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ABSTRACT

The aim of this work is an improvement of the parameterization of the soil moistyre in the scheme of
the Land Surface Process Model (LSPM) for applications over desert areas. In fact, in very dry conditions,
the water vapour flux plays an important role in the evaporation processes and influences the underground
profiles of humidity and temperature, The improved version of soil moisture parameterization in the LSPM
scheme has been checked by using the data taken from the database of the field experiment HAPEX~Sahel
{(Hydrology—Atmosphere Pilot Experiment in the Sahel, 1990—1992), Moedel simulations refer to three dif-
ferent stations located in Niger (Fallow, Millet and Tiger sites) where input data for LSPM and observations
were simultaneously available. The results of simulations, taking into account the water vapour flux in the
soit model LSPM, seem to compare better with the observed behaviour of soil moisture and turbulent heat
fluxes than those overlooking the water vapour flux, confirming the great importance of the water vapour in

such dry conditions,

Key words: Drought, Heavy rain, Water vapour, $oil meisture, Evaporation, LSPM, SVAT, HAPEX,
Sahel, Niger

1. Introduction

Model simulation of soil physical properties is very important for climate studies because
of the role they play in different interaction processes with the atmosphere. One of the most
widespread studies is the implementation of soil models in General Circulation Models
(GCMs); previous studies showed, in fact, that climate simulations are sensitive to the
parameterization of the energy and mass fluxes at the land surface (Viterbo, 1995; Beljiaars et
al,, 1996; Dolman et al,, 1997). A large number of models have been developed to describe the
surface fluxes of heat, water and momentum; they are called SVAT (Soil Vegetation Atmos-
phere Transfer) schemes, The LSPM scheme (Cassardo et al,, 1995) is one of these models,

Land surface not only plays a very important role in influencing regional and global cli-
mate, but it is also strategic for the agriculture, especially in dry and desert areas, Because of
the strong sunlight radiation and of the high hydraulic conductivity typical for the sandy re-
gions, the land surface moisture in dry and desert areas can change dramatically in very short
time, which is tremendously important for the local crops (and for the food supply to the local
population and cattle).

Because dry lands occupy a large part of the entire land coverage and one quarter of the
world’s population inhabit dry lands and depend on ihese areas for their livelihood (UNEP,
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1992), it becomes very important to make the soil models able to simulate such dry
conditions, In order to do this, it could be helpful to include the water vapour in the computa-
tion of the water flux inside the model (Niu et al., 1997), In fact, it is just in these extreme sit-
uations, such as dry soils, that water vapour flux starts playing an important role in the water
flux balance; leaving it out of account would bring about large errors in the model estimates
of surface evaporation. in this paper, three HAPEX—Sahel (Hydrological and Atmospheric
Pilot EXperiment in the Sahel, Goutorbe J.P. et al,, 1993; Prince et al., 1995) observation sites
in Niger have been selected for studying the underground water vapour conttibution to the
surface water budget. They are called Fallow, Millet and Tiger sites (Table 1),

2. Description of the selected region: the Sahel and the site of HAPEX—Sahel experi-
ment

The region analysed in this study is located in the Sahel (Africa). The Sahel occupies a
narrow zone, forming a strip about 400—600 km wide, bounded on the North by the Sahara
and on the South by the Sudanian vegetation zone (Fig, 1), It stretches nearly 6000 km actoss
the entire African continent,

The Sahel climate (Nicholson, 2000) is characterized by a single, short, annual rainy sea-
son associated with the Northward movement of the Inter Tropical Convergence Zone
{ITCZ).

Despite of this severe climate, the Sahel is an area extensively exploited by the humans;
thus, much of the landscape of the Southern and more favourable mid—Sahel consist of fields
and extensive areas of fallow bushland in various stages of regrowth,

An area belonging to the Nigerian Sahel, of 1°x 1° (latitude 2°-3° East and longitude
13°-14° North, corresponding to a surface of almost 100X 100 km?) was selected in

1 Northsrn Sanel
3 Southern Sahel

Fig. 1. The selected region: the Sahel in Niger ncar Niamey (the capital city).
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1990—1992 for the HAPEX—Sahel field experiment. All the three sites mentioned before (Sec-
tion 1) are located in this area (Table 1), Niamey, capital city of Niger, is in this area too.

