indicating a significant difference (Figure
20 (right)).

Jan

68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82
Longitude Longitude Longitude Longitude Longitude Longitude
Apr May __Jun Apr May Jun

N N

b

68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82
Longitude Longitude Longitude Longitude Longitude Longitude
Jul i Aug Jul Aug Sep
N N

68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82
Longitude Longitude Longitude Longitude Longitude Longitude
Oct Nov Dec oct Nov Dec
N

i i

f

68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82 68 70 72 74 76 78 80 82
Longitude Longitude Longitude Longitude Longitude Longitude

0 100000 200000 300000 400000 500000 0 10000 20000 30000 40000 50000
POC-NatCon Groundwater Discharge (m?/day) POC-NatCon River Leakage (m?/day)

Figure 20 POC-NatCon long-term monthly average groundwater discharge (left) and river leakage
(right)

FOC added capillary rise in the model, which was conceptualized as evapotranspiration
in MODFLOWS6. Under FOC, the trend of baseflow change is very similar to POC
(Figure 21). Among the six river cells, baseflow varies from approximately 77,355
m?®/day to 1,088,568 m®/day in upper basin, -80,837 m?/day to 203,718 m®/day in
middle basin and -178,264 m?/day to 260,322 m>/day in lower basin. Considering that
capillary rise occurs within a very limited range and involves relatively small quantities,
it is reasonable to conclude that it would have minimal impact compared to the flow of
baseflow. Exactly for this reason, the long-term average monthly baseflow under FOC
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is almost indistinguishable from that under POC, as shown in Figure 22.

Cell U3 Cell U4
= 1000000 =
@© ©
§:§ 800000 lM A A A §;§4°°°°°
T &=
=l AT TR
8% | | | 8% | PL.)H WANnmE
25 won| L 111 | kel ZE =L
8 | & IUUUG WA | UV
1970 1975 1980 1985 1990 1995 2000 1970 1975 1980 1985 1990 1995 2000
Time Time
Cell M3 Cell M4
40000 200000
cD ! c 3
S 20000 St 100000 r
o VIV 38 b
b o 11/ | b o ‘
2% e o “UM *\f M NM Ww Ty W(
& ~20000 8 q i H
1970 1975 1980 1985 1990 1995 2000 1970 1975 1980 1985 1990 1995 2000
Time Time
Cell L3 Cell L4
5 50000 = 200000 ’ ’
@© @©
§“§ { é"i 100000 L | hl ’
& 0 S L L ‘M # , ‘L\ A
: IR
23 8% | ‘ AL EMARANAARKAN
& 50000 § ~100000 )
~200000
1970 1975 1980 1985 1990 1995 2000 1970 1975 1980 1985 1990 1995 2000
Time Time

Figure 21 FOC-NatCon six cells monthly baseflow
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Figure 22 FOC-NatCon Itma GWL and baseflow

Under FOC-NatCon, the highest and lowest monthly average groundwater discharge
are all slight lower than under POC, at a value of 47,650 m®/day in July and 23,624
m?®/day in February, respectively (Figure 23 (left)). For single cell, the maximum
groundwater discharge is 1,776,690 m?/day, occurs in the upper mountainous area. The
river leakage under FOC is virtually identical to that under POC. The peak of the river
leakage under FOC also occurs in July at an average of 1,130 m?/day and October has
the lowest average river leakage at 37 m®/day (Figure 23 (right)). This also reflects the
contribution of capillary rise: its impact is more significant and direct on groundwater
discharge, but due to the hysteresis and complexity within the groundwater system, this
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effect does not propagate to river leakage.
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Figure 23 FOC-NatCon long-term monthly average groundwater discharge (left) and river leakage

(right)

