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ABSTRACT
Arid and semi-arid basins in the Western United States (US) have been significantly impacted by
human alterations to the water cycle and are among the most susceptible to water stress from
urbanization and climate change. The climate of the Western US is projected to change in
response to rising greenhouse gas concentrations. Combined with land use/land cover (LULC)
change, it can influence both surface and groundwater resources, both of which are a significant
source of water in the US. Responding to this challenge requires an improved understanding of
how we are vulnerable and the development of strategies for managing future risk. In this
dissertation, I explored how hydrology of semi-arid regions responds to LULC and climate
change and how hydrologic projections are influenced by the choice and calibration of models.
The three main questions I addressed with this dissertation are: 1. Is it important to calibrate
models for forecasting absolute/relative changes in streamflow from LULC and climate changes?
2. Do LSMs make reasonable estimates of groundwater recharge in the western US? 3. How
might recharge change under projected climate change in the western US? Results from this
study suggested that it is important to calibrate the model spatially to analyze the effect of LULC
change but not as important for analyzing the relative change in streamflow due to climate
change. Our results also highlighted that LSMs have the potential to capture the spatial and
temporal patterns as well as seasonality of recharge at large scales. Therefore, LSMs
(specifically VIC and Noah) can be used as a tool for estimating current and future recharge in
data limited regions. Average annual recharge is projected to increase in about 62% of the region
and decrease in about 38% of the western US in future and varies significantly based on location
(-50% - +94 for near future and -90% to >100% for far future). Recharge is expected to decrease
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significantly (-13%) in the South region in the far future. The Northern Rockies region is
expected to get more recharge in both in the near (+5.1%) and far (+9.0%) future. Overall, this
study suggested that land use/land cover (LULC) change and climate change significantly
impacts hydrology in semi-arid regions. Model choice and model calibrations also influence the
hydrological predictions. Hydrological projections from models have associated uncertainty, but
still provide valuable information for water managers with long term water management
planning.
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1. INTRODUCTION
Arid and semi-arid basins in the western United States (US) and other dry regions of the world
have been significantly impacted by human alterations to the water cycle (Webb and Leake,
2006) and are among the most susceptible to water stress from continued population growth,
climate change, and land use/land cover (LULC) change particularly urbanization (Seager et al.,
2007). LULC changes in a basin will result in alteration of interception, evapotranspiration,
infiltration and groundwater recharge, which will significantly affect the stream flow volume as
well as the direct runoff-base flow ratio changes associated with urbanization (Aichele 2005;
Brandes et al., 2005; Tang et al., 2005; White and Greer, 2006). Climate change also affects
hydrological regimes by altering the amount, intensity, form, and timing of precipitation as well
as the rate of evapotranspiration, thereby affecting the volume, peak rate, and timing of runoff
and recharge (Neff et al., 2000; Groisman et al., 2001; Chang et al., 2002; Hodgkins et al., 2003;
Novotny and Stefan, 2007).
Despite the importance of groundwater in the western US, limited recharge estimates are
available due to the complexity of recharge processes and the lack of feasible measurement
methods (Scanlon et al. 2006). Thus, improving current recharge estimates and understanding
spatial variability of recharge processes are essential for sustainably managing this precious
resource (Scanlon et al. 2006; Famiglietti and Rodell 2013) to meet human and ecosystem
demands in the future (Scanlon et al. 2006). The climate of the western US is projected to change
in response to rising greenhouse gas concentrations. With climate change and drought,
groundwater is often relied upon to make up for shortfalls in surface water resources (Dettinger
and Earman, 2007). Although there are some local studies at basin scale (Vacarro et al., 1992;
Anderson et al. 1992; Serrat-Capdevila et al. 2007; Ajami et al. 2012; Crosbie et al. 2013; Flint
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and Flint 2014), the cumulative effect of climate change on recharge over the western US is
currently not well understood. It is unknown whether the overall recharge will increase, decrease,
or stay the same in the western US (Dettinger and Earman, 2007). Thus efforts to estimate
potential recharge under projected climate change is needed throughout the western US for
effective management of future water resources.
Combined with land use/land cover (LULC) change, climate change can influence both
surface and groundwater resources, both of which are a significant source of water in the US
(Siebert et al., 2010). Responding to this challenge requires an improved understanding of how
we are vulnerable and the development of strategies for managing future risk. Assessing the
impact of LULC and climate changes on water resources is a major challenge in hydrological
modeling research because of changed boundary conditions. Computational models
(hydrologic/land surface models) are useful tools for understanding the impacts of changed
environmental boundary conditions (for e.g., LULC, climate) on water resources. Impact
predictions are usually done with calibrated models. There is a debate on the degree of
calibration required for predicting the impact of climate and land use change with reasonable
accuracy (Breuer et al., 2009). An additional issue is over model selection. Land surface models
(LSMs) vary in complexity for the treatment of exchange of energy, mass, momentum and CO2
between land surface and overlying atmosphere and thus produce similar/dissimilar land surface
states and fluxes. Thus it is also important to understand how differences in model structure and
formulations can affect the simulation of current and future states of hydrologic fluxes/states and
whether certain LSMs perform better under particular physiographic and climatic settings.
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1.1. Research Objectives
The overarching goal of this study is to understand how the hydrology of semi-arid regions
responds to LULC and climate change and how is that influenced by choice and calibration of
models. Three specific questions we addressed with this research are:
1. Is it important to calibrate models for forecasting absolute/relative changes in streamflow
from LULC and climate changes?
2. Do LSMs make reasonable estimates of groundwater recharge in the western US?
3. How might recharge change under projected climate change in the western US?
1.2. Dissertation format
The dissertation has been structured in three studies focusing on the role of model choice and
model calibration in understanding the impact of changed environmental boundaries on
hydrology of the semi-arid regions. Following this first introductory chapter, chapter 2 presents a
summary of three manuscripts prepared to be submitted to peer-review Journals. These
manuscripts are included individually in the appendices as:
APPENDIX A: Determining the Importance of Model Calibration for Forecasting Absolute /
Relative Changes in Streamflow from LULC and Climate Changes.
APPENDIX B: Comparing potential recharge estimates from three Land Surface Models across
the Western US.
APPENDIX C: How might recharge change under projected climate change in western US?
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2. PRESENT STUDY
The present study which focuses on the role of model choice and model calibration in
understanding the impact of changed environmental boundaries on hydrology of the semi-arid
regions, is divided into three manuscripts that are included in this dissertation as Appendices A,
B and C. The manuscripts are arranged in an order of progressive concepts, as summarized
below:
2.1. Summary of Manuscript 1: Determining the Importance of Model Calibration for
Forecasting Absolute / Relative Changes in Streamflow from LULC and Climate Changes.
Land use/land cover (LULC) and climate changes are important drivers of change in streamflow.
Assessing the impact of LULC and climate changes on streamflow is typically done with a
calibrated and validated watershed model. The objective of this study was to quantify the
variation in estimated relative and absolute changes in streamflow associated with LULC and
climate changes with different calibration approaches.
The Soil and Water Assessment Tool (SWAT) was applied in an uncalibrated (UC),
single outlet calibrated (OC), and spatially-calibrated (SC) mode to compare the relative and
absolute changes in streamflow from 3 LULC and 3 climate change scenarios at 14 gaging
stations within the Santa Cruz River watershed in southern Arizona, USA.
The magnitude of both absolute and relative changes in streamflow due to LULC varied
based on calibration. While the magnitude of absolute changes in streamflow due to climate
change (both P and T) varied based on calibration, the relative changes were not significantly
different. This study thus revealed that it is important to calibrate the model spatially to analyze
the effect of LULC change but not as important for analyzing the relative change in streamflow
due to climate change.
14

2.2. Summary of Manuscript 2: Comparing potential recharge estimates from three Land
Surface Models across the Western US.
Groundwater is a major source of water in the western US. However, there are limited recharge
estimates in this region due to the complexity of recharge processes and the challenge of direct
observations. Land surface Models (LSMs) could be a valuable tool for estimating current
recharge and projecting changes due to future climate change. The objective of this study was to
evaluate the potential recharge estimates from LSMs across the western US.
Simulations of three LSMs (Mosaic, Noah, and VIC) obtained from the North American
Land Data Assimilation System-phase 2 (NLDAS-2) are used for assessing recharge estimates
across the western US. The MODIS ET and baseflow index (BFI) based recharge for the whole
western US are used for comparison and evaluation purpose. Simulated recharge from the LSMs
was compared with published recharge estimates from 10 aquifers in the region (Northern Plains,
Central High Plains, Southern High Plains, San Pedro, Death Valley, Salt Lake Valley, Central
Valley, Columbia Plateau, Spokane Valley, and Williston).
Mosaic consistently underestimates recharge across all basins. Noah captures recharge
reasonably well in wetter basins, but overestimates it in drier basins. VIC slightly overestimates
recharge in drier basins and slightly underestimates it for wetter basins. While the average annual
recharge values vary among the models, the models were consistent in identifying high and low
recharge areas in the region. Models agree in both trend and seasonality of recharge. Overall, our
results highlight that LSMs have the potential to capture the spatial and temporal patterns as well
as seasonality of recharge at large scales and therefore can be used as a tool for estimating future
recharge in data limited regions.
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2.3. Summary of Manuscript 3: How might recharge change under projected climate
change in the western US?
Climate changes in addition to unsustainable groundwater pumping have significantly impacted
groundwater resources in the western US and have a potential to impact more in the future.
Quantitative predictions of climate change effects on groundwater recharge thus may be valuable
for effective management of future water resources in western US. Thus the objective of this
study was to estimate the change in natural recharge from projected change in climate (multiple
GCMs) in the western US.
Recharge projections are made based on hydrology outputs from Variable Infiltration
Capacity (VIC) model derived by Bias-Correction and Spatial Disaggregation (BCSD) Coupled
Model Inter-comparison Project Phase 5 (CMIP5) climate projections which are archived by
Bureau of Reclamation. The projections were made over the western US and also analyzed at a
regional scale (Northern Rockies and Plains, Northwest, South, Southwest and West).
Average annual recharge is projected to increase in about 62% of the region and decrease
in about 38% of the western US. Although the recharge projections varied significantly across
the GCMs, the relative increase is expected to be as high as 94% and decrease will be as high as
50% for the near (2021-2050) future based on model ensemble. For the far (2071-2100) future
the change will be more significant (-90% to >100%) based on location of interest/local scale.
The Northern Rockies region is expected to get more recharge in both in the near (+5.1%) and
far (+9.0%) future. While recharge is expected to decrease slightly in the near future in the South
region, it is expected to decrease significantly (-13%) in the far future. In general, southern
portions of the western US is expected to get less and northern portion is expected to get more
recharge in future.
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3. CONCLUSIONS
Basins in semi/arid regions behave differently than those in wetter/humid regions and thus are
more difficult to model for simulation/prediction of hydrological states and fluxes. Due to the
spatial heterogeneity in terms of climate (particularly precipitation), land surface properties and
thus flow characteristics, standard lumped (single outlet) calibration is not sufficient to represent
flow characteristics of the whole watershed. Spatial model calibration is required to represent
flow characteristics within different watershed sections in semi/arid regions. The river bed and
its properties (importantly hydraulic conductivity) are a very important component of ephemeral
systems in arid regions and thus needs careful consideration. Infiltration through stream bed is a
source of recharge in these basins and the reason why the streams dry up within a short distance
downstream.
LULC change, particularly urbanization, affects streamflow significantly. The
contribution to streamflow is almost exclusively from surface runoff in the semi/arid basins and
thus becomes more sensitive to urbanization. While both LULC change and climate change
considerably affect the hydrology/streamflow of arid-regions, the hydrology is more sensitive to
climate change (specifically precipitation). Spatial calibration is more important when spatially
distributed changes are considered (e. g. LULC change) and less important when uniform
changes are considered (e.g. uniform change in precipitation or temperature considered over the
entire basin). It is important to calibrate the model spatially to analyze the effect of LULC
change but not as important for analyzing the relative change in streamflow due to climate
change. Model calibration might not also be necessary to determine the direction of change in
streamflow due to LULC and climate change but necessary for accurate magnitude of change.
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Not all LSMs work best under different hydroclimatic regions. In its default parameter
settings, some LSM (e.g. Mosaic) seems to work better in simulating recharge in drier regions,
some (e.g. Noah) seems to work better in wetter regions, and other (e.g. VIC) seems to work for
both drier and wetter regions but requires some calibration for better estimations. Overall, LSMs
have the potential to capture the spatial and temporal patterns as well as seasonality of recharge
at large scales. Therefore, LSMs (specifically VIC and Noah) can be used as a tool for estimating
future recharge in data limited regions. Recharge estimates are highly controlled by precipitation
with some imprint of topography was observed on the recharge estimates from the current state
of LSMs. Improving model inputs and adding process complexity especially associated with
groundwater mechanisms in future could help reduce uncertainty in recharge estimates.
Nevertheless, LSMs provide spatially and temporally continuous estimates of hydrological

variables that would be impossible to obtain using observations alone, and often the results are
good considering their limitations.
Average annual recharge is projected to increase in about 60% of the region and decrease
in about 40% of the western US for both near (2021-2050) and far (2071-2100) future, though
the locations vary. The relative increase in recharge may be as high as 94% and the decrease will
be as much as 50% for the near future based on location. For the far future the change is
expected to be more significant (-90% to >100%) based on location. While decreases in recharge
are mostly projected for summer seasons, recharge is projected to increase in the winter season
for most of the regions. Recharge is expected to decrease slightly in the near future in the South
region, but it is expected to decrease significantly (-13%) in the far future. The Northern Rockies
region is expected to get more recharge in both in the near (+5.1%) and far (+9.0%) future.
Overall, a significant increase or decrease in precipitation resulted in increased and decreased
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recharge most of the time, however interaction with higher temperature and land surface
properties resulted in decreased recharge for some increased P scenarios. In general, southern
portions of the western US is expected to get less and northern portion is expected to get more
recharge in future.
In a nutshell, land use/land cover (LULC) change and climate change significantly
impacts hydrology in semi-arid regions, climate change (precipitation in particular) being more
sensitive. Model choice and model calibrations also influence the simulations/predictions of
hydrologic states/fluxes. Hydrological projections from hydrologic/land surface models have
associated uncertainty, but still provide valuable information for water managers with long term
water management planning.
Since both LULC and climate are going to change simultaneously in the future, it is
interesting and more realistic to study if the change in one is intensified or offset by the change
in other and to understand how the effect of combined change on hydrology is affected by model
calibration. Based on our study, while one LSM (Mosaic) was underestimating recharge
consistently by overestimating ET, other LSM (Noah) was underestimating ET and thus may be
overestimating recharge, and other one (VIC) was overestimating recharge in drier regions and
underestimating in wetter regions. Thus it is interesting to study if calibration of current LSMs to
identify better parameters (regional vs. global) just by dividing into wetter and drier regions
could significantly improve the capacity of these models to simulate hydrological fluxes/states
(viz. recharge). Statistically downscaled climate data, which was used in this study, has a
limitations capturing seasonal and inter-annual variability across the region compared to
dynamically downscaled projections, which is likely to have a significant influence on recharge,
thus investigating the projected change in recharge with dynamically downscaled climate
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projections and comparing with the projections from statistically downscaled would be very
interesting.
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ABSTRACT
Land use/land cover (LULC) and climate changes are important drivers of change in streamflow.
Assessing the impact of LULC and climate changes on streamflow is typically done with a
calibrated and validated watershed model. However, there is a debate on the degree of calibration
required. The objective of this study was to quantify the variation in estimated relative and
absolute changes in streamflow associated with LULC and climate changes with different
calibration approaches. The Soil and Water Assessment Tool (SWAT) was applied in an
uncalibrated (UC), single outlet calibrated (OC), and spatially-calibrated (SC) mode to compare
the relative and absolute changes in streamflow at 14 gaging stations within the Santa Cruz River
watershed in southern Arizona, USA. For this purpose, the effect of 3 LULC, 3 precipitation (P),
and 3 temperature (T) scenarios were tested individually. For the validation period, Percent Bias
(PBIAS) values were >100% with the UC model for all gages, the values were between 0% and
100% with the OC model and within 20% with the SC model. Changes in streamflow predicted
with the UC and OC models were compared with those of the SC model. This approach
implicitly assumes that the SC model is “ideal”. Results indicated that the magnitude of both
absolute and relative changes in streamflow due to LULC predicted with the UC and OC results
were different than those of the SC model. The magnitude of absolute changes predicted with the
UC and SC models due to climate change (both P and T) were also significantly different, but
were not different for OC and SC models. Results clearly indicated that relative changes due to
climate change predicted with the UC and OC were not significantly different than that predicted
with the SC models. This result suggests that it is important to calibrate the model spatially to
analyze the effect of LULC change but not as important for analyzing the relative change in
streamflow due to climate change.
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1.INTRODUCTION
Land use/land cover (LULC) and climate changes have a significant impact on hydrology. LULC
changes in a watershed will result in alteration of interception, infiltration and groundwater
recharge, which will significantly affect the stream flow volume as well as the direct runoff-base
flow ratio changes associated with urbanization (Choi et al., 2003; Aichele 2005; Brandes et al.,
2005; Tang et al., 2005; White and Greer, 2006). Climate change also affects hydrological
regimes by altering the amount, intensity, form, and timing of precipitation as well as the rate of
evapotranspiration, thereby affecting the volume, peak rate, and timing of streamflow (Gleick
and Chalecki, 1999; Neff et al., 2000; Groisman et al., 2001; Chang et al., 2002; Hodgkins et al.,
2003; Novotny and Stefan, 2007).
Assessing the impact of LULC and climate changes on water resources is a major
challenge in hydrological research because of changed boundary conditions. Such assessments
are typically done by setting up a watershed model for the current or baseline scenario. After
calibrating and validating against the observed data the model is then re-run for future scenarios
and finally analyzed for the differences between these simulations (e.g. Bhaduri et al., 2000;
Neohoff et al., 2002; Fohrer et al., 2005; Ott et al., 2004; Huisman et al., 2009; EPA, 2013).
However, it is uncertain how the degree of calibration affects impact assessment of climate and
LULC changes (Breuer et al., 2009). Relative change in streamflow is the most common
estimate for studying the effect of climate and land-use change on water resources and is
considered to be useful in decision-making processes for water-resource management (Kepner et
al., 2004; Christensen et al., 2004; Tang et al., 2005a; Hurkmans et al., 2009; Li et al., 2009; Park
et al., 2010; Perrazzoli et al., 2012; Shaw et al., 2014).
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The Soil and Water Assessment Tool (SWAT; Arnold et al., 1998) is often used with
calibration for modeling the impact of land-use change (Hernandez et al., 2000; Miller et al.,
2002; Qi et al., 2009; Liu et al., 2010; Githui et al., 2011; Nie et al., 2011; EPA, 2013) and
climate change (Ficklin et al., 2009; Parajuli, 2010; Wang et al., 2012; El-Sadak et al., 2011;
EPA, 2013) on hydrology. SWAT has also been used in an uncalibrated mode to eliminate the
potential bias caused by parameter optimization for modeling streamflow (Rosenthal et al., 1995;
Heathman et al., 2008; Srinivasan et al., 2010). Other studies have predicted changes in water
yield resulting from doubled CO2 concentration (Stone et al., 2001) and land-use change
(Heathman et al., 2009), estimated surface water quality impacts from riparian buffers (Qiu and
Prato 2001), and identified critical source areas (Niraula et al., 2012a) with uncalibrated SWAT
models. Other watershed models such as AvGWLF (Tu, 2009), LTHIA (Kim et al., 2002),
DHSVM (Cuo et al., 2009), PRMS (Qi et al., 2009), and MIKE-SHE (Stoll et al., 2011) have
been used to study the impact of climate and land-use change on streamflow. Although, the
degree of calibration varies across these studies, all studies highlighted the importance of
prediction for the management of water resources.
Calibration of hydrologic models makes these models implicitly empirical. Model
calibration involves starting with model parameters developed from databases and literature
relationships and then altering those parameters to better match predicted model values (e.g.
stream discharge) with observed values of those same fluxes or states of the system. Critically,
models are mathematical simplifications of real hydrologic systems (Gupta et al., 1998), and thus
never perfect (Niraula et al., 2013). All empirical models suffer from the limitation that they are
not suitable for extrapolation beyond the conditions in which they were developed. Studying
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climate and land-use change explicitly takes a model beyond the conditions in which it was
developed.
Importantly, model calibration demands a large amount of time and effort, and is often
not feasible due to lack of data available for calibration. Thus, watershed models have been used
in a number of applications, without calibration, for assessing relative change where sufficient
observations are lacking (Kepner et al., 2004; Semmens and Goodrich, 2005; Kepner et al.,
2008; Goodrich et al., 2012). Even with these shortcomings, uncalibrated physically based
models can be used with some confidence in identifying the trends and directions of changes in
watershed response due to changes in watershed conditions, characteristics, or climatic inputs
(Kepner et al., 2004) and are a valuable aid to watershed managers in identifying portions of the
watershed where conservation and mitigation efforts might be focused to offset the impacts from
LULC and climate change (Kepner et al., 2004).
Since changes are often quantified based on the difference between 2 sets of simulations,
calibration might not be that important. Therefore, in this study, the effects of model calibration
on forecasting the relative and absolute changes in streamflow due to LULC and climate changes
have been explored. The alternative hypotheses of this study are: 1. Model calibration
significantly affects the absolute change in streamflow due to LULC and climate changes, and 2.
Model calibration does not significantly affect the relative change in streamflow due to LULC
and climate changes.
To test these hypotheses, SWAT was used in three calibration modes (i.e. uncalibrated,
single outlet calibrated, and spatially calibrated) to estimate and compare the changes in
streamflow due to 3 LULC, 3 precipitation (P), and 3 temperature (T) scenarios independently at
14 monitoring stations in the Santa Cruz Watershed for assessing the effect of model calibration.
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2. METHODOLOGY
2.1. Study Area
The Santa Cruz River watershed (Fig. 1) is a trans-boundary watershed with an area of 9,000
km2 and situated on the US-Mexico border area, with more than 85 % of the watershed located in
Arizona and the remaining 15% in Sonora. Elevations in the watershed range from 610 m to
2,884 m. The watershed is dominated by shrub land (~70%) followed by forested land (~15%)
and developed land (10%). Soils are dominated by loam and sandy loam. Although some
sections of the river are perennial because of point-source discharge from wastewater treatment
plants (Fig.1), the majority of the river’s length is ephemeral. The average annual precipitation
spatially varies between 280 mm and 637 mm (Fig. 1), it averages ~ 400 mm over the entire
watershed. The average annual daily maximum and minimum temperatures are 28 oC and 10 oC
respectively.
2.2. Soil and Water Assessment Tool (SWAT)
SWAT is a physically based, continuous-time simulation, distributed-parameter model (Arnold
et al., 1998) developed to evaluate the effects of land use and alternative management decisions
on water resources and nonpoint-source pollution in large river basins (Arnold et al., 2012). It is
a watershed-scale, deterministic model that operates at a daily time step using Digital Elevation
Model (DEM), soil properties, LULC information, and climate data as major inputs. SWAT
divides a watershed into sub-watersheds that are further sub-divided into hydrological response
units (HRUs) which comprises unique combinations of land use, soil type and slope. Estimates
of potential evapotranspiration (PET) are made using the modified Penman-Montieth method.
Surface runoff from daily precipitation was estimated using a modification of the Soil
Conservation Service (SCS) curve number (CN) method, which was routed through channels
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using the variable storage coefficient method. While a kinematic storage method is used to
predict lateral flow, a simple lumped model is used for simulating return flow by creating a
shallow aquifer. The land phase of the hydrologic cycle is simulated by SWAT based on the
following water balance equation.
𝑡