Table 1. Coordinates of the three selected sites

Site Latitude Longitude
Fallow 13.244°N 2.244°E
Millet 13.241°N 2.999°E
Tiger 13.198°N 2.239°E

3. Description of the LSPM—SVAT scheme

The Land Surface Process Model (LSPM) has been developed by our groups (Turin
University, Italy, and Institute of Atmospheric Physics of Beijing, China) in the frame of the
World Laboratory Project Land 2 (Cassardo et al,, 1995), and tested in Ruti et al, (1997) and
in Cassardo et al., (1998). LSPM is a typical SVAT scheme developed to be used both as a
“stand—alone” model (in this case, a set of specific routines for the calculation of the input da-
ta is provided) and as the surface boundary subroutine of an atmospheric circulation model
(in this case, all input data are taken by the atmospheric model itself),

In this work LSPM is used in its stand—alone version, so the input data required are: aic
temperature, atmospheric pressure, specific or relative humidity, solar incoming radiation or
cloudiness, horizontal wind speed components, rate of precipitation.

The schematic spatial structure of LSPM includes three main zones: the atmospheric lay-
er above the vegetation (extending from a reference height to the vegetation cancpy level), the
vegetation layer (extending downward to the soil), and the soil layer. The hierarchy of the
model allows a separation among soil, canopy and atmospheric layers. In the atmospheric
layer, all output variables are calculated as weighted averages between atmospheric and can-
opy components. The canopy is considered as an uniform layer (big—leaf) characterized by
the following parameters: vegetation cover, height, leaf area index (LAI), albedo, minimum
stomatal resistance, leaf dimension, emissivity and root depth, Soil temperature and moisture
are caleulated using multi-layer schemes whose main parameters are: thermal conductivity,
hydraulic conductivity, soil porosity, permanent wilting point, dry volumetric heat capacity,
soil surface albedo and emissivity. The user can select a variable number of soil layers. Each
flux is partitioned according to the vegetation and snow fractional covers. The model includes
two subroutines for the long—wave and short—wave incoming radiation calculation (if not any
observed radiation is available, the cloud coverage data is needed). The turbulent heat, water
vapour and momentum fluxes are calculated by using the * analogue electric” scheme, in
which the flux is expressed as a ratio between a generalized gradient (of temperature or mois-
ture) and “ resistances” . LSPM can provide the values of each component of thermal and
hydrological budgets in the soil, of the water balance in the planetary boundary layer and at-
mospheric turbulent fhuxes,

The reader can refer to the previously quoted papers and to Loglisci et al, (2001) for a
full description of the model and parameterizations used. Here, we will focus our attention on
the parameterization of the water vapor flux,
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4. Modifications of soil moisture equation including the water vapor flux

The soil moisture prognostic equation used in LSPM is
an_ _ 99 -
ér 2z T Qo™ v M-
where @ (s™ ') and 0, (5™ ') represent the source and sink terms, respectively. # (m*m™) is

the soil volumetric water content and @, {ms™') the soil total water flux, The soil water flux
was calculated by LSPM as liquid water flux according to the equation

.=~ Dyzi— K, @)

where D, {m’s ") is the hydraulic diffusivity and K, (ms™) the hydraulic conductivity. These
two variables are expressed by using the Clapp and Horneberger (1978) formulation (hereaf-
ter referred as CH78) as

i
D= K,,E%, ()
K,=K,q"", @

where y(m) is the moisture (matrix) potential, given by
'f’q =y, q b- (5)

In equations (3)~3), the saturated values X, and y, {together with the experimental
parameter b, related to the soil texture) are tabulated for different soil according to the tables
of CH78 ot Cosby et al. (1982). ’

In this work, the underground water vapor flux has been added into the equation (2). In
fact, Niu et al. (1997) demonstrated that, when the volumetric soil content is lower than 0.06
m® / m®, the underground water vapor begins to play an important role in the computation of
the water flux in the soil. As evaporation and heat fluxes are proportional to the soil moisture
content and to the soil temperature gradient, the inclusion of the water vapor phase, in addi-
tion to the liquid water phase, can become very important in dry conditions.

