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1.  INTRODUCTION

Terrestrial ecosystems provide a range of biogeo-
chemical and hydrological services that support
Earth surface processes, agriculture, and the infra-
structure on which modern society depends. Key
among these is the interaction of regional biomes
with the hydrosphere. This interaction is controlled
by climate, such that projected climate change may
significantly alter the stability of existing ecosystems
as well as the water balance within watersheds. This

paper aims to elucidate the nature of these alter-
ations and how they may affect natural and managed
ecosystem services.

General circulation models (GCMs) are not ideally
suited for prediction of the ecosystem impacts of
global change at regional scales. The main purpose
of this study is to use GCMs to drive a regional eco-
system model (Terrestrial Ecosystems Model version
Hydro [TEM-Hydro]) to explore the regional impacts
of climate change on ecosystem services such as crop
yield, net primary productivity (NPP), runoff, and
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related ecosystem functions. To apply GCM output to
the ecosystem model, it is necessary to use down-
scaled and bias-corrected output at a spatial scale
relevant to regional analysis. As such, the utility of
regional model results for decision making can be
enhanced by identification of magnitudes and trends
of projected changes from individual models as well
as agreement between models rather than reliance
on multimodel means (Knutti et al. 2010, Shiogama et
al. 2011), although it has been shown that multimodel
means do add to model skill (Pierce et al. 2009).

The fourth and fifth assessment reports of the IPCC
(IPCC 2007, 2013) included climate projections from a
range of models and socioeconomic scenarios. These
relatively coarse-resolution models (with model grid
size >100 km) do not lend themselves to projections
on finer, regional scales, but several broad trends for
the conterminous USA have emerged, including sub-
stantial warming and reduced precipitation for the
Southwest in summer, more annual precipitation in
the Northeast, and reduced snow depth and snow
season length everywhere. In general, projections in-
dicate more winter precipitation in the northern half
of the USA and less summer precipitation in the
southern half (Christensen et al. 2007). However, to
more accurately determine climate projections and
their impacts so that they can become useful for as-
sessments and land use planning on scales treated by
typical state and local planning and resource agen-
cies, it is necessary to first downscale and bias correct
the raw GCM output, and then use higher resolution
datasets to force a climate impacts model, such as a
hydrological or biogeochemical model.

To correct for elevation and coastal effects on a
scale finer than that used in GCM models, Maurer et
al. (2007) downscaled and bias corrected the GCM
output of surface temperature and precipitation from
16 different World Climate Research Programme
(WCRP) Coupled Model Intercomparison Project
(CMIP3) (Meehl et al. 2007) models used in the IPCC
fourth assessment report for 3 different scenarios
(Special Report on Emissions Scenarios B1, A1B, and
A2) for the conterminous USA. These scenarios in-
clude a relatively ‘green’ scenario (B1), with 550 ppm
CO2 by year 2100; an intermediate scenario (A1B),
with 700 ppm CO2 by year 2100; and a high scenario
(A2), with 820 ppm CO2 by 2100 (Meehl et al. 2007).
When biogeochemical models are forced by climate
that is sensitive to emissions and land use (Forest et al.
2008), it is possible to make more realistic projections
of changes in carbon and hydrological dynamics.

Previous studies used the CMIP3 models to assess
regional climate change in the USA. For example,

Diffenbaugh et al. (2008) used 15 CMIP3 models with
the A2 and B1 scenarios to determine climate change
‘hotspots’ in the USA. They found that southern Cal-
ifornia and western Texas were the most sensitive
regions to greenhouse-gas-induced climate change
projected for the 21st century, whereas the Gulf and
Atlantic coasts were the least sensitive (not including
storm intensification). Giorgi & Bi (2009) looked at
the time of emergence of USA and global hotspots for
all 3 scenarios and found that reduced precipitation
in the western USA cannot be reliably projected to
occur until the later decades of the 21st century, even
for the A2 scenario. Orlowsky & Seneviratne (2012)
used 9 of the A2 models to explore extreme events
globally and found consistency in increased number
of warm days in the western USA and less precipita-
tion with more consecutive dry days in the southern
USA. In our present study, we use the Maurer et al.
(2007) downscaled CMIP3 dataset for the contermi-
nous USA for the first time to drive a terrestrial eco-
system model (TEM-Hydro) to determine the impacts
of these regional climate changes on ecosystem func-
tions and services, as well as hydrological impacts.

Some other climate assessments have used a range
of model projections to explore the hydrological and
ecological impacts of climate change on a regional
basis in the USA. The US National Climate Assess-
ment reports (NAST 2001) and Karl et al. (2009) used
output from 2 climate models with a simple down-
scaling and bias-correction approach for 6 mega -
regions of the USA. More recently, Hayhoe et al.
(2007, 2008) used 9 models and 2 scenarios, with a
downscaling and bias-correction approach (Wood et
al. 2002), to assess the impacts of climate changes in
the northeastern USA. They found continuing trends
of seasonal warming, earlier spring runoff, less snow
depth, less snow cover (Flanner et al. 2011), longer
growing seasons, and earlier bloom dates, while pro-
jected changes that have not yet been observed
include more drought and longer low-flow periods
during the summer. A similar study for California
(Hayhoe et al. 2004), using 2 models and 2 scenarios,
found more summer than winter warming, more
extreme heat waves in Los Angeles, reduced snow-
pack in the Sierra Nevada mountains, and reduced
alpine and subalpine forests. Maurer et al. (2007) and
Maurer & Duffy (2005) used several downscaled and
bias-corrected CMIP3 models for several scenarios to
drive a hydrological model for specific watershed
basins within California and found reduced spring
and summer streamflows and increased winter
streamflows, with more rain and less snow. A recent
climate assessment for Pennsylvania (Shortle et al.
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2013), using regional climate models and the A2 sce-
nario, predicted more runoff in winter, increased
crop yields, and increased forest growth rates,
though these may be offset by increased mortality of
certain species as climate warms beyond their opti-
mal range.

In this paper, we use for the first time all of the
downscaled and bias-corrected (Maurer et al. 2007)
CMIP3 models for all 3 scenarios (B1, A1B, and A2) to
assess inter-model consistency of climate impacts on
ecosystem services for different regions of the conter-
minous USA. We apply additional downscaling and
bias correction to vapor pressure and net irradiance
and then use each model/scenario to drive TEM-
Hydro. Model consistency is analyzed for each of the
6 National Climate Assessment megaregions (NAST
2001, Fig. 1) for key ecosystem services, including

run off, soil moisture, snowpack and snowmelt, soil
carbon, NPP, crop yield, and net ecosystem produc-
tivity (NEP) for different seasons, as well as surface
temperature, precipitation, vapor pressure, vapor
pressure deficit, and photosynthetically active radia-
tion (PAR). We explore whether both the climate
input variables and ecological output variables are
likely to increase, decrease, or remain the same in
the future for each region based on inter-model
agreement and statistical significance of the CMIP3
multimodel ensemble trends. Rather than averaging
the result of the suite of models for each parameter,
we take each model result as an individual driver of
TEM-Hydro and then assess the extent to which
results from the different models agree with respect
to significance of change as well as direction of trend.

2.  MATERIALS AND METHODS

2.1.  Model description

TEM-Hydro (Felzer et al. 2009,
2011) consists of multiple pools for
vegetation carbon and nitrogen and a
single pool for soil organic carbon and
nitrogen, as well as a pool for inor-
ganic nitrogen. The vegetation pools
include leaves, active and inactive
stem tissues (e.g. sapwood and heart-
wood), fine roots, and a labile pool for
storage. Fluxes into and out of the
pools include photosynthesis, nitro-
gen uptake, respiration, litterfall, and
allocation. Inputs into the model
(Fig. 2) include monthly climate (sur-
face air temperature, precipitation,
fractional cloud cover [used to derive
PAR], vapor pressure, diurnal tem-
perature range); annual atmospheric
CO2; monthly surface ozone; and
static datasets including mean wind
speed, vegetation and land use, soil
texture, and elevation (Felzer et al.
2004). Felzer et al. (2009, 2011) pro-
vide a complete description of the
model, and more detail is provided in
the Supplement at www. int-res. com/
 articles/ suppl/ c061 p133 _ supp.   pdf, in -
cluding a description of the calibra-
tion procedures (Table S1). We re -
cently revised the model (TEM-
Hydro2), including improved land

Fig. 2. Experimental design. AR4 = fourth assessment report, GCMs = general
circulation models, PAR = photosynthetically active radiation, Precip = precipi-
tation, Temp = temperature, VPR = vapor pressure, PRISM = Precipitation-
elevation Regressions on Independent Slopes Model, TEM-Hydro = Terrestrial 

Ecosystems Model version Hydro

Fig. 1. Six regions used in this study, taken from National Assessment Synthesis 
Team (NAST 2001) megaregions

http://www.int-res.com/�articles/suppl/c061p133_supp.pdf
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use approaches and a reduced-form open nitrogen
cycle (Felzer 2012). This study uses the version of
TEM-Hydro from Felzer et al. (2011) but adds some
of the improved treatment of crops.

