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Abstract
The integration of Gravity Recovery and Climate Experiment (GRACE) satellite data with hydrological models could revolutionize integrated 

water management, particularly in the Contiguous United States (CONUS) river basins. GRACE’s ability to measure terrestrial water storage anomalies 
(TWSA) provides critical insights into groundwater and streamflow dynamics that traditional in-situ measurements cannot capture. When combined 
with hydrological models, GRACE data improves the accuracy of streamflow and groundwater recharge predictions, enabling better management 
strategies for diverse and complex river basins. However, GRACE’s low spatial resolution presents challenges, especially for smaller basins or regions 
with uneven topography. Addressing this limitation requires advanced downscaling techniques and integration with complementary datasets like 
remote sensing and in-situ measurements. Moreover, GRACE data, when coupled with climate change models, supports integrated water resource 
management by identifying long-term trends and vulnerabilities to climate change and human activities. This combined approach aids in developing 
adaptive strategies to sustain water availability for both ecological and human needs. Future research should focus on refining GRACE applications 
to enhance resolution and expand their use in managing smaller and more complex water systems. The study results are a valuable addition to 
understanding and prediction of water resources, thereby supporting sustainable water management practices in the face of climate change and 
human activities.
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Introduction

Hydrology, as a scientific discipline, encompasses the study of 
the occurrence, movement, distribution, and quality of water on 
Earth and other planets, with particular emphasis on the hydro-
logical cycle, water resources, and watershed environmental sus-
tainability. The significance of hydrological systems has become 
increasingly pronounced due to rapid urbanization and industrial-
ization. These processes include deforestation, alterations in land 
cover, and irrigation practices, all of which, combined with chang 

 
es in climate and soil heterogeneity, have a direct impact on river 
discharges (Devi, Ganasri, & Dwarakish, 2015). Research focused 
on the Contiguous United States (CONUS), which comprises the 
48 states of the U.S. along with the District of Columbia in central 
North America, has highlighted the need to prioritize the 511 river 
basins within this region (Figure 1). Such prioritization would fa-
cilitate more intensive monitoring and more accurate assessment 
of the area and its water resources (Balasubramanian & Nagaraju, 
2017; [1-2]. 
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Figure 1: Major river basins in CONUS river systems (Pournasiri & Pal, 2016).

Hydrological Responses in CONUS River Basins 

Landscape Vulnerability

The assessment of landscape vulnerability in the CONUS riv-
er basin is critical. Landscape vulnerability refers to the extent to 
which a landscape is affected and unable to adapt to the impacts 
of climate change, primarily due to anthropogenic modifications 
[3-6]. Between 2001 and 2016, the CONUS landscape underwent 
significant transformations, including an 8% change in overall 
landscape, driven by alterations in land cover. Notably, nearly 50% 
of forest areas were affected, with declines attributed to harvest-
ing, fires, diseases, and pest infestations [7]. During this period, 
agricultural lands expanded by 4,778 km², although pastures de-
clined by 7.94%, with much of the transition occurring in crop cul-
tivation. Additionally, water and wastewater management saw a 
15.2% change, reflecting the highly dynamic nature of land cover. 
Groundwater resources in the CONUS river basin also experienced 
notable changes, with drought conditions adversely affecting veg-
etation [8]. The drying trends in the Southwest were largely due 
to a weakening of the North American monsoon and a decrease in 
precipitation [9]. A prominent example is the Colorado River Basin 
drought, which was triggered by low precipitation levels in the up-
per Colorado River basin and other headwater basins.

Climate Change Fluxes

Climate change significantly impacts water quality in river ba-
sins, affecting both groundwater and surface water which are criti-
cal components of water supply with direct implications for public 
health. Global warming and changes in precipitation patterns, both 
effects of climate change, threaten water supply and quality, there-
by posing risks to human health through waterborne diseases and 

compromised hygiene standards [10]. Additionally, variations in 
water quality can influence crop yields and ecosystem health, which 
in turn affect the well-being of communities [11]. Climate change 
models enable the forecasting of the long-term effects of increased 
greenhouse gas emissions, projecting several centuries into the fu-
ture based on the current understanding of atmospheric physics 
and chemistry. Presently, all General Circulation Models (GCMs) op-
erate on a three-dimensional grid with a horizontal spatial resolu-
tion of 250 km -600 km and a vertical resolution comprising 10-20 
layers in the atmosphere and approximately 30 layers in the ocean. 
In contrast, regional climate models offer greater detail, providing 
resolutions on the order of tens of kilometers. These models are 
specifically developed for regions and account for geographical fea-
tures such as mountains, vegetation cover, and soil type, leading to 
more accurate predictions for those areas [12, 13].

