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1 Introduction

The European Organisation for the Exploitation aftdbrological Satellites (EUMETSAT) Satellite
Application Facility on Support to Operational Hgtbgy and Water Management (H-SAF) was
established in late 2005, with the objectives advjiting new satellite-derived products for use in
operational hydrology, and performing independeaiidation of these products. The latter objective
includes assimilating satellite-derived product® ihydrological models, and assessing the impact of
the new satellite-derived products on hydrologiaplications. Within this framework, this report
presents an assessment over France of the 12.5dkanged SCATtermoeter (ASCAT) near-surface
soil moisture product disseminated by EUMETSAT @ OBS1 product).

The ASCAT near-surface soil moisture data set, wplovides a measure of the degree of saturation
in the near-surface soil layer, is initially assesby comparison to time series of in situ soil shie
observations from the 12 monitoring stations thakenup the SMOSMANIA network in the south of
France. However, the conclusions that can be dfeavn this comparison are limited by the restricted
spatial cover of the in situ observations, as aslthe substantial representativity errors betvien
soil moisture quantities observed by remote angitinsensors. Consequently an alternative approach
to evaluating the ASCAT soil moisture is pursuesing output from the SAFRAN-ISBA-MODCOU
(SIM) hydrological modeling suite over France. Eitke ASCAT soil moisture data are compared to
the near-surface soil moisture from SIM to check €onsistency between the two; while any
discrepancies between these two independently gestkesoil moisture estimates cannot be attributed
to errors in either data set, a strong agreementgaa them suggests that both have good accuracy.

Following this, the ASCAT data are assimilated itiie SIM model, to test whether this improves the
hydrological forecasts from the model. Specificallye root-zone soil moisture in the ISBA land
surface model is analysed over a three and a teglf period, by assimilating the ASCAT soil
moisture observations with a Simplified Extendednian Filter. The results of the assimilation are
then compared to the corresponding forecasts flmm3SBA model forced with a higher quality data
set. Forecasts of the soil moisture and surfacenfiaixes, including the river discharge generdigd
routing the ISBA output through the MODCOU modek aonsidered. If assimilating the ASCAT
data can correct the ISBA/MODCOU forecasts in oesg to errors in the lesser quality forcing that
has been used, this provides strong evidence tbaRECAT data are accurately detecting temporal
changes in the near-surface soil moisture overderan
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2 Data and Models

2.1 ASCAT remotely sensed soil moisture

ASCAT is a real aperture backscatter radar at 5@5% (C-band), orbiting on EUMETSAT's
Meteorological Operational (MetOp) satellite. Met@pin a sun-synchronous orbit, with equator
crossing times of approximately 21:30 local time fthe ascending overpass and 09:30 for the
descending overpass. ASCAT observes 82% of theegdalbh day, at 25 km resolution (resampled to
a 12.5 km grid). ASCAT was launched in 2007 to aeplthe European Remote Sensing Satellites,
ERS-1/2, which also observed C-band radar baclescalthough at lower spatial resolution (50 km,
resampled to 25 km). Soil moisture information banderived from ASCAT backscatter coefficients,
using the empirical change detection approach dpeel at the Vienna University of Technology
(TU-Wien) by Wagner et al. (1999). This approactbhased on the assumption that over a long data
record, the highest observed reflectivity can baated to the maximum soil moisture, while the
lowest reflectivity can be equated to the minimuwil swoisture, and a linear relationship can be used
to interpolate the values in between (for full detaefer to Wagner et al. (1999) and Naeimi et al.
(2009)). The result is an observation, loosely rili as the “degree of saturation”, which is scaled
between 0% (the minimum soil moisture) and 100% (thaximum soil moisture), and can be
converted to a volumetric soil moisture if the llosail moisture parameters are known. The ASCAT
observations will be referred to throughout thipamt as a 'surface degree of saturation' (SDS) and
reported in percentage units, to avoid confusioth wblumetric (mim®) measures of soil moisture.
Note that the SDS is localised, in that equivalesiies at different locations do not necessarily
indicate equivalent soil moisture, due to possdplatial differences in soil porosity.

Soil moisture information can only be retrievednfranicrowave observations in regions not covered
by snow, a frozen surface layer, dense vegetaton/or a significant area of standing water.

Additionally, C-band microwave observations ares#@re to soil moisture in a thin surface layer, of

up to 2 cm depth, hence the ASCAT observationsegreesentative of this thin surface layer only. A

deeper layer soil wetness value is often extrapdl&iom the observed ASCAT/ERS SDS time series
using an exponentially weighted moving averagerfife.g. Wagner et al. (1999); Ceballos et al.
(2005); Albergel et al. (2008)), however only treansurface SDS is presented in this report.

The change detection method used to retrieve th® 8@m backscatter observations uses a set of
predefined model parameters derived from historicbkervations. This method was initially
developed for ERS backscatter observations, andntbaéel parameters were based on eight years
(1991 - 2007) of ERS-1/2 data (Wagner et al., 1998)ce the basic measurement principles for the
ERS and ASCAT instruments are the same, the il CAT soil moisture products used the model
parameters derived from the ERS scatterometersgat@artalis et al., 2007). However, the resohutio
and radiometric calibration of two instruments eliffresulting in small-scale artifacts associatéti w
strong backscatter gradients in the ASCAT retrigvak well as a strong incidence angle dependent
bias associated with a swath location based ingntierror (Wagner et al., 2010). In response teghe
issues, TU-Wien has recently updated the changeti@d model parameters, based on two years
(2007 - 2008) of ASCAT observations.

A handful of studies have evaluated the ASCAT sumilsture data, most of which have used the initial
ASCAT data set derived using the older ERS modehrpaters (referred to in this report as
ASCAT(ERS)). Initial qualitative evaluation show#tht the ASCAT(ERS) SDS data can correctly
identify large scale soil moisture climate anonmsliBartalis et al., 2007), and it has good agre¢men
with soil moisture derived from the TOPKAPI modefeo south Africa (Sinclair and Pegram, 2010).
Additionally, comparison to in situ observationsrr 11 SMOSMANIA monitoring sites showed

significant correlations over eight-months (Albdrge al., 2009) and two years (Albergel et al.,
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2010b). For the updated ASCAT model parametererfed to here as ASCAT(ASCAT)), Brocca et
al. (2010b), who found that soil wetness data @erirtom ASCAT(ASCAT) agreed very well with in
situ observations and model simulations at threations in Italy. Additionally, Brocca et al. (2000
obtained similarly encouraging results by also carimg the ASCAT(ASCAT) data to in situ
observations from Luxembourg and Spain.

The ASCAT level 2 surface degree of saturation (SB51) product, supplied directly by TU-Wien,
has been used in this report. The 25 km resolytigorted on a 12.5 km grid) research product has
been used, rather than the 50 km (25 km grid) ¢ipesa product. Suitable quality control is vital t
the successful assimilation (and assessment) rgnssiesed soil moisture data, and the preparafion o
the ASCAT data will be described in detail in SewtB.1.

2.2  SMOSMANIA in situ soil moisture monitoring network
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Figure 1. Location of SMOSMANIA monitoring netwsthktions with altitude overlay. Figure taken
from Albergel et al (2010).

The SMOSMANIA network (Calvet et al., 2007; Alberge al., 2008) consists of 12 soil moisture
monitoring stations in southwest France, each oiclwvls collocated with an automatic weather
station. The stations, shown in Figure 1, spanrgeaof climates from the Mediterranean to the
Atlantic coasts, and are separated by about 45AKnof the stations are located in natural fallots

can be seen in Figure 1, most of the stationstdmnaaltitude and in reasonably flat terrain, witte
exceptions being MTM (at 538 m), SFL (337 m), andT™(295 m) which are at higher altitude. Each
monitoring station reports soil moisture observati@very 12 minutes from four theta-probes, at 5,
10, 20, and 30 cm depth. For the period of thidystthe only significant period of missing datanfro
the SMOSMANIA network is a two month period missingm LZC in mid 2007.
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2.3 The SIM hydrological model

SIM (Habets et al., 2008) is a hydrometeorologivaddel consisting of three components; a
meteorological analysis (the Systéme d'analysenfesaint des resneignements atmospherériques a la
neige; SAFRAN), a land surface model (Interactibeveen Surface, Biosphere, and Atmosphere:
ISBA), and a hydrogeological model (MODCOU). TheFFPAN analysis system (Quintana-Segui et
al., 2008) generates analyses of the eight parasne¢eessary for forcing the land-surface model (10
m, wind speed, 2-m relative humidity, 2-m air temgpere, cloudiness, incoming solar and
atmospheric radiations, snowfall and rainfall). 3&enalyses are then used to force the ISBA land
surface scheme (Noilhan and Planton, 1989; Noilaad Mahfouf, 1996), which models the
exchanges of heat and moisture between the low-tweosphere, vegetation, and soil. ISBA is the
land surface scheme used in Météo-France's nurherezther prediction and climate models. The
version used in SIM is the three layer force-resi@BA model (Boone et al., 1999), fitted with sub-
grid runoff, drainage, and explicit multilayer snamodels. Finally, MODCOU computes the spatial
and temporal evolution of the piezometric level otltilayer aquifers, as well as the exchanges
between aquifers and rivers, before routing théaserwater through the river network. River flows
are calculated every 3 hours, while the evolutibthe aquifers is computed daily. Evaluation stadie
have demonstrated that SIM can accurately reprothecspatial and temporal variability of observed
water fluxes (Habets et al., 2008), as well astdmporal dynamics of near-surface soil moisture
(Rudiger et al., 2009, Albergel et al, 2010b).

Operationally, the SIM modeling suite is run onaelydto calculate the surface water and energy
budgets over France, as well as the hourly lanthsairstates (including soil moisture), three hourly
stream flow forecasts for over 900 rivers, andydafuifer levels for selected aquifers. SIM runsaon
stretched (irregular) grid, with approximately (.G@solution. There are two operational SAFRAN
analyses: the near-real time chain and the delaeyedff climatological chain. For the near real-éim
chain, the SAFRAN analysis ingests all relevanteobstions available before the observation cut-off
time, while the climatological chain is run on alayed schedule, allowing SAFRAN to ingest
additional observations from 3000 climatologicaketving network stations. In this report the near-
real time chain has been used, for both the cospato the SMOSMANIA and ASCAT observations
in Sections 4 and 5, and for the assimilation expamts in Section 6. The delayed cut-off
climatological chain has been used here only inti@ed to test the impact of assimilating the
ASCAT data.

SIM describes soil moisture in three-layers: tharrsrface (defined over the depth of bare soil
evaporation), the root-zone soil moisture (defiogdr the depth of transpiration), and the deeprlaye
soil moisture (defined from the base of the rogiezto the base on the soil layer). The soil moésinr
thenth layer is partitioned into the liquid water contant, and the solid water contemnt,.
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3 Methods

3.1 Processing the ASCAT soil moisture

Since scatterometer observations taken in the egemive been shown to produce less accurate soil
moisture fields than early morning observations ¢gwéa et al., 1999, 2007), observations from the
ascending (evening) and descending (morning) ASG¥érpasses have been considered separately in
this report. MetOp takes only a few minutes to sriie SIM model domain, and approximately 100
minutes to complete a full orbit. All ASCAT datafn each orbit were assumed to occur at the same
time, which has been rounded to the nearest hdwe ASCAT data have been provided by TU-Wien
on the 0.125° Discrete Global Grid, and it has h@mejected onto the SIM model grid, before being
evaluated or assimilated. The projection is obthimg assigning each ASCAT observation to all SIM
grid points within 0.15°, and then taking the medrall observations assigned to each model grid.
This method ensures that all SIM grids within aseslbed swath are assigned data, while retaining the
resolution of the spatial features in the origiASICAT data.

