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A Soil-Canopy Scheme for Use in a
Numerical Model of the Atmosphere - 1D
Stand-Alone Model.

E.A. Kowalczyk, J.R. Garratt and P.B. Krummel
CSIRO, Division of Atmospheric Research Private Bag 1, Mordialloc,

Vic 3195, Australia

-

Abstract

-

We provide a detailed description of a soil-canopy scheme for use
in the CSTRO GCMs (CSIRO-4 and CSIRO-9), in the form of a one-
dimensional stand-alone model. In addition, the paper documents
the model’s ability to simulate realistic surface fluxes by compari-
son with mesoscale model simulations (involving more sophisticated
soil and boundary-layer treatments) and observations, and the diur-
nal range in surface quantities, including extreme maximum surface
temperatures. The sensitivity of the model to values of the surface
resistance is also quantified.

The model represents phase 1 of a longer-term plan to improve
the ABL and surface schemes in the CSIRO GCMs.

1 Introduction

The main purpose of any parameterization of the land surface and the atmo-
spheric boundary layer (ABL) for use in general circulation models (GCM)
1s to provide an efficient means of calculating the fluxes of momentum, heat
and water vapour, both at the surface and at several levels within the ABL.
The surface parameterization should include the effects of surface albedo
(radiative transfer), surface roughness (momentum transfer), and surface
hydrology (sensible and latent heat transfer). All of these properties are
influenced by the presence of vegetation.
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The inclusion of realistic soil and vegetation schemes in numerical dynam-
ical models has taken on added importance in recent times because of the
increased interest in land-use activities, and their impact on climate. The
rapidly growing interest in climate and climate change problems, and the
need to simulate regional climate more precisely on time scales of several
decades, is leading to a greater appreciation of the role of the ABL and
of the land surface in the climate system. It is generally accepted that in
short-range numerical weather prediction models, the initialization prob-
lem and initial data deficiencies are far more crucial than details of the
mode] physics. In contrast, there is a recognition that climate is sensitive
to the characteristics of the underlying surface (in particular, the albedo
and moisture availability), and that the accuracy of the surface-flux formu-
lation becomes more important for longer-range forecasts and for climate
simulations.

In recent years, quite sophisticated turbulence, soil and canopy schemes
have been formulated for use in GCMs, and at the same time very detailed
data sets have become available for specifying the geographical distribution
of a range of surface parameters (see e.g. Dorman and Sellers, 1989). Carson
(1982) has given a comprehensive review of land-surface and ABL schemes
used in many GCMs up to c. 1980, with an emphasis on surface processes.
References to other papers which complement this earlier review, and tend
to discuss specific topics in more detail, can be found in Garratt (1992a).

The four land-surface properties - albedo, roughness, hydrology (degree
of wetness) and vegetation density - have all been the subject of individual
sensitivity studies. In the real world, each of these properties varies signif-
icantly in space and time though it is not yet clear to what extent GCMs
need to incorporate these natural variations. As an example, the albedo
over snow-free land is known to vary between about 10 percent for tropical
forest and 35 percent for desert (see Fig.1). Likewise, the surface roughness
over flat terrain can vary between 1 mm or less over sand and snow to 1-2 m
over tall forests (see Fig.2). These roughness values are likely to be higher
in the presence of small-scale orographic features.

Data sets may be required for three main purposes - specification of the
lower boundary conditions, specification of initial conditions and for com-
parison with model output. In the first case, we are looking at data sets
which allow the soil/vegetation type, the albedo, the aerodynamic rough-
ness and the mean height of the orography to be specified as a function of
geographical location. In the second case, climatological variables may be
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Figure 1: Variation of albedo with surface type, based on observations, lit-
erature values and model-specified values. Data for both wet and dry soils,
short and long grasses and deciduous, coniferous and tropical forests are
shown. Vertical bars represent the range of albedo values for the specific
surface type, whilst the dashed line represents the dependence of albedo
upon surface moisture content given by Idso et al. (1975), viz.

— 0'31 - 0'34719/77:at ng/nsat S 0-5
’ 0.14 ng/naat 2 0.5.

Data represent both direct observations and model-assumed values (them-
selves based on observations), with symbols as follows: (*) from Dorman
and Sellers (1989), including a range of values for wheat (W); (7 ) from
Wilson and Henderson-Sellers (1985), their Tables 8 and 9 - the ocean value
is for a high zenith angle; (A ) from Henderson-Sellers and Wilson (1983),
their Table 4; (Z) from Sellers et al. (1986) for a wheat crop, giving the
variation in albedo with zenith angle; (M) from Matthews (1985); (O) from
Oguntoyinbo (1970); (T) from Tapper (1988); (K) from Kriebel (1979); (S)
from Stewart (1971); (P) from Pinker et al. (1980); (x) from Dorman and
Sellers (1989)(due to Monteny), see also Oguntoyinbo (1970); (+) from
Shuttleworth et al. (1984a).
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Figure 2: Variation of surface roughness length with surface type, based on
observations, literature values and model-specified values. Symbols as fol-
lows: (*) from Dorman and Sellers (1989) for some of their 12 surface types;
(x) from Garratt (1977) for the ocean (or blowing snow) for wind speeds
(measured at 10m height) in the range 2 to 20 ms™?!; (x) from Izumi (1971)
for a wheat stubble; (G) from Garratt (1980) for sub-tropical savannah; (C)
from Clarke et al. (1971) for a semi-arid sparse grass cover; (V) from Hicks
(1973) for a vineyard; (P) and (C) from Garratt (1991); (S) from Shuttle-
worth et al. (1984b) for a tropical rain forest; (D) from Deacon (1953), with
the straight line representing the variation of zo with grass height.



Soil-Canopy Scheme for Use in Numerical Model of Atmosphere 5

available to initialise a model integration - these may be in the form of mean
monthly atmospheric variables as a function.of height and location, or of
surface variables as a function of season and location. In general, accurate
initialisation of a climate model is not a major requirement, in contrast
to the needs of numerical weather prediction, but a realistic initialisation
of the soil moisture field for example may be required. In the third case,
validation of model simulations depends on the availability of observations,
suitably reduced and averaged, for comparison with model output. Obser-
vations might take the form of time-averaged atmospheric fields of velocity,
temperature and humidity, derived fields of stream fun¢tion and velocity po-
tential; surface fields of pressure, fluxes, precipitation; climatological fields
of clouds, and detailed data on surface variables in terms of diurnal be-
haviour at specific locations. Perrier (1982) should be consulted for an
earlier discussion on data sets useful for validation of models and suitable
for specifying lower boundary conditions.

There are some 10 - 20 major GCMs in use around the world and, until
the late 1980s, most had quite crude surface schemes. In recent times, a
number of relatively sophisticated canopy schemes have become available
for use in both mesoscale models and GCMs (e.g. BATS - Dickinson et al.,
1986; SiB - Sellers et al., 1986; Noilhan and Planton, 1989). Such schemes
owe much to the work of Deardorff (1978).

The main CSIRO GCMs at 31/12/91 included the 4-level model CSIRO4
(Hunt and Gordon, 1989) and its companion in the form of a 9-level ver-
sion (CSIRO9). Both utilised the soil-moisture scheme of Deardorff (1977),
with a single soil type only, constant roughness length over land and no al-
lowance for vegetation. CSIRO4 used the forcing method (Deardorff, 1978)
for calculation of surface temperature - this neglects the soil heat flux - and
CSIRO9 uses the finite difference form of the thermal diffusion equation
with three soil layers. The soil-canopy scheme described in this technical
paper, and its incorporation into the low-resolution (thomboidal 21) version
of both CSTRO4 and CSIRO9 models, and the high-resolution (rhomboidal
42) version of the CSIRO4 model, represent Phase 1 of a long-term plan to
improve the representation of ABL and surface processes in CSIRO GCMs.
The scheme gives a significant improvement on earlier methods of surface
representation in CSIRO models. At the same time, the data sets described
in Dorman and Sellers (1989), with small local modifications, are being used
to describe the geographical distribution of surface albedo, roughness and
unconstrained canopy (stomatal) resistance. This requires averaging of the
original 1° x 1° data for 12 surface types for compatibility with the hori-
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zontal grid structure in both low (R21) and high (R42) resolution versions
of CSIRO4 and CSIROY. Phase 2 of the plan-involves the assessment and
ultimate incorporation into future model versions of detailed and compre-
hensive schemes for the surface and ABL.

