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Abstract We present results from a coupled atmo-
sphere—biosphere model CCM3/IBIS (the Community
Climate Model coupled to the Integrated Blosphere
Simulator), which is designed to study the dynamic in-
teractions between climate and vegetation and the global
carbon cycle. We analyze the climate simulated by
CCM3/IBIS with fixed vegetation conditions and we
compare it to the climate simulated by the standard
CCM3, which includes the LSM (land surface model)
land-surface package. Important differences between the
two models include simple parametrizations of lakes,
wetlands and crops in CCM3/LSM not taken into ac-
count in CCM3/IBIS. CCM3/IBIS and CCM3/LSM
share common biases (compared to observations) in the
temperature field in boreal winter and in the precipita-
tion field annually, making the atmospheric model the
most probable cause of those biases. The models differ in
the temperature field and surface energy balance in the
Sahara annually and in the mid-to high latitudes from
spring through fall. CCM3/IBIS simulates global annual
air temperatures that are on average 1.7 °C higher than
CCM3/LSM and 0.5 °C higher than the observed cli-
matology. Differences in albedo and/or snow paramet-
rization explain most of the Sahara and high-latitude
temperature disagreement. Our sensitivity study with
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CCM3/LSM shows that the presence of lakes and wet-
lands in CCM3/LSM can account for about half of the
difference in temperature in summer over the lake and
wetland regions of the mid-latitudes. A second sensi-
tivity study shows that higher surface roughness length
in CCM3/IBIS can also explain part of the difference in
summer surface temperature in the mid-latitudes. Sur-
face roughness length affects the surface temperature
through a feedback mechanism linking surface wind
speed, planetary boundary layer height, low level
cloudiness and radiation.

1 Introduction

The land surface exchanges water, energy, momentum
and also CO, with the atmosphere, therefore playing an
important role in the climate system. Changes in the
land surface properties, due to human activity or
changing climate, affect those exchange processes and
are likely to affect the climate itself. Given the potential
importance of land surface processes in the climate
system, efforts have been made to develop process-based
biophysical models of land—atmosphere exchange pro-
cesses and to couple them to general circulation models.
There now exist a large number of land surface models
that differ greatly in the choice of processes included and
in the degree of complexity used to represent each pro-
cess.

The vast majority of the land surface models coupled
to general circulation models (GCMs) simulate the ex-
change of water, energy and momentum at the surface
given a prescribed geographical distribution of the veg-
etation and soils. They are designed to simulate the cli-
mate at a time scale of a few years to a few decades when
vegetation changes can be neglected. Some models also
calculate the CO, exchange using a parametrization of
the soil respiration flux (i.e. LSM, Bonan, 1995a, and
SiB2, Sellers et al. 1996).
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A small number of land surface models designed to
be coupled to GCMs also represent the dynamics of the
vegetation and the carbon cycling in vegetation and soils
(i.e. TRIFFID, (Cox et al. 2000) and IBIS (Foley et al.
1996; Kucharik et al. 2000)). IBIS (Integrated Blosphere
Simulator) was built to simulate land surface processes,
terrestrial carbon and nutrient cycling, and vegetation
dynamics in a coherent and mechanistic way. IBIS has
the capability to simulate short and long time scale
processes, therefore providing an excellent tool that can
be used inside a coupled atmosphere—ocean GCM. IBIS
was first coupled to the GENESIS atmospheric GCM of
Thompson and Pollard (Thompson and Pollard, 1995a,
b) and used to study vegetation feedbacks in different
climatic regimes (Foley et al. 1998, 2000; Levis et al.
1999a, b, 2000).

Here we coupled IBIS to the Community Climate
Model CCM3 (Kiehl et al. 1998) in order to provide a
tool to study climate-vegetation dynamics and the global
carbon cycle, which LSM, the standard land surface
model of the CCM3, does not do. Our first goal is to
understand and document how the use of IBIS in the
CCM3 affects the simulated climate. Therefore, we
compare the climate simulated by CCM3 coupled with
IBIS, to the climate simulated by CCM3 coupled with
LSM. Both simulated climates are also compared to
observations. We chose to operate IBIS with prescribed
vegetation as a regular land surface model to ease the
comparison with LSM.

Our second goal is a by-product of this comparison:
by using two different land surface models coupled to
the same GCM, we can investigate whether known bi-
ases of the GCM can be attributed to the land surface
models or if they are inherent to the atmospheric part of
the model.

Analyzing the results of coupled models is a difficult
task because of the feedback mechanisms taking place.
There have been three major efforts aimed at comparing
and evaluating land surface models and GCMs. The
PILPS (Project for Intercomparison of Land-surface
Parametrization Schemes) activity has compared the
simulation of roughly 20 land surface models separately
from their host GCMs (off-line experiments) using
identical observed or idealized atmospheric forcing and
identical surface characteristics. These off-line experi-
ments showed large discrepancies in the partitioning of
available energy into latent and sensible heat and the
partitioning of precipitation into evapotranspiration and
runoff or drainage (Qu and Henderson-Sellers 1998).
The Atmospheric Model Intercomparison Project
(AMIP) (Gates 1992; Gates et al. 1999) and the Paleo-
climate Modelling Intercomparison Project (PMIP)
(Braconnot 2000) aimed at comparing the climate sim-
ulated by 20 to 30 different AGCMs for present and past
conditions. The models were run at different resolutions
with different land surface boundary conditions and
different parametrizations of, among others, land
surface processes. Diagnosing if the land surface is the
origin of the differences among the results of the models
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is a particularly difficult exercise when the atmospheric
models are different. One conclusion that could be
drawn from this exercise is that the land surface is not a
reliable indicator of a model’s ability to simulate pre-
cipitation (Boyle 1998). Here, by comparing two differ-
ent land surface models in the same GCM, we can begin
to see whether known biases of the GCM can be
attributed to the land surface models or if they are
inherent to the atmospheric part of the model.

