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Abstract Deep rooted vegetation (of up to 68 m) has
been found in many parts of the tropics. However,
models of the general atmospheric circulation (GCMs)
typically use rooting depths of less than 2 m in their land
surface parametrizations. How does the incorporation
of deep roots into such a model a�ect the simulated
climate? We assess this question by using a GCM and
®nd that deeper roots lead to a pronounced seasonal
response. During the dry season, evapotranspiration and
the associated latent heat ¯ux are considerably increased
over large regions leading to a cooling of up to 8 K. The
enhanced atmospheric moisture is transported towards
the main convection areas in the inner tropical conver-
gence zone where it supplies more energy to convection
thus intensifying the tropical circulation patterns.
Comparison to di�erent kinds of data reveals that the
simulation with deeper roots is much closer to obser-
vations. The inclusion of deep roots also leads to a
general increased climatic sensitivity to rooting depth
change. We investigate this aspect in the context of the
climatic e�ects of large-scale deforestation in Amazonia.
Most of the regional and remote changes can be at-
tributed to the removal of deep roots. We conclude that
deep rooted vegetation is an important part of the
tropical climate system. Without the consideration of
deep roots, the present-day surface climate cannot
adequately be simulated.

1 Introduction

Land surfaces are distinctively di�erent to oceans in that
water is not abundantly available for evapotranspiration
but limited by precipitation input and water storage in
the soil. Only in the presence of vegetation with a well-
developed root system can considerable amounts of
water be extracted from the soil and transpired back into
the atmosphere. This soil storage of plant-available
water becomes increasingly important with greater sea-
sonality in precipitation. Thus, the extent of the rooting
zone, or rooting depth, is an important vegetation pa-
rameter in land surface parametrizations in regions with
a seasonal climate. This is con®rmed by observations,
e.g. by Nepstad et al. (1994) who found that an ever-
green forest at the margin of the Amazon basin devel-
oped deep roots of up to 18 m and consequently was
capable of transpiring considerable amounts of water
throughout the dry season. From the greenness of the
vegetation observed by satellites and the seasonality of
precipitation they estimated that the deep-rootedness of
the vegetation could be common to large parts of the
Amazon basin. Evidence for deep rooted vegetation has
also been reported from many other regions (see e.g.
Stone and Kalisz 1991; Canadell et al. 1996) with similar
impacts on the hydrological cycle (e.g. Edwards 1979).

However, land surface parametrizations in general
circulation models (GCMs) of the atmosphere generally
use values of less than 2 m for rooting depth (e.g.
BATS, Dickinson et al. 1993; SiB, Sellers et al. 1996;
ECHAM, Roeckner et al. 1996). This is in contrast
to the evidence from observations. Consequently, the
model simulations likely contain errors in the compu-
tation of dry-season evapotranspiration and the asso-
ciated heat ¯uxes, but also in the climatic sensitivity
to rooting depth. The importance of evapotranspiration
from the land surface for the climate system has been
pointed out before, for instance, by the sensitivity
studies conducted by Shukla and Mintz (1982) and
Milly and Dunne (1994).
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How can a reasonable rooting depth distribution be
obtained which takes explicit account of the deep roots
found in many regions of the tropics? On the one hand,
observations of rooting depth are only sparsely available,
and on the other hand, the hydrological signi®cance of the
reported values is not clear. Instead of using a distribution
assembled from observations, we take a di�erent
approach (Kleidon and Heimann 1998a). We compute
a distribution using an optimization principle in which
we maximize the long-term mean of the net primary
production (NPP) in respect to rooting depth. In this
approach, NPP serves as a measure of the vegetation's
bene®t or ``®tness'' (Schulze 1982) and the method can be
seen as an implementation of the evolutionary principle in
which vegetation makes best use of its environment. We
applied this method to a simple biosphere model (which
calculates NPP) embedded into a GCM and found that
the obtained rooting depths were reasonable, much larger
than those used in the standard model and had a con-
siderable impact on the simulated climate, mainly in the
tropics (Kleidon and Heimann 1998b).

The aim of the work presented here is to understand
in more detail the mechanism by which deep rooted
vegetation a�ects the tropical climate system and the
climatic consequences of its removal, for instance by
land use change. We use the ECHAM 4 GCM in order
to isolate this mechanism. Our methodology is described
in more detail in the following section. In Sect. 3 we
compare the model simulation which includes deep roots
to the one with the standard rooting depth distribution
and describe the mechanism involved. By conducting
a comparison to observations we assess whether the
incorporation of deep roots leads to an overall im-
provement in the climate model's performance (Sect. 4).
The mechanism described here has direct implications
for the climatic e�ects of large-scale land use change. In
Sect. 5 we conduct additional model simulations to
quantify the role of deep root removal in relation to
other land surface parameter changes in the context of
large-scale Amazonian deforestation. Our ®ndings are
discussed and compared to other studies in Sect. 6. We
close with a brief summary and conclusion in Sect. 7.

2 Methods

In this study, we use the ECHAM 4 general circulation model
(Roeckner et al. 1996) in its T21 resolution (»5.6° latitude * 5.6°
longitude). This model simulates the general circulation of the at-
mosphere by solving the equations of motion in spectral space. In
the following we concentrate on the description of the land surface
in this model and on the method which we used to derive the
distribution of rooting depth.

2.1 Description of the land surface parametrization

The land surface of the model is characterized by a set of surface
parameters, which include albedo, fraction of vegetation cover, leaf
area index (LAI), total roughness length (i.e. the composite of both,
roughness from orography and vegetation cover), forest fraction,
a heterogeneity parameter for runo� computation (see later) and

soil water storage capacity. Total evapotranspiration over land is
the sum of four fractions: evaporation from snow, from the skin
reservoir (i.e. re-evaporation of intercepted water from the canopy,
with the canopy storage capacity depending on the leaf area index),
from bare soil and from transpiration. Transpiration occurs from
the part of the grid cell, which is not covered by snow and where no
water is stored in the skin reservoir.

