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Abstract. This letter reports evidence of an unexpected
large change in the planetary-scale circulation as a conse-
quence of modifying the land cover within the Community
Climate Model (CCM3). Three 10-year simulations were
analyzed using (i) default land cover, i.e., a single dominant
vegetation in each land grid cell; (ii) aggregate land cover
that includes a representation of subpixel heterogeneity; and
(iii) aggregate land cover for aerodynamic properties, but
default land cover otherwise. Simulations (ii) and (iii) were
similar, indicating that aerodynamic properties are influen-
tial at the planetary scale. Comparing these two runs with
(i), there are significant differences in the boreal summer.
These include a northward shift of the Northern Hemisphere
jet that relates to a decrease in the zonally averaged aero-
dynamic roughness around 60oN, and a perturbation of the
Southern Hemisphere jet. Field significance tests suggest
these changes are likely a remote influence of the Northern
Hemisphere perturbation, not a sampling fluctuation.

Introduction

Proper representation of the land-surface cover is essen-
tial for accurate parameterization of the lower boundary of
an atmospheric General Circulation Model (GCM) [Garratt,
1993]. At the grid scale of a GCM, the land-surface cover
is strongly heterogeneous. This can be accounted for by the
use of pre-defined “aggregation rules” in combination with a
high-resolution land-cover data set [Arain et al., 1997; Shut-
tleworth et al., 1997]. These aggregation rules are used to de-
fine grid-averaged land-cover parameters in such a way that
the surface energy fluxes are similar to those found using
an explicit representation of the individual patches of veg-
etation. Results of recent studies [Arain et al., 1996, 1997]
showed that, for most parameters, a weighted linear averag-
ing rule is adequate. However, if the fluxes are not propor-
tional to the parameters (e.g., in the case of aerodynamic
roughness length and minimum stomatal resistance), more
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complex averaging procedures are required [Shuttleworth et
al., 1997].

Aggregate land-cover parameters were used within
NCAR’s CCM3 coupled with BATS [Arain et al., 1999].
Comparing this model run with results from a run with the
land-cover parameters defined to be those of a single dom-
inant vegetation in each land grid cell, Arain et al. [1999]
found regional changes in the land surface diagnostics (e.g.,
surface air temperature) which directly related to regional
changes in the land-surface parameters. However, there were
also unexpectedly significant changes in large-scale circula-
tion. It is the impact of altering the vegetation parameter-
ization on the planetary-scale circulation that is reported
here.

Other studies have suggested that changing the land
cover may affect global circulation [Chase et al., 1999; Zhang
et al., 1996]. Chase et al. [1999] changed the global vegeta-
tion distribution so as to remove any anthropogenic impact.
Resulting CCM3 model runs showed changes in high latitude
boreal winter climate, which included a northward shift of
the Northern Hemisphere zonally averaged jet stream.

Materials and methods

The version of CCM3 used in this study has 18 verti-
cal levels extending up to 2.9 mb and a horizontal grid of
approximately 30 × 30. Kiehl et al. [1996] described the
physical parameterizations and numerical algorithms used
in the model. BATS is a comprehensive Soil Vegetation At-
mosphere Transfer (SVAT) scheme designed for use within
the NCAR CCMs [Dickinson et al., 1993]. It has 18 land-
surface cover types, each type with 15 associated parame-
ters that describe in detail the properties of the vegetation.
BATS is driven by the atmospheric variables generated by
CCM3 and returns the lower boundary conditions, such as
water and heat fluxes, to CCM3.

Aggregate surface-cover parameters for each CCM3 grid
box were derived using the aggregation rules defined by
Shuttleworth et al. [1997] and land-cover classification data
at 1 km resolution [EDC DAAC].

Three multi-year CCM3-BATS simulations were ana-
lyzed. The first, “default parameter” simulation used a sin-
gle dominant cover type to define the 15 BATS parameters
for each grid cell, and was run for 11 years. The second

397



398 BURKE ET AL.: HETEROGENEOUS VEGETATION IN CCM3

Table 1. Global averages of the aggregate and default land-
cover parameters.

