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The Arkansas River and its tributaries provide critical water resources for agricultural irrigation, hydropower generation, and
public water supply in the Arkansas River Basin (ARB). However, climate change and other environmental factors have imposed
significant impacts on regional hydrological processes, resulting in widespread ecological and economic consequences. In this
study, we projected future river flow patterns in the 21st century across the entire ARB under two climate and socio-economic
change scenarios (i.e., SSP2-RCP45 and SSP5-RCP85) using the process-based Dynamic Land Ecosystem Model (DLEM). We
designed “baseline simulations” (all driving factors were kept constant at the level circa 2000) and “environmental change
simulations” (at least one driving factor changed over time during 2001-2099) to simulate the inter-annual variations of river
flow and quantify the contributions of four driving factors (i.e., climate change, CO, concentration, atmospheric nitrogen
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surface runoff deposition, and land use change). Results showed that the Arkansas River flow in 2080-2099 would decrease by 12.1% in the
Great plains SSP2-RCP45 and 27.9% in the SSP5-RCP85 compared to that during 2000-2019. River flow decline would occur from the

beginning to the middle of this century in the SSP2-RCP45 and happen throughout the entire century in the SSP5-RCP85. All
major rivers in the ARB would experience river flow decline with the largest percentage reduction in the western and
southwestern ARB. Warming and drying climates would account for 77%-95% of the reduction. The rising CO, concentration
would exacerbate the decline through increasing foliage area and ecosystem evapotranspiration. This study provides insight

Evapotranspiration

into the spatial patterns of future changes in water availability in the ARB and the underlying mechanisms controlling these
changes. This information is critical for designing watershed-specific management strategies to maintain regional water
resource sustainability and mitigate the adverse impacts of climate changes on water availability.

endangered aquatic species. However, as a prevalent land disturbance in the
ARB (Basara et al., 2013), droughts disrupt the normal hydrological processes,
reduce water availability in rivers and lakes, and cause widespread ecological

1. Introduction

The Arkansas River is one of the major tributaries of the Mississippi River,
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originating in the Rocky Mountains in New Mexico and Colorado, flowing
through the plains and highlands in Kansas and Oklahoma, and finally joining
the Mississippi River in Arkansas. The Arkansas River Basin (ARB) is the largest
river basin in the southern Great Plains spanning a large diversity of climate,
terrain, and vegetation. River flow in the Arkansas River and its tributaries
provide critical water resources for agricultural irrigation, hydropower
generation, and public water supply and provide habitats for several

consequences and agricultural and economic losses (Seager et al., 2013). Many
rivers in the ARB flow across the boundary of multiple states, which requires
interstate stream compacts to apportion the waters and resolve conflicts
between states (Schlager and Heikkila, 2009).

In the ARB, the surface water in rivers and lakes is an essential source for
agriculture irrigation and public water supply. Diversion facilities
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were constructed in Colorado between Avondale and La Junta to remove water
from the Arkansas River for irrigation use and substantially decreased
streamflow (Gates et al., 2016; Ortiz et al., 1998). In Oklahoma, daily surface
water withdrawals reached 989 million gallons in 2005, 32 % of which was used
for cropland irrigation (Tortorelli, 2009). Additionally, a number of important
U.S. cities reside along the Arkansas River and its tributaries, including
Oklahoma City and Tulsa in Oklahoma, Little Rock in Arkansas, Wichita in
Kansas, and Pueblo in Colorado. With the increasing urban population, surface
water has become the primary public water supply source in the eastern ARB.
In Kansas, surface water represented 52—-61 % of the total annual withdrawals
for public supply during 1990-2012 (Kenny, 2014). In Oklahoma, 41 % of the
surface water withdrawals have been used as public water supply. Additionally,
the Arkansas River and its tributaries provide critical habitats for multiple
endangered aquatic species. For example, the Arkansas River shinner is
endemic to the Arkansas River system, but its abundance and living extent
started to shrink in the 1970s (Pigg, 1999).

The southern Great Plains and the ARB are prone to various types of
droughts (multiyear droughts, seasonal droughts, and flash droughts) with
severe consequences to regional water availability, crop production, and
livestock health (Livneh and Hoerling, 2016). The southern Great Plains has
experienced a number of multiyear droughts, such as the droughts in the 1930s
and the 1950s, when sea surface temperatures in the tropics were lower than
normal (Schubert et al., 2004). Seasonal droughts were prevalent in the ARB in
the 20th century and the early 21st century and will likely become more
frequent and severe after the 2050s along with climate warming and drying
(Liu et al., 2013a). Over recent years, flash droughts at the sub-seasonal
timescale have been intensively investigated in the U.S. (e.g. Basara et al., 2019;
Chen et al., 2019; Christian et al., 2019). The ARB and the central Great Plains
have been identified as hot spots with the most intense flash droughts, such as
the Great Plain drought in 2011 (Christian et al., 2019). These drought events
decreased river flow and surface water storage. For example, the water level in
Lake Thunderbird in central Oklahoma was 7 feet (about 2.1 m) below the
recommended conservation pool during the 2011/ 2012 drought, threatening
the drinking water supply in the three metropolitan areas of Midwest City, Del
City, and Norman. Another drastic example is Lake Meredith on the Canadian
River, which historically was a major source of drinking water for cities in the
Texas Panhandle. By 2012, however, the lake level has dropped to the point
that no water was delivered to these cities (Cepeda, 2016). Additionally, some
reaches of the Arkansas River (such as that between Dodge City and Garden
City in Kansas) were once perennial, but completely dry over recent decades.

Due to the limited water resources over a large portion of the ARB, disputes
regarding river water apportionment have long been common between
neighboring states (Clemons, 2003). For example, water conflicts between
Kansas and Colorado over the apportionment of Arkansas River flows
happened multiple times since the early 20th century. From 1950 to 1985,
Colorado intercepted 328,000 acre-feet of Arkansas River water that was
supposed to flow to Kansas (Naeser and Bennett, 1998). Kansas sued Colorado
in the U.S. Supreme Court that Colorado deprived Kansas of its accustomed
flow of the Arkansas River. To manage and apportion the waters in the Arkansas
River and its major tributaries, many interstate stream compacts have been
approved by the United States Congress and enacted in Federal statutes and
the statutes of each agreeing State (Schlager and Heikkila, 2009). To design
better strategies for surface water allocation, information regarding future river
flow is urgently needed by the States in the ARB.

Climate change has affected and will continue altering river hydrological
regimes and endanger water resource sustainability at the regional and global
scales (Seager et al., 2013; van Vliet et al., 2013). Quantitative information
about future river flow under climate change and water use scenarios is of
particular importance for water risk assessment (Nohara et al., 2006) and
designing proactive intervention water management strategies (Palmer et al.,
2008). Future climate change will likely worsen water shortages in the ARB by
enhancing water demand while reducing water supply. Changed precipitation
regimes will affect soil moisture conditions and runoff generation (Seager et
al., 2013). Climate warming will likely increase ecosystem evapotranspiration
and in turn drive up irrigation water requirements and public water use (Yang

Journal of Hydrology 618 (2023) 129253

etal., 2019a). Additionally, ecosystem evapotranspiration and river flow can be
affected by many other environmental factors. For example, Tao et al. (2014)
reported that under the high-emission scenarios, human-induced rising CO2
concentration and land-use change would play a more important role than
climate change in shaping the river discharge of the Mississippi River. In
contrast, Piao et al. (2007) found that climate change and cropland expansion
had a larger impact than the rising CO2concentrations in determining river flow
trend. One critical pattern of land cover change in the ARB is woody plant
encroachment in the grasslands, which has been found to affect runoff
generation and groundwater recharge (Acharya et al., 2018; Qiao et al., 2017).
It can be concluded that an accurate simulation of future river flow needs to
consider the impacts of climate change as well as other human-caused
environmental changes. Although future river flow has been projected in many
basins in the U.S. and across the world under climate change scenarios (e.g.
Lauri et al., 2012; Seager et al., 2013; Tao et al., 2014), we lack an in-depth
understanding of future river flow patterns in the ARB and the southern Great
Plains, which is limiting our ability to design water use and management
strategies to sustain regional water resource availability.

