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ABSTRACT

Aspects of the land-surface and boundary-layer treatments in some 20 or so atmospheric general circulation
models (GCMs) are summarized. In only a small fraction of these have significant sensitivity studies been
carried out and published. Predominantly, the sensitivity studies focus upon the parameterization of land-
surface processes and specification of land-surface properties—the most important of these include albedo,
roughness length, soil moisture status, and vegetation density. The impacts of surface albedo and soil moisture
upon the climate simulated in GCMs with bare-soil land surfaces are well known. Continental evaporation and
precipitation tend to decrease with increased albedo and decreased soil moisture availability. For example,
results from numerous studies give an average decrease in continental precipitation of 1 mm day ! in response
to an average albedo increase of 0.13. Few conclusive studies have been carried out on the impact of a gross
roughness-length change—the primary study included an important statistical assessment of the impact upon
the mean July climate around the globe of a decreased continental roughness (by three orders of magnitude).
For example, such a decrease reduced the precipitation over Amazonia by 1 to 2 mm day ™',

The inclusion of a canopy scheme in a GCM ensures the combined impacts of roughness (canopies tend to
be rougher than bare soil ), albedo (canopies tend to be less reflective than bare soil), and soil-moisture availability
(canopies prevent the near-surface soil region from drying out and can access the deep soil moisture) upon the
simulated climate. The most revealing studies to date involve the regional impact of Amazonian deforestation.
The results of four such studies show that replacing tropical forest with a degraded pasture results in decreased
evaporation (~1 mm day~') and precipitation (1-2 mm day '), and increased near-surface air temperatures
(=2 K).

Sensitivity studies as a whole suggest the need for a realistic surface representation in general circulation
models of the atmosphere. It is not yet clear how detailed this representation needs to be, but even allowing for
the importance of surface processes, the parameterization of boundary-layer and convective clouds probably
represents a greater challenge to improved climate simulations. This is illustrated in the case of surface net
radiation for Amazonia, which is not well simulated and tends to be overestimated, leading to evaporation rates
that are too large. Underestimates in cloudiness, cloud albedo, and clear-sky shortwave absorption, rather than
in surface albedo, appear to be the main culprits.

There are three major tasks that confront the researcher so far as the development and validation of atmospheric
boundary-layer (ABL) and surface schemes in GCMs are concerned:

(i) There is a need to assess critically the impact of “improved” parameterization schemes on GCM simulations,
taking into account the problem of natural variability and hence the statistical significance of the induced
changes.

(ii) There is a need to compare GCM simulations of surface and ABL behavior (particularly regarding the
diurnal cycle of surface fluxes, air temperature, and ABL depth) with observations over a range of surface types
(vegetation, desert, ocean). In this context, area-average values of surface fluxes will be required to calibrate
directly the ABL /land-surface scheme in the GCM.

(iii) There is a need for intercomparisons of ABL and land-surface schemes used in GCMs, both for one-
dimensional stand-alone models and for GCMs that incorporate the respective schemes.

(GCMs) are as follows:

The physical parameterization of land-surface and
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tion schemes for use in general circulation models

atmospheric boundary-layer (ABL) processes is re-
quired in numerical models of the atmosphere. The
main objectives for developing realistic parameteriza-
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(i) To provide an efficient means of calculating the
fluxes of momentum, heat, and water vapor, both at
the surface and at several levels within the ABL.
Knowledge of these fluxes in the lower atmosphere al-
lows the vertical flux divergence to be calculated, and
consequently the contribution of small-scale turbulence
to the time rates of change of the mean wind, temper-
ature, and humidity fields.
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(ii) To predict the ABL depth, and consequently
the vertical redistribution of heat and mass.

(iii) To predict the depth and amount of ABL cloud,
which subsequently interacts with the surface fluxes
and evolving ABL depth.

The surface parameterization should include the ef-
fects of surface albedo (radiative transfer), surface
roughness (momentum transfer), and surface hydrol-
ogy (sensible and latent heat transfer; runoff). All of
these properties are influenced by the presence of veg-
etation, by the presence of orographic features, and by
the presence of surface heterogeneity, and all should
be suitably represented in GCMs.

The inclusion of realistic soil and vegetation schemes
in numerical dynamical models has taken on added
importance in recent times because of the increased
interest in land-use activities, and their impact on cli-
mate. The rapidly growing interest in climate and cli-
mate change problems, and the need to simulate re-
gional 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 sys-
tem. It is generally accepted that in short-range nu-
merical weather prediction models, the initialization
problem and initial data deficiencies are more crucial
than details of the model boundary-layer physics. In
contrast, there is a recognition that climate is critically
sensitive to the characteristics of the underlying surface
(in particular, the albedo and moisture availability),
and that the accuracy of the surface-flux formulation
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 datasets
have become available (e.g., Pitman et al. 1989) for
specifying the geographical distribution of a range of
surface parameters. These have not been universally
adopted, and there exists some doubt as to the level of
detail required in the typical GCM. Several major
questions are raised when consideration is given to the
role of the ABL and land-surface processes in the nu-
merical simulation of climate—see, for example, Car-
son (1982a) and editorial comments on the paper of
Henderson-Sellers and Gornitz (1984 ). These include
the following:

(i) What are the important features of the ABL and
surface that need to be included in numerical models
of the atmosphere?

(ii) For a given model version, how well do model
climatology and short-period model events compare
with observations?

(iil) How are the results dependent on the model’s
time and space resolution?

(iv) Does an improvement in one parameterization
scheme (e.g., soil hydrology, ABL mixing, clouds, ra-
diation, and convection) lead to a significant improve-
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ment in some aspects of the model fields? If not, what
are the reasons?

(v) How good do other parameterizations need to
be for the right model response to be achieved when a
specific scheme is improved?

(vi) How should we assess and evaluate the impact
of and the sensitivity of model simulations to a specific
parameterization scheme?

(vii) Is a specific GCM appropriate for a given or
desired sensitivity experiment?

(vii1) How should statistical significance be evalu-
ated?

(ix) What model fields or climatological parameters
are best suited to assessing answers to the above?

Carson (1982b) has given a comprehensive review
of land-surface and ABL schemes used in many GCMs
up to circa 1980, with an emphasis on surface processes.
Other papers that complement this earlier review and
tend to discuss specific topics in more detail, include
Clarke (1970), Deardorff (1972), Smith and Carson
(1977), Andre (1983), Laval (1988), Sommeria
(1988), Rowntree (1988), and Avissar and Verstraete
(1990).

The three land-surface properties—albedo, rough-
ness, and hydrology (degree of wetness)—have all been
the subject of individual sensitivity studies. In the real
world, each of these properties varies significantly 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% for tropical forest and 35%
for desert. Figure 1 summarizes a range of values based
on direct observations, model-derived values, and
model-specified values that illustrates this. 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 (Fig. 2). The roughness values are likely to be
higher in the presence of small-scale orographic fea-
tures.

Both Mintz (1984) and Rowntree (1983, 1988) have
reviewed the climate sensitivity problem, confining
their studies to the impact of land-surface boundary
conditions on simulated climates. In addition, Laval
(1986 ) summarized earlier work on the use of GCMs
to study the impact of surface albedo on climate. In
the Mintz (1984) review, later summarized and ex-
tended by Rowntree (1988), 11 studies were discussed
with emphasis on surface albedo and soil moisture. To
quote from Mintz’s conclusions, “all of the experiments
show that the atmosphere is sensitive to the land-surface
evapotranspiration: so that changes in the available soil
moisture or changes in the albedo produce large
changes in the numerically simulated climates.”
Mintz’s review in particular has stimulated a number
of groups to improve land-surface schemes in GCMs,
particularly regarding soil and canopy formulations.

This paper mainly focuses on the problem of land-



MARCH 1993 GARRATT 421
aS
05}
A

04}

v

*
03 - M \\\
h
\\\ H z
\\ T
02F A \‘v v * VvV [Y] o
\ I Tw
v \ O | * v P
v M v-!(- Sx Vgl * ::
01 w !
S
v v
dry wet short long savannah forests
o) desert soils grasses crops decid conif tropi]cal ocean

SURFACE

FiG. 1. Variation of albedo with surface type based on observations, literature 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, while the dashed line represents the dependence of albedo upon surface moisture content given by Idso et al.
(1975), namely,

a; =031 - 0.349/9, for n/9,<0.5

and o, = 0.14 for n/7n, > 0.5. Data represent both direct observations and model-assumed values (themselves based on observations), with
symbols as follows: () from Dorman and Sellers (1989), including a range of values for wheat (W); (V) 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).

surface representation and the sensitivity of GCM cli-
mate simulations to changes in land-surface properties.
The emphasis throughout is on the land surface, so
that problems associated with turbulence closure and
ABL clouds are not treated extensively, mainly because
sensitivity studies related to these are relatively few. It
is assumed that the reader is familiar with basic defi-
nitions and concepts associated with the ABL and at-
mosphere—surface interaction (e.g., Brutsaert 1982;
Stull 1988; Garratt 1992). The purpose of the paper
1s twofold: (1) to review the main ABL and land-surface
parameterization schemes used in many contemporary
GCMs, and (ii) to review the main sensitivity studies
related to the impact of these schemes on climate sim-
ulations. The paper is an extension of the earlier reviews
by Mintz and Rowntree and places greater emphasis

upon the impact of canopy schemes and provides
comprehensive information on GCM schemes and da-
tasets. In section 2, the physical basis of flux formu-
lations is described, with emphasis on surface processes.
Section 3 deals with the boundary-layer schemes used
in contemporary GCMs and is followed (section 4) by
a description of the many datasets available for (i)
specifying lower-boundary conditions and (ii) provid-
ing climatological data for comparison with model
simulations. In section 5 the main sensitivity studies
involving roughness and vegetation are summarized,
while the results of studies involving the ABL in general
are discussed in section 6. The paper concludes with
some comments on the outcomes of model defores-
tation experiments (section 7) followed by an overall
summary of those areas where increased knowledge is
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FIG. 2. Variation of surface roughness length with surface type, based on observations, literature values and model-specified values.
Symbols as follows: (#) 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 10-m height) in the range 2-20 m s™"; (X) from Izumi (1971) for a wheat stubble; (G) from
Garratt (1980) for subtropical savannah; (C) from Clarke et al. (1971) for a semiarid sparse grass cover; (V) from Hicks (1973) for a
vineyard; (P) and (C) from Garratt {1992); (S) from Shuttleworth et al. (1984b) for a tropical rain forest; (D) from Deacon (1953), with

the straight line representing the variation of z, with grass height.

required and for which significant research priorities
already exist.

2. Basic formulations for land-surface processes and
the ABL used in GCMs

a. Surface fluxes

Surface fluxes (stress 7, sensible heat flux H, and
evaporation E) are related to mean properties of the
flow (wind speed u, virtual potential temperature 8,
and specific humidity g) through the use of drag and
bulk transfer relations. These bulk relations are written,

7/p = Cpl = Ua/Tars, (1)
H/pc, = Cputa(8o — 8ua) = (6o — 0va)/rarr,  (2)
E/p = Cgua(go — 4a) = (9o — da)/tav,  (3)
Ey/p = Crta(q0 — 4a) = (40 — 4a)/1ar,  (4)

where E,, is the value of evaporation ( £) when the sur-
face is saturated at temperature 7. In Egs. (1)-(4),
u, (the wind speed), 8,, (virtual potential temperature ),
and ¢, (specific humidity ) are model variables at the
lowest model level, and 6y, g are surface values [ 6, is
the potential temperature associated with the absolute
radiative temperature T; also g5 = g*(T,) denotes
the saturation specific humidity]. The aerodynamic
resistances, oy, Far, and r,y for momentum, heat, and
water vapor, respectively, are often used as an alter-
native to the transfer coeflicients Cp, Cy, and Cg. The
relations between resistances and transfer coefficients
can be readily deduced from Egs. (1) to (3).

In these equations, formulation of the bulk transfer
coefficients depends on the reference level for the at-
mospheric variables u,, 6,,, and g, . If the lowest model
level lies within the surface layer, the formulation is
usually based on Monin-Obukhov similarity theory
(Businger 1973), otherwise generalized boundary-layer
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similarity theory needs to be used (Arya 1977). To
illustrate the influence of the aerodynamic roughness
length z, upon the flux calculations, we can write the
drag coefficient according to surface-layer (Monin-
Obukhov) theory, as (appendix A)

Cp/Con = (1 = k7 CHF¥a($)) 7 = Farl(2/ 20, §).
(5)

In Eq. (5), the von Karman constant k = 0.4, {is a
stability parameter ({ = z/L, where L is a buoyancy
length scale defined in terms of the surface fluxes), and
the Monin-Obukhov function ¥,({) is well known
(see appendix A). In addition, the heat transfer coef-
ficient can be written (taking Cy = Ci is a good ap-
proximation )

Chl/Cun = Fy(z/ 2o, 2/ 27, {), (6)

where zr is a surface scaling length for temperature
(see appendix A). In GCMs, it is usual to replace ¢ (a
parameter depending upon the fluxes) by a bulk Rich-
ardson number Rip (a parameter depending upon 1,
and 6,,). The neutral coeflicients in Eqs. (5) and (6)
are given by

Con = k?/(In(z/ 20))?,
Cun = kK*/(In(z/2)+In(z/z7)).

