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Abstract

Quantifying the potential impacts of climate change on water yield and ecosystem pro-
ductivity (i.e., carbon balances) is essential to developing sound watershed restoration
plans, and climate change adaptation and mitigation strategies. This study links an
ecohydrological model (Water Supply and Stress Index, WaSSI) with WRF (Weather
Research and Forecasting Model) dynamically downscaled climate projections of the
HadCMS3 model under the IPCC SRES A2 emission scenario. We evaluated the future
(2031-2060) changes in evapotranspiration (ET), water yield (Q) and gross primary
productivity (GPP) from the baseline period of 1979-2007 across the 82773 water-
sheds (12 digit Hydrologic Unit Code level) in the conterminous US (CONUS), and
evaluated the future annual and monthly changes of hydrology and ecosystem produc-
tivity for the 18 Water Resource Regions (WRRs) or 2-digit HUCs. Across the CONUS,
the future multi-year means show increases in annual precipitation (P) of 45 mm yr'1
(6 %), 1.8°C increase in temperature (7), 37 mm yr_1 (7 %) increase in ET, 9mm yr_1
(3%) increase in Q, and 106gC m~2 yr'1 (9 %) increase in GPP. Response to climate
change was highly variable across the 82, 773 watersheds, but in general, the majority
would see consistent increases in all variables evaluated. Over half of the 82773 wa-
tersheds, mostly found in the northeast and the southern part of the southwest would
have an increase in annual @ (>100mm yr'1 or 20%). This study provides an inte-
grated method and example for comprehensive assessment of the potential impacts of
climate change on watershed water balances and ecosystem productivity at high spa-
tial and temporal resolutions. Results will be useful for policy-makers and land man-
agers in formulating appropriate watershed-specific strategies for sustaining water and
carbon sources in the face of climate change.
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1 Introduction

The Earth’s climate system has been significantly altered over the past 100 years due
to human activities, such as emissions of greenhouse gas, aerosol and land use/cover
change (LUCC). The Intergovernmental Panel on Climate Change (IPCC, 2014) con-
cluded that global mean surface temperature (T) has increased by 0.78 °C between
1850-1900 and 2003-2012. Additionally, extreme precipitation and droughts have in-
creased (Tebaldi et al., 2006; Trenberth, 2011; Bony et al., 2013; Hegerl et al., 2014).
The global climate is projected to continue to change over this century and beyond
(IPCC, 2014). Comparing to the period of 1986-2005, the period 2018-2100 is pro-
jected to see 0.3 to 4.8 °C increase in global surface temperature (IPCC, 2014). Projec-
tions of future changes in precipitation suggest a small increase in the global average,
but a substantial shift in where and how intensely precipitation falls (Noake et al., 2012;
Scheff and Frierson, 2012; J. Liu et al., 2013).

In response, the hydrological cycle and ecosystems have been and will be markedly
changed through various physical, chemical and biological processes (Labat et al.,
2004; Milly et al., 2005; Dai et al., 2009; Harding et al., 2011; Sedla¢ek and Knutti,
2014). Mounting evidence has suggested that climate change played an important role
in controlling the water cycle by affecting evaporation, transpiration and runoff (McCabe
etal., 2002; Hamlet et al., 2007; Syed et al., 2010; Wang and Hejazi, 2011; Chien et al.,
2013; Hegerl et al., 2014; Huntington and Billmire, 2014; McCabe and Wolock, 2014;
Sun et al., 2014). Climate can also exert a dominant control on vegetation structural
and phenological characteristics through variations in air temperature, precipitation, va-
por pressure deficit, solar radiation, wind, and CO, concentration (Nemani et al., 2003;
Harding et al., 2011; Wang et al., 2014). Climate change affects vegetation dormancy
onset date, greenness phenology, net primary production (NPP), gross primary pro-
duction (GPP), and ecosystem respiration (Nemani et al., 2003; Scholze et al., 2006;
Pennington and Collins, 2007; Anderson-Teixeira et al., 2011; Gang et al., 2013; Peng
et al., 2013; Zhang et al., 2013; Williams et al., 2014; Wu et al., 2014; Piao et al.,
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2015; Wang et al., 2015). Future water supply and ecosystem productivity, two key
ecosystem services that play an increasing role in adapting to climate change, will be
affected by the combined forces from the natural environment (e.g., climate and land
surface properties) and socio-economics (e.g., economic development and population
increases) (Cox et al., 2000; Somerville and Briscoe, 2001; Sitch et al., 2008; Alkama
et al., 2013; Piontek et al., 2014; Schewe et al., 2014; Zhang et al., 2014; Aparicio
et al,, 2015).

