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Abstract. Land surface models (LSM) have improved con- 1 Introduction
siderably in the last two decades. In this study, the Interac-
tions between Surface, Biosphere, and Atmosphere (ISBA)t is well known that land surface processes interact strongly
LSM soil diffusion scheme is used (with 11 soil layers rep- with the lower boundary of the atmosphere. In climate
resented). A simplified extended Kalman filter (SEKF) al- and numerical weather prediction (NWP) models, surface-
lows ground observations of surface soil moisture (SSM) tointeraction processes are represented by land surface mod-
be assimilated in the multilayer LSM in order to constrain els (LSMs). LSMs determine the partitioning of surface en-
deep soil moisture. In parallel, the same simulations are perergy between sensible and latent heat fluxes, which depend
formed using the ISBA LSM with 2 soil layers (a thin sur- on the quantity of water available in the root zorgh(kla
face layer and a bulk reservoir). Simulations are performedand Mintz 1982 Koster and Suarea995 Entekhabi et a).
over a 3yr period (2003—2005) for a bare soil field in south-1999. The characterization of soil moisture in deep layers is
western France, at the SMOSREX (Surface Monitoring Of more important than for surface soil moisture as the superfi-
the Soil Reservoir Experiment) site. Analyzed soil moisture cial reservoir has a small capacity and no memory features.
values correlate better with soil moisture observations whermccurate estimates of root zone soil moisture are also im-
the ISBA LSM soil diffusion scheme is used. The Kalman portant for many applications in hydrology and agriculture.
gain is greater from the surface to 45 cm than below thisTherefore, the land dynamics need to be sufficiently accu-
limit. For dry periods, corrections introduced by the assim-rate. For example, a finer discretization in the vertical soil
ilation scheme mainly affect the first 15 cm of soil whereas moisture and temperature profiles allows for a much better
weaker corrections impact the total soil column for wet pe- description of the nonlinear behavior than two-layer or three-
riods. Such seasonal corrections cannot be described by tHayer models can provid&Rgichle 2000.
two-layer ISBA LSM. Sensitivity studies performed withthe  Considerable improvements have been made to the ini-
multilayer LSM show improved results when SSM (0—6 cm) tial state of LSMs during the last decade by assimilating re-
is assimilated into the second layer (1-5cm) than into themotely sensed near-surface soil moisture delzuéer et al.
first layer (O—1 cm). The introduction of vertical correlations 1998 Crow and Woog¢l 2003 Reichle and Koster2005
in the background error covariance matrix is also encouragBalsamo et aJ2007). Interest in this was motivated by recent
ing. Using a yearly cumulative distribution function (CDF)- advances in soil moisture remote sensing. Since the 1970s,
matching scheme for bias correction instead of matchingremote sensing has come to be accepted as a potential tool to
over the three years permits the seasonal variability of theaccess soil moisture at different temporal and spatial scales.
soil moisture content to be better transcribed. An assimila-Schmuggg1983 shows that the low-frequency microwave
tion experiment has also been performed by forcing ISBA-range is suitable for measuring the water content of a shal-
DF (diffusion scheme) with a local forcing, setting precipita- low, near-surface layer. Numerous missions to map surface
tion to zero. This experiment shows the benefit of the SSMsoil moisture globally have been launched, such as ASCAT
assimilation for correcting inaccurate atmospheric forcing. (Advanced Scatterometer on board MET@Wgner et al.
2007, the Advanced Microwave Scanning Radiometer EOS
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(Earth Observation System)(AMSR-E senddjpku et al, at 06:00 LST. Two versions of ISBA are used: the original
2003, and the Soil Moisture and Ocean Salinity (SMOS) force restore schemeé\éilhan and Mahfouf 1996 and a
satellite Kerr et al, 2007), or are scheduled for launch (Soil more complex diffusion scheme using the Richards equation
Moisture Active Passive (SMAP) satellitEntekhabi et aJ.  (Decharme et 8l2011). Hereafter, the two ISBA versions are
2004). Moreover, the development of soil moisture retrieval referred to as ISBA-2L and ISBA-DF, respectively. The im-
algorithms for preexisting microwave remote sensing mis-plementation of SEKF within ISBA-2L has been investigated
sions Wagner et al.1999 Owe et al, 2001, Bartalis et al. by several authors, such Bsaper et al(2011), Barbu et al.
2007 offers an opportunity to improve the realism of mod- (2011) and Albergel et al.(2010. In these studies, a two-
eled soil moisture. Several authoEntekhabi et a].1994 or three-soil-layer configuration was used. Unlike ISBA-2L,
Houser et al.1998 Walker and House2001, Ragab 1995  ISBA-DF (diffusion version) allows a fine discretization of
andSabater et al2007among others) have shown that com- the soil to be used (11 soil layers are considered). In this
bining SSM measured by remote sensing and LSM sim-study, a first attempt is made to use the ISBA-DF in a data
ulations through a land data assimilation system (LDAS)assimilation experiment. This work focuses on a bare soil
improves the modeled soil moisture content for deep lay-site in order to isolate the thermal and water transfers in the
ers and/or heat fluxe®{punic et al. 2013. However, there  soil without any interference from processes related to the
are considerable uncertainties associated with the use of resegetation, such as transpirati@echarme et a(2011) had
motely sensed soil moisture data. In particular, the extent talready studied differences between ISBA-2L and ISBA-DF
which the near-surface soil layer represents the underlyingising SMOSREX data over the fallow site. The behavior of
soil moisture profile is not well understood. these two LSMs over bare soil has not yet been compared.