The total water flux into soil can then be expressed as the sum of liquid water and water
vapor in the following way

8 T
Q,=—(D,+ va,,)a—;l— K,= Do ©®)

where the water vapor hydraulic diffusivity D, {m%™") and the water vapour thermal
diffusivity D, (m*K™'s™") can be expressed as

v P R, Tg '
D, (1= alp [1 o 17269*2733]
Dv - W 5 ¥ _+ _ . . K (8)
T P T R, T (T—3586)

In these formulations, 7 is the dimensionless soil tortuosity (connected to the size of sand
grains), g= n/ n, the relative soil moisture, n, the soil porosity, b the CH78 exponent, p,,
the water density, T the soil temperature, R,. =287 I/ kg K the watet vapour constant, g,
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the water vapor density, parameterized as
. i
_ € (T)exp(R T )

hETRT @

where " (T") is the saturated vapour pressure over the free waler surface at the local averaged
soil temperature T and g is the acceleration of gravity, finally D, (m%™") is the watet va-
pour diffusivity, expressed by

- -5, T a7
D,=23x10 ——273_16) . (10)

Substituting equation (6) into equation (1), we can obtain the soil moisture equation
currently used in LSPM, ie.

on_2 o, K 2 p Ty g
at 62(D”’+ D"’P)a_'zz+ 2z + az(DvT 3z M Qo ~ Qi a1
5. The LSPM initialization

The input data required by LSPM have been taken from the HAPEX—Sahel field exper-
iment, As already mentioned in Section 3, LSPM needs the following data: air temperature,
atmosphetic pressure, precipitation rate, solar radiation or cloudiness, specific or relative hu-
midity and horizontal wind components,

For all simulations, we have used 8 soil layers whose thickness was respectively 0.1, 0.2,
03,04,05,06,1.0,1.5m

The entire dataset of the HAPEX—Sahel experiment consists of the observations refer-
ring to the period from middle of 1990 to late 1992. From this dataset we selected the data
(including the input) of the period from 17 August 1992 to 6 October 1992 (the rainy season)
during which the soil moisture was measured in the three sites mentioned in Sections 1 and 2.

6. The results

Among all outputs calculated by LSPM, we selected those allowing to make the compar-
ison with the observed data of the following variables: soil moisture at different depths, net
radiation, sensible and latent heat fluxes.

The following Subsections give a detailed accouht of the main results achieved in the

three selected sites.

6.1 The Fallow site

From Fig. 2, which shows the observed soil moisture in Fallow site, it appears that, after
the heavy rain period, the soil moisture responds very quickly to the precipitation even at the
deepest two levels, For instance, on August 22 and 31 {see also Fig, 3), the daily averaged pre-
cipitation rate reached 37 mm / day and 49 mm / day, respectively. Obviously, the soil mois-
tures at 10 cm and 20 cm got wet immediately, while the soil moisture at 120 cm took only 1
day to feel the surface water maximum and that at 180 cm took about 2 or 3 days. This fact
proves that the soil in this region has very high hydraulic conductivity. According to our

b
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Observation of Sail Moisture in Faklow Site
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Fig. 2, Observed soil moisture in Fallow site, at 10 cm, 20 ¢m, 120 ¢cm and 180 ¢m below the sur-
face, respectively,
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Fig. 3. Daily averaged precipitation rate (mm / day) in Fallow site.
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experiences, it is quite unlikely that sandy soil parameters of CH78 can bring about such a
high conductivity. In fact, LSPM failed when sandy soil parameters of CH78 were used in
LSPM to simulate the soil moisture profile, as shown in Figs, 4a, 4b, 4c, 4d referring 10
LSPM simulation of soil moistura with the sandy soil parameters of CH78.

