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ABSTRACT

The Simple Biosphere model (SiB) of Sellers et al. (1986) was designed for use within General Circulation
Models (GCMs) of the earth’s atmosphere. The main objective of SiB is to provide a biophysically realistic
description of those processes which control the transfer of radiation, sensible heat, latent heat and momentum
between the terrestrial surface and the atmosphere. As a result, SiB is more complex and has a larger input
parameter set than most equivalent formulations used in GCMs. Prior to implementing SiB in a GCM, it is
essential that its components and its functioning as a whole be thoroughly tested. Additionally, it is highly
desirable that the model’s response to errors or uncertainties in the mput parameter set be explored. This paper
discusses investigations that were directed at addressing these two issues.

Micrometeorological and biophysical measurements from surface experiments oonducted over arable crops
in West Germany and the United States and a forested site in the United Kingdom were used to test the
operation of SiB. Observed values of the downward radiative fluxes, wind speed, air temperature and water
vapor pressure recorded above the surface-were used as the boundary forcing for the SiB model. The predicted
partitioning of the absorbed radiation into the sensible and latent heat fluxes compares well with observations
and the various subcomponents of the model appear to operate realistically. The sensitivity of the model’s
energy balance calculations to changes in the various model parameters and the soil moisture initialization is
examined. It is estimated that the model will generate uncertainties of the order of +£7% in the calculated net
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radiation, and up to + 25% in the calculated evapotranspiration rate, with typical values of +15%.

1. Introduction

The Simple Biosphere model (SiB) was designed for
use within General Circulation Models (GCMs) of the
earth’s atmosphere. A full description of the philoso-
phy, design and requirements of the model may be
found in Sellers et al. (1986) so only a brief review will
be presented here.

Until the work of Dickinson (1984), land surface
parameterizations in GCMs took little or no account
of biophysical processes: albedo, surface roughness and
energy partition properties were specified indepen-
dently for each terrestrial grid area and simple empirical
functions were used to regulate the depletion of the
soil moisture store by evapotranspiration (see Sellers,
1987). The work of Dickinson (1984) and Sellers et al.
(1986) has been directed at constructing biophysically
realistic models which aim to model the vegetation itself
and thereby calculate consistent reflectance, drag and
energy partition characteristics for a given vegetated
surface. Besides working towards the goal of improved
realism, it is hoped that this biophysical modeling ap-
proach will also result in more accurate predictions of
the various surface fluxes.

Biophysical models are, by necessity, more compli-
cated than their mainly empirical predecessors. As a
result, these models have a much larger number of

© 1987 American Meteorological Society

parameters to define the characteristics of a given grid
area; for example, a vegetation-soil complex in SiB is
characterized by around 50 parameters as compared
with the three to five parameters used in earlier models.
This larger parameter set consists of physically mea-
surable quantities, some of which may be obtained via
remote sensing, rather than loosely defined conceptual
parameters which are somewhat divorced from bio-
physical reality. Clearly the compilation of such a large
parameter set presents us with a significant practical
problem, particularly if no priorities or accuracy re-
quirements can be attached to any of the component

. parameters. It is highly desirable that in addition to

evaluating the model’s performance prior to its instal-
lation in a GCM, some sensitivity study be executed
so that the relative importance of the constituent pa-
rameters can be assessed. The work presented in this
paper therefore has two aims: first, a test of the model’s
operation and, second, a sensitivity study to assess the
accuracy requirements for the parameter set. The
methods used to pursue these aims are discussed in
sections 3 and 4, respectively.

A thorough evaluation of the performance of the
various subcomponents of the model and their func-
tioning as a complete ensemble is essential prior to
implementing SiB in a GCM where unanticipated
feedbacks between the boundary layer and surface
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models might obscure serious errors in the formulation.
This paper discusses some results of testing the perfor-
mance of SiB in isolation from a GCM. In these tests,
the upper boundary conditions, which are normally
taken as the meteorological and radiation conditions
in the lowest layer of the GCM, were provided by mi-
crometeorological measurements recorded a few meters
above the surface.

Few experimental studies have been conducted in
vegetated sites where all of the variables necessary to
force and validate the SiB model were measured. To
date, we have managed to obtain the requisite data
only for some agricultural sites in West Germany and
the United States and for a forested site in Central
Wales, United Kingdom. Accordingly, the model pa-
rameters were fixed to represent barley, wheat and
maize crops, and a coniferous forest cover for which
the necessary data sets were available (Tables 1 and 2).
The morphological and physiological properties of the
vegetation and the physical properties of the vegetation
and soil (see Table 1 in Sellers et al., 1986) were mea-
sured or estimated for the experimental sites and were
used to derive the model’s surface parameters. Soil
moisture contents were initialized from observations
and adjusted prognostically thereafter. The microme-
teorological measurements were applied as the bound-
ary forcing to the model and time series of the radiation
exchanges, heat fluxes and surface temperatures gen-
erated.

The first part of this paper presents the results of
these simulations. In general, the predicted values of
the sensible and latent heat fluxes, surface temperatures
and other biophysical variables concur with observa-
tions.

In the second part of the paper, the sensitivity of the
model energy balance calculations to changes in the
values of the surface parameters is discussed in some
detail. It can be assumed that the large-scale parameter
sets currently being assembled for the implementation
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of SiB into a GCM will be subject to large uncertainties
in some of their constituent values. The consequences
of including errors of different types in such a model
may be explored by such sensitivity analyses. Addi-
tionally, the data research effort may be concentrated
on providing accurate estimates of those parameters
to which the model is particularly sensitive. The sen-
sitivity studies should also allow us to assess the influ-
ence of subgrid-scale variability on the values of the
calculated fluxes returned to the model atmosphere.

Before moving on to a discussion of the results of
these studies, we present a brief description of the
structure and operation of SiB.

2. The Simple Biosphere model (SiB)

The structure of the model is shown schematically
in Fig. 1. Essentially, the upper-story canopy and
ground surface are considered to interact with condi-
tions in the canopy air space via two aerodynamic re-
sistances: the bulk boundary layer resistance, 7, and
the ground-to-canopy air space resistance, 7; and three
surface resistances: 7., ry and ry,c which relate to the
upper-story canopy, ground cover and soil, respectively.
(The overbars in 7, and 7, mean that these terms are
area-averages.) When the foliage is dry, the canopy re-
sistances 7, and 7, are calculated by assuming that all
the individual stomatal and boundary layer leaf resis-
tances act in parallel. A modified two-stream radiative
transfer approximation, as described in Dickinson
(1983) and Sellers (1985), is used to calculate the
amount of downward radiation absorbed by the canopy
and ground over the visible, or photosynthetically ac-
tive, (0.4-0.7 pm) and near-infrared (>0.7 um) solar
wavelength intervals. Longwave radiation losses are
calculated and subtracted from the total absorbed ra-
diation to yield estimates of the net radiation for the
canopy and ground. It is necessary to have discrete
estimates of the downward visible (direct and diffuse),

TABLE 1. Properties of the crops and soil at the test sites. All values were obtained from van der Ploeg et al. (1980) for wheat and barley,
Choudhury (1983) for maize, and Calder and Harding (personal communication) and Jarvis (1976) for spruce except for some of the
following: z,, z; and V, were estimated; values of x; from Ross (1975); C;and C; from Goudriaan (1977) and Wilson et al. (1982); p; from
Thom (1972) and Wilson et al. (1982); 710, estimated from data of Denmead (1976) and ranges from 2.2E8 to 4.0E8 s; R, from Denmead
(1976), Newman (1969) and Newman (1973); leaf optical properties from Goudriaan (1977) and Dickinson (1983); a, b and ¢ from fitting
to data of Monteith et al. (1965), Denmead (1976), Turner (1974), Korner et al. (1979) and Jarvis (1976); ¥,, and ¥, from data of Frank
et al. (1973), Millar et al. (1970), Reicosky and Lambert (1978) and Jarvis (1976); soil physical properties from Clapp and Hornberger
(1978). N.B. Jarvis (1976) data applies to Sitka spruce, not Norway spruce.

Soil

Soil moisture potential

at saturation ¥ (m) —1.60 —1.60 —0.48 —0.48
Soil moisture potential

parameter B 2.80 2.80 5.39 5.39
Soil saturation cond. K, (ms™) 2.89E-5 2.89E-5 6.95E-6 6.95E-6
Porosity /A 0.43 0.43 0.45 0.45
Soil moisture store

depths Dy, D,, D; (m) 0.02, 0.58, 0.60 0.02, 0.58, 0.60 0.02,0.98, 1.0 0.02, 0.18, 0.40
Soil reflectance (VIS,

NIR) a 0.08, 0.18 0.08,0.18 0.10, 0.20 0.10,0.20
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TABLE 2. Micrometeorological and other time series data used to force the SiB model for (A) wheat and barley crops (Gurney and Camillo,
1984; van der Ploeg et al., 1980), (B) maize crop (Choudhury, 1983), and (C) Norway spruce (Calder and Harding, personal communication).
All micrometeorological data were recorded hourly or more frequently; T,, T, and u are air temperature, wet bulb temperature and wind
speed recorded 2 m above surface; S¥, LW} and R, are downward solar, longwave and net radiation, respectively; AE and H are the latent
and sensible heat fluxes (estimated via the Bowen ratio), G is the ground heat flux, T is the surface radiometric temperature, 7, is the soil
temperature at 1 cm depth, Py and P, are the rainfall rates above and below the canopy, W is the soil moisture, 7, is leaf stomatal resistance

and , is the leaf water potential.

Parameter Units Barley Wheat Maize Spruce
Vegetation
Height of canopy top 2, (m) 1.02 0.80 1.20 10.0
Height of canopy base z, (m) 0.05 0.05 0.10 40
Ground roughness
length 2z, (m) 0.005 0.005 0.005 0.005
Leaf area index L 3.72 6.2 3.5-4.2 8.4
Leaf angle distribution
factor XL 0.09. -0.02 0.01 0.01
Leaf drag coefficient Cp 0.098 0.11 0.10 0.13
Leaf shelter factor Ds 29 5.1 2.6-2.9 1.7
Upper story cover
fraction V. 1.0 1.0 1.0 1.0
Root density D, (mm™) 3600 2910 5000 3600 .
Root depth z4 (m) 1.15 0.95 1.0 0.58
Root cross section (m?) 3.84E-7 3.84E-7 1.5E-5 3.84E-7
Root resistance R_(s ms™!) 4.0E12 4.0E12 4.0E12 4.0E12
Stem resistance Totant (8) 2.5E8 2.5E8 2.5E8 2.5E8
Leaf reflectance (VIS, )
NIR) a 0.105, 0.578 0.105, 0.578 0.105, 0.578 0.07,0.5
Leaf transmission
(VIS, NIR) ) 0.070, 0.248 0.070, 0.248 0.070, 0.248 0.07, 0.248
Stomatal Resistance
Light parameters a,b,c 2338, 20.9, 55. 7450., 5.7, 25.2 17500., 6.0, 110. 2869, 3.6, 232.5
Leaf water potential
parameters Yo, ¥e, (m) -170., —140. —~100., —200. —100., —220.
Temperature
parameters T, Ty, Ty (K) 268, 300, 315 268, 283, 316
! .
T, T, u S LW, R, G X H T, T, P, P W r,
(A) Bare soil (Near Site I) v v v v v v v v
Barley I v v v v v v v %
Barley 11 v v v v v v v
Wheat 111 v v v v v v
(B) Maize v v v v v v
(C) Norway spruce v v v v v v v v
near-infrared (direct and diffuse) and thermal infrared T,
(assumed to be all diffuse) radiation. The soil heat flux Rrgs = NEgs+ Hys + Cs ot @)
is modeled simply by using a slab model; that is, the where
ground is taken to be thermally equivalent to a layer
of water of uniform temperature with the deépth of the 1¢» Zgs ~ surface ten.lper;ltllér_el, K,
layer varying from 25 to 40 mm depending on soil Ce> Cgs  heat capacity, W _m
wetness—this is in accordance with the practice used R Rrgs  net radiation, W m Qux. W m-2
in early versions of the Goddard Laboratory of At- MEe» MEgs evapotranspiration flux, S m
H,, Hy sensible heat flux, W m™,

mospheric Sciences GCM (see Arakawa, 1972).

