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ABSTRACT

A simple but realistic biosphere model has been developed for calculating the transfer of energy, mass and
momentum between the atmosphere and the vegetated surface of the earth. The model is designed for use in
atmospheric general circulation models.

The vegetation in each terrestrial model grid area is represented by two distinct layers, either or both of which
may be present or absent at any given location and time. The upper vegetation layer represents the perennial
canopy of trees or shrubs, while the lower layer represents the annual ground cover of grasses and other herbaceous
species. The local coverage of each vegetation layer may be fractional or complete but as the individual vegetation
elements are considered to be evenly spaced, their root systems are assumed to extend uniformly throughout
the entire grid area. Besides the vegetation morphology, the physical and physiological properties of the vegetation
layers are also prescribed. These properties determine (i) the reflection, transmission, absorption and emission
of direct and diffuse radiation in the visible, near infrared and thermal wavelength intervals; (ii) the interception
of rainfall and its evaporation from the leaf surfaces; (iii) the infiltration, drainage and storage of the residual
rainfall in the soil; (iv) the control by the photosynthetically active radiation and the soil moisture potential,
inter alia, over the stomatal functioning and thereby over the return transfer of the soil moisture to the atmosphere
through the root-stem-leaf system of the vegetation; and (v) the aerodynamic transfer of water vapor, sensible
heat and momentum from the vegetation and soil to a reference level within the atmospheric boundary layer.

The Simple Biosphere (SiB) has seven prognostic physical-state variables: two temperatures (one for the
canopy and one for the ground cover and soil surface); two interception water stores (one for the canopy and
one for the ground cover); and three soil moisture stores (two of which can be reached by the vegetation root
systems and one underlying recharge layer into and out of which moisture is transferred only by hydraulic

diffusion and gravitational drainage).

1. Introduction

General circulation models (GCMs), whether used
for numerical weather prediction or climate simulation,
require a determination of the fluxes of radiation, water
vapor, sensible heat and momentum across the lower
boundary of the atmosphere. Similarly, one-dimen-
sional energy balance and mass transfer models, used
for the local estimation of evapotranspiration and
photosynthesis, utilize boundary conditions set some
small distance above the surface within the atmospheric
boundary layer. It may be said, therefore, that the recent
interest in modeling land surface-atmosphere inter-
actions has converged from two opposite directions—
opposite, that is, in terms of scale and the given bound-
ary conditions. On the one hand, climatologists and
meteorologists are concerned with the large-scale ra-
diation balance and the partition of surface net radiant
energy into sensible and latent heat flux, as these pro-
cesses are boundary conditions on a fairly sensitive dy-

namic system. Consequently, this group’s principal aim
is to integrate all of the small-scale physical processes,
i.e., interception of radiation by plant leaves and tran-
spiration of water (from soil to atmosphere via the
plant’s internal transport system), over the horizontal
scales commensurate with general circulation models:
100-400 kilometers. On the other hand, biophysicists
and ecologists are interested in the relationships extant
between organism and environment—relationships
that span length scales from the molecular level (in the
case of photosynthesis) to several kilometers (when
considering energy flow in ecosystems). For the most
part, cach group uses the findings of the other as
boundary conditions to drive their own theoretical and
numerical models; for example, meteorologists make
use of simple empirical “g-functions™ to parameterize
the dependence of evapotranspiration on soil moisture
while ecologists take climate as a given forcing in de-
veloping theories of speciation, adaptation, and the
structuring of plant communities. It is only in the past
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few years that the two fields have come sufficiently close
to allow studies of the interactions between the bio-
sphere and the atmosphere. Hitherto, these have taken
the form of simple sensitivity experiments conducted
with general circulation models wherein the charac-
teristics of the land surface were changed (often dras-
tically) from their control conditions in order to allow
an assessment of the magnitude of the feedback effects
on the atmosphere. Mintz (1984) has reviewed 11 such
experiments, conducted by different research groups,
and has pointed out that in many respects the results
are in agreement, i.e. thie calculated large-scale fields
of air temperature, humidity, wind, and precipitation
are strongly affected by the drag, radiation absorption,
and energy partition properties of the underlying sur-
face. Similarly, a number of studies have been carried
out where prescribed atmospheric conditions were used
"to drive Son]-Plant—Atmosphere Models (SPAMEs) ca-
pable of simulating the effects of changing the vege-
tation type of an area. Spittlchouse and Black (1981),
Sellers (1981) and Sellers and Lockwood (1981) dem-
- onstrated that the energy and water balance of a region
could be highly dependent upon plant physiology and
morphology; the former controls the transpiration rate
while the latter has a marked effect on the interception
loss rate (that portion of rainfall that is held on plant
leaves as liquid water and then evaporates to the at-
mosphere without reaching the soil moisture store).
Goudriaan (1977), Otterman (1981) and Kimes (1984)
have shown how plant structure affects the radiation
absorption of a region by the trapping of light in mul-
tiple reflections by plant elements. In such cases, where
the hemispheric albedo of an area may have a signifi-
cant climatic feedback effect, for example, in marginal
desert areas or taiga-tundra boundaries, the presence
or absence of vegetation may be a significant element
in the local radiation climatology.

These and other research efforts have tended to be
heavily weighted, in terms of physical realism, toward
the specialty of the investigating group and so the na-
ture of two-way interactions is still poorly understood.
This paper describes a Simple model of the Biosphere,
SiB, suitable for operation within general circulation

‘models (GCMs), which hopefully will inctease our un-
derstandmg of the interactions. The proposed model
is intended to be as physically and biologically realistic
as possible. Initially, the model will be physiologically
reactive to atmospheric conditions but the type, density
and health of the vegetation will be prescribed as func-
tions of season and location. This initial version of the
model, which is presented here, should provide more
realistic fluxes of sensible heat, latent heat, and mo-
mentum over the contlnents than existing formula-
uons

Later studies will explore the possibility of making
the biosphere model phenologically interactive with the
atmospheric GCM, which will permit the simulation
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of the effects of anoialous climatic conditions on the
surface and the prediction of atmospheric circulation
patterns over periods on the order of a year. Formu-
lation of governing equations determining the type,
and hence the morphological and physiological attri-
butes, of the vegetation would enable the combined
biosphere—atmosphere model to yield predictions over
longer time scales, on the order of decades or longer.
Should the goal of a fully interactive biosphere-at-
mosphere model be achieved, simulation studies of
complex global problems would become feasible. For
example, the possible effects of the increase in atmo-
spheric CO, concentration would best be investigated
using coupled models of this nature.

2. Sensitivity of the atmosphere to the state of the land
surface

The dependence of the large-scale atmospheric cir-
culation and rainfall on land surface boundary con-
ditions has been the subject of discussion and specu-
lation for many years but only recently have GCMs
been used to calculate the atmospheric response to
prescribed changes in the land surface boundary con-
ditions.

Charney et al. (1977) and subsequent researchers
showed that changing the land surface albedo can pro-

- duce significant changes in the large-scale atmospheric

circulation and rainfall. Walker and Rowntree (1977),
Shukla and Mintz (1982) and others have demonstrated .
that changing the available soil moisture may have large
feedback effects on the continental climates.

Recently, Sud et al. (1986) have shown that changing
the land surface roughness alters the convergence of
the horizontal water vapor transport in the atmospheric
boundary layer of a GCM and produces large changes
in the distribution of the convective precipitation.

3. Modelmg strategies

In almost all existing GCM:s (see the review by Car-
son, 1981), the fluxes of radiation, heat (sensible and
latent) and momentum across the lower boundary of
the atmosphere are treated as independent processes.
Usually, the surface fluxes are made to depend on an
independently specified surface albedo, an indepen-
dently specified surface roughness length or drag coef-
ficient and an independently formulated dependence
of evapotranspiration on soil moisture. The latter
component has generally been conceptualized as a
“bucket” in which the level of the water is lowered
when evaporatlon exceeds precipitation, and is raised
when precipitation is larger, up to the pomt at which
the bucket overflows and produces “runoff.” Over some
broad range in the level of the water in the bucket,
which varies from model to model, the rate of evap-
oration is taken as equal or nearly equal to that from
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a freely evaporating surface, and is reduced only when
the water level is low. Although this approach places
reasonable bounds on surface evaporation rates, it is
not the way in which water vapor is transferred from
the land to the atmosphere in the real world.

In reality, plants are not passive sponge-like struc-
tures as implied by the bucket model, which views the
vegetation as a pervious sheet separating the soil from
the atmosphere. Plants are alive and have evolved into
complex organisms that regulate the passage of water
and gas through their systems in an efficient manner
to maximize their prospects of growth and survival.
Modeling efforts directed at understanding the links
between surface and atmosphere should take this into
account and introduce some of the influences of the
physiology and morphology of the vegetation to be
found in a given region.

In view of the above, the adopted strategy in for-
mulating SiB has been to model the vegetation itself
and to let the vegetation determine the ways in which
the land surface interacts with the atmosphere. These
interactions may be summarized as follows:

(i) Radiation absorption. The spectral properties of
leaves and multiple reflections between them make
vegetation canopies highly absorbent in the visible
[photosynthetically active radiation (PAR)] wavelength
interval of 0.4-0.72 pm and moderately reflective in
the near-infrared region (0.72-4.0 um). In contrast,
bare ground generally exhibits a gradual increase in
reflectivity with wavelength over the interval of 0.4-
4.0 um.

(ii) Biophysical control of evapotranspiration. Plant
metabolism is based on the photosynthetic reaction
whereby shortwave radiative energy is used to combine
water and atmospheric carbon dioxide into sugars and
other organic compounds. To do this, plants must allow
for the transfer of CO, from the atmosphere to the
cellular sites of photosynthesis located inside the leaves.
This necessitates the maintenance of an open pathway
between the atmosphere and the saturated tissues inside
the leaf, which leads to an inevitable loss of water vapor
over the same route. Higher plants regulate the amount
of gas exchange (and hence water loss) by means of
valve-like structures on the leaf surface (stomates).
These appear to react to the environmental conditions
of PAR flux density, temperature, humidity and leaf
water potential so as to maximize the ratio of CO,
influx to water vapor efflux (see Farquhar and Sharkey,
1982) or to conserve moisture in times of water stress.
Clearly, since the radiant energy absorbed by the surface
is mainly divided between sensible and latent heat, any
decrease in the evapotranspiration rate will be approx-
imately balanced by a concomitant increase in sensible
heat loss. -

Vegetation canopies also intercept precipitation and
can store the equivalent of several millimeters of water
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on the leaf surfaces. The evaporation of this intercepted
water reduces the precipitation input into the soil and
lowers the local Bowen ratio, sometimes to negative
values. _

(iii) Momentum transfer. Vegetation canopies usu-
ally present a relatively rough, porous surface to the
planetary boundary layer airflow. The resultant tur-
bulence enhances the transport of sensible and latent
heat away from the surface while exerting a drag force
which may be significantly larger than that produced
by bare ground.