Transpiration (ET) is calculated by using the bulk transfer
method:

ET � qCH jmH jb�qS ÿ qA� �1�
Here, q is the density of air, CH the bulk transfer (or drag) coe�-
cient of latent heat, vH the horizontal wind speed, qS the speci®c
humidity at saturation under the surface conditions (speci®ed by
surface temperature TS and pressure pS), and qA the speci®c hu-
midity at an atmospheric reference level. The parameter b describes
the decrease of transpiration as a response to water stress and is
determined by

b � 1� CH jmH jrC

a�D�
� �ÿ1

: �2�

The stomatal resistance rC of the canopy is parametrized by an
empirical function, depending on photosynthetically active radia-
tion PAR (taken as 55% of net shortwave radiation at the surface)
and leaf area index, based on Sellers et al. (1986).

The water stress factor a depends on soil moisture and,
indirectly, on rooting depth D:

a�D� �
1 ; WCR � W

WÿWPWP �D�
WCR�D�ÿWPWP �D� ; WPWP � W � WCR

0 ; W � WPWP .

8<: �3�

Here, W is the amount of water stored in the rooting zone of the
soil, WPWP is the soil water content at the permanent wilting point
PWP (set to 35% WMAX in the model), WCR is the critical soil
water content at which transpiration is reduced (set to 75% WMAX

in the model), and WMAX is the maximum soil water content,
depending on the rooting depth D:

WMAX �D� � D� FC �4�
FC is the ®eld capacity of the soil, expressed as the amount of water
stored per meter depth of soil.

Soil hydrology is simulated with a budget equation (similar to
the ``bucket'' model). It includes a sophisticated computation of
surface runo� (DuÈ menil and Todini 1992) which accounts for sub-
grid scale heterogeneity of the terrain height. Also, an explicit
formulation for slow and fast drainage is used, depending on the
water content of the rooting zone W.

We decided to use the distribution of plant available water
PAW, that is, FC-PWP, of Batjes (1996) instead of the distribution
of ®eld capacities used in the standard model of Patterson (1990) in
order to determine the soil water storage size for a given distribu-
tion of rooting depth (according to Eq. 4). This is motivated by the
general overestimation of PAW values when a parametrization for
temperate soils is used for tropical soils which usually have a very
high clay content due to the advanced stage of weathering (e.g.
Chauvel et al. 1991; Hodnett et al. 1995; Tomasella and Hodnett
1996). In the data set of Batjes (1996), these low values are
explicitly considered. Batjes (1996) only gives ranges of PAW. We
assign the mean value to each category except for the categories
0±60 mm (where we use 40 mm/m) and>150 mm/m (where we use
200 mm/m) (Batjes personal communication). Field capacities were
then derived by

FC � PAW
1ÿ 0:35

�5�
following the de®nition of PWP within the model.

2.2 Determination of deep roots

Deep roots are incorporated into the model by using optimized
rooting depths which are taken from Kleidon and Heimann
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(1998b). These rooting depths were obtained by maximization of
long-term mean of net primary production. To do so, an explicit
formulation of instantaneous productivity (NPP) was incorporated
into the model, based on a simple parametrization depending on
solar radiation and water stress (Monsi and Saeki 1953; Monteith
1977; Heimann and Keeling 1989):

NPP � A � a � PAR : �6�
The formulation of water stress given by Eq. (3) was used for a and
55% of the net solar radiation at the surface for the photosyn-
thetically active radiation PAR. The model was run for six years,
with the ®rst year discarded to avoid spin up e�ects, and the mean
of NPP over the last ®ve years of the simulation was taken as a
representative of the long term mean. The maximization was then
conducted iteratively by ``Golden Section Search'' (Press et al.
1992). Within each iteration, the model was run again for six years
in order to compute the long term mean of NPP for a new distri-
bution of adjusted rooting depth.

The rooting depths obtained from the optimization are con-
siderably larger than those in the standard version and agree well
with observations by Canadell et al. (1996) and those derived from
satellite observed greenness (Knorr 1997).

2.3 Setup of the simulations

We conduct two model simulations in order to investigate the e�ect
of deep rooted vegetation:

1. In the ``standard'' simulation, we use the standard distribution
of rooting depth and the associated size of the soil water storage
capacity of the rooting zone WMAX which is taken from Pat-
terson (1990). In this distribution, rooting depths are generally
less than 2 m, depending on the biome type.

2. In the ``deep roots'' simulation, we use the optimized rooting
depths. Since consistent increases in evapotranspiration, re-
sulting from the use of optimized rooting depths, were found
mainly in the tropics, we incorporate optimized rooting depths
only in the tropics, that is, between 30°N±30°S. The soil water
storage capacities are left unchanged in the extratropics. The
resulting distribution of rooting depth is shown in Fig. 1.

All other surface parameters such as albedo, roughness length and
vegetation cover are left unchanged. The two simulations are ini-
tialized with the same soil wetness (i.e., actual divided by maximum
soil water content) and are conducted for 20 years. Sea surface
temperatures are prescribed to their climatological values. In order
to exclude spin-up e�ects, the ®rst ®ve years are discarded in the

evaluation. The signi®cance of the changes between the two sim-
ulations is estimated with the student's t-test (with P £ 0.05). The
comparison is focused on seasonal averages from December to
February (``DJF'', which is roughly the dry/wet season in the
northern/southern tropics) and June to August (``JJA'', which is
roughly the wet/dry season in the northern/southern tropics).

3 Atmospheric effects of deep rooted vegetation

The atmospheric changes resulting from the incorpora-
tion of deep roots (compared to the standard simula-
tion) can be understood by the mechanism shown in
Fig. 2. In the following, we will ®rst follow the diagram
step by step and show the di�erence between the cor-
responding variables of the two simulations in Figs. 3, 4
before we describe the feedback processes involved.

3.1 Direct changes

The increase in rooting depth (associated with the
incorporation of deep roots) leads to an increase in
plant-available soil water storage capacity which then
increases dry-season evapotranspiration (as long as
evapotranspiration is limited by water storage). A large-
scale increase in evapotranspiration takes place on the
dry season hemispheres (Fig. 3A, B). During DJF, the
increases are concentrated over northern South Ameri-
ca, Africa, and India/Southeast Asia, while small
decreases are found over some parts of southern tropical
South America, southern tropical Africa and Australia.
This picture consistently changes during JJA, where the

Fig. 1 Distribution of rooting depths used in the ``deep roots''
simulation. Rooting depths exceed 2 m in the extratropics because a
di�erent soil texture data set is used than in the standard version of
the model
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Fig. 2 This ®gure illustrates the e�ect of deep rooted vegetation
(increased rooting depth) on the atmosphere. Deep roots provide an
increased soil water storage capacity which increases the access to
water stored in the soil for dry periods. Consequently, transpiration is
generally enhanced during the dry season leading to local cooling and
moister air. This way, more moisture (and energy) is transported to
the inner tropical convergence zone resulting in enhanced precipita-
tion on the other hemisphere and a generally strengthened circulation.
The shaded areas denote water
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increases in evapotranspiration occur over southern
tropical South America and southern tropical Africa.
A decrease in evapotranspiration is found over northern
Africa. In addition, a large-scale increase in evapotran-
spiration occurs over the eastern tropical Paci®c and

Mesoamerica as a result of increased precipitation
(see later).