Parameter Default Aggregate

Displacement height (m) 0.80 0.54
Aerodynamic roughness length (m) 0.13 0.09

Albedo 0.16 0.17
Min. leaf area index 0.44 0.34
Max. leaf area index 1.32 1.17

Min. stomatal resistance (s m−1) 197 216

and third simulations were 10-year runs and were initiated
at the end of year 1 of the default parameter run. The
“aggregate parameter” simulation used aggregate cover pa-
rameters for all of the land-cover parameters required by
BATS, whereas the “aerodynamic parameter” simulation
used aggregate cover parameters for aerodynamic rough-
ness length and displacement height and dominant land-
cover parameters for the remaining 13 vegetation param-
eters. Point-by-point tests of the statistical significance of
the differences between the default and perturbed parame-
ter runs were made by comparing the changes with the year
to year variability [Chervin and Schneider, 1976]. Global
field significance was evaluated using Monte Carlo tech-
niques based on sub-samples of 6 years [Livezey and Chen,

Figure 1. Differences in modeled (a) sensible heat flux; (b) latent heat flux; (c) 300 mb wind vector between the aggregate and
default parameter simulations; and (d) 300 mb wind vector between the aerodynamic and default parameter simulations for the
10-year average of JJA. Only the regions where the differences are significant (at 95% confidence) are shown in (a) and (b), and the
hatched area indicates significant differences in (c) and (d).

1983]. A change is deemed field significant when the per-
centage of point-by-point tests passed exceeds the 95% tail
of the probability distribution of the percentage of point-
by-point tests passed for random differences between two
default- parameter-simulation means.

Aggregate versus dominant parameters

A comparison of the two sets of land-cover parameters
reveals large differences between the global-averaged aggre-
gate and default parameters, examples of which are shown
in Table 1. In particular, the aerodynamic roughness length
decreases by 36%, and the displacement height decreases
by 38%. Locally, the most notable differences are in semi-
desert and forested regions, where there are patches of vege-
tation included within the aggregate parameter representa-
tion that have strongly contrasting characteristics compared
with those of the dominant vegetation type [Arain et al.,
1999].

Modeled differences at the land surface

There are significant differences (at the 95% confidence
level) in surface heat fluxes between the aggregate and de-
fault cover parameter simulations for the 10- year average
of June, July, and August (JJA, Figure 1a - b). Many re-
gions of significant difference appear to be a local response
to changes in the land surface, e.g., in the Sahara Desert.
However there are other areas, e.g., over Antarctica and the
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Figure 2. Difference between the zonally averaged east-west
component of wind for the aggregate and default parameter runs
and the aerodynamic and default parameter runs for the 10-year
average of JJA (m s−1); plus the difference between the roughness
length (x 10 m) for the aggregate and default parameters.

Northern Atlantic Ocean, where the response is clearly not
related to changes in the underlying land cover. It is the
presence of the large-scale changes responsible for this non-
local response which is of interest here.

Modeled differences in global circulation

Outside the tropics, there are statistically significant dif-
ferences in wind vector between the aggregate and default
parameter runs at the 300 mb level for the 10-year average
of JJA (Figure 1c). These changes also pass global field sig-
nificance tests. The differences between the 10-year average
of December, January, and February (DJF, not shown) are
similar, but fewer regions are statistically significant. The
reduced area over which changes were significant in DJF
compared to JJA is likely because there is greater land mass
in the Northern Hemisphere over which forcing is greater in
the boreal summer.

The path of the storm tracks in the Northern Hemisphere
in JJA has been significantly altered, in response to the
North Pacific and North Atlantic anticyclones being dis-
placed northward. Similar effects appear at all levels in the
atmosphere, indicating the response is equivalent barotropic.
Changes in wind speed over the oceans may be responsible

Figure 3. Difference between the aerodynamic and default parameter runs at 300 mb for the 10-year average of JJA of (a)
the streamfunction (colored) superimposed on the default streamfunction field (contoured); and (b) the velocity potential (colored)
superimposed on the default velocity potential field (contoured). The hatched areas indicate regions of significant difference at the
95% confidence level.

for some of the changes in the surface heat fluxes shown in
Figure 1a-b. There is little change in the global precipitation
distribution.

