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Impact of vegetation properties on U.S. summer weather

prediction

Yongkang Xue and Michael J. Fennessy

Center for Ocean-Land-Atmosphere Studies, Calverton, Maryland

Piers J. Sellers
NASA Goddard Space Flight Center, Greenbelt, Maryland

Abstract.

Systematic biases in U.S. summer integrations with the Center for Ocean-

Land-Atmosphere Studies (COLA) atmospheric general circulation model (GCM) have
been identified and analyzed. Positive surface air temperature biases of 2°~4°K occurred
over the central United States. The temperature biases were coincident with the
agricultural region of the central United States, where negative precipitation biases also
occurred. The biases developed in June and became very significant during July and
August. The impact of the crop area vegetation and soil properties on the biases was
investigated in a series of numerical experiments. The biases were largely caused by the
erroneous prescription of crop vegetation phenology in the surface model of the GCM.
The prescribed crop soil properties also contributed to the biases. On the basis of these
results the crop model has been improved and the systematic errors in the U.S. summer
simulations have been reduced. The numerical experiments also revealed that land surface
effects on the atmospheric variables at and near the surface during the North American
summer are very pronounced and persistent but are largely limited to the area of the
anomalous land surface forcing. In this regard, the midlatitude land surface effects
described here are similar to those previously found for tropical regions.

1. Introduction

Land surface processes have been shown to have substantial
effects on short-term weather predictions and long-term cli-
mate projections. Changes in land surface conditions influence
the atmospheric circulation by modifying the surface energy
balance and hydrological cycle. For example, Rowell and
Blondin [1990] showed that the 5-day weather forecast for
West Africa from the European Center for Medium Range
Weather Forecasts (ECMWF) operational forecasting model
was sensitive to the surface moisture distribution. Xue and
Shukla [1993] used the Center for Ocean-Land-Atmosphere
(COLA) Studies general circulation model (GCM) to simulate
one of the observed African drought anomaly patterns in re-
sponse to changes in the land surface characteristics. This
GCM includes a simplified version of Sellers et al.’s [1986]
simple biosphere model (SSiB) [Xue et al., 1991].

The simple biosphere model (SiB) [Sellers et al., 1986] was
designed to simulate the interactions between the Earth’s land
surface and the atmosphere by treating the vegetation explic-
itly and realistically. A comparison between simulations with
the COLA GCM coupled to SiB and the same GCM coupled
with a conventional hydrological model shows that the coupled
biosphere-atmosphere model produces a more realistic parti-
tioning of energy at the land surface [Sato et al., 1989]. Both
SiB and SSiB have been validated by using observational data
from many field experiments, including the Amazon tropical
rainforest experiment [Sellers et al., 1989; Xue et al., 1991], the
First ISLSCP International Satellite Land-Surface Climatology
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Project Field Experiment (FIFE) [Sellers et al., 1992; Chen et
al., this issue], the Anglo-Brazilian Amazonian Climate Obser-
vation Study [Xue et al., 1995a], the HAPEX-Mobilhy experi-
ment on a crop-grassland site in France [Shao and Henderson-
Sellers, 1995; Xue et al., 1995b]. These calibrations have
provided vegetation and soil property information for some
vegetation types, and have led to improvements in the surface
biosphere model, resulting in more realistic simulations. How-
ever, these field measurements were made at a few sites for
only about one third of the SiB vegetation types. Because of
differences in spatial scales, the application of data from these
site studies to GCM simulations needs further investigation.
For vegetation types with little or no observational data, indi-
rect information on vegetation and soil properties from scien-
tific literature has to be used. We will address this problem in
more detail in section 2. Although land surface modeling can
enhance our ability to understand land surface-atmosphere
interactions, poor or inadequate representation of surface pro-
cesses or land surface conditions may have a negative impact
on weather prediction and climate studies.

In this study, systematic errors in U.S. summer seasonal
predictions with the COLA GCM have been identified. The
simulated June, July, and August (JJA) mean surface temper-
ature in the central U.S. was 2°~4°K higher than observations,
and the JJA mean precipitation was about 1 mm d~! (30%)
lower than observations in the same region. Similar systematic
errors have been noted in other GCMs and weather forecast
models. In a 10-year integration using the National Center for
Atmospheric Research (NCAR) Community Climate Model
(CCM2), Bonan [1994] found large systematic warm temper-
ature biases (10°-15°K) in central North America, which A.
Hahmann and R. E. Dickinson (personal communication,
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1994) related to the model cloud optical properties. S. Saha
and H.-L. Pan (personal communication, 1994) found positive
biases of 3°-4°K over the central United States in the near-
surface summer temperature forecast by the National Meteo-
rological Center (NMC) operational medium range forecast
model. They corrected most of this bias by changing the spec-
ification of the SiB minimum stomatal resistance and albedo,
which were being used in the land surface parameterization of
the model. We will show here that similar systematic errors in
the COLA GCM are related to the land surface model.