The enhanced latent heat ¯ux associated with the
increases in evapotranspiration leads to a cooling of the
surface. Consequently, considerable decreases in near
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Fig. 3A±F Mean seasonal changes in A, B evapotranspiration, C, D
2 m air temperature, and E, F precipitation for the December±
February (left) and June±August (right) season respectively. Solid
(dashed) contour lines denote positive (negative) changes. Signi®cant

changes are shown by gray (student's t-test, P £ 0.05). Contours are
at �4, 2, 1, 0.5, 0.25 mm/day for water ¯uxes and �4, 2, 1, 0.5 K for
air temperature. Light gray areas indicate land region in which no
signi®cant changes take place
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surface (2 m) air temperatures (of up to 4 K on the
seasonal average and up to 8 K on a monthly basis) are
found for the respective dry-seasons (Fig. 3C, D). The
patterns of increases in dry-season evapotranspiration
and decreases in near-surface air temperatures corres-
pond very well. Apart from this direct e�ect, some
changes (e.g., in temperature) can be found over the
extratropics, on the Northern Hemisphere mainly during
DJF and on the Southern Hemisphere mainly during
JJA.

The increase in evapotranspiration during the dry
season also leads to a consistent increase in atmospheric
moisture over the a�ected region (not shown) and to
enhanced moisture transport toward the Inner Tropical
Convergence Zone (ITCZ). Thus, more energy is avail-
able in the ITCZ in form of latent heat, which then
enhances convection and the mean cloud cover in
the ITCZ (not shown). As a consequence, longwave
radiation at the top-of-the-atmosphere is reduced
in these regions (not shown) and precipitation is
generally enhanced (Fig. 3E, F). Note that this is an
interhemispheric e�ect; the increase in evapotranspira-

tion during the dry season does in general not lead to
enhanced precipitation over the same region but rather
on the other hemisphere.

3.2 Feedback processes

One positive feedback is illustrated in Fig. 2 which in-
volves the transport of moisture towards the ITCZ: the
increased convection is associated with enhanced up-
ward motion in the ITCZ which leads to enhanced wind
¯ow towards the ITCZ. It thus stimulates the general
circulation patterns in the tropics (Hadley circulation in
the zonal direction and Walker circulation in the meri-
dional direction). The changes in circulation are inves-
tigated in terms of changes in the velocity potential near
the surface (at the 850 hPa level, Fig. 4A, B) and in the
upper atmosphere (at the 200 hPa level, Fig. 4C, D). We
notice from Fig. 4 that the wind ¯ow (i.e. the gradient of
the velocity potential) is increased towards the convec-
tion areas (see Fig. 3E, F) thus providing a positive
feedback to further enhance near-surface moisture
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Fig. 4A±D Mean seasonal changes in convergence in divergent wind
¯ow A, B at the 850 hPa level and C, D at the 200 hPa level for the
December±February (left) and June±August (right) season respective-
ly. Solid (dashed ) contour lines denote positive (negative) changes.

Signi®cant changes are shown in gray (student's t-test, P £ 0.05).
Contour interval is 0.2 ´ 106 m2/s for A, B and 0.4 ´ 106 m2/s for C,
D. Positive changes mean enhanced convergent wind ¯ow. Light gray
areas indicate land region in which no signi®cant changes take place
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transport towards the ITCZ. This feedback is most
pronounced (in terms of absolute magnitude and
statistical signi®cance) over South America during the
JJA season.

The reduction of solar radiation at the surface in the
ITCZ as a consequence of increased cloud cover forms a
negative feedback process in that it reduces the net
amount of solar energy at the surface. The spatial pat-
terns of change in solar radiation (not shown) are similar
to those of the changes in precipiation (Fig. 3E, F, with
opposite sign). The reduction in solar radiation at the
surface can explain the decrease found in evapotran-
spiration during the wet periods seen in Fig. 3A, B.

There is also a positive feedback process on an
interseasonal time scale: the increases in precipitation
during the wet season leads to increased storage of soil
water which then further enhances evapotranspiration
during the following dry season. This feedback
mechanism is mainly found in the semiarid regions of
northeastern tropical Africa (not shown).

4 Comparison to observations

Are the climatic changes associated with the incorpo-
ration of deep roots, especially the strong cooling during
the dry seasons, reasonable? We assess this question by
di�erent means of observations in the following.

4.1 Local observations of surface climate

As observed by Nepstad et al. (1994), the deep roots
provide su�cient access to soil water and, as a conse-
quence, the transpiration is maintained throughout the
dry season. We demonstrate this e�ect by showing the
seasonal course of evapotranspiration for two model
grid cells in South America in Fig. 5A, B. It is evident
from Fig. 5, that the incorporation of deep roots leads
to a considerable increase of dry season evapotranspi-
ration. The selected grid cells cover two sites where
observations in evergreen forest were taken during the
ABRACOS project (Gash et al. 1996). While rooting
distributions and, consequently, rooting depth were not
measured at these sites (although Hodnett et al. 1995,
found strong evidence for deep water uptake at these
sites), we can get an idea about the reasonability of the
seasonal course of evapotranspiration by comparing the
simulated near-surface air temperatures to observa-
tions. Daily data from automatic weather stations were
used to calculate the seasonal course of air temperature
and precipitation from a period of up to six years.
These measurements can thus be seen as a representa-
tive of the ``grid box''-scale climate. The seasonal
courses of near-surface air temperature show a notice-
able improvement when deep roots are used in the
model simulation at both sites (Fig. 5C, D). The e�ect
of deep roots within the model does not originate from
errors in the model's simulation of precipitation. The

simulated length and strength of the dry season, as
re¯ected by dry season precipitation, agrees well with
the observations at these sites (Fig. 5E, F) for both
simulations, while wet season precipitation is somewhat
underestimated. The latent heat ¯ux was also measured
at some times during the ABRACOS project. It re-
mained almost constant throughout the dry season
similar to our ``deep roots'' simulation. This kind of
behavior is also consistent with observations by Shut-
tleworth (1988) who found that evapotranspiration
from a forest near Manaus did not fall below 10% of
the potential estimate during the dry season. A com-
parison of solar net radiation at the surface (not
shown) reveals that the model somewhat overestimates
the seasonality. Considering this, we might expect the
evapotranspiration rates during the dry season to be
overestimated. This overestimation is nevertheless mi-
nor compared to the ®rst order changes resulting from
the incorporation of deep roots.