Before the ASCAT data were projected onto the SiM,dghe data were screened to remove:

* Observations with an ASCAT Estimated Soil Moistltgor (ESME) greater than 20%
(equivalent to approximately 0.1°m?®) : The ESME is provided with the ASCAT SDS to
provide a measure of the performance of the chdegestion model in extracting the SDS
from the backscatter observations for the giverfaser conditions. The ESME screening
mostly removes observations at densely vegetateditms.

* Observations for which the ASCAT surface state fiadicates either a frozen surface,
temporary surface water, or the presence of sitw surface state flag gives a probability of
each of these events, based on the historic matelhpeters at each location. Note that in
Section 3.3 it is shown that the surface state diags not effectively identify all instances of
frozen surface conditions, and an additional cifeckrozen ground cover will subsequently
be applied.

Once the data have been projected onto the SIM gmi@dditional static mask is applied to remove:
* Urban regions, identified as having an urban foecgreater than 15% in the ECOCLIMAP
database (Masson et al., 2003)
* Steep mountainous terrain, identified as havingpadgraphic complexity flag (provided with
the ASCAT data) greater than 15%
* Open water, based on a wetland fraction (providitd the ASCAT data) greater than 5%

3.2 Time series comparisons at the SMOSMANIA sites

In section 4, the ASCAT SDS have been evaluateimporal comparison to in situ observations and
SIM model simulations at the 12 SMOSMANIA sites. dascribed above, the ASCAT data have
been projected onto the SIM grid, and the ASCAT 8ihd time series for each SMOSMANIA site
are taken from the surrounding SIM grid. For SIMyrece dailyw, time series has been constructed
from the archived near-real time Sk at the same time as each ASCAT observation. Os dagn
ASCAT observations were not available, the SIMetiseries plots are filled in with the simulations a
9:00 UTC (descending pass) and 21:UTC (ascendigg) pahe in situ SMOSMANIA time series are
constructed from the near-surface (5 cm) soil mogsbbservations at the same times as were used for
SIM. Both the SIM and in situ soil moisture fieldave been converted from a volumetricifir) soil
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moisture {) to a SDS, equivalent to the metric observed bZAS, by normalizing the time series at
each SMOSMANIA site by its range:

SDS:(D'U)min)/(mmax'wmin) (1)

The minimum and maximum values for each time senie®stimated from thé'and 98' percentiles,
respectively, to minimise the potential of usinglieus as the upper/lower bound. Table 1 shows the
minimum and maximum soil moisture bounds used toutate the SDS at each site. Since there are
significant representativity errors between soilishoe from in situ sensors and models, it is not
surprising that there is little similarity betwetre range described by each data set: in partitiéar
SMOSMANIA bounds are often wetter than those frbm $IM, particularly at the dry end.

The SDS time series for SMOSMANIA, SIM, and ASCARve been compared visually, and
guantitatively by calculating the bias, Root Meajqu&e Difference (RMSD), absolute correlation,
and anomaly correlation between them. The anomalyelation is calculated by defining the
anomalies as the difference from the 30-day (cBmraving average. The significance of each of the
estimated correlation values has been tested dt%hkevel. For the absolute correlation the veghhi
serial correlation in soil moisture time seriesusgs the number of independent data in the time
series, introducing a bias in statistical inferetedéhough not in the correlation estimate itseffince

soil moisture time series can be approximated byrs&order Markov processes (Vinnikov and
Yeserkepova, 1991), the ‘effective sample sizeDafwdy and Matalas (1964) has been used for
significance testing the estimated correlationg &tiective sample size, o\l is calculated using:

Nerr=N (1 -gry )/ (1+5r) (2

Where N is the sample size, andand f are the lag-1 serial correlations of the two dats being
tested.

Table 1: Minimum and maximum soil moisture boumdsn¢) used to convert SMOSMANIA and SIM
near-surface soil moisture to an SDS.

SMOSMANIA SIM

Site | @ min O max | Omin O max
SBR| 0.06 0.31] 0.10 0.28
URG| 0.13 0.58| 0.12 0.36
CRD| 0.08 0.29| 0.11 0.34
PRG| 0.18 0.44| 0.15 043
CDM| 0.20 0.47| 0.13 041
LHS | 0.17 0.46| 0.14 0.42
SVN| 0.12 0.47| 0.10 0.37
MNT | 0.16 0.53| 0.12 0.38
SFL | 0.13 0.38| 0.11 0.40
MTM | 0.14 0.30| 0.10 0.34
LZC | 0.05 0.34| 0.08 0.31
NBN| 0.11 0.37| 0.09 0.33




H-SAF AS3.12 Final Report

3.3 The Simplified Extended Kalman Filter

In Section 6, the root-zone soil moisture in th& $hodel (forced with the near-real time SAFRAN
analyses) is analysed by assimilating the ASCATaserdegree of saturation observations using a
Simplified Extended Kalman Filter (SEKF). The impat the assimilation on the model skill is then
tested by comparison to the in situ soil moistupsesvations from SMOSMANIA, and to archived
fields from the SIM model forced with higher quglibbservations (from the delayed cut-off
climatological chain).

The SEKF, as formulated by Mahfouf et al (2009) &raper et al (2009) has been used for the
assimilation. Since the ISBA model has no horizbotanponent, the SEKF is performed as an
individual 1-D assimilation at each model grid. Tetended Kalman Filter equations for fflenodel
state forecast and update for thi¢imestep,t; are:

Xb(ti) =M x*(t,)
and
x*(t) = Xb(ti )+K(y? -H (Xb(ti )

wherex indicates the model state ayds the observation vector. The superscripts, ando indicate
the analysis, background, and observations, raspctM is the nonlinear state forecast model, and,
H is the nonlinear observation operator (mapping rttodel state into the observation state sp#ce).
is the Kalman gain, given by:

K, =P (t)HT(H P (t)HT +R )™

P andR are the covariance matrices of the model backgreund observation errors, respectively, and
H is the linearization oH. As mentioned above, the three-layer versionSBA used in SIM
describes soil moisture as three variables: the-sigdace soil moisturewf), the root-zone soll
moisture {,), and the deep-layer soil moistur@;). In these experiments the state update vector
includedw; andw,, and the ASCAT observations were assumed to belikervation-equivalent of
the modelw;. An integration of the forecast model has beer @sethe observation operator, dthd
has been linearised by finite differencédlowing Seuffert et al (2004)The impact ofw, on o,
increases with time, and a 24-hour forecast lenghls chosen for the observation operator, as a
compromise between a long enough forecast lengthwthhas a reasonable impact on and short
enough forecast that it can be linearised withasigaificant loss of accuracy.

Finally, the defining feature of the EKF is thaethackground model error is also evolved through a
series of model forecasts and updates:

P! t)=M, Pa(ti—l)MiT +Q(t;)
and

P(t)=( _KiHi)Pf(ti)

where Q is the error covariance matrix for the (additivepdel forecast error, anil is the
linearization ofM, also obtained by finite differences. However,aer et al (2009) found that for the
EKF as it is described here, evolviRghrough time with the above two equations doesgeoierate
substantial differences in the analysed soil moéstaompared to the simplified form of Mahfouf &t a
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(2009), in which the samié matrix is used at the start of each assimilatipciec Consequently, the
simplified EKF has been used here, and the abowestjuations have been neglected.

The application of the SEKF will be further desedbin Section 6.1, including the selection of the
model and observation error, and the bias cormedjaplied to minimise the systematic differences
between the soil moisture fields from the SIM ar8iGAT.

3.4 Detecting frozen surface conditions in ASCAT observations

Previous studies have shown that occurrences defrfrasurface conditions are not adequately
identified by the SDS retrieval, resulting in andosly low SDS values during frozen conditions, for
both ERS (Pellarin et al, 2006) and ASCAT (Broctale 2010a). This is demonstrated in Figure 2,
which shows the ASCAT and SMOSMANIA SDS, with th8&@AT data plotted in blue where SIM
has forecast non-zero frozen soil moisture, amednotherwise. Since SIM is forced by a screeellev
analysis its surface temperature simulations aceight to be reasonably accurate. This has been
qualitatively confirmed by comparing the simulatioihnon-zero near-surface soil moistagainst the
observed soil temperature (at 5 cm) at the SMOSMWANMiItes; note that the deeper layer

100
80
60
40

20

*
$
O —
I I I I I I I I I I I I I I
Jan07 Jul07 Jan08 Jul08 Jan09 Jul09 Jan10
Figure 2. Surface degree of saturation at URG f@IMOSMANIA in situ observations (black line),

and descending overpass ASCAT observations (disshdBldie (red) diamonds indicate presence
(absence) of frozen near-surface soil moisturelivh @odel simulations.

observed by the SMOSMANIA sensors freezes lesdlyeddhere is a strong tendency in Figure 2 for
the ASCAT observations to be anomalously low, camgao the SMOSMANIA observations and the
preceding ASCAT observations, at times when SIM twascast nonzero frozen near-surface soil
moisture. This suggests that the probabilisticamgfstate flag used in the ASCAT retrieval is not
sufficient to identify and remove the occurrencdroken surface conditions. As noted by Pellarin et
al. (2006) these anomalously low values are proatienfior the retrieval of the root-zone soil morstu
from SDS time series using the exponential filsénce the filtered time series has a long memory of
these anomalously low erroneous observations (aedsame would be true when assimilating the
SDS into a more sophisticated model to retrieve-rooe soil moisture). Consequently, the ASCAT
surface degree of saturation should be screeneeiove frozen surface cover using ancillary data
sources, before being used in an exponential fiteassimilation. Additionally, for the remaindefr o
this report, a frozen surface mask has been apmigde ASCAT data, based on SIM forecasts of
nonzero frozen soil moisture.

Figure 3 shows maps of the coverage of the SIM ABEAT SDS for the descending ASCAT
overpass, after this mask is applied to both dats @ote the locations in red with no ASCAT data,
due to the previously discussed quality control). @erage, SIM has forecast nonfrozenon 71%

of days during the three and a half year studyopemvhile the mean coverage of the ASCAT SDS (at
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only those locations where some data are availébleduced from 35% to 26% of days by the frozen
surface mask. Applying this mask has a positiveaichpn the statistics between the in situ and
ASCAT soil moisture time series, for the exampléhat URG site plotted in Figure 2, the correlation
is increased from 0.78 to 0.83.
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Figure 3. Coverage (% of days) of SiM (left) and descending overpass ASCAT SDS (rigbm) f
January 2007 to May 2010.
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4 Comparison to SMOSMANIA in situ observations and
SIM model forecasts

This section presents an inter-comparison of th& $bm ASCAT observations, the archived near-
real time SIM forecasts, and the in situ SMOSMANIBservations. The ASCAT data are considered
separately for the ascending and descending owpasand the results from the updated
ASCAT(ASCAT) retrieval algorithm are also comparta those from the older ASCAT(ERS)
algorithm.

4.1 Descending overpass ASCAT observations

Plots comparing the SDS from the ASCAT descendespSMOSMANIA, and SIM at each of the
SMOSMANIA sites are shown in Figure 4, and desoréstatistics for each time series are listed in
Table 2. While the ASCAT time series have much nsbrert term variability, the agreement between
SMOSMANIA and ASCAT in Figure 4 is quite good: thieing of the seasonal cycle in the
SMOSMANIA observations is well predicted by ASCAAs are the sharp peaks associated with rain
events. The exception is at the MTM site, whereABEAT data does not have a clear seasonal cycle
and has little agreement with the SMOSMANIA timeiesg The poor results at MTM are likely due
to its location in hilly terrain (MTM is the highiesf the SMOSMANIA stations). There were virtually
no data available at this site for the previous AS(ERS) data set (Albergel et al., 2009),
presumably due to the failure of the retrieval &lpon in complex terrain (possibly in combination
with dense vegetation cover in the surroundingoreg With the higher resolution model parameters
used by ASCAT(ASCAT), observations are now avadadi MTM, although they are not available
for the neighbouring discrete global grid approxiehal2.5 km further south.