The model is discussed in section 2. The systematic errors
are analyzed in section 3. The surface modeling experiments
are presented in sections 4 and 5. The implications from this
study are discussed in section 6.

2. Model Description

The COLA GCM is based on a modified version of the
National Meteorological Center global spectral model with
rhomboidal truncation at zonal wave number 40 [Sela, 1980;
Kinter et al., 1988; Fennessy et al., 1994]. The prognostic com-
putations are done in the spectral domain, and the physical
processes are computed on a grid (approximately 1.8° latitude
X 2.8° longitude). The model is discretized into 18 vertical
layers. The parameterizations for physical processes include
the following:

1. An efficient radiation scheme which resolves the diurnal
cycle and includes terrestrial radiative heating [Harshvardhan
et al., 1987] and solar radiative heating [Lacis and Hansen,
1974; modified by Davies, 1982]. An interactive cloud scheme,
which is similar to the one developed by Slingo [1987], was
incorporated into the GCM for the radiation calculations
[Hou, 1990].

2. The level 2.0 second-order turbulence closure scheme of
Mellor and Yamada [1982] for subgrid-scale exchanges of heat,
momentum, and moisture. .

3. A modified Kuo scheme for convection [Anthes, 1977,
Kuo, 1965], shallow convection [Tiedke, 1984], and large-scale
condensation.

4. A gravity-wave drag parameterization which follows that
of Alpert et al. [1988].

The SSiB model [Xue et al., 1991], which is a simplified
version of the simple biosphere model (SiB) of Sellers et al.
[1986], is used to model the land surface in the COLA GCM.
SSiB has three soil layers and one canopy layer, and eight
prognostic variables: soil wetness in three soil layers; temper-
ature at the canopy, ground surface and deep soil layers; water
stored on the canopy; and snow stored on the ground.

The force restore method is used to predict the time varia-
tion of the soil temperatures. In the three-layer soil model,
water movement is described by a finite difference approxima-
tion to the diffusion equations. The governing equations for
the interception water stores are based on water conservation
equations.

There are 12 vegetation types in SiB and SSiB. These in-
clude tall vegetation, short vegetation, arable crops, and desert
as listed in the work by Dorman and Sellers [1989]. The main
sources of data for the distribution of the world vegetation
types were the physiognomic classification of Kuchler [1983]
and the land use database of Matthews [1984, 1985]. The Mat-
thews data were used to determine areas that were at least
50% cultivated, for which the crop vegetation type (type 12)
was assigned. Kuchler’s [1983] classification assigned 32 natural
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vegetation types to land surface areas. These 32 surface types
were grouped into the remaining 11 SiB vegetation types.

We found that there are a number of places where Kuchler’s
classifications differ from the current land surface conditions.
Recently, the U.S. Geological Survey (USGS) EROS Data
Center and the University of Nebraska-Lincoln have devel-
oped a U.S. prototype for a global land cover characteristics
database derived from 1-km advanced very high resolution
radiometer (AVHRR) satellite data [Loveland et al., 1991].
The Loveland et al. map is significantly different from the
Kuchler-Matthews map over the east coast and the Great
Plains. One hundred fifty-nine seasonally distinct spectral/
temporal land cover classes were labeled according to their
constituent vegetation types and productivity [Loveland et al.,
1991]. The 159 detailed classes were generalized into the 12
major SiB biomes using an interpretation of each classes veg-
etation constituents, phenology, elevation, and climatic char-
acteristics [Reed et al., 1994; Steyaert et al., 1994]. This new
vegetation map has been introduced into the COLA GCM to
prescribe the vegetation types over the United States [Fennessy
and Xue, 1995].

A parameter set for each of the 12 SiB types was created
based on a variety of sources. Some parameters were derived
from the calibrations of field measurements as discussed in the
Introduction. Many parameters were derived from the biomet-
ric and physiological data for representative species in each
biome determined from a wide-ranging survey of the ecological
and geographical literature [Dorman and Sellers, 1989; Willmott
and Klink, 1986]. Many of the parameters in SiB are invariant
with season. However, seasonally varying monthly values of
leaf area index and green leaf fraction are prescribed. Klink
and Wilmott [1985] compiled charts of leaf area index and
green leaf fraction annual cycles for each Kuchler vegetation
type. The seasonality of the SiB leaf area index and green leaf
fraction are based on these charts. The prescription of the crop
vegetation type is different: the vegetation cover, leaf area
index, greenleaf fraction, leaf orientation, and root length are
varied according to the growing season, which is a function of
latitude and time.

In the COLA GCM the SSiB parameters are assigned to
each grid square based on the input vegetation map and
month. These parameters and the solar zenith angle and snow
cover determine the surface albedo, and the surface radiation
budget. The surface model provides the GCM with the land-
atmosphere fluxes of latent heat, sensible heat, momentum,
and radiation.