(7)
(8)
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Values of Cpy/Cun and zy/ zr greater than unity reflect
the more efficient transfer of momentum relative to
heat and water vapor at rough surfaces. This situation
exists in the natural world, and Fig. 3 summarizes re-
sults on the relative values of z, and z (or z, for water
vapor) for a range of natural and artificial surfaces.
Much of the data relate to heat transfer over soil, grass,
crops, and forest. For land surfaces generally, In(zy/
z7) is almost independent of roughness Reynolds
number (Re, = uy2o/v, where v is the kinematic vis-
cosity of air), and for practical application can be taken
as constant and equal to 2 (zg/z7 = 7.4).

In the calculation of the sensible heat flux, the surface
temperature is required and this is usually calculated
by appeal to a surface energy balance equation (sub-
section 2b). For evaporation, either the surface hu-
midity is evaluated by appeal to a suitable soil scheme,
and Eq. (3) is used, or there is appeal to either the
potential evaporation concept [ Eq. (4)] or to the con-
cept of surface resistance (subsection 2e).

b. Surface energy balance and surface temperature

Calculation of the fluxes requires, inter alia, knowl-
edge of the surface temperature. Determination of this
is based on the surface energy balance (SEB), written
as

-1
kB /
10 /' V
8 |
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B |6
2 - 5
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== -+
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=
-2 1 ] I I ] 1
0.1 1 10 102 103 104 10°
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FIG. 3. Variation of kB! [=In(z,/z7) or In(zy/z,)] with roughness Reynolds number Re,. Curves are based on laboratory data and
represent heat (H) and water vapor (V') transfer. Atmospheric data (mainly for heat transfer) are also shown, based on data summarized
in Garratt and Hicks (1973), Brutsaert (1982) and Garratt (1992). Surface types as follows: 1) Sea, 2) vineyard, 3) short grass, 4) medium

grass, 5) bean crop, 6) savannah scrub, and 7) and 8) pine forests.
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Ry — Go=H + \E, 9

where A is the latent heat of vaporization, Ry is the net
radiative flux density to the surface (net radiation),
and Gy is the heat flux into the soil. The sum of the
fluxes on the left-hand side of Eq. (9) defines the avail-
able energy. The flux G, is to be interpreted as the soil
heat flux at the surface, and can be calculated from
considerations of heat conduction and heat conser-
vation in the soil.

Equation (9) contains the net radiation Ry, where

Ry = Ry(1 — a;) + ¢,R% + RY, (10)

with R; being the global shortwave radiative flux (pos-
itive), R¢ the downward longwave flux (positive), and
RY the upward longwave flux (negative), all at the
surface. In addition, «; is the shortwave albedo of the
surface and ¢, is its longwave emissivity.

Numerical models of the atmosphere usually com-
pute the ground surface temperature ( 7) from either
Eq. (9) (a diagnostic form of the SEB equation) or
from a prognostic form of this equation (e.g., Bhum-
ralkar 1975; Deardorff 1978; Blackadar 1979; Carson
1982b for details). In the diagnostic case, ground heat
flux may be parameterized very crudely—for example,
as a constant fraction of Ry or by assuming the heat
capacity of the ground is zero and setting Gy = 0. Al-
ternatively, it may be computed using a full treatment
of soil heat diffusion in a multilevel soil model (a num-
ber of GCMs do this, using three to four soil layers
(e.g., see Warrilow et al. 1986; Blondin 1989: also the
proposal in Abramopoulos ¢t al. 1988).

In the prognostic case, Gy is replaced by a soil storage
term (proportional to d7/dt) and a subsurface soil
heat flux G,, which may be crudely parameterized or
even set to zero (the so-called forcing method). One
method that is used determines G, from a two-layer
soil model (the so-called force-restore method, e.g.,
Deardorff 1978). In this, the surface temperature T
is approximated by the temperature of a thin upper
layer of temperature 7. The deeper soil layer is as-
sumed to be of sufficient depth that over time scales
of interest the flux of heat at the bottom is zero. The
reader is referred to Dickinson (1988) for a more gen-
eral application of the force-restore method.

¢. Surface humidity and soil moisture

The level of soil moisture is closely linked with the
evaporation from the soil surface and governed by the
mass water balance in a surface layer of soil, depth 4.
For a unit area of surface, the balance can be written

Pwdaﬂ/atzPwP—EO—Fwd_-R+M55 (11)

where p,, is the density of water, 7 is the soil moisture
content (units of volume per unit volume), P is the
precipitation rate (units of velocity), F,is the flux of
water across the base of the layer, R is the runoff, and
M, is snowmelt (all in kg m™2s7!).
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In determining the surface humidity for a bare soil
surface, two quite different approaches need to be
identified—interactive and noninteractive. 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. In the typical noninteractive
scheme, the problem of computing g, (or the surface
relative humidity Ag) for a bare soil in a model is by-
passed by specifying some measure of the surface wet-
ness. Thus, the actual evaporation is set to a constant
fraction (x) of the potential evaporation E,, with E,
defined by a bulk transfer relation [Eq. (4)].

It should be noted that Er can also be written in
terms of the Penman-Monteith combination equation
(e.g., Brutsaert 1982), written here as

AE, = TI(Ry — Go) + (1 — T)pNoqa/ranr, (12)

where ' = 5/(s + v), s is dg*/ 3T, v is the psychro-
metric “constant” (¢,/\), and 8¢, is the humidity def-
icit in the air. In using Eq. (4) for a drying soil, a more
practicable temperature is T,, the temperature that
the surface would have if it were actually wet, and g
and T held constant. This hypothetical temperature is
unknown, however, and the use of 7 in Eq. (4) will
result in unrealistically high values of E, when the sur-
face is dry. The problem can be partly solved by using
Eq. (12).

Many GCMs employ an interactive scheme with a
realistic dependence of the evaporation upon soil
moisture, but one which is less detailed than a multi-
level soil model approach based on solution of the 1-
D moisture. diffusion equations. Two examples are
given here.

(1) Method 1 (bucket): The actual evaporation is a
variable fraction x of the potential evaporation, where
X is a specified function of the moisture content of a
single (thick) soil layer (e.g., Manabe 1969). The main
virtue of this approach is its simplicity, giving values
of evaporation constrained between wet and dry limits.
For time scales greater than a few days, drainage out
through the bottom of the layer may become significant
though it is often ignored or assumed to be part of the
general runoff. '

The main shortcoming of the bucket method is that
the evaporation does not respond rapidly to short-pe-
riod occurrences of precipitation, but rather changes
the soil moisture and hence evaporation only gradually.

(ii) Method 2: The evaporation is made to depend
upon the near-surface moisture content 7#,, either
through the variable fraction x(#,) (e.g., Deardorff
1977) or through a surface relative humidity /,(n,)
(e.g., Sellers et al. 1986; Hunt and Gordon 1989; Noil-
han and Planton 1989). The soil moisture content can
be calculated using a scheme comprising multiple soil
layers, though in GCMs three layers seems to be the
greatest used to date (e.g., Abramopoulos et al. 1988;
Sellers et al. 1986). Whether a three-layer scheme, or
a two-layer force-restore scheme (e.g., Deardorff 1977)
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is used, the model must represent both the rapid re-
sponse of the near-surface moisture to forcing by pre-
cipitation or evaporation and also provide a source of
moisture from the deep soil to the surface when there
is no precipitation.

d. Canopy parameterization

The presence of vegetation over an area of ground
modulates the evaporation from the soil, and contrib-
utes further to the vertical flux of water vapor into the
ABL through transpiration. A realistic canopy for-
mulation aims to 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 roughness. Inclusion of canopy effects al-
lows the deep soil moisture (in the root zone) to act
as a source for evapotranspiration. Except when com-
pletely wet, the canopy foliage will exert some degree
of physiological control upon the evaporation rate, and
the surface humidity becomes indeterminate. Under
these conditions, a canopy or surface resistance is in-
troduced into the evaporation formulation. The surface
resistance concept is at the heart of most canopy mod-
els. For a canopy, this resistance is almost entirely de-
termined by the stomatal resistance of the leaves and
is given by

re = p(q*(To) — qo)/ E =~ ry/ Ly, (13)

where r', is the resistance of a single leaf and L, is the
leaf area index. The resistance r,, is known as the bulk
stomatal resistance. Equation (13) is commonly re-
ferred to as the “big-leaf > model, since it basically rep-
resents the whole canopy as a single hypothetical leaf
of resistance r,,. The surface resistance r, will be similar
to ry 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 Egs. (3) and (13) allows the unknown ¢, to be elim-
inated and, with ry replaced by r;, yields

E = p(g*(To) = qa)/(rav + ). (14)

For closed canopies, where E is predominantly tran-
spiration, experimental results support the use of r,, in
Eq. (14) (e.g., Perrier 1982). These show that r de-
pends on several environmental factors, including in-
cident solar radiation, air temperature, and soil mois-
ture content, with a strong diurnal variation in its
magnitude and variation between species. Single-level
(big-leaf) canopy models, as opposed to the more
complex multilevel canopy schemes, are most appro-
priate for use in mesoscale and general circulation
models (e.g., Raupach and Finnigan 1988), and these
will be emphasized here. GCMs, for example, can have
the option of full canopy or bare-soil grid coverage.
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For partial canopy cover, either as a sparse uniformly
distributed cover or as full cover occupying only a frac-
tion of the grid area, more complexity is involved.

For a complete vegetation cover, the simplest canopy
model may use a constant r; in Eq. (14) for evapora-
tion, with 7, values consistent with known bulk stomatal
resistances (e.g., as used in earlier versions of the
UKMO GCM; Carson 1986). In contrast, quite so-
phisticated treatments for the surface resistance may
be used, as found in relatively complex canopy models
such as SiB (Sellers et al. 1986), used in experimental
versions of several GCMs now (e.g., NMC and GLA
models; Sato et al. 1989a, Sud et al. 1990, respectively);
and BATS (Dickinson et al. 1986), used in experi-
mental versions of the NCAR GCM (e.g., Dickinson
and Henderson-Sellers 1988), BEST (Pitman et al.
1991), and in simpler canopy models (e.g., Noilhan
and Planton 1989).

Numerous formulations that purport to represent
the dependence of the stomatal resistance upon a
number of factors, including soil moisture availability,
solar radiation, absolute temperature, atmospheric
water vapor deficit, and carbon-dioxide concentration
exist. The bulk stomatal resistance is usually written
in general functional form as (Jarvis 1976)

rs = r¥ Fi I, F3FyFs, (15)

where r* is an unconstrained daytime resistance. It
typically has values of 50 s m~! for moderately dense
forests. In Eq. (15), F) gives the radiation dependence,
F, gives the soil moisture dependence (water stress),
F; gives the vapor pressure deficit dependence, Fy gives
the temperature dependence, and F; gives the CO, de-
pendence. Detailed expressions for the functional forms
for each of F, to Fs are beyond the scope of this paper
(but see, e.g., Dickinson et al. 1986; Sellers et al. 1986;
Noilhan and Planton 1989). Figure 4 summarizes both
daytime minimum values of r; (mainly from obser-
vations) and values of r ¥, noting that the larger values
of minimum r; are to be expected since they include
the effects of radiation and soil moisture through func-
tions F| and F, (both greater than one). The scatter
in the diagram reflects, to some extent, the difficulty
of measuring representative values of stomatal resis-
tance for the canopy as a whole. It needs stating that
all bulk stomatal resistance formulations are based on
small-scale field observations and that the resistance
schemes previously described need continuing evalu-
ation for application in the large-scale modeling context
(see e.g., Jarvis and McNaughton 1986). In practice,
use of Eq. (15) in a canopy scheme embedded within
a GCM provides the correct limits for evaporation:
potential evaporation when the canopy is wet (r; = 0)
and negligible evapotranspiration when the soil is dry.
It also gives a diurnal and seasonal cycle in resistance,
and hence evaporation, that approximates the observed
behavior in many situations, mainly because the func-
tional forms are empirically based.
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Simple, but realistic, canopy models are formulated
either as an isothermal system (e.g., Noilhan and Plan-
ton 1989), with both canopy and upper-soil layers at
the same temperature, or as a nonisothermal system
(Deardorff 1978; Dickinson et al. 1986; Sellers et al.
1986; Pitman et al. 1991), where the canopy and soil
temperatures are predicted separately. These models
are essentially 1D formulations applied to a grid area
that might comprise either uniform cover (soil or veg-
etation) or specified fractions of bare soil and full
canopy.