In this study, we aimed at answering the following two questions: (1) How
much would river flow change over different parts of the ARB in the middle and
at the end of the 21st century? (2) What are the major environmental factors
controlling future river flow changes? To answer these two questions, we
compiled and analyzed future projections of climate conditions and other
environmental factors from the Coupled Model Intercomparison Project Phase
5 and Phase 6 (CMIP5 and CMIP6) and used these compiled future
environmental factors to drive the process-based Dynamic Land Ecosystem
Model (DLEM, Tian et al. (2011)). We designed “baseline simulations” (all
driving factors were kept constant at the level circa 2000) and “environmental
change simulations” (at least one driving factor changed over time during
2001-2099) to simulate the inter-annual variations of river flow in the ARB and
quantify the contributions of four driving factors (i.e., climate change, CO:
concentration, atmospheric nitrogen deposition, and land use change).
Contrasting to previous river flow modeling studies that report river flow at one
or multiple river outlets, our work presented the spatial pattern of future river
flow of all major river channels in the ARB, which is critical for designing water
management strategies at the local, state, and basin levels.

2. Data and methods
2.1. Study domain

Our study domain is the Arkansas River Basin (Fig. 1), which has a total land
area of 0.41 million km?and covers parts of 7 states (Colorado, New Mexico,
Kansas, Oklahoma, Texas, Missouri, and Arkansas) and 16 EPA Level Il
Ecoregions (Fig. S1). We delineated the ARB boundary based on the Hydrolk
Digital Elevation Model (DEM) data using hydrological analysis tools in ArcGIS
10.8. We identified the major river channels (Fig. 1) from the Hydrolk DEM by
calculating flow accumulation area and then selecting grids with flow
accumulation area > 16,000 km?2. Topography presents significant spatial
variations in the east—west direction (Fig. S2). The ecoregion of the Mississippi
Alluvial Plain in Arkansas (see its location in Fig. S1) has the lowest elevation
(mean = 61 m), while the ecoregion of the Southern Rockies in Colorado and
New Mexico has the highest elevation (mean = 2636 m).
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According to the gridMet climate data (Abatzoglou, 2013), ARB had an
average annual temperature of 8.4 °C during 1991-2020 with the highest
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accounting for 42.5 % of the entire ARB land area. Forest and shrub are the
second and third largest natural vegetation types, representing 14.7 % and 13.2
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Fig. 1. Study domain of the Arkansas River Basin (ARB), major river channels, and land cover types. Inset shows the location of the ARB in the U.S.
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Fig. 2. Flowchart of methodology to simulate river flow in the
Arkansas River Basin (ARB) during 2001-2099 in model
simulation scenarios. Abbreviations in this figure: DLEM —
Dynamic Land Ecosystem Model, NOAA — National Oceanic
and Atmospheric Administration, NCAR — National Center for
Atmospheric Research, CCMI — Chemistry-Climate Model
Initiative, CMIP5 — Coupled Model Intercomparison Project,
phase 5, LUH2 — Land-Use Harmonization data, and RCP —
Representative Concentration Pathways.
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temperature of 12.2 °C in the ecoregion of the Mississippi Alluvial Plain and the
lowest temperature of 1.2 °C in the ecoregion of the Southern Rockies (Fig. S3).
July was the warmest month (20.7 £ 2.8 °C, mean * 1 std. dev., same hereafter),
and January was the coldest month (-3.6 + 2.1 °C, Fig. S4). During the last 30
years, regional average precipitation was 732 mm/year with a distinct declining
pattern from east to west. May was the month with the highest precipitation
(94.7 + 56.3 mm/month), and January was the month with the lowest
precipitation (28.4 + 27.9 mm/month, Fig. S4). The average potential
evapotranspiration was 1490 mm/year for the ARB. Potential
evapotranspiration was the highest in the southwestern ARB (>1700 mm/year).
As an indicator of aridity conditions, the aridity index (Al, the ratio of long-term
precipitation to long-term potential evapotranspiration) (Middleton and
Thomas, 1998) was 0.49 in the ARB with a large spatial variation from less than
0.3 in the arid west t0>1.0 in the humid east. The dryland area (Al less than
0.65) accounted for 69.7 % of the ARB and the humid area (Al 2 0.65) accounted
for the remaining 31.3 %.

As shown by the National Land Cover Database 2019 (Fig. 1, Homer et al.,
2020), grassland and pasture are the dominant land use and land cover types,

% of the ARB land area, respectively. Deciduous forests are primarily
distributed in the eastern ecoregions, such as the Cross Timbers, the Boston
Mountains, the Arkansas Valley, and the Ozark Highlands (see their locations in
Fig. S1). Evergreen forests are prevalent in the ecoregion of the Southern
Rockies in the west. Croplands account for 22.5 % of the ARB land area, mostly
occurring in the ecoregions of the High Plains, the Central Great Plains, and the
Mississippi Alluvial Plain.

2.2. Model description and experimental design

In this study, we first evaluated the performance of Dynamic Land
Ecosystem Model (DLEM) in simulating evapotranspiration and river
flow in the ARB against USGS measurement and satellite-based
evapotranspiration products. After model evaluation and validation, we ran the
validated DLEM to simulate the annual river flow from 2001 to 2099 in six
model simulation scenarios. Model driving forces included climate change, CO2
concentration, atmospheric nitrogen deposition, and land use change (Fig. 2).
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2.2.1. Dynamic land ecosystem model

DLEM is a process-based ecosystem model for simulating ecosystem water,
carbon, and nitrogen processes at the site, regional, and global scales (Liu et
al., 2013b; Tian et al., 2011; Yao et al., 2020). The terrestrial processes include
five major components, including biophysical, biogeochemical, hydrological,
vegetation dynamics, and land- use processes (Tian et al., 2010). In the ARB,
DLEM includes seven major Plant Functional Types (PFTs) to represent the
distribution of natural vegetation, which are temperate broadleaf deciduous
forest, temperate needleleaf evergreen forest, evergreen shrub, deciduous
shrub, C3 grass, C4 grass, and wetland. In each grid, DLEM uses a cohort
structure to represent land cover types with a maximum of four natural
vegetation PFTs and one crop type (Liu et al., 2013b). Natural and
anthropogenic land disturbances, such as wildfires, forest harvesting, and
herbivore grazing, have been explicitly represented, enabling DLEM to simulate
the impacts of anthropogenic and natural disturbances on ecosystem carbon
and water dynamics (Chen et al., 2013; Dangal et al., 2017; Yang et al., 2015a).
DLEM also has the capability to evaluate land-use change and land
management practices (such as fertilizer application and timber harvest) on the
terrestrial and aquatic processes (Lu et al., 2020; Pan et al., 2021; Ren et al.,
2016; Tian et al., 2020; Yang et al., 2015b). The aquatic module in DLEM
simulates sub-grid-level hydrological processes as well as water, nutrient, and
sediment transport between grids through river networks down to the ocean.
Itis unique in the incorporation of various environmental drivers, simultaneous
simulations of terrestrial water/carbon/nitrogen dynamics, land-to-
atmosphere gas and water exchanges, and land-to-aquatic mass flows (Tian et
al., 2020; Yao et al., 2020). Text S1 provides a brief description of DLEM
algorithms to estimate ET, runoff, baseflow, and water movement along the
river network. The detailed description can be found in our previous
publications (Liu et al., 2013b; Pan et al., 2015; Yang et al., 2015b; Yao et al.,
2020).

2.2.2. Model input datasets

In this study, we prepared model input datasets at a spatial resolution of 4-
km, which is the highest resolution for the downscaled CMIP5 future climate
data in the ARB. The static model input variables included soil properties,
topography, and river network. We obtained soil property data from the
gridded Harmonized World Soil Database (HWSD) v1.2 (Wieder, 2014),
including soil texture, pH value, and bulk density. Next, we used the Arc Hydro
Tools in ArcGIS (Djokic et al., 2011) to fill sinks in the Hydrolk DEM data,
calculate flow direction and accumulation area, determine river channels, and
delineate basin boundary.