3. Systematic Errors in U.S. Summer
Simulations

A large number of boreal summer integrations were con-
ducted using the COLA GCM with different atmospheric ini-
tial conditions (1,2,3, June of different years), and different sea
surface temperature (SST) boundary conditions for prediction
studies. We found that positive surface temperature errors
over central North America occurred in each of 30 seasonal
integrations examined. Figure 1a shows the difference between
the surface effective radiative temperature (30 case mean) and
the observed surface air temperature. The global surface air
temperature was not saved in these integrations. The effective
radiative temperature is some combination of the surface soil
temperature and temperature of the vegetation canopy. Dur-
ing summer this temperature is generally higher than the sur-
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face air temperature; thus the positive temperature biases
shown in Figure 1 tend to be exaggerated. The JJA mean
observations were calculated from the National Meteorologi-
cal Center (NMC), Climate Analysis Center (CAC), Climate
Anomaly Monitoring System station data archive (CAMS)
[Ropelewski et al., 1985)]. The surface temperature errors in-
clude a correction for the difference in elevation between the
model grid boxes and the observing stations, which tend to be
situated in valleys and are generally at a lower elevation than
the mean elevation over a GCM grid box. A lapse rate of 6.5°C
km ™" was used for this correction.

In the eastern United States, the simulated JJA mean tem-
perature was about 4°K higher than the observations with a
maximum error of more than 6°K (Figure 1a). This systematic
error developed during June and was fully established during
July and August (Figures 1b, 1c, and 1d). The maximum errors
in July and August were more than 8°K. The JJA mean pre-
cipitation in this region was 0.5-1 (10-20%) mm d~! less than
that observed (Figure le). The surface temperature in the
model was calculated using the force restore method and de-
pends on the surface vegetation and soil properties, which
depend on the vegetation type in the model. A vegetation map
is used in the COLA GCM to assign one vegetation type to
each model Gaussian grid box, in which the physical calcula-
tions are done (Figure 2a). It is clear that the area with a large
positive temperature bias in the central United States is closely
associated with the area of vegetation type 12 (Figures 1a and
2a), which is a mixture of crops and deciduous trees. The
coincidence of two areas led to the hypothesis that the system-
atic error may be related to the specification of vegetation type
12 in the surface model.

Experiments have been designed to examine this hypothesis
and to understand the causes of the bias. In these experiments,
the COLA GCM with the Loveland et al. [1995] U.S. vegeta-
tion map (Figure 2b) [Fennessy and Xue, 1995] was used. The
crop area in the United States was reduced in the new map. In
particular, most of the crop area in the eastern United States
in the old map (Figure 2a, type 12), was replaced by the
broadleaf deciduous trees in the new map (Figure 2b, type 2).

A number of numerical experiments have been conducted to
test the impact of the new vegetation map on boreal summer
simulations [Fennessy and Xue, 1995]. Three JJA seasonal in-
tegrations with different atmospheric initial conditions and
SST boundary conditions were done using the new vegetation
map (cases C1, C2, and C3 in Table 1, ensemble referred to as
ensemble C).

The JJA surface air temperature systematic errors in ensem-
ble C (Figure 3a) are similar to the equivalent radiative tem-
perature systematic error from the 30 case ensemble (Figure
1a). The magnitude of the surface air temperature error is
lower because the effective radiative temperature is usually
higher than the surface air temperature in summer. The sim-
ulated surface air temperature is shown in Figure 3 and all
subsequent figures. The area with positive temperature biases
is also reduced in ensemble C, consistent with the smaller
extent of the crop area (type 12) in the new vegetation map.
The errors in each of the cases C1, C2, and C3 are very similar
to the mean error, with the larger errors occurring in July and
August (not shown). During these 2 months the maximum
errors were more than 6°K. The smaller positive temperature
bias over the western coast of the United States will not be
addressed here. The systematic bias in the central United
States not only occurred at the surface but also in the lower
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Figure 1. General circulation model (GCM) systematic er-
ror (old 30 member ensemble) in (a) June, July, and August
(JJA) surface temperature, (b) June surface temperature, (c)
July surface temperature, (d) August surface temperature,
contours are *=0.5°, 1°, 2°, 3°, 4°, 6° 8°, 10°C, and (e) JJA
precipitation, contours are * 0.5, 1, 2 mm d~'. Dashed con-
tours are negative.

atmosphere. Figure 4 shows the ensemble C errors relative to
the mean of the corresponding analyses of the observations
from the European Center for Medium-Range Weather Fore-
casts (ECMWFEF). The JJA mean warm temperature bias at 850
mbar was 2°-3°K and was of greater zonal extent than the
corresponding surface errors (Figure 4a). The temperature
bias at 700 mbar was smaller in magnitude (1°-2°K) and extent
(Figure 4b). At 850 mbar the JJA mean specific humidity was
about 2 g kg™ (15%) less than the observed (Figure 4c). At
700 mbar there was no apparent systematic specific humidity
error (not shown). The wind flow at 850 mbar from the Gulf of
Mexico was stronger than observed (Figure 4d). Despite the
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Figure 2. Vegetation types for (a) OLD simple biosphere model (SiB) vegetation map and (b) U.S.
Geological Survey (USGS) SiB vegetation map. Types are the following: 2, broadleaf deciduous trees; 3,
broadleaf and needleleaf trees; 4, needleleaf evergreen trees; 7, grassland; 8, broadleaf shrubs with perennial
groundcover; 9, broadleaf shrubs with bare soil; 11, bare soil; 12, crops.

