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ABSTRACT

The IAP (Institute of Atmospheric Physics) land-surface model (IAP94) is described. This model is a compre-
hensive one with detailed descriptior for the processes of vepetation, snow and soil. Particular attention has been paid
to the cases with three water phases in the surface media.

On the basis of the mixture theory and the theory of fluid dynamics of porous media, the system of universal
conservational equations for water and heat of soil, snow and vegectation canopy has been constructed. On this back:
ground. all important factors that may affect the water and heat balance in media can be considered naturally, and
each factor and term possess distinct physical meaning. In the computation of water content and temperature, the
water phase change and the heat transportation by water flow arc taken into account. Moreover, particular attention-
has been given to the water vapor diffusion in soil for arid or semi-arid cases, and snow compaction. In the treatment
of surface turbulent fluxes, the difference between aerodynamic and thermal roughness is taken into account. The
aerodynamic roughness of vegetation is calculated as a function of canopy density, height and zero—plane displace-
ment. An extrapolation of log—linear and exponential relationship is used when calculating the wind profile within
canopy.

The model has been validated against field measurements in off-line simulations. The desirable model’s per-
formance leads to the conclusion that the IAP94 is able to reproduce the main physical mechanisms governfng the en-
ergy and water balances in the global land surface. Part II of the present study will concern the validation in a 3-D
experiment coupled with the IAP Two-Level AGCM.

Key words: Land Surface Model, Off-line Experiment, Validation
L INTRODUCTION

In recent yecars, parallel to the proliferation of climate change studies using AGCMs,
many land—surface parameterization schemes (LSPs) have been proposed, which range from
rather simple to complex representations of soil and vegetation. Most of them have been ap-
plied to AGCM following limited off-line calibrating and testing, and have shown the im-
provement of the representation of surface climates. Simulations of surface climate by
AGCM are not only sensitive to the changes of the surface albedo, roughness, soil moisture,
and evapotranspiration, but also very much dependent on the formulation of their LSPs (see
the review of Garratt, 1993; Sellers et al., 1996). Increased realism in the climate modelling
has been shown that the improvement of the land surface component of coupled climate
models is still a challenging task (Gates et al., 1996).

DThis work was funded by the National Key Project of Fundamental Research “Climate Dynamics
and Climate Prediction Theory” of China.
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The global landscape can be simply classified into three major types: vegetation cover,
desert and the permanent or seasonal snow. There exist great differences in cnergy and water
partitioning at the surface of these media duc to the differences of their thermal and
hydrological characteristics. Current schemes are concentrated mainly on soil and vegetation
processes incorporating with only some rudimentary considerations on snow, desert and
frozen soil (Dickinson et al., 1993; Sellers et al., 1996, etc.). One of the challenges in devel-
oping LSP using in AGCMs is how to comprise a comprehensive and accurate description for
all these different surface types without overwhelming the parent model with its
computational requirements.

One of the difficulties in establishing a comprehensive LSP may be the presentation of
universal control equations of temperature and water for all kinds of surface media. In deal-
ing with this problem, it is unavoidable to have variable coefficients in diffusive equations. A
series of experimental studies have shown that the specific heat capacity of frozen soil is about
half of that of unfrozen soil at the same water content {(including ice), which undergoes a sud-
den change about 0 C. and is largely dependent on the water content; while the heat conduc-
tivity is less dependent on the temperature change, but largely dependent on the water content
(Haynes et al., 1980). Thus, if we study the mixture cases in which snow, frozen soil or
unfrozen soil coexist, we must treat the variable coefficient diffusive problems. Régarding the
calculation of ground temperature, generally, two main types are used in the present LSPs:
one is the force—restore method, and the other is the direct spatial discretization of the therm-
al diffusive equation. The former, which is derived from the assumptions of periodic heating
and uniform thermal properties (Bhumralkar, 1975), requires considerable modification if
inhomogeneous or snow covered soils arc concerned (Dickinson, 1988). As for the latter, if
explicit method is adopted. in order to avoid the computational error and instability, a harsh
relationship between the time interval and spatial thickness must be satisfied; while, if implicit
method is adopted, it is gencrally CPU consumption. Since its physical meaning is clear in
comparison with force-restore method, it is still used in some of LSPs (Verseghy, 1991;
Viterbo and Beljaars, 1995, etc.). 1n the direct discretization method case, in order to apply a
large thickness of ground surface layer, a zero heat capacity skin layer for surface is usually
introduced. Nevertheless it can not evade the embarrassment of the nonconservation and the
overestimated evaporation in drying period. The same criticisms can be made also for the
moisture calculations.

A new LSP, suitable for various land surface media, has been developed in order to tack-
le the problems referred above. Special attention has been devoted to an accurate representa-
tion of the control equations for encrgy and moisture. In the natural environment, soil,
snowpack or vegetation canopy are a complex assembly of solid matrix, three phases of water
and dry air. Morland et al. (1990) had laid down a rigorous theoretical framework for a four
constituents phase -changing snowpack. which were derived from the principles of mixture
theory. A simplificd one-dimensional approach has been successfully used for snow cover by
Jordan (1991). In addition, there are many works on fluid dynamics for porous media in en-
gineering and water resource (Bear. 1972). In the viewpoint of the mixture theory and the flu-
id dynamics in porous media, we try to develop a set of universal control equations of energy
and water for the global land surface media. In the model development, we also attempt to
improve the calculation of the surface radiation fluxes and turbulent fluxes between surface
and the atmosphere. In the numerical solution. the control-volume approach of Patankar
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(1980) is adopted for the spatial discretization, which leads itself to direct physical interpreta-
tion, and quantity conservation over control volumes rather than at an infinitesimal point as
with a finite—difference scheme. As the time discretization procedure, Crank-Nicolson meth-
od is used. Governing set of equations are linearized with respect to the unknown variables
and solved by the tridiagonal-matrix algorithm.

The next section of this paper introduces the conservation equations for global land sur-
face media. In Sections 3, the parameterizations for the water flow within vegetation canopy,
soil and snow are given. Sections 4 and 5 present the parameterization scheme of the radiation
flux and the heat and moisture fluxes between the surface and atmosphere. Section 6 intro-
duces the model parameters and numerical implementation. Section 7 describes the results ob-
tained from the off—line experiments for different observational time series. CRREL, ARME
and HAPEX-MOBULHY data are used to assess the scheme performance. Conclusions are
presented in Section 8.