4.2 Human Impact Condition — HumanCon

Under OFC, the human impact condition model (OFC-HumanCon) was constructed
and simulated to reflect the influence of human activities. Six cells from the three parts
of the basin were selected to visualize the GWL variations during the period (Figure
10). Four of six show a GWL drawdown over the 30 years. Due to lower human
activities in the upper basin and less water abstraction, the overall decline in water level
in cells Ul and U2 is not significant, retaining a natural fluctuation pattern. Compared
to this, there is a noticeable decline in GWL in the middle and lower basins from 1970
to 1999. Notably, areas near rivers exhibit relatively minor decreases in GWL, whereas
significant declines are observed in the plains, especially in the middle basin where
anthropogenic activities are more prevalent. Cell M1 experiences a drawdown of 5.99
m, while Cell L1 experiences a drawdown of 6.41 m in total (Figure 24). As the mid-
lower basin experiences the most intense human activities, such a significant change in
GWL is understandable and expected.
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Figure 24 OFC-HumanCon six cells time-series plots of GWL

Under HumanCon, seasonal variations are influenced by anthropogenic groundwater
abstraction from different sectors. In general, the GWL differences among twelve
months at six cells range from 0.15 m to 1.47 m (Figure 25). In the upper basin, where
abstraction activities are minimal, the seasonal GWL changes align with the recharge
pattern (Figure 8). However, in the middle and lower basins, the four cells exhibit
distinct seasonal behaviours, showcasing patterns entirely different from the recharge
rate and natural GWL under NatCon. Although the overall interannual fluctuations are
not significant, the peaks and troughs occur in different months, revealing spatial
heterogeneity in the intensity of human activities. Meanwhile, this also suggests that
anthropogenic groundwater abstraction activities occur consistently throughout the year,
affecting GWL across the entire study area.
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Figure 25 OFC-HumanCon six cells Itma of GWL

The GWL drawdown under HumanCon is much more significant than that under
NatCon due to the intensive groundwater abstraction, with spatial variations. Here,
there is no distinction made regarding the type of human activity. All sectors' water
abstraction is calculated together. In total, about 15% of the basin don’t have GWL
decline, and 20% areas shows decline less than 10 m. Areas where the GWL declines
by more than 50 m account for less than 0.5% of the entire basin. Zoom in on the sub-
basins, in the upper basin, half of the areas never experience a decrease in GWL or even
show increase, especially in the high mountainous area near the core of Himalayas.
Most of the remaining areas here only have drawdowns of no more than 1 m (Figure
26). GWL decline primarily occurs in the middle and lower reaches, particularly in the
plains of the middle basin and along the mainstream of the rivers. In the agriculture
intensive area, over 80% of the region show GWL drawdown over 20 m within the 30
years, which illustrates the significant volume of human activity-related groundwater
extraction. In lower basin, most areas near rivers experience GWL declines ranging
from 1 to 10 m. In some isolated areas, drawdowns exceeding 20 m can occur.
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Figure 26 OFC-HumanCon groundwater level drawdown until 1999

Under HumanCon, as groundwater extraction from the aquifer continues, the baseflow
exhibits a different pattern compared to NatCon (Figure 27). Within baseflow, both
groundwater discharge and river leakage occur consistently throughout the year. In line
with the NatCon, groundwater discharge persists at a notably higher level compared to
river leakage. However, there has been a slight reduction in the disparity between the
two. Under HumanCon, this ratio is 26.06. This indirectly indicates the impact of
human activities on the groundwater system: more water loss from the top and reduced
discharge to rivers. From the spatial perspective, in upper basin there is only
groundwater discharge all the year and reaches its peak around summer-autumn. In
middle and lower basin, river leaks to the aquifer almost the whole year. Only a small
amount of groundwater discharge exists during the winter months.
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Figure 27 OFC-HumanCon long-term monthly average baseflow

Under HumanCon, the baseflow exhibits significant month-to-month variation,
reflecting substantial long-term monthly average fluctuations. In upper basin it behaves
similar to the NatCon. In the middle and lower basins, the long-term monthly average
variation of baseflow lacks a discernible pattern. However, it can be seen that the GWL
and baseflow still strongly influence each other (Figure 28). In general, the baseflow
and GWL have a negative correlation. This is not changed by the anthropogenic water
extraction. Remarkably, the baseflow values have undergone significant changes
compared to NatCon. In Cells M3, M4, L3, and L4, the range of baseflow variation
within twelve months is notably larger than that observed under NatCon.
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Figure 28 OFC-HumanCon long-term monthly average GWL and baseflow
4.3 Comparisons between NatCon and HumanCon