In all schemes, the main task is to compute the tur-
bulent fluxes of heat and water vapor, Hy and AEy,
respectively, from the surface (canopy and soil) to the
air above. Models such as SiB and BATS involve de-
tailed formulations for evaluating component fluxes
from the soil beneath the canopy, from open areas be-
tween the canopy elements, as well as from the foliage
itself. In contrast, the model of Noilhan and Planton
(1989) used in experimental versions of the CNRM
GCM in France does not predict soil fluxes beneath
the vegetation, but rather soil and atmospheric fluxes
are calculated for open (unvegetated ) areas with canopy
fluxes calculated for the vegetated areas. In all cases,
the component fluxes are averaged over the grid area
in some ad hoc manner, with the fluxes weighted ac-
cording to the fractional extent (as specified) of each
surface type.

For illustration of the main principles involved, we
introduce a set of basic equations required to carry out
this task; this set is the foundation of several schemes
discussed in the literature (e.g., Deardorff 1978; Dick-
inson et al. 1986; Sellers et al. 1986; Noilhan and Plan-
ton 1989) and is similar to the simplified SiB model
described by Xue et al. (1991).

Figure 5 sketches the main elements of this approach,
which assumes a two-layer soil system. A foliage tem-
perature ( 7) and surface soil temperature ( T,) are cal-
culated, based on the surface-energy balance equation
applied to the canopy layer and to the upper thin soil
layer. This gives,

C;9T;/dt = Ryy— H;— NEj, (16)
C,0T,/dt = Ry, — Hy — NE, — v,(T, — T), (17)

where C;, C, are specified or calculated heat capacities
per unit area for foliage and soil, respectively. It is worth
noting that the heat capacity of a stand of vegetation
is typically much smaller than that of soil, in the range
0.1-1 mm of water equivalent per unit leaf area index
(L4) (say, Cr = 2000 to 20000 J m~2 K™! for L,
= 5, representing crops and forests) compared with
15-60 mm of water for soils (C, ~ 7 X 10* to 2.5
X 10° J m~2 K~ for dry sand and wet clay).
The deep soil temperature T is calculated from

C,3T /0t = Ryg — Hy — \E,, (18)

where the heat capacity Cj is usually calculated for a
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FiG. 5. Schematic representation of the main elements of a canopy
model; this simplified version neglects subcanopy fluxes. Linked to
both the atmosphere (via resistances r, and r,) and the deep soil (via
evapotranspiration ), the canopy and upper soil layer are assumed to
be at temperatures Ty and T, respectively. P, is the precipitation
reaching the soil surface under the canopy. If ABL-averaged, or ABL-
top properties, are to be used in place of surface-layer properties, 7,
is replaced by a boundary-layer resistance. Component fluxes are
shown from the canopy and from open soil; H, and E, are the grid-
averaged fluxes. Definitions of all other variables can be found in the
text.

soil layer of depth =~ 1 m. The sensible heat fluxes are
then calculated from

Hf: pcp( Tf_ Ta)/raHf,

Hg = pcp(Tg - Ta)/raHg, (20)

where 7,4, and 7,y are aerodynamic resistances for
heat transfer. In Egs. (19) and (20), T, is the temper-
ature at the first model level. Two treatments of the
flux relations (valid both for the sensible and latent
heat fluxes) need to be distinguished. In the first case,
where heat fluxes between soil and foliage beneath the
canopy are neglected [e.g., as in the scheme of Noilhan
and Planton (1989) illustrated in Fig. (5)] 744, and
rauys are straightforward, and can be evaluated using
Monin-Obukhov theory (section 2a and appendix A),
with heat transfer coefficients dependent upon z, and
z7. In effect, each represents the resistance between the
level z = z4for soil or canopy and the first model level.
In the second case, where the subcanopy heat fluxes
are not ignored (e.g., as in SiB and BATS), it is usual
to write Egs. (19) and (20) in terms of a canopy air
temperature. When written as above, r,y, and 7,5 sbe-
come functions of several resistances, including a soil-
canopy air resistance and a bulk-canopy laminar
boundary-layer resistance (these correspond to transfer
between soil and canopy air, and foliage and canopy
air, respectively). Consequently, the heat flux H, be-
comes the sum of a flux from open soil areas and a
flux from beneath the canopy.

(19)
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For evaporation calculations, soil moisture is re-
quired, usually through a two- or three-layer soil
scheme. In the case of the two-layer scheme, a thin
surface layer (moisture content 7,) and a deeper res-
ervoir layer (moisture content u,) are represented
(Deardorft 1977), with

Ong/0t = ao(P — E¢/pw) — bo(mg — neg)s  (21)
Ony/0t = Co(ng — Meg) — Eac/ pu, (22)

where
Neg = M — f(np, soil type). (23)

Here, the restore term of Eq. (21) takes account of the
effects of gravity by incorporating a moisture variable
7¢4 In place of 7, the deep soil moisture content (see
Noilhan and Planton 1989). The variable 7., represents
an equilibrium moisture content where the force of
gravity balances capillary forces. It is possible for the
equilibrium values to be significantly lower than the
mean moisture, particularly for coarse grained soils
such as sand. Note also that we have included in Eq.
(22) a canopy transpiration rate equal to the dry-can-
opy evaporation E,., which is set to zero for a bare-
soil surface. The function f can be given in tabular
form, based on the curves given in Noilhan and Planton
(1989), for example. The coefhicients ay, by, and ¢
need to be derived for each soil type over a wide range
of 1 and n, values.

With 7, determined, the soil evaporation is found
from either,

Eg/p = (ho(ﬂg)Q*( Tg) - qa)/ran: (24)

or from
E, = x(ny)Ep. (25)

In the latter, Ep is given by either Eq. (4) or Eq. (12).
The functions x(n,) can be readily found from one-
dimensional numerical simulations, based on the av-
eraged properties of real homogeneous soils, or from
observations related to specific soil types (e.g., Mahrt
and Pan 1984).

In the case of foliage evaporation, a distinction needs
to be made between dry and wet canopies. Thus, for
a wet canopy, evaporation ( E,,.) is at the potential rate,
so that

E, = P(q*( Tf) - qa)/ran, (26)

while for a dry canopy, with evapotranspiration under
physiological control, evaporation ( E,) is given by

Eae = p(¢*(T}) — qa)/(rayy + 15). (27)

The partitioning of the canopy evaporation between
dry and wet components is made to depend on the
amount of liquid water residing on the foliage, due
either to rainfall or dewfall. In addition, soil moisture
depends on precipitation reaching the ground, therefore
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the effects of canopy interception of rainfall should be
included. This is done by carrying an equation for m,
the depth of water residing on the foliage. This can be
written

arn/at:})_E'wc/pw_})g; (28)

where P is precipitation at the top of the canopy and
P, is the runoff from the interception reservoir, depen-
dent upon the canopy interception of rain. In some
schemes (e.g., Sellers et al. 1986), allowance is made
for attenuation through the canopy of intercepted
rainfall and an attenuation factor is included in the
first term on the rhs of Eq. (28). When m reaches m*,
the maximum depth of water that can reside on the
foliage, rain will no longer be intercepted but can reach
the ground as throughfall. When the precipitation falls
as snow, the treatment is somewhat different. Snow
accumulation and snow melting must be accounted
for, the surface albedo is modified (so might be the
roughness), and the interception of snow by vegetation
requires a new approach. A detailed discussion on the
treatment of snow is beyond the scope of the present
paper, but can be found, for example, in Holloway and
Manabe (1971), Carson (1982b), and Blondin (1989).

As an aside, it is worth noting that in general cir-
culation models, for example, where grid scales may
be hundreds of kilometers, some account of spatial
variability in rainfall interception is made. The simplest
approach is as follows: when m < m", it is assumed
that only a fraction m/m* of the canopy is wetted. The
evaporation from the canopy, averaged over the whole
grid area, is then given by

Er=(m/m")Ew + (1 —m/m")Eg, (29)

while if condensation is occurring through dewfall with
E,. <0, Eis set equal to E,,,; that is, the whole canopy
is assumed moistened. The spatial variability of rainfall
over a grid area (accounting, for example, for x mm
hr~! in the form of either steady, widespread rain or
isolated heavy-convective rain over a small fraction of
the grid area) has been introduced into the UKMO
GCM (Warrilow et al. 1986), and the problem of how
to model this in more detail has recently received some
attention by Pitman et al. (1990). They used BATS in
a stand-alone mode (uncoupled from a GCM), and
computed surface runoff (R) and canopy drip (P,) by
assuming that the local precipitation rate (over a frac-
tion of the grid area) was described by a decaying ex-
ponential probability distribution.

In the foregoing equations, specification of 7, is quite
crucial to the evaluation of evapotranspiration E,., and
m™ also needs to be set. For full canopy cover, both
can be expected to depend on foliage density and hence
upon leaf area index. In the case of the maximum can-
opy interception, a simple relation that covers a range
of grasses, crops, and tree species is

mt ~ alLA, (30)
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with 7" in millimeters of water. No distinction is made
in Eq. (30) between the leaf area index and the total
projected area index for leaves and stems (see e.g.,
Dickinson 1984). Deardorff (1978) gave a, = 1/7 for
a wheat crop, while Dickinson (1984 ) suggested taking
a; = 0.2 for general application. Using the latter value,
typical values of m* are 1 mm for a thick green canopy,
suggesting that it would take approximately two hours
for the foliage to become fully saturated from a dry
state, at a rainfall rate of 0.5 mm h~! with no evapo-
ration from the leaves.

Finally, the grid-average sensible and latent heat
fluxes are calculated from relations of the type

HOZO'fo+(1 _Uf)Hga (31)
Eo = O'fEf+ (1 - O'f)Eg. (32)

Here, the canopy fraction oappears explicitly, though
in many formulations (e.g., Deardorff 1978; Sellers et
al. 1986) it is absorbed into the parameterization of
the component fluxes.

The foregoing formulations deal with the heat fluxes.
Calculation of the surface stress [Eq. (1)] or friction
velocity [Eq. (A1)] is also required in a GCM and, in
analogy with Eqgs. (31) and (32), can be written as
contributions from soil and foliage, with

7o = ay7r+ (1 — o)1, (33)

where

Tr= pua/raMf and Tg = pua/raMg-

For all the surface fluxes, the aerodynamic resistances
are functions of stability, with z/L or Rig being cal-
culated separately for foliage and bare soil.

e. The atmospheric boundary layer

Calculation of the surface fluxes is one of the most
important components of a boundary-layer parame-
terization scheme in a large-scale model. In addition,
it is usually necessary to evaluate the following:

(i) The depth 4 of the ABL, in order that momen-
tum, heat, and water vapor can be distributed vertically.

(ii) The values of the turbulent fluxes and other
turbulent properties within the ABL, in order that the
vertical flux divergence can be calculated, or the tur-
bulent (entrainment) fluxes at the top of the ABL. In
slab models of the ABL, prognostic variables are av-
eraged throughout the ABL, with their calculation re-
quiring knowledge of the fluxes at the surface and ABL
top, together with the ABL depth itself.

(iii) The development, maintenance, and dissipa-
tion of ABL clouds.

1) RATE EQUATION FOR ABL DEPTH

For the clear convective boundary layer over land,
an elaborate form of growth equation was developed
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by Deardorff (1974) for use in atmospheric models.
For the stable or nocturnal situation, growth rates are
much smaller than in the convective case, and a di-
agnostic form for the depth may suffice. For example,
the equilibrium depth of the nocturnal boundary layer
as given by the Zilitinkevich (1972) relation could be
used. Alternatively, the rate equations described by
Nieuwstadt and Tennekes (1981) and Yamada (1979)
can be used to give the evolution of the nocturnal ABL
depth.

None of the approaches just mentioned is strictly
valid for the cloud-topped boundary layer except per-
haps for the case of lightly scattered shallow cumulus
clouds. In the case of the near-neutral or convective
cloudy ABL, the effects of liquid water on buoyancy,
and of radiative cooling on entrainment, need to be
taken into account. Rate equations for the stratocu-
mulus-topped mixed layer have been discussed in detail
by, for example, Deardorff (1976). If a rough estimate
of the ABL depth is required when ABL cloud is pre-
dicted, the level of the lowest major clevated inversion
(or the Ievel of the subsidence inversion) can be taken
as the ABL top.

2) TURBULENCE CLOSURE SCHEMES

The principal aim of such a scheme is to allow cal-
culation of vertical fluxes throughout the turbulent
ABL, covering the whole range of stabilities. Options
available include the first-order closure approach, often
referred to as K-closure (K is an eddy diffusivity) and
common in many GCMs (see Table A1), and higher-
order schemes, usually one-and-one-half order (e.g., as
used in the UCLA /CSU GCM) or second-order (e.g.,
as used in the GFDL II GCM). K theory is likely to
fail in the convective ABL during strongly buoyant
conditions where length scales of the energy containing
eddies are comparable with the depth of the layer over
which transfer is occurring. Some schemes in large-
scale models use a modified K approach to allow for
countergradient fluxes and avoid the use of negative
K. The reader is referred to Louis (1979), Andre
(1983), Sommeria ( 1988), and Stull (1988) for details
of K schemes.

