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Summary

An energy balance based statistical parameterization of the
soil moisture availability has been developed and imple-
mented in the Florida State University Global Spectral
Model to test its performance in long range prediction.
Specifically, a soil moisture parameter based on a moisture
budget analysis has been introduced to estimate the Bowen
ratio. It is expressed as an evolutive function of the model
predicted rainfall and surface temperature and takes into
account some of the ground characteristics through its
dependence on albedo and surface elevation. This scheme is
used in conjunction with a prognostic equation for surface
temperature to estimate the different energy fluxes at the
surface.

A 42 waves triangular truncation global spectral model
with 12 vertical levels has been used to perform parallel
simulations, one of which includes the new planetary bound-
ary layer parameterization. Seasonal simulations covering
the onset and active phase of the West African monsoon have
been carried out for the period between May and August
1979. A comprehensive comparison of the components of the
surface energy balance between the two experiments has been
carried out for different climatic regimes over the North
African continent during the northern summer.

The new scheme appears to capture the essence of the
surface layer physics in a simple formulation of the processes
and has introduced an interesting description of the surface
fluxes. Significant modulation of the surface temperature
and its diurnal cycle amplitude were obtained. This was
particularly evident over arid zones where extremely high
surface temperatures were predicted by a simpler scheme.

* Visiting Scientist from LH.F.R, BP 7019. Seddikia, Oran,
Algeria.

Animportant and coherent interaction between the princi-
pal physical processes parameterized in the model has
resulted from the introduction of the new scheme and has led
to a better representation of the surface flux balance.

1. Introduction

The parameterization of the energy budget at the
surface appears as one of the most important
problems in modeling the planetary boundary
layer (PBL). The influence of land surface proces-
ses on the atmospheric circulation has been exten-
sively reviewed by many authors and it is widely
agreed that over 709 of the energy driving the
climate system is absorbed at the surface. Im-
provement in the radiative transfer calculations
and utilization of similarity theory have had a
positive impact in the estimation of the surface
fluxes. Nevertheless, other non-measurable vari-
ables, such as the roughness length, the soil
moisture availability and surface albedo, still
constitute a serious obstacle when modeling the
surface energy balance. At the simplest level, these
parameters are globally and independently speci-
fied in many current general circulation models
(GCMs). This parametrization appears far from
describing any physical reality.

On the other hand, the new generation of
GCMs include a biosphere-atmosphere transfer
schemes (BATS), which have an explicit recogni-
tion of vegetation to describe the land-atmosphere
interactions (Dickinson, 1984). The mean mor-
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phological state of the vegetation is described as
a function of time, and is used in the GCM
to evaluate the exchange of heat, water vapor
and momentum. Sensitivity studies (Sellers and
Dorman, 1987) have shown that in these models,
evapotranspiration is extremely sensitive to cer-
tain physiological properties of plants. It was then
suggested that errors in the specification of the
stomatal resistance could lead to uncertainties on
the order of 7% in net radiation estimation and
up to 25%, in the calculation of the evapotranspira-
tion flux. Furthermore, the BATS parameteriza-
tion assumes that each grid element in the model
is homogeneously covered by a single “big leaf”,
while the area represented by a grid square
in the current GCMs averages approximately
250,000 km?. At these spatial scales, large hetero-
geneties are observed in the topography, soil
moisture, land use, vegetation, and precipitation
which are all important elements for land-atmos-
phere interactions. It appears important, therefore,
to design a land surface parameterization which
describes the essence of the known physics in
simple formulations of the processes.

Since the proposition of the albedo feedback
hypothesis (Charney, 1975), many sensitivity stud-
ies using high performance GCMs have been
carried out to assess the influence of land surface
processes. In a comparative study of the effect of
albedo change on drought in semi-arid regions,
Charney et al. (1977) pointed out the sensitivity of
Sahelian rainfall to changes in surface aibedo. It
was found that anincreasein albedo caused alarge
reduction of rainfall in the Sahel region. It was
then suggested that a positive surface albedo
anomaly would produce cooling, subsidence and
drying, which would consequently decrease the
rainfall. Since then, several studies have focused
on the role of land surface albedo on the influ-
ence of the atmospheric circulation, for example
(Chervin, 1979; Henderson-Sellers, 1980; Carson
and Sangster, 1981; Sud and Fennessy, 1982;
Henderson-Sellers and Gornitz, 1984; Cunning-
ton and Rowntree, 1986; Laval and Picon, 1986).

Idso and Deardorff (1978) pointed out the
necessity for examining the role of soil moisture
and its dependent evapotranspiration on climate.
After the pioneering work of Manabe (1975) and
Walker and Rowntree (1977) in numerically simu-
lating the influence of soil moisture on the atmos-
pheric circulation and rainfall, several studies
using GCMs have examined the effect of soil

moisture on seasonal circulation (e.g., Shukla and
Mintz, 1982; Rind, 1982; Rowntree and Bolton,
1983; Yeh et al., 1984).

Other than soil moisture and albedo, surface
roughness has also been shown to play an impor-
tant role in land surface processes. Deardorff (1972)
indicated that surface roughness is the principal
parameter that can substantially affect the tur-
bulent exchange coefficients and consequently
influences the fluxes of heat, moisture and momen-
tum. Sud and Smith (1984) showed that lowering
the surface roughness to account for the smooth-
ness of the desert had the effect of reducing the
local rainfall. It is hypothesized that a decrease in
the surface drag coefficient results in a suppression
of the cross-isobaric moisture convergence into
the desert.

It appears, therefore, that for arid and semi-arid
regions, the primary influences on surface fluxes
are: high surface albedo, dry ground, and small
surface roughness due to the smoothness of the
ground and absence of vegetation. Over such
regions where evapotranspiration is generally
small, particularly in summer, the net incoming
radiation is mostly apportioned between outgoing
longwave radiation (OLR) and sensible heat. An
increase in surface albedo tends to decrease the
energy absorbed at the surface, and consequently
reduces all the fluxes. This cools the surface layer
and induces compensatory heating via sinking
motion aloft and divergence near the surface.
These two effects result in a suppression of rainfall
activity.

In contrast, increasing soil moisture does not
significantly affect the surface radiation balance,
but substantially decreases the Bowen ratio. The
increase of evapotranspiration at the expense of
sensible heating produces a cooler and moister
planetary boundary layer (PBL) since the sum of
latent and sensible heat must remain essentially
the same. This will increase the PBL relative
humidity, which is a key factor for the triggering
of moist convection.

