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ABSTRACT

A variational method to retrieve soil parameters from screen level parameters is investigated.
A one-dimensional model including vertical diffusion and land-surface schemes is used. A
sensitivity study evaluates the influence of soil moisture and temperature in 2 layers on the
surface fluxes and the 2m parameters. The mean soil water content appears to be the most
important soil parameter for modelling surface fluxes and 2m parameters. During stable condi-
tions, the mean soil temperature is also important for a good forecast of screen level parameters.
The screen-level observations are found to be informative on soil moistures during the day and
on soil temperatures during the night. The characteristics of the variational assimilation method
are presented in the framework of identical twin experiments. The general shape of the cost
function with a 24-h assimilation period reveals the ambiguity in the repartition of water in the
two soil reservoirs and the presence of secondary minima. The ability of this method to initialize
soil parameters is tested with various soil water contents and vegetation fraction covers. Finally,
some results show the influence of the frequency of the observations and the length of the

assimilation period on the quality of the analysis.

1. Introduction

The surface fluxes (sensible and latent heat) may
have an important influence on the boundary
layer development and therefore on the general
atmospheric circulation. To improve the modelling
of these fluxes in numerical weather prediction
(NWP) models advanced land-surface schemes
have been developed during the last 10 years in
meteorological centres. These schemes represent
the most important soil processes and have been
validated on several field experiments. However,
because of their high sensitivity to soil parameters
some problems arise when they are implemented
in NWP models. Furthermore, some soil para-
meters have a long time scale evolution (exceeding
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weeks for the mean soil water content). An errone-
ous initialization of these variables will cause a
poor evaluation of surface fluxes during several
weeks and perhaps more because of some positive
feedbacks between the surface and the atmosphere.
It is therefore important to associate an assimila-
tion scheme of surface fields when implementing
a land-surface scheme.

The major problem of land surface assimilation
is the lack of routine observations of soil moisture
and soil temperature. These surface variables
should be analysed indirectly by assimilation of
other observation types. The assimilation methods
currently developed can be ranged in three main
classes depending on the observations used: screen
level observations, rainfall rates (Jones et al., 1995;
Macpherson, 1996) and remote sensing observa-
tions (infrared, microwave) (see reviews in
Paloscia, 1996).
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Mahfouf (1991) showed that in some meteorolo-
gical conditions 2m observations of temperature
and relative humidity can be used to estimate
soil water content. He proposed two methods:
a sequential and a variational technique. The
sequential approach is an optimal interpolation
analysis transferring the 2m analysis increments
into the soil variables. A surface analysis using
this first technique is now in operation at Météo-
France (Giard and Bazile, 1997). The variational
method determines the initial state which best fits
a background and the observations during a
period of time. This method is potentially superior
to the first one because it takes into account the
non-linearities between the observations and the
surface variables through the model prognostic
equations. Moreover, the temporal distribution of
observations is taken into account. In both cases
a good 2m analysis is needed at each grid point
(Navascues, 1997).

2. Description of the 1D-model

2.1. General characteristics

In the surface analysis presented here, the cor-
relations between soil quantities in different model
grid boxes are assumed to be small. Therefore, a
surface analysis at each grid point is carried out
separately. A global 4D-Var approach with the
analysis of both atmospheric and surface pro-
gnostic variables would be much more difficult.
Furthermore the assimilation periods are not
necessarily the same, the maximum is currently
six hours in the first case because of computational
cost and it can be one day or more for surface to
catch the diurnal cycle.

A reduced one-dimensional version of the 3D
operational model ARPEGE of Météo-France is
used. The physical parametrizations used are the
original vertical diffusion scheme (Geleyn et al.,
1995) and the land-surface scheme ISBA (Noilhan
and Planton, 1989; Mahfouf and Noilhan, 1996).
The vertical and surface exchange coefficients for
heat and momentum are computed according to
Louis (1979) and Louis et al. (1981). The inter-
polation at screen level height is described in
Geleyn (1988). The solar and thermal radiation
fluxes are considered to be independent forcing
terms, and are taken from a 3D host model. All
the other parametrizations (convection, precipita-
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tions, horizontal advection, ...) are represented by
forcing terms on atmospheric prognostic variables.
For a given grid point they are calculated as the
difference between the 3D and the reduced 1D
model.