II. CONSERVATION EQUATIONS FOR WATER AND HEAT BALANCES

In IAPY94, the control-volume method (cf. Patanka, 1980) is used and the equations are
formulated in conservation form over control volume. Here our focus is only on a
one—dimensional vertical media that has no lateral gradients. For numerical computation, the
canopy, snow and soil are subdivided into n+! layers with variable thickness Azj(j= 1,2,00e,
n + 1). Moreover, in order to conveniently deal with the accumulation or ablation of snow at
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Fig. 1. Schematic diagram of the finite—difference grid structure of IAP94.
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the top of the snow cover without renumbering the elements, an ascending order from the
bottom up is indexed, as shown in Fig.l. Hereafter, superscripts j fA1/2 and f~1/2,
respectively, refer to the indices of control thickness Az, and its upper and lower bounding
surface.

In order to employ the mixture theory (Morland et al., 1990) and the dynamic theory of
fluids in porous media (Bear, 1972), we first introduce a basic relation among the partial den-
sity ¥, , partial volume 0, and intrinsic density p, of constituent k, where the subscript k is i,

[, v, a ord, respectively, for ice, liquid water, water vapor, air, or dry solids. They are related
by

e T 0o (1)

where y, is defined as the mass of constituent & per unit volume of medium (kgm™), p, is the
mass of constituent k per unit volume of constituent k (kgm *), and 0, is the volume fraction
(m’m *) of constituent k. The mixture density p, is given in terms of the partial densities by

p, = Zok Pr = Z')’k- (2
k k

An alternative quantity, volume fraction of liquid—water at saturation, which also termed the
voids “solid” porosity, will be used to refer to effective volume that liquid—water may occupy
between the solids (ice plus solid) and written as

0,,=1—0,—0, 3)

lsat

2.1 Water Balance Equations

Within a finite control thickness Az; of a medium. the time rate of change in mass must
equal their net flow across the bounding surface, plus its rate of internal production. Since the
matrices of soil and canopy are the immobile and incompressible invariant on the time scale
of ohe month or less, additionally, the mass of dry air is negligible in comparison with other
constituents (except water vapor), in essence, the mass balances are the water balances. The
conservation equations for water phase k within control thickness Az; are written as follows,

1

%hTZ/= —[(U, yrre — (U, )j-—l/2]+ ;Mk'k(l = Ok Az + Sy Az, (4)
where k' .k = i.l,¥,d,, = Kronecker delta, M ,, =rate of water phasc k' to phase K(kgm™'s™"),
and M, = — M., U, U '"*, = mass flow of constituent k through the upper and
lower bounding surface of control thickness Az_,.(kgm s 1), respectively. Hereafter we pre-
scribe the mass flow positive in the upward direction, S, = internal source to contribute to
constituent k.

Note that the sublimation is a very slow process by hand—to-—-hand within snowpack and
soil media, here, except for top ground layer, we set M, = 0 for other ground layers. The
movement-of ice is negligible in comparison with the liquid water and water vapor, but except
the accumulation of snowfall at the surface layer and in canopy. The internal sources S, ,
here, are only for the transpiration from leaf stomatal and the plant abstraction from the root
zone of soil layers.

Since each increase in one phase of water is balanced by a decrease in another, namely,

Z ZM“, (1 =6, )Az' =0, hence by summing (4) for all water constituents, the conservation
kK
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for mixture water is expressed as

(%p,dAZ’%—Z[(UA-)“'“—(Uk)'_'/2]+ZS—kA:'. (s)

In (4) and (5), the overbar indicates a spatial integration over Az, for a physical quantity Q,
the expression is

QAZ' = j | Qdz. (6)

12

Now let we transform the above constituents and mixturc water balance equations into
the familiar style used in previous LSPs. If we assume that the time change of water vapor
within canopy is negligible, for water vapor equation (4) can be written as

ba_tyvAzr: #_(Ear_Egt')+Eu'+E1r20‘ (7)

where superscript “c” refers to the average over canopy; E,.. E,., E,. and E,, are the mois-
ture fluxes (kgm™s '), respectively, from canopy to atmosphere, ground to canopy space, wet
foliage to canopy space, and transpiration.

By substituting (7) into (5), we can obtain balance equation for the mixture of liquid wat-

er and ice on foliage as
0Wd('w 1 ; "
— —=—[—-W, -U,/)-E,] (8)
cl P

where superscripts “ct” and “cb” are the index of top and bottom of canopy, subscript 9 re-
fers to i or / (for snowfall ¥ = i, for rainfall ¥ = /), W, is equivalent-water depth (a
transformation of water mass) stored on foliage {m).

By (1), we can write (4) for liquid water within snow or soil media in terms of water
volumetric content as follows:

J

a0, 1 it 172 j—1/2 ’ i
@ _ _ —UTY N+ M A — M, Az
y p,Az,[ (U, U )+ M, nA
. —; 1 0Az.
_ J _ _ J
SE! 1—(1—9)8, —Azj TRt 9)

The last term on right hand side in (9) represents the loss of liquid water due to the
compaction of snow, in which ¢ is the delta function (6= 1 for soil, 6 =0 for snowpack). E{, is
the rate of plant abstraction of liquid water from jth soil layer (kgm “s™!). For surface layer,

—n

M, Az =E, +E,.
2.2 Heat Balance Equations

Analogous to the conservation equations for water, the conservation of heat stipulates
that the time rate of change in stored heat within thickness Az ; equals the net heat flux across
the upper and lower bounding surface plus the internal heat sources. Provided that the forcing
time scale is much longer than the time scale for thermal transfer among the component ice,
liquid—water and dry solid, we may assume that they are in a state of thermal equilibrium,
namely, assume that they have a common temperature 7. Moreover, the air (water and dry
air) mass is of a lowér order in comparison with other components in media, their heat capac-
ity may be negligible. If we further assume the control variables T to be stepwise—homoge-
neous within control thickness Az, then the heat conservation equation for the mixture of
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solid matrix, ice and liquid water, and for the air component can be written as

0T, ) - . .
Z ’\,)kckAZJ j + Z[(CkTUk)j+1/2_(CkTUk)j 1/2—Cij(U:c+l/2_U{c 1/2)]
k=il

My at
= [(’"fe%__{)jﬂ/z - ("/e%—: )j_l/z]+m"+ug”2 — 1)
- ; Y LMy (1= 0)Az =L, E',, (10)
and s o
(”“aaTza ) - (;“/aaaTza ) +RTTA x0, (1)
where

T,= averaged common temperature of the mixture of ice, liquid water and dry solid over
Az(K), '

T,= averaged air temperature over Az},(K),

¢, = specific heat of component k£ Jkg 'K ™),

L, = latent heat due to the water phase change, and L, =—L,,., (k=ilv) kg™,

I,= radiation flux (solar radiation and atmospheric longwave radiation) (Wm ?), positive in
downward direction, :

A= effective thermal conductivity of mixture of ice, liquid water and dry solid (Wm'K™,

and, A,= ) 0,4,, in which Z,is the thermal conductivity of component
k=ild

k (k=ild),
h= coefficient of heat transfer between air and mixture of ice, liquid water and dry solid
(Wm K™,
& = delta function, here, §= 1 for canopy, é = 0 for snowpack or soil.
The second term on left hand side in (10) represents the heat loss through the water flow. The
second term on right hand side in (10) is the heat transfer flux between air and the bounding
surface of mixture of ice, liquid—water and dry solid. Here we assume that this heat transfer
only occurs in canopy, namely, all constituents maintain a common temperature for
snowpack and soil within a control thickness. The fourth term on the right hand side in (10) is
the latent heat due to the phase change in Az, Here we assume that the gains and loss of latent
heat are constrained to mixture of ice, liquid—water and dry solid. Eq. (11) holds only for air
in canopy.