Integrated Water Management

Integrated water management involves the complex and dy-
namic interaction between surface water and groundwater sys-
tems, a process that occurs on the Earth’s surface and is influenced 
by various factors, including geographical location and climate. 
This interaction is a critical aspect of water resource management, 
especially in the context of land use dynamics, climate change, and 
human activities [14-16] Understanding the spatial and temporal 
patterns between surface water and groundwater is essential for 
maintaining aquatic ecosystems [17]. Moreover, this interaction 
significantly impacts other human activities, such as the dispersion 
of pesticide metabolites into groundwater, the condition of lakes, 
water safety for public supply, and the effectiveness of irrigation 
schemes.
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Groundwater plays a crucial role in sustaining river flows, sup-
porting agricultural irrigation, and providing potable water for ur-
ban and rural communities. In CONUS, groundwater contributes 
significantly to the flow of major river systems, such as the Colo-
rado, Mississippi, and Missouri rivers. Effective integrated water 
management ensures that these vital resources are managed sus-
tainably, balancing the demands for water with the need to protect 
aquatic ecosystems [18]. The interconnectedness of surface water 
and groundwater in CONUS river basins underscores the impor-
tance of an integrated approach to water management. Groundwa-
ter recharge and discharge processes are closely linked to surface 
water systems, and changes in one can significantly impact the oth-
er. For example, variations in precipitation and land use can alter 
groundwater recharge rates, which in turn affects river baseflows 
and water availability for various uses [19].

Challenges and Adaptations

Integrated water management in CONUS faces several challeng-
es, primarily related to the variability and complexity of ground-
water systems. The diverse geology, hydrogeology, and climate 
across the CONUS region mean that groundwater systems exhibit 
significant spatial and temporal variability. This variability com-
plicates the development of uniform management strategies and 
necessitates a nuanced understanding of local groundwater condi-
tions [20]. Another challenge is the fragmentation of groundwater 
governance. In many regions of CONUS, groundwater management 
is governed by multiple agencies and stakeholders, each with dif-
ferent priorities and regulations. This fragmentation can lead to in-
efficiencies and conflicts, making it difficult to implement cohesive 
and effective management practices [21].

Climate change exacerbates the challenges of integrated water 
management by altering precipitation patterns, temperature, and 
evapotranspiration rates, all of which affect groundwater systems. 
In CONUS, climate change is predicted to lead to more frequent 
and severe droughts, which can reduce groundwater recharge 
and increase competition for water resources [22]. Additional-
ly, rising temperatures can increase evaporation rates, further 
straining groundwater supplies. The effects of climate change on 
groundwater resources are evident in several CONUS river basins. 
For instance, the Colorado River Basin has experienced prolonged 
drought conditions, leading to significant declines in groundwater 
levels and reduced river flows [23]. Similarly, the Mississippi Riv-
er Basin has faced challenges related to altered precipitation pat-
terns and increased runoff, impacting groundwater recharge and 
water quality [24]. Recent advances in technology and modeling 
have enhanced the ability to manage groundwater resources more 
effectively. Remote sensing, groundwater modeling, and hydro in-
formatics have provided new tools for monitoring and assessing 
groundwater systems. For example, satellite-based observations 
and groundwater models can improve the accuracy of assessments 
and help identify areas at risk of over-extraction or contamination 
[25]. Integrated water management strategies are increasingly in-
corporating climate change projections to anticipate and mitigate 
potential impacts. These strategies involve using climate models 
to predict changes in precipitation and temperature and to assess 
their effects on groundwater recharge and discharge [26]. Addi-
tionally, stakeholder engagement and collaborative approaches are 

essential for developing effective management plans that address 
local needs and conditions [27].

