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Introduction: The need for an Interactive Bilosphere

in General Circulation Models.

Importance of Evapotranspiration.

The sensitivity of weather and climate to land-surface evapotranspira-~
tion Is difficult to determine from cobservations, but has been revcaled in
experiments with numerical general circulation models. {See Shukla and
Mintz, 1982; and the paper by Mintz, 1982, in which eleven such experiments
are reviewed.) 1In each experiment two calculations were made, which started
from the same initlal atmospheric state and had the same sea surface tempera-
tures and sea-ice extent, but with land-surface conditions that produced
different evapotransplrations. In every case the result was a large differ-
ence in the calculated precipitation, temperature and motion field of the
atmosphere.

A decrease In latent heat transfer from the land to the atmosphere
is approxiwately balanced by an increase in the sensible heat transfer,

The sensible heat transfer, however, warms the alr within the relatively
shallow planetary boundary layer, and 1t does so locally in space and

time. The latent transfer, by contrast -- if realized as heating through
the convective condensation process -~ warms the air in the free atmosphere
up to the tropopause level. Moreover, because of water vapor advection,

the realization of the heating may be at i5ome distant place and a later time.
It is the difference in the vertical distribution of the twe kinds of
heating, as well as the possible shift in their horizontal distributions,
which makes the general circulation (the thermally-forced large scale

atmospheric circulation) sensitive to land-surface evapotranspiration.
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Importance of Vegetation.

Because numerical weather predictions and predictions of climate
anomalies with general circulation models will be sensitive to the land-
surface evapotranspiration, great care must be used in the way in which
the evapotranspiration is calculated.

In almost all existing general circulation models {see the reviaw
by Carson, 1982), an "open bucket” formulation is used to calculate the
transfer of water vapor from the land ty the atmosphere. The level of the
water in the bucket 1s lowered when evaporation is larger than precipi-
tation; and the level 1s raised when precipiltation ié larger, up to the
point at which the bucket overflows and produces "runoff". Over some
broad range in the level of the water in the bucket (which varies somewhat
from model to model), the rate of evaporation is taken as equal to {or
nearly equal to) the evaporation from a free water surface; and only when
the water level i1s low is the evaporation rate made less than that from a
free water surface. But this 1s hardly the way in which water vapor is
transferred from the land to the atmosphere in the real world.

A more realistic representation of how water 1s exchanged between
the land and, atmosphere 1is shown in Fig. 1 {from Rutter, 1973). Here
the atmosphere 1s insulated from the water in the soll by a vegetation
layer; and the largest part of the water transfer to the atmosphere 1s the
transpiration of water which the roots of the plants take up from the
soil, Another large part of the precipitation (and under some vegetation
and precipitation conditions the largest part) never enters the soil at
all, but is Iintercepted by and stored on the surface of the plants and

from there evaporated into the alr. The third transfer process, the
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evaporation of water from the pores of the soil, 1s generally much smaller
than the other two transfers.

The water storage capaclties on the surface of the plants, within the
plants and within the plant root zone of the soll, are of the order of 1,
10 and 100 mm, respectively. Inasmuch as both the interception loss and
the transpiration are of the order of a few mm per day, the characteristic
recycling time for the intercepted water is of the order of a few hours,
and for the soil moisture store it is of the order of a month.

The 100 mm of water which the vegetation can remove from the soll 1is
only a small frection of the total water in the ground. Similarly, of the
total of about 30 mm of water vapor held in an atmospheric column, only
about 3 mm, rut of about the 10 mm in the planetary boundary layer, can be
removed from the atmosphere by the convective precipitation process.
(Reducing the relative humidity in the PBL by more than about 30% shuts
off the convection.) Thus, if not remewed, water vapor in the atmosphere
can provide only about 1 day's worth of space-averaged convective precipi-
tation. Soll moilsture, however, even when not renewed, can maintain the
average rate of evapotranspiration for about a month. It is this which
makes the soil molsture store more important tham the atmospheric water
vapor store for numerical weather predictions and predictions of monthly

and seasonal anomalies of climate.

Jegetation exerts physiological and morphological controls over evapo-

transpiration. Because transplration is associated with photosynthesis,

it is usually confined to the daylight hours; unlike the open bucket formu-

lation, which can produce appreclable evaporation at night. Moreover,

when water 1s available, the rate of the bucket evaporation is limited only




by the atmospheric factors of radiation, wind speed and air humidity; and
the daytime rate, especlally in semi-arid regions, can be very large. But
with plants there is also a daytime limit to the transpiration rate, because
there 1is a constraint on the rate at which water can flow through the plants.

The morphology (the vertical structure) of the vegetation has a large
influence on the rate of interception loss. With tall (forest) vegeta-
tion, the elevated and dispersed surfaces of the leaves are more strongly
ventilated than are the surfaces of the leaves in short (herbaclous) vegeta-
tion. When the leaf surfaces are wet, therefore, the interception loss
from tall vegetation is much greater than that from short vegetation. But
when the leaf surfaces are dry, the greater ventilatlon of tall vegetation
i3 generally compensated by its larger stomatal resistance; so that (under
the same atmospheric conditions) the transpiration losses for tall and
short vegetation are not very different.

The interception loss rate from short vegetation is not much larger
than its transpiration rate; but with tall vegetation, the interception
loss rate can be 5 to 10 times larger thanm the transpiration rate. Even
though the vegetation surface storage capacity 1s small, the time-integrated
interception loss from tall vegetation can be very large.

