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Abstract Air pollution from greenhouse gases and atmospheric aerosols are the major driving
force of climate change that directly alters the terrestrial hydrological cycle and ecosystem
functions. However, most current Global Climate Models (GCMs) use prescribed chemical
concentrations of limited species; they do not explicitly simulate the time-varying concentra-
tions of trace gases and aerosols and their impacts on climate change. This study investigates
the individual and combined impacts of climate change and air pollution on water availability
and ecosystem productivity over the conterminous US (CONUS). An ecohydrological model
is driven by multiple regional climate scenarios with and without taking into account the
impacts of air pollutants on the climate system. The results indicate that regional chemistry-
climate feedbacks may largely offset the future warming and wetting trends predicted by
GCMs without considering air pollution at the CONUS scale. Consequently, the interactions of
air pollution and climate change are expected to significantly reduce water availability by the
middle of twenty-first century. On the other hand, the combined impact of climate change and
air pollution on ecosystem productivity is less pronounced, but there may still be notable
declines in eastern and central regions. The results suggest that air pollution could aggravate

Climatic Change (2017) 140:259–272
DOI 10.1007/s10584-016-1850-7

Electronic supplementary material The online version of this article (doi:10.1007/s10584-016-1850-7)
contains supplementary material, which is available to authorized users.

* Ge Sun
gesun@fs.fed.us

* Yang Zhang
yzhang9@ncsu.edu

1 Department of Marine, Earth, and Atmospheric Sciences, North Carolina State University, Raleigh,
NC, USA

2 Eastern Forest Environmental Threat Assessment Center, USDA Forest Service, Raleigh, NC, USA
3 Coweeta Hydrologic Laboratory, USDA Forest Service, Otto, NC, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s10584-016-1850-7&domain=pdf
http://dx.doi.org/10.1007/s10584-016-1850-7


regional climate change impacts on water shortage. We conclude that air pollution plays an
important role in affecting climate and thus ecohydrological processes. Overlooking the impact
of air pollution may cause evident overestimation of future water availability and ecosystem
productivity.
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1 Introduction

Water and carbon cycles are tightly linked at broad scales in the terrestrial ecosystem (Noormets
et al. 2008; Sun et al. 2011). Precipitation is partitioned into change in soil water storage,
evapotranspiration (ET), and runoff (i.e., water yield) in the hydrologic system. Soil moisture and
ET directly affect photosynthesis and act as one of the major controls of carbon uptake and
ecosystem productivity. Water consumption by plants has a considerable feedback to water cycles
that alters thewater budget through the processes of canopy interception and plant transpiration. The
extensive impacts of greenhouse gas (GHG) emissions on climate change and associated influences
onwater-carbon components have been recognized, ranging fromETand runoff to gross ecosystem
productivity (GEP) and net ecosystem exchange (NEE) (Ahlström et al. 2012; Duan and Mei
2014a; Duan et al. 2016a; Ge et al. 2013; Keenan et al. 2013; Thompson et al. 2014).

Air pollution is another important factor that affects regional climate and water-carbon
cycles (Ramanathan et al. 2001, 2005). Atmospheric aerosols released by human activities can
alter the radiative balance between the atmosphere and earth surface by enhancing the
scattering and absorption of solar radiation, which leads to a reduction in solar irradiance
and a corresponding drop of temperature near the land surface (Huang et al. 2006). Also,
aerosols act as cloud condensation nuclei (CCN) and ice nuclei (IN) in atmosphere dynamics,
and thus can affect cloud properties and the initiation of rain and snow (Givati and Rosenfeld
2004; Tao et al. 2012; Zhang 2008; Zhang et al. 2010, 2015a, 2015b). Due to various
atmospheric backgrounds and cloud types, aerosols may either increase or decrease the
formation of precipitation based on different radiative and nuclei activities (Khain et al.
2008; Rosenfeld et al. 2008). Moreover, air pollutants and GHGs may interact physically
and chemically in the atmosphere and make it more challenging to project the future variations
in climate (Bytnerowicz et al. 2007).