Time-varying model inputs include daily climate conditions, CO:
concentration, atmospheric nitrogen deposition, and annual cropland
distribution. Climate data (daily average/maximum/minimum air temperature,
precipitation, and solar radiation) were from two data sources, i.e., the 4-km
gridMet climate data from 1979 to 2021 (Abatzoglou, 2013) and downscaled
General Circulation Model (GCM) outputs in the CMIP5 project over the
historical period (1980-2005) and future period (2006-2099) in two
Representative Concentration Pathways with medium and high greenhouse gas
concentrations, i.e., RCP45 and RCP85 scenarios (Taylor et al., 2012). We used
CMIP5 climate data from seven GCMs, which are BCC-CSM1, CCSM4, GFDL-
ESM2G, HadGEM2-ES365, IPSL-CM5A-LR, MIROC5, and NorESM1-M. These
data have been downscaled to a spatial resolution of 4-km and bias has been
corrected according to the gridMet historical climate data using the
Multivariate Adaptive Constructed Analogs (MACA) (Abatzoglou and Brown,
2012). It is noteworthy that we used the downscaled climate data from the
CMIP5 rather than the CMIP6, although downscaled CMIP6 climate data are
available (such as the NEX-GDDP-CMIP6, Thrasher and Nemani (2021)). This is
because the spatial resolution of current CMIP6 downscaled climate data (such
as 0.25° latitude/longitude for the NEX-GDDP-CMIP6) is not high enough to
meet our requirement for hydrological simulations in the ARB.

Annual CO; concentration data between 1979 and 2020 were from the
NOAA Global Monitoring Laboratory and future CO, concentration data in the
RCP45 and RCP85 scenarios were obtained from the RCP database version 2.0.
The atmospheric nitrogen deposition data (NHx and NOy, 0.5°
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latitude/longitude) in the historical and future periods were from the NCAR
Chemistry-Climate Model Initiative (CCMI), which has been used in the Global
N20 Model Intercomparison Project (NMIP, Tian et al. (2018)). These nitrogen
deposition data were simulated by atmospheric chemistry models in scenarios
combining Shared Socioeconomic Pathways (SSP) and RCP, i.e., SSP2-RCP45
and SSP5-RCP85. In this study, we further downscaled these data to a spatial
resolution of 4-km using the bilinear interpolation method to drive DLEM.

To construct the future distribution of cropland and natural vegetation, we
first developed a 30-m natural vegetation land cover map by replacing cropland
pixels in the NLCD 2019 with their nearest natural vegetation/land cover pixels.
Next, we downloaded the 1-km historical fractional cropland data (1979-2016)
developed by Yu and Lu (2018) and extracted future fractional cropland data
(2015-2099) in the SSP2- RCP45 and SSP5-RCP85 scenarios from the Land-Use
Harmonization data (LUH2, Hurtt et al. (2020)). We modified cropland fractions
in the LUH2 based on cropland fractions in the Yu and Lu (2018) dataset to
make cropland fractions in the two datasets connect seamlessly. Finally, we
overlayed the annual cropland fraction datasets on the 30-m natural vegetation
land cover map and computed the fractions of vegetation types in each 4-km
grid for model simulations during 1979-2099. The major crop types in the ARB
include winter wheat, soybean, corn, sorghum, and hay.

2.2.3. Model validation and result comparison

In this study, DLEM simulations consisted of two stages, which were the
equilibrium run and the transient run. In the equilibrium run stage, the model
was driven by the 20-year average climate condition between 1979 and 1998
from gridMet. The other driving factors (cropland distribution, atmospheric
nitrogen deposition, and CO; concentration) were kept constant at the level in
1979. Vegetation seeds started to grow from the bare ground with no soil
carbon, nitrogen, and water storage until the system reached an equilibrium
state, defined as the changes in grid-level ecosystem carbon, nitrogen, and
water storage between two consecutive 20-year periods less than 0.5 g C/ m?,
0.5g N/ m? and 0.5 g H,0 / m?, respectively. For most simulation grids in the
ARB, it took 1,000—-10,000 years for the model to reach an equilibrium state.

Next, we implemented model validation and result comparison by
designing the transient run from 1979 to 2021 driven by gridMet climate data
and other time-varying driving forces. The transient run used the simulated
carbon, water, and nitrogen status in the equilibrium run as the starting point.
DLEM parameters controlling ecosystem evapotranspiration and water yield
processes (such as leaf stomatal conductance and soil surface reflectance)
were from Pan et al. (2015), which have been validated against ET
measurements at 21 AmeriFlux sites in the U.S. We obtained other model
parameters not directly related to ecosystem water processes from our recent
simulations in the Inter- Sectoral Impact Model Intercomparison Project phase
2a(Panetal., 2020; Shietal., 2021). Then, these parameters were used to drive
DLEM in the equilibrium run and the transient runs.

We compared DLEM-simulated monthly ET against the data-based latent
heat product of Model Tree Ensembles (MTE, Jung et al. (2011)), ET estimates
from the Global Land Evaporation Amsterdam Model (GLEAM, Martens et al.
(2017)), and MODIS ET product of MOD16A3 (Mu et al., 2011). MTE ET was
available from 1982 to 2011, GLEAM ET were available from 2003 to 2020, and
MODIS ET was available from 2001 to 2021. In this study, we compared DLEM
ET with these three ET datasets from 2003 to 2011, during which all these
datasets are available. Also, we compared model simulations of river flow
against USGS measurements at five gauge stations along the Arkansas River
and its major tributaries, including the site at Chouteau, OK (ID: 07191500,
Neosho River), the site at Muskogee, OK (ID: 07194500, Arkansas River), the
site at Murray Dam, AR (ID: 07263450, Arkansas River), the site at White Field,
OK (ID: 07245000, Canadian River), and the site at Fort Smith, AR (ID:
07249455, Arkansas River). The locations of the five sites and their associated
watersheds are illustrated in Fig. S5.

We used two goodness-of-fit metrics, i.e., the Nash-Sutcliffe Efficiency (NSE,
Nash and Sutcliffe (1970)) and percent bias (PBIAS, Gupta

Table 1
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etal. (1999)), to evaluate DLEM'’s performance in simulating monthly river flow.
NSE is a normalized statistic metric that quantifies the relative magnitude of
the residual variance compared to the variance of river flow measurements,
ranging from - to 1.0 with NSE = 1 being the perfect simulation and NSE > 0
as acceptable levels of performance (Moriasi et al., 2007). PBIAS measures the
tendency of DLEM-simulated river flow to be larger or smaller than the
measurements with PBIAS = 0 being the perfect simulation and a lower
absolute value of PBIAS indicating a more accurate simulation (Moriasi et al.,
2007). Positive PBIAS values indicate model underestimates river flow, while
negative values indicate overestimation.

Driving factors for DLEM transient runs and model simulation scenarios (SO to S5) in the period of 2001-2099.

Climate Cropland Area CO, Concentration Nitrogen Deposition

S0: Baseline Simulations
1 S0.gridMet 1981-2000 average 2000 2000 2000
2 S0.BCC.RCP45 1981-2000 average 2000 2000 2000
3 S0.BCC.RCP85 1981-2000 average 2000 2000 2000
4 50.CCSM4.RCP45 1981-2000 average 2000 2000 2000
5 S0.CCSM4.RCP85 1981-2000 average 2000 2000 2000
6 S0.GFDL.RCP45 1981-2000 average 2000 2000 2000
7 S0.GFDL.RCP85 1981-2000 average 2000 2000 2000
8 S0.HadGEM2.RCP45 1981-2000 average 2000 2000 2000
9 S0.HadGEM2.RCP85 1981-2000 average 2000 2000 2000
10 S0.IPSL.RCP45 1981-2000 average 2000 2000 2000
11 S0.IPSL.RCP85 1981-2000 average 2000 2000 2000
12 S0.MIROC5.RCP45 1981-2000 average 2000 2000 2000
13 S0.MIROC5.RCP85 1981-2000 average 2000 2000 2000
14 S0.NorESM1.RCP45 1981-2000 average 2000 2000 2000
15 SO.NorESM1.RCP85 1981-2000 average 2000 2000 2000

$1: Climate-only Simulations
16 S1.BCC.RCP45 2001-2099 2000 2000 2000

17 S1.BCC.RCP85 2001-2099 2000 2000 2000

18 $1.CCSM4.RCP45 2001-2099 2000 2000 2000

19 $1.CCSM4.RCP85 2001-2099 2000 2000 2000

10 S1.GFDL.RCP45 2001-2099 2000 2000 2000

21 S1.GFDL.RCP85 2001-2099 2000 2000 2000

22 S1.HadGEM2.RCP45 2001-2099 2000 2000 2000

23 S1.HadGEM2.RCP85 2001-2099 2000 2000 2000

24 S1.IPSL.RCP45 2001-2099 2000 2000 2000

25 S1.IPSL.RCP85 2001-2099 2000 2000 2000

26 S1.MIROC5.RCP45 2001-2099 2000 2000 2000

27 S1.MIROC5.RCP85 2001-2099 2000 2000 2000

28 S1.NorESM1.RCP45 2001-2099 2000 2000 2000

29 S1.NorESM1.RCP85 2001-2099 2000 2000 2000

$2: CC-only Simulations
30 $2.S5P2-RCP45 1981-2000 average 2001-2099 2000 2000
31 $2.SSP5-RCP85 1981-2000 average 2001-2099 2000 2000

