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ABSTRACT

The influence of land surface roughness on the large scale atmospheric circulation and rainfall was examined
by comparing three sets of simulations made with a general circulation model in which the land surface roughness
length, 2o, was reduced from 45 c¢cm to 0.02 cm. The reduced surface roughness produced about a two-fold
increase in the boundary layer wind speed and, at the same time, a two-fold decrease in the magnitude of the
surface stress, There was almost no change in the surface evaporation and surface sensible 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 rainfall distribution mainly as a consequence of the change in the curl of
the surface stress. This result suggests that the height of the earth’s vegetation cover, which is the main determinant
of the land surface roughness, has a large influence on the boundary layer water vapor transport convergence

and the rainfall distribution.

1. Introduction

The influence of the land surface boundary condi-
tions on the large scale atmospheric circulation and
rainfall has been a matter of speculation for a long
time. Only recently have general circulation models
been used for the quantitative investigation of this
problem. Manabe (1975) and Walker and Rowntree
(1977) published the first GCM calculations on the
influence of soil moisture and Charney et al. (1977)
published the first GCM calculation on the influence
of surface albedo. Subsequently, many other soil mois-
ture and surface albedo investigations have been made

with GCMs, some of which are described and evaluated,

in the reviews by Mintz (1984) and by Rowntree
(1985). All of those studies showed that soil moisture
and albedo have a significant influence on the large
scale circulation and rainfall.

More recently, Sud and Smith (1985a) showed that

the circulation and rainfall over and adjacent to the
Sahara Desert are sensitive to the roughness of the de-
sert surface. In another study, Sud and Smith (1985b)
showed that the local surface roughness had a large

influence on the summer rainfall over India, and that *

this influence is as important as that of the surface
albedo.
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In the present investigation, we examine and inter-
pret the sensitivity of the atmospheric circulation and
rainfall to a global change in the land surface roughness.
The land surface roughness length, 2y, is changed from
45 cm, which is about the average for all land, to 0.02
cm, a value which is characteristic of a smooth, vege-
tation free land surface (and is also about the average
2z, for the ocean surface). As in some of the other GCM
sensitivity studies, for example the soil moisture sen-
sitivity study of Shukla and Mintz (1982), our goal
here is to find the sensitivity of the atmosphere to a
very large universal change in one of its boundary con-
ditions.

2. Model description and surface boundary conditions-
The general circulation model used for this study

- has been described by Shukla et al. (1982). The specific

version of the model that we use includes all of the
modifications indicated by Randall (1982) and by Sud
and Smith (1984).

The model uses horizontal spherical coordinates,
with a 4° latitude by 5° longitude resolution, and a
vertical sigma coordinate system which divides the at-
mosphere into nine layers of equal mass between the
earth’s surface and an upper boundary at the pressure
of 10 mb. The prognostic physical state atmospheric
variables are the pressure at the earth’s surface, p,, the
zonal and meridional wind components, u; and v,,
temperature, 1, and water vapor mixing ratio, g,
where / denotes the middle of each of the nine atmo-
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spheric layers, increasing downward. In addition, there
are two prognostic land surface temperatures. One is
the grid area average ground temperature, T, which
is used to calculate the upward longwave radiation flux
and the sensible heat flux from the land surface to the
atmosphere. The other is a simulated moist lysimeter
temperature, 7§, which is used to calculate the poten-
tial evapotranspiration.

The prescribed earth’s surface boundary conditions
are the July climatological normals. They are the sea
surface temperature and sea ice extent from Crutcher
and Davis (1969), the surface albedo from Posey and
Clapp (1964 ) as modified by Sud and Fennessy (1982),
and the soil wetness from Mintz and Serafini (1984).

In this GCM, the coefficient of the eddy shearing
stress between adjacent model layers is of negligible
magnitude. Consequently, it is the lowest model layer
which acts as the frictionally forced planetary boundary
layer.

The calculations of surface stress, surface sensible
heat flux and potential evapotranspiration follow Sud
and Smith (1984), who re-derived the bulk aerodyn-
amic transfer coefficient from an ensemble averaging
approximation of the sub-gridscale variables in the
planetary boundary layer following Deardorff (1972).
The potential evaportranspiration, £*, is calculated by
assuming that the lysimeter temperature, 75, is in
quasi-equilibrium with the PBL temperature and hu-
midity profile above it.