In the US, average temperature has dramatically increased since the record keep-
ing began in 1895. The most recent decade was believed to be the nation’s warmest
on record (see the website: http://www.nasa.gov/home/hgnews/2010/jan/HQ_10-017_
Warmest_temps.html). The mean precipitation over the US has increased overall since
1900; some areas have increased with a higher rate than the national average, and
some areas have decreased (Groisman et al., 2004; Meehl et al., 2005; Anderson
et al., 2015). Over the past century, climate change in the US has caused severe water
stress, floods and droughts as well as forest morality (Xu et al., 2013), consequently
leading to serious economic losses in some regions. Quantifying the impacts of future
climate change on water and ecosystem productivity has become a major research
area in hydrology and ecosystem sciences (Lettenmaier et al., 1994; Lins and Slack,
1999; Groisman et al., 2001; McCabe and Wolock, 2011; Sagarika et al., 2014).

Climate change impacts on the water cycle and ecosystem productivity vary from
region to region because climate change patterns are not uniform across space or
time (Sankarasubramanian et al., 2001; Sankarasubramanian, 2003; Wang and He-
jazi, 2011; Xu et al., 2013; Brikowski, 2014), and the spatial variability across regions
increases as the spatial resolution increases from large river basins to small catch-
ments. To support future watershed management and to develop sound climate change
adaptation strategies over the continental US (CONUS), tools are needed to integrate
various climate scenarios from a variety of Atmospheric Ocean General Circulation
Models (AOGCMs) and Community Earth System Models (CESMs), and hydrological
and vegetation dynamic models (Brown et al., 2013; Blanc et al., 2014; Yu et al., 2014).
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Two major research gaps exist in past climate change studies that aim to quantify the
interactions among climate, hydrology and ecosystem productivity. First, few studies
provided projections of future climate change impacts on water and carbon balances
at watershed scale using a consistent approach. Various land surface models (LSMs)
simulate and predict water fluxes for a large region, but the scale is often too coarse
with a spatial resolution ranging from 0.25 to 2.5°, and the spatial representation of the
projections (e.g., grids) are not readily consumable by resource managers who oper-
ate at the watershed scale. In addition, key hydrological processes (e.g., lateral sur-
face and sub-surface flows among grid boxes) embedded in LSMs have not been con-
sidered, potentially resulting in uncertainties in water balance projections (Overgaard
et al., 2006; Li et al., 2011). Second, future climate projections have high uncertainty.
To save computational resources and enhance the computational efficiency, statisti-
cal (or empirical) downscaling methods have been used to generate climate forcing to
land surface models or watershed ecosystem models. This type of methods does not
consider the effects of atmospheric dynamical processes (Xue et al., 2014) and could
introduce uncertainties into the crucial land surface variables.

The objective of this study is to address these gaps in our understanding of wa-
tershed scale responses to climate change by exploring the potential benefits of link-
ing dynamically downscaled climate projections with a common ecosystem model for
climate change assessment at a fine spatial scale (82773 12-digit HUC watersheds
of the CONUS). The specific objectives of this study are to (1) examine future cli-
mate changes in precipitation, and temperature during 1979—-2007 and 2031-2060 for
one plausible emission scenario over the CONUS using WRF (Weather Research and
Forecasting) dynamically downscaled climate projections, (2) predict future changes of
the CONUS water yield (Q), ET, and GPP by linking the WRF dynamically downscaled
climate change scenarios and the WaSSI model. The goal is to generate information
that can be useful for resource managers and policy makers to plan for potential shifts
in water resources and ecosystem productivity at scales that are relevant from the
watershed to national level.
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2 Data and methodology
2.1 Study area