Finally, a reduction of the surface roughness
would not change the surface radiation. Likewise
the fluxes of heat and moisture would remain
almost the same as for a rough surface. However,
since a decrease in the surface roughness results
in a reduction of the bulk energy transfer coeffi-
cients, it must be accompanied by larger gradients
of temperature and specific humidity between the
surface and the lowest PBL layer.
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In this investigation a new algorithm for the
determination of the Bowen ratio, which repre-
sents the central point in land surface parameter-
ization, is implemented. Specifically, a ground
wetness parameter based on the vertically inte-
grated moisture budget is introduced. It is expres-
sed as a function of the past 24 hour mean rainfall
rate, surface temperature, as well as the surface
albedo and terrain elevation to take into account
the response of both the soil morphology and
the climate forcing, This parameterization works
equally well for short and long range prediction.

2. Modeling Strategies

The general equation governing the evolution of
soil moisture without subsurface water transfer is
expressed as

om(z)
ot

where m(z) is the soil moisture content, N(z) is the
sink/source term of moisture, and M(z) is the
moisture flux defined as:

Msurf = (P + Sm - Rn - E)surf' (22)

The terms on the right hand side of (2.2) represent
the precipitation, the snow melt, the runoff and
the evaporation rates, respectively. The soil mois-
ture availability is defined as the fractional soil
moisture content at the surface:

GWz{jL} : 2.3)
mmax surf

where m,,,, represents the field capacity.

In the present Florida State University Global
Spectral Model (FSUGSM), this parameter is
prescribed at each Gaussian grid point using the
following empirical formulation:

GW = 0.85(1.0 — exp (— 200(0.25 — a)?)),
€<025  (2.4)

where «, the surface albedo, is constant in time.
Furthermore, the ground wetness parameter is set
to zero for land points having an albedo greater
than 0.25 in the absence of ice or snow. The
proposed scheme is based on surface moisture
analysis following Nitta (1972) and Yanai et al.
(1973). The moisture continuity equation, averaged
over a horizontal domain, is written as:

=Nm—@§Q 2.1)

oq —o—— 0
=4V gb+——(qu)=e—c, 2.5
5 T VeY ap(qw) e—c (2.5)

where c is the rate of condensation per unit mass
of air, e is the rate of evaporation and g denotes
the specific humidity. 7 is the horizontal wind and
o the p-vertical velocity. Assuming that small
scale eddies in the horizontal components of the
wind have no significant correlations with the
eddy component of the specific humidity, (2.5) may
be written as,

oq
ot

0, = ~L< +V-(q“ﬁ’>+f—(q@))
14

=Lc—e)+ Liq’w’, (2.6)
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where the bars represent running horizontal

“ averages and the primes stand for deviations from

large scale. Hence Q, represents the large scale
apparent moisture sink (Yanai et al.,, 1973). Upon
vertical integration over the entire column one
obtains:

1 Py L P

- dep=—g~j (c—e)dp

g Pr Pr

L(P(0——
+~J (—q’w’)dp, (2.7)
g Jps \Op

where Py is the pressure at the top of the column
taken to be 125 mb and where the eddy moisture
flux is assumed to vanish. P, s the surface pressure.
Upon integration, (2.7) then reduces to

1 Py L_._
—j Q,dp=LPy+ (—éq’w’) . (2.8)

gPT

p=ps
The surface latent heat flux is then obtained as:

P,
LE,=LP,— Ef 0, dp. (2.9)
Pr

where P, is the amount of precipitation and E,, is
the rate of evaporation at the surface.

The large scale apparent moisture sink Q, has
been evaluated using FGGE IIIB analysis (A list
of acronyms is provided in Appendix 1). The
vertical p-velocity, in the calculation of Q, has
been obtained kinematically by integrating the
mass continuity equation with a surface bound-
ary condition taking into account the sliding
motion along the sloping topography and assum-
ing an’adiabatic motion near the tropopause
(Krishnamurti and Sheng, 1984). Once the large
scale apparent moisture sink has been calculated,
the latent heat flux at the surface is obtained using
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(2.9). Next, the surface energy balance, coupled to
the surface similarity theory, is solved for the soil
moisture availability. At this point, it should be
noted that the existing formulation of the surface
energy balance in the FSUGSM assumes that the
net incoming solar radiation absorbed at the
surface is partitioned only between sensible and
latent heat fluxes. In this study, the surface energy
balance is treated using a soil-slab model follow-
ing Blackadar (1979). A thin soil layer at surface
temperature is assumed to be in thermal contact
with a deeper layer at temperature T,,. The deep
layer temperature, is taken as the lowest model
level temperature averaged over the most recent
past five days. The surface energy balance is then
expressed as:

oT,

C
7 o

=(1—o)SW|+LW|—0T?

—~FS1—FL} = C,K(T,— T,), (2.10)

where C, is the heat capacity per unit area of the
slab and T, designates the surface temperature.
SW | is the incoming shortwave radiation, « is the
surface albedo and LW | is the longwave radiative
flux into the ground. The term o T¢ represents the
OLR, where g is the Stefan-Boltzman constant. FS
and FL are the fluxes of sensible and latent heat,
respectively. The last term in (2.10) is the heat flux
carried into the ground.

Following Blackadar (1979), the heat capacity
of the slab is described as:

C,=095(AC,/202)"2, (2.11)

where 4 is the thermal conductivity of the soil, C
is the heat capacity per unit volume and €2 is the
angular velocity of the earth’s rotation. K, is given
by:

K, =180. (2.12)

In this formulation, C, and A are expressed as a
function of the soil moisture availability and are
written as:

C, = (142 + 1.68« GW)x 106, (2.13)

4=(0.25+ 1.33xGW). (2.14)

The incoming radiative fluxes are computed using
the FSU radiative transfer model described by
Krishnamurti et al. (1990). The latent heat flux
is estimated from large scale observations using
(2.9) and the sensible heat flux is expressed as:

FS§=pC,C,|0,[(T,— To), (2.15)

where T, and v, are the lowest model level
temperature and horizontal wind, respectively. C,
is the specific heat of air at constant pressure and
C, is the heat turbulent exchange coefficient. Since
C, and A depend on the ground wetness, a guess
field of the latter is provided from climatology.
Given a first guess surface temperature and ground
wetness, the surface energy balance is solved for
surface temperature. The saturation specific humi-
dity at the surface g,(T}) is next computed, and the
stability dependent turbulent exchange coeffi-
cients, C, and C,, are estimated using similarity
theory. Finally, the ground wetness is updated as:

i [ _LE, ]
L2 el

This iteration converges towards an energy balance
in which the surface temperature is consistent with
the surface fluxes, the ground wetness and the
surface stability.