implied stronger than observed moisture transfer from the
Gulf of Mexico, the simulated rainfall was 1 mm d~! (30%)
less than observed in the central United States (Figure 3b).
This supports the idea that the main moisture source for cen-
tral U.S. summer precipitation is land surface evaporation. The
hydrological cycle will be discussed in more detail in section 4.

4. Impact of Vegetation on the Model
Systematic Errors

4.1. Replacing Crops With Trees Impact

The preceding analysis led to the hypothesis that the use of
the crop vegetation type (type 12) is related to the occurrence
of model systematic errors over the central United States. For
a grid box in the GCM covered by the crop vegetation type, 8%
of the area is assumed to be covered by broadleaf deciduous
trees. In the new SiB vegetation map the type 12 vegetation in
the eastern part of the United States was replaced by type 2. A

comparison of Figures la and 3a shows that the temperature
bias in the eastern United States was reduced in the new map
simulation. To test whether the remaining positive bias was
related to the crop vegetation, we replaced the crops by trees
over the entire United States. An ensemble of three integra-
tions with the same three initial conditions and SST as used in
ensemble C was done in which all the SiB vegetation type 12
points over the United States were replaced with type 2. These
integrations will be referred to as T1, T2, and T3 (Table 1).
The most important parameters of vegetation types 2 and 12
are listed in Table 2. The vegetation cover, leaf area index, and
green leaf fraction of type 12 change with the crop growing
season, which is the function of latitude and calendar day. For
vegetation type 2 the leaf area index and green leaf fraction are
a function of the month and are given for each month in Table
2.

Figure 5a shows the JJA mean surface air temperature dif-
ference between ensemble T (mean of T1, T2, and T3) and
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Table 1. Initial and Boundary Conditions

Cases Initial Conditions SST Conditions Land Surface Condition

C1 June 1, 1987 1987 SST control

C2 June 1, 1988 1988 SST control

C3 June 1, 1993 1993 SST control

T1 June 1, 1987 1987 SST as Cl, but type 12 replaced by type 2

T2 June 1, 1988 1988 SST same as T1

T3 June 1, 1993 1993 SST same as T1 .

Vi June 1, 1987 1987 SST as Cl1, but the vegetation canopy properties of type 12 replaced with those of type 2
V2 June 1, 1988 1988 SST same as V1

V3 June 1, 1993 1993 SST same as V1

S1 June 1, 1987 1987 SST as C1, but the soil properties of type 12 replaced with those of type 2
S2 June 1, 1988 1988 SST same as S1

S3 June 1, 1993 1993 SST same as S2

Al June 1, 1987 1987 SST as Cl, but the aerodynamic properties of type 12 replaced with those of type 2
A2 June 1, 1988 1988 SST same as Al

A3 June 1, 1993 1993 SST same as Al

ST June 1, 1987 1987 SST as Cl1, but stomatal resistances of type 12 replaced with those of type 2
SE1 June 1, 1987 1987 SST crops specified by new seasonality

SE2 June 1, 1988 1988 SST crops specified by new seasonality

SE3 June 1, 1993 1993 SST crops specified by new seasonality

Different cases will be described in the text. SST, sea surface temperature.

ensemble C (mean of C1, C2, and C3). The large negative
surface temperature difference (up to more than 3°K) is well
situated to correct much of the model positive temperature
bias shown in Figure 3a. The temperature bias in the lower
atmosphere was also substantially reduced (not shown). This
reduction occurred in all three cases and in all three months,
with the greatest reduction occurring in the last 2 months.
Among the three cases, case T2 (a dry year) had the largest
impact, and case T3 (a wet year) had the smallest impact (not
shown). The negative precipitation bias was also reduced in
ensemble T relative to that in ensemble C (Figure 5b). The
T-C precipitation differences displayed more month to month
variability than the surface temperature differences. The JJA
mean rainfall difference over the central United States was
0.5-1 mm d~' (20-40% of the precipitation in ensemble C).
There are relatively small differences in temperature and pre-
cipitation over the northwestern United States, where the veg-

50N
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T T T T IQ
120W 110W 100W 90W 80W  70W
50N N
40N
30N
- b
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120W 110w 100W 90W  80W
Figure 3. Ensemble C JJA systematic error in (a) surface
temperature, contours are *0.5°, 1°, 2°, 3°, 4°C, and (b) pre-
cipitation, contours are =0.5, 1, 2 mm d~'. Dashed contours
are negative.

etation properties were not changed. Such differences may be
induced by circulation changes related to the central U.S.
anomalies or may be the result of the internal variability in the
GCM.