Figure 1c also shows changes in the patterns of the East-
erlies in the Southern Hemisphere. The large natural vari-
ability in this region, particularly during the austral winter,
suggests these changes should be treated with caution de-
spite their point-by-point statistical significance. However,
field significance testing suggests that the natural variability
is less of an issue here. In addition, there is a remarkable
similarity between Figure 1c and Figure 1d, which shows the
difference between the aerodynamic and default parameter
runs for the 10-year average of JJA, with a spatial corre-
lation of 67% in nontropical latitudes. The ability to re-
produce the spatial changes using a different combination
of land-surface parameters lends support to the notion that
the changes denote a dynamical response and not a sam-
pling fluctuation. This similarity, and that in other model
fields examined (not shown), also indicates that the modi-
fied aerodynamic characteristics have a major effect on the
modeled global circulation pattern (Figure 1d) that is only
perturbed slightly by differences in the 13 other parameters
(Figure 1c).

Figure 2 shows the zonally averaged east-west component
of wind for the difference between the aggregate and default
parameter runs and the aerodynamic and default parameter
runs at 300 mb. The difference between the aggregate and
default zonally averaged roughness length is also shown in
this figure. Again, there is a remarkable similarity between
the two perturbed model runs. The northward shift in the
Northern Hemisphere jet stream between 40 and 70oN is
presumably related to the decrease in the roughness length
around 60oN and the slight increase in roughness length
around 30oN. In the Southern Hemisphere, there are zon-
ally averaged changes in the 300 mb east-west wind but no
changes in zonally averaged roughness length.

Figure 3 shows the 10-year average velocity potential and
streamfunction for JJA for the default parameter run (con-
toured) and the difference between the aerodynamic and
default parameter runs (colored) at the 300 mb level. [Note:
the aerodynamic parameter run was used in this figure be-
cause it is a first-order effect.] There are large, coherent
regions of significant difference in Figure 3. The velocity
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potential increases over the Americas and decreases over the
Far East and Australia, while the streamfunction increases
over the Northern Hemisphere jet stream and decreases in
the Southern Hemisphere. These planetary-scale changes
impact the divergence, and some of the modeled response
in the Southern Hemisphere may result from the vorticity
transport set up by this perturbed large-scale divergent field
[Chase et al., 1999]. Vorticity budget studies have shown
that the transport of vorticity by the divergent field is an
effective transport mechanism, especially for tropical- extra-
tropical teleconnections [Sardeshmukh and Hoskins, 1987].

Conclusions

This letter reports the results from a comparison of three,
10-year CCM3-BATS model simulations. These were a de-
fault simulation (using the parameters of the dominant land
cover in each grid cell); an aggregate simulation with a high-
resolution data set to incorporate subpixel heterogeneity
into the land-cover parameters; and a simulation where only
the aerodynamic parameters were set to aggregate values.
The impact of these changes were seen both locally over
the changed land surface and remotely in the planetary-
scale atmospheric circulation. Differences between default
and aggregate parameter CCM3 simulations include a north-
ward shift in the modeled Northern Hemisphere storm tracks
(which is likely linked to zonally-averaged changes in rough-
ness length), and a perturbation of the modeled Southern
Hemisphere jet stream. These changes are field significant
and reproducible in the aggregate and aerodynamic param-
eter runs. Statistical significant, reproducible patterns sug-
gest that the perturbations are most likely a physical re-
sponse dominated by the modified aerodynamic parame-
ters. Modeled results show planetary-scale perturbations
in the velocity potential and streamfunction fields that may
provide the basis for a possible teleconnection mechanism
between the Northern Hemisphere, where most of the land-
cover changes are situated, and the Southern Hemisphere,
where significant changes in the planetary-scale wind field
also occur.

Results shown here demonstrate that subpixel hetero-
geneity needs to be carefully considered when determining
the land-cover parameters for GCM simulations.
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