2 IBIS-2 and LSM: model descriptions

In this study, we use an updated version of the Integrated Bio-
sphere Simulator (IBIS) of Foley et al. (1996) and Kucharik et al.
(2000). IBIS (version 2) is a comprehensive model of terrestrial
biospheric processes, and includes land-surface physics, canopy
physiology, plant phenology, vegetation dynamics and competi-
tion, and carbon cycling. The IBIS land surface module simulates
the energy, water, carbon, and momentum balance of the soil-
vegetation-atmosphere system on a short time step consistent with
GCMs (~20 to 60 min). The land surface module borrows much of
its basic structure from the LSX land surface package.(Thompson
and Pollard 1995a, b) The module includes two vegetation layers
(i.e., “trees” and “‘grasses and shrubs’) and six soil layers to sim-
ulate soil temperature, soil water, and soil ice content over a total
depth of 4 m. Physiologically based formulations of C3 and C4
photosynthesis, (Farquhar et al. 1980) stomatal conductance
(Collatz et al. 1991, 1992) and respiration (Amthor 1984) are used
to simulate canopy gas exchange processes. This approach provides
a mechanistic link between the exchange of energy, water, and CO,
between vegetation canopies and the atmosphere. Budburst and
senescence depend on climatic factors following the empirical al-
gorithm presented by Botta (2000). The annual carbon balance
allows the vegetation dynamics sub-model to predict the maximum
leaf area index and biomass for 12 plant functional types, which
compete for light and water. The model can also operate with a
fixed vegetation distribution, which is used in this study.

LSM (Bonan 1996) does not differ much from the land surface
module of IBIS and, conceptually, fulfills the same purpose by
simulating the exchange of energy, water, carbon, and momentum
at the land—atmosphere interface. Vegetated surfaces include up to
three plant types per grid cell distributed in patches. Lakes and
wetlands (Cogley 1991) when present, form up to two additional
patches per grid cell. The model operates independently within each
subgrid patch, although the same atmospheric forcing applies to
the entire grid cell. A set of land cover types (Olson et al. 1983),
combined with corresponding plant types, and their monthly leaf
areas (Dorman and Sellers 1989) describe the landscape. This
model has six soil layers to a total depth of 6.3 m. As with IBIS,
photosynthesis and stomatal conductance are based on Farquhar
et al. (1980) and Collatz et al. (1991, 1992) respectively. Respiration
follows Bonan (1995a) and Jones (1992).

The main differences between IBIS and LSM are:

1. IBIS is able to describe vegetation dynamics and carbon cycling
in the soil and vegetation, whereas LSM cannot. In this study
however, IBIS is used with a prescribed vegetation map so that
the vegetation dynamics and carbon cycling in soils modules are
not turned on.

2. LSM includes a parametrization of inland water bodies (lakes
and wetlands) (Bonan 1995b) but IBIS does not.

3. LSM includes a simple representation of crops while IBIS rep-
resents only natural vegetation types.

4. Budburst and senescence in IBIS depend on the climate. In the
current version of LSM, the phenology depends solely on the
calendar date.

5. Each grid cell in IBIS has a vegetation cover made up of a
combination of up to 12 plant functional types. When IBIS is
used with fixed vegetation, as in this study, this combination is
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fixed in each grid cell and acts as a single homogeneous vege-
tation type. In LSM, each grid cell contains up to three patches
(or tiles), each with a different single vegetation type, plus up to
two more patches with lake or wetland.

6. IBIS describes two canopies, one for grasses and shrubs, and the
other for trees. LSM describes one canopy, either trees or grass.

7. With IBIS, physical parameters describing the vegetation, such
as canopy height or roughness length, depend on the evolution
of LAI and the carbon balance. In LSM they are fixed and
depend solely on the vegetation type.

3 Simulations and data set used

We performed a total of four 20-year simulations with the NCAR
CCM3 at a resolution of T31 (~3.75° x 3.75°): two main simula-
tions and two sensitivity studies. We used LSM as the land-surface
model for the first main control simulation and IBIS replacing
LSM for the second. We then performed two sensitivity studies
with CCM3/LSM. Fixed climatological sea surface temperatures
(SSTs) were used for all the runs. We chose the T31 resolution
because it is the resolution that will most likely be used in global
carbon cycle studies due to computing time constraints. The last 15
years of each run are used for averaging.