The net radiation absorbed by the canopy and soil
is assumed to be partitioned into sensible heat, latent
heat and storage terms as ,

Rn,=ME.+H.+C,

o7,
y 1

a

The subscripts ¢, ¢ and s refer to the upper-story
canopy, ground vegetation and soil, respectively. The
combined subscript gs refers to both ground cover and
soil.

The fluxes of sensible and latent heat from the can-
opy and ground are represented by electrical analogue
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FIG. 1. Schematic diagram of the Simple Biosphere model (SiB). The transfer pathways
for latent and sensible heat are shown on the left- and right-hand sides of the diagram,

respectively.

models in which the fluxes are proportional to potential
differences (in temperature or vapor pressure) and in-
versely proportional to resistances, which are equiva-
lent to the inverse integrals of conductances over a
specified length scale. For example, an aerodynamic
resistance is calculated by integrating the inverse of a
turbulent diffusion coefficient between two reference
points. Reference to Fig. 1 and Sellers et al. (1986) will
show that these heat fluxes may be written as follows:

W 1

C - W,
>‘Ec=[e*(Tc)_ea]u(— +_—_c) 3
Y\7 TtT
where
ex(T,) saturated vapor pressure at temperature 7,
mb
e, canopy air space vapor pressure, mb
0, Cp densitly and specific heat of air, kg m~3, J kg™
K-
w. canopy wetness fraction
7. bulk canopy stomatal resistance, s m™!
7 bulk canopy boundary layer resistance, s m™!

0% psychrometric constant, mb K.

AE

where
ex(T,,)

gs = [e*(Tgs) —e,]
- -V,
xp—c"[v v—Vé'+1 W*’)+(1 g)hs] (€))
¥ Iy rqtrg Tsurft + Y2

saturated vapor pressure at temperature, T,
mb

bulk ground vegetation stomatal resistance,
sm™!

soil surface resistance, s m~

aerodynamic resistance between soil surface
and canopy air space, s m™!

ground vegetation cover fraction

ground vegetation wetness fraction

factor to correct for soil dryness.

2(Tc_ Ta)
=——p
Ty

Te— T,
o, =T~ T

H, Cp )]

©

114
ra ?



626

where
T, canopy air space temperature, K.

The latent and sensible heat fluxes from the soil and
canopy combine to give the total surface fluxes, which
are transferred from the canopy air space to the ref-
erence height, z,, and are given by

NE, + \E,, = 6e =€) 2% )
Ta Y
T,—T,
H.+Hg= (—“—r—)pc,, (8)

where

e, vapor pressure at reference height, mb
T, air temperature at reference height, K
r, aerodynamic resistance, s m~’.

Substituting (3) to (8) into (1) and (2) yields two
differential equations in T, and T. These are solved
simultaneously using a backwards implicit method.

Most of the calculations carried out in SiB originate
from three submodels. First, the radiative transfer sub-
model calculates the net radiation terms, Rn. and Rng,,
that make up the right-hand sides of (1) and (2). The
aerodynamic resistance submodel calculates the values
of 7, rg and r, which are used in (3) to (8) to govern
the transport of heat and water vapor through the air.
The surface resistance submodel calculates the values
of 7, 7, and ry,s, which are used in (3) to (8) to control
the passage of water from within the plant leaves or
the top soil layer to the exterior air.

In order for the model to simulate surface processes
well, each of its three subcomponents, namely radiative
transfer, aerodynamic resistances (turbulent transfer)
and surface resistances (biophysical control of evapo-
transpiration) must be demonstrably realistic and ac-
curate. In sections 3-5 we describe the experimental
sites, the derivation of the model parameters and the
performance of the various submodels.

3. Evaluation of model performance

In this section, we evaluate the SiB model’s perfor-
mance in terms of its ability to realistically and accu-
rately simulate biophysical processes over a number of
test sites for which data were available for validation.
First, we describe the experimental sites and the types
of data that were available for each one. Second, we
briefly review the structure and performance of each
of the three submodels that go to make up SiB. Third,
we describe the results of simulation runs conducted
for each of the test sites and compare them with ob-
servations.

a. The test sites

Data from two agricultural sites and one forested
site were available for the evaluation of SiB.
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e Site A: Ruthe, Federal Republic of Germany, 19-
21 June 1979 '

A full description of the site and observing systems
used in the Joint Measuring Campaign of 1979 at
Ruthe, Federal Republic of Germany, can be found in
Gurney and Camillo (1984) and van der Ploeg et al.
(1980). A number of institutions cooperated to measure
micrometeorological, biophysical, pedological and ra-
diative variables in an agricultural area 15 km south
of Hannover. The data used for this simulation study
were recorded over wheat, barley and bare soil plots
and are listed in Table 1. Data were recorded over two
barley fields, here referred to as Plots I and II, one
wheat field, Plot III, adjacent to barley Plot II and a
bare soil plot.

e Site B: South Carolina, United States

A field of maize was studied throughout a growing
season (see Reicosky et al., 1975; Reicosky and Lam-
bert, 1978). The data for two selected days were used
subsequently by Choudhury (1983) to test a soil-plant-
atmosphere model with particular emphasis on the re-
lationships between leaf water potential and evapo-
transpiration rate, The same data (see Table 1) were
used to test the leaf water potential component of SiB.

e Site C: Central Wales, United Kingdom

A forested catchment near Plynlimon, Central Wales
has been the subject of some intensive study by re-
searchers operating from the Institute of Hydrology
(IH), United Kingdom. Calder (1976), (1977) and
(1978) and Calder and Newson (1979) have described
the design of the IH natural lysimeter, where the water
balance of a small forested area was monitored over a
period of nearly 2 yr. The technique involved isolating
a stand of 27 mature Norway spruce trees from lateral
water exchange by grouting an encircling wall of steel
sheets into the effectively waterproof layer of clay un-
derlying the site. Measurements of rainfall above and
below the canopy and of the changes in soil moisture
in the isolated soil block allowed the researchers to
calculate interception. loss, soil evaporation and canopy
transpiration rates. Hourly micrometeorological mea-
surements (air temperature and humidity, wind speed,
net radiation, global incoming radiation) were recorded
in a clearing a short distance away from the site and
the values adjusted to synthesize an equivalent data
set above the canopy.

Since both agricultural sites (sites A and B) were
involved with studies of processes associated with uni-
form, monoculture vegetation, it was not possible to
perform a test of SiB in its full form as specified in
Sellers et al. (1986), that is, with an upper-story canopy
and underlying ground vegetation. In both cases, we
have “promoted” the crop canopy to the status of up-
per-story vegetation and have taken the ground surface
as bare so that V, = 0.
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b. Submodel performance
1) RADIATIVE TRANSFER SUBMODEL

A two-stream approximation model of radiative
transfer is used with the scattering parameters specified
as in Dickinson (1983),

S (1 (1~ Bl — wBli = KB (9)

_dn _ _KL

ud—L+[l—(1—ﬁ)w]Il—wﬂIT=qu(1—Bo)e (10)

where

nIl upward and downward diffuse radiative
fluxes, normalized by the incident solar
fluxes

K optical depth of the direct beam per
unit leaf area [=G(w)/u]

G(w) Projected area of leaf elements in direc-
tion u '

u = Cosfl  Cosine of angle of incident beam

I average inverse diffuse optical depth
per unit leaf area [= [ [¢/G(u)]dy']

s direction of scattered flux

w scattering coefficient

L cumulative leaf area index.

B and By are the upscatter parameters for the diffuse
and incident beams respectively. A number of simpli-
fications are made in SiB in order to obtain the param-
eters u, 8 and B, for canopies of differing leaf angle
distributions (see Sellers et al., 1986; Dickinson, 1983;
Sellers, 1985).

The albedo and transmittance of the canopy may
be obtained by solving (9) and (10) with suitable
boundary conditions. For example, if all of the incom-
ing radiation is direct, then the boundary conditions
are

=0 at L=0
} (11)

N=p(+e*y) at L=1L,
where

L, local leaf area index
ps soil reflectance.

The bulk radiative properties of the canopy are then
given by the solutions to the following equations:

Canopy reflectance=IT at L=0
} (12)

Canopy transmittance=Il+¢e¢ %t at L=1I,

Appropriate boundary conditions and dropping the
direct-beam terms on the right-hand sides of (9) and
(10) allow us to calculate the partition of incident dif-
fuse fluxes into absorbed, transmitted and reflected
components.
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Canopy albedo was not measured at any of the ex-
perimental sites but observations of total downward
and reflected shortwave radiation were made at Volk-
enrude, some 50 km distant from the Ruthe, West
Germany field site, contempcraneously with the field
experiments. Figure 2 shows the measured albedo
above a winter wheat crop during 20-21 June and the
simulated total albedo for the wheat III plot for 20
June. The simulated albedo was calculated by summing
the reflected visible and near-infrared radiation fluxes
(diffuse and direct) and dividing by the total incoming
shortwave flux. The proportions of the various spectral
and angular fractions of shortwave income were esti-
mated from the scheme of Goudriaan (1977; Fig. 1, p.
11). It is clear that the model can reproduce both the
diurnal variation and the magnitude of the canopy al-
bedo with some realism.

The performance of the radiation submodel in pre-
dicting the transmittance of a vegetation canopy was
evaluated using another data set; see Sellers (1985).

Further tests have been carried out with the radiation
submodel (Sellers, 1985), including some comparisons
of the submodel’s performance against the output gen-

03 ]

ALBEDO

0.1 -
O OBSERVATIONS 20 JUNE
X  OBSERVATIONS 21 JUNE
SIMULATION 20 JUNE
0.0 1 L1 L I B B
6 8 10 12 14 16 18 20

LOCAL TIME (HOURS)

F1G. 2. Measured and simulated albedo values for shortwave ra-
diation above a wheat crop. The observed points were calculated
from observations of incoming and outgoing shortwave radiation
taken at Volkenrude, W. Germany, 20-21 June 1979. The simulation
for the wheat crop at Ruthe (50 km away) for 20 June is also shown.
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erated by a numerical ray-tracing model (Kimes et al.,
1987). In all cases, the model seems to reproduce the
trends exhibited by observations-(i.e., the variation of
reflectances and/or transmittances with solar angle, leaf
orientation, etc.) and does not diverge greatly from
equivalent results produced by the more exact numer-
ical models.

2) AERODYNAMIC RESISTANCES SUBMODEL

The details of the simple diffusion model used to
describe the transport of mass, heat and momentum
in SiB are given in Sellers et al. (1986). Briefly, the
model links the transfer conditions above the canopy
(described by the log-linear profile) to a gradient dif-
fusion model, where K,,,, the local momentum transfer
coefficient, is assumed to be proportional to the local
wind speed. A correction is made to the profile of K,,
within the transition layer above the canopy, where
observations (see Garratt, 1978) have shown it to be
1.5 to 2 times as great as an estimate obtained from
extrapolating the log-linear profile.

