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ABSTRACT

Tiny openings on the surfaces of leaves, stomata, control the flux of CO,, water vapor, and other gases between
the atmosphere and the earth’s vegetated surface. An increase in atmospheric CO, could have an effect on
stomatal openings, causing indirect changesin many surface hydroclimatogical variablesthat could be comparable
in magnitude to the direct radiative effects. Increased atmospheric CO, is expected to increase water use efficiency
in many plant types because of the closure of the stomatal openings on the leaf surface. The present study
assesses this stomatal effect by doubling the stomatal resistance in two land surface schemes, the Biosphere—
Atmosphere Transfer Scheme and the Land Surface Model, which are coupled to the National Center for
Atmospheric Research’'s Community Climate Model version 3 atmospheric general circulation model, and by
evaluating the resulting hydrometeorological responses, particularly for the western United States.

Because the simulated reduction of stomatal openings restricts evapotranspiration, latent heat fluxes are re-
duced, causing global average annual and seasonal decreases in precipitation as well as increases in sensible
heat flux, surface temperatures, runoff, and root-zone soil water. Global seasonal decreases in latent heat flux
of up to 7% occur, corresponding to surface temperature increases of up to 0.5°C and precipitation decreases
of up to 3%. Regional responses vary.

A focus of this study was to examine how these changes affect runoff and stream flow in the southwestern
United States. Contrary to a previous empirical study of this effect, which showed an 87% mean increase in
Arizona basin stream flow, this coupled land surface-atmospheric model shows no significant changes in any

of the variables examined for this region.

1. Introduction
a. Dependence of transpiration on CO,

A number of studies have indicated that plants may
respond to an increased CO, environment by reducing
their transpiration rates (e.g., Morison and Gifford 1984,
Eamus and Jarvis 1989; Bazzaz and Fajer 1992; Ra-
doglou et al. 1992). Plants accomplish this by partially
closing their stomata, the small openings on the leaf
surface that allow for the fluxes of CO,, water vapor,
and other gases between the leaf and its environment.
Because the stomata act to maximize CO, intake while
minimizing water loss, surplus CO, in the environment
may allow the plant to increase its water use efficiency
by increasing carbon fixation while maintaining or re-
ducing transpiration rates on a per unit leaf area basis.
Assuming that the vegetation does not respond to the
increase in CO, by growing larger leaf areas, the net
result would be an overall reduction in transpiration
rates. Since vegetation covers much of the land surface,
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these changes have the potential to affect climate when
applied on aglobal scale. Stomatal responsesvary great-
ly by plant type (Eamus and Jarvis 1989; Hileman et
al. 1992), and are not understood in enough detail to be
explicitly included in climate models. Some land surface
models, such as the improved simple biosphere model
(SiB2) (Sellers et a. 1992), incorporate a plant physi-
ology that will respond to increased CO, concentrations
and increase stomatal resistance, but they assume a uni-
versal functional relationship between stomatal resis-
tance and CO, concentration for all plants at all loca-
tions. No further level of detail has been incorporated
into general circulation models (GCMs).

Our research focuses on the possible effect of sto-
matal response on the water resources of the water-
strapped American southwest by incorporating an in-
creased stomatal resistance into a coupled land—atmo-
sphere GCM. Greenhouse experiments have shown that
in a doubled CO, environment, plants increase their
stomatal resistance by a factor of 1.5 to 2 (Morison and
Gifford 1984); thus, this and other studies have used a
doubled stomatal resistance to analyze how increased
CO, might affect global climate through its effect on
transpiration (e.g., Henderson-Sellers et al. 1995; Pol-
lard and Thompson 1995). In addition, this study com-
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TABLE 1. Sensitivity of water supply variables to changes in natural flow in the Colorado River basin (from Nash 1991). Numbers in
parentheses represent decreases.

Change in
Change in Change in Change in Change in power consumptive Change in
natural flow actua flow storage generation use salinity
(%) (%) (%) (%) (%) (%)
-20 (20-30) (61) (57) (11) 1520
-10 (7-15) (30) (31) (6) 6-7
-5 (4-7) (14) (15) 3) 3
5 57 14 11 3 )
10 11-16 28 21 5 (6-7)
20 30 38 39 8 (13-15)

pares the impacts of the increased stomatal resistance
from two different land surface parameterizations as
coupled to the same GCM. It should be noted that this
isasensitivity study of the effects of increased stomatal
resistance; therefore, leaf area index and atmospheric
CO, concentrations are held constant.

b. Previous studies of increased stomatal resistance
on water resources of the Southwest

Two studies in particular have examined the impacts
of CO,-induced climate change on the water resources
of the southwest United States. Both used an empirical
relationship, developed by Langbein (1949), between
temperature, precipitation, and runoff, as applied to the
arid regions of the American southwest. Neither study
relied on the use of an atmospheric GCM, except in
principle to provide boundary conditions for the tem-
perature and precipitation changes anticipated from a
doubling of atmospheric carbon dioxide.

Revelle and Waggoner (1983) examined the effects
of a2°C increase in surface air temperature and a 10%
decreasein precipitation in the arid regions of the United
States, anticipated in adoubled CO, climate. Their study
used the Langbein relationship in conjunction with their
own multiple regression equation relating temperature
and precipitation records to the virgin flow of the Col-
orado River. Use of this equation implied that for the
postulated climate change, Colorado River flow would
be reduced by 40%, while the 2°C increase in temper-
ature alone would lead to a flow decrease of amost
30%. This conclusion agrees closely not only with the
Langbein relationship, which would predict a 35% de-
crease in runoff for a 2°C increase in temperature, but
also with the predictions of Stockton and Boggess
(1979), which indicate a decrease in water supply of
40%-57% for the same combination of temperature in-
crease and precipitation decrease, in the same region.

