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ABSTRACT

The influence of changes in vegetation type on the surface energy budget was studied usiog the Simple Biosphere
Model (SiB) of Sellers ¢t al. {1986). The modeled energy budget response to the conversion of forest to short vegeta-
tion or bare soil {deforestation) was investigated with SiB forced by three time—series of atmospheric boundary condi-
tions collected at three different climatic sites: an Amazonian tropical forest, a U S, Great Plains grassland, and a cen-
tral Wales spruce forest. The results show that SiB can simulate realistic surface energy budgets and surface tempera-
tures. and that deforestation may have 2 significant influence on the local surface epergy budget and surface weather.
The influence is especially prominent at the Amazonian and U 8. Great Plains sites, and greater in summer than in
other seasons.

It was found that atmospheric houndary conditions play 4 dominant role in determining the degree of changes in
the surface fluxes and temperature induced by deforestation; the largest change in latent heat flux appeared at the
Amazon site, the largest change in sensible beat flux appesred at the Spruce forest site, and the largest change in sur-
face temperature appeared at the Great Plains site. The Bowen ratios of the 5iB sensitivity intsgrations for each site
are comparable with observations. The values of the Bowen ratio and the ratio of latent heat flux to net radiation vary
distinetly from site to site, implying that local atmospheric conditions limit the range of changes caused by the vegeta-

tion change.
Key words: Biosphere model, Vegetation effect, Sensitivity test, Land ~atmosphere interaction
[ INTRODUCTION

In the last decade, parameterizations of land surface processes (LSPs) in atmospheric
general circulation models (GCMs) have become more realistic and grown in sophistication.
Modeling schemes include more accurate representations of the processes associated with
vegetation. Three well-known biosphere models are the Biosphere—Atmosphere—Transfer
scheme model (BATS, Dickinson, 1984a; Dickinson, et al., 1986), Simple Biosphers Model
(SiB, Sellers et al., 1986), and the Land Ecosystem—Atmosphere Feedback Model {LEAF,
Leeetal., 1991). Both BATS and SiB have been implemented in GCMs, and LEAF is used in
a mesoscale model. These biosphere models account for both the effects of precipitation
interception by vegetation, and the control on the evaporation rate exerted by vegetation can-
opies and root systems. In addition, some models determine the surface albedo, soil moisture,
and surface roughness as mutually consistent functions of the prescribed vegetation
parameters. It is believed that with a more realistic biosphere model the simulation of the ef-
fects of changes in vegetation type, particularly the effect of deforestation, as well as the
simulation of the hydrological budget, are more teliable and compare well with observations.
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(Dickinson and Henderson—Sellers, 1988; Dickinson, 1989'; Shukla et al., 1990; Henderson—
Sellers et al., 1990; Nobre et al., 1991).

In these biosphere models, the change in vegetation type 18 represented by a change in the
set of vegetation parameters which determine the surface albedo, the surface roughness, and
the formulations affecting the evaporation rate. The change in albedo will modify the total
energy available; the change in surface roughness will influence the momentum trausfer and
moisture convergence; and the change in evapotranspiration will redistribute the partitioning
of incoming radiative energy into fluxes of sensible and latent heat. Changes in the surface
fluxes also affect the overlying atmosphere which in turn feedback, positively or negatively,
on surface processes, constituting a complete interactive cycle.

Since this study applies SiB at single points, rather than within GCMs, we will review on-
ly the results from previous similar applications. The evaluations of 5iB performance have
been made for several sites by comparing it with observational micrometeorological data (Sel-
lers and Dorman, 1987; Sellers et al., 1989). The comparisons show that, in general, the pre-
dicted values of sensible and latent heat fluxes, surface temperature, and other biophysical va-
riables agree with observations. The sensitivity tests of individual parameters show that the
partitioning of available energy into ground heat flux, sensible heat flux and latent heat flux is
the process most sensitive to changes in the parameters. The evapotranspiration process is
sensitive to the physiological properties of the vegetation, such as leaf stomatal resistance
parameters, leaf area index, and plant vascular system resistances. Sellers et al. (1989) further
improved the SiB performance at a tropical forest site by considering a triangular description
of leaf area density within canopy height and utilizing an optimization technique to determine
appropriate physiological parameters for the SiB representation of the tropical forest.

A global check of SiB performance in compating surface albedo, roughness length, and
minimum stomatal resistance showed that these derived variables compare reasonably well
with appropriate measurements obtained [rom the literature and have the additional merit of
being mutually consistent (Dormar and Sellers, 1989). .

This study is designed to make a simple analysis of the mﬂuenoe of changes in vegetation
type on the surface energy budget while neglecting the complete feedback interactions
through the atmosphere. We ask two questions: Under the same atmospheric boundary condi-
tions does the injfluence of vegetation on the surfice energy budget depend significantly on vege-
tation type? How much does this in fuence vary with diffrent climate zones? The potential ap-
plication of this study is iwo—fold. First, it investigates the local effects of vegetation changes
while the local incident radiative fluxes and precipitation rates remain, theoretically, the same.
Second, it explores the errors which occur when presuming homogeneity of surface land
properties within a GCM grid box as opposed to the large nonhomogeneities of vegetation
type and so0il properties that actually occur.