Comparing the simulated GWL under OFC-NatCon and OFC-HumanCon in December
1999, the GWL drawdown difference shows the impact of groundwater extractions by
human on the groundwater system. Until 1999, the majority of the areas witnessed a
decline in GWL ranging from 0 to 20 m. However, in the middle basin, certain areas
exhibited drawdown exceeding 20 m. The annual average GWL drawdown was derived
as 19 cm/yr in the whole basin. Droppers et al., (2022) derived the GWD in upper Indus
Basin at a value of 9 cm/yr. (Cheema et al., (2014) calculated the GWD during the year
2007 at 12.1 cm. As the OFC model don’t consider the baseflow interaction between
the groundwater and river, it could lead to more severe of the GWL drawdown. In this
model, compared with the NatCon, the six selected cells all show decline in GWL
during the 30 years (Figure 29). As time progressed, the decline in GWL became more
pronounced, particularly in the lower basin areas compared to the upper areas. In the
upper basin, the decline in GWL was minimal, with only slight decreases observed in
cells Ul and U2, registering 0.26 m and 0.01 m, respectively, until 1999. However, in
the middle basin, the decline was more significant, with cell M1 experiencing an 8.15-
m decrease and cell M2 showing a 0.20-m decrease. Similarly, cells L1 and L2 in the
lower basin exhibited declines of 8.12 m and 0.12 m, respectively. The drawdown in
M2 and L2 cells are similar. They are close to the river, so their GWL are affected by
the river stage. Changes in river discharge also impact them, altering how they get
replenished.
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Figure 29 Comparisons between six cells OFC-NatCon and OFC-HumanCon

In general, the GWD proceeds at a steady pace, with more pronounced effects observed
in the upper and middle basins compared to the lower basin. To provide a
comprehensive understanding of GWD across different regions of the basin, three
distinct frames were delineated: upper basin, middle basin, and lower basin, each
exhibiting unique GWD behaviours (Figure 30). In the upper basin, GWD occurred at
a very gradual rate, with some areas even experiencing an increase in groundwater
storage during the initial decade, followed by minimal GWD thereafter. On average the
number is 0.67 km?/yr. Conversely, both the middle and lower basin areas consistently
exhibited a decrease in groundwater storage throughout the simulation period. Of
particular note is the agriculture-intensive region within the middle basin, where a
substantial GWD was observed over the 30-year period. The average GWD in this area
was calculated to be 56 km?/yr, ranging from 0.1 km? to 5 km? per grid cell. In lower
basin, the total GWD amounted to approximately 290 km? (on average 9.67 km?/yr),
with the majority concentrated near the river floodplain areas. Apparently, the estimated
middle basin GWD in this model is greater than satellite-based calculation and sole
groundwater model or hydrological model approach (Tiwari et al., 2009; Cheema et al.,
2014; Droppers et al., 2020;). The absence of interaction with baseflow in the offline
model likely accounts for the observed limitations. To address this issue and gain a
more comprehensive understanding of the impact of human activities, future human
impact models should be developed using online coupling schemes. By incorporating
online coupling, which enables dynamic interactions between groundwater and surface
water, these models can better capture the complexities of hydrological processes
affected by human interventions which may provide more accurate assessments.
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ChS5 Discussions

5.1 Comparisons among three coupling schemes

By sequentially incorporating lateral and vertical interactions between groundwater and
the surface water (including the vadose zone and rivers) into the model, the three
coupling schemes show interesting result difference in terms of baseflow and GWL,
highlighting the characteristics of using the coupling models.