Appendix A of Sellers et al. (1986) sets out the details
of the solution procedure leading to the estimation of
the surface roughness length, z;, and zero plane dis-
‘placement height, 4. Implicit in this process is the cal-
culation of wind and momentum transfer coefficient
profiles which may be integrated to provide estimates
of the aerodynamic resistance, 7,, acting between the
canopy source height, A,, (~zy, + d) and reference
height, z,; the bulk boundary layer resistance, 7;, which
governs the fluxes of heat and moisture between the
bulk upper-story canopy and the surrounding air space;
and the ground aerodynamic resistance, 7, Wthh con-
trols the fluxes of heat and moisture from the soil sur-

“face and ground cover to the canopy air space (see
Fig. 1).

The solution of the turbulent transfer equation set
requires the specification of the following parameters:
height of the canopy top, z,; height of canopy base, z;;
leaf area density, L,; leaf drag coefficient, Cy; shelter
factor, p; and the roughness length of the ground, z,;.

It is assumed that the turbulent transfer coefficient
for momentum is related to the local wind speed within
the canopy by the following simple expression:

K,,=ou (13)
where

K,, momentum transfer coefficient, m? s™!

¢ constant, m

u  local wind speed, m s™}.

The value of ¢ is obtained for a given site by the
iterative solution of the equations in Sellers et al. (1986),
appendix A, using the specified set of input parameters.
The resulting value of ¢ and the derived variables, z,
and d, have to satisfy the conditions of continuity of
shear stress and wind speed profiles above, within and
below the canopy. ‘
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The bulk boundary layer resistance to heat and water
vapor transfer, 7, is then calculated by

1 J‘zz _.L_dullz
== dz (14)
) 7z DsCs
where
L, area-averaged upper-story canopy leaf area
density, m?> m™>
z1, 2o height of canopy base, top respectively, m
Ds canopy shelter factor
Cs leaf transfer coefficient for heat and vapor, (m
s-l)—1/2
or, more simply, by
G
Tp=—= (15)
Vi,

where

C; constant determined from terms on right-hand
side of (14), (m s™!)~"/2

1, wind speed at canopy top; z,, m s,

A simple modification for the effects of free convection,
based on a consideration of the Nusselt number for
leaves (see Monteith, 1973) is combined with (15); see
Sellers et al. (1986), appendix A.

Next, the resistance acting between the soil surface
and the canopy source height, r,, is calculated by in-
tegrating the inverse of a turbulent transfer coefficient
between the ground and the canopy source height, A,.

le 1 ha d
ra LK z e F4

_l_[ln(zl/zgs)] N fha _1; &

” A l (16)

where

k  von Karman’s constant, 0.41

z,s effective roughness length of the soil surface, m

h, canopy source height, m

K; turbll11ent heat and vapor transfer coeﬁ'lc1ent m?
s

(The canopy source height, 4,, is taken to be the center
of aerodynamic drag in the canopy. It was found that
estimates of r, and r, are fairly insensitive to the exact
location of 4,.) Note that K is assumed to be equal to
K, in any air volume where turbulent transfer is the
dominant transport process, i.e., everywhere except in
the leaf laminar boundary layer.
Integration and collection of terms in (16) yields

ra=— (17)

U
where
C, constant determined from integration of (16).

This expression for r; is modified to account for the
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effects of free convection under the canopy; see Sellers
et al. (1986).

The aerodynamic resistance, 7,, is imposed on the
transfer of heat and moisture between 4, and the ref-
erence height, z,. When linking SiB to a GCM, it is
preferable to use a modification of the Deardorff (1972)
parameterization. However, since the micrometero-
logical data used as the upper boundary conditions in
these tests were collected a short distance above the
crop (presumably within the constant stress layer) we
may use a modified version of the Paulson (1970) pa-
rameterization for the description of transfer processes
above the canopy.

Firstly, the height of the transition layer, z,,, above
the crop is taken to be equivalent to twice the mean
obstacle height, (z; — d). To take account of the aug-
mentation of the heat transfer coefficient, K, within
the transition layer, we specify a constant, G,, which
represents the ratio between the actual aerodynamic
resistance above the canopy and that value which
would be obtained by simply extrapolating the log-lin-
ear profile down from z,, to z,. Thus,

Zm 1 m 1

. stZ—Gz A K_}"dz (18)
where
K, “actual” value of K, m?s™..

K* value of K, obtained from log-linear profile, m?
s~ '
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G, is estimated to be about 0.5 from observations (see
Garratt, 1978 and Raupach and Thom, 1981). We may
write the aerodynamic resistance between 4, and z, as

2 1 Gz Zm— d _ Zm
he K dz Kuy [log( z,—d ) v, ]
1 z,—d Z
+ E [log(zm — d) ¥, ] (19)

r,=

where

friction velocity, m s™!

Paulson (1970) correction coefficient for vapor
transfer evaluated between heights z, and z,

z, reference height, m .

Zm height of transition layer, m.

The value of the first term on the right in (19), the
resistance acting between A, and z,, is obtained in a
similar manner as r,. The friction velocity, u,, is cal-
culated iteratively using modifications of the Paulson
(1970) descriptions of the wind profile.

Figure 3 shows the profiles of shear stress and wind
speed as observed by Wilson et al. (1982) and as cal-
culated by SiB for a maize crop. Wilson et al. (1982)
also made observations of crop height (2.3 m) and leaf
area index (2.9) and provided an estimate of the effec-
tive leaf drag coefficient (0.17). We have used these
data to solve the momentum balance equations de-
scribed above and in Sellers et al. (1986) and to derive

Ux

1Z5

Zp

HEIGHT, z (m)

0.4f

0 .
0 05 1.0
NORMALIZED SHEAR-STRESS

FIG. 3. Profiles of (a) wind speed and (b) shear stress in a maize crop. Points are observations
from Wilson et al. (1982) and solid lines are derived from momentum balance equations.
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the coefficients describing the wind and stress profiles.
To do this, it was necessary to assume that the leaves
were distributed more or less uniformly with height
and to estimate a roughness length for the soil surface
(0.005 m) and a height for the base of the canopy (0.2
m). The predicted profiles provide a reasonable match
with the observations in the upper part of the canopy,
and the derived values of zy/z,, 0.08, and d/z,, 0.80,
are within the range of values reported for a maize
crop by Uchijima (1976). Observations and estimates
of the vegetation properties at the sites used for the
energy and momentum balance studies are listed in
Table 2. The relevant morphological data were used
to solve the equation set describing transfer conditions
above and within the canopy leading to the calculation
of values of zy and d for each crop.

Figures 5, 6 and 7 in Sellers et al. (1986) illustrate
the predicted relationship between z,, d and the bulk
canopy drag coefficient, Cp, taken to be the product
of the effective drag coefficient of each canopy element,
Ca/ps, and the leaf area index, L, = Ly(z, = z;). When
the canopy drag coeflicient is small, the model predicts
low values of z, and d, corresponding roughly to those
for a bare soil surface. As additional material is added
to the canopy volume, the values of d and z, both in-
crease in a semilinear fashion, with z, reaching a peak
when the canopy drag coefficient is roughly 0.3 to 0.4.
Thereafter, d continues to increase as the moment
height of momentum absorption rises with increasing
vegetation density: denser, less penetrable canopies
present less porous and hence “smoother” surfaces to
the atmospheric air flow. This same process makes z,
decrease with increasing canopy density. The results
shown in Figs. 5, 6 and 7 of Sellers et al. (1986) are
consistent with those obtained by Shaw and Pereira
(1982) which were obtained using a second-order clo-
sure model. Of particular interest is the variation in z,
and d with the assumed values of G; and G,. These
parameters describe the departure of the wind profile
just above the canopy from the predicted log-linear
relationship; essentially they provide the adjustment
to the profile which would be made up by the turbulent
transport term in a second-order closure model (which
is a function of the complete wind and stress profiles).
The specification of these parameters is rather arbitrary
and has been taken from data. However, it seems that
the choice of G; = 2.0 and G, = 0.5 provides the best
match to data and to the calculations of Shaw and
Pereira (1982). . ‘

Table 3a lists the values of zy, d, C, and C, (the
neutral 7, and r, coefficients) as derived for four test
sites using the above methods. These estimates, nor-
malized by canopy height in Table 3b, can be compared
to the equivalent measurements shown in Table 3c. It
would appear that the model yields reasonable values
of zy and d for the test sites in spite of the use of the
simple diffusion description.

[N.B. It should be noted that the estimated values
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TABLE 3. (a) Momentum, mass and heat exchange properties de-
rived for the test crops. Data from Table 2 were used to solve mo-
mentum balance equations (see text and Sellers et al., 1986). Com-
parison of calculated (b) and observed (c) values of z, and d. The
observed values are taken from Monteith (1973) for barley, Legg and
Long (1975) for wheat, Uchijima (1976) for maize, and Jarvis et al.
(1976) for spruce.

Barley Wheat Maize Spruce
(@)
2o (m) 0.125 0.106 0.161 0.86
d (m) 0.667 0.542 0.774 8.62
Ci(rs) 9.3 7.05 15.1 1.6
Cxra) 278.0 232.5 131.0 2450.
(b)
20/25 0.123 0.133 0.134 0.086
dfz; 0.637 0.678 0.645 0.862
©
20/22 0.06 0.14 0.05-0.15 0.07-0.26
dlz, _ 0.56 0.53-0.8 0.68-0.84

of zy and d in SiB are appropriate to the transfer of
momentum from the atmosphere to the vegetation and
ground. These values of zy and d are used in the cal-
culation of r,, 7, and ry, which govern the transfer of
moisture and sensible heat. It can be seen that the der-
ivation of these resistances corresponds to a previous
analysis which: also investigated the relationship be-
tween momentum and heat transfer. Stewart and
Thom (1973) proposed that estimates of r, used for
describing vapor transfer from canopies be obtained
by '

Yo, = % To, 78

where

Ta, vapor transfer resistance, s m™!

Tan momentum transfer resistance, s m™!

¢u/dm correction term for diffusion of water vapor
and non-neutrality
rs excess resistance, s m~'.

Note rp is the additional aerodynamic resistance im-
posed on heat and water vapor transfer owing to the
difference between the modes of momentum and heat/’
vapor transfer. Stewart and Thom (1973) suggested that
rg could be divided into two parts, i.e.,

rp=(a bluff body term) + (source/sink term).

Within the SiB model, the bluff body term in 7y is
accounted for by the difference between C; and C; in
7. The source/sink term is a function of the difference
between 4, and z, + d and is usually small.]

3) SURFACE RESISTANCE SUBMODEL

The surface resistances 7, r, and rq,scontrol the flux
of water vapor from the canopy, ground cover and
bare soil surface, respectively, under dry conditions.
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Here 7, may be thought of as equivalent to all the
stomatal resistances of the individual leaves in the can-
opy acting in parallel (Sellers et al., 1986; Sellers, 1985).
Accordingly, it is calculated as the total effect of the
stomatal resistance, r;, of all the leaves in the canopy
integrated over all leaf azimuths, £, leaf inclinations,
6, and from the top to the bottom of the canopy, that
is, over the total leaf area index, L,. This calculation
allows for the effects of differential illumination of in-
dividual leaves due to their particular angle to the in-
coming photosynthetically active radiation (PAR) flux
and their position in the canopy. The bulk canopy re-
sistance, as a function of the more influential environ-
mental variables, may therefore be written as .