Second-order closure avoids the need to parameter-
ize the fluxes using K coefficients. The reader is referred
to Mellor and Yamada (1974, 1982) for details.

3) ABL CLOUD PARAMETERIZATION

In many ABL and larger-scale models, ABL layered
cloud is assumed to exist if the ABL top lies above the
local condensation level, that is, if the relative humidity
at the ABL top is 100%. In many GCMs, low-level
stratiform clouds are assumed to be present when the
gridpoint relative humidity at a specified level in the
model exceeds some critical value (typically 85%-—
95%). Between this critical value and saturation, frac-
tional cloudiness is allowed to increase according to
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some empirical relation (e.g., a quadratic relation),
attaining full cover at 100% relative humidity. Some
schemes then introduce a dependence of cloudiness
upon other variables, for example, (i) low-level stabil-
ity; (ii) the cloud-top entrainment instability (see e.g.,
Randall et al. 1985; Slingo et al. 1989).

In both slab and high-resolution ABL models, in-
corporation of moist thermodynamic equations allows
the presence of cloud to interact both with the radiation
and turbulence fields, and to affect both the surface
energy balance, for example, and the depth of the ABL.

In many GCMs in use today, the depth of the ABL
is not governed by any suitable rate equation and may
not even be computed (although it may be set equal
to a fixed value). The presence of stratiform cloud is
then unaffected by boundary-layer dynamics. Such a
noninteractive system can never aspire to simulate the
real-world behavior and distribution of boundary-layer
cloud.

Because the ABL controls the evaporation and tur-
bulent redistribution of water substance into the at-
mosphere, it strongly determines the global distribution
of both cumuliform and stratiform clouds. A compre-
hensive parameterization of ABL processes for a nu-
merical model of the atmospheric circulation must take
into account the interaction of the ABL with clouds.
This aspect of the ABL parameterization problem has
an importance comparable to that of determining the
turbulent fluxes. :

3. Main GCMs

The studies reviewed by Mintz (1984 ) and Rowntree
(1988) involved GCMs in use up to the early 1980s.
Many, but certainly not all, are more sophisticated in
their ABL and land-surface representation today com-
pared with 10 years ago; however, there is a need to
distinguish between operational versions of a GCM and
experimental versions. Thus, the latter may be used
for many years to aid the development of new for-
mulations, but in practice an older, well-tuned (oper-
ational) version will be used for many of the climate
simulations. It is not necessarily accurate to say, for
example, that the NCAR climate model (GCM) has a
detailed canopy scheme (BATS) as part of its structure.
One version of the NCAR model can be run with
BATS, but this is not yet an integral part of the stan-
dard, operational GCM.

For the purposes of this review, and of a World Cli-
mate Research Programme workshop held in Reading,
UK in August 1988, many GCM groups were contacted
for information related to contemporary model struc-
ture. Formal publications do exist for most GCMs, but
these are usually many years old and may not accu-
rately represent the current GCM structure. On the
other hand, latest technical reports are often mislead-
ing, in that details of model schemes refer to experi-
mental model versions only. We have attempted to
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summarize the situation in respect to a range of GCMs
in use around the world, many involved in the study
of climate and climate change (see also, Cess et al.
1989, 1990; Boer et al. 1991; and Randall et al. 1992
for summaries from a different viewpoint of up to 19
GCMs used in cloud, climate, and surface energy flux
intercomparisons). Unfortunately, most GCMs have
not been used in extensive sensitivity studies (see later
Tables 4, 5, and 6).

The relevant details are summarized in appendix B.
From the ABL and land-surface perspective, models
have many common features, major amongst these
being the improved soil moisture schemes (new GLA
and UCLA /CSU models), canopy schemes (UKMO,
new GLA, new NMC, and UCLA/CSU models),
multilevel soil temperature schemes (UKMO model),
slab ABL (old GLA and UCLA /CSU models), tur-
bulence closure scheme (GFDL II and new GLA mod-
els), and an interactive stratocumulus cloud scheme
(UCLA /CSU model).

Much of the material described in section 2 serves
as the basis for existing or planned physical parame-
terization schemes in numerical models of the atmo-
sphere. The following comments (with reference to the
details in appendix B) indicate the degree to which
GCMs have incorporated aspects of land-surface and
ABL descriptions.

a. Surface

(i) Most GCMs allow Cy or zp to vary geographi-
cally, even though detailed datasets on vegetation dis-
tribution have been available since the early 1980s. All
models distinguish between land, sea, and ice surfaces.

(i1) Most GCMs determine the transfer coefhi-
cients from surface-layer theory, with a few using
ABL theory (e.g., based on Deardorff 1972) appro-
priate to a slab ABL.

(iii) All operational GCMs have Cy = Cg, and z,
=Zr.

(iv) Few GCMs account for subgrid orography, even
in a crude way.

(v) Few GCMs take account of averaging effects
(subgrid variability).

(vi) Most GCMs set x = n/ny, for n < g, and x
=1 for n > n in Eq. (25), where 5 is the amount of
water either in a bucket, or in a thick/thin soil layer
with a deeper reservoir. In an increasing number of
GCMs, a distinction is now made between soil types,
and surface parameters are allowed to vary geograph-
ically. Only a few models currently allow for the control
of vegetation on evaporation. In its simplest form, this
involves setting x = (1 + r,/r,)”" with r, and r, being
a surface and aerodynamic resistance, respectively.
There are now very detailed surface/canopy schemes
available (e.g., Dickinson et al. 1986; Sellers et al.
1986), but to date few operational GCMs use them
consistently and extensively.
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(vii) Surface temperature is evaluated in one of
several ways, all based on the surface energy balance
equation,

(a) Prognostically, with Gy replaced by 87T,/ 0t (the
forcing method).

(b) As in (a), with G, replaced by 07,/ + G,
(force-restore method).

(c) Ieratively, with Gy evaluated from a soil model
(or set to zero).

(viii) All GCMs allow the albedo «a; to vary geo-
graphically, and to vary seasonally with snow cover
(see Table 1 for data sources).

(ix) For the sea E = Ep, and all models make al-
lowance for the presence of sea ice, in terms of the
albedo and roughness specification. The roughness
length over the sea is either taken as constant (as im-

TABLE 1. Datasets.

GARRATT

Reference

Subject matter

1. Specification of the surface

Posey and Clapp (1964)
Hummel and Reck (1979)
Geleyn and Preuss (1983)
Matthews (1983)

Tucker et al. (1983)

Matthews (1985)

Wilson and Henderson-Sellers
(1985)

(See Pitman et al. (1989) for
further references and
discussion.)*

Henderson-Sellers et al. (1986)

Thomas and Henderson-Sellers
(1987)

Dorman and Sellers (1989)

Henning (1989)

2. Specification of surface
conditions

Mintz and Serafini (1989)

3. Climatological datasets

Surface

Jaeger (1976, 1983)

Henning (1989)

Esbensen and Kushnir (1981)
Bengtsson et al. (1982)

Clouds

Susskind et al. (1984)
Warren et al. (1986, 1988)
Hwang et al. (1988)

Atmosphere
Oort (1983)

Albedo data

Albedo data

Satellite-derived surface albedo

Global vegetation and land
use

Land-cover classification

Atlas of surface datasets

Land cover and soil datasets

General land datasets

Land cover characteristics
SiB dataset description
Albedo maps

Climatology of soil moisture

Global rainfall—monthly
Energy balance components
Oceanic heat budget

FGGE data

Monthly maps of cloudiness
Global distribution of clouds
Global cloud climatology

Global circulation statistics

* See Smith and Warrilow (1989) and Warrilow and Buckley (1989)
for a discussion on the reduction of data from the sets of Wilson and

Henderson-Sellers (1985).
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plied in assuming a constant drag coefficient), or set
to vary according to the Charnock relation

Zo = aul/g. (34)

The most appropriate value of a, is about 0.017 (Gar-
ratt 1977; Wu 1982) though many models use sub-
stantially higher values (based on Clarke 1970).

b. ABL

(i) Most GCMs do not predict the ABL depth, and
thus do not link ABL growth with cumulus develop-
ment (exceptions are the new GLA GCM and UCLA-
based GCMs).

(ii) Most GCMs have only one to four levels below
1-2 km and thus within the daytime ABL.

(iii) Most GCMs represent the vertical fluxes as

F,= —K0ds/dz, (35)

with K determined from a simple mixing-length rela-
tion usually with a stability dependence. This then al-
lows the flux divergence (dF;/dz) to be evaluated at
each model level, with the ABL top indicated as the
level where K first reaches a specified small value. Al-
ternatively, the flux divergence term can be approxi-
mated as Fy/h, where the ABL depth 4 must be eval-
uated (it is specified in many models). This approxi-
mation effectively uniformly mixes the property
through the layer of depth /4, and in several models the
ABL is represented as a slab of atmosphere with a vari-
able first-model level coinciding with the ABL top.

(v) Few GCMs link the presence of low-level stratus
and stratocumulus with ABL mixing and entrainment.

(vi) Most GCMs now have a diurnal cycle (probably
all have this as an option).

4. Datasets

Specialized datasets may be required for three main
purposes: (1) specification of the lower-boundary con-
ditions; (ii) specification of initial conditions, and (iii)
for comparison with numerical model output. In the
first case, we are looking at datasets that allow the soil /
vegetation type, the albedo, the aerodynamic rough-
ness, and the mean height of the orography to be spec-
ified as a function of geographical location. In the sec-
ond case, climatological variables may be available to
initialize 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, ac-
curate initialization of a climate model is not a major
requirement, and therefore quite different to the needs
of numerical weather prediction models. Nevertheless,
a realistic initialization of the soil moisture field, for
example, may be required for climate simulations (e.g.,
see Mintz and Serafini 1989). In the third case, vali-
dation of model simulations depends on the availability
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of observations, suitably reduced and averaged, for
comparison with model output. Observations might
take the form of time-averaged atmospheric fields of
velocity, temperature, and humidity; surface fields of
pressure, fluxes, and precipitation; climatological fields
of clouds; and detailed data on the diurnal behavior
of surface variables at specific locations.

Table 1 summarizes the types of datasets available,
with suitable references. The data contained therein
are used extensively in the validation of model-simu-
lated climate. Perrier (1982) should be consulted for
an earlier discussion on datasets useful for both the
validation of models and the suitability for specifying
lower-boundary conditions. The table does not include
specialist datasets on the surface layer or ABL, which
are usually based on point measurements. The reader’s
attention should be drawn to the HAPEX dataset,
available on request from the French group of Meteo-
France (Andre et al. 1986, 1990), and Henning’s
(1989) atlas of the surface heat balance of the conti-
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nents. Both are invaluable for the assessment of model
simulations related to the mean diurnal cycle of surface
fluxes and the regional surface energy balance over
continents.

5. Main sensitivity results—Land surface

a. Albedo and soil moisture

In the last 15 years evidence has been accumulating
from numerical model studies that the climate is sen-
sitive to variations in processes and parameters at the
earth’s surface. The experiments of Charney et al.
(1977) demonstrated such sensitivity to surface albedo
and the parameterization of evaporation. These ex-
periments, and several reviewed by Mintz (1984), used
relatively simple parameterization schemes and most
surface characteristics lacked geographical variation.
More complex, and hopefully realistic, schemes have
been developed in recent years, both regarding geo-
graphical variations in parameters such as albedo and

TABLE 2. Sensitivity studies involving surface albedo and surface moisture changes. SM1 and SM2 denote noninteractive and interactive
soil moisture schemes. The abbreviations R and G refer to either regional (R) or global (G) climate impact investigations. In the last column,

we abbreviate day (d), week (w), month (mon), and year (y).