The behaviour of baseflow in both offline and online coupling differs between positive
and negative values, which is groundwater discharge and river leakage, respectively. In
autumn and winter the groundwater discharge is more significant and, in spring and
summer river leakage dominates in baseflow. Under OFC, there is no update between
VIC-WUR and MODFLOWG after each stress period. Under FOC, VIC-WUR accepts
baseflow (negative or positive) from MODFLOW®6 during each stress period. In this
way, the water in river or groundwater can flow to recharge another, depends on the
water level. As that the river stage is lower than GWL in some areas of the basin and
within baseflow, the groundwater discharge is bigger than river leakage, by considering
the interactions between surface water and groundwater, FOC simulates the long-term
monthly average groundwater discharge higher than OFC at a mean ratio of 2.02%
averaged over twelve months, mostly locate near the big rivers and mountainous area.
The greatest difference occurs in February at a ratio of 6.58% while during summer and
autumn the difference is within 1% (Figure 31 left). Moreover, nine out of twelve
months show decrease in river leakage estimation under FOC, ranging from 17.49% in
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August to 86.76% in February, locate only in and near river cells (Figure 31 right).
These results match with the realistic interactions between surface river and
groundwater. Compared to OFC, FOC takes baseflow into account in each stress period,
which means the seasonal variation may influence the result. As river leakage almost
all exist in mid-lower river streams, the calculated river stage under FOC became lower,
resulted in more groundwater discharge and less river leakage here. Compared to the
offline coupled scheme which lacks considering the interactions between surface water
and groundwater, the coupling approach ensures a more physical representation in the
hydrological system.
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Figure 31 Groundwater discharge (left) and river leakage (right) difference between FOC-NatCon and
OFC Nat-Con

Within all twelve months, compared to POC, FOC gives lower long-term monthly
average groundwater discharge estimation, with a mean ratio of 0.29%. Almost all the
differences occur in mid-upper basin mountainous area (Figure 32 left). For river
leakage, in total FOC predicts 0.42% less than POC, concentrating in summer. In a
spatial perspective, in upstream there is almost no difference in river leakage between
two coupling schemes. Along with the river flows to downstream, it appears to exist
(Figure 32 right). One explanation for this phenomenon lies in the topography of the
northeast region of the Indus Basin, where the terrain is elevated, and the river stage
remains relatively low. In such conditions, recharge from the river occurs only when
the river stage substantially exceeds the GWL. While the differences in characteristics
between FOC and POC may appear minor, when considering the baseflow volume, the
variations between the results obtained from the two online coupling schemes can
highlight the impact of capillary rise. It is essential to recognize that capillary rise
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represents a significant component in hydrological models, and its contribution should
not be overlooked.
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Figure 32 Groundwater discharge (left) and river leakage (right) difference between FOC-NatCon and
POC Nat-Con

Compared to the two online coupling schemes, OFC exhibits more pronounced
fluctuations in baseflow throughout the analysis period (Figure 33). This highlights the
significant presence of subsurface flow dynamics in the Indus Basin. In the upper basin,
where river discharge is low and terrain is elevated, the interactions between the river
and groundwater are relatively minimal. Consequently, there are fewer differences in
baseflow among the three modelling schemes, and the potential advantages of the
coupling scheme are not fully realized. However, as water progresses downstream, the
connectivity between groundwater and surface water becomes more pronounced,
exerting a greater influence on the water system. Moreover, in the middle and lower
basin, the simulated GWL under OFC are notably lower than those under POC and FOC
(Figure 34). In MODFLOWG, this process is regulated by the RIV package. In offline
coupling, the calculation of river stage relied solely on surface discharge, routed
exclusively from surface runoff. However, in online coupling, the model accounted for
the feedback of baseflow to the river, resulting in additional water being routed into or
out of the model, depends on the spatial characteristics.

The difference between the two online coupling schemes is caused by the EVT package
in MODFLOWG6. When updating the capillary rise to VIC-WUR at the end of each
stress period, a segment of groundwater in the vadose zone rises to the surface. This
upward movement of water diminishes the volume of water directed to the river as
baseflow, consequently contributing to a decline in the GWL. Furthermore, this process
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can influence the groundwater baseflow and river leakage as it increases the variance
between the river stage and the calculated GWL at the river cells.