1
% = Vchf(T)f(ae)f(\bl)

L, /2 M2n
X f f _O&O) . pdedsdL  (20)
(1] 0 0

r s (F s E’ 0)

where

L leaf area index

V. upper-story cover fraction

N, fraction of upper-story canopy that con-
sists of live, photosynthetically active
leaves

O(¢, 6) leaf azimuth, inclination distribution
function

£ 0 leaf azimuth, inclination angles

AT), f(de), stomatal resistance adjustment factors for

N (2] the effects of leaf temperature, 7, vapor

pressure deficit, de, and leaf water po-
tential, ¥, respectively. All three factors
vary between 1 (optimal conditions)
and zero (full stomatal closure).

Note that 7, is the stomatal resistance of an individual
leaf, in s m™!, and is given by

a

=
b+F,.'n ¢

rs

(21)
where

photosynthetically active radiation flux, W
-2
m A
n vector of leaf normal
a, b, ¢ species dependent constants; J m™3, Wm™2, s
-1
m

A discussion of the dependence of 7, on different leaf
angle distributions is presented in Sellers (1985). For
the purposes of the tests discussed in this paper, we
shall use the average leaf projection as'a function of g,
G(u), proposed by Goudriaan (1977) based on the work
of Ross (1975), to replace the leaf angle distribution
function O(, 6). Use of an average leaf projection for
a given PAR flux direction greatly simplifies the so-
lution of (20), as the angular integrations may be
dropped. This simplification does not produce mark-
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edly different results from those obtained with a so-
lution including the full angular terms, df and db.

The Ross-Goudriaan function (Goudriaan, 1977)is
given by

G(p)= o1+ dap (22)
where .
G(r) mean projection of leaves in direction p
o1, ¢ coeflicients from Goudriaan (1977) (see Sellers

et al., 1986), taken as functions of x,.
XL leaf angle distribution factor.

The use of (22) in (20), where it replaces the O(£, )
X sinf term, reduces (20) to

L
Lovagmseose) | “Bar @
re 0 s

The values of the constants used in (20), (21) and
(22) are listed in Table 2 for the test crops. Figure 4
shows the data and lines of best fit used to obtain the
constants for the PAR-dependent part of r, (see Eq.
21) for the test crops, that is, @, b and c. It is clear that
there is quite a large amount of scatter in the data lead-
ing to some uncertainty in the values of these coeffi-
cients; the effect of this uncertainty on the estimation
of fluxes is discussed in later sections.

In SiB, the bulked form of (23) is used in preference
to the fully integrated form of (20). This necessitates
the specification of a single direction for the incoming
PAR flux which in reality is made up of both diffuse
and direct components. A mean angle of PAR inci-
dence is estimated by considering the flux-weighted
angles of the direct and diffuse contributions to the
total PAR flux.

The behavior of (20) and (23) has been explored in
some detail and the results published in Sellers (1985).
The main findings of this work were as follows:

(i) Additional increments in leaf area index have
diminishing contributions to the value of 1/7,. This is
because denser canopies have a higher proportion of
shaded leaves with partially closed stomata.

(ii) The effects of different leaf angle distributions
on the value of 1/7, are small except for canopies con-
sisting of near-vertical leaves. Most canopies exhibit
intermediate leaf angle distributions.

(iii) As a result of (ii) above, the simplified 1/7.
expression, (23), which uses the Ross—-Goudriaan
function yields results which compare closely with those
provided by the more exact formulation of (20).

The value of 7; estimated from the integral parts of
(20) and (23) relates only to the PAR dependence of
stomatal control, and so represents the minimum at-
tainable value of 7.. The factors outside the integral
represent the effects of nonoptimal temperature, vapor
pressure deficit and leaf water potential conditions, the
form of which were taken from Jarvis (1976) and re-
produced in Sellers et al. (1986). The parameters in-
volved in each are now briefly discussed.
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FIG. 4. Relation between stomatal resistance, 75, and incident visible or PAR flux
for (a) barley, (b) wheat, (c) maize and (d) Sitka spruce leaves. Data are from Monteith
et al. (1965), Denmead and Millar (1976), Turner (1974) and Jarvis (1976), respectively.
Solid lines represent best fit curves for equation (21) in text. [Visible flux is estimated
from the total shortwave flux in original dataset in (a) and 0.625 of the net radiation
absorbed by the leaf in (b).]
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FIG. 4. (Continued)

The temperature dependence function, f{T), requires
the specification of cutoff points: the minimum and
maximum temperatures at which photosynthesis and
hence transpiration can occur [ f(T) = 0}; and an op-
timal temperature, [ f(7T") = 1]. The vapor pressure def-
icit function specifies a linear decline in f{8¢) against
an increase in the vapor pressure deficit, e = e*(T,)
— ¢,. Probably the most important factor governing
7., besides incident radiation, is f(;) which accounts
for the effect of leaf water potential on r,. For these
tests and for operational use in SiB, the original expres-
sion for f(y;) proposed by Jarvis (1976) has been re-
placed by a linear function which is more manageable
from the modeling viewpoint, namely,

fy=4"Va

vemy 0SS

(24)

where

V., leaf water potential at which stomata start to close,
m
Y., leaf water potential at which stomata are com-
pletely closed, m.

When the vegetation’s water potential is greater than
Y., 1.€., no leaf water potential stress, f({;) = 1.
Jarvis’s f(y;) formulation involves an exponential
term which necessitates the inclusion of an iterative
solution technique when calculating the transpiration
flux as a function of evaporative demand, soil moisture
potential and plant characteristics. Use of (24) allows

one to specify the same nonlinear problem as a qua-

dratic equation, as first proposed by Choudhury (1983),
with considerable advantages in computational reli-
ability and efficiency. It has been found that the sim-
ulation results are insensitive to the exact form of the

Y relationship so all current versions of SiB therefore
make use of (24).

There are few data against which to check the validity
of the 7, formulation in SiB. Figure 5 shows the data
of Monteith et al. (1965) in which r, (for leaves near
the top of the canopy) and the surface resistance, taken
to be equivalent to 7, were measured for a barley crop
via a diffusion porometer and the energy balance
method, respectively. Also shown is the fit of (21) to
the r; values and the predicted course of 7. for two leaf
area indices as given by (20). We should expect the
value of 7. given by (20) to be an underestimate as no
allowance has been made for the effects of leaf water
potential, leaf temperature and leaf age. (The r, mea-
surements were taken on young green leaves while
those at the canopy base were senescent.) The results
in Fig. § illustrate how additional increments in leaf
area index have diminishing effects on the surface re-
sistance. This is because the leaves at the base of the
canopy are shaded and have correspondingly narrower
stomatal apertures.

The effects of changing the parameters in the ad-
justment factors f(T), f(de), fY,) are discussed in en-
suing sections. Generally speaking, most vegetation
types have temperature optima, f(T) = 1, close to the
mean temperature found in their environments and
cutoff points around the freezing point of water (273
K) and at 45°C (318 K). Response to leaf water po-
tential varies more from species to species, but most
plants are unaffected until ¢, drops below —100 m, and
few plants continue to photosynthesize or transpire be-
yond y; = —500 m. The feed-forward closure response
of stomata to increasing vapor pressure deficits, de
= [eX(T,) — e,], has been most frequently observed in
coniferous species.

The data used for calculating soil, root and stem
resistances are listed in Table 2.
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FIG. 5. Data showing variation of r, (top leaves) and 7, for a barley
crop with incident solar radiation from Monteith et al. (1965). PAR
is estimated to be half of the global incident flux. Lines show fit to
1, (as in Fig. 4) and estimate of r, as given by Eq. (20) in text for leaf
area indices of 4.0 and 8.0.

¢. Complete model performance

The three submodels have been tested separately and
have been shown to operate consistently and realisti-
cally. Next, we move on to the evaluation of the per-
formance of the complete SiB model using the data
collected at the test sites (see section 3.1). In all the
simulation runs described in this section, the canopy
and ground temperatures, T, and T,, were initialized
with the first air temperature observation; the inter-
ception stores, M, and M,, were assumed to be zero;
and the soil moisture contents were initialized from
observations. Thereafter, all these variables were ad-
vanced prognostically as the simulation progressed.

1) SITE A: BARLEY AND WHEAT

The downward longwave radiation measurements
taken on the bare soil plot were found to be erroneous
(values ranged from —20 to +600 W m~2). An estimate
of this quantity was provided by subtracting the cal-
culated absorbed shortwave radiation and surface-
emitted longwave radiation, a function of T, and T,
from the measured net radiation, yielding the down-
ward longwave flux as a residual. This procedure is
carried out at the beginning of each time step and so
the estimate of longwave flux is effectively one time
step behind the energy balance calculation; however,
as the downward longwave flux does not vary rapidly
and the simulation time step is relatively short (1 h),
the results should be acceptable.

Figure 6a shows the simulated and measured courses
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of net radiation, latent heat flux and sensible heat flux
for the barley I plot. Because of the way the energy
balance is closed by the calculation of the downward
longwave flux, the calculated net radiation is con-
strained to be a close match to the observations. The

. predicted partitioning of energy into sensible and latent

heat fluxes is in general agreement with the observa-
tions both in terms of magnitude and diurnal variation.
Figure 6b shows a direct comparison of the observed
and predicted latent heat fluxes for the barley I plot,
corresponding to results shown in Fig. 6a. The model
may slightly overestimate evapotranspiration rates,
particularly when the atmospheric demand is high, due
to a slight underestimation of the canopy resistance
term, 7., which was estimated from the original data
of Monteith et al. (1965); see Fig. 5.

‘Figure 7 shows the predicted course of surface tem-
perature, T, for the barley II plot for a range of assumed
surface emissivities. (Surface temperature was esti-
mated from a weighted combination of 7* and T,
the weights being determined by the fractions of canopy
and ground that were calculated to be visible from a
vertical view-angle.) Also shown are some measure-
ments of surface temperature taken with a hand held
radiometer. Little can be learned from this comparison
of simulation with data in view of the unreliability of
the data and the uncertainties in the surface emissivity
and other quantities except that the diurnal pattern
and amplitude of the observations are approximately
reproduced in the simulation.

Figure 8 shows the predicted variation in 7,, {; and
Sy for the barley II plot for the period of 20 to 21
June 1979. Also shown are a number of measured 7
values (as obtained by a diffusion porometer; see van
der Ploeg et al., 1980) normalized by the leaf area index
to allow comparison with the predicted values of 7..
The solid circles on the 20 June observations corre-
spond to an estimated effective 7; as derived from the
inverse sum of the r; measurements for individual
leaves. The minimum and maximum 7; values corre-
spond to the observations for leaves at the top and
bottom of the canopy, respectively. The relation be-
tween the mean and minimum values of 7; on 20 June
was used to estimate the mean value of 7, from obser-
vations of r; for the leaves at the canopy top (which
were all that were recorded on 21 June) via a regression
equation. The estimated values of mean 7;0on 21 June
should therefore be used only as a guide to the diurnal
trend.

The light-limited value of 7,, as given by the integral
part of (23), is shown by the lower line in Fig. 8a. The
final value of 7, used by the model, i.e., the light-limited
value multiplied by the adjustment factors, is shown
by the upper line which should be compared to the 7;
data points.