$3: CO,-only Simulations
32 S3.RCP45 1981-2000 average 2000 2001-2099 2000
33 S3.RCP85 1981-2000 average 2000 2001-2099 2000

S4: Ndep-only Simulations
34 S4.SSP2-RCP45 1981-2000 average 2000 2000 2001-2099
35 S4.5SP2-RCP85 1981-2000 average 2000 2000 2001-2099

55: All-combined Simulations
36 S5.BCC.SSP2-RCP45 2001-2099 2001-2099 2001-2099 2001-2099
37 $5.BCC.SSP5-RCP85 2001-2099 2001-2099 2001-2099 2001-2099
38 $5.CCSM4.SSP2-RCP45 2001-2099 2001-2099 2001-2099 2001-2099
39 S5.CCSM4SSP5-RCP85 2001-2099 2001-2099 2001-2099 2001-2099
40 S5.GFDL.SSP2-RCP45 2001-2099 2001-2099 2001-2099 2001-2099
41 S5.GFDL.SSP5-RCP85 2001-2099 2001-2099 2001-2099 2001-2099
42 S5.HadGEM2.SSP2-RCP45 2001-2099 2001-2099 2001-2099 2001-2099
43 S5.HadGEM2.SSP5-RCP85 2001-2099 2001-2099 2001-2099 2001-2099
44 S5.IPSL.SSP2-RCP45 2001-2099 2001-2099 2001-2099 2001-2099
45 S5.1PSL.SSP5-RCP85 2001-2099 2001-2099 2001-2099 2001-2099
46 S5.MIROC5.55P2-RCP45 2001-2099 2001-2099 2001-2099 2001-2099
47 $5.MIROC5.55P5-RCP85 2001-2099 2001-2099 2001-2099 2001-2099
48 S5.NorESM1.5SP2-RCP45 2001-2099 2001-2099 2001-2099 2001-2099
49 S5.NorESM1.SSP5-RCP85 2001-2099 2001-2099 2001-2099 2001-2099

Note: “1981-2000 average”, “2000”, and “2001-2099" refer to the status of the four driving forces in model simulation period of 2001-2099. “1981-2000 average” indicates that driving
forces were kept constant at the level of average conditions in 1981-2099. “2000” indicates that driving forces were kept constant at the level in 2000. “2001-2099” indicates that driving
forces changed over time.
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2.2.4. Design of model simulations

Besides the transient run in 1979-2021 for model validation and result
comparison (section 2.2.3), we designed another 49 model simulations in the
period of 1979-2099 (Table 1). All the 49 simulations used the simulated
carbon, water, and nitrogen status in the equilibrium run as starting points.
Through these model simulations, we projected future variations of river flow
in the Arkansas River and its major tributary of the Canadian River, and
attributed river flow variations to four environmental factors, including climate
change, cropland change (CC), rising CO2 concentration, and atmospheric
nitrogen deposition (Ndep).

While all the 49 simulations started in 1979, our analyses focused on the
period of 2000-2099. These simulations can be grouped into five broad
categories, i.e., baseline simulations (S0), “Climate-only” simulations (S1), “CC-
only” simulations (S2), “COz-only” simulations (S3), “Ndep-only” simulations
(54), and “All-combined” simulations (S5) (Table 1). For the reference
simulations (S0), all driving factors were kept constant throughout the
simulation period of 2001-2099. Climate conditions were kept at the level of
the 20-year average over the period of 1981-2000, while cropland area, CO:
concentration, and nitrogen deposition were kept at the level in 2000. The
fifteen SO reference simulations were to provide a baseline for S1, S2, S3, S4,
and S5 simulations to make comparisons. In the fourteen S1 “Climate-only”
simulations, climate conditions were the only time-varying driving force in the
simulation period of 2001-2099. Contributions of future climate change to
river flow were quantified by calculating the difference between S1 simulations
and the corresponding SO simulations. Likewise, cropland area, CO:
concentration, and nitrogen deposition were the only time-varying driving
factorsin S2, S3, and S4, respectively, while climate conditions in S2, S3, and S4
were kept constant in the simulation period of 2001-2099 using the 20-year
average of gridMet climate data in 1981-2000. Contributions of cropland
change, rising CO2 concentration, and nitrogen deposition to river flow were
quantified by comparing model results in S2, S3, and S4 with those in the
S0.gridMet, respectively. S5 simulations were the “All-combined” simulations,
in which all driving factors changed over time. Simulation results in S5
represent DLEM'’s “best estimate” of future river flow. It is worth noting that
future climate data used in this study come from GCMs in the CMIP5 and were
not based on the shared socioeconomic pathways in the CMIP6, although we
used the same scenario names (i.e., SSP2-RCP45 and SSP5-RCP85) as that in
the CMIP6.

2.3. Future river flow analyses

We analyzed DLEM-simulated future annual river flow at two levels. For the
level-1 analysis, we examined river flow at three watershed outlets, which were
(1) the USGS site ID: 07245000, Canadian River near White Field, OK, (2) the
USGS site ID: 07194500, Muskogee, OK, and (3) the outlet of the entire
Arkansas River Basin. Associated watersheds for the two USGS sites can be
found in Fig. S5, representing river hydrological conditions in the ARB’s north
and south parts, respectively. For the level-2 analysis, we examined river flow
in the grids with major river channels (see major river channels in Fig. 1) to
illustrate the spatial pattern of river flow changes across the ARB. Next, we
calculated the contributions of four environmental factors (climate change,
cropland change, rising CO2 concentration, and atmospheric nitrogen
deposition) to river flow changes at the ARB outlet according to the methods
described in section 2.2.4. Note that our simulations in this study represent
river flow conditions without much human water use and regulation.
Therefore, river water diversion and the effects of dams were not considered.

We detected the temporal trend of annual river flow in the ARB over the
period of 2000-2099 using the Mann-Kendall (M- K) trend test and the non-
parametric Sen’s slope estimator (e.g. Ali et al., 2019; Tosunoglu and Kisi, 2017;
Yue and Wang, 2004). Next, we analyzed the changed annual river flow in the
middle (2040-2059) and at the end (2080-2099) of the 21st century relative to
the period from 2000 to 2019.
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3. Results
3.1. Comparison and validation

Over the nine years between 2003 and 2011, DLEM-simulated ET was 594.2
+ 48 mm/year, which had a similar magnitude as GLEAM ET (570.4 + 51.3
mm/year, Fig. 3). MTE and MODIS had a relatively lower ET rate (531 + 31.3
mm/year and 427.9 + 54.2 mm/year, respectively). According to Velpuri et al.
(2013), MODIS underestimated ET in cropland, grassland, and shrubland by 8—
14 % compared to AmeriFlux measurements, which partially explained the
lower MODIS ET than the other three datasets in the central and western ARB.
All four datasets simulated a declining ET spatial pattern from east to west.

Interannual ET variation in the four datasets was similar to each other (Fig.
S6). During 2003-2011, the four datasets showed that 2011 was the year with
the lowest ET, which were 19.1 %, 27.5 %, 19.9 %, and 13.3 % lower than the
9-year average ET for DLEM, MODIS, GLEAM, and MTE, respectively.
Meanwhile, the four datasets showed that 2007 was the year with the highest
ET, which were 8.2 %, 15.8 %, 9.8 %, and 6.1 % higher than the 9-year average
for DLEM, MODIS, GLEAM, and MTE, respectively. Additionally, all four datasets
showed annual ET in the ARB had a significant declining trend over the nine
years with declining rates of - 8.5 mm/year, - 6.2 mm/year, - 5.9 mm/year, and
- 4.0 mm/year for DLEM, MODIS, GLEAM, and MTE, respectively.