(iv) Soil moisture availability. The depth and den-
sity of the vegetation root systems determines the
amount of soil moisture available for evapotranspira-
tion. .

(v) Insulation. The soil surface under a dense veg-
etation canopy intercepts less radiation and may also
be aerodynamically sheltered. For these reasons, the
energy available to the covered soil is small and the
component terms of the soil energy budget (evapora-
tion, sensible heat flux and ground heat flux) are cor-
respondingly reduced.

In designing a model that takes account of the above
factors, we are constrained by the need for a solution
that will simulate the energy budget of all vegetation
communities by a simple alteration of the model’s in-
put parameters. This criterion is made all the more
necessary by the use of vector processor computers in
GCM calculations which perform essentially the same
mathematical operations on all of the model grid areas
simultaneously.

4. The model structure

The morphological and physiological characteristics
of the vegetation community in a grid area are used to
derive coeflicients and resistances that govern the mo-
mentum, radiation, and sensible and latent heat (water
vapor) fluxes between the surface and atmosphere. All
of these fluxes depend upon the state of the vegetated
surface and the atmospheric boundary conditions.

Detailed descriptions of the methods used to trans-
form the morphological and physiological character-
istics of a given vegetation community into the model
parameters are given in subsequent sections of this pa-
per. This section is confined to the definition of the
atmospheric boundary conditions, the morphological,
physiological and physical parameters, and the prog-
nostic variables and governing equations of SiB.

a. Atmospheric boundary conditions for SiB

The following atmospheric variables are used as up-
per boundary conditions by SiB.
1) AIR TEMPERATURE, VAPOR PRESSURE AND WIND
SPEED (T, e,, u,)
All general circulation models provide grid area av-
eraged values of air temperature, 7, water vapor pres-



508

sure, ¢,, and wind speed, u,, at some reference level,
z,, within the atmospheric boundary layer. These are
the atmospheric physical-state variables that, in part,
determine the fluxes of energy, mass and momentum
across the lower boundary of the atmosphere.

2) FIVE COMPONENTS OF THE INCIDENT RADIATION
[(Fauol

The SiB model requires the magnitudes of five com-
ponents of the downward radiation flux, Fj ,(), through
the bottom of the atmosphere (where A refers to wave-
length interval, and u to direction).

Visible or PAR (<0.72 u)

direct beam radiation, F

Visible or PAR (<0.72 z) dlffuse radiation,  Fj 40
Near Infrared (0.72-4 u)

' direct beam radiation, F, ()

* Near Infrared (0.72-4 i) diffuse radiation,  F, 4o

Thermal Infrared (>4 x) diffuse radiation, F, 40

The incoming shortwave radiation is partitioned into
two wavelength intervals, F; and F,, as the spectral
properties of green leaves exhibit a sharp change at
around 0.72 um. The visible or photosynthetically ac-
tive radiation (PAR), F;, is absorbed strongly by the
chlorophyll in the leaves while the near infrared radia-
. tion, F,, is largely scattered. The incoming shortwave
radiation is further partitioned into diffuse and direct
- beam components because the absorption and trans-
mittance coefficients of vegetation canopies are highly
dependent upon the angle of the incident flux.

3) PRECIPITATION RATE (P)

The grid area-averaged precipitation rate P is pro-
vided by all atmospheric GCMs. Most GCMs calculate
two components of the precipitation: a grid area com-
ponent and a convective component that represents
nonuniform shower-type precipitation.

b. Morphological parameters of SiB

In SiB, the world’s vegetation is divided into two
morphological groups: trees or shrubs, which constitute
the upper story canopy vegetation; and the ground
cover, which consists of grasses and other herbaceous
plants. As shown schematically in Fig. la, varying
amounts and densities of the canopy vegetation and
ground cover may coexist within a given grid area.

When we compare SiB with the physiognomic clas-
sification of the natural vegetation types of the world
given by Kuchler (1949, 1983), we find that of his 32
vegetation types, 31 can be represented by SiB. (Only
one small part of the globe, a region of about 500 km?
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in northeast India, is classified by Kuchler as having

- two layers of upper story vegetation, trees and shrubs—

his vegetation type DBs, consisting of broadleaf decid-
uous trees and broadleaf evergreen shrubs. This vege-
tation type must be represented in some other way
when using SiB.)

The root and soil structure of SiB is shown in Fig.
1b. The upper story vegetation consists of perennial
plants with persistent roots assigned to a fixed depth
taken to be the bottom of soil layer 2. The ground
cover is made up of annual plants and may have a
time-varying root depth that may not exceed the bot-
tom of soil layer 2. There is an upper, thin soil layer
(soil layer 1), from which there can be a significant rate
of withdrawal of water by direct evaporation into the
air when the pores of the soil are at of near saturation.
Beneath the root zone, there is an underlying recharge
layer (soil layer 3) where the transfer of water is gov-
erned only by gravitational drainage and hydraulic dif-
fusion.

The parameters that define the morphology of the
Simple Biosphere are given in Table la.

c. Physical and physiological parameters of SiB

The physical properties of the vegetation and soil
and the morphological and physiological properties of

" the vegetation govern the interception of radiation and

the transfér of moisture through the soil-plant system.
The relevant parameters used in SiB are given in Tables
1b and lc.

d. Prognostic physical staie variables of SiB and their
governing equations

The SiB model has seven prognostic physical-state
variables: two temperatures (one temperature for the
canopy vegetation, T,, and one temperature for both
the ground cover and the soil surface, T,); two inter-
ception water stores (one for the canopy, M., and one
for the ground cover, M,); and three soil moisture stores
(Wl s Wz, and W3)

The governing equations for the two temperatures,
T.and T, are:

Canopy
.2~ Rn.~ H~ \E, M
Ground
gsag; = Rng, — Hgs — ANEyg;, )
where
T,, T, = temperature, K

Rn,, Rng, = absorbed net radiation, W m™2

H,, Hy, = sensible heat flux, W m™>
E,, E,, = evapotranspiration rate, kg m
C., C,s = heat capacity, J m™ 2K

A = latent heat of vaporization, J kg™'.

-2 —-l
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FIG. 1a. Vegetation morphology as represented in the Simple Biosphere (SiB).

The subscript ¢ refers to the canopy, g to the ground Ground Cover
cover, and s to the bare soil surface. The combined s
subscript gs refers to both the ground cover and bare M,
soil surface. ot = Pe~ Ds= Euglpw, )

The evapotranspiration from the canopy, E., has )
two components: (i) E,., evaporation of water from
the wetted fraction of the canopy (canopy interception
loss); and (ii) E,., transpiration of soil water extracted
by the root system and lost from the dry fraction of
the canopy.

The evapotranspiration from the ground cover and
the surface soil layer E,;, has three components: (i) E,,,
and (ii) E4, which correspond to E,. and E,, for the
ground cover; and (iii) £, direct evaporation of water
from the surface soil layer.

where

M., M, = water stored on the leaves, m
P., P, = rate of precipitation interception, m s’
D, D, = water drainage rate, m s™*
E,., E,, = rate of evaporation of water from the wet
portions of the leaves, kg m=2 5!
pw = density of water, kg m™3,

The governing equations for the three soil moisture

. . . ) stores are
The governing equations for the two interception
water stores are 1 [P 1 (E.+ Egy + E )]
Canopy it - ﬂle 1 Ql,2 P -5 dc,1 dg,t) | »
oM,
—<= P~ D= Ev/pw, &) ®
oW, 1 1 ]
—_— = —— — — —{(Eg2 + E , (6
% 9D, [Qx,z O3 w( dc2 + Eqg2) (6)
(b)
oW, 1
—— T ——— -_— Py 7 o
o 0D [Q2,3 07 (7
where

W,, W,, W3 = soil moisture wetness in the three soil

layers
= 91/ 0: . . .
0; = volumetric soil moisture in layer i, m* m™3
05 6, = value of §; at saturation, m> m™3

D; = thickness of ith soil layer, m
Qi1 = flow between i and i + 1 soil layer, m s™!
Q; = gravitational drainage from recharge soil
moisture store, m s~

FIG. 1b. Root systems and soil layers of the Simple Biosphere
(SiB). The parameters that define the vegetation and soil properties

are listed in Table 1. Eg.i, Egg,; = canopy, ground cover abstraction of soil
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TABLE 1. Parameters used by SiB. Subscript ¢ refers to upper story
or canopy vegetation; g to ground cover and s to soil. The combined

subscript gs refers to ground cover and soil together.
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Parameter Definition
a. Morphological parameters
Ve, Vg Fractional area covered by the canopy,
ground cover vegetation
O¢, )., O(¢, 6), Leaf angle distributions
Z, 2y Height of the canopy top, canopy bottom, m

Canopy leaf and stem area density (as a
function of time), m? m™3
L, Ground cover leaf and stem area index (as a
function of time), m?> m™2

Zaes Zag Rooting depth (as a function of time), m
Dy, Dy Root len;gth density (as a function of time),
mm-
Dy, D,, D, Thickness of the three soil moisture storage
layers, m
b. Physiological parameters
N, N, Green leaf fractions of total leaf and stem

area indices (as functions of time)
Light dependent stomatal resistance
coefficients for a green leaf

(@, b, )., (a, b, &)

(T, Ty, Ty), Minimum, maximum and optimum
(T}, Ti, To); temperatures for stomatal functioning, K
hse, hsg Parameter that governs the stomatal response

of leaves to the atmospheric water vapor
pressure, mb~!

Parameters that govern the stomatal response
of leaves to the leaf water potential, m~!,
m

(hs, Yoles (N5, Yo)g

(r phm)c» (f plm\)g
s

R, R, Root resistance per unit root length, s m™*

¢. Physical parameters

Xy Aay Reflectances of leaves for wavelength interval
A

Siars ia), Transmissivities of leaves for wavelength
interval A

sy Soil reflectance for wavelength interval, A

Drag coefficient of a canopy leaf

P, Shelter factor of a canopy leaf

C, Heat/vapor transfer coefficient of a canopy
leaf .

Z,, (or Cpyy) Roughness length, m, (or drag coefficient) of
the ground cover and soil surface (as a
function of time)

Ce, Cps Heat capacity of the canopy and ground,

J m—z Kﬂ .

8, Soil pore space, m® m™? ‘

Vs Soil moisture potential at saturation, m

K, Hydraulic conductivity of saturated soil, m
s—l

B Parameter that relates volumetric soil

moisture to soil moisture potential

moisture by transpiration from the ith
soil layer, kg m™2s~!

P, = infiltration of precipitation into the upper
soil moisture store, m s™*

Resistance imposed by plant vascular system, .