The magnitudes and diurnal trends of the predicted
values of 7, are in general agreement with the obser-
vations except for the afternoon of 21 June. In general,
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FIG. 6a. Observed and predicted values of net radiation, R,, latent heat flux, AE,
and sensible heat flux, H, for the barley I plot, Ruthe, W. Germany for 20-21 June

1979. .

7. approaches its light-limited value in the morning
and then increases during the day as the evaporative
demand rises and the leaf water potential falls. This
trend is particularly clear on 20 June where the 7; data
are more reliable (three measurements of 7, over the
height of the canopy at each sampling time).

Table 4 shows the simulated and observed daily to-
tals of the energy fluxes for the barley I and wheat III
plots using the parameters listed in Table 2. It would
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FIG. 6b. Comparison of observed and predicted values of latent
heat flux for the barley I plot, Ruthe, W. Germany for 20-21 June
1979.

appear that the model calculates the partitioning of
energy for the barley site in a reasonable way.

No local flux observations were available for com-
parison with the wheat simulations, so data from a
study conducted at Volkenrude, some 50 km distant
from the Ruthe site, are shown for comparison in Table
4. The disparity between the simulated and observed
net radiation values may be atrributed to differences
in cloudiness between the two sites and are reflected
in the corresponding evapotranspiration rates on 20
June. The observations for 21 June should be regarded
with some suspicion as the sensible heat flux was re-
ported to be strongly negative (~ —90 W m™?) in the
early evening and positive (away from the surface) at
night. The predicted ratio of evapotranspiration to net
radiation for the wheat crop corresponds to the ob-
served ratio for the nearby barley site which also sug-
gests that the observations were suspect on this day. In
summary, the models appear to perform plausibly in
the simulation of the diurnal energy balance and the
calculation of total fluxes. Where reliable data are
available, the subcomponents of the model (radiation
interception, stomatal resistance, etc.) seem to operate
realistically.

2) SITE B: MAIZE

The tests with the maize data sets were used to in-
vestigate the relationship between y;, 7. and evaporative
demand. Figure 9 shows the observed and predicted
time course of leaf water potential for the maize crop
for 2 days and the simulated 7, values with and without
the adjustment for leaf water potential. The model ap-
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FIG. 7. Predicted course of apparent surface temperature for the barley I plot, Ruthe,
W. Germany for 20-21 June 1979 using three different surface emissivity (e,) values.
The data points represent observations made using a hand-held radiometer.

pears to perform realistically except for failing to predict
the dip in the y; observations on the afternoon of day
167. Choudhury (personal communication) has spec-
ulated that this feature may be due to the plants’ in-
ternal water storage reserve becoming depleted by the
late afternoon but there is, as yet, no data to test this
hypothesis. Since SiB does not consider the plants’ in-
ternal water storage capacity within the transpiration
calculation, this phenomenon cannot be modeled with
the existing formulation.

3) SITE C: NORWAY SPRUCE

The micrometeorological forcing data for the Nor-
way spruce site were recorded in a clearing some short
distance away from the forest and were adjusted by
comparisons with occasional sets of observations re-
corded with an automatic weather station (AWS) above
the canopy. It was assumed that the adjusted values
were representative of conditions at the height of the
second AWS, i.e., roughly 2 m above the canopy. The
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FIG. 8a. Predicted (r.) and estimated (7;) values of the bulk stomatal resistance for
the barley crop at Ruthe, W, Germany, 20-21 June 1979. See text for method of
deriving 7, values from individual measurements of ;.
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FIG. 8b. Predicted leaf water potentials, y;, and adjustment factor, f()),
for the barley I plot, Ruthe, W. Germany, 20-21 June 1979.

shortwave radiation flux was partitioned into the four
components required by the SiB model using the
scheme of Goudriaan (1977). Once again, no down-
ward longwave radiation fluxes were measured, so these
were estimated as residuals in the same way as was
done for wheat and barley. Finally, the lowest soil
moisture store was assumed to drain at a rate deter-
mined by gravity and the sine of the local slope angle,
taken to be 10°. (Since the forest’s transpiration rate
was never at any time thought to be limited by low leaf
water potentials, the exact level of the soil moisture
store was not critical to this simulation.) Figure 10
shows the performance of the SiB simulation in cal-
culating interception loss rates and combined tran-

spiration/soil evaporation rates over a 40-day period
in 1975. While nothing can be said about the realism
of the diurnal pattern of energy partition, it is clear
that the model predictions follow the long-term run-
ning total fairly closely. Differences between the ob-
served and predicted transpiration losses can be as-
signed to uncertainties in the parameters governing
stomatal control (see later sections).

Figure 11 shows a 3-day simulation of the energy
balance for the forest together with the associated can-
opy resistance. Calder (1978) estimated the mean can-
opy resistance for the site to be about 75 s m™! with a
seasonal variation of some 25 s m™!. This is in broad
agreement with the values calculated by SiB over the

 TABLE 4. Observed and calculated time-averaged (~) values of net radiation, R,, soil heat flux, G, sensible heat flux, H, and latent heat
flux, AE, all in W m2, The calculated contributions of soil evaporation and transpiration to the latent heat flux are also shown. The asterisk
denotes that data were recorded at Volkenrude, 50 km away from Ruthe. All other values refer to Ruthe, Federal Republic of Germany.

Soil
R, G H AE Transpiration Evaporation
20 June: Barley
Simulated 143.3 2.7 221 118.5 98.6 19.9
Observed 137.6 -4.1 25.5 108.0 — —
21 June: Barley
Simulated 162.9 -0.01 12.1 150.7 121.3 29.4
Observed 155.6 —6.9 15.6 133.1 —_ —_
20 June: Wheat
Simulated 166.2 1.8 43.3 121.9 98.2 23.7
Observed* 132.8 -4.4 18.4 110.1 —_— —
21 June: Wheat
Simulated 161.1 0.14 29.1 133.0 102.2 30.8
Observed* 163.7 -5.8 -31.9

189.9 —_ —
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FIG. 9. Observed and predicted time course of (a) leaf water potential ¥;, and (b)
canopy resistance, 7, for a maize crop over 2 days. The lower values of 7, correspond
to the light-limited estimate while the higher ones include the effects of leaf water
potential and leaf temperature; see Egs. (20) and (23) in the text.
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are also shown.
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F1G. 11a. Predicted values of net radiation, R,, latent heat flux, AE and
sensible heat flux, H, for the spruce site for three sunny days.

midday hours. The effects of the vapor pressure deficit
factor, f(6e), may be seen clearly in Fig. 11 as this term
is the dominant one in determining the departure of
7. from its light-limited value.

Figure 12 shows the simulated energy balance for
the spruce forest for three rainy days. Sometimes the
latent heat flux is calculated to exceed the net radiation,
inducing large negative sensible heat fluxes. The
maintenance of such a large vertical advection of energy
is made possible by the low aerodynamic resistance
generally associated with tall vegetation (Hancock et
al., 1983).

4. Sensitivity of model simulations to variations in the
input parameters and initialization

a. Methodology of sensitivity trials

In specifying the design of the Simple Biosphere
model, Sellers et al. (1986) attempted to represent the
various components of the soil-plant-atmosphere sys-
tem in as realistic a way as possible given the constraints
of operating within the computing environment of at-
mospheric general circulation models. As a result, the
model has a large number of input parameters (see
Table 1 of Sellers et al., 1986) all of which must be
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FIG. 11b. Predicted variation in 7. for the spruce site for three sunny days.
Lower line refers to light-limited value of 7., upper line to final estimate of 7;.
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.specified in order to run the model. While it is true (a) Measurements of many of the parameters are

that most of these parameters correspond directly to scarce for different biomes in different parts of the
physically measurable quantities, it is also true that world. A wide degree of scatter is often associated with

some of them ‘will be subject to a large degree of un- the data that do exist.
certainty for the following reasons: (b) The GCM grid areas are commonly of the order
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F1G. 12. Predicted values of net radiation, R,, latent heat flux, AE, and sensible heat
flux, H, for three rainy days. Precipitation rates are shown at the top of the figure.
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of (100 km)? to (400+ km)? in size. Even if we assume
that a grid area is more or less completely covered by
one particular biome, the variability of the form and
physiological responses of the vegetation will vary
considerably. For example, it would be practically im-
possible to specify the mean height of a mature tropi-
cal rain forest canopy to within a factor of better
than +25%.

Both of the above causes of uncertainty have to be
addressed if the SiB model’s representation of global
vegetation is to be meaningful within the context of
GCM experiments. This section explores the effects of
the uncertainties in the input parameters on the im-
portant quantities returned to the atmospheric part of
the GCM, i.e., momentum, heat and vapor fluxes, re-
flected shortwave radiation and the upward flux of
thermal radiation (a function of T, and 7). In all of
the following discussion, we have tended to be conser-
vative in making the errors or uncertainties of the input
parameters larger than we would hope our true dataset
would reflect. The resultant sensitivity analysis also al-
lows us to be selective in the effort we put into searching
for accurate data to put into the GCM version of SiB
because those parameters which are found to have little
influence on the model output need only be coarsely
quantified.

The discussion is arranged to cover the three sub-
models of the SiB model in turn. Additionally, the sen-
sitivity of the model calculations to variations in the

_ initialization of the prognostic variables is discussed.
(It is clear that in this respect the only prognostic vari-
ables that have a significant effect on the model per-
formance are those associated with soil moisture con-
tent.) In each case, we shall use the examples of the
barley crop and Norway spruce forest already described
in this paper as the bases for the sensitivity analysis.
These two vegetation types have marked differences in
morphology and physiology and so between them pro-
vide us with a reasonably respresentative framework
for the discussion. In all of the discussion that follows,
we have adopted a standard methodology for the anal-
ysis which may be summarized as follows:

(i) Selection of the time period for the analysis (all
the data, 2 days, for barley; and two 3-day periods for
spruce to represent wet and dry conditions).

(ii) Running the SiB model on the selected meteo-
rological data using the original vegetation input pa-
rameters sets (see previous sections) to produce “stan-
dard” runs. These runs also calculate time series of the
downward longwave radiation flux which are used as
input for the sensitivity runs.

(iii) Sequential adjustment of the input parameters
and rerunning of the model to investigate sensitivity
of the time-averaged (denoted by wavy overbars) fluxes
of net radiation, R,, ground heat flux, G, latent heat
flux, AE and sensible heat flux, H. Sometimes a dis-
tinction is made between the separate contributions of
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interception loss, AE,,, and transpiration loss, AEy, to
the latent heat flux, AE. For these runs, all the radiative
forcing is provided by the input data; the downward
longwave flux is taken from the output of the “stan-
dard” runs.

b. Radiative transfer

The functioning and sensitivity of the radiative
transfer submodel in SiB has been discussed exhaus-
tively in Sellers (1985). The effects of solar angle, leaf
angle distribution, soil surface reflectance, etc., were
described comprehensively with reference to the ra-
diative transfer model output. It remains at this stage
to examine the effects of uncertainties in the values of
the leaf scattering coefficient, w, which is made up of
the sum of the leaf transmittance and reflectance. Table
5 shows the effects on the energy fluxes of reducing
and increasing the value of the leaf scattering coefficient
by 10%. It is clear that a given percentage change in
leads to smaller percentage change in the surface albedo
and hence the net radiation flux R,,. This is partly be-
cause of the influence of multiple scattering within the
canopy, which tends to damp the effects of large
changes in w on the total canopy reflectance. Addi-
tionally, when less shortwave radiation is absorbed by
the canopy, the resultant cooling of the surface pro-
duces a compensating increase in the net longwave ra-
diation flux towards the surface.