SWt = SW0 + ∑(R day − Qsr − Ea − Ws − Qgw )
𝑖=0

Where SWt is the final soil water content on day i, Sw0 is the initial soil water content on day i,
t is the time in days, Rday is the amount of rainfall on day i, Qsr is the amount of surface runoff
on day i, Ea is the amount of evapotranspiration on day i, Ws is the amount of water entering
the vadose zone from the soil profile on day i, and Qgw is the amount of baseflow or return
flow on day i. A detailed description of SWAT can be found in Neitsch et al., (2011).
2.3. Model Set up and Simulation
A SWAT (Version 2012/Rev 579) model for the Santa Cruz Watershed was set up and
parameterized using the GIS interface of SWAT (ArcSWAT). The DEM, land use/land cover,
and soil map for the U.S. and Mexico (Niraula et al., 2012b) were used as input layers for
SWAT. A 30-m land use/land cover map was developed for the Santa Cruz Watershed
(Villarreal et al., 2011). The U.S. General Soil Map (STATSGO2) was used to represent soils in
the U.S. and joined with the Food and Agriculture Organization (FAO) of the United Nations
soils dataset that described soils south of the border. Observed stream discharge data from 14
USGS stream-gaging stations (Fig. 1) were compiled to facilitate model calibration, validation
and analysis. Daily 1/8 –degree gridded precipitation and temperature inputs were obtained from
Maurer’s climate group (Maurer et al., 2002). The original data which was extended from 19492000 when made available to public for download has now been extended to 2010. Point-source
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discharges from three waste-water treatment plants were also fed into the model. The Nogales
International Wastewater treatment plant (NIWTP) at the lower boundary of the watershed (Fig.
1) discharges an average of 56,000 cubic meters per day (Norman et al., 2013). The river is
perennial at Gage 3 due to the discharge from this treatment plant. The perennial length due to
discharge from this treatment plant is about 31 km. Two treatment plants in the upper boundary
near the watershed outlet (Fig. 1) discharge about 80,000 and 96,000 cubic meters per day (total
of 176,000 cubic meters per day). The river becomes perennial again which extends beyond the
watershed outlet (about 37 km) because of discharge from these nearby wastewater treatment
plants. A more detailed description of model construction can be found in Niraula et al. (2012b).
Considering the availability of observed data for calibration and validation, a 25- year period
(1982 to 2006) was selected for simulation. The first 5 years of the simulation were used to
condition the model to minimize uncertainties due to unknown initial conditions, particularly
antecedent soil moisture conditions. The remaining 20 years was used for further analysis.
2.4. Model Calibration/Validation
Sensitivity analysis performed with the Latin Hypercube One-factor-at-a-Time (LH-OAT)
sampling approach (van Griensven and Meixner, 2007), and a literature assessment of
parameters (e.g. Arnold et al., 2012) were used to identify the most influential model parameters
for simulating the observed data. A manual calibration approach was implemented for flow
calibration. A “split sampling” method was adapted for calibration/validation where roughly one
half of the observed flow data for the available period was used for calibration, and the
remaining half was used for validation. The following three models with different degrees of
calibration were built and utilized for further analysis:
1. Uncalibrated (UC) model: implemented with the default field and database parameter values.
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2. Outlet-calibrated (OC) model: calibrated based on data from the watershed outlet (Gage 14).
This approach is the most common calibration method in watershed modeling (Chu et al.,
2004; Hao et al., 2005; Santhi et al., 2006; Ouyang et al., 2008; Ahl et al., 2008; Kumar and
Marwade, 2009). In this method, model parameters are adjusted systematically for the entire
watershed to obtain the closest match between the model-simulated and observed data at the
watershed outlet (Niraula et al., 2012a).
3. Spatially-calibrated (SC) model: In the outlet-calibrated model, the entire basin and/or
processes are treated in a lumped manner, thus adding uncertainty from the aggregated
spatial representation of a basin (Kling and Gupta, 2008). The SC model is calibrated based
on data at multiple locations including the watershed outlet (For e.g. Santhi et al., 2001; Van
Liew and Garbretch, 2003; White and Chaubey, 2005; Coa et al., 2006; Zhang et al., 2008;
Piniewski and Okrusa, 2011; Niraula et al., 2012a). In this study, based on the availability of
data, the model was calibrated for flow at the outlet and at 13 other locations inside the
watershed boundary. Calibration was initiated at the upstream gage, and then sequentially
calibrated at the downstream gages. Niraula et al., (2012b) also suggested that single-outlet
calibration of the watershed in arid and semi-arid regions can be misleading and thus requires
spatial calibration for capturing the spatial heterogeneity and discontinuities in the watershed.
Therefore for studying the interaction of climate and LULC change with model calibration in
this study, the SC model is considered to be “ideal”.
The performance of the model to predict the observed flow was evaluated qualitatively
based on visual time-series plots and quantitatively using Nash-Sutcliffe Efficiency (NSE), and
Percent Bias (PBIAS) as two objective functions.
𝑃𝐵𝐼𝐴𝑆(%) =

(∑ S − ∑ O)
∗ 100
∑O
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∑(𝑂 − 𝑆)2
𝑁𝑆𝐸 = 1 −
∑(𝑂 − 𝑂̅)2
where, O and S are observed and simulated values and 𝑂̅ and 𝑆̅ are mean observed and
simulated values, respectively.
2.5. Change Analysis
Changes in streamflow due to LULC and climate change were quantified based on the difference
between 2 sets of simulations. In this study, the 20-year period 1987-2006 (1st set) was treated as
a reference period, in which streamflow is simulated based on current land use (year 1999) and
current climate (year 1987-2006).
For LULC change, the second set was based on using the 3 plausible future scenarios of
LULC for the year 2050 with the current climate data (year 1987-2006). The LULC scenarios for
the Santa Cruz Watershed (Table 1) were developed by Norman et al., (2012) with the SLEUTH
(Clarke et al., 1997; Clarke and Gaydos, 1998) urban growth model. More detail on the
SLEUTH model and its application to the Santa Cruz Watershed, and about the 3 growth
scenarios are discussed in Norman et al., (2012).
For climate change, 3 different scenarios each of P (Table 2) and T (Table 3) separately
but with the current LULC (year 1999) were developed. Uniform /spatially consistent change in
P and T across the watershed was considered. Hypothetical but rational perturbations in P and T
to analyze the effect on hydrology have been applied in many climate-change studies (e. g.
Mengistu and Sorteberg, 2012; He et al., 2013; Xu et al., 2013). Temperature in the Southwest
US is expected to increase between 0.6 oC to 6 oC by 2100 depending upon GCMs used and
emission scenarios (Cayan et al., 2013). There is a significant uncertainty in precipitation change
projections though, with some GCMs projecting decrease while others projecting increases in P.

33

When analyzing three GCMs (Reclamation, 2013) from CMIP5 (RCP 6.0 for GFDL-CM3,
HadGEM2-AO, and NorESM-ME) that best simulate the historic period for Santa Cruz
watershed, the P change in Santa Cruz is expected to vary between -8% to +18% between 2030
and 2080. For the same period, T is expected to increase in between 0.2 oC to 3.3 oC. Thus even
though P and T scenarios designed in this study are hypothetical, they are consistent with the
IPCC projections.
Similar analysis was done with all three calibration schemes (UC, OC and SC models).
Two forms of change analysis: 1. Absolute change (AC) and 2, Relative change (RC) were
conducted.
𝐴𝐶(m3 /s) = 𝑌 − 𝑋
𝑅𝐶(%) =