The actual evapotranspiration is £ = E*, where 8
is a function of the prescribed soil wetness, W/W*, as
given by Mintz and Serafini (1984).

The parameterized cumulus convection is an ad-
aptation of Arakawa’s (1969, 1972) formulation, which
was designed for the UCLA three layer GCM. In that
formulation, the moist static energy, A = ¢,T + gz
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+ Ag, and the saturation moist energy, h* = ¢,T + gz
+ Ag*, were defined for each of the three layers where
T is the air temperature, g and g* are the actual and
saturation water vapor mixing ratios, z is the geopo-
tential and all quantities are at the center of the sigma-
layer. The constants are the specific heat of air at con-
stant pressure, ¢p, the latent heat of condensation, A,
and the acceleration due to gravity, g. When this three
layer parameterization was put into the nine layer
GCM by Somerville et al. (1974), the three degrees of
freedom on A and h* were retained by “‘strapping” the
lowest six model layers into three adjacent pairs with
the uppermost three layers excluded from the convec-
tion process. (A description of the “strapping” and
“unstrapping” procedure can be found in Kalnay et
al. 1983, Vol. 1, pp. V.49-V.76).

A schematic sketch of the cumulus cloud parame-
terization scheme is shown in Fig. 1, where the three
strapped moist static energies are: by = hy + hg, hy
= hy + kg, and hy = hs + hy. With this scheme, three
kinds of cumulus clouds can develop, two of which
withdraw water vapor from the lowest strapped layer,
L as shown in Fig. 1.

The air within an ascending cloud tower is assumed
to be saturated and, therefore, has positive (or negative)
buoyancy in the overlying strapped layer, depending
on the criterion Ay > (h¥y, h¥) or-(hy < (h¥, hE)).
When A% > h; > A%y, shallow nonprecipitating cum-
ulus clouds are produced. When h; > (h%y, h?l), deep
precipitating cumulus clouds are produced.

The shallow clouds detrain and evaporate the cloud
water into the middle strapped layer, as indicated by
din Fig. 1. The water vapor added to strapped layer
M is removed by one of the other precipitation pro-
cesses or by horizontal divergence of the water vapor
transport. The diverging water vapor must converge
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FIG. 1. Strapped-layer cumulus cfoud parameterization scheme for shallow and deep cumulus clouds.
(For definitions of the symbols, see the text.)
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somewhere else. If it converges where there are deep
cumulus clouds, it is entrained through the sides of the
clouds, as indicated in the figure by e,,, and there it
contributes to the convective precipitation. In the upper
strapped layer a small amount of cloud water is de-
trained and evaporates into that layer, as indicated by
dy in the figure. This water vapor is removed by large
scale precipitation or is locally removed by horizontal
transport divergence and eventually removed from the
layer by large scale subsidence. (For the third type of
convective cloud, which can produce a small amount
of precipitation by withdrawing water vapor from the
middle strapped layer, see Kalnay et al. 1983, Vol. |,
pp. V.55-V.59).

When the temperature difference between any two
adjacent model layers exceeds the dry adiabatic lapse
rate, dry convection takes place, which transfers sen-
sible heat from the lower to the higher of the two layers
and restores the dry adiabatic lapse rate. In the present
version, no vertical transfer of water vapor or momen-
tum is produced by the dry convection. This is a ques-
tionable aspect of the dry convection parameterization
and we shall refer to it again in section 4.5.

Large scale condensation occurs in any layer when
it becomes supersaturated. The raindrops of the large
scale condensation evaporate into the unsaturated un-
derlying layers until the layers are saturated. Only the
excess water reaches the ground as precipitation.

The large scale condensation clouds are assumed to
fill the entire gridbox volume and interact with the
short- and longwave radiation fluxes. For the shortwave
fluxes, these clouds have a sigma-level dependent pre-
scribed optical thickness. For the longwave fluxes these
clouds always have an infinite optical thickness. The
convective clouds, on the other hand, are assumed to
cover only a small fraction of the grid volume and their
influence on both the long and short wave radiation is
neglected.