This paper is organized as follows: In Section 11, the concepts of SiB are briefly reviewed.
The experimental design and the data description are given in Section 1IL. In Sections IV, V,
VI, the effects of changes in vegetation type at the Amazon, central Wales, and Great Plains
sites are described, Finally, Section VII discusses the results of this study and lists the conclu-
SIOns.

I1. REVIEW OF THE SIMPLE BIOSPHERE MCDEL

Since a comprehensive description of SiB is given in Sellers et al. (1986), we present only
a brief review here. In SiB, the world vegetation is divided inte two morphological groups:
trees or shrubs, which constitute the upper story canopy vegetation, and ground cover, which




No.2 Runhua Yang, J. Shukia and P.J. Sellers 141

ATMOSPHERIC BOUNDARY LAYER

L : T
[N s
3E, +1E, +3E,| ’ fH+H,

GROUND
COVER

T
saif,

Wee

Fig. 1. The framework of the asrodynamic resistance submodel and the surface resistance
submaodel in SiB. The transfer pathways for latent and scnsible heat fluxes are shown on the
lefi-hand and right-hand sides of the Figure.

consists of grasses and other herbaceous plants. SiB vegetation parameters are composed of
three groups: morphological, physinlogical and physical parameters as shown in Sellers ¢t al.
(1986, 1989), The soil structure is represented as three layers. The first is a thin, upper soil lay-
er from which direct evapotranspiration can cause a significant withdrawal of water when the
soil pores are at or near saturation. The second layer is the root zone of the upper story vege-
tation and the ground cover. The third layer is the recharge layer where the transfer of water
is governed only by gravitational drainage and hydraulic diffusion. The eight prognostic vari-
ables in SiB are: three temperature variables (canopy, ground, and deep soil layer), two liquid
water storage variables (canopy foliage and ground foliage), and three soil wetness variables
(three soil layers).

The atmospheric boundary forcing terms used te drive SiB are: air temperature, vapor
pressure, wind speed, precipitation, and the incident radiant flux from the lowest layer of the
model atmosphere. When using observations, these forcing terms are provided by
measurements taken a.few meters above. the canopy. The incident radiant flux is partitioned
into five components: thermal infrared diffuse flux; visible direct beam and diffuse radiation
fluxes; and near infrared direct beam and diffuse radiation Fluxes. The morphalogical and
physiological characteristies of the vegetation community within a grid box are used to derive
the coefficients which govern the fluxes of radiation, sensible heat, latent heat, and momen-
tum between the surface and the atmosphere. These fluxes are then returned to the overlying
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atmosphere and affect the subsequent development of the atmospheric circulation.

SiB consists of three submodels, namely the radiative transfer submodel, the
aerodynamic resistance submodel, and the surface resistance submodel, In the radiats ¢ trans-
fer submodel, a two—stream approximation is used following Dickinson (1984b) and Sellers
(1985). The upwelling diffuse radiation fluxes, surface spectral reflectance, and the radiation
absorption are calculated in sequence, and then the net radiation fluxes of the canopy and
ground are obtained.

The framework of the aerodynamic resistance and surface resistance submodels is illus-
trated in Fig. 1 {from Sellers et al., 1986). The sensible heat flux and laient heat flux from the
ground to the atmosphere each consists of the two components: the fluxes from the ground to
the canopy air space and the fluxes from the canopy vegetation to the canopy air space. The
transfer of sensible heat flux is controlled by three aerodynamic resistances including: r, , the
resistance between the canopy air space and the reference height; r, , the bulk beundary layer
resistance; and r,, the resistanceé between the ground and the canopy air space. The transfer
of water vapor must also traverse these three resistances but in addition is controlled by three
surface resistances: r,, the bulk stomatal resistance of upper story vegetation; r, . the bulk
stomatal resistance of ground vegetation; and r,, .. the bare soil surface resistance. The three
aerodynamic resistances and the three surface resistances are derived by an aerodynamic re-
sistance submodel and a set of surface resistance submodels, respectively (Sellers et al., 1986,
1989),

Table 1. Summaries of the forcing data and vegetation data sets for the experiments

Set Input forcing data Vegetation type
1 Observational micrometcorological data at a Amazon site: Type 1: tropical forest
(2°57'S, 59°57'W)
Data record: Type 7: ground cover (grass)

Sept 3 1983-Dec. 31 1985
Data description:
Shuttleworth et al {1984)
Moore (1986), Lloyd and Manques {1988)

Type 9: broadleaf shrubs with bare soil

Type 11: bare soil

2 Observational micrometeorological data at a Norway spruce | Type 4: needle—leaf evergreen trees
site, Central Wales, U K. (52°28'N, 3°42'W)
Data record: - Type 7: ground cover (grass)
May 31--Dec. 31 1975
Data description: Type 9: broadieaf shrubs with bare soil
Sellers and Dorman {1987) Type 11: bare soil

The output of SiB—GCM at the lowest model level over 4 grid
points in the Great Plains (32.5-34.4°N, 95.6-92.8°W)

Data record:

11 June-11 July 1979
Data dmci-iplion:
COLA SiB-GCM output, see text

Type 4: needle—leaf evergreen trees

Type 7: ground cover (grass)