The subsequent effects of these changes in the net
radiation on the flux terms AE and H may be assessed
from the same tables. Under dry conditions, the change
in net radiation mainly seems to influence the sensible
heat flux term, implying that the latent heat flux is
relatively insensitive to changes in net radiation, being
more a function of the drying power of the air and the
canopy resistance term, 7.. Under wet conditions,
however, the 7. term is subordinate and so the changes
in net radiation are partitioned more equally between
the flux terms H and AE.

Kimes et al. (1987) explored the role of foliage clus-
tering in increasing the effectiveness of the canopy as
a radiation trap. It was found that clustering and spatial
heterogeneity, both of which are features common to
most coniferous canopies, could decrease the albedo
of the vegetated surface by a few percent. We have not
yet accounted for the effects of foliage clustering on
surface reflectance within the SiB radiation model, so
the uncertainty generated by this omission has not been
definitely quantified.

To summarize, uncertainties in the radiative transfer
properties of the vegetation-soil system seem to have
proportionately smaller effects on the calculated net
radiation. Under dry conditions, the resultant uncer-
tainties in the net radiation flux tend to affect the sen-
sible heat flux calculation most strongly, the evapo-
transpirative flux being relatively insensitive to the
value of R,,. Under wet conditions, changes in R, seem



TABLE 5. Summary of sensitivity analyses performed on (a) the barley site for two sunny days, (b) the spruce site for three sunny days
and (c) the spruce site for three rainy days. In (c), the dependence of the energy fluxes on physiological properties has been omitted due to
their insignificance under precipitating conditions. In each case, the second column of figures, labeled with “%,” refers to percentage change
from the standard run. N.B. AE, refers to the sum of canopy interception loss and soil evaporation.

5 (a) Barley, sunny days: 171-172

R, G \E
R, %R, G %G \E BAE H %H
Standard
153.1 - 1.3 — 134.6 - 17.1 —
Aerodynamic
raf2 152.8 -0.2 1.4 +4.6 134.2 -0.3 17.3 +2.8
r32 149.8 -2.1 1.4 +5.4 1289 —4.2 19.5 +13.7
/2, 142 153.9 +0.5 1.1 -17.5 142.8 +6.1 9.9 -42.0
r32, r32 150.0 -2.0 1.7 +28.3 124.5 -1.5 23.8 +38.6
Radiation
w/1.1 161.4 +5.4 1.4 -43 136.9 +1.7 23.1 +34.6
w*1.1 140.3 -8.4 1.5 +15.4 128.2 —4.8 10.5 —38.7
Biophysical
rz0.75 153.6 +0.3 1.4 +4.1 138.0 +2.5 14.2 -17.3
r¥1.2s 152.0 -0.7 1.5 +9.3 129.8 -3.5 20.7 +20.8
L/j2 153.7 +0.4 1.4 +5.7 134.9 +0.3 17.3 +0.9
L*1.5 153.1 — 1.4 +8.2 135.0 +0.3 16.7 -2.6
/2 152.8 -0.2 1.5 +9.4 136.1 +1.1 15.2 ~11.1
rm2 151.8 -0.9 1.5 +9.1 127.3 —5.4 22.9 +33.6
Troor/2 153.3 +0.1 1.6 +18.4 142.6 +6.0 9.1 —46.8
o2 147.0 -2.0 1.5 +11.6 1117 -17.0° 36.9 +115.1
Weps V)
-85, —160 152.8 -0.2 1.6 +19.1 136.8 +1.6 14.4 -16.0
—100, —180 153.5 +0.3 1.4 +8.4 140.8 +4.6 11.2 -344
—-115, —200 153.7 +0.4 1.5 +15.6 142.0 +5.6 10.1 —41.3
Fa . n s T AE, AEy
48.9 19.9 950.6 51.2 24.7 109.9
5 (b) Spruce, sunny days: 159-161 4
R, G \E
R, %R, G %G AE BAE H %H
Standard
194.1 — 3.3 — 96.4 — 94.3 —
- Aerodynamic
raf2 195.4 +0.7 3.3 — 95.4 -1.0 96.7 +2.5
rs2 191.3 ~1.4 34 +1.0 97.3 +1.0 90.5 —40
/2, 14f2 194.6 +0.3 3.1 -6.0 100.7 +4.4 90.8 -3.8
32, ri2 193.3 -0.4 35 +6.0 93.8 =27 95.9 +1.7
Radiation
w/1.1 201.6 +3.9 3.3 — 95.8 —0.6 1024 . +8.6
w*1.1 183.5 ~5.4 3.3 — 97.6 +1.2 82.5 -12.5
Biophysical ’
r¥0.75 195.1 +0.5 3.3 — T 1234 +28.0 68.3 -27.6
r¥l.25 193.4 -0.3 3.3 — 78.0 -19.1 112.0 +18.8
L2 193.4 -0.4 3.3 -2.1 72.9 —24.4 117.2 +24.3
L5 194.7 +0.3 34 +4.0 115.0 +19.3 ©76.2 - =19.2
ro/2 194.1 — 3.3 — 96.4 — 943 —
ry2 194.1 — 3.3 — 96.1 -0.3 94.5 +0.3
Troot/2 194.1 — 3.3 — 96.4 — 94.3 —
o2 1935 -0.3 3.3 — 78.8 ~18.8 111.3 +18.0
f(e) :
h%0.75 194.9 +0.4 3.3 -1.0 121.7 +26.3 69.8 —26.0
h21.25 193.2 -0.5 33 — 69.0 —-28.4 120.8 +28.0
A [ 7 T \E, Ay,
8.17 2.2 3185. 149. 5.2 91.2



May 1987 P.J.SELLERS ANDJ.L. DORMAN 643
TABLE 5. (Continued)
5 (c) Spruce, rainy days: 169-172
R, G AE H
R, %R, G %G \E %B\E a %H
Standard
64.9 — 36 — 81.8 — -20.8 —
Aerodynamic
ro/2 65.0 +0.2 35 -2.8 100.3 +22.6 -38.9 —87.0
rz2 64.1 -1.1 3.7 +3.7 65.5 -20.0 —-5.4 +74.0
T6(2, 1af2 65.0 +0.3 35 -2.8 87.0 +6.4 —25.5 -22.6
32,752 64.5 -0.5 3.7 +3.7 75.1 —8.2 -14.3 +31.3
Radiation
w/1.1 66.9 +3.1 3.6 — 82.5 +0.9 -19.5 +6.4
w*1.1 62.0 -4.5 3.6 — ’ 80.7 -1.3 -22.6 —8.8
Biophysical

L/2.0 64.3 -0.9 35 -3.7 69.0 -15.6 -8.3 —60.0
L¥1.5 65.2 +0.4 38 +5.6 87.9 ) +7.5 -26.6 +27.7
Fa E ;d Fz: )\Ew >‘E~d

12.8 2.6 3306. 99.9 74.0 7.8

to be partitioned proportionately between the sensible
and latent heat fluxes.

¢. Turbulent transfer

Some aspects of the sensitivity of the turbulent
transfer description of SiB to uncertainties in the input
parameters have already been addressed in Sellers et
al. (1986). It will be remembered that G,, G, z,, z;,
L, Cy4, ps and zg; must be specified in order to calculate
2o, d, 1,4, Tp and r,. Figures 5, 6 and 7 of Sellers et al.
(1986) show the predicted course of variations in zg
and d with changes in the canopy characteristics, com-
bined together as the bulk canopy drag coefficient, Cp,
on the horizontal axis. Figure 13 of this paper shows
how the values of r,, 7, and r, for a specified surface
condition under neutral conditions and a constant wind
velocity at reference height vary with the same quantity.
Table 6 summarizes all of these results in terms of sen-
sitivity of the derived parameter (zo, d, 74, T, 74) tO
uncertainties/errors in the value of the canopy drag
coefficient at the values of 0.01, 0.1 and 0.5; these
translate roughly to leaf area indices of 0.05, 1.0 and
10.0, i.e., the range of what is commonly found in na-
ture.

The parameters C,, p;, L; and (z; — z;) contribute
linearly to the canopy drag coefficient so it is fairly
straightforward to deduce the contribution of uncer-
tainties in each of these quantities to the total error in
the output parameters. At this point it is useful to dis-
cuss the reasons for, and the likely magnitudes of, the
uncertainties in each of these parameters.

The heights of the canopy top and base, z; and z,,
and the total leaf area index, L,, could probably be

estimated for a region with a certainty of better than
+50%. The value of C; is calculated assuming plate-
like (or cylinder-like in the case of conifers) behavior
of the leaf elements in the airflow with a dependence
on the average leaf inclination. Monteith (1973) re-
produces data which show the dependence of the leaf
drag coefficient on leaf inclination. We have fitted the
following simple relationship to this:

Cy= (1.328)‘/—;_—(3 +0.45 (sinf)' (25)

where

sinf sine of mean leaf inclination to airflow

7r/21
[ 50 -xocostar
_v

[

1
==—(1—x1)
™
¢ leaf azimuth angle
xz  Ross leaf angle distribution parameter
Re Reynolds number.

Figure 14 shows the predicted variation in the effec-
tive element drag coefficient, C,/p; with x for a range
of leaf area densities. The shelter factor, p;, is perhaps
the least understood of all the input parameters. We
have assumed that p; = 1 when the leaf area density is
0, i.e., no shelter effect, and is equal to 4 when the leaf
area density is about 6, from the data of Thom (1972).
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FIG. 13. Variation of the calculated aerodynamic resistances, r,, 7, and r;, with
changes in the values of the adjustment coefficients, G, and G,. In each figure, the
values of G, and G, are specified for individual curves by a pair of numbers in paren-
theses, with the value of G, first and the value of G, second. Note that G; = 2.0 and
G, = 0.5, marked as (2.0, 0.5), represents the default case used in SiB. (a) Variation
in the aerodynamic resistance, 7,, with the canopy drag coefficient C{Cp = Cu/p; La(z>
— z,)) for different combinations of G, and G, values. (b) Variation of 7, with Cp, for
different combinations of G, and G, values. (¢) Variation of r; with C, for different
combinations of G, and G, values.
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FIG. 14. Variation of effective leaf drag coefficient, C,/p, with Ross leaf angle dis-
tribution factor . for a range of leaf area densities, Ly. Values of x, of +1,0 and —1
correspond to horizontal, spherical and vertical leaf orientations, respectively. For-
mulations governing dependence of C,, ps and x are given in the text. (Leaf dimensions:

5 X 5cm).

Given only these two estimates of p;, and assuming
that it depends linearly on leaf area density, we use

ps=1+Ly/2, (26)

We can expect from the previous discussion that the
errors in the combined term C,/p; are somewhere in
the region of £50% again. The total uncertainty in the
canopy drag coefficient is therefore likely to be in the
region of +70%. We have taken a range of —50% to
+100% about each of the three values of the canopy
drag coefficient and have entered the largest resultant
error in the output parameters in Table 6a. The un-
certainties in the adjustment parameters, G, and G,
are thought to be in the region of +0.5 and +0.25 re-
spectively. The combined error resulting from uncer-
tainties in G, and G, are shown in Table 6b. Lastly,
our estimate of the total likely uncertainty in the values
of zy, d, r,, 7 and r; due to all the errors or uncertainties
in the input parameters is shown in Table 6c¢.