Soil texture is prescribed in IBIS from the IGBP-DIS global
gridded texture database (International Geosphere—Biosphere Pro-
gramme — Data and Information System), (IGBP-DIS 1999) while
LSM retrieves information for the soil from Webb and Rosenzweig
(1993). Because the version of IBIS we used does not simulate crops
and pastures, we prescribed a potential vegetation distribution
(Ramankutty and Foley 1999). The ‘potential’ vegetation map is
intended to represent the vegetation that would exist in a location
without human intervention. LSM uses a vegetation map including
crops (Fig. 1). Obvious vegetation differences between the vegetation
maps used in IBIS and LSM include temperate deciduous and ev-
ergreen forests in eastern and central US and in the wheat belt of the
former USSR with IBIS instead of crops with LSM. The vegetation
map used in IBIS has tropical deciduous forest in India and tem-
perate deciduous forests in northeast China, where crops are imposed
in LSM. In IBIS’s vegetation map, the northern treeline in North
America and Russia is one grid cell further north and the vegetation
cover is denser NE of Lake Baikal. With the exception of crops and
the location of the northern treeline, the distribution of the major
vegetation types is similar between the two models.

Fig. 1. Geographical distribu-
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The distribution of lakes and wetlands in CCM3/LSM is de-
rived from a map produced by Cogley (1991). Concentrations of
inland water bodies are found in NW Canada, in the Great Lakes
region, in Quebec, at the mouth of the Parana river and in the
Pantanal in South America, in Finland and NW Russia, in the
lakes region of east Africa, and in the Siberian lowlands (Fig. 1).

The two models were built for different purposes, describe
different processes and will continue to be used with their funda-
mental differences. Therefore, we chose to compare them with the
datasets they are usually run with. This comparison is needed to
illustrate the differences that can be expected from running those
two versions of CCM3. Running the models with their original
datasets makes the comparison of the models more difficult: un-
equal results can be due to differences in the boundary conditions
and/or in the parametrizations of the processes. We performed
sensitivity studies to isolate factors responsible for the differences in
the simulated climate.

4 Differences in simulated climate

4.1 Temperature

CCM3/IBIS and CCM3/LSM differ greatly in the
simulation of the near-surface temperature. Compared
to the observed average temperatures for 1961-1990
from the Climate Research Unit of the University of
East Anglia, Norwich (New et al. 1999, hereinafter re-
ferred to as CRUOS), IBIS’s reference height tempera-
tures are overestimated in most parts of the world while
LSM’s are underestimated (Table 1). On a global aver-
age, IBIS is 0.5 °C higher than the CRUO0S5 climatology
while LSM is 1.5 °C lower. Reference height tempera-
tures on the continents simulated by CCM3/IBIS are on
the average 2.1 °C higher than for CCM3/LSM (Ta-
ble 1). At the lowest atmospheric level (between the
surface and about 65 m), the difference is on average
1.7 °C. Air temperature is higher everywhere except in
the Amazon basin, around 10 °N in Africa, in India, and
on the Tibetan Plateau (Fig. 2).

crops, lakes and wetlands in CCM3/LSM
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Table 1. Continental averages of annual reference height temper-
atures (°C) from the CRUOS5 climatology, (New et al. 1999), and
differences between CCM3/IBIS and CRU05, and CCM3/LSM
and CRUOS

CRUO5 CCM3/IBIS- CCM3/LSM-
CRUOS5 CRUOS5

Continents 12.6 0.5 -1.6

(except

Antarctica)
North America 3.7 0.8 -0.6
Europe 6.8 0.7 0.8
Asia 4.1 0.7 -1
South America 21.8 0 -0.9
Sub-Saharan 23.7 -0.6 -1.3

Africa
Oceania 22.4 0.2 -1.1
Sahara—Arabia 23.6 0.1 -2.8
Arctic -16.0 3.5 2.3
Antarctica / / /
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Fig. 2. Difference between annual mean temperature simulated by
CCM3/IBIS and CCM3/LSM at the lowest GCM level (between
surface and 65 m). Regions in light (dark) gray have temperature
differences bigger than 1 °C (smaller than —0.2 °C). The superim-
posed contours indicate regions where differences are larger. The
contours are displayed every 2 °C from 0 °C. All the differences are
statistically significant at the 99% confidence level

CCM3/IBIS and CCM3/LSM have similar biases in
the boreal winter: the continents around the North At-
lantic are too cold as is the south of the Asian continent
from Saudi-Arabia to southeast Asia, while Alaska and a
band stretching from the Black Sea to northern Siberia is
too warm (Fig. 3a). This was also observed in an earlier
version of the CCM3 (Bonan 1998). In the boreal winter,
the radiative forcing in the mid to high northern latitudes
is small and the land is partly frozen so that the differences
in land-surface have a minimal impact on the climate.
Therefore biases in the simulated climate of the mid to
high northern latitudes are most likely due to the atmo-
spheric model. Differences between the two models
include the Sahara desert 4 °C too cold with CCM3/LSM
as a result of possibly exaggerated high soil albedos
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(Bonan 1998), the Andes too cold with CCM3/LSM and
the Tibetan Plateau too cold with CCM3/IBIS.

In the other seasons, because the radiative forcing is
higher in the Northern Hemisphere (where most of the
continents are) the difference between the models, and the
importance of the land surface becomes more apparent.
CCM3/LSM is colder than the observations over most
continental areas while CCM3/IBIS is warmer. In JJA,
CCM3/LSM is too cold in the Sahara desert and the
Arabian Peninsula, in Canada, Europe and most of Asia
(Fig. 3b). On the other hand, CCM3/IBIS simulates too
high temperatures in East and central USA up to north-
west Canada, and in central Asia. Parts of tropical
America and Africa are also too warm in JJA and SON.