Considerable amounts of evapotranspiration during
the dry season was also observed at other sites. Ed-
wards (1979) found in a forest catchment in East Af-
rica, that the forest transpired all year round with roots
as deep as 8.2 m in an area with a 6 months dry period.
On an annual basis, actual evapotranspiration was
about 90% of open pan evaporation over several years
and evidence for deep soil water uptake was found. On
a larger scale, Kreuels et al. (1975) noticed that the
Bowen ratio (i.e., the ratio of sensible to latent heat
¯ux) over the evergreen forests of South America was
similar to oceanic values, implying that su�cient water
was available for evapotranspiration throughout the
year. Considering that a seasonal climate exists, these
observations also imply that su�cient soil water sto-
rages (explored by deep root systems of the vegetation)
are available.

4.2 Seasonal variation of Amazon River basin storage

Enhanced dry season evapotranspiration in a river basin
also leads to an increased seasonal variation in the
basinwide storage of water. We compute the seasonal
variation of the storage of the Amazon basin (approxi-
mated by ten grid cells, taken as »75°W±55°W, 0°±10°S
and 70°W±60°W, 5°N±0°) from the amplitude of the
variation in the soil water content and compare it to the
seasonal change of the water storage calculated from
observations (Matsuyama 1992) in Fig. 6. Note that the
exact size of the basin is not crucial since the variations
are compared on a unit area basis. It is evident from this
comparison, that the incorporation of deep roots into
the model leads to a considerable improvement in the
variation and the seasonality of basin wide storage.
In the standard simulation, the seasonal variation is
clearly constrained by the bucket size, while in the
simulation with deep roots, the variation is limited by
precipitation which is somewhat underestimated during
the wet season. The observed variation in soil water
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depletion by Nepstad et al. (1994) is also of this order
(»500 mm). However, Matsuyama and Masuda (1997)
attribute the seasonal variation to ¯ooding and changes
in river levels.

4.3 Large-scale observations of air temperature

As a ®nal step, we compare the large-scale seasonal
course of air temperature to observations. In order to do
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Fig. 5A±F Simulated seasonal course of A, B evapotranspiration C,
D near surface (2 m) air temperature and E, F precipitation at two
grid cells in South America. These grid cells cover two sites at which
observations were taken during the ABRACOS project (Gash et al.
1996, left: Ji-ParanaÁ , right: MarabaÁ ). The seasonal course of the
standard simulation (dotted) and the simulation with deep roots (solid)
are shown. Observations of air temperature and precipitation are
shown in gray. Error bars indicate one standard deviation. Up to six

years of daily data were used to calculate the seasonal course and the
standard deviation for the observations. The meteorological data were
collected under the ABRACOS project and made available by the
UK Institute of Hydrology and the Instituto Nacional de Pesquisas
Espaciais (Brazil). ABRACOS is a collaboration between the Agencia
Brasileira de Cooperacao and the UK Overseas Development
Administration. The data are available via the Internet by
http://yabae.cptec.inpe.br/abracos/available.html
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so, averages are computed over land for each hemi-
sphere for ®ve regions which cover the areas where the
largest changes occur (see also Fig. 3C, D and Fig. 7F).
The regions are: northern tropical South America (»0°±
10°N, consisting of a total of seven grid cells), southern
tropical South America (»0°±15°S, 22 grid cells),
northern tropical Africa (»0°±15°N, 29 grid cells),
southern tropical Africa (»0°±30°S, 21 grid cells) and
Southeast Asia (»0°±30°N, east of 70°E, 25 grid cells).
Tropical Australia is not included in the comparison
because the e�ects are far less pronounced. The seasonal
course of near-surface air temperatures of the ®ve
regions for the two simulations and for observations
(Legates and Willmott 1990) are shown in Fig. 7. The
Southern Hemisphere regions of South America
(Fig. 7B) and Africa (Fig. 7D) show a clear improve-
ment in the simulation of the seasonal course of air
temperature when deep roots are included. The im-
provement is less in the Northern Hemisphere. In the
case of northern tropical Africa (Fig. 7C) temperatures
are too low during the dry season compared to obser-
vations. This can be attributed to an overestimated
strength of the wet season in the simulation leading to
exaggerated soil water availability during the dry season.
While model biases in the simulation of precipitation
and net solar radiation (as the main driving variables)
certainly a�ect the results, these biases are in general
minor compared to the ®rst order e�ect associated with
the increased soil water storage.

5 Application to Amazonian deforestation

The comparison in the last section showed that the
model simulation with deep roots is closer to observa-
tions and thus resembles a general improvement of the
simulated surface climate. In this section we investigate
the role of rooting depth reduction to other parameter

changes associated with the large-scale conversion from
natural forest to grassland in the context of Amazonian
deforestation.

5.1 Experimental setup

With the help of four sensitivity simulations we try
to assess the relative importance of deep roots and
its removal in Amazonia in relation to other surface
parameters:

1. In the ``shallow roots'' simulation, the rooting depth
is reduced to 60 cm. This value is translated into
maximum soil water storage according to Eq. (4).

2. In the ``increased albedo'' simulation, only the
surface albedo is increased to a value of 0.20.

3. In the ``shallow roots + increased albedo'' simula-
tion, both of the changes are incorporated.

4. In the ``deforestation'' simulation, a whole series of
surface parameters is changed to values representing
degraded grassland (rooting depth to 60 cm, albedo to
0.20, vegetation roughness length to 0.08 m, fraction
of vegetation cover to 0.85 and leaf area index to 2.2).

