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Abstract Results from a suite of 30-year simulations
(after spin-up) of the fully coupled Community Climate
System Model version 2.0.1 are analyzed to examine the
impact of doubling CO, on interactions between the global
water cycle and the regional water cycles of four similar-
size, but hydrologically and thermally different study re-
gions (the Yukon, Ob, St Lawrence, and Colorado river
basins and their adjacent land). A heuristic evaluation
based on published climatological data shows that the
model generally produces acceptable results for the control
I1x CO, concentration, except for mountainous regions
where it performs like other modern climate models. After
doubling CO,, the Northern Hemisphere receives signifi-
cantly (95% confidence level) more moisture from the
Southern Hemisphere during the boreal summer than under
Ix CO; conditions, and the phase of the annual cycle of net
moisture transport to areas north of 60°N shifts to a month
later than in the reference simulation. Precipitation and
evapotranspiration in the doubled CO, simulation increase
for the Yukon, Ob, and St Lawrence, but decrease, on
average, for the Colorado region compared to the reference
simulation. For all regions, interaction between global and
regional water cycles increases under doubled CO,,
because the amount of moisture entering and leaving the
regions increases in the warmer climate. The degree of
change in this interaction depends on region and season,
and is related to slight shifts in the position/strength of
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semi-permanent highs and lows for the Yukon, Ob, and
St Lawrence; in the Colorado region, higher temperatures
associated with doubling CO, and the anticyclone located
over the region increase the persistence of dry conditions.

1 Introduction

In recent years, discussions of global warming and occur-
rence of intense local floods and droughts have heightened
public awareness of the potential relationship between in-
creased CO, concentrations and altered regional water cy-
cles. Recent studies reported a twentieth century global
average surface-temperature increase of about 0.6 K, or
0.07 K decade™! (e.g., Peterson and Vose 1997; Folland
et al. 2001); since 1976, that average has increased to about
0.15 K decade™ (e.g., Houghton et al. 2001). The temper-
ature increase is attributed to substantially increased CO,
concentration, from about 280 ppm in 1800 to 355 ppm in
1990, in response to the industrial revolution and increasing
world population (e.g., Houghton et al. 2001; Wang et al.
2004). General circulation models (GCMs) predict that
temperature changes associated with global warming may
be greatest at high latitudes (e.g., Giorgi et al. 2001). The
high latitudes are a particularly sensitive global water cycle
component due to feedbacks such as decreased albedo from
reduced snow cover, or to the impact of increased melt-
water on Arctic freshwater fluxes and, hence, thermohaline
circulation (e.g., Broecker 1997). Thus, the high latitude
hydrological cycle is extremely sensitive to global warming.

During the last century, global precipitation increased
by 2% (e.g., Jones and Hulme 1996; Hulme et al. 1998),
while mid- and high-latitude precipitation increased about
7-12% (e.g., Houghton et al. 2001). For increasing CO,
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conditions further precipitation changes have to be ex-
pected; the United Kingdom Meteorological Office High
Resolution 11-level GCM and the Australian Common-
wealth Scientific and Industrial Research Organization 9-
level GCM, both produced an increase (decrease) in the
number of wet days at high-latitudes (mid-latitudes) for a
doubled CO, scenario (e.g., Hennessey et al. 1997).

Due to complex interactions between energy and water
cycles, increasing CO, concentrations and temperatures af-
fect water cycling at different temporal and spatial scales.
Therefore, it is important to examine water cycles and their
interactions at different scales. “Global water cycle” refers
to a closed system of water circulation encompassing
evaporation from oceans, large-scale atmospheric transport,
precipitation over land and water, and runoff back to the
oceans. “Regional water cycle” refers to large-scale atmo-
spheric transport of water substances and runoff into and out
of a sub-global domain, plus precipitation and evapotrans-
piration (sum of evaporation, transpiration, and sublimation)
within the domain. A fraction of the precipitation may stem
from previous precipitation within the domain; a fraction of
the evapotranspiration may contribute to moisture export
(e.g., Eltahir and Bras 1996). Interactions between the global
water cycle and a regional water cycle consist of water
substances flowing into and out of the region. Thus, we de-
fine “interaction between global and regional water cycles”
as moisture flux over a region’s lateral boundaries. This in-
flow and outflow determines the degree to which factors
external to a region control that region’s water cycle, i.e., the
global water cycle’s influence on the regional water cycle.

In this study, we examine the impact of the doubled-
CO, greenhouse scenario to elucidate interactions of the
global water cycle with regional water cycles in four
similarly sized, but hydro-thermally different regions. To
this end, we run the Community Climate System Model
(CCSM) version 2.0.1 (e.g., Blackmon et al. 2001; Kiehl
and Gent 2004) assuming 1x CO, and 2x CO, concentra-
tions, and analyze model output for 30 years after spin-up.
We explore the mechanisms driving the regional water
cycles, highlight their interactions with the global
water cycle, identify global and regional changes in the
water cycles and their interactions, and elaborate causal
mechanisms. Furthermore, we investigate whether the
mechanisms, interactions, and changes in response to
doubling CO, are region-specific.

2 Experimental design
2.1 Model description

The CCSM modeling suite (e.g., Blackmon et al. 2001;
Kiehl and Gent 2004) consists of the Climate Atmosphere
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Model (CAM) version 2, the Common Land Model (CLM)
version 2, the Parallel Ocean Program (POP), the Com-
munity Sea Ice Model version 4.0.1 (CSIM), and the flux
coupler version 5.0.1. The flux coupler consistently ex-
changes data between model components without using
flux corrections.

The CAM is an improved version of the Atmosphere
General Circulation Model: Community Climate Model
version 3 (AGCM: CCM3). It uses hybrid vertical coor-
dinates with a terrain-following o-coordinate starting at the
surface that smoothly transitions into pressure coordinates
around 100 hPa. The major differences between CAM and
CCM3 are the formulations for cloud condensed water,
cloud fraction and overlap, and long-wave absorptivity and
emissivity of water vapor (Kiehl and Gent 2004). Deep
convection is simulated by a plume-ensemble approach;
convective available potential energy (CAPE) is removed
from a grid-column at an exponential rate based on Zhang
and McFarlane (1995). Interaction between local convec-
tion and large-scale dynamics is considered through pres-
sure field perturbations caused by cloud momentum
transport (Zhang et al. 1998). Shallow convection is ad-
dressed following Hack (1994) and Zhang et al. (1998). At
the resolvable scale, “non-convective” precipitation is
calculated by parameterizing both macroscale processes
that describe water-vapor condensation and associated
temperature change, and microscale processes controlling
condensate evaporation and condensate conversion to
precipitation. Cloud microphysical processes are consid-
ered in accord with Rasch and Kristjansson (1998). Grid-
cell mean “non-convective” precipitation is obtained by
integrating from the bottom to the top of the model (e.g.,
Rasch and Kristjansson 1998; Zhang et al. 2003).