Stream flow reductions of such magnitude would re-
sult in serious consequences for the Southwest. Cali-
fornia relies on the Colorado River for about 15% of
itswater ; under the predicted scenario, theratio of water
requirements to the mean annual runoff (a measure of
water availability) in the Colorado basin would more

than double from its present value to a value of 0.83,
severely constraining the availability of water exports
from the river (Revelle and Waggoner 1983). Even un-
der the present climate, the ratio of water requirements
to supplies is greater than unity for the lower Colorado
River, where the deficit is made up using groundwater
supplies. Although a more recent study by Nash (1991)
indicates that reductions in runoff would be less severe
than indicated by the Revelle and Waggoner study
(14%-23%), she still emphasizes the serious impact
such a decrease would have on water management in
the Southwest. Examples include reductions in water
storage, hydroelectric power production, consumptive
water use (agriculture, etc.), and water quality. Table 1
quantifies these impacts for a range of flow change sce-
narios (Nash 1991).

A study conducted by ldso and Brazel (1984) fol-
lowed the work of Revelle and Waggoner, but added a
two-thirds reduction in transpiration to emul ate stomatal
responses to increased atmospheric CO,. Again using
the Langbein relationship between temperature, precip-
itation, and runoff, Idso and Brazel found that the same
combination of a 2°C temperature increase and 10%
reduction in precipitation leads to a greater than 40%
increase in stream flow when the transpiration reduction
is included. Without assuming any change in precipi-
tation or temperature, the antitranspirant effects alone
lead to an 87% increase in stream flow in the West.
Thus, including the transpiration-reducing effects of in-
creased stomatal resistance led to a ‘‘very opposite re-
sult” than that of the Revelle and Waggoner study, hold-
ing everything else constant (Idso and Brazel 1984).
Drawing from the conclusions in Table 1, such an in-
crease in stream flow would greatly increase the water
resources in the Southwest, implying a very different
management strategy.

Our study also applies the Langbein relationship to
examine runoff changes. But rather than assuming a
range of temperature and precipitation changes, we use
those predicted by increasing stomatal resistance in the
coupled land—atmosphere GCM. The runoff changes
predicted by the Langbein relationship are then com-
pared to the model-predicted runoff changes.
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¢. Modeling studies of increased stomatal resistance

Both of the previous studies have greatly simplified
the relationships between temperature, precipitation,
and runoff, and have made several assumptions about
how these variables would change under a doubling of
atmospheric carbon dioxide. Studies incorporating the
antitranspirant effect of atmospheric CO, into coupled
land—-atmosphere GCMs take the studies to another lev-
el, increasing the complexity of the relationships be-
tween the variables and adding dynamic feedbacks to
the system. A number of assumptions are still required,
particularly for the degree to which plants will suppress
their transpiration rates. We follow studies that have
focused on how a reduction in transpiration will affect
global climate.

In particular, Pollard and Thompson (1995) used the
National Center for Atmospheric Research’s (NCAR)
Global Environmental and Ecological Simulation of In-
teractive Systems GCM coupled with their own land
surface transfer scheme to examine the effects of dou-
bled stomatal resistance. Their simulation resulted in a
transpiration decrease of 20%-50% and surface air
warming of 2°-5°C in heavily forested areas—including
tropical South America, parts of the Northern Hemi-
spheric boreal forestsin Canada, and Russiaand Siberia
in summer—plus a global shifting of precipitation pat-
terns. Although large hydrometeorological changes
were found in the areas most affected, on a global av-
erage, they found that these changes were small com-
pared to experiments testing the direct climate effect of
doubled CO,.

Henderson-Sellers et al. (1995) also examined the ef-
fects of doubled stomatal resistance using NCAR's
Community Climate Model Version 1, as modified by
Henderson-Sellers et al. (1993) (CCM1-Oz) coupled
with the Biosphere—~Atmosphere Transfer Scheme
(BATS) (Dickinson 1984) at both one and two times
the current CO, levels. They found similar results to
Pollard and Thompson in their 1 X CO, study. When
the doubled stomatal resistance was combined with a
doubling of CO,, similar trends resulted (slight decreas-
€s in evaporation; increases in temperature, sensible
heat, and total runoff); but the changes in all variables
were notably larger, except evaporation, which decreas-
es only marginally in the combined experiment. They
emphasized that the combined experiment shows dif-
ferent results than if the two experiments (doubled sto-
matal resistance and doubled CO,) were evaluated sep-
arately.

The linking of the stomatal resistance formulations
to photosynthetic processes and atmospheric CO, con-
centration was subsequently addressed by Sellers et al.
(1996), who have included SiB2 (Sellers et al. 1992) in
the Colorado State University GCM to compare the ra-
diative and physiological effects of doubled CO, on
climate. Their results indicate that for 2 X CO, (radi-
ative and physiological) conditions, evapotranspiration
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would drop and that air temperature would increase over
the tropical continents, amplifying the changes resulting
from atmospheric radiative effects.

None of the above GCM studies specifically exam-
ined how such changes would affect the American
southwest. Our study continues these earlier GCM stud-
ies using the more recent and improved Community
Climate Model version 3 (CCM3) (Kiehl et al. 1996)
but attempts to draw conclusions about how these var-
ious effects will manifest themselves in the water re-
source availability in the Southwest. Of particular con-
cern is whether water resources will dramatically in-
crease as a result of adding this stomatal effect, as de-
termined by Idso and Brazel, or whether stomatal effects
would be negligible and global warming would in fact
seriously constrain water resources, as suggested by Re-
velle and Waggoner.

2. Models used to assess stomatal responses

The present study used NCAR's CCM3 (Kiehl et a.
1996), coupled with two different land surface treat-
ments to examine the effects of doubled stomatal re-
sistance, holding atmospheric CO, levels constant. The
two land surface treatments evaluated are BATS (Dick-
inson et al. 1986, 1993) and the NCAR Land Surface
Model (LSM), developed by Bonan (1996a).

a. Stomatal resistance as described by the BATS
model

Stomatal resistance is defined in the BATS model as
a function of solar radiation, leaf temperature, vapor
pressure, and soil moisture, and it is computed using
the following general formula, based on that of Jarvis
(1976):

e = FaminRe SV M; (1)

wherer g, isthe minimum stomatal resistance, R; isthe
effect of visible radiation on the canopy, S is the effect
of leaf temperature, V; is the effect of vapor pressure
deficit, My is the effect of soil moisture stress, and r .,
is the specified maximum stomatal resistance (20 000 s
m-1). The parameter r;,, is specified for each vegetation
type by the model input. Detailed equations for each of
these parameters are given in the documentation (Dick-
inson et al. 1986, 1993).