2.2. The land-surface scheme ISBA

The land-surface scheme ISBA describes the
interactions between soil, vegetation and atmo-
sphere. It includes the treatment of soil heat
content, soil water content, water interception by
vegetation and aerodynamic transfer processes in
the atmospheric surface layer. The scheme uses
the force restore model for soil heat and water
content (Blackadar, 1976; Deardorff, 1977) and
the so-called «-method for evaporation (Mahfouf
and Noilhan, 1991). The scheme includes a repres-
entation of snow (Douville et al., 1995), but this
is not used in this study.

The ISBA scheme predicts the evolution of five
prognostic variables: the surface temperature T,
the mean surface temperature T,, the superficial
volumetric water content w,, the mean volumetric
water content w, and the water amount of an
interception reservoir W, as follows:

0T, 2n
t T
T, 1
= —(I,— Ty), (2)
ot T
ow C
= —"((1—veg) x P—E,)
ot pwdl
C
—J(Wg—wgeq) ngggwsata (3)
ow 1
=2 ((1—veg) x P—E,—E,)
a[ pde
C
— 2 max[0, (W, — wg)]
T
O<W2<W53U (4)
W,
%:VGgXP—Er—Rr Ogmgmmaxa

(5)
where the variables R,, H, and LE represent the
net radiative, sensible and latent fluxes respect-
ively. P, E, and R correspond to precipitation,
evaporation (or transpiration) and runoff rates.
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The subscripts g, tr, and r stand for “ground level”,
“transpiration”, and “interception reservoir”.

The mean characteristics of the scheme are
presented below:

1. The surface is represented by a fraction of
bare ground (1—veg) and a fraction of soil
covered by vegetation (veg).

2. A single heat budget is considered for the
surface and the vegetation. The coefficient Cr
represents the average heat capacity of bare
ground and vegetation. The mean surface temper-
ature T, is driven by the surface temperature T,
with 7 a restore time period of one day.

3. The soil water content is represented by 2
reservoirs: the superficial reservoir of thickness d;
(1 cm) and the total soil reservoir of thickness d,
(of order 1m) containing the root-zone from which
the vegetation extracts water. The total reservoir
contains the superficial reservoir (Fig.1). The
volumetric water contents w, and w, are equiva-
lent to the corresponding quantities of water W,
and W, (W,=d,w, and W, =d,w,). An intercep-
tion reservoir is used to modelize the amount of
water intercepted by the leaves. The coefficients
C,, C,, C; describe the hydraulic properties of the
soil affecting the infiltration at the surface, the
subsurface conductivity and the gravitational
drainage, respectively. The terms C,/t and C;/t
are of order 1 and 10 days. The parameters wy;;,
Wge, Weae are the volumetric moisture contents at
wilting point (below which the plant transpiration
stops), at field capacity (filled reservoir) and at
saturation (maximum water content). wye, is the
surface volumetric moisture at the balance of
gravity and capillary forces. The parameters wy,,

Transpiration

!

Evaporation of
interception reservoir

Evaporation
O A i
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T2 Wp

Fig. 1. Representation of the evaporation fluxes in the
surface scheme ISBA.
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Wee, Wee depend on soil texture, and Cr, Cy, C,,
C3, Wgeq On soil texture and soil moisture.

The total evaporation is the sum of surface
evaporation from bare ground (E,), transpiration
of vegetation (E,;) extracting water from the total
reservoir, evaporation of interception reservoir
(E,) (Fig. 1). The expressions of the evapotranspir-
ation fluxes are:

Eg:(l _Veg)paCHVa(huqsal(’Ts)_qa)a (6)
o

Er:pa VegRi(qsat(T;)_qa)s (7)

Etr:pa Vegﬁ(qsal(Ts)_qa% (8)

where p,, V., q, are respectively the air density,
the wind speed and the specific humidity at the
lowest atmospheric level. Cy is the drag coefficient
depending upon the thermal stability of the atmo-
sphere and the surface roughness. g, (7;) is the
saturated specific humidity at the temperature T;.
0 is the fraction of the foliage covered by the
interception reservoir. R, =(CyV,) ! is the aero-
dynamic resistance.