The JJA mean evaporation difference between ensemble T
and ensemble C is shown in Figure 5c. The region of positive
evaporation differences is coincident and consistent with the
precipitation and surface temperature differences. Consistent
with the cooler temperatures in the central United States,
there was a reduction in the air flow from the Gulf of Mexico-
(Figure 5e) and vertically integrated moisture flux convergence
(Figure 5d). However, the increased land surface evaporation
in ensemble T was the dominant change in the moisture and
surface energy balances, resulting in more precipitation and
lower surface temperatures in ensemble T.

4.2.

The above experiment demonstrates that the systematic er-
rors in the surface temperature and precipitation fields are
related to the SiB crop vegetation type. There are about 20
physiological, morphological, and physical parameters in SSiB.
Experiments have been designed to determine which parame-
ters of vegetation type 12 are related to the systematic errors.
As the albedo is similar for crop and deciduous trees in SSiB,
its impact will not be tested here. Because of the internal
variability in the GCM, it is difficult to test the impact of each
individual parameter. We tested four groups of parameters:
vegetation canopy properties, soil properties, aerodynamic
properties, and stomatal resistances. Vegetation canopy prop-
erties tested include vegetation cover, leaf area index, and
green leaf fraction; soil properties tested include soil depth,
hydraulic conductivity at saturation, soil water potential at
saturation, and porosity; aerodynamic properties tested in-
clude surface roughness length, zero displacement height, veg-
etation height, and bulk aerodynamic resistance at the canopy
air space.

In each experiment the values of one of these groups of crop
parameters were replaced by the corresponding broadleaf de-
ciduous tree parameters globally. The integrations are listed in
Table 1. For each experiment we conducted three integrations
with the same initial conditions and SST used in ensembles C

Impact of Different SSiB Parameter Sets
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Figure 4. Ensemble C JJA systematic error in (a) 850-mbar
temperature, (b) 700-mbar temperature, contours are *0.5°,
1°, 2°, 3°, 4°C, (c) 850-mbar specific humidity, contours are
+0.5° 1°,2° 3°,4°, 6° g kg~ !, and (d) 850-mbar wind, isotachs
are 1, 2, 3 m s™'. Dashed contours are negative.

and T. We will refer the ensemble means as ensembles V, S, A,
and ST for vegetation canopy properties, soil properties, aero-
dynamic properties, and stomatal resistance, respectively. The
minimum stomatal resistance for crops and broadleaf decidu-
ous trees are the same (Table 2). Thus we only tested the stress
factors in the stomatal resistance experiment, and no substan-

Table 2. Vegetation and Soil Properties for Type 2 and
Type 12

Type 2 Type 12

Vegetation cover 0.75 0-0.9
Leaf area index (J,J,A) 5.08,5.38,4.88 0-6
Green leaf fraction (J,J,A) 0.93, 0.83,0.70 0-0.9
Minimum stomatal resistance, s 209 209

m
Surface roughness, m 1.04 0.49
Displacement height, m 16.62 12.39
Depth of soil layers, m 0.02, 1.48,2.00 0.02, 0.47, 1.00
Hydraulic conductivity of 02 x 1074 0.35%x107°

Saturated soil, m s~ !
Surface albedo 0.13 0.13

XUE ET AL.: IMPACT OF VEGETATION IN U.S. SUMMER WEATHER

tial impact was found (not shown). Therefore we will focus on
the results from the other three experiments.

Figures 6a, 6b, and 6¢ show the JJA mean surface temper-
ature differences between ensembles V, S, A and ensemble C,
respectively. In each ensemble the surface temperature was
reduced in the central United States where the parameter
values were changed. The vegetation canopy properties had
the largest impact on the surface temperature simulations. In
ensemble T the surface temperature averaged over the region
30° to 45°N and 90° to 105°W was reduced by 2.2K° relative to
that in ensemble C. We will refer to this area as the reference
area, for which area-averaged JJA mean values are given in
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Figure 5. JJA mean ensemble T minus ensemble C differ-
ence in (a) surface air temperature, contours are *+0.5°, 1°, 2°,
3°C (b) precipitation, contours are *=0.5, 1 mm d ™', (c) evap-
oration, contours are = 0.5, 1, 1.5 mm d~', (d) vertically
integrated moisture flux convergence, contours are 0.5, 1, 1.5
mm d~', and (e) 850-mbar wind, isotachs are 0.5, 1 m s™".
Dashed contours are negative.
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Table 3. Most of the grid boxes in this area were originally
assigned vegetation type 12. In ensemble V there was a 1.8°K
reduction relative to ensemble C, or 83% of the reduction in
ensemble T. The soil properties had the second largest impact
(ensemble S), reducing the surface temperature by 0.8°K, or
36% of the reduction in ensemble T. The aerodynamic prop-
erties had the least impact among the three groups, reducing
the surface temperature by about 0.4°K, or 16% of the reduc-
tion in ensemble T. Because of nonlinearity, the sum of the
three reductions in ensembles V, S, and A do not equal to the
reduction in ensemble T. The impacts in the lower levels of the
atmosphere are similar to those at the surface. The reference
area temperatures were reduced by 1.7°K, 1.0°K, and 0.4°K at
850 mbar (Table 3 and Figure 7) and 0.9°K, 0.7°K, and 0.2°K at
700 mbar (not shown) for ensembles V, S, and A, respectively.