Simulation tools are required to link the atmospheric dynamics with ecohydrological
processes to predict how climatic perturbations will affect regional ecohydrology. Numerous
climate downscaling techniques have been developed to scale GCM projections to a spatial
scale that is relevant to ecohydrological processes. In general, there are two kinds of down-
scaling approaches, known as dynamical downscaling and statistical downscaling, using
atmospheric physics principles and empirical statistics, respectively. Statistical models have
been widely adopted for their efficiency and flexibility. However, these models cannot reflect
the possible changes in the statistical relationships between predictors and predictands in the
future due to the absence of physical mechanisms (Duan and Mei 2014b; Wood et al. 2004).
On the other hand, Regional Climate Models (RCMs) that downscale GCMs dynamically are
increasingly used by ecohydrological modelers for their merits in capturing multi-variable
atmospheric interactions (Kay et al. 2015; Wang et al. 2015a). Benefitting from the growing
computational power, a number of RCMs with coupled meteorology-air quality modules have
been introduced to address the processes of meteorology and chemistry interactions, such as
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chemistry-aerosol-radiation-cloud-precipitation-climate interactions (Forkel et al. 2015; Zhang
2008; Zhang et al. 2010, 2012a, 2012b, 2015a, 2015b). The development of these advanced
RCMs makes it possible to recognize the impacts of interactions between chemical species
(e.g., GHGs and short-lived pollutants) and climate systems, which are highly complicated and
uncertain and involve a range of meteorological and chemical variables.

This study assesses the individual and combined impacts of climate change and air
pollution on the water and carbon cycles over the conterminous U.S. (CONUS). Within a
top-down simulation framework, we have linked a GCM (the North Carolina State
University’s version of the Community Earth System Model, referred to as CESM-NCSU)
(Gantt et al. 2014; He and Zhang 2014; He et al. 2015a, 2015b), an RCM (the Weather
Research and Forecasting model with Chemistry, WRF/Chem) (Grell et al. 2005; Wang et al.
2015b), and an ecohydrological model (the Water Supply Stress Index model, WaSSI)
(Caldwell et al. 2012; Sun et al. 2011) to examine the ecohydrological responses to multiple
climate scenarios with and without taking into account the impacts of air pollution on climate.

2 Methods

2.1 Study area

The CONUS consists of the 48 adjoining states and Washington D.C. of the U.S. (Fig. 1). In
the national hierarchical system of hydrologic units defined by the United States Geological
Survey (USGS), CONUS covers 18 water resources regions (WRR) at the first level (2-digit
units), or approximately 82,773 12-digit Hydrologic Unit Code (HUC-12) watersheds at the
sixth level (USGS and USDA 2013). There are 1073 ~ 13,455 HUC-12 watersheds nested
within each WRR and span a large climatic gradient (see Supplementary Table S1). The
observed climate data (2001–2010) derived from the Parameter-elevation Relationships on

Fig. 1 Distributions of the 18 water resource regions (WRRs) over the CONUS
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Independent Slopes Model (PRISM) datasets (Daly et al. 2008) show a clear latitudinal rise of
near surface temperature from south to north between 4 °C and 19 °C. The multi-year mean
annual precipitation ranges from 295 mm yr.−1 (Lower Colorado, WRR15) to 1371 mm yr.−1

(Lower Mississippi, WRR8) among the WRRs. The driest regions with precipitation less than
400 mm yr.−1 cover WRR13 ~ 16 in the southwest.

2.2 Models

The integrated atmosphere-hydrosphere model system developed in this work consists of three
component models. Each of them is described briefly below.