With the common assumption made in current LSPs that the bulk thermal conductivity
of the mixture of water (liquid and solid water) on foliage, and the heat capacity of canopy
space are negligible, {10) and (11) are reduced to

T, L. , -
prcAz or + X [(e, TU" —(c4 TUk)‘h — ¢, T (U} — Ukh)]
‘ k=il
:—[HL+ Lﬁ\En+Ll\'Etr]—LthllAZL+[1%_I;(b] (12)
and

—H, +H, +H, >0, (13)
where
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¥ = jor/(for sublimation ¥ = j, for evaporation ¢ = /),T.= averaged foliage temperature
over canopy (K),H,= sensible heat flux between foliage and canopy space air (Wm™?),
H,.= sensible heat flux between ground and canopy (Wm %), H,.= sensible heat flux between

canopy and reference height (Wm ), p,C,A2(= bulk heat capacity of canopy, in present

model, we assume that it is of the order of the heat capacity of 0.2 mm of water per unit leaf
area index, namely,

pc, Az =[0.0002LAI X F,, (1~ F )+ W, 1x4295x10°0Um 'K "), (14)

SH

where LAI is the total leaf area index, F,,, the canopy cover fraction, and F,, the fraction of
vegetation covered by snow.

Provided that the forcing time scale is much longer than the time scale for thermal trans-
fers among constituents to take place in control thickness Az, for soil and snow media, we can
assume that all the constituents are in a state of thermal equilibrium, i.e., all constituents have
a common temperature 7. Moreover, the sublimation of solid water within media is absent in
our model, but it only occurs at the surface of top layer. Thus, there is a single mixture energy
equation for soil or snow media. By summing (10) and (11), the heat balance equations for the
internal and top control thickness of ground can be written as

0T, , — ; —

preidz L +le, TUY = (e, TUY TV = oy (U = U]

i+1/2 j-1/72
T\ T ’ . _

= [(ﬂea*z) - (Ae;;) - (L8 + Lo B+ 1y = 1) (15)

and
o7, , o ) i
pe bz’ =+ YU, TU T2 = (e, TU) ™2 =, T, 2 = Uy 77
k=4l
oT n—1/2

= [(Hgy + Ly Eg)+ (Hy + Ly E )]~ (ﬂeé?) —L,M,Az + (17 =1y (16)

where the superscript “n” refers to the top ground control thickness; H,,, H,. are sensible heat
(Wm™) from soil or snow surface to atmosphere, respectively, for the fraction of
non-vegetated and vegetated ground; E,, E, are the rate of evaporation or sublimation
(kgm %s7"), respectively, for the fraction of non—vegetated ground and vegetated ground, and

positive in upward direction. The bulk heat capacity p, c, Az is expressed by

Y 7. ckAzj for snow
pc, Az’ =" ; (17
Y yic Az for soil

k=ild

The effective thermal conductivity of soil is computed from the algorithm of Johansen (as
-recommended by Farouki, 1981), and that of snow is from SNTHERM.89 (Jordan, 1991),

which are expressed by
/{ = (Asat - j'dry );Lc + )“dry (183.)

e

for soil, and
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2, =0.023+ (7.75y, +0.110572) x 107 x 2.267(Wm " 'K ™) (18b)
Gy =7 7))

for snow. In (18a), 4, and 2, are the thermal conductivity of saturated and dry soil
respectively, 4. is a normalized thermal conductivity, i.e. a function of porosity fractional sat-
uration and soil quartz content (Farouki, 1981, p.112).

Once the conservation laws are written down, a model must formulate the various
parameterization relationships describing the fluxes and the constituent properties and the
interactions. The parameterization of the fluxes of energy and water flow that are employed
by equations in this section will be presented in following three sections.

III. WATER FLUXES WITHIN SOIL, SNOW AND CANOPY
3.1 Water Fow in Canopy

Precipitation arriving at the vegetation top either is intercepted by foliage, or falls
through gaps of the leaves in the canopy to the ground. Following Sellers et al. (1996), the
rate of inflow (interception). the rate of outflow (drainage of water stored on the vegetation),
and the rate of precipitation through foliage are given by

U,/ = —pF Pyl —exp(—K,LAI/F,, )] (19)
U =—p,D,, (20)

where P, is the rate of atmospheric precipitation (ms™'); D, the rate of canopy drainage (ms™")
(here the formulation (D7) of Sellers et al. (1996) are used); K, the extinction coefficient for
rainfall, as same as for vertical direct beam of radiation described in SiB; and the subscript
refers to i or [ (for snowfall ¢ = i, for rainfall & = /). The precipitation, P,. reaching the
ground surface, can be divided into two parts: one is what directly arriving at the top of the
bare ground and through the gaps in canopy to the ground P’,, and the other is the canopy
drainage P”,;

P//g =p[D(_. (21)
P,=p P[0 =F,)+F, exp(—K LAI/F,,)) (22)
Pg — P/g + P”g~ 23)

3.2 Sur face Runo ffand In filtration

Rainfall incident on ground either infiltrates the soil (or snow, if snow cover exists). or
becomes surface runoff when its rate is greater than the maximum infiltration of ground sur-
face layer or the surface layer is saturated. For snowfall it will be accumulated at the surface.
The surface runoff and infiltration fluxes (the water generated by the melted snow will be con-
sidered as an internal process, hence is not included here) are expressed as

Y(0)=0, (24a)
nt1/2 _

U; = —P,

Uiyttt =0 (25a)

for snowfall, and
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P, —Min(P,.p,K ), when 0, <8#,,
Y(O) — L X { g g P8 _I" ‘ lsat ] (24b)
£ P, when 0, 20,,,
U:l t1/72 _ 0
Uittt = —1p, - Y(0)p,] \ (25b)

for rainfall, where Y(0) is the rate of surface runoff (ms™"), and K,,, the hydraulic conductivity
of saturated soil or snow (ms™').

3.3 Water Flow in Soil

The Darcy law is used for calculating the water flow in soil
é
U =—p Kz +2), (26)

where K is the hydraulic conductivity (ms™'), and ¢ the water potential (m), which are related
to 0, through a set of simple relationships found in Clapp and Hornberger (1978)

K@O)=K_(0,/90 , 27
l/j(Ol ) = !//xul (0/ / OI.XUI ) B B’ (28)

2B+ 3
I..ml)

where K., is the saturated hydraulic conductivity (ms ')y, the saturated water potential
(m), and B the slope of the retention curve of soil water. The expression of finite difference of
(24) is described in Appendix B.