The interception reservoir has a very small
capacity and contains water only a few hours after
a rainfall. It affects surface fluxes during a very
short time only. For that reason its water content
is not analysed in this study.

The surface evaporation from bare ground (E,)
and the transpiration (E,) depend on the soil
water contents w, and w, respectively through the
relative humidity h, at the ground surface and the
canopy surface resistance R, (Fig. 2).

3. The tangent linear model

The temporal evolution of a model can be
written as: x = M [x,] with x, the initial vector of
control variables, x this vector at time t and M
the integration of the model during the period
[0, t]. The tangent linear model is the linearization
of the model around a given state x,, it is repres-
ented by the Jacobian matrix M(x,) of the function
M. A variation of the initial control variables will
correspond a variation of the model prediction at
time t according to: dx = M(x,)ox,. The tangent
linear model can be used to analyse the impact of
small disturbances. In the following, we will first
test the validity of the tangent linear hypothesis.
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Fig. 2. General shapes of surface relative humidity h, as a function of w, (left) and surface canopy resistance R, as

a function of w, (right).

Next the tangent linear model is used to evaluate
the influence of surface parameters on surface
fluxes and screen level parameters.

3.1. Validation of the tangent linear hypothesis

This 1D study is realized for a grid point of the
3D model located in south of France on 11 March
1997. This period is taken to have a solar incident
radiative flux at the surface close to a mean value
over the year (equinox). The situation is anti-
cyclonic (low wind, no clouds). The initial soil
variables are: T,=277.5K, T,=2833K, W,=
2.21 mm, W, =576 mm. Table 1 displays the ISBA
structure parameters for this experiment.

The tangent linear model describes the impact
of an initial perturbation on the forecast. It corre-
sponds well to the real forecast done with the
perturbed state as long as the initial perturbation
is small. The aim here is to evaluate if the tangent
linear hypothesis is still valid for a mean perturba-
tion. The magnitude of the chosen perturbation is
of the same order as the root mean square (rms)
forecast errors on soil variables: 0T, = +2°, 0T, =
+2°, OoW,=+4+05mm and JW,= 4100 mm.
These values are roughly estimated according to
the errors of the land-surface scheme and of its
forcings (precipitations, downward radiative
fluxes, ...). In Fig. 4 the different curves M[x,],
M [xy+ dx,] and M [x,] + M(x,)ox, are plotted
for a 48 h forecast. x, represents the initial surface
state, dx, the perturbation applied to all control
variables, M the integration of the model and M

Table 1. The soil and vegetation structure para-
meters of ISBA

depth of soil column (d,) 232 m
minimum leaf surface resistance 65sm™!
leaf area index 1.55m?*>m™?
vegetation fraction cover (veg) 57%
roughness length for momentum 0.86 m
roughness length for heat 0.086 m
surface albedo 18%
emissivity 96%
wilting point volumetric moisture 0.208 m*m ™3
content (Wy;,)
field capacity volumetric moisture 0.298 m*m ™3
content (wg)
saturated volumetric moisture 0467 m*m™3
content (Wg,,)
quantity of water in the total reservoir 482 mm
at the wilting point
quantity of water in the total reservoir 691 mm
at the field capacity
quantity of water in the total reservoir 1080 mm

at the saturation

the tangent linear model. The surface fluxes are
defined positive downwards.

Ideally, M[x,+ dx,] and M [x,]+ M(x,)dx,
should be similar. From Fig. 3 it can be seen that
they are relatively close. Nevertheless, some dis-
crepancies can be observed locally, more import-
ant on 2m relative humidity. The non-linearities
of the model are responsible for these differences.
An important one corresponds to the formulation
of the exchange coefficients. The derivatives
become very large when the Richardson number

Tellus 51A (1999), 4
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Fig. 3. Evolution of the screen level parameters (temperature T, and relative humidity HU,,, at 2m) and of the
surface fluxes (sensible H and latent LE heat fluxes) during 48 h. The solid, the long-dashed and the dotted lines
correspond respectively to M [x,], M [x,+ dx,] and M [x,] + M(x,)0x,.

approaches zero and create strong oscillations in
the tangent linear model. This situation occurs
twice a day when the stability of the atmosphere
changes sign (Janiskova et al., 1997). This problem
is solved by reducing the derivatives when the
Richardson number is close to zero. This modi-
fication does not degrade the quality of the tangent
linear model elsewhere.