The main purposes of the present technical paper are as follows -

(a) To provide a detailed description of the soil-canopy scheme to be used

in CSIRO4 and CSIRO9.

-

(b) To demonstrate the realistic simulation of the diurnal variation of a
number of quantities, by comparison with observations. -

(¢) To document the model’s ability to simulate realistic surface fluxes.

(d) To document the diurnal range in surface quantities, including surface
temperature.

(e) To quantify the sensitivity of the soil-canopy model to values of the
roughness length and surface resistance.

The soil-canopy scheme described here has a number of features similar
to those described in Deardorff (1978) and Noilhan and Planton (1989). It
allows for the inclusion of the following details - soil type (hence variable
thermal and moisture properties); albedo; roughness length; canopy resis-
tance; canopy interception of moisture; runoff; deep-soil percolation; snow
accumulation and melting.

2 Basic Formulations for Land-Surface Pro-
cesses and the ABL used in GCMs.

(a) Surface fluxes

Surface fluxes (stress 7, sensible heat flux H and evaporation E) are re-
lated to mean properties of the flow through the use of drag and bulk
transfer relations. These are written,

lopy!

—~
[a—
e’

T/p = —uww =ul=Cpul
H/pe, = w8 = —u,0, = Cgug(6, — 6.)

—~
[N
N
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Elp = w'qd = —u.q = Cpta(go — ¢a) (3)
Ep/P = CE“::(%‘ ‘"qa)> - (4)

where E, is the value of evaporation E when the surface is saturated at
temperature T,. In the above, u,, 6, and ¢, are model variables at level
1, and 6, , q, are surface values (§, is the potential temperature associated
with the absolute radiative temperature T,; also ¢ = q;(T,)).

In these equations, formulation of the bulk transfer coefficients (Cp, Cy
and Cg ) depends on the reference level for the atmospheric variables u,,
6, and q,. If the lowest model level lies within the surface layer, the formu-
lation is based on Monin-Obukhov similarity theory, otherwise generalised
boundary-layer similarity theory needs to be used, Garratt (1991). In both
CSIRO GCMs, surface-layer theory is used - in CSIRO9, with the lowest
level at about 150m, that based on Louis (1979). In CSIRO4, with the
lowest level at about 900 mbar, an interpolation technique is used to give
pseudo-variables at a nominal level of 100m, and transfer coefficients eval-
uated from standard surface-layer theory.

The drag, heat and mass transfer coefficients discussed above take into
account both turbulent and molecular transfer of a property s between the
surface (property concentration s,) and reference height z in the surface
layer (concentration s). For some applications, it may be more convenient
to replace the transfer coefficients by quasi-resistance parameters. The bulk
aerodynamic resistance to the transfer of momentum from a level z to the
surface, i.e. at z = z, , is defined as

TaM = pua(z)/To = ua(z)/uzo = (CDu’a)_l' (5)

and so as Cp increases (higher 2z, or more unstable conditions) or u, in-
creases, the resistance decreases. For a reference height of 10m, and with
u, = dms~! | it is readily deduced that r,p; typically lies in the range
10 — 100sm ™! for land surfaces. Expressions for the bulk aerodynamic re-
sistance to sensible and latent heat exchange can be defined as

vt = pey(fs— 62)) Hy = (B — 6,)/ttsobon (6)
TavV = p(qo - qa)/Eo - (qa - qo)/u*oq*o- (7)

Comparison with Eqs.2 and 3 gives,

TeH = (CHUQ)_l (8)
rov = (Crug) ™!, (9)
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so that for land surfaces in particular, where Cy g < Cp, it follows that
TaH A Tav > Tap. An alternative form of the bulk transfer relations, Eqs.2

and 3, is then

HO/pcp = (0o — 6a)/Tan (10)
Eo/p = (9 — ga)/Tav. (11)

The potential evaporation (E ) is written as,
By = p(q"(T5) = ga)/Tav. - (12)

In the calculation of evaporation, a general or effective surface resistance,
T, , can be used to take into account the effect of vegetation on evaporation.
For a canopy, this resistance is almost entirely determined by the stomatal
resistance of the leaves, and called a bulk stomatal resistance, given by

et = p(q(To) = 45)/ Eo. (13)

This equation is commonly referred to as the ‘big-leaf’ model, since it basi-
cally represents the whole canopy as a single hypothetical ‘leaf’ of resistance
Tst . Now if 7, 1s the resistance of a single stomata, then 7, is defined as
the parallel sum of these stomatal resistances, with

1/7'at = A—lzLA,i/rati7 (14)

where L4 ; is the area of the ith leaf and the summation is over all leaves
above some representative ground area A. The leaf area index (LAI) would
be defined as the total leaf area of the foliage per unit ground area.

The surface resistance, r,, will be similar to r,; for a complete canopy
cover, but will be different from r,; for partial cover. The resistance r,
in the latter case would include effects of evaporation from the soil which
contributes to the vertical flux above the canopy (e.g. Shuttleworth and
Wallace, 1985). Combination of Eqs.11 and 13 allows the unknown g, to be
eliminated and, with r,; replaced by r,, yields

AE, = pAMg(T,) — @) /(Tav + 7,) (15)

where X is the latent heat (units of Jkg™!). For closed canopies, where E,
is predominantly transpiration, experimental results support the use of r,,
in Eq.15. These show that r,, depends on several environmental factors,
with a strong diurnal variation, as well as varying between species.
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(b) Surface energy balance and radiative fluxes

Calculation of the fluxes requires knowledge of the surface temperature.
Determination of this is based on the surface energy balance, written as

Ryo — Go = Hy + AE, (16)

Here Ry, is the net radiative flux density to the surface (net radiation) and
G, is the heat flux into the soil; the sum of the fluxes on the LHS of Eq.16
defines the available energy. The flux G, is to be interpreted as the soil
heat flux at the surface, and can be calculated from ‘consideration of heat
conduction and conservation in the soil. The heat conservation equation for
a homogeneous soil in the absence of heat sources and sinks can be written

0T, oG - -~
R (17)
where, )
. 0T,
G = k7. (18)

In the above, C, = p,c, is termed the volumetric heat capacity (units of
Jm~3K™1), p, is the soil density and c, is the soil specific heat. In addition,
k, is the thermal conductivity of the soil, where k, = p,c,5, , and &, is the
thermal diffusivity. Combining Eqs.17 and 18 yields the heat conduction
equation,

0T, 0T,

ot~ ez

In finite difference form, this can be solved numerically in a multilevel soil
model to give T,(2,t) and hence G, from Eq.18.

(19)

Alternatively, Eq.16 can be rewritten as a rate equation for the surface
temperature. The relation between G, , the surface soil heat flux, and G,
the heat flux at a small depth in the soil follows from Eq.17

,0T,  OW,
PsCsAz YRy =G, — Gy. (20)

This allows Eq.16 to be written as,

0T,

o (21)

Ryo— Gy = Hy + AE, + C
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where C,0T,/0t is the rate of energy storage per unit area in the thin
soil layer. Eq.16 contains the net radiation which, with the adopted sign
convention, is generally positive by day and negative at night over land.
Rn, contains a combination of shortwave and longwave fluxes, such that

Ryo = Ruo(1 — a,) + ¢, RE + RY, (22)

where R,, is the global shortwave radiative flux (positive), R%_is the down-
ward longwave flux (positive) and K}, is the upward longwave flux (neg-
ative), all at the surface. In addition, a, is the shortwave albedo of the
surface and ¢, is its longwave emissivity. In Eq.22, we have allowed for an
amount (1 — ¢,)R%_ of reflected longwave radiation, which equals zero if the
surface is a blackbody with ¢, = 1.