The difference in temperature between the two mod-
els is not confined to the surface but influences the whole
atmosphere. On average over the continents, CCM3/
IBIS simulates temperatures 0.5 °C higher than CCM3/
LSM from 900 hPa to 200 hPa. The Northern Hemi-
sphere continents and Antarctica contribute the most to
this warmer atmosphere. In the tropics, the atmospheric
column is 0.2 °C warmer in the CCM3/IBIS case. As
a result, the equator to pole temperature gradient is
reduced with CCM3/IBIS.

The seasonal cycle of temperature is detailed in Fig. 4
for several regions of the world. Both models represent
better the seasonal cycle of the Northern Hemisphere
continents than the Southern Hemisphere tropical
regions. The amplitude and the phase of the seasonal
variations of temperature over Asia, Europe, North
America, Oceania and Sahara are fairly well represented
by both models. CCM3/IBIS tends to overestimate the
summer temperatures especially in North America,
while CCM3/LSM tends to underestimate them, espe-
cially in Asia. In the Sahara CCM3/LSM underestimates
temperature by 4 °C over the whole year. The seasonal
cycle of temperature is more difficult to simulate in the
tropics than in the mid-to high latitudes because its
amplitude is very small and the temperature changes are
linked to the seasonal cycle of precipitation. Both
models simulate the lowest temperatures one month
early in South America. In sub-Saharan Africa, both
models simulate higher temperatures in October than in
March instead of the opposite and the seasonal cycle
with CCM3/IBIS is one month out of phase. In South
America and sub-Saharan Africa, CCM3/LSM is con-
sistently too cold while CCM3/IBIS is too warm from
June to February. Both models overestimate tempera-
tures in the Arctic regions. CCM3/IBIS is warmer than
CCM3/LSM during summer in Antarctica (not covered
in the CRUOS dataset).

4.2 Radiation balance and cloudiness

In mid- to high latitudes, with the exception of the
Tibetan Plateau, and in the Sahara desert, CCM3/IBIS
simulates net shortwave radiation that is 10-20 W m >
higher than CCM3/LSM (Fig. 5a). This is a combined
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Fig. 3. a Air temperature differences for December, January, and
February. I Difference between CCM3/IBIS and CRUO0S5 clima-
tology. 2 Difference between CCM3/LSM and CRUOS5 climatolo-
gy. 3 Difference between CCM3/IBIS and CCM3/LSM. The
temperatures used in the comparison with the CRUOS5 dataset are
reference height temperatures. In the comparison between the two

result of lower surface albedos in spring and higher
incoming shortwave radiation at the surface in spring,
summer and fall. The tropics receive slightly lower solar
radiation because of the higher surface albedo simulated
by CCM3/IBIS (Fig. 5b).

Siberia, northern Greenland, a band around Hudson
Bay, southern Alaska and most of Antarctica have annual

<=1 =1

models we use the temperature at the lowest GCM level because of
a different definition of reference height between the two models.
Shades of gray have temperature differences bigger than 1 °C.
Contours displayed every 4 °C from 6 °C. b Same as a but for June,
July, and August

albedos that are up to 10 to 20% lower in CCM3/IBIS
(Fig. 5b). As mentioned before, albedo is also lower in the
Sahara desert and in Saudi Arabia. On the other hand,
CCM3/IBIS simulates slightly higher albedos on the
Tibetan plateau, in the eastern and central USA, and in
most of sub-Saharan Africa. The difference in albedo over
the high latitude regions as well as on the Tibetan Plateau
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Fig. 4. Evolution of monthly
reference height temperatures
for several regions of the world.
The black line represents the
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is mainly due to the different snow parametrizations used
in the two models. CCM3/IBIS tends to simulate a less
extensive snow cover in winter and spring and a shorter
snow season in Siberia, and northern Canada. CCM3/
IBIS also simulates a more extensive snow cover on the
Tibetan Plateau. The combination of the different snow
covers and the different parametrization of the snow
albedo explain the differences in albedo in most of the
high-latitude regions and Tibetan Plateau.

In western Europe, Canada, eastern China and
Argentina, the higher net shortwave radiation is related
to higher incoming solar radiation with CCM3/IBIS,
resulting from fewer low-level clouds over those regions
from March through October (Fig. 5¢). With CCM3/
IBIS, cloudiness is reduced in the regions where surface

temperature is increased from March to October. The
fact that cloudiness is lower where near-surface tem-
perature is higher in northern summer at mid to high
latitudes is in agreement with the observations (Groisman
et al. 2000). The exact cause of the reduced cloudiness is
hard to identify. The reduced cloudiness is consistent
with reduced storm track strength. From 30°N to 55°N,
westerlies are 15% weaker in CCM3/IBIS at 200 hPa in
Northern Hemisphere summer. The reduced storm track
activity is consistent with the reduced equator to pole
temperature gradient in CCM3/IBIS.