In all, it reveals that in fact, the groundwater should be more affluent as during wet
seasons it can decrease the discharge to river and river can also recharge to it in dry
conditions, even though considering through capillary rise where groundwater loses
water. In some areas, this kind of relationship may have the ability to increase the
groundwater level, seen from cell M1 in Figure 33.
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Figure 33 Monthly time-series baseflow of OFC, POC and FOC under NatCon
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5.2 Comparisons between original VIC-WUR model and coupling
models

This coupling scheme in Indus basin is tested by comparing the results of original VIC-
WUR model with online coupling model (POC model and FOC model). In NatCon, by
randomly selected another three river cells in each upstream, middle stream and
downstream, it can be concluded that the coupling model VIC-WUR-MF predicts
distinct river discharge differences compared to the original VIC-WUR model. In
general, FOC model simulates the average river discharge lower than the original VIC-
WUR model, due to the contribution of baseflow. The maximum discharge in the
original VIC-WUR model is 12105.40 m3/s while the number in FOC model is
11951.70 m?/s. Meanwhile, there exists spatial variation. In the upstream, based on the
three cells data, the FOC model simulates annual river discharge 7.00% lower than the
original VIC-WUR model. While in the midstream and downstream, the coupling
model simulates river discharge higher than the original VIC-WUR model with the
value of about 4.97% and 0.23%, respectively. The variation in estimation arises from
the model's coupling scheme design. Unlike reservoir-type representations used in the
original VIC-WUR, the coupling model integrates real groundwater flow patterns.
Consequently, this approach allows for a more accurate depiction of groundwater
dynamics, resulting in a slightly higher overall water storage capacity in the
groundwater system. The spatially heterogeneous distribution of baseflow and capillary
rise across different sub-basins contributes to variations in the estimation of total river
discharge. This emphasizes the importance of integrating both baseflow and capillary
rise into hydrological models for more accurate predictions.

Moreover, the simulated average monthly discharge difference between the FOC model
and the VIC-WUR model varies in a large range (Figure 35). The nine cells location
can be found in Appendix C. During low-flow periods when the discharge is below the
mean discharge, the FOC model yields mean river flow up to 2.53 times higher than the
original VIC-WUR results. While during the period that the river is experiencing higher
flows, the FOC model predicts up to 26.90% discharge lower than the original VIC-
WUR model. It suggests that the existence of groundwater do influence the river runoff.
During low flow periods, the groundwater acts as a buffer to stabilize river flows and,
the river would leak to the groundwater when the river runoff goes too high in wet
seasons. This difference could prove again that the interactions between groundwater
and surface water do contribute a lot to the result of hydrological modelling. Taking
this dynamic connection into consideration could enable the model to reveal more
detailed variations of the surface water-groundwater system in Indus Basin.
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5.3 Uncertainty analysis

Due to the time limitation and some simplification in the methodology, this study still
has several potential points worthy of discussion and improvement. In this study, the
delineation between major rivers and smaller drains using 30 meters as a threshold for
nodes is a detail worth further clarification. To determine the specific parameters of
rivers in the Indus Basin and clarify the delineation between major rivers and smaller
drains, as well as the flow characteristics of rivers in high mountainous regions, further
investigation through more data collection and even field research is necessary. The
current method of defining rivers may lead to inaccuracies in estimating baseflow,
particularly in high mountainous areas where river water levels may be underestimated.
The second point of improvement concerns the characterization of aquifer thickness.
Due to data limitations, certain regions in this study lack specific information on aquifer
thickness (missing value), and a uniform value of 200 m is assigned. Typically, aquifers
in mountainous areas are thicker, and groundwater levels are deeper. Such
simplifications may lead to insufficiently detailed characterization of groundwater flow
and storage in mountainous regions. Furthermore, in this model, the initial conditions
are set to steady-state conditions. It is believed that using the results of multiple spin-
up iterations as initial conditions would better reflect real-world conditions. Finally, the
excessive values of human activity extraction in this model may be attributed to the
settings of VIC-WUR itself, as seen in Appendix D. Since this aspect is beyond the core
scope of this study, it is suggested that if further development and optimization of VIC-
WUR are considered in the future, attention should be paid to this issue.

5.4 Answers to research questions

Here the answers to the research questions in this study are summarized. In general, the
impact of groundwater use on groundwater system with and without groundwater flow
modelling have significant differences in terms of estimations of groundwater level,
groundwater discharge, river leakage and total river runoff.