2.2.1 Global climate model

Global earth system projections used in this study are from CESM-NCSU (Gantt et al. 2014;
He and Zhang 2014; He et al. 2015a, 2015b). The original CESM was developed by the
National Center for Atmospheric Research (NCAR) to investigate diverse earth system
interactions between atmosphere, ocean and land at multiple temporal and spatial scales
(Hurrell et al. 2013). As one of the state-of-art earth system models, CESM includes a number
of modules to describe atmosphere transport and chemistry, carbon-nitrogen cycling, marine
ecosystem biogeochemistry, and anthropogenic activities by coupling the physical climate
system with biology, chemistry, biogeochemistry, and social systems. A large number of
CESM simulations with different configurations have contributed to the fifth phase of the
Coupled Model Intercomparison Project (CMIP5) and the Fifth Assessment Report (AR5) of
IPCC (Taylor et al. 2012). Although a chemistry module has been incorporated into the
standard versions of CESM released by NCAR, it simulates highly simplified gas-phase
chemistry and aerosol processes. The CESM-NCSU is an updated version of CESMv1.2.2/
CAM5.3 with advanced gas-phase chemistry, inorganic and organic aerosol treatments, and
aerosol-cloud interactions. Multiple decadal simulations have been performed at a horizontal
resolution of 0.9° × 1.25° and a vertical resolution of 30 layers. The comprehensive model
evaluations have shown that the performance of CESM-NCSU in reproducing the current
climate and air quality is consistent with or even better than that of other climate models. The
advanced treatments along with comprehensive model evaluations can be found in details
elsewhere (Gantt et al. 2014; He and Zhang 2014; He et al. 2015a, 2015b).

2.2.2 Regional climate model

The regional climate models used in this study include the officially released Weather
Research and Forecasting model (WRF) version 3.6.1 by NCAR (Skamarock et al. 2005)
and the NCSU version of WRF/Chem, version 3.6.1 (Wang et al. 2015b; Yahya et al. 2016).
Both WRF and WRF/Chem include the same background concentrations of CO2, CH4, and
N2O under current and future climate scenarios. Compared to the WRF model or most other
traditional regional climate models, WRF/Chem considers dynamic feedbacks between air
pollutants (e.g., trace gases and aerosols) and meteorology/climate, and thus allows for
investigating the complex chemistry-aerosol-radiation-cloud-precipitation-climate interactions.
The major modifications in the NCSU version of the WRF/Chem model include the imple-
mentation of a widely used gas-phase chemical mechanism, i.e., the 2005 version of Carbon
Bond mechanism (CB05) with the chlorine chemistry and its coupling with the Modal Aerosol

262 Climatic Change (2017) 140:259–272



Dynamics for Europe/Volatility Basis Set (MADE/VBS) aerosol module. The MADE/VBS
aerosol module uses the modal aerosol size distribution and includes the advanced secondary
organic aerosol treatment. The chemical option CB05-MADE/VBS is linked with existing
model treatments for various chemistry-aerosol-radiation-cloud-precipitation feedback pro-
cesses in WRF/Chem. These processes include the direct effect of aerosol particles on short-
and long wave radiation, the aerosol semi-direct effects on photolysis rates of major gaseous
pollutants, the aerosol indirect effects (including both the first and second indirect effects) on
cloud formation and lifetime through changing cloud albedo, droplet number concentration,
and droplet radius. Other improvements include the implementation of sulfur dioxide hetero-
geneous chemistry and updates on cloud chemistry with both treatments being able to improve
predicted aerosol concentrations. In this study, WRF and WRF/Chem simulations are con-
ducted at a horizontal resolution of 36 × 36 km (148 × 112 grids over the CONUS) and a
vertical resolution of 34 layers from near surface to 100 mb. More details can be found in the
literature (Wang et al. 2015b; Yahya et al. 2016).