Satellite data have to be calibrated and validated by ob-The period under investigation extends over three contrasted
servations in situ. The SMOSREX (Surface Monitoring Of years from 2003 to 2005, including the 2003 drought. In ad-
the Soil Reservoir Experiment) site located in southwest-dition, the role of bias correction in the assimilation is dis-
ern France was used for the algorithm validation of SMOScussed regarding the mass balance in the root zone. Despite
(Saleh et a].2006 2007). Over this site, measurements of the lack of a root zone in the bare sail, this term will be used
soil moisture and temperature profiles, meteorological vari-below to represent the total active soil depth.
ables and brightness temperatures were obtained for 2003 to The main objectives of this study are (1) to compare the
2012 de Rosnay et gl2006. Remote sensing and in situ soil  soil moisture simulations from ISBA-2L and ISBA-DF over
measurements are available over fallow and bare soil plots. the bare soil, (2) to evaluate the role of the assimilation of

A number of studies have been conducted in recent yearground observations of SSM for these two LSMs and (3) to
to investigate the relevance of using variational and Kalmaninvestigate different configurations of ISBA-DF LDAS in
filtering to analyze soil moisture. In 2000, the German four sensitivity cases. The SMOSREX data, ISBA-2L and
Weather Service (Deutscher Wetterdienst) implemented dSBA-DF LSM and the SEKF algorithm are presented in
simplified extended Kalman filter (SEKF) soil moisture anal- Sect. 2. Assimilation results and sensitivity studies are pre-
ysis using screen-level parameter informatiblegs 2007). sented in Sect. 3 and discussed in Sect. 4. Section 5 summa-
Four years lateiBalsamo et al(2004) introduced an online  rizes the main conclusions of the study.
simplified two-dimensional variation (2D-VAR) method in-
stead of a SEKF to retrieve soil moisture. More recently,

Météo-France developed an offline SEKF to analyze soil2 Material and methods

moisture in the SURface EXternalisée (SURFEX) system for

research application$fahfouf et al, 2009. For the German 2.1 The SMOSREX site and the soil moisture time

and French models, the same approach of explicitly comput- series

ing Jacobians in finite differences based on perturbed sim-

ulations is used. In 2010, a new LDAS based on a SEKFThe SMOSREX long-term experiment (2001-2012) was
was implemented at the European Center for Medium-Rangaimed at improving the modeling of land surface processes
Weather Forecasts (ECMWF) in the global operational Inte-in the context of the SMOS mission (de Rosnay, 2006). The
grated Forecasting System (IFge(Rosnay et gl2013. SMOSREX site is located in southwestern Francé 283N,

In the present work, a SEKF is used to assimilate in situ1l°17 E, at 188 m altitude) and is divided into two parts: a
observations, gathered at SMOSREX over bare soil, into thévare soil plot and a fallow plot. Soil moisture was measured
Interactions between Surface, Biosphere, and Atmospherat depths of 0-0.06, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70,
(ISBA) LSM. Only the surface soil moisture (SSM) mea- 0.80 and 0.90 m every half hour. Soil probes were calibrated
sured from the surface to 6 cm depth at 06:00LST (Localfrom gravimetric measurementS¢hmugge et al1980. A
Standard Time) is assimilated in the LDAS, if the observa-weather station measured precipitation, 2 m air temperature
tion is available. This experimental setup is used to repre-and air humidity, 10 m wind speed, atmospheric pressure,
sent the daily assimilation of remote sensing data at dawnand incoming solar and atmospheric radiation every 30 min.
For example, SMOS has an ascending Equator crossing tima&n L-band radiometer called LEWIS.émaitre et al.2004)
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measuring brightness temperature at two polarizations anca) ., b) Surface
five different angles is also present at the SMOSREX site. In

this study, we focus on the bare soil plot. The percentage of °*
sand and clay observed from 0.1 to 0.90 m depth for bare soil
on the SMOSREX site is displayed in Fig. 1a.

Only the years 2003, 2004 and 2005 were considered be- o
cause, for the bare soil plot, the soil moisture data at depths
ranging from 0.20 to 0.90 m are missing from 2006 onwards. % © = » @ % @ 7© w  obsenvations
The surface soil moisture (SSM) measurements, i.e., from
the surface to 6 cm, were used for assimilation and measure=ig- 1. (a) Sand and clay soil profile (in %) measured at the
ments from 10 to 95 cm were used for validation purposes SMOSREX bare soil site(b) Soil profile model used with ISBA-

In order to avoid frozen soil conditions, SSM observations PF- The depth of each layer is given in meters. Red dots are places
made when the surface temperature was below a threshold e‘\fhere soil moisture observations were made.
4°C were discarded

Soil depth (m)
o
3

zone soil moisture are referred to hereaftemnasand wiot,
2.2 Land surface models respective|y_

The ISBA land surface modeNpilhan and Planton1989 2.2.2 ISBA-DF

Noilhan and Mahfouf1996 describes the surface processes

in weather and climate applications. This model shows thelhe ISBA-DF LSM is a new ISBA version including a
evolution of land surface state variables (surface and soipoil multilayer diffusion schemeDecharme et al.2013),
temperatures, surface and root zone soil moisture contentyhich explicitly solves mass and heat-diffusive equations.
and the exchanges of heat and water between the low level atthe ISBA-DF soil hydrology uses the “mixed” form of the
mosphere, the vegetation and the soil. In this study, the SURRIchards equation to describe the water mass transfer within
FEX (SURFace EXternalisée) modeling platforiigsson  the soil via Darcy’s law. Moisture and temperature profiles
et al, 2013 version 7.2 containing the ISBA LSM was used. ¢an be computed according to the vertical soil texture proper-
SURFEX is designed for research and operational applicaties. Computations are performed using the SMOSREX soil
tions and includes several options of ISBA. In this study, texture displayed in Fig. 1a. In ISBA-DF, unlike in ISBA-2L,
SURFEX is forced by local atmospheric observations andthe soil moisture dynamics do not depend on the specification
runs without feedback between the surface and the atmoof @ volumetric field capacity. In this study, 11 soil layers
sphere (i.e., SURFEX is used offline). Moreover, to matchwere considered, corresponding to the locations of observa-
measurement levels, the total soil depth was set to 0.95 ntion instruments at the SMOSREX site. Figure 1b shows the