For research question 1: ‘What are the impacts of historical climate variations on
groundwater flow system in Indus basin?’, the historical climate variations, in this study
conceptualized as naturalized condition (NatCon), slightly influence the GWL by
decreasing it within 1 m in 90% of the total basin. It simultaneously causes seasonal
fluctuations in GWL, specifically, higher in summer and autumn, and lower in winter
and spring. Upstream areas mainly generate groundwater discharge, which is 70 times
greater than river leakage in the middle and downstream areas. Moreover, GWL and
baseflow exhibit co-variation trends and show starkly contrasting trends in the middle
and lower reaches. Also, when baseflow initiates a change, GWL exhibit a lagged
response, consistently peaking up to a month later than baseflow.

For research question 2: ‘“What are the impacts of human activities on groundwater flow
system in Indus basin?’, in general, human beings affect groundwater flow system by
extracting water in terms of various uses. The annual average GWL drawdown was
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derived as 19 cm/yr in the whole basin. In total, about 15% of the basin does not have
GWL decline. 20% areas show decline less than 10 m. Regions with GWL declines
exceeding 50 meters comprise less than 0.5% of the basin. Regions adjacent to rivers
demonstrate comparatively minimal reductions in GWL. However, substantial declines
are evident in the mid-lower plains, particularly within the area where human activities
exert a more pronounced influence. The total basin is also losing water storage during
the 30 years. In upper basin, GWD occurs at a very gradual rate, 0.67 km?/yr on average.
with some areas even experiencing an increase at first. Both the middle and lower basin
areas consistently exhibit a decrease in GWS. The middle agriculture-intensive region
is observed 56 km*/yr GWD over the 30-year period, ranging from 0.1 km? to 5 km?
per grid cell in total. In lower basin, total GWD reaches around 290 km?, mainly
concentrated near river floodplains. The difference between groundwater discharge and
river leakage diminishes, with a ratio of 26.

For research question 3: ‘How does the groundwater impact the surface hydrological
components in Indus Basin?’, the groundwater does impact on the surface hydrological
components in Indus Basin mainly through two ways: Produce capillary rise to the
vadose zone and surface soil and interact with rivers by baseflow, which adjust the total
river runoff. During low-flow periods, compared to without groundwater modelling,
the groundwater flows to river up to 2.53 times higher. It acts as a buffer to stabilize
river flows. While during high-flow periods, it forecasts up to 26.90% lower. The max
discharge in the original VIC-WUR model is 12105.40 m?/s while the number in FOC
model is 11951.70 m?/s. Meanwhile, in the upstream, the FOC model simulates annual
river discharge 7.00% lower than the original VIC-WUR model. While in the
midstream and downstream, FOC simulates river discharge higher than the original
VIC-WUR model with the value of about 4.97% and 0.23%, respectively.
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Ch6 Conclusions and Prospects

6.1 Conclusions

This study proposes a reliable surface water-groundwater coupling design, successfully
tests it in the Indus Basin and discusses the weaknesses and strengths of different
coupling schemes. During the process of the study, the following main conclusion
statements can be drawn:

¢

The groundwater model in Indus Basin in naturalized condition is constructed and
coupled with hydrological model built by VIC-WUR. The steady-state GWL
ranges mainly from 0 to 6500 m during 1970 to 1999. In OFC, GWL fluctuates
within 0.002 to 0.5 m, mostly with peak value around summer. The total
groundwater discharge is approximately 70 times greater than river leakage. In
POC and FOC, the groundwater discharge is primarily observed in the upper basin
at a maximum of around 1.78 million m3/day. The highest river leakage occurs in
July at around 1100 m3/day and lowest occurs in February at 37 m?/day, with more
variations in upper basin than lower basin.