The CLM (Dai et al. 2003) is a successor of the National
Center for Atmospheric Research Climate System Model’s
land surface model (Bonan 1998). Major improvements
include considering land-cover spatial heterogeneity by
explicitly dividing every grid cell into four land-cover
types (glacier, lake, wetland, and vegetation). Vegetation is
further divided into dominant and secondary plant func-
tional type. The CLM considers ten layers for soil tem-
perature, soil water, and ice content, and up to five snow
layers, depending on snow depth.

The Los Alamos National Laboratory’s POP (Smith
et al. 1992) is used to simulate ocean processes. Major
advantages of this model for our study include a North Pole
displaced from the Arctic Ocean to Greenland (no filtering
of the ocean solution is needed for the Arctic) and the fine
resolution (<1°) that leaves the Bering Strait and Northwest
passage open to permit simulation of the Arctic halocline
(Holland 2003).

The CSIM (Briegleb et al. 2004; Holland et al. 2006)
includes a sub-grid scale ice thickness distribution
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parameterization. This parameterization considers five ice
categories; each category occupies a fractional area within
a grid cell. Compared to other sea-ice models without such
a sea-ice thickness scheme, CSIM can represent a more
extensive and thicker ice cover, and therefore better sim-
ulates the thermodynamic processes over the Arctic Ocean.
This feature allows the simulation of more realistic ice-
albedo feedback when CO, concentration doubles.

2.2 Simulations and study regions

CCSM is run in fully coupled mode with 26 vertical layers
at a spectral truncation of T42, corresponding to a hori-
zontal spatial resolution of ~2.8 x 2.8°latitude/longitude.
Simulations assuming CO, concentrations of 355 ppm
(control, CTR) and 710 ppm (experiment, DBL) are per-
formed for 40 years.

Each model component is equilibrated in offline mode.
Both simulations start from the same equilibrated initial
and astrophysical conditions for 01-01-1990. Since dou-
bling CO, slightly disturbs the equilibrium of the condi-
tions in the various compartments, the first 10 years are
discarded as spin-up time to permit a new equilibrium to be
achieved (Fig. 1).

We analyze the 30 years after the 10-year spin-up with
special focus on four similar-size (3.27 x 10° km?) study
regions, the Yukon, Ob, St Lawrence, and Colorado river
basins and adjacent land (Fig. 2a), chosen for their con-
trasting hydrologic and thermal regimes. Although the
Yukon and Ob both span the Arctic and the Subarctic, the
Yukon is mainly characterized by cold permafrost in
complex terrain, surrounded by oceans to the north, west,
and south; the Ob is dominated by warm permafrost in
relatively flat terrain with ocean to the north. The St
Lawrence has a humid climate and moderate terrain; the
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Fig. 1 Annual average near-surface air temperature (SA7T) anomalies
(DBL-CTR) used to determine spin-up time

Great Lakes lie to the north and the Atlantic Ocean to the
east. The Colorado has mainly a semi-arid climate and
mountainous terrain, bordered by the Pacific Ocean on the
west, and the Gulf of Mexico to the south.

2.3 Analysis

Results are analyzed with respect to changes in the 30-year
annual, seasonal, and monthly averages of water-cycle-
relevant fluxes (precipitation, evapotranspiration, runoff,
and moisture fluxes through the lateral study-region
boundaries), soil moisture, and residence time (ratio of
average precipitable water to average precipitation).

Global and regional water—cycle interactions in re-
sponse to doubling CO, are evaluated using moisture
(water vapor and liquid and solid atmospheric water)
transport through lateral boundaries. When examining
global water-cycle changes we focus particularly on
meridional exchange between the hemispheres and the
area north and south of the circle described by a line
drawn around 60°N latitude.

A Student’s ¢ test and F-test are performed to assess
changes in mean values and temporal and spatial varia-
tions, respectively. The term “significant” will only be
applied if changes are statistically significant at the 95% or
higher confidence level.

We also evaluate whether the impact of doubling CO,
varies between study regions. Note that higher-latitude
plots display slightly more spatial detail than lower-latitude
plots since grid cell number increases with latitude and
study regions are of approximately equal area. For confi-
dence in our results we heuristically evaluate model cli-
matology, and briefly review the main findings of
evaluations performed by others.

3 Heuristic evaluation of model climatology
3.1 Global climatology

When compared to observed January and July climatolo-
gies (e.g., National Climatic Data Center 1987), CTR
captures near-surface air temperature patterns well except
over Greenland and eastern Siberia in January, where the
temperature is overestimated by about 8 K. In all study
regions, near-surface air temperatures are simulated
acceptably within 3 K except for Colorado in July. There,
near-surface air temperature is overestimated by about 6 K
because terrain elevation is less than 2,000 m lower in the
model than the highest peaks in nature.

Simulated global annual precipitation (land only,
Antarctica and Greenland excluded) is 2.4 mm day™
compared to 2.3 mm day~' from the Global Precipitation
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Fig. 2 a GPCC precipitation

climatology (1971-2000, land 9ON bt |

(a) GPCC mm/year
[ R L

only) with the four study
regions identified by boxes
(from left: Yukon, Colorado, St
Lawrence, and Ob). No long-
term precipitation observations
are available over the oceans,
Greenland, or Antarctica. Note
that the four regions are of
similar area-size, but appear
different on the displayed map
due to the projection. b 30-year
averaged annual precipitation
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Climatology Center (GPCC) precipitation climatology.
Simulated precipitation is 0.4 mm day ™' higher and hardly
(~0.03 mm day ") lower than GPCC climatology in boreal
winter and summer, respectively. The spatial correlation
between the CTR and GPCC DIJF (JJA) precipitation cli-
matology (Fig. 2a, b) is 0.840 (0.699), i.e., in the same
accepted performance range as other GCMs. For example,
according to Program for Climate Model Diagnosis and
Intercomparison (PCMDI) reports (Meehl et al. 2000;
Covey et al. 2003) which compared precipitation predicted
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by 18 coupled GCMs to observational data, differences
between simulated and observed global annual precipita-
tion range between —0.1 to +0.4 mm day™', and the pattern
correlation between simulated and observed precipitation
ranges between 0.7 and 0.9. Biases found in CCSM (pre-
cipitation overestimation, southward-shifted South Pacific
convergence zone, excessive northern mid-latitude pre-
cipitation) are common in coupled GCMs (e.g., Johns et al.
1997; Meehl et al. 2000; Covey et al. 2003; Furevik et al.
2003).
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Evapotranspiration is governed by atmospheric (wind
speed, water vapor deficit, temperature) and bio-geophys-
ical conditions (e.g., vegetation type and fraction, soil type,
water availability in the root space) (e.g., Milly 1991) and
by how much water or snow is intercepted and stored by
vegetation. The global distribution and magnitude of sim-
ulated evapotranspiration agrees well with published cli-
matology derived from observations (e.g., Baumgartner
and Reichel 1975; Oliver and Fairbridge 1987).