(c) Surface temperature

Numerical models of the atmosphere usually compute the ground surface
temperature (7, ) from either Eq.16 (a diagnostic form of the SEB equation)
or from Eq. 21 (a prognostic form of the SEB equation, i.e. a rate equation

for T,).

1. Diagnostic Solutions.

In the diagnostic case, ground heat flux may be parameterized very crudely
- e.g. as a constant fraction of Ky or by assuming the heat capacity of the
ground is zero and setting G, = 0. Alternatively, it may be computed using
a full treatment of soil heat diffusion in a multi-level soil model (Eq.19).

All of the terms in £q.16 are either computed separately or parameterized
in terms of T, , and the equation is solved iteratively using the Newton-
Raphson method, for example.

2. Prognostic Solutions.

In the prognostic case (Eq.21), soil heat flux G; may be crudely param-
eterized or even set to zero (the so-called ‘Forcing Method’). One method
which is widely used determines Gy from a two-layer soil model (the so-
called ‘Force Restore Method’). In this, the surface temperature (7, ) is
approximated by the temperature of the thin upper layer, of temperature
T, and thickness Az'. The deeper soil layer is assumed to be of sufficent
depth (d} ) that over time scales of interest the flux of heat at the bottom
1s zero (see Section 4).
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(d) Surface humidity and soil moisture

The level of soil moisture is closely liiiked with the evaporation from the
soil surface, and governed by the mass water balance in a surface layer of
soil, depth d. For a unit area of surface, the balance can be written

on

‘é?zpwP“Eo_Fwd (23)

pud
where p, 1s the density of water, 7 is the soil moisture content (units of
volume per unit volume), P is the precipitation rate (units of velocity) and
F,q 1s the flux of water across the base of the layer.

In determining the surface humidity for a bare soil surface, two quite differ-
ent approaches need to be identified - interactive and non-interactive. The
non-interactive approach means that the surface humidity or soil wetness
does not respond to atmospheric forcing in a realistic way, if at all.

1. Non-Interactive (Diagnostic) Schemes.

The evaporation from, and hence the surface temperature of, a bare soil
surface is highly dependent on the surface humidity, and thus upon the
near-surface soil moisture content. The problem of computing g, (or the
surface relative humidity, h, ) for a bare soil has been bypassed in many
numerical models of the atmosphere by specifying some measure of the
surface wetness. For some purposes this may be acceptable, but mostly it
1s at best a very crude representation of the evaporation process and, in
particular, fails to include properly the feedback between the atmosphere
and surface moisture status. Two examples of non-interactive schemes are
given below.

(1) The actual evaporation is set to a constant fraction (z) of the potential
evaporation £, , viz.

E==zFE,. (24)
This implies (Eqgs.11 and 12),
%o = vq,(To) + (1 — z)qa (25)

where T, is the temperature of the drying soil surface. It should be noted
that a more practicable temperature is T, , the temperature that the surface
would have if it were actually wet, and g and T" held constant. However, this
hypothetical temperature is unknown and the use of T, in Eq.12 will result
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in unrealistically high values of E, when the surface is dry. The problem can
be partly solved by using the scaling evaporation E; in place of E, . This
is given by the Penman-Monteith combination equation (Garratt, 1991),
written here as

A = F(RN — Go) + (1 — F)p/\(5qa/7‘av (26)

where I' = s/(s+7), sis 0¢" /0T, v = ¢,/ A the psychrometric constant, and
6q, 1s the humidity deficit in the air. For a wet surface £, = E,. In Eq.25,
an undesirable feature from a conceptual viewpoint is the dependence of
go ON g4, the specific humidity at the first atmospheric level and thus an
implicit dependence on the choice of reference level. '

(i1) The surface relative humidity is set to a constant value, viz.
ho = q,/q:(T,) = constant.

For many purposes, it is necessary to employ an interactive scheme with a
realistic dependence of E upon soil moisture, but one which is less detailed
than a multi-level soil model approach based on solution of the 1D moisture
diffusion equations.

2. Interactive Schemes.

One very simple approach is to set the surface relative humidity to a simple
function of soil moisture, e.g. h, = 7,/7,, as done in the standard version
of the two CSIRO models. In this, 5, is calculated using Method 2 below.

More generally, in Eq.24, z is made to depend on soil moisture status
according to two approaches involving the moisture content of either a thick
upper layer of soil (Method 1) or that of a thin near-surface layer of soil
(Method 2).

(i). Method 1 (‘Bucket’).
In this approach (Fig.5), z is given by

= min(1, 7y /mk) (27)

where 7, 1s the volumetric moisture content of the soil layer of depth dy and
Nk 18 a critical value; for ny, > 75 the surface behaves as if it were saturated.
This is only one of many expressions for z; in fact, experiments have never
given a consistent form for = dealing, as they do, with real soils. That is
the major limitation of Eqs.24 and 25; the main virtue of this approach is
its simplicity, giving values of evaporation constrained between wet and dry
limits.
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At depth dy , the moisture flux is taken to be zero, so from Eq.23

On _ (P — E/pu)

ot d; '
Here, 0 < np < 7, , where 7, is the maximum (saturation) value above which
runoff is assumed to occur. For time scales of a few days, dy in the range
0.5 to 1m is a typical value used in numerical models, with 7, ~ 0.757,.
For longer time scales, drainage out through the bottom of the layer may
become significant though it is often ignored or assumed to be part of the

-

(28)

general runoft.

The main shortcoming of Eqs.24, 27 and 28 is_that £ does not respond
rapidly to short-period occurrences of precipitation, which rather change 7
and hence E only gradually. -

(i1) Method 2 (‘Force Restore’).

Near-surface soil moisture (n,) can be treated in an analogous way to that
of surface temperature using a two-layer soil model. As with temperature,
the model must represent hoth the rapid response of the near-surface mois-
ture to forcing by precipitation or evaporation and also provide a source of
moisture from the deep soil to the surface when there is no precipitation
(see Section 3).

(e) Canopy parameterization

The presence of vegetation over an area of ground modulates the evapora-
tion from the soil, and contributes further to the vertical flux of water vapour
into the ABL through transpiration. A realistic canopy formulation must
ultimately represent the effects of vegetation (averaged over the grid square
in a 3D numerical model) upon evaporation, energy partitioning, rainfall
interception and soil moisture, as well as albedo and aerodynamic rough-
ness. Inclusion of canopy effects allows the deep soil moisture (in the root
zone) to act as a source for evapotranspiration. Except when completely
wet, the canopy foliage will exert some degree of physiological control upon
the evaporation rate, and the surface humidity becomes indeterminate. Un-
der these conditions, a canopy or surface resistance is introduced into the
evaporation formulation, and the resistance concept i1s at the heart of most
canopy models.

Single-level, canopy models are most appropriate for use in mesoscale and
general circulation models, and these will be emphasised here. GCMs, for
example, can have the option of full canopy or bare soil grid coverage. For
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partial canopy cover, either as a sparse uniformly distributed cover or as
full cover occupying only a fraction of the grid area, more complexity is
involved.

For a complete vegetation cover, the simplest canopy model uses a con-
stant r, in Eq.15 for evaporation, with », values consistent with known
bulk stomatal resistances, together with the specified albedo and 2, . In
contrast, a complex single-level canopy model (SiB, BATS) may contain a
large amount of detail with which to evaluate fluxes from the soil beneath
the canopy, from open areas between the canopy elements as well as from
the foliage itself. In addition the component fluxes will be averaged over
the grid area in some realistic way. With this approach, quite sophisticated
treatments for the surface resistance may be used (see Section 5).

Phase 1 of the biospheric submodel planned for the CSIRO DAR GCMs
consists of a simple, but realistic, soil/canopy scheme based on the work of
Deardorff (1977, 1978) and Noilhan and Planton (1989). In the GCMs, two
options are available. The first assumes the canopy layer and top soil layer
are at the same temperature ( the isothermal approach ) so that a single
surface temperature at the model grid point is evaluated. The second option
assumes that the grid area comprises a fraction of dense canopy (oy) where
the temperature 1s calculated separately from the soil surface temperature
comprising a fraction (1 — o4). The scheme has been tested and calibrated
independently by the use of a 1D stand-alone model, which consists of a two-
layer soil scheme (‘force-restore’ for temperature and moisture) and canopy
formulation coupled to the essential elements of the CSU mesoscale model
(viz. dynamics, radiation, boundary-layer depth e.g. as used in Garratt
et al., 1990). The soil and canopy schemes are described in this technical
paper, together with the results of comparisons between the 1D model, the
mesoscale model in 1D form utilising a multilevel soil moisture and heat
diffusion scheme, and observations of fluxes over vegetation.