In the tropics, the incoming shortwave radiation is
lower with CCM3/IBIS and is linked to increased
cloudiness (0.03 to 0.1 depending on the region) that is
due to increased convective activity.
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Table 2. Continental averages of annual precipitation (mm/day)
from the CRUOS climatology, and differences between CCM3/IBIS
and CRUO5, and CCM3/LSM and CRUO0S5

CRUO05 CCM3/IBIS- CCM3/LSM-
CRUO05 CRUO05

Continents 2.08 0.51 0.39

(except

Antarctica)
North America 1.77 0.35 0.31
Europe 1.81 0.24 0.32
Asia 1.59 0.68 0.58
South America 4.19 0.28 0.07
Sub-Saharan 2.77 1.04 0.82

Africa
Oceania 2.77 0.05 0.1
Sahara—Arabia 0.31 0.52 0.22
Arctic 1.32 —0.08 —0.18
Antarctica

= =0.01 =00
G CCM3NBIS - CCM3/LSM, Low level cloudiness, annual mean

T .
<=0.01 > 0.01

Fig. 5a—c. Difference between variables simulated by CCM3/IBIS
and CCM3/LSM. a Annual mean net shortwave radiation (contour
interval of 10 W m), b annual mean surface albedo calculated
using the mean reflected radiation and the mean incoming
radiation (contour interval of 0.01), ¢ annual mean low-level
cloudiness (contour interval of 0.04)

The combination of lower surface albedo in high
latitudes and less cloudiness in mid-latitudes results in
higher net solar radiation that is not compensated by
longwave loss. Net radiation is therefore higher and is
consistent with the higher surface temperatures. In the
tropics, slightly lower net radiation is consistent with the

small negative temperature difference between the two
models.

4.3 Precipitation

The differences between the precipitation fields simulated
by the two models are much smaller than the difference
between each model and the observed climatological
value (Table 2). The precipitation field simulated by the
CCM3/LSM presents some known biases over land
(Hack et al. 1998; Bonan 1998) only slightly altered by the
use of IBIS (Fig. 6), making the atmospheric model the
most probable cause of those biases. In both models,
precipitation tends to be locked over the major mountain
ranges, the Rockies, the Andes the Tibetan Plateau and
the Himalayas. The West African monsoon is displaced
towards the east and there is an anomalous precipitation
maximum in summer extending from the Arabian Pen-
insula to NE India. The southeast Asian monsoon is fairly
well simulated except for an anomalous dry zone over
Indochina and a maximum over the Himalayas and the
Tibetan Plateau. At T31, the model overestimates total
continental precipitation (Table 2).

Differences between the two models include slightly
more precipitation on average with CCM3/IBIS than
CCM3/LSM (Table 2). CCM3/IBIS tends to overesti-
mate rainfall further north into the Arabian Peninsula
than CCM3/LSM. This is probably due to the lower
albedo over the region with IBIS. There have been nu-
merous studies showing the importance of albedo feed-
back on monsoon type rainfall (see i.e., Texier et al.
2000; Brostrom et al. 1998) based on early work from
Charney (1975). CCM3/IBIS does not overestimate the
maximum of rainfall in northern Australia in DJF as
CCM3/LSM does.

The difference in precipitation between IBIS and
LSM in the tropics is due to convective precipitation,
which suggests that it is a result of local differences in the
land-surface parametrization. On the Northern
Hemisphere continents, convective precipitation
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Fig. 6a—c. Annual mean precipitation. a Difference between
CCM3/LSM and CRUO0S5 climatology (contour interval of 4 mm/
day, starting at =2 mm/day), b difference between CCM3/IBIS and
CRUOS5 climatology (contour interval of 4 mm/day, starting at
-2 mm/day), ¢ difference between CCM3/IBIS and CCM3/LSM
(contour interval of 2 mm/day, starting at -1 mm/day)

accounts for less than half of the precipitation differ-
ences making large-scale atmospheric circulation the
main cause for the precipitation differences.

As expected, the quality of the simulation of the
precipitation field seems to be more dependent on the
atmospheric model than on the land-surface represen-

Comparison of the climate simulated by the CCM3 coupled to two different land-surface models

CCM3/LSM, no lake - control, T (C), annual mean

Fig. 7. Difference between annual mean temperature at the lowest
GCM level simulated by CCM3/LSM without lakes and wetland
and CCM3/LSM with lakes (control). The contour interval is
0.5°C

tation despite the strong effect of the land surface on
temperature over the whole atmospheric column. Using
the results of AMIP experiments, Boyle (1998) showed
that the land surface is not a reliable indicator of a
model’s ability to simulate precipitation over the USA.
We reach the same conclusion with these two models on
the global scale.

5 Effect of lakes, wetlands and crops

The fact that CCM3/LSM includes inland water bodies
and crops can explain some of the differences in tem-
perature observed between the two models. In a study
with LSM coupled to CCM2, Bonan (1995b) showed
that inland lakes, marshes and swamps strongly affect
the surface temperature and the surface energy balance
especially in the lake region of northwest Canada, the
Great Lakes region of North America, the swamps in
the Siberian lowlands and the lake region of east Africa.
In those simulations, July surface temperatures cool by
2-3 °C compared to a simulation with no inland water.
IBIS is 2.5-5 °C warmer than observed in the North
American Great Lakes region in summer. This feature
can at least partially be attributed to the lack of lakes
and wetlands.