Table 2. Number of observations (no.), mean, aaddstrd deviation (stdev) of the SMOSMANIA,
SIM, and ASCAT (descending overpass) SDS datdrgetslanuary 2007 to May 2010. All statistics
except for the number of observations are calcdlaising only days in which all data sets are

available.

SMOSMANIA SIM ASCAT
Site no. mean stdev | no. mean (bias) stdev| no. mean (bias) stdev
% % % % % %

562  61.18J27 23.7
471  4@D)- 26.5
554 5282 25.0
457  43.8)-2. 27.5
491 4188} 27.8
478  41.8}-7. 255
438  38.9)(5.0 27.0
440 37.06) 25.9
472 36.8.0)10 25.8
499 3LB.8) 16.9
499  27.9)(3. 22.6
451 2330) 20.9

SBR | 973 33.3 23.0| 1055 42.9(9.6) 25
URG | 946 56.8 28.0| 1012 48.8(-8.0) 27
CRD | 942 306 26.3| 1069 46.6(16.0) 26
PRG | 913 456 27.2| 981 51.0(54) 27
CDM | 984 50.6 29.0| 1047 49.2(-1.4) 27
LHS | 918 487 30.2| 975  49.0(0.3) 28
SVN | 882 339 27.3| 938 42.6(86) 26
MNT | 848 482 267 | 913 453(-29) 27
SFL | 892 46.8 30.9| 953  48.2(14) 27
MTM | 1006 585 262 | 1036 36.1(-22.4) 25
LzC | 983 312 252| 1130 36.7(55) 24
NBN | 1085 37.4 28.4| 1133 35.8(16) 22
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Figure 4. Time series of the surface degree ofratitn (%) from SMOSMANIA (black), SIM (red),
and ASCAT (blue) at each SMOSMANIA site.

There are significant differences between the aibsahagnitude of the ASCAT and SIM SDS time
series. In many instances the winter maxima fron€A% are lower than those from SMOSMANIA,
and there are also many anomalously low ASCAT ofasiems during winter, suggesting that SIM
may not have accurately detected all instancesazieh soil. Consequently, the bias between the
ASCAT and SMOSMANIA observations in Table 2 is négm at most sites. Two significant
exceptions are SBR and CRD, where ASCAT is condigteabout 20% higher than the
SMOSMANIA observations, resulting in large positibases. The biases between the ASCAT and
SMOSMANIA SDS contribute to the consistently larBMSD between them in Table 3, which
ranges between 16.3% and 32.7%, with a mean oP24eXcluding MTM). This relatively large
RMSD indicates a discrepancy between the absolegeed of saturation observed by ASCAT and
SMOSMANIA, and while this could indicate errorstiee ASCAT observations, it is as likely due to
representativity errors between the (point baseditu observations over a 5 cm soil layer and the
(area-averaged) remotely sensed data over a lyam la

Time series of the surface degree of saturatior eries calculated from the archived near-rea tim
SIM forecasts are also plotted in Figure 4. In gahehe SIM time series agree more closely with th
absolute value of SMOSMANIA throughout the seasoogtle than the ASCAT data does.
Consequently, the biases for the SIM time serie§able 2 are smaller than those for ASCAT,
resulting in smaller (although still substantial/BD in Table 3, with a mean across the sites 0@ 21.
% or 0.065 m?>. Of greater interest however, is that the SIM ASLCAT time series appear to be
more similar to each other than either is to theGSWIANIA data. Both SIM and ASCAT have more
short term variability than the SMOSMANIA time s3j and both diverge away from the
SMOSMANIA time series in several instances: formagée July 2007 at CRD, when ASCAT and
SIM dry down more gradually than SMOSMANIA. In masstances these differences are consistent
with the shallower depth of the ASCAT and SIM swibisture values (both approximately 1 cm),
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compared to the deeper layer observed by SMOSMA(SIAm). Note that while the depths of the
ASCAT soil moisture observations and the SIM neafeze soil moisture are both typically quoted as
being approximately 1 cm, both relate to soil meistover a variable depth, and in fact have
opposing dependencies on soil moisture. For the AASGbservations, the penetration depth of the
microwave signal increases as the soil dries, wiolleSIM o, is defined over the depth of bare soil
evaporation, which decreases as the soil driesSRdrthe decreasing depth of will accelerate the
rate of drying, which may explain some of the appanoise in Figure 4, since the anomalously low
SIM values often correspond to periods of dryinghie SMOSMANIA observations.

Scatterplots comparing both the SIM and ASCAT swgfdegree of saturation to the SMOSMANIA
data are shown in Figure 5, and statistics comgaaih three data sets are listed in Table 3. The
scatterplots show a reasonably linear relationbbipveen SMOSMANIA and both ASCAT and SIM,
and this is reflected by the consistently significand generally high correlations in Table 3.
Excluding MTM, the absolute correlations betwees A8CAT and SMOSMANIA time series range
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Figure 5. Scatterplots comparing the SIM (red) &RICAT (blue) SDS to the SMOSMANIA SDS (all
in %) at each SMOSMANIA site, from January 200M#&y 2010.
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Table 3. Absolute correlation (), anomaly correlation ¢.,), and RMSD between combinations of
the SMOSMANIA, SIM and ASCAT (descending overp8Bs) time series at each of the
SMOSMANIA sites, from January 2007 to May 2010stallistics are calculated using only days on
which all data sets are available. For each statishe best result is indicated in bold, and all
correlations are significant at 1%.

SIM/ ASCAT / ASCAT /
SMOSMANIA SMOSMANIA SIM
Site [ faom RMSD | raps faom RMSD labs faom RMSD
% %

SBR 0.81 0.72 19.0 | 0.73 0.65 31.2 0.74 0.71 25.9
URG 0.67 0.68 23.7| 0.83 074 220 079 068 175
CRD 0.72 0.56 25.2 0.78 0.59 27.1 084 0.71 16.2
PRG 0.67 043 21.9 0.70 0.57 21.60.78 0.72 1938
CDM 0.74 057 196 | 0.63 0.62 265| 0.75 0.76 20.8
LHS 0.70 043 224 | 0.65 0.56 25.9 0.68 0.72 234
SVN 0.71 0.56 221 0.70 0.58 224 077 0.72 187
MNT 0.62 0.56 24.0 0.62 0.58 27.3 0.71 066 21.7

SFL 0.73 0.47 20.4 0.60 0.53 28.9 0.700.68 23.9
MTM 061 054 31.2 0.35 0.35 40.1 035 0.35 255
LzC 0.73 0.69 18.4| 0.78 0.78 16.4 | 0.73 0.66 19.6

NBN 0.66 0.56 20.3 0.68 0.61 26.2 0.75 0.68 19.7

Table 4. Absolute correlation ), anomaly correlation ¢,.), and RMSD between combinations of
the SMOSMANIA, SIM and ASCAT (ascending overp&@S)tighe series at each of the SMOSMANIA
sites, from January 2007 to May 2010. All statsstce calculated using only days on which all data
sets are available. For each statistic the besultes indicated in bold, and all correlations are
significant at 1%.

SIM / ASCAT / ASCAT /

SMOSMANIA SMOSMANIA SIM
Site Ebs fanm RMSD| raps fanm RMSD | raps fanm RMSD
% % %

SBR 0.79 0.68 18.2| 0.69 0.56 29.9 0.68 0.59 25.4
URG 0.67 0.70 243 | 074 054 2271 0.75 058 191
CRD 072 060 24.00 0.73 0.52 26.5 0.77 0.61 18.8
PRG 0.71 050 223 | 0.68 0.46 22.6 0.69 0.53 249
CDM | 0.75 0.62 19.9| 0.57 0.51 28.2 0.68 0.58 24.3
LHS 0.73 053 21.2 | 0.63 0.55 25.2 0.64 0.65 251
SVN 069 058 21.8 0.64 0.60 23.6 0.71 0.64 20.9
MNT 059 060 251} 049 053 30.1 0.71 0.62 22.3
SFL 081 0.60 17.7 | 0.57 0.58 27.8 0.69 0.68 245
MTM | 058 056 32.7 | 033 0.33 36.5 0.46 0.49 233
LzC 0.74 066 17.7 | 0.76 0.74 17.8 0.73 0.63 18.6
NBN 0.67 057 219 0.68 0.62 23.5 0.73  0.66 17.0

between 0.60 and 0.81, with a mean of 0.70, whidecorrelations between SIM and SMOSMANIA
are similar, ranging between 0.62 and 0.81, withean of 0.71. At MTM the poor fit between the
ASCAT and SMOSMANIA time series in Figure 4 resutisa very low correlation of 0.35. Overall
the absolute correlation to the SMOSMANIA obsemwasiis similar for ASCAT and SIM.

Since the correlation is heavily influenced by #greement between the seasonal cycles of the time

series, the anomaly correlation is also includedrable 3. For many applications, including data
assimilation, the anomaly correlation gives a batietric of the value of the remotely sensed data.
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most instances the scatterplots of the anomalies ghown) indicate a strong linear relationship
between the SDS anomalies from SMOSMANIA and botBCAT and SIM. For ASCAT the
anomaly correlations with the SMOSMANIA data argnficant at every site, with values ranging
between 0.53 to 0.78 and a mean of 0.62, whil&fbt the anomaly correlations with SMOSMANIA
are again significant, although slightly lower, garg from 0.43 to 0.72, with a mean of 0.57
(excluding MTM in both cases). ASCAT has higherretation anomalies with the SMOSMANIA
data than SIM at 10 out of 12 SMOSMANIA sites, segigng that ASCAT might be a better predictor
of short-term variability in the SMOSMANIA time ges.

The best statistics at each site (between the rdiffe combinations of ASCAT, SIM, and
SMOSMANIA) are indicated in bold in Table 3. Corsi#t with the earlier finding that the SIM and
ASCAT time series have the best qualitative agregntkee best quantitative agreement at most of the
sites is again between these two data sets. ExgJudTM the absolute correlations between ASCAT
and SIM ranges between 0.68 and 0.84, with a mearr6, and the anomaly correlations are almost
as high, ranging between 0.66 and 0.86, with a mé&&n70 (and all are significant). As with the &m
series in Figure 4, there are also similaritieslent between SIM and ASCAT in the scatterplots in
Figure 5. In particular, at several locations (CEIYN, MNT) the gradient for both SIM and ASCAT
is steeper closer to zero than it is for wettedssaivhich is consistent with the occurrence of
accelerated soil drying close to the surface inabryditions.

4.2 Ascending overpass ASCAT observations

Only the descending overpass ASCAT SDS have beesepted above, in response to previous
findings that the ascending overpass observatioesless accurate. To test the accuracy of the
ascending pass ASCAT observations, Table 4 showsstétistics describing the fit between the
ascending overpass ASCAT SDS and the in situ aMitiBhe series at each of the SMOSMANIA
sites. This is the same information that is listedable 3 for the descending overpass ASCAT data.
The statistics in Table 4 indicate that the ascen@SCAT overpass can detect a useful surface soil
moisture signal: all correlations and anomaly datrens are significant, with means (excluding
MTM) of 0.71 and 0.62, respectively, for comparigorthe SMOSMANIA time series, and 0.65 and
0.56, respectively, for the comparison to the Skivktseries.

As expected, comparing the statistics in Tablesn@ 4 indicates that the ascending ASCAT
observations are not as accurate as the desceonaingass observations. For the SMOSMANIA time
series, the descending ASCAT SDS time series hmfeehcorrelations at all sites, and the anomaly
correlations are higher at all sites except twoilevtor the SIM time series, the descending ASCAT
SDS has higher correlations and anomaly correlatianall sites except NBN. Additionally, the
anomaly correlations between the ascending ASCAfa dand SMOSMANIA are no longer
consistently better than those between SIM and SMAIHA (as they were for the descending pass
in Table 3), with ASCAT higher anomaly correlatioat just 4 out of 12 sites. These results are
consistent with those of Brocca et al (2010b), walsm showed that the soil moisture observations
from the ascending ASCAT overpass are reasonalifpugh less accurate than the descending
overpass.