2.2.3 Ecohydrological model

The ecohydrological processes are simulated with a previously validated monthly Water
Supply Stress Index model (WaSSI) that estimates water and carbon cycles by biome at
HUC-12 watershed scale (Sun et al. 2015b). WaSSI describes water (i.e., ET, soil moisture,
runoff) and carbon (i.e., GEP; respiration; NEE) balances by a set of submodels that have been
well validated with site-level streamflow measurements, regional remote sensing ET data, and
eddy flux monitoring of FLUXNET across the US (Caldwell et al. 2012; Sun et al. 2011). The
model uses a conceptual snow submodel to divide precipitation into snowfall and rainfall
based on the mean elevation and air temperature in the watershed, and to compute snow melt/
accumulation and snow water equivalent. The core of WaSSI is the ecosystem ET model that
estimates ET through its empirical relationships with precipitation, Hamon potential evapo-
transpiration (PET), and leaf area index (LAI). These equations are established independently
for 10 different types of land cover, including cropland, deciduous forest, evergreen forest,
mixed forest, grassland, shrubland, wetland, open water, urban area, and barren land. Then, the
actual ET is computed by constraining this estimate with soil water availability simulated by
the Sacramento Soil Moisture Accounting model (SAC-SMA) (Burnash 1995), accompanied
by the hydrologic processes of infiltration, soil water movement and runoff generation. The
carbon balance in the ecosystem is modeled by linear correlations between monthly GEP and
ET (Water Use Efficiency, WUE) for each plant functional type. Respiration (Re) is calculated
as a suite of regression functions of GEP, and NEE is further simulated as the difference
between Re and GEP (NEE = Re − GEP).

2.3 Modeling experiments

The overall procedures of coupling CESM-NCSU,WRF/Chem, andWaSSI are as follows. First,
the decadal global climate simulations are performed using CESM-NCSU under the
Representative Concentration Pathway (RCP) 4.5 and RCP8.5 scenarios. While RCP8.5 repre-
sents a fossil fuel intensive emission scenario, RCP4.5 represents low-to-medium emission
scenario with carbon policies. Second, the decadal regional climate simulations are performed
using either WRF or WRF/Chem models with initial and boundary conditions derived from
CESM-NCSU outputs and bias-corrected against the National Centers for Environmental
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Prediction (NCEP) reanalysis data. Third, the raw hourly outputs of climate data (i.e., surface air
temperature and precipitation) from WRF or WRF/Chem simulations are extracted across the
CONUS domain and averaged on a monthly basis, and then the monthly climate data are bias-
corrected toward the PRISM dataset using the Bias Correction and Spatial Disaggregation
method (BCSD) (Werner and Cannon 2015; Wood et al. 2002, 2004). Finally, the bias-
corrected precipitation and temperature series are scaled to HUC-12 watersheds and used to
drive the WaSSI model for reproducing ecohydrological processes. The water balance (precip-
itation, ET, runoff) and carbon balance (GEP, Re, NEE) components of interest are calculated
independently for each land cover type within each watershed at monthly scale, and then the area-
weighted aggregations in HUC-12 watersheds, WRRs and the entire CONUS can be acquired.

To examine the impacts of climate change only and combined impacts of both climate and
air quality changes by considering the air quality-climate feedbacks, four climate scenarios are
developed with different emission levels and chemistry-climate feedback options, including
the WRF simulations under RCP4.5 and RCP8.5 (referred to as W/4.5 and W/8.5, respective-
ly), and the WRF/Chem simulations under RCP 4.5 and RCP8.5 (referred to as WC/4.5 and
WC/4.5, respectively). The main difference between WRF and WRF/Chem simulations lies in
the fact that dynamic chemistry-climate feedbacks caused by time-varying concentrations of
chemical species are accounted for in WRF/Chem but not in WRF (which only includes
prescribed concentrations of GHGs). The changes in climate variables from the baseline period
2001–2010 to the future period 2046–2055 are investigated to interpret the potential effects of
GHGs and air pollution on future climate and ecohydrology.