Utilization of Remote Sensing and Geospatial Technology 

Remote sensing (RS) and geospatial technologies play pivotal 
roles in assessing, developing, and planning water resources, par-
ticularly in the context of integrated water management in CONUS 
river basins. RS technology enables the acquisition of information 
about various objects from a distance, providing valuable data for 
water quality assessment and other water resources management 
activities. Satellite-based RS techniques have been extensively es-
tablished and are increasingly employed to monitor and manage 
water resources effectively [28]. Geographic Information Systems 
(GIS) have advanced rapidly, necessitating the development of new 
methods and solutions to enhance data processing and integrate 
complex environmental simulation models [29-31]. Modern GIS 
systems leverage a variety of data acquisition methods, including 
internet sources, Global Positioning System (GPS), and RS technol-
ogies, to address the challenges of integrating diverse and intricate 
environmental data [32].

Advancements in RS and GIS models facilitate a comprehen-
sive investigation of hydrological cycles, including the spatial and 
temporal distribution of meteorological parameters and the quan-
tification of water balance components. RS contributes to ground-
water resource management through quantitative assessments, 
geometric evaluations, and the development of correlations among 
various hydrological variables [33]. GIS systems are designed to 
collect, store, integrate, and analyze geographic data, and they in-
clude maps that represent river networks and river basins, thereby 
enhancing our understanding and management of groundwater re-
sources [34].

GRACE Data in Estimation of Water Responses 

Satellite remote sensing and GIS models complement tradition-
al watershed modeling, though they are subjected to spatial and 
temporal discontinuities. For instance, while local systems like Ter-
raSAR-X (TSX) offer detailed observations, NASA’s Gravity Recovery 
and Climate Experiment (GRACE) satellites have proven invaluable 
for estimating monthly changes in groundwater storage across 
large aquifer systems globally. Since their launch in March 2002, 
the GRACE satellites have significantly contributed to assessing ter-
restrial water storage anomalies on both regional and global scales. 

The data from GRACE enables the determination of temporal 
changes in Earth’s gravity field, which is used to estimate varia-
tions in surface water storage [35]. By integrating information from 
hydrological models and in-situ measurements, scientists can an-
alyze groundwater storage anomalies (GWSA) using GRACE data. 
This method has been effective in estimating monthly freshwater 
discharge and understanding terrestrial water storage, subsurface 
water, and groundwater, particularly in the Columbia River Basin 
[36]. The utilization of GRACE datasets has proven instrumental in 
evaluating watershed runoff and improving our understanding of 
various components of the hydrological cycle. 

Several studies using GRACE datasets helped estimate the out-
flow of river basins by monitoring freshwater discharge to enhance 
understanding of water resource management (Gemitzi, Koutsias, 
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& Lakshmi, 2021). Nevertheless, there are some drawbacks to using 
GRACE datasets, including the issue of low spatial resolution [37]. 
The biggest challenges of GRACE, being its coarse spatial resolu-
tion, is derived through mass change fields which is controlled by 
two factors: the availability of having limited degree and order due 
to the SH coefficient and the attenuation effects that happen due to 
spatial filtering and smoothing. The leakage biases can be reduced 
by quantifying the mass variation at basins and at regional scales 
using the time-variable gravity solution [38] Nerem et al., 2018. 
The challenge for GRACE data also relates to having a low degree 
of spherical harmonic coefficient (SH-coefficient) due to Geocenter. 
The motion in geocentres does affect GRACE data due to changes in 
estimation, which can be tackled effectively using different meth-
ods to estimate the motion of geocentres. 