At the bottom of soil layer, there is gravitational drainage that dominates the flow for
large—enough length scales. According to the presumption of gravitational flow, the water

flow at the soil bottom U, ”* can be given by

)2B+3

U/'?=—p,K, (0 /0 , (29)

I.sat
where K, is the saturated hydraulic conductivity at the bottom (ms ).
3.4 Water Flow in Snow

Since the capillary forces with snow are usually two to three orders of magnitude less
than those of gravity (Colbeck, 1971), based on Jordan (1991) simplification, we can write the
water flux as

K
U, =——Lplg. (30)
By

where g is the gravitational acceleration (ms 2), ; dynamic viscosity (here assuming that it
has a value of 1.787 x 10 Nsm™! at 0°C), and K, the hydraulic permeability (m™?),

K, =K,_,>., (31)
K. =0.077d*exp(— 0.0078,). (32)

where K., is the saturation permeability, s, the effective liquid saturation defined by s,

0,, the irreducible liquid—water volumetric content in snowpack (0.0146,

—0.0690,,,, ), and d the mean grain diameter (m). The expression of finite difference of (30) is
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described in Appendix B.
3.5 Vapor Di ffusion in Soil

Vapor movement should be taken into account only in the soil media in which soil tem-
perature is great than 273.15K and water content less than 3% (Mchta et al.. 1994). The
movement of water vapor in soil takes two forms: one is the molecule diffusion, and the other
is the convection conducted by pumping at the surface. In present step, we only consider the
former. The flux of molecule diffusion can be described by Fick law

dp,

U, = —D\.—:_T', (33a)
where D, is the effective coefficient of diffusion (ms !). For this term. we currently use the
empirical express combined from Milly (1984) and Kimball (1976),

D, =229x10"" (273T.15 )].75 (1229 )01..\-(1, =07, oY

where T is the temperature of media (K), and P, the surface atmospheric pressure (hPa). In
(33a), p, is the water vapor density in the media (kgm *), which is usually expressed as follow-
ing Philip’s formulation (1957)

Py =h.pos (35)
_ Vg
h, =exp (R“ T) (36)
. € sar (T)
p.ﬂll R“- T : (37)

Although Philip’s formulation is applicable only if an equilibrium between liquid—water and
the vapor in soil pores is maintained, and is invalid near the surface of a natural soil, it is still
a good choice now, since there is only one investigation on loam that made by Kondo et al.
(1990, 1992). 1t follows from (33a) and (34)—(37) that

30,

oz

U, -D,C,

v . (33b)
h.g By, (0 "'

a (R". T)z 0/,."111 ol.ml

[

where R, is the gas constant of vapor (Jkg 'K '), g the gravitational acceleration (ms ), and
e, T) the saturated vapor pressure at temperature 7. Note that the dependence of vapor dif-
fusion on the temperature gradient is neglected in (33b) for simplicity, since it is lower order
of magnitude compared to the cffect of capillary. The expression of finite difference of (33) is
described in Appendix B.

3.6 Snow Compaction and Grain Size

Snow compaction is caused by its metamorphisms. According to Yen (1980), there are
four types, namely, destructive metamorphism, pressure metamorphism, constructive
metamorphism, and melt metamorphism. In present study. the former two metamorphisms
are considered for simplicity. The scheme is from Jordan (1991) which is sorted out from
Anderson (1976),
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1 éAz _ 1 éA:

_ |1 éa:
Az ¢t Az ¢t

Az Ot

(38)

metamor phism overburden

The mean grain diameter, d(m), is a critical variable in both mass and encrgy balance
equations, in that it affects (among other things) the permeability of snow to fluid flow, sur-
face albedo and extinction coefficient for solar radiation. The formulation is taken from
Anderson (1976)

0, if y,>917 kgm °

d=142.976 x 10 if 400<7y, <917 kgm ° (39)

3

1610 *+1.1x10 "7 if 7, <400 kgm

3

IV. RADIATION FLUXES

In this section, we first present the parameterization of the fraction of ground cover,
which is useful in calculating the grid averaged values of the surface fluxes, and then, briefly
describe how to calculate the surface albedo and radiative fluxes.

4.1 Fraction o fGround Cover

Our model permits limited heterogeneity at the land surface such that bare soil. vegeta-
tion and snow cover can coexist simultancously in a grid square. First of all we assume that’
the fraction of bare ground and vegetation cover 1s time—invariant in a time step, therefore,
what needed to be predicted is the variation of the fractions of snow cover with the accumula-
tion or ablation of snow. Following the formulations of BATS (Dickinson et al., 1986; 1993),

~ the fraction of soil and vegetation covered by snow is expressed as

S., = snowdepth / (0.1 + snowdepth), (40)
F_, =snowdepth / (10z,, + snowdepth), (41)

sn

where S, is the fraction of ground covered by snow, F,, is the fraction of vegetation covered
by snow, snowdepth is the snow depth covered on ground (m). and z.,, is the aecrodynamic
roughness of vegetation (m). Furthermore, each grid square over land may conceptually be
divided into four fractions.

F,=F,,(—F,), vegetation fraction without snow covered,

Fe=(—-F,)1—-8S,), ground fraction without snow covered,
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1/2 _
= ab.A.x + d.\\r (a.v./\.l ah./\.l) when dxw < d.\'u'mu.\' (42)

8.Ax s
A p, When d . =2d

W swmax

fed

where subscripts “g”, “b” and “s” refer to ground, bare soil and snow cover respectively, A re-
fers to the solar wavebands (visible and near—infrared), x refers to the incident direction of
radiation (direct and diffuse), and 4., is the critical depth where the effect of ground on
snow surface albedo may be neglected, which is generally taken as 0.01 (m).

(2) Based on above ground albedo, we recalculate the canopy radiative transfer equations
(two—stream approximation equation) (Sellers, 1985) for one vegetation layer.

The grid mean albedo «, , is given by a simple area weighted average as follows:

ap, = =Flagp, +Fpa . (43)
where a, ,  is the albedo of canopy.
4.3 Net Radiation Fluxes Absorbed by Sur face

The solar radiation absorbed by canopy and that by ground are given by
Fopny =Full—a ) —ta, (0 =,y 0 ) =13, (1 =, )Rads, (44)
Fong S =F)0 =\ I+ Fulog, (I =ag, ) o, (=2, Wi Rads . (45)

respectively, where
Rads, , = incident solar radiation of wavelength interval A and direction y (dir=direct,
dif= diffuse) (Wm ?),
F.,, = solar radiation absorbed by canopy (Wm ?),
F, A, = solar radiation absorbed by ground (Wm 2.
75, = diffuse fluxes per unit incident direct beam and diffuse radiation leaving base of cano-
py (downward),
734 = direct beam flux transmitted through the canopy per unit incident, for diffuse flux cal-
culation, 7;, = 0.