Fig. 2 is an example of the mean annual water and energy balances of
short and tall vegetation, as derivied from measurements in two adjacent
catchments which have nearly the same atmospheric conditinns. The total
evapotranspiration loss from the forest catchment is more than twice as
large as that from the grass—covered catchment. With the grass-cover, 58%
of the net radiational heating of the surface is used for evapotranspiration,

and 42% for the sensible heating of the atmospheric boundary layer. But
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with the forest cover, the energy used for evapotranspiration exceeds the
radiational heating by 15%, and this results in a removal of sensible

heat from the boundary layer (there is & negative Bowen ratio, ~0.13), In
the forest case it was possible to measure the two components of the evapo-
transpiration separately, and the interception loss was 1.7 times larger
than the transpiration. Although the atmospheric conditions are about the
same for the two catchments, the net radiational heating, Ry, is about

104 larger with the forest-cover than with the grass~cover. This is not
only because the forest 1is darker and absorbs more of the incident solar
radiation, but alsc because, as a consequence of the larger evapotrans-
piration rate, the surface temperature of the forest 1s lower and emits
less infrared radiation., Tt is elear, from numerous examples of this
kind, that vegetatlion exerts a large control over the water and energy

exchange between the land-surface and the atmosphere.
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SR

T e LTI LT BT Ow oo
e e 2 L

e ¥am e o TR e

e U

i



11

A. Goals of the Propnsed Research.

The objectlive of the proposed research is to construct a model biosphere
which will produce realistic simulations ¢f the water and energy transfers
at the earth’s surface. This will be done by constructing a numerical model
of the earth's vegetation cover which embodies the principal morphological

and physiological factors that control the water and energy transfers,

Morphology

The morphological factors (those which depend on the form and structure
of the plants) will be the leaf area density (the total arsa of the leaf
surfaces per unit volume of space) as a function of height, Lp[2]; and
the root length density (the total length of live roots per unit volume of
space) as a functicn of depth, RTp(Z).

In the initial version of the model biosphere, Lp{Z] and RIp[Z] will
bte prascribed for each grid area of the GCM as a function of the time of
the year, as obtailned from phenological observations.

In the second stage, Lp[Z] and RTp[Z] will be made interactive with
the model calculated atmospheric condltions (and soll moisture), so that
aperiodic drought and extremes of heat and cold will algo affect these two
parameters on the phenclogical time scale.

In the final stage, the different vegetation formations themselves
(f.e., rainforest, seasonal forest, woodland, desert; grassland) and not
just their phenological changes will be made interactive with the atmospheric

conditions (and soll moisture.)

PRECEDING PAGE BLANK NOT FILRSED
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Phxsiologz

The principal physiological factor will be the stomatal regletance,
rge (the impedence to water vapor transfer from the saturated cavitiag
within the leaves to the air outside.) rge Will depend fot only upon
the atmospheric variables, but also upon other internal resistances which

affect the water flow from the soil to the leaves via the rooks and stems,



B. Overview of the Proposed Biosphere.

As described in Hection B.2, the vegetation of the model biosphere
will have two or more discrete canopy layers and two root layers. The two
important vertically continuous vegetation properties that will be dis-
cretized are Lp{Z], the leaf area density as a function of haight, and

RTp[4], the root lengch density as a function of depth.

B.l.1 Governing equations for transpiratlon and water uptake by roots.

For the purpose of {llustration, we show here the governing equations
for the simple case where there is one canopy layer and one root layer.

For the definitions of the symbols, see Section C, p 39.

13
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Transpiration:

If the vegetation 1s represented as a single, continuous, transpiring

surface of unit area per unit ground area, the governing equations for the

e ——

energy transfers can be written:

(ep -~ eg) pC ‘
(rBt + ra) Y !

N i

(Ty - Ta) i
et et pCp = H {3)
ry

H = (S5 (l=a) + Ryg ~ 0Tg") = AEp - G (4) |
]

ry = vallplz], uy, (Ty - Ta)l (5) H
!

rst = TstlTst,or Sa,0r V4,min» RHa, Tgs Lol (6) :

Given eg, Ty, ug, Sz and Ry, from the output of the atmospheric part of
SAara a8 —, {

the general circulation model; G from the heat budget of the soil (see :
i

section 1v); and Yy from the solution for the water uptale from the soil,

as described below, we can solve these six equations for the six unknowns:

Ep, eg, Ty, H, ry, Tgee
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(1) As shown schematically in Fig. 3, the main part of the transpira-
tion less is water which evaporates from the walls of the mesophyil cells
that surround the sub-stomatal cavities in the leaves of the plant and then
diffuses to the atmosphere through the stomatal openings. [The rate of
water vapor transfer across the cuticle surface of the leavea, or across
other parts of the plant surfaces, is usually one to two orders of magnitude
smaller.] The rate of the water vapor transfer, from {ts origin in the
sub~stomatal cavities to a given reference level in tlie atmosphere, is
given by Eq. 1, where 23 1s the vapor pressure in the sub-stomatal cavity,
undEE is the vapor pressure at the reference level in the atmospheric
boundary layer. rgp is the bulk resistance to the diffusion of water
vapor through the stomatal opening, and r is the resistance to the
diffusion of water vapor from the vegetation surface to the reference
level. With ea given, Eq. (1) has 4 unknowns: Eg, ey, Tgt, Tg.

(2) ey can be taken as the saturation vapor pressure, e*, as given
by the Clausius-Clapyren equation for the temperature of the leaf, Ty.

Ty s assumed to be constant throughout the leaf (whose thickness is
typically about | mm) and represents an additional unknown.

(3) Ty is obtained from the diffusion equation for the sensible
heat transfer from the surface of the leaf, at temperature Ty, to the
reference level in the atmosphere, at temperature, T,, where it is
assumed that r, is the same for the sensible heat diffusion as for the
water vapor diffusion; which adds the unknown, H.

(4) H, the sensible heat transfer, 1s obtained from the total vertical
energy transfer, where the sum of the three terms within the parentheses

on the right, in Eq. 4, is the net radiation flux, Ry. Sz and Ry,

iy~ m———

Y
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are the downward components of the solar and longwave radiation, as given
by the atmosplieric part of the GCM, o is the albedo of the vegetation
surface, and u'l‘gt+ is the upward longwave radiation, which depends on the
temperature of that surface. G is the sensible heat transfer through the
vegetation and into the soil, as given by the heat budget for the soll
(section 1v).