The two options of the ISBA LSM (ISBA-2L and ISBA-DF)  soil discretization used in the ISBA-DF LSM and the place-

used in this study are summarized below. ment of each probe. The node of each ISBA-DF soil layer
corresponds to the depth of each probe: 0.10, 0.20, 0.30, 0.40,
221 ISBA-2L 0.50, 0.60, 0.70, 0.80 and 0.90 m. Close to the surface, two

layers were considered: 0—0.01 and 0.01-0.05 m. Hereafter,

The ISBA-2L version of SURFEX is based on the force re- soil moisture in therth layer is denoted by, and the total
store approach, according Beardorff(1977). This LSM is  Soil waterwt is the weighted average af,.

used in the operational NWP models at Météo-France. The o )

soil is composed of two layers, the first layer being repre-2-3 The simplified extended Kalman filter

sented by a skin soil top layer 1 cm thick and the second

by a bulk reservoir. The first layer is used to compute theIn this section, the classical notations of data assimilation

SSM and soil evaporation while the second layer is used tooroposed byde et al.(1997) are used. The equation for the

compute the total soil moisture and contributes to the evap-lth model state forecast and update at time step

otranspiration Boone et al. 1999. Mahfouf and Noilhan  yb .y — Aq, (¥ 1)]. 1)
(1996 introduced a representation of gravitational drainage.

In the force restore equations, the soil moisture dynamics deThe equation for théth state analysis, occurring at times

pend on several thresholds — saturatieg,f), wilting point

(wwitt), and field capacitywsc). These parameters are related x2(#;) = xP () + K; (y? —Hi [xb(ti)]), (2)

to the soil textural propertiesMahfouf and Noilhan1996.

In this work, ws andwyiir were derived from the clay content where x indicates the model state and is the observa-
observations and set to 0.30 and 0.2/m13, respectively. tion vector. The superscripts a, b and o indicate the analysis,
wsatWas derived from the sand content observations and sehe background and the observations, respectively. Analysis
to 0.45nt m—3. The modeled surface soil moisture and root increments are the difference between the analysis and the
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background.M is the nonlinear forecast model aiflis the Concerning ISBA-DF, the experiments were carried out

nonlinear observation operator. Both in ISBA-2L and ISBA- using aB diagonal matrix with the same background stan-

DF, the observation vector ig?=(SSM). The model state dard deviation erros,,, along the diagonal (0.0155m3)

vector is different following the LSM used: except thats,,, was set to 0.02 Am—3. The values were

X o 1 3) adjusted to obtain results not too different from those with
ISBA-2L = W1, Wio ISBA-2L results on average. This representation of Ehe

x1sBADF = [w1, w2, w3, wa, ws, we, w7, we, wo, wio, w11]. (4) matrix considers that the soil layer errors are not correlated.

The observations occurred 24 h after the analysis time andiowever, in ISBA-DF LSM, the layers are linked through

H includes a 24 h integration of the forecast modadaper  diffusive equations. Thus, errors in a given I.ayer should af-

06:00 LST. The Kalman gain is given by a tri-diagonalByi.giag matrix in order to propagated error
L through the adjacent layers. TBg;.qiag matrix is expressed

Ki =BiH] (HiBH +R/) ", (5) as

where the Jacobian matri{ is the linearization ofH and 02, oy 0ou, O 0 0

HT its transposeH is obtained using a finite difference ap-

NN . e AOwyOwy 0
proach, individually perturbing each componenbf the ini- B . 5 . @
tial model stater at timezo by a small amoundx;. The Ja- "% 0 T Ou, ' 0
cobian is expressed as the difference of the prognostic states 0 L QouOuy,
between perturbed and reference runs at the end of the assim- 0 0 0 aouy 0w, Op),

ilation interval at timey;, divided by the initial perturbation: i ) .
where the correlation tera is empirically set to 0.5.

Numerous studiesReichle and Koster2004 Pellarin
H(x +8x;) — H(x) (6) et al, 2006 Rudiger et al.2007) have shown the necessity
5x;j ’ to rescale data before assimilating in situ or satellite-derived
For all the experiments, the perturbation size is set toSOiI moisture in order t(.) reduce _systematic biases b.etwe_en
0.001 ¥ m—3. Mahfouf et al.(2009 have shown that these the model and observations. In this study the cumulative dis-
tribution function (CDF)-matching technique proposed by

very small perturbations lead to good approximations of the_ ™. . :
linear behavior of the observation operator. The Jacobian vaIReIChIe and Koste(2004 is used for all the experiments and

ues are computed with a daily time step{ 7 =24h). The described in Sec8.1
examlnat_lon of the Jacol_ola_n r_natnces is important for un-, 4 Design of the experiments
derstanding the data assimilation performa®endR are