3 Results

3.1 Projected changes in regional climate

The regional mean annual temperature (Fig. 2a) is projected to increase by 0.9 ~ 1.3 °C (W/4.5),
0.5 ~ 1.1 °C (WC/4.5), 1.1 ~ 1.6 °C (W/8.5), and 0.9 ~ 1.5 °C (WC/8.5) under the four
scenarios, with the CONUS average reaching 1.1, 0.8, 1.3, and 1.1 °C, respectively.W/8.5 is the
warmest scenario in all the 18 regions, followed by WC/8.5, W/4.5, and then WC/4.5. The
discrepancy between WC/4.5 & W/4.5 and WC/8.5 & W/8.5 suggests that air pollution is
expected to largely offset the warming effects of GHGs. However, there will still be notable
temperature increases under the combined impact of GHGs and air pollution. Across the
regions, larger increases are expected to occur in the upper midwest (WRR9 ~ 10) and western
(WRR14 ~ 18) regions. Note that the regional differences in temperature rise are obviously
larger under the two WRF/Chem scenarios (WC/4.5 and WC/8.5). Air pollution may impose a
larger cooling effect in the eastern (WRR2 ~ 8) and southern (WRR11 ~ 13) regions.

The precipitation projections (Fig. 2b) suggest diverse trends among the regions.
Precipitation is expected to increase nationwide under the two WRF scenarios (W/4.5 and
W/8.5), up to 21 % and 18% inWRR18 (California). The exception can be mainly found in the
central U.S. (WRR9 ~ 11) with a decrease up to 7 %. The projections under WC/4.5 and WC/
8.5, on the other hand, show extensive decreases in precipitation ranging from WRR1 (New
England) to WRR14 (Upper Colorado) (exceptional cases can be found in WRR3,4,8,12). A
much drier atmosphere is projected underWC/4.5, with the most severe decrease reaching 18%
in WRR6 (Tennessee). However, the four scenarios consistently suggest an increasing trend of
precipitation in the western regions WRR15 ~ 18, varying between 5 % ~ 20 %.
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3.2 Impacts on runoff and GEP

The changing temperature and precipitation will lead to significant decrease in future runoff in
most regions (Fig. 3a). Consistent with the evident decrease in precipitation in
WRR6 ~ 7, 9 ~ 11, and 13, a severe decline in runoff (up to 45 %) is expected to
occur in these regions. The exceptional cases are WRR12, 17, and 18, where an
increase is expected under all the scenarios.

a

b

Fig. 2 Changes in mean annual
temperature (a) and precipitation
(b) in the 18 WRRs from the
baseline (2001–2010) to future
(2046–2055) periods under the
four climate scenarios

a

b

Fig. 3 Changes in mean annual
runoff (a) and GEP (b) in the 18
WRRs from the baseline (2001–
2010) to future (2046–2055)
periods under the four climate
scenarios
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Larger regional diversity in runoff change can be observed across the HUC-12 watersheds
(Fig. 4). Increases are mainly found in areas adjacent to the Pacific coast (WRR15, 17, 18) and
Gulf of Mexico (WRR3, 8, 12), ranging from near zero to over 100 %. Conversely, annual
runoff is projected to drop dramatically by over 50 % in most watersheds across the central
(WRR10 ~ 11) and southwestern (WRR13) CONUS. Among the four scenarios, W/4.5
(Fig. 4a) and W/8.5 (Fig. 4c) generally suggest a stronger signal of increasing runoff, while
WC/4.5 (Fig. 4b) and WC/8.5 (Fig. 4d) suggest much drier conditions. It is worth noting that
runoff decrease is expected to cover a greater area when chemistry-climate feedbacks are
accounted for, especially in the east (WC scenario).

Due to the increases in both temperature and precipitation in the western regions
WRR14 ~ 18 (Fig. 2), regional averaged GEP is projected to increase by 3 % ~ 13 % in all
of the four scenarios (Fig. 3b). Similar consistent increase is also projected in WRR4, 7, 9, and
12. In the other regions, particularly the Atlantic coast (WRR1–3) and central (WRR10, 11,
13) CONUS, the scenarios with or without chemistry-climate feedbacks generally show
opposite changing directions in GEP, i.e., increase under W/4.5 and W/8.5, and decrease
under WC/4.5 and WC/8.5. At watershed level (Fig. 5), the highest increases in GEP reach
50 % ~ 100 % in a number of arid watersheds in the south of California and Texas, while the
most severe decrease (up to 35 %) is projected in the central regions (WRR10, 11, 13).