(5) The aerodynamic resistance, r,, depends on the vertical distri-
bution of the leaf area density, on the wind speed at the atmospheric
reference level, and on the thermal stability of the air, (Ty -Tg), (see,
for example, Goudriaan, 1977). Typilcally, with wind speeds in the atmos-
pherlic boundary layer of a few meters per second and mid-~day unstable lapse
rates, r, is of the order of 0.5 a cm—l for herbacious vegetation {0.l to
I m high) and of the order of 0.05 s em~l for forests (10 to 20 m high}.

(6) rge, the bulk stomatal resistance reaches the minimum value For
the plant specles, Tgt,o» when the stomates are fully open. Typilcally,

1

when the leaf area index is about four, r t,o 18 of the order of 0.5 s cm™

8
for herbtacious plants, and somewhat larger, of the order of 1.0 s cm™!,
for trees.

The stomates close when the solar radiatilon, EE' drops below a
eritical value Sa,0i they close when the relative humidity of the air,
RHy = RHPEE, 32]' falls below a critical value, Egg’crit; and they
close under extremes in the leaf temperature, Tg. In addition, the
stomates close when the water potential in the guard cells (¢y) that
surround the stomates, falls to a limiting value, ¥g crit. (What

controls the magnitude of Yy is discussed below.) When the stomates

are closed, the transpiration is oanly through the cuticle of the leaf,

e g
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whose resistance to the water vapor transfer is typically about two orders

of magnitude large. than gy Or about 50 to 100 s cm-1

when L, equals
four.

All these responses are /nterpreted as the evolutionary result of the
plant's effort to maximize phetosynthetic production (which requires the
simultaneous presence of shortwave radiation, water, carbon dloxide, and
seclutes in the leaf chloroplast cells), to maintain a solute transport sys-
tem, to avold heat death, and to conserve water in the goil moilsture store
for fﬁture use. The f£irst three demands are in direct conflict with the

last, the conservation of water, which gives rise to the need for physio-

logically regulating the flow of water through the plant.
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Water Uptake by the Roots:

The conservation of mass requlres that the water vapor which moves
away from the cell walls of the sub-stomutal cavities be replaced by a
flow of liquid water toward the walls on the other side.

If, for the purpose of illustration, we neglect the small time rate of

change of the water stored in the plant, we have

Ep = Fp = Ug ’

where Ep is the rate of transpiration, Fp 1s the rate of liquid water flow
through the plant, and Up is the rate of water uptake by the roots.

When there is no d'vergence in the water flow through the plant (no
change ir the plant water storage), we can write the governing equations

for the rate of water flow as

(Ys = ¥3)
Fp = (7)
glrg + ro + ry)
bg = ¥sl@] (8)
rg = rgl8, RTp{Z]] (9)
re = relrg,os RTpl[Z]] (10)
rx = fxlrtx,0r Fp,crit] - (11)

Given the boundary condition, Fp = Er, where Er Is obtained from the solu-

tion of equations (1, 2....6) above; and given € from the solution for
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the soll water budget (section iv), we can solve these five equations for
the five unknowns: g, Vg, g, T and ry.

There 1s an upper limit to Fp, which le believed to be the rate at
which the water movement through the f£ine channels in the xylem (the water
conducting elements of the stem) changes from laminar to turbulent flow,
This limit, Fp crit, 18 typically of the order of 1.5 wm/hr (when expressed
as the area averaged flow). When Fp opyr 16 reached, there is an abrupt
and large increase in the xylem resistance, ty; and, as Eq. (7) shows,
for a given soll water potential, Y5, this will produce an abrupt and latge
fall in the leaf water potential, Yg. ¢y itself has a critical value (of
the order of -25 bars) which is when which the water pressure in the stomatal
guaéa cells can no longer maintain their turgor. When the cells collapse
they constrict the stomatal opening, and Ep = Fp {5 then limited to the
value Fp orits

Fig., 4 1s an electrical analog of the water transfer pathway through
the soil-plant-atmosphere system (when Eqp = Fp = UR). The figure shows
how the flow is controlled by the fixed resistance, r,, and the four

variable resistances, rg, Ty, rge and rj.
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Fig. & Electrical analog represeuntation of the potentials, and re-
sistances to flow, of water vapor and liquid water in the soil-plant-

atmosphers system.
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{1, Rainfall Interception and Interception Loss.

For the single layer vegetation model, the governing equations for
the interception loss and interception gain, when the canopy is completely
wet, can be written:

[es - ea] Pcp
. « f(Wy), WhenWp >0

Tn b

AEp = 0, when Wy =0 (12)

[eB - ea] DCP
Ta Y

Wi max 18 the maximum amount of water that can be held on all the

upper leaf surfaces.

ddt
___ﬂP(l—p)-EI-D[WI] . (13)
dt

The interception loss and the interception gain are highly dependent
on the vegetation morphology for two reasons:

1) The serodynamic interaction between plant and atmosphere: As

indicated in section B.l.1, tall, 'rough,' surfaces, like pine forests,
maintain a relatively turbulent aerodynamic regime in and around their
upper crowns., Within this well ventilated volume, the transfers of vapor
and sensible heat are typlcally an order of magnitude faster than at an

equivalent height above 'smoother' surfaces, like a grass cover, under the

- = s e

et g bt g
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same meteorological conditions, (ra ~ (.05 8 cm'"1 as against 0.5 8 cm"l)

i1} The geometry and extent of intercepting surfaces: Vegataked

reglons commonly present 3 to 8 m? of surface area to the atmoasphere for
every square meter of ground area (Ly * 3-8). Obkviously, the larger

the surface area the greater the amount of rainfall that may be held on
the surface for later re-evaporation, and the smaller the amount that
drains off to reach the soil molsture store. Typically, the interception
capacity of vegetation is of the order of ] to 3 mm depth of water. The
geometrical arraungement of the canopy is important too - some coniferous
trees maintain a large intercepting surface well above the level of the
theoretical momentum sink.