By summing the net longwave radiation fluxes, the total radiation absorbed by canopy
and ground is given by

I =1y =YY F.n, + F,0,[Radl +¢,0(T,)* = 26.0(T,)*), (46)

I =Y Y Fon, (1= F 8, )Radl + F5,¢.6(T,)" —¢ o(T,) . 47
Ay

where Radl is the downward atmospheric longwave radiation (Wm °); ¢, and ¢, are ground
and canopy emissivity, respectively, the value range is 0.9 — 1.0 (Kondrayev et al., 1981); ¢
Stefan—Boltzmann constant (Wm 2K *); 0, the canopy transmittance for thermal radiation,
and

8, =1 —exp{ —max[10 *,min(50,LAI/(F,, ‘)]}. (48)

veg

where 1 is the averaged inverse diffuse optical depth per unit leaf area. Note that the detailed
formulations of the coefficients of radiation reflectance and transmission in (44) — (46) have
been presented by Sellers et al. (1985, 1986).

Snow is not opaque to solar radiation, in the presence of snow on ground, the radiation
transmission should be taken into account. According to Jordan’s assumption (1991) that the
extinction of infrared radiation is constrained to a thickness of 2 mm of surface snow layer,
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we may assume that all incident infrared radiation will be absorbed in surface layer since the
thickness of surface layer prescribed in our model is far larger than 2mm. Therefore, what we
should consider is only the transmission of visible radiation in snow. The extinction
coefficient is given by

0.0037957,,
= . (49)

'Bvis - \/'(7
The energy gain due to radiation heating within snow cover can be cxpressed by

1,[,;1/'2 _ [,;e—l,lz — 1',;‘ 172 Z ngw.j_.xexp(— B..Az,) (50)

y—dirdif

for surface snow layer and
I =1 =1 P —exp(— By, Az ) (51)

for interior snow layer j The radiation transmitted out of the bottom of the snowpack will be
absorbed by the underlying surface soil layer nsoil.

V. FLUXES OF SENSIBLE HEAT AND EVAPOTRANSPIRATION
In our model the surface fluxes of sensible heat and evapotranspiration are calculated by
means of the classical resistance formulation in the electrical analog form

_ potential difference

flux -
resistance

The potential differences are represented by temperatures, specific humidities, respectively.
The resistances are equivalent to the integrals of inverse conductance over a path between the
specified potential difference endpoints. Fig.2 shows how the fluxes of sensible heat,
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Fig.2. Schematic description of transfer pathway for sensible heat and moisture / latent heat

between land - surface and reference height.
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evaporation and transpiration from ground and canopy traverse the aerodynamic resistances
(F e s 4g 7 4 -7 » ), and surface resistances (r 7. ). Fluxes, potential differences, and resistances
in Fig.2 are summarized in Table 1.

soil

Table 1. Fluxes. Fraction of Cover. Potential Differences. and Resistances

Flux Fraction of cover Potential difference Resistance
Hy, 1-F, Partp Ty T,) Fog

HW F, pm.,cp( T,-T,) ry

H, F; Pl T Tye) ry /2

H, F, PairCpl Tae™ T,) e

E,, 1 Fy, Pail Pt sar( T, ~q,1 TagtF suit
E,. Ey Pairl ol Ta) =G ] it soit

E, Fid Pairl 4sar! Te) ~tac] T

E, Fpl(1=6) Pairl Gsar! T =4 o] ry tr.
£ Fy Parl dac™4./ Fac

T,q, = air temperature and specific humidity at the reference height (K. kgkg P}

T .4, = air temperature and specific humidity in canopy space (K. kgkg h

PainC, = AIT density and specific heat (kgm *. Jkg 'K)

r.e = aerodynamic resistance between bare ground and reference height (sm h

r; = acrodynamic resistance between ground and canopy air space (sm Y

r,. = aerodynamic resistance between canopy air space and reference height (sm ")

ac

r, = bulk canopy boundary layer resistance (sm N

7. = bulk canopy stomatal resistance (sm ')

roq = soil surface resistance (sm ')

h, = relative humidity within pore space of surface soil layer

r

4., T) = saturated specific humidity at temperature 7 (kgkg B}

& = wetted fraction of canopy. asin BATS. 8 = (W 4./ W guman ">

In the following subsections, each resistance in the surface flux formulations in Table 1
will be briefly described with canopy parameters (canopy height, leaf area index, leaf drag
coefficient. etc.), external conditions (meteorological conditions at reference height), and
unknown variables (such as temperature 7,, T, and moisture content En). The surface
roughness length and zero—plane displacement height are two important surface characteris-
tic limits that largely influence the magnitude of aerodynamic resistances and near-surface
turbulent transfer. For this reason, at first, we will pay a great attention to them.

5.1 Sur face Roughness Length and Zero—Plane Displacement Height o fCanopy

In the case of rough surfaces, the effective source height for sensible and latent heat
transfers is not the same as that for momentum. Many researchers have stressed that in sur-
face layer parameterization, the roughness length value for heat (moisture) must be different
from that from momentum (Brutsaert, 1979; Garratt, 1992, 1993; etc.). Recently, Chen et
al.(1996) have tested the influence of the heat (moisture) roughness length in three atmospher-
ic surface layer parameterization schemes (Mellor—Yamada, Paulson, and modified Louis),
and found that they arc more sensitive to the trcatment of roughness length for heat
(moisture), rather than the choice among the three surface layer schemes. Following the rela-
tions summarized by Verseghy et al. (1993), the relations used to obtain z; from z,, for the
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four major ground cover types can be rewritten as follows:

Zep=ziem/ 2 for forest

zen=Zem /7 for crop

Zey=ZzZep/ 12 for grass

Zen=zem/ 3 for bare soil and snow cover

where z;;, and z,, are the heat (moisture) roughness and aerodynamic roughness for ground,
respectively. Here, we assume zg,, = 10 * (m) for bare soil, and z,,= 107 (m) for snow cover;
zey and zgy, are the heat (moisture) roughness and aerodynamic roughness for canopy,
respectively. For the case of vegetation cover, the aerodynamic roughness is related to the
density and height of canopy, and the underlying ground roughness length. Following
Yamazaki et al. (1992) formulations, it is given by

Zey =2, (1—%)exp <—{(1—%)x [fc'l +Fj;!{’7]}l> , (52)

2k*

where d is the zero—plane displacement of canopy, and

o (2 e[S (-2 )] 2.

2 2k?

