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a b s t r a c t

The Pacific Northwest (PNW) of the conterminous United States is characterized by large variations in
climate and topography, and provides an ideal geographic domain for studying interactions between
regional climate and vegetation dynamics. We examined vegetation carbon (C) and water dynamics
along PNW climate and topographic gradients using a process-based biogeochemical model, BIOME-BGC,
the algorithms of which form bases for a fully-prognostic treatment of carbon and nitrogen cycles in Land
Community Model (CLM). Simulation experiments were used to (1) analyze spatial and temporal vari-
ability of terrestrial carbon (C) stocks and flux, (2) investigate primary climatic variables controlling the
variability, and (3) predict effects of future climate projections on vegetation productivity and water flux
variables including evapotranspiration and water supply. The model experiments focused on two 18-year
(1980e1997 and 2088e2105) simulations using future climate predictions for A2 (þ4.2 �C, �7% pre-
cipitation) and B2 (1.6 �C, þ11% precipitation) emissions scenarios through year 2100. Our results show
large west to east spatial variations in C and water fluxes and C stocks associated with regional topog-
raphy and distance from coastal areas. Interannual variability of net primary productivity (NPP) and
evapotranspiration (ET) are 57% and 33%, respectively, of the 18-year mean annual fluxes for 1980e1997.
The annual NPP and ET are positively correlated with precipitation but inversely proportional to vapor
pressure deficit; this suggests that modeled NPP and ET are predominantly water limited in the PNW. The
A2 scenario results in higher NPP and ET of 23% and 10%, respectively, and 15% lower water outflow. The
B2 scenario results in higher NPP and ET of 12% and 15%, respectively, and 2% lower water outflow,
despite projected increases in precipitation. Simulation experiments indicate that most PNW ecosystems
are water limited, and that annual water outflow will decrease under both drier (A2) and wetter (B2)
scenarios. However, higher elevations with high snowpacks of long duration may buffer the loss of water
resources in some areas, even if precipitation is lower.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The functions of terrestrial ecosystems and climate are closely
linked, and numerous studies have examined the influence of cli-
matic variability and change on ecosystem function at the global or
continental scale (e.g., Braswell et al., 1997; Kucharik et al., 2000;
Bachelet et al., 2001, 2003; Cramer et al., 2001; Lucht et al.,

2006). However, there is increasing interest in predictions of the
effects of climatic variability and change at the regional scale (Fagre
et al., 2003), because studies at this scale provide important in-
formation about ecosystem response to climatic variability and
change that can be masked in coarser scale studies (Bachelet et al.,
2001). It is also more feasible to implement mitigation and adap-
tation strategies at regional and sub-regional scales (e.g., Millar
et al., 2007; Joyce et al., 2009).

It is particularly important to investigate effects of climatic
variability and change in mountainous regions, because mountains
support a high diversity of ecosystems, provide a wide range of
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ecological services to human populations (Beniston and Fox, 1996),
and are especially vulnerable to climate change (IPCC, 2007).
Mountains accumulate larger amounts of precipitation, often in the
form of snow, than surrounding lowlands and serve as “water
towers” by supplying river systems and providing fresh water for
humans. Increasing temperatures with climate change are ex-
pected to cause more precipitation falling as rain rather than snow
(Mote, 2003), earlier snowmelt and snowmelt-driven streamflow
(Stewart et al., 2005), and reduced spring snowpack (Mote, 2003;
Mote et al., 2005; Barnett et al., 2008). For the mountainous re-
gions of the western United States, snowmelt provides approxi-
mately 70% of annual streamflow (Mote et al., 2008). Both increased
winter rain (as opposed to snow) and shifts to earlier spring
snowmelt are expected to result in higher winter and spring
streamflows and lower summer streamflows in snowmelt-
dominated and transient (rain/snow) watersheds. This reduction
in summer streamflow would have major implications for water
supply, fisheries, wildlife, and agriculture, making increased un-
derstanding and regional predictions of changes in water flux with
climate variability and change critical.

Increased temperatures and atmospheric CO2 levels with
climate change will also influence other plant and ecosystem pro-
cesses, such as photosynthesis, water use efficiency, and biogeo-
chemical cycling (Long, 1991; Amthor, 1995; Kirschbaum, 2004).
Changes in these and other processes will influence vegetation
dynamics, ecosystem productivity and carbon storage (Cao and
Woodward, 1998; Cramer et al., 2001; IPCC, 2007). For example,
increased atmospheric CO2 concentrations could have a direct plant
“fertilization” effect by increasing water use efficiency, thus
increasing net primary production (NPP) (Idso, 1991; Kirschbaum,
2004). However, climate warming may also result in decreased
soil moisture in mountainous regions of the western United States
(Wetherald andManabe, 2002; Manabe et al., 2004). Process-based
models can help in understanding these complex interactions. By
providing information on the influence of climatic variability and
change on carbon stocks and fluxes, process-based models can also
suggest howecosystemprocesses, productivity, and services will be
influenced by climate change.