the covariance matrices of the background and observationgne |and surface models were not calibrated. In the case of
errors, respectively. The SEKF does not caBst evolve  |SBA-2L, the average of the observed soil texture profile is
through a forecast cycle, unlike the traditional EKFaper  ysed (i.e., 20.0 % of clay and 45.3 % of sand) to derive field
et al. (2009 found that, for assimilating near-surface soil capacity, wilting point and saturation parameters. In the case
moisture into ISBA LSM, the analyzed soil moisture gen- of |SBA-DF, the measured profiles of soil texture (Fig. 1a)
erated by the EKF and the SEKF were not substantially dif-and soil density are prescribed to the model. The value of the
ferent. This result is explained by the fact that the increase irjg|d capacity parameter is not prescribed in ISBA-DF.
the background error during each forward propagation step sjx assimilation experiments were undertaken. The first
is balanced by the decrease in the error during the analysigyo were performed using ISBA-2L and ISBA-DF. Here-
step and the difficulties of specifying th@ matrix (model  after, these experiments are referred to as 2L and DF-REF,
error). MoreoverSabater et ak2007) suggested that, at the respectively. The DF-REF configuration was chosen to be as
SMOSREX location, a fixed background error was more ac-cjpse as possible to the 2L configuration: the observations
curate and stable than an evolving background error. concerned the surface soil moisture (0—1 cm) equivalent and
The performance of an analysis scheme depends on thge B matrix was assumed diagonal for both experiments.
use of appropriate statistics for background and observation Then, starting from the DF-REF experiment, several mod-
errors. For all the experiments, the observation standard dgfications to the LDAS were considered. The experiment DF-
viation error for SSM was set to 0.02m~3. This erroris {2 assimilated SSM into the second soil layer (1-5cm) in
consistent with that chosen Ifabater et al(2007 at the  order to better represent the SSM observations gathered be-
SMOSREX site. tween 0 and 6 cm. Next, the experiment DF-B used a non-
In the ISBA-2L assimilation experimer#,was a diagonal  diagonalBy;.giag Matrix in order to account for the error cor-
matrix with the standard deviation errarg, andoy,, Sett0  relations in adjacent soil layers, as described in Sect. 2.3.
0.02 and 0.005 Am~3, respectively. The ratio betweer, In addition, a bias correction technique performed be-
andoy,,, was equal to one used #ybergel et al(2010. fore assimilation was included in the experiment DF-CDF. It

H=
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Table 1. Description of the ISBA-DF experiments. Bold face indicates changes in the assimilation experiments with respect to ISBA-DF
reference experiment (DF-REF).

CDF Local

precipitation

Experimentname  Assimilation B matrix

DF-REF layer 1 diagonal three years yes
DF-H2 layer 2 diagonal three years yes
DF-B layer 1 non diagonal three years vyes
DF-CDF layer 1 diagonal yearly yes
DF-NP layer 1 diagonal no no
Observations ISBA-2L ISBA-DF (0-1 cm) ISBA-DF (1-5 cm)
60 120 70 60
100 ke 50
50
. . 80 - 40
2 o 240
g’_ § 60 g_ 30
40 | ‘ 20
20
) A ‘° | |
L. || ||||| |||I||.__¥ 1 L O .
0 01 02 03 04 05 0 0.1 0.2 03 04 05 0 0.1 02 03 04 0 0.1 0.2 0.3 04 0.5
SSM(mém?3) SSM(m®im?) SSM (m3¥m?) SSM (m®m?)
(@ (b) (© (@

Fig. 2. (2) SSM observations (0-6 cm(h) w1 modeled by the ISBA-2L LSM(c) wq and(d) w2 simulated by ISBA-DF LSM frequency
distribution at the SMOSREX site from 2003 to 2005.

allowed the impact of the temporal window chosen for datawas calculated for a sliding window of five weeks (if there

rescaling to be studied. were at least five measurements during this period), and the
The last experiment, DF-NP, evaluated the benefit of asdifference was scaled to the standard deviation. For each sail

similation in the case where ISBA-DF LSM was forced with moisturew; estimate at dayiJ, a periodF was defined, with

alocal forcing, which set the precipitation to zero. The role of F =[i, 17 d,i + 17 d] corresponding to a five-week window.

the assimilation in LSM in compensating for a less accurateThe anomaly is dimensionless and is given by

forcing will be shown below. In this experiment, the back- R

ground state was not as reliable as in previous experimentg_~— wi(i) — wl(F). @8)

since there was no precipitation. In this case, the background Stdev(w1(F))

errora,, was increased by a factor of threéligergel etal,  the g,,,values were computed for both open-loop and anal-
2010 and no bias correction was performed. ysis simulations, as described in Sect. 2.4.
The CDF matching was performed for all the experiments

(2L, DF-REF, DF-H2, DF-B and DF-CDF) in order to reduce
systematic biases between the observations and the modd&, Results
except for the DF-NP experiment. In the DF-NP experiment, ) )
CDF matching could not be performed because the open loog-1  CDF-matching technique
was too distant from the observations. For the other experi-
ments, a CDF matching over the whole three-year period wa
performed. Additionally, the influence of the CDF matching
on the analysis was studied with the DF-CDF experiment. In
this experiment, the CDF matching was performed per yea
rather than over the whole three-year period.

The characteristics of the experiments are listed in Table

he histograms of the distributions of SSM observed at the

MOSREX site, anab; modeled by ISBA-2L and ISBA-DF,

are displayed in Fig. 2 for the 2003—2005 period. Note that
SM observations are measured between 0 and 6 cm depth.
he SSM observation distribution has two modes. The first

corresponds to observed values smaller than 03mn?

and represents 29% of the population. The second mode

concerns observed values greater than 0.3@m? and rep-

resents 71 % of the population. The smallest SSM observa-

tion value is equal to 0.04%m~2 whereas the largest value

2.5 Assessment of the day-to-day variability of SSM

In order to better capture the day-to-day variabilitywof,
the seasonal cycle was removed by calculating monihly
anomaliesAlbergel et al, 2009. The difference to the mean

www.hydrol-earth-syst-sci.net/18/673/2014/

reaches 0.43Am—3. The wy value modeled by ISBA-2L
also presents two modes. A large fraction of the pop-
ulation (40 %) has values smaller than 0.13m73, while
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Fig. 3. Time series of SSM observations (black dots),modeled (red lines) and SSM observations rescaled after CDF matching (blue lines)
for ISBA-2L (top panel) and ISBA-DF (bottom panel).