This experiment was repeated several times with
different initial perturbations. Similar results were
obtained showing that the tangent linear hypo-
thesis is globally well satisfied up to 48 h. The
validity of this hypothesis was not tested on a
longer period because then the 1D model forecasts
are less and less accurate.

Tellus 51A (1999), 4

3.2. Sensitivity studies

In this chapter, the influence of each surface
parameter on the surface fluxes and the screen
level parameters is evaluated with the tangent
linear model on the same situation and the same
geographical point as described above. In Fig. 4
the results of four experiments realized with an
initial perturbation separately on T;, T,, W, or W,
are represented.

We can observe the consequences of the surface
perturbations on the surface fluxes. These fluxes
are very sensitive to the soil water contents. An
increase of the soil moisture increases the latent
heat flux and reduces the sensible heat flux. The
influence lasts longer than two days for the
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Fig. 4. Sensitivities studies performed with the tangent linear model. The solid, the dotted, the long dashed and the
dot-dashed lines are related respectively to the following perturbations: 6T, = +2°, 6T, = +2°, W, = +0.5 mm and

oW, = +100 mm.

perturbation on the total soil water content W,.
The impact of the perturbation on the superficial
reservoir content is limited to the first day. Because
of the small capacity of the superficial reservoir
the evaporation dries this reservoir in a few hours
under clear sky conditions. The influence of the
mean soil temperature on surface fluxes is very
low, whereas perturbing the surface temperature
has no impact at all.

During the time of solar heating the screen level
parameters are forced by the surface fluxes and
therefore mainly depend on the soil water contents.
During night with low wind the boundary layer
is stable. Under these conditions the soil temper-
atures have an influence on the 2m temperature.
The action of surface temperature is disappearing

rapidly whereas the mean soil temperature has
still an influence after two days. In our case the
soil moisture reservoirs still have a small impact
during night, because the air at 2m does not reach
the saturation point. When it happens the 2m
relative humidity becomes independent of the soil
humidities.

The four last panels in Fig. 4 inform us about
the time scale evolutions of the surface variables.
The initial perturbations on the surface temper-
ature and on the superficial water reservoir disap-
pear rapidly. An initial bias on mean surface
temperature is halved after two days. The initial
error on the total soil water content is virtually
unchanged after 48 h.

This short study shows that the soil water

Tellus 51A (1999), 4
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contents have an important influence on the sur-
face fluxes and screen level parameters during
daytime. Therefore it is important to analyse these
two parameters, in particular the total moisture
because of its much longer time scale evolution.
Furthermore the superficial reservoir has a small
capacity, an initial error is corrected after two
days if the total water content is correct because
of the subsurface conductivity. It seems also
important to analyse the mean soil temperature
because it has an influence on the 2m temperature
during stable conditions and a quite long time
scale. The influence of the surface temperature is
small and short in time.

The results of this sensitivity study refering to
a 48 h assimilation interval rely on the assumption
that the 1D approach is valid for this time span.
We can see in Fig. 4 that the perturbation on the
total soil moisture has the same impact on the
surface fluxes for the two days, but an impact
steadily increased on the atmospheric parameters.
This effect would be probably a bit less important
in reality. The 1D model is indeed not able to
relax to a balanced state because all remaining
forces (radiation, advection, ...) are prescribed. For
this reason the 1D model should be use only on
a short period (one or two days maximum) and
in anticyclonic meteorological conditions.

4. Variational environment

The variational method minimizes the cost func-
tion J that measures the weighted sum of squares
of distances J® to the background (generally a
short range forecast) and J° to the observations
distributed over the assimilation period. The con-
trol variable x contains the parameters to be
analysed (here T;, T, W, W,).