In (52) and (53), z, and z, are the height of top and bottom of canopy respectively, & the von
Karman constant, and ¢, the nondimensional canopy density,

¢, =c,LAI (54)

where ¢, is the drag coefficient of individual leaves. f is a weighting function,
0.494(x + 0.8)

= — +037, (—3<x<1) (55)
s [(x+0.8)(x—0.5)+1.1]""*
x=lInc,
2 1/2
lnc‘l=(x+0.26)+[(x+0.26) 01617 s <y (56)

2
where ¢, | is a modified canopy density.
5.2 Wind Pro file above and within Canopy

In AGCM or uncoupled LSP simulations, the surface wind speed they provided is only
the wind speed u, at a reference height. Therefore, it is necessary to obtain a wind profile from
u,. When the surface that is cither bare or covered by fine roughness not exceeding several
centimeters in height, the wind profile is usually described by the logarithmic law. To extend
the logarithmic law to turbulent flow over relatively high roughness, such as tall vegetation or
forest canopies. a purely empirical modification is advanced. At present studijes. an
extrapolation of log-linear wind profile is adopted for above canopy, which is from Xue et
al.(1991), and written as follows:

u=u, — uk. [lnzz;Md ], - 0.75uk' [lnzZ:Md ]IZ . (57)

where u is the wind speed above canopy. u, the friction velocity, and z, the transition height,
2, =z, T 11785z, . (58)
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In dense canopy the wind coincides with the exponential profile (Inoue, 1963). To satisfy a
wide vegetation covers existing in the global land. the wind speed within canopy is expressed
by the sum of the logarithmic term and exponential term. An extrapolation of log—linear and
exponential—line wind profile that is from Yamazaki et al. (1992) is adopted as follows:

u=uz{fxexp[—;'i (- )+ a-pxlio t (59)

k Z2 Inz, /' zgp

Within the trunk space (z <z,), the log—linear wind profile is assumed by

Inz / z.;y,

U=u,—— . Zey 25 2)). 60

"Inz, / z¢y (ow <2520 (60)
In above considerations, for simplicity, only the case of ncutral stability atmospheric bounda-
ry layer is taken into account.

5.3 Aerodynamic Resistances and Sur face Resistances
5.3.1 Aerodynamic resistances and friction velocity

The aerodynamic resistances and friction velocity can conventionally be obtained by
solving the. Businger—Dyer flux—gradient relationships (Dyer, 1974), however. a costly
iterative process has to be used. In order to avoid iterations during model integration, Louis’
empirical approach (Louis et al., 1982) is adopted in our model. This approach is based on a
bulk Richardson number and provides explicit formulations for the calculations, however. it
is shown that the result for the cases of unstable atmospheric stratification is better than that
for the stable case. In order to overcome this shortcoming, the modified Louis approach in-
troduced by Mahrt (1987) is adopted. Additionally, the different values of the roughness
length for heat and momentum are implemented. The formulations of the aerodynamic resist-
ances and friction velocity are written as follows:

k*u
o' = In(z, /zGM)lr;(z, /zG,,)'f;' G,/ 26u RiB). €D
- kzu, ;
Tae = iz, = D)/ 2o G, — d)/z(v,,]f” (z, =d)/ z¢y JRiB], (62)
- kzu,
Ta =.ln(:.'l /zgy T DInz, /zg5y +1)° (63)
wl = {ln[(z, —l;)/ZCM]} up fullz, =d)/ z¢p RiB), (64)

where f, and £, are the Louis’ empirical function (see Louis et al., 1982; Mahrt, 1987), RiB is
the bulk Richardson number and defined as

Rip=45AT (65)
T, u,
where g is the gravity acceleration, -=z,—d for canopy. z=z, for ground, AT=T,-T, for

canopy, AT=T,—T, for ground.
5.3.2 Bulk canopy boundary layer resistance

Bulk canopy boundary layer resistance is obtained by integrating the individual leaf
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boundary layer resistance over all canopy space (the complete integrated solution is given in
Appendix A), and expressed as follows:

— -1 __ o~
r, =cu

)

(66)

ro —

5.3.3 Surface resistance

The formulation of stomatal resistance is taken directly from the SiB and SSiB
formulations (Sellers et al., 1986; Xue et al., 1991), and is rewritten as follows

-1 _ N, b 1K A 4 G () TSt G(we ~ K11 ,
Eharey: S+ F,(0) ‘n[ wf+ G :I l“[ wf+ G ]}F(D (672)

for daytime, and

0.5LAl

1 1
Fe N"a/b+('

FQ) (67b)

a+be . . .
F (0) N, is the greenness of vegetation, a, b and ¢ are species de-
n

pendent PAR response constant, F,(0) PAR flux above the canopy, here K the extinction
cocfficient, 4 the cosine of the PAR flux zenith angle, G( ) the leaf angle projection in direc-
tion 4, and F() ) the environmental stresses [the details can be found in Sellers et al. (1986)
and Xue et al. (1991)].

The soil surface resistance is taken directly from Sellers et al. (1992), and given by

for nighttime, where f=

nsoil

/8 ), for soil

Lsar

——nsoil

{exp(8.206 —4.2550,

0, for snow

(68)

Feoit =

5.3.4 Grid—averaged sensible heat and evapotranspiration fluxes

If there coexist bare soil, snow cover and vegetation within grid square, the bulk sensible
heat and evapotranspiration fluxes are taken into account. As by an area weighed average
mcthod in our model, the bulk fluxes are given by

H=H, +H,, (69)
E=E, +E,. (70)

VI. MODEL PARAMETERS AND NUMERICAL IMPLEMENTATION

6.1 Model Parameters

The parameters can be divided into two categories: the primary parameters describing
the nature of land surface, i.c., the dominant soil texture types, soil color types. and vegeta-
tion types within model mesh; the secondary parameters associated with the primary
parameters (listed in Table 2). For AGCM applications, currently, the former’s classification
and geographic distribution dataset are inferred from the soil archives of BATS (Dickinson et
al., 1986), and the vegetation archives of SiB (Doraman and Sellers, 1989), but with partial
modification to China region by using the dataset obtained in Chinese literatures; the latter’s
are obtained from above model and other scientific literatures.

6.2 Numerical Implementation o fModel

In practice, the soil column is discretized into three layers with thickness, Az,.Az, and
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Az, . ie, (1) surface layer (Az; = 1~2 cm), from which soil water can be directly evaporated
into the atmosphere, and where thc temperature undergocs a diurnal change; (2) intermediate
layer ( Az, = 14.8~ 47 cm), where the vegetation rooting zone is but the root there may not
exceed the bottom; (3) deep layer (Az, = 1~3m), where the transfer of water is governed only
by gravitational drainage and hydraulic diffusion, and the temperature there undergoes only
the seasonal and annual variation. In the presence of snow on ground, when the depth of
snow accumulation reaches 1 c¢m, the water and heat balance of snow media should be con-
sidered; othcrwise, it can be combined with the surface soil layer. With accumulating or ablat-
ing, the snow layer will be subdivided or combined simultaneously at the end of each time
step, the maximum number of discretization layers of snow is limited to 3.