Comparison of Tables 6a, b suggests that the likely
sources of error produced by uncertainties in the input
parameters are of roughly the same size as those gen-
erated by uncertainties in the adjustment parameters
G, and G,. In other words, the “fuzziness” in the mod-
el’s predictive capabilities is comparable to the likely
errors in the input data set. Other than that, we find
that the fractional error in all the derived quantities
increases as the canopy drag coefficient increases, but
this is mainly because zg, 1/7,, 1/7,and 1/r,all decrease
in absolute terms over the same range—the absolute
error does not increase so rapidly. Further, zero plane
displacement height being insensitive to parameter un-
certainties of all kinds, the main sensitivity in 1/r,,
1/75, and 1/r, follows generically from the value of and
uncertainty in Zp.

TABLE 6. Maximum uncertainties, in percent, generated in canopy
aerodynamic properties zy, d, 7., 75 and r; due to (a) uncertainties in
the canopy drag coefficient, Cp, where Cp = (Cy/p,) La(z: — z); (b)
uncertainties in the adjustment coefficients, G, and G; and (c) com-
bined effects of uncertainties in canopy drag coefficient, Cp, and G;
and G,, in percent. The calculations were performed for the three
values of Cp, 0.01, 0.10 and 0.50, which make up the columns of
the table. Here z, is the roughness length; d is the zero plane dis-
placement; r,, r, and r, are the aerodynamic, bulk leaf boundary
layer and surface to canopy resistances, respectively; z, is the height
of the canopy. All simulations performed for neutral conditions, z,
= 5 m and wind speed at 15 mis 10 ms™'.

(a) Canopy drag coefficient, C,

Cp 0.01 0.10 0.50
Zo/22 76 29 58
dfjz, 20 8 13
1/r, 12 5 69
1/7 101 59 51
1/ry 22 42 133

(b) Adjustment coefficients, G| and G,

Cp 0.01 0.10 0.50
Zo/22 27 38 54
d/ ¥4) 2 5 9

1/r, 15 24 55

1/rs ~5 8 27

1/rq 6 23 82

(c) Canopy drag and adjustment coefficients

Co 0.01 0.10 0.50
20/22 81 48 79
d/z; 20 9 16
1/r, 19 25 88
1/ 101 60 58
1/r 23 48 156




646

The total uncertainty in the derived parameters is
shown in Table 6¢. At first sight, these appear to be
unacceptably high, particularly at extreme values of
the canopy drag coefficient. Uncertainties in the esti-
mates of z, range from 48 to 81%, while those in 1/r,,
the dominant turbulent transfer term, range from 25
to 88%. The size of these uncertainties should be placed
in the context of what is currently used in GCMs to
describe surface roughness. Frequently, one value of
2z is used to describe the roughness of the entire ter-
restrial surface (Sellers, 1986) while observations and
the simple model described previously indicate that it
should vary from less than a millimeter to a few meters,
depending on the type and amount of vegetation pres-
ent. (The extreme percentage errors in 1/7; and 1/r,4
occur when both quantities are very, very small.) How-
ever, the true test of model sensitivity, rather than single
component sensitivity, comes when we place compa-
rable errors in these five derived parameters into the
complete SiB model. For these tests, we chose to test
errors in r,, 7, and r; of —50 and +100% about the
original values calculated by the SiB preprocessor
module.

Table 5 shows the resultant errors in the energy bal-
ance components: net radiation, R,; ground heat flux,
G; latent heat flux, AF; and sensible heat flux, H, pro-
duced as a result of errors in the various aerodynamic
resistances. The induced changes in the net radiation
and ground heat flux terms are negligible. When the
canopies are dry (see Tables 5a and 5b), the latent heat
and sensible heat flux means show a small sensitivity
(7% or less in the case of the latent heat fluxes) to the
large input errors in r,, 75 and 7;. When the canopy is
wet, however, the errors in the estimates of latent heat
flux may grow up to +20% (see Table 5c) as here the
evaporation -is governed solely by the atmospheric
forcing and the aerodynamic resistance. It should be
pointed out that the results in Table 5¢ represent an
extreme case-—in reality, a greatly increased evapora-
tion rate could have a local damping feedback on the
evaporative demand by increasing the humidity of the
planetary boundary layer. Nonetheless, we may expect
that uncertainties in the calculated interception loss
rates from tall vegetation may be on the order of £20%
because of uncertainties in the turbulent transfer de-
scription. These results are encouraging as they suggest
that the uncertainties and errors in the aerodynamic
transfer description and input data may be responsible
for relatively small errors in the net radiation and errors
of the order of less than 10% in the calculated values
of AE and H under dry conditions and somewhere
around 20% under wet conditions.

It should be remembered that all of this discussion
is based on the results obtained from the Paulson (1970)
description of transfer processes in the constant stress
layer. Most GCMs use elements of the Paulson (1970)
formulation but combine these with descriptions of
processes within the planetary boundary layer, plainly
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beyond the scope of this paper. For the most part we
should expect the GCM turbulent transfer descriptions
to respond to uncertainties in the surface parameters
in approximately the same way as was described here,
although there are sure to be some idiosyncratic re-
sponses depending on the exact type of formulation
used.

d. Biophysical control of evapotranspiration

A number of processes fall under this heading,
namely:

leaf stomatal resistance (light dependence), 7,

leaf area index, L,

plant resistance ry,

root system resistance, 7o

soil moisture control of 7. through f{(y))

vapor pressure deficit control of 7, through f{(ée)

interception capacity control of interception loss
through S,.

These are discussed, in turn, in subsections 4d1-4d7.

1) LEAF STOMATAL RESISTANCE, 7,

The expression for the stomatal resistance of an in-
dividual leaf is given by (21) in this paper and is dis-
cussed in more detail in Sellers (1985). Table 5 shows
the effects of increasing or reducing 7, by 25% by mul-
tiplying the a and c coefficients in (21) by the relevant
fraction. This process merely simulates the effects of
changing the light response portion of r,, independent
of the other environmental factors f{T), f(y,) and f(de).
It is probable that this sensitivity test is overly pessi-
mistic: an error of +25% covers the physiological dif-
ferences between red pine and beech or oak and maize
(Turner, 1974). A carefully assembled dataset should
be able to quantify these coeflicients (for green, healthy
leaves) within these limits of uncertainty. It is clear
from Table 5 that these relatively large changes in 7
have little effect on the energy balance of the barley
crop but have an effect, roughly proportional to them-
selves, on the calculated latent heat flux from the spruce
canopy. The biophysical reasons for this disparity are
clear: with short vegetation, like barley, the aerody-
namic resistance plays a relatively large role in deter-
mining the partitioning of the available energy, R, — G,
into AE and H. This is because the effect of changes in
7. upon AE, i.e., (ONE/d7,), varies as —1/(F. + r,)* and
so when 7, and 7, are comparable in size (7, = 48.9,
7. = 51.2 s m™! in the case of barley), the term IA\E/
ar, is relatively insensitive to proportional changes in
7.. When dealing with tall crops, however, 7. is the
dominant control over the transpiration rate (7, = 8.17,
7. = 149.0 for the spruce clear day simulations) and so
the effects of even small changes in r; are evident in
AE. However, the errors produced in the calculation
of the transpiration flux as a result of uncertainties in
the r, coefficients should be limited to or less than the
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proportional size of the errors in those coefficients.
Hopefully, these uncertainties could be limited to +15%
or less.

2) LEAF AREA INDEX, L,

The effect of uncertainties in the total leaf area index
or in the proportion of live to dead leaves in the canopy
on the value of 7; was discussed in Sellers (1985). Be-
cause of the nonlinear dependence of 7; upon leaf area
index and the live/dead ratio, the effect of quite large
errors in these quantities on the evapotranspiration rate
is relatively small, particularly in the case of short crops.
In the barley case, the effects of quite large changes in
the leaf area index on the energy balance were almost
negligible for the reasons previously discussed. In the
case of the spruce forest, where the canopy resistance
term dominates the partitioning of energy, uncertain-
ties in the leaf area index of +50% give rise to changes
of —24.3 to +19.3% in the estimated transpiration rate.
It should be noted that in this particular sensitivity
test, the leaf area index affects both the radiation and
stomatal resistance submodels but not the turbulent
transfer description as the standard values of z,, d, C;
and C, were used. The quite large changes in leaf area
index did not affect the net radiation greatly, presum-
ably because even the lowest values of leaf area index
used here (about 2.0) were enough to make the surface
albedo approach that for an infinitely thick canopy
(Sellers, 1985 and Dickinson, 1983). Large errors in
the leaf area index may give rise to significant but not
proportional errors in the evapotranspiration rate. Be-
cause of the nonlinearity of the leaf area index/canopy
resistance relationship, the effect of a 50% change in
the leaf area index gave rise to a maximum change of
less than 25% in the evapotranspiration rate.

3) PLANT RESISTANCE, rp

There is a large uncertainty in the value of ry, the
resistance imposed by the plants’ vascular systems. The
simulations summarized in Table 5 indicate that the
large errors in the specification of this quantity (—50
to +100%) have little effect on any of the energy balance
terms. This is presumably because the root system re-
Sistance, Froor, With which r, is combined in summation
to calculate the regulation of moisture flow from soil
to leaf, is usually the dominant term.

4) ROOT RESISTANCE, 7150

This term is calculated by a combination of con-
tributing parameters concerned with root length den-
sity, rooting depth, root hydraulic conductivity and soil
properties (Sellers et al., 1986). As a result, the uncer-
tainty in r. is large, particularly as this is probably
the weakest part of SiB or any other biophysical model
because so little is known about root processes. We
have applied the usual uncertainties (—=50 to +100%)
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to this quantity and have obtained results that reflect
what we already know from the r; sensitivity analysis;
that is, where 7. is dominant, the 7. related terms are
more important. Thus the effect of changes in 7,0t OD
the estimate of AE in the barley simulations is smaller
than that for the spruce simulations. Although the ef-
fects of uncertainties in . are fairly large (of the order
of +15%), they should only have a severe impact when
soil moisture is limited.

5) SOIL MOISTURE CONTROL OF 7, THROUGH f({)

Equations (20) to (23) describe how the leaf water
potential, ¥, may increase the canopy resistance, 7.
The precise mechanism for this influence is determined
by the values of two critical leaf water potentials, ¥,,
when stomata start to close, and ¥,,, when the stomata
are assumed to be completely closed. When y; falls
between these two values as a result of high evapo-
transpirative demand and/or falling soil moisture po-
tential, f(;) drops below unity, which is its value when
¥, has no influence on transpiration. Table 5 shows
how changes in y, and ., may influence the estimation
of the energy balance terms. It is clear that fairly rough
estimates of these quantities will suffice, the resulting
error AE being comparatively small for large changes
in both quantities. It is probable that the specification
of Y., and ¥, may become more important when the
soil moisture is diminished.