(Y − X)
∗ 100
(Y + X)/2

Where, X and Y are 20 years average annual flow values for base and test scenarios respectively.
3. RESULTS
3.1. Model calibration
Several hydrological model parameters were adjusted for achieving the best fit between the
simulated and measured flow at all monitoring stations (Table 4). Parameters that were found to
be very important in terms of hydrological processes, water balance, and streamflow included
soil evaporation and compensation coefficient (ESCO), effective channel hydraulic conductivity
(Ch_K2), threshold water depth in the shallow aquifer for return flow to occur (GWQMN),
baseflow alpha factor (Alpha_BF), and curve number (CN2). The soil evaporation
compensation factor (ESCO) controls the evapotranspiration from soil, which allows for
modifying the depth distribution used to meet the soil evaporative demand, to account for the
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effect of capillary action, crusting and cracks. By changing the value from 0.9 to 0.01 (Table 4),
more water from the lower horizon was allowed to satisfy the evaporative demand not met by
shallower horizons. The baseflow recession constant (Alpha_BF) is a direct index of
groundwater flow response to changes in recharge; it describes the rate at which streamflow
decreases when the stream channel is recharged by groundwater. The baseflow recession
constant is very important in a semi-arid watershed, where streamflow recession is quick. The
parameters for most gages were changed to allow for quick recession. Effective channel
hydraulic conductivity controls the loss of water through the streambed; i.e. the transmission
loss from the stream bed is a controlling mechanism for flow in this system. Effective channel
hydraulic conductivity of the stream is set to 0 by default (Table 4) in the SWAT model,
meaning no loss from the stream bed is expected. This value needs to be increased in semi-arid
basins based on suggested value ranges (Neitsch et al., 2011). The other model parameter
complementing the Ch_K2 is fraction of transmission loss that enters deep aquifers
(TRNSRCH). This parameter is for the whole basin and thus was adjusted to at least 50% (0.5).
Other adjusted parameters include, threshold water depth in shallow aquifer required for return
flow to occur (GWQMN), ground water “revap” (re-evaporation) coefficient (GW_REVAP),
available water capacity of soil layer (Sol_AWC), and threshold water depth in shallow aquifer
required for re-evaporation to occur (REVPMN). “REVAP” relates to soil evaporation and
plant transpiration. The plant uptake compensation factor (EPCO) was adjusted only at Gage 2
(Fig. 1). While some parameters remain the same among the gages, other parameters, like
Ch_K2 and CN2, varied among most of the gages (Table 4).
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3.2. Model Performance
Based on model performance criteria (NSE and PBIAS), the SC model performed best for both
calibration and validation periods in terms of simulating current flow, followed by the OC
model. The UC model performed the worst. Model performance was evaluated at a monthly
time scale (Fig. 2). The UC model overestimated streamflow considerably (> 100%) at all
stations except at Gage 10 for both the calibration and validation period (Fig. 2). The main
reason for the overestimation was found to be the underestimation of evaporative loss and
transmission loss through stream bed infiltration and overestimation of groundwater
contribution. The model at its default state tried to simulate the watershed as a wet/humid
system thus overestimating streamflow by a large amount. Outlet calibration improved the flow
prediction at the outlet and a few other stations close to the outlet and with similar flow
characteristics. However, it failed to represent the flow at the remaining stations (Fig. 2). Spatial
calibration significantly improved the flow prediction for the validation period particularly in
terms of PBIAS, although NSE was still poor for two gages during the validation period (Gages
1 and 9). NSE values with results from the SC model were closer to 1 for most of the gages
during the calibration and validation period compared to the OC model, the values were <-1 for
all the gages except Gage 10 with the UC model. Similarly for the PBIAS, values were
distributed close to 0 (ranges between 0 % and 20%) during both the calibration and validation
period using the SC model, the PBIAS deviated higher (ranges between 0% and 100%) with the
OC model (Fig. 2). The PBIAS was greater than 100% for all the gages except Gage 10 (Fig. 2).
The comparison of the average observed flow during the calibration and validation period with
average predicted flow obtained with the UC, OC and SC models for all gages clearly
demonstrated the importance of spatial calibration for simulating flow (Fig. 3). The magnitude
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of average observed flow varied spatially (Fig. 4). The average annual flow for the 20-year
period (1987-2006) between the gages varied between 0.07 m3/s and 3.0 m3/s based on results
from the SC model (Fig. 4). The highest flow is at Gage 14 and the lowest at Gage 1. The lower
average flow corresponded to the gages that have smaller drainage areas. The highest flow at
Gage 14 was due to the high drainage area and the constant effluent discharge from two wastewater treatment plants nearby (Fig. 1).
3.3. Effect of calibration on forecasting impact of LULC change
The most significant hydrologic changes in alternative future scenario analysis of the study
watershed were associated with urbanization and the associated replacement of vegetated areas
with impervious surfaces (Table 3). The urban area is expected to increase from about 10%
currently to between 34% and 38% in the Santa Cruz Watershed depending on the growth
scenarios (Table 3; Norman et al., 2012).
3.3.1. Absolute change in streamflow due to LULC change
The absolute changes in streamflow due to LULC change predicted with the UC and OC models
were significantly different than that predicted with the SC model (Fig. 5). The UC model
produced consistently higher estimates of the absolute change compared to the SC model (Fig.
5a). The OC model produced higher estimates of the absolute change in gages where changes
were smaller and lower estimates of changes at gages where change was higher, when compared
with the SC model (Fig. 5b). Based on the UC model, the absolute change was found to be
between 0 m3/s and 3.94 m3/s, while it was between 0 m3/s to 0.66 m3/s based on the OC model,
and between 0 m3/s and 0.92 m3/s based on the SC model when analyzing results for all the gage
stations and scenarios. The highest absolute change corresponded to stations that were already
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partly urbanized and have higher average flows, and at stations with the highest change in land
use (mostly to urban).
The absolute changes predicted were closer between the SC and OC models compared to
the SC and UC models. This result could be related to the improved ability of the OC model to
simulate the current streamflow compared to the UC model.
3.3.2. Relative change in streamflow due to LULC change
As with absolute change, the relative change in streamflow due to LULC change predicted by the
OC and UC models were significantly different than what was predicted with SC model (Fig. 6).
The UC model mostly predicted lower relative change compared to the SC model (Fig. 6a)
simply because it overestimated the current flows so much that the increase in terms of the
relative percent appears to be small. Changes obtained from the OC model were mixed and less
clear (both higher and lower) when compared with the SC model (Fig. 6b). The relative changes
were found to be between 0.4% and 25% based on the UC, 0.1% to 85% based on the OC, and
0.6% and 88.4% based on the SC model. There were slight to substantial differences between the
results based on the three models.
Unlike absolute changes, which were highest at gage stations with higher baseline
average flows, the largest relative changes were observed in gages with little urbanization and
minimal baseline average flow but faced huge land-use change (mostly urbanization) in the
future scenarios. The gage stations with average baseline flow, but almost completely urbanized,
also showed higher relative changes in streamflow.
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3.4. Effect of calibration on forecasting climate change effect
Changes due to the hypothetical perturbations in P and T both resulted in changes in the
streamflow at all the simulated monitoring gage stations.
3.4.1. Absolute change in streamflow due to climate change
The magnitude of the change predicted by the UC model was found to be significantly different
than that predicted with the SC model for both P (Fig. 7a) and T scenarios (Fig. 8a). The UC
model consistently predicted higher absolute change compared to the SC model (Fig. 7a and 8a).
However, while the change predicted with the OC model was not significantly different than that
predicted by the SC model in the case of P (Fig. 7b), the results were less clear for the case of T
(Fig. 8b). There was a satisfactory match between the results from the OC and SC models for the
T case (Fig. 8b).
Based on the UC model, the absolute change due to P change was found to be between -5
m3/s and 16 m3/s, while between -0.43 m3/s and 1.81 m3/s based on the OC model, and between 0.46 m3/s and 1.82 m3/s based on the SC model when analyzed over the three scenarios. Based
on the UC model, the absolute change was found to be between 0 m3/s and -1.81 m3/s, while
between 0 m3/s and -0.10 m3/s based on the OC model, and between 0 m3/s and -0.11 m3/s based
on the SC model when analyzing the three scenarios of T change. As expected, the streamflow
was found to increase with the increase in P (higher increase in streamflow for higher increase in
P) and decrease with decreases in P. However, the magnitude of the change varied among the
gages and among the models. Similar to absolute change due to LULC change, the changes were
highest for the gages with higher current flow. In this case the LULC is constant, so the change
in streamflow is solely due to changes in P.
With an increase in T, streamflow decreased consistently with all the models, mostly due
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to increased evapotranspiration. Similar to the case of P, the magnitude of change varied. The
larger increase in T corresponded to a larger decrease in streamflow. The resulting change in
streamflow for the given T change was significantly smaller when compared to the change
resulting from the P change. This result suggested that although the model might not need to be
spatially calibrated to fit the observed data for analyzing absolute change in streamflow due to
climate change, it should be calibrated at the outlet.
3.4.2. Relative change in streamflow due to climate change
The most interesting result was found while analyzing the effect of calibration on relative change
in streamflow due to climate change. The relative change predicted with both the UC and OC
models were not significantly different than that predicted with the SC model for both the P (Fig.
9) and T (Fig. 10) change scenarios. The UC model predicted slightly lower relative change than
the SC model, while the OC model predicted slightly higher relative change for the case of P.
For the case of T, both the UC and OC model predicted slightly higher change compared to the
SC model.
Based on the UC model, the relative change was found to be between -51% and 84%,
while between -65% and 114% based on the OC model, and between -54% and 93% based on
the SC model when analyzing over the 3 scenarios of P change. We also found that the
differences in relative change estimated with the models increase with increase in P change, and
also for gages that experienced the highest relative changes in streamflow. This study evaluated
the moderate change in P and T that can be expected, rather than rare extremes. Over the 3
scenarios of T, the relative change was found to be between 0% and -20% based on the UC
model, 0% and 25% based on the OC model, and also between 0% and -20% based on the SC
model.
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4. DISCUSSION
Streamflow was found to be affected considerably by the changes in LULC and climate
regardless of model calibration. Model calibration significantly affects absolute change in
streamflow due to both LULC and climate changes. While model calibration also affects the
relative change in streamflow due to LULC change, it doesn’t affect relative change in
streamflow due to climate change. The absolute and relative changes in streamflow due to LULC
predicted with the UC and OC results were different than those of the SC model. The absolute
changes predicted with the UC and SC models due to climate change (both P and T) were also
substantially different, but not between OC and SC models. The relative changes due to climate
change predicted with the UC and OC models were not different than that predicted with the SC
models.
4.1. Effect of LULC and climate changes on streamflow
Similar to other studies (Choi et al., 2003; Aichele 2005; Brandes et al., 2005; Tang et al., 2005;
White and Greer, 2006; Hurkmans 2009; Kim et al., 2011; EPA, 2013), this study found that
LULC change, particularly urbanization, affects streamflow. The resulting changes were always
positive excluding those monitoring stations with no significant change in LULC or
urbanization. An increase in streamflow due to urbanization has been established in several
studies (for e.g. Hundecha and Bardossy, 2004; Shuster et al., 2005; Hurkmans et al., 2009;
Dixon and Earls 2012). As found in several studies (Groisman et al., 2001; Chang et al., 2002;
Novotny and Stefan, 2007; Guo et al., 2008; EPA, 2013), we also found that climate change can
significantly affect streamflow. The relative change in streamflow due to urbanization estimated
in this study (1-88%) was relatively high compared to other studies (for e.g., 5-13% by
Hundecha and Bardossy, 2004; 2-30% by Hurkmans et al., 2009; 12% by Kim et al., 2011) most
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of which were carried out in wetter watersheds with less urbanization scenarios compared to the
current study watershed. With streamflow coming both from direct runoff and baseflow for the
case of wetter watersheds, the contribution to streamflow is almost exclusively from surface
runoff in the current study watershed and thus becomes more sensitive to urbanization. In wetter
watersheds, the change in contribution from surface runoff increases at the expense of a decrease
in contribution from baseflow, thus causing a smaller increase in streamflow due to urbanization.
4.2. Model calibration affects absolute change in streamflow due to LULC and climate
change
This study indicated that the magnitude of absolute streamflow change due to LULC or due to
climate change would be significantly different depending on the calibration mode (Fig. 5). Even
if the change estimated between the OC and SC models due to P and T change were not
significantly different, the values were significantly different with the UC model (Fig’s 7 & 8)
for both the cases, indicating the influence of calibration. The model thus needs to be spatially
calibrated when possible if the objective is to estimate the magnitude of change in streamflow
due to LULC and/or climate change. The significant effect on absolute change was due to the
fact that the UC model predicted significantly higher streamflow for the same inputs, which led
to higher absolute change values for the perturbed change in precipitation, temperature, or
urbanization.
Wagner et al., (2012) recently used SWAT in an uncalibrated scheme to determine the
absolute change in streamflow, water yield, and ET due to LULC change following the argument
made by Kirchner (2006) that tuning the model to one specific condition may introduce a bias
when the model is applied in other conditions. However, in that case the model was predicting
the current streamflow reasonably well even without calibration, so the estimation of absolute
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change should not be a problem. But in many cases as in the Santa Cruz Watershed, the
uncalibrated and even the OC model deviates from the real observed streamflow so much that it
is not adequate to use those models for analyzing absolute changes in streamflow due to LULC
and climate change.
This study also indicates that model calibration in not necessary to determine the
direction of change in streamflow due to LULC and climate change because all 3 model
calibration schemes (i.e. UC, OC, and SC) were consistent in the directionality of streamflow
response predictions for all scenarios. Thus the UC model is sufficient to recognize whether
there would be more or less water available in the future. This information is required for water
resource managers. Increased urbanization always resulted in increased flow regardless of
calibration scheme. Increased P resulted in increased streamflow and decreased P resulted in a
decreased streamflow throughout the watershed. Regardless of the calibration scheme, the results
were consistent. In the case of temperature, increased T resulted in decreased streamflow mostly
due to increased evaporation by all the models. These results suggest that calibration is not
necessary to determine the direction of change in streamflow due to climate change. Previous
studies have similarly shown increases in streamflow due to increases in precipitation and
reductions in streamflow due to increases in temperature (for e.g. Frederick and Gleick, 1999;
Nicholls, 2004; Cai and Cowean, 2008; Yu et al., 2010).
4.3. Model calibration affects relative change in streamflow due to LULC change but not
due to climate change
Based on this study, we found that model calibration affects the relative change in streamflow
due to LULC change (Fig. 6). Interestingly, calibration did not affect the relative change in
streamflow due to changes in P or T (Fig’s 9 & 10). This result is important because even
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absolute change can be calculated correctly once relative change is estimated based on a
baseline scenario. Calibration was found to be less important if the purpose is just to compare
among several LULC scenarios. The Current Trend scenario generated the highest amount of
streamflow at all monitoring gage stations regardless of choice of calibration scheme because of
greater urbanization. The case for climate change was similar – higher change in P and/or T
resulted in higher change in streamflow regardless of the calibration scheme selected.
The results from this study more clearly explain the argument made in several papers (for
e.g. Kepner et al., 2004; Kepner et al., 2008; Semmens and Goodrich, 2005; Goodrich et al.,
2012) regarding the application of uncalibrated watershed models for relative assessment
studies. All of these studies pose the argument but do not explicitly test their underlying
assumptions. This study supported the argument made by Kepner et al. (2004) that uncalibrated
physically based models can be used with some confidence in identifying the trends and
directions of changes in watershed response due to changes in watershed conditions,
characteristics, or climatic inputs, because all three models were consistent in determining the
similar direction of change in streamflow for both LULC and climate change scenarios.
Moreover this study indicated that the uncalibrated model can even be sufficient to forecast
relative changes due to climate change. However, this study indicates the uncalibrated model
will provide limited information and is not useful for relative change assessment studies due to
LULC changes.
The climate of a watershed provides the moisture and energy inputs that control the water
balance and determine the relative importance of different components of the hydrologic cycle.
Water enters the SWAT model’s watershed system boundary predominantly in the form of
precipitation. Simulation of watershed hydrology can be separated into 2 major phases. The
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land phase of the hydrologic cycle controls the amount of flow to the main channel in each
basin, which is based on a water mass balance. Soil water balance is the primary consideration
by the model for each HRU. The land surface is represented with topographic properties, landuse characteristics, and soil properties. The routing phase controls the movement of water
through channel network of the watershed to the outlet. SWAT provides algorithms for
calculating different watershed constituent dynamics and thus its ability to depict processes in a
particular watershed is dependent on the input data and associated parameters.
With model calibration, the parameters that were changed are related with the characteristic
of land surface, not with the inputs like precipitation and temperature. Through calibration, the
model parameters were adjusted such that the model represents the watershed as accurately as
possible based on observed outputs (streamflow in this study). This understanding of a SWAT
model of a particular place and its interaction with calibration has implications for
understanding our results.
With LULC change analysis, the structure of the watershed itself was changed within the
same models because of different LULC scenarios, and calibration plays a huge role. However
with climate change (i.e. P and T) scenarios, the watershed representation remains the same for
both the base and future scenario with all the models (UC, OC and SC models), and with any
increase or decrease in precipitation, there is a similar proportion of precipitation that gets
converted to streamflow, making the relative change similar between the UC, OC, and SC
models. The results are similar for temperature changes. Increased T usually resulted in a
similar proportion of increases in PET and consequently AET, causing a decrease in streamflow
of similar proportion, thus diminishing the effect of calibration.
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Although some studies (Gul and Roshberg, 2009; Chien et al., 2013) have highlighted the
problems associated with a single-outlet model and the importance of multi-site calibration for
predicting the spatial variation in streamflow under future climate scenarios, there are no solid
results to support the statement because those studies do not explicitly compare the results based
on outlet and multi-site calibration for analysing future climate scenarios at multiple sites. The
results were extrapolated based on the inability of an OC model to simulate the current
streamflow at interior catchment locations and the ability of the SC model to simulate
streamflow at those spatial locations (e.g. White and Chaubey, 2005; Zhang et al., 2010; Niraula
et al., 2012b). More recent studies (Luo et al., 2013) use an OC model to predict streamflow
and climate-change effects at various locations inside a watershed.
There is no way to test if the estimated relative changes from any of these studies are
correct. However, based on this study, it was found that although the UC and OC models cannot
accurately simulate the current streamflow, they are sufficient to estimate the relative change in
streamflow due to climate change. It should also be noted that the estimated change based on
the SC models is not free from uncertainties arising from inputs, model structures, and
parameters. If the SC model is to be considered ideal, the results from the UC and OC models
are not significantly different than from SC model for estimating relative change in streamflow
due to climate change. The finding of this study is that the relative change in streamflow
predicted by the UC, OC and SC models are not considerably different and thus the
computation cost associated with the spatial calibration of a model is not worth the cost for the
purpose of analyzing climate-change impacts on streamflow. Results from an uncalibrated
model would be sufficient.
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5. CONCLUSIONS
Spatial calibration improved the flow simulation at all the gages in the watershed. In terms of
current/baseline streamflow simulation, the UC model overestimated the streamflow by huge
amounts (>100%) for most gages. The OC model improved the simulation of streamflow at the
outlet and other nearby gages with similar flow characteristics, but could not simulate the
observed flow at the remaining gages.
Streamflow was found to be affected considerably by the changes in LULC and climate
regardless of model calibration. Calibration affects both the absolute and relative change in
streamflow due to LULC change. Although simulated absolute change due to climate change
from the OC and SC models were not significantly different, they were considerably different
from the UC model. Thus, model calibration was found to affect the absolute change in
streamflow due to climate change. However, based on this study, we found that model
calibration does not significantly affect the relative change in streamflow due to climate change.
The relative change due to climate change produced with UC, OC and SC models were not
different. Therefore, it might not be necessary to spend time and money in model calibration if
the objective is to analyze the relative change in streamflow due to climate change or analyze
various scenarios of climate change. UC models can provide results similar to SC models for that
specific purpose. The study also indicated that when the scenarios involved spatially distributed
change (i.e. the LULC scenarios), the UC and OC models predicted different relative change
than the SC model. However, when the scenarios involved spatially uniform (or at least spatially
consistent) change (i.e. the climate scenarios), the spatial calibration was less important and all
three calibration approaches produced approximately the same relative change. So, spatial
calibration was important when spatially distributed change was considered.
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While the results of this study need to be confirmed in other settings, due to the setting
and the climate of this location, the overall conclusions are robust. This study was conducted in
a single large watershed but the analysis included 14 sub-catchments and because of topographic
variability and geographic scale there is significant climate variability across the watershed. This
physically, climatologically, and hydrologically heterogeneous watershed was captured by
analyzing results based on 14 different monitoring stations. Therefore we have a confidence that
these results are transferable to other watersheds. Studies of other systems would be interesting
as they would test the conclusions in other physiographic and climatic regions. The conclusions
of this study are based on long-term analysis, so caution should be taken while analyzing short
term and extreme event impacts of climate change. The results from this study could have huge
implications considering the resources spent on model calibration for analyzing various scenarios
of climate change.
6. ACKNOWLEDGEMENTS
This work was supported by U.S. National Science Foundation (NSF) under Water Sustainability
and Climate (WSC) Grant (Award Number: 1038938).
7. REFERENCES
Ahl, R.S.,Woods, S.W., Zuuring, H.R., 2008. Hydrologic calibration and validation of SWAT in
a snow-dominated Rocky Mountain watershed, Montana, U.S.A. Journal of the American
Water Resources Association, 44(6), 1411-1430.
Aichele, S.S., 2005. Effects of urban land-use change on streamflow and water quality in
Oakland County, Michigan, 1970–2003, as inferred from urban gradient and temporal
analysis. US Geological Survey Scientific Investigations Report, 2005-5016, 22pp.
Arnold, J., Srinivasan, R., Muttiah, R., Williams, J., 1998. Large area hydrologic modeling and
assessment - Part 1: Model development. Journal of the American Water Resources
48

Association, 34, 73-89.
Arnold,J.G., Moriasi, D.N., Gassman, P.W., Abbaspour, K.C., White, M.J., Srinivasan, R.,
Santhi, C., Harme,l R.D., van Griensven, A., Van Liew, M.W., Kannan, N., Jha, M.K.,
2012. SWAT: Model Use, Calibration, and Validation. Transactions of the ASABE,
55(4), 1491-1508.
Bhaduri, B., Harbor, J., Engel, B., Grove, M., 2000. Assessing watershed-scale, long-term
hydrologic impacts of land-use change using a GIS-NPS model. Environ Manage,
266:643–658.
Brandes, D., Cavallo, G.J., Nilson, M.L., 2005. Base flow trends in urbanizing watersheds of the
Delaware River Basin. Journal of the American Water Resources Association, 41,1377–
1391.
Breuer, L., Huisman, J.A., Willems, P., Bormann, H., Bronstert, A., Croke, B.F.W., Frede, H.G., Graff, T., Hubrechts L., Jakeman, A.J., Kite, G., Lanini J., Leavesley G., Lattenmaier
D.P., Lindstrom G., Seibert J., Sivapalan, M., Viney N.R., 2009. Assessing the impact of
land use change on hydrology by ensemble modeling (LUCHEM). I: Model intercomparison with current land use. Advances in Water Resources, 32(2), 129-146.
Cai, W., Cowan, T., 2008. Evidence of impacts from rising temperature on inflows to the
Murray-Darling

Basin.

Geophysical

Research

Letters,

35,

L07701,

doi:10.1029/2008GL033390.
Cayan, D., Tyree, M., Kunkel, K.E., Castro, C., Gershunov, A., Barsugli, J., Ray, A.J.,
Overpeck, J., Anderson, M., Russell, J., Rajagopalan, B., Rangwala, I., Duffy, P., 2013.
Future Climate: Projected Average. In Assessment of Climate Change in the Southwest
United States: A Report Prepared for the National Climate Assessment, edited by G.
Garfin, A. Jardine, R. Merideth, M. Black, and S. LeRoy, 101–125. A report by the
Southwest Climate Alliance. Washington, DC: Island Press.
Chang, H., Knight, C.G., Staneva, M.P., Kostov, D., 2002. Water resource impacts of climate
change in southwestern Bulgaria. Geojournal, 57, 159–168.
Chien, H., Yeh, P.J.F, Knouft, J.H., 2013. Modeling the potential impacts of climate change on
streamflow in agricultural watersheds of the Midwestern United States. Journal of
Hydrology, 491, 73-88.
Choi, J., Engel, B., Muthukrishnan, S., Harbor, J., 2003. GIS based long term
49

hydrologic impact evaluation for watershed urbanization. J. Am. Water Resour.
Assn., 39(3), 623-635.
Christensen, N.A., Wood, A.W., Voisin, N., Lettenmaier, D.P., Palmer R.N., 2004. The effects
of climate change on the hydrology and water resources of the Colorado River basin.
Climatic Change, 62, 337–363.
Chu T.W., Shirmohammadi, A., Montas, H., Sadeghi, A., 2004. Evaluation of the SWAT
model's sediment and nutrient components in the Piedmont physiographic region of
Maryland. Trans. ASAE, 47(5), 1523-1538.
Clarke, K.C., Hoppen, S., Gaydos, L., 1997. A self-modifying cellular automaton model of
historical urbanization in the San Francisco Bay area. Environment and Planning B:
Planning and Design, 24 (2), 247–261.
Clarke, K.C., Gaydos, L.J., 1998. Loose-coupling a cellular automaton model and GIS: Longterm urban growth prediction for San Francisco and Washington/Baltimore. International
Journal of Geographical Information Science, 12 (7), 699–714
Cuo, L., Lettenmaier, D.P., Alberti M., Richey, J.E., 2009. Effect of a century of land cover and
climate change on the hydrology of the Puget Sound Basin. Hydrological Processes, 23,
907-933.
Dixon, B., Earls, J., 2012. Effects of urbanization on streamflow using SWAT with real and
simulated meteorological data. Appl Geogr, 35, 174–190
El-Sadek, A., M., Bleiweiss, M., Shukla, S., Guldan, and A. Fernald, 2011. Alternative climate
data sources for the distributed hydrological modeling on a daily time step. Hydrological
Processes, 25,1542-1557.
EPA, 2013. Watershed modeling to assess the sensitivity of streamflow, nutrient, and sediment
loads to potential climate change and urban development in 20 U.S. watersheds. A report
(EPA/600/R-12/058A) prepared by National Center for Environmental Assessment,
Office of Research and Development, USEPA, Washington, DC
Ficklin, D.L., Luo, Y., Luedeling, E., Zhang, M., 2009. Climate change sensitivity assessment of
a highly agricultural watershed using SWAT. Journal of Hydrology, 374,19-29.
Fohrer, N., Haverkamp, S., Frede, H,-G., 2005. Assessment of long-term effects of land use
patterns on hydrologic landscape functions – sustainable land use concepts for low
mountain range areas. Hydrol Proc, 193, 659–672.
50