4.3 Estimating the SDS random errors

As noted above, there are substantial systematierelices between each of the SDS data sets,
resulting in the relatively large RMSD in Tablesudd 4. Additionally, these differences are as Vikel
due to representativity errors between the diffedata sets than to errors in the individual dets,s
none of which can be assumed to represent the tAgihce, the root mean square error between each
data set and the unknown true soil moisture hastsen estimated, based on an additive error model
that accounts for constant bias and random errompooents (note the distinction between the root
mean square error calculated here, and the rooh rsgaare difference presented earlier). For
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example, the observed ASCAT SDS is written as the ef the true (unknown) value, SRS, a
long term bias (kscat = <SDSscat — SDSrue>, Where <.> indicates the expectation), and aoand
error of zero mearmsascat:

SDSscar=SDSrue + bascar + Oascar 3)

At each SMOSMANIA site the standard deviation af three SDS data sets is similar, suggesting that
this additive error model is a reasonable approtiona(rather than an error model including a

multiplicative component, such as that used by &ogt al, 2008). Since the three soil moisture
estimates used here are entirely independent, rit i assumed that their random errors are
uncorrelated, and the RMSD between each pair of skttcan be written:

2 2 2
(m - bsmosmania ) , + <025|M > + <02 smosmania > (4)

( Rscar— bSMOSI\gANIA) + <<52ASCAT >+ <o SMOSMANIA >

( Rscar—lsm) + <G'ascat> + <O'sim >

< ( SDSm — SDSmosmania )2 >2
< ( SDSscat— SDS;@MoséMANlA) >
< ( SDSscar— SDSm)” >

The difference between the biases from each paiats sets is equivalent to the bias between those
data sets, which can be obtained from the mearesathuTable 2. If this is then combined with the
pair-wise RMSD between the data sets from Tabl¢h8&, variance of the random errors can be
obtained by rearranging the above three equatioote (that the bias between each data set and the
truth is not explicitly determined with this methodlhere is significant variability across the
SMOSMANIA sites in the biases between the differ@BiS data sets in Table 2, and hence the error
model in equation 3 has been applied separatedpéti site. The obtained with this method are an
estimate of the root mean square of the randonr eetween each data set and an assumed ‘true’
SDS, based on the assumption that a single truttiespto all three SDS data sets. While, this
assumption is clearly broken by the representstigirors between the three data sets, dhare
thought to provide a better estimate of the actuadrs than can be obtained by comparing the data
sets pair-wise (and for example, estimating thersrin remotely sensed soil moisture by direct
comparison to in situ data, since this effectivalsigns all representativity error to the remotely
sensed data).

The root mean square of the random errors estinatedch site are given in Table 5, separately for
the ascending and descending ASCAT overpassesh&alescending overpass, the vales for ASCAT
vary between 5.2 and 17.8%, with a mean of 12.5Btlevthe values for SIM are very slightly larger,
with a range of 9.7 to 16.6%, and a mean of 13.886 ASCAT has the lowestat 6 out of 11 sites,
while SIM has the lowest at four sites). If theseoe estimates are converted into volumetric soil
moisture, based on the range of the SMOSMANIA smisture at each site (see Table 1), the root
mean square of the random error averaged acros#tésds 0.036 Aim™ for ASCAT and 0.039 fim™

Table 5. Root mean square error for each SDS deit#%6), estimated using data from January 2007
to May 2010. For each overpass the lowest resuttdgated in bold.

Descending pass Ascending pass
Site ASCAT SIM SMOSM. ASCAT SIM SMOSM.
SBR 13.86 11.27 10.10 15.83 12.67 10.49
URG 5.22 16.56 14.91 11.09 15.39 16.13
CRD 7.52 12.89 15.23 11.75 13.59 14.58
PRG 11.83 13.68 17.42 16.39 14.84 15.00
CDM 16.84 9.69 17.73 20.13 10.65 16.70
LHS 16.32 14.83 17.21 18.55 14.6 15.34
SVN 13.39 12.57 16.18 16.25 13.04 16.88
MNT 13.64 15.05 18.22 17.68 12.03 21.29
SFL 17.82 11.03 18.72 21.34 7.61 15.93
MTM 19.75 15.63 16.52 18.69 13.81 18.90
LzC 10.61 13.47 11.79 13.25 12.97 11.72
NBN 10.06 11.48 18.18 11.39 11.81 17.23
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for SIM. For ASCAT this is within the 0.04-0.05m? target accuracy for soil moisture remote
sensing missions (Kerr et al., 2001; Walker andidéo 2004). The estimated root mean square
random error for the descending pass SMOSMANIAcamsistently larger, with a range of 10.1 to
18.7 %, and a mean of 16.0% (0.04%m). The larger values obtained for SMOSMANIA do not
necessarily indicate inaccuracies in that data sate the ‘truth’ against which these errors are
measured will be more strongly influenced by thailsir soil moisture definitions of ASCAT and
SIM, than by the in situ SDS observations overepée soil moisture layer from SMOSMANIA.

For the ascending pass, the errors for SIM and SMEHA are similar to the descending overpass,
while ASCAT has consistently larger random erronsth a mean root mean square random error of
0.046 mim™ across the SMOSMANIA sites. At most sites the idi SMOSMANIA estimated root
mean square error is within 1-2 % of the value ftoe descending pass, giving similar mean
volumetric root mean square errors of 0.03%mhand 0.046 m>, respectively. This similarity
between the estimated errors for each overpassbaimSIM and SMOSMANIA, despite the poorer
performance of ASCAT, supports the choice of emodel used in these calculations (since the SIM
and SMOSMANIA errors are not expected to show angfdiurnal cycle).

4.4 Comparison to ASCAT retrieval algorithm based on ERS model
parameters

The impact of updating the ASCAT retrieval methodise model parameters calculated from ASCAT
observations, rather than older ERS-derived parnsiés examined here (using the descending pass
ASCAT data only). Albergel et al. (2010) compare®@@AT(ERS) SDS to the SMOSMANIA
observations for 2007 to 2008, and this comparisaepeated here with the ASCAT(ASCAT) SDS.
The methods used by Albergel et al. (2010) to petlee ASCAT SDS and calculate statistics of fit to
the SMOSMANIA data differ slightly from those apgdi earlier in this report, and so for consistency
the methods of Albergel et al. (2010) (and Albergedl. (2009)) are adopted in this Section. Thexma
differences are:
» ASCAT data from the nearest Discrete Global Grithpare used
» ASCAT observations of frozen surface conditionsehagt been screened with ancillary data
*  The SMOSMANIA data are a daily average
* To calculate the SMOSMANIA SDS the minimum and maxin of the time series are
calculated using the inner-most 95% of the datdmesed using the mean and standard
deviation (i.e., assuming normality), and the omest 5 % of the data are discarded
* The anomalies are calculated using a five week ngpaverage window, and are scaled by
both the mean and standard deviation within thatiow

As noted in Section 4.1 there are no data availatMTM for ASCAT(ERS), and while there are data
available from ASCAT(ASCAT) it is of poor qualitit all other SMOSMANIA sites the coverage of
the two data sets is similar.

Figure 6 shows a typical example comparing the ASCAT SDS retrievals to the SMOSMANIA
data, in this case at URG. The ASCAT(ASCAT) timeiese has a better visual fit to the
SMOSMANIA data than the ASCAT(ERS) time series, amgbarticular it captures the full range of
the seasonal cycle much more accurately. In cdntilas ASCAT(ERS) time series has a damped
seasonal cycle with insufficient drying in summeompared to the SMOSMANIA data. Figure 7
shows a scatterplot of the ASCAT(ASCAT) and ASCARE SDS at URG. It shows that for
ASCAT(ASCAT) above about 50%, the gradient of thaitpd data is close to one (although shifted to
the left of the one-to-one line), while for lowealues the gradient flattens out, indicating that
ASCAT(ERS) has a reduced sensitivity to changeASICAT(ASCAT). Consequently the statistics
describing the temporal association between the SMANIA data at URG in Table 6 give better
results for ASCAT(ASCAT), with the correlation (analy correlation) increasing from 0.64 (0.39) to
0.73 (0.43). This result is repeated across athefSMOSMANIA sites, with the ASCAT(ASCAT)
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time series consistently showing an enhanced dynmamnge in dry conditions, resulting in
consistently more negative biases (at all sitesolgf) for ASCAT(ASCAT) than for ASCAT(ERS).
This does not in general improve the biases, noseguently the RMSD (which is improved at just 5
out of 12 sites). However, the correlation is iased at 9 out of 11 sites, from a range (excluding
MTM) of 0.47 to 0.71 with a mean of 0.59 for ASCAKS), to a range of 0.50 to 0.73, with a mean
of 0.63 for ASCAT(ERS). The anomaly correlationsrgase by a larger margin, from a range of 0.18
to 0.71 with a mean of 0.37 for ASCAT(ERS), to aga of 0.43 to 0.63 with a mean of 0.48 for
ASCAT(ERS). The large improvement in the anomalgredation at NBN (from 0.18 to 0.45) is most
likely associated with the increased resolutiorthef ASCAT(ASCAT) model parameters, since this
station is within 15 km of the coast.
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Table 6. Absolute correlation 49, anomaly correlation @), and RMSD comparing each of
ASCAT(ASCAT) and ASCAT(ERS) SDS time series tBM@SMANIA data for 2007 - 2008. For
each statistic the best result is indicated in bold

Site ASCAT(ERS) ASCAT(ASCAT)

I abs Fanm bias RMSD Los Fanm bias RMSD
SBR 0.71 0.55 19.2 22.9 0.73 0.63 17.2 23.2
URG 0.64 0.39 115 22.9 0.73 0.43 -9.7 20.5
CRD 0.63 0.38 32.9 35.7 0.66 0.48 24.5 30.6
PRG 0.59 0.36 5.1 20.9 0.71 0.49 -5.3 20.8
CDM 0.63 0.39 -3.3 19.5 0.65 0.49 -7.8 22.7
LHS 0.62 0.37 -4.0 21.7 0.57 0.50 5.4 24.2
SVN 0.60 0.29 22.0 0.278| 0.64 0.42 19.6 28.2
MNT 0.47 0.32 -3.1 21.9 0.50 0.48 -3.8 23.4
SFL 0.51 0.35 5.1 245 0.47 0.41 -6.0 26.7
MTM - - - - 0.26 0.17 -17.6 31.1
LZC 0.61 0.48 12.1 20.1 0.70 0.48 20.2 254
NBN 0.54 0.18 5.2 21.1 0.56 0.45 15.5 23.5
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5 Comparison of SIM and ASCAT SDS over France

In Section 4.1 it was shown that there is a straggeement between the near-surface soil moisture
from near-real time SIM forecasts and from ASCABelvations. This confirms that these two data
sets are observing/modeling similar soil moisturecpsses, and strongly suggesting that both are
reasonably accurate at the SMOSMANIA sites. In ggstion, this comparison has been extended
across the entire SIM domain, to test whetherrdgslt can be genaralised.

While the comparison in Section 4 was based oniadhSIM forecasts, in this section (and in
Section 6) the reported SIM forecasts have beeargéad by running the ISBA model with archived
near-real time SAFRAN analyses (which yielded vaightly different results from the archived near
real time SIM forecasts).