Table 2. Soil and Vegetation Parameters Used in IAP94

Parameter Definition

(a) Soil physical parameters

Ya partial density of dry soil (kgm *)

Py intrinsic density of soil (kgm *)

K soil hydraulic conductivity at saturation (ms ')
Vo soi]l water potential at saturation (m)

B slope of the retention curve of soil water

¢4 specific heat of dry soil (Jkg 'K ")

q, content of quartz in soil

%oy soil surface albedo at saturation

Ay soil surface albedo at dry situation

(b) Vegetation mor phological and physiological parameters

Flop fraction of vegetation cover

LAl total leaf-area index (m*m ?)

N, canopy greenness index

wid inverse square root of leaf dimension (m '’ 2

a2 height of canopy top and bottom respectively (m)

T, T,.T, optimum, maximum and minimum temperature for stomatal

functioning (K)

1 Ross function of leaf- angle distribution

abh.ccyc, leaf stomatal resistance coefficients used in SiB and SSiB
A5, Op leaf reflectance and transmittance

¢y leaf drag coefficient

D\.D,.Dy thickness of surface, intermediate and deep soil layer (m)
root fractional factor of root in soil

The sequence of calculations carried out by our model is conceptually outlined as
follows:

1. Read in soil and vegetation paramecters (listed in Table 2)

2. Read in initial canopy, snowpack and soil element values of temperature, thickness,
water content

(a) Read meteorological data
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(b) Initialize partial densities, fractions of grid cover, snow age and grain size; set water
flow as zero; calculate resistances presented in Section 5

BEGIN TIME LOOP

3. Adjust the fractions of ground cover using (40). (41)

4. Read meteorological data

5. If precipitation occurs,

(a) Calculate the temperature of precipitation, formulation of wet-bulb potential tem-
perature is used

(b) Calculate the canopy interception by using (19), (20)

(c) Calculate water flow, snow accumulation and surface runoff at the ground surface by
using (24), (25). In the case of snowfall, snowfall density of 80 kgm™ for air temperature
greater than —15°C and 50 kgm ™ for air temperature less than —15°C

(d) Calculate canopy water store and water content of top ground layer resulting from
precipitation

(e) If there is no snow layer isolated from surface soil layer before this time step, and
snow accumulation reaches 1 cm resulting from snowfall, add a new snow layer, and initialize
the new snow temperature, partial densities and grain size

6. Determine compaction rate of snow cover by using (38), adjust thickness of snow lay-
ers, renew snow partial densities and grain sizes

7. Calculate thermal parameters, including effective thermal conductivity, combined spe-
cific heat by using (14), (17), (18)

8. Estimate albedo and transitivity of canopy, ground albedo, and the net absorbed solar
radiation fluxes

9. Solve linear thermal balance equations, using tridiagonal matrix algorithm, note that
they are first linearized and the differentials are approximated by discrete intervals

10. Calculate turbulent flux as following procedure:

(a) Estimate surface roughness, zero—plane displacement, and wind profile relationship
by using (52) — (60)

(b) Calculate resistance r ,, ¢ ;.7 .t

(c) Solve vapor and heat balance equations (7) and (13), r,..r . .r ... T, G,
iteration method

(d) Estimate turbulent fluxes and net absorbed radiation using new temperature and hu-
midity

11. Renew water content due to evapotranspiration as following procedures:

(a) Calculate ice sublimation, melting and water vapor diffusion within canopy,
snowpack and soil

(b) Adjust water content of canopy, snowpack and soil resulting from evapotranspiration
and melting

(c) Solve linear hydraulic diffusive equations for snow and soil, using tridiagonal matrix
algorithm (note that they are first lincarized and the differentials are approximated by discrete
intervals)

(d) Renew partial densities of snow and soil layers

14. Divide or combine thick or thin snow elements (note that the thickness of surface lay-
er is limited in the range lcm — 2cm, and the number of snow layers is variable)

15. Save the past values of mass, thermal parameters and variables for next time step use

16. Return item 3, begin next time step.

by using
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END MAIN TIME LOOP

It should be mentioned that the prognostic equations of water balances are only consid-
ered for the liquid water constituents’ [e.g., Eq.(9)] in above procedure. For other water con-
stituents’, they are treated as diagnostic formulations.

VII. EVALUATION OF THE MODEL PERFORMANCE

In this section we use several field datascts to cvaluate IAP94 described above. We aiso
compare with the other schemes. The aim of the [AP94 is not only to reasonably describe the
land—surface physical processes for a particular location, but rather to have better perform-
ance of the scheme in different climate regions on global land. For this propose, we conduct a
series of off—line experiments, which involve a wide range such as tropical forest, grass land.
crop field, arid bare soil, frigid bare soil, and snow cover. In this paper, three experiments are
presented, in which CRREL, ARME, and HAPEX-MOBILHY observational datasets are
used. Here CRREL data come from CRREL snow field experiment (Cold Regions Research
Enginecring Laboratory, Hanover, New Hampshire; Jordan, 1986; 1989; 1990), ARME data
come from central Amazonia rainforest experiment (Shuttleworth et al.,, 1984), and
HAPEX-MOBILHY data come from HAPEX agricultural crop field experiment at
Caumont in France. The last experiment is a PILPS experiment of phase 2. [Note: we also
conducted the PILPS Cabauw experiment, the results of which can be found in Chen et al.,
(1995), and other cxperiments conducted by IAP94 can be found in Dai (1995)].

7.1 CRREL

CRREL snow—field site is located in Hanover, NH (49.6°N, 72.0°W). The forcing me-
teorological data used in this study are taken from the observations covering the period of
5-18 February 1987, where the observational height is 2 m above ground. The hourly obser-
vations of air temperature, wind speed, relative humidity, incident solar radiation, incident
long wave radiation and precipitation rate arc used. The initial snow depth is 0.55 m. When
integrating [AP94, the initial data, snow and soil parameters are the same as those used in
SNTHERM .89 (Jordan, 1991). For verification, the results of SNTHERM.89 are used.
SNTHERM.89 has a very fine and comprehensive description for snow, which has been
extensively used in snow hydrology community, but is not feasible for climate study because it
is computationally demanding.