R/G Integration
Reference Model Comment time/averages
1. Surface albedo
Charney et al. (1977) GISS SM1, SM2 R/G 424d/30d
Chervin (1979) NCAR SM2 — 3 mon/2 mon
Carson and Sangster (1981) UKMO SM1 — >3 mon/3 mon
Sud and Fennessey (1982) GLAS SM2 R 47d/30d
Henderson-Sellers and Gornitz (1984) — SM2 R 10y/1 mon
Sud and Smith (1985b) GLAS SM2 R 6w/l mon
Cunnington and Rowntree (1986) UKMO SM2 R 50d/30d
Laval (1986) LMD SM2 R 504d/30d
Laval and Picon (1986) LMD SM2 R 804d/30d
Wilson et al. (1987a) NCAR SM2 R 30d/10d
Sud and Molod (1988) GLA SM2 R 6w/l mon
Lean and Warrilow (1989) UKMO SM2 R 3 y/8 mon
2. Soil moisture
General
Manabe (1975) GFDL SM1, SM2 — —/3mon
Kurbatkin et al. (1979) GFDL SM1, SM2 G —/2mon
Carson and Sangster (1981) UKMO SM1 G >3 mon/3 mon
Miyakoda and Strickler (1981) GFDL SM1 R/G 14d/12d
Shukla and Mintz (1982) GLAS SM1 G 60d/30d
Suarez and Arakawa—discussed in UCLA SM1 G 6w/dw
Mintz (1984)

Warrilow (1986) UKMO SM2 G 18 mon/3 mon
Laval (1988) LMD SM2 G 804d/30d
Meehl and Washington (1988) NCAR SM2 R/G y/1 mon

GFDL SM2 R/G y/1 mon
Blondin (1989) ECMWF SM2 G 90d/90d
Anomalies
Walker and Rowntree (1977) UKMO SM2 R 10d/5d
Rowntree and Bolton (1983) UKMO SM2
Yeh et al. (1984) GFDL SM2 R 50d/10d
Cunnington and Rowntree (1986) UKMO SM2 R 50d/30d
Sud and Molod (1988) GLA SM2 R 6w/l mon
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roughness length, and models for soil hydrology and
vegetation.

The sensitivity problem in GCMs was discussed by
Carson ( 1982a—at an ECMWF workshop on ABL pa-
rameterization) in the context of UKMO GCM sen-
sitivity tests on sea surface roughness; by Rowntree
(1988), with emphasis on albedo and surface moisture;
and anonymously in a report of a CAS/ WMO Work-
shop on the ABL over oceans held at ECMWF in 1983.

Most recently, Rowntree (1988), in a review of
GCMs and the relation between vegetation and climate,
briefly summarized GCM sensitivity studies relating to
surface albedo and moisture. Table 2 lists the most
relevant studies, where we have made a distinction be-
tween the use of soil moisture anomalies and the use
of a general moisture formulation or specification (e.g.,
dry or wet). In the last two columns, the emphasis of
the study on regional (R) or global (G) impacts is in-
dicated, together with the model integration time and /
or averaging time of the statistics.

In the case of surface albedo, the major results for
regional albedo changes are summarized in Table 3 in
terms of gross changes in regional evaporation and
precipitation. Two mechanisms can be identified that
are consistent with these results—first, that due to
Charney (1975), whereby cooling of a local atmo-
spheric column due to increased surface albedo (the
result of a loss of vegetation ) produces decreased ascent,
a displacement equatorwards of the ITCZ, and reduced
precipitation; and second, in regions where precipita-
tion is strongly influenced by evaporation, increased
albedo results in reduced net radiation, hence evapo-
ration and precipitation. Thus, in the tropics, Mylne
and Rowntree (1991) suggest evaporation from moist

TABLE 3. Sensitivity results of the response of 3D GCM climate
simulations to gross changes in surface albedo éc;. Climate response
is shown here in terms of average changes in evaporation SE, and
rainfall 6P over land. References denoted by an asterisk are discussed
in Mintz (1984). These and others are further discussed in Rowntree
(1988).

OF oP
Reference dag (mm day™")
Charney et al. (1977)* 21 —0.8 -2.0
Chervin (1979)* 27 — -1.7
Carson and Sangster (1981)* .20 -0.95 -1.2
.10 — -0.4
Sud and Fenessey (1982) .16 -0.4 -0.6
Henderson-Sellers and Gornitz .06 —0.45 -0.6
(1984)
Sud and Smith (1985b) .06 — -1.6
Cunnington and Rowntree (1986) .06 — —-0.75
—.04 — +0.6
Laval and Picon (1986) increase  decrease decrease
Sud and Molod (1988) decrease increase
Lean and Warrilow (1989) .05 -0.2 —-0.75
Planton (1986)—quoted in .10 -0.1 —-0.2

Mylne and Rowntree (1991)
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TABLE 4. Sensitivity studies (other than albedo and surface mois-
ture) involving surface roughness, vegetation, and soils. The abbre-
viation mm refers to mean monthly values. Abbreviations as in Ta-
ble 2.

Integration
Regional (R) time/
References Model orglobal (G)  averages
1. Roughness
Delsol et al. (1971) GFDL G 14d
Carson (1982a) UKMO G 7d
Sud and Smith (1985a,b) GLAS R 1-2 mon
Heasman (1987) UKMO G 80 d/mm
Yagai and Tokioka (1987) MRI G 60d
Sud et al. (1988) GLAS G 1-2 mon
Miller et al. (1989) ECMWF G 90d
Smith and Warrilow UKMO G ?/30 d
(1989)
Warrilow and Buckley UKMO G ?/30d
(1989)
2. Vegetation and soils
Henderson-Sellers and GISS G ~10y
Gornitz (1984)
Warrilow et al. (1986) UKMO G
Wilson et al. (1987a) NCAR G 30d/10d
Wilson et al. (1987b) NCAR 1D stand
alone
Dickinson and Henderson- NCAR R 13 mon/mm
Sellers (1988)
Pitman et al. (1989) CCM G ?/3 mon
Warrilow and Buckley UKMO G ?/30d
(1989)
Lean and Warrilow (1989) UKMO — 3y
Sud et al. (1990) GLA G 47d
Xue and Liou (1990) 2D R 30d
Shukla et al. (1990) NMC R ly
Nobre et al. (1991) NMC R ly

surfaces will be reduced by about 0.6 mm day ' for
an increase of 0.1 in the surface albedo.

Model results in Table 3 include both noninteractive
and interactive soil moisture, and consistently reveal,
for an albedo increase

(i) decreased land evaporation;
(ii) decreased land precipitation and, in the global-
change cases, increased precipitation over the sea.

In the two instances of an albedo decrease, the increased
precipitation emphasizes the consistency of the overall
results. Much of the earlier work was biased towards
studies in semiarid regions, using models without can-
opy representation. Mylne and Rowntree (1991) have
summarized model results for regions equatorwards of
20 degrees, and looked specifically (using the UKMO
GCM) at the impact of tropical deforestation on albedo
changes and their impact on the atmosphere. Their
main result suggests a 20% decrease in regional rainfall
for a 0.1 increase in albedo, with more than one-half
of this rainfall decrease being the result of changed
moisture convergence. This response is consistent with
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several tropical deforestation studies reported in the
literature (see section 5b).

The effect of albedo changes on cloudiness has not
been so readily identified; however, in one of the studies
where ocean temperatures were not prescribed ( Hen-
derson-Sellers and Gornitz 1984 ), the expected global
cooling resulting from an albedo increase was obtained.
All of the albedo changes prescribed in the above ex-
periments were large compared to those occurring due
to present or expected land-use change. According to
Henderson-Sellers and Gornitz (1984 ), the change in
global surface albedo due to land-cover transformations
in the 30-year period up to the early 1980s was about
0.0005 only.

The effect of albedo changes on atmospheric circu-
lation has been alluded to in Laval and Picon (1986)
in their study of the Sahelian climate. Thus, concom-
itant changes in circulation and precipitation were
produced in response to albedo changes. Higher albedo
produced lower rainfall in the Sahel, related to stronger
low-level easterlies and a decreased tropical easterly
jet. The results are consistent with that of Sud and
Smith (1985b) whose model study showed that the
Indian monsoon was significantly weakened by an in-
crease in albedo (Table 3).

For surface-moisture sensitivity studies (see Table
2) using GCMs, the major effects of gross soil moisture
changes on the model-simulated climate were as fol-
lows:

(i) With prescribed dry continental surfaces (no
evaporation) continental rainfall was small except in
the tropics. For example, monthly average evaporation
and precipitation for the North American and Eurasian
land masses were close to zero. In the tropics (July
conditions were usually considered), moisture con-
vergence from the oceans was dominant.

(i1) For prescribed saturated continental surfaces
with potential evaporation (x = 1), most of the mid-
latitude continental areas were wet, with the extensive
North American and Eurasian land areas having
monthly mean evaporation and precipitation increase
(from the x = 0 case) to about 4 mm day~'. The pe-
ripheries of the tropical wet regions were the most sen-
sitive to soil moisture, while rainfall remained low in
the desert regions in the subtropics. Overall, the ex-
periments with regional anomalies do not give signif-
icant and consistent results. In contrast, global changes
in soil moisture status tend to produce decreased pre-
cipitation over land when the soil is dry, except in
tropical regions where increased moisture convergence
maintains precipitation amounts.

The foregoing results for surface albedo and soil
moisture impacts are broadly consistent with simple
conceptual ideas. Thus, Egs. (12) and (14) combined
show that increases in o, tend to decrease the available
energy (H + AFE), and hence most probably the evap-
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oration. For a purely 1D situation, drying the soil will
reduce evaporation to zero, and hence reduce precip-
itation. Where horizontal moisture convergence is im-
portant, the effects of soil moisture changes locally are
not readily deduced.

In the last ten years or so, most GCM studies of
relevance to this review have involved the impact of
land-surface changes and have used only a few model
variables or fields to assess the response: precipitation,
cloudiness, and evaporation, predominantly. Studies
of interest, other than for albedo or soil moisture, are
summarized in Tables 4 and 5. Since Mintz (1984)
and Rowntree (1988) have dealt with the albedo and
surface moisture sensitivity, we wish to concentrate in
the remainder of this section on the results of the GCM
sensitivity to surface roughness and vegetation repre-
sentation.

b. Surface roughness

Conceptually, we turn to the combination equation
[Eq. (12)] to provide guidance on the possible impact
of roughness changes upon evaporation. An increase
in zo decreases r,;, and hence increases the aerodynamic
contribution to the potential evaporation, and probably

TABLE 5. Sensitivity studies (other than albedo and surface mois-
ture) involving the diurnal cycle and the ABL. SGV refers to subgrid
variability. Abbreviations as in Tables 2 and 4.

Integration
Regional (R) time/
References Model or global (G) averages®
1. Diurnal cycle
Delsol et al. (1971) GFDL G 14d
Hansen et al. (1983) GISS G >3 mo
Randall et al. (1985) UCLA G 3 yr/mm
Wilson and Mitchell
(1986) UKMO G ~1 mo
2. Averaging (SGV)
Sud and Smith
(1984) GLAS G 1-2 mo
3. ABL clouds
Randall et al. (1985) UCLA G 3 yr/mm
Slingo et al. (1989) UKMO G 2yr
4. ABL mixing
Delson et al. (1971) GFDL G 14d
Hansen et al. (1983) GISS G 3motoSyr
Miyakoda and Sirutis
(1977) GFDL 1 mo
5. ABL depth
Randall et al. (1985) UCLA G 3 yr/mm

“ mm refers to mean monthly. mo = month.
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TABLE 6. Impact of canopy on regional climate (Amazonia); C—
control GCM simulation (forest or high roughness); Exp—experi-
mental GCM simulation (deforested or low roughness). All canopy
results are for annual averages (or longer). E is evaporation, P is
precipitation, and R is surface runoff (all in mm day™).

GARRATT

E P R T,

Reference Model mm day™! (o]

Dickinson and NCAR/BATS C 59 9 4 25

Henderson- Exp 52 9 4 26.5
Sellers (1988)

Lean and Warrilow UKMO C 3.1 6.6 34 236

(1989) Exp 23 53 3 26.0

Shukla et al. (1990) NMC/SiB C 45 67 — 235

Exp 32 50 — 260

Nobre et al. (1991)  as above in Shukla et al. (1990)

tends to increase both evaporation and precipitation.
The reader should note that high-roughness land sur-
faces tend to have (i) a relatively low albedo (Fig. 1),
and hence the capacity to accomodate higher values
of net radiation; (ii) low soil heat fluxes; (iii) low aero-
dynamic resistances. All three factors, according to Eq.
(12), tend to produce increases in the potential evap-
oration. So far as regional or global effects of surface
changes are concerned, the preceding arguments sug-
gest that increased evaporation and precipitation result
from decreased albedo, increased soil moisture, and
increased roughness.

Model studies covering a range of time scales and
involving several GCMs suggest an impact of rough-
ness on circulation and precipitation, particularly for
the longer time scales, and with large changes in rough-
ness. In many cases, changes were insufficient for one
to expect a significant response (¢.g., Miller et al. 1989).
To see this, consider the geostrophic drag coeflicient
(Cs), upon which regional and global surface fluxes
depend, and its dependence on roughness length. The
variation is illustrated in Fig. 6 according to a well-
known boundary-layer similarity relation. The depth
scale 4 can be taken as the neutral boundary-layer
depth, and set at a value of 1 km for present purposes.
The curve shows that significant changes in Cg (of order
25%-50% ) require changes in zy of one to two orders
of magnitude, and that changes in z, of only a factor
of two or so produce insignificant changes in Cg. -

Major GCM studies on time scales less than about
10 days are those due to Delsol et al. (1971) and Carson
(1982a, in ECMWF workshop report), and on longer
time scales those due to Sud and Smith (1985a,b) and
Sud et al. (1988), both using the GLAS model, and
Heasman (1987) using the UKMO model. We con-
centrate below on the longer time scale studies.