The amount of convective precipitation depends on
the local surface evaporation, E, and on the conver-
gence of the horizontal water vapor transport in the
lowest strapped layer, —V,-[VgAp/g];, because both
of these influence ¢; and, therefore, influence the con-
vective instability criteria, h;, = (h¥, h¥*) and h¥
< h¥ < h*. It is these instability criteria which deter-
mine whether the water vapor will be removed by one
or more of the following: i) convective clouds; ii) shal-
low nonprecipitating convective clouds; iii) large scale
vertical advection at the top of the layer; or iv) large
scale condensation and precipitation from the layer.

3. Experiment design

Three existing simulations for the month of July
were used as the control runs. They were also the con-
trol runs for the previous study by Sud and Smith
(1985b) on the monsoon circulation and rainfall over
India. The initial states of the atmosphere for the first
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two runs were obtained from the National Meteoro-
logical Center analyses for 15 June 1979 and 15 June
1980. The third run started on 20 June, using as its
initial state the time average of the NMC analyses for
the period 7 June through 6 July 1980. In the three
control runs, the surface roughness length, z,, was pre-
scribed as 45 cm everywhere over land. This value was
taken from a reference made by Deardorf (1972) to a
presentation by Fiedler and Panofsky (1971), in which
Zo, was stated to be between 20 and 70 cm . . . for
most land surfaces when averaged over large areas of
heterogeneous terrain.” In the published account,
Fiedler and Panofsky (1972) give z; = 42, 99 and 142
cm as the average values for plains, low mountains and
high mountains, respectively.

To have a very different land surface roughness
length, zo, in the experiment runs, it was reduced from
45 cm to 0.02 cm everywhere over the land. A change
of this magnitude produces about a four to five-fold
reduction in the bulk aerodynamic surface drag coef-
ficient, Cp = C%, with a planetary boundary layer that
is about 1 km deep (cf. Sud and Smith 1984, Fig. 1a).
The actual variation of zy between a tropical rain forest
(2o =~ 200 cm) and a desert (2o ~ 1 cm) (see Baum-
gartner et al. 1977, Figs. 1 and 2), also produces about
a four-fold reduction in the bulk aerodynamic drag
coeflicient, with a one km deep boundary layer. More-
over, because z, = 0.02 cm is taken as the surface
roughness length of the oceans in all the runs, the ex-
periments can be interpreted as studying the effect of
making the land surface as smooth as the oceans, but
with actual orography. :

In all of our analyses (except Fig. 12), we compare
the ensemble mean of the three Julys for the control
with the ensemble mean of the three Julys for the ex-
periment simulations.

4. Results

The comparison of the ensemble mean of the three
control runs with the ensemble mean of the three ex-
periment runs shows very little change in the surface
fluxes of water vapor and sensible heat, but a large
change in the atmospheric circulation and rainfall dis-
tribution. In the following seven subsections we shall
find out why this is so.

a. Surface stress and boundary layer wind field

In this GCM, the vector surface stress, 7., is given
by:

7s = psCpVaV5, (1a)
Cp= C%/=f(HB’ 29, Rig), (1b)
RiB = gHB(ev,B _ 00,5) (IC)

60U, V%

where ¥V is the vector wind in the lowest model layer,
which is the dynamically driven and frictionally con-
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trolled boundary layer; pp is the air density; Cp is the
surface drag coeflicient; Cy is the bulk friction coefhi-
cient; zg is the surface roughness length; Rij is the bulk
Richardson numbers; Hp is the boundary layer thick-
ness, which equals the lowest model layer thickness in
this GCM; 4, is the virtual potential temperature in
the middle of the lowest model layer; and 6, ; is virtual
potential temperature of the air at the surface.

The first three columns in Table 1 show, respectively,
Vs, V% and 7,; where the superior bar denotes the en-
semble time mean. The calculations are shown, aver-
aged over tropical and extratropical latitude zones, for
land and ocean, separately.

We see that when the land surface roughness length
is reduced from 45 cm in the control to 0.02 ¢cm in the
experiment, over the land the square of the boundary
layer wind speed increased by about a factor of two
and, at the same time, the surface stress decreased by
about a factor of two.

By rearranging the terms in Eq. (1a) and taking the
ensemble time mean, we obtain the mean density
weighted surface drag coefficient, ppCp; which is
shown in the 4th column of the Table 1. As seen in
the 5th column, over land pzCp decreased by about a
factor of four from the control to the experiment; as
one would expect with neutral thermal stability, when
2o is reduced from 45 cm to 0.02 cm, with a boundary
layer that is about 1 km deep.