BATS uses the computed r [from Eqg. (1)] as input
for the evapotranspiration cal culation, which consists of
both transpiration from a dry leaf surface, E, [Eq. (2)],
and evaporation from canopy surface water, E; [Eq. (3)]:

ral
L Ewet
(raJ + rs) =t

Er = L.Er. ©)

Here, L,, and L, are the wet and transpiring fractions of
the canopy surfaces, respectively; r, isthe aerodynamic

rS = rsmaxv

E, 2
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Fic. 1. Model output for the Colorado River basin compared to observational (a) precipitation and (b) runoff. Precipitation data include
both rain and snow. Runoff data include surface and subsurface runoff. Units are mm day~* for (a) and (b).

resistance between the leaf surface and the surrounding
air; and Ey« is the value of evaporation from a com-
pletely wet surface. Total evapotranspiration, then, is
proportional to the sum of Egs. (2) and (3). As seen by
Eg. (2), an increase in the value for stomatal resistance,
r,, decreases evapotranspiration, as expected. Evapo-
transpiration is also constrained by the amount of mois-
ture in the soil, so that E, < E,., the maximum soil-
sustainable transpiration. If E, exceeds E,., then E, is
set to equal E,. by a feedback that increases stomatal
resistance. These parameters, in turn, are used by the
model to compute the water fluxes between the atmo-
sphere and the biosphere.

Evapotranspiration is also a function of aerodynamic
resistance. As roughness length increases, aerodynamic
resistance becomesless, and stomatal resistance changes
can have a proportionally greater effect [(Eg. (2)]. Can-
opy stomatal resistance, r., is proportional to r,. For
example, Yang et al. (1995) estimated (in their Table 6)
that for tropical rain forests, canopy aerodynamic re-
sistance (r,) = 20 sm~*, and canopy stomatal resistance
(r) = 180 to 250 s m~*; and for summertime midlat-
itude grassland, r, = 150 sm~*and r,, = 220 s mt.
Because of this and the fact that forests have larger leaf
area indexes than grasses, evapotranspiration from for-
ests is more sensitive than that from grassland to chang-
es in stomatal resistance.

In the BATS model, the minimum stomatal resistance,
I smin» Was uniformly doubled in Eq. (1) for all vegetation
types. Changing the minimum stomatal resistance pro-
portionally changes the computed total stomatal resis-
tance, r, except that r is still constrained by the model
to remain below the given maximum stomatal resis-
tance. Note that the phrase ‘‘doubled stomatal resis-
tance” is loosely defined to refer to the factor of 2 in
I'mins Which does not necessarily result in a doubled
stomatal resi stance compared to the control case because
the local environmental variablesin Eqg. (1) also change
as a result of doubling rgy,-

b. Stomatal resistance as described by the NCAR
LSM model

The NCAR LSM uses a different technique for mod-
eling stomatal resistance. Its physiological approach, a
modification of Collatz et al. (1991) (also Sellers et al.
1992), employs more rigorous plant responses than the
meteorological approach of the BATS model (Niyogi
and Raman 1997). The detailed explanation of Bonan
(19964) is simply summarized as follows. Stomatal re-
sponses are computed using the following formula:

1 A
- = m—esPatrn + b,
C&

; ©

S S

where r, is the stomatal resistance, m is an empirical
parameter (taken from Collatz et al. 1991), A is leaf
photosynthesis, c, is the CO, concentration at the leaf
surface, e, is the vapor pressure at the leaf surface, e
is the saturation vapor pressure inside the leaf, P, is
the atmospheric pressure, and b isthe minimum stomatal
conductance [chosen by Bonan (1996a) such that max-
imum stomatal resistance = 20000 s m~']. Stomatal
resistance in this experiment was doubled by introduc-
ing a multiple of 0.5 to the first term on the right-hand
side of Eq. (4), hence doubling the resistance while still
constraining its inverse to the minimum defined by b.
As in the BATS simulation, atmospheric CO, concen-
tration was held constant.

Latent heat fluxesin general are computed as the sum
of the evaporation from a wet leaf surface and transpi-
ration from sunlit and shaded |eaves, where the dry |eaf
fluxes are inversely proportional to r..

3. Experimental design

The NCAR CCM3 (Kiehl et al. 1996) model was run
at the standard T42 horizontal spectral resolution, ap-
proximately 2.8° X 2.8° with 18 vertical levels, cli-
matological sea surface temperature, and current CO,
concentration (355 ppm). Resource constraints prohib-
ited this study from examining the effects of doubled
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TABLE 2. BATS vegetation types and their selected parameter values. Values that are not applicable are noted ““N/A.”

Minimum Maximum Vegetation
stomatal fractional cover Roughness
resistance vegetation at 269 K length Maximum Minimum
Vegetation type (sm) cover (%) (%) (m) LAI LAI
1 Crop/mixed farming 120 85 25 0.06 6 0.5
2 Short grass 200 80 70 0.02 2 0.5
3 Evergreen needle-leaf 200 80 70 1 6 5
4 Deciduous needle-leaf 200 80 50 1 6 1
5 Deciduous broadleaf 200 80 50 0.8 6 1
6 Evergreen broadleaf 150 20 40 2 6 5
7 Tall grass 200 80 50 0.1 6 0.5
8 Desert N/A 0 0 0.05 0 0
9 Tundra 200 60 40 0.04 6 0.5
10 Irrigated crop 200 80 20 0.06 6 0.5
11 Semidesert 200 10 0 0.1 6 0.5
12 Ice cap/glacier N/A 0 0 0.01 0 0
13 Bog/marsh 200 80 40 0.03 6 0.5
16 Evergreen shrub 200 80 60 0.1 6 5
17 Deciduous shrub 200 80 50 0.1 6 1
18 Mixed woodland 200 80 60 0.8 6 3

atmospheric CO, concentrations due to the long spinup
time required. Stomatal resistance was uniformly dou-
bled for all vegetated points. Separate control runswere
created for each land surface treatment, and then the
models were run again with the doubled stomatal re-

(c)

———— Short Grass

{(mm/month)

(fraction)