VoL. 43, No. 6
= minimum (P, K)
=0, when W, = 1
K, = hydraulic conductivity of saturated soil, m
1
)
P, = effective precipitation rate on soil surface,
-1
ms

=P— (P, + Pg) + (D, + Dp)
P = precipitation rate above the canopy, m s~

The precipitation excess, (P, — Py), joins the gravi-
tational outflow from the lowest soil moisture store,
Q;, to produce runoff:

Q=P — P+ )]
where Q, = runoff rate, m s™'. _

In the numerical solution of the prognostic equations
for T, and T, we make use of the fact that the storage
terms, involving C. and Cg;, are small relative to the
energy fluxes, Rn, H and AE. The heat capacity of the
canopy, C,, is of the order of the heat capacity of 0.2
mm of water per unit leaf area index. The ground
(ground cover plus soil) heat capacity Cy; is defined by
invoking the concept of a diurnal thermal skin depth
and is taken to be thermally equivalent to 25-40 mm
of water depending on soil wetness, following Arakawa
(1972). These values make (1) and (2) “fast™ response
(or “quasi-diagnostic’) equations so that changes in 7,
and T, even over a time step as short as an hour, can
have a significant feedback on the magnitude of the
energy fluxes.

The energy fluxes, Rn., Rng, H., Hg, AE., NEg;,
are explicit functions of (i) the atmospheric boundary
conditions: T, e, u,, Fy 40 and P; (ii) the prognostic
variables of SiB: T, Ty, M., M,, Wy, Wa, W3; (iid)
the three aerodynamic resistances: r,, 7, and r;; and
(iv) the three surface resistances: 7, g, and ry,s (see
Fig. 2). As will be shown later, these energy fluxes are
used in an explicit backward-differencing scheme to
calculate the changes in T, and T, over a time step Al
After that, the various moisture fluxes predicted by the
model are used to update the moisture stores: M, M,
Wl ’ W2 ’ W3 B ’

The resistance formulation allows one to describe
the sensible and latent heat fluxes in the electrical an-
alogue form, whereby

_ potential difference
resistance )

flux

The terms H,, Hy,, and AE,, AE,, are determined in
this way. In the case of the sensible heat fluxes, the
potential differences are (7, — T,) for the canopy and
(Tgs — T,) for the ground, where T, is the air temper-
ature in the canopy air space. For the latent heat fluxes,
AE, and \E,;, the corresponding vapor pressures are
used (see Fig. 2 and Table 2). All the potential differ-
ences can then be expressed in terms of the tempera-



15 MARCH 1986

ATMOSPHERIC BOUNDARY LAYER

? Te
gE fa
AE, + XEg +AE, | [ HerHa
HC
3
T
3 .
S
GROUND 2
COVER 1
/,TOEW/,

Wre

FIG. 2. Framework of the Simple Biosphere (SiB). The transfer
pathways for latent and sensible heat flux are shown on the left- and
right-hand sides of the diagram respectively. The treatment of radia-
tion and intercepted water has been omitted for clarity. Symbols are
defined in Table 2.

tures, T, Tg,; the moisture stores, M., M,, W, W,,
Wj3; and the atmospheric boundary layer reference
temperature, 7,, and water vapor pressure, ¢,, operating
through the intermediate variables of 7, and ¢, in the
canopy air space.

The resistances are equivalent to the integrals of in-
verse conductances over a specified length. In the case
of the aerodynamic resistances, r,, 73, and 7, the con-
ductances correspond to the turbulent transfer coeffi-
cients for heat and water vapor. The surface resistances,
T., e and 7y, are the additional resistances imposed
on the transfer of water vapor from the saturated tissues
within the leaves of the canopy and ground cover veg-
etation and from the water within the soil surface store,
respectively. The three aerodynamic resistances, 7,,
75 and 1,4, are derived from calculations involving the
morphology of the vegetation and soil surface (see sec-
tion 6), the wind speed at the reference height in the
atmospheric boundary layer, u,, and the temperature
differences, (T, — T,), (Tys — T,) and (T, — T,). The
surface resistances, 7z, r, and 7y, are calculated from
a combination of plant physiological and morpholog-
ical parameters, the state of the surface soil moisture
store, the atmospheric boundary conditions and the
values of the prognostic variables. These calculations
and the role of the interception stores, M, and M,, are
described in section 7. The flux of water by gravitational
drainage and hydraulic diffusion in the soil is described
in section 8. '
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The calculations described in sections § through 7
are used to reduce (1) and (2) to a pair of coupled
differential equations in T, and 7, for which solutions
are obtained using the method described in section 9.
Following this calculation, the other prognostic vari-
ables are advanced in time,

The prognostic variables and the atmospheric
boundary conditions are listed in Table 2a, b. These
are used to calculate the potential differences and re-
sistances that determine the sensible and latent heat
fluxes, which are listed in Table 2c.

5. Radiation fluxes

The interception, reflection, transmission and ab-
sorption of radiation by vegetation can be modeled in

TABLE 2. List of prognostic and forcing variables and variables
associated with flux calculations in SiB.*

Variable Definition
a. Prognostic
T. Canopy temiperature, K )
Ty, Ground temperature, K
M, Liquid water stored on canopy foliage, m
M, Liquid water stored on ground cover foliage, m
W, Wetness of surface store
W, Wetness of root zone
W, Wetness of recharge zone
b. Atmospheric boundary conditions

u, Wind speed at reference height, m s~
T, Air temperature at reference height, K
e, Vapor pressure at reference height, mb
Fyuo Incident radiative flux (spectral, A, and angular, u,

components), W m™?
P Precipitation, m s™!

¢. Fluxes
Flux Potential difference Resistances

H, (T.- Ta)pcp » ?b'/z
HJJ (Tg: - Ta)Pcp 17}
H + Hgs (T - Tr)Pcp Ta -
AE, (ex(T0) — edpcofy S, 7o, M)
)\Eg (e*(Tg:) - ea)Pcp/'Y f(rp Ta, Ma)
w: (ﬁl * e*(Tg:) - ea)pcp/'y f(rturfa rd)
AE, + AE; + AE; (e. — e)pcyly ) A
* T., €, = air temperature, vapor pressure in canopy air space, K,

mb;
p, ¢, = density, specific heat of air, kg m™3, J kg™! K™%}

y = psychrometric constant, mb K™!;

7 = bulk boundary layer resistance, s m™';

rq = aerodynamic resistance between ground and canopy air
space, sm™!;

r, = aerodynamic resistance between canopy air space and ref-
erence height, s m™'; .

. = bulk stomatal resistance of upper story vegetation, s m™*;

r, = bulk stomatal resistance of ground vegetation, s m™';

Twet = bare soil surface resistance, s m™;
Jy = relative humidity within pore space of surface soil layer;
ex(T) = saturation vapor pressure at temperature 7, mb.
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various ways (see the review of Dickinson, 1983), but
a simple, economical method is appropriate to SiB.
The two-stream approximation, as described by
Meador and Weaver (1980), Coakley and Chylek
(1975), and Dickinson (1983), allows for the multiple
reflection of light by leaves, an effect which can make
a dense canopy an effective radiation trap. Here, we
follow the proposal of Dickinson (1983) and let

—z %{LI +[1 = (1 — Bl — wBll = wiKBoe "L,
®
ﬁ%}ﬂl—(l—ﬁ)wlﬂ—wﬁ” ‘
= wpK(1 — Bo)e®:, (10)

where

11, Il = upward and downward diffuse radiative
fluxes, respectively, normalized by the in-
cident flux

u = cosine of the zenith angle of the incident
beam :
K = optical depth of the direct beam per unit
leaf area
= G(p)/u
G(un) = relative projected area of leaf elements in
~ direction g N
u = average inverse diffuse optical depth per
unit leaf area
u’ = direction of scattered flux
8, Bo = upscatter parameters for the diffuse and di-
rect beams
o = scattering coefficient of phyto-elements
L = cumulative leaf area index, m? m™2.
The value of w@ is obtained from the analysis of
Norman and Jarvis (1975), '

B = 3a+ b+ (a- 5)(cos?d)] 11

where
w=a+é
o = leaf reflection coefficient
& = leaf transmission coefficient

g = mean leaf inclination angle above the horizontal
plane.

Following Dickinson (1983), the direct beam up-
scatter.parameter is taken to be

_(1+iK)
wpK

where the single scattering albedo, as, is given by

= f‘ T, p)

o Jo [uG(u') + w'G(u)]

here D(y, ') = GG )P(n, n"), P(p, p") = scattering
phase function. The above analysis borrows heavily

Bo (12)

as(p) ’

dp’,  (13)
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from the review of Dickinson (1983) in which the
physical significance of the various parameters is dis-
cussed in some detail.

A number of simplifying assumptions are made to
permit the calculation of some of the above parameters.
First, isotropic scattering is assumed. This allows us to
write the scattering phase function as

1
P(u, p') o€ ——,
G(p") .
which is independent of the angle of the incoming
beam. To satisfy the normalizing expression

1
~meﬁwawmw=n
P(u, ¢') must be equal to [2G(u')]"". This gives us

T(u, w') = 3 G'). (14)

Using (14), it is a relatively simple task to obtain
expressions for ay,, for vertical, horizontal and spher-
ically distributed leaves (see Sellers, 1985). For canopies
with irregular leaf-angle distributions, the Ross (1975)
xz, function, which characterizes the deviation of the
leaf angle distribution away from the spherical distri-
bution, may be used to define G(u') and G(u) in (13).
The full forms of the ay,, functions for a range of can-
opy architectures may be found in Sellers (1985). The
value of the average inverse diffuse optical depth per:
unit leaf area, u, is obtaihed from

1 ’
- 7 ,
g Lcmmd“
Using the above definitions and suitable boundary
conditions, (9) and (10) can be solved to obtain esti-
mates of the reflectance ard transmission coefficients
of the canopy. For example, if all of the incoming ra-
diation is direct beam radiation, the boundary condi-
tions will be (i) no downward diffuse radiation at the
top of the vegetation

(15)

IL=0, at L=0, (16a) -
" and (ii) reflectance below the vegetation
IN=adl+ ape ™, at L=L, (16b)

where \

a4 = reflectance of underlying surface for direct
beam, diffuse radiation
L, = local leaf area index of the vegetation.

The solutions to (9) and (10) are then
Il = ae ™ + a6 + ae™t

booan
I = a5e"KL + a6e’_"‘3L + oqe""’_‘ )

where a;, a,, . . . ay are algebraic combinations of the
coefficients in Eqgs. (9) and (10) (see Sellers, 1985); 11(0)
may then be taken as the spectral albedo, and 74(L,)
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FIG. 3. Measured and simulated albedo values for shortwave ra-
diation above a wheat crop. The data points were calculated from
observations of incoming and outgoing shortwave radiation taken at
Volkenrude, W. Germany, 20-21 June 1979 [see van der Ploeg et
al. (1980)). The simulation for the wheat crop at Ruthe (50 km away)
for 20 June is also shown.

+ e XL a5 the spectral transmittance of the vegetation
for direct beam radiation. Figure 3 shows calculated
global albedo values for a young wheat crop on a clear
day in West Germany compared to two days of data
obtained from van der Ploeg et al. (1980). For this trial,
the data of Dickinson (1983) and Goudriaan (1977)
were used to specify the values of the leaf transmittances
and reflectances for the visible (<0.7 um) and near-
infrared (>0.7 um) wavelength intervals. The incident
solar radiation was split into visible and near-infrared
direct and diffuse components according to the scheme
of Goudriaan (1977, Fig. 1, p. 11). Both the magnitude
of the global albedo (obtained by summing diffuse and
direct components of the visible and near infrared re-
flectances) and its diurnal variation agree closely with
the data.