_ Although no change was made in z, over the ocean,
V% for ocean regions increased by about 10%, while
psCp decreased by about 25% and 7; decreased by
about 10%. The increase in V% over the ocean was,
presumably, an advection effect of the much larger in-
crease of V% over land. That, by itself, as shown by
Eq. (1b, lc), would make the time and space
averaged ppCp decrease by 10%. The rest of the de-
crease in ppCp; may be due to a negative correlation
between (6,5 — 6,) and Vj because the time and
space averaged (6,5 — 8,.) hardly changes from the
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control to the experiment runs. The 10% decrease in
7, reflects the fact that psCp decreases by more than
V% increases.

Figure 2 shows the ensemble mean of the boundary
layer vector wind, Vp, for the three control runs (top
panel), the three experiment runs (center panel ), and
the difference: experiment minus control (bottom
panel), respectively. The velocity vectors have been
rotated, but not stretched, to agree with the map pro-
jection, which is conformal at 39°N and S.

Figure 3 shows the ensemble mean of ¥ 3, the stream-
function of the boundary layer vector wind, V3, as

_obtained from the solution of:

Vi¥ys = {5, (2)

and

{(5=k-V, X Vg, (3)
where {j is the vertical component of the relative vor-
ticity in the lowest model layer; and V2( ) and V,
X ( )are, respectively, the Laplacian and the curl op-
erators on the o surface.

Unlike the sea level pressure field, which over land
shows the subterranean geostrophic wind, the stream-
function, ¥, shows the nondivergent component of
the wind in the atmospheric boundary layer above the
surface. The largest changes in the nondivergent wind
are over tropical South America, Africa, Arabia, India
and Southeast Asia, and they correspond, to a large
extent, with the change in the total vector wind, Vg,
which can be seen in the bottom panel of Fig. 2. There
is also a substantial change in the nondivergent com-
ponent of the boundary layer wind over the extratrop-
ical oceans in the Southern Hemisphere. Past experi-
ence with GCM simulations has shown, however, that
90-day means are usually not long enough to average
out the natural variability of the intense wave cyclones
that move from west to east across the extratropical

TABLE 1. Analysis of the boundary-layer wind speed and surface stress for the ensemble mean.

Density
Square of the weighted surface
Boundary layer boundary layer Magnitude of the drag coefficient
wind speed: ‘wind speed: surface stress: p5Cp = 75/V52, .
Vs (ms™) Vi (m2 s7%) 7, (Pascals) (kg m~3 X 1073) Ratio:
Region Contr. Exp. Contr. Exp. Contr. Exp. Contr. Exp. (08CD)exp.
Extratropical land
(20°-84°N, 20°S-84°S) 6.47 9.96 52.9 128.9 0.338 0.148 13.18 3.26 4.0
Tropical Land
(20°N-20°S) 6.28 10.60 47.96 139.3 0.267 0.138 11.41 2.17 5.3
Extratropical Ocean
(20°-84°N, 20°N-84°S) 9.41 9.87 116.9 128.1 0.147 0.134 305 2.31 13
Tropical Ocean
(20°N-20°S) 8.32 8.64 84.76 90.6 0.106 0.097 3.01 2.41 1.2
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FIG. 3. Streamfunction of the horizontal air velocity in the lowest model
layer. Contour interval = 5 X 10° m? s~!. (Contour spacing of 500 km = 10
m s~'.) Top: average of the three control runs. Center: average of the three
experiment runs. Bottom: experiment minus control.
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Southern Hemisphere oceans, especially in its winter
season. .

Figure 4 shows the ensemble mean of the horizontal
mass convergence in the lowest model layer,
—~V,+ [VAp/gls, where App = [(P;— 10)/9] mb. Al-
most all of the changes in mass convergence that are
larger than 2 gm m 2 s~! (exceed about 20 mb day ~*
equivalent pressure change) are found over the con-
tinents.