From Figs. 4a and 4b, referring to the first two layers, we can see that the simulation of
the soil moistures with soil parameters of CH78 greatly overestimates the observation by
more than 0.05 m’m™’. The differences increase when soil becomes drier, Of course,
simulations and observations are in phase since these soil layers are near the surface.
However, when we look at Figs. 4c-and 4d, not only the simulations overestimate the observa-
tions, but they are also out of phase. In Fig. 4c, the soil 120 cm below the surface took almost
10 days to respond the rainfall instead of 1 day, as shown by the observation (Fig, 2), Because
of the failure of such a simulation, we tried to use for the simulation new sandy soil
parameters measured in Grugliasco (Turin, Ttaly), where a hill rich of pure sandy land coming
from an ancient glacial deposit is present. The Grugliasco sand is characterized by an
extremely high hydraulic conductivity. We call it * pure sand”. Table 2 shows the new soil
parameters, against the corresponding ones of CH78,

According to the parameterization of hydraulic conductivity X;= K, (g7’ "), under

8; ..
moderate soil moisture condition [g, = (6 L= (,5), the hydraulic conductivity of the pure

sat
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Fig. 4(a—d). Observed versus simulated soil moisturc in Fallow site, at 10, 20, 120 and 180 cm

below the surface, with soil parameters of CH78.
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sand is about 5 times larger than that of CH78, and under dry soil moisture condition

g
lg:= (0—' 2 (0,25], the hydraulic conductivity of the pure sand is about 100 times larger than

sat
that of CH78. By using these sandy soil parameters of the pure sand, we simulated the soil
moisture again in Fallow site, Figs. 5a, 5b, 5c and 5d show the results,

Table 2. Sandy soil parameters ir Grugliasco compared with those of CH78

Saturated volumetric Saturated water exponent b of
water content 8 trix potential ¥, 8, .-
c:uon—ea wl matrx po at ¥, = vul(s Lyt
(m m™") (m) at
CH78 sand 0.395 0,121 4,05
“ Pure sand” 0.40 0.180 2.0

In this case, the soil moistures look well simulated. The simulation values not only show
a good agreement with the observations, but they are also in phase at all levels underground.
A noticeable feature in Fig. 5a is that the simulated soil moisture (at 10 cm under the surface)
shows much higher values during the short raining period. This is not necessarily a fauit of
simulation, On the contrary, this is because the observation of soil moisture was made after

Salt Moisture (fallow aite) 10 cm under Surface Soil Moisture (fallow site) 20 cm under Surface
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Fig. 5(a—d), Observed versus simulated soil moisture in Fallow site, at 10, 20, 120 and 180 cm
below the surface with observed * pure sand” soil parameters in Grugliasco, Italy, without
considering the contribution of underground water vapor to the surface water budgel.

1
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rain stopped. Due to the very high hydraulic conductivity, the soil moisture near the surface
decreases very quickly. A lot of water near the surface has infiltrated into deeper levels before
the observation was made,

Even if the LSPM simulation shows a sharp improvement when the observed soil
parameters of the pure sand are used, there are still some problems in Figs. 5a and 5b. From
Fig. 5a, we can find that, at the end of simulation, the first layer of soil moisture almost goes
to zero rather than to the observed value of 0.02 m’m=, When the first layer of soil moisture
0, becomes very dry, surface resistance that accounts for water vapor transfer between the soil
and surface (which in turn is a function of #,) becomes very high. This reduces the surface
evaporation over bare soil surface (Gash et al,, 1991; Kabat et al., 1997) and hampers the
deep soil moisture from going up to the surface. In this case, only the transpiration is left. In
fact, from Fig, 5b, we can see that at the end of simulation the soil moisture at 20 cm below
the surface slightly overestimated the observation, These problems are due to the fact that the
model was not able to extract water from dry soil, after evaporation of most of surface liquid
water, because the scheme of underground water vapor was not activated. When this scheme
is activated, we got Figs, 6a, 6b, 6¢c and 6d,

By comparing Figs. 6a and 6b with Figs. 5a and 5b, we can clearly appraise the im-
provement of the simulation after activation of the underground water vapor scheme.