Githui, F, Mutua, F., Bauwens, W., 2011. Estimating the impacts of land-cover change on
runoff using the soil and water assessment tool (SWAT): case study of Nazoi catchment.
Kenya. Hydrological Sciences Journal, 54(5), 899-908.
Gleick, P.H., Chalecki, E.L., 1999. The impacts of climatic changes for water resources of the
Colorado and Sacramento-San Joaquin River basins. Journal of the American Water
Resources Association, 35, 1429–1441.
Goodrich, D.C., Burns, I.S., Unkrich, C.L., Semmens, D.J., Guertin, D.P., Hernandez, M.,
Yatheendradas, S., Kennedy, J. R., Levick L.R., 2012. KINEROS2/AGWA: Model Use,
Calibration, and Validation. Transactions of the ASABE Vol. 55(4), 1561-1574.
Groisman, P.Y., Knight, R.W., Karl, T.R., 2001. Heavy precipitation and high streamflow in the
contiguous United States: trends in the twentieth century. Bulletin of the American
Meteorological Society, 82, 219–246.
Gul, G.O., Rosbjerg D., 2010. Modelling of hydrologic processes and potential response to
climate change through the use of a multisite SWAT. Water Environ. J., 24 (1), 21–31.
Guo H., Hu, Q., Jiang, T., 2008. Annual and seasonal streamflow responses to climate and landcover changes in the Poyang Lake Basin, China. J Hydrol, 355, 106–122.
Gupta, H.V., Sorooshian, S., Yapo, P.O., 1998. Toward improved calibration of hydrologic
models: Multiple and non-commensurable measures of information, Water Resour. Res.,
34, 751–763.
Hernandez, M., Miller, S.N., Goodrich, D.C., Goff, B.F., Kepner, W.G., Edmonds, C.M., Jones,
B., 2000. Modeling runoff response to land cover and rainfall spatial variability in semiarid watersheds. Environmental Monitoring and Assessment, 64, 285-298.
Hao, F.H., Zhang, X.S., Yang, Z.F., 2005. A distributed nonpoint-source pollution model:
Calibration and validation in the Yellow River basin. J. Environ. Sci., 16(4), 646-650.
He, Z., Wang, Z. Suen C.J., Ma, X. (2013) Hydrologic sensitivity of the Upper San Joaquin
River watershed in California to ta climate change scenarios. Hydrology Research,
44(4), 723-736.
Heathman, G.C., Flanagan, D.C., Larose, M., Zuercher, B.W., 2008. Application of the Soil and
Water Assessment Tool and Annualized Agricultural Nonpoint Source models in the St.
Joseph River watershed. J. Soil Water Cons. 63(6), 552‐568.
Heathman, G.C., Larose, M., Ascough II, J.C., 2009. Soil and Water Assessment Tool evaluation
51

of soil and land use geographic information system data sets on simulated streamflow. J.
Soil Water Cons. 64(1), 17‐32.
Heng, X., Shaolin ,P., 2013. Distinct effects of temperature change on discharge and nonpoint
pollution in subtropical southern China by SWAT simulation. Hydrological Sciences
Journal, 58(5), 1032-1046.
Hodgkins, G.A., Dudley, R.W., Huntington, T.G., 2003. Changes in the timing of high river
flows in New England over the 20th century. Journal of Hydrology, 278(1–4), 244–252.
Huisman, J.A., Breuer, L., Bormann, H., Bronstert, A., Croke, B.F.W., Frede, H.-G., Graff, T.,
Hubrechts L., Jakeman, A.J., Kite, G., Lanini J., Leavesley G., Lattenmaier D.P.,
Lindstrom G., Seibert J., Sivapalan, M., Viney N.R., Willems, P., 2009. Assessing the
impact of land use change on hydrology by ensemble modelling (LUCHEM). III:
Scenario analysis. Advances in Water Resources, 32(2), 159–170.
Hundecha, Y., Bardossy, A., 2004. Modeling of the effect of land use changes on the runoff
generation of a river basin through parameter regionalization of a watershed model.
Journal of Hydrology, 292 (1–4), 281–295.
Hurkmans, R.T.W.L., Terink, W., Uijlenhoet, R., Moors, E.J., Troch, P.A., Verburg, P.H., 2009.
Effects of land use changes on streamflow generation in the Rhine basin, Water Resour.
Res., 45, W06405, doi:10.1029/2008WR007574.
Jingjie Y., Guobin F., Wenju C., Cowan, T. (2010) Impacts of precipitation and temperature
changes on annual streamflow in the Murray–Darling Basin. Water International, 35 (3),
313-323.
Jinsoo, K., Jisun C., Chuluong C., Soyoung P., 2013. Impacts of changes in climate and land
use/land cover under IPCC RCP scenarios on streamflow in the Hoeya River Basin.
Korea Science of the Total Environment 452-453, 181–195.
Kepner, G., Semmens, D.J., Bassett, S.D., Mouat, D.A., Goodrich, D.C., 2004. Scenario analysis
for the San Pedro River, analyzing hydrological consequences of a future environment.
Environmental Monitoring and Assessment, 94, 115–127.
Kepner, W.G., Hernandez, M., Semmens, D., Goodrich, D.C., 2008. The use of scenario analysis
to assess future landscape change on watershed condition in the Pacific Northwest
(USA). In Use of Landscape Sciences for Environmental Security , 237-261. Dordrecht,
The Netherlands: Springer.
52

Kim, Y., Engel, B.A., Lim, K.J., Larson, V., Duncan, B., 2002. Runoff impacts of land use
change in Indian River Lagoon watershed. Journal of Hydrological Engineering, 7(3),
245-251.
Kim, N.W., Won, Y.s., Lee, J., Lee, J.E., Jeong, J.E., 2011. Hydrological impacts of urban
imperviousness in White Rock Creek watershed. Transactions of ASABE, 54(5), 17591771.
Kirchner, J.W., 2006. Getting the right answers for the right reasons: Linking measurements,
analyses, and models to advance the science of hydrology. Water Resour. Res., 42,
W03S04, doi:10.1029/2005WR004362.
Kumar, S., Merwade, V., 2009. Impact of watershed subdivision and soil data resolution on
SWAT model calibration and parameter uncertainty. J. American Water Resources
Assoc., 45(5),1179-1196.
Li, Z., Liu, W.Z., Zhang, X.C., Zheng, F.L., 2009. Impacts of land use change and climate
variability in an agricultural catchment on the Loess Plateau of China. Journal of
Hydrology, 377, 35-42.
Liu, D., Chen, X., Lian, Y., Lou Z., 2011. Impacts of land use change and human activities on
surface runoff in the Dongjiang River basin of China. Hydrological Processes, 24, 14871495.
Luo, Y., Ficklin D.L., Liu, X, Zhang, M., 2013. Assessment of climate change on hydrology and
water quality with a watershed modeling approach. Science of the total environment,
450-451, 72-82.
Maurer, E.P., Hidalgo, H.G., Das, T., Dettinger, M.D., Cayan, D.R., 2010. The utility of daily
large-scale climate data in the assessment of climate change impacts on daily streamflow
in California', Hydrology and Earth System Sciences, 14, 1125-1138.
Mengistu, D.T., Sorteberg, A., 2012. Sensitivity of SWAT simulated streamflow to climate
change within Eastern Nile River Basin. Hydrol. Earth Syst. Sci., 16, 391-407.
Miller, S.N., Kepner, W.G., Mahaffey, M.H., Hernandez, M., Miller, R., Goodrich, D.C.,
Devonald, K.K., Heggen, D.T., Miller, W.P., 2002. Integrating landscape assessment and
hydrologic modeling for land cover change. Journal of the American Water Resources
Association, 48(4), 915-929.

53

Neff, R., Chang, H.J., Knight, C.G., Najjar, R.G., Yarnal, B., Walker, H.A., 2000. Impact of
climate variation and change on Mid-Atlantic Region hydrology and water resources.
Climate Research, 14(3), 207-218.
Neitsch, S.L., Arnold, J.G., Kiniry, J.R., Williams, J.R., 2011. Soil and Water Assessment Tool:
Theoretical Documentation, version 2009. 2009 [http://www.brc.tamus.edu/swat/].
Nicholls, N., 2004. The changing nature of Australian droughts. Climatic Change, 63 (3), 323–
336.
Nie, W., Yuan, Y., Kepner, W., Nash, M., Jackson, M., Erickson, C., 2011. Assessing impacts of
land use and land cover changes on hydrology for the upper San Pedro watershed.
Journal of Hydrology, 407, 105-114.
Niehoff, D., Fritsch, U., Bronstert. A., 2002. Land-use impacts on storm-runoff generation:
scenarios of land-use change and simulation of hydrological response in a meso-scale
catchment in SW-Germany. Journal of Hydrology, 267, 80–93.
Niraula, R., Kalin, L., Wang, R., Srivastava P., 2012a. Determining Nutrient and Sediment
Critical Source Areas with SWAT Model: Effect of Lumped Calibration. Transactions of
ASABE, 55 (1), 137-147.
Niraula, R., Norman, L.M., Meixner, T., Callegary, J.B., 2012b. Multi-gauge Calibration for
Modeling the Semi-Arid Santa Cruz Watershed in Arizona-Mexico Border Area Using
SWAT. Air, Soil and Water Research, 5, 41-57.
Niraula, R., Kalin, L., Srivastava, P., Anderson, C.J., 2013. Identifying critical source areas of
nonpoint source pollution with SWAT and GWLF. Ecological Modelling, 268, 123-133.
Norman, L.M., Feller, M., Villarreal, M.L., 2012. Developing spatially explicit footprints of
plausible land-use scenarios in the Santa Cruz Watershed, Arizona and
Sonora. Landscape and Urban Planning, 107(3), 225–235.
Norman, L.M., Villarreal, M.L., Niraula, R., Meixner, T., Frisvold, G., Labiosa, W., 2013.
Framing scenarios of binational water policy with tool to visualize, quantify and valuate
changes in ecosystem services. Water, 5, 852-874.
Novotny, E.V., Stefan, H.G., 2007. Stream flow in Minnesota: indicator of climate change.
Journal of Hydrology, 334, 319–333.
Ott, B., Uhlenbrook, S., 2004. Quantifying the impact of land-use changes at the event and
seasonal time scale using a process-oriented catchment model. Hydrol Earth Sys Sci, 81,
54

62–78.
Ouyang, W., Hao, F.H., Wang, X.L., 2008. Regional nonpoint-source organic pollution
modeling and critical areas identification for watershed best environmental management.
Water Air Soil Pollution, 187(1-4), 251-261.
Parajuli, P.B., 2010. Assessing the sensitivity of hydrologic response to climate change from
forested watershed in Mississippi. Hydrological Processes, 24, 3785-3797.
Park, J.Y., Park, M.J., Joh, H.K., 2011. Assessment of Miroc3.2 Hires Climate and ClueS land Use change impacts on watershed hydrology using SWAT. Transactions of
ASABE, 54(5), 1717-1724.
Perazzoli, M., Pinheiro, A., Kaufmann, V., 2013. Assessing the impact of climate change
scenarios on water resources in southern Brazil. Hydrological Sciences Journal, 58(1),
77-87.
Piniewski, M., Okruszko, T., 2011. Multi-site calibration and validation of the hydrological
component of SWAT in a large lowland catchment. In: D. Świątek and T. Okruszko,
editors, Modelling of hydrological processes in the Narew catchment. Geoplanet: Earth
and Planetary Sciences. Springer, Berlin, Heidelberg. p. 15–41. doi:10.1007/978-3-64219059-9_2.
Praskievicz, S., 2011. Chang Impacts of climate change and urban development on water
resources in the Tualatin River Basin, Oregon. Ann Assoc Am Geogr, 101(2), 249–271.
Qiu, Z., Prato, T., 2001. Physical determinants of economic value of riparian buffers in an
agricultural watershed. J.American Water Resources Assoc. 34(3), 531−544.
Qi, S., Sun, G., Wang, Y., McNulty, S.G., Mayers J.A.M., 2009. Streamflow response to climate
and land use changes in a coastal watershed in North Carolina. Transaction of ASABE,
52(3), 739-749.
Reclamation, 2013. Downscaled CMIP3 and CMIP5 Climate and Hydrology Projections:
Release of Downscaled CMIP5 Climate Projections, Comparison with preceding
Information, and Summary of User Needs, A Report prepared by U.S. Department of the
Interior, Bureau of Reclamation, Technical Services Center, Denver, Colorado. 47pp.
Rosenthal, W.D., Srinivasan, R., Arnold, J.G., 1995. Alternative river management using a
linked GIS−hydrology model. Trans. ASAE 38(3), 783−790.

55

Santhi, C., Arnold, J.G., Williams, J.R., Hauck, L.M., Dugas W.A., 2001. Application of a
watershed model to evaluate management effects on point and nonpoint source pollution.
Trans. ASAE 44(6), 1559-1570.
Santhi, C., Srinivasan, R., Arnold, J.G., Williams, J.R., 2006. A modeling approach to evaluate
the impacts of water quality management plans implemented in a watershed in Texas.
Environ. Modelling Software, 21(8), 1141-1157.
Santhi, C., Kannan, N., Arnold J.G., Di Luzio, M., 2008. Spatial calibration and temporal
validation of flow for regional-scale hydrologic modeling. J. American Water Resources
Assoc. 44(4), 829-846.
Semmens, D.J., Goodrich, D.C., 2005. Planning Change: Case Studies Illustrating the Benefits of
GIS and Land-Use Data in Environmental Planning. Proceedings of the International
Conference on Hydrological Perspectives for Sustainable Development, Feb. 23-25,
2005, Roorkee, India, pp 346-354.
Shaw, S.B., Marrs, J., Bhattarai, N., Quackenbush, L.J., 2014. Longitudinal study of the impacts
of land cover change on hydrologic response in four mesoscale watersheds in New York
State, USA. Journal of Hydrology, 519, 12-22.
Shuster, W.D., Bonta, J., Thurston, H., Warnemuende E., Smith, D.R., 2005. Impacts of
impervious surface on watershed hydrology: A review. Urban Water Journal, 2(4), 263275.
Srinivasan, R., Zhang, X., Arnold J., 2010. SWAT Ungauaged: Hydrological Budget and crop
yield predictions in upper Mississippi river basin. Transactions of the ASABE 53(5),
1533-1546.
Stoll, S., Hendricks, F., Butts, M., Kinzelbach, W., 2011. Analysis of the impact of climate
change on groundwater related hydrological fluxes: a multi-model approach including
different downscaling methods. Hydrology and Earth System Sciences, 15, 21-38.
Stone, M.C., Hotchkiss, R.H., Hubbard, C.M., Fontaine, T.A., Mearns, L.O., Arnold, J.G., 2001.
Impacts of climate change on Missouri River Basin water yield. J. American Water
Resources Assoc. 37(5), 1119−1129.
Tang, Z., Engel, B.A., Pijanowski, B.C., Lim, K.J., 2005a. Forecasting land use change and its
environmental impact at a watershed scale. Journal of Environmental Management, 76
(2005) 35–45.
56

Tang, Z., Engel B.A., Lim, K.J., Pijanowski B.C., Harbor, J., 2005b. Minimizing the impact of
urbanization on long term runoff. Journal of the American Water Resources Association,
41 (6), 1347-1539.
Tu, J, 2009. Combined impact to climate and land use changes on streamflow and water quality
in eastern Massachusetts, USA. Journal of Hydrology, 379, 268-283.
Van Griensven, A., Meixner, T., 2007. A global and efficient multi-objective auto-calibration
and uncertainty estimation method for water quality catchment models. Journal of
Hydroinformatics, 9(4), 277-291.
Van Liew, M.W., Garbrecht, J., 2003. Hydrologic simulation of the Little Washita River
experimental watershed using SWAT. Journal of the American Water Resources
Association 39(2), 413-426.
Villarreal, M.L., Norman, L.M., Wallace, C.S.A., and van Riper, Charles, III, (2011). A
multitemporal (1979–2009) land-use/land-cover dataset of the binational Santa Cruz
Watershed: U.S. Geological Survey Open-File Report 2011-1131, 26 p. (Also available
online at http://pubs.usgs.gov/of/2011/1131/).
Wagner, P.D., Kumar, S., Schneider, K., 2013. An assessment of the land use change impacts on
the water resources of the Mula and Mutha River catchment upstream of Pune, India.
Hydrology and Earth System Sciences, 17, 2233-2246.
Wang, Z., Ficklin, D.L., Yongyong, Z., Zhang, M., 2012. Impact of climate change on
streamflow in the arid Shiyang River of northwest China. Hydrological Processes,
26(18), 2733-2744.
White, L.K., Chaubey, I., 2005. Sensitivity analysis, calibration, and validations for a multisite
and multivariable SWAT model. J. American Water Resources Assoc. 41(5), 1077-1089.
White, M.D., Greer, K.A., 2006. The effects of watershed urbanization on the stream hydrology
and riparian vegetation of Los Peñasquitos Greek, California. Landscape and Urban
Planning, 74, 125–138.
Zhang, X., Srinivasan, R., Van Liew, M., 2008a. Multi-site calibration of the SWAT model for
hydrologic modeling. Trans. ASABE 51(6), 2039-2049.
Zhang, X., Srinivasan, R., Liew, M.V., 2010. On the use of multi-algorithm, genetically adaptive
multi-objective method for multi-site calibration of the SWAT model. Hydrol. Process.,
24 (8), 955–969.
57

8. TABLES
Table 1: Descriptions of land-use scenarios
Scenario Name
I

Current Trend Scenario (CRT)

II

Conservation Scenario (CNS)

III

Megalopolis Scenario (MGP)

Description
Based on historic trends in land-use management,
settlement patterns and direction
Emphasized on managed growth to protect
the environment
Considering that growth is accentuated around
a defined international trade corridor
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Table 2: Descriptions of precipitation scenarios
Scenario
I
II
III

Description
10% increase in current P over entire watershed
25% increase in current P over entire watershed
10% decrease in current P over entire watershed
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Table 3: Descriptions of temperature scenarios
Scenario
I
II
III

Description
1 oC increase in current T over entire watershed
2 oC increase in current T over entire watershed
5 oC increase in current T over entire watershed
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Table 4: Adjusted values of parameters during model calibration
trnrch

epco

esco

alpha_bf

Uncalibrated/Default

0

1

0.95

0.048

Outlet/Gage14

0.5

1

0.01

0.95

Spatial Calibration
Gage 1
Gage 2

0.5
0.5

1
0.1

0.01
0.95

0.95
0.95

Gage 3

0.5

1

0.01

Gage 4

0.5

1

Gage 5

0.5

1

Gage 6

0.5

Gage 7

0.5

Gage 8

cn2

sol_awc

gwqmn

revapmn

gw_revap

gw_delay

ch_k2

±0

±0

0

1

0.02

31

0

-4

±0

0

0

0.2

31

50*

±0
+5

±0
-0.04

0
100

1
1

0.02
0.02

31
31

50
150

0.048

+5

+0.04

100

0

0.2

31

100*

0.01

0.95

10

±0

100

0

0.2

31

170*

0.01

0.95

+4

±0

100

0

0.2

31

2

1

0.01

0.1

-6

±0

10

0

0.2

31

50

1

0.01

0.95

-6

±0

0

1

0.02

20

250

0.5

1

0.01

0.95

-5

±0

100

0

0.2

31

200

Gage 9

0.5

1

0.01

0.95

7

±0

100

0

0.2

31

20

Gage 10

0.5

1

0.95

0.95

+5

±0

0

1

0.02

5

50

Gage 11

0.5

1

0.01

0.95

±0

+0.04

100

0

0.2

5

50

Gage 12

0.5

1

0.01

0.95

±0

+0.04

100

0

0.2

5

45

Gage 13

0.5

1

0.95

0.95

+5

±0

100

0

0.2

31

30

Gage 14

0.5

1

0.01

0.95

±0

±0

100

0

0.2

31

150*

*0.2 at the segments which were perennial due to effluent from WWTPs
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Table 5: LULC composition of the 3 future scenarios
Open Water
Urban
Barren
Deciduous Forest
Evergreen Forest
Shrub/Scrub
Grass
Crops
Wetland

Current 1999
0.04
11.82
2.44
1.69
14.55
59.1
9.17
0.9
0.29

Conservation 2050
0.04
35.02
1.2
0.53
11.95
47.37
3.59
0.23
0.08
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Current Trend 2050
0.03
38.45
0.65
0.15
5.19
54.95
0.38
0.16
0.03

Megalopolis 2050
0.03
34.09
0.69
0.2
6.18
58.07
0.45
0.24
0.04

9. FIGURES

Fig. 1: Study Area Map. Also shown are flow Gage stations, and average annual precipitation.

63

*UC= uncalibrated, OC= outlet calibrated, SC= spatially calibrated; NSE<-1.0 shown as -1; PBIAS>100% shown as 100

Fig. 2: Comparison of performance between UC, OC and SC models: NSE during calibration (a)
and validation (b) period, and PBIAS during calibration (c) and validation (d) period
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Fig. 3: Measured vs Simulated average annual flow (m3/s) at 14 Gage stations with UC
(Uncalibrated), OC (Outlet Calibrated) and SC (Spatially Calibrated) models during calibration
period (CP) and validation period (VP).
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Fig. 4: 20 years average flow at 14 stations based on the SC model, used as base scenario for
LULC and climate change analysis
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Fig. 5: Comparing the absolute change (AC; m3/s) predicted for LULC scenarios from UC (a)
and OC (b) with change predicted by SC.