A diagnostic study was performed with this
scheme using the FGGE IlIb data set for the
periods 11 May through 16 May and 20 June to
28 June 1979. The horizontal domain used extended
from 2.8° to 38.4° N and from 45.9° to 113.5°E.
This domain was chosen principally because of
data availability (Dastoor and Krishnamurti, 1991).
Rainfall data were provided by the Summer
MONEX data set. This diagnostic study enabled
the computation of the soil moisture availability
over the entire domain and period of analysis.

The next step consisted of using the soil moisture
availability obtained from this procedure and
expressing it as a function of the large scale
variables using a statistical approach. The param-
eterization of the ground wetness is based on the
fact that soil moisture availability is sensitive to
climate variation as well as the morphology and
type of the soil and their different interactions.
In this context, a multivariate linear regression
model has been used to diagnose the ground
wetness, as:

GW =ay+ a,R+a,T,+ a;¢' + a,H +a, R*
+ a5, T2 + a330% + agaH'* + a;,RT,
+a;3Re +a, HR+ a,, T
+a, TH + a3, H',

GW =

(2.16)

2.17)

where R is the past 24 hour mean rainfall rate
(mmy/hr), T, is the surface temperature (°K), and o’
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and H' are, respectively, the normalized albedo
and surface height fields,

o

/ max

¢4

o= (2.18)
Emax — Fmin

H = _fi“ﬁi‘__Hﬁ. (2.19)
Hmax - Hmin

In order to optimize the number of predictors
a screening regression technique using the best
subset regressions has been applied. Several regres-
sions have been tested with a varying number of
predictors, and for each experiment all the subset
regressions have been examined. It was found that
a reasonable amount of variance is explained by
7 variables only, and that adding more predictors
does not improve the fit significantly. Finally the
equation used to parameterize the soil moisture
availability reduced to:

GW=ay+a,R+a,T,+ a0’ +a,H

+a;;R* +az30'% + ag H'?, (2.20)

where the regression coefficients are:
a,=3.131 a,=0484 a, = —0.009
a;=0.143 a,=-0329 a,,=-0.130
ay3=0.162 a,, =0.349.

For example, a location characterized by an
albedo value of 0.15, having a surface temperature
of 20°C and receiving 2mm/day of rain, will
experience a soil moisture availability of 0.77 if its
elevation is at sea level and of 0.74 if the location
is at 1000 meters above sea level. For this parti-
cular example, the soil moisture reaches satura-
tion after approximately 18 mm/day of rain. The
extreme values of albedo and terrain are those of
the domain over which the regression has been
performed.

In this formulation, the ground wetness param-
eter appears to be most sensitive to the rainfall
and surface albedo. It has a correlation coefficient
of 0.54 with the past 24 hour mean rainfall rate,
which when used as a unique predictor explains
about 299, of the total variance (See Table 1). The
coefficient r-squared is the total explained vari-
ance expressed in percent, and is given by:

r? = 100(1 — SSE/SST), (2.21)

where SSE is the error sum of squares and SST is
the total sum of squares. The second most impor-

Table 1. Variance Explained by Each Variable When Used
Individually for the Regression of the Ground Wetness

r-squared variable
29.185 R
24.403 o
22931 o'
8.454 Ts
7.164 R?
2.950 H
2.059 H?

tant predictor appears to be the surface albedo. It
has a correlation coefficient of about 0.49 explain-
ing 249, of the predicted variance.

The surface temperature presents a relatively
weak correlation with the ground wetness (0.29)
and explains approximately 8%, of the total vari-
ance, while the past 24 hour mean rainfall squared
has a correlation coefficient of 0.26 accounting for
7% of the variance. The terrain field appears to
have the smallest effect on the soil moisture avail-
ability parameter. As a final subset regression,
(2.20) represents the best fit to the data, explaining
approximately 659 of the total variance with a
multiple correlation coefficient of 0.81.

The ground wetness parameter as described by
the old scheme (Eq. 2.4) and the new scheme
(Eq. 2.20) have been plotted against the ground
wetness obtained from the diagnostic study
(Fig. 1). The new scheme appears to introduce an
important improvement. An off line examination
of the new ground wetness parameterization gave
reasonable ranges of values over subtropical and
tropical regions but seemed to slightly overesti-
mate the ground wetness over arid zones. It is
believed that this is related to the small number
of data points with high albedo in the domain over
which the regression has been performed. Mea-
surements of evaporation following Gash et al.
(1991) allowed, however, for the adoption of a
correction function over the desert regions. Since
the ground wetness parameter obtained from the
new parameterization depends on the most recent
past day rainfall only, the soil moisture is expected
to sharply decrease the second day after the last
occurrence of rain. Gash et al. (1991) showed that
evaporation remains close to its potential for
about one week after the last occurrence of rain.
Then the evaporation rate falls; however, even
after about five weeks some evaporation with rates
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Fig. 2. Evolution of soil moisture availability as function of
rainfall

09 10
Fig. 1. Scatter diagram for soil moisture availability

of 1 to 2mm/day were observed, suggesting ex-
traction of water from deeper layers. The measure-
ments of soil moisture deduced from gravimetric
sampling showed that soil moisture availability
decreases by about 40% of its saturated value in a
period of approximately 5 days after a heavy
rainfall. In this study, after each episode of rain
producing more than 2 mm/day, a smooth decrease
in soil moisture is allowed by taking 80%, of the
previous day value for a period of 5 days, but only
if this newly computed ground wetness parameter
is greater than the one that would be obtained in
normal conditions (Fig. 2). This structure function
is applied at each time step during the model inte-
gration, and hence, does not affect the soil mois-
ture availability diurnal cycle.