2.2.  Downscaling and bias correction

Climate data from the coarse-resolution global cli-
mate models must first be downscaled and bias cor-
rected before using them as input to TEM-Hydro for
climate impact studies such as this one. We rely pri-
marily on the downscaling and bias correction of
Maurer et al. (2007), which is applied for each of the
CMIP3 models for the 3 scenarios to the contermi-
nous USA at 1/8° resolution. Bias correction is based
on applying 21st century anomalies to a higher reso-
lution dataset of climate means from the 20th cen-
tury. Therefore, the 20th century data are the ob -
served data, while the 21st century data are the
down scaled and bias-corrected data for each model
and scenario. We also independently compare the
20th century climate model output to the high-reso-
lution 20th century observed data by interpolating it
to the equivalent grid first, though we do not use
these data for TEM-Hydro runs. The purpose of this
comparison is to determine if the models are accu-
rately capturing the 20th century trends as one meas-
ure of reliability of their future trends.

We developed monthly input datasets to force
TEM-Hydro for the conterminous USA at a spatial

resolution of 1/8° longitude × 1/8° latitude (50589
grid cells) for the 20th century (1905−2000) (Daly et
al. 1994) and three 21st century scenarios (A2, B1,
and A1B) for 15 of the CMIP3 models. The observed
20th century data are taken from the gridded data of
the Precipitation-elevation Regressions on Independ-
ent Slopes Model (PRISM) (Daly et al. 1994). The cli-
mate model data for the 21st century were down-
scaled and bias corrected by Maurer et al. (2007),
who apply a statistical method of downscaling and
bias correction that has been used in climate impact
studies of the northeastern USA and California
(Maurer 2007, Hayhoe et al. 2008). We applied our
own simple delta/ ratio downscaling and bias correc-
tion to vapor pressure and net irradiance, which is
used to back-calculate clouds.

The land use and land cover dataset (DeFries et al.
2000, Hansen et al. 2000) is a snapshot of land use
and land cover from 1981 to 1994 (Fig. 3). Ideally,
land use and land cover would not be static and
would include disturbance, but no disturbance data -
sets exist at this high spatial resolution, so we have
chosen to use present land cover and land use, which
are more broadly representative of the 20th century
than potential vegetation. Furthermore, since large-
scale land disturbances began centuries before 1900,
we also require gridded climate data, which do not
exist for that timeframe. For cropland, we employ
harvesting and seeding, with calibration based on
maize. This is a simplifying generalization for crop-
land based on the dominant US crop (in terms of area,

Fig. 3. Land use and land cover change, based on 1981−1994 1 km Land Cover Classification dataset scaled to Terrestrial Eco-
systems Model (TEM) vegetation categories
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but maize is even more dominant in terms of eco-
nomic value [USDA2014]). By using a C4 crop in this
manner, the CO2 fertilization effect as well as mois-
ture limitation would be minimized, and so it is a con-
servative estimate for the purposes of ecosystem im-
pacts considered here. For future studies directed
toward a detailed analysis of crop yield, it will be nec-
essary to distinguish between the regional locations
and areal extent of different crops. Urban areas are
essentially treated as savannas, with 50% temperate
deciduous forest and 50% tall grassland. Our ap-
proach is similar to the approach taken in Felzer et al.
(2011) for the western USA and is described in detail
in the Supplement.

2.3.  Experimental design

We use the observed 20th century climate and
downscaled/bias-corrected 21st century climates for
the 15 climate models and 3 scenarios for individual
TEM-Hydro experiments. In our experimental design
(Fig. 2), the first step is to equilibrate the model to
historical climate to generate initial values for each
stock, based on our dynamic equilibration using
1905−1944 climate data and a CO2 value of 305 ppm,
which is the mean over the equilibration time period.
The model is run iteratively until carbon, nitrogen,
and water stocks stabilize. Then, the equilibrium
conditions are used as starting conditions for a tran-
sient historical run from 1905 to 2000, using the
PRISM-based observational dataset. Projections for
2000− 2099 are then run from year 2000 starting con-

ditions for all 44 emissions scenarios (15 A2 scenar-
ios, 15 B1 scenarios, and 14 A1B scenarios, as de -
scribed in Table 1).

The linear trends from the 30 years before and
100 years after 2001 were calculated on the basis of
the t-test statistic (Supplement) to determine the 95%
confidence interval. The purpose of this test is to de-
termine if the trends are statistically significant with
respect to the interannual variability. We focused our
discussion on the 30 yr historical period because
trends during this period of rapid change are likely
more representative of the future than previous inter-
vals would be, and also avoid the relatively strong
temporary aerosol forcing of the mid-20th century. To
remove the effects of short-term climate variation and
focus on the longer term trend, we also analyze the
statistics of the 5 yr running means for each of these
periods. The results are processed for each of the Na-
tional Climate Assessment megaregions (NAST 2001)
for the conterminous USA by first computing the
mean for each region and then using these as the ba-
sis for the trends and significance. As a measure of
model agreement, if >70% of the models (i.e. >10) in-
dividually show a statistically significant increase or
decrease or no significant trend, then we consider
that trend consistent across the CMIP3 model set.
This pertains to a ‘model convergence’ reliability cri-
terion of Giorgi & Mearns (2002).

Model checking is done by comparing TEM-
Hydro carbon and water fluxes to those produced
by FLUXNET-MTE for the period 1982−2000.
FLUX-NET-MTE (Jung et al. 2009, 2011) uses the
machine-learning technique Model Tree Ensembles

Model                                Modeling group                                                             Country

BCCR-BCM2.0                 Bjerknes Centre for Climate Research                                                                          Norway
CGCM3.1                         Canadian Centre for Climate Modeling and Analysis                                                 Canada
CNRM-CM3                     Meteo-France/Centre National de Recherches Meteorologiques                              France
CSIRO-Mk3.0                   CSIRO Atmospheric Research                                                                                        Australia
GFDL-CM2.0                   US Department of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory      USA
GFDL-CM2.1                   US Department of Commerce/NOAA/Geophysical Fluid Dynamics Laboratory      USA
GISS-ER                            NASA/Goddard Institute for Space Studies                                                                  USA
INM-CM3.0                      Institute for Numerical Mathematics                                                                             Russia
IPSL-CM4                         Institut Pierre Simon Laplace                                                                                         France
MIROC3.2 (medres)         Center for Climate System Research (The University of Tokyo),                               Japan
                                          National Institute of Environmental Studies, and Frontier Research Center for     

Global Change
ECHAM5/MPI-OM         Max Planck Institute for Meteorology                                                                           Germany
MRI-CGCM2.3.2              Meteorological Research Institute                                                                                 Japan
CCSM3                             National Center for Atmospheric Research                                                                  USA
PCM3                                National Center for Atmospheric Research                                                                  USA
UKMO-HadCM3             Hadley Centre for Climate Prediction and Research/Met Office                                UK

Table 1. Coupled Model Intercomparison Project (CMIP3) models used in this study. Because of the data quality of the output 
files, we were unable to use scenario A1B from the PCM3 model or any scenario from the ECHO-G model
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(MTE) to upscale observations of carbon dioxide,
water, and energy fluxes to the global scale. The
MTE method is used to predict site-level gross pri-
mary productivity (GPP), terrestrial ecosystem res-
piration, net ecosystem exchange, latent and sensi-
ble heat based on remote sensing data, climate and
meteorological data, and information on land use
(Jung et al. 2011). Jung et al. (2011) applied the
trained MTEs to generate global flux fields at a 0.5
× 0.5° spatial resolution, covering the globe except
for Antarctica, with a monthly temporal resolution
from 1982 to 2008. We upscale the TEM-Hydro 20th
century means and trends for GPP, NEP, and evapo-
transpiration (ET) to the half-degree resolution for
comparison to FLUXNET-MTE.