The DLEM-simulated monthly river flow was validated against
measurements at USGS gauge stations (Fig. 4). NSE of DLEM simulations
reached 0.66, 0.65, 0.68, 0.54, and 0.59 at the five stations of site 07,191,500
(Chouteau, OK), site 07,194,500 (Muskogee, OK), site 07,263,450 (Murray Dam,
AR), site 07,245,000 (Canadian River near White Field, OK), and site 07,249,455
(Fort Smith, AR). NSE results indicated that DLEM captured the temporal
variation of river flow in the ARB. However, PBIAS was negative at four sites (-
12.6 % at site 07194500, - 8.3 % at site 07263450, —23.3 % at site 07245000,
and - 8.8 % at site 07249455) and positive at one site (15.4 % at site 07191500).
PBIAS results indicated the magnitude of DLEM-simulated river flow was
generally consistent with USGS measurements, but with a tendency to
overestimate the ARB river flow. This was likely caused by the diversion of
Arkansas River water for cropland irrigation and public supply, which was not
considered in our simulations.

3.2. Future changes in environmental conditions

According to the bias-corrected climate data simulated by seven GCMs in
CMIP5, temperature in the ARB will increase significantly in both the RCP45
and the RCP85 scenarios throughout the 21st century (Fig. 5). Temperature will
increase by 1.6 £ 0.29 °C and 2.2 £+ 0.44 °C from the period of 2000-2019 to the
period of 2040-2059 in the RCP45 and RCP85 scenarios, respectively (Table 2
and S1). Between the first and last 20-year periods in the 21st century,
temperature will increase by 2.1 + 0.48 °C and 4.7 + 0.67 °C in the RCP45 and
the RCP85 scenarios, respectively. The increasing trend in future temperature
is relatively consistent between all the seven GCMs (Fig. S7).

Precipitation will have a different pattern of change to temperature. The
model-ensemble mean results showed that average precipitation in 2040—-
2059 and 2080-2099 would be lower than that in 2000-2019 (Table 2).
Compared to the period of 2000-2019, precipitation in
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2040-2059 will decrease by 28 + 32.9 mm/year (3.8 %) and 28.3 + 48.8
mm/year (3.8 %) in the RCP45 and the RCP85, respectively. Compared to the
period of 2000-2019, precipitation in 2080-2099 will decrease by 13.1 + 31.7
mm/year (1.8 %) and 32.7 + 39.3 mm/year (4.4 %) in the RCP45 and the RCP85,
respectively (Table S1). It is worth noting that the changes in regional
precipitation are associated with considerable variations between GCMs (Fig.
S7). For example, in the RCP85, the range of precipitation change between the
period of 2080-2099 and the period of 2000-2019 is from - 107.7 mm/year
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3.3. Future evapotranspiration

For the ARB as a whole, the changing trend in regional ET will be
insignificant during 2000-2099 (p-value > 0.05, M- K trend test) in both the
SSP2-RCP45 and the SSP5-RCP85 (Fig. S10). In the SSP2- RCP45 scenario, ET in
the ARB was 608.7 + 9.3 mm/year in 2000-2019 and will be 601.8 + 16.3
mm/year in 2040-2059 and 611 + 13.2 mm/year in 2080-2099 (Table 3). In the
SSP5-RCP85 scenario, ET in the ARB was 605.9 + 14 mm/year in 2000-2019 and

A) DLEM, 594.2 + 48 inm./-year~. |

an ET{Trmrﬁ&'ea‘r)

C) GLEAM, 570.4 + 51:3-mm /-year

D) MTE, 531 + 31.3 i /year__

Fig. 3. Spatial pattern of annual evapotranspiration (mm/year) during 2003—2011 from DLEM (A), MODIS (B), GLEAM (C), and MTE (D).

(IPSL-CM5A-LR) to 37 mm/year (CCSM4), indicating the necessity to include
multiple GCMs and report the uncertainty range when projecting future river
flow. Regarding the spatial pattern, precipitation reduction will occur over most
of the ARB (Fig. S8). Compared to the period of 2000-2019, the reduced
precipitation in 2040-2059 will take place in 99.9 % of the ARB in the RCP45
and 98.1 % of the ARB in the RCP85. The reduced precipitation in 2080-2099
will take place in 90.6 % of the ARB in the RCP45 and 91.9 % of the ARB in the
RCP85. Precipitation will show a more significnat reduction in the southern ARB
than the northern ARB under both scenarios, and the increased precipitation
will be primarily in eastern Kansas.

The temporal variations of cropland area in the ARB will differ between the
SSP2-RCP45 and the SSP5-RCP85. In the SSP2-RCP45, the cropland area will
increase from 86,631 km?in 2000-2019 to 104,765 kmZin 2040-2059 (Table 2).
Cropland expansion in this period will primarily happen in the grassland areas
(Fig. S9). The cropland area will further increase to 123,356 km?in 2080-2099.
However, cropland expansion in this period will be primarily in eastern
Oklahoma and Kansas forest areas. In the SSP5-RCP85, the cropland area will
be at a relatively stable level of ~ 82,156 km? over the entire study period. CO>
concentration will increase continuously at different increasing rates in the
RCP45 and the RCP85 (Fig. 4). The average CO: concentration was 388 ppm
from 2000 to 2019. In the RCP45, the average CO; concentration will increase
to 486 ppm in 2040-2059 and 535 ppm in 2080-2099. Compared to the RCP45,
COz concentration in the RCP85 will increase at a faster rate and reach 535 ppm
in 2040-2059 and 837 ppm in 2080-2099. Atmospheric nitrogen deposition
rates in the future will be lower compared to the contemporary period in both
the SSP2- RCP45 and the SSP5-RCP85 (Fig. 4). Nitrogen deposition in the period
of 2000-2019 was 0.88 g N/m?/year. In the RCP45, the average nitrogen
deposition rates will decrease to 0.61 g N/m?/year in 2040-2059 and 0.46 g
N/m?/year in 2080-2099. In the RCP85, the average nitrogen deposition rates
will decrease to ~ 0.7 g N / m?/ year in the 2030 s and be a relatively stable
level thereafter. The decline in future nitrogen deposition is consistent with the
trend over recent two decades as a result of the Clean Air Act and other ruls
constraining industrial nitrogen gas emissions (Gilliam et al., 2019).

will be 601.8 + 31.5 mm/year in 2040-2059 and 609.6 + 16.1 mm/year in
2080-2099. It is apparent that the eastern and western ARB (with the 98th
meridian as the dividing line, i.e., the dotted red line in Fig. 6) have contrasting
patterns of ET change (Table 3). In the eastern ARB, ET in the SSP2-RCP45
scenario will increase by 5.9 mm/year during 2040-2059 and 13.3 mm/year
during 2080-2099 compared to the period of 2000-2019. ET in the SSP5-RCP85
scenario will increase by 9.1 mm/year during 2040-2059 and 25.9 mm/year
during 2080-2099 compared to the period of 2000-2019. On the contrary, in
the western ARB, ET in the SSP2-RCP45 scenario will decrease by 14.7 mm/year
during 2040-2059 and 4.5 mm/year during 2080-2099 compared to the period
of 2000-2019. ET in the SSP5-RCP85 scenario will decrease by 12.3 mm/year
during 2040-2059 and 10.2 mm/year during 2080-2099 compared to the
period of 2000-2019.

The eastern ARB is a relatively humid region with an Aridity Index of 0.8,
while the western ARB is a relatively dry region with an Aridity Index of 0.32
(Fig. S3). We developed a spatial map of Pearson’s correlation coefficient
between the interannual variations in the DLEM- simulated ET and annual
precipitation (Fig. S11). This map shows an increasing trend in the
precipitation-ET correlation from east to west, indicating a stronger
precipitation impact on ET in the western ARB than that in the eastern ARB.
According to the Budyko curve that describes the geographic difference in
annual evapotranspiration in relation to the abundance of annual precipitation
and radiation (Budyko, 1951), ET is limited by water supply in the dry area and
by radiation in the humid zone. Despite the reduced future precipitation over
most of the ARB, the eastern ARB will have an increased ET because of the
higher evaporative water demand in the atmosphere caused by climate
warming. In the western ARB, ET will decrease along with the reduced
precipitation and limited water supply. The different patterns of ET change
between the eastern ARB and the western ARB will negate each other, resulting
in an insignificant ET change in the 21st century when considering the entire
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Fig. 4. Comparison of DLEM-simulated monthly river flow against USGS measurements at five gauge stations in the Arkansas River Basin. (A) Site ID: 07191500, Chouteau, OK, (B) site ID:
07194500, Muskogee, OK, (C) site ID: 07263450, Murray Dam, AR, (D) site ID: 07245000, Canadian River near White Field, OK, and (E) site ID: 07249455, Fort Smith, AR. Abbreviations:

NSE: Nash-Sutcliffe Efficiency; PBIAS: percent bias.
ARB.