The research area includes 82773 12-digit HUC watersheds within the 18 Water
Resources Regions (WRRs) over the CONUS (WBD; Watershed Boundary Dataset,
2010) (Fig. 1a). The 12-digit HUC watershed is defined in a national standard, six-level
hierarchical system of hydrologic units in the US, ranging from 18 WRRs in the conter-
minous US at the first level to approximately 83 000 sub-watersheds, or 12-digit HUC
watersheds, at the sixth level (Seaber et al., 1987). Hydrologic Units in each level are
nested within the next higher level, and are assigned a unique code consisting of two
to 12 digits for WRR and 12-digit HUC watersheds, respectively. The WRRs vary in
size with the maximum of 1.3 x 10% km? (WRR10) and the minimum of 1.1 x 10° km?
(WRR®6), while the 12-digit HUCs are 95 km? on average. Land surface characteristics
(Fig. 1b) vary dramatically among these WRRs (Fry et al., 2011). The WRRs in the
east had the larger percentages (around 10 %) of urban use with WRR2 (13 %) and
WRR4 (11 %) ranked as the top two. The wetlands are mainly located in the WRRs
in the eastern US, while the western regions had the higher percentages of shrubland
(>30%). The WRRs in the east had higher forest (including mix, evergreen and de-
ciduous forests) percentages (> 33 %) than the west (< 33 %). The deciduous and the
evergreen forests were mainly found in the east and the west, respectively. Most of the
crop lands were located in the east and central CONUS (Fig. 1b).

2.2 Dynamically downscaled climate by WRF

The IPCC Special Report on Emissions Scenarios (SRES) scenarios were designed to
project future global environment with a special reference to the production of green-
house gases and aerosol precursor emissions (Nakicenvoic et al., 2000). The SRES
scenarios include four narrative storylines (i.e., A1, A2, B1 and B2) describing the rela-
tionships between the forces affecting greenhouse gas and aerosol emissions and their
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evolution in the 21st century. Each storyline represents a specific and typical demo-
graphic, economic, technological, social and environment progresses with divergence
in increasingly irreversible ways. The A2 SRES scenario was selected because it rep-
resents a potentially worst-case scenario, and because post-2000 global carbon emis-
sions estimates indicate that current emissions are tracking the higher of the SRES
emissions projections (Raupach et al., 2007) making the A2 scenario potentially more
likely given current trends.

The Global Circulation Models (GCMs) have significant issues in representing local
climates due to their coarse spatial resolution (Leung and Qian, 2003). Two types of
downscaling method are available: dynamical and statistical (or empirical) downscaling
(Huang et al., 2011) to downscale the GCMs climate data to a higher spatial resolution
for regional and local applications. Dynamical downscaling was used here for generat-
ing the current and the future climate due to better representation of finer scale physical
processes in climate variables (Gao et al., 2011).

Among the many GCMs available in the World Climate Research Programme’s
(WCRP) Coupled Model Intercomparison Project phase 3 (CMIP3) Climate Projections
(Meehl et al., 2007), the HadCM3 model has been regarded as having the most realistic
description of the ENSO mechanisms in the current climate, and reasonably capture
ENSO-associated precipitation anomalies over the North America (van Oldenborgh
et al., 2005; Joseph and Nigam, 2006; Dominguez et al., 2009). Based on the impor-
tance of precipitation in hydrology and ecosystem productivity assessment, we chose
the HadCM3 model to provide forcing fields for running the Advanced Research ver-
sion (ARW) of the Weather Research and Forecasting (WRF) regional climate model
(Skamarock et al., 2005).

The WRF model was run for the years 1969 to 2079 at a 35 km resolution. Six-hour
HadCMa3 input were used, and the dynamically downscaled output by the WRF model
was also stored at 6 h time interval across CONUS and northern Mexico (Wi et al.,
2012). The physical parameterizations of the model included: WRF Single-Moment
three-class microphysics (Hong et al., 2004), Kain-Fritsch cumulus parameterization
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(Kain and Fritsch, 1993), Goddard Shortwave radiation (Chou and Suarez, 1994),
Rapid Radiative Transfer Model (RRTM), Longwave (Mlawer et al., 1997), Eta sur-
face layer (Janjic, 2002), Mellor-Yamada-Janjic (MYJ) planetary boundary layer (Janijic,
2002), and the Noah land surface model Version 1.0 (Chen and Dudhia, 2001). To en-
sure the maintenance of synoptic-scale circulation features (e.g., ridges and troughs)
in the RCM, we performed spectral nudging on the zonal and meridional winds, the
temperatures and the geo-potential height fields for all pressure levels below 0.36 of
the surface pressure (for a surface pressure of 1000 mb it would be all pressures below
360 mb) effectively nudging only at very high elevations above the surface.