We previously validated TEM-Hydro at the site
level for eastern US forests (Felzer et al. 2009); for
western US forests, grasslands, and shrublands
(Felzer et al. 2011); and for the effects of forest distur-
bance (Dangal et al. 2014). The present study is the
first comparison of TEM-Hydro against a gridded
 validation dataset. TEM-Hydro is a global biogeo -
chemical model, in which there is a single calibration
for each plant functional type (PFT) to determine
para meters, and those parameters are used for each
extrapolation of that particular PFT to other grids
throughout the world. Models of this class should not
be expected to reproduce each grid as accurately as a
plant physiological model that is parameterized for
particular sites. This would be equivalent to a valida-
tion based on our calibration sites, which we do not

do. Furthermore, we have not included disturbance
ef fects in this study, so forests are all assumed to be
mature, resulting in very low positive NEP values.
Young, growing, disturbed forests display much
larger positive NEP values. The low bias in irradiance
would also tend to lower carbon flux calculations. We
also do not include effects of nitrogen deposition,
which would enhance GPP and NEP values. TEM-
Hydro calibration does, however, account for carbon
and nitrogen stocks in addition to fluxes, and these
stocks are not measured by either eddy covariance or
remote sensing but only at long-term ecological sites.
FLUXNET-MTE itself is a modeled product, based on
eddy covariance and remote sensing data, so it
should also not be viewed as ground truth. In particu-
lar, eddy covariance fluxes tend to overestimate NEP

MRI
MPI
HadCM3
CGCM3
CSIRO
CCSM3
GISS
BCM2
IPSL
INMCM3
CM3
GFDL2.1
GFDL2.0
MIROC
PCM

Model A2
PNW West G.P. MW SE NE PNW West G.P. MW SE NE PNW West G.P. MW SE NE

B1 A1B

Table 2. Regions where individual June-July-August model outputs are within 2 standard deviations of the observed historical
5 yr mean from 1970 to 1999 based on interannual variability within the observations (black). G.P. = Great Plains, MW = Midwest, 

NE = Northeast, PNW = Pacific Northwest, SE = Southeast

Region   Irradiance (W m−2)
                                         Model                  Observed

PNW                                 143.80                    127.45
West                                  153.11                    136.66
G.P.                                   141.41                    127.95
MW                                   136.57                    121.04
SE                                     139.29                    121.76
NE                                    130.77                    116.17

Table 3. Mean irradiance (downwelling shortwave radiation)
of 5 yr mean, 1970−1999, for the 15 CMIP3 models and ‘ob-
served’, where ‘observed’ are based on Climatic Research
Unit cloud cover. G.P. = Great Plains, MW = Midwest, NE = 

Northeast, PNW = Pacific Northwest, SE = Southeast
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because of an underestimate of nighttime heterotro-
phic respiration during times of low turbulence (Bal-
docchi & Meyers 1998, Baldocchi et al. 2000, Curtis et
al. 2002, Hanson et al. 2004, Schaefer et al. 2008). Re-
mote sensing estimates of fluxes are themselves
products modeled from brightness temperatures.

3.  RESULTS

3.1.  Climate model checking

Although the purpose of this study is not to analyze
each of the individual climate models, we are able to
assess how well each model performs relative to
observations in each region for the climate variables
that force the ecosystem model. Comparisons are
conducted between each model and historical 5 yr
running means of summer surface temperature, pre-
cipitation, and vapor pressure from 1970 to 1999
(Table 2). Biases that fall within 2 standard deviations
(based on interannual variability) of the ob served
5 yr running mean are considered acceptable. No
model has unbiased output for all 3 variables in any
one region. Because all variables affect the ecosys-
tem response, bias in any one of them could lead to
bias in the final response. There are far fewer accept-
able biases for vapor pressure, in part because of the
smaller variability.

Biases in irradiance (i.e. surface downwelling
short  wave radiation) are more difficult to assess. Al -
though these data are available from the models, our
observed historical data are based on cloudiness, as
there are no gridded, transient irradiance data from
the start of the 20th century. When converting all to a
common baseline of PAR, the models display a sys-
tematic high bias (Table 3), but that could be due to
uncertainties in the cloud data as well as in the con-
version formula from clouds to irradiance (Raich et al.
1991), which involve calculation of radiation at the
top of the atmosphere. In any case, we converted the
future irradiance to clouds and bias corrected those
to the observed values. This highlights the opportu-
nity for future studies to consider using satellite irra-
diance data to improve the conversion from clouds to
irradiance or the need to develop transient, gridded
datasets of irradiance.

3.2.  Ecosystem model checking

Comparison of annual GPP (Fig. 4a) from 1982 to
2000 between TEM-Hydro and FLUXNET-MTE

shows that most grids capture GPP within ±250 g C
m−2 yr−1. Larger negative biases occur in the tem -
perate savanna of Texas and some forested areas
(Fig. 3). Large positive biases along the coast are due
to spuriously low FLUXNET-MTE values in those
locations and so should be ignored. These results are
comparable to other ecosystem models (Jung et al.
2007) in which GPP low biases averaged 390 g C m−2

relative to 10 European sites for temperate deciduous
forests and 160 g C m−2 for temperate coniferous
forests, although our results show larger low biases

139

Fig. 4. (a) Gross primary productivity (GPP), TEM-Hydro minus
FLUXNET-MTE, (b) evapotranspiration (ET), (c) net ecosystem
productivity (NEP). Data are annual means for 1982−2000
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in partly or entirely coniferous forests. The GPP scat-
ter (Fig. 5a) shows an R2 of 0.61, with 75% of the
model grids having a low bias with respect to
FLUXNET-MTE. 

We compared the results of TEM-Hydro (forced by
observed climate data) to those of FLUXNET-MTE
(an amalgamated eddy covariance and remote sens-
ing product). In Figs. 6−8, black locations indicate
agreement between TEM-Hydro and FLUXNET-
MTE on the direction of 19 yr trends (1982−2000) of
GPP (Fig. 6), ET (Fig. 7), and NEP (Fig. 8). In the left
panels (Figs. 6a, 7a, & 8a), significance with respect
to interannual variability is accounted for by reclassi-
fying trends to 0 that <95% significant. In the right
panels (Figs. 6b, 7b, & 8b), the trends are used
directly without reclassification. This results in some
areas in which there is disagreement because either
TEM-Hydro or FLUXNET-MTE has been reclassified
as insignificant while the other has not been reclassi-
fied and is still a significant trend, even when both
trends are in the same direction (e.g. southeastern

USA in Figs. 6, 7, & 8, with black [agree] in the [b]
panels and white [disagree] in the [a] panels). The
reverse occurs in western Texas, where trends in dif-
ferent directions are both reclassified as 0 because of
their insignificance, and thus result in black (agree)
in the (a) panels and white (disagree) in the (b) pan-
els. All of this also leads to differences in percentage
of agreement between the (a) and the (b) panels.

The GPP trends (Fig. 6a,b) show that there is
agreement in trend direction for 58% of the grids if
trends that are not statistically significant with
respect to interannual variability in both TEM-Hydro
and FLUXNET-MTE are assigned a value of 0. Not
accounting for this significance, 66% of the grids
agree, and this accounts for many of the grids in the
Southeast region. In Texas, for example, there is less
agreement because there are small sign differences
between TEM-Hydro and FLUXNET-MTE that are
not statistically significant and assigned to 0 in the
first approach. Taking the two together, 89% of the
grids agree in trend direction. Hicke et al. (2002a,b)

140

Fig. 5. TEM-Hydro vs. FLUXNET-MTE (a) gross primary productivity (GPP) and (b) evapotranspiration (ET)

Fig. 6. Agreement of 1982−2000 trends between TEM-Hydro and FLUXNET-MTE for annual gross primary productivity
(GPP). Black = agreement (a) accounting for significance (58% of grids) and (b) not accounting for significance (66% of grids). 

An additional 968 grids show the same trend if not accounting for significance, equaling 89% of grids
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and Nemani et al. (2003) use remote sensing to show
NPP increasing in most locations in the USA, except
the Pacific Northwest and Southwest, between 1982
and 1998. They highlight particularly large increases
in the Southeast due to tree regrowth in plantations
and crop abandonment, which we do not account for
in these TEM-Hydro experiments.