We have not analyzed the entire vorticity budget of
the boundary layer, but Figure 4 shows the ensemble
mean of one of its components, the curl of the surface
stress divided by the Coriolis parameter k-V, X 7,/
f, which produces horizontal mass convergence in the
boundary layer. A comparison of the bottom panel of
Fig. 5 with the bottom panel of Fig. 4 shows that the
change in the curl of the surface stress accounts for
most of the change in the boundary layer mass con-
vergence.

b. Water vapor transport convergence in the boundary
layer

Figure 6 shows the ensemble mean of the horizontal
water vapor transport convergence in the boundary
layer, —V,- [VgAp/g]s. Over most of the land and
some of the near coastal ocean, the change in the water
vapor transport convergence is of the same order of
magnitude as the convergence itself. Over the Central
United States, there is a decrease in the water vapor
transport convergence, with the maximum decrease
exceeding 4 mm day~!; over the east coast of the
United States and adjacent west Atlantic Ocean there
is an increase, with a maximum that exceeds 3 mm
day~'. Over midlatitude Eurasia, there are decreases
and increases whose maxima exceed 2 to 3 mm day ~'.
Over equatorial South America there are decreases of
up to 5 mm day ~'; and there are increases up to about
5 min day ~! over the adjacent equatorial oceans. Over
the Western Sahara there is a decrease whose maximum
is about 6 mm day~!; and across the Sahel, and ex-
tending over the North Indian Ocean, there is'an in-
crease of up to 6 mm day~!. Over equatorial East Af-
rica, moisture convergence in the control changes to
moisture divergence in the experiment, with a maxi-
mum change of about 6 mm day~'. These are large
changes, if we compare them with the global mean
precipitation, which is of the order of 3 mm day~'.

The close correspondence between the bottom pan-
els of Figs. 4 and 6 shows that the change in the water
vapor transport convergence in the boundary layer,
-V, [VqAp/g]s, is produced mainly by the change
in the mass convergence component, —ggV, - [ VAp/
£l s, and not by a change in the water vapor advection
. component, —Vp+V,[gAp/g]s.

The horizontal water vapor transport convergence
in model layer 8 (not presented here) is an order of
magnitude smaller than that in the boundary layer.
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Therefore, the horizontal convergence of water vapor
in strapped layer L is almost the same as in the bound-
ary layer alone. As shown in Fig. 1, the convergence
in strapped layer L is a source of water vapor for the
shallow and the deep convective clouds.

¢. Surface evaporation and sensible heat flux

In this GCM, the land surface evaporation, E, is
given by:

E = BE*, “4)
6 =1- e-—6.8(W/W’)’ (5)
CE* = ppCyCxVplg*(T¥) — gsl, ©)

where E* is the potential evapotranspiration;
q*(T¥)is the saturation specific humidity at the moist
lysimeter temperature, Ty ; gp is the actual boundary
layer specific humidity; W/W* is the soil wetness; Cy
is the bulk aerodynamic friction coefficient; and Cy is
the bulk aerodynamic transport coefficient for water
vapor and heat. As was stated before, W/W* is cli-
matologically prescribed and, therefore, 3, as given by
Eq. (5), is the same in the control and the experiment
runs.

It might appear, from equations (6) and (4), that
when (CyCp) is reduced by a factor of 4, there would
be some substantial decrease in E* and E. But ex-
amination of Fig. 7 shows that there is almost no change
in the surface evaporation.

Similarly, the sensible heat transfer from the ground
to the air is given by:

H = ppCyCuV(T, — To), Q)

where Ty is the ground temperature and T, is the sur-
face air temperature.

From Eq. (7), it might be inferred that a 4-fold de-
crease in ( CyCy) would produce a substantial decrease
in H. But examination of Fig. 8 shows that there is
almost no change in the surface sensible heat flux.

The fact that neither the evaporation nor the sensible
heat flux change follows from the constraints on the
surface energy balance in the GCM calculations.

When averaged over a month or more, the heat stor-
age in the ground is small and the equation of surface
energy balance over land reduces to:

AME+ H=R,, (8)

where R, is the net radiation flux at the surface and A
is the latent heat of evaporation. The shortwave com-
ponent of R, depends on the surface albedo and the
cloud cover. The surface albedo is climatologically
prescribed and is the same in the control and experi-
ment runs. As stated before, in this GCM only the
large scale condensation clouds interact with the ra-
diation fluxes; the simulation produces very few large
scale clouds over the continents in the summer months.
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Consequently, there is very little change in the short-
wave component of R,, over land.