Fig. 6: Comparing the relative change (RC ;%) predicted for LULC scenarios from the UC (a)
and OC (b) models with change predicted by the SC model.
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Fig. 7: Comparing the absolute change (AC; m3/s) predicted for P change scenarios from the UC
(a) and OC (b) models with change predicted by the SC model.

Fig. 8: Comparing the absolute change (AC; m3/s) predicted for T change scenarios from the UC
(a) and OC (b) models with change predicted by the SC model.
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Fig. 9: Comparing the relative change (RC; %) predicted for P change scenarios from the UC (a)
and OC (b) models with change predicted by the SC model.

Fig. 10: Comparing the relative change (RC; %) predicted for T change scenarios from the UC
(a) and OC (b) models with change predicted by the SC model.
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ABSTRACT
Groundwater is a major source of water in the western US. However, there are limited recharge
estimates in this region due to the complexity of recharge processes and the challenge of direct
observations. Land surface Models (LSMs) could be a valuable tool for estimating current
recharge and projecting changes due to future climate change. In this study, simulations of three
LSMs (Noah, Mosaic and VIC) obtained from the North American Land Data Assimilation
System (NLDAS-2) are used to estimate potential recharge in the western US. Modeled recharge
was compared with published recharge estimates for several aquifers in the region. Annual
recharge to precipitation ratios across the study basins varied from 0.01-15% for Mosaic, 3.242% for Noah, and 6.7-31.8% for VIC simulations. Mosaic consistently underestimates recharge
across all basins. Noah captures recharge reasonably well in wetter basins, but overestimates it in
drier basins. VIC slightly overestimates recharge in drier basins and slightly underestimates it for
wetter basins. While the average annual recharge values vary among the models, the models
were consistent in identifying high and low recharge areas in the region. Models agree in
seasonality of recharge occurring dominantly during the spring across the region. Models were
consistent with trend estimates as well. Overall, our results highlight that LSMs have the
potential to capture the spatial and temporal patterns as well as seasonality of recharge at large
scales. Therefore, LSMs (specifically VIC and Noah) can be used as a tool for estimating future
recharge in data limited regions.
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1. INTRODUCTION
Groundwater is a life-sustaining natural resource that supplies water to billions of people on
earth (Gleeson et al. 2012). It plays a central part in irrigated agriculture and sustaining
ecosystems (Giordano 2009; Siebert et al 2010), and enables human adaptation to climate
variability and change (Taylor et al. 2012). Globally it accounts for 1/3rd of all fresh-water
withdrawals, for domestic (36%), agricultural (42%) and industrial purposes (27%) (Doll et al.
2012; Taylor et al. 2012). In the United States (US), ground water is the source of drinking
water for 50% of the population and as much as 90% of the population in rural areas, especially
in the West (Anderson and Woosley 2005). Reduced reliability of surface water supplies in the
western US with projected increases in evaporative demand and uncertain changes in annual
precipitation (Rasmussen et al. 2011, 2014) may increase groundwater use (Scanlon 2005).
Many areas of the region are already experiencing groundwater depletion caused by sustained
groundwater pumping (Faunt 2009; Konikow 2013; Castle et al. 2014).
Groundwater recharge is a flux of water into the saturated zone. Spatial variability of
recharge rates is controlled by precipitation and other climate variables (Hoekstra and Meknnen
2012; Hoekstra et al. 2012; Gleeson et al. 2012), vegetation, soils, and geology (Stonestrom et al.
2007). Despite the importance of groundwater in this region, limited recharge estimates are
available due to the complexity of recharge processes and the lack of feasible measurement
methods (Scanlon et al. 2006). Thus, improving current recharge estimates and understanding
spatial variability of recharge processes are essential for sustainably managing this precious
resource (Scanlon et al. 2006; Famiglietti and Rodell 2013) to meet human and ecosystem
demands in the future (Scanlon et al. 2006).
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Recharge estimation methods include water balance accounting, remote sensing,
observational methods and environmental tracer analysis, and modeling (Scanlon et al 2006;
Healy, 2010). In the western US, groundwater recharge generally occurs at depth, where direct
observational methods cannot be applied. Several Land Surface Models (LSMs) (e.g SAC-SMA
(Burnash et al. 1973; Burnash 1995; SSiB, Xue et al. 1991); Mosaic (Koster and Suarez 1996);
NSSIP (Koster et al. 2000); Variable Infiltration Capacity (VIC; Liang et al. 1994) ; Noah (Ek et
al. 2003, Nui et al. 2011); and CLM (Bonan et al. 2002, 2011)) have been developed over the
last few decades to better represent land surface and atmospheric processes as well as improve
estimates of various water, energy and carbon fluxes at the land surface. These models could be a
valuable tool for estimating current and future recharge estimates due to projected climate
change. However, to date, besides currently published recharge estimates (Li et al. 2015) in the
eastern US using the VIC model, recharge estimates from these models have not been
comprehensively assessed.
LSMs vary in representation of the exchange of energy, mass, momentum and CO2
exchange between the land surface and the overlying atmosphere (Koster and Suarez 1996;
Liang et al. 1994; Bonan et al. 2011; Nui et al. 2011). It is therefore important to understand how
differences in model structure affect the simulation of recharge and whether certain LSMs
perform better under particular physiographic and climatic settings. In this paper, we compare
recharge estimates from three LSMs over the western US with a specific emphasis on 10 aquifer
systems where recharge estimates from other approaches are available.
The major questions addressed in this study are: 1. Are recharge estimates in the western
US from various LSMs significantly different? 2. Do LSMs provide reliable estimates of
recharge in the western US? 3. Do the amount, seasonality, trend and spatial pattern of recharge
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vary based on the choice of LSMs? For addressing these questions, simulations of three LSMs
(Mosaic, Noah, and VIC) obtained from the North American Land Data Assimilation Systemphase 2 (NLDAS-2) are used for assessing recharge estimates across the western US. We used
MODIS ET (Mu et al. 2011) and baseflow index (BFI) based recharge (Wolock 2003a) for the
whole western US for comparison and evaluation purpose. Simulated recharge from the LSMs
was compared with published recharge estimates from 10 aquifers in the region (Northern Plains,
Central High Plains, Southern High Plains, San Pedro, Death Valley, Salt Lake Valley, Central
Valley, Columbia Plateau, Spokane Valley, and Williston, Fig 1) synthesized by Meixner et al.
(2015). These aquifers represent a broad sample of variability in climatological, geological, and
hydrological characteristics along with anthropogenic pressures like groundwater pumping on
the aquifers. Trends, amounts, and patterns of recharge from the three models were compared
statistically to determine their consistency. Statistical analyses (Kolmogorov-Smirnov test,
Kendall Tau trend analysis test, spatial pattern correlation test) were conducted using R (version
R 3.1.3).

2. METHODS
2.1. North American Land Data Assimilation System Phase 2 (NLDAS-2)
NLDAS-2 (Mitchell et al. 2004; Xia et al. 2012) integrates observation-based and model
reanalysis data to drive LSMs offline. It executes at 1/8th-degree grid spacing at an hourly
temporal scale over central North America, enabled by the Land Information System (LIS;
Kumar et al. 2006; Peters-Lidard et al. 2007). LIS is a scalable land data assimilation system
that integrates a suite of advanced LSMs, high resolution satellite and observational data, data
assimilation and parameter optimization techniques, and high-performance computing tools
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(Kumar et al. 2006; Peters-Lidard et al. 2007). Outputs from three LSMs (Mosaic, Noah, and
VIC) over a 30-year historical period (1981-2010) were used to answer the study questions posed
above. The first two years of the simulation (1979-1980) were used as a model spin up period
and excluded from the analysis. The data used in this study were generated within NASA's Earth
Science Division and are archived and distributed by the Goddard Earth Sciences (GES) Data
and Information Services Center (DISC; http://disc.gsfc.nasa.gov/hydrology/index.shtml).
Although the three LSMs were forced by a common meteorological dataset, they vary in
specific parameterizations and representation of soil and vegetation properties and physics.
Following Li et al. (2015), for all the LSMs, free drainage from the bottom of the lowest soil
layer is defined as recharge. The modeled recharge estimates are then evaluated against recharge
estimates from current studies available for 10 basins in the western US (Northern High Plains,
Central High Plains, Southern High Plains, San Pedro, Death Valley, Salt Lake Valley, Central
Valley, Columbia Plateau, Spokane Valley, and Williston; Fig 1). These 10 aquifer systems in
the western US (Fig 1) were selected such that they capture the wide range of climatological,
geological, hydrological, and anthropogenic conditions affecting aquifers throughout the region.
These aquifers are all sufficiently well-studied to have published recharge estimates, and are
economically important. The recharge estimates from the literature for the selected basins have
been synthesized and published by Meixner et al. (2015) which is the basis for evaluating the
model estimates.
Multi model evaluation in NLDAS-2 has been mostly used for evaluating surface water
and energy fluxes (Wei et al 2013), such as soil moisture (Mo et al. 2011; Mo et al. 2012; Xia et
al. 2014; Xia et al. 2015a; Xia et al. 2015b), evapotranspiration (Long et al. 2014), soil
temperature (Xia et al. 2013), and streamflow (Mo et al. 2012; Xia et al. 2012b). Although there
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have been few efforts to compare the continental scale water and energy-fluxes among LSMs for
NLDAS-2, (Xia et al. 2012a) model performance was only evaluated with surface water (Xia et
al. 2012b). No particular efforts have been made using these models to simulate and characterize
the amount and seasonality of recharge in the western US, mostly due to the limited availability
of recharge data. However, recently Li et al. (2015) demonstrated that NLDAS/VIC provides
reasonable estimates of groundwater recharge in the central and northeastern US.
2.2. Descriptions of LSMs
2.2.1. Formulation of Water and Energy Budget in LSMs
Although the 3 LSMs vary in complexity for the treatment of exchange of energy, mass,
momentum and CO2 between land surface and overlying atmosphere, they follow similar
fundamental conceptualization for framing the energy and water budget. The water balance is
calculated based on the continuity equation:
ds/dt = P-ET-R-G
where, P is precipitation (mm), R is surface runoff (mm), G is ground water runoff (mm) and ET
is evapotranspiration (mm) which is calculated as,
ET= CE+BE+T+S
where, CE is canopy evaporation (mm), BE is bare soil evaporation (mm), T is transpiration
(mm) and S is sublimation (mm).
The models assume gravity-driven, free-drainage from the bottom layer as subsurface
runoff/recharge, and surface runoff is the excess water after infiltration.
The surface energy balance is calculated based on the equation:
Rn= LE+SH+G+SF
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where, Rn is the net radiation flux (W/m2), LE (λET) is the latent heat flux (W/m2), SH is the
sensible heat flux (W/m2), G is the ground heat flux (W/m2), and SF is the snow phase-change
heat flux (W/m2).

2.2.2. Mosaic
The Mosaic LSM (Koster and Suarez 1992; Koster and Suarez 1996, Table 1) computes areallyaveraged energy and water fluxes from the land surface in response to meteorological forcing.
The model allows explicit vegetation control over the computed surface energy and water
balances, with environmental stresses acting to increase canopy resistance and thus decrease
transpiration. The vertical structure of the model includes a canopy interception reservoir and
three soil reservoirs: a thin surface layer (0-10cm), a middle layer (10-40cm) that encompasses
the remainder of the root zone, and a lower ‘‘recharge’’ layer (40-200cm) at the bottom. Bare
soil evaporation, transpiration, and interception loss occur in parallel, and runoff occur both as
overland flow during precipitation events and as delayed baseflow. Mosaic treats
baseflow/recharge as a linear function of water content, bedrock slope, and hydraulic
conductivity of the bottom layer. A complete snow budget is included in the model. The model
accounts for subgrid heterogeneity in surface characteristics by dividing each grid cell into
several different subregions, ‘‘tiles,’’ each containing a single vegetation or bare soil type.
Energy and water balance calculations are performed separately over each relatively
homogeneous tile, and each tile maintains its own prognostic variables.
2.2.3. Noah
Noah (Ek et al. 2003, Table 1) is a 1-D column model that simulates soil moisture, soil
temperature, snow depth, snow water equivalent, canopy water content, and water and energy
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flux terms of the surface water and energy balance (Mitchell 2004). For this study Noah was
configured to have a 2-m-deep soil layer divided into the 4 sub-layers:0-10 cm, 10-40 cm, 40100 cm, and 100 cm -200 cm. The deepest layer acts as a reservoir with gravity drainage at the
bottom. The volumetric soil moisture is determined using the diffusive form of Richard’s
equation. The total evaporation, in the absence of snow, is the sum of direct evaporation from the
topmost soil layer, evaporation of precipitation intercepted by plant canopy, and transpiration
from the vegetation canopy. The Noah LSM neglects most topographic effects, assumes spatially
continuous soil moisture values within tiles or pixels, parameterizes surface runoff with a simple
infiltration-excess scheme, and treats base- flow/recharge as a linear function of hydraulic
conductivity (K) of the bottom soil layer and topographic slope (Schaake et al. 1996). It should
be noted that current versions of Noah do not use actual terrain slope. It is a fixed but user
adjusted global scaling parameter that ranges from 0 to 1.
2.2.4. VIC
The VIC (Liang et al. 1994, Table 1) model incorporated within NLDAS-2, characterizes the
subsurface as consisting of three soil layers with spatially variable thickness. The surface is
described by different types of vegetation plus bare soil. The land cover types are specified by
their leaf area index (LAI), canopy resistance and relative fraction of roots in each of the soil
layers. Evapotranspiration from each vegetation type is characterized by potential
evapotranspiration together with canopy resistance and aerodynamic resistance to water
transfers. Associated with each land cover type are a single canopy layer, and multiple soil layers
(up to 2 m depth). Subsurface hydrology parameterizations of the VIC LSM is more complex
(Liang et al. 1994) because it uses a spatial probability distribution to represent subgrid
heterogeneity in soil moisture. It also treats baseflow/recharge as a nonlinear recession curve
which is a function of bottom layer soil moisture (it is linear below a threshold and then non78

linear above that threshold). The top 2 soil layers are designed to represent the dynamic behavior
of the soil column that responds to rainfall events and evapotranspiration, and the lower layers
control inter -storm soil moisture behavior. The lower layer only responds to rainfall when the
upper layer is fully saturated and thus can separate subsurface flow from quick response storm
flow. Roots can extend down to the bottom layer, depending on the vegetation and soil type. The
soil characteristics (such as soil texture, hydraulic conductivity, etc.) are held constant for each
grid cell. In the model, all the states and output variables are calculated for each land cover tile at
each time step and weighted by fractional coverage to calculate the total fluxes for each grid cell.
2.3. Descriptions of study area/basins
2.3.1. Western US
The Western US (Fig 1) is the largest region of the country, covering more than half of the land
area of the contiguous US. It is also the most geographically diverse region in the country
encompassing the Pacific Coast, the temperate rainforests of the Northwest, the highest
mountain ranges (including the Rocky Mountains, the Sierra Nevada, and Cascade Range),
the Great Plains, and all of the desert areas located in the US (the Mojave, Sonoran, Great Basin,
and Chihuahua deserts). Elevation varies between -86 m to 4402 m above sea level (Fig 1).
The Western US consists primarily of five land-use/land-cover classes:
grassland/shrubland (59%), forest (28.1%), agriculture (6.3%), developed (1.5%), and barren
(1.9%) (Sleeter at al. 2012). Grassland/shrubland and barren lands are most common in the aridsouthwest and interior desert regions, whereas forest dominates in the Pacific Northwest and
Rocky Mountains. Agriculture and developed areas are found to some degree in nearly all
regions but are concentrated mainly in a relatively few high-density areas (USGS 2012).

79

As a generalization, the climate of the Western US can be described as overall semiarid;
however, parts of the region get extremely high amounts of rain and/or snow, and other parts are
true desert and get little rain per year. Annual rainfall (Fig 2) ranges between 58 mm to 5051 mm
based on NLDAS 2 data and is greater in the eastern portions, gradually decreasing until
reaching the Pacific Coast where it again increases.
2.3.2 Study Basins
High Plains Aquifer
The High Plains aquifer (HPA, Fig 1) extends into eight States: Colorado, Kansas, Nebraska,
New Mexico, Oklahoma, South Dakota, Texas and Wyoming. The aquifer is comprised of
unconsolidated, poorly sorted clay, silt, sand and gravel and is underlain by bedrock units. HPA
is divided into Northern (NHP), Central (CHP) and Southern (SHP) regions. Average P in HPA
is 522 mm/yr and average recharge is 48 mm/yr (Meixner et al 2015). In general, average annual
P and recharge increase from south to north (Table 2) and occurs predominantly during summer.
San Pedro Aquifer
The San Pedro Basin (Fig 1) in southern Arizona is representative of the hydrogeology of a
southern Basin and Range aquifer system (Goode and Maddock 2000). It is an alluvial aquifer
that is comprised of basin-bounding crystalline and sedimentary rock mountains and
unconsolidated sediments of clay, silt, sand, and gravel within the valley (Pool and Dickinson
2006). The basin receives an annual average precipitation and recharge of 400 mm and 6.5 mm
respectively (Table 2). The majority of annual rainfall (~54%) in the San Pedro occurs during the
summer monsoon season, with the remainder occurring in the winter months as rain and snow
from low-intensity storms.
Death Valley Aquifer
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The Death Valley Aquifer System (Fig 1) is located in the arid southern Great Basin of Nevada
and California. Major aquifers consist of fractured volcanic rock and alluvium. The average
annual P and recharge for the aquifer is 185 mm and 2.8 mm respectively (Table 2). Precipitation
and (particularly as snowfall) in mountain systems is dominated in winter months.

Salt Lake Valley (SLV) Aquifer
SLV aquifer (Fig 1), a representative of northern Basin and Range aquifer system consists of
shallow unconfined aquifers underlain by confined to semi-confined sand and gravel aquifers,
(Lambert 1995; Cederberg et al. 2009). The average annual P and recharge for the aquifer are
488 mm and 203 mm respectively (Table 2) with most of the P falling as snow during winter and
spring.
Central Valley Aquifer
The Central Valley aquifer system of California (Fig 1) is an unconsolidated sand and gravel
aquifer that underlies the Sacramento and San Joaquin Valleys of central California. The
average annual P and recharge for the aquifer are 650 mm and 315 mm respectively (Table 2).
About 85% of the precipitation falls from November to April in Central Valley.
Columbia Plateau Aquifer
The Columbia Plateau aquifer system (Fig 1) in Washington, Oregon, and Idaho (Kahle et al.
2011) consists of productive basalt aquifers characterized by highly permeable interflow zones
separated by less permeable basalt-flow interiors. Extensive sedimentary aquifers consisting of
valley-fill deposits lie atop the basalts along major drainages. With an average annual P of 440
mm mostly occurring during winter months, recharge is estimated to be 162 mm (Table 2).