60 % of the population has values larger than this value. The The rationale for the application of the bias correction is
smallest value of modeled is 0.04n? m~3. The largest that this study is a first step towards the assimilation of satel-
value of wy computed by ISBA-2L is 0.37 Am~3. Con- lite data in ISBA-DF at regional and/or global scales. The
cerning w1 computed by ISBA-DF, the histogram of the methodology described in this paper could be used in future
distribution does not present two modes. The modeled  satellite data assimilation studies as the models were not cal-
with ISBA-DF has a lower dynamical range than the ob- ibrated for this site (a priori parameters are used). In such
servations. The smallest value off modeled with ISBA-  a context, systematic errors between the observations and
DF is 0.08 i m~—3 and the largest is 0.35%m3. The val-  the model have to be reduced. In situ observations are as-
ues ofwp computed by ISBA-DF have a weaker dynamic similated and, as explained above, systematic errors between
range tharwi simulated by the same LSM. However, two in situ observations and model values are actually observed.
modes are present. The first mode contains 54 % of the popthe CDF-matching technique is used to reduce systematic
ulation for values lower than 0.243m~2 and the second errors.
mode represents 46 % of the population. The smallest value
of the modeledy, is 0.014 i m~23, whereas the largestvalue 3.2 Assimilation experiments
reaches 0.36 Am—3, _

The CDF matching proposed bReichle and Koster 3-2.1 2L experiment
(2004 was used in order to remove the bias between the ob-
servations and the modeled . This bias correction scheme
modifies the observations in order to make their statistica

distribution closer to the one from the model. For this, a third- "+ . lati h iod h |
order polynomial fit is computed. Followingcipal et al. SIS Simulations over the period 2003-2005. The anmuya

(2008, a large statistical sample needs to be considered tés generally well reproduced by the model. In winter, the
obtain a robust bias correction scheme. modeledw; are smaller than the observed values, except

The results of the CDF matching performed over this pe_for the winter of 200_5. The daily cycles anc_i the rainfall re-
riod for ISBA-2L and ISBA-DF are shown in Fig. 3. Ob- sponses are overestimated. The greatest differences between

servations rescaled with ISBA-2L and ISBA-DE do not ex- the open-loop and the analysis simulations concern the win-

ceed 0.34 and 0.35hm 3, respectively. The CDF matching ter and spring of 2003 and 2004. For 2003, the analysis val-

plays an important role during wet and dry periods and thus ues are higher than the open-loop values. The contrary is

reduces the seasonal dynamics by decreasing the SSM valug§en for 2004. No marked differences between open-loop and

in winter and increasing them in summer analysis simulations are observed for 2005. The temporal be-
' havior of thewyot is well represented except for the drought

Simulations performed without data assimilation are called
| open- loop” simulations. Figure 4 shows the time series of
w1, wiet and observations for the open-loop and the analy-
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Table 2. w1 open-loop and analysis scores RMSE, SDD and bias) computed over the 3 yr period. Statistical scores are performed with
rescaled observations.

Experiment  r Rano RMSE SDD Bias
(m3 m73) (m3 m73) (m3 m,g)
Open-loo 2L 0.69 0.46 0.066 0.054 —0.016
PENIOOP  prREF 079 060  0.055 0055  —0.003
2L 0.74 0.46 0.052 0.037 0.015
DF-REF 0.87 0.62 0.032 0.028 —0.004
Analvsis DF-CDF 0.90 0.61 0.029 0.025 —0.004
Y DF-H2 0.87 0.62 0.033 0.020 —0.013
DF-B 0.88 0.62 0.031 0.016 —0.004
DF-NP 0.86 0.69 0.038 0.021 —0.016
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Fig. 4. 2L time series of open-loop simulation (red line), analysis simulation (blue line) and SSM observations at the SMOSREX site (black
dots) for 2003—-2005: in the surface laya) and in the total reservoi{b). The units are in mm—3

of 2003. During the 2003 heat wave, the open-loop simula- The annual open-loop and analysis statistical scores for

tion shows larger soil moisture content values than were obwiot are given in Fig. 5. Assimilating SSM slightly increases

served. The assimilation reduces the bias, allowing a bettethe correlation coefficient and decreases the RMSE.

match with observations in this period. During the summers The Jacobian term§;"11((t’)) and dwl(;) in the first thin

of 2004 and 2005, the assimilation tends to decrease the sdlihyer and in the bulk reservoir are illustrated in Fig. 6. Gener-

water content. ally, the Jacobian terms have positive values. Zero and small
Several statistical scores (correlation coefficientroot negative values are also found, which represent 39 and 15 %

mean square error (RMSE), standard deviation differenceof the Jacobian terms far; andwt, respectively. Over the

(SDD) and bias (model minus observations)) for the open-2003—2005 period, 14 and 13 % of the Jacobian t i 0)

loop and the analysi®1 simulations over the 3yr period are 54 2wi()_

' _ ) _ Tt respectively, are strictly equal to zero. Null Ja-
summarized in Table 2. Over the 3yr period, theanalysis  ¢pian vafues indicate that neithei nor wie is sensitive to

simulation is better correlated with the observations than thesgy assimilation. During wet periods, the Jacobian term for
w1 open-loop. w1 is equal or close to zero. For dry soils, SSM assimilation
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Fig. 6. Time evolution of the two Jacobian terms of ISBA-2L in the first layer (top panel) and the bulk reservoir (bottom panel).