2.3 Climate data bias corrections

Although the WRF projections were found to be adequate for a hydrological study
(1981-2005) in the Colorado River Basin (Wi et al., 2012), we found some large
regional biases that required bias correction prior to coupling with the ecosystem
model. We used the monthly Bias Correction Spatial Disaggregation (BCSD; Wood
et al. (2002, 2004) approach that has been applied for hydrologic forecasting in the
eastern US (Wood et al., 2002). Steps in the BCSD procedure includes (1) scale up
historical Precipitation Elevation Regression on Independent Slopes Model (PRISM)
monthly precipitation (P) and temperature with 4 km x 4 km resolution (Daly et al., 1994;
PRISM Climate Group, 2013) to match the simulated WRF data (35km x 35km) for
the time period of 1978-2007, (2) construct cumulative distribution functions (CDFs)
for climate variables in each grid cell, month for both historic WRF and upscaled
PRISM datasets, (3) the paired CDFs combined to form a “quantile map”, where at
each rank probability or percentile, the bias between the WRF and the PRISM (at
that location, for that variable, and during that month) was calculated, (4) The com-
puted bias in each month, grid cell and variable were applied to the WRF future out-
puts (2031-2060). The detailed procedures can be found in (Brekke et al., 2013; http:
//gdo-dcp.uclinl.org/downscaled_cmip_projections). Both the corrected WRF monthly
precipitation and temperature in historic and future periods were scaled to the 12-digit
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HUC watershed scale because the WaSSI model operated on the 12-digit HUC water-
shed level.

2.4 The WaSSI model

The Water Supply Stress Index (WaSSI) model is an integrated, water-centric process-
based ecohydrological model designed for modeling water and carbon balance and wa-
ter supply stress at a high resolution across a broad scale (Sun et al., 2011a, 2015a,
b; Caldwell et al., 2012). It operates on a monthly time step at the 8-digit HUC or
12-digit HUC watershed scale for the CONUS. The WaSSI model simulates the full
monthly water (ET, Q and soil moisture storage) and carbon balances (GPP, ecosys-
tem respiration and net ecosystem productivity) for each land cover class at the given
watershed scale. This model has been tested in a variety of geographical regions,
and has been widely used for quantitatively assessing combined or individual effects
of climate change, land use/cover change (LUCC), and population dynamics on wa-
ter supply stress and ecosystem productivity (i.e., carbon dynamics) over the CONUS
(Sun et al., 2008, 2011a, 2015a, b; Lockaby et al., 2011; Caldwell et al., 2012; Averyt
et al., 2013; Tavernia et al., 2013; Marion et al., 2014), Mexico, China (N. Liu et al.,
2013) and Africa (McNulty et al., 2015).

The key algorithms of the WaSSI model were derived from accumulated knowledge
of ecosystem carbon and water cycles gained through the global eddy covariance flux
monitoring networks and watershed-based ecohydrologhical studies across the US
The ecosystem ET sub-module, the core of the WaSSI model, is described as a func-
tion of potential ET (PET), LAI, precipitation, and soil water availability by land cover
type (Sun et al., 2011a). The snow model embedded with WaSSI (McCabe and Wolock,
1999; McCabe and Markstrom, 2007) estimates snow melt rates and mean monthly
snow water equivalent (SWE) mean watershed elevation and monthly air temperature.
Infiltration, surface runoff, soil moisture and baseflow processes for each watershed are
simulated by the Sacramento Soil Moisture Accounting Model (SAC-SMA; Burnash,
1995). The ecosystem productivity module computes carbon dynamics (GPP and res-
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piration) using linear relationships between ET and GPP derived from global eddy co-
variance flux measurements (Sun et al., 2011a, b). The User Guide of WaSSI Ecosys-
tem Services Model-Version 2.1 (http://www.forestthreats.org/research/tools/WaSSl)
provides detailed description of model algorithms and data requirements (Caldwell
et al., 2012).