Type 3: broadleaf and noodicleaf trees

Type 12: broadleaf deciduous trees
with winter wheat

HI. EXPERIMENT DESIGN

The experiments consisted of three sets of SiB integrations with different vegetation types
forced by three time—series of atmospheric boundary conditions. For each set, SiB was inte-
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grated repeatedly with each vegetation type forced by the same time—series of atmospheric
boundary conditions. Two boundary condition data sets were provided by observations at an
Amazon site and a Spruce forest site; the other was taken from the outputs of a version of
Center for Ocean-Land—Atmosphere Interactions (COLA) GCM coupled with $iB at the
lowest atmospheric model level for four grid points in the Great Plains. Brief descriptions for
these three forcing data and vegetation data are listed in Table 1, and the details of the forcing
data are described in later sections.

The range of vegetation types used in the study represents the various stages of
deforestation: from forest to grassland, and then to desert with shrubs, and te bare soil. Each
SiB vegetation type is prescribed by a set of vegetation parameters including soil physical and
surface aerodynamic properties. In this study these parameters do not vary with time. Table 2
compares the most important parameters associated with the vegetation types used here. The
vegetation cover, green leaf fraction, root length density, and minimum stomatal resistance
are specified from a variety of in situ observations reported in the literatures (Sellers and
Dorman, 1987). Roughness length (Z, ), the coefficient of the bulk boundary layer resistance
C, (7, ), the coefficient of the aerodynamic resistance between the ground and the canopy air
space C,(r,), are computed using procedures outlined in Sellers et al. (1989).

Table 2. The mast important parameters asscciated with cach vegctation type (June) used in the study

vegetation
TYPE1 | TYFE4 | TYPET | TYPE® | TYPE 1} | TYPE 12
character
vegetation
cover (%) 93 75 90 10 1 8
green leaf
fraction {%) 91 %0 81 57 0 84
root leagth
density 197378 97333 93175.0 5500. 1.0 950.
{m / m%
roughness
length {m) 2362 0.88 0.078 0.064 0.011 0.52
(Zo)
C,ir) 7.21 1.07 20.65 97.34 39034 75.81
C,lr, ) 503,77 | 118930 70.20 17.30 2864 232.14
min. stomatal
resistance
(s / m) 45 T0 40 - ——= 150

The analysis included three procedures. First, we verified three simulations: the integra-
tion in set | with tropical forest, the integration in set 2 with needle—leaf evergreen trees, and
the outputs of the COLA GCM averaged for four grid points in the Great Plains in set 3.
These verilications documented the model’s ability to reproduce the observed fluxes over the
appropriate existing vegetation type and also provided information for the subsequent sensi-
tivity tests. Second, we analyzed the differences between the simulations and the results of
sensitivity tesis within a set and determined the impact of the vegetation change on surface
fluxes and meteorological variables. Finally, we compared the results among the three sets to
explore how the influence of vegetation varies with different atmospheric boundary condi-
tions or climate zones.,
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1V. SiB SENSITIVITY TO VEGETATION CHANGE AT THE AMAZONIAN SITE
1. Data description

Routine meteorclogical measurements were made by two automatic weather stations
mounted at a height of 45 m on an aluminum scaffelding tower at 2°57'S, 59°57'W in the Re-
serve Florestal Ducke, 25 km from Manaus, Amazon Brazil. The forest canopy consists of
many species and is typical of an undisturbed natural forest. It extends with no obvious
sub-stories to a height of 35 m with occasional emergent trees reaching 40 m. The
measurement interval was 5 minutes, and then the hourly values were averaged. Data records
covered the period from September 3, 1983 to September 30, 1985. The data collection and
analysis procedures were described by Shuttleworth et al. (1984), Moore (1986), Lloyd and
Marques (1988).

The monthly means of the meteorological variables measured at 45 m (the measurement
height will be referred to as the reference height) were computed for 25 months, Figure 2 illus.
trates the monthly mean precipitation, also shown as points with bars are the means and
standard deviations of the monthly mean precipitation, also shown as points with bars are the
means and standard deviations of the monthly precipitation measured at a nearby
climatological station for the years 1965 to 1981 (from Shuttleworth, 1988). The
climatological average rainfall exhibits a marked seasonal dependence with a maximum in
March and a minimum in August. There is also a clear division between the dry season (from
June to November) and the wet season (from December to May). The rainfall observed dur-
ing the period from September 3, 1983 to September 30, 1983 is clearly representative of the
climatological annual cycle except in December 1983 when the precipitation was anomalously
heavy. The monthly mean net radiation (not shown) is relatively low during the wet season
and relatively high during the dry season with sharp changes from the warm months to the
cool months. The interannual variations are quite jarge, such as a 25 Wm™? difference be-
tween November 1984 and November 1983,
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Fig. 2. Monthly precipitation as measurex at the Amazon site over the 25 month experimental
peripd. Also shown are the means {points) and standard deviations (bars) of monthly precipi-
tation measured at a nearby climatological station for the years 1965-1981.
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The monthly mean temperatures vary little. A minimum temperature of 24°C occurred in
February 1984 and a maximum temperature of 27°C in September 1983. As expected, the
temperatures are high during the dry season and low during the wet season in agreement with
the variation of net radiation and precipitation. The monthly mean vapor pressures are al-
ways higher than 26 hPa, and their variations are less than 3 hPa. The standard deviation of
hourly temperature is high during the warm secason with a maximum of 3.8°C and lower in the
cool season with a minimum of 3.0°C. The standard deviations of hourly vapor pressure are
generally confined to 1-2 hPa and do not show seasonal change.