J(x)=J (x) +J°(x)

—_

(x —x°)By ' (x — x°)

2
1 n
+E Z, (H,[M;[x]]—y) R
x (H;[M;[x]] —y:), %)

with: x is the control variable of the model at time
to; x® is a forecast of the model at time t, (back-
ground); B, is the covariance matrix of back-
ground error; y; is the observation vector at time
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t;; H; is the observation operator at time t;; M; is
the integration of the model during the period
[to, t:1; R; is the covariance matrix of observation
error at time ;.

The solution is sought iteratively by performing
several evaluations of the cost function and of its
gradient in order to approach the minimum using
a quasi-Newton method. A pre-conditioning is
applied in order to improve the convergence of
the minimizer (Gilbert and Lemaréchal, 1989). An
incremental approach is not necessary because of
the simplicity of the model (Courtier et al., 1995).
The computation of the gradient needs the adjoints
of the model MT and of the observation operator
HT defined as the adjoint of the Jacobian matrix
M; and H,, respectively.

VJ(x)= By '(x — x°)

n
+ 2 MPH{R'(H,[M;[x]]1—y:), (10)
i=1
with: HY is the adjoint of the observation operator
at time t;; M7 is the integration of the adjoint
model during [t;, to].

Simple covariance matrices of background and
observation errors are chosen. All the non-diag-
onal terms are equal to zero. For the matrix B,
the diagonal corresponds to the rms forecast errors
on the surface parameters. For the matrix R; it is
the rms analysis errors on the 2m parameters. For
an operational implementation it would be interes-
ting to have a better evaluation of these matrices.
This requires specific work not investigated here.

(IZTs =22 0 0 0
0 02T2 =22 0 0
B, = 2 2
0 0 ow,=0.5 0
0 0 0 O'%Vp =100
(11)

2 2
R.— <0’T2m 1 ) 0 2) (12)
0 0y, = 0.1

The minimizer performs several tens of itera-
tions to find the minimum of the cost function.
Because of the computational cost the minimiza-
tion is ended when the state variable is close
enough to the minimum. To evaluate the optimal
number of iterations many variational analyses
were realized. According to the statistical results
presented in Fig. 5 it was decided to limit the
number of iterations to 10.
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Fig. 5. Decrease of J(x) and || VJ,| in relation with the number of iterations for 100 experiments.

5. General shape of the cost function

5.1. Topology of J°

The observations of temperature and relative
humidity at 2m are generated by the 1D model
and a gaussian noise with a rms of 1°C on T,,,
and 10% on HU,,, is added to simulate observa-
tional errors. We are using observations every 3 h
on a 24 h assimilation period. The initial state
from which the observations are generated is
called the true or real initial state x".

In Fig. 6, different cross-sections of the cost
function with J° only are presented. They contain
all x' and correspond to the possible couples
between 1, T,, W,, W,. The soil temperature and
soil moisture analyses are mainly uncoupled. The
influence of soil temperatures on the cost function
is approximately quadratic. The most important
variations of the cost function are related to W,
and W,, showing again the sensitivity of 2m para-
meters to soil moisture. The cross-section corres-
ponding to the plan (W, W,) has an irregular
shape as found in Callies et al. (1997). It is
surrounded by flat zones corresponding to dry or
saturated reservoirs. There is a valley of low values
where the gradient is very small. This indicates an
ambiguity for the repartition of water in the two
reservoirs. As long as the values of (W;, W,) remain
in the valley the response of the atmosphere at 2m
is alike on the assimilation period. In this particu-
lar case there is a secondary minimum.

5.2. Convergence of the minimization

In this subsection the cost function contains
only the term of distance to the observations J°.
The aim is to evaluate whether the method is able
to realize a good analysis, i.e., to approach closely
the real initial x* state even with noise on observa-
tions and a bad initial state. As seen before, the
evapotranspiration is constant and the 2m para-
meters are not dependent any more on soil mois-
tures when the soil reservoirs are dry (below wy,
for W,) or above the field capacity. The gradient
of J° is equal to zero over these zones and the
minimizer stops its search. To solve that problem
one solution could be to modify the parametriza-
tions of the land-surface scheme to always keep
the 2m parameters dependent on soil parameters
or to add a quadratic term J° to the cost function
representing the distance to the climatology.