Care must be taken to ensure that the local leaf area
index L, used in the above calculation, is related to the
area-averaged leaf area index I, by L, = L,/V, where
V., Vg represent the fractional cover of the canopy veg-
etation and ground cover. Also, mean optical properties
of the phyto-elements must be used within each wave-
length interval. Currently, these are determined by
summing the weighted values for the live and dead
. leaves and the nonphotosynthesizing material.
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The terms describing the effects of the direct incident
flux on the canopy on the right-hand sides of (9) and
(10) may be omitted, and suitable boundary conditions
(Il=1,at L =0;IT = a,l!i,at L = L,) applied to carry
out similar computations for the partition of the in-
cident diffuse radiation (see Meador and Weaver,
1980). The full forms of the expressions for the single
scattering albedos and the reflectance and transmission
of radiation in plant canopies using the above scheme
are summarized in a paper by Sellers (1985) for a num-
ber of leaf geometries. .

The equation set {9)-(15) is used to describe the ab-
sorption of the different components of the incident
radiation by the canopy and ground. First, the model
is used to determine the spectral reflectance of the
ground cover for diffuse and direct radiation so that
the spectral reflectance of the ground, 4, may be written
generally as

Ap, = IV + (1 — Voag,,,

(18)
where

Ay, = ground spectral reflectance as a function of
wavelength interval, A, and angle of incident
radiation, u

ay,, = soil spectral reflectance (assumed to be iso-
tropic)

IT, = upward diffuse radiation flux above ground
cover, normalized by the incident flux.

The value of 4,, must be determined for diffuse
and direct fluxes to yield 4, ; and 4, ;, respectively.

The radiation absorbed by the canopy and ground
is then given by

Vell = I, — 151 — Ax0)
— e X1 ~ Ay P)IF o), (19)

F Aple) =

and
Frugy = {(1 = VU1 — Ay,) + VeIl — A, 0)

+ e Kbe() — As )V Fauey, (20)

where
F, .0 = incident radiant energy of wavelength
interval A and direction u, W m™2
Fyuo» = amount of F) o) absorbed by the canopy
F, e and Dby the ground cover and soil, W m™?

I, = diffuse flux leaving top of canopy

I, = diffuse flux leaving base of canopy

e KLe = direct flux penetrating the canopy
=0,whenpu =d

L,. = local leaf area index of canopy, m> m™2

[NB: The diffuse terms in (19) and (20) are normalized
by the incident flux, F, ). Also, 4,, will vary with
solar angle, while A, 4 is constant for a given surface
condition.)

The above calculations are carried out for the five
components of incoming radiation: visible (diffuse and
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direct), near infrared (diffuse and direct), and thermal
infrared (diffuse only).

Finally, the net radiation fluxes are obtained by sub-
tracting the emitted thermal radiation from the ab-
sorbed radiation

n.=<(F;) — 20,TA-Vd, + o
Rngs = (Fs) —~
where

(F.), {Fg) = sum of the five absorbed radiation
components for the canopy, ground
= Stefan-Boltzmann constant, W m™
K—4
5, = canopy transmittance for thermal in-

frared radiation
=1 — gl

Te'Vd,  (21)

UsTgs4 + UsTc4 Vc‘sh

Currently, the reflection of thermal infrared radia-
tion is neglected as the emissivity of most natural sur-
faces is close 1o unity.

The effects of snow on the surface radiation budget
are discussed in appendix B.

6. Aerodynamic resistances

Figure 2 shows how the SiB model conceptualizes
the transfer of heat and water vapor from the canopy
and ground to the atmospheric boundary layer via three

surface resistances and three aerodynamic resistances. -

The calculation of the aerodynamic resistances is de-
scribed in this section..

The turbulent transport of momentum and other
quantities between the atmosphere and the surface is
a complex process that does not lend itself to simple

22 L
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modeling (see Raupach and Thom, 1981). In SiB, eddy
diffusion concepts are used to describe all such trans-
fers, with the knowledge that these concepts fall short
of complete physical realism.

The morphological parameters of SiB, given in sec-
tion 4, are used to solve diffusion equations which de-
scribe the absorption of momentum by the canopy and
ground.

Figure 4a shows how the canopy is represented as a
block of constant density porous material sandwiched
in between two constant stress layers. Extrapolation of
the log-linear profile has been shown to yield under-
estimates of the turbulent transfer coefficient close to
the top of plant canopies; we therefore assume that the
log-linear profile, often used to describe the variation
of wind speed with height within the constant stress -
layer near the surface, is valid only above a certain
transition height, z,,, which is taken to be a function
of the canopy morphology and below which an em-
pirical adjustment to the profile must be made. Data
from Garratt (1978) and Raupach and Thom (1981)
are used to estimate the values of z,, and the ratio of
the actual turbulent transfer coeflicient at z, to that
predicted from extrapolation of the log-linear profile.

Under neutral conditions, equations for the transfer
of momentum above and within the canopy may be
written as follows:

Above the canopy (z > z,)

ku
T=puk=p T -\ (23)
ln( d)
29
(b)
22
CANOPY
7
Zgs
0 U
WIND SPEED
(ms=-1)

FiG. 4. Profiles of (a) shear stress and (b) wind speed above, within-
and below the canopy vegetation as represented by SiB.
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where

7 = shear stress, kg m™.s72

p = air density, kg m™3
uy = friction velocity, m s~
k = von Karman’s constant = 0.41

1

d = zero plane displacement height, m
zp = roughness length, m
Z,, = transition height, m.

Within the canopy (z; < z < z)

ar CdLd ,
—= 24
9z P P “ (24)

where

# = wind speed, m s

Cd = leaf drag coefficient
Ld = area-averaged stem and leaf area density, m?

m
P, = leaf shelter factor.
Also
0
7= pKn o, (25)
0z
where
K,, = momentum transfer coeficient, m?2s!
and
Z2
f u’z dz
d= = (26)

Z2
f wdz+ 1| Lo
21 Py, LdCd

The derivation of (23), (24) and (25) can be found
in Monteith (1973); they are commonly used to de-
scribe the absorption of momentum by a rough surface.
Equation (26) was first suggested by Thom (1971),
where d, the zero plane displacement height, is defined
as the moment height for momentum absorption. We
have added the second term, 7/p|z\(P,/LdCd), to the
original form, to take account of the momentum ab-
sorbed by the ground. In contrast to the approach used
for determining the radiation fluxes, we now describe
the effect of the vegetation morphology on the turbulent
fluxes in terms of the area-averaged (denoted by an
overbar) properties of the vegetation.

The momentum flux conditions at z, must be related
to those above the transition height, z,,, so that con-
tinuous profiles of K, and u extend from above Z, to
the soil surface. Garratt (1978) and Raupach and Thom
(1981) have noted that estimates of the momentum
flux coefficient at z = z, were 1.5-2.0 times larger than
a simple downward extrapolation of Eq. (23) would
indicate. The value of K,, was observed by Garratt
(1978) to approach the log linear estimate at a transition
height, z,,, which was found to be roughly equivalent
to the sum of the obstacle height and spacing length.
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Accordingly, we have set z,, = z, + 2(z; — d), as
(z2 — d) is roughly equivalent to obstacle height.

To obtain the characteristics of the canopy, z, and
d, and to estimate the resistances, 7, ryand r,, we close
the equation set (23)~(26), by adding an equation that
describes the variation of K,, within the canopy air
space. This leaves us with five equations in the five
unknowns, u, K, 2o, d, and 7/plz;. We have men-
tioned before that the use of “K-theory” within the
canopy may be physically unrealistic, but because it
yields reasonable results we shall use this method until
suitable second-order closure models can be applied to
the problem.

A number of assumptions can be made about the
variation of K, within the canopy. These are:

o K, ocu The data of Denmead (1976) and of
Legg and Long (1975) qualitatively
support this relationship;

Jarvis et al. (1976) found this to be
representative of the upper story of a
coniferous canopy;

b Km = Km(Zz)

o K, =1, du where /,, is a mixing length.

27

Lastly, boundary conditions must be imposed on
the above, The upper boundary condition is u = u,,
z = z,, while the lower one may be specified in terms
of the shear stress at ground level, defined by

T(zl = pCDg,uz‘n (28a)
and
du
Tl = Kn 5| (280)

Z1

Cp,,, the drag coefficient, can be estimated from the
size of the roughness elements on the ground.

Equations (23)-(28) may now be solved for any given
set of values of z,, z,, Ld, Cd, P, and Cp,,. Some ex-
perimentation indicates that the use of K,, oc u yields
the best results. The parameters that are hardest to
quantify are the shelter factor, P;, reported to be be-
tween 1 and 4, depending on vegetation density, and
the ratio of K,,, at z, to the extrapolated log-linear value,
taken here as equal to 2.0. The solution of the equation
set (see Appendix A) yields estimates of z, and d and
profiles of  and K,,. The calculated dependence of z,
and d on the leaf area index, Ld(z, — z,), is shown in
Figs. 5 and 6. These results are in qualitative agreement
with those of Shaw and Pereira (1982, Figs. 4 and 5)
which were obtained with a second-order closure
model. The calculated roughness length, z, (plotted as
a function of the difference between the height of the
canopy top, z;, and the zero plane displacement, d),
is shown in Fig. 7. It, too, follows the trend calculated
by Shaw and Pereira (1982, Fig. 6).
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Cd :
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0.00 . 1 1 L |
0.01 0.05 0.10 Q.50 1.00
% Ld (12-11)
FI1G. 5. Calculated SiB values of the roughness length, z,, as a function of the leaf
drag coefficient, leaf area index and shelter factor; 2z, is normalized by canopy height,
z,. Panel (a) shows the variation in z, with G, the ratio of the assumed value of K,
at z; to the values expected by extrapolation of the wind log profile (G, is held constant
at 0.5). Panel (b) shows the variation in 2z, with G, the ratio of the assumed aerodynamic
resistance between z, and the transition height, z,,, and the value expected from the
wind log profile. (Here G, is held constant at 2.0.) Values of G, = 2.0 and G, = 0.5
are currently used in SiB. The horizontal axes of the above figures correspond directly
with those in Figs. 4 and 5 of Shaw an§ Pereira (1982).
The profiles of u and K, can now be used to obtain I 29)
the aerodynamic resistances r,, 7, and r,. (The com- " LVu -

plete integrated solutions are given in appendix A.)

First, 7,: the boundary layer resistance for a single
leaf has been determined experimentally for many spe-
cies (Goudriaan; 1977) and commonly yields an
expression of the form

where
C; = transfer coefficient
L; = leaf area of ith leaf, m’
u; = local wind speed, m s~

rs, = boundary layer resistance of ith leaf, s m™!,

1
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FIG. 6. Calculated (SiB) values of the zero plane displacement height, d, as a function
of the leaf drag coefficient, leaf area index and shelter factor; d is normalized by the
canopy height, z,. Variation of d for three values of G, (see Fig. 5) is shown (d is
independent of G). The horizontal axes correspond directly with those in Figs. 4 and

S of Shaw and Pereira (1982).