The values representing grassland and the region in which
these changes take place (see Sect. 4.2) are adapted from
Nobre et al. (1991). All simulations run for 20 years with
the ®rst ®ve years discarded in order to avoid spin-up
e�ects and are compared to the simulation ``deep roots''.
Fixed climatological sea surface temperatures are used in
all simulations. A student's t-test is used to estimate the
signi®cance of all reported changes (P £ 0.10).

5.2 Regional changes

We investigate the changes of the water ¯uxes and the
atmospheric variables over the deforested area in terms
of the seasonal cycle of the regional monthly means
for each of the simulations. The annual changes in
evapotranspiration, precipitation and near-surface air
temperature are summarized in Table 1.

The ``shallow roots'' simulation clearly shows the
e�ect of the reduced soil water storage (Fig. 8) and is
consistent with the results of Sect. 3. The reduced soil
water storage capacity leads to reduced dry season
evapotranspiration (Fig. 8A), resulting in less atmo-
spheric moisture, less cloud cover and increased solar
radiation (Fig. 8E) which is the reversal of the e�ects
found in Sect. 3. Both, the reduction of latent heat ¯ux
and the increase in solar radiation lead to an increase in
near surface air temperature (Fig. 8D, with »30 W/m2 in
increase in solar radiation compared to »90 W/m2 re-
sulting from the decrease in latent heat ¯ux in August).
The increased warming of the surface causes more
thermally driven convection counteracting the general
subsidence over the region during this period, mani-
festing itself in lower air pressures (Fig. 8E). The in-
crease in radiative energy (as a result of the reduced
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cloud cover) also leads to increased precipitation, mainly
during the wet seasons (Fig. 8B). As a result of the
changes in evapotranspiration and precipitation, the
overall sink of atmospheric moisture is considerably
enhanced (Fig. 8C). The seasonal source of moisture
(that is, evapotranspiration minus precipitation) during
the Southern Hemisphere dry season is completely di-
minished since the soil is not capable of holding signi-

®cant amounts of water which could be recycled by the
vegetation. During this time, evapotranspiration is pri-
marily given by the atmospheric input in form of pre-
cipitation. The increase in the sink of atmospheric
moisture is also associated with a considerable increase
in runo� and drainage, so that the mean discharge of
the basin is increased by 333 mm on an annual basis
(Table 1).
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In the ``increased albedo'' simulation, we ®nd a
uniform reduction of surface solar radiation during most
parts of the year (Fig. 8E). Since soil water is not
limiting (because of the presence of deep roots),
primarily the latent heat ¯ux and evapotranspiration are
reduced (Fig. 8A) without a change in air temperature
(Fig. 8D). The reduced water input into the atmosphere
by evapotranspiration cause reduced cloud cover re-
sulting in increased solar radiation at the surface
(Fig. 8E), partly o�setting the initial e�ect of albedo
increase (a negative feedback, especially in September).
Precipitation is reduced (Fig. 8B) as is the overall sink of
atmospheric moisture (Fig. 8C and Table 1). Conse-
quently, runo� and soil drainage are reduced leading
to decreased overall river basin discharge by 88 mm
(Table 1). Nevertheless, the region remains a source of
atmospheric moisture during the Southern Hemisphere
dry season as in the control simulation.

When both e�ects (albedo increase and rooting depth
reduction) are included, the changes over the whole re-
gion mainly re¯ect the composite e�ect of the individual
changes resulting from ``shallow roots'' and ``increased
albedo''. While the changes in evapotranspiration add
up (see above, Fig. 8A and Table 1), most other changes
in part cancel, for instance, precipitation, moisture
source, solar radiation and sea-level pressure (Fig. 8B,
C, E, F). The response in solar radiation resulting from

the positive feedback associated with the shallow roots
outcompetes the response to increased albedo, so that in
total an overall increase is found. So the combined
response is mainly driven by the reduction in rooting
depth. The overall impact of all parameter changes is
very similar to the response of the combined e�ect of
rooting depth reduction and albedo increase. The e�ects
of reduced roughness length and decreased leaf area
index/interception storage do not seem to further con-
tribute substantially to the overall response.

5.3 Remote changes

Consistent with the reversal of the mechanism described
in Sect. 3 we ®nd changes in the circulation as a result of
the reduction in dry season evapotranspiration and
remote e�ects as a consequence of the large-scale con-
version of the Amazonian forest to grassland. We focus
here on the period of the southern dry season (June±
August) where the e�ects are strongest. In Fig. 9 we
show the changes between the ``shallow roots'' and the
``deep roots'' simulations. The reduction in dry season
evapotranspiration leads to a strong, large-scale sea-
sonal warming over South America (Fig. 9A) and
reduced moisture and energy transport towards the
Inner Tropical Convergence Zone (ITCZ). There, con-
vection is reduced leading to a reduction in precipitation
(Fig. 9B) and to a general weakening of the tropical
circulation (Fig. 9C, D). The weakening of the meri-
dional circulation across the Paci®c (Walker circulation)
results in remote e�ects over Southeast Asia (reduced
precipitation, Fig. 9B, and low level convergence,
Fig. 9C). Another predominant remote response in-
cludes a large-scale warming over North America
(Fig. 9A). While some of the changes are just below the
signi®cance level, the patterns for the ``shallow roots +
increased albedo'' and ``deforestation'' simulation con-
®rm these changes (not shown) which increases our
con®dence in the signi®cance. Other patterns are also
consistently found in these simulations, for instance
decreased 2 m air temperature over Europe, Africa and
Australia indicating indirect e�ects as a response to the
circulation changes. In other seasons, signi®cant changes
occur as well, e.g. during December±February where we
®nd a lowering of the Aleutian low pressure system and
a general warming over North America (not shown).