The rate of interception loss depends very greatly on the rainfall
regime. For a given time-averaged rainfall which 1s made up of high in-
tensity, short duration episodes, there will be a comparatively low rate
of interception loss. This is because the interception capacity is quickly
reached after the onset of storms, allowing the remaining rainfall to be
transmitted to the soll surface. Conversely, if the same time-averaged
rainfall is made up of long-duration, low Antensity storms, the interception
logs will be larger, reaching its maximum if the interception capacity is
not reached (i.e. if the water does not accumulate on the leaf surfaces to
a level sufficient to initiate significant leaf drainage).

As Indicated in section B.2, our intention 15 to model the water and
heat transfar processes for the several observed vegetation formation types
in a realistic fashion. This, however, will produce correct values of
the interception loss only if the space~time variation of the rainfall is

correctly represented. General circulation models produce half-hourly to
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hourly amounts of rainfall as output; but as this is the average over a
large grid area (of the ovder of (300 km)z), 1f used in an unadjusted
form it will almost always produce an excessively high and unrealistic
interception loss. It will be necessary, therefore, to relate the GCM
produced grid area average rainfall to a realistic space variatlion of the
rainfall on the sub~grid scale, using parameters extracted from the GCM
simulation (which indicates, for example, whether the rainfall is of con-
vective or large-scale upglide origin) and also climatology. Satellite
based obaservations of reglonal surface temperature and soll moisture varia~
tions (Atlas and Thiele, 1981) may be able to provide information about
typical time-area-intensity distributions in the different regions and
seasons, from which we would construct the area-intensity functions for
the GCM rainfall calculation. A possible solution li=s in representing
the spatial variation of the amount of water held on the vegetation surface
by wave functions. A similar wave representation of the rainfall intensity
would be superimposed to obtaln the spatial variation of the rate of change
of the water held on the surface. Another possibility would be to assume
that the rainfall at a representative point within the grid area will he
equal to the grid-area averaged rainfall when hoth are averaged over a
time interval of the order of, say, 12 to 24 hours; and then to let the
half-hourly values of the rainfall intensity at that point vary within the

chosen time interval as a function of the GCM parameters and climatology.
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1ii. Snowfall Interception and Disposal,

The partition of snow into surf ce evaporation and melt water, which
contributes towards soll moisture recharge and runoff, is of great importance
for the surface energy balance and hydrology of a large part of the Northern
Hemisphere continents, The energy balance at the snow surface can be
modelled using derivations from the equation set outlined in section B,1.1i.
Major differences between the fluxes of latent and sensible heat with and
without snow, under the same atmospheric conditions, arise from variations
in the surface albedo and hence in the net radiation, and from the value
of the aerodynamic resistance, rp. [A review paper by Male and Granger,
1981, discusses these and other facets of snow surface processes in detall,]
The energy available for evaporation and/or snowmelt In forested regions
is characteristically much greater than that over bare or grass covered
areas (Leonard and Eschner, 1968) due to the smaller albedo of the exposed
parts of the forest canopy. This produces an appreclable transfer of
heat, in radiative and sensible form, from the exposed parts of the tree
canopy to the snow covered surfaces. This effect 1s ecuhanced in areas
with evergreen vegetation. The use of a multilayer vegetation model
coupled with a layered soll model is the most realistic way to simulate

the eaergy exchange processes invelving snow cover.

-l S SR

R, TR

S

i m ey TR S e e



26

ORIGINAL PAGE 13
OF POOR QUALITY
iv. Water acd Heat Budget of the Soil,

For simulating the water and heat budgets of the soil, we shall follow
one of the more physically realistic treatments (ece, for example, the reports
of Gurney and Camillo, 1982, Camillo and Schmugge, 1982). 1In these treatments,
the fluxes of heat and moisture arc coupled as both depend on the gradients
of temperaturs and moisture. This requires the simultancous eolution of

the equations:

dz dz

9T w KfdT\ = AD d0
h 163;) 0,vap T

where qg and qy are, respectively, the fluxes of mdisture and heat;

% = Do (.‘!E) - DT(E.?.)"KB

(14)

D7,0,vap is the diffusivity of heat, water, or water vapoE;and KT,O
is the thermal or hydraulic conductivity of soil. It should be noted
that Dg and Dp have both liquid and vapor contributions:
Dg = Dg,11q + Do,va
H q ] p (15)

Dp = Dp,11q + DT,vap

Equation (14) describes the dependence of the heat fluxes on the vertical
gradients of ® and T. The time dependence of 8 and T is given by the

continuity equations:

d8 = =~fdqq
dt ’a‘z""

dT = - _1({dqp
dt cg |\ dz

where cg 1s the specific heat of the soil.
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Various numerical technlques may be applied to sclve the equation sget
over finite time steps, It is usual practice to prescribe a deep soil
temperature and moisture content as lower boundary conditions and an energy
balance model at the soll surface to calculate %y, 9., 6 and T &2 the air-
soll interface. The soll is then divided into a number of strata, which
are taken as internally homogenous with uniform values of Dg,T and Kg 7.
The values of T and 0 for each stratum are used to calculate the depth
dependent derivatives at each time step.

The soll moisture store will be represented by three zones: a small
near-surfacc store, from which not only root uptake but alsc direct evapora-
tion can take place; uan intermedliate bulk eoil moisture store, which is
mainly drawn on by the root uptake; and a deep store, from which only
capillary rise can bring water toward the surface., The last term can be
significant on the seasonal time scale,

The hydrauliec and thermal properties of the soll will be taken from
the glohal data set prepared for the GLAS GCM by Lin and Alfano (Alfano,
1981).

It 1s lmpossible to model overland flow and snlil interflow, in a
direct way, without resort to an exceedingly fine grid size. Instead, we
will use the 'lumped' catchment analytical model of Beven and Kirkby (1976).
This makes use of functions which relate the total soll moisture storage
te the size of the catchment contributing area, (which is the saturated
area bordering stream channels), thus allowing a direct calculation of the

different components of runoff: overland flow, interflow and base flow.
It may be possible to 1se the geographical data relating to grid square

soll type, topography and stream densiiy to parameterize the necessary

functions.

27




28

B.2 The Multilayer Vegetation Model.

1) Definition and Advantages of a Multilevel Model.