3 Two layer soil moisture scheme

(a) Formulation

In GCMs, a realistic representation of soil moisture availability and its
long term evolution is required. However, this has to be modelled with the
simplest method consistent with the complexity of other parameterization
schemes used. Early GCM models used a simple parametrization of soil
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moisture known as the ‘bucket’ method, (Manabe, 1969). The evolution of
soil moisture in a single slab is given by a prognostic equation incorporating
precipitation, evaporation, and runoff. The method generally overestimates
the near-surface moisture content for drying soils ( Laval, 1988). Deardorff
(1977) proposed a ‘force restore’ scheme where the soil is represented as
a double layer with a diffusion type exchange between the moisture of an
upper thin layer and the bulk moisture of a deep bottom layer. Both layers
are of constant depth. His equation for the surface moisture content 7, is:

ong (Eg — Ppu) (19 — m2)
W = —01 pwdl — Cg - \ (29)

where E, is ground evaporation, P is precipitation, p, is_the density of
liquid water, 7 is one day, d; is the depth to which the diurnal soil moisture
cycle extends and 7, is the vertically averaged soil moisture of the thicker
layer. Deardorff’s time dependent equation for bulk moisture is:

?ﬂ}_w_ﬁ(Eg—Ppw). (30)

at B Pwdz

Deardorff’s scheme was modified by Noilhan and Planton (1989), to include
the effects of gravity on the near-surface moisture. The equations for soil
moisture in our one dimensional stand-alone model are based on these earlier
works, and can be written as follows. For 7, :

8779 Eg — (Ppw + AJapanow — RPw) (779 - 776(1)
—_ = —_— AL A 1
6t C1 Pwdl CZ r (3 )

where 7., 1s the volumetric moisture of the thick layer when the gravity force
balances the capillarity and adhesive forces, and we have set d; = 0.1m. The
use of 7, rather than 7, as in Deardorft’s scheme is preferable as soil mois-
ture flux (W,) is a function of the matrix potential (v,) representing the
work required to extract water against capillarity and adhesive forces, grav-
itational head (z) and hydraulic conductivity (K,) accounting for gravity
drainage, i.e.: '

W, = K p, 2t 2) (32)

nee 0z
and soil moisture content:

ong _ _OW,

Puar = oz

(33)
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Noilhan and Planton (1989) calculated 7., as a function of the mean mois-
ture for three soil types. With the exception of sand, 7., differs significantly
from 7, only for moisture near saturation. In the case of soils with a coarse
texture, like sand, the capillarity and adhesive forces are very small and
water diffuses quickly under the gravity force, hence the equilibrium values
are lower than the initial mean moisture.

The first term in (31) is a forcing term; it describes the effects of fluxes of
water at the surface i.e. drying when evaporation (E;) or runoff (R) occurs
or wetting when rainfall (P) or snowmelt (M,) occurs. The second term
tends to restore surface moisture to its bulk value. The equatlon describing
the Water budget in the bottom layer is:

Ony _ d1 (g ~ Meq) i

The term on the right hand side of Eq. (34) is proportional to the difference
between surface moisture and equilibrium moisture and it characterizes the
flux of water entering or leaving the deep layer. Depth d; must be sufficiently
large so that the drainage at the bottom of this layer is negligible; we set
dy = 1m. The formulation (34) is to be prefered to (30); for example, after
rain, 7, will still increase due to a high value of 7, rather than decrease due
to evaporation.

Coeflicients C; and C, are dependent on the physical properties of the
soil and moisture. In Deardorff (1977) they were estimated from one set of
experimental field data. In Noilhan and Planton (1989), the coefficients C
and C, were determined with a 26 layer hydrological model for a range of
soil conditions. The moisture scheme in the 1D S/A model uses values of C,
and C; determined from the CSU mesoscale model run in 1D mode, which
incorporates a multilayer soil moisture diffusion scheme, involving quantities
such as the saturated and wilting moisture content, hydraulic conductivity
and the moisture potential. The model has 14 levels in a 1m thick soil
layer. The CSU model utilises a range of soil types (12), with the physical
properties of soil as described and classified by Clapp and Hornberger (1978)
and Cosby et al. (1984), (see e.g. McCumber and Pielke, 1981).

(b) Computation of C; and C, coeflicients

Coeflicients C; and C, represent the hydraulic properties of the soil as
a function of soil moisture. The multilayer moisture scheme in the CSU
mesoscale model was used to evaluate C; and C, for three types of soil and
a range of moistures.
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Rewriting Eq.(31) (without the downwards water fluxes) in a finite differ-
ence form for day and night conditions we obtain:

Afgday = C{ Eyay + C;(ng - 77f:¢1)alay (35)
Ang,night = C{ Enight + C;(Ug o neq)night

and

Cl = ALC(pudy)
Cl = AtCy/r. :

From the mesoscale model calculations An,, E and (7, — 7,,) are known
and C] and C, can be solved for each two hour period from:

-
.

O — Ang day(Tg — Neq)night — ANgnight(Tg — Teq)day (36)
1= ;
Eday(ng - neq)night - Enight(ng - neq)day
C; . Ang,day Enight — Aﬁ’ﬁc;,rl.z'glttE’ciczy
., =

Enight(ng - neq)day - Eday(ng - neq)night.

The set of discrete values of C; coeflicients was fitted using the least square
method, for a range of soil moisture conditions. Figure 3 illustrates vari-
ations of C; as a function of soil moisture for 3 soil types. C is inversly
proportional to hydraulic diffusivity D, which is a function of hydraulic
conductivity K, and matrix potential 4,. The smallest value of C; corre-
sponds to a high value of moisture when potential evaporation occurs. As
the soil dries out, the evaporation decreases until the moisture falls below
the wilting value around which C; rapidly increases.

The value of Cy describes the restoration of the soil moisture to its equi-
librium value. Numerical experiments showed that any C, variation had an
insignificant effect on the soil moisture, hence constant values were chosen
for each soil type. Figure 4a summarises the variation of C; with fractional
moisture content and Fig. 4b the variation of €y with moisture content, as
determined by other workers i.e. Deardorff, (1977), Noilhan and Planton

(1989), and Toya and Yasuda, (1988).

Formulae for C; and C, adopted for the 1D S/A model are as follows,
where t = 1,/M,0¢:
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: ns/nual
Figure 3: Variation of the coefficient C; with the relative soil moisture

content for three soil types, based on numerical simulations in an interactive
soil-atmosphere model.

sand
10 if ¢ < 0.05 -
“= { (1.80t + 0.962)/(5.0t + 0.200) otherwise €2 =20
sandy clay loam
[ 10 if ¢ < 0.226 B
“= 1 (1.78t + 0.253)/(2.96t — 0.581) otherwise Cz =3.0
clay
10 if ¢ < 0.421
G = { (2.22t — 0.556)/(2.78t — 1.114) otherwise Cr=19

(c) Modelling evaporation from the ground

In most GCM models, ground evaporation is modelled as a fraction of a

potential evaporation with a proportionality factor depending on the ratio
of moisture at the surface to the saturation moisture:

E, = f(22)E, (37)

sat
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Figure 4: (a) Variation of the coefficient C; with the relative soil moisture
content for soil type 6, comparison with other determinations for medium
soils. Continuous line - Deardorff (1977); long-pecked lines - Toya & Yasuda
(1988); full circles - Noilhan & Planton (1989). (b) As in (a), for C; versus
the bulk moisture content.
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where I, is given either by Eq.(12) or (26) (with E, = E}). Mesoscale model
simulations for a range of soils and soil moisture conditions were used to
evaluate the function f with E; based on Eq. (26). Figure 5 illustrates
the data for sand, loam and clay. Such a relationship between actual and
potential evaporation has been demonstrated in the analyses of Priestley &
Taylor (1972) and Mahrt & Pan (1984), based on observations and numeri-
cal model results. Simulations covered a range of climatic conditions (hence
the scatter in the plotted data), and mean straight lines were drawn by eye
to represent the results.