5.1 Temporal correlation

Figure 8 show maps of the correlation and anomattgetation between the Sik; and ASCAT SDS
over France. The strong agreement between the SIMASCAT near-surface soil moisture at the
SMOSMANIA sites is repeated across France, and thahcorrelation and anomaly correlation are
consistently high in Figure 8. For the correlatitire mean value across France was 0.69, and 87% of
the SIM model grids had a value greater than Ol@lexfor the anomaly correlation the mean was
0.62, and 77% of grids had a value greater thanThé estimated correlations (anomaly correlations)
were significant at a 1% level at all except 48)(48ids, most of which were associated with
infrequent ASCAT observations. The correlation amdmaly correlation maps have similar spatial
patterns, in terms of the regions of high and laiugs. Both have several small regions with low
correlations (<0.3), with a handful (less than IRigout of 14317 land points in SIM) of isolated
instances of negative correlations (not shown gufé 8). These reduced correlations all occur in
mountainous regions adjacent to regions in whiehABCAT data have been screened out, suggesting
that the low correlations are associated with AS@#&Drs, and that the parameters used to mask the
ASCAT data should be slightly expanded.

a) laps b) fanm

Figure 8. Maps of a) absolute correlation and b)oaraly correlation (right) between SIM; and
ASCAT SDS from January 2007 to May 2010.
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5.2 Absolute values
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Figure 9. Maps of the mean (left) and standardat@n (right) of the near-surface soil moisture
(m’m®) from January 2007 to May 2010, from SIM (leftlakSCAT (right). The third row shows the
difference in the mean (left) and the ratio o& t#ariances (right) between SIM and ASCAT.

To examine the absolute differences between thesbilanoisture data sets, Figure 9 compares maps
of the mean and standard deviation of the neaaser§oil moisture from SIM and ASCAT, with the
ASCAT SDS converted to a volumetric soil moistyased on the SIM climatology and equation 1.
The strong agreement between the mean soil moiftome SIM and ASCAT, and in particular the
similarity in their fine scale variability, arisé®m the use of SIM parameters in the conversitth®
ASCAT SDS to a volumetric soil moisture. Maps of W'SCAT SDS (not shown) have much coarser
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resolution of features, although the large-scateepas of wetter and drier soils are similar tostn

the mean soil moisture from SIM. The mean and stahdeviation of the entire ASCAT soil moisture
data set are 0.229 and 0.070%1, respectively, already very close to the value8.286 and 0.0726
m’m? for SIM. ASCAT indicates a drier near-surface dayer across most of France, with the
exceptions being in the northeast (in the Champ®&ijcerdie regions), and several other small regions
throughout France, most of which are forested. differences in the standard deviation from ASCAT
and SIM are more marked, and in particular SIMdasgion of strong variability in the southeast tha
is absent from ASCAT. Additionally, several isothtegions stand out as having an anomalously high
ratio of variances between ASCAT and SIM, and caispa to Figure 8 shows that these locations
are associated with relatively low anomaly corielatsuggesting that one data set may be inaccurate
at these locations.
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6 Assimilation Experiments

In this section the ASCAT SDS data are assimilatealthe SIM model, using the SEKF described in
Section 3.3, to test whether this will improve thedel simulated surface states and moisture fluxes.
The impact of assimilating the ASCAT SDS has bessessed principally by comparison to output
from the SIM model forced with higher quality fangi generated from the delayed cut-off SAFRAN
analysis (referred to as SIM_DEL). In the SIM slations conducted here (referred to as SIM_NRT),
lower quality near-real time SAFRAN output has begsed to force ISBA. If the ASCAT
observations can accurately detect temporal chaimgesar-surface soil moisture, then assimilating
these observations (referred to as SIM_ASCAT) shduaw the model towards SIM_DEL, although
the success of the assimilation will also depenthersuitability of the assimilation approach, amel
extent to which errors in the mode] are coupled to errors in other variables.

Following the findings from Section 4.2, only thesgending overpass ASCAT SDS data have been
assimilated, and the observations of frozen suréaralitions have been excluded by discarding the
ASCAT data if SIM has simulated non-zesg during the current assimilation cycle.

6.1 Details of the SEKF assimilation

6.1.1 Bias-correcting the ASCAT observations

As was demonstrated in Figure 9, there are sulistaystematic differences between modeled and
observed near-surface soil moisture. These sysiendifferences have been reduced prior to
assimilating the ASCAT SDS, by correcting the ASCAata to the model climatology using the

CDF-matching technique of Reichle and Koster (200 ASCAT SDS data have been normalised
to have the same CDF as the SIM_NRi forecasts. The CDF-matching was performed usieg th
longest available record length, from January 200vay 2010.

The CDF-matching was very effective at removing (hlkeeady small) differences in the mean and
standard deviation of the ASCAT and SIM soil maistuand the resulting maps of the mean and
standard deviation of the CDF-matched ASCAT soilistuve (not shown) are very similar to the

maps for SIM in Figure 9, while the mean and stathdieviation data for the full data record are the
same as those quoted above in Section 4.5 for SRT.N

6.1.2 The SEKF error covariances

20

Figure 10. Maximum estimated ASCAT SDS error (itswi percentage of saturation), from
January 2007 to May 2010 (values above 20 have beesked).
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A major hurdle to the assimilation of novel nearface soil moisture observations is the specifizati

of accurate observation and model errors. Consélguan estimate of the error in each observation i
provided together with the ASCAT SDS. To test wketthe provided error estimates can detect
discrepancies between ASCAT and SIM (which maydati errors in ASCAT), the ASCAT error
estimates have been compared to the correlatiomebat ASCAT and SIM. The maximum expected
soil moisture error from January 2007 to May 20%0shown in Figure 10. This map shows a
reasonably strong correspondence to maps of thetaton cover used in SIM (not shown), with
greater errors occurring where vegetation coveddasse, and/or broadleaf trees are present. The
expected negative relationship between the estidnateor and the correlations (particularly the
anomaly correlation) occurs in some regions (&/assif Central), although this relationship is not
consistent (e.g., Brittany). This weak relationsisighown more clearly in Figure 11, which shows a
scatterplot of the maximum estimated error (actbesdata record) and the anomaly correlation. For
all error values, the anomaly correlations occurstmdensely around 0.7, however as the error
increases there are more occurrences of lower dgaoaelations, usually between 0.4 and 0.7. This
suggests that the error estimates provided wittABEAT SDS have some skill in detecting errors in
the ASCAT soil moisture (note that the anomaly elation will be reduced by errors in both ASCAT
and SIM). Consequently, these error estimates baea used to define the observation errors for the
SEKEF assimilation on the ASCAT SDS.
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Figure 11. Scatterplot of the maximum ASCAT estichabil moisture error vs. anomaly correlation
between SIMy; and ASCAT SDS, from January 2007 to May 2010.

The error estimates provided with ASCAT are in sif percentage of soil moisture at saturation
(and are relative to the ASCAT soil moisture cliolagy), and they have been linearly rescaled to be
consistent with the model soil moisture, by presgrthe ratio between the original SDS and ASCAT
error estimate at each grid. The original ASCATSS&tor estimates ranged between 3.5 and 20%
(since all observations with an error greater tP@% have been screened out), with a median value of
9.0%. The rescaled error estimates ranged betwéenadd 0.20 Am*, with a median value of 0.05
m’m (the very large values result from instances whieeeASCAT estimated error was much larger
than the ASCAT SDS; these values will effectivelyegude the corresponding SDS from being
assimilated). This median value is consistent wittors typically expected for remotely sensed soill
moisture (e.g., Ridiger et al, 2008), and is shghtgher than the root mean square error of 0.04
m’m’ estimated in Section 4.3.

For the background model errors, the error covagamatrix was assumed to be diagonal and the
error variances were specified as a fraction oftiiemoisture range at each grid point (definedhszy
difference between the field capacity and the wilting pointd,)), following Mahfouf et al (2009).
Since the SIMw; and ASCAT SDS has similar accuracy in detectingptamal variability in near-
surface soil moisture in Section, the backgroumdrestandard deviation fas; was set at 0.5x+. —
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ow), giving aw; error standard deviation close to 0.0 across the domain, slightly less than the
median value quoted above for the ASCAT observatioor.

For w,, the background errors will be much lower, sirfoe Yariability is lower and the soil moisture
is less susceptible to errors in the atmospheriirfig. The SMOSMANIA observations do not span a
sufficient depth to be sensibly compared to the SiMorecasts, however several previous studies
have evaluated ISBA forecast soil moisture agamsitu observations throughout France. The root
mean square error estimates from these studiesaspamge of values, with the ratio between dhe
errors (g) andw; errors (g) varying from 0.2 for Calvet and Noilhan (2000)H€).06, ¢= 0.015
m’m?), to 0.4 for Sabater et al (2007)%0.07, e = 0.03 mim), and 0.6 from Angueala et al (2008)
(e, = 0.08, =0.05 nim), giving a mean ratio of 0.4. Additionally, théViBD between SIM_DEL
and SIM_NRT for the 3.5 year experimental periodsWe32 mm* for m; and 0.014 for, m’m>,
giving the same ratio of 0.4 as was obtained ab@amsequently, the, model background error
standard deviation was specified to be 0.4 timestiuare root of the; error, or 0.2X(s. — ).

6.2 Impact of assimilating the ASCAT SDS

The results of assimilating the ASCAT SDS are prese in this section. The results are first
examined by considering individual time series atheof the SMOSMANIA sites. As was stated
previously, the assimilation is principally assesbg comparison to the SIM_DEL simulations. The
focus is on the impact on the root-zone soil moéstw,), since the near-surface soil moistung) (has
such a short memory. Additionally, the impact oé thssimilation on the modeled surface water
balance and river discharge is also tested.

6.2.1 Results at the SMOSMANIA sites

Figures 12 and 13 compare the time series of SIM_,[3M_NRT, and SIM_ASCAT at each of the
SMOSMANIA sites, form1 andw,, respectively. Additionally, Tables 7 and 8 mmisthe statistics of

fit at each site between the SIM_DEL soil moistaed each of SIM_NRT and SIM_ASCAT for the
last three years of the experiment. For both saistore layers the SIM_DEL and SIM_NRT time
series have very similar temporal behaviour, irt the timing of both the seasonal cycle and the
response to individual precipitation events is vargilar. Consequently the correlation and anomaly
correlation statistics between SIM_DEL and SIM_NiRTTables 7 and 8 are consistently very high
(above 0.9 in all cases, and above 0.95 in mossgaslowever, for, there are periods spanning
several months during which the SIM_NRT time sedeselop a clear bias relative to SIM_DEL.
These biases have a tendency to be negative, aatl sites except LHS and SFL there was a net
negative bias in Table 8, with a mean of -9.9 mithe w; time series are extremely noisy (even after
a 10-day moving average filter was applied for pihat), and it is difficult to discern differences
between the different time series, however théssizd in Table 7 indicate that thg SIM_NRT time
series also have a tendency to be biased low, sulistantial negative biases at each site (ranging
between 10-50% of the standard deviation of SIM_D#gl time series), giving a mean bias of —
0.0012 mm.

In most instances assimilating the ASCAT observeatibad no impact, or a slightly negative impact,
on the correlations between the simulated soil tamsand SIM_DEL. This might not necessarily be
due to the assimilation having had a detrimentgbaich on the model soil moisture, since the
correlations between SIM_DEL and SIM_NRT were alyeaery high, making it very difficult for the
assimilation to add an additional source of valigbio the model soil moisture without reducingeth
correlations. This is particularly the case sirgeré will often be a delay between the introductbn
an error to SIM_NRT, and the availability of thexdnSCAT observation. The one exception to the
small impact on the correlation statistics wasBRSwhere the assimilation has reduced bgghand
ranm DYy @ much larger amount (close to 0.1). Refer¢éodbew, time series in Figure 13 shows that
this is caused by the assimilation having degrathedl time series (relative to SIM_DEL) by
incorrectly removing moisture in late 2007 and 208&d then adding too much moisture in late 2009
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(for bothw; andw,). The negative impact of the assimilation at SBRIgo reflected in the relatively
high RMSD forw, in Table 8.
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Figure 12. Time series of the ten-day moving averafjthe simulated, (n*m?®) at each of the
SMOSMANIA sites, from SIM_DEL (black), SIM_NRT)(radd SIM_ASCAT (blue).