Definitdion:

In general, a multilayer model can be thought of as an elaborate
extension of the short set of equations given in Section B.l.i. The vege~
tation canopy 1s represented by a vertical series of discrete plates,
each of which exchanges sensible and latent heat with the immediately
surrounding air and through which the fluxes must pass on the way to the
free atmosphere (see Fig. 5). At the same time, the temperature of each
plate depends on the net radiation it absorbs (which is a function of the
temperatures of all the plates and the soll surface), and on the temperature
and vapor pressure of the alr in the surrounding (canopy) air space. It
is apparent from Figure 5 thdt, given: (1) the air temperature ng)
and vapor pressure (fa) above the canopy, and their equivalents below
the soil surface; (2) the values of the intermediate resistances and (3) a
means of distributing the shortwave and downward longwave radiation among
the plates, the equation set reprecsenting the energy budgets of all plates
will reduce to n expressions with n unknowns, (where n is the number of
leaf layer plates and the unknowns are the leaf temperatures.) A similar
model will represent the layers of the soil. The combined system will
represent the steady state energy balance of the vegetation and soil, and
may be further extended to include non-steady state processes - such as
the drying out of intercepted water which involve a dependence on the

time variation of canopy and soll temperatures and water contents.
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Fig. 5 Schematic representation of sensible and latent heat transfer
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Advantages:

The multilayer model is more realistic and is ecasier to validate than

a unilayer model. The principal points to note are:

a)

b)

c)

d)

e)

Vegetation morphology: A multilayer model can be constructed in such a
way that the leaf area density, Lp([Z], and the leaf area index, Lg,
are-directly represented by the size and spacing of the leaf layer

'platest.

Energy exchange processes: The exchanges of energy (in radiative,
sensible and latent form) between the different layers of canopy, and
between those layers and the soll, can be modelled. It need not be
agsumed that the multiple latent and sensible heat sources correspond

to the momentum slinl, as with a unilayer model.

Parameter correspondence with nature: The parametars of the model can
be made to correspond directly to the physical and physiologlecal proper-

tles of each vegetation type.

Interception loss and snowmelt: These processes cannot be modeled
realistically using a unilayer treatment, Sellers (1981) demonscrated
that a single-layer model consistently underestimates the rate of

interception loss.

vValidation: A multilayer model not only generates the latent and
sensible heat fluxes, but also profiles of leaf temperature, air
temperature, vapor pressure, soll temperature, and soll moilsture
potentlal. By comparison, the unilayer model outputs a single value of

'surface' temperature — a rather nebulous quantity when considering
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thet a tropical rainforest has been cbserved to have a mid-afterncon

temperature difference of as much as 7° C between the top of the canopy

and the soil surface (Pinker, 1980; and personal communication, 1982).

i1. Distribution of the Observed Vegetation Formations.

de Laubenfels (1975) has made the following classification of the

earth's vegetation formations, whose distributions are shown in Fig. 6:

Reglon with tall trees whose crowns form a continuous canopy, and

below which there ig & continuous understory of shorter trees: designated

Rainforest.

Region with trees whese crowns form a continuous canopy, but below

which there igs a discontinuocus understory: designated Seasonal Forest.

Region with trees whose crowns do not form a continuous canopy, but

where the total vegetation cover i1s continuous: designated Woodland.

Reglon where there 1s a discontinuous cover of plant growth, so that

large areas of bare ground are exposed: designated Desert.

Region of continuous ground cover of herbacious plants (of which

grass 1s the predominant form): designated Grassland.

Rainforest, Seasonal Forest, Woodland, and Desert are "undisturbed"
vegetation formatlons. Grassland is the existing formationm type where
seasonal forest and woodland have been disturbed by fire and by grazing

(which inhibits recovery after fire,)

ATmT . u
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In the initial version of the proposed bilusphere, the prescribed
distribution of the vegetation formations will not change with time.
Eventually, we would like to have the vegetation formations change in
response to forcing by the atmospheric part of the GCM, But inasmuch as
the time scale of natural succession is of the order of 10l to 103 years
(see, for example, Loucks, et. al., 198l) this will be an essential require-
ment for the biosphere only when a fully interactive ocean is made part of

the general circulation model.
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There are two distinet requirements for the specification of the
multilayer model. Firstly; the morphology of the vegetation community
must be realistically represented by the size and spacing of the discretized
leaf plates (sece Fig. 5), and by the values of the boundary layer resistances,
canopy air space resistances and root cortex resistances, The above canopy
aerodynamic rcaiatnnce; ry, must also be properly related to the gross
morphology of the vegetation community. Secondly; the physiology of the
plant must be correctly reflected in the functional model of stomatal
response and its interaction with the leaf water potential, xylem resistance,
stem flow, and soil moisture potential.

Taking the morphology of the vegetation community first: Figs. 74,
B, C 1llustrate the process whereby measurable characteristics of the
vegetation are transformed to model parameters. Fig. 7A shows the structure
of a tropical rain forest in its natural state. Fig. 7B shows the corres-
ponding leaf area density and root length density as functions of height.
In the first version of the model, the seasonal variations in these vegeta-
tion parameters will be prescribed as functions of the time of the year.
Later, the phenolgical changes in Lp(Z) and RTp(Z) will be made dependent
upon the model derived atmospheric variables and soil moisture.

To obtain the areas of the two plates that will represent the vegeta-
tion (see figure 7C), the leaf area density is integrated with height:

Zr
Ly = [ Lp(2Z) » dz (17)
Zp

where L, is the leaf arca index (mzfmz), and Z; and Zp are the heights of

the bottom and top of the storey.




Abstract

The purpose of gdding an interactive bilosphere to the GLAS general
circulation model is to make the calculation af land-surface evapotranspir-
ation and sensible heat flux more realistic and, therefore, more accurate.
This is important becausc sensitivity experiménts with general circulation
models have shown that the large scale fields of rainfall, temperature and
motion of the atmosphere are highly sensitive to the transfers of latent
and sensible heat at the land surface.