over a 24 h window does not modify the behaviougf The  for both open-loop and analysis simulations obtained with
mean values of the Jacobian term with respeatt@ndw;ot ISBA-DF, the day-to-day variability is reduced compared
are 0.15 and 0.51, respectively. Over a 24 h window, the im-to ISBA-2L simulations. This effect tends to decrease the
pact of the SSM assimilation is higher in the bulk reservoir RMSE by 17 and 38 %, respectively, for the open-loop and
than in the first layer. This finding is consistent with previous analysis simulations computed by ISBA-DF relative to those

studies, e.g., bipraper et al(2009 andMahfouf(2010. simulated by ISBA-2L. Moreover, it is found that the anal-
ysis simulation slightly improve®an0 in the case of ISBA-
3.2.2 DF-REF experiment DF (0.62 against 0.60) and has no impact on this score in

the case of ISBA-2L (0.46 for both open-loop and analysis
Figure 7 showsw; open-loop and analysis time series for simulations).
DF-REF together with observations for 2003-2005. The sta- The yearly wit open-loop and analysis time series are
tistical scores fow; open-loop and analysis simulations over shown in Fig. 7. The statistical scores are displayed in Fig. 5.
the 3yr period are listed in Table 2. The simulations per- ~ For both open-loop and analysis simulations, the annual cy-
formed with and without assimilation are better correlatedcles are well represented by ISBA-DF and the statistical
with observations for ISBA-DF than ISBA-2L. Moreover, scores outperform those obtained by ISBA-2L. On the one
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Fig. 7. DF-REF time series of open-loop simulation (red line), analysis simulation (blue line) and SSM observations at the SMOSREX site
(black dots) for 2003—2005: in the surface lag@rand in the total reservo(b). The units are in mim=3.

hand, unlike the ISBA-2L simulations, the open-loop simu- terms 33;‘;1(([0)),

lation reproduces the 2003 drought well and a perfect matchayern.
with observations is noted during summer 2004. On the other The largest Jacobian values are obtained for the layers 2
hand, the open-loop root zone soil moisture is underesti-and 3 (i.e., depths of 1-15 cm). The mean Jacobian values for
mated in 2005 in contrast to the ISBA-2L results. In 2003, thethese layers are 0.19, 0.28 and 0.15, respectively. For deeper
root zone soil moisture obtained after assimilation is closerayers, the mean Jacobian value is lower than 0.10. The as-
to the observed values than that in the open-loop results. Dursimilation does not play an important role in the first layer
ing the spring of 2004 and 2005 and the summer of 2004, ther in layers 5 to 11. During wet periods, the Jacobian in the
SSM observations are drier than the model counterpart valfull soil column is small but not strictly equal to zero. The
ues, even after CDF matching. This results in a large decreas€éalman gain behaves similarly. During dry periods, the in-
in surface soil moisture content after assimilation. formation from the surface does not penetrate very deeply
Figure 8 shows tha open-loop and analysis for four dif- into the soil (less than during wet periods). However, the in-
ferent layers: layer 2 (1-5cm), layer 4 (15-25cm), layer 6 formation from the surface affects the top layers of the soil
(35—-45cm) and layer 8 (35—-45 cm). Rog andwy, the open-  (1-15 cm) more intensely than during wet periods. The Jaco-
loop and analysis represent the annual cycle well. After asbhian values (Fig. 9) show a decoupling of surface layers from
similation, w2 and wg4 are better correlated with observa- deeper layers during dry periods, in relation to lower values
tions and the bias is smaller for the analysis than for the of the hydraulic conductivity. From the Kalman gain value,
open-loop by 0.004 Am~3. Concerningws andwg, the an-  and in contrast to 2L, the LDAS does not perform correc-
nual cycle is overestimated compared to the observations. Fdions over the total soil column but in individual layers that
the whole year 2005, open-loop and analysigsandws are  vary with the seasonal cycle. Note that the sum of the Jaco-
found to be very dry. The same behavior is observed duringian values in each layer is, on average, close to the average
the summer of 2004. From layer 745cm), assimilation of the sum of the Jacobian in the two layers used in 2L.
decreases the statistical scores slightly. The analysis increments allow the impact of the data as-
The Jacobian, the Kalman galk and analysis incre- similation on the water mass balance to be investigated.
ments permit the performance of the data assimilation to béburing the summers of 2003 and 2005, only the ten first
evaluated. Figure 9 shows the time evolution of the Jacobiartentimeters of soil are sensitive to the assimilation. For the

the Kalman gain and the increments for each
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Fig. 8. Time series of soil moisture observations (black dots), soil moisture open-loop simulation (red lines) and soil moisture analysis
simulation (blue lines) for four layers: layer 2: 1-5 cm (top row), layer 4: 15-25 cm (second row), layer 6: 35-45 cm (third row) and layer 8:
35-45cm (bottom row).

whole year 2004, 73 % of the increments are negative. As3.3 Sensitivity studies in ISBA-DF

a result, the assimilation tends to remove water in most in-

stances. For example, from January to May 2004, the increln this section, results of the four experiments presented in
ments are essentially negative. In layers 1 to 5 (from the surTablel are examined.

face to—35cm), 87 % of the increments are different from
zero. For deeper layers, the fraction of non-zero increment
decreases, to reach 35 % for the last layer.