CTR predicts the largest annual runoff for the Indone-
sian Islands, Amazon, Congo and Yangtze basins, the St
Lawrence region, and southeast Alaska, in good agreement
with published runoff climatologies (e.g., Gregory and
Walling 1973).

Permafrost soils are typically close to saturation (e.g.,
Hinkel et al. 2003). CTR predicts total soil volumetric
water content (soil liquid water plus ice) close to saturation
for permafrost areas (PanArctic, Greenland, Antarctica) in
fall, spring, and winter. As expected, CTR also predicts
high soil moisture in the Tropics and during late fall for
storm-track regions.

3.2 Climatology of the study regions

For the Yukon, simulated precipitation ranges from less
than 300 mm year' in the north to 1,400 mm year™' in
the southern coastal and mountainous terrain (Fig. 3a).
Except for details related to differences between model
and real-world terrain height, the simulated spatial pre-
cipitation distribution agrees well with GPCC climatol-
ogy. The annual cycle of monthly average precipitation is
acceptably captured, but monthly precipitation is sys-
tematically overestimated with larger differences in sea-
sons with high likelihood of solid and convective
precipitation (Fig. 4b). In the Arctic, catch deficits due to
trace events or windy conditions can yield underestimates
of >50% between measured and true precipitation (Fgr-
land and Hanssen-Bauer 2000). For example, annual
average precipitation at Barrow, AK is 110.6 mm year ';
trace precipitation occurs on 45-50% of annual precipi-
tation days (Yang et al. 1998). This means that total an-
nual observed precipitation amount may be larger than the
110.6 mm year™' reported. The Yukon’s coarse network
and complex terrain also contribute to systematic differ-
ences. Taking these factors into account, the simulated
precipitation is plausible.

For the Ob, annual precipitation gradually decreases
towards the south in both simulated and GPCC climatology
(Fig. 3b). CTR slightly overestimates (<10 mm mon™})
precipitation in all months except August and September
(Fig. 4c). Terrain variation is moderate (standard deviation
of terrain height is £200 m); discrepancies mainly result
from catch deficits and the coarse network.

For the St Lawrence, CTR accurately predicts monthly
precipitation in the first 6 and last 2 months of the year, but
it greatly underestimates precipitation (<38 mm mon™") for
July to October (Fig. 4d). This underestimation may relate
to premature deep convection predicted by the convective
scheme combined with CCSM’s representation of the Great
Lakes. During these months the warm Great Lakes provide
favorable conditions for deep convection. CLM represents
the Great Lakes as a subgrid-cell surface type (see Dai
et al. 2003); the actual lake position and shoreline within
the grid-cell are not considered.

On annual average, CTR acceptably captures annual
precipitation gradient from the west to the Atlantic Ocean
(Fig. 3c). In the southwest St Lawrence region, differences
between actual and model land-sea distribution cause
discrepancies in annual mean coastal precipitation.

In Colorado, the coarse observational network and
substantial differences between modeled (<2,000 m) and
real-world (£4,000 m) terrain elevation lead to large dif-
ferences between simulated and observed climatology
(Fig. 3d). Nevertheless, the main feature of low precipita-
tion in the west gradually increasing to the east is evident.
CCSM, however, fails to reproduce the annual cycle of
observed precipitation (Fig. 4e). The difficulty of precipi-
tation prediction over complex terrain is a well-known
common problem of coupled GCMs (e.g., Johns et al.
1997; Flato et al. 2000; Coquard et al. 2004) and even
mesoscale models (e.g., Colle et al. 2000; Narapusetty and
Molders 2005; Zhong et al. 2005). Comparison of simu-
lated (15 coupled GCMs) to observed precipitation (Co-
quard et al. 2004) for the western United States, for
instance, revealed that all models overpredict winter pre-
cipitation by as much as 2 mm day™', or even more. Par-
ticularly in mountainous areas, considerable discrepancies
between simulated and observed summer precipitation are
also found, with the averaged model bias ~1.5 mm day .
The CCSM and GPCC climatologies differ by 0.6 and
—0.2 mm day~" for boreal summer and winter, respectively.
Thus, CCSM performance in this particular area is better
than the average performance of the major GCMs.

Compared to evapotranspiration climatologies (e.g.,
Baumgartner and Reichel 1975; Oliver and Fairbridge
1987), CTR acceptably reproduces the north-south gradient
of Yukon evapotranspiration (Fig. 5a), overestimates an-
nual central Ob evapotranspiration (Fig. 5b), and success-
fully captures the St Lawrence gradient in annual water
supply to the atmosphere (Fig. 5c). For the Yukon, Ob, and
St Lawrence, evapotranspiration is greatest in July (Fig. 6
b—d); in Colorado, maximum evapotranspiration occurs in
May/June (Fig. 6e). The annual monthly averaged evapo-
transpiration cycle has a wider range for the St Lawrence
and Ob than for the Yukon and Colorado regions. Com-
pared to various climatologies (Croley et al. 1998; Su et al.
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Fig. 3 GPCC precipitation
climatology (long dashes) and —
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30-year averaged annual
precipitation obtained with CTR
(solid line) or DBL-CTR (gray
shades) for the a Yukon, b Ob,
¢ St Lawrence, and d Colorado
regions. Note that gray shades 65N
use different spacing for
Colorado than for the other
regions to better illustrate the
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2006) and to European re-analysis 40 (ERA-40) data
(Uppala et al. 2005), the pattern of the annual evapo-
transpiration cycle is captured acceptably in all study re-
gions. Maximum evapotranspiration is overestimated by
less than 1 mm day ™" at high-latitudes, and underestimated
by less than 1.5 mm day™' in mid-latitude study regions.