Fig. 7 presents the results in the plan (W, W)
of three assimilations with J° only starting from
different initial conditions. The real initial state x*
is represented by a white cross. In the first case
the minimizer does nothing because the gradient
of the cost function is equal to zero. The analysis
is close to the real initial state x' when starting
from the initial state 2. Case 3 corresponds to a
bad analysis. The minimizer has found a secondary
minimum. Several assimilations starting from
different initial states were realized. The analysis
were either close to x' or to the secondary min-
imum. These experiments validate the variational

Tellus 51A (1999), 4
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Fig. 6. Representation of several cross-sections of the cost function J° for simulated observations every 3 h and an
assimilation period of 24 h.
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Fig. 7. Three variational assimilations with J° only starting from different initial conditions represented by the
numbers. The cross corresponds to the real initial state.

Tellus 51A (1999), 4



462

environment (adjoint model, minimization, tan-
gent linear hypothesis) and point out the fact that
the cost function might not be convex.

In Fig. 8 the evolution of the model is plotted
starting from the analysed states of cases 2 and 3.
The screen level parameters and the surface heat
fluxes are plotted. The total evaporation is splitted
in transpiration and evaporation from bare
ground. In both cases the observations are fitted
quite well during the assimilation period. The
sensible and latent heat fluxes are similar but the
ratio between bare ground evaporation and trans-
piration are very different. In this particular case
the latent heat flux can be adjusted with the
evaporation from bare ground only, the transpir-
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ation being stopped. This ambiguity is a problem,
because a realistic partitioning of water is neces-
sary to have a good forecast during several days.

5.3. First experiments with J° and J°

It is interesting to use the background term in
the cost function for many reasons:

® The background term J® takes into account
the information coming from the past. Until
recently the surface analysis was so crude that the
surface variables contained a lot of errors. With
improved surface analysis and new land-surface
schemes some pertinent information will be avail-
able in the previous forecast. This will be surely

100

HU2m (%)

24
5
=
]
2
£
E I
b -10
-15 . |
0 12 24

Time (hours)

Fig. 8. Comparaison of the forecasts obtained from the analysis states of cases 2 (solid line) and 3 (dotted line). The
crosses represent the simulated observations of T, and HU,,, every 3 h. E, and E, stand respectively for the surface

evaporation from bare ground and the transpiration.
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the case for soil parameters which have a long
time scale evolution period like T, or W,. To
improve the use of background information it is
important to determine precisely the covariance
matrix of background errors. The evaluation of
this matrix By is difficult because strongly depend-
ent on the previous meteorological conditions.
Mean values are chosen as described before.

® The variational analysis using J° only is
dangerous because its result can be very bad in
case of non informative observations.

® The shape of the cost function is more quad-
ratic with J®.

The use of a background term in the cost
function raises the problem of the initialization of
the control variable x' before the minimization.
Usually a previous forecast x® is taken because it
represents our best knowledge about the control
variable. But in our case the gradient of J° with
respect to the soil moistures in x® may be equal
to zero (in case of very dry or wet soils). The
analysis will then have no effect because the initial
state corresponds to a local minimum. To prevent
this situation, we have decided to keep x® as initial
state when 0.5wy; < Wy <y and wy <wy < wy
(so most of the cases). When this condition is not
satisfled medium values for the initial soil mois-
tures are chosen (w,=w,= Wy, + Wg)/2). To
evaluate the improvement of the resetting 100
assimilation experiments (J®+ J°) were realized
starting from forecasts x° different from the real
initial state x' (eq.(13)). The assimilation period
is 24 h and the observations are simulated, with
noise and present every 3 h. The statistics of the
analyses are presented in Table 2. The analyses (1)
and (2) represent respectively the results obtained
without and with the resetting described before
on the initial state x. The improvement on W,
and W, is important.
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¢6(0, Ugr}s =2)

£6(0. 0%, =2)
&6(0, af,g =0.5)
e6(0, 65, =100)

O =x'+

(13)

where ¢5(0, o) is the realization of a gaussian
variable with no bias and a rms error o.