30

sistance. The location and type of the global vegetation
in each land treatment were based on gridded datasets
(Dickinson et al. 1993; Bonan 1996a) and remain un-
changed during the integrations. The models were each
run for 5 yr. The first year's output was discarded to

20

0 il r
\1\ 15
° g \ N
g /ﬂ‘\»—a& %
08 Lol 8 / \
10 ¢ e E s
S = ;
.20 e T o} —
! T i
-30 e ! 5 4
1 3 5 7 9 11 1 3 5 7 1
(month) (b) (month)
0.05 20 /\ .
0.04 X 15 r/-
£ \ /\[
0.03 E 10 b
o “o—& &
NV mul\ dhal/
0.02 5 o
; L‘\ E & 3
Ko} B T - 0% e g 3 R !
o1 T \—
0 o T S e 5 !
1 3 5 7 9 11 1 3 5 7 1
(month) (d) (month)
—& - Evrg. Needleleaf —— Evrg. Broadleaf @ Tall Grass -I-- Semi-Desert - — Evrg. Shrub

Fic. 2. Monthly averaged BATS offline changes (doubled r case minus control case) due to doubled stomatal resistance for vegetation
types short grass, evergreen needle-leaf tree, evergreen broadleaf tree, tall grass, semidesert, and evergreen shrub for variables (a) total
evaporation (equals ground and leaf evaporation plus leaf transpiration), (b) Bowen ratio (the ratio of sensible heat flux to latent heat flux),
(c) root-zone soil water, and (d) total runoff.
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Fic. 3. Zonal mean surface temperature changes (from control; °C) for al land points for (a) Jan and (b) Jul. BATS model output is
solid; LSM model output is dashed.

allow for model spinup, and the last 4 yr were averaged
to provide the following results. Our analysis empha-
sizes the effects of these changes on the hydrological
cycle, and how water resources in the southwestern
United States may be affected.

The significance levels were determined using a Stu-
dent’s t-test. The 4-yr model output was converted into
a set of monthly averages for both the control and the
test cases. The null hypothesisthat the stomatal doubling
and control data for a given region came from the same
underlying ““ population” was tested, assessing the var-
iability of the population from the spatial variability of
values within the region. A t-test value far enough out
on thetails of a standard Gaussian distribution indicates
that the null hypothesis can be rejected, meaning that
the data for the control and test cases come from dif-
ferent underlying populations, or in other words, that
the doubled stomatal resistance results in a significant
change. This method does not recognize spatial corre-
lations that may exist within regions, which would lead
to less variability within the sample, making any chang-
es appear more significant than they actually are. The
more commonly used method would be to look at the
collection of monthly or annual output for a given grid
point as a sample, in this case with a sample size of
four, to determine whether the changes between the con-
trol and the test cases are greater than the interannual
variability. However, for the small sample size of four,
this method aso has its drawbacks. Had resources al-

lowed us to run the model for a longer period, say 10
yr or more, the common statistical method would have
been the appropriate choice. Because the chosen meth-
od's limitations might tend to make a region look more,
rather than less, significant, and because this paper dis-
cusses the lack of significant changes within the region
of interest, it is not likely that the limitations of the
chosen statistical technique will impact the conclusions
of this study. Wigley and Santer (1990) provide a good
review of advantages and disadvantages of using any
of a suite of statistics. Future work with longer model
runs could use the alternate sampling method.

BATS and the NCAR LSM use different methods to
calculate stomatal resistance, as well as different pa-
rameterizations of the land surface. BATS was the pri-
mary model used in this study, and therefore, rather than
detailing each of the differences in output that the dou-
bled stomatal resistance caused globally, the NCAR
LSM output will only be discussed as it pertains to the
western United States.

4. Model performance

Control output from a 5-yr run of CCM3-BATS was
compared to observed climatic data prepared by L egates
and Willmott (1990). Observational data for surface
temperature and precipitation were both available and
used for comparison to the model output. Overall, the
model appears to be too cold by approximately 0.3°C
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FiG. 4. Global average changes (case minus control) by vegetation type, for BATS model month Jul, for variables (a) latent heat flux, (b)
precipitation, (c) surface temperature, and (d) total runoff.

on a global average, and it predicts precipitation within
observational uncertainty (higher by up to 0.028 mm
day—*) globally, with the average over land being in
excess by about 5% (+0.14 mm day—1).

Precipitation and stream flow data compiled by Wal-
lis et al. (1990) were also available for the Colorado
River basin (Morrill 1995) and were used to evaluate
the performance of the model on a regional scale.
These data were available in a form that could be di-
rectly compared to model output without first routing
the observational data through a watershed network,
because Morrill had already interpolated the gauge data
to the mesh of the climate model. Both coupled models
emulate observations well for most of the year, with
annual average values for precipitation in the basin in
the BATS model differing by 0.2 mm day —* (observed:
1.33 mm day-*, vs BATS model output: 1.13 mm
day*) and by more than 0.4 mm day* in the NCAR
L SM model (LSM model output: 0.91 mm day—*). Fig-
ure 1 shows that both models underestimate precipi-
tation in the late summer—early fall months. This is
apparently in part due to the failure of CCM3 to rep-
licate the Southwest summer monsoon precipitation.

In addition, winter snow accumulation islow compared
to that observed, because of the model’s flattening of
the Rocky Mountains. For these reasons, the modeled
midsummer runoff is small by nearly an order of mag-
nitude. The NCAR LSM output does not show any
spring or summer peak runoff; BATS runoff peaks in
April, rather than June, possibly from premature melt-
ing of the model snowpack in mountainous regions due
to the model’s lack of topographic resolution (Morrill
1995). The combination of these two effects resultsin
annual average values of runoff that differ by close to
0.2 mm day—* for the BATS output (observed: 0.51
mm day—*; BATS model output: 0.34 mm day-*) and
by almost 0.4 mm day—* for the NCAR LSM output
(LSM model output: 0.14 mm day~1).