-

Formulae for f(7y/n,a:) were adopted as follows, with ¢ = 5, /n,q::

sand
1 if ¢t > 0.15
f(t) = ¢ 11.49(t — 0.063) if 0.063 <t < 0.15 (38)
0 if t < 0.063
sandy clay loam
1 if £ > 0.365
f(t) =4 6.90(t — 0.220) if 0.22 <t < 0.365
0 if ¢ < 0.22
clay
1 if t > 0.52
f(t) =< 833(t—0.40) if0.4 <t <052
0 if £ < 0.40

In the case of sand, which has a low wilting value, evaporation is essentially
potential for moistures above 0.0677. Clay has a high wilting value of 0.286
and evaporation is close to potential only for high surface moisture.

(d) Validation

One of the difficulties in validating a parameterization scheme is obtaining
experimental data on the required time and space scale. In the case of the
two layer soil model, validation is based on a comparison with results of the
multilayer scheme in the mesoscale model.

Seven day simulations of the soil moisture content, and its time evolution,
were compared for the 3 soil types but only the results for sandy clay loam
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Figure 5: E/E, (E, from Eq. 26) as a function of the relative soil moisture
content, based on numerical simulations for three soil types in an interactive
soil-atmosphere model. Simulations have been done for a range of climate
conditions (mid-latitude summer) represented by the shaded regions (the
temperature range is 283 to 303K and g = 0.005).

(soil type 6) are shown here. For a high value of moisture, see Fig. (6a),
the diurnal variation of latent heat flux is predicted correctly. As soil dries,
see Fig. (6b), evaporation decreases at a lesser rate in the 1D §/A model,
evidently related to the linear approximation of E/E, upon soil moisture
used in the 1D S/A model. For example, for moisture just below the wilting
value (see Fig. 6b, day 1), the mesoscale model has reduced evaporation
already, while the 1D S/A model still gives evaporation at the potential rate.
After six days both models have essentially the same reduced evaporation.
For dry soil, Fig. (6c), evaporation is very low and the daily moisture
variation small.

Similar behaviour for a drying soil condition is observed for sand and clay
(soil types 1 and 11), see Fig. (7). Evaporation is close to the potential rate
at day one and gradually decreases as the soil dries.

The above results indicate that the two layer model is able to simulate
correctly the latent heat flux as a function of soil moisture and the soil
moisture time evolution for the three soil types modelled here.
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Figure 7: As in Fig.6, for drying soils only - soil type 1 with initial moisture
content of 0.1 (a) and soil type 11 with initial moisture content of 0.3 (b).
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4 Two layer soil temperature scheme

A time dependent ‘force-restore’ method for the evaluation of soil temper-
ature is used in the 1D S/A model. It is based on the work of Bhumralkar
(1975) and Blackadar (1979). The temperatures of a thin surface layer re-
lated to a scaling depth dy, and of a deeper thick layer of physical depth d,
(acting as a heat reservoir) are determined from (cf. Eq. 21):

8T, Ha T, T, -
a8 2 pacydl — (39)
0T H

= ~ - - 1 (40)
ot PsCsdly

where the heat flux into the soil H4 = —Gj is given by Eq.(16). Values of
the coeflicients in Eq. 39 are taken as ¢; = 3.72 and ¢, = 7.4, and depths
are calculated using:

dy = (n,r/r)l/z (41)
d, = (365k,7/m)"/2 (42)

The thermal parameters are functions of soil moisture, with

ke = ki/psc,
PsCs = (1 - naat)pa,drycs,dry + npwaterca,water
k, = 419(an, +bn,*).

and a and b depending on soil type i.e., for sand a = 0.004 and b = 0.006,
for sandy clay loam a = 0.003 and b = 0.004 and for clay a = 0.002
and b = 0.003. The thermal conductivity, k,, varies by about one order of
magnitude as the soil dries out. Hence depths d} and d), are approximately
0.06m and 1.1m respectively for dry soils, while being between 0.1 to 0.2m
and 2.0 to 5.5m respectively for wet soils.

Deardorff (1978) compared five approximate methods (including ‘force-
restore’) for the calculation of soil temperature with a 12-layer soil model.
The ‘force-restore’ method was found to give the best approximation to the
diurnal cycle of surface temperature, especially for large time steps of 10 to
30 min typically used in GCM models.
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The temperature of the surface depends primarily on the net radiation
and the fluxes, both molecular and turbulent, transporting heat to/from
the surface. This dependence is described by the first term in Eq.(39) i.e.
the forcing term where individual flux components are dependent on the
temperature gradient between the surface and the atmosphere (Eq. 10 and
11), and the surface and soil layers beneath the surface. The second term in
Eq. (39) describes the restoration of surface temperature towards its deep

layer value.

Here, the seven day simulation results for 3 soil types are presented. First,
for wet soil (sandy clay loam), see Fig. (8a) and (6a), the latent heat flux
is large, so less energy is available to heat the soil, resulting in a cooler soil
surface and small daytime sensible heat fluxes. For dry soil, see Fig. (8¢)
and (6¢), the evaporation is small and energy is used to warm’the soil, giving
a high soil temperature and large daytime sensible heat fluxes. For drying
soil, see Fig. (8b), the diurnal amplitude of soil temperature increases from
30°C on day one to approximately 50°C on day seven. Similar behaviour is
observed for sand and clay (soil types 1 and 11), see Fig(9). The maximum
temperature for soil type 11 on day seven approached 335K, (62°C). Such
values are realistic and have been observed over dry surfaces under high
insolation (e.g. Garratt, 1992b). To demonstrate the capacity of the ID S/A
model to generate extreme diurnal amplitude in soil temperature, Fig.(10)
shows results for a two day simulation with the 1D S/A and 1D mesoscale
models, where insolation is high near the summer solstice. The surface 1s
dry clay, with an albedo of 0.15 and the initial atmospheric temperatures
some 25K above the climatological mean vertical profile for the latitude.
Under such conditions we were able to generate a maximum screen-level
air temperature of 55°C, close to the highest ever observed, together with
a maximum surface temperature close to 90°C. This is slightly in excess of
reported extreme soil temperatures of 80 to 85°C (Garratt,1992b).

It is clear from the above results that the dominant influence of soil mois-
ture content upon soil temperature and fluxes is reproduced.
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Figure 8: Variations of the sensible heat flux and surface temperature over
a period of 7 days based on simulations in the full 1D mesoscale model with
multi-layer soil scheme (solid curve) and the 1D stand-alone model (short
pecked curve). For soil type 6, with initial soil moisture contents of 0.4 (a),
0.2 (b) and 0.13 (c).
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content of 0.1 (a) and soil type 11 with initial moisture content of 0.3 (b).
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Figure 10: Simulations of the diurnal cycle of surface and air temperatures in
extreme conditions, together with components of the surface energy balance
equation. Curves are based on simulations using the full 1D mesoscale model
with multi-layer soil scheme (curves a) and the 1D stand-alone model (curves
b). The time axis is in hours after initialization of the respective models.
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TABLE 1: Values of ¢; (¢, = p,c,d}), the heat capacity per unit area
of a range of natural surfaces, with the water depth equivalent W.D.E.
(assumes lem depth of water has ¢, = 4.18 x 10*Jm~2K~!) and damping
depth d} = 2(k,/2w)'/?,

Material Cg W.D.E. df
(Jm2K')  (mm) (cm)