3.4. Future river flow

M- K trend test showed that annual river flow from 2000 to 2099 will have
significant decreasing trends (p-value less than 0.05) in both the SSP2-RCP45
and the SSP5-RCP85 at the three locations of (1) the USGS site ID: 07245000,
Canadian River near White Field, OK, (2) the USGS site ID: 07194500,
Muskogee, OK, and (3) the outlet of the entire ARB (Fig. 7). We used the USGS
site on the Canadian River — White Field and the USGS site on the Arkansas
River — Muskogee to represent river hydrological conditions in the south and

north of the ARB (Fig. S5), respectively. For the Canadian River — White Field,
changing rates of annual river flow (i.e., Sen’s slope) will be — 1.6 x 10? m3/year
in the SSP2-RCP45 and - 3.6 x 10’ m3/year in the SSP5-RCP85. For the Arkansas
River - Muskogee, changing rates of annual river flow will be

- 4.8 x 10" m3/year in the SSP2-RCP45 and - 1.1 x 108 m3/year in the SSP5-
RCP85. At the outlet of the entire ARB, changing rates of annual river flow will
be - 8.5 x 107 m3/year in the SSP2-RCP45 and - 1.9 x 108 m3/year in the SSP5-
RCP85. The declining rate of annual river flow
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Fig. 5. Interannual variations of environmental factors in the Arkansas River Basin in the historical and future periods. (a) Annual temperature, (b) annual precipitation, (c) cropland area,

(d) CO, concentration, and (e) annual rate of atmospheric nitrogen deposition.

Table 2

Statistics of environmental factors (annual temperature, precipitation, cropland area, CO,
concentration, and nitrogen deposition) in the periods of 2000-2019, 2040-2059, and
2080-2099.

2000-2019 2040-2059 2080-2099
Annual Temperature ('C) RCP45

14.1+0.26 15.7 £ 0.49 16.2+0.48
RCP85 141+0.2 16.3+0.64 18.8 +0.85
Annual Precipitation (mm/year)
RCP45 733.8+22.2 705.8 +38.5 720.7 £38.5
RCP85 735.6+18.6 707.3+45.7 702.9+32.6
Cropland Area (km?)
SSP2-RCP45 86,631 104,765 123,356
SSP5-RCP85 86,134 82,157 82,156
CO, Concentration (ppm) RCP45

388 486 535
RCP85 388 535 837
Nitrogen Deposition (g N/m?/

year)

SSP2-RCP45 0.88 0.61 0.46
SSP5-RCP85 0.88 0.68 0.72

in the SSP5-RCP85 scenario willbe 2.2 ~ 2.3 times the declining rate in the SSP2-
RCP45 scenario at the three locations.

From the first 20 years to the last 20 years of the 21st century, river flow in
the SSP2-RCP45 will decrease by 13.4 %, 11.4 %, and 12.1 % at the three
locations of the Canadian River — White Field, the the Arkansas River —
Muskogee, and the ARB outlet, respectively, while river flow in the SSP5-RCP85
will decrease by 33.7 %, 27.3 %, and 27.9 % at the three locations, respectively
(Table 4). River flow in the Canadian River watershed will have a larger
percentage reduction than that in the northern ARB. Notably, the reduced river
flow in the SSP2-RCP45 scenario will take place from the beginning to the
middle of the 21st century, while the reduced river flow in the SSP5-RCP85
scenario will happen throughout the entire 21st century.

The shaded area and box plots in Fig. 7 indicate the general consistency in
the decreasing trend of the simulated river flow driven by climate data from 7
GCMs. For example, at the ARB outlet in the SSP2- RCP45, simulations driven
by 6 climate datasets show declined river flow in the middle of the 21st century
and simulations driven by 5 climate datasets show declined river flow by the
end of the 21st century. Additionally, in the SSP5-RCP85, simulations driven by
6 climate datasets show declined river flow in the middle of the 21st century
and simulations driven by all 7 climate datasets show declined river flow by the
end of the 21st century. This result consolidates the general declining trend in
the ARB river flow despite the variations in future climate conditions projected
by different GCMs.

The percentage reduction of river flow will show considerable variations
over different areas in the ARB (Fig. 8). In the SSP2-RCP45 during 2040-2059,
the greatest percentage reduction (over 20 %) will happen in the southwestern
ARB, i.e., the North Canadian River, the Canadian River, and the Cimarron River
to the west of the 99th meridian. Other areas of the ARB will have a reduction
in river flow between 10 % and 20 % (Fig. 8A). In the SSP2-RCP45 during 2080
— 2099, the southwestern ARB (i.e., the North Canadian River, the Canadian
River, and the Cimarron River to the west of the 99th meridian) will also show
the largest percentage reduction of over 20 % in river flow. The Arkansas River
to the west of the 97th meridian will have a reduction of 15-20 %, while other
areas of the ARB will have a relatively smaller percentage reduction of 10-15
% (Fig. 8B). In the SSP5-RCP85 during 2040-2059, the largest percentage
reduction (over 20 %) will happen in the southwestern ARB along the Canadian
River and the North Canadian River.
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Table 3
Statistics of the simulated evapotranspiration (ET, mm/year) in the entire ARB, the western ARB, and the eastern ARB in the three 20-year periods of 2000-2019, 2040-2059, and 2080—
2099.
ETin ETin ETin ET changes between 2040 and 2059 and 2000-2019  ET changes between 2080 and 2099 and 2000—
2000-2019 2040-2059 2080-2099 2019
ARB
SSP2-RCP45 608.7+9.3 601.8 +16.3 611.0 13.2 -6.8 23
SSP5-RCP85 605.9 +14.0 601.8 +31.5 609.6 +16.1 -4.1 3.6
Western
ARB
SSP2-RCP45 457.6 +12.0 4429+19.4 453.1+235 -14.7 -4.5
SSP5-RCP85 455.1+12.1 442.8 +29.6 4449+17.9 -12.3 -10.2
Eastern ARB
SSP2-RCP45 851.4+215 857.3+18.4 864.7 +11.9 5.9 13.3
SSP5-RCP85 848.2+19.0 857.3+39.3 874.1+26.1 9.1 25.9
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Fig. 6. Spatial patterns of the changed evapotranspiration (ET) over three 20-year periods of 2000-2019, 2040-2099, and 2080-2099 in the SSP2-RCP45 and the SSP5-RCP85. (A) ET
difference between the period of 2040-2059 and the period of 2000-2019 in the SSP2-RCP45, (B) ET difference between the period of 2080-2099 and the period of 2000-2019 in the
SSP2-RCP45, (C) ET difference between the period of 2040-2059 and the period of 2000-2019 in the SSP5-RCP85, and (D) ET difference between the period of 2080-2099 and the period

of 2000-2019 in the SSP5-RCP85. The red dash line represents the 98th meridian.

The percentage reduction of river flow in the Arkansas River will be between
15 % and 20 % (Fig. 8C). In the SSP5-RCP85 during 2080-2099, river channels
to the west of the 95th meridian, including the Arkansas River, the North
Canadian River, the Canadian River, and the Cimarron River, will have a
considerable river flow reduction of over 30 %. The Neosho River will have a
decrease of 20-25 % and the Arkansas River to the east of the 95th meridian
will have a reduction of 25-30 % (Fig. 8D). Overall, river flow in all river
channels of the ARB will decline in the 21st century with the most significant
reduction in the western, particularly the southwestern ARB.

3.5. Contributions of environmental factors

By calculating differences between the 49 model simulations (Table 1), we
quantified the contributions of four environmental factors (climate change,
cropland change, rising CO2 concentration, and atmospheric nitrogen
deposition) to the changed river flow at the ARB outlet (Fig. 9). Percentage
contribution (%) of a specific environmental factor was computed as the ratio
of its impact on river flow change to the combined effect of the four time-
varying environmental factors. It is noteworthy that the sum of percentage
contributions from the four environmental factors does not equal 100 %

because the interactions between environmental factors will make
contributions to the changed river flow but are not presented here.