GRACE datasets are used in various types of hydrological ap-
plications. One of the largest uses of the GRACE data is, therefore, 
in the determination of TWSA change, which is the total amount of 
surface water, soil water, recharge, and snow [36]. The pilot studies 

indicated that short-wave noise and leakage errors must be assimi-
lated into computations to obtain an accurate assessment of TWSA 
from GRACE data. It also demonstrated that one can bring a higher 
temporal as well as spatial accuracy to the TWSA as it is obtained by 
means of GRACE during contrasting phases of the year. The GRACE 
dataset is also used to evaluate hydrological components such as 
groundwater storage, soil moisture, and evapotranspiration which 
have also been evaluated with the help of data derived from the 
GRACE (Jiang, Wang, Yaohuan Huang, & Xiangyi Ding, 2014, [39]. 
It can also be used to analyze droughts. In effect, relative to water 
storage seen by GRACE, anomalies of water deficit can pinpoint 
regional and seasonal characteristics that are pivotal in the defini-
tion of droughts and the extent of their occurrence (Jiang, Wang, 
Yaohuan Huang, & Xiangyi Ding, 2014). The use of GRACE datasets 
helps develop a data-driven hydrological model. The datasets help 
provide accurate large-scale measurements with streamflow and 
groundwater recharge estimation in the CONUS river basins. The 
datasets help to improve the accuracy of stream flow and ground-
water recharge estimation. 

Enhanced Hydrological Modeling Possibilities with GRACE 

Figure 2: Flowchart for SWAT hydrological model with GRACE data integration (Zhang et al., 2017; Touseef et al., 2023; Hamdi and Goita 
2023).
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The integration of GRACE data into hydrological models en-
hances the estimation of streamflow and groundwater recharge by 
providing precise measurements of terrestrial water storage anom-
alies. GRACE satellites, which measure changes in Earth’s gravity 
field, offer valuable data for understanding the temporal dynamics 
of groundwater storage and streamflow across large regions. This 
enhanced capability is crucial for improving water resource man-
agement and addressing challenges related to water availability 
and quality [40, 35, 36]. By incorporating GRACE data, hydrologi-
cal models can more accurately capture the interactions between 
groundwater and surface water, leading to more informed deci-
sion-making in water resource management. 

The water quality models that were used in CONUS included 
the Hydrologic and Water Quality System (HAWQS). The model is 
built on the Soil and Water Assessment Tool (SWAT), which helped 
advance its functionality and minimize the necessary time for ini-
tiation (Figure 2). It helps improve and ensure national case anal-
ysis eases its application. The basic subsystems of the model are 
the hydrological, climatic, erosive, thermic, vegetative, nutritional, 
pesticide, and managerial subsystems [38]. The SWAT model is 
physically based and semi-distributed. The model helps towards 
stimulating the hydrological process to ensure water balance and 
stream flow. 

The equation that is used for the SWAT hydrological model is 
as follows:

1
( )

t

p i d s a s g
t

SW SW R Q ET W Q
=

= + − − − −∑  (1)

where pSW  is the ultimate amount of water in the soil, iSW  is 
early water content, and t  represents the number of days. dR  is 
precipitation early, sQ  is the surface discharge, and aET  represents 
the actual evapotranspiration. 

sW  represents the saturated water 
and gQ  is the sub-surface flow.

Each grid cell above the reservoir contains the baseflow and 
discharge simulated data for the routing model, as seen in the im-
age [38]. Water must be transported to the reservoir, and the esti-
mated discharge must then be modified utilizing the pre-impound-
ment streamflow data that is now available. There were two parts 
to the research integration of the models for the period. It also de-
termined a variation period and a baseline period to evaluate the 
yearly mean runoff changes. The technique was not limited to esti-
mating the effects of climate change on streamflow and long-term 
water balance in hydrology. The GRACE SWAT modeling study by 
[38] highlighted the need to determine the entire hydrological re-
sponse to conditions brought on by climate change as a requisite for 
larger river basins. 