A bulk boundary layer resistance may be assigned
to a group of leaves if the individual resistances, 7,
are assumed to act in parallel:

LVu,
lcs’

1
7

M=

(30)

where

7» = area-averaged bulk boundary layer resistance,

sm™!
n = number of leaves
P, = shelter factor.

Because we assume that the canopy leaf area density
is constant with height (in SiB), and the variation of u
with height in the canopy is known (from the previous
set of calculations), we can write

LY L0 TR
7y o CiPs
where
L= area-averaged canopy leaf and stem area index,
m? m™2
22 —_—
= f Ld dz,
Z1
so that .
1=f”£___d'/u<z>dz 31)
r—b Zi P SCS ’ d

For neutral conditions (31) may be integrated to yield
G

v;;,

=

(32)

where

u, = wind speed at z;, m s~}

C, = surface dependent constant, obtained by in-
tegrating (31).

The water vapor and sensible heat source height 4,
may be defined as the center of action of 7, in the can-
opy (see appendix A). The neutral value of the aero-
dynamic resistance to the transfer of heat and water
vapor from the ground cover and the soil surface to
h,, may be written as
ha

L dz = C2

o KO w’ (33)

rg =
where )
C, = surface dependent constant,

The aerodynamic resistance between h, and z,, may
be defined as

. R:-dz +f X —dz, -(34)

where
K = heat/water vapor transfer coefficient, m? s™*

Under neutral conditions, the previous calculation of
Zp, d and y; allows us to integrate the terms on the
right-hand side of (34) and write
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FiG. 7. Calculated SiB values of the roughness length, z,, plotted against the calculated
height between zero plane displacement, 4, and the canopy top. Both quantities are
normalized by canopy height, z,. Panel (a) shows the variation in the relationship for
three values of G, with G, constant at 0.5; while Panel (b) shows the same function
for three values of G,, with G, constant at 2.0. In all cases, 2, is calculated to peak at
intermediate leaf area indices. Axes correspond to those in Fig. 6 of Shaw and Pereira

(1982).
G nonneutral resistances are given in appendix A. They
Ta=""> B3 yield:
Uy
where ‘ — ( C, ' )
ry = Nk Tca Ta ) (36&)
b f 1 VIZ »

C; = surface dependent constant 1

#, = wind speed at the reference height, m s™".

_ o[C2
The above expressions for 75, r;and r, can be mod- fa = fz( u,’ Tes, Ta) ’ (360)

ified to take account of the effects of nonneutrality and, .
in the case of 7, and r,, u, replaced by u,. The rela- y = f3(§_§ T T) (36¢)
tionship between u, and u, and the full forms of the 4 TR B
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Uy =f4(u,-, Ta: Tr s (36d)

where f,—f, represent nonneutral modifications to the
neutral estimates of the resistances and u,.

The coefficients C;, C, and C; need to be derived
only once. A preprocessor program performs the in-
tegrations for a given surface configuration and the re-
sultant coefficients are used for as long as the vegetation
morphology remains the same. Crude modifications to
the aerodynamic parameters are made if the depth of
accumulated snow becomes significant compared to
the height of the vegetation (see appendix B).

7. Surface resistances and water vapor fluxes
a. Transpiration and soil surface evaporation

The resistances to the transport of water vapor from
within the canopy, ground cover and upper soil layer
to the adjacent exterior air are defined as the canopy
resistance, 7., ground cover resistance, ., and soil sur-
face resistance, ry,s, respectively. When the surface of
the canopy is dry, 7, is assumed to be equal to the effect
of all the canopy leaves’ stomata acting in parallel. Be-
low the canopy, the resistance to water vapor transfer
is assumed to be a combination of the bulk stomatal
resistance of the ground cover, r,, and the diffusion
resistance of the soil, 7q.f, acting in parallel.

Jarvis (1976) summarized his own and other re-
searchers’ work on the stomatal function of coniferous
trees. The stomatal resistance of an individual green
leaf, r,, was taken to be a function of the normal in-
cident visible or photosynthetically active radiation
(PAR) flux density, the atmospheric water vapor pres-
sure deficit, f(T,, e,), the leaf temperature, T, and the
leaf water potential, ¢;.

Jarvis (1976) proposed the following expression for
I

rs = [ + hQp — Om)l/11ha(Qp ~ Om)
X ) AT AT, e (37)
where
Q, = photon flux density, uEin m2s!
On = Zl; r:m ,uEinm™2 ¢!

Tomx = Maximum value of stomatal resistance
(i.e., when @, = 0), s m™}
h, = maximal conductance as 0O, approaches

infinity, m s7' = 1/r,
Fsmia = Minimum stomatal resistance, s m™*
a1/rs)
when =
hy = 30, nQ,=0

S, AT), = adjustment factors for the influence of
f(T,, e;) leaf water potential, ¥, leaf tempera-
ture, 7, and atmospheric water vapor
pressure deficit, [¢*(T,) — e,]. The fac-

tors are limited to the range 0 to 1.
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Rearrangement of the above yields

rs = [b+Fs1 + C]f(\h) AT 'Ta &)™ (38)

where

a, b, ¢ = constants determined from A,, h; and Q,,
in(37),Jm3, Wm?2 sm™
F,, = PAR flux incident on leaf surface, W m™2
(0.4-0.72 u wavelength interval).

Following a similar methodology to that used for
the derivation of 7, in (31), we define the bulk, area-
averaged stomatal resistance, 7., for the canopy by

— = VN, “ fﬂzf rs(gs(f’, ? 6)

sin 6
——— d&d6dL (39
j(E)’ 3 (39
where
O(%, 0) = leaf angle distribution function

£, 8 = leaf azimuth, inclination
N, = fraction of L,. that consists of live photo-
synthesizing leaves
J(2) = product of all stress terms

= ﬂd’l)f( T)f( Ta > ea)-

The extinction of visible, photosynthetically active
radiation (PAR) down through the canopy has been
described by (9). Due to the small amount of scattering
by phyto-clements in this wavelength interval (w < 0.2),
we may also define the extinction of PAR by means
of Goudriaan’s (1977) semi-empirical expression to
yield a more manipulable function

F, s(L) = L5(0) CXD(‘KL) (40)
where
k = extinction coefficient
= ———G(“) (l - ws)llz
F, 0y = downward PAR flux above canopy, W m™2

F; 1y = downward PAR flux within canopy below
a leaf area index of L, W m™2
w, = scattering coefficient for PAR.

Using (38) and (40), we can expand equation (39)

‘to give

1_ e (2 (37 O OAZ)
Lo [ [ 2 oy s

Because the leaf water potential, leaf temperature
and air vapor pressure within the canopy can be as-
sumed to vary only slightly when compared to the ex-
tinction of radiation, 7, may be simplified to

1)
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s vaue [ [0 [T

X sind déd6dL. (42)

Some analytical solutions to the integral part of the
above equation have been obtained for a number of
leaf angle distribution functions. These may be found

“in Sellers (1985) together with comparisons of the cal- .

culated values of 7, with field measurements.

The calculation of 7, in (42) requires the specification
of a single downward PAR flux, F; ), above the can-
opy. In SiB, the magnitude of this flux is obtained by
summing the direct and diffuse PAR components and
the mean value of u is estimated from a calculation
involving the incident angles of the diffuse and direct
radiation weighted by their respective intensities. The
above procedure may be used to obtain the bulk sto-
matal resistances for the canopy and the ground cover.
The forms of the factors used to account for the effects

of Jeaf water potential, vapor pressure deficit and leaf

temperature are essentially the same as in Jarvis (1976):

ATY = hy(T — TXT, — T)™ |
hy = 1/(T, — T)Tp— T Y™ [, 43)
hy = (T — T)(To — T))
where
= leaf temperature, (T, or Tg), K
T, = optimum temperature, [ f(7T) = 1], K
T» = upper temperature limit, [ (T) = 0], K
T; = lower temperature limit, [ f(T) = 0], K
T4, e)) = 1 — hsle(T,) — e, (44)

where

hs = species dependent constant, mb™’
ex(T,) = saturation water vapor pressure at canopy
air space temperature, T,, mb
e, = vapor pressure in canopy air space, mb

Sy =1~ e—hw'}

45
o =¥ — Y @)

where

Yo = leaf water potential at which stomata close
completely, m
he = species dependent constant, m™".

Of particular importance is the factor f(y;) which
accounts for the effects of soil moisture stress and ex-
cessive evaporation demand. The leaf water potential,
¢, is calculated by using a catenary model of the water
transfer pathway from root zone to leaf, following van
der Honert (1948),

Y=y, - (46)

Ed -
- (rplam + rsoil)a
Pw
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where

¥, = leaf water potential, m
zr = height of transpiration source, m
= h, for the canopy vegetation
= 0 for the ground cover
¥, = soil moisture potential in root zone, m
= area-averaged resistance imposed by the
. plant vascular system, s
Tsoi = area-averaged resistance of the soil and root
system, s
pw = density of water, kg m~3
E, = transpiration rate, kg m—? s,

s plant

The soil moisture potential in the root zone, ¢,, is
an average term obtained by summing the weighted
soil moisture potentials of the soil layers from the sur-
face to the rooting depth, zg,

’ l 2d

=_Z¢z

Zd()

47

where

¥; = soil moisture potential of the ith soil layer, m
D; = depth of the ith soil layer, m
z4 = rooting depth, m.

The soil moisture potential of a layer, ¥;, is taken
from the empirical relationship of Clapp and Horn-
berger (1978),

« Y=y W? (48)
where

. W; = soil moisture wetness in the ith soil layer
= (0:/0) | |
¥ = soil moisture potential at saturation, m
B = empirical constant.

The area-averaged resistance to the flow of water
from the pores of the soil to the root cortex, 7q, is
described by a depth-averaged form of the relationship
proposed by Federer (1979),

Tooit = (R/Dg + oy/K)/2a, (49)

where
1 v,
af~’8;—;[V,'—3 Zln(l_V)],

-1

and

R = resistance per unit root length sm

D, = root density, m m™3

¥, = volume of root per unit volume of soil, m?
m- .

K, = mean soil hydrauhc conduct1v1ty in the root
zone, m s~ .