We ran CCM3/LSM without lakes and wetlands to
evaluate their importance on the climate simulated by
the CCM3. The annual mean temperatures simulated by
CCM3/LSM without lakes and wetlands increase by 0.5
to 2 °C in the regions where we ‘removed’ the water
bodies (Fig. 7). Net shortwave radiation increases by 5 to
10 W m 2 and low-level cloudiness decreases by 0.02 to
0.06 (not shown). In the same regions, CCM3/IBIS
simulates temperatures that are 2 to 4 °C higher than
CCM3/LSM (with lakes), 20 to 30 W m > higher net
shortwave radiation and a 0.06 to 0.12 decrease in low
level cloudiness. Lakes and wetlands have thus a strong
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influence on the simulated climate but can only explain
half the differences in temperature, radiation and
cloudiness between CCM3/IBIS and CCM3/LSM over
the lake and wetland regions. The lake and wetland
signal is also limited to the lakes and wetland region and
cannot fully account for the continental scale difference
in temperature between the two models.

The second major difference in the boundary condi-
tions between the two models consists of crops. Bonan
(1999) recently showed in a simulation with CCM3/
LSM that mean annual surface air temperature de-
creased by 0.6-1.0 °C in the United States east of 100°W
after clearing of forest for agricultural land. The
strongest cooling occurred in the Midwest in summer
and fall. CCM3/IBIS prescribes forest and prairie in that
region, which makes it likely to overestimate local tem-
peratures compared to CCM3/LSM and to the 1961—
1990 climatology. As mentioned before, cloudiness is
reduced with CCM3/IBIS in the eastern USA and in
Western Europe where CCM3/LSM simulates crops. As
a comparison, we checked the energy balance terms and
the temperature of the regions where CCM3/LSM sim-
ulates crops but has no lakes (Table 3). The air is
warmer and drier over those regions with CCM3/IBIS
and the planetary boundary layer is about 100 m
thicker. This behavior is consistent with the cooling after
deforestation obtained by Bonan (1999) for the USA.
Warmer and drier air with CCM3/IBIS is not limited to
the crops in the eastern USA but covers also regions
with crops in Europe and Russia.

We are faced with the surprising result that CCM3/
IBIS is closer to the observed temperature, even though
this model ignores lakes wetlands and crops. It is likely
that the effect of the lakes is overestimated or that the
feedback between evaporation over the lakes and
cloudiness is exaggerated so that CCM3/LSM although
being more realistic than IBIS in terms of lakes and
wetlands over these regions gives a wrong surface tem-
perature. One reason for this excessive effect of the lakes
might be their average depth of 50 m affecting their
times of freezing and thawing as well as their tempera-
ture. The effect of the lake depth was studied with LSM
in an off-line mode using atmospheric forcing. It was

Table 3. JJA and annual averages of net radiation (Rn), sensible
heat flux (H), latent heat flux (LE), Bowen ratio, and reference
height temperature, relative humidity (RH) and planetary bound-
ary layer height (PBLH) over all the gridcells with crops (and no
lakes) in CCM3/LSM

JA

Annual

CCM3/IBIS CCM3/LSM CCM3/IBIS CCM3/LSM

Rn (Wm?) 1283 127.9 86.8 87.7
HWm? 442 39.6 27.4 293
LEWm?) 792 79.3 59.7 57.5
H/LE 0.59 0.56 0.46 0.51
T (°C) 22.5 20.1 14.8 13.7
RH (%) 40 68 65 69

PBLH (m) 768 619 675 567
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shown that in this case, 50 m was an acceptable com-
promise. Feedbacks with the atmosphere might invali-
date this conclusion.

6 Differences in model parametrization: roughness length

The presence of lakes, wetlands and crops in CCM3/
LSM cannot explain all the differences between the cli-
mates simulated by the two models. Differences in the
parametrization of the processes themselves and values
of the parameters also play an important role. For ex-
ample, as mentioned before, the differences in snow
parametrizations result in different snow albedo, cover,
and temperature. The higher prescribed albedo of the
Sahara with CCM3/LSM results in surface temperatures
that are 2 to 4 °C lower in that region.

IBIS and LSM also have different parametrizations
of the roughness length. The roughness length impacts
the planetary boundary layer (PBL) thickness simulated
by CCM3 by affecting the vertical mechanical mixing
and the surface energy fluxes. A rougher surface favors
vertical mixing thereby increasing the PBL height. It also
increases the efficiency of the sensible and latent heat
fluxes, which in turn affect the PBL height. On the other
hand, a rougher surface slows down the surface wind,
which tends to limit sensible and latent heat.

In LSM, each vegetation type is assigned a constant
roughness length. In IBIS, the overall roughness of the
grid cell depends on the height of both canopies (fixed in
this study) and the density of the vegetation, which de-
pends on both the leaf and stem area indices and the
fractional cover, as in LSX (Pollard and Thompson
1993). Roughness length varies thus with leaf area index
following the seasonal cycle.