-

Water 1.3 x 10° 31 - 6

Dry Sand 7.0 x 10* 17 8 .
Wet Clay 2.5 x 10° 60 12 >
New Snow 1.6 x 10* 4 7

Air 435 0.1 76 :
Canopy

99.5%air,0.5% H,O 1000 0.2 -
90.0%air, 10% H,0 1.3 x 10* 3 -

5 Canopy parameterization

a) Canopy-soil temperature and moisture, and surface fluxes

The above descriptions are valid for a bare soil surface only; where vege-
tation is present a simple, but realistic, parameterization scheme is required
to represent the effects of vegetation on energy partitioning at the surface,
rainfall interception and soil moisture. In such a scheme it is usual to rep-
resent the canopy as a single vegetation layer with the characteristics of
a large leaf acting as a source or sink of water vapour and sensible heat.
The degree to which the canopy shields the ground from the solar radiation
is characterised by the parameter o, denoting the fraction of vegetation
within a computational grid, and equal to 1 for complete blocking and to
0 for no foliage. Two methods of calculating the surface temperature and
hence surface fluxes, are presented here - both are options in the 1D S/A

model and in the GCM scheme.
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In the first method, an isothermal assumption for the canopy-soil combina-
tion allows the use of the ‘force-restore’ approach (section 4) for calculation
of the canopy-soil temperature. The thermal inertia of the canopy-soil layer
is expressed as ( Noilhan and Planton, 1989):

Cr = ((1 = af)eg + opey) (43)

where ¢, = p,c,d] 1s the thermal inertia ( heat capacity per unit surface
area) of the ground, with d} given by equation (41), and ¢, is the thermal
inertia of the vegetation. Usually ¢, < ¢,. Table 1 summarises values of
¢g for a range of surface types, with ¢, values given for vegetation based on
simple considerations and values quoted in the literature. Also shown are
the equivalent water depths ( 1 cm of water has p,c, = 4.18 x.10°Jm 3 K),
and the damping depth 7.

The prognostic equation for the temperature of an 1sothermal near-surface
soil /canopy layer (similar to Eq.(39)), is described as follows:

(9Tf,g Tf g Tb

6t = —C1CTHA — Cz"——,“‘;‘_“““‘ (44)
and the bulk temperature:
0T, H
A (45)
ot PsCodly

where d, is given by Eq.(42). H, is given by the surface energy balance
equation:

Hy=—lop(1—as)Re | Hl—0s)(1—0y) R | +R3, |
—(1—~0"f)eg<rTf4,g — afedeJf’g —(H + 0 AE; + (L—04)AE,)] (46)

where R,,| is the incoming solar radiation, R%_| is the incoming long wave
radiation, oy is foliage albedo, «, 1s ground albedo, ¢, is the emissivity of
the ground, ¢; is the emissivity of the foliage, o is the Stefan-Boltzmann
constant, H is the sensible heat flux (its components, H; and H,, are as-
sumed the same when 7} = T,), and E;, E, are the latent heat fluxes of
foliage and ground respectively.

A second, preferable, method of computing the surface temperature T},
and the surface fluxes is to calculate separately the soil (7,) and canopy
(T¢) temperatures. Soil temperature 7, is obtained from Eq.44 where H,
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and Cr are computed from Eqs.46 and 43 with o; = 0. The sensible heat
flux H(=H,) entering Eq.46 is now obtained from
Hy = poc, e Te) (47)
TaH1
where r,g, 1s taken to be the aerodynamic resistance over a bare soil surface.
The canopy temperature 7} is obtained from the solution of the surface

energy balance equation

(1 —af)Re| +R7, | —€;0Tf — Hy — AE; = 0, (48)
where the sensible heat flux H; is given by: '
T, - T,) ~
H; = pacp(——f———————2 ) (49)
TaH2 ~

where 7,55 1s the aerodynamic resistance over the canopy.

The water vapour flux over an area is assumed to aris¢ from evaporation
from the soil surface, Iy, and evaporation from the canopy EY, itself com-
prising evaporation from the fraction of canopy covered with water, £, (
1.e. potential evaporation), and transpiration from the remaining part of the
dry canopy Ey.. Evaporation from the ground is calculated from Eq.(37).
Evaporation from the wet canopy is given by:

B (9°(T5) ~ ) (50)

w = Pw
TaVv?2

where ¢* is the saturation specific humidity at the foliage temperature. The
resistance r,y, is appropriate to the vegetated fraction of the grid area, and
compares with ( as used in Eq. 26 ) 7,1, for bare soil. Transpiration is
parameterized as:

o (€T~ a) (51)

tr — pw
Tav2 + Ty

where 7, is the bulk stomatal (surface) resistance. The presence of vegeta-
tion increases the evaporation due to extraction, by transplratlon of water
from the deep soil.

The soil moisture contents are calculated from a moisture scheme for the
combined canopy-soil surface layer, as follows ( cf. Eqs. 31,34):
% _ (1 =04)Eg — (1 = 07)Ppu + 0 Pyprs + Mypanow — Bpuw)

8t ! pwdl

_027]9 "neq (52)

T
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while the bulk layer moisture is given by:

6772 o U'f(l - /B)Etr dl (779 B neq)
Ot T puds * 3;02———;——— (53)

where ( is defined by Eq.60. The scheme i1s an extension of the bare soil
formulation (see section 3). Note that evaporation occurs only from the
fraction of grid with bare ground while ((1 — o) Ppw + 07 Pypw + M, psnow —
Rp,,) represents the water flux reaching the ground. For a bare ground
P, = P, and for a canopy, rain must first fill a reservoir of water on a

-

canopy (m.), so that:

P 1fm. = m¢maz.

P, = { 0 if m. < Memaz

The equation for bulk moisture (53) now contains a term describing the
moisture uptake through the roots and its transport to the atmosphere

through transpiration.
Finally, the combined soil-canopy temperature now is:
Tf’g:(l—df)j;+Ufo, (54)

and the combined fluxes are:

]’]O:(]_——O’f)Hg—f‘O'fo (55)

By =(1-04)E; + oy (56)
where

E; =(1-B)E, + BE,. (57)

(b) Rainwater and dew interception

Rainfall and dew intercepted by the canopy are stored in a reservoir, of
water content m.. The equation for the water content (units of depth) of
the reservoir is:

om,

ot

where P is precipitation above the vegetation. The precipitation at the
ground P, = P when m. exceeds a critical value m, 4, defined by Dickin-
son, (1984) as:

= P_ﬂEw/pw (58)

Memaz = 0.20 A1 [mm] (59)
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where M ez 15 the maximum depth of the film of water that vegetation
can hold. Reported values of m, ;4. vary between 0.4mm for grass to about
2mm for trees, Rutter,(1975). LAI varies from 0.3 for sparse canopy to 10
for dense vegetation. E,, is a wet-surface evaporation from the reservoir of
water to the atmosphere (i.e. evaporation at zero stomatal resistance) or a
dew deposition when the foliage temperature falls below the dew point of
the air. (3 is the fraction of the foliage covered with a film of water, and
is set as a function of the depth of the interception reservoir as defined by

Deardorff, (1978):

-

1 if condensation

B = { Me/Memaz 1if evapotranspiration.

(60)

-
-

Canopy interception is an important process as it allows for immediate
evaporation from a wet surface, which is generally much-higher than tran-
spiration from the dry canopy surface.

c) Stomatal resistance

Canopy transpiration is controlled by the opening and closing of the plant
stomata. This resistance to the diffusion of water vapour out of leaves is
called a stomatal resistance. In all of the canopy parameterization schemes
the stomatal resistance formulation plays a central role. The resistance
depends on a range of factors including atmospheric conditions, availability
of soil moisture, and vegetation type (e.g. Gates, 1980, chap. 10). The
formulation used in the 1D S/A model is based on Noilhan and Planton
(1989), viz.

+
T i

T LAI

Fy P RS R? (61)

Ts

where v} = r),/LAI is an unconstrained canopy (stomatal) resistance and
is dependent on vegetation type and LAI. Table 2 shows examples of r}
and the minimum observed (day time) values of r,, [r,(min)]. In the above,

F, parameterizes the effect of the photosynthetically active radiation

1+ f
~ f+1r%/5000

F (62)
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TABLE 2: Values of the unconstrained canopy (stomatal) resistance r;
at a specified LAl and minimum daytime resistance r,(min) for a range of
full canopies.