5.4 The e�ects of moderate parameter changes

The basic assumption of a large-scale complete conver-
sion of tropical evergreen forest into grassland across
the whole Amazon basin is surely an exaggeration.
Evidently, the outcome of the simulations depends on the
choice of the parameter values used to represent grassland
in the model simulations. It is therefore interesting to in-
vestigate, how sensitive the response of dry-season eva-
potranspiration (as the main driver of remote e�ects) is to
partial changes in rooting depth and albedo. Since GCM

Table 1 Annual mean changes of the simulations averaged over
the deforested region and comparison to the results of some recent
studies. Note that in some studies, the temperature change refers to
surface temperature change or surface soil temperature change

Simulation DT
(°C)

DP
(mm)

DE
(mm)

Change
moisture
sink

Shallow roots +2.5 +50 )383 +
Increased albedo 0.0 )194 )106 )
Shallow roots
+ increased albedo

+2.6 )177 )495 +

Deforestation +2.5 )140 )474 +

Other studies
Henderson-Sellers
and Gornitz (1984)

0.0 )216 )162 )

. . .
Nobre et al. (1991) +2.5 )643 )496 )
Dickinson and
Kennedy (1992)

+0.6 )504 )252 )

Henderson-Sellers
et al. (1993)

+0.6 )588 )232 )

Polcher and Laval (1994) )0.1 )186 )128 )
Dirmeyer and Shukla
(1994)
No albedo increase +2.0 +83 )76 +
Albedo increase by 0.06 +2.0 )101 )119 )
Albedo increase by 0.09 +2.0 )245 )137 )
Zhang et al. (1996a) +0.3 )403 )223 )
Sud et al. (1996) +2.0 )540 )445 )
Hahmann and
Dickinson (1997)

+1.0 )363 )149 )

Lean and Rowntree (1997)
Increased albedo only )0.1 )166 )50 )
Deforestation +2.3 )157 )296 +
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simulations are time consuming, we assess the sensitivity
of the evapotranspiration response to the choices made
for albedo and rooting depth by a simple budget model.
This model simulates evapotranspiration as a function of
atmospheric demand and soil water availability.

In this model, evapotranspiration is computed as

ET � min�PET ; S� �7�

with PET being potential evapotranspiration (or, more
precisely, the evapotranspiration rate that would occur
in a non-waterlimited environment) and S is the supply
rate of the soil for evapotranspiration which is only
constrained by the amount of plant available soil water
within the rooting zone W. For simplicity, the e�ect of
water-stress on evapotranspiration is not considered.
The temporal evolution of the soil water content W is
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Fig. 8A±F Mean seasonal course of A evapotranspiration, B precip-
itation, C moisture source, D 2 m air temperature, E net solar
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line) and from the complete deforestation simulation (solid line) are
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simulated for plant available water, i.e., between ®eld
capacity FC and permanent wilting point PWP (``bucket
model''), according to

W �t � Dt� � min�WMAX ;W �t� � �P ÿ ET �Dt� �8�
where P is the precipitation occurring during the time
step Dt and WMAX is the bucket size, given by

WMAX � D � PAW : �9�
Here, PAW is the maximum plant available water
per unit soil depth (=FC)PWP ) and D is the rooting
depth.

This model runs for each of the deforested grid cells
(see Sect. 5.1) on a daily time step in order to integrate
Eq. (8). The forcing consists of interpolated mean
monthly values of precipitation and evapotranspiration
(taken as PET) from the ``deep roots'' simulation of the
GCM. The values of PAW are identical to the ones used
in the GCM simulation (based on Batjes 1996). While
modi®ed rooting depth directly a�ects Eq. (9) and con-
sequently the simulation of W, the e�ect of modi®ed
albedo a¢ is incorporated by changing PET to PET 0,
given by

PET 0 � 1ÿ a0

1ÿ a
� PET �10�

with a being the albedo of the control simulation. The
underlying assumption in Eq. (10) is that the change in
net radiation associated with a di�erent albedo directly
a�ects PET.

The response for evapotranspiration is computed
with the o�ine model for a series of more moderate
parameter changes. Note that this model does not in-
clude the feedback mechanisms described in the previous
sections. The simple model is nevertheless capable of
capturing the basic features of the seasonal changes
associated with rooting depth and albedo change
(Fig. 10A, C). The magnitude of change is underesti-
mated (compare extreme values in Fig. 10B, D to those
in Table 1) because the feedbacks are neglected (espe-
cially solar radiation and precipitation).

When rooting depth is reduced uniformly across the
basin from the mean value in the ``deep roots'' simu-
lation of 9.8 m down to 0.6 m, the decrease in annual
evapotranspiration is ®rst fairly small (Fig. 10B). This
can be attributed to the heterogeneity of plant-available
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water which ranges from 50 mm/m to 120 mm/m across
the basin, so that water limitation sets in at di�erent
times and di�erent slopes (see also Eq. 9). From a
rooting depth of about 4.5 m downwards, annual
evapotranspiration is reduced considerably stronger,
and this change takes place during the dry seasons
(Fig. 10A). From this point onwards, water limitation
sets in for extended periods across the basin. In fact,
this critical value represents roughly the annual mean
variation in soil water, and is in the order of the re-
ported value of Nepstad et al. (1994). At this lower end,
the reduction in annual evapotranspiration is equal to
the further decrease in plant available water storage.
The start of stronger reduction and the slope might
change with added degree of climatic variability. Using
a higher albedo, the sensitivity of evapotranspiration to
rooting depth is slightly decreased from 325 mm to
275 mm.

When albedo is increased uniformly across the basin,
the mean reduction in annual evapotranspiration is
directly proportional to the albedo change (Fig. 10D)

which is not surprising considering the way of how the
albedo change is incorporated (see Eq. 10). The annual
reduction occurs fairly uniformly throughout the year
(Fig. 10C). When a shallower rooting depth is used, the
slope (and the total sensitivity) decreases from 115 mm
to 75 mm over the albedo range.

These results stress the importance of soil water
storage (and deep roots), which directly a�ects dry-sea-
son evapotranspiration. Any reduction in basin wide soil
water storage will lead to some decrease in evapotran-
spiration and thus favor some remote impacts by the
mechanism described. In both cases, the overall sensi-
tivity of the parameter decreases only slightly when the
other parameter is modi®ed. This can be explained by
the opposing dry and wet seasons across the basin. In
the presence of small soil water storages (i.e., shallow
roots), the e�ect of albedo on evapotranspiration
primarily occurs in the wet-season regions. Nevertheless,
this decrease also contributes to the total, basinwide
reduction in evapotranspiration during the Southern
Hemisphere dry season.
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Fig. 10A±D O�ine simulation results for regional evapotranspiration
with di�erent parameter changes. The seasonal course of evapotran-
spiration for di�erent values of rooting depth (albedo) is shown in A
and C (thin lines, with values of 0.6 m, 20%, indicate strongest
reduction, 2.9 m, 18.2%, 5.2 m, 16.3%, 7.5 m, 14.5%, 9.8 m, 12.7%,
indicate no reduction, almost identical to the control simulation). The

simulations of the GCM are shown in thick lines for comparison
(solid: control simulation, dotted in A: shallow roots simulation,
dashed in C: increased albedo simulation). The annual reduction of
regional evapotranspiration as a function of rooting depth (with an
albedo of 12.7%, solid, and 20%, dashed) and albedo (with a rooting
depth of 9.8 m, solid, and 0.6 m, dashed) is shown in B,D, respectively
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6 Discussion