Comparison of annual ET (Fig. 4b) shows that most
grids of TEM-Hydro are within 100 mm of the
FLUXNET-MTE value. Larger negative biases occur
in western Texas, and larger positive biases occur in
southern Arizona, both of which are regions of arid
shrublands (Fig. 2). Some of the difficulties with
accurately modeling ET in arid shrublands are dis-
cussed in Felzer et al. (2011). The ET scatter (Fig. 5b)
shows an R2 of 0.66, with 69% of the model grids hav-
ing a low bias with respect to FLUXNET-MTE. The

trend directions agree for 72% of the grids account-
ing for significance (Fig. 7a) and 60% of the grids not
accounting for significance (Fig. 7b), totaling 91% of
the grids, discounting overlap. Similar to GPP, the
differences occur primarily in the Southeast region
and Texas. Streamflow comparisons (Lettenmaier et
al. 1994, Lins & Slack 1999) during the mid- to late
20th century for TEM-Hydro do not increase as uni-
formly throughout the USA as the measured values,
which is partly a result of our not accounting for
stream management (Lettenmaier et al. 1994). Our
results show increasing summer soil moisture in most
of the eastern USA and California, with reduced soil
moisture in the Southwest and western Great Plains,
in contrast to Dorigo et al.’s (2012) interpretations of
remotely sensed observations from a partially over-
lapping time period.

141

Fig. 7. Agreement of 1982−2000 trends between TEM-Hydro and FLUXNET-MTE for evapotranspiration (ET). Black = agree-
ment (a) accounting for significance (72% of grids) and (b) not accounting for significance (60% of grids). An additional 602 

grids show the same trend if not accounting for significance, equaling 91% of grids

Fig. 8. Agreement of 1982−2000 trends between TEM-Hydro and FLUXNET-MTE for net ecosystem productivity (NEP). Black =
agreement (a) accounting for significance (63% of grids) and (b) not accounting for significance (50% of grids). An additional 

641 grids show the same trend if not accounting for significance, equaling 83% of grids
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Negative NEP biases are relatively large in
forested grids (Fig. 4c), as TEM-Hydro does not
include the effects of disturbance and therefore con-
siders all forests as mature. However, Dangal et al.
(2014) showed that TEM-Hydro is much closer to bio-
metric measurements, which are also much lower
than the eddy covariance values used for FLUXNET-
MTE. The trend directions agree for 63% of the grids
accounting for significance (Fig. 8a) and 50% of the
grids not accounting for significance (Fig. 8b), total-
ing 83% of the grids, discounting overlap. Differ-
ences between the two are also prevalent in the
Southeast region and Texas.

Seasonal comparisons (Fig. 9) show that TEM-Hy-
dro captures the FLUXNET-MTE cycle of GPP
(Fig. 9a) but systematically underestimates the mag-
nitude of GPP. Dangal et al. (2014) found that the in-
clusion of nitrogen deposition could increase carbon
uptake by as much as 8%, so this could explain much
of the bias. The ET seasonal comparison (Fig. 9b) is
closer, with TEM-Hydro underestimating ET during
the winter and spring and overestimating maximum
summer ET. As expected, the seasonal NEP (Fig. 9c)
of TEM-Hydro underestimates the FLUXNET-MTE
values, especially in the summer and fall. Mature
forests will have much more litter and therefore larger
heterotrophic respiration rates than younger, dis-
turbed forests, which would result in much smaller
NEPs. Regional means and trends (Table 4) for GPP
show that TEM-Hydro has lowest mean biases in the
eastern USA, with the mean sign of the trend positive
in every region. For ET, lowest mean biases also occur
in the eastern USA as well as in the Midwest. Positive
ET trends occur in the Pacific Northwest, West, and
Great Plains, while the direction of the trend does not
agree for the Midwest, Southeast, and Northeast.
NEP mean biases are negative in all regions, but the
positive trends agree in all regions.

3.3.  Climate: 20th century

All comparisons of observed historical, modeled
historical, and modeled future are based on the same
1/8° grid resolution. In general, the seasonal trends of
the climate models for the late 20th century (1970−
1999) fail to capture the observational trends
(Table 5). For the USA on average, the observational
record1 shows significant winter warming (specifi-

cally in the Great Plains, Midwest, and Northeast),
which is not captured by the models for any region,
whereas the models properly reconstruct summer
warming in the West and Southeast yet fail to show
observed summer warming in the Northeast. Clearly,
the models do not capture the significant winter
warming.
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Fig. 9. Seasonal trends between TEM-Hydro and FLUXNET-
MTE (a) gross primary productivity (GPP), (b) evapotranspi-
ration (ET), (c) net ecosystem productivity (NEP). Data are 

1982−2000 means

1Note that we discuss both observational historical and mod-
eled historical reords below.
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Observed precipitation trends are much less well
defined, though there has been a significant 20th
century historical increase during summer for the
USA on average, fueled by the Great Plains, even
though there was a decrease in the Northeast, and
winter increases in the Great Plains and Midwest.
The climate models fail to capture that significant
increase over the USA during either season. The
models do not show any regionally consistent or sig-
nificant trends in precipitation during either season.
This result points to the difficulties models have in
accurately reproducing precipitation.

The changes in PAR reflect the changes in cloudi-
ness (e.g. reduced cloud cover leading to more PAR
and less precipitation). Observed PAR has de creased
in the Midwest and Great Plains and increased in the
Northeast during summer, while during winter it has
increased in the Pacific Northwest and decreased in
the Southeast. These are all anti-correlated with sig-
nificant trends in clouds. None of the climate model
historical trends are significant for PAR or clouds,
although there is model agreement that trends in
many regions are neither positive nor negative.
Observed summer vapor pressure has increased sig-
nificantly on average over the USA and in all regions
individually except the Northeast. The observed
vapor pressure deficit has decreased on average for
the USA, with significant decreases in the Great
Plains and Midwest and increases in the Northeast
because of warmer temperatures, resulting in higher
saturation vapor pressure. The models only show
increased summer vapor pressure in the Great Plains
and Northeast, and none of the vapor pressure deficit
trends are consistent or significant. These results
show that although warming adds water vapor to the
atmosphere, the relative humidity sometimes actu-
ally decreases as a result of the warming itself.

3.4.  Climate: future

The average USA temperature increase among all
the climate models ranges from 2.2 to 5.1°C during
summer and 1.9 to 3.9°C for winter for the A2 and B1
scenarios, respectively (Table 6). Regionally, all
emissions scenarios show significant increases in
both winter and summer temperature ranging from
3.1 to 5.3°C for A2, 2.6 to 4.3°C for A1B, and 1.8 to
2.6°C for B1. The future scenarios mostly show sum-
mers warming more than winters throughout the
conterminous USA. However, because this seasonal-
ity was not captured correctly during the 20th cen-
tury by the models, we have to be careful about how
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               PNW   West     G.P.      MW     SE      NE      US

Observed
tair_jja      0.14    0.27   −0.23      0.02    0.48    0.51    0.13
tair_djf      0.44    0.57      1.28      1.89    1.08    1.15    1.09
prec_jja     2.24  13.08    23.76      5.23    2.62  −9.19    7.89
prec_djf  −8.68  26.67    29.53   −4.57    6.53−11.45    6.62
par_jja       0.95  −0.33   −1.14   −1.79  −0.42    0.93  −0.60
par_djf      3.06  −1.80   −1.16   −0.02  −4.06    0.86  −1.38
clds_jja   −3.65    1.98      3.86      4.31    0.72  −1.96    1.88
clds_djf   −2.58    4.39      0.60      0.08    8.42  −0.67    2.16
vpr_jja       4.24    6.29      9.33      6.44    4.84    1.37    6.29
vpd_jja    −1.46  −0.12 −11.9   −12.01  −1.31    7.66  −5.11

Modeled                                                                           
tair_jja      0.64    0.66      0.65      0.65    0.51    0.47    0.61
tair_djf      0.73    0.63      0.54      0.31    0.08  −0.05    0.42
prec_jja  −0.98  −1.39   −1.78   −3.24  −1.23    1.50  −1.56
prec_djf  −3.82  −7.41   −1.98   −4.54  −2.44    0.78  −4.16
par_jja       0.17  −0.07      0.15      0.12    0.21    0.34    0.12
par_djf    −0.76    0.19   −0.37      0.55  −0.04    0.48  −0.03
clds_jja     0.09  48.75   −0.79   −1.34  −1.32  −1.70  −0.82
clds_djf     1.36  −0.59      2.26   −0.59    0.36  −0.54    0.31
vpr_jja       2.66    1.67      1.97      2.06    2.07    2.74    2.09
vpd_jja      7.06    5.49      5.86      8.41    4.99    2.92    5.66