The necessary inputs to run the WaSSI model include monthly precipitation, monthly
mean air temperature, monthly mean leaf area index (LAI) by land cover, land cover
composition within each watershed, and 11 SAC-SMA soil parameters. The histori-
cal (1979-1997) and the future (2031-2060) climate data dynamically downscaled by
WRF model, were bias corrected, and thus were scaled to the 12-digit HUC level. The
2006 National Land Cover Dataset (NLCD; http://www.mrlc.gov/nlcd06_data.php) with
17 land cover classes were aggregated into 10 classes (Fry et al., 2011): crop, de-
ciduous forest, evergreen forest, mixed forest, grassland, shrubland, wetland, water,
urban and barren. WaSSI The monthly LAl time series data required by WaSSI for
each land cover type were derived from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) — MOD15A2 FPAR/LAI 8 day product (Myneni et al., 2002). The
1km x 1km SAC-SMA soil dataset provided by the State Soil Geographic Data Base
(STATSGO) — based on the Sacramento Soil Moisture Accounting Model Soil Param-
eters was aggregated to the 12-digit HUC watershed. No WaSSI model parameters
were calibrated during the model evaluation process.

The WaSSI has been evaluated at multiple scales using gaging station data for
streamflow and remote sensing products for evapotranspiration across the US (Sun
et al., 2011a, 2015a; Caldwell et al., 2012). At the 12-digit HUC scale, the model was
validated using monthly and annual water yield data collected at 72 selected USGS wa-
tersheds, and ET and GPP data for 170 National Forests over the CONUS (Sun et al.,
2015a). Overall, the validation results suggested that this model could capture char-
acteristics of water and carbon balances at the selected spatial levels under various
climatic conditions (Sun et al., 2015a, b).
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2.5 Impact analysis

We first examined modeled changes in monthly ET and GPP at the 12-digit HUC wa-
tershed scale using the WRF dynamically downscaled, bias corrected historical and
future climate data, respectively. We next computed future annual changes at three
spatial levels: the entire CONUS as whole, the 12-digit HUC watershed, and the in-
dividual WRR. The multi-year means of annual precipitation, temperature, ET, @, and
GPP averaged across the whole CONUS, WRR, or each 12-digit HUC watershed for
the 1979-2007 time period were compared to those for the 2031-2060 period. The
absolute or percent (except for temperature) changes for each variable were calcu-
lated. The absolute differences were expressed as the future means minus those in
the historical period, while the percent differences were calculated using the absolute
difference divided by baseline mean in the 1979-2007. The future monthly changes of
these ecosystem flux variables were also assessed for the whole CONUS and each
WRR.

3 Results

3.1 Baseline characteristics of hydro-climatology and ecosystem productivity
(1979-2007)

For the baseline period, multi-year means of annual precipitation (Fig. 2a), ET (Fig. 3a),
Q (Fig. 3e) and GPP (Fig. 4a) all generally showed longitudinal decreases from east
to west across the CONUS. The coastal areas in the Pacific Northwest region has the
highest precipitation (> 1800 mm yr_1), followed by the larger values for precipitation
(> 1200 mm yr'1 in Fig. 2a) in the southeast. For ET, the highest value (> 750 mm yr'1
in Fig. 3a) was mainly located in the southeast. Q with (> 600 mm yr‘1 in Fig. 3e) were
in the Pacific Northwest region, and the Rocky and the Appalachian Mountains, with the
highest values (> 1000 mm yr‘1) in 12-digit HUC watersheds along the Pacific coast.
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The 12-digit HUC watersheds with higher values (> 1000gC m™2 yr‘1) of GPP (Fig. 4a)
were mainly located in the areas of the southeast and the Pacific Northwest. By con-
trast, the average annual temperature climatology of the CONUS presented a clear
latitudinal increase ranging from —0.8 °C in the north to 22 °C in the south. Tempera-
ture in the Rocky Mountains was lower than 4 °C relative to the surrounding regions
due to topographical effects.