In this section we focus on discussing the main two re-
sults from this study: ®rst, that the soil moisture avail-
ability for transpiration in the tropics is underestimated
in the standard model simulation for the present-day
climate as a consequence of neglecting the presence of
deep rooted vegetation (and consequently the total
plant-available soil water storage capacity) and second,
that the sensitivity to rooting depth change is also un-
derestimated. Our results are certainly limited to some
extend by the method and model used. For instance,
physical limitations such as bedrock, permafrost or a
permanent water table could restrict the extent of a root
system. For a more detailed discussion on the limitation
of the method and its implementation we may refer the
reader to Kleidon and Heimann (1998a, b). In the fol-
lowing, we examine whether other factors or processes
could lead to the same e�ects, that is, the enhanced dry
season evapotranspiration, and the correctness of the
sensitivity to rooting depth changes. We also include a
comparison to other studies to assess how reasonable the
results are.

6.1 Rooting depths in the present-day climate

We claim that the rooting depths were underestimated
in the standard simulation and that the simulation of
present-day climate improved when larger rooting
depths are used in the tropics. This is substantiated by
the comparison conducted in Sect. 4. However, other
aspects could lead to the same climatic changes (note
though that the pronounced seasonal signal is distinc-
tively di�erent from the e�ect of other surface parame-
ters such as albedo or roughness length).

6.1.1 Factors determining the soil water storage capacity

The parameter that a�ects the model's simulation of
water stress (and consequently leads to the climatic
changes reported in Sect. 3) is the total soil water stor-
age capacity (SWC). Since this parameter is a�ected by
the combination of rooting depth D and plant-available
water PAW (see Eqs. 4, 5), the same results could be
obtained by a larger value of PAW rather than by deeper
roots. However, evidence of local observations of soil
texture suggest, that the values of PAW for the highly
weathered tropical soils are commonly overestimated.
This overestimation is also present in the soil texture
used in the standard model (see Sect. 2). For instance,
plant available water in the standard model in the
Amazon basin are on average about 240 mm/m while
observed values are generally lower and as low as 30 mm
(Hodnett et al. 1995; Batjes 1996). Because of these low
values of PAW, the development of a deep root system
seems mandatory for evergreen vegetation to survive the

dry season but also stresses the importance of accurate
soil texture information.

6.1.2 Evapotranspiration from other sources

Most evidence for the importance of deep roots in the
comparison section originates from the changes due to
the increase in evapotranspiration during the dry season.
In principle, other processes could contribute to evapo-
transpiration as well, for instance, evaporation from
open water surfaces such as rivers, lakes or wetlands
(which was suggested by Matsuyama and Masuda 1997,
in the case of the Amazon basin). Since open water
bodies only cover a small fraction of the total land area
in most regions (Matsuyama and Masuda 1997, cite a
value of 7% maximum inundation for the Brazilian part
of Amazonia), they are likely to be able to account for
only a small part of the total evapotranspiration ¯ux
of a large region (especially in the humid tropics) and
their impact consequently appears minor. Another way
of assessing the quality of the hydrological changes
associated with the presence of deep roots would be
to compare the seasonal course of large river basin
discharge to observations (see e.g., Hagemann and
DuÈ menil 1997). However, because of the low spatial
resolution used here, we did not conduct this compari-
son.

6.1.3 Other possible sources of errors

The strong response to soil water storage and evapo-
transpiration could in principle originate from errors in
the climate model. However, the patterns of change
which we found are similar to those obtained in sensi-
tivity studies (e.g., Shukla and Mintz 1982, for evapo-
transpiration, Milly and Dunne 1994, for soil water
storage capacity).

The simulation with the deep roots can be seen as one
where the vegetation makes optimum use of water. Even
though the vegetation's productivity was optimized in
the derivation of rooting depth instead of transpiration,
the outcome is close to a maximization of evapotran-
spiration. The complete removal of water stress is cer-
tainly an exaggeration which is likely the consequence of
the fairly simple formulation in the model. This behavior
is nevertheless much more consistent with observations
than a strong reduction of transpiration in the absence
of deep roots as it is the case in the standard model. The
optimization also leads to the limits that evapotranspi-
ration is controlled by radiation in humid environments
and by precipitation in arid ones. It is interesting to note
that Budyko (1974) established these limits for annual
estimates of evapotranspiration. In this sense, the use of
optimized rooting depths is a logical extension to shorter
time scales of Budyko's work.

A remaining, more fundamental question is whether
observed values of rooting depth can be directly
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translated into soil storage of plant-available water, or if
the total water uptake capability needs to be weighted by
root biomass density as it is commonly done in models
which use multiple soil layers. In the soil hydrology
model of the GCM used in this study, no explicit
assumption is made of how water uptake by roots is
connected to root biomass. This model is nevertheless
capable of adequately simulating the regional aspects of
surface climate and hydrology when the large soil water
storages are used. This could mean that the presence of
roots is more important than their quantity, probably
because of other processes such as hydraulic lift by plant
roots (see e.g., Caldwell et al. 1998) which are less well
understood. The implication of this is that the e�ects
seen here should remain even if a more sophisticated
land surface scheme were used. Ultimately, it is the net
amount of soil water accessible to plants which is
underestimated in the standard simulation.

6.2 Climatic sensitivity to rooting depth changes

The climatic e�ects of Amazonian deforestation pre-
sented in the last section are a consequence of an
increased climatic sensitivity to rooting depth changes.
Two factors lead to the increased sensitivity: ®rst, larger
values of rooting depth are used in the simulation of
present-day climate and second, lower PAW values
(which are presumably more realistic) are used in addi-
tion with reduced rooting depths for the computation of
the SWCs in the sensitivity simulations of the deforested
landscape. Note that the lower PAW values do not have
an e�ect on the present-day simulation since the rooting
depths were obtained by the optimization method and
are therefore adjusted to the lower values. This increased
climatic sensitivity to rooting depth changes results in
climatic changes which are quite di�erent to most other
studies which we explore in the following.