The temperature reductions were caused by changes in the
surface energy budget. The energy budget at the surface aver-

Table 3. JJA Mean Energy Balance at the Surface
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aged over the reference area is shown in Table 3. The changes
in latent heat flux dominate the surface energy balance. En-
semble V had the largest latent heat flux increase, 25 W m ™2
in the reference area. The latent heat flux was increased by 14
and 8 W m~? in ensembles S and A. The surface evaporation
differences for ensemble V, S, and A are shown in Figures
8a—8c, respectively. The latent heat flux increase in ensemble
V was mainly due to increased direct evaporation of moisture
intercepted by the canopy. In ensemble S the increase in latent
heat was caused by increased evaporation from the bare soil,
which was enhanced by the higher hydraulic conductivity of the
vegetation type 2 soil. Vegetation type 2 also has deeper soil
layers, which yields more available soil water (Table 2). Sen-
sible heat flux changes were smaller and of opposite sign of the
latent heat flux changes. Cloud cover was increased in all the
ensembles (not shown) and less short wave radiation reached
the ground. The downward long wave radiation reaching the

Ensembles

C T-C V-C S-C A-C SE-C
Surface temperature 24.7 (2.6) —2.2 (85%) —1.8 (82.9%) —0.8 (35.5%) —0.4 (16.6%) —2.2 (85%)
Temperature at 850 mbar 20.1 (2.2) —1.8 (82%) =1.7(77%) —1.0 (45%) —0.4 (18%) —2.3(104%)
Latent heat 73 26 25 14 8 37
Sensible heat 89 -15 -19 =10 -9 -31
Downward short wave radiation 268 ) -9 -10 —4 -20
Downward long wave radiation 373 0 0 7 4 5
Upward long wave 479 =17 =15 =7 -1 -21

Averaged over latitude 30°-45°N and longitude 90°~105°W. The units are W m ™2 for fluxes and degrees celsius for temperature. The number
in parentheses are errors (for ensemble C) or relative differences from ensemble C errors (for other ensembles).
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ground tended to increase in the experiments due to the higher
cloud cover and moister atmosphere. However, the downward
long wave radiation changes were small in magnitude. To
maintain the energy balance, the upward long wave radiation
and surface temperature were reduced, consistent with the
increased latent heat flux. Ensemble V had the largest changes
in the surface evaporation and the surface temperature among
ensembles V, A, and S.

Several components of the JJA mean water cycle averaged
over the reference area are shown in Table 4. The precipitation
increases were similar in experiments V, S, and A, with in-
creases of 0.4-0.5 mm d~! over the reference area in each
experiment (Figure 9 and Table 4). Surface evaporation and
moisture flux convergence are the major moisture sources for

Table 4. JJA Mean Water Cycle Components

Ensembles
C T-C V-C SC AC SEC
Precipitation 2.69 045 046 047 034 038
(—0.93) (48%) (49%) (50%) (37%) (86%)
Evaporation 2.5 0.9 0.9 05 03 13
Integrated moisture  —0.7 -04 -02 02 02 -0.3
flux convergence
Specific humidity at  10.3 09 08 12 04 1.7
850 mbar (-1.9) (47%) (42%) (63%) (21%) (89%)

Averaged over latitude 30°-45°N and longitude 90°-105°W. The
units for specific humidity are g kg ~*. The units for other variables are
mm d~". The number in parentheses are the errors (for ensemble C),
or relative differences from ensemble C errors (for other ensembles).
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the water cycle. In these experiments, surface evaporation
changes dominated the water budget. Although ensemble V
had the largest evaporation increase, it also had reduced mois-
ture flux convergence. The 850-mbar specific humidity in the
reference area increased by 0.8 g kg~! in ensemble V, which is
less than the increase in ensemble S (1.2 g kg™ '). Ensemble S
had a modest evaporation increase, but the moisture flux con-
vergence was slightly increased. Ensemble A had the smallest
increase in evaporation, but higher surface roughness led to an
increase in moisture flux convergence, as found by Sud et al.

(1988).