Both observed and modeled runoff is closely correlated
(R > 0.604) with spring snowmelt for the Yukon, Ob, and
St Lawrence; for the Colorado, precipitation-driven runoff
is maximum in winter and minimum in late summer
(Fig. 7e). Minimum runoff is of similar magnitude for all
regions, but occurs in winter for Yukon and Ob and in
summer for St Lawrence and Colorado. For the Yukon, St
Lawrence, and Colorado, CCSM captures annual runoff
cycles acceptably compared to the climatology from Bonan
et al. (2002). Maximum Ob runoff is predicted a month too
early, compared to climatology.

Annual average volumetric water content and soil-
moisture fraction (ratio of actual volumetric water content
to porosity) integrated over the entire soil column are
greatest in the Ob region, followed by the Yukon, St
Lawrence, and Colorado region (Table 1). This means
Colorado has much drier soils than do the other three re-
gions. Over the annual cycle, monthly averaged volumetric
water content integrated over the entire soil column varies
least in the Yukon, followed by the Colorado, Ob and St
Lawrence region (Table 1).
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3.3 Discussion

The reasons for discrepancies between simulated and
GPCC precipitation climatology (Figs. 2c, 3, 4) are mani-
fold. First, interpolation from point measurements to the
GPCC gridded (2.5° x 2.5°) precipitation values introduces
errors in areas of sparse data, in complex terrain, and by
including redundant information from near-by sites (e.g.,
Dingman 1994). Grid resolution significantly affects pre-
cipitation bias (e.g., Frei and Schir 1998; Colle et al. 2000;
Zhong et al. 2005), and the GPCC data must be interpo-
lated to the 2.8° x 2.8° CCSM grid. Second, average ter-
rain height within a model grid-cell represents elevation;
the highest simulated mountains are flatter than the highest
natural peaks. Consequently, when moist air flows over a
mountain barrier, saturation and precipitation formation
occur later and farther downwind in the model than in
nature; i.e., in the model, water vapor is supplied to the
atmosphere by evapotranspiration and large-scale lifting
rather than by forced lifting at the mountain barrier (e.g.,
Narapusetty and Molders 2005). In addition, mountain
precipitation sites do not represent large areas accurately
(e.g., Frei and Schir 1998; Colle et al. 2000), so discrep-
ancies between simulated and observed precipitation occur
(Fig. 3a, d). Third, since cloud and precipitation formation
are subgrid-scale processes for any GCM, they must
be parameterized. CCSM, on average, overestimates
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Fig. 4 Comparison of monthly
averaged precipitation from
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cloud-cover by 10-20% over land in northern mid- and
high-latitudes in DJF compared to observed cloud clima-
tology. CCSM predicts summertime rain too frequently at
reduced intensity; because the predicted onset of daytime
moist convection is about 4 h too early and the peak is too
smooth (Dai and Trenberth 2004). Premature deep con-
vection yields a ratio of convective to non-convective
precipitation that is too high. Nevertheless, CCSM provides
realistic patterns for precipitation >1 mm day™' (Dai and
Trenberth 2004). Fourth, it is well known that the coarse
observational network is likely to miss thunderstorm

T T T 20 T T T T T

events; underestimating observed precipitation causes
lower predictive skill in summer. Fifth, splashing, catch
deficits, occult precipitation, evaporation of collected pre-
cipitation, and trace precipitation (<0.1 mm day~') may
result in values that are too low (Fig. 3a, b). For solid
precipitation, for instance, catch deficiencies in snow
measurements may be as large as 30% (e.g., Larson and
Peck 1974; Yang and Woo 1999). Finally, differences
between the actual coastline and that in the model may
cause discrepancies between simulated and observed pre-
cipitation (Fig. 3a, c), because given the same temperature,
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Fig. 5 30-year-averaged
evapotranspiration (after spin-

up) from CTR (in contour lines)

for a Yukon, b Ob, ¢ St

Lawrence, and d Colorado. The 70N
anomalies (DBL-CTR) are

shown by the shaded field. Note

that gray shades use different 65N
spacing for Colorado than for

the other regions to better

illustrate the anomalies
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the water supply over water and land can differ greatly
since evapotranspiration is bio-geophysically controlled.

Based on heuristic evaluations, CCSM produces reliable
results for monthly and annually averaged water-cycle-
relevant quantities on the global scale, and overall
describes water-cycle-relevant processes well. CCSM
captures regional-scale amount and spatial pattern of
annually averaged values with sufficient accuracy. The
main shortcoming (precipitation prediction over complex
terrain) is common to most state-of-the-art coupled GCMs
and mesoscale models (e.g., Johns et al. 1997; Colle et al.
2000; Flato et al. 2000; Coquard et al. 2004; Narapusetty
and Molders 2005; Zhong et al. 2005). In high altitude
terrain, results may be more uncertain than in other regions,
but the data represent current state-of-the-art modeling.
However, because our interest here is to investigate water-
cycle changes from CTR to DBL (i.e., differences), we
assume that both simulations have similar deficiencies in
mountainous terrain. Thus, one can conclude that CCSM is
a suitable tool for examining the impact of doubling CO,
on global and regional water cycle interactions.

4 Global water cycle changes

CCSM’s climate sensitivity of 2.2 K in response to dou-
bled CO, (Kiehl and Gent 2004) falls within the 1-3 K
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climate-sensitivity range reported for other modern GCMs
(e.g., Cubasch et al. 2001; AchutaRao et al. 2004). In re-
sponse to doubling CO,, air temperatures increase almost
everywhere except around 60°S. Furthermore, globally
averaged near-surface air temperatures increase 1.2 and
1.8 K in boreal summer and winter, respectively. These
changes in response to doubling CO, agree with results
from other GCMs (e.g., Mahfouf et al. 1994; Cubasch et al.
2001; AchutaRao et al. 2004). The greatest change occurs
in high-latitude winter; the Arctic Ocean north of Europe
shows the maximum increase of =8 K. In general, tem-
perature increases more at high- than mid-latitudes because
of ice/snow-albedo feedback (Fig. 8).

In DBL, annual evapotranspiration increases signifi-
cantly north of 60°N except for most of Greenland. In the
other regions, water supply to the atmosphere increases
significantly in the Canada Basin of the Arctic Ocean, the
US Southwest, and US East Coast in boreal winter and in
most areas north of 50°N in boreal summer. Globally
averaged evapotranspiration increases significantly in all
months in DBL (Fig. 6a). Winter upper soil volumetric
water content decreases (about 0.026 m> m™) over most of
North America and Europe.