331 Second soil layer assimilation

The SSM observations are measured between the surface and
6 cm depth. In contrast to the previous experiments, DF-H2
was carried out in order to assimilate SSM in the second layer
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Fig. 9. Representation of the Jacobian (top panel), the Kalman gain (middle panel) and increments (bottom panel) provided by the SSM
assimilation for DF-REF. Soil layer depths (in cm) are represented on the left-hangdatifeand time is represented on theaxis.

of ISBA-DF. The depth of this layer (1-5 cm) is closer to the to the reference experiment. For layers 1 to 5, no significant
observation depth. CDF matching is performed betwegn impact is observed.
and the observations over the 3yr period to remove system- Figure 10 shows the time evolution af, open-loop and
atic biases. the Jacobian terrﬁ% for DF-H2 andg’w‘”—l((t‘o)) for DF-REF.
Statistical scores af; analysis for the 3yr period are dis- For both experiments, the Jacobian is |2arger during dry pe-
played in Table 2. Over time, the assimilation in the secondriods than during wet periods. In the wet season (winter)
layer tends to decrease the RMSE of thewith respect to  and for rainy events, the Jacobians are very low, indicating
the DF-REF. However, the correlation coefficienugfcom-  that initial soil moisture perturbations are lost during the 24 h
puted by DF-H2 is weaker than that simulated by DF-REF. model integration. In such situations, the soil moisture in the
Yearly statistical scores abit are shown in Fig. 5. The first two layers is therefore mostly driven by the atmospheric
RMSE of root zone soil moisture is slightly smaller for the forcing. As seen in Fig. 10, the Jacobi ‘wl((t’) is more sen-
analysis using DF-H2 than DF-REF. Over the full period, as-sitive to rainfall events when the SSM is assimilated in the
similating SSM in the second layer decreases the bias bfirst layer than in the second layer. Since the second layer is
84% compared to DF-REF. The non-zero increments in-less impacted by the atmospheric forcing than the first layer,

crease by 3 % for deeper layers35 to—95 cm) with respect  assimilating the observations in the second layer overcomes
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the effect of rainfall events and allows more information to 3.3.3 Impact of the CDF matching on the water mass
be extracted. balance

3.3.2 The choice of the B matrix In this section, the impact of CDF matching on the water
mass balance is investigated. CDF matching per year is com-
Experiment DF-B was undertaken with tBgi.giag matrixin - puted in the experiment DF-CDF but not in DF-REF. A third-
order to propagate model error in adjacent layers. The statisorder polynomial fit is computed for each individual year.
tical scores ofw; analysis over the 3yr period are displayed Figure 12 shows the CDF for the SSM observations, mod-
in Table 2. Compared to DF-REF, a slight increase in theeledw;, and SSM rescaled observations for 2003, 2004 and
correlation coefficient and a decrease in RMSE are observed005. Generally, CDF matching reduces the dynamical range
The SDD falls by 42 % relative to the reference experiment.of the observations. Concerning 2003, only the largest val-
Yearly statistical scores afior analysis are shown in Fig. 5. yes are reduced. For 2004, dry SSM observations (below
Statistical scores of DF-REF and DF-B are close. 0.30 P m—3) are increased to match to the modeled The
TheByi.diag Mmatrix has an important impact on the Kalman same feature is seen for 2005: the observation values are aug-
gain. Figure 11 shows the difference between the Kalmamented until 0.27 fim~3 and reduced for dry values. CDF
gain computed by the assimilation in DF-B and DF-REF. matching performed over the 3yr period is also shown in
Adding correlation terms to thé® matrix increases the Fig. 12. The SSM CDF in 2003 and 2004 do not have the
Kalman gain values from 1 to 35cm depth and for deepersame features as the CDF performed over the three years.
layers during wet periods. For these layers during dry peri-Therefore, rescaled SSM in 2003 and 2004 will be different
ods, the Kalman gain is strictly zero in DF-REF. Over the from SSM rescaled with the CDF matching performed over
3yr period, the mean Kalman gain values increase by 27 %he 3yr period.
in the DF-B relative to DF-REF. Thews analysis statistical scores performed with DF-CDF
An assimilation experiment with a five-baBdmatrix was  are displayed in Table 2. The correlationwf increases by
also performed to increase vertical correlations (not shown)14 o with respect to the open-loop simulation. Compared to
The statistical scores abior analysis over the 3yr period DF-REFw; analysis, a slight increase (3 %) of the correla-
were close to those obtained with DF-B. However, the av-tion coefficient is noted. The RMSE decreases by 47 % with
erage Kalman gain values increased by 21 % with respect teespect to the open-loop simulation and by 10 % relative to
DF-B. w1 analysis simulation computed with DF-REF.
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Fig. 11.Difference of the Kalman gain provided by the SSM assimilation in DF-B and DF-REF. Soil layer depths (in cm) are represented on
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Fig. 12.CDF matching betweew, modeled with ISBA-DF LSM and SSM observations for 2003, 2004, 2005 and the 3 yr period.

Over the 3yr period, the correlation coefficient, RMSE, 3.3.4 Forcing without precipitation
SDD and bias values of theio; analysis are 0.90, 0.052,
0.052 and-0.006 n¥ m~3, respectively. A slight increase of Removing precipitation from the forcing permits the benefit
the statistical scores is noted with respect to DF-REF (Fig. 5)0f the SSM assimilation to be evaluated when the forcing is
The main difference between DE-REE and DE-CDE is ob-not accurate. No CDF-matching technique is used over the
tained during 2004 where the RMSE of; decreases by assimilated SSM. The statistical scoresugf analysis are
13%. shown in Table 2. The statistical scores are improved com-