The above statistics show that the Amazon site has characteristics of a tropical forest
climate: warm and moist with small diurnal and seasonal variations in temperature, vapor
pressure, and wind speed. The averaged monthly means and standard deviations of the above
variables from June to December are listed in Table 3.

Table 3. The monthly means of surface net radiation (R,), air temperature (T,,), vapor pressure (e,,), wind speed (I/,),
the standard deviations of hourly temperature S.D. {7,), and vapor pressure $.D. {¢,), computed from
measurements {or GCM run) at the reference height above the three sites for the experimental peried. Site 1
is in Amazonia, site 2 is in Central Wales, and site 3 is in the Great Plains

VAR SITE JUNE JULY AUG. SEPT. OCT. NOV. DEC.
site 1 119 122 122 136 117 116 99
R, site 2 139 127 99 60 EX] 13 2
W/m?{ sited 224
site 1 25.2 252 256 264 25.7 263 248
T(°C) site 2 12.6 15.4 153 9.5 55 2.1 2.7
site 3 273
site 1 270 26.6 27.0 272 28.2 28.0 2.0
e, site 2 12.2 14.5 16.2 0.9 8.6 6.8 1.1
(hPa) site 3 13.9
site 1 1.54 1.57 1.62 1.52 1.39 1.50 1.2%
Uplm /sy | site2 1.29 0.89 0.90 1.29 1.18 1.23 1.44
site 3 3.70
site 1 325 345 3.55 3.61 341 3.58 3.33
sD. site 2 $.20 7.20 7.20 6.11 6.50 571 4.47
{T,) site 3 4.70
site I 2.16 1.59 1.73 1.62 1.51 1.48 1.58
S.D. site 2 4.40 3.81 4,70 3.00 2.90 2.40 1.80
(e, site 3 3.20

2. Simulation

A 25—-month simulation was performed by using SiB with tropical forest vegetation. Dur-
ing the entire 25 months there are only 19 days with a full 24 hours of observed sensible heat
and latent heat fluxes. A comparison of the observed and simulated sensible heat fluxes for
the 19 days is shown in Fig. 3. The date is given at the top of e¢ach corresponding diurnal
cycle, and the values shown on the horizontal axis are cumulative hours over each 10-day pe-
riod. The solid line denotes the observations and the dashed line with dots denotes simulation.
Of the 19 days, 10 days of simulation are close to the observed with crrors less than the
measurement error which is estimated to be about 10% of the flux. The large errors in the
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Fig. 3. The hourly simulated and observed values of surface sensible heat flux for 19 days at
the Amazon site; the date is shown at the top of the corresponding diurnal cycle. Solid lines

are observations, and dashed lines with dots are simulations.
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simulation occur at the local noonlime with maximum errors of about 60 W m™2 The
simulation of latent heat flux, with 12 days of good simulation, is generally better than that
for sensible heat flux (Fig. 4}. The errors in simulated fatent heat and sensible heat fluxes on
April 10 and June 11, 1985 are large and are of the same sign, indicating an inconsistency in
the forcing data or in the flux measurements.

3. Sewusitivity tesis

Three integrations were performed with a grassland {type 7), desert with shrubs {type 9),
and bare soil (type 11}, respectively forced by the same time-series of atmospheric boundary
conditions at the Amazon site. The initial soil wetness was prescribed as 0.63 for all types. For
type 1, the downward long wave radiation was calculated as the residual of a surface energy
balance equation. For the other vegetation (ypes, the downward longwave radiation was as-
sumed (o be the same as type | and the net radiation was calculated from the surface energy
balance equation. Figure 5 shows the simulated monthly averaged hourly albedo values dur-
ing the local time period, 7:00 am to 6:00 pm, for the four vegetation types: type | had the
lowest value of 0.14 to (.15, and type 11 had the maximum value of 0.32. The variation of the
albedo within the day is generally smaller than 0.03. Figures 6-9 show the monthly mean
diurnal cycles of four model cutput quantities in September {left panel) and December (right
panel) respectively. September is within the dry and warm season with high net radiation, and
December is within the wet and cool season with low net radiation.