The longwave component of R,, in the GCM, de-
pends on the ground and air temperatures and on the
large scale cloudiness. But the temperatures do not
change much from control to experiment and, as in-
dicated before, the simulation produces very few large
scale clouds over land in the summer season. Thus,
the net surface radiation flux, R,, is almost the same
in the control and experiment, and AE + H must be
almost the same.

What can and do change are the humidity and tem-
perature differences: [¢*(T¥) — g5] and (T, — T,).
For example, in the Sahara, at 26°N, 15°E, where W/
W* is very small, and where there is only a small
change in V3, (T, — T,) = (42.4 — 39.3) = 3.3°C in
the control and (47.5 — 34.5) = 13.0°C in the exper-
iment. This is a 4-fold increase in (T T,), which
compensates the 4-fold decrease in (CyCy).

d. Water budget of the lowest strapped layer

Figure 9 shows the ensemble mean of the surface
evaporation plus the convergence of the horizontal
water vapor transport in strapped-layer L. Except for
a small amount of water vapor removal by the large
scale precipitation, which is produced by supersatu-
ration of the air in layer L, the rest of the water vapor
must be removed by a vertical transfer through the top
of layer L. In this GCM the transfer processes across
the top of layer L are the upward fluxes of water vapor
by deep precipitating and/ or shallow nonprecipitating
cumulus clouds, shown by the double stroked arrows
in Figure 1 and the upward or downward advection of
water vapor in the clear areas that surround the cloud
towers. Because there is almost no change in the surface
evaporation and the water vapor transport convergence
in layer 8 is small, the bottom panel of Fig. 9 i is very
much like the bottom panel of Fig. 6

e. Convective precipitation

Figure 10 shows the ensemble mean convective pre-
cipitation. A striking but spurious feature, in both the
control and the experiment, is the large amount of pre-
cipitation over all of the Sahara region. As one can see
by comparing the top and center panels of Figs. 6, 7
and 10, it is the transport convergence in the boundary
layer which supplies the water vapor for this unrealistic
convective precipitation over the Sahara.

In nature, there is indeed a boundary layer water
vapor transport convergence over the Sahara; however,
Water vapor is transferred to the middle and upper
troposphere by dry convection in the deep layer of un-
stable air that forms during the middle of the day over
the hot desert surface, with the water vapor being re-
moved from the middle and upper troposphere by hor-
izontal advection. In our GCM, however, dry convec-
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tion does not transfer water vapor upward. Conse-
quently, the water vapor which converges in the
boundary layer over the Sahara accumulates in
strapped layer L until 4, > (h¥, h%), and then deep,
precipitating cumulus convection removes the water
vapor from layer L. In a subsequent version of this
GCM a vertical transfer of water vapor by dry convec-
tion was added and that stopped the convective pre-
cipitation over the Sahara. (See Sud and Molod 1988,
for further details.)

What is relevant to the present study is the change
in the convective precipitation from control to exper-
iment, which is shown in the bottom panel of Fig. 10.
We see that most of the change in the convective pre-
cipitation corresponds with the change in the boundary
layer water vapor transport convergence, shown in the
bottom panel of Fig. 6.

f- Total precipitation

Figure 11 shows the ensemble mean of the total pre-
cipitation, which is the sum of the convective and the
large scale precipitation. Over the land the total pre-
cipitation is mainly convective in both the control and
experiment runs. Therefore, the change in the total
precipitation is almost the same as the change in the
convective precipitation.

Most of the large scale precipitation is over the ocean.
In the Southern Hemisphere west wind zone, 30°-
60°S, the large scale precipitation and the convective
precipitation are of about equal magnitude, each having
ensemble mean maxima of about 2.5 mm day~'. Over
the tropical Indian Ocean and westernmost equatorial
Pacific Ocean, where almost all of the precipitation is
convective, there are changes of the order of *2
mm day !

g. Statistical significance

The bottom panel of Fig. 11 shows the difference of
the ensemble mean total precipitation between the
control and experiment runs. The three panels of Fig.
12 show the differences for each of the three separate
pairs of July runs. We see that over land the changes
in the individual years resemble the ensemble mean
change. Over the ocean, however ( except for the trop-
ical Indian Ocean ), the changes are different in different
years and cancel out in the ensemble mean.

The statistical significance of the difference in the
total precipitation is shown in Fig. 13, which is a map
of ¢( P) calculated by: .