5. Impact of Vegetation Seasonality

The preceding analysis reveals that the dominant parame-
ters responsible for the systematic bias related to the crop
vegetation type are the vegetation canopy properties: vegeta-
tion cover, leaf area index, and green leaf fraction. In SiB these
parameters are determined by the crops’ growing stage, which
is a function of latitude and calendar date. Empirical equations
based on the crop growing conditions in Europe are used to
describe the seasonality of the vegetation cover, leaf area in-
dex, and green leaf fraction of crops [Sellers and Dorman,
1987]. Although these equations are based on field measure-
ments, the application of these equations to large spatial scales
is problematic. For example, the harvest only requires a few
days, resulting in a sharp transition in the crop parameters in
time. Even in one GCM grid box (about 200 km on a side), the
variations of the harvest date could easily be more than a
couple of days. For grid boxes at the same latitude but at
widely different longitudes, the differences in harvest date
could be much larger. The crop model assumes that the leaf
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area index and some other vegetation properties are equal to
zero after harvest. Thus it makes the agricultural areas almost
equivalent to a desert after the harvest.

The June 1 to August 30 daily time series of simulated
surface temperature (solid line), the observed surface temper-
ature (starred line, from monthly data) and the simulated leaf
area index (boxed line) for the southern (32°-37°N), middle
(37°-42°N), and northern (42°-47°N) belts of the 89°-100°W
crop region are shown in Figures 10a-10c, respectively. The
simulated surface temperature is the equivalent radiative tem-
perature from the previously discussed 30 case ensemble. Dur-
ing the ripening, harvest, and cutting stages the leaf area index
radip drops to zero. Coincidentally, the positive surface tem-
perature biases develop. After the leaf area index reached zero
the surface temperature biases persist. This relation is also
reflected in Figure 1. The positive surface temperature bias in
June occurred only in the southern United States (Figure 1b),
where the harvest was already in progress. The positive tem-
perature bias was fully developed over the entire agricultural
area in July, when the harvest was in progress or completed
over the entire region (Figure 1c).

The drastic reduction shown in the leaf area index also
occurs in the simulated vegetation cover and greenleaf frac-
tion. Such dramatic reductions are not supported by satellite
observations over large areas. Recently published satellite data
included on the ISLSCP CD ROM [DeFries and Townshend,
1994; Sellers et al., 1995] show that during the boreal summer
period the NDVI, leaf area index and green leaf fraction re-
mained stable. On the basis of the above analysis of model
results and the ISLSCP observational data, we have modified
the seasonality of the leaf area index, green leaf fraction, and
vegetation cover to be more realistic for average crop condi-
tions over large areas.

Figure 11 shows the leaf area index for the old crop model
and the new crop model for 40°N. In the old model, the leaf
area index drastically reduces to zero after the harvest. In the
new model, we retain the old leaf area index in the emergence
and jointing stages since we have not found biases in the GCM
simulations during these two stages and the seasonality of the
leaf area index is consistent with that from the ISLSCP CD
ROM. The seasonal variations of the leaf area index in other
months have been altered to follow that from the ISLSCP CD
ROM.

Because our results indicate that the crop soil properties
also contribute to the systematic bias, we also replace the soil
parameters of crops with those of broadleaf deciduous trees,
which cover much of eastern United States. Therefore, in the
revised data set the soil properties are more uniform over a
large region of the U.S., which is in agreement with the Zobler
soil property map [Zobler et al., 1986]. A recent study has
shown considerable heterogeneity in the distribution of soil
types across the contiguous United States [Kern, 1994]. Further
research is required to determine the most appropriate soil
data for use in GCM simulations. The aerodynamical param-
eters of crops are not changed as there is no physical basis to
adapt trees’ aerodynamic properties for use with crops.

Using the new seasonality and new soil properties data set,
we integrated the model using the same three initial atmo-
spheric conditions and SST boundary conditions as used in the
previous experiments (Table 1). We refer the ensemble mean
of these new integrations as ensemble SE. Figures 12a-12e
show the JJA mean ensemble SE minus ensemble C difference
in surface temperature, precipitation, surface evaporation, ver-
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Figure 10. June 1 to August 30 daily time series of GCM
surface temperature (degrees celsius, old 30 case ensemble,
solid line), observed surface air temperature (degrees celsius,
from monthly data, starred line), and simulated leaf area index

(range fromi 0 to 6, boxed line) area averaged for 89°-100°W
and (a) 32°-37°N, (b) 37°-42°N and (c) 42°-47°N.

tically integrated moisture flux convergence, and 850-mbar
wind vectors, respectively. Comparing Figure 12 with Figures 3
and 4 and examining the results in Tables 3 and 4 reveals that
much of the systematic error has been corrected. The positive
temperature biases over the reference area in ensemble C were
2.6°K, 0.5°K, 4.0°K, and 3.5°K for JJA, June, July, August,
respectively. In ensemble SE the corresponding systematic
temperature biases are 0.4°, —0.6°, 0.9°, and 1.3°K. The major
biases in July and August were reduced substantially. The
improvements in the precipitation and specific humidity at 850
mbar in ensemble SE are even larger than those obtained in
ensemble T. The precipitation biases over the reference area in
ensemble C were —0.9, —0.8, —1.0, and —1.0 mm d ! for JJA,
June, July, and August. The corresponding rainfall biases in
ensemble SE were —0.1, 0.1, —0.3, and —0.1 mm d~'. The
relative bias is reduced from 30% in ensemble C to 3% in
ensemble SE.