The net radiation differences (Fig. 6) respond directly to the albedo differences, type 1
with a maximum value and type 11 with a minimum value. The differences between the vege-
taticn types develop during the day time and reach their maxima at nooatime. In September
(left panel) the net radiation with vegetation type 7 is smaller than that with vegetation type |
by 5¢ W m ®. The largest difference is 160 W m > between type 1 and type 11. In December
the daily maximum is reduced from about 500 W m ? in September to 350 W m * as the sun
moves towards the Tropic of Cancer which has the effect of reducing the differences among
the vegetation types. The maximum difference between types 1 and 7 is about 30 W m™?, and
between types 1 and 11 is approximately about 160 W m ™. It can be seen that the maximum
difference of the net radiation between types | and 11 in September is as large as the seasonal
changes in net radiation from September to December.

o — pw ! o - lype? o — lype? o — lyps N

0.3

LB f

[] ’ 10 kil 2 13 i 15 W [ L]

Fig. 5. The simulated mean hourly albedo values during the local time period, 7:00 am to 5:00 pm,
for four vegetation (ypes at the Amazon site.
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Fig. 6. The diurngl cycles of net radiation in September (left panel) and in December (right panel},
averaged for three September months and two December months for the SiB integration starting

from September 1983 to September 1985 for four differsnt vegetation types at the Amazon site.
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Fig. 7. The diurnal cycles of latent heat flux in September (lefl parel) and in December (right
panel), averaged for three September months and two December months for the SiB integration

starting from September 1983 to September 1985 for four different vegetation types at the Amazon
site.
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Fig. 8. The diurnal cycles of sensible heat flux in September (left panel} and in Decetaber (right panel), av-
efaged for three Scptember months and two December months for the SiB integration starting from Sep-
tember 1983 10 September 1985 for four different vegetation types at the Amazon site.
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(right panel}, averaged for three September months and two December months for the $iB integration start-

ing from September 1983 to September 1985 for four different vegetation types at the Amazon site.




150 Advances in Atmospheric Sciences Vol. 11

The differences in latent heat flux (Fig.7) are remarkable between vegetation types 1 and
9 or 11. The latent heat flux of vegetation type 1 is consistently larger than those of the other
three types, because vegetation type | has the densest vegetation cover (see Table 2). During
September {left panel}, the maximuwm latent heat flux of both type 9 and type 11 is about 200
W m %, much lower than the others, due to the reduced vegetation cover and net radiation.
The maximum difference in latent heat flux between type 1 and type 11 is about 130 W m 2.
During December (right panel), the latent heat flux of each vegetation type is reduced. A max-
imum difference of 90 W m ? occurs between types 1 and 9, The difference is sensible heat
flux (Fig. 8) between vegetation types varies between day and night. During the daytime, the
sensible heat fluxes of vegetation type | are consistently higher than those of the other types.
In contrast, at night the sensible heat {lux of vegetation type ] becomes negative, and that of
other types are close to zero. These large nighttime negative sensible heat fluxes are due to the
high roughness length of the tropical forest. In September (left panel), a maximum difference
of 60 W m™ in sensible heat flux occurs between vegetation types 1 and 7. In December (right
panel), the maximum difference occurs between types 1 and 11 with a reduced magnitude of
HOWm?

Figure 9 shows that the replacement of vegetation type 1 by the other three types leads to
an increase in calculated ground surface temperature. During September (left panel) the max-
imum afternoon difference is 5°C between types | and 7, 6.5°C between types 1 and 9, and
about 9°C between types 1 and 11. During December (right) these temperatures are lower,
and the differences among these types are relatively small compared to these in September.
The maximum differences are about 3°C between types 1 and 7, 4°C between types | and 9,
and 6°C between types 1 and 11.
type 1 e — typn 7 o — btype 9 m — typesld
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Fig. 10. Monthly means of net radiative flux (left panel) and latent heat flux (right panel), simu-
lated by SiB for four vegetation types for the period Scptember 1983 to September 1985,

ro— |
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Fig. 11. Monthly means of simulated soil wetness at layer | (left pancl) and surface ground tem-
perature in °C, simulated by 5i8 for four vegetation types for the period September 1983 to Sep-
tember 1985,

The month by menth variations of several variables for the four vegetation types over the
whole 25—inonth integrations are plotted in Figs. 10 and 11. The differences in net radiation
and latent heat flux between these four types (Fig. 10} are consistent during the whole period
and vary with the seasons; larger in warm months and smaller in cool months. For example,
the difference in net radiation (left panel) between types 1 and 11 reaches at a maximum of 48
W m? in September 1984 and a minimum of 24 W m? in December 1984. The difference in
latent heat flux (right panel) between vegetation types 1 and 9 or 11 reaches a maximum of 45
W m? in September 1984 and a minimum of 27 W m? in February 1985,

Relatively high during the wet and cool months and low in the dry and warm months,
the variation in soil wetness of the first soil layer for each vegetation type (left panel of Fig.
11) has a clear seasonal pattern and follows precipitation. The minimum soil wetness ap-
peared in September 1984 due to extensive evaporation during the pervious months which de-
pleted the soil moisture. The differences between types 1 and 7 are smali, as are the differences
between types 9 and 11. The low water—holding capacity of vegetation types 9 and L1 causes
soil wetness to remain relatively low. Similar patterns exist in soil layers 2 and 3. The monthly
mean runoff (not shown) shows that types 9 and 11 have relatively high soil moisture values
among the four vegetation types.