The area weighted average precipitation, temperature, ET, Q and GPP across
CONUS in the period of 1979-2007 was 801 mmyr~', 11.2°C, 515, 290 mmyr~"
and 1232gC m'2yr’1, respectively (Table 1). Comparing the area-average precip-
itation among the 18 WRRs, the WRRS3, 6 and 8 had the highest precipitation (>
1200 mmyr'1), while the WRR13-16 had the lowest (< 400 mmyr'1). In the WRR3,
8, and 12, the area average temperatures were the highest (> 17 °C), while WRR9
had the lowest temperature (4.2 °C). The WRR3, 6 and 8 had the highest ET (>
750mmyr~'), with the lowest values found in WRR16 (< 300 mmyr~'). The WRR1
had the largest Q of 636 mmyr'1, while the smallest Q was found in the WRR13-
16 (< 100 mmyr'1). Similar to the average ET, the highest GPP (>2100gC m~2 yr’1)
were also found in the WRRS3, 6 and 8, but the western WRRs (e.g., WRR13-16 and
18) exhibited lowest values (< 800gC m~2yr™").

The baseline CONUS-wide intra-annual precipitation presented a complicated pat-
tern (Fig. 5). Except in February, precipitation in all the months was more than
65 mmyr_1, and peaked in May with (78 mmyr‘1). Overall, temperature (Fig. 5b), ET
(Fig. 5¢), and GPP (Fig. 5e) all increased gradually starting from January, peaked
(24.8°C, 80 mmyr‘1 and 2059gC m~2 yr‘1, respectively) in July and then decreased
sharply. Fluctuations of @ clearly differed from other variables (Fig. 5d) responding to
temporal patterns in P, SWE (in snow-dominated watersheds), and ET such that Q in-
creased in January, peaked in April (36 mm yr'1 ), decreased to the lowest (15 mm yr'1)
in August, and then increased. The intra-annual distribution was different (e.g., phases
and magnitudes) among the 18 WRRs, due to the complex differences in topogra-
phy and climate among them (not shown). For WRR16-18, most precipitation fell in
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January—April and October—December, while precipitation in other WRRs mainly con-
centrated in May—September. In all the WRRs, the intra-annual temperature followed
a unimodal curve, with peaks in July or August and the lowest values in January or De-
cember. For ET and GPP, the higher values were mainly found from May to November,
except for the WRR18. Comparing the monthly ET or GPP distributions among the 18
WRRs, they could be divided into three categories: unimodal, sine and trough curves.

3.2 Future climate change

Projected future precipitation and temperature followed a similar pattern as the base-
line (Fig. 2). Precipitation showed a longitudinal decrease from the east to the west,
but temperature presented a clear latitudinal decrease. However, for each 12-digit HUC
watershed, these two climate variables would increase or decrease by different mag-
nitudes in the future (Fig. 2c and d for precipitation, and Fig. 2g). Annual precipitation
is predicted to increase in 82 % of the 82773 12-digit HUC watersheds, those water-
sheds that were predicted to have a decrease in precipitation were mainly located in the
southeast and the west coastal regions. The northeast and the northwest coastal re-
gions were predicted to have a greater absolute increase (> 150 mm yr‘1) or decrease
(>200mm yr'1) in precipitation, respectively (Fig. 2c). The greater percent increases
in precipitation (> 18 %) were found in some watersheds in the southwest and the
northeast regions (Fig. 2d). Future temperature was predicted to increase consistently
across watersheds, ranging from 1.0°C to 3.0 °C. The northwest and the north-central
regions were predicted to have temperature increase more than 2.1 °C (Fig. 2g).

For the CONUS as a whole, the area weighted mean annual precipitation and tem-
perature for 2013—-2060 was 844 mmyr‘1 and 13.1 °C, respectively (Table 1). The
mean annual P for the entire CONUS was predicted to increase by 45 mm yr'1 (6 %)
and T increase by 1.8 °C (Table 2). All WRRs exhibited increases in P with the ex-
ception of WRR17 with a slight decrease in P (13mm yr’1 or 1%). The large absolute
change in precipitation (> 60 mm yr‘1) was in WRR2, 4, 5 and 7, while the WRR8 and
14 had lower predicted increases (< 15mm yr'1). The higher relative increases in pre-
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cipitation (> 10%) existed in the WRR2, 5, 15 and 16, however, WRR1 and 8 had
lower predicted increases (< 1 %). For the future temperatures, all the 18 WRRs were
predicted to increase in temperature relative to the baseline period, especially in the
WRR9, 10, 14 and 16 (> 2 °C).