81

Spokane Valley-Rathdrum Prairie Glacial Aquifer
The Spokane Valley-Rathdrum Prairie aquifer (Fig 1) is a glacial aquifer in northwestern Idaho
and northeastern Washington (Hutson et al. 2004). The aquifer is composed of coarse-grained
sediments with fine-grained layers interspersed (Hsieh et al. 2007; Kahle and Bartolino 2007). P
averages 689 mm/yr concentrated during winter, and average recharge is 300 mm/yr (Table 2).
Williston Basin Glacial Aquifer System
The Williston Basin (Fig 1) is present within southern Canada, northeastern Montana, and
western North Dakota (Soller et al. 2012). The aquifer is composed of till, clay, silt, sand, and
gravels (Fullerton et al. 2004). The average P and recharge estimates are 382 mm/yr and 4.7
mm/yr respectively (Table 2). Both P and recharge are summer dominated.
2.4. Evaluation Datasets
2.4.1. MODIS Evapotranspiration data
The MOD16 (Mu et al 2011) global evapotranspiration (ET) datasets (Fig 3) are regular 1-km2
land surface ET datasets for the global vegetated land areas at 8-day, monthly and annual
intervals. The dataset covers the time period 2000 – 2010. The ET algorithm is based on the
Penman-Monteith equation (Monteith 1965). Surface resistance is an effective resistance to
evaporation from land surface and transpiration from the plant canopy. Terrestrial ET includes
evaporation from wet and moist soil, from rain water intercepted by the canopy before it reaches
the ground, and the transpiration through stomata on plant leaves and stems. Evaporation of
water intercepted by the canopy is a very important water flux for ecosystems with a high LAI. It
should be noted that the MODIS data used for evaluation itself has a lot of uncertainties
associated with it coming from input data (e.g. LAI, PAR), inaccuracy in measured data (eddy
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covariance flux towers), scaling from flux tower to landscape, and algorithms (associated
processes and parameters) used.
2.4.2. Baseflow Index (BFI) recharge
A spatially distributed recharge map (Wolock 2003a, Fig 5) was created by multiplying a grid of
base-flow index (BFI) values (Wolock 2003b) by a grid of streamflow values (Gebert et al.
1987) derived from a 1951-1980 mean annual runoff contour map generated for the whole USA.
The assumptions are that at a long term: (1) recharge is equal to discharge and (2) the BFI
reasonably represents the proportion of natural ground-water discharge to streamflow. The BFI
grid (1 km resolution) was interpolated from BFI values of 8,249 U.S. Geological Survey stream
gages (Wolock 2003c) using the inverse distance weighting interpolation method. The BFI
values are computed using an automated hydrograph separation computer program called the
BFI program (Wahl and Wahl 1988; Wahl and Wahl 1995). However it should be noted that the
BFI-based recharge itself is a very rough estimate and should not be treated as an observation
due to high uncertainty related to this dataset. The recharge dataset likely reflects general
patterns across broad geographic regions, but recharge values at specific sites are unlikely to be
accurate.

3. RESULTS AND DISCUSSIONS
3.1. Comparing ET: Among models and with MODIS ET
The models tend to agree on the spatial pattern of ET (Table 3, Fig 3) with each other and with
the MODIS ET following the pattern of P (Fig 2), though rates vary. MODIS ET was generally
lower than LSMs ET. Mosaic consistently generated higher ET compared to Noah and VIC.
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ET more or less followed the pattern of P across the region (Fig 2, Fig 3). Annual average
precipitation ranged between 58 mm to 5051 mm based on NLDAS 2 data (Fig 2). A gradual
decrease in P from east towards west before a significant increase in P at the west coast was
observed. Among the basins examined, Death Valley (𝑃 = 185 mm) and Spokane Valley (𝑃 =
689 mm) are the driest and the wettest basins respectively (Table 1). Average annual ET was
estimated between 58 mm and 1260 mm for Mosaic, between 36 mm and 1123 mm for Noah,
and between 21 mm and 986 mm for VIC. The models and MODIS ET (Fig 3, Table 3) showed
the lowest ET on southern regions and higher ET in western coast and lower eastern regions (Fig
3). Higher ET on the western coast is related to higher water availability from higher P. Higher
ET in south eastern corner was due to the combined effect of T and P (high T and moderate P).
MODIS estimated ET (ranged between 35 mm and 1175 mm) was generally lower than
LSMs ET over the western US (Fig 3). Annual ET is the highest for the Mosaic LSM model, and
lowest for MODIS. LSM’s ET was higher than the MODIS ET for most of the study basins.
Mean annual ET values across the study basins were between 176 mm and 597 mm (87% and
99% of P) based on Mosaic, 120 mm and 454 mm (59% and 91% of P) based on Noah, 153 mm
and 485 mm (54% and 89% of P) based on VIC and 170 mm and 490 mm (71 and 92% of P)
based on MODIS (Table 4). The Spokane valley has the lowest ET/P ratio according to all the
models (Table 5). While the San Pedro basin has the highest ET/P ratio based on Mosaic and
Noah, Central High Plains (CHP) has the highest ET/P ratio based on VIC estimates. Relatively
lower ET magnitudes by MODIS than other ET estimation methods (e.g., Simplified-SurfaceEnergy-Balance; SEBS ET) have been observed across 10 large river basins globally (Sahoo et
al. 2011). Evaporation from the soil surface in LSMs is explicitly linked to soil moisture content
by the soil diffusivity formulation or fraction of soil moisture saturation in the upper soil layer
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(Ek et al. 2003) in addition to meteorological forcing. In contrast, Remote Sensing (RS) ET like
MODIS ET is determined largely by radiation, without explicit accounting for soil moisture
constraints. Soil moisture effects are implicitly incorporated by LAI or NDVI and atmospheric
variables in MODIS ET. Therefore, the LSM ET estimates tend to be more responsive to soil
moisture variations compared to RS-based approaches (Long et al. 2014).
Mosaic consistently generated higher ET compared to Noah and VIC for most of the
Western US (Fig 4). Overall, using the MODIS estimates as the standard, Mosaic overestimated
ET by 36% (Fig 4). Noah and VIC follow a similar pattern with overestimation for low ET areas
and underestimation for higher ET areas (Fig 4), but overall the bias was minimum
(PBias_Noah=4%; PBias_VIC= 9%). It should be noted that MODIS based ET is based on a
retrieval algorithm that is an empirical model that relies on calibration by data from a network of
in situ measurements which themselves require calibration. In terms of area averaged ET rates it
has not yet proven to be more accurate than LSMs, hence the biases shown here should not be
interpreted as errors.
The specific breakdown of ET differs among models with Mosaic more dominated by
passive processes and the other two more vegetative processes. Over the western US, Mosaic
generated most of the ET through bare soil evaporation (47%) followed by transpiration (33%),
canopy evaporation (18%) and sublimation (2%). Noah produced most of the ET through
transpiration (41%) and bare soil evaporation (39%), followed by canopy evaporation (16%) and
sublimation (4%). VIC on the other hand generated a majority of its ET as transpiration (82%)
with other contributions from canopy (13%) and sublimation (4%). The very high contribution of
ET through transpiration and limited contribution from bare soil by VIC is related to the tiling
process in VIC which classifies a majority of land areas to some vegetation group. Moreover, the
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root zone depth extends throughout the 2m soil layer in VIC, while root zone depth is up to 1 m
in the case of Mosaic and Noah (excluding forest land cover in Noah).
Relatively larger magnitudes of ET by Mosaic compared to other models could be
ascribed to greater upward diffusion of water from deeper soil layers to the shallow root zone
(Mitchell et al. 2004; Long et al. 2013) especially during colder months. These differences could
be related to energy balance or water balance constraints. Several other studies have evaluated
ET estimates from the LSMs (Mitchell et al. 2004; Peters-Lidard et al. 2011; Rodell et al. 2011;
Xia et al. 2012b; Cai et al. 2014) and is not the focus of this study.
3.2. Comparing Recharge: Among models and with BFI-based recharge
3.2.1. Comparison across the Western US
A similar spatial pattern (Table 6, Fig 5) of recharge was observed based on LSMs and also with
BFI, although rates vary among models as in the case of ET. While Mosaic consistently
generated lower recharge compared to Noah, VIC and BFI, VIC overestimated recharge at low
recharge zones and underestimated recharge in medium to higher recharge zones compared to
Noah which both overestimated recharge compared to BFI.
Average annual recharge rates varied between 0 and 4128 mm based on Noah, 0 and
3479 mm based on Mosaic, 0 and 2209 mm based on VIC and between 0 and 2031 based on
BFI- based estimates at 1/8 degrees grid scale (Fig 5). The average recharge rates for the whole
western US was estimated to be 139 mm based on Noah, 46 based on Mosaic, 123 based on VIC,
and 82 based on BFI.
Although recharge rates differ among LSMs and BFI-based estimates, high and low
recharge zones are similar among them (Fig 5). It was observed that BFI-based recharge
captures higher recharge zones for the west coast, and it predicts lower rates for the Eastern US
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compared to LSMs (Fig 5). Mosaic showed slightly different patterns from BFI- recharge in
other regions except the west coast mostly because Mosaic generated lower recharge compared
to Noah, VIC and BFI (Fig 6). While Mosaic consistently generated lower recharge compared to
Noah, VIC overestimated recharge at low recharge zones and underestimated recharge in
medium to higher recharge zones compared to Noah (Fig 6). There was a stronger relationship
between Noah and BFI-based recharge (R2:0.76) compared to VIC (R2:0.62) and Mosaic
(R2:0.56) with BFI-based recharge (Fig 6). Results from a Kolmogorov-Smirnov (K-S) test
suggested that the recharge estimates from the three models are significantly different from each
other and from the BFI-based recharge estimates (Table 7).
It should be noted that the BFI-based recharge itself is a very rough estimate and should
not be treated as an observation due to high uncertainty related to this dataset. The dataset is
likely to underestimate natural recharge in arid regions where ET is significant. Also, groundwater discharge to streams does not occur in "losing" streams which are more common in arid
regions (Wolock 2003c). As a result, the BFI-based recharge consistently underestimated
recharge compared to literature estimates in the study basins. In addition, irrigation can be a
significant component of recharge in some systems like the Central Valley basin, although the
models don’t include this process.
3.2.2. Major regions where recharge estimates from LSMs and BFI varied
Models agree on lower recharge estimates in the Rocky Mountains (Fig 7) only to disagree with
the BFI estimates in the region. Recharge estimates were more similar in the inner continental
regions between LSMs and with BFI compared to other coastal and mountain regions.
To identify the areas where most of the differences among models and with BFI-recharge
occurred, we normalized those differences by total precipitation amount to avoid bias toward
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mapping differences in areas of very high precipitation and thus higher associated recharge. Over
the western US, Mosaic under predicted recharge in 86% of the region compared to BFI-based
recharge. On the other hand, Noah and VIC over predicted recharge in 78% and 74% of the
region respectively compared to BFI-based recharge.
For the reason that all of the models agree on lower recharge estimates in the Rocky
Mountain Systems (Fig 7), it is likely that BFI-based recharge is overestimating recharge in this
region. Rock formations (as in the case of Rocky Mountain Systems) that are minimally
permeable are expected to have little recharge though they might contain some locally
productive aquifers. Thus overall the estimates from the models could be a better estimates in
these regions compared to BFI which could have been overestimated for this snow dominated
systems since snowmelt generally occurs gradually over time and enters the stream as groundwater discharge or overland flow and cannot be distinguished by the BFI hydrograph separation
technique. Disagreement of LSMs with BFI in this region can also be related to the fact that
mountain system recharge processes are not incorporated in the LSMs and perhaps they can
better capture diffuse recharge processes. Recharge estimates were more similar in the inner
continental regions (e.g.: Great Basins, Great Plains, Basin and Range, Inter-montane Plateau).

3.2.3. Potential reasons of differences among models
Differences in recharge estimates among models can be attributed to differences in (1) ET
calculations/estimates, (2) model structure particularly the thickness of bottom layer and (3)
parameterizations. Recharge estimates from Mosaic were significantly smaller than those of
Noah and VIC (Fig 5, 6). The lower estimates of recharge by Mosaic were directly related to
very high estimated ET by Mosaic. The model converted most of the precipitation to evaporation
leaving much less water available to run off or infiltrate and percolate down as recharge. All of
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these LSMs characterize ET using soil moisture stress impacts on evaporation from the top layer
of the soil profile and vegetation transpiration. As noted previously, the Noah model in NLDAS2 has four soil layers with spatially invariant thicknesses of 10, 30, 60, and 100 cm. The first
three layers form the root zone in non-forested regions, with the fourth layer included in forest
regions. The Mosaic model has three layers with thicknesses of 10, 30, and 160 cm, the first two
of which compose the root zone. Mosaic has a greater ability to transfer water from the deep
layer to the surface/root zone through vertical diffusion, and therefore shows higher ET rates
under normal conditions (Long et al. 2013). This process dries up the moisture in the bottom
layer leaving minimal water to become recharge through drainage. Although vertical diffusion
does occur in Noah, the magnitude is much smaller compared to Mosaic. No vertical diffusion
between 3rd and 2nd layer occurs in VIC model which also accounts for the sub-grid
heterogeneity of vegetation and soil moisture with a tiling approach, however rooting depth
extends to the bottom layer unlike Noah and Mosaic.
Although the general conceptualization and basic structure of the models are similar, they
vary in certain processes and formulations. These differences in the parameterizations can give
rise to large variability in the outputs depending upon the variables of interest. The multi-model
analysis carried out under the Global Soil Wetness Project-2 (GSWP-2) (Dirmeyer et al. 2006)
illustrated that LSM variables, especially those associated with snow processes (i.e., snow water
equivalent) and soil water (i.e., soil moisture in the lower layers), have a large spread. The same
is true for groundwater recharge (Xia et al. 2012a).
The thickness of the bottom layer, which is the source of recharge, is 160 cm in Mosaic
model, 100 cm in Noah model, and of variable depth in VIC model, allowing different amounts
of soil moisture for free drainage. It is likely that differences in soil wetness, related to
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evapotranspiration and surface runoff rates, have a greater impact on the modeled recharge
estimates than the free drainage formulations themselves. The relative bias analysis of soil
moisture in the US showed that the models have small relative biases for the Eastern US where
soils are normally wet but large relative biases in the western region where soils are drier (Xia et
al. 2014). The disparity in mean annual evaporation and runoff ratio among the LSMs was also
most obvious over the western mountainous regions (Xia et al. 2012a).
3.3. Evaluating models based on basin wide literature recharge estimates
Mosaic consistently underestimates recharge across all the basins where observations are
available. Noah captures recharge reasonably well in wetter basins, but overestimates it in drier
basins. VIC overestimates recharge in the drier basins and underestimates it for wetter aquifers.
Over the study basins, recharge estimates varied between 0.2 mm/yr to 97.6 mm/yr based on the
Mosaic model, between 12.4 mm/yr to 289.6 mm/yr based on the Noah model, and between 22.5
mm/yr to 201.7 mm/yr based on the VIC model (Table 4 & Fig 8). The literature estimated
recharge values ranged between 2.8 mm/yr and 315.5 mm/yr (Table1, Fig 8). Although models
have predicted different recharge rates for the study basins, the patterns of recharge predictions
were similar. Models agree in identifying drier and wetter aquifers (i.e. low vs. high recharge
aquifers, Fig 8) although the driest and wettest aquifers identified by the models varied slightly
among each other. The driest and wettest aquifers were the Death Valley aquifer and the Central
Valley aquifer respectively based on literature estimates (Fig 8). Similar results were obtained
for the VIC model. However, Mosaic and Noah produced different results.
Based on literature estimates for individual aquifers in the region, about 1% to 49% of the
precipitation becomes recharge (Table 5), the lowest for the Williston basin and the highest for
the Central Valley. The Williston basin is in a semi-arid region, and thus the fraction of
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precipitation, which occurs primarily during summer, that becomes recharge is relatively small.
Recharge in the Central Valley comes from irrigation return flows, diffuse recharge directly from
precipitation and from mountain system recharge in the form of leakage from streams originating
in the Sierra Nevada Mountains. Those basins where higher proportionate of P becomes recharge
are more permeable and have lower ET rates.
Based on Mosaic, about 0.01% to 15% of the precipitation becomes recharge in the study
basins which is much lower than literature estimates (Table 5). Based on Noah, about 3.2% to
42% of the P becomes recharge in the study basins which is within similar range compared to
literature estimates (Table 5). Noah however unrealistically produced 29% of P as recharge in
Death Valley. Based on VIC, about 6.7% to 31.8% of the precipitation becomes recharge in the
study basins which is slightly higher for the drier basin and slightly lower for the wetter basins
when compared to literature estimates. Models agreed with the literatures estimates in the basins
like Spokane valley, Central Valley and Columbia produce higher percent of P as recharge
(Table 5).
Overall, Mosaic consistently underestimated recharge significantly across the basins (Fig
8). VIC slightly overestimated recharge in the drier basins (Death Valley, Williston basin, San
Pedro basin, SHP and CHP) but slightly underestimated in wetter basins (NHP, Colombia, SLK,
Spokane Valley and Central Valley, Fig 8). Noah, on the other hand overestimated recharge in
the drier basins but capture recharge reasonably well in the wetter basins except SLV where it
underestimated the recharge (Fig 8). Thus, based on the analysis of these 10 basins, although
none of the models were found to be capturing the recharge magnitude across the whole western
US, it can be said that the Noah model showed a great promise in capturing the recharge in
wetter regions. Mosaic seems to work better in drier basins which could just be an artifact that it
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underestimates recharge throughout the region. VIC seems to balance between Noah and Mosaic
and seems to work for both dry and wetter regions if single model is to be chosen across the
western US. However overall, all three models (especially VIC and Noah) showed a lot of
promise that with some advancements/ modifications in hydrologic process representation and
with some calibration at local scale/aquifer these models can be a very useful tool for estimating
current recharge and also for forecasting the effect of projected climate change on recharge. It
should be noted that the literature recharge estimates for the study basins synthesized by Meixner
et al. (2015) used for evaluating model estimates comes from various sources which used
different approaches (observational, environmental tracer analysis, and modeling) for making
these estimates. Although not consistent over the basins, these estimates are however the best
available estimates to compare.
3.4. Seasonality of Recharge
The models were fairly consistent with respect to the seasonality of recharge, which was largest
during the spring. Over the study basins, models tend to agree in seasonality of recharge
occurring dominantly during spring months (MAM) except in the SHP basin (Fig 9). This spring
time dominance is most obvious with Mosaic. Since VIC has a more damped response to
recharge, it produced similar recharge throughout the year for many basins. Seasonality of
recharge did not necessarily follow the seasonality of precipitation in the aquifers (Fig 9).
Seasonally higher recharge in spring for the basins could be due to additional sources of
snowmelt from winter (DJF) P which tend to melt at the beginning of spring when temperature is
sufficient to melt but not high enough to lose a lot of water from evaporation (Dunne and
Leopold 1978; Clark and Fritz 1997, Ajami et al. 2012; Jasechko et al. 2014) in addition to rain
occurring in spring time. Several field monitoring studies in Sweden (Rodhe 1981), Idaho
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(Flerchinger et al. 1992), and the United States mid-west (Delin et al. 2007; Dripps 2012) have
also found that the spring snowmelt constitutes the bulk of annual groundwater recharge at the
middle latitudes examined here.
3.5. Recharge Trend Analysis
Models were generally consistent showing no significant temporal trend in all basins expect the
Spokane and Williston basins over the last 3 decades. This pattern is largely similar to that of P.
Mann Kendall trend test (Table 8) indicated no significant trend in recharge (1981-2010) across
the basins based on the Mosaic model. The Noah model showed an increasing trend in Williston
basin and a decreasing trend in Spokane with no significant trend in other basins. VIC only
showed a decreasing trend in Spokane Valley. Models however showed a significant inter-annual
variability in recharge rates (not shown) corresponding to the inter-annual variation in P. Over
the whole western US, the slope was negative though not significant. Mosaic has the smallest
slope (Table 8) and also showed no trend at all for all the basins just because of lower recharge
values and less sensitive to changes in precipitation. Noah and VIC were more sensitive to
precipitation. There was sufficient inter annual variability in both precipitation and thus recharge
too. VIC and Noah both agreed that there is a significant decreasing trend in recharge in Spokane
Valley over the last 3 decades. These results are highly correlated with precipitation because the
models are estimating natural recharge which is directly related with P. Of note other major
anthropogenic effects on recharge including recharge from irrigation and withdrawal though
pumping is not considered. These result mean that conclusions drawn from this study could vary
in basins like Central Valley where irrigation recharge is significant and the High Plains Aquifer
where pumping is significant. These results are for natural recharge, so there could be a
significant reduction in net recharge if human activities were considered.
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3.6. Limitations of LSMs
Like most LSMs, those used in this study, were developed using many simplifications necessary
to represent complex physical processes across large spatial scales with limited computational
power and with imperfect inputs. These LSMs have soil columns with depths of 2 m, divided
into multiple (3 or 4) layers, while neglecting deeper soil moisture and groundwater. Vertical
flows of soil water are estimated using the Richards equation while the horizontal transport of
water is ignored. Groundwater recharge is parameterized by a gravitational percolation term,
which is a linear/nonlinear function of bottom soil layer drainage affected by soil type, soil
moisture content, and slope. It derives from a simple infiltration/saturation excess scheme used
for both surface runoff and drainage. None of the models take accounts the horizontal flow of
groundwater. The partitioning of saturation excess into surface runoff and drainage and how they
vary in space are also quite different from one LSM to another (Lohmann et al. 1998, 2004;
Boone et al. 2004). Nevertheless, LSMs provide spatially and temporally continuous estimates of
hydrological variables that would be impossible to obtain using observations alone, and often the
results are surprisingly good considering their limitations (Dirmeyer et al. 2006; Syed et al. 2008;
Jimenez et al. 2011; Wang et al. 2011; Li et al. 2015).