6. Quality of the analysis in different
conditions

6.1. Influence of the real soil water contents

In this chapter the ability of the variational
analysis to retrieve soil parameters for various soil
water contents is evaluated. The same experiments
as described before (J®+ J°, simulated observa-
tions every 3 h with noise, assimilation period of
24 h) are performed with 5 different soil moistures:
medium soil (A: w, = w, = (W, + Wy)/2), dry soil
(B: wg = wy = Wyire + 0.1(Wge — wyay)), wet soil (C:
Wg = Wy = Wyipe + 0.9(Wge — Wyip)), dry soil in sur-
face and wet in depth (D), wet soil in surface and
dry in depth (E). For each case 100 experiments
were realized starting from different forecasts x°
(eq. (13)). The results are presented in Fig. 9.

The analysis for T; and T, is not sensitive to the
initial water contents. Their rms errors are reduced
by a factor 2 in comparison with the initial fields.
It is interesting to note that the gain of the analysis
on W, and W, is always present, but depends on
the real soil water contents. The rms errors for W,
and W, are correlated because of the ambiguity in
the repartition of water in the two reservoirs. This
ambiguity is more or less important depending on
the real soil moistures.

Table 2. Statistics of the analyses realized without (1) and with (2) resetting the soil moistures to medium
values when the following condition is not satisfied 0.5w,, < W, <KWy and W, < W, < Wi,

i

x Analysis (1) Analysis (2)
xt mean rms error mean rms error mean rms error
T, 271.5 277.6 1.89 277.5 0.77 277.5 0.76
T, 2834 283.4 1.97 283.3 0.73 283.2 0.71
W, 2.21 2.29 0.52 2.28 0.46 2.20 0.32
W, 576.1 579.8 87.9 562.2 57.2 570.6 34.0
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Fig. 9. Influence of the real soil water contents on the quality of the surface analysis. Five experiments are realized
corresponding to: medium soil (A), dry soil (B), wet soil (C), dry soil in surface and wet in depth (D), wet soil in
surface and dry in depth (E). The statistics (mean and rms error) of the initial (solid line) and analysed (dotted line)
surface fields are plotted resulting from 100 cases for each experiment.

6.2. Influence of the vegetation

The vegetation fraction cover (veg) is an import-
ant parameter for the soil water analysis. As a
function of its value the superficial and the total
reservoirs have very different effects on the global
evaporation. On bare ground the latent flux
depends mainly on the superficial water content,
whereas in case of soil covered by vegetation it
depends only on the mean soil water content.

The same kind of experiments as in the previous
section are done with different fractions of vegeta-
tion: 0, 0.2, 0.5, 0.8, 0.99. The real soil water

contents correspond to medium values. The results
are presented in Fig. 10. The quality of the analysis
for the surface temperatures is constant. On the
other hand the influence of the vegetation fraction
cover is important for the analysis of I, and W,,.
When the parameter veg increases, the analysis of
mean soil moisture gets better whereas the super-
ficial soil moisture degrades. The analysis of soil
water contents is good when their initializations
are important. It is not a problem to have a bad
superficial moisture with a soil covered by vegeta-
tion. The most important field (W},) is always well
analysed except in the case of bare ground.

Tellus 51A (1999), 4
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Fig. 10. Influence of the vegetation fraction cover on the quality of the surface analysis.

However even in that situation there is a small
improvement of the mean water content through
the subsurface conductivity. So an initial bias will
be corrected after several assimilation days.

6.3. Influence of the frequency of the observations
and the length of the assimilation period

In this subsection the influence of the frequency
of the observations (1 h, 3 h, 6 h) and of the assim-
ilation period length (24 h, 48 h) on the analysis is
tested. The vegetation fraction cover and the initial
soil water contents have medium values. The
statistics of these analyses are presented in Fig. 11.