Table 5. Comparison of observed and modeled trends over
the 20th century (1970−1999), using 5 yr running means.
Bold values for observed (top) indicates statistically signifi-
cant with respect to interannual variability. Model trends
(bottom) are in bold if 70% of the models show increases or
decreases; italics: ‘robust’ changes represent neither increas-
ing nor decreasing trends, because the majority of the trends
are not significant. Non-bold: models do not agree. Units are
changes as percent differences, except for tair (°C m−2 per 30
yr). G.P. = Great Plains, MW = Midwest, NE = Northeast,
PNW = Pacific Northwest, SE = Southeast, US = United States

                     PNW    West     G.P.      MW        SE        NE

GPP                                                                                   
Flux_avg      696.6    354.4    663.6   1128.6   1447.4  1171.0
Flux_trend   14.0    9.4    29.1   30.6   72.8  180.6
TEM_avg     556.9    245.3    383.6   941.1   1336.9  1247.6
TEM_trend  54.1    3.8    20.0   40.6   15.5  152.7
% mean dif  −20.1   −30.8   −42.2  −16.6   −7.6  6.5

ET                                                                                      
Flux_avg      432.8    316.9    527.5    620.6     762.3    543.7
Flux_trend   2.8    1.6    4.8    0.3     9.2    6.6
TEM_avg     335.5    281.1    438.7    597.9     873.1    593.7
TEM_trend  5.8    1.5    1.5   −6.2     −8.3    −0.1
% mean dif  −22.5   −11.3   −16.8   −3.6     14.5    9.2
NEP                                                                                   
Flux_avg      149.6    85.6    123.5    295.7     368.4    361.8
Flux_trend   2.8    5.6    5.3    12.9     65.3    10.0
TEM_avg     7.8    2.7    38.6    119.4     27.8    14.0
TEM_trend  23.4    2.6    1.9    12.2     7.4    16.6
% mean dif  −94.8   −96.9   −68.7   −59.6     −92.5    −96.1

Table 4. Regional means and trends of TEM-Hydro and
FLUXNET-MTE. ET = evapotranspiration (kg H2O m–2

yr–1), G.P. = Great Plains, GPP = gross primary productivity
(gC m–2 yr–1), MW = Midwest, NE = Northeast, NEP = net
ecosystem productivity (gC m–2 yr–1), PNW = Pacific North-

west, SE = Southeast
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to interpret these trends. These trends are most likely
due to cloud-related processes. A projected increase
in winter clouds results in reduced winter PAR (and
net irradiance), whereas a projected decrease in
summer clouds leads to increased summer PAR (and
net irradiance) in many regions.

Projected trends (Table 6 & S2) in precipitation are
mostly too small to be significant. Vapor pressure and

vapor pressure deficit are highly sen-
sitive to the emissions scenarios, but
for A2 (our current actual trajectory
so far), they both increase every-
where. The reduction in summer
clouds for all scenarios is consistent
with increased vapor pressure deficit.
These changes for the warmer sce-
narios are consistent with what the
models showed for historical warm-
ing. However, since actual 20th cen-
tury summer clouds increased in
many regions, this predicted reduced
cloud cover may point to a low model
bias in determining atmospheric
water vapor re sulting from warming.
In general, for the A2 scenario
(Fig. 10a), the largest positive
changes occur in temperature, vapor
pressure, and vapor pressure deficit,
with smaller but significant changes
in the other variables.

3.5.  Vegetation and ecosystem
productivity

TEM-modeled historical NPP in -
creased in all regions except the
Southeast (Table 7). The future sce-
narios predict increased NPP in all
regions except the Great Plains for
A1B and A2 (Table 6 & S2, Fig. 11).
This NPP trend is the opposite of his-
torical NPP because the Great Plains,
which has received more precipita-
tion in the late 20th century, is not
projected to change significantly in
the future. Crop yield increases are
only significant in the Pacific North-
west and West for all scenarios.
Notably, crop yield is not projected to
decrease anywhere nor is it projected
to increase in the USA breadbasket of
the Great Plains and Midwest.

NEP was simulated to have increased signifi-
cantly in 4 of the 6 regions (Table 7), while only
the increase in the Pacific Northwest (and for A2
in the Northeast) is projected to continue into the
future, and soil organic carbon decreases every-
where except in the Southeast in each scenario
because of the effect of warming on decomposition
(Table 6 & S2).

                              PNW      West      G.P.        MW        SE         NE         US

A2
tair_jja                     5.28       5.09       5.31       5.29       4.68       4.50       5.09
tair_djf                     3.53       3.74       4.05       4.75       3.14       4.60       3.91
prec_jja               −23.64     −0.09     −9.60     −5.66     −6.79       1.64     −6.64
prec_djf                 20.63       2.86       3.51     13.22     −1.86     16.34       6.50
par_jja                     1.73     −0.98       1.27       2.17       2.03       2.26       1.09
par_djf                   −8.95     −1.06     −2.20     −5.60       1.45     −5.29     −2.16
clds_jja                  −5.99       5.55     −4.32     −5.57     −4.83     −4.74     −3.15
clds_djf                   9.58       2.97       5.38       9.19     −2.87       8.08       4.69
vpr_jja                   21.76     25.36     18.12     18.70     15.90     24.58     19.17
vpd_jja                   59.49     41.05     66.27     87.78     67.31     54.25     61.17

NPP_ann               40.86     21.60     −0.18       8.28     15.16     34.24     15.53
Crop yield             79.62     57.86     16.37     −9.23       3.30     −4.94       0.94
NEP_ann               27.13       1.18     −2.21     −9.69   −11.01     30.09       0.65
Soil C                     −6.28   −13.74   −20.24   −13.51     −8.56     −6.62   −12.11
Runoff_jja           −34.30   −48.81   −21.92     −9.93   −24.03   −20.48   −24.83
Runoff_djf             50.97     18.93   −17.45     57.26   −14.15     88.64     15.61
Smoist_jja             −7.35     −6.08     −8.98     −5.80     −8.50     −2.32     −7.11
ET_jja                    13.17       9.16       0.16       1.77     −0.99       4.75       2.32
Snowpack_djf     −44.84   −49.19   −26.67   −59.31 −101.41   −61.97   −48.22
Snowmelt_mam −48.70   −48.49   −27.80   −66.29 −105.65   −64.53   −51.24

B1
tair_jja                     2.65       2.34       2.28       2.30       1.80       2.08       2.23
tair_djf                     1.98       1.90       2.00       2.17       1.45       2.01       1.90
prec_jja               −12.34       6.54       1.08     −0.87       3.67       2.62       1.50
prec_djf                   9.87     −0.78       2.50       2.51     −1.85       5.59       1.69
par_jja                     1.48     −0.11       0.98       2.09       0.98       2.47       1.01
par_djf                   −4.13       0.11     −0.80     −2.17       1.62     −1.59     −0.48
clds_jja                  −5.39       0.68     −3.48     −5.48     −2.37     −5.43     −3.22
clds_djf                   4.99     −0.19       2.18       3.53     −3.22       2.23       1.27
vpr_jja                   −1.00       0.82     −0.43     −0.94     −1.85       0.45     −0.73
vpd_jja                   29.45     17.65     20.97     29.18     19.31     22.26     21.10

NPP_ann               20.61     11.89       5.63       8.49     17.60     17.28     13.29
Crop Yield             28.88     35.16     11.61       0.63     17.27       6.16       6.71
NEP_ann               17.56       0.65       7.65     12.29     22.32     15.96     10.85
Soil C                     −2.87     −6.66     −9.82     −5.98       0.33     −2.95     −4.69
Runoff_jja           −23.33   −26.33   −10.54     −5.95       3.96     −6.96   −10.16
Runoff_djf             23.44       4.75     −7.69     16.72     −4.4338,97           7.31
Smoist_jja             −4.77     −4.43     −4.23     −1.72     −1.00       0.40     −3.08
ET_jja                      7.12       4.49       3.23       2.10       1.56       3.03       2.90
Snowpack_djf     −28.21   −32.19   −14.78   −33.93   −74.42   −31.74   −28.71
Snowmelt_mam −32.13   −31.63   −15.44   −38.68   −85.18   −32.62   −30.50