These differences between the control model simu-
lations and observations do not preclude examination
of how changesin stomatal resistancewill lead to chang-
es in temperature, precipitation, runoff, and other var-
iables. The effects of model bias may be minimized
when the perturbation run is compared to the control
run.
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Fic. 5. For model month Jul, statistically significant changes in (a) temperature, (b) precipitation, (c) latent heat flux, and (d) runoff, using
the BATS land surface model. Light shading indicates that doubled stomatal resistance caused significant decreases in the variable; dark
shading indicates significant increases in the variable—both at the 10% level.

5. Analysis
a. BATS offline analysis

In order to examine how the coupled CCM3-BATS
model is likely to respond to the increased stomatal
resistance, the offline version of BATS was run for 10
yr, separately for each of the vegetation types of greatest
importance for the analysis in this paper. The offline
version was forced with data produced for each model
site from a 1-yr CCM version 2 (CCM2)-BATS model
run (Shaikh 1996). The vegetation types examined and
corresponding local sites are short grass (Tucson, Ari-
zona, at 32°25'N, 111°00'W), evergreen needle-leaf tree

(Port Hardy, Canada, at 50°72'N, 127°48'W), evergreen
broadleaf tree (Manaus, Brazil, at 3°02’S, 60°00’ W), tall
grass (Ndele, Central African Republic, at 8°35'N,
20°72'E), semidesert (Las Vegas, Nevada, at 36°20'N,
115°17'W), and evergreen shrub (Charleville, Australia,
at 26°27'S, 146°47'E). Important characteristics of each
selected land surface type are described in Table 2.
Figure 2 shows the seasonal cycle of total evapora-
tion, Bowen ratio (ratio of sensible heat flux to latent
heat flux), root-zone soil moisture (fraction of actual
soil moisture out of the maximum soil moisture pos-
sible), and runoff responses of the offline model to dou-
bled stomatal resistance for the above-mentioned land-

. Short Decid.
Farming
Grass Broadleaf
Tall RSl
++v+o*$*¢4++
Grass Jacocicheien Crop
ERIRIOR)
PRoX XK X X X 0 0" 0 0 00 VvV Y VY
K XX XX K 0 0 00 O V¥V V¥V Vv
PR XK X XX . O )
| Semi- oZolececeoo] Bog or v Evergreen
KX K K XX 0 0 0 0 00
ke | Desert o2o2e000%0] Marsh vl Shrub
Xxkxxxxx*x*! °o°o°0°o°oac Vvvvvvvvvvv
Mixed
Woodland

Fic. 6. BATS vegetation types for the United States. The region of the Colorado River basin is outlined.
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Amazon
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West
Siberia

Sahara and
Arabian Peninsula

FiG. 7. Geographic regions as described by Bonan (1996b).

cover types. The offline model calculates various other
fields, but thoseillustrated here were chosen to represent
the impact of increased stomatal resistance on the hy-
drological cycle.

The results (Fig. 2) generally show that, in the in-
creased stomatal resistance case, evapotranspiration
(evaporation from the leaf surface plus transpiration)
and latent heat flux are reduced and sensible heat flux,
ground evaporation, soil moisture, and surface runoff
increase. Precipitation is prescribed in the offline runs,
SO precipitation changes must be examined using the
coupled BATS-CCM3 model, described later. Effects
vary by land-cover type, while typeswith zero fractional
vegetation cover (e.g., desert, water), as expected, ex-
hibit no change at all (figure not shown). The offline
analysis gives some indication of what to expect from
the coupled atmosphere-land surface model, but these
general tendencies may change with the coupling be-
tween the land fluxes and a dynamic atmosphere.

Figure 2 shows that changes in stomatal resistance
may have little effect in regions with low vegetation
cover, such as those characterized as semidesert, but
may have large responses for forested regions such as
evergreen broadleaf and evergreen needle-leaf (larger
roughness length and leaf areaindex), as noted in other
modeling studies (Pollard and Thompson 1995; Hen-
derson-Sellers et al. 1995). Although vegetation with
larger roughness length was expected to respond more
strongly to changes in stomatal resistance, substantial
changes for low roughness length vegetation such as
evergreen shrub or short grass are also noted.

b. Global analysis

In the coupled biosphere-atmosphere experiments,
both land surface models show the same trends for each
of the variables examined. In agreement with the other
GCM studies of doubled stomatal resistance discussed
above, latent heat flux is curtailed, leading to increases
in sensible heat flux and surface temperature. Precipi-
tation also tends to be decreased as a result of the re-
duction of water vapor flux from the land surface, and

the root-zone soil moisture increases as less water is
transpiring through the vegetation.

Global temperature changes (Fig. 3) can be directly
compared to Fig. 3 of Sellers et al. (1996). Sellers et
al. used SiB2 to examine the physiological effects of 2
X CO, concentration on climate. The NCAR LSM and
SiB2 employ similar physiological approaches to mod-
eling stomatal responses. The effect of doubling sto-
matal resistance in our model is most similar to Sellers
et a.’s “'P”’ (physiological response to 2 X CO, only)
or “PV” (““down-regulated’” physiology resulting from
long-term exposure of plantsto 2 X CO, concentrations,
while maintaining the same level of net plant photo-
synthesis as that of 1 X CO,) cases. These two cases
represent a range of roughly 25%—-35% decrease in can-
opy conductance, which can be directly compared to
our doubled stomatal resistance (or 50% decrease in
conductance) as both neglect the radiative effects of
doubled CO, and concentrate solely on the physiolog-
ical effects. Our NCAR LSM output (Fig. 3) compares
well to Sellerset a.’sFig. 3, with negligible temperature
changes in January but July temperature increasing by
+2°C between 40° and 60°N for both the NCAR LSM
and SiB2 models. The BATS temperature change is
somewhat smaller than that of Sellers et a.’s study, in
contrast to the previous study by Henderson-Sellers et
al. (1995), where using the BATS model gave relatively
large temperature increases in this same latitude region.

A closer look at how these changes are evidenced by
vegetation type for model month July (using BATS-
CCM3) is displayed in Fig. 4. Annua changes were
separated by vegetation type, and the differences av-
eraged, to determine if any of the same signals seen in
the offline analysis were still apparent once the land
model was coupled to the atmospheric GCM.