With the observed * pure sandy soil” parameters, not only soil moistures, but also soil
temperature, surface heat fluxes and net radiation are well simulated, Figs, 7a, 7b, 7c and 7d
show observed versus simulated soil temperature at 10 cm under the surface, and surface
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Fig. 6(a—d). Observed versus simulated soil moisture in Fallow site, at 10, 20, 12¢ and 180 cm
below the surfacs, with observed “ pure sand” soil parameters in Grugliasco, Italy and with
considering the contribution of underground water vapour to the surface water budget.
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sensible heat flux, latent heat flux and net radiation respectively,

Generally speaking, soil temperature is well simulated. Only during some short period,
its simulation underestimates the observation,

As far as sensible heat flux, latent heat flux and net radiation flux are concerned, contin-
uous ohservation could hardly be available in Fallow site, because the instruments used by
HAPEX—Sahel exhibited some problems to work properly when it rained. From the few days
of observations, we can see that the observed sensible heat flux is quite small. Generally
speaking, the daily averaged sensible heat flux is about 30 Wm ™, The observed latent flux is 3
times larger than the observed sensible heat flux, which demonstrates the high evaporation in
this region (Verhoef et al,, 1999), Only after the raining season, when the soil becomes dry, the
observed sensible heat flux starts increasing and the observed latent heat flux decreasing,
They become comparable at the end of the considered observation period.

LSPM proves to be able to reproduce this phenomenon very well. The simulations meet
the observations properly, when these last are available. Fig, 7c, more than the other three
figures, seems to suggest that the simulated latent heat flux exceeds some time the observed
one, Once again, this is only an apparent disagreement, due to the fact that the observed val-
ues are not as regular and continuous in time as simulation is,

6.2 The Miliet and Tiger sites

With the same soil parameters used for Fallow site and the scheme of underground water
vapour set on, LSPM was also applied to Millet and Tiger sites. Figs. 8a, 8b, 8¢ and 8d show
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Fig. 7 (a) Observed versus simulated soil temperature at 10 em under surface; (b) Observed
versus simulated sensible heat flux; (¢c) Observed versus simulated latent heat flux; (d) Ob-
served versus simulated net radiation.
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Fig. 8 (a—d). Observed versus simulated soil moisture in Millet site, at 10, 20, 120 and 180 cm be-
low the surface, with observed * pure sand” soil parameters in Grugliasco, Italy and with consider-
ing the contribution of underground water vapour to the surface water budget.

the simulation of soil moisture in Millet site. Simulation of other physical quantities were not
carried out here, because of shortage and randomness of relevant observations,

Generally speaking, the simulation in Milet site shows good agreement with the observa-
tion at al! levels. The careful readers might find that the simulation at the dezpest levels Figs,
8¢ and 8d did not follow the observation as precisely as it did in Fallow site Figs, 6c and 6d.
Nevertheless, this result still keeps good enough for practical applications.

The simulation of soil moisture in Tiger site, on the contrary, shows a different feature.

The agreement of simulation with observation at the levels near the surface is not so bad
(Figs. 9a and 9b) except for the first three days, But the gsimulation at the deepest levels Figs.
9¢ and 9d is unacceptable, What we could not understand is why the observation values at
deep levels in Tiger site keep very high after the rain stopped, They almost reached and held
the saturated value, Probably, the water table level here is quite high. If this is true, the obser-
vation would refer to a different phenomenology from the one simulated by our model.

7. Conclusions

According to both the observation and model simulation of soil moisture in Nigerian
Sahel, it proves that the hydraulic conductivity in the studied sites is higher than one pre-
scribed by CH78 for sand soil, Because of the high hydraulic conductivity, the surface soil
moisture becomes very dry shortly after rain stops. Under this circumstance, it is necessary to
take account of the underground water vapour contribution to the surface water budget. Our

1
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Fig. 9 (a—d), Observed versus simulated soil moisture in Tiger site, at 10, 20, 120 and 180 ¢cm
below the Surface, with observed * pure sand” soil parameters in Grugliasco, Italy and consid-
ering the contribution of underground water vapour t© ihe surface water budget,

Land Surface Pracess Model (LSPM) has been upgraded with this scheme to simulation soil
moisture under this extreme condition. The simulation results show great improvement with

this scheme.
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