Both future P and T had similar intra-annual fluctuations to those of the baseline
period (top panels in Fig. 5a and b). However, the magnitudes of differences in both P
and T differed in different seasons were different (the bottom of Fig. 5a and b). In most
months, precipitation was predicted to increase from 3 to 11 mm yr'1 , especially in Jan-
uary, May and September (> 7 mm yr‘1). For February, March, October and November,
P was predicted to decrease from =5 to0 —1 mm yr'1. The temperatures for each month
were predicted to increase by at least 1.5 °C, particularly for January and June—October
(> 2.0 °C) (Fig. 5b).

The comparisons of seasonal climatic change patterns among the 18 WRRs sug-
gested the timings of change were similar among WRRs (not shown), but the magni-
tudes of changes varied greatly. The future monthly precipitation was predicted to in-
crease in January and May—October in more than 10 WRRs. The increases were most
pronounced in January, July and September (Fig. 6a). In other months, however, the
future monthly precipitation would decrease in most of the WRRs. The future monthly
temperature for all the WRRs was predicted to increase from 0.5 to 3.0°C. January
and June—October temperatures in most WRRs were predicted to increase more than
1.5°C for most WRRs.

3.3 Future (2031-2060) changes in ET and Q
3.3.1 Annual change

The spatial patterns in ET and Q for the baseline were similar to those in the future
(Fig. 3). However, the changes of annual ET (Fig. 3c and d) and Q (Fig. 3g and h) for
each 12-digit HUC watershed varied spatially. Annual ET was predicted to increase in
the majority (98 %) of the 82773 12-digit HUC watersheds, and the watersheds with
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reductions in annual ET were mainly concentrated in the northwest coastal region. An-
nual ET was predicted increase more (> 32 mmyr'1) in the northeast region (Fig. 3c
and d), especially in the southeast coastal region and the southern extent of the north-
east region (> 48 mm yr’1). Relative changes (%) in ET were highest (> 6 %) in most
of the western regions (excluding the west coast) and the northeast, and the highest
increases (> 12 %) were predicted in the southernmost portion of the southwest region.

Annual Q was predicted to increase in 52 % of the 82 773 12-digit HUC watersheds
by 2031-2060 (Fig. 3g and h). In general, annual Q in the northeast and the southern-
most portion of the southeastern region was predicted increase, while other regions
were predicted to decrease (Fig. 3g and h). The largest increases (> 100 mm yr'1) and
the decreases (> 100 mm yr‘1) in @ were mainly found in the northeast and the west
coastal and the southeast regions, respectively. Q in the southernmost portion of the
southwest region was predicted to increase more than 20 %, while the central part of
the west CONUS would generally decrease more than 20 %.

Projected future multi-year mean annual ET and Q across CONUS were 551 and
297 mm yr_1, respectively gTabIe 1), representing an increase in ET by 37 mm yr_1 or
7%, and in Q by 9mmyr~ or 3% (Table 2). All WRRs were predicted to have an in-
crease in ET. The WRR2, 5 and 7 were predicted to have the largest absolute increases
in ET (> 45 mmyr'1), while the WRR17 (18 mmyr'1) was predicted to have the lowest
increases. The highest predicted relative increases in ET (> 10 %) were in WRR5, 9,
16 and 17, however, WRR17 was predicted to have the lowest increases (4 %). Annual
Q was predicted to increase in nine WRRs, decrease in eight WRRs, and remain un-
changed in one WRR relative to the baseline period (Table 2). Among the 18 WRRs,
WRR2 and WRR5 were predicted to have the largest absolute increase (> 60 mm yr'1 )
and WRR8 and WRR17 had the largest decline (> 20 mm yr'1). The greatest relative
increases (> 10%) and decreases (> 10 %) in annual @ were predicted in WRR2, 5
and 15, and WRR14, respectively.
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