This analysis has focused on the United States; however,
there are four large crop areas in our global vegetation map.
The other three are located in Europe, China, and India. The
simulation in these areas are also improved (not shown).
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Figure 11. Annual cycle of crop leaf area index at 40°N: (a) old crop model; (b) new crop model.

6. Discussions and Conclusions

In this paper, systematic positive surface temperature biases
and negative precipitation biases over the central United
States during summer have been identified and analyzed.
These systematic errors started to develop in June and became
very significant during July and August. Experiments revealed
that these errors were related to the SiB crop vegetation type
in this region. The vegetation and soil properties of the crop
vegetation type were divided into several groups, and the im-
pact of each group on the systematic biases was tested in GCM
experiments. The results show that the systematic errors were
largely caused by the prescription of the vegetation seasonality
in the crop model. The soil properties also contributed to these
problems. On the basis of these results, the crop model has
been improved and the systematic biases have been reduced.

In this study the surface evaporation was found to be the
main moisture source over the central United States during
summer. The JJA mean evaporation was 2.5 mm d~' and
integrated moisture flux convergence was —0.7 mm d ™' over
the central U.S. reference area in the control integration en-
semble. Moreover, in most of the anomaly experiments the
changes in surface evaporation were much larger than the
changes in moisture flux convergence. However, this is not
always the case when the land surface conditions change.
When the crop area over the southeastern United States in the
old SiB map (Figure 2a) was replaced by the trees in the USGS

SiB map (Figure 2b), the surface evaporation over the south-
eastern United States was slightly enhanced, but the integrated
moisture flux convergence was reduced [Fennessy and Xue,
1995]. Because this area is very close to the ocean and the
water vapor flux from the ocean is a major moisture source, the
magnitude of the changes in moisture flux convergence was
comparable to that of the surface evaporation, and the rainfall
over the southeastern United States was not changed. Thus the
mechanisms of land surface-atmosphere interactions depend
on the geographical location.

In addition to improving the model in this study, valuable
insights have been gained into the relative importance of dif-
ferent land surface properties for prediction. Among land sur-
face properties, the effects of surface albedo, soil moisture and,
to some extent, surface roughness have been widely examined
in previous studies, because these parameters are explicitly
specified in conventional GCMs. This study demonstrates that
for U.S. summer monthly and seasonal predictions the vege-
tation seasonality also plays a crucial role. The results pre-
sented here have two implications for the use of a biosphere
model in a GCM. First, biosphere models need more informa-
tion about the land surface conditions, for example, a correct
prescription of the vegetation properties and their geographi-
cal and temporal distribution. Second, coupled atmosphere-
biosphere models may provide insights into the real-world in-
teractions between different vegetation and soil properties and
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Figure 12. JJA mean ensemble SE minus ensemble C differ-
ence in (a) surface air temperature, contours are +0.5°, 1°, 2°,
3°C (b) precipitation, contours are =0.5, 1 mm d~', (c) evap-
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integrated moisture flux convergence, contours are =0.5, 1 mm
d~! and (e) 850-mbar wind, isotachs are 0.5, 1, 1.5 m s~ .
Dashed contours are negative.

the atmosphere. As more data are derived from satellite ob-
servations [Meeson et al., 1995; Sellers et al., 1995], we are
optimistic that a more realistic description of the land surface
conditions will became available.

There are 12 vegetation types in SSiB. The parameters for
all but the crop vegetation type are currently prescribed in
SSiB based on monthly climatological data. The growing stages
for these types are not simulated by the model. It is ironic that
a seemingly more realistic approach used for the crop model
caused more problems because it requires more realistic data,
which has not been available. While some detailed vegetation
information may be important for micrometeorological pro-
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cesses, it may not be so critical for long-term and large-scale
predictions. The scaling issue has to be taken into account. The
new crop parameters developed in this study are based on the
ISLSCP CD ROM. We did not use the ISLSCP data directly
but rather adopted its annual cycle.

The first part of this study has shown that the specification of
the vegetation distribution has a significant impact on the
monthly and seasonal simulations of evaporation, surface air
temperature, and precipitation over the United States in the
COLA GCM. The second part of this study reveal that the
vegetation parameter specification also has a strong impact on
the seasonal simulations. The atmospheric response was
largely limited to the regions where the land surface conditions
were changed. We used three very different cases in this study,
including an extremely dry year (1988) and an extremely wet
year (1993). Yet the anomaly patterns caused by the land
surface forcing were similar in all three cases. The magnitude
of the impact was largest in the dry year (1988) and least in the
wet year (1993). The interaction mechanisms between the land
surface and the atmosphere are similar to those previously
found for the tropics. This study demonstrates that even in the
middle latitudes, monthly and seasonal predictability can be
enhanced by correct specification of the land surface condi-
tions.
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