The difference in ground surface temperature among these vegetation types {right panel
of Fig. 11) is large during the period of June to November 1984 (watm and dry months) and
small in the period of December 1983 to May 1984 (cool and wet months). The differences va-
ried from 0.7°C to 1.4°C between type 1 and type 7, and from 1.6°C to 2.6°C between type 1
and type 11. The highest surface temperature corresponds to a desert condition. An inter-
esting feature is that replacement of type | by any of these three types generates large
intraseasonal and interannual variations of ground surface temperature; for example, the
maximum intraseasonal variation with vegetation type 11 is about 2.4°C which is about 0.8°C
larger than that with type 1.
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V. SiB SENSITIVITY TO VEGETATION CHANGE AT A SPRUCE FOREST SITE
1. Data description

The data used consist of hourly micrometeorological measurements taken in a clearing a
short distance away from a small Norway spruce forest in central Wales, U.K, {52°28'N,
3°42'W). The values were adjusted by comparison with occasional sets of observations re-
corded with an aulomatic weather station above the canopy. It was assumed that the adjusted
values were representative of conditions at a height of 12 m, roughly 2 m above the canopy
{Sellers and Dorman, 1987). The data was collected from May 31 to December 31, 1975 with
30 days of missing data dispersed over the 7 months.

The monthly mean precipitation during the record petiod is calculated. At-this site pre-
cipitation mainly occurred from September to December. Before September the monthly
mean precipitation was less than 90 mm / month. The maximum amount of 250mim / month
occurred in September and the minimum amount of 45 mm occurred in June (the values for
July and December were excluded due to large missing data). The monthly mean net radiation
had a maximum value of 140 W m™® in June and then gradually decreased. The minimum
value is close to zerc in December due to low insolation. The temperature has a maximum
value of 15.5°C in August and a minimum of 2°-3°C in November and December giving a
seasonal variation of around 14°C. The variation of vapor pressure follows that of tempera-
ture with 2 maximum of 16 hPa in August and a minimum of 7 hPa in November and De-
cember. The wind speed varied from 0.8 m s 'to 1.4 m s~ '. The standard deviations of hourly
temperature and vapor pressure are large during warm months and small during cool months.
All these quantities change gradually with the seasons.

These monthly mean values are also listed in Table 3. This site is obviously very different
from the Amazon site. It represents a middle-high latitude climate: with warm weather in lat-
er summer, rainy in early fal, relatively low temperatures and vapor pressures, and relatively
large diurnal variations in temperature and evaporation, The seasonal weather transition is
gradual.

2. Simufarion

. Figure 12a shows a comparison of comulative evaporation between the simulated and
the observed data during a 40 day period at the Spruce forest site. The observational data dur-
ing the period of day 19 to day 33 is read from Fig. 1 of Sellers and Dorman (1987). The simu-
lated value is lower than that observed by about 0.6 mm / day. Figure 12b shows the cumula-
tive runoff and evaporation of the model output as well as the cumulatively observed rainfall
for 190 days. The sum of runoff and evaporation is about 10 cm less than the rainfall, partly
due to the fact that there were no calculations made for the 30 missing data days. If the model
runofT is reliable, then the underestimation of evaporation of the model during this period is
approximately 0.6 mm / day.

3. Sensitivity test

Three integrations were performed with vegetation types 7, 9, and 11 with the same
micrometeorological observation data as in the simulation. As with the Amazon site, the
downward longwave radiation of type 4 was calculated as a residual from the surface energy
balance equation in the simulation and then as input for these three integrations, The integra-
tion starts from May 30 to December 31, 1975 excluding the 30 days of missing data. The ini-
tial soil wetness was prescribed as 0.63 as before.
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Fig. 12. Spruce forest site: (a) the comparison of SiB simulated cumulative evapotranspiration
with observations for a 40-day period starting from May 30, 1975 (k) the comparisons among
the simulated cumulative evapotranspiration losses { £} and runoff (R} and the observational
cumulative precipitation (F) for the spruee site over a 6 moath period starting from May 30,
1975.

The results of the sensitivily test for June are deseribed. This month was chosen because
il had large net radiation values which lead to enhanced model sensitivity. The left panel of
Fig. 13 shows that the replacement of vegetation type 4 by the three other vegetation types in-
creases mean hourly albedo from 0.11 to 0.22 (type 7), to 0.30 (type 9) and to 0.32 (type 11,
respectively. The maximum difference in net radiation (right panel) is 66 W m 2 between vege-
tation types 4 and 7, 116 W m ™ between types 4 and 9; and about 140 W m 2 between types 4
and 11. Figure 14 shows the surface latent and sensible heat fluxes, The latent heat flux {left
panel) of vegetation type 4 is generally higher than those of the 8ther vegetation types. The
differences between types 9 and 11 are small. A maximum difference of 75 W m™ exists be-
tween types 4 and 9 or 11. The sensible heat flux (right panel) of vegetation type 4 is much
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Fig. 13, Spruce forest site: mean hourly albedo values during the local time period, 7:00 am 1o 6:00 pm {left panel),
diurnal cycles of net radiation in June {right panel), as simulated by SiB for four vegetation types.
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higher than these of the other three types, and vegetation type 11 has the smallest value. The
maximum difference is more than 70 W m ™ between types 4 and 11, whereas the other three
types have small differences. The ground surface temperature differences (not shown) are
smaller than that in the Amazon site. The largest daytime difference is about 3.5°C between
types 4 and 11. The replacement of vegetation type 4 by the other three vegetation types gen-
erally made the ground surface temperatures increase in the dayiime and decrease slightly at
night.