Figure 4 shows the dominant signals that were seen
in the offline studies—that is, decreased latent heat flux
over land; increases in land surface temperature; and,
to a lesser extent, increases in runoff; plus decreased
precipitation over land. Of the chosen surface vegetation
types, only crop/mixed farming, tall grass, deciduous
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TABLE 3. Description of vegetation types for the western United
States, as parameterized by the BATS model. The vegetation param-
eter values are given in Table 2.

Total
number Number of grid points
of grid covered by vegetation
Region points type
Western United States 29 12 evergreen needle-leaf
(30°-50°N, 110°-130°W) 9 semidesert
5 short grass

1 crop/mixed farming
1 irrigated crop
1 evergreen shrub

broadleaf tree, and mixed woodland see consistent
changesin latent heat flux (decrease), precipitation (de-
crease), temperature (increase), and runoff (increase).
For irrigated crop, the control case simulates negative
runoff, implying that water from elsewhere isimported
for irrigation. The large negative change in runoff for
irrigated crop in Fig. 4d suggests that more irrigation
is required to compensate for the reduced precipitation
found in the doubled stomatal resistance case. Although
reduced evapotranspiration would tend to conserve wa-
ter and reduce the need for irrigation, the reduced pre-
cipitation appears to negate any water savings and, in
fact, increase the need for irrigation.

Statistically significant changes in surface tempera-
ture, precipitation, latent heat flux, and runoff on aglob-
a basis for model month July are shown in Fig. 5.
Strongest signals are generally seen in forested aress,
as discussed above, and crop lands. Deciduous and ev-
ergreen needle-leaf regions, that is, the boreal forests,
see the largest increases in temperature, in agreement
with other GCM studies. Deciduous and evergreen
broadleaf vegetation, which is primarily in southern Af-
rica and the Amazon basin, shows the largest increase
in runoff (Fig. 4), athough this does not necessarily
translate into statistical significance in Fig. 5. Some
changes are seen over the ocean (Fig. 5) due to model
variability.
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The dominant western U.S. land-cover types, ever-
green needle-leaf and semidesert (see Figs. 6 and 7)
show very different responses. More than a third of the
grid points covering the western United States (12 of
29) are evergreen needle-leaf and slightly less than a
third (9 of 29) are semidesert (see Table 3). The ever-
green needle-leaf response in Fig. 4 israther large, par-
ticularly for reductions in latent heat flux and precipi-
tation and for increases in temperature. However, semi-
desert in Fig. 4 shows little or no response. The com-
bination of the two responses should yield signals
similar to but smaller than those of evergreen needle-
leaf, and the dilution of the changes by semidesert may
lead to the lack of significance of the changes in this
region, discussed next.

c. Regional analysis

The only statistically significant changes in the west-
ern United States occur in June-August (JJA; Table 4),
where there is a 31% decrease in latent heat flux and a
14% increase in sensible heat flux. Although apparently
not statistically significant, temperature and precipita-
tion changes are also greatest in the summer months,
as temperature increases by 1.8 K and precipitation,
aready minimal in this region of the United States,
decreases by just under 35%, almost twice as much as
any other season. For this reason, Northern Hemisphere
summer (model month July) was chosen when com-
paring this region to others (Table 5).

The western United States is compared to selected
other geographical regions (defined as in Bonan 1996b)
(see Fig. 7) to examine how regions with different dom-
inant vegetation types respond (Table 5). In North
America, although no regions exhibited statistically sig-
nificant temperature changes annually, many exhibit in-
creases during July (see Fig. 8). The central and eastern
United States, covered mostly with forests and crops,
are strongly affected, with temperature increases of
greater than 3 K and precipitation reductions of over
50%. Temperature also increases in forest-covered Eu-

TABLE 4. Seasonal averaged BATS output for selected variables for the western United States (as defined in Table 3). Upper values
represent test case values (doubled stomatal resistance); lower values represent control values. Bold face indicates significant difference at
5% level; there are no significant differences at 10% level. Dec—Feb (DJF) etc.

Snow, liquid

Surface Root-zone water Latent Sensible

temperature Precipitation soil water equivalent Runoff heat flux heat flux

(K) (mm day~*) (mm) (mm) (mm day~*) (W m=) (W m=2)
DJF 270.4 3.90 355.8 55.20 1.80 19.8 -13.1
271.5 3.35 325.9 45.69 1.52 20.3 -13.2
MAM 278.0 212 330.9 26.79 1.58 44.6 33.6
278.0 212 330.9 26.79 1.64 48.1 28.0
JIA 294.1 0.43 309.1 0.00 0.23 345 93.3
292.3 0.66 290.5 0.00 0.21 50.1 82.2
SON 280.6 1.67 312.6 8.09 0.40 23.6 21.9
280.4 2.00 287.5 6.16 0.40 274 17.2
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Fic. 8. Same as Fig. 5 except for the United States, with isolines indicating the value of the difference (case minus control) for each
parameter. Isolines are set every (a) 1 K, (b) 1 mm day 1, (c) 20 W m=2, and (d) 0.2 mm day—. Model month Jul. The region of the Colorado

River basin is outlined.

rope and Russia; central Europe’s precipitation decreas-
es almost 40%. Precipitation is strongly reduced in Aus-
tralia and the Amazon basin, and the Amazon also sees
temperature increases of 0.8 K. Runoff is significantly
increased in South Africa and decreased in Europe. Ta-
ble 5 shows no significant runoff changesin the regions
of the United States, although there are indications that
runoff would increase in the western United States.

The western United States shows statistically signif-
icant decreasesin both |latent heat flux and precipitation,
and increases, though not statistically significant, in both
temperature and runoff. Trends for each of these vari-
ables are in agreement with the rest of North America,
suggesting that although almost a third of the western
United States is sparsely vegetated semidesert, the im-
pacts of aglobal doubling of stomatal resistance are not
localized to a specific vegetated grid point but may be-
come more homogenized to larger geographic regions
(see Fig. 8). A large region such as the Sahara and the
Arabian Peninsula combined, which contains 154 grid
points, compared to atotal of 29 for the western United
States, has a much larger fraction of sparsely vegetated
semidesert and desert (99 grid points), which could ac-
count for the lack of significant changes in the Sahara
caused by doubled stomatal resistance.

d. Colorado River basin analysis

As discussed above, the Colorado River basin sup-
plies much of the water resources for the southwestern

United States, including Arizona, Colorado, New Mex-
ico, Utah, Wyoming, California, and Nevada. Nearly 25
million people are served by Colorado River water. In
the lower Colorado River basin, the majority of the
water is alotted to California, about a third less is cur-
rently used by Arizona, and a small amount goes to
Nevada. However, under the current system, delivery of
the water is contingent upon its availability, meaning
that if the water resources out of the Colorado River
basin diminish, allotments may have to be redivided.
Even aside from such questions of ownership, any sig-
nificant changes in water availability due to climate
change would have serious consequences, as already
mentioned above. Therefore, in addition to looking at
changes stomatal resistance could have on the western
United States, we chose also to look specifically at the
Colorado River basin.