In both the SSP2-RCP45 and the SSP5-RCP85 scenarios, climate warming
and drying were identified as the primary environmental factors for the
decreased river flow. Contributions of climate change to the decreased river
flow in the SSP2-RCP45 will be 85.3 % during 2040-2059 and 95.3 % during
2080-2099. Contributions of climate change to the decreased river flow in the
SSP5-RCP85 will be 80.6 % during 2040-2059 and 77.1 % during 2080-2099.

Cropland area in the ARB will increase continuously in the SSP2- RCP45 but
keep at a relatively stable level in the SSP5-RCP85. In the SSP2-RCP45, cropland
change will decrease river flow in the first half of the 21st century, contributing
5.1 % to the reduced river flow in 2040-2059. However, the effect of cropland
change will reverse in the second half of the 21st century. During the period
2080-2099, cropland change will increase the river flow of the Arkansas River,
contributing
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Fig. 7. Annual river flow from 2000 to 2099 in the SSP2-RCP45 and the SSP5-RCP85 scenarios at the three locations of (A) the USGS site ID: 07245000, Canadian River near White Field,
OK, (B) the USGS site ID: 07194500, Muskogee, OK, and (C) the outlet of the entire Arkansas River Basin. The pink and blue shaded areas are the standard deviations of the simulated
river flow driven by seven sets of climate data in the SSP2-RCP45 and the SSP5-RCP85 scenarios, respectively. Box plots in the right column show average river flow in the three periods
of 2000-2019, 2040-2049, and 2080-2099. Green triangles in the box plots are the average of the simulated river flow driven by seven sets of climate data.

Table 4
Model-simulated river flow (m3/year) at three locations in the Arkansas River Basin over three 20-year periods of the 21st century and under two climate and socioeconomic scenarios.
SSP2-RCP45 SSP5-RCP85
2000-2019 2040-2059 2080-2099 2000-2019 2040-2059 2080-2099
Canadian River — White Field 8.1x 10° 6.8 x 10° 7.0x10° 8.5x10° 6.7 x 10° 5.6 x 10°
Arkansas River — Muskogee 2.8x10Y 2.4x10% 2.5 x 10 2.8 x 10° 2.4 x 10% 2.1x 10%
ARB outlet 5.0 % 10° 43x10° 4.4%10° 5.2 10° 43x10° 3.8x 1010

-17.6 % to the overall declining river flow pattern. In the SSP5-RCP85, cropland
change will have a negligible effect and the contributions of cropland change
will be 3.8 % in 2040-2099 and 2.2 % in 2080-2099.

The rising CO2 concentration will affect ecosystem hydrological processes by
altering leaf stomatal conductance, stomatal density, and vegetation foliage
area (Gedney et al., 2006; Liu et al., 2018; Piao et al., 2007; Tao et al., 2014).
Our results showed that the rising CO2 concentrations would reduce river flow
in the ARB. In the SSP2-RCP45, the rising CO. will contribute 11.8 % of the
decreased river flow in 2040-2099 and 24.9 % of the reduced river flow in
2080-2099. In the SSP5-RCP85, the rising CO2 will contribute 11.7 % of the
reduced river flow in 2040-2099 and 13.6 % of the decreased river flow in
2080-2099.

Atmospheric  nitrogen  deposition can  modulate  ecosystem
evapotranspiration by affecting vegetation conditions (Dickinson et al., 2002;

Mao et al., 2015; Shi et al., 2013). In this study, we found the changes in future
nitrogen deposition will have a relatively minor effect compared to the other
three factors. The reduced nitrogen deposition will result in lower ecosystem
evapotranspiration and then, increased river flow. In the SSP2-RCP45,
contributions of the reduced nitrogen deposition to the decreased river flow
will be - 2.2 % in 2040-2099 and - 6.4 % in 2080-2099. In the SSP5-RCP85,
contributions of the reduced nitrogen
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contributions of environmental factors to the overall river flow changes.
deposition to the decreased river flow will be - 1.3 % in 2040-2099 and - 1%
in 2080-2099.

4. Discussion
4.1. Mechanisms controlling Long-term river flow

The long-term changes of river flow at the decadal scale largely depend on
the balance between precipitation and ecosystem ET (Piao et al., 2007).
Variation in precipitation has a direct impact through changing soil moisture
and runoff generation. Our results identified the widespread reduction in
precipitation as one major factor for the decreased river flow in the middle and
at the end of the 21st century under both the RCP45 and RCP85 scenarios
(Section 3.5). Nevertheless, future changes in ecosystem ET will have a more
complex pattern because it can be modulated by weather conditions, soil
properties, vegetation type, and ecosystem physiological and structural
characteristics (Mao et al., 2015; Piao et al., 2007).

The ARB has a large span of aridity in the east-west direction. Our model
simulated contrasting patterns of ET changes between the western ARB and
the eastern ARB in the context of future climate warming and drying (section
3.3). Climate warming will cause increases in atmospheric water demand and

ecosystem potential ET (Scheff and Frierson, 2014). In the arid western ARB,
the increased atmospheric water demand will not lead to higher actual ET
because of the limited water supply under the impacts of reduced
precipitation. This result is consistent with the declining ET in global semiarid
regions over recent decades caused by the limited moisture supply (Jung et al.,
2010; Yang et al., 2019b). On the contrary, the humid eastern ARB will have an
increased actual ET because of the increased atmospheric water demand and
sufficient water supply. This contrasting ET changing pattern can be well
explained by Budyko’s framework, which describes the dependence of
evapotranspiration on water and energy availability (Li et al., 2013).

CO: impacts on evapotranspiration and river flow have not been fully
understood. C3 and C4 plants have different photosynthesis processes (Calvin
Cycle vs Hatch and Slack Cycle) and are different in their response to the
increased CO concentration. Large-scale free-air CO, enrichment (FACE)
experiments showed that leaf stomatal conductance decreased with the rising
COz concentration for C3 species, but showed little responses for C4 species
(Ainsworth and Long, 2005; Ainsworth and Rogers, 2007). Some studies
attributed a considerable part of the increased global river flow in the 20th
century to COz-induced reduction in stomatal conductance (Gedney et al.,
2006), while other studies indicated that the rising CO2 had a limited effect on
river flow because COzcan act as a plant fertilizer to increase foliage area and
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increase plant transpiration (Piao et al., 2007). The ARB and the southern Great
Plains have a large fraction of C4 grasses (Still et al., 2003), which make
stomatal conductance less sensitive to the rising CO2 compared to C3 grasses
and forests. In our simulations, future rising CO2 will increase ET and decrease
river flow in the ARB because the positive CO; effect on ET through enhancing
foliage area will outweigh its negative effect on ET through reducing stomatal
conductance.

Impacts of land-use change on river flow have been investigated over many
basins across the globe. The general conclusion is that land conversion from
forests to croplands and pastures leads to increased river flow (e.g. Schilling et
al., 2010; Siriwardena et al., 2006; Tao et al., 2014; Zhang and Schilling, 2006).
Our analysis on the LUH2 land-use data (Hurtt et al., 2020) showed that
cropland area in the ARB will increase in the SSP2-RCP45 scenario but keep at
a relatively stable level in the SSP5-RCP85 scenario. In the SSP2 scenario, global
demand for crop and livestock products increases moderately (Popp et al.,
2017), leading to the increased cropland area in the ARB. In the first half of the
21st century, cropland expansion in the ARB will primarily happen in the
grassland area. As grassland and cropland have a similar ET magnitude (Yue et
al., 2022), our results showed that the replacement of grasslands by croplands
will have a small impact on river flow. However, land conversion from forests
to croplands after the 2050 s will lead to increased surface runoff and river flow.
Land-use pattern in the SSP5 scenario is characterized by moderate tropical
deforestation but little changes in North America because agricultural products
are not necessarily produced domestically in the globalized world (Krause et
al., 2019; Popp et al., 2017). Therefore, our simulation showed a minor effect
of cropland change on river flow in the SSP5-RCP85 scenario.

4.2. Implications for water management

Agricultural irrigation and public supply consumed a large portion of
surface water in the ARB. The demand for water resources is expected to
increase during the 21st century given the continued trends in climate warming
and population growth (Vor™ osmarty et al., 2000; Ward and ~ Pulido-
Velazquez, 2008). However, the ARB is projected to have less river flow and
reduced surface water availability, particularly in the western and
southwestern ARB (section 3.4), which requires the implementation of
effective water management and conservation strategies to meet the growing
water demand. To maintain long-term water resource sustainability, it is
essential to improve the efficiency and productivity of agricultural irrigation
systems (Evett et al., 2020) and apply more conservative indoor and outdoor
water use strategies (Maggioni, 2015).