The month by month variations of net radiation and Jatent heat flux for the four vegeta-
tion types are illustrated in Fig. 15. The left panel of Fig. 15 shows that the monthly mean net
radiation gradually decreased as the sun moved southward and became less than one half of
the June amount by September, Compared with this figure, the differences in hourly net radi-
ation among different vegetation types are even larger than the seasonal changes. In conjunc-
tion with the decrease in net radiation, the differences among these four vegetation types also
decreased. In June, the difference between types 4 and 11 is 60 W m ™2, but the difference is on-
ly 30 W m™2 in September. The differences in the calculated latent heat fluxes {right panel of
Fig. 15) between {ypes 4 and 7, between types 4 and 9 or type 11, were large during the sum-
mer but diminished remarkably after September.

The sensible heat flux (not shown) of vegetation type 4 was much larger than those of the
other three types before September, but thereafter dramatically decreased to values close to
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Fig. 15. Sprucc forest site: monthly means of net radiative fluxes (left pancl) and latent heat flux
(right panel), as simulated by SiB for four vegetation types for the period of May to December
1975.
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those of other three types. The soil wetness of layer 1 for each vegetation type decreased start-
ing in June and reached a minimum in July due to large evaporation losses that month. Af-
terwards, soil wetness gradually increased again. The soil wetnesses of types 4 and 7 are as
high as 0.84, bui the values of types 9 and 11 are small due to their low water—holding ability.
The differences among these types are small before September and became large during the
winter. The differences in monthly mean ground surface temperature among these four types
(not shown) are no more than 1°C with the largest difference in September between vegetation
type 4 and the others.

¥1. MODEL SENSITIVITY TO VEGETATION CHANGES AT THE GREAT PLAINS SITE
1. Data description

A one month-long time—series of meteorological boundary conditions was generated by
averaging the relevant variables of 8$iB—~GCM outputs for the lowest atmospheric model layer
for four adjacent grid points in the Great Plains. The hourly mean data were averaged from
the 12 minute output, The time period studied was from June 11 to July 10, 1979. The 4—peint
averaged 30—day mean temperature at the lowest model level {45 m, approximately) was
27°C, the averaged vapor pressure was 18.9 hPa, the mean net radiation was 224 W m 2, and
the precipitation was 41.17 mm / month. The wind speed was much higher than at the other
two sites since the model consistently produced too high a surface wind speed compared with
observations. The standard deviations of hourly temperature and vapor pressure were 4.7°C
and 3.2 hPa respectively, values that are between the values of the other two sites (see Table
3). 1t is clear that the weather of this site is different from the Amazon and Spruce sites: it is
warmer than the other two sites, wetter than the Spruce site but drier than the Amazon site,
and monthly variances of temperature and vapor pressure reside between the two.

2. Simulation and sensitivity test

Figure 16 shows comparisons beiween the observed and GCM simulated 30-day aver-
aged diurnal cycles of surface air temperature (part a) and relative humidity (part b} averaged
over the four grid points, Overall the 30—day mean diurnal cycles of predicted temperature
and relative humidity are close to observations. The maximum error in hourly temperature
simulation is about 2°C, but the 30—day mean simulated temperature error was less than 1°C.
The mean relative humidity simulation was good during the daytime but had more than a
10% error during the night.

Assuming that the four—point averaged downward longwave radiation of the GCM out-
put does not change with the different vegetation types, the integration was performed from
June 11 to July 11, 1979 for each vegetation type with the same initial s0il wetness.

Figure 17 shows calculated net radiation (left panel) and latent heat fluxes (right) for the
four vegetation types. Generally the difference in net radiation follows the albedo differences:
types 4 and 3 have relatively higher net radiation values due to their small albedos, and the
other two types have relatively low values due to their large albedo values. The maximum net
radiation for type 7 is about 60 W m % less than that for type 4, and a maximum difference of
125 W m 2 occurs between types 4 and 12. A maximum difference of 180 W m™” in latent heat
flux occurs al noon between types 7 and 12, when vegetation type 7 reached a maximum la-
tent heat flux of 400 W m™2, There is little difference between types 4 and 3. Figure 18 shows
that the sensible heat fluxes (left panel) of types 7 and 12 are less than that of type 4 by about
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Fig. 16. Comparison of the simulated and observed monthly mean diurnal cycles of (2} surface
air temperature and (b) surface relative humidity at four grid points in the Great Plains of the
United States, over the period of June I[ to July 11 1979; observation (solid Line), and SiB
simulation (broken line).

200 W m™ and 170 W m™? respectively. The surface fluxes of types 3 and 4 are close, Al
night, types 4 and 3 have larger negative sensible heat fluxes than the other two types, because
of their large surface roughnesses, which may also generate strong daytime upward sensible
heat fluxes and cooler surface temperatures at night. The differences between the ground sur-
face temperature (right panel} are somewhat surprising; the maximum differences is 12°C be-
tween vegetation types 12 and 3, while the maximum temperature of type 12 even reaches
45°C. The surface temperatures for type 7 are consistently higher than those of vegetation
types 3 and 4, with the maximum difference of about 3°C between types 7 and 3, and about
1.5°C between 7 and 4. The vegetation cover fraction for type 12 during this month was very
small, and so its ground surface temperature is expected to be the highest among these vegeta-
tion types. Maximum ground surface temperatures as high as 45°C have been observed in arid
areas.