In the study of Sud and Smith (1985a), the influence
of the low surface roughness of deserts was examined
for the July circulation around the globe, with focus
in the Sahara region. A decrease in z over all major
deserts (from 0.45 m to 0.0002 m) produced, around
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the Sahara, a significant reduction in regional precip-
itation, related to changes in regional circulations, a
shift of the ITCZ southwards, and a reduction in the
cross-isobaric moisture convergence into the Sahara
region. In other deserts, which had little rainfall in their
July control simulation, there was little significant
change. Sud and Smith (1985b) concentrated on the
impact of a range of surface changes upon the July
circulation over India. One of their experiments in-
volved roughness changes identical to those studied in
Sud and Smith (1985a). Again, the roughness decrease
(from 0.45 m to 0.0002 m) produced a significant de-
crease in precipitation (of about 1 mm day™').

The study of Sud et al. (1988) probably provides
the biggest global change in zy over all land surfaces
(from 0.45 m to 0.0002 m) with which to assess the
atmospheric response. Their results are based on the
average of three control and experiment runs, each run
representing an integration through the month of July.
The reduced roughness produced about a two-fold in-
crease in the boundary-layer wind speed and, at the
same time, a two-fold decrease in the surface stress.
There was almost no change in the surface evaporation
and surface heat flux. There was, however, a large
change in the horizontal convergence of the water vapor
transport in the boundary layer and a corresponding
large change in the land-sea precipitation distribution
(see Fig. 7a). Statistical considerations showed that
some of these changes, for example, in the sub-Sahara
and Amazon Basin regions were significant (see Fig.
7b). For example, the mean July evaporation for the
Amazon changed very little with the roughness de-
crease, though the precipitation decreased from about
4 mm day ! to about 2 mm day~'. This result is con-
sistent with that found by Lean and Warrilow (1989)
using the UKMO model.

C‘mulo3
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F1G. 6. Variation of the neutral geostrophic drag coefficient with
roughness length based on

Ce = k2/{[In(h/z) — A]* + B?},

where A = 1, B = 4.5, and 2 = 1 km; k is the Karman constant
taken as 0.4 (see Garratt 1992, chapter 3).
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F1G. 7. (a) Difference in the total July precipitation between the
experimental and control simulations averaged for three model sim-
ulations each. Contours are for +0, 1,2, 4,8, 12, 16,... mm day™;
dashed lines show negative values. (b) Student’s t-test analysis of the
rainfall differences between the control and experiment runs; ¢ greater
than +2.8 represents over 95% significance. The dotted and ruled
shaded areas show the regions of 95% confidence for dry and wet
conditions. From Sud et al. (1988).
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In the works of Sud and Smith (1985a,b) and Sud
et al. (1988) several experimental runs were made in
order to evaluate the statistical significance of the results
relative to the natural variations occurring in the model
climate (related to interannual variability). This sta-
tistical evaluation is an important component of any
sensitivity /impact study—in their case, differences
(experimental minus control) in various physical fields
were found to be statistically significant, since they were
often two to three times larger than the sample standard
deviations. The study of Sud et al. (1988) used a model
with a prescribed soil wetness and with no treatment
of vegetation or interactive soil moisture. Their study
nevertheless suggests that the height of the earth’s veg-
etation cover, which is the main determinant of the
land-surface roughness (orography is also important),
has a large influence on the boundary-layer water-vapor
transport convergence and the rainfall distribution.

The results just mentioned serve to emphasize the
relative effects of increases in surface albedo and de-
creases in surface roughness. For example, of the studies
relating to the Sahara region (Chervin 1979; Sud and
Smith 1985a), the influence of a decrease in roughness
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is qualitatively the same as that of an increase in surface
albedo. For the Amazon region, the comparable effects
of albedo and roughness changes were estimated by
Lean and Warrilow (1989) using the UKMO GCM.
Annual changes in precipitation and evaporation were
as follows:

OF 8P
(mm day™!) (mmday™)
Albedo change:
0.14 t0 0.19 -0.20 —0.75
Roughness change:
0.79 to 0.04m —-0.43 —0.69.

¢. Vegetation

The gross effects of incorporating a canopy scheme
into a GCM are as follows: a decrease in albedo in
going from bare soil to vegetation (Fig. 1); an increase
in zo over that for bare soil (Fig. 2); access to deeper
soil moisture and resultant physiological control of
evapotranspiration through a bulk stomatal resistance;
and the interception and reevaporation of water from
foliage. Henderson-Sellers and Gornitz (1984) made
the point that to not incorporate a canopy submodel
in a GCM, but simply to have albedo and roughness
changes, may not properly represent surface-change
effects. Five major studies are known where the sen-
sitivity of global and regional climate to vegetation has
been studied through introduction of canopy submod-
els (Dickinson and Henderson-Sellers 1988; Lean and
Warrilow 1989; Sud et al. 1990; Shukla et al. 1990;
Nobre et al. 1991). In four of these (all but the study
of Sud et al.), the focus was on the climatic impact of
tropical deforestation.

Dickinson and Henderson-Sellers (1988 ), using the
BATS canopy model (Dickinson et al. 1986; Wilson
et al. 1987b), together with full 3D simulations in the
NCAR CCM, studied regional climate response to re-
moval of the Amazonian forest (analogous to the earlier
study of Henderson-Sellers and Gornitz 1984). A con-
trol run was compared with observations, in terms of
mean monthly precipitation and mean sea level (MSL)
pressure over South America, and then with the test
run with deforestation. In addition, comparisons were
made with 1D stand-alone simulations to demonstrate
similar behavior in terms of the local/regional re-
sponse. Broadly, the change from forest to grass on
such a large scale produced, after several months, sig-
nificant increases in near-surface temperatures (up to
3-5 K) and decreases in evapotranspiration. In addi-
tion, the annual mean precipitation decreased by 0.25
mm day !, though the statistical significance of this
change (and that of MSL pressure pattern changes)
was marginal.

Subsequently, Lean and Warrilow (1989), Shukla
et al. (1990), and Nobre et al. (1991) have all inves-
tigated the impact of Amazonian deforestation on re-
gional climate. In Lean and Warrilow (1989), the
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UKMO model was combined with a simple soil-canopy
scheme (see Warrilow et al. 1986). The scheme in-
cluded four soil levels, interception of rainfall by the
canopy, and the geographical variations of land-surface
parameters and soil types. They ran 3-year control
(forest) and deforestation (tropical pasture) experi-
ments. In the studies of Shukla et al. (1990) and Nobre
etal. (1991), the US NMC model was combined with
SiB (see also Sato et al. 1989a, 1989b), and 1-year
control (forest) and deforestation (degraded tropical
pasture—mainly grass) experiments were performed.
The later study was basically an extension of the earlier
one, but with greater emphasis on the simulations at
the diurnal and monthly time scale, and comparison
with observations. The main results can best be assessed
by reference to the changes in precipitation, evapora-
tion, and near-surface air temperature produced by the
change in surface type (see Fig. 8). These changes are
summarized in Table 6 together with comparable re-
sults from Dickinson and Henderson-Sellers (1988).
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The results from Lean and Warrilow (1989) and the
two NMC model studies are remarkably consistent, in
showing reductions in long-term evaporation and pre-
cipitation, and increases in near-surface temperature.
Nobre et al. identified a larger regional decrease in pre-
cipitation over evaporation, implying a decrease in the
dynamical convergence of moisture flux. Additional
simulations by Lean and Warrilow (for 8-month pe-
riods) discussed in their paper reveal that the increase
in temperature is associated with the roughness de-
crease, with albedo playing a relatively minor role. But
the two land parameters seem to play a comparable
role in the variations of the hydrological budget. The
forest canopy is wet for much of the year, so a decrease
in evaporation is to be expected as roughness decreases
[Eq. (12)]. One interesting conclusion of both the
NMC model studies relates to the implied longer dry
season induced by deforestation. This has serious eco-
logical implications, since tropical forests are both sus-
tained by the absence of a prolonged dry season and
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Fi1G. 8. Model differences between 12-month means (calendar year)
of deforestation and control cases (deforested minus control) for
South America, showing: (a) surface temperature increase in °C; (b)
total precipitation changes in mm (dashed lines indicate a decrease);
(¢) evapotranspiration decrease in mm. From Shukla et al. (1990).
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would be more difficult to reestablish under such con-
ditions.

All of the preceding tropical deforestation experi-
ments involve, with the transformation from forest to
degraded pasture, relatively large roughness decreases
and albedo increases, giving impacts consistent with
earlier individual roughness and albedo sensitivity
studies. In contrast, the study of Sud et al. (1990) eval-
uated the impact of introducing a complex soil-canopy
scheme [the Simple Biosphere Model (SiB)] into the
GLA GCM by comparing model simulations with and
without SiB, mainly in terms of mean January and
July statistics. Ensemble sets of four January and July
simulations were made, each set containing two runs:
one with and one without SiB. In the control runs, soil
moisture was prescribed (though it was time varying)
and so was noninteractive, while in contrast the SiB
scheme involves interactive soil moisture.

The main results of the comparisons showed that
SiB simulates much lower evapotranspiration rates over
land for both vegetated and bare soil regions, with gen-
erally greater sensible heat fluxes (though not exclu-
sively so) and lower levels of net radiation. The changes
in the surface fluxes were accompanied by large and
statistically significant changes in the simulated rainfall,
particularly in the tropics and the summer hemisphere.
Globally, the SiB-GCM evaporation over land de-
creased by nearly 40% of that evaluated in the Control
GCM, with precipitation decreasing by only 30%, and
surface net radiation decreasing by some 15%-20%.
The impact of SiB on the global hydrological cycle in
the GCM is shown in Fig. 9 in terms of surface net
radiation, sensible heat flux, evaporation, and precip-
itation. The SiB GCM produced reduced evaporation
over all land regardless of the vegetation cover. In veg-
etated regions, the stomatal function of leaves reduces
daytime evapotranspiration from the evaporation cal-
culated with a bucket scheme, while in bare-soil areas
the use of a soil moisture scheme (in SiB) with a thin
near-surface layer ensures rapid drying of the soil near
the surface and consequent reduction in evaporation.
The reduction in the surface net radiation for all con-
tinental regions seems to have been due to both the
reduction in evaporation, leading to increased surface
temperatures and outgoing longwave fluxes, and to
generally increased surface albedos associated with the

_SiB scheme.

6. Main sensitivity results—ABL
a. ABL turbulen{:e and depth of mixing

Few GCM sensitivity studies have been carried out
on the impact of ABL parameterization schemes. This
is basically because of the difficulty in evaluating the
sensitivity of climate to ABL processes, as compared
with surface representation. Nevertheless, there are a
few relevant studies (see Table 5) that include the roles
of the diurnal cycle and the ABL depth and mixing.
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FIG. 9. Model simulated July surface energy budget components
in W m~2 for the three regions: entire Earth (G), land (L), and oceans
(O) from GCM simulations with (solid bar) and without (hatched
bar) the SiB scheme. The components are: net radiation, sensible
heat flux, and latent heat flux. Precipitation is also shown. From Sud
et al. (1990).
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1) DIURNAL CYCLE

The ABL structure, land surface temperature, and
surface fluxes are strongly dependent on the diurnal
cycle of solar insolation, though the diurnal cycle is
not included in all GCMs. If accurate surface fluxes,
for example, are required in climate simulations (not-
ing that there is a highly nonlinear dependence of fluxes
on stability ) or if the effects of clouds are to be properly
included (and their effects on climate to be modeled
correctly) a diurnal cycle is necessary. Randall et al.
(1985), using the UCLA GCM, found that the model’s
simulated July climate is much more realistic with the
diurnal cycle than without it.

2) THE ABL DEPTH AND MIXING

In several studies ( Delsol et al. 1971; Miyakoda and
Sirutis 1977; Louis et al. 1982; Hansen et al. 1983;
Hart et al. 1988), the impacts of several parameteriza-
tion changes, including ABL schemes, were discussed
only briefly. In many, improvements in the simulated
climate were noted but none can be classed as system-
atic studies. In Randall et al. (1985), simulations were
described with variable and fixed ABL depths. Their
results confirmed the idea that variability in the ABL
depth influences the general circulation primarily by
regulating the intensity of the cumulus convection over
land.