4. SUMMARY AND CONCLUSIONS
Three LSMs: Mosaic, Noah and VIC were used to estimate the recharge and assess its spatial
pattern and temporal trend in the western US. While Mosaic estimates were consistently low
compared to the BFI based recharge, Noah recharge estimates were generally higher. VIC has
mixed results with higher estimates at lower recharge zones and lower estimates at high recharge
zones when compared with the BFI based recharge. Models were consistent in identifying high
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and low recharge zones although rates vary. When evaluated with published estimates of
recharge in 10 aquifers across the western US, Mosaic was consistent in underestimating
recharge significantly across all the basins. VIC slightly overestimated recharge in the dry
aquifers and slightly underestimated it in the wetter aquifers. Noah captured recharge reasonably
well for wetter basins (SHP, NHP, Colombia, Spokane and Central Valley), but overestimated it
in the other basins. The models accurately identified low and high recharge aquifers, although
their rankings based on recharge magnitude differed. Models were generally consistent on trend
estimates more or less following the trends in precipitation, suggesting that groundwater is acting
as a long term climate integrator. The models (viz. Noah and VIC) indicated a slight decreasing
trend in recharge in the Spokane Valley and a slight increasing trend in the Williston, but
otherwise no trends were notable during the study period (1981-2010). The models were fairly
consistent with respect to the seasonality of recharge, which was largest during the spring,
although VIC’s recharge seasonality was comparatively dampened compared to Noah and
Mosaic. This consistency among models was greater in the south than in the north, more snow
dominated regions.
Overall, LSMs have the potential to capture the spatial and temporal patterns, as well as
seasonality of recharge across the western US. Mosaic in particular requires calibration to
capture the magnitude of recharge. Noah is more useful in capturing recharge in wetter regions
with default parameters and VIC could be useful for both drier and wetter conditions but might
require some calibration for better estimations. In general, all three models (especially VIC and
Noah) showed promise that with advancements/ modifications in hydrologic process
representation and with some calibration at local scale/aquifer these models can be a very useful
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tool for estimating current recharge and also for forecasting the effect of projected climate
change on recharge.
Even though the source of meteorological forcing data produced as part of NLDAS-2 for
all these LSMs was the same, differences in recharge estimates among models emerged due to
differences in ET calculations/estimates, model structure particularly the thickness of the bottom
layer, and parameterizations. Calibration of these LSMs could improve their ability to estimate
recharge. However, it should be noted that carefully calibrating LSMs at a regional scales and at
a grid level can be computationally and labor-intensive. Improving model inputs and adding
process complexity especially associated with groundwater mechanisms in future could help
reduce uncertainty in recharge estimates. Recharge estimates were highly controlled by
precipitation and there was not much of an imprint of topography on the recharge estimates, even
for major mountain chains, given that such patterns are evident in ET and likely in precipitation.
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7. TABLES
Table 1: Physical characteristics of study basins
Aquifers
High Plains(HP)

Area
(sq. km)
451,000

P
(mm/yr)
535

Recharge
(mm/yr)
48

NHP
CHP
SHP
Central Valley
Death Valley
Colombia
San Pedro
Spokane
Williston

250,000
125,000
76,000
52,000
45,300
114,000
7,560
2,100
102,400

548
545
472
650
185
442
371
689
382

73.7
33.7
27.9
315.4
2.8
116.7
6.5
300.0
4.7
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Aquifer material
unconsolidated, poorly sorted clay, silt,
sand and gravel underlain by bedrock
same as HP
same as HP
same as HP
sand and gravel
carbonate and volcanic rock, and alluvium
basalt, sand and gravel
sand and gravel
sand and gravel
sand and gravel

Table 2: Basic differences in LSMs used in this study
Run time step
Soil Layer
Soil layer depths
Tiling :Vegetation
Tiling: Elevation
Snow Layers
Soil temperature
profile
Drainage
Soil water: vertical
diffusion
Rooting depth
Rooting density
Canopy capacity
Convective P input
PET
Diurnal Albedo
*Y:Yes; N:No

Mosaic (1D)
15 min
3
10, 30, 160 cm
(constant)
Y
N
1
N

Noah (1D)
15 min
4
10, 30, 60, 100 cm
(constant)
N
N
1
Y

VIC (1D)
1 hour
3
10 cm, variable, variable
(variable)
Y
Y
2
Y

Y (linear)
Y

Y(linear)
Y

Y(non-linear)
N

40 cm (constant)

100 cm (constant) expect
forest (down to 200 cm)
constant
0.5 mm
N
Calculates itself
N

Variable (down to 200 cm)

constant
0-1.6 mm
Y
Input
Y
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exponential
0.1-1 mm
N
Input
N

Table 3: Pattern correlation (Pearson’s r) matrix on ET estimates among LSMs and MODIS-ET
MODIS
Mosaic
MODIS
1
0.87*
Mosaic
0.87*
1
Noah
0.75*
0.86*
VIC
0.77*
0.89*
*Statistically significant (p<0.05)

Noah
0.75*
0.86*
1
0.74*

VIC
0.77*
0.89*
0.74*
1
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Table 4: Water balance comparison between models for study basins and western US

Death Valley
Colombia
Williston
San Pedro
SHP
NHP
CHP
Central Valley
Spokane Valley
SLV
Western US

P
(mm)
185
442
382
371
472
548
545
650
689
488
561

ET
(mm)
176.3
403.5
375.4
367.7
456.2
524.5
525.2
441.6
597.1
452.0
472.4

Mosaic
SR
Recharge
(mm)
(mm)
7.0
1.6
25.9
14.3
5.2
0.5
2.8
0.2
7.8
7.1
9.7
12.8
9.1
11.0
111.9
97.6
71.8
20.7
24.2
10.3
43.2
45.5

ET
(mm)
119.9
296.4
332.7
339.8
409.3
433.4
454.3
313.1
345.8
373.9
360.2
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Noah
SR
Recharge
(mm)
(mm)
12.1
52.8
22.9
124.7
33.1
12.4
14.0
16.8
28.6
33.0
39.6
73.9
34.8
55.6
72.4
266.7
53.8
289.6
33.6
79.1
61.6
139.1

ET
(mm)
151.8
243.7
310.8
318.3
395.8
463.9
427.7
351.5
402.1
365.7
367.3

VIC
SR
Recharge
(mm)
(mm)
10.4
22.5
58.1
140.6
36.3
35.2
27.5
24.9
32.8
43.3
41.5
42.4
26.8
90.9
97.3
201.7
118.1
168.6
41.2
81.4
66.2
127.8

Table 5: Water balance comparison (in %) between models for study basins and western US

Death Valley
Colombia
Williston
San Pedro
SHP
NHP
CHP
Central Valley
Spokane Valley
SLV
Western US

P
(mm)
185
442
382
371
472
548
545
650
689
488
561

ET
(%)
95.4
91.2
98.2
99.2
96.7
95.7
96.3
67.9
86.7
92.6
84.1

Mosaic
SR Recharge
(%)
(%)
3.8
0.9
5.9
3.2
1.4
0.1
0.7
0.01
1.7
1.5
1.8
2.3
1.7
2.0
17.2
15.0
10.4
3.0
5.0
2.1
7.7
8.1

ET
(%)
64.9
67.0
87.0
91.7
86.7
79.1
83.3
48.1
50.2
76.6
64.2

Noah
SR Recharge
(%)
(%)
6.5
28.6
5.2
28.2
8.7
3.2
3.8
4.5
6.1
7.0
7.2
13.5
6.4
10.2
11.1
41.0
7.8
42.0
6.9
16.2
11.0
24.8
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ET
(%)
82.2
55.1
81.3
85.9
83.9
84.7
78.4
54.0
58.4
74.9
65.4

VIC
SR Recharge
(%)
(%)
5.6
12.2
13.1
31.8
9.5
9.2
7.4
6.7
6.9
9.2
7.6
7.7
4.9
16.7
15.0
31.0
17.1
24.5
8.4
16.7
11.8
22.8

Literature
Recharge
(%)
1.5
26.4
1.2
1.7
5.9
13.4
6.2
48.5
43.5
41.6
N/A

Table 6: Pattern correlation (Pearson’s r) matrix on recharge estimates among LSMs and BFIrecharge
BFI
Mosaic
BFI
1
0.75*
Mosaic
0.75*
1
Noah
0.87*
0.91*
VIC
0.79*
0.85*
*Statistically significant (p<0.05)

Noah
0.87*
0.91*
1
0.91*

VIC
0.79*
0.85*
0.91*
1
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Table 7: K-S test for comparing distribution of recharge
K-S Test: H0: Samples are drawn from the same distribution

BFI
VIC
Noah
Mosaic

BFI
0
0.374
0.385
0.615

BFI
VIC
Noah
Mosaic

1
< 0.0001
< 0.0001
< 0.0001

Dmax
Noah
0.385
0.047
0
0.644
p-value
< 0.0001
< 0.0001
1
< 0.0001
< 0.0001
1
< 0.0001
< 0.0001
VIC
0.374
0
0.047
0.664
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Mosaic
0.615
0.664
0.644
0
< 0.0001
< 0.0001
< 0.0001
1

Table 8: Kendall Tau trend analysis (1981-2010) of recharge in study basins
Basins

Slope (mm/yr)
Mosaic
Noah
Central
-1.83
-3.55
CHP
0.14
0.84
Colombia
-0.18
-1.38
Death
0.01
-0.73
NHP
0.18
0.50
San Pedro
-0.004
-0.79
SHP
0.03
0.06
SLV
-0.11
-0.76
Spokane
-0.52
-3.51
Williston
0.02
0.70
Western US
-0.36
-0.97
* NT: No Trend, T: Trend

VIC
-2.03
1.37
-0.74
-0.06
0.70
-0.54
0.52
-0.41
-1.1
0.33
-0.2

Mosaic
0.63
0.25
0.47
0.58
0.43
0.31
0.84
0.93
0.09
0.40
0.30
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p-value
Noah
0.47
0.11
0.28
0.25
0.54
0.14
0.91
0.77
0.04
0.01
0.18

VIC
0.88
0.07
0.09
0.51
0.29
0.06
0.41
0.86
0.01
0.12
0.75

Remarks (5 % significance level)
Mosaic
Noah
VIC
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
T
T
NT
T
NT
NT
NT
NT

8. FIGURES

Fig. 1: Study Region shown with elevation and study basins

113

Fig. 2: Average annual precipitation (1981-2010) across the western US
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Fig. 3: Annual average ET estimates (2000-2010) from LSMs and MODIS
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Fig. 4: Scatter plots of ET between models and models vs MODIS

116

Fig. 5: Average annual recharge estimates (1981-2010) from LSMs and BFI-based recharge
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Fig. 6: Scatter plots of recharge between models and models vs BFI-based recharge
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Fig. 7: Normalized differences in recharge between models and with BFI-based recharge

119

Fig. 8: Comparison of model recharge estimates with literature estimates in 10 study basins
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Fig. 9: Seasonlity of recharge based on LSMs and P based on NLDAS-2 data
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APPENDIX C: HOW MIGHT RECHARGE CHANGE UNDER PROJECTED CLIMATE
CHANGE IN WESTERN US?
In preparation for submission to Geophysical Research Letters
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ABSTRACT
Although ground water is a major source of water in the western US, little research has been
done on the impacts of climate change on western groundwater storage and recharge. Here we
assess the impact of projected changes in climate on groundwater recharge in near (2021-2050)
and far (2071-2100) future across the western US. Average annual recharge is projected to
increase in ~62% and decrease in ~38% of the western US in the future and varies significantly
based on location (-90% to >100%) and based on global climate models (GCMs). Recharge is
expected to decrease (highly certain) slightly in the West (-1.6%) and Southwest (-2.9%) regions
in the near future and decrease (highly certain) significantly in the South region (-10.6%) in the
far future. The Northern Rockies region is expected to get more recharge (highly certain) in both
the near (+5.0%) and far (+9.0%) future. In general, southern portions of the western US are
expected to get less and northern portions more recharge in the future.
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1. INTRODUCTION
Climate change is projected to reduce renewable surface water and groundwater resources in
most dry subtropical regions and other already arid regions intensifying competition for water
among sectors [IPCC, 2014]. The strategic importance of ground water for global water and food
security will probably intensify under climate change as more frequent and intense climate
extremes (droughts and floods) increase variability in precipitation, soil moisture and surface
water [Taylor et al., 2013]. Climate variability and change influences groundwater systems both
directly through replenishment by recharge and indirectly through changes in groundwater use.
Natural replenishment of ground water occurs from both diffuse rain-fed recharge and focused
recharge through leakage from surface waters and is highly dependent on prevailing climate as
well as on land cover and underlying geology [Stonestorm, 2007; Green et al., 2011].
Climate change and variability will likely have numerous effects on recharge rates and
mechanisms [Vaccaro, 1992; Green et al., 2011; Kundzewicz et al., 2007; Aguilera and Murillo,
2009]. Many climate-change studies have predicted reduced recharge (e.g. Herrera-Pantoja and
Hiscock, 2008); however, the effects of climate change on recharge may not necessarily be
negative in all regions during all periods of time [Jyrkama and Sykes, 2007; Döll, 2009; Gurdak
and Roe, 2010]. For example, global simulations using output from two climate models
(ECHAM4, HadCM3) under two emissions scenarios (A2, B2) projected a more than 30%
increase in recharge in the Sahel, Middle East, northern China, Siberia and the western United
States (US) [Doll, 2008]. Ground water recharge will increase in northern latitudes, but
recharge is projected to decrease strongly, by 30–70% or even more than 70%, in some currently
semi-arid zones [Doll, 2008].
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Groundwater represents 25% of fresh water withdrawals in the US (Maupin et al., 2014).
It is the source of drinking water for 50% of the population and as much as 90% of the
population in rural areas, especially in the western US [Anderson and Woosley, 2005]. Reduced
reliability of surface water supplies in the western US with projected increases in evaporative
demand and uncertain changes in annual precipitation (Rasmussen et al., 2011, 2014) may
increase groundwater use [Scanlon, 2005]. Many areas of the western US are already
experiencing groundwater depletion caused by sustained groundwater pumping [Faunt, 2009;
Konikow, 2013; Castle et al., 2014]. However, research efforts on the impacts of climate change
on water resources have focused predominantly on surface-water systems [Overpeck and Udall
2010; Seager et al., 2013; Vano et al., 2014] with limited studies on ground water recharge
projections.
With climate change and drought, groundwater is often relied upon to make up for
shortfalls in surface water resources [Dettinger and Earman, 2007]. Although there are some
local studies for individual basins [Vacarro et al., 1992; Anderson et al., 1992; Serrat-Capdevila
et al., 2007; Ajami et al., 2012; Crosbie et al., 2013; Flint and Flint 2014], the cumulative effect
of climate change on recharge over the western US is not well understood. It is unknown
whether overall recharge will increase, decrease, or stay the same in the western US [Dettinger
and Earman, 2007]. Thus efforts to estimate potential recharge under projected climate change is
needed throughout the western US. Since groundwater recharge projections are closely related to
highly uncertain projected changes in precipitation and temperature [Bates et al., 2008; Crosbie
et al., 2012, 2013, Cook and Seager, 2013; Taylor et al., 2014; IPCC, 2014], it is important to
analyze more than a few GCMs when projecting recharge associated with climate change before
acting based on results from a single or a few global climate models (GCMs) results.
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Considering that past climate changes have significantly impacted groundwater resources
[McMahon et al., 2006; Scanlon et al., 2012] and the potential for more impacts in the future,
quantitative predictions of climate change on groundwater recharge may be valuable for effective
management of future water resources [Crosbie et al., 2013] in the western US. Although
recharge is a local process, how it is affected by climate change at different environmental
settings is better understood through regional studies and provides opportunity for
integrated/regional groundwater management. This study thus aims to provide consistent
recharge projections based on 11 Bias-Correction and Spatial Disaggregation (BCSD) Coupled
Model Inter-comparison Project Phase 5 (CMIP5) climate projections (Table 1) using the
Variable Infiltration Capacity (VIC; Liang et al., 1994) model over the whole western US and
addresses the following questions:
1. What is the effect of projected climate change on ground water recharge (mean annual
and seasonality) in the western US? and,
2. How does the impact of climate change on recharge vary across the different hydroclimatic regions (South, Southwest, West, Northwest, and Northern Rockies and Plains; Fig 1a)?