Fig.3(a, b, ¢) shows predicted time series by SNTHERM.89 and 1AP94 for the absorbed
radiation R,,, . sensible heat H. latent heat L, E. The predicted fluxes by the two models
agree reasonably well. Fig.3(d. e) shows predicted time evolutions of the surface temperature
and snow thickness by SNTHERM.89 and IAP94. In surface temperature simulated by
1AP94, the crest values are slightly lower than by SNTHERM.89 (approximately 0.5 — 1 K).
These differences seem to be caused by the prescription of minimum thickness of surface
layer. In IAP94, the minimum thickness is limited at 1.0 ¢m, but that in SNTHERM.89 is at
0.2 cm. The heat capacity for SNTHERM.89 is larger, and needs more heat to reach the crest
temperature. The total snow thickness simulated by IAP94 is somewhat thicker than that by
SNTHERM .89, since the prescribed maximum number of snow layer in IAP94 is 3, and less
than that in SNTHERM.89, and the underlying layers load less weight from the tops, and
then underestimate the pressure metamorphism.
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Fig. 3. Daily variations of I[AP94 and SNTHERM .89 predicted (a) net radiation. (b) sensible
heat flux, (c) latent heat flux, (d) surface temperature. and (e) snow depth at a snowfield
(CRREL, Hanover, New Hampshire, USA, 5-18 February.

72 ARME

The ARME site4s located in the central Amazonia, Brazil, and was selected as represen-
tative of rainforest. The forcing meteorological data and the verifying fluxes data used in this
study are taken from the observations covering the period of 1 -30 September 1983 on a tower
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used. When integrating IAP94, the initial data, vegetation and soil limit are the same as those
used in Xue et al. (1991), Sellers and Dorman (1987).

Fig.4(a, b, c) shows the observed and predicted time series by SSiB and 1AP94 for the ab-
sorbed radiation R,,, , sensible heat H, latent heat L, E. The predicted fluxes by IAP94 and
the observations are generally in good agreement. Comparing the results of SSiB, we find that
the net radiation predicted by two models are very close to observational values. but thereis a
slight discrepancy in sensible and latent heat fluxes. SSiB reproduces a somewhat higher sen-
sible heat and lower latent heat than IAP94, and IAP94’s are relatively more close to the ob-
servations in most of the days.

Fig.4(d, e, f) shows SSiB and IAP94 predicted time evolutions of canopy temperature T,
soil surface temperature T,,,,. and total soil water content (in total 3.5m). The 1AP94 and
SSiB predicted values generally agree well. The differences are the surface soil temperature
and soil moisture simulations. Except the period from 6 September to 9 September, the crest
values of surface soil temperature simulated by IAP94 are somewhat lower than SSiB’s, and a
time—lag covers all the integrating days. Additionally, relative to SSiB’s, a decrease tendency
of the total soil water exists, which starts from 20 September.

7.3 HAPEX—-MOBILHY
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Fig. 5. Annual cycle of soil moisture (mm) for three layers as simulated by IAP94 compared with HAPEX data, (a) total 1.6 m,

(b) top 0.5 m, and (¢) top 0.1 m. The observation data are shown for HAPEX weekly measurements for respective layers (closed
circles). The simulated results are shown for two runs (PILPS HAPEX Experiment | —control, PILPS HAPEX Experiment 13).
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VIII. SUMMARY AND CONCLUSIONS

The IAP (Institute of Atmospheric Physics, Chinese Academy of Sciences) land—surface
model (IAP94) for use within GCMs has been described in detail. The scheme has been tested
against ficld measurements. and compared with the SNTHERM .89 (Jordan, 1991) and SSiB
(Xue et al., 1991), corresponding to a wide range of surface conditions and meteorological
forcing.

This scheme is comprehensive to some extent and is suitable for different surface types of
all global landscape. In its development, IAP94 has emphasized the substantial physical basis,
and included all primary factors as comprchensive as possible, additionally, stressed the effi-
cient and economical numerical computational schemes.

Based on the mixture theory (Morland et al., 1990) and the theory of porous media fluid
dynamics (Bear, 1972), the system of conservational equations for water and heat of soil,
snow and vegetation canopy has been constructed. All factors that may affect the water and
heat balance in media can be considered naturally, and each factor and term possess a distinct
physical meaning. In the computation of water content and temperature, the water phase
change and the heat transported by water flow were taken into account, namely, a coupled
treatment for all these factors has been carried out partly. The difficult treatment for water
phase change becomes more convenient in IAP94. Moreover, a particular attention has been
paid to the water vapor diffusion in soil in arid or semi—arid regions, and snow compaction in
IAP94. The effect of the difference between aerodynamic roughness and thermal roughness
on the surface turbulent transfer was taken into account as well. The acrodynamic roughness
of vegetation is a function of canopy density, height and zero—plane displacement. An
extrapolation of log linear and exponential relationship is used in describing the wind profile
within canopy. IAP94 consists of a large number of linked process schemes, some of them are
cited from the scientific litcratures.

In conclusion, IAP94 seems to be able to capture the main physical mechanisms gov-
erning the land—surface processes. But many approaches towards the improvements remain
opened, for example, the parameterizations for overland runoff and lateral ground—water
flow, particularly when topographic forcing is considered. A detailed check and sensitive tests
over the vegetation and soil characteristics, such as stomatal resistance, roughness, wind pro-
file relationship, snow masking effects in albedo, soil heat capacity and conductivity, will be
conducted in the future. Finally, some methods to improve the modelling of subgrid—scale va-
riability of convective precipitation, surface soil moisture and grid averaged surface fluxes
may have to be sought, perhaps along the lines of the work of Avissar et al. (1989) and
Noilhan et al. (1995). In order to verify those aspects of the model formulation, the GEWEX
provides a fruitful dataset at different scales to test the performance in off—line cases and as-
sumptions related to spatial averaging at a grid scale. The results of these numerical experi-
ments will be presented in the forthcoming papers.
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Appendix A
Bulk boundary layer resistance coe fficient r
The individual leaf boundary resistance was given by Goudriaan (1977) as
Fon =90 X (u e wid) "2 (A1)

Here u is the wind speed over the leaf surface (ms™'), and wid the inverse square root of leaf
dimension (m™'” ?). Assuming the exponent-line part is dominant in wind profile within can-
opy, and integrating (59), we can obtain 7, as follows

O LAl s
Ty =§ royn dL=Cuy" ", (A2)
0
where
- 4k Za
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27 Gy
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Appendix B
Spatial discretization formulation o fwater fluxes within soil and snow

In spatial discretizing. the central—difference method is used. The discretization
formulations of (26), (30) and (33) are given by:
(a). Water flux from soil layer j to soil layer A1

i — 2

) ) / +0 28 +3
+1/2 _ ! !

Uit = ek, (——__ —)

(ﬁ )] B1)

(b). Water flux from snow layer j to snow layer 1

2 jo i3
: pig (s, *ts,
UMYt = =K —— (—7) (B2)
! max #l 2
(c). Water-vapor flux from soil layer j to soil layer 1
) ) " ) 6——/"1 _0—1
Ui+1/-=_(DvC0 I+D‘,C¢))(-L—I) (B3)

Azj,  t+ Az}.
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