Slingo et al. (1988) used an improved version of the
UKMO 11-level model, and predicted the ABL depth
so as to facilitate stratocumulus formation. Improved
cloud fields and radiation budgets were claimed. In a
more detailed follow-up paper Slingo et al. (1989) dis-
cussed the effects of improved physics on simulations
of cloudiness and the earth’s radiation budget in par-
ticular. Main changes involved cumulus convection
parameterization, ABL mixing, and the surface heat
flux. These modifications were made so as to improve
the earlier model’s poor simulation of low cloud over
subtropical oceans. Revised simulations agreed better
with satellite observations.

b. ABL clouds

The presence of clouds plays a crucial role in the
radiation balance of the atmosphere and earth’s surface,
and hence in the general circulation and climate. ABL
clouds are treated very crudely in most models, with
little dependence on ABL mixing, entrainment across
the ABL or cloud-layer top, or on ABL depth. All of
these factors appear to be crucial to the presence or
otherwise of low-level layer clouds. Consequently, in
most GCMs there is an excess of stratocumulus and
stratus globally, particularly in high latitudes and in
the central subtropical oceans, and a deficit of strato-
cumulus in the subtropical oceans west of the conti-
nents where maxima are observed. Unfortunately, too
few model studies have been involved in evaluating
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the sensitivity of low cloudiness to ABL schemes and
other effects, and improvements have been found for
quite different reasons (this seems to depend on the
model used).

We use two examples to illustrate the problem (see
also Hansen et al. 1983). In the first example, Slingo
et al. (1989) described how cloudiness in the UKMO
model was improved (i.e., decreased globally) by re-
moving a dependence upon a low-level # gradient
(causing cloud tuning problems). In the subtropical
ocean areas with deficient stratocumulus, the ABL
scheme was found to be producing too deep and dry
an ABL. Improvement was produced when the ABL
top was allowed to coincide with the lowest inversion
(and was thus generally much shallower in these
oceanic regions of interest), and with modified, sta-
bility-dependent diffusivities. The excess stratus at high
latitudes was assumed to be the result of negligible en-
trainment across the cloud top.

Such a problem had been dealt with earlier in the
UCLA model, and its impact illustrated well in the
study of Randall et al. (1985). They used the UCLA
model for seasonal simulations of climate and to eval-
uate the sensitivity to three aspects of ABL and cloud
parameterization: layer-cloud instability (LCI) related
to stratocumulus dissipation, entrainment, and inter-
action with ABL turbulence; ABL depth; and diurnal
cycle. Removing the LCI, which basically cuts off en-
trainment of dry air into the cloud from above, pro-
duced increased and unrealistic cloudiness. Fixing the
ABL depth produces a pronounced and unrealistic in-
crease in cumulus precipitation over land.

7. Comments on the deforestation experiments

The impact of albedo, roughness, and the surface
type upon the near-surface climate and rainfall has been
clearly demonstrated in a number of GCMs. Inclusion
of vegetation in the surface scheme of a GCM ensures
a more realistic representation of surface roughness,
surface albedo, and surface hydrology, and hence the
partitioning of available energy into sensible and latent
heat fluxes. This improvement in the parameterization
of surface processes does not ensure better climate
simulations, however, particularly if the representation
of other physical processes in the GCM (e.g., ABL
mixing and evolution; clouds; precipitation; radiation)
is manifestly inferior to that for the surface. Hence, in
the long term, improvements in all aspects of a GCM
are required, which requires some degree of forward
planning, coordination, endeavor, and adequate re-
sources.

The four model studies on tropical deforestation,
and the study of Sud et al. (1990) provide a valuable
guide to the performance of contemporary GCMs,
most of these studies involving experimental model
versions with detailed canopy schemes. The studies in
particular provide information on the simulated cli-
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FIG. 10. Annual cycle (mean monthly values) of (a) evaporation
and (b) precipitation for Amazonia, based on model simulations and
observations. The observations of Shuttleworth (1988) are shown
(heavy line, 8) together with summer and winter vatues from Henning
(1989) for evaporation (H) and Jaeger ( 1976) for precipitation (J).
Model simulations as follows: UKMO model (®) from Lean and
Warrilow (1989); NMC model (O, 4) from Shukla et al. (1990)
and Nobre et al. (1991), respectively; NCAR model (A) from Dick-
inson and Henderson-Sellers (1988); GLA model (S) from Sud et
al. (1990).
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mate of an extensive continental region (Amazonia in
this case) that can be used to assess the ability of models
to simulate the annual cycles of evaporation, precipi-
tation, and radiation, and to identify model weaknesses
through model intercomparison and comparison with
observations, in relation to the vegetation parameter-
1zations, or to simplifications elsewhere in the model.

a. Simulation of annual cycles at the surface

We show in Fig. 10 the annual cycles of monthly
precipitation and evaporation for the Amazonian re-
gion as simulated in the GCMs used in the deforestation
experiments. They are compared with the observations
at Manaus over a two-year period reported in Shuttle-
worth (1988) and, for evaporation, with values deduced
from the maps of Henning (1989) for January and
July (these imply a seasonal variation that is totally
absent in the Shuttleworth observations). The addi-
tional precipitation values are taken from Jaeger
(1976). Differences between the models are obvious
and significant, and not all simulate the marked vari-
ation in rainfall between the dry and wet seasons. In
the case of evaporation, most models give overesti-
mates, with two demonstrating a pronounced seasonal
variation, and the other three showing little variation
from month to month.

With the evaporation results in mind, it is instructive
to consider the simulation of surface net radiation for
Amazonia. Indeed, Dickinson (1989) has suggested
that the poor simulation of net radiation was the pri-
mary cause of the significant differences between ob-
servations and the NCAR model simulations of evap-
oration and other quantities. Values of the component
radiative fluxes or the net radiation are not given in
any great detail in any of the published deforestation
works, though the net radiation for January and July
for several regions is given in Sud et al. (1990). Monthly
values of net radiation associated with the NCAR sim-
ulations have been presented and discussed by Shut-
tleworth and Dickinson (1989), however. For the pur-
poses of the present study, the author has drawn upon
archived model data (which include surface net radia-
tion) obtained from several GCM groups for a study
of the regional surface energy balance. We show in Fig.
11 the annual cycle for Amazonia, together with the
observations of Shuttleworth (1988) and the indirect
climatological data of Henning ( 1989) for January and
July. The comparison reveals the tendency for the
models shown here to overestimate the net radiation,
even allowing for improvements produced by intro-
ducing new canopy schemes (SiB for several of the
GCMs) and updated surface albedos. The impact of
SiB upon the simulated climate, and upon the surface
net radiation in particular, is clear in the study of Sud
et al. (1990). Their Table 2 reveals reduced levels of
net radiation for all continental regions, for both Jan-
uary and July, when SiB is introduced. Yet as the two
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FiG. 11. Annual cycle (mean monthly values) of surface net ra-
diation for Amazonia, based on model simulations and observations.
The observations published in Shuttleworth and Dickinson (1989)
are shown (heavy line, B), together with inferred values (H) for
summer and winter from Henning ( 1989). Model values are: NCAR
model (A) from Shuttleworth and Dickinson (1989) and GLA model
(S) from Sud et al. (1990), together with those based on GCM data
archives (for models with canopy schemes and modern albedo values)
as follows: UKMO model (@); NMC model with SiB (<).

plotted values in Fig. 11 show, these are still much too
high. Given that the net radiation is too high, it is then
likely that evaporation will be so, since it tends to be
close to potential rates for most of the year (Shuttle-
worth 1988) and thus strongly controlled by the level
of net radiation (Priestley and Taylor 1972).

b. Differences in the simulated annual cycles

The correct simulation of the annual cycle of net
radiation is an important factor so far as regional cli-
mate, and its response to surface changes, are con-
cerned. In the simulation of evaporation (Fig. 10), dif-
ferences in the annual cycles simulated by the models
are likely due to a number of factors. Differences in
the simulated net radiation (Fig. 11) are probably a
major factor, and these differences will almost certainly
be due to differences in cloud-cover treatments as well
as specifications of the surface albedo. In all the studies
under consideration, differences in albedo specifica-
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tions for this region are negligible so that the issues of
cloud parameterization schemes and evaluation of
cloudiness (prescribed or predicted ) become important.
In addition, the pronounced annual variation in evap-
oration simulated with the UKMO model, for example,
a feature missing in the observations, suggests some
degree of physiological control on dry canopy evapo-
ration in the dry season and consequently evaporation
rates much less than potential. It is not possible to de-
duce, however, what effect differences in surface resis-
tance formulations have upon the simulations.

In the case of the NCAR model results only, we
have additional insight into possible causes for the high
net radiation values. Shuttleworth and Dickinson
(1989), following the study of Dickinson (1989),
showed that the excessive levels of net radiation were
primarily the result of high values of absorbed short-
wave flux being calculated. This, in turn, could be re-
lated to several problems: (i) the daytime cloud cover
assumed during tropical convection was too small, as
was its persistence; (ii) the model used too low a cloud
albedo; (i11) there was a failure to account for (possibly)
the significant absorption of shortwave radiation by
aerosols; (iv) the clear-sky absorption of shortwave ra-
diation was underestimated. So here are some clues;
the focus on shortwave fluxes also suggests a means of
validating the longwave fluxes and in turn the net ra-
diation, that is, to compare model simulations with
clear-sky observations of net radiation at night or at
high latitudes in winter when shortwave fluxes are zero.
Such a comparison might serve to identify the relative
roles of short and longwave fluxes to the overestimation
of net radiation.

Shuttleworth and Dickinson (1989) also suggested
that the overestimate in net radiation was not the only
factor contributing to the overestimate of evaporation.
Additionally, the NCAR model used in the simulations
neglected to account for the spatial variability in con-
vective precipitation; such variability is likely to reduce
the effective interception of water by the canopy, and
its water-holding capacity.

¢. Impact of model simplifications

How are model simulations affected by simplifica-
tions to the boundary conditions used in the model
integrations {e.g., use of constant sea surface temper-
atures (SSTs)] or by the use of simplified model
schemes (e.g., in the cloud treatment or in the surface
hydrology)? We choose the case of SSTs, because in
the model simulations of Shukia et al. (1990), the
NMC model was integrated with SSTs kept constant
throughout the year. In contrast, Nobre et al. (1991)
integrated the same model with varying SSTs (though
these were prescribed). The annual cycles of precipi-
tation and evaporation in Fig. 10 suggest that there is
no significant impact of SSTs, which is consistent with
the tendency for Amazonian rainfall to be mostly tied
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to evaporation rather than large-scale moisture con-
vergence. This conclusion, however, may not apply to
other regions of the globe.

In the case of cloud treatments, Shuttleworth and
Dickinson ( 1989 ) have suggested the probable impor-
tance of cloud cover and cloud albedo calculations to
the realistic simulation of surface net radiation. In Fig.
11 results are shown for models with a range of cloud
treatments and cloud-cover assumptions (see Cess et
al. 1990 for a description of GCM cloud schemes), but
no significant correlation between cloud treatments and
annual cycles is apparent. In theory, realistic simula-
tions of surface radiation fluxes at least on the diurnal
to monthly time scale can be expected only when
clouds are predicted and based on interactions with
radiation and other processes. For a thorough evalu-
ation, much more information on the cloud calcula-
tions, and cloudiness data, are required, together with
the radiation data, although the cloud and radiation
data are probably available in many archived model
datasets.

In the case of surface hydrology, there are a number
of factors that will influence the simulations of regional
evaporation and precipitation. Many hydrological
processes are highly simplified in GCMs, for example,
the spatial variability of soil properties and the rainfall,
the runoff, the canopy interception, the soil infiltra-
bility, and deep-soil percolation. Representation of
these processes and the numerical constants set for the
range of hydrological properties vary from model to
model. They all influence the diurnal and seasonal
variations in soil moisture, which in turn interact with
the evaporation and precipitation fields, but in many
of the studies referred to above soil moisture data are
not given.

Even with a realistic representation of canopy and
surface hydrological processes, a nonrealistic represen-
tation of the ABL may adversely affect the climate
simulation. The few model studies on deforestation
illustrate the dominating impact of surface albedo and
roughness effects on the precipitation and evaporation
changes induced by deforestation. They also suggest
that simulations depend critically upon the cloud cal-
culations, and in many parts of the world, this would
inevitably rely on our understanding of ABL clouds
and their correct parameterization.

8. Discussion and conclusions

The paper has provided an overall summary of cur-
rent GCM ABL and surface schemes, and the main
results from many sensitivity studies undertaken with
GCMs in the last one to two decades. A range of GCM
sensitivity studies has shown that regional and global
climate depend on albedo, surface moisture and
roughness, and the inclusion of vegetation. This sug-
gests that there is a need to account for soils and veg-
etation effects, with an appropriate land-surface scheme
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for surface fluxes. One major requirement for realistic
climate simulations in GCMs is the need for accurate
surface fluxes at the appropriate horizontal resolution.
The effects of subgrid orography on the drag and heat
transfer have still to be evaluated and incorporated in
many GCM schemes, however, and it is as yet unclear
how much spatial surface detail is required for the lower
boundary condition and what account needs to be
taken of subgrid variability (see Henderson-Sellers and
Pitman 1992).