For o,, the assimilation consistently reduced the biasRNISD, although by a very modest amount.
The negative bias was reduced at all sites, redudie mean from -0.0012 to -0.0010 mm. The
RMSD was either unchanged (to two significant feg)ror reduced, reducing the mean value across
the sites from 0.0025 to 0.0024 mm. The impachefdssimilation o, is more substantial, but less
consistent. At all sites the assimilation addedmeisture tow,, decreasing the preexisting negative
biases, and in some instances introducing a sroaitiye bias, and increasing the preexisting paositi
biases. As a result, the RMSD was reduced by thiendation at five of the eleven sites. At SBR and
LHS the RMSD was increased by a large amount, aedath the mean RMSD was increased from
16.4 t0 19.2 mm.
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Figure 13. Time series of simulateg (mm) at each of the SMOSMANIA sites, from SIM_DEL
(black), SIM_NRT (red), and SIM_ASCAT (blue).

At many of the SMOSMANIA sites the assimilation daged the statistics far,, while either
having a neutral or slightly positive impact on the statistics. This has occurred due to
differences in the relative magnitude of the impattthe assimilation om; and o, For
example, at LHS and SFL the small positive biasopnduring each summer was dramatically
increased by the assimilation, resulting in thgedatias and RMSD in Table 8. There was also alsmal
positive bias inm; during each summer at these sites, however ths amly very slightly
increased by the assimilation, so that the net anphthe assimilation om,; was still positive

in Table 7 (due to the reduction of negative biadesther times).The results at CDM and SVN were
similar, although less extreme: the small positigses in the SIM_NR®, during each summer were
increased by the assimilation with an overall detrital impact (although in both instances the
negativew, biases in winter were improved). Again the assitioh also enhanced a small positive
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bias inw; at these times, however this was insufficient tabtected by the statistics in Table
7. Finally, at LZC and NBN, the larger negative biased larger RMSD for SIM_ASCAT resulted
from reductions irw, late in 2008 and 2009. While the SIM_NRT was also negatively biased at
these times, the assimilation had very little impacw,, despite the large changesio

Table 9 presents the statistics of fit betweerSid NRT, SIM_ASCAT, and SIM_DEL near-surface
soil moisture, and the SMOSMANIA in situ observagoSIM_DEL consistently had better statistics
of fit to the SMOSMANIA observations than SIM_NRgiving substantially higher meagyd (fanm

for SIM_DEL of 0.70 (0.59), compared to 0.66 (0.58y SIM_NRT. This suggests that the
SMOSMANIA observations are sufficiently accurated&iect the errors associated with the difference

Table 7.Statistics of fit between the SIM_Dmk, and each the SIM_NRT and SIM_ASGT
from May 2007 to April 2010. For each statistic thest result is indicated in bold, and all
correlations are significant at 1%(NRT) indicates the standard deviation of the SIRTNime
series.

SIM_NRT/ SIM_ASCAT/
SIM_DEL SIM_DEL
Site o(NRT) I abs F'anm bias RMSD | ras Fanm bias RMSD
(mm) (mm)  (mm) (mm)  (mm)
SBR 0.0055| 0.96 0.95 -0.0012 0.0020| 0.95 0.94 -0.0010 0.0020
URG 0.0075| 0.96 0.94 -0.00170.0028| 0.96 0.94 -0.0014 0.0025
CRD 0.0068 | 0.93 0.91 -0.00170.0030| 0.94 0.91 -0.0014 0.0028
PRG 0.0086| 0.98 0.96 -0.0010 0.0021| 0.97 0.96 -0.0007 0.0021
CDM 0.0085 | 0.98 0.97 -0.0007 0.0019| 0.97 0.96 -0.0005 0.0020
LHS 0.0095 | 0.96 0.93 -0.0013 0.0031| 0.95 0.93 -0.0009 0.0031
SVN 0.0082 | 0.96 0.94 -0.00180.0030| 0.96 0.94 -0.0016 0.0029
MNT 0.0089 | 096 0.94 -0.0018 0.0030| 0.95 0.94 -0.0016 0.0030
SFL 0.0098 | 0.95 0.92 -0.00110.0033| 0.96 0.92 -0.0008 0.0031
MTM 0.0074 | 0.96 0.95 -0.00090.0022| 0.97 0.95 -0.0008 0.0022
LzC 0.0077 0.96 0.95 -0.00070.0022| 0.97 0.95 -0.0006 0.0021
NBN 0.0072 0.97 0.96 -0.00050.0017| 0.98 0.97 -0.0004 0.0016

Table 8. Statistics of fit between the SIM_D#El and each the SIM_NRT and SIM_AS&] from
May 2007 to April 2010. For each statistic the bestult is indicated in bold, and all correlatioage
significant at 1%g¢(NRT) indicates the standard deviation of the SIRTNime series.

SIM_NRT/ SIM_ASCAT/

SIM_DEL SIM_DEL
Site o(NRT) l'abs F'anm bias RMSD | ras l'anm bias RMSD

(mm) (mm) (mm) (mm) (mm)

SBR 47.6 0.98 095 -12.0 16.0 0.87 086 -7.7 24.2
URG 40.5 0.99 0.96 -5.1 9.8 099 095 0.5 9.6
CRD 42.8 0.97 092 -14.9 19.8 0.96 088 -9.2 17.4
PRG 37.0 0.99 098 -9.7 13.0 0.98 097 -6.0 11.6
CDM 35.6 0.99 098 -3.1 6.6 0.97 0.95 0.9 12.5
LHS 37.4 0.98 0.93 4.0 10.4| 0.93 0.85 14.2 24.2
SVN 38.1 0.99 0.96 -2.1 9.3 | 0.98 0.90 2.4 11.4
MNT 38.0 0.98 0.96 -4.8 11.9 098 095 -2.2 10.6
SFL 37.0 0.97 0.92 2.0 13.6| 0.96 0.87 6.3 16.2
MTM 45.2 0.97 0.95 -13.5 19.4 0.97 095-11.1 18.2
LzZC 43.8 0.95 095 -38.1 409 | 0.95 0.95 -42.5 45.1
NBN 35.1 0.93 0.94 -21.9 259 | 093 0.94 -26.0 29.2
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in forcing used for SIM_NRT and SIM_DEL. Consistavith the results from Table 7, assimilating
the ASCAT data slightly improved the statisticsraist sites, giving a meag,d (ranm 0f 0.67 (0.54).
There is some correspondence between the residts/eeto the SMOSMANIA observations and
relative to SIM_DEL, and at those sites where treatpst improvements relative to SMOSMANIA
occurred (URG, CRD, PRG, and MTM) were also imptbvelative to the SIM_DElw, in Table 8.
Finally, the bias and RMSD relative to SIM_DEL,veall as the fit to the SMOSMANIA observations
were improved at MTM by assimilating the ASCAT dataspite it being established in Section 4 that
the ASCAT data were of low quality at this site. orRhe comparison to SIM_DEL, these
improvements were due to a small reduction in #gative bias im, during each summer. The net
impact of the assimilation in Figure 13 was muclaken at MTM than at the other sites, since the
error covariance for the observations was much drigit this sites (the median was 0.0&
compared to median values typically less than @& at the other sites), and the positive result
here was likely due to chance.

Table 9. Statistics of fit between the in situ olestons from SMOSMANIA, and the SIM_NRT,
SIM_ASCAT, and SIM_DEb;  from May 2007 to April 2010. All statistics arel@aated using only
days on which all data sets are available, and RMSD is based on normalised model time series.
For each statistic the best result between SIM_NMRd SIM_ASCAT is indicated in bold, and all
correlations are significant at 1%.

SIM_NRT SIM_ASCAT SIM_DEL
Site tbs laom RMSD| raps lfaom RMSD Il abs faam RMSD
(m3m-3) (m3m-3) (m3m-3)

SBR 0.77 0.65 0.037 0.78 0.65 0.036 0.80 0.68 0.036
URG 0.64 0.66 0.111 0.67 0.67 0.106] | 0.71 0.69 0.100
CRD 0.70 056 0.038 0.73 0.57 0.036] | 0.72 057 0.037
PRG 0.68 0.46 0.060 0.70 0.47 0.058 | 0.71 0.47 0.057
CDM 0.72 054 0.057 | 0.71 054 0.058 |0.76 0.55 0.053
LHS 065 045 0.071 065 045 0.07140.71 0.47 0.065
SVN 0.63 0.53 0.085 0.64 0.53 0.084 0.68 0.52 0.079
MNT 0.55 0.52 0.100| 0.56 0.52 0.098 0.64 0.54 0.090
SFL 0.67 0.45 0.063 0.670.46 0.063 0.72 0.48 0.058
MTM 0.50 0.41 0.043] 0.55 0.46 0.041 |0.60 0.47 0.039
LzC 0.71 0.62 0.056| 0.72 0.62 0.056| | 0.74 0.62 0.054
NBN 0.67 0.49 0.057 | 0.67 049 0.058 |[0.66 0.48 0.059

6.2.2 Comparison of SIM_NRT and SIM_DEL

The very strong correlations between SIM_DEL anbll NRT soil moisture at the SMOSMANIA
sites suggest that the temporal information inEt. and NRT SAFRAN analyses is very similar.
Additionally, the development of biases in the SNRT soil moisture suggests the gradual
accumulation of systematic errors from the NRT SARRorcing. Figure 14 shows maps of thgr
raam and bias betweemw, from SIM_NRT and SIM_DEL from May 2007 to April 20,
demonstrating that this behaviour is repeated adroance. The correlations between SIM_NRT and
SIM_DEL are persistently very high. FQps88% of the model grids are above 0.90, and thannee
0.95, while for gm 87% of the model grids are above 0.90 and the rise@r94. The correlations are
slightly lower in mountainous terrain.

Additionally, there is a strong tendency for th&ISNRT w, to be biased low, and there are only very
few isolated locations where the bias is positresulting in a mean bias over the plotted period of
13.3 mm. The low bias in the SIM_NR®, is caused by a substantial low bias in the NRT
precipitation forcing. This precipitation bias, fié in Figure 15, can be very large, and thera is
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reasonably strong correspondence between the braegsn Figure 14 and in precipitation in Figure
15, including the same isolated areas of positias.b

These findings have several implications for thdlofeing assessment of the SIM_ASCAT
assimilation results. First, the agreement betwberSIM_DEL and SIM_NRT is already very good,
and consequently for the ASCAT soil moisture obagons to improve the SIM_NRT simulation will
require that those observations be very accuratecondly, the principal difference between
SIM_DEL and SIM_NRT is a low bias in the NRT soibisture, and the assessment of the impact of
assimilating the ASCAT data is focused on detemginwvhether the assimilation can correct for this
bias.

a) lab
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Figure 14. Absolute correlation, anomaly correlatjand bias of SIM_NRd®,, relative to
SIM_DELw;, (liquid plus solid) from May 2007 to April 2010.

Figure 15. Precipitation bias for SIM_NRT forcing)ative to SIM_DEL, for May 2007 to April 2010
(mm year).

6.2.3 Comparison to SIM_DEL soil moisture: temporal averages

Figure 16 shows maps of the mean bias between SBM dnd each of SIM_NRT and SIM_ASCAT,
for both®; andw,. m1 also has a negative bias across most of the domiama mean of -0.0013 mm
(the very small value is associated with the swaller reservoir defined by,), and there is only a
weak spatial association between the biasesiirand w,. The corresponding maps of the RMSD
between each experiment and SIM_DEL are shown gorEi 18, demonstrating that in general the
RMSD is largest where the bias is largest.

Figure 17 shows the net volume of moisture addethbéyassimilation of the ASCAT data. Consistent
with the negative biases in the soil moisture {redato SIM_DEL) in Figure 16, moisture is added to
the surface across the domain, with a mean oftﬁ&n@ea‘rl. There are a handful of isolated locations
where net moisture was removed, however these t@arcespond to the locations of the positive
precipitation and soil moisture biases in Figures dnd 15. In general, there is no particular
correspondence between the maps of the net incteraad the maps of the net soil moisture biases,
although this could be due to the non-linearitythed relationship between soil moisture increments
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and changes in the soil moisture storage, or atbewplicating factors such as the frequency of the
observations.