Water and energy transfers at the land surface depend on vegetation
morphology and physiology. In the proposed model blesphere, the vegetation
morphology will control these transfers through the leaf area density ns a
function of height, Lp(Z), and through the root length density as a
function of depth, RTp(Z), as expressed in a discretized form for each

of the model grid areas. Lp(Z) will influence (a) the aerodynamic resistance

to the latent and sensible heat transfers; (b) the transmission, absorption
and emission of radiation energy by the canopy and underlylng ground; and
(c) the interception, evaporation and throughfall of rain and snow. The

vegetation physiology will control the transfers of water and energy through

the stomatal resistance, the xylem resistance of the stems, and the root
cortex reslstance, The stomatal resistance will be a function of the leaf
water potential, short-wave radiation intensity, leaf temperature, and
humidity of the air.

In the {nitial formulation, Lp(2) and RTp(Z) will be prescribed as
functions of latitude and longitude and the season of the year, as known
from ecological observations in ¢he various vegetation formations. Later,
the phenological changes of Lp(Z) and RTp(Z) in the declduous forests
and grasslands will be made Interactive with the atmospheric variables
and the soll noisture as calculated by the GCM. Finally, the vegetation
formations themselves will be made interactive with the atmospheric and
soll moisture conditions.

The realism of the model biosphere will be evaluated (1) through
short period one-dimensional comparisons with measured values of the local
atmospheric forcing and measured values of the vertical fluxes of water
and energy; (2) through long period comparisons of simulated and observed
catchment water budgets; and (3) through comparisons of the simulated and
observed surface temperatures, surface albedos, snow cover, live biomass,
and the water balances of the large river basirs, when the model biosphere
is forced with atmospheric variables taken from the }GGE level 3-B and
2-C data scts.
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The height of the pidte i1s taken as the center of gravity of the plate,
Zg» where:
Zn ar
[ up(z) «dz = [ T op(z) -+ az (18)
Zp %m
Following the work of Goudriaan (1977), the bulk acrodynamic parameters
of roughness length (2Z,) and zero plane displacement (d) may be determined
from a numerical analysis of the reduction in shear etress with depth in
the canopy; parameters which depend on the leaf arvea density and drag
coefficlent of leaf elements. The parameters z, and d are used to determine

the value of r,, the above canopy resistance, by

4 2 Zd
Ta = In |24
hz Zg (19)

where k 1s von Karman's constant, h is the height of the crop and zg is the
reference height (This equation holds for neutral conditions only; but Thom
and Oliver (1977) describe a version which accounts for the effect of non~
neutrality)., A further analysis by Goudrizan (1977) provides the extinction
of wind speed as a function of leaf area density.

The conductivity of mass, heat and momentum in the canopy air space

is given as:

. Im *u (20)

Ka,v,h = Lp (2) ()

(2) (z)

where Ly is the local mixing length of the canopy air space (a function of

the size and spacing of shoot elemeants* and I, is the relative turbulence

R R —— poriind =



Fig. 72 A.

c.

"b—\“

Tropical rainforest vegetation; continuous canopy of tall
trees above continuous under—-storey.

Leaf area density , stem arca density , and
root length density [}, as functions of height for cthe
tropical rainforest shown in Figure A.

Electrical resistance analogue of the tropical rainforest
represented in Figure B.
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intenaity -~ a factor that Increases from 0.3 at the top of plant canopies to
0.8 at the base, and appears to be invariant with wind speed.
rcz, the canopy air space resistance between one leaf layer and the next
is given by:
g1

re = [ 1 . dz (21)
L Zp

The leaf laminar boundary layer resistance, ry , will be taken as a
A

function of leaf aren index, local wind speed, and a shape/shelter factor,

Xet

: = (L * * 22
sz ( 929 u Xg? ‘ (22)

(z}
Several rescarchers, notably Goudriasn (1977) and Allen and Lemon (1976),
have proposed different mathematical analyses to determine ¥z as a function
of leaf size, shape and orientation.
The radiation absorption and transfer characteristics of the vegetation
are determined by the canopy structure. A simple model of radiative transfer

was proposed by Ross and Nilson (1971):

Sa [£(w) + exp(~£(8) * Ly} (23)

- 5
(Lg) 10)

where S, is the shortwave radiation flux emerging from under a cumulative

(Lg)
leaf ares index L,, S, Is the radiation intensity above the canopy,

(o]

f{w) is a scattering function, and £(B) is an extinction coefficient that

varies with the solar angle, 8.

e
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The root water uptake models of Cowan (1965), Hillel (1977) and others
describe the movement of water from goll to root cortex as a radial flow
towards individual root elements scross a gradlent of moisture potential -
the difference between Y4, the soll water potential, and ¢, the root
water potentiasl. The plant parameter of importance is RIp[Z], the root length
density (m m“3), as & function of depth, Cowan (1965) originally proposed

the expression;

f’i’.e..rz.@.._(ri?_e. (24)
at r ar ar

where D is the value of goil moisture diffusivity, and r is the distance
from the root. Given that the roots have a typical radius of r; and that a
root extracts water from a cylindrical volume of soil of radius rp, where

rg = (1 / w.RTp(2]]}/2, equation (24) can be solved with the boundary condi-

tions of
8 [r,* - %)
—— [ — Btr"rl
dt ir)
g w
Ir
0 at r » 1y

where dWg/dt is the rate of reduction of soil water concentration.

The transfer of water from root cortex to leaf mesophyll involves
aspects of plant morphology and physiology. The xylem elements, which
conduct water up the stem are serially linked, elongated plant cells with
narrow apertures at their end-to-end junctions. Poiseullle aralyses of the

flow in such elements (see, for example, Denmead, 1976) predicts a critical

e T e
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flow velocity above which the flow regime changes from laminar to turbulent,
This greatly increases the resistance imposed by the xylem and has the
effect of lowering *z.

The end of the liquid tranafer pathway is the leaf mesophyll cell. The

leaf water content, Wy, is determined by:

dWy 1] Yo~ ¥
..._.-...._-__—-_-ET
dt g | ret+ ry

Leaf water potential, ¢£, a critical variable in the calculation of

stomatal resistance, is a function of Wy,

Vo om E(H) .