Finally, the scheme is invoked only after the first
24 hours of integration, as the past 24 hour rainfall
amount becomes available in the model. During
the first day of forecast, a prescribed climato-
logical field of ground wetness is used.
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3. Experiments

The new algorithm for the soil moisture availability
has been implemented in the FSUGSM to test its
evolution and impact on the surface energy budget
components during a long range weather predic-
tion. Two parallel simulations are performed
beginning 11 May and ending 31 August 1979 at
1200 GMT. In the first run (control), the ground
wetness parameter as given by (2.4) is used in a
surface energy balance which assumes the soil
without heat capacity and therefore redistributes
the incoming radiative energy between OLR,
sensible and latent heat fluxes. The second experi-
ment uses the new ground wetness parameter-
ization as described by (2.20)} together with a
prognostic equation for surface temperature as
expressed in (2.10).

In the control, the surface energy balance is
solved iteratively using the Newton-Raphson
iterative scheme. This method is first guess de-
pendent and does not always converge. In the
experiment, the solution of the surface energy
budget is obtained using the bisection method
with variable upper and lower limits to insure
convergence. For both experiments, a ten day
mean sea surface temperature is prescribed over
the ocean.

The components of the surface heat budget have
been monitored at a 2 hour time interval during
the integration of the two experiments. This has
been done at selected Gaussian grid-points located
in areas of significantly different types of climatic
regimes. Four points have then been chosen to
fully describe the performance of the new scheme
and to evaluate its influence on the different
elements of the surface energy balance. All the
points presented in the following discussion are
located over longitude 0° E, but at different lati-
tudes. The first point, for example, is located
approximately at latitude 35° N and represents a
Mediterranean type of climate. The second point
(Point 2), located around 30° N over the northern
Sahara represents a specific example of arid zones.
The third point illustrated, is located around
18° N in the northern part of the Sahel region. The
location of this point is of particular importance
with respect to the monsoon rainfall. It is far north
from the monsoon effect at the onset phase and
generally receives most of its annual rain during
the months of July and August as the monsoon

progresses further north during its active phase.
The fourth point, around 12° N, is characteristic
of a tropical type of climate.

Since rainfall is the important factor controlling
the soil moisture availability in the experiment, its
response is outlined with reference to the compo-
nents of the surface energy balance. The boundary
between the earth and the atmosphere is extensively
examined and a detailed surface energy budget
analysis is carried out for the four months of the
model integration. It should be noted that the
integration concerned only 20 days during May.

4. Surface Energy Balance for the Month of May
4.1 Mediterranean Region

For the month of May, the point representing the
Mediterranean region (Point 1) shows an almost
constant net incoming radiation throughout the
period of the forecast for the control (Fig. 3A).
Although the difference between the new ground
wetness parameter in the experiment and the
prescribed one used in the control is not large,
significant differences are observed in the surface
energy budget components. In the control, the net
incoming energy absorbed at the ground is parti-
tioned only between the sensible and latent heat
fluxes. Since the soil moisture availability is con-
stant, the proportion of energy going into each flux
component does not show significant variations
(Fig. 3B,C). Except for changes due to atmos-
pheric variables in the PBL, the fluxes of latent
and sensible heat remain mostly the same during
the model integration.

Not only has the new parameterization of the
ground wetness altered the evolution of the latent
and sensible heat fluxes in the experiment, but it
has most importantly affected the Bowen ratio.
Figure 3(B1, C1) show a decrease in both sensible
and latent heat fluxes as compared to the control.
This is associated with the introduction of the soil
heat storage term in the surface energy balance. It
appears that except for the diurnal variation due
to its surface temperature dependence, the new
ground wetness parameter does not depart much
from that obtained using the empirical formula-
tion in the absence of precipitation forcing for this
location (Fig. 3E1). After a rainfall occurrence,
however, the soil moisture availability undergoes
significant changes which affect the entire energy
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Fig. 3. Surface energy balance for Point 1, May, fluxes (Wm ~ ), temperature (°C), rainfail (mm/h), ground wetness (dimensionless)

budget. For example, during day 10 the net
radiative energy absorbed at the surface is ap-
proximately the same for both experiments. While
in the control 770 Watt m~? are absorbed at the
surface, the experiment receives approximately
730 Watt m ~ 2. In the control, about 220 Wattm ™2
is used as sensible and 550 Watt m ™~ 2 as latent heat
due to the large ground wetness parameter. In the
experiment, approximately 160 Wattm™> goes
into sensible heating and only 300 Wattm ™2 is
used in latent form. A decrease in the net incoming
radiation, due to cloud cover during day 11, has
reduced both the sensible and latent heat fluxes in
the experiment. The repartition of energy into
surface fluxes shows that in the control the Bowen

ratioincreases from 0.38 during day 10 to approxi-
mately 0.41 during day 11, while in the experiment
this ratio decreases from 0.50 to 0.45 during the
same period. It should be noted that between day
10 and 11, the control experienced a surface
temperature increase of about 1°C, whereas the
reduction of the Bowen ratio in the experiment
induced a moister PBL and decreased the surface
temperature by about 2 °C during the same period.
Thisis believed to have triggered moist convection
and rainfall.

Convection and rainfall have the dual-effect of
decreasing the total incoming solar radiation
reaching the ground and increasing the soil mois-
ture availability, which results in increasing the
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latent heat flux at the expense of the sensible heat
flux in the model. As a consequence, the amplitude
of the surface temperature diurnal cycle decreases
to maintain relatively low values during the fol-
lowing days. After the last day of substantial rain
(day 15), an increase in the radiative heating, has
led to a gradual increase in surface temperature
and decrease in the ground wetness.

The energy partitioning in the two experiments
has shown that the wetness of the soil is a central
modulator of the surface fluxes. In fact, the surface
temperature showed little difference between the
control and the experiment during the first 10 days
of the model integration. During the second 10
day period and just after the first rainfall occur-
rence, a net difference is observed in the tempera-
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ture evolution as evidenced in Fig. 3(D, D1}. The
absence of a ground heat flux component in the
control’s surface energy balance has led to an
overestimation of both sensible and latent heat
fluxes. The prognostic equation for the surface
temperature in the experiment, which has an
explicit parameterization of the storage term,
resulted in better description of all the fluxes.
Therefore, even though the resulting surface tem-
perature appears similar between the two experi-
ments during the first 10 days of integration,
the similarity is obtained by completely different
means. In the control, the ground wetness pa-
rameter appears as a tunable parameter while 1t
is diagnosed by the model at each time step in the
experiment.
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4.2 Arid Region