Canopy Type  Reference h r,(min)

Tropical Forest Dorman and Sellers, 1989 50 .
Shuttleworth et al. 1984a 125-150

Shuttleworth, 1989 43 80
Deciduous Dorman and Sellers, 1989 50

Verma et al. 1986 75-160

Shuttleworth, 1989 41 70-100
Coniferous Dorman and Sellers, 1989 60

Jarvis et al. 1976 90-150

Noilhan and Planton, 1989 43

Shuttleworth, 1989 56 70-100
Savannah Garratt, 1978 100
Grassland Dorman and Sellers, 1989 40

Russell, 1980 40
Crops Dorman and Sellers, 1989 30 30-35

Sellers and Dorman, 1987 20-75

Perrier, 1982 40-130

Maize/Oats Noilhan and Planton, 1989 20-150

Sl 2

5 TAI (63)
where S | is an incoming solar radiation, S5* is a limit value of 30Wm~2 for
a forest and 100Wm~2 for a crop. F;, describes availability of the water in

the root zone for transpiration:

with f=0.55

if Ny > 0-757’aat

1
FZ = { (772 - nwilt)/(0-757]aat - nwilt) if Nwilt _<_ 12 S 0-75775a.t (64)
0 if 72 < Nuite.

For a soil water content below the wilting moisture content, transpiration
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from the vegetation becomes zero. The value of 7., decreases from 0.286
for clay, to 0.175 for sandy clay loam, and 0.068 for sand.

The function Fj represents the effect of vapour pressure deficit in the air,
and takes the form (e.g. as proposed by Jarvis et al. 1976):

Iy =1-g(e"(Tyq) — €a) (65)

where g is an empirical parameter, e*(T} ) is the saturated vapour pressure
at temperature Tt , and e, is the vapour pressure at-temperature 7T,. The
function Fy allows for a temperature dependence of the stomatal resistance
with increasing value at high or low temperatures, with®

Fy=1.0-0.0016(298.0 — T,)%. . - (66)

d) Validation tests

The canopy parameterization in the 1D S/A model is based on the theory
of air-surface exchange over locally homogoneous surfaces. Therefore, we at-
tempt to validate the scheme against single station experimental data. The
list of parameters and quantities required for soil and vegetation description
1s as follows:

Soil
Msat - Saturated moisture content
Nwite - Wilting moisture content
Yyat - saturation value of matrix potential
¢, - specific heat
ps - density
a, - albedo
€ - emissivity

Vegetation
ry - minimum observed canopy (stomatal) resistance (unconstrained)

oy - fraction of vegetation
LAI - leaf area index

2y - roughness length

ay - albedo

€¢ - emissivity
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TABLE 3: Representative values of the specific heat c,, density p,, thermal
conductivity k,, thermal diffusivity x,, longwave emissivity ¢, for two soil
types and snow. Also, for soils, saturation moisture 7,4, wilting moisture

Twite and saturated matrix potential 1,q,.

Surface Nsat TNwilt w:at C, Ps kl K, €y
m  JkgT'K™! kgm™® WmTK™! m%!
Clay Soil 0.48 0.29 -0.40
dry 890 1600 0.25 0.18 0.95
wet 1550 2000 1.58 0.51 0.97
Sand Soil 0.39 0.07 -0.12
dry 800 1600 0.3 0.24 0.95
wet 1480 2000 2.2 0.74 0.98
Snow
new 2090 150 0.1 0.3 095
old 2090 640 1.0 0.7 0.90
TABLE 4: Data from the Hapex-Mobilhy experiment ( Noilhan and Plan-
ton, 1989).
Site  Veget. g N2 2o a, LAI + oy
m3m=3 m3m® m m?m~—2 -1
Estampon Forest 0.14 0.20 1.0 0.10 2.3 100  0.99
Lubbon 1 OQats 0.10 0.14 0.15 0.21 3.0 450 0.90
Lubbon 2 Maize 0.17 0.17 0.1 0.15 2.0 40 0.80
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For a selected soil type, parameters such as n,at, witt, Vsat, Co, Ps, Ko, K, €
are summarised in Table 3. For vegetatian, much of the required information
has been inferred from observations.

Four data sets have been used for validation purpose - three from the
Hapex-Mobilhy experiment (Noilhan and Planton, 1989) and one for the
Amazon forest described in Sato et al. (1989). Table 4 summarizes data for
three surfaces in the Hapex-Mobilhy experiment.

All of these data, except r}, were used in the 1D S/A model simulations.
The initial temperature and humidity profiles were dérived from mean cli-
matological data for the given geographical position and time of the year. 7}
values were adjusted to reproduce the observed heat fluxes, and compared

with literature (and other derived) values.

Fig.11a shows the daily variation of the simulated l;.tent,“sensible and soil
heat fluxes in comparison with observations for a forest area. Vegetation
completely covers the ground (o; = 0.99) giving negligible soil heat flux.
Quite good agreement for sensible heat flux is obtained. The simulated
latent heat flux reaches the same maximum value of about 300Wm~2, but
is slightly higher in the afternoon. The optimum value of »}f = 140sm~!
is greater than the value given in Table 4. Shown in Fig. (11 b) is the
simulated diurnal variation of air temperature | looking quite realistic, but
for which there are no observations for comparison.

The second case describes a field of mature oats, Fig. (11 ¢,d). Observed
evaporation is very low due to low soil moisture and the maturity of the
plants. The simulated latent heat flux agrees very well with observations,
except in the evening hours when it is overestimated. The sensible heat flux
is well reproduced. Simulated air temperatures (Fig 11d) are in excellent
agreement with observations. The optimum value of »; = 450sm™! is the
same as in Table 4.

The last of the Hapex-Mobilhy data corresponds to a field of maize, Fig.
(11 e,f). The simulated latent heat flux agrees well with observations, and
the sensible heat flux is slightly underestimated in the morning and overesti-
mated during afternoon hours. Stomatal resistance (r[;) used is higher than
that in Table 4, 57sm™" vs 40sm™'. Simulated air temperatures {hrough
much of the day and night are about 3K lower than observed, Fig. (11f).
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We next compare the results (Fig. 11 g,h) of a simulation for the Amazon
Basin rain forest. Available observations from Sato et al. (1989) are for 30-
day averages. To account for cloudiness (the 1D S/A model does not have a
cloud scheme), the daytime shortwave fluxes were decreased and the night-
time atmospheric longwave fluxes increased to reproduce the daytime and
nighttime values of net radiation. The maximum values of fluxes observed
and predicted, are about 400Wm ™2 for the latent heat flux and 180W m 2
for the sensible heat flux, though during the morning the observed latent
heat flux is lower than that simulated, and in the evening observed sensible
heat flux is higher than the simulated values. The value of LAI=7, and the
optimum value of r}, = 280sm~1 is used to reproduce the fluxes.in Fig. (11
g). The model results compare very well with simulations by Sato et al.
(1989) using the Simple Biospheric Model of Sellers et al. (1986). Observed
and simulated air temperatures (Fig. 11 h) show good correspondence dur-
ing the day only.

Overall, the above results indicate that the model can realistically repro-
duce the partitioning of the available energy at a vegetated surface.

(e) Sensitivity tests

In practice, the evaluation of the sensible and latent heat fluxes is sensitive
primarily to the choice of r, value - this is where the greatest uncertainty
lies. The evaluation is less sensitive to the choice of 2z, value (hence 7,).
We have performed a number of two-day simulations for two of the canopy
surfaces, varying in a realistic way values of the critical surface parameter
rs. Figure 12 shows the impact of varying r} upon the calculated diurnal
variations of turbulent fluxes and air temperature above the two forested
surfaces. In the case of the French forest, the standard simulation (rf equals
140sm~') is compared with simulations having r: of 100 and 180sm~!.
For the Amazon forest, the standard simulation (v} equals 280sm™1) is
compared with simulations having 7 of 180 and 380sm 1.