The increments provided by the assimilation scheme uspared to those of DF-REF. For example, the correlation co-
ing CDF matching per year are shown in F|g 13. For 2005,efficient is increased by 9% and the RMSE is decreased by
no significant differences are observed. However, for 200343 % with respect to the open-loop reference experiment.
and 2004, differences between increments obtained with DF- The statistical scores computed per yearidgs; analysis
REF and DF-CDF are clear. Using an annual CDF allowsare f1|5I0|r'le5‘_0| in Fig. 5. Despite the lack of precipitation m_the
the water mass balance to be conserved in the root zone. Fércing, statistics are close to the DF-REF open-loop simu-
example, in 2003, water from the root zone is removed bedation. Good statistical results are due to the increase in the
tween January and April in DF-CDF whereas water is still background error in DF-NP with respect to DF-REF.
added during the same period in DF-REF. The same fea- Time series of the root zone soil moisture with and with-
ture is observed during the full year of 2004: water in the out assimilation for the experiment DF-NP are shown in
soil is systematically removed in several consecutive month$-ig. 14. Without precipitationwior simulated by the open-
in DF-REF but in DF-CDF, significant water amounts are l00p goes down while the analysis simulation maintains the
added. Moreover, using annual CDF matching improves theannual cycle. . . o
simulation of the root zone soil moisture for the years when From an operational point of view, the SSM assimilation

the SSM distribution is very different from the average SSM in ISBA-DF LSM allows forcing uncertainties to be over-
distribution. come, even though the current test was performed in extreme

conditions.
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Fig. 14. Time series of root zone soil moisture observations (black dots), soil moisture open-loop simulation (red lines) and soil moisture
analysis simulation (blue lines) computed with the experiment DF-NP.

4 Discussion corrections were found to impact the total soil column dur-
ing wet periods.
The ISBA-2L LSM is used for operational NWP predictions  As seen in the previous sections, for all the experiments
at Météo-France and has been widely studied. At the mo<arried out with ISBA-DF LSM, the assimilation of SSM
ment, unlike ISBA-2L, ISBA-DF is a new LSM that is start- has little impact in the first layer (0—1 cm). For example, the
ing to be tested and is used only for research applicationsmean Jacobialﬁ“ll—((r’o)) for DF-REF is equal to 0.034 in the
Soil moisture computed by ISBA-DF is better correlated with first |ayer. In contrast, the mean Jacobi 'w ((tt)), ;;)Ul((tl)) and
observations than that simulated by ISBA-2L. This result ;,, are larger than 0 1. In the case of IZS(I)?,A-DSFOsmaII Ja-
is consistent with the finding ddecharme et al(2011) on dwy(fo) 9 S ’

the fallow part of the SMOSREX site. Over the 3yr period cobian values are obtained for the top soil layer. Due to the
an improvement in terms of statistic.al scores is found fo,rSmall size of thevs reservoir (1 cm), the dynamics of the first

both wy and wio; when simulated by ISBA-DF rather than layer is drlyen by the gtmosphenc forcing to a large extept.
ISBA-2L Moreover, in the experimental setup, the length of the assim-

The SSM assimilation improves the modelingwof and ilation window is 24 h. Over this time period, the impact of
wor for the two LSMs. In 2L, corrections introduced by the initial conditions is reduced by the atmospheric forcing.
thtgt assimilation affect.the Wr,mle root zone. This featureSimilar results were found with DF-H2 with small values of

is not realistic, particularly for a bare soil surfad@réper the Jacobians in the first layer. This result is in agreement

et al, 2009. The propagation of SSM information to deeper with a recent study bWIedmg et a_tl.(ZOla, also showing a
. i ) : . _weak impact of the Kalman filter in the first layer.
soil layers is consistent with the water transfer physics in ; . . i
ISBA-DF. The assimilation does not have the same impact Accouptmg for ve_rt|cal correlations in the background er-
on the soil moisture content at different soil depths. For 0" covariance matrxgyi.diag, Of the SEKF scheme tends to

example, during dry periods, corrections introduced by thedecrease the R.MSE 0fy. Desplte_ an ncrease in Jacobian
LDAS are located at depths between 1 and 15cm. Weake?nd Kalman gain values, no significant improvement to the
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analysis ofwiot has been noticed. In future studies, it would the SSM in the second layer and adding vertical correla-
be desirable to work with an EKF scheme instead of an SEKRion errors are recommended for future research. Yearly CDF
to benefit from the evolution of the matrix. An evolutiveB matching leads to a better conservation of the water mass bal-
matrix would take the vertical correlation errors into accountance in the root zone and is encouraged for data reanalyses.
better. However, more research needs to be done to improve This work shows the potential to improve the soil mois-
the specification of model errors. Assimilating SSM in the ture in the deep layers by assimilating SSM in ISBA-DF.
second layer appears to be more physically meaningful. ~ This study will be extended to the whole of France by assim-
After assimilation of SSM in the second layer, the bias of ilating satellite-derived SSM such as ASCAT and SMOS. In
wiot analysis is small. Over the 3yr period, DF-H2 appearsaddition, the assimilation of brightness temperature from the
to be the best experiment in terms of RMSE and bias. L band radiometer LEWIS in ISBA-DF would be interesting.
Numerous studies have proposed to rescale the observdhe impact on the other terms of water balance (surface evap-
tions before assimilating them into an LSM. Several authorsoration and runoff) was not examined because of the lack of
have performed CDF matching over the entire period of in-suitable observations over the bare soil plot of SMOSREX.
terest Reichle and Koster2004, whereas others have used
seasonal-based CDF matchirigatbu et al. 2014 Draper
et al, 2009. As shown in Sect. 3, using CDF matching per Acknowledge_m_entsThe work of M. Parrens was §upported by
year constrains the mass balance better, essentially for 2004€ French Ministry of Research and the work of Alina Barbu was
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Other assimilation studies at the SMOSREX site wereframework of the SMOS science preparatory program.

performed in order to improve the root zone soil moisture

(Sabater et 312007 Albergel et al, 2010. Unlike this study,  Edited by: N. Romano

they were focused on the fallow part of the SMOSREX site.

Over the bare soil, the root zone dynamics and the respons

to rainfall events are larger than over the fallow area. In this

study, similar results to those &abater et al(2007) and

Albergel et al (2010 were found using the 2L model.
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