A significant amount (~30 %) of surface water withdrawals have been used
for irrigation in the ARB (Tortorelli, 2009). Thus, the improvement in irrigation
efficiency is a potential strategy to adapt to the reduced river flow. In 2018,
over 85 % of the irrigated area in the Southern High Plains used the center-
pivot sprinkler irrigation system. In Kansas, the irrigated land area with a
center-pivot sprinkler irrigation system increased from 50 % to 92 % during
1990-2012 (Evett et al., 2020; Rogers and Lamm, 2008). This irrigation system
has greatly improved water use efficiency compared to the traditional gravity
irrigation system (Levidow et al., 2014). To further improve irrigation efficiency,
it could be necessary to adopt more efficient irrigation strategies (such as the
subsurface drip irrigation system (Lamm et al., 2012)), more accurate irrigation
scheduling (Gu et al., 2020), and precision irrigation systems to place water
where it can be effectively used by crops (Evett et al., 2020). Additionally,
genetic modification is being widely studied to develop new crop cultivars with
improved drought tolerance but without yield penalty (Khan et al., 2019). In
the future, planting drought-tolerant crop cultivars could be a helpful strategy
to reduce irrigation water use and maintain agricultural sustainability in the
ARB.

Conservative household water use strategies could be of particular
importance for cities in the Canadian River Basin, such as the Oklahoma City
metropolitan area, which will experience more severe river flow reduction than
the other watersheds. For household water use, the current drought-related
prescriptive policies and price-based water conservation strategies (Wichman
etal., 2016) may become the norm in the future. Since outdoor water uses are

Journal of Hydrology 618 (2023) 129253

more elastic (Mansur and Olmstead, 2012), the prescriptive policy limiting
outdoor irrigation can be effective in reducing the household level of water use
(Maggioni, 2015). Additionally, price-based regulation and water conservation
incentives can be effective for urban water conservation (Lee et al., 2013;
Olmstead and Stavins, 2009). Low-income households could be more sensitive
to price and incentive conservation strategies, while prescriptive policies have
uniform responses across all household income levels (Wichman et al., 2016).

4.3. Uncertainties and future needs

We used DLEM to simulate ARB river flow dynamics in the 21st century
driven by a series of environmental factors. Future climate data is one of the
major uncertainty sources in this study. It is known that GCMs produced
divergent future climate patterns, which come from the incomplete
representation of regional-scale processes, inadequate parameterization skills,
imperfect initial conditions, and relatively coarse resolution (Almazroui et al.,
2021). Thus, we included future climate data simulated by seven GCMs in the
CMIP5 project to drive DLEM and reported the standard deviation to document
the uncertainty in the projected river flow due to the divergencies in future
climate projection.

It is necessary to keep in mind that some natural and anthropogenic factors
that could affect ARB hydrological processes were not included in this study. As
this study intended to project river flow without much human intervention,
river water diversion for irrigation and dam effect were not considered. We
acknowledge that river water diversion and dam construction can strongly
affect river flow, especially in the arid and semiarid regions (Kondolf and
Batalla, 2005). If these factors are included, river flow reduction could be larger
than our estimates.

Woody Plant Encroachment (WPE) into the arid and semiarid grasslands is
a global phenomenon with critical hydrological consequences (e.g. Huxman et
al., 2005; Qiao et al., 2015; Schreiner-McGraw et al., 2020; Zou et al., 2015).
Compared to the original grasslands, WPE species have a higher transpiration,
which reduces surface runoff and surface water availability. Eastern redcedar
(juniper, Juniperus virginiana) and honey mesquite (mesquite, Prosopis
glandulosa) are the two most common WPE species in the ARB and the
southern Great Plains. In Oklahoma, juniper forests expand at a rate of 40
km?/year over recent decades (Wang et al., 2018). It is expected that woody
plants will continue to encroach into the grasslands in the ARB in the future,
but its expansion rate is subject to large uncertainties due to the changed
climate conditions, fire regimes, and human willingness and management
strategies to control WPE. If WPE impacts on ecosystem hydrological processes
are considered, river flow in the ARB may be further reduced. Likewise,
government policies on biofuels and tree planting for increased carbon storage
are unknown factors related to future land-use change that may influence
runoff and river flows. Our results in this study represent a conservative
estimate of future river flow reduction.

Given the limitations in our study, we recommend the following future
research directions. In the SSP2 and SSP5 scenarios, cropland area in the ARB
will increase or keep stable at the current level, which is not consistent with
the declining trend of cropland area in the U.S. and the Great Plains over recent
decades (Yu and Lu, 2018). One future research direction is to include new land
use change scenarios with continuously decreased cropland area to evaluate
land use change impacts on regional water and other ecological processes.
Dams, river water diversion, and woody plant encroachment are expected to
change regional hydrological processes in the ARB but are not included in this
study. We suggest future work to investigate to which extent human activities
and woody plant encroachment would affect river flow. Additionally, it is
necessary to examine the impacts of future river flow decline on the habitats
of critical aquatic species and the reliability of water supply reservoirs.

5. Conclusions
In this study, we projected future river flow changes in the ARB using a
process-based ecosystem model under two climate and socioeconomic

scenarios. Our results showed that river flow in the ARB will decrease
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significantly in the 21st century under both the SSP2-RCP45 and the SSP5-
RCP85 scenarios. In the SSP2-RCP45, the river flow decline will take place from
the beginning to the middle of this century. In the SSP5- RCP8S5, river flow
decline will happen across the entire simulation priod. Compared to the period
of 2000-2019, Arkansas river flow at the end of the 21st century will decrease
by 12.1 % in the SSP2-RCP45 and 27.9 % in the SSP5-RCP85. Most importantly,
river flow decline will happen in all the major rivers with the largest percentage
reduction in the western and southwestern ARB. Climate warming and drying
will be the primary factors accounting for this reduction. The reduced water
availability and growing water demand will require conservative water use
strategies and improved agricultural irrigation efficiency to maintain water
resource sustainability.
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Data Statement

All the data used in this study can be downloaded from their respective
websites. Historical and future climate were from gridMet climate data
(https://www.northwestknowledge.net/metdata/data/) and the Multivariate
Adaptive Constructed Analogs climate data
(http://thredds.northwestknowledge.net:8080/thredds/reacch_climate_CMIP
5_macav2_catalog2.html). Contemporary land use and land cover data were
from the National Land Cover Database (NLCD, https://s3-us-west-
2.amazonaws.com/mrlc/
NLCD_landcover_2019_release_all_files_20210604.zip). Historical and future
cropland distribution data were from Yu and Lu (2018) (https://
doi.pangaea.de/10.1594/PANGAEA.881801) and the Land-Use Harmonization
data (https://luh.umd.edu/data.shtml). CO2 data were from the NOAA Global
Monitoring Laboratory (https://gml.noaa.gov/ ccgg/trends/data.html) and the
RCP database version 2.0 (https:// tntcat.iiasa.ac.at/RcpDb/dsd?Action =
htmlpage&page = download).

Atmospheric nitrogen deposition data were from the NCAR Chemistry-
Climate  Model Initiative  (CCMI), available at  https://data.
isimip.org/search/subcategory/n-deposition/product/InputData/. Soil
properties data were from the gridded Harmonized World Soil Database
(HWSD) v1.2 (https://daac.ornl.gov/SOILS/guides/HWSD.html). Topography
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and river network were developed according to Digital Elevation Model in the
Hydrolk and GTOPO30, which can be downloaded from USGS EarthExplorer
(https://earthexplorer.usgs.gov/). Regional evapotranspiration datasets for
model validatation and comparison were from the product of Model Tree
Ensembles (https://www. bgc-jena.mpg.de/geodb/projects/Data.php), ET
estimates from the Global Land Evaporation Amsterdam Model (GLEAM,
https://www. gleam.eu/, registration is needed), and MODIS ET product of
MOD16A3 (accessible through USGS AppEEARS tool, https://Ipdaac.usgs.gov/
tools/appeears/).

River flow measurements were downloaded from USGS Surface- Water
Monthly Statistics (https://waterdata.usgs.gov/nwis/monthly/?
referred_module = sw).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jhydrol.2023.129253.
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