The mean annual roughness length in CCM3/IBIS is
about 0.5 to 1.5 m greater than CCM3/LSM in southern
Alaska, Canada, eastern USA, Europe, and a 10-15 °C
latitude band stretching across Asia around 60°N
(Fig. 8a). India, southern Congo, and the south of Brazil
have roughness lengths that are 1.5 to 2 m greater with
CCM3/IBIS than CCM3/LSM. The tropical forests of
Brazil, central Africa and Indonesia have a slightly
smaller roughness length with CCM3/IBIS. In the mid-
latitudes, the largest discrepancies are located in North
America, Europe, and central Asia where the large dis-
agreement in temperature and low-level cloudiness oc-
curs in summer (Figs. 2, 5¢). The correlation coefficient
between the difference in roughness length and the dif-
ference in low-level cloudiness simulated by the two
models reaches —0.55 in summer on the continents north
of 27°N.

There is therefore a link between roughness length at
the surface, the low level clouds, and the temperature
simulated by CCM3, in the mid-latitudes in spring and
summer. A rougher surface increases mechanical mixing
and deepens the planetary boundary layer (PBL). This
effect is parametrized in CCM3 through Vogelzang and
Holtslag’s (1996) formulation of PBL height in the
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Fig. 8a, b. Annual mean surface roughness length (m). a

Difference between CCM3/IBIS and CCM3/LSM, b difference
between test and control values with CCM3/LSM. The test imposes
higher roughness for crops and temperate and boreal forests. The
average grid cell roughness length in CCM3/LSM is estimated as
the average of the individual roughness lengths for the individual
patches of vegetation. Shades of gray have roughness differences
bigger than 0.5 m. Contour interval is 1 m

model. Since clouds are not allowed to form within the
PBL, the increase in PBL height induced by the rough-
ness length increase will decrease the cloudiness of the
lower atmosphere and can result in increased surface
temperature due to alterations of the surface energy
balance.

We tested the sensitivity of the CCM3 climate to the
roughness length with CCM3/LSM. We imposed a
1.5 m increase in roughness length for the crops and a
0.7 m increase for the temperate and boreal forests to
emulate the annual mean values calculated by CCM3/
IBIS. Roughness length is increased mainly in eastern
USA, Europe and India (Fig. 8b). As a result of the
increased roughness length, the simulated annual mean
low-level cloudiness is reduced by 0.01 to 0.02 over the
eastern USA, India and Europe. The annual mean
temperature of the lowest atmospheric level increases by
0.5to 1.5 °C in eastern USA, around the Mediterranean
Sea and in India (Fig. 9) in CCM3/LSM. The biggest
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R

Fig. 9. Difference between annual mean temperature at the lowest
GCM level simulated by CCM3/LSM with higher roughness (test)
and the standard CCM3/LSM (control). The contour interval is
0.5°C

increase in temperature occurs in JJA and SON and is
compensated by a decrease in DJF. The increased
roughness length can account for about a third of the
low-level cloudiness and temperature difference between
CCM3/IBIS and CCM3/LSM.

Averaged over the regions where the imposed
roughness difference between the two CCM3/LSM
simulations is greater than 0.5 m, surface winds de-
creases by 0.42 m s ' in JJA, the PBL height increases by
87 m and the low level cloudiness decreases by 0.028
(Table 4). Net shortwave radiation increases (the albedo
being unchanged in this sensitivity study) because of the
reduced low-level cloudiness. The reduced wind speed
prevents efficient sensible and latent heat transfer from
the surface to the atmosphere. As a result, infrared
cooling has to compensate for the increased net short-
wave radiation and surface temperature increases. The
increased infrared cooling decreases net radiation, which
further reduces latent and sensible heating in a way that
increases the Bowen ratio. This further contributes to
deepen the boundary layer. This feedback mechanism
was not diagnosed by Sud et al. (1988) in the study of the
influence of land surface roughness on atmospheric cir-
culation and precipitation probably because it had
a fixed soil wetness and did not allow changes in clouds
to affect the radiation, which plays an important role
here.

We compare in Table 5 the surface energy fluxes,
wind speed cloudiness and temperature simulated by
CCM3/IBIS and CCM3/LSM over the regions where
the roughness difference between the two models is
greater than 0.5 m. The average values for CCM3/LSM
differ from Table 4 because the land mask where the
roughness length difference is bigger than 0.5 m is dif-
ferent (Fig. 8). The differences between CCM3/IBIS and
CCM3/LSM are larger than the differences obtained in
the sensitivity test with CCM3/LSM (Table 4) alone.
For example, the reduction in cloudiness only reaches
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Table 4. JJA and annual averages of cloudiness, net radiation (Rn),
net shortwave radiation, net longwave radiation (Net IR), sensible
heat flux (H), latent heat flux (LE), Bowen ratio, reference height
temperature, surface winds and planetary boundary layer height
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averaged over all the grid cells where the roughness length differ by
more than 0.5 m between CCM3/LSM with higher roughness and
the control case

Higher roughness JIA Annual
CCM3/LSM CCM3/LSM CCM3/LSM CCM3/LSM
Control Higher roughness Control Higher roughness
Low-level cloudiness 0.255 0.283 0.324 0.334
Rn (W m2) 116.31 126.74 77.22 81.58
Net shortwave down 197.37 191.72 145.18 143.36
Net IR up (W m?) 81.06 64.97 67.95 61.79
H (W m? 40.72 42.34 25.92 27.06
LE (W m?) 68.56 78.15 49.66 52.81
H/LE 0.59 0.54
T (°C) 18.92 18.01 10.79 10.42
Surface wind (m s ') 2.46 2.88 2.65 291
PBLH (m) 703 616 618 569