3.3 Changes in overall water-carbon cycle

We examined the overall changes in the key water-carbon components (Fig. 6) to explore the
impact of GHGs and air pollution on the large-scale ecohydrological cycle over the CONUS.
The projections under W/4.5 and W/8.5 scenarios suggest increasing temperature and precip-
itation with the influence of GHGs emission, which tend to enhance both water and carbon
fluxes. In this case, precipitation, ET, and runoff are projected to increase by 32 (4 %), 22

Fig. 4 Changes in mean annual runoff across the watersheds from the baseline (2001–2010) to future
(2046–2055) periods under the W/4.5 (a), WC/4.5 (b), W/8.5 (c), and WC/8.5 (d) scenarios
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(4 %), and 9 (3 %) mm yr.−1 under W/4.5, and by 52 (7 %), 29 (6 %), and 21 (8 %) mm yr.−1

under W/8.5, respectively. At the same time, GEP is also projected to increase by 48 (4 %) and
69 (6 %) g C m−2 yr.−1. With the rise of GEP, the changes in NEE reach −23 (−7 %) and −34
(−10 %) g C m−2 yr.−1 in W/4.5 andW/8.5 scenarios, indicating more carbon sequestered from
the atmosphere to the ecosystem (i.e., larger carbon sink strength).

Fig. 5 Changes in mean annual GEP across the watersheds from the baseline (2001–2010) to future (2046–
2055) periods under the W/4.5 (a), WC/4.5 (b), W/8.5 (c), and WC/8.5 (d) scenarios

Fig. 6 Summary of the mean
annual changes (%) in water-
carbon components over the entire
CONUS from the baseline (2001–
2010) to future (2046–2055)
periods
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WC/4.5 and WC/8.5 represent the climate change scenarios induced by both GHGs and air
pollution. Compounded with the negative effects of chemistry-aerosol interactions, tempera-
ture will still rise by 0.8 and 1.1 °C, but precipitation is projected to decrease by −30 (−4 %)
mm yr.−1 under WC/4.5 and stay nearly unchanged under WC/8.5. Driven by such changes in
temperature and precipitation, ET and GEP will decrease by −5 mm yr.−1 (−1 %) and −17 g C
m−2 yr.−1 (−1 %) under WC/4.5, butincrease by 9 (2 %) mm yr.−1 and 20 (2 %) g C m−2 yr.−1

under WC/8.5, while NEE is projected to change by 8 (2 %) and-10 (−3 %) g C m−2 yr.−1 in
the two scenarios. Most notably, runoff is expected to decrease significantly by −27 (−10 %)
and −11 (−4 %) mm yr.−1 under WC/4.5 and WC/8.5, respectively.

4 Summary and discussion

This study investigates watershed ecohydrological responses to regional climate variations
induced by two major anthropogenic factors — GHGs emission and air pollution. The results
suggest that GHGs and air pollution tend to drive air temperature and precipitation toward
opposite changing directions. Under the individual impact of GHGs emission, CESM-NCSU
agrees with most of the CMIP5’s GCMs on the generally warmer and wetter future over the
CONUS (Duan et al. 2016b; Greve et al. 2014). However, air pollution is expected to partially
offset the warming and wetting trends to different degrees. Air pollutants may cool down the
temperature by 0.2 ~ 0.3 °C at CONUS scale and 0.1 ~ 0.4 °C at regional scale, but GHG
concentrations will still be the dominating driver of temperature change. For precipitation, air
pollution’s negative effect is projected to counterbalance the GHGs’ positive effect to a larger
degree, which will cause an overall decrease of −30 mm yr.−1 (−4 %) under RCP4.5, and
nearly no change under RCP8.5.