The soil hydraulic conductivity in the root zone, K,
is obtained by a manipulation of the expressions of
Clapp and Hornberger (1978) and of Milly and Eagle-
son (1982), which yields K, as a function of ,,
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{2B+3)/B
‘“) : (50)

K, =K (
¥r
where
K, = saturated hydraulic conductivity in m s~
Values of B, ¥, and K for different soils are listed
in Clapp and Hornberger (1978). The transpiration
rates from the dry fractions of the vegetation are then
given by

A, = Lol — el 2% A=Wy, 6D
l’c + r,,
(e*(Tgs) €s) pcp
AE, = P (1 = WpV,, (52)
where
E,., E4, = transpiration rates of canopy vegetation
and ground cover, m s™!
ex(T,), = saturation vapor pressure at tempera-
ex(Tg) tures T, Ty, mb
p, ¢, = density, specific heat of air, kg m™>, J
kgt K™!
= psychrometric constant, mb K}
A = latent heat of vaporization, J kg™
W., W, = wetness fraction of canopy and ground

cover

= 1 when ex(T,), ex(Tys) < €,.

When ey (Tg;) or ex(T,) is less than e,, dew formation
occurs on the respective surface and the condensed
moisture is added to the surface interception store, M,
or M,. The transpiration rate is zero under these con-
ditions.

Following the calculation of the transpiration rates,
E4 and Eg, (46) is used to obtain ¥, and ¥y, after
which the abstraction of water from the different soil
. layers is given by

D,' i — Z
Ed; =—- (ﬁ_:l/l—:_l)pw,

£ plant + 7 soil

(33)

where

E 4 = rate of extraction of transpired water from ith
soil layer, m s™!
=0,ifE; < 0.

Equations (46), (47) and (53) must be applied with
values of the parameters appropriate to the canopy and
the ground cover. In the case of the ground cover, the
rooting depth may not extend down to the bottom of
the second soil layer; ¢, and E, are then calculated
usmg (47) and (53) with the D; terms multiplied by the
fractional depths of those soil layers that are occupied
by the roots. All of the calculations that relate the sto-
matal resistances to the abstraction of soil water are
performed for both canopy and ground cover vegeta-
tion.
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The direct evaporation from the soil surface, E;, de-
pends on the difference between the vapor pressure at
the soil surface and the vapor pressure of the canopy
air space, e,. Because the gradient of vapor pressure in
the soil changes sharply near the surface, a surface re-
sistance, 7., is used to relate the surface vapor pressure
to the depth-averaged wetness of the top soil layer, W;.
For this, we currently use the empirical expression
given by Shu Fen Sun (1982)

Yeurf = dl + dZ(Wl)_dz, (54)
where

Tt = bare soil surface resistance, s m™!

= 0, when e(T},) < e,
d, , d», d3 = empirical constants.

Equation (54) is used only when ex(T,) = e,. When
ex(Tyg;) < e,, which is the condition of the dew for-
mation (negative evaporation), 7y is set to zero.

The direct evaporation from the soil surface is given
by
[ frex( Tgs) (A pCp(l

55
Tourf T 74 Vo) 53)

AE; =

where

E, = soil evaporation rate, m s~
[f» = relative humidity of the air at the soil surface
eWeRTs) when ey(Tys) = e,
1, when ey(Ty,) < e,
¥, = soil moisture potential in the top soil layer,
from (48), m
g = acceleration of gravity, m s™2
R = gas constant for water vapor, J kg K™\

[

Setting f; = 1 and rgs = 0 when ex(T},) < e, makes
the rate of dew formation on the soil independent of
the amount of moisture in the soil.

b. Interception and interception loss

The interception and evaporation of precipitation
held on the leaf surfaces is modeled simply in SiB.
First, the interception of the rainfall is determined by
an adaptation of the expression describing the expo-
nential attenuation of radiation when the flux is vertical
and the leaves are black. The rates of inflow (intercep-
tion) and of outflow (drainage of water stored on the
vegetation) for the canopy are then given by

P.= P(1 — gkleyy,|
=0, when M,<S,
{ =P, when M,=S,, (56)
where

P, = rate ?f rainfall interception by the canopy,
ms~
D, = rate of canopy drainage, m s~
M, = water held on the canopy, m

1
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S, = maximum value of M, m
~(2 X 107*to 5 X 107%)L,., m
K, = extinction coefficient for a canopy with black
" leaves and vertical flux
= G(u)/u, where ¢ = 1

and for the ground cover
P, = (P — P+ D)1 — e Klw)v,
{ =0, when M,<S,
g —

= P;, when M,=S,, (57

where

P, = rate of rainfall interception by the ground
cover, m s !
D, = rate of drainage from the ground cover, m s~
M, = water held on the ground cover, m
S = maximum value of M,, m
~(2 X 107 to § X 10° Ly, m

K = as for K, but for the ground cover.

The effective precipitation rate on the soil surface
" Py, is then given by

Py=P—(P,+ P)+ (D, + Dy, (58)

(Po—
rate into the soil.

The calculation of the transfers described by Egs.
(56)—(58) is performed at the beginning of the time
step, so that the vegetation interception stores, M, and
M,, are determined prior to the energy balance cal-
. culations for the time step.

The quantities M., M, are used to determine the
fractional wetted areas of the canopy and ground cover,
W,., W,. These wetted areas are assigned zero surface
resistance so that the rates of evaporation from the
wetted portions of the vegetation are

lex(T,) — ed] pcp W,

AE,. = (59)
s Y
)\Ewg [e*(Tgs) ea] pcp W V (60)
g Y
where
E,., E., = rates of evaporation from wet portions

of ths: canopy and ground cover leaves,
ms

W., W, = fractions of the canopy and ground cover
leaves that are wet

W.=M_S,, 0< W,.< 1, when ex(T,) > ¢,
= 1, when e(T,) < e,
M,/S;, 0 < W, < 1, when ey (Ty) > ¢,
1, when ex(Ty,) < e,.

We

I II

When the calculated interception loss from the can-
opy or ground cover, E,, or E,,, is predicted to exceed
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the storage, M, or M,, during a time step, the calcu-
lation is repeated with the constraint that the respective
interception loss is limited to the respective supply of
stored water. The assumption of a constant value of
W, and W, throughout the time step, At, introduces a
measure of dependence between E,., E,, and At; how-
ever, this effect is not significant for reasonable values
of At (<1 hour).

It is assumed in (59).and (60) that the wet and dry
parts of the leaves are at the same temperature. There
are a number of arguments and some evidence (see
Hancock et al., 1983) that this is better than an as--
sumption of separate temperatures. The main theo-
retical argument in favor of this treatment is that energy
is efficiently exchanged between the wet and dry por-

- tions of the foliage in the form of conduction and sen-

sible heat transfers within the leaf laminar boundary
layers and canopy air space.

The interception losses and condensation gains are
included in the energy balance equations in section 9,
where they are combined with the transpiration and
the soil evaporation to yield the total latent heat fluxes
from the canopy and ground.

The interception of snow by the canopy and ground
is dealt with in the same way as rainfall. The evapo-
ration rates from the snow-covered surfaces are ad-

- justed for the additional energy required for sublima-

tion (see appendix B).
The SiB canopy model has two notable simplifica-
tions:

(i) The assumption of constant potential differences,
(T.— T,) and (ex(T,) — e,), between all the canopy leaf
elements and the canopy air space is not realistic.
However, the effects of the differential absorption of
radiation, the extinction of 7, and 7., and the mixing
within the canopy air space should act to mitigate the
error.

(ii) The simple addition of 7; and 75 is mathemati-
cally incorrect. The resistance to the transfer of water
vapor from the canopy leaves to the local air space
should be determined by integrating the inverse sum
of ry and r. Usually, however, r; < 7, and so the error
is small. .

8. Hydraulic diffusion of water in the soil

A three-layer isothermal model is used to determine
the hydraulic diffusion and gravitational drainage of
water in the soil. The transfer of water between adjacent

layers is given by

\bl ‘I/H- 1

Q1,1+l = D + Da+l

+1], for i=1,2

= DiK; + DiviKin
D; + Dy,
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where
Q;+1 = downward flow from soil layer i to soil layer
i+1,ms™
K; = hydraulic conductivity of ith layer
_ Ks VV,'(ZB+3), m s—l
K = estimated effective hydraulic conductivity
between layers, m s~}
W; = soil moisture fraction of layer i
= (8,/85)
¥i = ¢, W%, from (48), m

K, = hydraulic conductivity at saturation, m s™".

In SiB, the flow out of the bottom layer is determined

by gravitational drainage only, so that
Q3 = SillX'Ks W3(2B+3),

where x is the mean slope angle.

The equation set (5), (6), (7), (61) and (62) is com-
bined and integrated using an implicit backward
method operating on the final values of ¥;. These cal-
culations are carried out. at the end of the time step

foilowing the heat flux calculations (see section 9). The
" infiltration of liquid water is assumed to be zero when
the ground temperature, T, is below the freezing point
of water (see appendix B).

(62)

9. Solution of the governing prognostic equations

If we assume no storage of heat or moisture at any
of the junctions of the resistance network shown in
Fig. 2, we can write the area-averaged sensible and la-
tent heat fluxes from the canopy and ground as follows:

a. From canopy vegetation to canopy air space
Sensible heat flux

T,
H, = 2(2___1) o, 63)
I
Latent heat flux
W, 1-W,
AE, = (ed(T,) — e)) 22 [—_— + —_——_—”:I ., (64)
Yy LT Ttr

where

T, = canopy temperature, K
T, = temperature of the air at the canopy source
height, K
ex(T,) = saturation water vapor pressure at temper-
ature 7., mb’
e, = water vapor pressure of the air at the can-
opy source height, mb
W, = wetted fraction of canopy
7, = bulk boundary layer resistance for the can-
opy leaves, s m™!
7. = bulk stomatal resistance of the canopy
leaves, s m~!.
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b. From ground (ground cover and soil) to canopy air

space
Sensible heat flux
T, — T,
H, = (T 2 Py (65)
rq
Latent heat flux
[e*(Tgs) ea]
()
rg+rg Ysurf + Ta

where

T,; = temperature of the ground cover and soil
surface, K
ey(Ty,) = saturation water vapor pressure at tem-
perature Ty, K
V, = fractional cover of ground vegetation
W, = wetted fraction of ground cover
h, = factor that adjusts for the relative humidity
of the air at the soil surface

_ f he*(Tgs) — €,
- e*(Tgs) — €

J» = relative humidity of the air at the soil sur-
face
eVeRTs) when ey(Ty) > e,
1, when ex(T;) < €a
¥, = moisture potential in the top soil layer m
r; = aerodynamic resistance between the
ground and the air at the canopy source
height, s m™!
r, = bulk stomatal resistance of the ground
cover, s m™!
Teurr = bare soil surface resistance, s m~

oo

1

c. From canopy air space to reference height in the
atmospheric boundary layer

Sensible heat flux
Ta - Tr
Hot Hyp=Te2 1 0 67)
Latent heat flux
(€. — &) pg
AE; + AEg = '——;a—“ 7” (68)

where

T, = temperature of the air at the reference level
within the atmospheric boundary layer, K,

e, = water vapor pressure of the air at the reference
level within the atmospheric boundary layer,
mb,
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r, = aerodynamic resistance between the air at the
canopy source height and the air at the refer-
ence level within the atmospheric boundary
layer, s m™!,

The preceding sections showed how the six resis-
tances r,, 7p, 4, Tp, Ie and ry,r are calculated. Given
these values and the calculation of Rn, and Rny, from
section 5, Eqs. (1) and (2) may be combined with (63)~
(68) to eliminate T, and ¢, and yield two equations in

"T. and T,,. These may then be solved by an implicit
backward method whereby:

Canopy
AT, . ORn, oRn, -
=Rn, + + —= AT,
ey - Rnet G ALt o AT
0H, " OH,
—H,— —X AT, — — AT,
H. aT, AT, T, *
ONE, ONE,
— \E, ~ - AT, 69
AL aT, AT AT, F 69
Ground
AT, . ORng .. ORng
s = &) S+ c
Cos " = Rrge + 3T ATg‘ 3T, AT,
OH, OH,
= Hy ~ —8 AT, — T,
Hy, 3T, AT, T AT,
ONE, aw
~AEg — —E AT, — gsAT (70)
&s

Adding AT, and AT, to the initial values of T, and
T, at time Zg, gives us T,.and T, for time ¢4, + Al

The values of T, T, at time 7, + At, together with
the calculated values of P,, P, and Py, at time /, are
then used in the finite difference equivalents of (3)-(8)
to obtain the changes in M., M, and W, W,, W; over
the time step At.