Regional modeling studies using process-based models have
been reported at various spatial scales from watershed to sub-
continental scales. White et al. (1997a,b) and Baron et al. (2000)
simulated current and future carbon and water fluxes in Rocky
Mountain areas using RHESSys model (Tague and Band, 2004).
Nemani et al. (2009) provided a case study investigating carbon and
water fluxes under current and projected future climate conditions
in Yosemite National Park in U.S.A. The sub-continental carbon and
water fluxes were also simulated for East Asia (Ito, 2008), Canadian
boreal forest (Kang et al., 2005), and tropical forests (Ichii et al.,
2005). The regional modeling applications provide us new oppor-
tunity to enhance our understanding on carbon and water dy-
namics across climatic and topographic gradients at spatial scales
that can be comparable with management practice units. Never-
theless, some research gaps exist for future enhancements of
regional modeling schemes such as (1) incorporating high spatial
resolution input data of climate and soil information, (2) investi-
gating climatic and topographic controls on coupled carbon-water
dynamics and, (3) considering historical disturbances, and (4)
developing regional model validation dataset from both pristine
and disturbed areas. Nemani et al. (2009) proposed a comprehen-
sive regional modeling system to fill the research gaps. This study
focus to address the above-mentioned first and second research
gaps for the Pacific Northwest (PNW) region of the continental
United States.

The PNW region is a biologically, topographically, and climat-
ically diverse region that encompasses steep topographic and

climatic gradient, with strong west-to-east temperature and
precipitation variability within and across the Olympic, Cascade,
and Rocky Mountains (Fig. 1). The large regional variations in
climate and topography that characterize the PNW make it an
ideal geographic region for studying interactions between
regional climate and ecosystem function. In this study, we
examined vegetation carbon and water dynamics along climatic
and topographic gradients in the PNW using the process-based
biogeochemical model, BIOME-BGC (White et al., 2000;
Thornton et al., 2002). Simulation experiments were used to: (1)
analyze spatial and temporal variability in carbon stocks and flux
variables of carbon, (2) investigate the primary climatic variables
controlling this variability, and (3) predict effects of different
climate change scenarios on vegetation productivity and water
flux variables, including evapotranspiration and water supply.
Simulations were conducted for two 18-year periods (1980e1997,
2088e2105) and two different climate change scenarios (A2 and
B2; Table 1).

2. Methods

Simulation experiments were designed to have two 18-year (1980e1997 and
2088e2105) simulations for the A2 and B2 emission scenarios (sensu IPCC, 2007).
The A2 scenario is characterized by hotter and drier climate in the PNW
(þ4.2 �C, �7% precipitation) for the year 2100, and the B2 scenario is characterized
by moderately warmer and wetter conditions (1.6 �C, þ11% precipitation).

2.1. Study area description

The spatial domain for this study encompasses a 1000 km by 200 km portion of
the PNW, spanning 12� (113e125 W) of longitude and 2� (47e49 N) of latitude,
including portions of northern Washington, Idaho, and western Montana, USA
(Fig. 1). The study domain encompasses Olympic, North Cascades and Glacier Na-
tional Parks (NP), which include the major mountain environments of the PNW and
extend along a general longitudinal transect from the Pacific coastal mountains to
the Cascade Range and Rocky Mountains. These mountain ranges extend in a north-
south direction roughly parallel to the Pacific coast and exert a major influence on
regional climate and land cover variability.

Climatic diversity is largely a function of distance from the Pacific Ocean and
physiographic relief, with relatively steep west-east temperature and moisture
gradients across the major mountain ranges. The coastal mountains have a general
maritime climate with extensive precipitation in the form of rain and snow on
windward slopes driven by orographic uplift of moist cyclonic air masses moving
predominantly west to east off the Pacific. Inland areas east of the Cascade Range
and east-facing slopes of the major ranges exhibit a more continental climate with
lower precipitation and higher seasonal temperature variability than coastal areas
and west-facing slopes.

Natural vegetation patterns within the region correspond with the major PNW
physiographic and climatic regimes. Lower elevations with moderate to high pre-
cipitation are dominated by coniferous forests, while semi-arid and arid inter-
mountain areas consist of predominantly shrub-steppe vegetation cover. Upper
elevation mountain areas consist of subalpine forest and alpine tundra. Deciduous
tree species are found in all locations, primarily in riparian and disturbed areas, but
comprise a small proportion of total forest cover. Lower elevation forests outside the
national parks have been subject to logging over the past 50e120 years, and are still
dominated by coniferous species, but of younger ages than in unlogged areas. Pe-
riodic disturbance by fire, insects, and wind contribute to a mosaic of age classes
across the forested portion of the PNW.

The study domain is classified as 68% evergreen needleleaf forest (ENF), 16%
grassland (including agricultural land), 9% shrubland, 7% deciduous broadleaf forest
(DBF) (including mixed forest, MX), and 0.2% other biomes based on the MODIS land
cover classification (Fig. 1). Both vegetation and surface meteorological variables
have considerable spatial heterogeneity corresponding to topographic gradients
ranging from sea level to 3207 m elevation. The 18-year mean daily air temperature
and mean annual precipitation from 1980 to 1997 ranged from �5.4 to 11.5 �C and
from 124 to 7081 mm y�1, respectively, with cooler temperatures and higher pre-
cipitation at higher elevations. The rainfall fraction of total annual precipitation
varies from 7 to 100% and is generally higher near the Pacific coast and at lower
elevations. Interannual variability in average air temperatures for the domain is
approximately �2.7 �C, and variability in precipitation, vapor pressure deficit and
solar radiation is �592 mm, �218 kPa, and �0.7 MJ m�2 d�1, respectively (Fig. 2a).
Interannual variability in surface meteorology is relatively high compared to
regional means for temperature (44%, mean ¼ 6.1 �C), precipitation (50%,
mean ¼ 1183 mm y�1), VPD (31%, mean ¼ 699 Pa), and solar radiation (10%,
mean ¼ 7.5 MJ m�2 d�1).
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