6.2.1 Comparison to other studies ± regional changes

The climatic e�ects of Amazonian deforestation explored
in Sect. 5 can mainly be attributed to the reduction in
rooting depth. While the e�ect of albedo increase can be
found in the simulations, other parameter modi®cations
(reductions in roughness length and leaf area) hardly
show up. This is not surprising since the reduction of soil
water storage capacities limit evapotranspiration to an
extent to which other parameters cannot much further
reduce total evapotranspiration. This response is never-
theless reasonable: for instance, Nepstad et al. (1994)
observed that the managed pasture lost all its leaf area
during the dry season thus not being able to transpire (the
reduction in transpiration should not be seen as a conse-
quence of leaf area loss but rather that the reduction of
leaf area re¯ects the soil water status which in turn is likely
the result of a shallow rooting depth). As a consequence,
the sink of atmospheric moisture increases (Table 1).

6.2.2 Comparison rooting depth versus albedo change

We found that most of the changes resulting from the
rooting depth reduction counteract the albedo increase.
The competing e�ect of albedo increase to other pa-
rameter changes (in our case rooting depth reduction) is
consistent with the ®ndings of Dirmeyer and Shukla
(1994). They found in a deforestation simulation in
which albedo was not changed an increase in precipita-
tion and overall moisture sink over the deforested region
as in the ``shallow roots'' simulation (see also Table 1)
which they attributed to the same mechanism (i.e., re-
duced cloud cover). This competing e�ect is not sur-
prising: after all, the surface albedo, at least in part,
re¯ects the greenness of the vegetation, which in turn is
controlled by the water availability. Thus, in a natural
environment changes in albedo and rooting depth do
not occur independently from each other. It is rather the
di�erence in ecological survival strategy between ever-
green forest and grassland which leads to the changes in
the surface parameters. In the case of the evergreen
forest, the low albedo re¯ects the su�cient water avail-
ability (and the ability to maintain deep root systems)
while grasslands naturally ``risk'' the disadvantages of
periods of water stress, re¯ected in their shallow dense
rooting systems. For grasses, a higher albedo (and
consequently less evaporative demand) is bene®cial for
their survival strategy.

6.2.3 Comparison to other studies ± remote changes

A few studies, in which all tropical evergreen forests
were replaced, investigated global e�ects of deforesta-
tion (McGu�e et al. 1995; Zhang et al. 1996b; Sud et al.
1996). The results reported here di�er in two aspects:
®rst, surface parameters were modi®ed in Amazonia
only, and can therefore be attributed to originate from
this particular region (and the reduction in rooting depth
only). Second, the overall response is opposite to most
studies, that is, we ®nd an increase in radiative forcing
over Amazonia despite the albedo increase as a result of
a cloud feedback process. Nonetheless, we attributed
most of the remote changes not to the changes in radi-
ation over the deforested area but rather to the reduced
evapotranspiration (and moisture export) during the
Southern Hemisphere dry season.

7 Summary and conclusion

We showed that the consideration of larger rooting
depths (and consequently larger soil water storage
capacities) in a climate model leads to an improved
simulated present-day climate. Deep rooted vegetation
acts as a large water capacitor leveling out seasonality
in evapotranspiration in seasonal environments in the
tropics by the ability of greater access to water stored
in the soil. In this sense, the inclusion of deep roots
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makes a land surface appear more like an ocean surface
in terms of its evaporative behavior emphasizing the
importance of vegetation in land surface functioning.
The local consequence is little warming (on a monthly
mean basis) during the dry season, which is not ex-
pected from the seasonality of precipitation and solar
radiation. The persistence of evapotranspiration during
the dry season is associated with an increased energy
transfer in the form of latent heat towards the inner
tropical convergence zone, where convection is gener-
ally enhanced and the overall tropical circulation pat-
terns are strengthened. Since it is the net storage of soil
water accessible to the vegetation which is underesti-
mated in the standard model it seems that the e�ects
found in this study should be fairly model independent.
Especially the (non)seasonality of near surface air
temperature in the tropics appears to be a strong
indicator for su�cient water availability during the dry
season and thus for the presence of deep rooted vege-
tation on a large scale. We may therefore conclude that
deep rooted vegetation is an important component of
the tropical climate system and may suggest that larger
rooting depths should be used in the tropics within
other climate models.

We also found that the total climatic response
resulting from large-scale Amazonian deforestation can
be attributed mainly to the reduction in rooting depth as
a result of the increased climatic sensitivity to rooting
depth change. On a regional level, the e�ect of increased
albedo is overruled by a cloud feedback process initiated
by the strong reduction in dry-season evapotranspira-
tion caused by the shallow rooting depths. We also
detected some signi®cant remote impacts which are
similar to those occurring during an El-NinÄ o/Southern
Oscillation (ENSO) warm phase. These can be explained
by the reversal of the mechanism outlined. This, again,
emphasizes the important role of deep rooted vegetation
in the tropics.

We consider this work as a ®rst step towards a more
realistic representation of vegetation behavior in a cli-
mate model. However, more observations are needed for
comparison in order to be more con®dent about the
model's prediction in the simulated regional-scale be-
havior of evapotranspiration (and its relation to rooting
properties), but also about the importance of dry season
evapotranspiration from land areas as a source of energy
for the ITCZ. The large scale biosphere-atmosphere
experiment in Amazonia (LBA) is an ideal project for
gathering this sort of data on the appropriate scales.
We hope that the results of this project will provide
additional means of testing the proposed mechanism.

We can raise additional, more fundamental questions
from the results of this study. Considering that the
inclusion of the optimized rooting depths lead to a
general improvement of the simulated surface climate,
we may also conclude that the vegetation in large areas
does indeed act, at least near, the optimum. Do other
vegetation parameters (such as albedo) also re¯ect
optimum adaptation to the environment? What are the

requirements (e.g., biodiversity) and limitations (e.g.,
disturbance such as ®re) for this optimum behavior?
Assessing these questions may lead to a better under-
standing of the interaction between climate and ecosys-
tems in general and the e�ects of human in¯uence by
changing ecosystems in particular.
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