Figure 4 shows the surface energy budget for
Point 2. Here, the net incoming solar energy is
virtually identical between the control and the
experiment since the region is cloud free during
this period (Fig. 4A, A1). The partitioning of this
energy, however, produces a remarkable difference
between the two forecasts. The control sets the soil
moisture availability to zero and therefore, does
not allow for any exchange of latent heat (Fig. 4C).
Consequently, the entire net radiative energy is
transferred back to the atmosphere in the form of
sensible heating (Fig. 4B). A large diurnal cycle is
then observed in the surface temperature, with an
amplitude as high as 34 °C during day 9 and a
maximum temperature reaching 47 °C during the
end of the month (Fig. 4D). The ground wetness
parameter, obtained from the new scheme, appears
reasonable for this location (Fig. 4E1), and its
mean value around 5% is representative of a dry
region. Even though small, this soil moisture
availability allows a latent heat flux slightly less
than 100 Wattm ™2 and decreases the sensible
heat flux relative to the control. It clearly appears
that the introduction of a moisture component
and the heat flux into the ground has contributed
to a significant modulation of the surface tempera-
ture diurnal cycle amplitude. For instance, the
amplitude of the diurnal temperature variation
reduced to 24 °C during day 9 as compared to
34°C in the control, with a maximum surface
temperature around 37 °C.

At this point, it is worth noting that utilizing
the so-called “bucket method” to estimate the
potential evaporation assumes that the soil is
saturated at the computed “skin” temperature.
Over desert regions, where the soil is naturally
dry, the surface temperature reaches high values
during daytime. Therefore, using this temperature
to calculate the saturation specific humidity at the
surface can lead to an overestimation of evapora-
tion. It has been suggested that the bucket method

based on the bulk aerodynamic formulation can-
not give a realistic representation of the complex
land surface processes. Nevertheless, to verify the
behavior of the new scheme, the components of
the surface energy balance, as obtained from the
two experiments are compared to those obtained
by the global spectral model of the National
Meteorological Center (NMC). The comparison
is done for a selected point over the desert and for
a 24 hour forecast starting 31 May 1979 (Pan,
1990). Table 2 displays the different components
of the surface heat budget expressed in Wattm 2.

Even though the two models have different
physical parameterizations, the proportion of
energy going into sensible and latent heat is quite
similar between the NMC case and the experiment.
Itis therefore evident that setting the soil moisture
parameter to zero results in an unrealistic heating
of the PBL. Itis also widely speculated that if some
evaporation is allowed over the desert, this will
cool and moisten the PBL and contribute to
suppressing the dry convective mixing. Moist
convection would then be enhanced and monsoon
winds would penetrate deeper into the desert,
supplying moisture farther north into the African
continent.

4.3 Sahelian Region

For the Sahelian location (Point 3), the control’s
ground wetness parameter is much higher than
the one obtained through the new parameteriza-
tion (Fig. 5SE, E1). This has inverted the partition-
ing of energy between sensible and latent heat
fluxes, as compared to Point 2, and has introduced
significant cooling at the surface. The experiment
still shows that more energy is used in sensible
form. However, an important part of the incoming
radiation is utilized in latent form (Fig. 5CI).
During this period, this location is still north of
the influence of the West African monsoon and
generally no rainfall is expected. In the control,
the surface temperature reaches a maximum of

Table 2. Comparison of Surface Fluxes Between NMC and FSU GSMs

Net radiation Sensible heat Latent heat Sensible heat Latent heat |
—— () o)
Net radiation Net radiation
NMC 430 150 50 442 11.6
FSU (expl) 596 301 68 50.5 114
FSU (cont) 530 ’ 530 0 100 0
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Fig. 5. Same as Fig. 3 but for Point 3

about 30°C towards the end of the month. It
reaches a maximum as high as 37°C in the
experiment, with more amplified diurnal ranges.

4.4 Tropical Region

Over the tropical region (Point 4), the control
maintains a relatively high ground wetness pa-
rameter allowing an evaporation rate of 849 of
the potential during the entire period (Fig. 6E).
This results in a distribution such that the latent
heat is approximately three times greater than the
sensible heat (Fig. 6B, C). Since the sum of sensible
and latent heat must balance the net energy
absorbed at the surface, the radiative energy not

EXPERINENT ,28 DAY FORECAST STARTING

MAY 11 1979 AT 12 GMT ,POINT 3

used in latent form contributes to increase the
temperature of the slab. Although the soil moisture
availability allows more evaporation during the
control, in which one would expect a cooler
ground, the mean surface temperature at 1200
GMT is around 27 °C for both experiments. In the
control, the surface temperature would normally
have been lower than what is observed if some of
the radiative energy had been transferred into
the ground reservoir. It appears, then, that in the
control’s surface energy balance formulation, the
excess of energy resulting from the absence of
the storage term is compensated for by an excess
cooling due to abnormally high evaporation rates.
The surface temperature in the control has a
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Fig. 6. Same as Fig. 3 but for Point 4

maximum of approximately 30 °C for most of the
period except between the 11th and the 17th days
of integration, when a decrease of about 3°C
in both maximum and minimum is observed
(Fig. 6D).

For the same point, the variation in the soil
moisture availability introduced by the new scheme
is'significant. Apart from the first 24 hours of the
forecast when the ground wetness is identical to
that of the control, the new formulation produced
a soil moisture availability of about 0.74 in the
absence of rainfall. It is important to note that this
value, about 0.1 less than that used in the control,
has produced an overall decrease in the evapora-
tion rates. A sequence of rainfall between days 3

EXPERIKENT ,2@ DAY FORECAST STARTING

MAY 11 1979 AT 12 GMT ,PDINT 4

and 4 has, however, increased the soil moisture to
its saturation level during the early morning hours
of day 5, when the daily minimum temperature is
observed. The rainfall observed during day 4 is
associated with a decrease in the Bowen ratio. In
fact, between days 3 and 4, the 1200 GMT sensible
heat flux has decreased from 150 to about 125
Watt m~ 2, while the latent heat flux has increased
from approximately 409 to 483 Wattm 2. This
has decreased the Bowen ratio from 0.37 to 0.26
and appears to be responsible for moist convec-
tion. The use of the past rainfall in the new
parameterization, has led to a significant increase
in the soil moisture availability during day 3,
which has enhanced the evaporation flux and
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consequently the rainfall. Even though there is no
evidence to support it, it appears that the rainfall,
which occurred during day 5 in the experiment,
would not have been produced, or would have
been less, if the soil moisture availability was
climatologically prescribed. Although no rainfall
has been produced by the model during day 6, the
value of the soil moisture availability during the
next day is still higher than what would have been
obtained under no rainfall stress. Through its
structure function, the new parameterization al-
lows for a slow drying of the ground after a rainy
day. Unlike the control, the surface temperature
showed a regular variation between approximately
20 °C and 30 °C during the entire forecast period,
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with a mean value of approximately 27°C at
1200 GMT.