2. METHODS
2.1. Western US
The western US (Fig. 1) which covers more than half of the land area of the contiguous US is the
most geographically diverse region in the country covering the Pacific Coast, the
temperate rainforests of the Northwest, the highest mountain ranges (including the Rocky
Mountains, the Sierra Nevada, and Cascade Range), the Great Plains, and all of the desert areas
located in the US. Although the overall climate of the western US can be described as semiarid,
parts of the region receive high amounts of precipitation (~5000 mm), and other parts are true
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desert and receive little precipitation (~58 mm/yr). With high topographic variability (elevation
varies between -86 m to 4402 m), the western US is composed of grassland/shrubland (59%),
forest (28.1%), agriculture (6.3%), developed (1.5%), and barren (1.9%) lands [Sleeter at al.,
2012]. Grassland/shrubland and barren/arid lands are most common in the South and Southwest,
whereas forest dominates in the Northwest and Rocky Mountains [Sleeter at al., 2012].
2.2. BCSD5 hydrology projections
For projecting changes in recharge from future climate change, we used baseflow outputs from
the Variable Infiltration Capacity [VIC; Liang et al., 1994, described later] model which has
been archived by the Bureau of Reclamation using multiple GCMs to drive the VIC model. The
hydrology projection ensembles are available at the Downscaled Climate and Hydrology
Projections (DCHP) website [Reclamation, 2013]. It should be noted that for a long term steady
state condition, recharge is equal to discharge/baseflow. These simulations are based on Coupled
Model Inter-comparison Project Phase 5 (CMIP5) climate projections that were first downscaled
into localized climate projections (at grid scales of 1/8 degree, ~12 kilometers on a side) across
the contiguous US using the Bias-Correction and Spatial Disaggregation (BCSD) technique
[Wood et al., 2002,2004; Reclamation, 2013]. These downscaled climate projections were then
translated into hydrologic projections over the contiguous US.
2.3. Representative Concentration Pathways (RCP) 6 – Intermediate emissions
Outputs from RCP 6.0 as the emission scenario were selected for this study since this is the
scenario which is consistent with the application of a current range of technologies and strategies
for reducing greenhouse gas emissions [IPCC, 2014]. This RCP was developed by the National
Institute for Environmental Studies in Japan. In this scenario, radiative forcing is stabilized
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shortly after year 2100, which is consistent with the application of a range of technologies and
strategies for reducing greenhouse gas emissions [IPCC, 2014]. This future is consistent with (1)
Heavy reliance on fossil fuels, (2) Intermediate energy intensity, (3) Increasing use of croplands
and declining use of grasslands, (4) Stable methane emissions, and (5) CO2 emissions peak in
2060 at 75% above today’s levels, then decline to 25% above today [IPCC, 2014]. Outputs
available from multiple GCMs (Table 1) for this emission scenario were analyzed to incorporate
the uncertainty associated with the climate as well as recharge projections.
2.4. VIC
The VIC model [Liang et al., 1994; Liang et al., 1996; Nijssen et al., 1997] is a spatially
distributed hydrologic model that solves the water and energy balance at each model grid cell.
The VIC model contains a subgrid-scale parameterization of the infiltration process (based on
the Nanjing model), which impacts the vertical distribution of soil moisture in, typically, a threelayer model grid cell (Liang et al., 1994). Potential evapotranspiration is calculated using a
Penman Monteith approach. Evapotranspiration from each vegetation type is characterized by
potential evapotranspiration together with canopy resistance aerodynamic resistance to the
transfer of water. VIC uses a spatial probability distribution to represent subgrid heterogeneity in
soil moisture and treats baseflow/recharge as a nonlinear recession curve which is a function of
soil moisture in the bottom layer. The model has been widely used in climate change impact and
hydrologic variability studies [Hamlet and Lattenmier, 1999, Nijssen et al., 2001, Beyene et al.,
2007, Cuo et al., 2009, Munoz-Arriola et al., 2009, Lee et al., 2015, Parr et al., 2015, Leng et al.,
2015, Niraula et al., 2015].
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2.5. Relative change and uncertainty analysis
Using historical (1971-2000) recharge from VIC as the base scenario, estimates of relative
changes in recharge were made at each grid over the western US for the near (2021-2050) and
far (2071-2100) future. The uncertainty analysis on directions of those relative changes based on
model ensemble average is then analyzed for each grid based on the number of models that agree
on the direction of change. In this study, we considered the direction of change to be “highly
certain” if > 80% of the models agree (>8 out of 11 models in this study), “moderately certain” if
60% - 80% of the models agree (7 - 8 out of 11) and “uncertain” if <60% of the models agree
(<7 out of 11) on the direction of change. The change in magnitude, direction and seasonality of
recharge is the focus of this study. Estimates are also aggregated for five different climate
regions (South, Southwest, West, Northwest, and Northern Rockies and Plains) to understand
how each region will be affected.
3. RESULTS AND DISCUSSIONS
Projected climate change for the future resulted in changed magnitudes and seasonality of
recharge for the western US. Based on a model ensemble average, the relative change could vary
between -90% and >100% based on the location. Recharge change is expected to vary
significantly based on GCMs used to drive the VIC model. Recharge is expected to increase in
the Northern Rockies and Plains in the future, and decrease in the South, particularly for the far
future. Recharge was found to be sensitive to both P and T and their interaction with land surface
properties.
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3.1. Baseline (1971-2000) recharge estimates
Over the whole domain, the average annual recharge is estimated to be 83 mm/yr (15% of P,
Table 2) and ranged between 0 mm/hr and 2291 mm/yr. The average current recharge is
estimated to be lowest for the Southwest (27 mm/yr) and highest for the Northwest (256 mm/yr)
region (Table 2). Relatively higher ET in the South, Southwest and the Northern Rockies
resulted in lower recharge ratios (<9%) in these regions (Table 2). Rock formations of Rocky
Mountain Systems are minimally permeable and thus resulted in minimal recharge. The
Northwest and West regions generated comparatively higher amounts of recharge (Table 2) due
to dampened ET loss and more contribution from snowmelt. Northwest region is much wetter
and cooler compared to other regions and thus generates higher fraction of recharge throughout
the year. Previously, VIC was found to make reasonable estimates for recharge in the western
US [Niraula et al., 2015] and Northeastern US [Li et al., 2015].

3.2. Projected change in climate
3.2.1 Ensemble mean climate change
The average P is expected to increase in some locations and decrease in other, with a
slight increase when averaged over the domain (+1.43% and +4.75% in the near and far future
respectively). In general, P is expected to decrease in southern and increase in northern portions
of the study area (Figs. 1 & 2). The winter jet stream and storm track are expected to move
northward, resulting in more precipitation north of approximately 40o latitude and less
precipitation south of this latitude [Dominguez et al., 2012]. Higher change and higher variability
in P is expected for far future (Fig. 2) compared to near future (Fig 1) which is minimum (<
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2.1%) for all the regions except for the Northern Rockies and Plains (+5.3%) (Table 2). The
change is expected to be minimum for the South (-0.3%) and Southwest (+1.1%), moderate
increase for the West (+4.9%) and higher increase for the Northwest (+7.2%) and Northern
Rockies and Plains (+10.4%) for the far future based on the ensemble of models (Table 2). It is
highly certain P will increase in Northern Rockies and Plains for both the near and far future
(Figs. 1 and 2). P is also expected to increase in Northwest region for near (moderately certain,
Fig. 1) and far (highly certain, Fig. 2) in future. It is moderately certain P will decrease in near
(Fig. 1) and increase in far future (Fig. 2) for the West and Southwest regions.
The average T is expected to increase (highly certain) in both the near (1.43 oC) and far
future (3.15 oC) throughout the western US (Table 2) but vary based on location. The increase in
T is lower towards the Pacific and Gulf coast and higher towards the Interior Plains and higher in
the far future compared to near future. While slightly higher increases in T are projected for the
Northern Rockies, slightly lower T increases are projected for the West region (Table 2).

3.2.2 Variability in projected climate change across GCMs
While all models (11 GCMs) projected increased T throughout the regions, there was
inconsistency in P projections with some showing increased P and some showing decreased P
(Fig. 3). Majority of the GCMs projected increased P for the Northern Rockies and Plains for
both the near (8 GCMs) and far (10 GCMs) future (Fig. 3). While majority of the models (9
GCMs) projected increase P in the Northwest region for the near future, all (11 GCMs) projected
increased P for the far future (Fig. 3). More GCMs (7 GCMs) projected decrease in P in the near
future and increase in P for the far future for the West and Southwest regions (Fig. 3).
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High variability in projected T and P across GCMs was seen throughout the region (Fig.
3). The variability in both T and P was higher for the far future compared to the near future (Fig.
3). For example, projected change in T varied between 1.79 oC to 4.86 oC based on the GCMs for
the far future in the Northern Rockies and Plains and a change in P is projected to vary between
-17.84% and 21.7% for the West region in the far future based on GCMs (Fig. 3).
3.3. Projected change in mean annual recharge
3.3.1 Ensemble mean recharge change
Average annual recharge is projected to increase in ~62% of the locations and decrease in ~38%
of the locations across the western US in future (Figs. 4 and 5). Majority of the increase is
expected to occur in the Northern Rockies and Plains and majority of the decrease is expected to
occur in the in the South and Southwest regions in the future (Figs. 4 and 5). Although there will
not be a significant change in recharge when averaged over the whole region, significant changes
based on location are expected. The relative increase may be as high as 94% and the decrease
will be as much as 50% for the near future (Fig. 4). For the far future the change will be more
significant (-90% to >100%) based on location (Fig. 5).
For the near future, the model ensemble estimated average recharge decrease by 1.6%,
2.9% and 3% in the West (highly certain), Southwest (highly certain), and South (uncertain)
respectively (Table 3). Similarly for the far future, the model ensemble average estimated
average recharge to decrease by 4.4% in the Southwest (moderately certain) and 10.6% in the
South (highly certain) regions (Table 3). The ensemble models however estimated an increased
recharge (highly certain) in Northern Rockies and Plains for both near (+5%) and far future
(+9%). The average recharge in expected to remain fairly constant in West (uncertain) region in
far future and the Northwest region (uncertain) in both the near and far future (Table 3).
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Although the change in P is minimum (Fig. 2, Table 2) in the far future in the South and
Southwest region, a significant increase in T (Fig. 2, Table 2) in these regions will significantly
increase ET and reduce soil moisture making the soil profile much drier and changing land
surface properties thereby reducing recharge (Fig. 5, Table 3). The projected increase in recharge
(Figs. 4 and 5, Table 3) is similar to the projected increase in P (Figs. 1 and 2) in the future for
the Northern Rockies and Plains, where (particularly the Northern Rockies) recharge is more
controlled by aquifer properties than the climate; limiting recharge due to relatively impermeable
rock formations. Though there will be slight decrease in recharge in the West in near future (Fig.
4, Table 3), there with be limited change in recharge in the far future (Fig. 5, Table 3). While a
slight decrease in P and slight increase in T resulted in decreased recharge in the near future, the
moderate increase in P in the far future was offset by significantly higher increase in T. A
limited change in recharge is expected for the Northwest region (Fig. 4 and 5, Table 3) because
some increase in precipitation for this region is offset by increased ET due to increased T in the
future.
3.2.2. Variability in projected recharge across GCMs
A majority of the models of the VIC simulations projected increased recharge in the Northern
Rockies and Plains (9 out of 11) and decreased recharge in the West (9 out of 11) and Southwest
(8 out of 11) regions (Fig. 6) in the near future but vary based on GCMs (Fig 6). More models (6
out of 11) projected decreased recharge in the South and Northwest regions (Fig. 6). The change
in recharge is projected to be greatest and highly variable among GCMs for the West (-25.5% to
+22.7%) and South (-33.1% to +26.8%) region in the near future (Fig. 6).
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A majority of the models projected increases in recharge in the Northern Rockies and Plains (9
out of 11) and decreases in recharge for the South (9 out of 11) regions (Fig. 6). Increases in
recharge were as high as 33.3% for the Northwest region (Fig. 6). It should however be noted
that of the two models that projected increased recharge in the South, one showed a significant
increase in recharge (+44.1 %; Fig. 6). More models projected decreased recharge in the
Southwest (7 out of 11) and West (6 out of 11), and increased recharge the Northwest (7 out of
11) regions (Fig. 6). The change in recharge is projected to be greatest and highly variable for the
South (-49.4% to +44.1%) and West (-36% to +27.3%) regions in the far future (Fig. 6).
Although more models projected increases in precipitation over the regions (Fig. 3),
more models projected decreases in recharge (Fig. 6). This was primarily due to the offset effect
of consistent increased temperature (Fig. 3) which caused the decrease in recharge through
increased evapotranspiration even though there was an increase in precipitation. The properties
of land surface (viz. soil properties) also have its role on the decreased recharge. Due to high
evaporation loss from soil, the land surface becomes drier and needed more water to saturate soil
before draining from the bottom layer to become recharge. The recharge is primarily related to
hydraulic conductivity of the bottom layer which is a nonlinear function of soil moisture content.
3.4. Projected change in recharge seasonality
Although no significant change in mean recharge was projected for some regions, a significant
change in the seasonality of the recharge is projected to occur across the region (Table 4).
Analyses at the seasonal time scale will help better explain the sensitivity of climate change to
recharge in the western US as it is easy to detect the change at a seasonal than at an annual time
scale- similar decreases in one season and increases in another could result in no change in
recharge at an annual time scale. The model ensemble average projected a decrease in recharge
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during summer (-4.5% - -25.3%) for all the regions, with a largest decrease in the West and the
smallest in the South for the near future (Table 4). For the far future, the same results holds for
the summer however there is a much larger decrease (-11.5%- -37.3%) in recharge (Table 4).
The higher decreases in recharge are mostly related to decreases in P and increases in T during
the summer when most of the ET occurs. A significantly higher decrease in the far future
compared to the near future is more related to significantly higher increases in T in the far
compared to the near future. A decrease in recharge is projected to occur throughout the year in
the South region for far future (Table 4) which will see a decrease in P and significantly higher
increase in T during that period.
An increase in recharge during winter (+2.4% to +7%) is projected for most of the
regions for the near future (Table 4) with the smallest increase for the West and highest for the
Northern Rockies and Plains, where more increases are projected during spring (+24.9%). A
significant increase is also expected to occur in winter for the Northern Rockies and Plains
(+13%), West (+22.5%) and Northwest (+18%) regions for the far future (Table 4). Increases in
recharge in the winter months are related to increase in P which was higher enough to offset the
effect of increased T during this season. A significant increase is also expected to occur in spring
for the Northern Rockies and Plains (+59%), Southwest (+13.6%) and Northwest (+12.7%)
regions (Table 4) which is related to higher P in winter and spring months in the form of snow
and higher melting during the spring from increased T.
3.5. Uncertainty in projections
It should be noted that there is a large uncertainty associated with the recharge projections (Figs.
4, 5 and 6) in response to the uncertainties in P & T (Figs. 1, 2 and 3). The climate estimates
used as input to run VIC are based on global climate projections. While these models can
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provide a rough estimate of climate at a coarse spatial resolution, there is more uncertainty at the
local and regional scales [Dominguez et al., 2012; Castro et al., 2012]. Using these models at the
local and regional scale thus requires the use of statistical or dynamical downscaling techniques
to increase the spatial resolution. Statistically downscaled data, which was used in this study,
have limitations capturing seasonal and inter-annual variability across the region compared to
dynamically downscaled projections, which are just becoming available but are cost-intensive
(Hanson et al., 2012; Dominguez et al., 2012; Castro et al., 2012]. Also, it has been recognized
that it is really difficult to capture the monsoon with the current models even with appropriate
downscaling and thus there is s large uncertainty especially during the summer [Dominguez et
al., 2012]. The major source of uncertainty in the future projections of recharge is identified from
the GCMs projections of the future climate (Crosbie et al., 2011), followed by the downscaling
of the future climate from the GCMs [Holman et al., 2009; Mileham et al., 2009]. The choice of
hydrological model was found to be the source of the least uncertainty in previous studies of
ground water recharge [Crosbie et al., 2011] and should not have affected recharge projections
much in this study by choosing the VIC model.
4. CONCLUSIONS
The southern portion of the western US can expect reduced recharge while the northern portion
can expect increased recharge in the future compared to current conditions. Climate (viz. P and
T) change interacts with land surface properties (viz. soil and vegetation) to affect the amount of
recharge that occurs in future thus magnitude and/or direction of recharge cannot be solely
predicted based on precipitation. Thus, land surface models (LSMs) like Variable Infiltration
Capacity (VIC) model can provide more reliable estimates of recharge for the future by
incorporating the interactions of climate with land surfaces processes that influence recharge.
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A majority of the VIC simulations projected increased recharge in the Northern Rockies
and Plains for both the near and far future. A majority of the simulations agreed on reduced
recharge in the West and Southwest region for the near future. For the far future, a majority of
the simulations agreed on decreased recharge in the South and Southwest regions. There is
significant variability in the projected recharge change based on GCMs across the regions.
Average annual recharge is projected to increase in about 62% of the region and decrease
in about 38% of the western US. The relative increase will be as high as 94% and decrease will
be as high as 50% for the near future. For the far future the change will be more significant
(-90% to >100%) based on location of interest/local scale.
When analyzed at a regional scale, the Northern Rockies region is expected to get more
recharge (highly certain) in both in the near (+5.1%) and far (+9.0%) future. While recharge is
expected to decrease slightly in the near future in the South region, it is expected to decrease
(highly certain) significantly (-13%) in the far future. While decreases in recharge are mostly
projected for the summer seasons, recharge is projected to increase in the winter season for most
of the regions.
Overall, a significant increase or decrease in P resulted in increased and decreased
recharge as well. However, although some models have showed increase in P, interaction with
higher temperature and land surface properties resulted in decreased recharge. Despite the large
variability in projected recharge across the GCMs, recharge projections from this study will help
water managers with long term water management planning.
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7. TABLES
Table 1: BCSD CMIP 5 (BCSD5) VIC Hydrology Projection Ensemble available for RCP 6.0
emission scenario
WCRP CMIP5 Climate Modeling Group
Beijing Climate Center, China Meteorological Administration
National Center for Atmospheric Research
Community Earth System Model Contributors
Commonwealth Scientific and industrial Research organization,
Queensland Climate change center of excellence
The First Institute of Oceanography, State Oceanic Administration, China
NOAA Geophysical Fluid Dynamics Laboratory
NASA Goddard Institute for Space studies
Met Office Hadley Center
Institut Pierre-Simon Laplace
Japan Agency for Marine-Earth Science and Technology, atmosphere and
Earth research institute, The university of Tokyo
Norwegian Climate Center

CMIP5 Climate
model ID
BCC-CSM1-1
CCSM4
CESM1-CAM5
CSIRO-MK3-6-0

Emission

FIO-ESM
GFDL-ESM2M
GISS-E2-R
HADGEM2-ES
IPSL-CM5A-MR
MIROC5

RCP 6.0
RCP 6.0
RCP 6.0
RCP 6.0
RCP 6.0
RCP 6.0

NorESM1-M

RCP 6.0

RCP 6.0
RCP 6.0
RCP 6.0
RCP 6.0

Table 2: Current conditions of climate and recharge and projected climate in the western US
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Projected Climate Change
% P change
T change
(Far future)
(oC; Near
future)
457
103
11.7
23
-1.3
4.9
1.35
W
372
27
10.6
8
-0.1
1.1
1.45
SW
732
61
16.7
8
0.3
-0.3
1.37
S
881
256
6.4
29
2.1
7.2
1.38
NW
481
43
6.0
9
5.3
10.4
1.54
NR
566
83
10.2
15
1.4
4.7
1.43
Domain
* W: West, SW: Southwest, S: South, NW: Northwest, NR: Northern Rockies and Plains
Region

Mean P
(mm)

Current Conditions
Recharge Mean T Recharge
(mm)
(oC)
ratio (%)

% P change
(Near future)
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T change
(oC; Far
future)
2.93
3.16
3.05
3.08
3.37
3.15

Table 3: Projected change in mean annual recharge due to climate change
Region
West
Southwest
South
Northwest
Northern Rockies

Near Future (%)
Annual
Confidence Level
-1.6
Highly Certain
-2.9
Highly Certain
-3.0
Uncertain
-0.4
Uncertain
5.0
Highly Certain

Annual
-0.5
-4.4
-10.6
-0.7
9.0
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Far Future (%)
Confidence Level
Uncertain
Moderately Certain
Highly Certain
Uncertain
Highly Certain

Table 4: Projected change in seasonality of recharge due to climate change
Region
West
Southwest
South
Northwest
Northern Rockies

Winter
2.4
-1.4
2.6
6.1
7.0

Near Future (%)
Spring Summer
-14.0
-25.3
3.9
-15.3
0.2
-4.5
-0.4
-17.1
24.9
-6.4

Fall
-1.4
-5.5
-4.5
-3.1
1.3

Winter
22.5
0.2
-16.0
18.0
13.0
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Far Future (%)
Spring Summer
-5.1
-37.3
13.6
-30.5
-15.0
-11.2
12.7
-30.8
59.0
-17.7

Fall
2.2
-10.2
-3.0
-7.7
-6.3

8. FIGURES
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(a)

Fig 1: (a) Ensemble average relative change in precipitation for the near future (2021-2050)
compared to historic period (1981-2000) and (b) the level of confidence in the direction of those
changes.
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(a)

(b)

Fig 2: (a) Ensemble average relative change in precipitation for the far future (2081-2100)
compared to historic period (1981-2000) and (b) the level of confidence in the direction of those
changes.

149

Fig 3: Variability in the relative changes in climate (P and T) due to GCMs for 5 climatic regions
in the western US in near (1st column) and far future (2nd column). Each color coded bar
represents the relative change in precipitation based on the GCMs and the overlying gray bars
represent the change in temperature associated with the particular GCMs.
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(b)

(a)

Fig 4: (a) Ensemble average relative change in recharge for the far future (2021-2050) compared
to historic period (1981-2000) and (b) the level of confidence in the direction of those changes.
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(a)

(b)

Fig 5: (a) Ensemble average relative change in recharge for the far future (2081-2100) compared
to historic period (1981-2000) and (b) the level of confidence in the direction of those changes.
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Fig 6: Variability in the relative changes in recharge due to GCMs for 5 climatic regions in the
western US in near (1st column) and far future (2nd column). Each color coded bar represents the
relative change in recharge based on the GCMs in similar color and order as to the climate
change in Figure 3.
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