0.5
N ] , O

U(P)gxp. + U(P)gomr.

where P is the precipitation in the individual month,
N (=3) is the number of pairs of months, ¢(P) is the
variance of P, and the superior bar denotes the ensem-

t(P) = l(Pexp. - Pcontr‘)[
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FIG. 9. Surface evaporation plus convergence of the horizontal water vapor transport in strapped-layer L. Contours
for +0, 1,2, 4,8, 12, 16 . . . mm day™'. Dashed lines show negatlve values. Top: average of the three control runs.
Center: average of the three experiment runs. Bottom: experiment minus control.
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FIG. 10. Convective precipitation. Contours for +0, 1, 2, 4, 8, 12, 16 . . . mm day~". Dashed lines show negative
values. Top: average of the three control runs. Center: average of the three experiment runs. Bottom: experiment minus
control.
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FIG. 11. Total precipitation. Contours for +0, 1, 2, 4, 8, 12, 16 . . . mm day~'. Dashed lines show negative values.
Top: average of the three control runs. Center: average of the three experiment runs. Bottom: experiment minus control.
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F1G. 12. Difference of the total rainfall (experiment minus control) in each of the three separate pairs of July runs.
Contours for +0, 1,2, 4, 8, 12, 16 . . . mm day~'. Dashed lines show negative values.
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ble mean. The shaded areas on the map highlight the
regions where ¢(P) is greater than +2.8.

When we compare the bottom panel of Fig. 11 with
Fig. 13, we see that most of the land regions which
have a large difference in the ensemble mean precipi-
tation also have az(P) value greater than +2.8. In these
regions, therefore, there is only a 5% chance that the
change in the precipitation could have occurred with-
out the change in z.

5. Summary and discussion

In this GCM sensitivity study, a reduction of the
prescribed land surface roughness length from 45 cm
to 0.02 cm, which corresponds to about a four-fold
reduction in the bulk aerodynamic surface drag coef-
ficient, caused a significant change in the rainfall dis-
tribution over the land and adjacent regions of the
oceans. This was produced mainly by the change in
the boundary layer water vapor transport convergence.

The reduction of the surface roughness produced
almost no change in the surface evaporation and sur-
face sensible heat flux. This is understandable because
the control and the experiment runs used the same
climatologically prescribed fields of surface albedo and
soil wetness because no interactions were allowed be-
tween the convective clouds and the radiation fluxes.

90N
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The question arises as to how the precipitation might
be affected if we used a GCM in which the soil moisture
and a vegetation dependent land surface albedo interact
with the precipitation and the radiation fluxes interact
with the convective clouds. In such a model, soil mois-
ture would increase (decrease) with the increased (de-
creased) precipitation; and the surface albedo would
decrease (increase) with the increased (decreased) soil
moisture, as a consequence of increased (decreased)
vegetation. Both of these will: produce positive feed-
backs on the precipitation. (See, for example, the soil
moisture and albedo sensitivity experiments reviewed
by Mintz 1984, and by Rowntree 1985). We expect,
therefore, that interactive soil moisture and interactive
surface albedo will produce even larger changes in the
precipitation than what has been found in this study.
On the other hand, interaction between the convective
clouds and the radiation fluxes may produce positive
or negative feedbacks on the convective precipitation.
The net effect of all of these feedbacks working together,
when the surface roughness is changed, remains to be
determined.

As shown by Sud and Molod (1988), a GCM in
which dry convection transfers water vapor from the
boundary layer to the free atmosphere does not produce
precipitation over the Sahara desert. In such a model,
the influence of the surface roughness on the precipi-
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FIG. 13. Student’s r-test analysis of the rainfall differences between ihe 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.
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tation over the Sahara will be largely eliminated. But
in the desert margin regions, such as the Sahel, and
over other evaporating land where dry convection is
not very intense and deep, we expect the results to be
about the same as in this study.

Many studies have shown that vegetation influences
the atmospheric circulation and precipitation because
vegetation affects the surface albedo and evapotranspi-
ration. This study focuses on the third effect of vege-
tation, its contribution to the land surface roughness.
We have shown that the surface roughness significantly
influences the atmospheric circulation and precipita-
tion, especially in the tropics, because it directly affects
the boundary layer water vapor transport convergence.
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