In summary, given (i) the initial state of the seven

prognostic variables of SiB (T, T, M., My, W, Wy

and Wj); (i1) the boundary conditions (7, &, #,, F4 o)
and P); and (iii) the morphological, physiological and
physical properties of the canopy, ground cover and
soil, we calculate: (i) the net fluxes of energy, mass and
momentum across the lower boundary of the atmo-
sphere in the form of:

Radiation (Rn, + Rnyy),
(H, + Hygy),
(\E, + NE,)and

Sensible heat
Latent heat
Shear stress 7, = 7|, (i,/u,)

(ii) the time rate of change and the future state of the
prognostic variables, and (iii) the initial and future state

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOL. 43, No. 6

of the diagnostic variables 7, and e,. Figure 8 shows
the sequence of calculations performed by SiB over
one time step.

10. Implementing SiB in a general circulation model

a. Initialization of the prognostic variables of SiB

In the current version of SiB, the prognostic variables
are T, Tgs; M., Mg"; W, Wy, Wi. ’

* The temperatures of the canopy and of the ground
cover and soil surface, T, and Tgs, respectively, are
fast-response or “quasi-diagnostic” variables; therefore,
no large error will result if they are initialized with any
values that are of the same order of magnitude as the
true values. .

The intercepted water stored on the leaves of the
canopy and the ground cover, respectively M. and M,,
may also be initialized in an arbitrary way as their
combined upper limit, S, + S, should not exceed
2-5 mm of water. .

An accurate initialization of the soil moisture stores,
W,, W, and W,, will be important as the total soil
moisture available for transpiration can be as large as
several hundred millimeters, which is equivalent to a
few months worth of transpiration loss. Consequently,
for climate predictions and for weather predictions be-
yond the range of a few days, the correct initialization

" of the soil moisture may be as important as the correct

initialization of the surface pressure and atmospheric
temperature fields. The best procedure for initializing
the soil moisture (as well as T, T,; M., M,) may be
the one now used to initialize the prognostlc variables
of the atmosphere: the method of four-dimensional
dynamical data analysis and assimilation.

b. Specification of boundarj/ conditions for SiB

The forcing variables 7,, ¢, and u, are currently
specified by all GCMs as grid area-averaged conditions.

At present, almost all general circulation models
provide the downward thermal radiative flux, F, 4, and
the total of the downward shortwave fluxes, Fs;, Fi 4,
F,,and F, 4, at the lower boundary of the atmosphere.
In whatever way the GCM calculates radiation flux
through the atmosphere, the downward flux through
the lower boundary must be partitioned into the five
components required by SiB. In doing this, care must
be taken to change neither the total downward flux at
the lower boundary nor its vertical derivative at any
height within the atmosphere. General circulation
models that do not have a diurnal variation of inso-
lation are not suitable for use with SiB.

A difficulty that may arise when SiB in its present
form is coupled to existing GCMs concerns the rela-
tionship between the subgrid-scale variation of the pre-
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Prognostic Variables:——————— Tes Tgss Mo Mg, Wy, W2, W3

Trs epr Uy, P, FA:H(O)

Interception of Precipitation:——aMc, AMg, AW} —=——=——— (56)-(58)
Radiation: === ——=———m—— —— Ry » Ry === — e (9)-(22)
Surface _
Resistances: ———— — ———— —— Fe s Tgs Pgupf —————— (42),(51)-(54)
Aerodynamic _
- Resistances: ———=— == ————— Fas fpy Mg ——————=—= (36), Appendix
A Adjustment of
v surface
resistances
(43)-(52),(42)
Initial Fluxes:i——=——=———— — A, Afgg————————— (64),(66) N
Hes Hgg = ———mm——m— —(63),(65) D
Partial
Derivatives; ——————————=— 'y Ryl mmmm——————— 20)" ,(22)"
R"c’ s (20)' ,(22)
AE, AEgg —————mm— (64)" ,(66)"
He's g ————————— (63)" 4 (65)"
Non-nautral
iteration
{Optional)
(36, Appendix
Temperature
Increments ; — ———— = ————— ATg, ATgg == = === ~—— (1).(2),(69),(70)
Final
Fluxes:  —=—————e—e—a- He + MM, Hgg + 8Hgg———(69),(70)

Moisture Store
Updates———— ——— —=m o — - AMc, 8Mg,

AEc + AMEc, AEgg + BAEgs —(69),(70)

AWy, AW, aW3 — (3)-(8)

F1G. 8. Sequence of calculations used to advance the prognostic variables of SiB by one time step. Numbers
in parentheses refer to equations in text. Dash symbol refers to partial differentiation with respect to T,

and T,

cipitation, P/, and the grid area-averaged rate of rainfall
interception by the canopy and ground cover, P, and
P,, given by (56) and (57).

In nature, there are two reasons for large subgrid-
scale variations in rainfall: variability in topography
and the relatively small scale of convective cells. What-
ever the cause, subgrid-scale variability in precipitation
rate will affect the time- and space-averaged values of
rainfall interception and interception loss. By way of
illustration, suppose that during a precipitation event
and the drying out interval that follows, the area-

averaged rainfall and potential interception loss are of
the same magnitude. If the rainfall is uniformly spread
over the area, nearly all of it will return to the atmo-
sphere from the wet surface of the vegetation and none
will infiltrate into the soil. In the case of convective
rainfall regimes, the local precipitation yield is usually
high compared to the storage capacities .S; and S,; so
that in its present form SiB will produce an underes-
timate of the rainfall infiltration into the soil. Generally,
increased spatial variability in rainfall intensity will lead
to lower interception losses.
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Further work must be done to determine a means
of quantifying the subgrid-scale distribution of con-
vective rainfall if the area-averaged interception loss is
to be calculated accurately by SiB.

11. Summary and discussion

The Simple Biosphere Model is an attempt to in-
corporate biophysical realism in a formulation of the
land surface energy balance at a level of sophistication
appropriate to existing atmospheric general circulation
models. All the current elements of SiB are necessary
for the realistic calculation of the radiation, heat and
~ momentum fluxes, R,, AE, H and 7.

In addition, equations must be added that will cor-
rectly partition the GCM produced grid area-averaged
convective rainfall into grid area-averaged interception

storage, interception loss, surface runoff and soil infil-

tration terms. To treat ali of the GCM produced rainfall
as if it were large-scale, and therefore uniformly dis-
tributed over the grid area, may result in significant
€rTor.

When these additions have been made, SiB can be
used within GCMs for certain sensitivity studies, such
as the influence of vegetation on the atmospheric cir-
culation and rainfall, and for climate simulations when
both the distribution of vegetation type and soil mois-
ture are prescribed.

The SiB model, with prescribed vegetation param-
eters and interactive soil moisture, can be used for pre-
dictions of the atmospheric circulation and precipita-
tion fields for short periods of up to a few weeks. Here,
the initial state of the soil moisture and snowcover must
be known.

As discussed earlier, the initial state of the soil mois-
ture can best be obtained by four-dimensional dynam-
ical data assimilation and initialization but this process
- cannot be used to initialize the parameters of the veg-

etation properties (see Table 1) until we have added .

appropriate governing equations. When this has been
done, SiB could be used for predictions on longer time-
scales from a few weeks to a few years.

12. Independent tests of SiB

Prior to its use within a GCM, SiB can be tested and
evaluated using micrometeorological measurements
and biophysical data at a point. This will test the dif-
ferent subcomponents of the model and the functioning
of the whole. Because high quality field data are not
available for the world’s natural vegetation commu-
nities, tests were made using measurements recorded
over some agricultural crops and a coniferous forest.
The results of these tests will be presented in a forth-
coming paper.
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APPENDIX A

Derivation of Turbulent Transfer Coefficients, C;,
C;, and C; and the Canopy Source Height, &,

1. Bulk boundary layer resistance coefficient, C;

Solution of Eqgs. (24) and (25) in text gives the fol-
lowing expressions for K,, and u within the canopy
(zi <2< zp).

K, = ou, (A1)
U= wfBie + Bre™)'”,
2CdLd\'*?
8 = ( d) . (A2)
aP;

The coefficients 8, to 8; are obtained by iteration
on o over Eqns. (23)~(27).

Calculation of C,, the constant that determines the
relation between the wind speed at the canopy top, u,,
and the bulk boundary layer resistance, 7, under neu-
tral conditions, is given by integrating (31) with (A2)
replacing u. This yields:

1/4 -
“= [13[;21" (ﬂfv) dePI(1 ~ Sn.)] :
< B _ﬁi( 1) o
Snl {,E:l (62) (8” - l) nl4” 'I=]l [4(n l') 1]}
if (A3)
1
| & 2832 d 0
6 > € an B1, 82> 0,
orif
By <0,
and
‘I Ld 1/4 : "

T -0~ 1

i=}

BZ 2nﬁaz ( 1)
S = {E, (m) @n—1)

(A4)
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if
é.z. < e—ZBsz
1

and By, 82> 0,

orif
62 < 0.

A simple modification to (31) is made for the effects
of free convection when the canopy temperature ex-
ceeds the local air temperature. If sensible heat is being
lost from a surface by free convection, the resistance
to heat transfer may be given by

I
= Dp Nu

(AS)

where

r; = resistance assuming free convection, s m™

! = horizontal length scale, m
Nu = Nusselt number

Dy = thermal diffusivity of air, m? s™'.