®1: SIM_NRT @ SIM_NRT
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Figure 16. Soil moisture bias (liquid plus solidlative to SIM_DEL fomw, (left) andw, (right), for
SIM_NRT (upper) and SIM_ASCAT (lower), from May72@0April 2010.

Figure 17. Map of the net analysis increment (mmaryjeadded tow; and w, , from May 2007 to
April 2010.
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Figure 18. Soil moisture RMSD (liquid plus solig)ative to SIM_DEL for;, (left) andw, (right), for
SIM_NRT (upper) and SIM_ASCAT (middle), and thderdifice between the SIM_NRT and
SIM_ASCAT RMSD (lower), from May 2007 — April 2010

By adding moisture to the surface, the assimilatias reduced the negative biase@irandw, in

Figure 16. For;,, the net bias was reduced at most locations @t @®the grid cells, and at 94% for
which ASCAT observations were available), with sti®ngest reductions occurring in the north of
France, and the mean bias was reduced to —0.001(@fromm—0.0013 mm). Fan, the negative

biases were also reduced across most of FranceMveowhere is now a region in the northeast with a
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small positive bias (corresponding to very smadiaieve biases im; for SIM_NRT). Examining
individual time series for these locations indisateat this positive bias accumulates consistently
through the assimilation experiment, with the latgecreases occurring each spring. Much of this
region of increased bias has an unusual soil tye@Champagne-Picardie region), with dark soils and
a large soil moisture holding capacity, which anewell represented by soil parameters used in SIM.
This region also stood out in the original (pre-CD&tched) ASCAT data in Figure 9, as having
ASCAT observations higher than the SidM. Overall, the assimilation reduced the mean fuae,

to —7.9 mm (form —13.3 mm), while the absolute bvas reduced at 73% of the grid cells (and at
89% of the grids for which ASCAT data were avaigbl

Figure 18 shows that for bothy andw,, the assimilation decreased the RMSD across niidstance,
although it is increased it in the northeast angths@est, corresponding to those locations where the
small positive bias was introduced indg Form1, the assimilation reduces the RMSD at 59% of the
grid cells (and at 71 % of cells for which ASCATiaavere available), giving a slight reduction ie th
mean RMSD from 0.00283 mm for SIM_NRT to 0.00279 femSIM_ASCAT. Form,, the RMSD
was reduced for 57% of the grid cells (and at 68f%ells for which ASCAT data were available),
although there were relatively large increase&RMSD in the northeast. Overall, the mean RMSD
was reduced from 18.1 to 17.6 mm.

6.2.4 Comparison to SIM_DEL soil moisture: spatial averages

Figure 19 shows the temporal evolution of the m&@hmoisture from each of the experiments, while
Figure 20 shows the temporal evolution of the défee between each of SIM_NRT and
SIM_ASCAT, and the SIM_DEL soil moisture. Thg time series is very noisy, making it difficult to
distinguish between the three experiments in Figi&reHowever, Figure 20 shows that there was a
consistent low bias in the SIM_NR®3;. In contrast, forw, there is a greater distinction between the
three time series. SIM_NRT was persistently bideeg and in both 2007 and 2009 the bias increased
substantially (to around 20 mm) towards the endushmer. There was a low bias in the SIM_NRT
®; at the start of the experiments in January 20850@ated with a substantial low bias in SIM_NRT
in the southwest of France at that time. Howeves, fow bias did not persist for long, and was lost
within the first few months (by April 2008 the bigmsw, in Figure 20 was quite small).

Figure 21 shows the timseries of the average volafmaoisture added by SIM_ASCAT each day.
Very little moisture was added or subtracted duthmgwinter months, due largely to the widespread
occurrence of frozen surface conditions. During tbawinter months there was a tendency towards
the net addition of moisture to the surface (altiothere were periods of net moisture removal). For
1 this resulted in a slight reduction in the negatbiases, although the assimilation had little iohpa
on the RMSD. Fow, the reduction in the biases generally increasezliih the summer, and persists
into early winter, before being lost by the endnarfiter. For most of the time period this resultedai
substantial reduction in the RMSD between the saitedk», and SIM_DEL.

There were two exceptions to the positive impadhefassimilation on the RMSD. The first occurred

in June 2009, when the assimilation enhanced pteginegative biases in the north of France and
near Les Landes in the southwest. The second @ctumr September 2009, and was due to a
particularly large bias in SIM_ASCAT data (relatiseeSIM_DEL) in the Champagne-Picardie region

at that time.
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Figure 19. Time series of the spatial meamwapnd b)w, , in mm for SIM_DEL (black), SIM_NRT
(red) and SIM_ASCAT (blue).
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Figure 21. Time series of the spatial mean volurhenoisture (mm da}) added to the surface
moisture (tow; andw,) through assimilation of the ASCAT SDS.
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6.2.5 Impact on the surface water balance

Figure 22 shows the time series of the monthly mafaeach of the surface water balance terms,
averaged across France, for each of SIM_DEL, SIMTN&d SIM_ASCAT, while Figure 23 shows
the time series of the mean monthly bias (relatoveéSIM_DEL) of each term for SIM_NRT and
SIM_ASCAT. Precipitation is imposed by the forcimghile all other variables are output from ISBA.
The precipitation in SIM_NRT (and SIM_ASCAT) wasrgistently biased low (the only positive
monthly bias was 1.5 mm morithin April 2007), with a tendency for larger biases winter,
generating a large mean monthly bias of -16.8 mmthilo

Also included in the plot is the mean monthly vokiwf moisture added to the soil column by the
SEKF in the SIM_ASCAT experiment. The largest mbnihcrements were of the order of 10 mm
month', which is similar in magnitude to the precipitatierrors. The increments were lower during
the wirlwter months (as they were in the daily pfoFigure 21), giving a mean increment of +2.9 mm
month™.
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Figure 22. Monthly water balance in mm mohtfor SIM_DEL ( black), SIM_NRT ( red), and
SIM_ASCAT (blue). Each panel shows a) runoff, eripitation, c) drainage, d) change in surface
moisture storage (including, and w3, liquid and solid), e) evapotranspiration, andtifie analysis
increments (for SIM_ASCAT).
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Figure 23. Error relative to SIM_DEL of the monthlater balance terms for SIM_NRT (red) and
SIM_ASCAT (blue). Each panel shows a) runoff, eripitation, c) drainage, d) change in surface
moisture storage (including, and w3, liquid and solid), and e) evapotranspiration, ébiger with f)
the analysis increments (for SIM_ASCAT).

Close to half of the precipitation bias between SNRT and SIM_DEL is transferred into a bias in
the drainage term. The SIM_NRT drainage was pertistbiased low (the only positive monthly bias
was 0.2 mm monthin August 2009 ), with the largest biases occagriim winter, when the largest
drainage was generated. Over the entire periocht@ monthly bias was -7.3 mm mohth Runoff
has a similar seasonal cycle to drainage (bothtragggered once the model soil moisture exceeds
saturation), although it is much smaller. The rline@s also biased low every month, with larger
biases in winter when more runoff was generatedngia mean monthly bias of -2.0 mm mohth
For both discharge and runoff the bias was closg0f of the SIM_DEL forecasts (compared to a
precipitation bias of 20%). In both cases, theitamid of moisture to the surface (mostly during the
nonwinter months) in SIM_ASCAT reduced the negativases, to -6 mm mornthand -1.8 mm
month?, respectively (equivalent to 17% and 10% of tHé NRT bias). The increased drainage (and
to a lesser extent runoff) for SIM_ASCAT explaintiywthe reduction in the negative bias for
SIM_ASCAT was gradually lost throughout winter iiglres 19 and 20.
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Evapotranspiration has the opposite seasonal tydeminage and runoff, with the greatest
fluxes in summer. In each year the SIM_NRT evapsipaation forecasts were biased low in
late-summer, during the decreasing phase of theapeak, when the drier surface
conditions cause transpiration to be limited bystwie availability. These low evaporation
biases (of greater than -5 mm maohtivere then balanced by small positive values dyitfire
wet months (approximately 1 mm motjh generating a mean bias of -1.2 mm mdntfthis
bias was just 2% of the SIM_DEL forecasécipitation, and is very small given that evagiora

is one of the largest terms in the water balarmgether with precipitation). Assimilating the ASCAT
data effectively decreased the transpiration biesd summer, while having very little impact oreth
positive bias during winter (which will not havedrerelated to soil moisture), generating an overall
reduction of the bias to +0.4 mm dayor 70% of the original bias, with a reversakign).

The change in the surface moisture storage wdsdseconsistent of the surface water balance terms
The seasonal cycle in the soil moisture storagecfwimcludes liquid and frozem, andw,) is similar

to that inm, in Figure 19, and consists of a dry summer modesawet winter mode. The transition
between these modes tends to be abrupt, so teatinyear there was one month early in the summer
(winter) in which there was a large negative (pesjtchange in the soil moisture storage. Thermis
clear pattern in the SIM_NRT biases in the magntflange in moisture storage, except perhaps a
slight tendency to underestimate the changes inrgmsture - for both positive and negative changes
The mean bias in the change in storage is rathall,sahjust 0.1 mm month The impact on the
assimilation on the change in moisture storagess tonsistent than for the surface moisture fluxes
and there were instances of the assimilation géngrboth increased and decreased monthly errors.
Overall the mean bias is unchanged from 0.1 mm hofikely since it was already very small.

6.2.6 Impact on the MODCOU river discharge
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Figure 24. Simulated discharge {may") for the a) River Seine at Poses and b) the LBineer at
Montjean sur Loire, from SIM_DEL (black), SIM_NR@&d), and SIM_ASCAT (blue).
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a) SIM_NRT b) SIM_ASCAT

Figure 25. The Nash-Sutcliffe efficiency simulaeéach gauging station, assuming SIM_DEL as the
truth, for a) SIM_NRT (left) and b) SIM_ASCAT.

The fluxes generated by SIM for each experimenehzeen routed through the surface river network
using the MODCOU model. Figure 24 shows two exasf the resulting daily simulated river
flows, for the Seine and Loire rivers, at locaticziese to each river outlet. Consistent with the
previous results for soil moisture, the temporalaklity in the SIM_NRT simulated river discharge
agreed very well with the SIM_DEL simulations, vehthe net flow was biased low. Additionally, the
impact of the assimilation was largely limited teieasing the magnitude of the peak flows. In most
instances, the assimilation increased the peaksfimibe closer to the SIM_DEL time series, while
having little impact on the timing of the peak flewror example the assimilation has not corredted t
slight delay in the timing on the peak flows aro@eptember 2009 for the Loire river.

Figure 25 shows a map of the Nash-Sutcliffe Efficie (E) at each of the 907 gauging stations
modeled by MODCOU. Most (68%) of the stationsénBvgreater than 0.6, although the efficiency is
in general lower (between 0.4 and 0.6) in the neegt. The mean across all of the stations is 0.62.
There are 23 stations with negative values, allvbich have very small upstream catchment areas,
resulting in very low discharge (maximum value ~100day*) and an increased sensitivity to errors

in the precipitation forecasts. Figure 25 alsdudes a map of E for the SIM_ASCAT experiment,

while Figure 26 compares the E for each experim€he assimilation increased E at most (82%)
locations, with the greatest increases occurrinthennorthwest, where the SIM_NRT E was lower.

For SIM_ASCAT, 81% of the gauging stations had #itiency above 0.6, and overall, the mean

efficiency was increased to 0.68. Ten of the statithat had negative E for SIM_NRT have positive

values for SIM_ASCAT, however plots comparing tmprovement in the statistics against the size
of the upstream catchment (not shown) did not shoelationship between the two.