The particular form of stomatal response is dependent upon plant
speclec, where each species can be thought of as belng near perfectly
adapted to survive in its natural environument. In the main, stomatul response
is a function of shortwave radiation intensity, leaf water potential,
vapor pressure, temperature and leaf age. Closure of the guard cells is
brought about by a reductlon in their turgor; this may be induced by a slow
hydropassive process, whereby water is abstracted from the guard cells by
gtrictly phliysical processes - such as evaporation or osmotle flow - or by a
fast hydroactive process. It is believed that the latter, which can cause
complete stomatal closure within seconds, is controlled by the transport
and metabolism of ilons into und cut of the guard cells under the control
of a plant hormone, Abscissic acid (ABA). The local concentration of ABA
15 determined by wz (sce figure 8).

It is not proposed to model the blochemical and detailed blophysical

responses of the leaf, although this has been done by some researchers

e eSS
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Fig.8 Dependence of rgy on Yy and CO9 concentration (From Raschke,
1975)
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(see, for example the report of Penning de Vries; 1971); but rather to

make the gtomatal resistance a function of the leaf water potential and

atmospheric forcing. Thus:

Cue(S
- sela) (25)

£(¥g) + £(ea) * £(Ta)

Tat

Examples of the individual functions in equation (25) are given below.

Light

rse(Sa) = AL/(Az - A3 ¢ Sp) (26)
Denmead and Millar (1976)

where A, 18 a species dependent constant.

Leaf water potential

£ (Yg) = 1 - exp(~A; « 8yy)
Sy = ¥g = by, erit (27)
0 < £¢Pgy <1 Turner (1974).
where Yp opyt 1s the value of ¢y below which the stomata close completely.

Vapor pressure

» - % -
£ ey V1L = A5 (Tl = ea)]
o (28)
0< ¢ <1
(ea)
__q Jarvis (1976)
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Temperatuxre
E(T,) = Ag(Ty = TR)(Ty = 1, )57
A6 " 1/(To - Tb)(Tu - TO)A'?

A? - (Tu - To)/(TO = Tb) (29)

0 < £(T,) < 1

Jarvis (1976)

where, Ty and Ty are the temperatures above which and below which the

stomata open, and T, 1s the temperature at which £(Tg) = 1.
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B.3 Comparisons of the Model Performance with Observations.

The checking of the model's performance will be done in thres phases,
ecach of which corresponds to a further level of horizontal Integration,

These are brinfly stated below, starting at the lowest level of integration.

1) Fileld Measurements.

The complete vegetation-soll model for each vegetation type will be
driven offline using local micrometeorological data. There are a number of
case studles reported in the literature where a short time series of sgimul-
taneous observations were made of heat and vapor fluxes, temperature and
humidicy profiles, and micrometeorological conditions above the canopy.

Use of these data sets ghould ensure that the characteristics of the various
vegetatlon types are transformed to the model fn a physically reasonable

waY.

ii} Water Balances in Catchments.

Here, the couparisons are made over a time periad of a year or more
for an area where long records of meteorological and streamflow observations
exist. This will allow a checking of the simulated water balance components
against the observations for the different vegetation types. It should
be noted that in both (1) and (ii), no allowance ig made for horizontal
differences in meteorological conditions: the tests are essentially one-

dimensional.
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111) FGGE Observations for the Globe.,

Using a 4~dimensional dynamic assimilation of ground based and aatelliﬁe
based observations of the atmosphere during the FGGE year (1979), the GLAS
GCM is producing a time series of the atmospheric state variables, EE’
eg and Yaj and of the radiation trnnsfers'ig and EEE’ averaged
for the model grid areas and at half~hourly time intervals. In addition,
the GLAS model generates grid—-area averaged rainfall, [(P]; which will be
converted into representative hourly local rainfall intensities, as indi-~
cated in section B.l.ii. The observed daily precipitation at 30,000 stations
are avallable on tape for the FGGE year, and can also be used for input
(10,000 of these are in the U.S. and have hourly records.)

This information will be used to force the model biosphere and, thereby,
obtain a time series of the global fields of Ey, Ep, H, and oTs“; Wy and Wg;
and of the drainage, Dg; for the FGGE year.

The model derived UTB”, and ite spatial and temporal variation as a
function of Wy, enow cover, etc., (where Tg 1s the radiation temperture
of the earth's surface) can be compared with satellite measurements of Tg.
This will provide a quantitative evaluation.

Ep can be compared with the observed distribution of actively growing
vegetation. G, J. Tucker has shown that growlng and dying herbacious
vegetation can be determined from Landsat obgervations. This, however, can
only be a qualitative evaluation.

Er, H and Wy will be difficult to evaluate. Wg ), the moisture in the
upper root zone, whose depth ig of the order of 10 cm, may perhaps be
compared with gatellite microwave measurements of the moisture in the
uppermost 5-15 cm of the soil in the desert and grassland regions (Schmugge,

et.al., 1980).

]
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Dg c¢an be compared with the measured river flows during 1979, which

are now being documented, on tape, as part of the FGGE Level 2~B data set.

ee It 15 the above (phenologlcally interactive) version of the biosphere
that should be used when making weather predictions and predictions of monthly

and seasonal climate anomalies with the general circulation model.

T




B.4 Numerical Simulation of the Vegetation Formations.,

In the bilosphere described above, the phenological chenges of the
vegetation formations will Ls interactive with the atmosphere and goil
moisture, but the vegetation formations themselves will be prescribed (as in
Figs. 6 A~E).