In DBL, annual-averaged residence time increases (1)
globally, (2) in the Northern Hemisphere, (3) north of
60°N, and (4) for all four-study regions (Fig. 9; Table 2).
In DBL, annual-averaged residence time increases <1 day
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Fig. 6 Monthly averaged
evapotranspiration from CTR
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for most mid- and high-latitude regions; significant resi-
dence-time increases coincide with significant precipitation
decreases for arid areas around 30°N and 30°S compared to
CTR.

Global precipitation increases 2.4% (~0.8 mm day™" for
land area, excluding Greenland and Antarctica) in DBL
compared to CTR. This increase is similar to increases
shown by other model simulations (Meehl et al. 2000;
Covey et al. 2003), especially when the wide range of
precipitation variability is taken into account. Precipitation
changes significantly in response to doubling CO, at high

Evapotranspiration (mm mon™!)

latitudes and along the semi-permanent pressure-cell edges
(Fig. 2¢).

Doubling CO, significantly changes runoff in high lat-
itudes and semi-arid areas. Annual runoff appreciably
increases, for instance, in the Mackenzie and Lena, while it
decreases, for instance, in the Ob and Colorado river
basins. Globally averaged runoff increases slightly in most
months, but significantly decreases in July (Fig. 7a),
because the 1.3 mm mon™' increase in globally averaged
evapotranspiration is greater than the 0.7 mm mon '
increase in precipitation.
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Fig. 7 Monthly averaged
runoff as obtained from CTR
(solid) and DBL (dashed) for
a global average, and b Yukon,
¢ Ob, d St Lawrence, and

e Colorado regions. Note that
y-axes differ
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Table 1 Annual averages, minima and maxima of volumetric water content integrated over entire soil column and soil moisture fraction (ratio

of actual volumetric water content to porosity) integrated over entire soil column

Volumetric Soil moisture Minimum Maximum
water content fraction (%)
Yukon 0.294 68 0.268 (Jul) 0.310 (May)
Ob 0.380 86 0.350 (Aug) 0.402 (Mar)
St Lawrence 0.269 63 0.237 (Aug) 0.300 (Feb)
Colorado 0.177 41 0.152 (Aug) 0.201 (Jan)

The parentheses denote the month of occurrence
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5 Interaction changes

Generally, moisture transport between hemispheres sig-
nificantly increases year-round in response to doubled CO,
(Fig. 10a), but in summer the increase of northward
moisture transport exceeds the increase of southward
transport. Net exchange of moisture between hemispheres
significantly increases in boreal summer. These changes
are important for interactions between any regional water
cycle and the global water cycle.

In CTR and DBL, average monthly net moisture trans-
port into the Arctic is minimum in May/June, when
evapotranspiration is maximum. Thus, interaction between
global and Arctic water cycles is weakest in May/June.

Inresponse to doubled CO,, the air is warmer and can hold
more moisture before reaching saturation. Thus, compared to
CTR, northward and southward moisture transport over the
60°N-latitude circle increases year-round in DBL, but net
moisture transport changes only marginally (Fig. 10b).

In general, strong moisture flux through a region indi-
cates great large-scale influence on the regional water cy-
cle; weak moisture flux permits regional processes and/or
conditions to influence or control the regional water cycle.
In CTR the Yukon region shows the weakest interaction
with the global water cycle. Annual moisture inflow and
outflow nearly balance (Fig. 11a) amounting to approxi-
mately 1.62 x 10*kg m> mon™' on annual average
(Table 3). The Ob region has higher moisture inflow than

outflow through the year (Fig. 11b); annual moisture flux is
2 x 10° kg m™> mon™" higher in the Ob region than in the
Yukon. Among our study regions, moisture flux is highest
in the St Lawrence region (3.58 X 10* kg m~2 mon™);
outflow exceeds inflow for most months (Fig. 11c), i.e.,
moisture from evapotranspiration within this region is ex-
ported. In the Colorado region, the surface divergence
causes greater outflow than inflow from late fall to early
summer (Fig. 11d).

In both climate scenarios, the Yukon, Ob, and St Law-
rence regions are more influenced by the global water cycle
in summer than winter; the opposite is true for the Colo-
rado region (Fig. 11). Air in the Yukon, Ob, St Lawrence,
and Colorado regions is appreciably moister (4.3, 5.8, 6.5,
2.6 g kg™' respectively in CTR; 4.6, 6.0, 7.0, 2.7 g kg”" in
DBL) in summer than in winter. Average winds are also
stronger in winter than summer for all study regions in both
climate scenarios. In Colorado, however, the difference
between summer and winter winds is greater than for other
regions; moisture advection is higher in winter than sum-
mer. These results explain the observed difference between
the Colorado region and the other regions in regional
interactions with the global water cycle.

5.1 Yukon

In CTR, the Yukon region is governed by high pressure
south of the region in summer, and low pressure (Aleutian
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Fig. 9 Monthly averaged
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Low) in winter. Accordingly, in the southern Yukon, the
prevailing near-surface wind direction changes from
southeast (summer) to southwest (winter), and Pacific air
penetrates further north into central Alaska in summer than
winter (e.g., Fig. 12a).

In response to doubled CO,, near-surface air tempera-
tures are =5 K (2 K) higher in winter (summer) than under
reference conditions. This greater winter temperature in-
crease is commonly observed in high-latitude study re-
gions, because of snow-albedo feedbacks and later snow
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onset in DBL than CTR. Enhanced near-surface DBL air
temperatures yield higher saturation vapor pressures and
higher air moisture content than in CTR.

Doubling CO, causes a weakened winter Aleutian Low
(4 hPa increase in the center) compared to CTR (Fig. 12b).
In both scenarios in May, the Aleutian Low is centered
near the Bering Strait; increased wind speed results in
higher outflow than inflow at the western regional bound-
ary. In August, the slightly northward-shifted center of the
high-pressure system over the Bering Sea enhances
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Table 2 Annual residence-time averages for control (CTR) and
doubled CO, simulation (DBL), and percentage change (A = (DBL —
CTR)-100/CTR); significant changes are bolded

CTR (days) DBL (days) A (%)
Yukon 5.4 5.9 9.2
Ob 7.0 7.6 8.9
St Lawrence 6.2 6.6 6.4
Colorado 9.2 10.7 16.3
North of 60°N 6.3 6.9 9.5
Northern Hemisphere 8.0 8.6 7.5
Global 74 7.9 6.7

near-surface wind speed and moisture flux into the region
from the Gulf of Alaska by <5 x 10> kg m™ mon™".