The Colorado River basin as parameterized by the
BATS model is described in Table 6 and shown in Fig.
6. It shows only two significant changes with the BATS
model, a42% increase in winter precipitation and a 64%
increase in winter runoff (Table 7). Although not sta-
tistically significant, the model also predicts a 40% de-
crease in summer runoff. Together the seasonal changes
average out to a 12% increase in annual runoff. This
would correspond to an 11%-16% increase in actual
flow, according to Table 1. The coupled NCAR LSM
model shows no significant changes in runoff, or any
other variable, for this region, although it also indicates
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TABLE 6. Description of vegetation types for the Colorado River
basin, as parameterized by the BATS model. The Colorado River
basin is defined as the nine model grid points centered at 32.0°—
34.8°N, 112.5°W; 32.0°-43.2°N, 109.7°W; and 37.6°-40.4°N,
106.9°W. See Table 2 for vegetation parameter values.

Total Number of grid
number points covered
of grid by vegetation

Region points type
Colorado River basin 9 4 short grass

3 evergreen needle-leaf
1 evergreen shrub
1 semidesert

increased temperatures and runoff throughout the year,
aswell asincreases in winter and summer precipitation.
Soil water in the coupled NCAR LSM model increases
in all seasons except winter. A closer look at how se-
lected variables change on a monthly basis can be seen
in Fig. 9.

Because predicting runoff values is still problematic
in GCMs, regardless of the land surface model, we also
used the Langbein relationship in conjunction with mod-
el predictions for changes in surface temperature and
precipitation to calculate runoff values for the Colorado
River region and the western United States. This rela-
tionship issimply an empirical relationship relating run-
off changes to changes in surface air temperature, pre-
cipitation, or both, and has not been modified in order
to apply it here. To the extent that the Langbein rela-
tionship is satisfied by the GCM, it can provide the
runoff resulting from model climate change, excluding

MARTIN ET AL. 3371

the direct effect of stomatal closure on soil water bud-
gets. We use the relationship in amanner similar to Idso
and Brazel, by using the GCM to determine how sto-
matal changes affect surface temperature and precipi-
tation, but then we use the Langbein relationship to
provide an alternative determination as to how runoff
will respond. In order to apply this relationship, annual
average surface temperatures from the model output
were converted into weighted mean annual temperatures
by dividing the sum of the products of average monthly
temperature and precipitation by the mean annual pre-
cipitation. For the surface temperatures weighted in this
way, the annual average temperature for the Colorado
River basin decreases, although it increased by 0.5 K
when all months were weighted equally.

Surface temperature and precipitation changes for the
Colorado River basin were taken from the model output
and evaluated according to the Langbein relationship,
as used by Idso and Brazel and also Revelle and Wag-
goner. The empirical relationship used in their studies
was extrapolated to apply to our specific data. This re-
lationship is presented graphically in Fig. 10.

As shown in Table 8, the runoff trends predicted by
BATS and the NCAR LSM agree with the trends ob-
tained using Langbein’srel ationship. However, the mag-
nitudes are at some points drastically different. For the
western United States, the empirical relationship pre-
dicts runoff changes of —6% and +7% for the NCAR
LSM and BATS, respectively. For the Colorado River
basin, the changes are +20% and + 7%, respectively.
The 20% increase predicted by the Langbein relation-
ship using the NCAR LSM output is arelatively small

TABLE 7. Seasonal averaged output for selected variables for the Colorado River basin from (a) the BATS model and (b) the LSM model.
Upper values represent test case values (doubled stomatal resistance); lower values represent control values. Bold face indicates significant
difference at 5% level; italics indicate significant difference at 10% level.

Surface Root-zone Latent Sensible

temperature Precipitation soil water Runoff heat flux heat flux

(K) (mm day—) (mm) (mm day~*) (W m=2) (W m=2)

@
DJF 269.8 1.56 270.42 0.18 233 -0.1
269.9 1.10 241.86 0.11 21.5 0.9
MAM 279.4 1.18 272.73 0.28 40.4 64.6
279.5 125 252.33 0.26 434 59.7
JIA 298.5 0.73 244.96 0.03 36.6 95.0
296.8 0.97 217.54 0.05 42.8 94.1
SON 282.4 1.10 242.13 0.07 29.6 34.7
281.9 1.19 207.78 0.08 25.7 36.0
(b)

DJF 271.6 1.15 0.205 0.14 125 12.3
271.1 1.00 0.207 0.13 13.9 12.7
MAM 282.2 1.00 0.214 0.14 36.0 735
281.9 1.19 0.211 0.13 40.5 69.4
JIA 299.2 0.86 0.167 0.16 359 97.6
297.6 0.62 0.160 0.14 29.6 104.7
SON 293.7 0.69 0.167 0.18 18.7 39.3
282.4 0.82 0.163 0.16 20.3 40.0
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Fic. 9. Annual cycle of Colorado River basin changes caused by doubled stomatal resistance for the variables (a) latent heat flux, (b)
precipitation, (c) surface temperature, and (d) total runoff. BATS output values are shown in white; LSM output values are gray. For both
models, if the test case values are higher, indicating that the doubled stomatal resistance caused an increase, the difference is shown in black;
if the control values are higher, indicating that the doubled stomatal resistance caused a decrease, the difference is shown in hatched shading.

0.01 mm day~*, which is the same magnitude as the
NCAR LSM model-predicted change, but represents a
larger percent increase because the Langbein relation-
ship predicts much lower values of runoff for both the
case and the control.