Human impacts are successfully simulated in OFC model. The six cells show GWL
drawdown between 0.01 to 8.15 m. The annual average GWL drawdown was
derived as 19 cm/yr in the whole basin. About 15% of the basin don’t have GWL
decline, and 20% areas show decline less than 10 meters. The hot spot area of
GWD is in the middle agriculture intensive region and upper river streams. The
GWD of three sub basins are 0.67 km?/yr, 56 km?/yr and 9.67 km?/yr. The absence
of interaction with baseflow in the offline model likely accounts for the high
estimation of GWD compared to other studies. What’s more, the difference
between groundwater discharge and river leakage has a ratio of 26, lower than that
under NatCon.

The coupling models provide a more realistic estimation of the baseflow and prove
that capillary rise is a non-neglectable sector in hydrological models. FOC
simulates the groundwater discharge higher than the original VIC-WUR at a mean
ratio of 2.02% for twelve months. Nine of twelve months show decrease in river
leakage estimation under FOC, ranging from 17.49% in August to 86.76% in
February. Moreover, compared to POC, FOC gives lower groundwater discharge
estimation at a mean ratio of 0.29%. For river leakage, in total FOC predicts 0.42%
less than POC, concentrating in summer.

The interactions between groundwater and surface water do contribute a lot to the
result of hydrological modelling. The maximum discharge in the original VIC-
WUR model is 12105.40 m?/s and the number in FOC model is 11951.70 m%/s. In
upstream, the FOC model simulates annual river discharge 7.00% lower than the
original VIC-WUR model. In the midstream and downstream, the coupling model
simulates river discharge higher than the original VIC-WUR model with the value
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of 4.97% and 0.23%. During low-flow periods, the FOC model yields river flow
mean value up to 2.53 times higher than the original VIC-WUR model. During
high-flow period, the FOC model predicts up to 26.90% discharge lower than the
original VIC-WUR model. Incorporating this dynamic connection could enhance
the model's ability to capture detailed variations in the surface water-groundwater
system in the Indus Basin.

6.2 Prospects

The successful development and application of the newly developed coupling model
indicate the future potential to better estimate the hydrological process in surface water
and groundwater and predict water availability. As the VIC-WUR model is really strong
that it provides various vegetation types, is capable of simulating energy flux and can
be coupled with other existing models such as MODFLOW and WOFOST, it could be
believed that the coupled model developed in this study is worth to be applied and
improved in the future. Without doubt, it does have room for improvement. If the
dataset could be downscaled to a finer spatial resolution the accuracy can be strengthen.
Moreover, the human impact condition in online coupling schemes is not applied in this
study. If possible, the next step could be developing the fully coupling model under
human impact condition, which can provide trusted prediction result in different future
scenarios. What” more, currently the cost time of running the coupling model in one
stress period is approximately 1 minute. If the model is going to extended to a global
scale, it may cause some computational capability issues. If necessary, the I-O series of
the model could be redesigned and improved to prevent repeating work in the
simulation process. It will largely benefit to the total model performance.
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Appendix

Appendix A: idomin setting
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Appendix B: Full input lists

Dataset

Use

Clone_05min.nc
demfrom30s.nc
damc_ave.nc
lkmc_ave.nc
Indus_CellArea_ m2 05min.nc
Qbank new_average.nc
slope05Smin_avgFrom30sec.nc
efplact new_05min.nc
mindem 05min.nc

conflayers4.nc

kl1B_ave.nc

kl2B_ave.nc

StorCoeff NEW.nc

boundary.nc

topll _gwl Indus monthly 1968t02000.nc

topl2_gwl Indus monthly 1968t02000.nc

Indus gwl steady state final.nc

VIC params Modis_calibrated Indus.nc

CPsurface.nc

To do geological transformation
Indus Basin terrain
Initial aquifer depth
To define hydraulic conductivity
Area of each grid cell
To calculate river width
The slope of the river channel
Floodplain level
DEM used to define river head
Separate confine and unconfine layers

To define top layer hydraulic
conductivity

To define bottom layer hydraulic
conductivity

Specific yield
To define the boundary
Top layer groundwater constant head

Bottom layer groundwater constant
head

Steady-state groundwater level
VIC-WUR parameters

Information of elevation, flux rate and
extinction depth of capillary rise
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Appendix C: Location of nine selected cells in discussion
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Appendix D: Average human impact groundwater extraction
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