Table 6. Future (A2 and B1) climate and TEM-Hydro ecosystem trends. Trends
are from 2001 to 2100 and are based on the slope of the regression over 100 yr,
using 5 yr running means. Trends are in bold if 70% of the models show in-
creases or decreases; italics: ‘robust’ changes represent neither increasing nor
decreasing trends, because the majority of the trends are not significant. Non-
bold: models do not agree. Units are changes as percent differences, except
for tair (°C m−2 per 100 yr) and net ecosystem productivity (NEP) (g C m−2 per
100 yr). G.P. = Great Plains, MW = Midwest, NE = Northeast, PNW = Pacific 

Northwest, SE = Southeast, US = United States
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3.6.  Water

Historical TEM-modeled summer
and winter runoff increased in the
Great Plains and Midwest, while sum-
mer runoff decreased in the Northeast
(Table 7). Summer modeled ET in -
creased in the central USA and West
Coast, with reductions elsewhere. In
the Midwest and Southeast, modeled
incoming shortwave radiation de -
creased, while in the Southeast and
Northeast, soil moisture decreased. In
all regions, while the absolute humid-
ity in creased, the relative humidity
de creased be cause of the warming,
which tends to increase ET. ET is only
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                              PNW      West      G.P.        MW        SE         NE         US

NPP_ann               13.31     14.35     24.25       9.38       2.38       2.88       9.17
Crop yield             28.80     41.67   116.11     39.41   −10.54     −7.37     45.04
NEP_ann               18.92       5.04     33.40     51.90     19.18     16.24     24.80
Soil C                     −0.42       3.16       2.62     −0.70     −1.95     −1.01       0.19
Runoff_jja           −12.80     11.95     58.12     35.21     10.10   −14.71     13.41
Runoff_djf             −2.40     19.35   101.24     25.97     10.10     12.25     14.63
Smoist_jja               0.34       3.19       6.68       4.88     −0.86     −2.79       2.79
ET_jja                      0.85       6.86       1.92     −4.69     −3.01     −1.93     −0.64
Snowpack_djf     −15.60       4.11     −7.88   −12.62   −89.49   −32.01   −15.76
Snowmelt_mam −22.83       4.73     −8.90   −24.35 −111.03   −27.17   −19.38

Table 7. TEM-Hydro ecosystem trends for historical period. Trends are from
1970 to 1999 and are based on the slope of the regression over 26 yr from the 5
yr running means. TEM-Hydro for the historical period was only run for the
observed climate. Bold indicates statistical significance with respect to inter-
annual variability. See units in Table 3. PNW = Pacific Northwest, G.P. = Great 

Plains, MW = Midwest, SE = southeast, NE = northeast

Fig. 10. Percent changes for various parameters in each region given the A2 scenario, (a) climate variables, (b) ecosystem vari-
ables. Temperature changes are percent change from global warming from the Last Glacial Maximum of 5.8°C. Hatching:
changes are not consistent among the models. G.P. = Great Plains, NE = Northeast, PNW = Pacific Northwest, SE = Southeast
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sensitive to precipitation when soil moisture is suffi-
ciently low, especially in the case of a monthly model.
Otherwise, it is more sensitive to vapor pressure
deficit and radiation. Even though some of these
trends are not statistically significant in the historical
data, their sign is still crucial in determining the ET
process in TEM-Hydro.

Future summer runoff decreases significantly in
the USA on average in the 2 warmer scenarios, while
winter runoff increases in these scenarios. Notably,
the trend of decreasing summer runoff and increas-
ing winter run off occurs across many regions and
scenarios (Table 6 & S2, Fig. 12). In many locations,

there is no runoff change because runoff is 0 in both
the present and the future. Since soil moisture is not
saturated in these areas, any precipitation adds to
soil moisture and not to runoff. Summer ET increases
on average for the USA in the B1 and A1B scenarios,
with the Pacific Northwest and West increasing most
significantly. This is consistent with large increases
in vapor pressure deficit, which dominates over
reduced soil moisture. It is also consistent with
increasing NPP, which results in more transpiration.
Seasonal differences can also be substantial, such as
increased winter runoff in the Northeast that could
lead to more flooding and reduced summer runoff
that could be associated with summer drought
(Fig. 13).

The modeled historically decreasing trends of
snowpack and snowmelt are statistically significant
in most of the regions except the West and Great
Plains (Table 7). In the future, however, all regions
show significant and consistent reductions in snow-
pack and spring snowmelt for all scenarios, (Table 6
& S2). This reduced spring snowmelt is a particularly
important factor in the reduced summer soil moisture
in regions with high topographic relief and lingering
snowmelt, such as the West and Pacific North west. In
general, for the A2 scenario, large in creases occur in
NPP, crop yield, and winter runoff for most regions,
while large decreases occur in soil carbon, summer
runoff, and snow variables (Fig. 10b).

4.  DISCUSSION

4.1.  Moisture and nutrient limitation

Warming and elevated CO2 generally increase veg-
etation productivity, unless the warming leads to dry-
ing, which can be particularly prevalent in moisture-
limited regions such as the West and Great Plains of
the USA (Fig. 11). While warming itself may also in-
crease net nitrogen mineralization and thereby pro-
vide more inorganic nitrogen for plant uptake
(Melillo et al. 2002), if warming reduces soil moisture,
it will reduce net nitrogen mineralization and thus
further exacerbate moisture-limited conditions with
increased nutrient limitations (Felzer et al. 2011). In
areas that are moisture limited, such as the Great
Plains, a decrease in soil moisture may exacerbate
conditions and eliminate any increases in NPP and
crop yield, whereas in humid climates like the Pacific
Northwest, the generally adequate moisture en-
hances the effect of warming and elevated CO2 on
plant productivity (Fig. 14).
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Fig. 11. Annual net primary productivity (NPP) difference be-
tween future (2080−2099 mean) and end of the 20th century 

(1981−2000 mean). (a) A2, (b) A1B, (c) B1
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However, historically modeled increases in NPP
are projected to continue into the future, in spite of
drier conditions, indicating that moisture limitation
may not be playing a major role in some regions.
Note that the largest NPP increases occur in the east-
ern USA (Fig. 11), even though the percentage in -
creases are large in the West (Table 6 & S2) be cause
of the low base NPP in that region. Increased NPP
and crop yield in the future results from increased
summer PAR, the warming itself, and CO2 fertiliza-
tion. However, there are many limitations to the
crop-modeling approach in TEM-Hydro. While har-
vesting (and seeding) is dependent on growing
degree-days, which change with warming, harvest-

ing is not dependent on an increase in crop growth
rate, which would effectively reduce the crop dura-
tion and therefore decrease modeled crop yield.

4.2.  Future trends that differ from historical

Historically, observed winters have warmed more
than summers in the USA. However, climate model
projections of the IPCC fourth assessment report sce-
narios for the 21st century indicate the opposite, i.e.
that summers will warm more than winters. When ex-
amined on a regional basis, there is no universal trend
regarding seasonality of predominant warming. Dom-
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Fig. 12. (a,c,e) Summer (June-July-August, JJA) and (b,d,f) winter (December-January-February, DJF) runoff percent change 
between future (2080−2099 mean) and end of the 20th century (1981−2000 mean). (a,b) A2, (c,d) A1B, (e,f) B1
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Fig. 13. (a) Projected runoff increases in the Northeast (NE) during winter are driven by increased precipitation, while warmer
temperatures reduce snow cover. Historically, runoff has increased insignificantly, even though precipitation has decreased (in-
significantly). (b) Higher temperatures and higher evapotranspiration lead to reduced runoff in the NE during summer. Temper-
ature percentages are based on warming since the Last Glacial Maximum of 5.8°C (Schneider von Deimling et al. 2006). 

Diagonal hatching: changes are not consistent among the models

Fig. 14. (a) Great Plains shows that net primary productivity (NPP) or crop yield do not continue to increase as they have histor-
ically, while (b) Pacific Northwest (PNW) shows an increase in both, continuing the historical trend. Temperature percentages
are based on warming since the Last Glacial Maximum of 5.8°C (Schneider von Deimling et al. 2006). Diagonal hatching: 

changes are not consistent among the models; brick hatching: consistent changes that are not significant
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inant summer warming can occur because of either
fewer summer clouds or drier soils in summer, both of
which are highly uncertain in the models. This sug-
gests that there could soon be a reversal in the sea-
sonal response to climate forcing in some regions.
However, when the same climate models are run for
the 20th century in the Great Plains, Midwest, and
Northeast, they do not produce significant winter
warming, in opposition to the historical data, casting
doubt on the ability of the models to predict any future
reversals in warming seasonality. Consequently, we
cannot conclude from the models that there will actu-
ally be a switch in warming seasonality. This, then,
calls for a re-examination of modeled seasonality, and
a question remains as to whether there is a physically
determinable reason why summers should be trend-
ing even warmer relative to winters in the future.