In DBL, higher temperature and reduced Arctic Ocean
and Bering Sea sea-ice cover enhance late fall/early winter
water-vapor supply to the atmosphere. Increased tempera-
ture and water supply to the atmosphere over the Aleutians
significantly increases moisture flux into the region in
February and through the region in November (Fig. 11a);
water supply to the atmosphere is increased because the
area of ice-covered waters adjacent to the region is re-
duced.

Due to warmer DBL temperatures, evapotranspiration
increases significantly in most months (Fig. 6b). Earlier
snowmelt permits earlier transpiration onset in DBL than in
CTR. Early summer evapotranspiration spatial variability
increases significantly (based on the F-test; 3.2 mm mon™")
due to increases in precipitation and its variability. In DBL,
delayed snow-cover establishment and decreased sea-ice
cover over the Arctic Ocean and Chukchi Sea largely
contribute to increased early fall evapotranspiration.

Monthly precipitation increases significantly for more
than half of the months (Fig. 4b). Increased DBL summer
precipitation is due to increased moist convection. Summer
air temperature increases more over land (2.2 K) than over

Fig. 10 Comparison of

monthly averaged northward 30000 I

ocean (1.5 K) along the Gulf of Alaska, so increases in
upward motion and convection in DBL are stronger over
land than ocean. In August/September, in both DBL and
CTR, the major source of precipitation is no longer con-
vection, but advection from low-pressure Bering Sea
weather systems. The low pressure centered over the
Bering Sea deepens in response to doubling CO,; coastal
winds decrease by 0.7 ms~' and less Gulf of Alaska
moisture is transported into the region (Fig. 12¢, d). Con-
sequently, less September precipitation falls in DBL than in
CTR due to reduced interaction of global and regional
water cycles.

During spring, the ground is still frozen. Thus, in both
scenarios, snowmelt contributes mainly to runoff rather
than to soil moisture. In DBL, spring runoff peak occurs in
May as in CTR, but starts earlier and diminishes more
quickly as summer approaches (Fig. 7b). The runoff
change results from decreased domain-averaged snowfall
(2.3 mm mon™") and snow depth due to warmer conditions;
precipitation falls as rain rather than snow more often in
DBL than in CTR.

The February-to-April upper-soil frozen fraction is
smaller in DBL than in CTR because of slightly increased
soil temperatures. In the upper soil layer, total volumetric
water content (liquid + ice) is lower in DBL than CTR
from May to January, but higher from February to April
(Fig. 13b); the increase occurs because precipitation more
frequently occurs as rain, and snowmelt contributes to
runoff with a slightly reduced fraction in DBL than CTR.
Increased DBL evapotranspiration reduces soil volumetric
water content from May onwards compared to CTR, de-
spite precipitation increases during all months in DBL.

In summary, doubling CO, slightly enhances Yukon
regional interactions with the global water cycle (net ex-
change increases by 14.8%; Table 3) leading to more re-
gional precipitation that is not balanced by increased
evapotranspiration; i.e., the Yukon loses influence over its
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Table 3 Annual average of total water fluxes (kg m™> mon™) In DBL, November and December near-surface tem-

through the study domains for the control (CTR) and doubled-CO,
(DBL) simulation, and percentage change (A = (DBL — CTR)-100/
CTR); significant changes are bolded

CTR DBL A (%)
Yukon 16,249 18,374 14.8
Ob 18,221 20,579 14.8
St Lawrence 35,796 40,723 14
Colorado 23,938 26,763 12
North of 60°N 3,305 3,770 10.3
Northern hemisphere 9,852 10,671 79

own regional water cycle, while upwind regions gain
influence.

5.2 Ob

In CTR, interactions between regional and global water
cycles differ between summer and winter. From April to
August, the wind relaxes, and blows from the west or the
north; from September to March southwesterly winds
prevail. Thus, from April to August the Ob region receives
little or no moisture advection from the Mediterranean Sea
and/or Atlantic Ocean; local convection contributes more
to precipitation than in other months (Fig. 14).
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peratures increase about 4 K; simultaneously, the Icelandic
low deepens. Southwesterly winds and water-vapor trans-
port from the Atlantic Ocean and Mediterranean Sea into
Siberia is enhanced in DBL compared to CTR, and inter-
actions of regional and global water cycles increase sig-
nificantly during winter in DBL compared to CTR
(Fig. 14b). In November and December, increased incom-
ing and outgoing moisture flux reaches a maximum of
~5 x 10* kg m mon™". Increased inflow slightly exceeds
increased outflow (Fig. 11b) because November—Decem-
ber precipitation significantly increases in DBL, compared
to CTR (Fig. 4c). The significant July outflow increase
suggests enhanced surface divergence and moisture export
from the Ob region to adjacent areas.

June precipitation increases significantly due to en-
hanced local convection triggered by higher surface tem-
peratures and evapotranspiration in DBL than CTR
(Figs. 5b, 8b). In the other months (except September—
October), monthly averaged precipitation is slightly higher
in DBL than in CTR (Fig. 4c).

Evapotranspiration increases significantly in all months
in DBL (Fig. 6¢), partly because DBL’s warmer atmo-
spheric conditions impose higher atmospheric demands,
and partly because precipitation increases. Maximum
increased annual evapotranspiration occurs in the Ob
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Fig. 12 Sea level pressure (in hPa) over the region defined by 40—
85°N and 180-90°W as obtained in DJF for a CTR, b anomalies
(DBL-CTR), and in September for ¢ CTR, and d anomalies

region center, where annual CTR evapotranspiration was
already the highest. The spatial evapotranspiration standard
deviation increases in most months; the changes reach
significance in December—March. This higher spatial
standard deviation and the DBL spatial pattern change are
related to greater temperature and precipitation increases in
the center than elsewhere in the Ob region, indicating again
that altered evapotranspiration triggers precipitation vari-
ability.

Generally, winter soils are close to saturation in both
CTR and DBL. Consequently, snowmelt mainly contrib-
utes to runoff rather than to increased soil moisture. In
DBL the runoff peak is slightly reduced, but runoff volume
is slightly higher in winter and early spring than in CTR
(Fig. 7¢). Altered runoff evolution results from slightly
increased winter and early spring snowmelt rate. Under
warmer DBL conditions temperatures above freezing occur
more frequently than in CTR, so less snow remains for the
melting season.

Upper soil moisture decreases in DBL compared to CTR
year-round, with significant decreases in April, May,
October, and November (Fig. 13c). These decreases are
mainly due to enhanced evapotranspiration in summer,

2 4

(DBL-CTR). The Yukon region is shown in the box. In part b and
d shaded regions represent wind-speed magnitude differences at
850 hPa. In part a and ¢ arrows are wind at 850 hPa

responding to the higher DBL temperatures. Increased
summer evapotranspiration exceeds increased precipita-
tion.