5. Surface Energy Balance for the Months
of June, July and Aungust

The surface energy balance for the months of June,
July and August shows interesting aspects of the
new soil moisture availability scheme and its
effects on the rainfall. This is especially evident
over sub-Saharan areas where monsoon surges
started going far enough north to reach the
Sahelian regions. Since the albedo is time inde-
pendent for both experiments, the soil moisture
availability remains constant in the control, and
the proportion of energy available as latent heat
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is unaffected regardless of any change that may
occur at the surface. Therefore, the following
discussion focuses on selected points for selected
months which present relevant characteristics of
the new parameterization. However, aspects that
have not been covered in the previous section will
be reviewed for the control.

5.1 Arid Region

The surface energy components for the desert
point during June do not present important
variations as compared to those of the month of
May. For both experiments, an increase in the
surface temperature consistent with the radiation
is observed (Fig. 7D, D1). In the control, where
evaporation is completely suppressed, diurnal
cycle amplitudes in excess of 37°C and high
surface temperatures greater than 50 °C, are ob-
served. During the daytime, about 600 Wattm ™2
is transferred from the desert surface to the PBL in
the form of sensible heating (Fig. 7B). The sensible
heat is carried by the eddies in the unstable PBL
which lead to cooling and stabilization of the
surface layer.

The residual from the energy budget at the
end of the iteration procedure in the control is
shown in (Fig. 7F). As stated earlier, the Newton-—
Raphson iterative technique used in the control
is first guess dependent and does not always
converge. Therefore, only a limited number of
iterations are permitted when solving for the
surface energy balance. Although the surface tem-
perature is relaxed towards its first guess value
in case of non-convergence, the sensible heat
flux shows errors on the order of 150 Wattm~?
(Fig. 7B). This problem is avoided in the experi-
ment, where an iterative scheme based on the
bisection method with variable limits is being
utilized.

As for the month of May, the ground wetness
parameter obtained through the new scheme for
Point 2 is small for this dry, high albedo region
(Fig. TE1). Nevertheless, the energy budget appor-
tions about 100 Watt m ™2 as latent heat flux and
350 Watt m ™2 as sensible heat flux at the time of
maximum insolation. The rest of the net incoming
energy serves partially to balance the storage
term and force the surface temperatue variation.
The overall effect of the new surface energy
balance is that of cooling the surface layer. Unlike

the control, the surface temperature shows an
evolution with moderate diurnal cycle ampli-
tudes of around 23 °C, and an absolute maximum
temperature of 40°C. For comparison, one can
mention that Blake et al. (1982), using aircraft
measurements over the Arabian desert, estimated
an upward sensible heat flux of 250 Wattm ™2 at
1000 hPa. Furthermore, the ground temperature,
as measured by onboard instruments, showed a
diurnal fluctuation of about 25°C, with a maxi-
mum temperature of 44 °C. It was also found that
the area averaged specific humidity over the
Empty Quarter had a mean value close to 5 g/kg
during the daytime, suggesting that the PBL is not
completely dry.

During the summer season, the arid region is
characterized by almost invariant atmospheric
conditions, dominated by clear sky and warm, dry
air. This is due to its location far south from the
influence of the Mediterranean Sea, and far enough
north to escape the West African monsoon. The
only variation observed is therefore in the solar
radiation flux, which increases with the progres-
sion of the summer season. For both experiments,
the increase in radiative energy has led to a
significant increase in the surface temperature
during July and August (not shown). During these
two months the control resulted in extremely high
surface temperature exceeding 50 °C on many
occasions, with a typical diurnal cycle amplitude
of 35°C. On the other hand, the experiment
predicted surface temperature maxima ranging
between 40 and 44°C with a diurnal range of
24°C. The surface temperature evolution as pre-
dicted using the new surface energy balance during
these two months appears to be in better agree-
ment with the measurements obtained by Blake
et al. (1982), while it is overestimated by more than
6 °C in the control. A point to stress, however, is
that although the new parameterization of the soil
moisture availability is not complex and time
consuming, it nevertheless introduced a skillful
representation of the main components of the
surface energy budget.

5.2 Sahelian Region

The following section describes the gradual sea-
sonal evolution of the various components of the
surface heat budget. For reasons of commodity,
the discussion is presented on a monthly basis.
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5.2.1 Surface Budget During June

The Sahelian point shows that during the first 25
days of June, the ground wetness parameter
simulated by the experiment allows daily evapora-
tion rates ranging between 12 and 179 of the
potential (Fig. 8E1). During this period, from
a net absorbed radiation of approximately 750
Watt m~ 2, about 300 Watt m ™ goes into sensible
heating while 250 Watt m ~ 2 is used as latent heat,
maintaining a high Bowen ratio of 1.2 over the
region.

Although there is no evidence to support it, the

=

« NET RADIATION

decrease in the net radiation during June 26
appears to be produced by cloud cover due to
moisture advection from the monsoon region
(Fig. 8A1). The basis for the above statement is
that, previous to this day, the Bowen ratio was
kept high, suggesting a dry and warm PBL. Since
the relative humidity plays an important role in
triggering convection, a dryer PBL below the
convective cloud base cannot be expected to
support moist convection. It is also believed that
this moisture advection has produced the first
monsoonal rainfall over the region.

Due to the substantial rainfall, the soil moisture
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availability undergoes a sharp increase during day
27 producing a strong reversal in the surface fluxes
distribution. For instance, the Bowen ratio de-
creases from 1.37 on the 25th at 1200 GMT to
0.27 the next day. This has further enhanced
surface evaporation and has produced more rain-
fall on the 27th. The surface temperature presented
regular fluctuations with diurnal cycle amplitudes
of about 20 °C and maxima varying between 38 °C
and 40°C during the first 25 days. After that, it
experienced a sharp cutoff, due to an increase in
evaporation, reducing the maxima to between
25°C and 32°C during the last 5 days of June
(Fig.8D1).