Because only the BATS model exhibits statistically
significant differences in temperature or precipitationin
this region, its changes in predicted runoff are more
likely to be meaningful. The annual, seasonal, and July
temperature and precipitation changes for the western
United States and the Colorado River basin are not sta-
tistically significant usingthe NCAR LSM. The estimate
of runoff change using this method and BATS model
output is 7% for both regions. According to Table 1,
this corresponds to roughly a 7% increase in stream
flow. However, establishing the statistical significance
of this number is problematic.

6. Discussion

The results of our research agree qualitatively with
other doubled stomatal resistance experiments. Sensible

heat, surface temperature, and root-zone soil moisture
increase, and evaporation and precipitation decrease.
The strongest effects are seen in forest areas due to their
low aerodynamic resistance and high leaf area index,
which is aso in agreement with other doubled stomatal
resistance studies. The changes in runoff and stream
flow in the western United States or the Colorado River
basin are small or negligible. Although the model runs
were each only 5 yr, the use of the newer GCM, CCM3
(which incorporates improved hydrological and radia-
tive processes relative to CCM2), may add some
strength to our study relative to the previous GCM stud-
ies of stomatal effects. Running the model for 10 yr or
longer would strengthen our statistical analysis but in
qualitative terms would not be expected to change our
result due to the agreement between our results and
earlier studies performed with longer model runs [e.g.,
Sellers et al. (1996): 30 yr; Pollard and Thompson
(1995): 10 yr].

Our results for the Colorado River basin are in agree-
ment with a study done by Skiles and Hanson (1994),
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Fic. 10. Empirical relationship between precipitation-weighted annual temperature, annual precipitation, and annual runoff for arid re-
gions. Adapted from Langbein (1949).

who used the same climate scenarios and a one-third
reduction in transpiration as did the Idso and Brazel
study. However, rather than examining an empirical re-
lationship to determine runoff changes, they used acom-
plex ecosystem scale model to simulate the effects of
climate change on water budgets in three watersheds in
the western United States. Because Skiles and Hanson's
scenarios only examined precipitation changes of 10%
or temperature changes of 2°C, our BATS output for the
Colorado River basin (BATS-C), which resulted in com-
paratively minimal changes in temperature and precip-
itation, compares more closely to their scenario 5, which
included only the antitranspirant effect, without any
changes in temperature or precipitation. Their scenario
5 resulted in runoff increases of around 10%, while our
BATS-C scenario resulted in a 16.7% model-predicted
runoff increase or a 7.1% empirically predicted (using
BATS-C model output values for temperature and pre-
cipitation as input to the Langbein relationship, neglect-
ing further antitranspirant effects) runoff increase. Our
NCAR LSM output for the Colorado River basin
(LSM-C) can be compared to their scenario 7, which
assumed the antitranspirant effect together with a 2°C
temperature increase and no change in precipitation, and
predicted runoff increases below 10%. The LSM-C
model-predicted runoff increase compares well with
theirs, at 7.1%, but our empirically predicted value (us-
ing LSM-C model output values for temperature and

precipitation) of 20% is much higher than they pre-
dicted.

Thus, although runoff changes could not be shown
to be statistically significant for the Colorado River ba-
sin or the western United States using the GCMs, use
of the empirical relationship indicates a slight runoff
increase due to model-predicted increases in precipita-
tion. Because our doubled r resulted in increased pre-
cipitation, we found increased runoff. Decreasesin run-
off resulted only when the doubled r, caused temper-
ature increases together with precipitation decreases
(our LSM-W case), which was in fact the temperature
and precipitation scenario that Skiles and Hanson, along
with 1dso and Brazel, and Revelle and Waggoner, in-
ferred from the 2 X CO, climate change. Hence, in-
cluding the latter would be expected to move our result
to runoff decreases.

7. Conclusions

This study examines the impact of doubled stomatal
resistance on water resources, particularly in thewestern
United States and the Colorado River basin. Previous
studies of the western United States haveindicated CO,-
induced global warming may cause water resources in
theregion to increase (Idso and Brazel 1984) or decrease
(Revelle and Waggoner 1983). Our research asks wheth-
er a global increase in stomatal resistance can signifi-



3374

TABLE 8. Comparison of model-predicted and empirically predicted runoff values, based on Langbein (1949), using input from climate models.
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cantly add to the water resources that would otherwise
be lost due to the increases in temperature and decreases
in precipitation that are anticipated in a doubled CO,
climate.

Using runoff as a measure of water availability, we
ran NCAR's CCM3 coupled to both the NCAR LSM
and BATS land surface models, both with doubled sto-
matal resistance. We find no statistically significant
changesin the annual runoff of the Colorado River basin
for either model; winter runoff is increased at the 10%
significance level in the BATS model. Increased runoff
ispredicted by both modelsfor the Colorado River basin
and the western United States, but the predicted in-
creases (maximum 17%) are not large enough to over-
come the decreases in runoff that have been predicted
for a doubled CO, climate (up to 40%; Revelle and
Waggoner 1983). Computing runoff changes using the
empirical relationship that was used by Revelle and
Waggoner and by Idso and Brazel led to similar results.

This study examined the sensitivity of the models to
changesin stomatal resistance, while holding CO, levels
and leaf area indexes (LAI) constant. Should increased
photosynthesis lead to increases in LAI, any effects of
reduced stomatal resistance on a per unit leaf areabasis
could be counterbalanced by the increased leaf area
Interactive carbon routines are needed in general to add
realism to simulations of vegetation and evapotranspi-
ration, to investigate additional effects of increased pho-
tosynthesis and/or LAI on transpiration and water use.
In addition, the changes assumed for stomatal resistance
were not intended to be representative of the responses
of vegetation to climate change. Vegetation responses
arelikely to vary widely in adoubled CO, environment;
some may even respond by decreasing their stomatal
resistance. However, it is anticipated that many types of
vegetation will, in fact, increase their stomatal resis-
tance, and so it is important to examine what effect this
could have on climate. From this and other studies, it
is apparent that stomatal responses to climate changes
must be understood for discussions of global climate
change and must be included explicitly in climate mod-
els.
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