6) VAPOR PRESSURE DEFICIT CONTROL OF T,
THROUGH f{d€)

A number of vegetation types, notably the conifers,
exhibit the feed-forward response to vapor pressure def-
icit whereby the stomata progressively close as the am-
bient air becomes dryer. Table 5b shows the effect of
a +25% uncertainty in the f{ée) parameter, s, on the
calculation of AE and other quantities. It is clear once
again that when 7; is the dominant term in the AE
calculation, errors in its () estimation will be more or
less equally reflected in AE. )

7) INTERCEPTION CAPACITY CONTROL OF INTER-
CEPTION LOSS, S,

S, is the estimated maximum amount of intercepted
rainwater that can be held by the canopy, currently
assumed to be 0.25 mm per unit leaf area index (from
Hancock and Crowther, 1979). Table 7 shows the result
of making relatively large changes in S, (+50%) upon
the estimation of the total interception loss over a 40-
day period for the Norway spruce simulation. The re-
sultant changes in AE,, are small, ranging from —13.2%
to +7.6%, implying that for this case at least, intercep-
tion loss is less dependent on the value of S, than it
might at first appear (Sellers et al., 1986). Naturally,
under different climatic conditions, we may expect to
see a different sensitivity response.
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TABLE 7. Sensitivity of time-averaged energy fluxes, resistances and evapotranspiration to changes in the interception capacity, S., over
a 40-day period at the spruce site. In each case, the second column of figures, labeled with “%,” refers to percentage.change from the standard

run. .
R, G \E H
R, %R, G %G \E BNE H %H
Standard 145.9 —_ 0.3 — 85.4 — 60.1 —
S.* 1.5 145.9 — 0.4 +33 86.2 +0.9 59.4 -1.2
S.*0.5 145.8 -0.1 0.3 — 84.1 -1.5 61.3 +2.0
A 7 Fa T AE, A,
Mean % Mean % ' Mean % Mean % Mean % Mean %
Standard 11.2 — 3. —_ 3180 — 186 — 15.0 — 69.5 —
S.+ 1.5 11.2 — 3. — 3181 — 186 — 17.1 +7.6 69.1 —-0.
S.»0.5 11.1 -1.0 3. — 3180 — 186 — 13.8 —-13.2 70.3 +1.2

e. Initialization of prognostic variables

In SiB, the prognostic variables are the canopy and
ground temperatures, 7, and T,; the canopy and
ground vegetation interception stores, M, and M,; and
the soil moisture storages W,, W, and W;. In SiB, the
soil moisture stores are expressed as wetness fractions,
varying between 0.0 (no soil water) to 1.0 (soil pore
space filled to capacity). As was discussed in Sellers et
al. (1986), the effects of inaccurate initialization of 7,
Ty, M. and M, are minor as these variables respond
rapidly to changing environmental conditions and have
short “memories.” The initialization and subsequent
values of the soil moisture stores are of far greater im-
portance: the soil can typically store on the order of
100 to 200 mm of water which is available for evapo-
transpiration (or somewhere around one month’s
worth of moisture). Clearly, inaccurate specification of
the initial soil wetness or poor budgeting of the same

could severely affect the calculated partitioning of en-
ergy.

Table 8 shows the sensitivity of the energy balance
components to initial settings of the soil moisture stores
for the barley and spruce clear day sensitivity runs.
The two vegetation types show similar trends in their
responses to decreasing soil moisture, the differences
between them being accounted for by differences in

. vegetation physiology and soil properties. In both cases
we see little change in any of the components until the
soil wetness drops below about 0.5, at which point the
leaf water potential may drop below ., for significant
lengths of time. Thereafter, we see a rapid decrease in
transpiration, with the excess energy being lost as sen-
sible heat and ground heat flux. The vegetation surface
warms up as the effects of evaporative cooling fall off
and so the net radiation drops due to the increased
longwave loss. This result is interesting from a historical
viewpoint as it does not compare well with the perfor-

TABLE 8. Sensitivity of the time averaged energy fluxes to changes in soil moisture for (a) the barley site for two sunny days and (b) the
spruce site for three sunny days. In each case, the second column of figures, labeled with “%,” refers to percentage change from the standard

run.
R, %R, G %G AE, BAE A %H
(a) Barley
Standard (0.87) 153.1 —_ 1.3 — 134.6 — 17.1 —
1.0 153.1 — 1.3 — 134.6 — 17.1 —
0.5 152.7 -0.2 1.4 +3.3 131.7 -2.2 19.6 +14.6
0.4 151.6 -1.0 1.5 +15.4 126.4 —-6.0 23.6 +37.6
0.3 150.4 -1.8 1.5 +13.6 1144 —-15.0 344 +100.5
0.2 139.9 -8.6 1.7 +29.2 28.7 —78.6 109.4 +539.0
0.1 136.2 —11.1 2.7 +104.1 9.0 -93.3 1244 +626.0
(b) Spruce )
Standard (0.71) 194.1 —_ 33 — 96.4 —_ 94.3 —
1.0 194.1 —_ 33 — 96.4 — 94.3 —
0.5 194.1 —_ 3.3 —_ 96.4 — 94.3 —
0.4 193.8 -0.1 33 —_ . 86.8 ~10.1 103.7 +10.0
0.3 191.0 -1.6 34 +3.0 5.7 —94.1 181.9 +92.9
0.2 190.9 -1.6 3.6 +7.0 3.0 -96.9 184.3 +95.5
0.1 190.5 -1.9 4.0 +20.0 0 —-100.0 186.5 +98.0
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mance of most of the linear “g-functions” commonly
used by the general circulation modeling community
to date. It is also clear that the correct initialization of
soil moisture is fairly crucial for a meaningful predic-
tion of the surface energy balance, particularly when
the soil is drying. The problem of obtaining usable
global soil moisture climatologies was discussed in
Sellers et al. (1986).

5. Summary discussion of model sensitivity

The results of subsections 4d-4e provide us with a
means of assessing the suitability of the SiB model for
its intended task, the calculation of the surface fluxes
for use within general circulation models. It should be
noted at this point that these sensitivity studies were
executed with fixed upper boundary conditions, the
micrometeorological data, and so no feedback effects
between the surface and boundary layer could be de-
scribed. In addition, we have discussed the sensitivity
problem only in the context of two vegetation types
situated in a temperate (northwest European) environ-
ment; obviously, further work needs to be done with
different vegetation types in different environments
before any final definitive statements can be made
about the model performance. Even so, the results we
have should provide us with a good indication of what
we should expect from the model, and also where we
should concentrate our efforts in the data collection
for SiB.

The most important findings associated with the
sensitivity tests may be summarized as follows:

1) Total energy balance. Large errors/uncertainties
in all three model subcomponents (radiative transfer,
turbulent transfer and biological control of evapo-
transpiration) have proportionately reduced effects on
the total energy available for evapotranspiration and
sensible heat, i.e., Rn — G. Given that most of the
prescribed changes erred on the drastic side, it is re-
assuring to note that changes in the net radiation were
limited to roughly £7%. All of the sensitivity trials (with
the exception of those associated directly with radiation
interception) indicated that the partitioning of energy
into H and AE is the process most sensitive to changes
in the model parameters.

2) Turbulent transfer. Large changes in all of the
components of the turbulent transfer description have
little effect on the partitioning of energy except when
the canopy was wet for a significant part of the time.
Normally, the uncertainties in the parameters and the
diffusion model itself gave rise to changes in AE of the
order of £5%. These rose to +20% in the case of the
spruce forest exposed to almost continuous rainfall.
We suspect that the data input to the model would be
better than the conservative error estimates used in
this study. Also, interception loss rarely amounts to
more than 50% of the annual evapotranspiration loss
for a region. In view of this, we propose that uncer-

P.J.SELLERS ANDJ.L. DORMAN

649

tainties (including variability in the surface condition)
in the turbulent transfer description would probably
result in an error of roughly £10% in AE.

3) Biophysical control of evapotranspiration. The
simulations indicate strongly that AE may be very sen-
sitive to the physiological properties of the vegetation,
especially in the case of tall vegetation where the aero-
dynamic resistance, r,, is small. At worst, errors in the
light-dependent coefficients of 7, in the leaf area index
(Sellers, 1985), and in the coefficients controlling the
(), f(6e) and f(T) responses may generate propor-
tional errors in AE. Additionally, the probable errors
in the description of the plant vascular system resis-
tances, r, and 71,0, may produce errors of about £15%
in AE. Clearly, these quantities are of crucial impor-
tance, all the more so for having been completely over-
looked by the GCM community until very recently. A
determined data collection effort should be able to re-
duce the uncertainties in the stomatal response coef-
ficients to something like £20%, but it is unlikely that
the vascular parameters, 7, and #yo0r, Which are im-
portant when the soil is drying, could ever be specified
to better than +50%. An inspection of Table 5 shows
that these uncertainties are liable to leave us with an
almost irreducible uncertainty in AE of roughly £15%.

From-the foregoing, we can propose that the errors
in the SiB model output due to the uncertainties in the
prescribed parameter set are likely to be of the order
of 7% in the calculation of the net radiation and could
be as high as +25% in the calculation of the evapo-
transpiration flux. It is doubtful whether the latter un-
certainty could ever be reduced below x15% for tall
crops. It has been argued that these uncertainties are
comparable to what could be achieved with simpler
models using far fewer parameters. The analysis pre-
sented in Sellers (1986), however, demonstrates that
simplistic treatments of the aerodynamic and surface
resistance terms can lead to errors in the evapotranspi-
ration calculation on the order of 100% or more. The
use of a larger physically based parameter set, even
though some of the parameters may have large uncer-
tainties, may thus be vindicated in terms of realism
and accuracy.

The previous discussion has been mainly addressed
to the modeling of processes at a point or within a
small area. When the model is applied to large areas,
commensurate with the horizontal resolution of GCMs,
more problems arise associated with spatial variability.
If we are dealing with a relatively undisturbed biome
(such as tropical rain forest, taiga, desert), the challenge
is to avoid incorporating biases in the parameter set.
We have seen that most of the errors in the parameter
set tend to operate more or less linearly in producing
resultant errors in the energy balance calculations, so
that provided good mean values of the parameters are
obtained, the SiB system should work reasonably well.
However, this assumption cannot be made for the ef-
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fects of differential soil moisture contents and root
properties, both of which have extremely nonlinear ef-
fects on evapotranspiration when the local soil wetness
drops below about 0.5. Here the GCM modeler is pre-
sented with a clear choice: either retain a grid-scale
mean soil wetness and root properties for the calcu-
lation of evapotranspiration and acknowledge the in-
evitable uncertainties in AE as the area dries out, or
attempt, using ensemble averaging techniques, to in-
corporate the effects of soil moisture variability explic-
itly. In view of the foregoing, it is probable that mean
values of most of the SiB parameters will suffice for
the grid area calculation with some kind of ensemble
averaging process, perhaps utilizing lognormal distri-
butions for the soil wetness and root properties, to ac-
count for the nonlinear response of the energy balance
to variations in these variables.

6. Summary

The SiB model produced simulations of the energy
balances of barley, wheat, maize and Norway spruce
sites over periods ranging from 1 to 40 days. Generally,
it was found that the model reproduced time series of
latent, sensible and ground heat fluxes and surface ra-
diative temperature comparable with the available data.
Additionally, the Norway spruce simulation runs pro-
duced calculated interception loss rates that compared
well with the available observations. It is proposed that
the success of the model simulations was due to the
relatively realistic description of the biophysical pro-
cesses associated with energy capture and partition, a
result that could only be achieved with a large input
parameter set for each vegetation type. The sensitivity
of the model to uncertainties and errors in the input
parameter set was explored. The likely span of errors
to be found in the SiB parameter set would probably
give rise to uncertainties in the net radiation absorbed
by the surface of +7%, and uncertainties of up to +25%,
but more generally +15%, in the estimation of the latent
heat flux. Uncertainties in, and the spatial variability

of, the soil moisture content were found to be impor-

tant when the soil moisture drops below roughly 50%
of its maximum value for the two test cases studied.
The nonlinearity of the effect of differential soil mois-
ture on evapotranspiration may pose some consider-

able problems when large grid area-averages of the en-

ergy flux terms are calculated.
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