In summary, in response to doubled CO, the Ob region,
like the Yukon, experiences enhanced global water cycle
interaction with ~14.8% net water exchange increase.
Moisture exports increase more strongly than imports; Ob
impact on downwind regions is increased. Evapotranspi-
ration and precipitation increases are similar.

5.3 St Lawrence

Similar to the Ob, the interaction between global and St
Lawrence regional water cycles strongly differs between
summer and winter. Under CTR, in winter this region is
governed by a trough over the Great Lakes associated with
a southwesterly flow; advected Great Lakes moisture is the
major source of precipitation (Fig. 15a, b). In summer,
the region is cut off from this moisture source because the
high-pressure system over the subtropical North Atlantic
Ocean moves northwestward. Winds are reduced compared
to winter; local moist convection is the primary contributor
to precipitation (Fig. 15c¢, d).
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Fig. 13 Monthly average upper
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In CTR, slightly more atmospheric moisture leaves than
enters the region from September to May (Fig. 11c¢),
leading to annual average moisture export.

In DBL, moisture flux through this region increases
significantly in all months except March and November
(Fig. 11c). St Lawrence regional moisture flux increase is
twice the increase in the other study regions; however,
relative amounts are similar (Table 3). DBL inflow in-
creases are slightly higher than outflow increases, sug-
gesting increased global water cycle influence on this
region. Nevertheless, the annual export and import cycles
remain similar.

In DBL, precipitation increases in most months. April
exhibits the largest change (Fig. 4d); changes are signifi-
cant for April and December. Furthermore, the spatial
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Volumetric water (m® m™3)

precipitation variability greatly increases in summer and
early winter. These changes can be explained as follows. A
strengthened winter Icelandic Low and consequent deeper
trough over the Great Lakes results in more precipitation
from large-scale moisture advection in DBL than CTR
(Fig. 15b). In DBL, increased summer evapotranspiration,
especially increased evaporation over water surfaces (Great
Lakes, Atlantic Ocean), leads to enhanced moist convec-
tion and hence increased precipitation compared to CTR.

Spatial patterns of high and low evapotranspiration
differ marginally between CTR and DBL. Nevertheless,
domain-averaged evapotranspiration is significantly higher
year-round (Fig. 6d) due to increased precipitation and
warmer temperature (+1.8 K annually) in DBL than in
CTR.
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Fig. 15 Like Fig. 12, but sea-level pressure (in hPa) and anomalies
(DBL-CTR) over the region defined by 25-65°N and 130-30°W as
obtained in DJF for a CTR, b anomalies (DBL-CTR), and in JJA for

In CTR and DBL, precipitation is greatest in summer.
Nevertheless, summer runoff is low, because an apprecia-
ble amount of precipitation goes into evapotranspiration

¢ CTR, and d anomalies (DBL-CTR). The Colorado and St Lawrence
regions are shown in the left and right boxes, respectively

(Figs. 4d, 6d). In CTR runoff is increased by snowmelt,
peaking in March. This peak shifts to April in DBL because
the greatest precipitation increase occurs in April (Fig. 4d).
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Compared to CTR, the DBL runoff peak is reduced be-
cause (1) snowmelt onset is earlier under warmer DBL
conditions and (2) precipitation occurs less frequently as
snow in DBL than in CTR. Winter runoff increases <4 mm
mon”! (Fig. 7d) because (1) more winter precipitation falls
as rain in DBL, and (2) total (rain + snow) winter preci-
pitation increases (Fig. 4d).

Increased evapotranspiration (Fig. 6d) leads to year-
round decreased DBL total soil moisture; the winter and
spring decrease is greatest. Soil moisture significantly de-
creases for most months from late fall to late spring
(Fig. 13d); consequently, less regionally stored water is
available in DBL than in CTR. Note that upper soil volu-
metric water content also decreases on global average
(Fig. 13a).

In summary, precipitation increases slightly more than
evapotranspiration, and annually averaged inflow increase
exceeds outflow increase; under doubled CO, the global
water cycle increases its influence on the St Lawrence re-
gional water cycle and the St Lawrence loses influence
over its downwind regions.

5.4 Colorado

In both CTR and DBL, the high pressure-system location
changes slightly from summer to winter; interactions
between regional and global water cycles differ slightly
between winter and summer. Central Colorado-region
wind-field divergence produces easterly (westerly) winds
in the southern (northern) part of the domain. Therefore,
regional outflow exceeds inflow from October to June
(Fig. 11d). In summer, convergence occurs in the region’s
northeast. Moisture inflow is higher than outflow in July,
August, and September (Fig. 11d), suggesting net regional
moisture gain due to large-scale advection in both climate
scenarios at this time of year.

In DBL, both moisture inflow and outflow increase
significantly in all months except October (Fig. 11d). This
increased summer interaction between global and Colorado
regional water cycles is caused by increased near-surface
wind (£0.2 ms™") and increased air water-vapor content
compared to CTR; during winter, increased interaction is
due to increased moisture content.

From January to March and September to October, this
region is governed by anti-cyclonic wind and downward
motion on both sides of the Rocky Mountains in CTR and
DBL. In DBL air temperatures are more than 2 K higher
than in CTR, as is the saturation vapor pressure. Conse-
quently, under the dry conditions and often anti-cyclonic
circulation, high saturation deficits and consequently less
precipitation occur more frequently in DBL than in CTR
(Fig. 4e) as regional evapotranspiration (Fig. 6e) fulfills
the atmospheric demands less frequently.
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Overall, in DBL, monthly precipitation decreases com-
pared to CTR, except in May and December. In May,
precipitation increases southwest and northeast of this re-
gion. Enhanced coastal wind (<0.49 ms™') transports war-
mer (£2.8 K) and moister (0.6 g kg_l) Pacific air into the
Colorado region. As this flow encounters the Rocky
Mountains, the orographically forced lifting of this rela-
tively moister air mass leads to more upwind-side precip-
itation in DBL than in CTR. Note that here some
uncertainty may be involved as the mountains are much
“flatter” in CCSM than their highest peaks in nature.
Simultaneously, the southerly flow advects more Gulf-of-
Mexico moisture into the region in DBL than in CTR. This
warm, moisture-rich flow and cold air advected from the
high plains results in enhanced low-level moisture con-
vergence and more precipitation in the region’s northeast
corner in DBL than in CTR, leading to 0.9 g kg™ moister
air. Thus, interactions between the global water cycle
(enhanced Pacific Ocean and Gulf-of-Mexico moist warm
air advection) and the regional water cycle (drainage of
cold air from the High Plains) modify the May precipita-
tion pattern. Increased December precipitation is due to
advection of moister air, <0.8 g kg™, into the southern part
of this region near the Gulf of California in DBL than in
CTR. Again, the altered global water cycle affects the re-
gional water cycle.