Table 5. JJA and annual averages of cloudiness, net radiation (Rn),
net shortwave radiation, net longwave radiation (Net IR), sensi-
ble heat flux (H), latent heat flux (LE), Bowen ratio, surface

temperature, surface winds and planetary boundary layer height
averaged over all the gridcells where the roughness length differ by
more than 0.5 m between CCM3/IBIS and CCM3/LSM

JJIA Annual

CCM3/IBIS CCM3/LSM CCM3/IBIS CCM3/LSM
Low-level cloudiness 0.275 0.362 0.368 0.419
Rn (W m?) 118.87 112.01 75.40 70.99
Net shortwave down 189.27 170.01 136.10 123.86
Net IR up 70.40 58.00 60.70 52.86
H (W m™2) 37.14 32.06 21.98 21.38
LE (W m?) 76.12 70.50 53.03 47.61
H/LE 0.49 0.45 0.42 0.45
T (°C) 18.78 15.74 8.38 6.75
Surface wind (m s ') 2.04 2.45 2.02 2.61
PBLH (m) 745 560 658 522

the first atmospheric layer above the PBL in the sensi-
tivity test with CCM3/LSM. CCM3/IBIS simulates less
cloudiness from the top of the PBL to the mid-tropo-
sphere, when compared to CCM3/LSM. The differences
between CCM3/IBIS and CCM3/LSM are larger than in
the sensitivity study because IBIS differs from LSM in
many other aspects than just roughness length. The re-
gion used for averaging, for instance, includes lakes and
wetlands in CCM3/LSM, which results in more low-
level clouds, as mentioned in Sect. 5. Different parti-
tioning of available solar energy into infrared cooling,
sensible and latent heat in the two models also plays a
role in the amplitude of the signal.

CCM3 seems therefore to have a positive feedback
loop in the mid-latitudes in spring and summer between
roughness, cloudiness and surface temperature. The
amplitude of the signal differs between CCM3/IBIS and
CCM3/LSM because of the different surface types
(crops and lakes) and the different partitioning between
the energy balance terms. This high sensitivity of the
model to the surface roughness is troublesome consid-
ering that roughness is not well known at the large
spatial scale of a GCM grid cell (see e.g., Rodriguez-
Camino and Auissan 1999; Giorgi 1997).

7 Discussion and conclusion

One of the objectives of this study was to document the
climate simulated by CCM3/IBIS, a model that will be
used for studies of vegetation—atmosphere interactions
and studies of the global carbon cycle and to compare it
to the climate simulated by CCM3/LSM. By using the
same atmospheric model with two different land-surface
models, we could also begin to identify whether the bi-
ases in the simulated climate were due to the atmo-
spheric model or to the land surface schemes. We
compared two 20-year simulations: one with CCM3/
IBIS and the other with CCM3/LSM, the standard land-
surface scheme of the CCM3, and ran two additional
sensitivity studies to help understand the differences
between the two simulated climates.

The two models share common biases in the precip-
itation field: orographic locking of precipitation over
mountain ranges, displacement of the African monsoon
and excessive convective activity in central America and
Africa. As in Boyle (1998), we find that the biases in the
precipitation field are not affected much by the para-
metrization of the land-surface, which indicates that
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they are probably due to the atmospheric model. Both
models also share common biases in the temperature
field in boreal winter when the radiation input is low in
the mid to high latitudes of the Northern Hemisphere
and the land, lakes and wetlands are frozen, leaving the
atmospheric model the most probable reason for the
biases.

Because the radiative forcing is higher from spring
through fall, surface temperature and energy balance
depend largely on the land surface parametrization.
With CCM3/IBIS, mean annual temperatures at the
lowest atmospheric level are 1.7 °C higher globally than
with CCM3/LSM. The disagreement is particularly large
in the Sahara, Greenland and Antarctica, and in summer
over the mid-latitudes of the Northern Hemisphere
where CCM3/IBIS simulates drier, hotter and less
cloudy conditions. Albedo and/or snow parametrization
differences between the two models explain most of the
Sahara and high-latitude temperature disagreement. Our
sensitivity study shows that the presence of lakes and
wetlands in CCM3/LSM can account for about half of
the difference in temperature in summer over the lake
and wetland regions of the mid-latitudes. According to
Bonan (1999), the presence of crops in CCM3/LSM can
also explain part of temperature difference in the mid-
latitudes. Finally, we showed with a second sensitivity
study that differences in roughness length between the
two models explain about a third of summer surface
temperature difference through a feedback mechanism
linking surface wind speed, planetary boundary layer
height, low-level cloudiness and radiation. This indicates
that with the two models used here, the vegetation in-
fluences the climate not only through its albedo and
evapotranspiration but also through its roughness.

The results of this comparison indicate several ways
to improve both CCM3/IBIS and CCM3/LSM. For
example, to better represent present-day climate, we
need to include a representation of crops, lakes and
wetlands in CCM3/IBIS. We also need to further ana-
lyze the validity of the roughness length parametrization
in the model. In CCM3/LSM, we need to correct the
prescribed albedo of the Sahara and investigate the
causes of the continental scale cold bias in Eurasia in
summer. We also need to refine the parametrization of
lakes and wetlands and further investigate the impor-
tance of lake depths on the local climate.
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