If the above goal of biosphere modeling is successfully accomplished by
the beginning or early part of the third year, we shall undertake the next
step: which 1s to model and simulate interactive vegetation formations.
Here we will use empirical expressions which relate the climax vegetation
type to the atmospheric and soll molsture conditions and thereby (starting
from some initial state of the earth's vegetaticon cover) derive the distribu-
tion of the "undisturbed" vegetation formations: the forests, woodlands and
deserts. Replacement by grassland would cccur wherever atmospheric and
soil molsture conditions make the forest and woodland vegetatlon tinde ~-dry:
the assumption being that some mechanism for setting the dry vegetation on
fire (lightning, dewdrops acting as burning lenses, or incendiary man) is
always present,

A substantilal extension of the above procedure would be to make use of
the ecological processes which govern the growth, aging and succession of
vegetation types. Starting from a given initial state, we would calculate

the long term changes in the vegetatlon formation parameters.
Validation

Validation can be made, on the simplest non~trivial level, by forcing
the bilosphere with the non-interactive FGGE atmospheric data set. Here, we
would assume that this one year data set represents the climate that produced

the observed vegetation formations.
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A higher level of vallidation would be to initalize the vegetation
formations with the FGCE data set and then let the model atmosphere and
biosphere operate in the interactive mode (with some large comprension of the
successional time scale.) In doing this, the presently observed ocean
surface temperatures would be prescribed. Where the simulated and observed
vegetation formatione agreed, the model would be taken as being correct:
where they disagree, we would conclude that either the model was not
correctly formulated or that the presently observed vegetation formation

is not in its natural equilibrium state.

Applications.

Atmosphere-blosphere fully interactive: ocean surface temperatures

prescribed,
Besides the second level of validation indicated above, there will be
relatively few uses for a tully interactive atmosphere-biosphere GCM when

the ocean surface remperatures are prescribed (or when the ocean temperature

1s prognostic only in its thin boundary layer.) With given ocean temperatures,

we are limited to the CLIMAP type of calculation, For example, we can
prescribe the paleontologically derived global ocean surfage temperatures
of 18,000 years ago, and derive both the atmospheric state and the vegetation

formations of 18,000 years ago.

Ocean-~atmosphere-biosphere fully interactive.

Eventually we shall have a global ocean model which is fully interactive
with the atmosphere and which correctly simulates the heat transport and heat
storage in the deep ocean. (For a review of the near-current state of the

art of ocean modelling, see Mintz, 1979.) When that is in hand, there wa.l
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be many interesting and important climate simulation and sensitivity experiments
that can be made with the fully interactive occan-atmosphere-blosphere GCM;

some: concerning natural variations in climate, others concerning anthropomorphic
influences on climate.

An example, in the first category, would be the simulation of cliwmate
when the orbital parametere of the earth with respect to the sun are changed
(i{.e., a numerical test of the Milankovitch hypothesis on the fce ages.)

In the second category, which concerns man's influence on climate, per-
haps the most important uwe of the fully interactive ocean-atmosphere~blosphere
model would be to study the changes in the entire climate system (including
the changes in the stores of carbon in the ocean, atmosphere and blosphere)
as a result of the burning of fossil hydrocarbons, or of man's modification
of the living biomass (through desertification and deforestation, or conserva-

tion and afforestation.)




Dh'B'vnp
D[WI]
Ca

ok

C. Notation

speclies dependent constants

speeific heat of air (J kg™t og™ly
(” 1.01 at Bttipbj

specific heat of soil (J m™> °c™l)

zero plane displacement (m)

diffusivity of heat, water or vapor in the soil (m 5%)
drainage rate (Kg m% s~ 1)

vapor praessure (mb)

saturation vapor pressure (mb)

vapor pressure in the substomatal cavity (mb)

2

5_1)

interception loss rate (Kg m~
transpiration rate (kg w2 g™ly

vapor pressure component of stomatal resistance

alr temperature component of stomatal resistance

scattering coefficlent of canopy

radlation extinction coefficlent as a function of solar angle
leaf water potential component of stomatal resistance

flow of water through the plant stem (Kg w2 g”! or mm hr 1)
limiting value of Fp (Kg w2 g7l

acceleration due to gravity (m s~2)

heat flux to ground (W m=2)

height of the crop (m)

sensible heat flux to atmosphere (W m2)

relative turbulence intensity

von Karman's constant
(= 0.41)
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Km,v,h(z) conductivity of momentum, vspor and heat in the air (m 5"2)

Kp
Ko
1(2)
Ly

Ly

thermal conductivity of soil (W n2 °C-1)

hydraulic conductivity of soil (m B-l)

leaf area density (m? w3y
local mixing length (m)
leaf areca index (mz m'z)

number of leaf layers

throughfall coefficient

ral .jall rate (kg m~2 s~l)

radius (m)

aerodynamic resistance (s m~l)

leaf laminar boundary layer resistance (s m“l)

canopy air space resistance (s n~1)

root cortex resistance (s)

voot cortex resistance per unit length of root (s nl)
soil resistance (s)

stomatal resistance (s m“l)

component of stomatal resistance dependent on shortwave
radlative intensity only (s m™1)

xylem resistance (s)

xylem resistance per unit height (s a1y
longwave radiation incident on the surface (W m_z)

net radiation (W m™2)
root length density (m m_3)

golar radiation incldent on surface (W m'z)
solar radiation incident above canopy (W m“z)

alr temperature (°C)



Zp
Zd

a8

Ye
Yr
Vs

Xs
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temperature below which stomates close (°C)

deep soll temparature (°C)

leaf tempaerature (°C)

temperature at which stomatal resistance factor, f(Eg) =], {°C)
surface temperature (°C)

temperature above which stomates close (°C)

wind speed (m s~1)

2 1

flow of water through the plant root system (kg m or mm hr"l)

2

B

leaf water content (kg m “ or mm)

2 or mm)

water held on canopy surface (kg m~
height or depth (m)

height of bottom of canopy (m)
reference helght (m)

height of Lth layer above ground (m)

helght of leaf 'plate’ (m)

roughness length (m)

height of top of canopy (m)

albedo

psychrometric constant (mb °C~l) = 0.646 at s.t.p.
latent heat of vaporization (J kg=}) = 2.501 at s.t.p.
leaf water potential (bars)

root water potential (bars)

soll water potential (bars)

density of air (kg m™3)
(- 1-292 at 8¢t|p0)

soll water content (kg m3 or mdm~3)

leaf shape/shelter factor
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