Some shreds of literature employed inverse weighted meth-
od for spatial downscaling in GRACE-SWAT modelling approach. 
Presently, there are two main downscaling approaches that include 
the physical-based downscaling method and the use of statistical 
downscaling. Physical-based downscaling or dynamical downscal-

ing is based on a physical model that is established between the 
coarse-resolution variable and fine-resolution auxiliary variables. 
In statistical downscaling, a statistical relationship is established. 
One of the downscaling methods that can be used for statistical 
downscaling is the use of thermal inertia or the use of vegetation 
and surface temperature (Gemitzi, Koutsias, & Lakshmi, 2021). 
SWAT is useful in evaluating the effects that result from variations 
in managerial practices in river basins from the perspectives of 
quantity, that of quality of water, sediment, and of chemicals. In-
tegration of the obtained study results with the SWAT model com-
bined with the Soil Moisture (SM) data assists in providing a better 
estimation of the hydrological processes [41-43]. It is through such 
integration that it enhances the depiction of the real water environ-
ment. The integration helps to take note of concerns about the soil 
moisture conditions that play a crucial role in defining streamflow, 
evapotranspiration, and groundwater recharge. [44, 45]. SWAT and 
SM combination enhances the management of the water resource 
as it provides more details on the water resources available and 
changes in the water resource. Such models are applied in an inte-
grated manner to support the rational use of water resources and 
resolve the issues related to climate change and people’s impact.

Challenges and Future Directions

Limitations of GRACE Data in CONUS River Systems 

While GRACE data has significantly advanced our understand-
ing of water resources, its low spatial resolution poses challenges 
for its application in large river basins. Addressing these limitations 
through improved downscaling techniques and integrating GRACE 
data with other datasets is crucial for enhancing its utility in hydro-
logical modeling.

Advancements in Hydrological Modeling

Future research should focus on improving the integration of 
GRACE data with hydrological models and developing new meth-
ods for overcoming spatial resolution challenges. Additionally, ex-
panding the application of GRACE data to other regions and incor-
porating it into more comprehensive water resource management 
strategies will be essential for addressing global water challenges.

Conclusion

The integration of remotely sensed GRACE data with hydrologi-
cal models like SWAT has proven to be a transformative approach in 
advancing our understanding and management of water resources, 
particularly in the context of the Contiguous United States (CONUS) 
river basins. This review underscores several key findings and im-
plications for future research and practical applications in water re-
source management. Firstly, the utilization of GRACE data provides 
significant advantages in monitoring large-scale hydrological pro-
cesses. GRACE’s ability to measure terrestrial water storage anom-
alies (TWSA) offers a unique perspective on groundwater storage 
and streamflow that traditional in-situ measurements alone cannot 
achieve. This capability is particularly valuable in regions where 
groundwater is a critical resource, yet difficult to monitor com-
prehensively due to limited observational data. Secondly, the inte-
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gration of GRACE data with hydrological models such as SWAT en-
hances the accuracy and reliability of streamflow and groundwater 
recharge estimations. By incorporating GRACE’s large-scale obser-
vational data, these models can better account for the spatial and 
temporal variability in water resources, leading to more informed 
predictions and management strategies. This is crucial for the CO-
NUS river basins, where diverse climatic and geological conditions 
necessitate robust modeling approaches to address the challenges 
posed by climate change and human activities.

However, the review also highlights the limitations of GRACE 
data, particularly its low spatial resolution, which can be a signifi-
cant drawback when applying it to smaller river basins or regions 
with complex topography. This limitation necessitates the develop-
ment of advanced downscaling techniques and the integration of 
complementary datasets, such as those derived from remote sens-
ing and in-situ measurements, to improve the granularity of water 
resource assessments. Moreover, the review emphasizes the impor-
tance of integrated water management in mitigating the impacts of 
climate change and anthropogenic activities on water resources. 
The use of GRACE data in conjunction with climate change models 
and integrated water resource management strategies can provide 
a more comprehensive understanding of the long-term trends and 
vulnerabilities of the CONUS river basins. This approach is essential 
for developing adaptive management practices that can sustain wa-
ter availability for both ecological and human needs.

In conclusion, the combination of GRACE data with hydrolog-
ical models represents a significant advancement in the field of 
water resource management. While challenges remain, particular-
ly in terms of spatial resolution and data integration, the potential 
benefits of this approach are substantial. Future research should 
focus on refining downscaling methods, improving model integra-
tion, and expanding the application of GRACE data to smaller and 
more complex river basins. By doing so, we can enhance our ability 
to manage water resources sustainably in the face of ongoing envi-
ronmental changes.
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