5.2.2 Surface Budget During July

During July, the first four days of the experiment
presented a relatively high Bowen ratio in excess
of 0.7, characterizing a warm and dry PBL with
surface temperatures reaching 37°C. A decrease
in the Bowen ratio from 0.80 to 0.47 is observed
between day 4 and 5, when approximately 5mm
ofrainis observed. The rainfall significantly affects
the soil moisture availability, which shows an
increase from 0.28 to 0.54 between day 5 and 6
(Fig. 8E1). This further enhances the surface eva-
poration, transferring more moisture into the PBL
and decreasing the sensible heat flux. Due to the
greater absorption of incoming solar radiation
by water vapor, less radiative energy reaches
the ground. A decrease from approximately 622
to 532 Wattm™? is observed between day 5 and
6 (Fig. 8A1). Unlike the control, where a decrease
in the incoming solar energy is accompanied by a
reduction in both latent and sensible heat, in the
experiment it affects mostly the sensible heat since
the ground wetness remains high. As a result, the
surface temperature dropped by about 1.5°C and
the model produced approximately 8 mm of rain
during day 6. It should also be noted that both a
decrease in surface temperature and an increase
in rainfall contribute to an increase in the soil
moisture availability. For instance, during the
next day the ground wetness increased from 0.54
to 0.68 resulting in a decrease of surface tempera-
ture from 31°C to 27°C and 20 mm of rainfall.
This feedback between land surface processes,
radiation and moist convection continues until
the model condenses the available moisture above
the saturation level. At this point, the solar radia-
tion reaching the ground increases again and

drives the model towards a new state of equilib-
rium.

After each sequence of rainfall in the experi-
ment, the scheme allows a smooth transition of
soil moisture from the last value obtained with
rainfall forcing to its climatological value in a
period of five days. It is important to note that
if the scheme were not to consider the previous
state of the ground in the estimation of the soil
moisture, a sharp decrease in the ground wetness,
from approximately 0.50 to 0.20, would have
occurred one time step after the 12th day of July
and would have produced an increase in the
surface temperature of about 5°C in 20 minutes.
This would be unrealistic if the last value of the
ground wetness during the rainy period were at
its saturation level.

5.2.3 Surface Budget During August

It is clear that the new parameterization of the soil
moisture, especially through its past rainfall de-
pendence, plays an important role in the precipita-
tion distribution. In fact, a detailed examination
of the soil moisture availability and the rainfall
distribution reveals that just after the first rainfall
occurrence during August, the ground wetness
increases to more than twice its climatological
value obtained in the absence of precipitation.
This forces the model to convert approximately
twice as much energy into latent heat, supplying
therefore to the atmosphere the necessary ingre-
dient for most convection. It should be noted that
if the soil moisture were prescribed to some
climatological value over this region, it would
have underestimated the latent heat flux and then
the precipitation if its value were too small, or
overestimated them if the value were too high. If
a constant climatological value of about 0.2 was
prescribed for this location, it would have given a
fair representation of the different surface fluxes
and their related rainfall during the first 10 days
of August. During the remaining period, however,
it probably would have failed to simulate any of
the observed rainfall. If the constant is tuned to
produce the observed summer rainfall over the -
region, it would necessarily overestimate it during
drier periods. It appears, therefore, imperative to
allow the model to predict the soil moisture
availability as a function of the prevailing surface
conditions in order to provide a realistic interac-
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tion between the different energy fluxes at the
model’s land-atmosphere interface.

The slow drying of the ground after a rainy
period, introduced in the new parameterization,
is quite important for the rainfall distribution. It
can be argued that the rainfall produced by the
model between August 17 and 18 would not have
occurred if the soil moisture were simply relaxed
to its climatological level after the last day of rain.
The use of this technique has permitted more
evaporation than would have normally been ob-
served if the climatological value of the soil
moisture were used immediately after the rainfall
occurrence.

A + NET RADIATION

199

As a response to the surface fluxes distribution
during August, the surface temperature in the
experiment shows a diurnal variation of 20°C
with maxima around 40 °C during the first 9 days,
corresponding to the dry episode. During this
period, the sensible heat flux was maintained
around 300 Wattm ™2, while the latent heating
accounted for 250 Wattm ~ 2 and the soil had an
absorption of approximately 120 Watt m ™2 at the
time of maximum insolation. During day 10, the
partitioning of the energy had been inverted as
the sensible heating became less than 200 Wattm ™2
and the latent heat more than 400 Wattm 2. The
soil heat flux remained almost at the same value,
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implying that the new partitioning of the energy
contributed to an increase in the latent heat
mostly at the expense of the sensible heat. This
reduced the Bowen ratio and increased the relative
humidity in the PBL. Consequently, the surface
temperature maximum dropped by about 10°C.

The control, with a constant soil moisture param-
eter of 0.66, resulted in an excessive moistening of
the PBL (Fig. 9). However, the non-negligible
amount of energy going into sensible heating kept
the PBL from cooling too much. This distribution
of the energy into surface fluxes is likely to produce
more rainfall than the experiment. The excess of
surface evaporation resulted in cooler surface
temperatures during the entire period as compared
to the experiment.

As previously mentioned, the location of Point
3, is quite interesting for the examination of the
monsoon rainfall evolution over the West African
region. In fact, during the month of May no
rainfall was observed over this region and except
for 2 days towards the end of the month, June was
also virtually dry. It is believed that this limited
rainfall during June is due to monsoonal surges
which may occasionally bring moisture as high as
20° N even when the climatological position of the
ITCZ is still around 15° N (Fig. 8F1). The meri-
dional migration of the ITCZ is prominent during
the month of July, when substantial rainfall was
recorded at this location. It is also observed that
the amount of rainfall recorded during a single

week of July is greater than that of May and June
combined. The rainfall distribution, however, pre-
sents a good representation of their episodal
character showing an alternation between wet and
dry periods. Although the occurrence of rain has
increased during the month of August, corres-
ponding to the maximum monsoon activity, it is
important to note the dry spell of about 20 days
before the first rain, and a shorter one of 4 days
separating the two major rainfall episodes.

The discontinuous character of the rainfall over
this region reveals that the monsoon is not well
established. One may speculate, however, that a
possible cause of this phenomenon is that this
location is reached by monsoonal winds only
when they overshoot the equilibrium position of
their meridional oscillatory movement. Only then,
the depth of the monsoon moisture layer becomes
substantial, and rainfall may occur. The dry spells
are believed to be associated with the withdrawal
phase of the monsoon surges.