One potential mechanism that could enhance
future summer warming relative to winter warming
is related to clouds. Historically, PRISM-based sum-
mer PAR has decreased for the USA overall (and in
certain regions) driven by greater cloud cover, while
future scenarios suggest PAR will more likely in -
crease in summer, because of less cloud cover, con-
sistent with the dominant cooling effect of clouds in
summer (Groisman et al. 2000). Other studies have
reported on the increase in cloud cover over the USA
from 1900 (Henderson-Sellers 1989) and 1950
(Angell 1990) in both summer and winter and for
both high and low clouds (Sun et al. 2001), though
sunshine has increased in the Northwest and South-
west, possibly because of a transition from low to
high cirrus clouds (Angell 1990). Wetter regions, like
the Southeast, have actually been getting cooler
because of increased cloud cover, precipitation, and
latent heating (Portmann et al. 2009). The IPCC
fourth and fifth assessment reports (IPCC 2007, 2013)
reveal a tendency toward reduced and poleward-
shifted middle and high clouds, with an increase in
altitude of the remaining high clouds, as predicted
earlier by Wetherald & Manabe (1988), and a large
model spread and uncertainty in low and cirrus
clouds (IPCC 2013). The result of higher clouds
(Klein & Hartmann 1993) is greater transparency,
allowing more solar radiation to pass to the surface,
thus leading to a positive feedback (Dessler 2010,
Williams & Tselioudis 2007).

GCMs often get the correct observed cloud effect
on radiation but sometimes for the wrong reasons
(Knutti 2008), i.e. offsetting errors in optical depth
and cloud type or amount (Jakob & Tselioudis 2003,
Stephens 2005). Zhang et al. (2005) show that while
climate models generally underestimate low- and

intermediate-level clouds, they still produce the cor-
rect cooling or overestimate it. Groisman et al. (2000)
emphasize the need to determine the correct rela-
tionship between clouds and other meteorological
variables as a method of validation for sensitivity to
climate change. The cloud response to elevated CO2

in climate models is most often a factor not of the
cloud type or location but rather the cloud radiative
properties (Williams & Tselioudis 2007). Clearly, this
is a topic that requires further study and model im -
provements, as it is crucial to determining seasonal-
ity, PAR for vegetation growth, and net irradiance
and surface moisture for ET.

Historically, modeled NEP trends have been posi-
tive in most regions, yielding a net carbon sink
(Pacala et al. 2001, Xiao et al. 2011), but in the future
it is possible that it will become more neutral for
warmer scenarios because of the effect of warming
on respiration and decomposition. While these mod-
eling experiments did not include agricultural aban-
donment, which is the largest positive contribution to
the USA carbon sink during the 20th century
(Houghton et al. 1999, Caspersen et al. 2000) because
of forest regrowth (Heath et al. 2003, Woodbury et al.
2007), they did consider CO2 and climate, which also
contributed to the sink (Schimel et al. 2000). Further-
more, this effect will diminish in the future because
regrowth from abandonment is a 1-time carbon sink.

Modeled summer soil moisture has increased his-
torically in some regions, but it is expected to de -
crease in the future because of a combination of
increased ET and reduced precipitation. However,
earlier estimates of increasing ET based on the
Palmer Drought Severity Index may have exagger-
ated this increase (Sheffield et al. 2012); our model
experiments use the more robust Shuttleworth-
Wallace approach to determine ET, and therefore
should not have this problem. Using water balance
arguments, Walter et al. (2004) argue that both meas-
ured streamflow and ET have increased from 1950 to
2000 on average for the USA, while McCabe &
Wolock (2002) argue that the eastern USA has been
getting wetter because of increased winter precipita-
tion, and the western USA has been getting drier
during the 20th century. Strong trends of reduced
snowpack and earlier snowmelt are predicted to pre-
vail in the future.

4.3.  Proxy trends

Observable parameters may not show significant
trends individually, but when they are combined to
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calculate less readily observable parameters, the
result can be significant. This indicates that it is pos-
sible to identify significant changes in key variables,
even if trends in other driving variables may not be
significant. As such, variables whose trends are less
observable may be revealed by other variables con-
trolled by them, and these can thus be used as prox-
ies to enhance predictive capacity.

Soil moisture and runoff are derivative variables,
driven by precipitation and ET. Accordingly, summer
soil moisture in the Pacific Northwest, West, and
Great Plains, and summer runoff in the Pacific North-
west, West, and Northeast, are all good examples of
the proxy effect. Although precipitation and some-
times ET for the above have not changed signifi-
cantly, they are together responsible for significant

increases in soil moisture or runoff. As such, in future
modeling studies, the variables that show significant
variation, and that are controlled by a combination of
other variables that do not individually show statisti-
cally significant changes, can be used as proxies for
the variables on which they depend. In this case, the
increase in runoff and soil moisture indicate increase
in precipitation and/or reduction in ET that are not
directly revealed by models or historical measure-
ments that may be insufficiently sensitive to resolve
the changes in runoff and soil moisture directly.

4.4.  Outliers

Global assessment of the CMIP3 models have de -
monstrated problems with individual models in terms
of water balance, with some showing too much pre-
cipitation minus evaporation and others showing too
little (Liepert & Previdi 2012). We addressed the
question of how model outliers will affect regional
results by first comparing the model forcing variables
(for summer A2, in this example) for each model to
the model mean and standard deviation. If the 5 yr
model mean is outside 2 standard deviations, then
that model is removed from the ecosystem-level
analysis. The model/region outliers (Table 8) show a
distribution across models and regions, with most
outliers on the positive end. When outlier models
from each region were removed from the carbon
(NPP, crop yield, and NEP) and water (runoff, soil
moisture, and ET) analysis from TEM-Hydro, the
change in model mean was small and did not affect
any of the results (Table 9). In only 2 cases was there
a sign reversal (soil moisture in the Northeast and ET
in the GP), but in these cases the percent changes
were near 0. While Liepert & Previdi (2012) provide
caution about the choice of models and argue for the
use of the multimodel median rather than mean, we
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Model         PNW   West     G.P. Midwest   SE       NE

MRI                                                                                
MPI               vprj                                                         
HadCM3                             precj                        parj, tairj
CGCM3                                                                         
CSIRO                                                                           
CCSM3                                 vprj                             precj
GISS             vprj     vprj                                               
BCM2                                                                             
IPSL                                                                               
INMCM3                                                                       
CM3                                                               parj         
GFDL2.1                                                                        
GFDL2.0      parj                             tairj                 precj
MIROC                                                                          
PCM

Table 8. Outliers in future A2 trends (as in Table 6) based on
outside 2 standard deviations of the multimodel ensemble
for summer surface temperature (tairj), precipitation (precj),
and vapor pressure (vprj). Bold means the outlier is too posi-
tive; non-bold means the outlier is too negative. G.P. = Great
Plains, MW = Midwest, NE = Northeast, PNW = Pacific 

Northwest, SE = Southeast

          NPP          CropY     NEP       Runoff     Smoist         ET
            complete no_out    complete no_out    complete no_out    complete no_out    complete no_out    complete no_out

PNW       40.86      41.22         79.62      84.24       27.13    27.04       −34.30   −34.66       −7.35     −7.45         13.17      12.61
West       21.60      22.04         57.86      60.00       1.18    1.40       −48.81   −49.86       −6.08     −6.19         9.16      9.25
G.P.         −0.18     −1.70         16.37      14.10       −2.21   −3.79      −21.92   −26.58       −8.98     −9.34         0.16     −1.23
MW        8.28      11.09         −9.23     −6.13       −9.69   −2.39      −9.93   −7.99       −5.80     −4.64         1.77      1.31
SE           15.16      15.25         3.30      4.10       −11.01   −10.23      −24.03   −24.83       −1.57     −8.16        −0.99     −1.11
NE          34.24      34.54         −4.94     −5.15       30.09    31.76       −20.48   −21.45       0.41     −2.09         4.75      2.20

Table 9. Future TEM-Hydro ecosystem trends with (complete) and without (no_out) the outliers in Table 8. Units are changes
as percent differences, except for crop yield (crop Y; gC m–2 yr–1), net ecosystem productivity (NEP) (g C m−2 per 100 yr), and
soil moisture (Smoist; kg H2O m–2). ET = evapotranspiration, G.P. = Great Plains, MW = Midwest, NE = Northeast, NPP = net 

primary productivity, PNW = Pacific Northwest, SE = Southeast
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have shown that removal of the outliers in this
regional analysis does not significantly affect the
results. Furthermore, we used each model individu-
ally to force the ecosystem model rather than relying
on the multimodel mean. This analysis further vali-
dates the concept of using as many models as possi-
ble rather than relying on just a single or few models,
as more models will tend to average away opposite
extremes.