The Nusselt number is often described empirically
for planar surfaces (see, for example, Monteith; 1973)
by:

Nu=m 1(}1'"'2
where

m, ~ 0.5
my ~ 0.25
where Gr is the Grashof number given by

Gr=_— gl (Tsues —

273 (A6)

air)v’

where

v = kinematic viscosity of air, m? s~!

g = acceleration due to gravity
=98 ms™?

and m, and m, are coefficients determined from ob-

servation. Combination of the above equations with
suitable values for the various constants yields

l 1/4

e =890\ ————) . A7

% (Tsurf - Tair) ( )

When dealing with a particular micrometeorological

problem, it is normal practice to calculate the resistance

assuming both forced and free convection and then to

use the lower estimate in further calculations of heat

transfer (Monteith, 1973). In SiB, we shall assume that

both forms of transfer are contributing to convection

over the whole unstable region and that, as conditions

conducive to one form of transfer necessarily exclude

significant interference from the other, we may write
the rotal resistance as:

S U

r Y(forced convection)

(A8)

T (free convection)

The expression for 7, then becomes:
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(A9)

1 \/2 L (Tc—Ta)*
rh 890 { ’

where

r, = nonneutral value of 7, s m™.

The value chosen for the length scale, /, should be
of the order of the leaf dimensions, i.e., a few centi-
meters. In any case, the estimates of r} given by (A9)
are insensitive to the value of / due to the § power
term,

The combination of free and forced convection

terms in Eq. (A9) is unrealistic from a physical view-

point, but does result in a smoothly varying function
that prevents canopy-air temperature differences from
rising to unrealistic levels when windspeeds are low
and the radiation input is high.

2. Soil surface to canopy source height coefficient, C,

Here r,;1s the aerial resistance to heat and vapor flow
from soil surface to the canopy source height, /,, as
defined in (33). To begin with, we shall consider the
resistance to momentum transfer, which is defined as:

where

Y4, = resistance to momentum transfer, s m™*

K,, = momentum transfer coefficient, m? s~}
z,s = effective ground roughness length, m.

Within this height range, there are two distinct
transfer zones. These are:

(i) From soil surface to z,: Here the resistance to
momentum transfer is parameterized according to the
conventional roughness length approach.

(ii) Within the canopy, z; to A,;: K,, = ou. Thus:

ha |
-——6 + — 0z
J;s m z 21 K

The first term on the right-hand side of (A10) may
be given in terms of the ground drag coefficient Cp,,
and wind speed at z;. Here it is estimated by a simple
log-linear expression:

[ o=l

1 (Bie®> + B e"”‘)_"z[-l-l (ﬁ):l2 (Al1)
2 ! 2 k 8 Zes/ 1

, (A10)

(ii1) The resistance over the distance between zyand
the canopy source height, 4,, is given by:
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hg 1 fh,l
—dz=~-| -@
N K 4 N 4

au2

(B,e Baz + Bzeﬂ’z)"”az (A12)

Expansion, integration term by term, and collection
of the terms in (A12) into a series form yields:

ha 1 __ze—ﬁszlz ( @© (ﬁl)n
—gz=|—z\1- -
2 K Z" [uzﬁzdﬂzm ,E B2
R S I FAN
X nl(dn + 1) g ( 2 )):L

. B2
f —
! g

1

>e P or B,<0 (Al3)

2 eﬁzz/Z

- [uzﬂsaﬁlw (l * Z (.31)
e2nﬁ;z

ro(1 = 20N\ T
><n!(‘}nvl—l)‘l;ll_( 2 ))]z,

if B2 < g2z

B

Equations (A11), (A13) and (A 14) all have an inverse
u, term. Addition of the constant portions of (A11)
and either (A13) or (A14) yields an estimate of C,,
which when divided by u,, gives the neutral value of
r4 for momentum. An adjustment is made for the dif-
ferent diffusivities of water and heat in order to give ry
for latent and sensible heat transfer:

G,
Udy

or B3,<0. (Al4)

rg =

(A15)
o (Tgs — To)
dp=|1+9—"—75— Tu22 z| , ¢u=21

Equation (A15) is based on the unstable transfer
correction factor used by Goudriaan (1977) adapted
from Businger et al. (1971), where the mean gradients
of temperature and wind speed are estimated over the
height of the canopy. No correction is made for stable
conditions.

3. Canopy source height to reference height coefficient,
G

The resistance to transfer of heat and moisture from
the canopy source height, 4,, to the reference height,
z,, is described as the sum of three terms:

221 Zrl
= — — — 9z, 16
Ta fh,Kdz+f Kaz+ . K, z, (Al6)
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where
K = heat or moisture transfer coefficient, m? s

The first term on the right-hand side of (A16) is ob-
tained in a similar manner as for the estimation of rg
within the canopy. Substitution of the limits 4, and z,

in place of z; and h, in (A13) and (A14) yields a con-

stant divided by i, the value of the constant depending
on fy, B2, 3 and ¢. The second term on the right-hand
side of (A16) is obtained from the analytical expressions
of Paulson (1970) except for a modification for the
divergence between the expected (log-linear extrapo-
lation) values of the transfer coefficients and their ob-
served values in this region. The simplest adjustments
that can be made are

Kol = GIK¥).,, (A17)

‘where

K, = “actual” value of K,,, m? s~!

K7, = value of K,, as given by extrapolation of log
profile

G ~ 2.0 (from Garratt, 1978)

Zm 1
J;z — 0z = sz E 0z, (A18)
where
G, =~ 0.5 (from Garratt, 1978)
Zm 1 Zm l .
—0z=Q f — 0z A19
I ¥ %), & (A19)

where
G3 = 0.5 (from Garratt, 1978).
Then,

" —l—az -G [m(z — d) — ¢ ] (A20)
z2 K 3 ku* V4 2 Zm,
Zr 1

1 z - Zm
= (5) -l

zm Ky
¢, = Paulson (1970) nonneutral correction factor
for heat and vapor
uy = friction velocity, m s~*.

Equations (A17) and (A18) must be used in con-
Jjunction with (23)—(28) in the text to obtain the values
of 81, B2, B3, 0, d and z,. Equation (A18) can then be

used to obtain u, by
u z— Zm
2 = — 2 Gz[ln( Zod) - ¢'L (A22)
1

(A21)

where

where

U, = wind speed at top of transition layer, m s~
¢, = Paulson (1970) nonneutral correction factor
for momentum transfer.
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Under neutral conditions, (A16) can be manipulated
to yield r, for heat and vapor in terms of a constant,
C;, divided by the wind speed at reference height. Un-
der nonneutral conditions, the Paulson (1970) values
¢1 and ¢, are nonzero and iteration must be used to
obtain compatible values of uy and u.

The above method of estimating Cj; is useful when
considering boundary conditions a short distance above
the canopy. When SiB is to be linked to a General
Circulation Model, a parameterization on the lines of
that proposed by Deardorff (1972) will be used to span
the interval z,~z,.

4. The canopy source height, A,

The position of the canopy source height can be es-
timated by obtaining the center of gravity of the 1/r,
integral. Thus:

ha T 2T ] 22 T

L, _["D, 1 (W, 1
z T e 1 20 1 27,

The rightmost expression in (A23) is obtained simply
by multiplying C; by 2. We may obtain A, by replacing
one of the limits in (A3) or (A4) by successive estimates
of h, until equality with 2C, is reached. (Note that 4,
is independent of wind speed.)

(A23)

APPENDIX B

Incorporating the Effects of Snow into the
Simple Biosphere (SiB) Model

A preliminary attempt has been made to account
for the effects of snow and ice within SiB. This currently
consists of simple modifications to some of the param-
eters and calculations described in the rest of the paper.
The various effects are itemized by process below.

(i) Definition of snowfall. All precipitation is cur-
rently assumed to be at the same temperature as the
air at the reference height, 75,,. If this is less than the
freezing point of water, Ty, the precipitation is taken
to be snow.

(ii) Interception and accumulation of snowfall. The
canopy is assumed to intercept snow in the same way
as rain, up to the same mass limit, S,. Snow may ac-
cumulate on the ground beyond the ground cover in-
terception capacity, S,. So:

0<M,<S; forall T,, (Bla)
0<M,<S; Tp> Ty,
0<M,; T < Tj. (B1b)

A simple calculation is performed to carry out ad-
justments to T, and T, following the interception of
precipitation. The calculation involves the surface
temperatures, T, and 7, the heat capacities, C, and
Cys, and the temperature and mass of the precipitation,
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T\, and P.At and P,Ar. The adjustment gives rise to
adjusted weighted values of T, and 7, and may involve
melting or freezing of the intercepted precipitation.
The depth of snow intercepted by the ground, z;, is
calculated as
zr= 5M,, (B2)

it being assumed that the snow depth is five times the
equivalent water depth.

The fractional area of ground covered by snow, F;,
is taken as

Fr= M,/0.01, (B3)

which assumes full coverage of the ground when the
snow is 0.05 m deep.

(iii) Radiation. The scattering coefficient of the leaf
elements in the canopy is adjusted for the amount of
intercepted snow.

- YAYA
w-—w(l SE)+wac’

where /

T < Ty 0<Fp<1,

T,<T, (B4)

@ = mean scattering coeflicient of canopy elements
and intercepted snow

w = scattering coefficient of phyto-elements

wy = scattering coefficient of snow.

The reflectance of the ground is similarly adjusted:

Tp<T; (BS)

~

Ags = Ags(l - Ff) + AfFf,

where

Ay, = albedo of snow-covered ground
Ags = albedo of ground in absence of snow (see pre-
vious section)
Ay = snow albedo.

Currently, the snow is assumed to reflect radiation
only (no transmission) so that ws = A4,. The values of
wr, Arare assumed to be 0.8 in the visible and 0.4 in
the near-infrared wavelength intervals, being reduced
to 60% of these values when the surface temperature
T is close to or at melting point, i.e., when (7 — 0.1)
<7< Tf.

(iv) Turbulent transfer. Simple adjustments to the
turbulent transfer coefficients are made to account for
the burying of vegetation by accumulated snow. A scale
height, A, is introduced.

=27y
he o
Te< Ty
0.05 < hy< 1. (B6)
Then .
d= Z — (Zz - d)hf, (B7a)
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Bh= gl @-dil B
G, = Cihy, (B7c)
. C '
G =2, (B7d)
by
where the ‘~’ sign refers to the adjusted value of the

quantity.
. Also an adJustment to the 1ntercept10n capacity of
the canopy is made,

S.= Shy. (BTe)

v) Energy partition. The heat capacity of the canopy
or ground is calculated as a function of the biomass
and/or soil material and intercepted water mass. (An
upper limit is currently placed on the ground heat ca-
pacity for high values of z;.)

Energy and mass exchange are treated as before ex-
cept that an adjustment is made following the flux cal-

culation.
1
= \E (B8
E ()\ + ')\f) ( )
where
AE = latent heat flux, calculated as in section 8, W

n‘1_
= latent heat of vaporization, J kg™
)\f = latent heat of crystallization, J kg

= adjusted water mass flux, kg m™2 s\,

Additionally, a check is made to determine whether
either of the surface temperatures have been predicted
to pass through 7. If so, adjustments are made to
either melt or freeze the intercepted precipitation and
the surface temperature is modified accordingly.

(vi) Runoff. When T,; < (T — 0.1), no infiltration
or runoff occurs. When (7~ 0. 1) < Ty < Ty, snowmelt
may run off.
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