6. Feedback Processes

The use of the new soil moisture availability
has introduced a complex feedback between the
model physical mechanisms (Fig. 10). Over land,
the sum of latent and sensible heat is mostly
governed by the net radiation absorbed at the
surface. The distribution of energy between these
two fluxes is, however, strongly affected by the
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wetness of the ground and its temperature. But,
the surface temperature itselfis in turn determined
by the net radiation and the ground wetness, since
any excess energy, not balanced by evaporation
and sensible heat or otherwise absorbed by the
ground, forces an increase in the surface tempera-
ture. On the other hand, an increase in the surface
temperature reduces the soil moisture availability.
Therefore, any reduction in the incoming radia-
tion is necessarily followed by a decrease in surface
temperature and an increase in the soil moisture
availability in the model. The available moisture
at the ground is transferred to the PBL via
turbulent fluxes and enhances moist convection.
The resulting rainfall increases the soil moisture
availability, which in turn will feed more moisture
back into the PBL.

The dependence of the new soil moisture avail-
ability on surface temperature and rainfall resulted
therefore in important interactions between the
radiation, the moist convection, and the PBL
parameterizations. The surface temperature ap-
pears to control the diurnal and seasonal cycles
of the ground wetness parameter and represents
an internal regulation inside the PBL. On the
other hand, rainfall appears as an external regula-
tor which forces the soil moisture availability’s
response to changes in the state of the ground
induced by the moist convection scheme in the
model. Both moist convection and the PBL inter-
act coherently with the radiation scheme in the
new surface energy balance.

It is to be noted that in nature the feedback
between the different processes is continuous,
while the update of the interaction between the
soil moisture and rainfall in the model is done on
a 24 hour basis. However, with respect to surface
temperature, the ground wetness is updated at
each time step.

7. Concluding Remarks

An assessment of the simulation of surface fluxes
during a seasonal climate simulation using the
FSUGSM has been described. A modification of
the energy balance at the surface has been in-
troduced to explicitly parameterize the heat trans-
fer between the surface and the deep ground layer.
Furthermore, a new parameterization of the soil
moisture availability, which constitutes the central
modulator in the partitioning of the energy at the

land surface, has been implemented in a prognostic
equation for surface temperature.

The examination of the different components of
the surface energy budget at selected locations has
revealed significant differences between the control
and the experiment during all four months of the
model integration. The incorporation of the soil
heat flux at the land-atmosphere interface has
reduced the energy available for sensible and
latent heat fluxes. Its impact on the surface heat
budget was to produce a more realistic evolution
of the surface temperature with respect to its
magnitude and diurnal range. This was particularly
evident over arid and semi-arid regions, which
were characterized by unrealistically high surface
temperature maxima and extremely large diurnal
cycle amplitudes during the control. A decrease in
the maximum surface temperature of more than
6 °C, associated with a reduction of about 10°C
in the diurnal range, has been obtained during the
warmest month over the African arid regions.

The introduction of the new soil moisture
availability has resulted in an interesting modula-
tion of the surface energy balance and produced
smaller rates of surface evaporation. Except over
the arid zones where small moisture flux compo-
nents have been generated by the new scheme,
systematic reduction of the soil moisture availabi-
lity and its related evaporation flux have been
observed over all considered types of climate in
the absence of rain. During rainfall occurrence,
however, the new soil moisture availability was
larger than that prescribed in the control only
over the tropical regions. It was found that over
dry regions, the moisture fluxes predicted by this
scheme were comparable to those produced by
other similar GCMs and were also compatible
with observations.

Through its formulation as a function of predic-
tive variables, the new ground wetness parameter
has shown interesting characteristics not present
in the control. The effect of surface temperature
has introduced diurnal and seasonal cycles in the
soil moisture availability, while its dependence on
predicted rainfall resulted in an important feed-
back between the model’s physical mechanisms.
Both theradiation and the convection have shown
coherent interactions with the planetary boundary
layer fluxes through the new formulation of the
soil moisture availability.

Although not often experienced over the illus-
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trated locations, the gradual decrease of the soil
moisture parameter after the last fainfall occur-
rence occasionally enhanced convection and pro-
duced an effect close to what is normally observed
in nature.

Unlike its counterpart in the control which is
maintained constant, the new soil moisture pa-
rameter has introduced a realistic response to
other physical processes in the model and has
resulted in a remarkable partitioning of the surface
energy fluxes. In the absence of rainfall, the soil
moisture parameter showed relatively small values
and maintained an energy balance with higher
sensible heat fluxes. However, as clouds developed
in the model and reduced the net incoming solar
energy, the consequent reduction of the surface
temperature increased the soil moisture parameter,
supplying more moisture to the atmosphere. The
resulting rainfall produced a significant increase
in the soil moisture availability which had the
double effect of increasing both the latent heat and
ground heat fluxes. The consequent reduction of
the Bowen ratio has contributed to an enhance-
ment of moist convection.

The new soil moisture parameterization has
also shown a realistic description of the West
African monsoon surges over the Sahelian regions.
When the monsoon moisture reached its northern-
most position, a decrease in the net solar radia-
tion reaching the ground led to a decrease in
surface temperature and an increase in the ground
wetness parameter over the considered area. En-
hancement in the PBL moisture was then observed
and was generally associated with important
amounts of rainfall. Anincrease in the Bowen ratio
was observed to be associted with dry spells over
the region, as the monsoon winds withdrew.

The new surface energy balance parameteriza-
tion has introduced the necessary feedback mech-
anism between the different elements controlling
land surface processes, which was lacking in the
FSUGSM. It is certain that albedo, rainfall and
surface temperature are not the only parameters
controlling the evolution of the soil moisture
availability. Other elements describing the com-
plex plant canopy are still necessary to fully
describe the soil moisture-soil evaporation pro-
cesses over land. The extreme sensitivity of surface
temperature and rainfall to soil moisture avail-
ability suggests, however, that careful estimation
of the latter be made when parameterizing the
fluxes balance at the surface in a numerical model.

Appendix 1
List of Acronyms

BATS Biosphere Atmosphere Transfer Scheme
FGGE First GARP Global Experiment

FSUGSM Florida State University Global Spectral Model
GARP Global Atmospheric Research Program

GCM General Circulation Model

GMT Greenwich Mean Time

ITCZ Intertropical Convergence Zone
MONEX Monsoon Experiment

NMC National Meteorological Center
OLR Outgoing Longwave Radiation
PBL Planetary Boundary Layer
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