Soil moisture is low throughout the year, with an August
minimum and a winter maximum (about 50% of saturation)
(Fig. 13e). This annual cycle remains the same in DBL, but
with slightly lower values. Despite potential evaporation
increases in DBL, evapotranspiration marginally decreases
<10% from April to September (Fig. 6e), because soil
moisture limits evaporation even more in DBL than in
CTR. In winter, despite drier soil in DBL than CTR, the
soil is still wet enough to permit significantly increased
evapotranspiration in response to higher (2 K) near-surface
air temperatures (Fig. 6e).

Due to increased snow sublimation and decreased pre-
cipitation, annual accumulated runoff decreases in DBL
(Table 4). In the annual cycle precipitation is slightly
higher in DBL in May and December, so DBL runoff ex-
ceeds CTR runoff in these months (Figs. 4e, 7e).

In summary, under doubled-CO, conditions the global
water cycle exerts increased influence over the Colorado
regional water cycle.

6 Conclusions

Simulations with the fully coupled CCSM version 2.0.1 are
performed with CO, concentrations of 355 ppm (control;
CTR) and 710 ppm (experiment; DBL) to examine the
impact of doubling CO, on global water cycle interactions
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Table 4 Annual averages of accumulated precipitation, evapotranspiration, and runoff, and percentage changes (A = (DBL — CTR)-100/CTR)
for the control (CTR) and doubled CO, (DBL) simulation; significant changes are bolded

Precipitation

Evapotranspiration Runoff

CTR (mm) DBL (mm) A (%)

GPCC (mm) CTR (mm) DBL (mm) A (%) CTR (mm) DBL (mm) A (%)

Yukon 563 (561) 620 (618) 10.1 (10.2) (364)
Ob 542 (542) 578 (578) 6.6 (6.6) (474)
St Lawrence 863 (797) 914 (847) 5.9 (6.3) (959)
Colorado 503 (503) 496 (496) -1.4 (-1.4) (404)
60°N 401 (389) 441 (430) 10.0 (10.5) (307)
Northern Hemisphere 801 (660) 831 (695) 3.7 (5.3) (661)
Global 840 (861) 861 (888) 2.5 (3.1) (810)

175 202 154 224 231 3.1
379 409 79 124 122 -1.6
742 718 4.7 147 145 -1.4
413 415 0.4 70 63 -10

185 207 11.3 103 103 0

739 761 3.0 132 135 2.3
773 789 2.1 131 134 2.3

Values in parentheses are for land-mass areas only, for comparison with the GPCC precipitation climatology

with regional water cycles of four similarly sized, but
hydrologically and thermally different study regions
(Yukon, Ob, St Lawrence, Colorado). A heuristic evalua-
tion based on various published climatological data showed
that, despite difficulties in accurately modeling annual
high-altitude precipitation cycles and distribution, CCSM
with 355 ppm CO, concentration generally produces
acceptable results with respect to water-cycle-relevant
quantities on monthly and annually averaged time scales
and on global and regional spatial scales. Therefore, we
conclude that CCSM describes water-cycle-relevant pro-
cesses well, and is a suitable tool for examining the impact
of doubling CO, on interactions between global and re-
gional water cycles.

For all study regions, the annually averaged global water
cycle interacts more strongly with the regional water cycle
in DBL than in CTR (Table 3) for the following reasons:
Increased temperatures mean increased saturated water-
vapor pressure in DBL compared to CTR; warm air takes
up more water vapor before saturation occurs and cloud
and precipitation formation begins. Residence-time calcu-
lations show slowed regional water cycles under doubled
CO,, and indicate water vapor may be transported further
from water sources. Thus in DBL, in principle, a region’s
potential radius of influence increases, but the region is
also influenced by areas farther upwind than in CTR. The
greatest increase (3.5 days) of residence time is found in
the Colorado region where residence time is already the
highest among the four study regions. In conclusion, in-
creased residence time for the four regions indicates that
their regional water cycles are more strongly influenced by
outside regions in DBL than in CTR.

Annually averaged inflow increase exceeds outflow in-
crease in the St Lawrence region in DBL; the opposite is
true for the other study regions. This indicates potential
changes in how regional water cycles interact with the
global water cycle in a warmer climate. For regions with
approximately equal moisture import and export under

CTR, such as the Yukon, doubling CO, establishes more
balanced water inflow and outflow. For the Ob region,
evapotranspiration and precipitation increases are nearly
identical in response to doubled CO,. In DBL, evapo-
transpiration increases much less than precipitation in St
Lawrence, strongly diminishing the moisture export role of
this region; St Lawrence loses influence over the water
cycles of its downwind regions. These findings suggest that
the degree and character of doubled CO, impact on global
and regional water cycle interactions is regionally depen-
dent.

Global and regional water cycle interactions are en-
hanced significantly in more months in mid-latitude than
high-latitude study regions (cf. Fig. 11). Primarily, for a
given temperature increase, saturation water-vapor pres-
sure increases more for a higher than lower reference
temperature. Thus, despite larger temperature increases
at high-latitudes than at mid-latitudes, the high-latitude
saturated vapor-pressure increase is less and therefore
atmospheric water demand increases much more at mid-
latitudes than at high-latitudes.

Moisture flux increases affect regional water-cycle
components differently for the four study regions because
(1) the position and strength of semi-permanent pressure
systems over or adjacent to the regions differ, as do (2)
their regional changes in response to doubling CO,. For
regions where precipitation depends greatly on large-scale
advection (Yukon, Ob), increased moisture inflow leads to
increased precipitation in DBL compared to CTR. For re-
gions where local convection is an important determinant
of summer precipitation (St Lawrence, Colorado), summer
precipitation changes are mainly controlled by regional
evapotranspiration changes. Consequently, doubled CO,
may produce wetter conditions for the humid St Lawrence
region, but may exacerbate water shortages in the semi-arid
Colorado region. Generally speaking, doubling CO, in-
creases global water cycle influence on regional water
cycles; impacts on regional water-cycle components
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(evapotranspiration, precipitation) are greater at high-lati-
tudes than at mid-latitudes and greater in winter than in
summer.
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