Potential changes in temperature and precipitation will alter the moisture and energy
supplies to ecohydrological processes, and thus water and carbon fluxes between atmosphere
and surface. Under the individual effect of GHGs (Fig. S1a), the combinations of increasing
temperature and precipitation will enhance ET, runoff, and GEP. In contrast, air pollution
caused by short-lived trace gases and aerosol (Fig. S1b) tends to suppress water and carbon
cycles and leads to decline in both runoff and GEP. Note that we did not specifically quantify
the individual effect of air pollution in this study. However, the differences between the
simulations based on WRF/Chem and WRF scenarios implicitly reveal the impact of air
pollution and its interactions with GHGs on water-carbon cycles.

The combined impact of GHGs and air pollution (Fig. S1c) may lead to different changing
directions of precipitation and ET under different emission scenarios, namely decrease under
RCP4.5 and increase under RCP8.5. Commensurate decrease and increase in GEP are expected
under RCP4.5 and under RCP8.5, respectively. Although the overall change in GEP is minimal
(within ±2 %), there is a significant reduction in the eastern regions. Meanwhile, the integrated
impact is expected to cause a notable reduction in runoff under either scenario (−10 % under
RCP4.5 and −4 % under RCP8.5), especially in central and southwestern U.S.

In summary, our results suggest that the interactions of air pollution and climate change are
likely to significantly suppress water availability by the middle of the twenty-first century. On
the other hand, the combined impact on ecosystem productivity is less significant, but a
notable decline may still occur in eastern and central regions.

We here focus on evaluating the impact of climate variability induced by GHGs and air
pollution. However, future changes in water availability and ecosystem productivity, especially
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at the local scale, may also be largely disturbed by other environmental factors such as
radiation (Gedney et al. 2014), urbanization and deforestation (Sun et al. 2015a), and direct
effects of GHGs and pollutants on plant transpiration (Cheng et al. 2014; Gedney et al. 2006;
Rudd and Kay 2015; Pan et al. 2015). For instance, while ozone pollution is expected to
reduce plant growth, there is evidence that air pollution in the form of carbon and nitrogen can
fertilize the growth of young forests in the southern U.S. (Tian et al. 2012), despite the
decreased water and energy supplies caused by pollutants.

Also, our selection of models may introduce uncertainties into the results. This study uses a
one-way coupling scheme to connect the ecohydrological model to the climate models. The
dynamic interactions between vegetation and atmosphere (Krinner et al. 2005) were not
considered at watershed scale. We limited our analysis to the results from one GCM, one
RCM, and one ecohydrological model, while other models with different focuses may lead to
inconsistency on global and regional climate projections and water-carbon processes to various
degrees. For example, the estimation of GEP in WaSSI model is based on the assumptions of
water-carbon coupling and rigorous analysis of empirical water use efficiency in different
biomes, but the physical processes of biomass accumulation are not accounted for. Although
we believe that the ecohydrological responses to climate is likely to hold true at large scales, the
regional and seasonal diversities might be more equivocal across ecohydrological models due
to the different assumptions and simplifications (such as nitrogen, radiation, mortality, etc.).

The global and regional climate simulations of a 10-year period using CESM, WRF, and
WRF/Chem in this work are relatively short compared to a typical length of 30-year period used
for most climate model simulations. This is because of constraints in computational resources
for performing those model simulations that are computationally very expensive. In particular,
WRF/Chem simulations include much more detailed chemistry and aerosol treatments as well
as aerosol-cloud interaction processes that have not been considered in most climate models.

This study raises questions about the potential overestimation of precipitation, and thus
runoff and GEP in the projections based on existing GCMs and RCMs over the CONUS that do
not account for the impact of air pollution (Duan et al. 2016b; Sun et al. 2016). While buffering
the warming, atmospheric gases and aerosols are likely to suppress water and carbon fluxes by
inducing a significant decline in precipitation. Lack of consideration of the effects of chemistry
and aerosol on climate can cause significant prediction errors in future water availability and
ecosystem productivity. Further studies on the role of air pollutants in climate change and the
interactions of multiple environmental stresses on ecosystem functions are warranted.
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