Figure 27 shows the discharge ratia(Qur7Qsim pel) at the same gauging stations plotted in Figure
24. For SIM_DEL, the ratio was between 0.5 andad.®ost stations, with a mean of 0.68. Since the
assimilation added moisture across France the aligelratio was increased, particularly in the north
At 31 locations (nearly all in the north), the asisation generated discharge ratios above one,
however the scatterplot in Figure 28 shows thab@st of these locations the SIM_ASCAT ratio was
still closer to one than SIM_NRT was. Overall, #iesolute error in the discharge ratio was decreased
at 88% of the gauging stations, and the mean wa®increased to 0.76.
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Figure 26. Scatterplot of the Nash-Sutcliffe @ficy, assuming SIM_DEL as the truth, for
SIM_ASCAT vs. SIM_NRT.

a) SIM_NRT b) SIM_ASCAT

Figure 27. The discharge ratio simulated at eachgiag station, assuming SIM_DEL as the truth, for
a) SIM_NRT and b) SIM_ASCAT.
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Figure 28. Scatterplot of discharge ratio, assum8ilyl_DEL as the truth, for SIM_ASCAT
vs. SIM_NRT.
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7 Summary and conclusions

This report presents an assessment over Frandee df2t5 km ASCAT surface degree of saturation
soil moisture product disseminated by EUMETSAT. TABCAT SDS observations have been
assessed from January 2007 to April 2010 by corspautio in situ soil moisture observations from the
SMOSMANIA network, by comparison to near-surfacel sooisture from the SIM hydrological
model, and by testing the impact of assimilating A8CAT data into the SIM model. Each of these
comparisons indicated that the ASCAT SDS can atelyraletect changes in near-surface soil
moisture.

Before being assessed, the ASCAT data were quadityrolled to remove observations potentially
contaminated by open water, vegetation, complexdmphy, urban regions, and frozen surface
cover. Initial plots of the ASCAT SDS indicated ttthe frozen surface flag calculated during the
retrieval of the SDS from ASCAT backscatter obstoves does not accurately detect all instances of
frozen surface conditions. Consequently, frozerditams resulted in anomalously low SDS values.
As pointed out by Pellarin et al. (2006) these galare problematic when an exponential filter (or
assimilation into a more complex soil profile mgdsl used to extrapolate the SDS to a deeper-layer
soil moisture, due to the long memory of the anouslly low values in the filtered time series. The
ASCAT SDS should then be screened to remove oltsmmgaof frozen surface conditions based on
ancillary data, before an exponential filter oradatssimilation is applied. In this report, a frozen
surface mask has been applied to the ASCAT datedban SIM simulations of nonzero frozen soil
moisture in the near-surface layer.

The ASCAT SDS data had a strong temporal relatipnsfth the in situ observations of near-surface
soil moisture from the 12 monitoring stations ie ®MOSMANIA network in southwest France. The
one exception is at the MTM site, which is locatedeasonably steep terrain in the foothills of the
Pyrenees. At the remaining sites, the ASCAT SDSsistently had a good qualitative fit to the
SMOSMANIA observations, detecting both the main awyics of the seasonal cycle, as well as the
short-term response to rain events. Consequehtycarrelation and anomaly correlation between the
two data sets were significant at all SMOSMANIAesitand consistently high, with mean values of
0.70 and 0.62, respectively.

Soil moisture from the SIM hydrological model hdsocabeen compared to the observations at the
SMOSMANIA sites. At the seasonal scale, the temipaggeement between the near-surface soil
moisture from SIM and SMOSMANIA was similar to tHagtween ASCAT and SMOSMANIA, and
the absolute correlations did not favour either A$Cor SIM. The anomaly correlations were
generally better for ASCAT, suggesting that it caetter predict short-term variability in the
SMOSMANIA time series. However, the temporal asatich between the ASCAT and SIM time
series was consistently better than the associabetween either of these data sets and
SMOSMANIA. Visually, ASCAT and SIM have a similaegdree of short-term variability, and the
correlations and anomaly correlations between AS@Ad SIM were consistently higher than those
for SMOSMANIA, with a mean correlation of 0.75 aadmean anomaly correlation of 0.70. This
result is consistent with the greater similarityvieen the definition of the soil moisture estimalbgd
SIM and ASCAT (both are area-averages over terklafmeters, with a depth of approximately 1
cm), compared to the SMOSMANIA observations (pdiased observations at a depth of 5 cm).

The root mean square of the random error betweeim 8BS data set and the ‘true’ near-surface soll
moisture obtained by triangulating these three dsdts has been estimated at each of the
SMOSMANIA sites, using an additive error model, lwd random error component and a constant
bias (to account for systematic differences betwherdata sets). The errors obtained for ASCAT and
SIM are lower than those for SMOSMANIA, likely bersz the truth defined by the three data sets is
more strongly influenced by the common definitidnASCAT and SIM. If the resultant root mean
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square of the random errors are converted intomettic errors based on the range of the
SMOSMANIA soil moisture at each site, the mean noatan square error across the SMOSMAINA
sites was 0.036 Tm* for ASCAT, 0.039 rim® for SIM, and 0.047 fim™ for SMOSMANIA. The
slightly lower estimated error for ASCAT than folMBsuggests that assimilating the ASCAT data
into SIM should improve the SIM near-surface saodlisture.

All of the comparisons above were based on theemeieg pass ASCAT SDS only, following
previous findings that soil moisture derived frohe tascending ASCAT overpass is less accurate.
While comparison of the ascending overpass ASCAS 8the SDS time series from SMOSMANIA
and SIM confirmed the reduced accuracy of the angroverpass ASCAT data, the performance of
the ascending pass ASCAT data was still quite gaod, mean (excluding MTM) correlation and
anomaly correlation were 0.71 and 0.62 respectif@iyhe SMOSMANIA time series, and 0.65 and
0.56, respectively for the SIM time series (allretations were significant). Based on these fingljrig

is recommended that the SDS data from the descgACAT overpass be used in preference to the
ascending observations (as has been done for $imaikesion experiments presented here). However
for applications where more frequent data are reduthe ascending overpass ASCAT data are
sufficiently accurate that they may still be useful

Additionally, the impact of updating the changeea¢ion model parameters for retrieving the SDS
from ASCAT backscatter observations to use modedrpaters calculated from ASCAT observations,
rather than older ERS-derived parameters has asn lkexamined. The results indicated that the
updated ASCAT(ASCAT) retrieval method provides aeacl improvement over the older
ASCAT(ERS) method, with improvements in the dynamsinge, short-term variability, and spatial
coverage (associated with the increased resolutitiie retrieved observations.

The strong temporal association between the SIM ABGAT near-surface soil moisture that was
observed at the SMOSMANIA sites occurs consisteatiyoss France. The correlation and anomaly
correlations between SIM and ASCAT near-surfacémoisture were significant at nearly all of the
SIM model grids, and the correlations were conststehigh, with mean values of 0.68 and 0.61,
respectively. Since the SIM and ASCAT soil moistare derived using totally independent methods,
the high level of agreement between them is vemyngt evidence that both detect accurate near-
surface soil moisture dynamics. This strong agregrakso supports the assimilation of ASCAT into
SIM, since it indicates that both soil moisturdraates are detecting similar physical processes.

Finally, the ASCAT soil moisture data were assitadhinto the SIM model over France, from
January 2007 to April 2010. The assimilation wasfgrmed with a Simplified EKF, since
preliminary tests with more sophisticated techng(@n EKF and an Extended Kalman Smoother) did
not yield better results, and the positive resoitiained here indicate that the SEKF is sufficiehihe
impact of the assimilation on the model skill wassessed principally by testing whether the
assimilation improved the simulations relative texperiment in which SIM was forced with higher
quality forcing (SIM_DEL). The forcing used in thessimilation experiments (SIM_NRT) was
already very accurate, making this an ambitiousbenark for assessing the ASCAT observations,
and any improvements obtained here would likelymhesh greater for a land-surface model forced
with lesser quality forcing, for example from an ®Wkhodel. Additionally, the temporal variability in
the soil moisture from SIM_DEL and SIM_NRT was vesiymilar, and the greatest differences
between the two were due to the gradual accumuladioforcing errors in the SIM_NRT soil
moisture. Most notably, there was a significantaieg bias in the SIM_NRT precipitation forcing of
-16.8 mm montH, which resulted in a substantial negative biah@soil moisture. Consequently, the
impact of the assimilation has principally beenddsby examining whether it corrected this soil
moisture bias.

In this respect assimilating the ASCAT data way werccessful, and the assimilation reduced the bias
in the simulated root-zone soil moisture at 89%gudfls for which ASCAT data was available,
reducing the mean bias over the domain from -18.37t9 mm (over the last three years of the
experiment). This led in turn to reductions in tiegative bias in run-off (from -2.0 to -1.8 mm muont
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Y, drainage (from -7.3 to -6.0 mm mofjhand evapotranspiration (from -1.2 to 0.4 mm rhdht
The assimilation also reduced the negative biathénriver flow simulations, increasing the mean
discharge ratio at 907 stations across France D@8 to 0.76 , while also increasing the Nash-
Sutcliffe efficiency from 0.62 to 0.68.

While the impact of the assimilation on the modaltistics was in general positive, there is some
evidence that assimilating the ASCAT SDS had toongt a tendency to add moisture to the model
surface, and that the ASCAT observations may ne¢ lcansistently responded to the same errors that
were indicated by the differences between SIM_NR®@ SIM_DEL. In particular, the assimilation
did not detect the small number of locations whitie soil moisture bias was positive relative to
SIM_DEL, and there were several examples at th&@ SMANIA sites where the assimilation did not
respond to the presence of positive biases in SIRIT.NAdditionally, the fact that the assimilation
improved the model statistics (relative to both Sl dOSMANIA observations and SIM_DEL) at
MTM, despite the poor quality of the ASCAT data rihehighlights that it is possible for the
assimilation to improve the modeb by improving the biases, even if ASCAT has liikall. 1t is
possible that in these experiments assimilatingABEAT data had a tendency to add moisture for
some other reason (perhaps associated with the l@@€hing technique), and that it was simply
chance that this addressed the negative bias¢isedia SIM_DEL.

The limited impact of the assimilation on the modelalso highlights a weakness in the SIM model
for use in near-surface soil moisture assimilatibhe assimilation is based on the assumption that
errors inw; are largely due to errors isp, andw,is then corrected on this basis. However, in ISBA
has a limited memory, and the errorsvin(detected by ASCAT) are as likely caused by ermothe
model forcing as by preexisting errors in the mostEl moisture (in any layer). Despite this, the
assimilation is still successful, since the errgemerated ino; and o, from incorrect forcing are
usually strongly correlated. However, the assitiofa can easily over-correeb,, and it is also
susceptible to the accumulation of large updates,tavhen the assimilated observations are biased,
since there is often little feedback fraspin thew; forecasts to prevent this.

Despite these uncertainties, the balance of evelenggests that assimilating the ASCAT SDS had a
greater tendency to improve, rather than degrdaeniodelw, relative to SIM_DEL, since it has
improved the absolute fit (as measured by the RMi&#ween SIM_NRT and SIM_DEL at 69 % of
the model grids for which the ASCAT data were afai. This suggests that more often that not
ASCAT can accurately detect the errors in SIM_NREogiated with errors in the NRT forcing.
Combined with the previously discussed comparigonthe SMOSMANIA observations and SIM
near-surface soil moisture these results providengtsupport for the accuracy of the ASCAT SDS
data.

Finally, the results of this work highlight thatdmplogical models can be useful tools for assessing
novel remotely sensed soil moisture. Models cawnigeoan indication of the accuracy of the remotely
sensed data at the continental scale, which ispossible with in situ observations. Additionally,
assimilating the soil moisture data into modelswad the data to be assessed through examining its
impact on other variables, including variablesvigrich observations are available at the continental
scale. In this experiment, the bias in the preafmih was amplified in the simulated drainage and
runoff forecasts (relative to the net flux for eaetiable), making the river discharge an idealalde

with which to test whether the assimilation carreor for precipitation errors. It is recommendedtth
this work be extended to also assess the impaassmilating the ASCAT SDS against observations
of river discharge.
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