4.5.  Policy relevance

Our discussion is limited to the science that may
better inform policy decisions rather than delving
into any possible policy options. Future policy con-
siderations will require not just model means but
rather the full range of model projections so that pol-
icy makers take into account the range of possible
outcomes at the regional level. The variation be -
tween models depends strongly on the emissions sce-
nario. The B1 scenario yields the least variation
between models, as might be expected for the lesser

absolute changes associated with B1, but it is far from
actual emission trends to date. This result is illus-
trated in Fig. 15a,b for NPP and winter runoff in the
Northeast. In other cases, such as for the Southeast,
using the multimodel means may ignore the uncer-
tainty in the actual sign of the change, as illustrated
by positive median but negative range for annual
NPP (Fig. 15c) and the reverse for winter runoff
(Fig. 15d).). Given the history of fossil fuel energy
use, and national/global consumption, there is no
indication that regional or global model results will
inform policy for effective mitigation of climate
change. Consequently, the focus is likely to be on
adaptation measures to projected regional impacts.

Our multimodel analysis reveals that some param-
eters are expected to vary over the 21st century rela-
tively uniformly throughout the USA. Winter and
summer air temperature, for example, is projected to
increase in all regions by an amount very near the
national mean (Table 5). Consequently, planning
based on temperature alone does not need to be re -
gion specific. However, other parameters are ex -
pected to vary greatly between regions. The regional
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Fig. 15. Box and whisker plots for projected (a,c) annual net primary productivity (NPP), (b,d) December-January-February (DJF)
runoff, in the northeast (NE) and southeast (SE). Horizontal line: median; box: upper and lower quartiles; whiskers: maximum 

and minimum values (excluding outliers); dots: outliers
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differences in precipitation, PAR, cloudiness, NPP,
runoff, soil carbon, and crop yield are so large that
the national means are rendered meaningless for
planning purposes, as well as for scientific inquiry.
This highlights the importance of regional analysis
and projections, since they are the very parameters
that vary most between regions that are of greatest
relevance to policy making. For example, land use
planning and flood zone mapping can be best
informed by projected regional seasonal runoff
results. Urban zoning can benefit from expansion of
floodplain boundaries to reduce flooding risk to
buildings and other infrastructure. In agricultural
regions, cropping decisions can be made on the basis
of expected trends in precipitation, temperature, ET,
and runoff.

4.6.  Uncertainty

There is a cascade of uncertainties in climate im -
pact studies, ranging from forcing scenarios to cli-
mate models and downscaling, through boundary
conditions such as land use, and finally within eco-
system models. Detailed quantification of uncertain-
ties within models of complex systems is problematic
(Katz 2002), but we can identify the main sources of
uncertainties relevant to the current analysis. The
largest source of uncertainty stems from the choice of
socioeconomic scenario (A2, A1B, B1 or, more re -
cently, RCP4.5, RCP8.5). Another source of uncer-
tainty lies within the selected socioeconomic scenario
that produces greenhouse gas emissions to create the
concentrations that force the climate models. Uncer-
tainty also results from the climate models them-
selves, as well as the downscaling process. The
down scaling used in this study is based on simple
statistical downscaling rather than dynamical down-
scaling, because more sophisticated downscaling
techniques do not necessarily reduce model biases
more than simpler techniques (Wood et al. 2004). The
ecosystem model TEM-Hydro is yet another source
of uncertainty, within which the breadth of PFT clas-
sifications may dominate uncertainty. For example,
all temperate deciduous broadleaf trees in the USA
are based on calibration to Harvard Forest. Further
un certainty within TEM-Hydro arises from the actual
calibration procedure, which is based on target val-
ues of carbon and nitrogen stocks and fluxes, which
are themselves uncertain. As discussed in Sections
3.2 and 4.2, the lack of forest disturbance will have a
large effect on the NEP and carbon dynamics in gen-
eral. The use of a monthly timestep, while appropri-

ate for a study of this scale, is also a limitation,
although TEM-Hydro does provide a diurnal cycle
through use of a diurnal temperature range. Within
ecosystem models, the largest physical uncertainty
may stem from the strength of the CO2 fertilization
effect (Sokolov et al. 2008), which is based on exper-
imental data and has a large range that differs by
species (e.g. C3 vs. C4). It has previously been
observed that large uncertainties in model parame-
ters can still lead to a result that is less uncertain and
agrees with observations, e.g. global temperature
(Knutti 2008). As such, this cascading set of uncer-
tainties may not limit the reliability of the resulting
ecosystem and hydrological im pacts, even when
independent observations of im  pacts are not used to
constrain driving parameters.

5.  CONCLUSIONS

While the results summarized in this paper reflect
the behavior of numerous climate and ecological
variables in the context of 3 climate change forcing
scenarios, the most fundamental result is that global
climate models can be used to drive ecological mod-
els to reveal responses and trends at regional scales
that are not resolvable by the climate models them-
selves. This study also provides a basis for policy
makers to choose from a range of likely climate
futures for their particular region, or scientists study-
ing climate impacts at the regional scale to choose
the most appropriate GCMs for their analysis. While
temperatures do not show large regional variations,
the suite of ecosystem services considered in this
study do show large variability between regions.

The results further illustrate that all variables in
such models must be considered as an integrated
unit in which the values and changes in each vari-
able affect the behavior of multiple other variables,
which themselves interact and feed back with each
other, as would be expected in any complex system.
Consequently, sensitivity studies cannot be con-
ducted in isolation (vary x and observe response in y,
holding all else constant), but rather model runs must
be conducted with the full set of internal interactions
operating to observe the emergent behavior of the
system (and its components) to external forcing or cli-
mate change scenarios. Even in sensitivity studies, it
is necessary to allow full integration of processes of
such complex systems. This makes it more difficult to
isolate specific cause and effect but enables analysis
of emergent behavior of the system. Different pro-
jected behavior with different seasonality results
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from a complex set of interactions within the climate-
hydrological-ecosystem system.

For either the scientist or policy maker, it is neces-
sary to understand significant regional trends on the
basis of model agreement. Because some models
may provide correct results for the wrong reason, it
will next be necessary to determine by analysis of
individual models if their results are accurately pro-
ducing magnitudes and trends of the key processes
before they can be reliably used to determine the
sensitivity of ecosystem services to climate change at
the regional scale.

Magnitudes of various parameters change in most
cases, but for some variables, trends may reverse as a
result of critical thresholds being surpassed within
the system. An example of this reversal is the in -
crease in reflective clouds during summer, which is
projected to decrease relative to high clouds, under
the warmest scenario (A2). However, model results
that project more warming in summer than winter
may not be reliable because they get the incorrect
seasonality for the 20th century for many regions.
However, the change in clouds may in fact lead to the
conclusion that summers will warm more than win-
ters in the future. Thus, although models incorrectly
reconstruct some trends over the historical period,
predictions may be correct once the role of clouds
and other factors is clarified. The details of this issue
bear further investigation.

There are a number of variables for which future
projections do not show statistically significant trends,
but which in concert control the responses of variables
whose projected trends are more reliably projected.
An example is significant changes in soil moisture or
runoff, while trends in driving precipitation or ET are
too small to be significant. Consequently, we suggest
that in subsequent model development or observa-
tional studies, derivative variables whose projected
trends are significant can be used as proxies for the
independent variables by which they are controlled
but that cannot be as directly or reliably projected in
the models. It is hoped that in this way, better con-
straints on these projected variables can be obtained.

Between logical steps of observation and policy
decisions are numerous modeling and interpretive
procedures that introduce a cascade of uncertainty in
any analysis (Betts et al. 2012). The multimodel ap -
proach in this paper may serve to reduce uncertainty
at the regional scale for a variety of policy decisions.
As longer term observations and model results be -
come available in the future, uncertainty may be
reduced further but will never be completely elimi-
nated for the purpose of decision making.
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