The soil wetnesses of types 4 and 3 (not shown) were very similar and ciose to the initial
value of 0.77. The mean soil wetness of type 7 was the smallest among the four vegetation
types, It decreased from the initial value 0.77 1o 0.5 due to its high evaporation rates which
depleted the soil moisture.
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VII. SUMMARY AND CONCLUSIONS

The monthly means of surface net radiation, surface latent heat and sensible heat fluxes,
and surface temperatures simulated by SiB with the different vegetation types at the three sites
are listed in Table 4. Also shown are the Bowen ratios and the ratios of latent heat flux to net
radiation, This table shows that over three different climatic zones there are consistent
changes associated with deforestation: decreasing net radiation due to the increase in aibedo,
decreasing latent heat flux (except with type 7 at the Great Plains site), and increasing ground
temperature (little difference at the Spruce forest site). The friction velocity and soil wetness
(not shown) are also decreased. At the Amazon and Spruce sites, runoff {not shown)
consistently increased as soil water—holding capability was reduced.

The differences in the calculated surface energy partition among forest and ground cover
(type 7) and desert {types 9 and 11) are large at all three sites. The differences in surface tem-
peratures are large at both the Great Plains and Amazon sites but small at the Spruce site due
to the much lower insolation. The changes in surface temperature, surface net radiation, and
surface latent heat flux caused by deforestation, particularly in the mean diurnal cycle, are
mote prominent at the Amazon and the Great Plains sites (tropical and subtropical climate
zones) than in the Spruce forest site (high—middle latitude zone), mainly because of the high
net radiation fluxes associated with the former.

It is important to point out that the differences between the monthly means of surface
energy flux components associated with changes in vegetation type are smooth compared to
the differences in the mean diurnal cycles, especially in the daytime.

There is an interesting feature shown in Table 4: the largest change in latent heat flux ap-
peared at the Amazon site, the largest change in sensible heat flux appeared at the Spruce for-
est site, and the largest change in surface temperature appeared at the Great Plains site. This
suggests that atmospheric boundary conditions largely determine the degree of changes in
surface fluxes and temperature caused by deforestation. Furthermore, the values of the
Bowen ratio at one site are generally different from those of the other two sites (except at the
Great Plains site with type 7, which had enormous latent heat fluxes). The Bowen ratios are
small at the Amazon site and relatively large at the Spruce forest site. At the Great Plains site,
the values are generally between those of the other two sites. Similarly, the ratios of latent
heat flux to net radiation at the three sites are also distinctive. At the Amazon site, evapora-
tion made up a large percentage of the net radiation, about 70~84 percent. At the Spruce for-
est site, although the surface temperature was low, evaporation still consumed about 45-50
percent of the net radiation. At the Great Plains site, evaporation consumed about 30-60
percent of the net radiation with all types except type 7. These features imply that the local
atmospheric conditions limit the range of changes caused by the change in vegetation type. In
other words, these two ratios can be used to measure the degree of influence of local vegeta-
tion changes at a given site. Finally, the fact that the Bowen ratios in each site are comparable
with observations (Shuitleworth et al., 1984; Ji and Hu, 1989) shows that SiB can generate
appropriate surface micrometeorological conditions when forced with different atmospheric
boundary forcing. :

Due to the exclusion of the feedbacks of vegetation type on atmospheric conditions in
this study, results here could not depict a full picture of the interactions between the vegetated
fand and the atmosphere; the most important phenomenon, the change in precipitation, could
not be addressed. In addition the prescribed high initial soil wetness made the changes in sur-
face sensible heat flux and ground temperature small. Nevertheless, the main results here are
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qualitatively in conformity with those revealed by some 3—-D GCM deforestation tests. For
example, the Amazonian deforestation sensitivity tests, which were performed by Shukla et al.
(1990), Nobre et al. (1991), Dirmeyer and Shukla {1991) and Dickinsen (1989), show some
common results: an increase in ground surface temperature and runofl, a decrease in soil
wetness, and a lengthening of the dry season.

Table 4. The monthly means of net radiation (R, ). latent heat flux (LE) and sensible heat flux (&), and ground sur-
face temperature {T,) generated by SiB surface model with different vegetation types at thres sites. Also list-
ed are the Bowen catio (H / LE) and the ratio of latzat heat lux to net radiative flux (LE/ R,,)

SITE TYPE R LE H T, H/ LE LE/ R,
Amazon 1 136.3 1149 20.6 248 179 .84
Sept, 7 1201 98.5 19.7 263 0.2 22
96.9 66.6 28.5 26.7 43 69
11 87.6 62.2 233 215 37 i
Spruce forest 4 139.1 720 47.0 13.5 633 518
110.4 61.1 29.3 13.4 AB0 .553
June 1975 9 89.9 41.0 289 13.9 704 456
11 B4 376 23.4 14.6 626 460
4 2247 132.1 78.3 25.7 594 5BR
The Great Plains 3 2167 1310 .5 252 541 £e9
6/ 1E~7/11 1979 7 197.1 145.5 36.7 26.2 252 740
12 179.7 94.2 63.1 309 669 524
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