The consequences of the increase of the assimila-
tion period depend mainly on the time scale

Tellus 51A (1999), 4

evolution of the different surface parameters. The
analysed fields are indeed comparable for the
surface parameters (7; and W,) and better for the
mean parameters (T, and W,). This improvement
is particularly important for the mean soil water
content because an assimilation period of 48 h
reduces strongly the problem of ambiguity for the
soil water repartition. According to the small
capacity of the superficial reservoir the total evap-
oration the second day is mainly due to the mean
soil water content. The analysis of W, is better
with the pair 48 h/3 h (assimilation period/time
frequency of observations) than with the pair
24 h/1 h despite a number of observations used
less important. Ambiguities are better resolved
when the atmospheric response to the respective
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Fig. 11. Influence of the frequency of the observations (1h,3h, 6h) and the length of the assimilation period

(24 h, 48 h) on the quality of the surface analysis.

soil parameters is different. The increase of the
frequency of observations improves the quality of
the analysis as planned, but it is important to note
the strong improvement on the W, analysis when
changing the frequency from 6 to 3 h.

7. Conclusions

A single-column model including vertical
diffusion and land-surface schemes has been used.
The other parametrizations (radiation, convection,
precipitation, advection, ...) are prescribed from a
3D host model. This model is used to explore the
impact of the surface parameters on screen level
parameters and surface fluxes and to test the

variational method for surface assimilation in the
framework of identical twin experiments. All the
results obtained here rely on the assumption of
applicability of the 1D model during the assimila-
tion interval. For this reason, we have chosen an
anticyclonic situation (clear sky, low advection)
and limited the assimilation period to 48 h.

First it is shown that the tangent linear
hypothesis is valid for this simple model on a
48-h period. This is a prerequisite to generalize
the results of the sensitivity studies for finite
disturbances of the soil parameters. The tangent
linear model is then used to evaluate the
influence of soil variables on the surface fluxes
and the 2m parameters. The mean soil water
content appears to be the most important soil
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parameter to analyse for modelling the surface
fluxes and the near surface parameters correctly.
The superficial water content has a short time
scale and is corrected by the subsurface conduc-
tivity if the total soil moisture is correct. The
mean surface temperature is important too for a
good forecast of the screen level parameters
during stable conditions.

The characteristics of the variational method
are then described. The analysis realizes the best
compromise between the background information
and the 2m observations according to the covari-
ance matrix of corresponding errors. The general
shape of the cost function with a 24-h assimilation
period is presented. It reveals that the analysis of
soil temperatures and soil moistures are mainly
uncoupled in the sense of adjusting the 2m obser-
vations. The screen level parameters are indeed
informative on the soil temperatures during the
night and on the soil moistures during the day.
The influence of the surface temperatures on the
cost function is quadratic and so makes their
initializations easier. This study points to the
ambiguity in the repartition of water in the two
soil reservoirs with a 24 h assimilation period. The
latent heat flux can be adjusted in several ways
with the evaporation from bare ground and the
transpiration. This problem can be solved after
several days by using the long time scale evolution
of W, through the background term.

Finally, the efficiency of the variational assimila-
tion is tested in different conditions with noisy
observations. It was verified that this method is
able to retrieve correctly the surface parameters
with various soil water contents and vegetation
fraction covers. It was shown that a frequency of
3 h in the observations improves the analysis of
W, strongly in comparison to 6 h for an assimila-
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tion period of 24 h. An extension of the assim-
ilation period to 48 h reduces the ambiguity in the
repartition of water. Because of the small capacity
of the superficial reservoir, the 2m observations of
the 2nd day are informative on the mean soil
water content only.

Some remaining problems have to be solved
before an operational implementation of this sur-
face analysis. First the 2m model errors independ-
ent of surface errors have to be taken into account.
Otherwise the analysis will correct the distance to
the observations but for wrong reasons and the
forecasts will not be improved. It is for instance
the case when the model makes an error on the
cloudiness. To avoid this problem, it can be
decided to realize the analysis in specific meteoro-
logical conditions (like anticyclonic) or to add
some other fields in the control variable. Secondly
it is important to have a better estimation of the
covariance matrix of background errors. Adding
this information will solve the problem of the
ambiguity in the repartition of water. Thirdly the
variational method should be tested on a long
time period with real observations to study its
stability.
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