6 Rainfall and snowfall simulation

Part of the rainfall deposited on vegetation is evaporated directly, while
rainfall deposited on the ground can infiltrate the soil. Soil moisture may
be evaporated from the surface, particularly if there is no vegetation, or
may be lost through transpiration processes. When the precipitation
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French Forest
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Figure 11(a & b): Comparison of 1D stand-alone model simulations with
observations for a temperate forest (HAPEX data), showing diurnal sensible
and latent heat fluxes, and ground heat flux (in a) and air temperature
(simulation only, in b).
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11(c & d): Asin (a & b), for a temperate crop of oats (HAPEX
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French Maize
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Figure 11(e & f): Asin (c & d), for a temperate crop of maize (HAPEX
data).
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Amazon Forest
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Figure 11(g & h): Asin (a & b), for the Amazon forest.
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rate exceeds the maximum infiltration rate of the ground, excess water is
accumulated as surface runoff. The above processes are represented by Eq.
52, which serves as a budget equation for the moisture content of a layer of
soil, which 1s included in the 1D S/A model. Some account may need to be
made of deep-soil percolation.

To demonstrate the performance of the moisture scheme, a 1 day simula-
tion of the soil moisture content in the absence of vegetation, and with a
heavy precipitation event,is shownin Fig. (13). Precipitation of 1.75mm /hr
started 8hr before sunrise and lasted for 8h, see Fig. (13a). The near-surface
soil moisture content increased to a saturation value of 0.42 in 6 hours, Fig.
(13b). As soon as the surface moisture reached the maximum, infiltration
is stopped and surface runoff occurs, Fig. (13c).

In the second simulation, a canopy is present with n” = 54s/m. Precipita-
tion at a rate of 0.4mm/hr commences 6 hours before sunrise, and persists
for 6 hours, Fig. (14a). Water accumulated on the vegetation reaches its
storage capacity of 0.46mm after about 1.5 hour of rainfall, Fig. (14b),
and remains at this maximum until the cessation of rain (¢t = 8hr). With
maximum water on the canopy, precipitation reaches the soil and the soil
moisture increases (between t = 3 to 8hr), see Fig. (14c). After cessation
of rainfall, water on the canopy evaporates completely within a period of
about 3 hours. The greater rate of evaporation from the wet canopy com-
pared with a dry canopy is illustrated on Fig. (14d), showing evaporation
rates for 2 simulations, with and without precipitation. The differences in
the evaporation rates between ¢ = 8 to 10.5hr reflect the daytime potential
evaporation from the wet canopy; beyond t = 11hr, the canopy is dry, Fig.

(14b).

In cold climates, in middle to high latitudes in winter, snow covers the
ground or vegetation, at least for part of the time. The transpiration by
vegetation becomes negligible and in the presence of snow, up to 80% of
the incoming solar radiation may be reflected, with considerable reduction
(compared with a bare ground) in the heat exchange between the air and
surface. This has an impact upon atmospheric dynamics, and upon the
water balance. In GCMs, it is important to predict the period of snowcover,
the depth of the snow and the snowmelt. Snow or ice loses its mass through
sublimation or melting, on a time scale of a few days to months. Melting
usually occurs in spring time with the soil surface becoming saturated, with
further snowmelt occuring as runoff into rivers and water basins.
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Figure 12(a,b &c): Two-day simulations for two forested surfaces illus-
trating the sensitivity of the diurnal cycles of sensible and latent heat fluxes,
and air temperature, to specified unconstrained surface resistance, r}. Re-
sults for the HAPEX forest are shown in (a), (b) and (c), for r}; = 140sm ™1

(continuous curve), 100sm™! ( short pecked curve) and 180sm~! ( long

pecked curve).
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12(d,e &f): As in 12(a,b &c). Results for the Amazon forest are

shown in (d), (e), and (f), for ; = 280sm™? (continuous), 180sm™! (short
pecked) and 380sm™! (long pecked).
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Figure 14(a,b&c): 1D stand-alone model simulation of a rainfall event
over a canopy, showing accumulative rainfall (a), variations in the water
intercepted by the canopy (b) and ground moisture variations (c).
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In the 1D S/A model, the albedo is made to depend upon snow depth:
- "Sn

a = Qpgq + (asnow — ab,g)m (67)
with &ynow = 0.8 being snow albedo, ap,g 15 a background albedo, S, is snow
depth and S}, = lem is a critical snow depth. The evolution of the snow
depth (in equivalent water depth) is described as follows:

oS,
ot

where P, is the precipitation rate, E, is the sublimation rate or condensation
rate (frost) upon the snow, M, is the rate of snowmelt, and p,,,,, is snow
density. -

-

- P3+Ea/pw _Ma/panow - (68)

To calculate a surface temperature, Eqs. 39 and 41 are used with the
volumetric heat capacity (p,c,) and scaling depth d; now representing the
snow /soil layer. The scaling depth of a deep snow layer is calculated from
Eq.41 with &, appropriate for snow. If the actual snow depth is smaller
than di ,u0., the scaling depth and the volumetric heat capacity are made
functions of snow depth, i.e. we assume a simple linear combination of the
individual soil and snow parameters, so that:

S. S,
dl =d 801 1-— = d snow - 69
1 1, l( dlyanow ) + 1v dlvanow ( )
S, Sn
pC = pgoilcgoil(l - ) + panowcanow (70)

dl,anow dl,anow

When the surface temperature is above freezing, melting occurs and the
amount of snowmelt (water produced) is calculated from ( cf. Eq. 39):

M, = C;lpanowcanowdl,anow(Tg — 273.16)/(8tLy) (71)

with ¢; = 3.72, 6t is the time step and L; is the latent heat of fusion.
Surface temperature is then reset to 273.16K and the amount of snowmelt
(water equivalent) is used in Eq. 68 to calculate a new snow depth and in
Eq. 52 to compute the change in soil moisture content.

The results of the simulation of snowfall, and resulting snow accumulation
and its impact on albedo and soil moisture, is presented in Fig (15). Snow
precipitation (2em/hr or 2mm/hr water equivalent) starts at sunrise and
finishes after 6 hours, Fig. (15a).
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Figure 15: 1D stand-alone model simulation of a snowfall event over
bare soil, showing snow depth (water equivalent) (a), snow/surface albedo
(b), variations in the surface and air temperatures (c) and ground moisture
variations (d).
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At 6 hours, the albedo of the surface has changed from 0.15 to 0.5, Fig.
(15b), and the accumulated snow depth js 1.2cm (in equivalent water depth).
Snowmelting starts at hour 6 with the surface temperature rising slightly
above freezing, Fig. (15c), and after 4.5hr of melting the snow depth is
depleted to 0.7cm with soil moisture having increased from 0.35 to 0.38,
Fig. (15d). Through the night, the temperature remains below freezing
and snowmelting resumes 3h after sunrise when the surface temperature
rises above freezing. The remaining snow is melted within 4.5hr, giving rise
to a soil moisture content of 0.4.

-

7 Final Comments

-
=

We have described a 1D Stand-alone soil-canopy model that forms the basis
of a scheme being incorporated into the 4 and 9 level CSIRO GCMs, for
both low and high horizontal resolution versions. This model, together
with surface data sets of albedo, roughness, surface resistance and grid area
canopy fraction, forms Phase I of a longer term plan to improve surface
and boundary-layer representation in these GCMs. Phase II will consider
in more detail the problems associated with surface boundary-layer mixing,
heterogeneity and boundary-layer clouds.

Together with the basic description of the soil-canopy model, we have
provided numerous examples of the model performance, by comparing 1D
simulations with more detailed mesoscale model simulations and observa-

tions.

The surface data sets (based on Dorman and Sellers, 1989) provide the
means of specifying several parameters for up to twelve surface types dis-
tributed realistically in space. The soil-canopy model allows realistic fluxes
to be calculated as a function of time of day, for each of these 12 surface

types.

One final comment should be made regarding the coding of the 1D §/A
scheme for use in a GCM. The simulations described in this technical paper
are based on a 1D S/A scheme model coded explicitly for a small time step
At < 1lmin. For application in a GCM, where At =~ 30min, an implicit
scheme is required which must be formulated carefully to minimise numeri-
cal errors. The problem is particularly critical for the calculation of surface
temperature from eqs.44 and 48. Details are beyond the scope of the present

text.
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