A number of tropical deforestation model studies in
recent times have clarified the role of vegetation in
simulating regional climate. These and other studies
(e.g., Sud et al. 1990) have emphasized the impact of
surface albedo and roughness on the simulations, and
have helped identify surface (canopy) hydrological
processes and cloud processes requiring future critical
attention in models. We refer particularly to the sim-
ulation in models of clouds, and to the calculation of
mean cloudiness. There is evidence (Fig. 11) that most
models overestimate the net radiation over Amazonia
(the author has evidence that this is the case in other
continental regions too), probably because of an un-
derestimate of mean cloudiness and of clear-sky short-
wave absorption rather than to the use of albedos that
are too small. In a region such as Amazonia, where
evaporation rates are close to potential for much of
the year, incorrect simulation of the net radiation is
likely to lead to errors both in the level of evaporation
and in the partitioning of the available energy into sen-
sible and latent heat fluxes. It is probable that the cor-
rect simulation of regional climate, and the response
of that climate to imposed surface or atmospheric
changes, depends to a great extent upon the realistic
calculation of surface net radiation.

The preceding comments lend emphasis to the im-
portance of observations to the validation of GCM
simulations of the ABL and the diurnal variation of
surface fluxes, soil temperature and moisture, and near-
surface air temperature. Long-term measurements of
local fluxes and associated variables at specific locations
within each continent are required, together with a
means of evaluating the area-averaged quantities that
are most compatible with the GCM simulated data.
The problem of area averaging is greatly minimized if
the atmospheric observations are made over extensive
quasi-homogenous regions of vegetation or bare soil.
Some such data are now available (e.g., Andre et al.
1986; Sato et al. 1989a), and there are prospects of
many more through several large international field
experiments planned during the nineties. At the
monthly time scale, the climatological atlas of Henning
(1989) serves as a valuable data source for the assess-
ment of the regional surface energy balance simulated
in models. What is urgently required is a thorough
analysis of relevant net radiation observations, pref-
erably at the diurnal and monthly time scales, and a
critical evaluation of model performance so far as net
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radiation, and the surface energy balance, is concerned
at the regional scale. This would then lead into the
problem raised by Shuttleworth and Dickinson (1989)
in the context of the NCAR GCM of cloud schemes
and their contribution to uncertainties in surface net
radiation.

This review suggests a number of recommendations
for future work, as follows:

1) For a given GCM, more systematic studies of
regional climate, with emphasis on the SEB and water
budget, evaluation of the statistical significance of
changes, and comparison where possible with obser-
vations, are required. Mean fields are often presented
in the literature (e.g., Carson 1982a; Sud and Smith
1984, 1985a,b; Heasman 1987; Dickinson and Hen-
derson-Sellers 1988; Slingo et al. 1989), but the need
for comparisons with observations needs to be em-
phasized. Model performance must ultimately be as-
sessed by how well observations are reproduced. The
importance of satellite observations for validation can-
not be overemphasized (e.g., Smith and Vonder Haar
1991).

2) Simulations of regional climate and comparisons
with observations, in particular regarding the impact
of imposed changes on near-surface properties, includ-
ing meteorological and soil parameters require greater
attention.

3) Careful assessment and comparative evaluation
for several GCMs of each model’s response to specific
ABL /land-surface changes are required. There are
three major tasks that confront the researcher so far as
the development and validation of ABL and surface
schemes in GCMs are concerned:

(1) There is a need to assess critically the impact
of “improved” parameterization schemes on
GCM simulations, taking into account the
problem of natural variability and hence the
statistical significance of the induced changes.
There is a need to compare GCM simulations
of surface and ABL behavior (particularly re-
garding the diurnal cycle of surface fluxes, air
temperature, and ABL depth) with observa-
tions over a range of surface types ( vegetation,
desert, ocean). In this context, area-average
values of surface fluxes will be required to cal-
ibrate directly the ABL/land-surface scheme
in the GCM.

There is a need for intercomparisons of ABL
and land-surface schemes used in GCMs, both
for one-dimensional stand-alone models and
for GCMs that incorporate the respective
schemes.

(i)

(iii)

4) Studies of the simulation of net radiation and
the surface energy balance in a range of models for a
number of continental regions are required, with de-
tailed comparisons of suitable observations.

5) Improvements of the parameterization of cloud
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processes and the calculation of cloudiness, are required
insofar as these will lead to improved simulations of
surface net radiation.

6) Improvements of the parameterization of surface
runoff and canopy interception processes, and of the
spatial distribution of rainfall over a grid area are re-
quired.
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APPENDIX A
Surface Flux Formulations

Use of a set of turbulent scaling parameters is at the
very basis of Monin—Obukhov theory; the set is defined
in terms of the surface fluxes,

Uy = (10/p)""?, (A1)
0. = —Ho/(pCpitx), (A2)
Gx = —Eo/(ptis). (A3)

These scales are related to mean field variables as fol-
lows

ku,
“ i - YmzDn Y
-1 _
k Pr (aua 00) (AS)

* T In(z/zr) — Yu(z/L)

A similar relation to (A5) for the humidity scale g,
can be written, with 6,, — 8, replaced by g, — ¢o. In
the Eqgs. (A1)-(AS5) k is von Karman’s constant, Pr is
a neutral turbulent Prandtl number, z is height, z; and
zr are aerodynamic roughness and temperature surface
scaling lengths, respectively, and L is the Monin-Obu-
khov stability length defined in terms of u, and 0,.
Model schemes differ in their choice of k, Pr, zy/z7,
and ¥y 5.

Combination of Eqgs. (A4) and (AS5) allows the
functions F,, (=Cp/Cpy) and Fg (=Cg/Cyn) to be
expressed as

Fyr= (1 — kT'"CH3Ym(O)) 2,
Fu=Fy*(1 — k7 PrCunC o yu($) .

(A6)
(A7)



TABLE Al. GCMs and ABL/land-surface schemes. For the ABL scheme, tc refers to turbulence closure and K(/, Ri)
refers to a first-order closure scheme based on mixing-length (/) and Richardson number (Ri) formulations.

Total ABL ABL
Model Main references levels levels scheme
Australia
BMRC Hart et al. (1988, 1990) 9 2 K(/, Ri)
CSIRO Hunt and Gordon (1989) 4 1 crude
There is now an operational 9-level McGregor (personnel communication) 9 2 K(, Ri)
version
University Melborn Simmonds (1985) 9 2 K(l, Ri)
(based on the BMRC spectral model)
Canada
AES/CCC Boer et al. (1984)—version 1 10-20 2 crude
There is now an upgraded operational McFarlane et al. (1992)
version II and an experimental 1II.
Europe
ECMWEF/CY28 Simmons and Jarraud (1983) 19 4 K(/, Ri)
CY29 and CY30 see Blondin (1989) for details on these updated versions, now operational.
France
LMD Laval et al. (1984) 11 4 crude
(outdated, but no other suitable reference.)
EERM Coiffier-et al. (1987) 15-30 3 K(/, Ri)
Geleyn et al. (1988)
A climate GCM has been developed from the original hemispheric model.
Germany
Hamburg/GCC see ECMWF 19 4 K(/, Ri)
DWD, Offenbach Heise (1989) 10
Japan
MRI Tokioka et al. (1984) 5/12 slab
IMA Kanamitsu et al. (1983) 12 crude
updated Sugi et al. (1989) 16/21
U.K.
UKMO Slingo (1985) 11 3 K(l, Ri)
updated Warrilow and Buckley (1989)
USA.
GFDL T Manabe et al. (1979) 9 2 crude
11 Sirutis and Miyakoda (1990) 18 4 tc
updated Wetherald (priv. comm.) 30 6 tc
GISS (/1) Hansen et al. (1983) : 9 crude
GLAS (I) (outdated) Shukla et al. (1981) 9 crude
GLAS/UM (II) Randall (1982) 9
Strauss and Shukla (1988a,b)
GLA Kalnay et al. (1983) 9 K
Helfand (1985) 17 tc
NCAR/CCMO Williamson et al. (1987) 9 1 K(/, Ri)
(based on the BMRC spectral model)
/CCMI Williamson et al. (1987), Hack et al. (1989) 12 1 K(l, Ri)
NMC/MREF (I) Kinter et al. (1988) 18 4 K(/, Ri)
Sela (1980)
{an Kanamitsu et al. (per. comm.)—modified version of I.
NMC/UM (COLA)
“CTL-GCM” Sato et al. (1989a) 18 4 K(, Ri)
modified version tc
“SIB-GCM” Sato et al. (1989a) 18 4 K(/, Ri)
modified version tc
UCLA Suarez et al. (1983) 9 1 slab
UCLA/GLA Randall et al. (1985)—updated version of the UCLA model.
UCLA/CSU Randall et al. (1989a,b; personnel communication) tc

—updated version of the UCLA/GLA model. :
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The ¥ functions in Egs. (A6) and (A7) can be readily
written in terms of gradient functions ®, where
‘I’=f(1 — &({))d(Inf). (AB)

The & functions broadly take the form, for { < 0,

Py = (1 =174, (A9)
®p =Pr(1 — v20)7'2, (A10)
and, for { > 0,
Dy =1+ v3¢, (All)
$y = Pr + y4¢8. (A12)

Major results and review recommendations are sum-
marized in Table 1 of Garratt and Pielke (1989). For
example, Dyer (1974) recommended the Businger—
Dyer forms (see also Businger 1988) with &k = 0.4 or
041,Pr=1, v, = v, = 16, and v3 = v4 = 5. These
values are supported substantially in later reviews by,
for example, Yaglom (1977) and Hogstrom (1988).
This combination of constants approximates closely
many of the results shown in Table 1 of Garratt and
Pielke (1989), but differs significantly from that of
Businger et al. (1971). There is thus considerable ev-
idence to suspect the values of k and Pr found by Bus-
inger et al. (1971).

APPENDIX B
GCM Descriptions

Information contained in this appendix serves to
summarize several key aspects of many GCMs in use
around the world. Relevant references are given in Ta-
ble Al, and in Table A2 the status of five key param-
eters and processes is indicated. The information is
based on literature obtained from many GCM groups,
visits by the author to some groups and correspondence
with most of them, mostly through 1989 and 1990. In
many cases, this information was cross-checked with
questionnaire responses kindly made available by
C. H. Moeng and J. C. Wyngaard of NCAR. Some
information is still dependent on the open literature.
Many models probably have more detailed options for
a number of physical processes and probably have been
run with these but still use the basic schemes for op-
erational purposes and for long climate runs. The dif-
ferences between the “standard” model as used for
many kinds of simulations, and modified versions of
the model used for special simulations, may be signif-
icant and a source of possible controversy.

Several points should be noted:

(i) US OSU and the Chinese IAP (based on the US
OSU model) models are not included.

(i1) GISS model does have a crude vegetation
scheme used in sensitivity experiments.
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TABLE A2. Indication of four features in the GCMs summarized
in Table A1, including the diurnal cycle; terrestrial roughness length
(var = variable; const = constant); soil temperature, T, (forcing
= prognostic SEB with zero subsurface heat flux; diagSEB = diagnostic
SEB with unspecified G calculation, unless G = 0; 2-1 thin = force-
restore method; 3-1 or 4-1 = 3- or 4-layer soil scheme); soil moisture,
7 (b = bucket; 2-1 thin = force restore; 3-1 = three-layer soil scheme;
var cap = variable capacity); presence of vegetation (veg).

2o

Model Diurnal {m) T 7 Veg
BMRC optional  0.17 3-1 b no
CSIRO (4 level) yes Cyconst forcing 2-lthin  no
CSIRO (9 level) yes 0.016 2-1thin  2-l1thin no
Univ. Melb. 0.30 — — —
AES/CCC yes C, var b no
version 11 (var cap)
ECMWF yes var 31 31 yes
(CY?29, 30)

LMD no var 2-1thin  2-lthin yes
EERM yes - — -
Hamburg/GCC linked with
ECMWF

DWD — — — —
MRI yes 0.45 b no
IMA yes var ? ? no
UKMO yes var 4-] b yes
GFDL | optional (.17 diagSEB b no

11 as above 3 yes
GISS yes var 2/3-1 2-1thin  no
GLAS/UM ves 0.45 forcing b no
GLA yes — forcing b no

(has SiB as option for
special simulations)

NCAR/CCM1 no 0.25 diagSEB b no

G=0
(has BATS as option for
special simulations)
NMC/UM yes var 341 b no
(+SiB) as above 21 thin  3-1 yes
UCLA/GLA yes const 2-1 thin —_ no
UCLA/CSU yes var 2-1thin 3 yes
(SiB option)

(iii) GISS model interpolates the 1-km wind and
surface to give a reference near-surface wind using an
Ekman turning assumption.

(iv) CSIRO 4-level model interpolates the first level
(=1 km) and surface to give reference near-surface
properties. There is now an operational 9-level model,
both models having the option of a soil-canopy scheme.

{v) The MRI model is based on the UCLA model.

(vi) The NCAR CCMO model is originally based
on the BMRC model.

(vii) The Hamburg GCC is closely linked to the
ECMWF model.
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