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ECMWF operational EKF soil moisture analysis SECMWF

Abstract

A new land surface analysis system based on a simplified-pog® Extended Kalman Filter (EKF)
was implemented at ECMWEF in the global operational Intesgt&orecasting System (IFS) in Novem-
ber 2010. This system will allow consistent and optimal ge@s of land surface parameters like soil
moisture, soil temperatures, snow and vegetation praerAs part of the system implementation
the surface analysis structure has been revised to pernnitd@pendent and parallel computation
with the upper-air 4D-Var analysis. The new analysis systeosed for the soil moisture analysis,
replacing the previous Optimum Interpolation (Ol) scher8@nilar to the Ol system, the simpli-
fied EKF uses 2-metre air temperature and relative humidigeovations from the SYNOP (land
surface synoptic report) ground based networks to analyisensisture. This paper describes the
new land surface analysis, its application for analysirigreoisture, and initial verification results
that supported its operational implementation at ECMWFe parformance is evaluated based on a
set of one-year analysis experiments. The simplified EKmared to the Ol, on soil moisture,
2m temperature and relative humidity, showing a consisteptovement on screen level parameters
and soil moisture forecasts. To demonstrate the poterftthleonew analysis scheme soil moisture
derived from ASCAT (Advanced Scatterometer) has been daséd through the simplified EKF.

1 Introduction

It is widely recognised that land surface processes deteritiie lower boundary conditions of the at-
mosphere and the partitioning of energy between sensilldasent heat fluxesHntekhabi et a).1999
Koster and Suarez1992 Sukla and Mintz 1982. In climate models and in Numerical Weather Predic-
tion (NWP) models, surface-atmosphere interaction pseEeare represented by Land Surface Models
(LSMs). LSMs have been improved considerably in the last iwoades. Nowadays LSMs repre-
sent exchanges of water and energy through the soil-ptemisphere continuum with a good con-
sistency between land surface fluxes and soil moistBeds@mo et a).2009 de Rosnay et a120032).
Some LSMs also represent river routing, as part of the cental branch of the hydrological cycle
(Decharme and Douville2006 or account for interactions between hydrology, vegetafibenology
and carbon cyclerinner et al, 2005.

Land surface initialisation is of crucial importance for NMASoil moisture in particular was shown by
a number of studies to have a significant impact on weathec#st skill at short and medium range
(van den Hurk et aJ.2008 Drusch and Viterbp2007, Beljaars et al.1996 as well as at seasonal range
(Weisheimer et a].2011; Koster et al., 2011, 2004). As shown byMahfouf (1991), near surface mete-
orological observations of 2-metre temperature and v&dtumidity, which are measured routinely by
the SYNOP (land surface synoptic report) operational nekywean be used to infer realistic soil mois-
ture estimates. The first soil moisture analysis system fm@eoperational NWP was implemented by
the European Centre for Medium-Range Weather Forecastg\{lHE) in 1994 to prevent the LSM from
drifting to dry conditions in summer. It was based on a nuggipproach that corrected soil moisture
using lowest atmospheric level specific humidity analyséments.

In 1999, an Optimum Interpolation (Ol) soil moisture an@ysas implemented operationally at ECMWF
to replace the nudging schemddhfouf et al, 2000. The Ol soil moisture analysis relies on the fact
that soil wetness and 2-metre temperature (relative htyhidirors are assumed to be negatively (pos-
itively) correlated. Therefore the 2-metre analysis inteats of temperature and relative humidity are
used as input for the Ol soil moisture analydidahfouf et al, 2000. The Ol soil moisture analysis
was used in operations at ECMWF from July 1999 to Novembef20twas used for the ECMWF
re-analyses ERA-40Jppala et al.2005 as well as in the current ERA-InterinDée et al. 2011). An

Ol soil moisture analysis is also used for operational NWRIatéo-France Giard and Bazile2000
and at Environment CanadBélair et al, 2003, as well as in the High Resolution Limited Area Model
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(HIRLAM, Rodriguez et aJ2003. Drusch and Viterb@2007) showed that the OI soil moisture analysis
scheme based on screen level parameter information imptbeeooundary layer forecasts skill, but not
the soil moisture analysis in which errors are allowed taaudate. In addition "the Ol technique is not
flexible enough to easily account for new observation tygethfouf et al, 2009.

A number of studies were conducted in recent years to iryagstithe relevance of using variational and
Kalman Filter approaches to analyse soil moisture. The @eriWeather Service (Deutscher Wetter-
dienst) implemented in 2000 a simplified Extended KalmateF{(EKF) soil moisture analysis using
screen level parameters informatiddess 2001). They proposed an approach to explicitly compute
Jacobians in finite differences based on perturbed sinonkati Based on this approach Météo-France
developed an offline simplified EKF to analyse soil moisturéhe SURFace EXternalized system used
for research applicationdfahfouf et al, 2009.

Mahfouf (2010 evaluated on a four-week period the impact of ASCAT (Adeh&CATterometer)
soil moisture data assimilation in a simplified EKF in a reskéranch of the the limited area model,
Aire Limitee Adaptation Dynamique developpement Intéioreal (ALADIN/France) 3D-Var assimila-
tion system. He showed a mitigated impact, positive onikgdtumidity and negative on 2-metre tem-
perature. Further studies were conducted to investigateigh of satellite data to analysis soil moiture,
using a range of approaches based on simplified H)&er et al.2011) or the equivalent simplified
2D-Var Balsamo et al(2007), as well as EKF and Ensemble Kalman FilRegichle et al(2008 2002).

In the framework of the European Land Data Assimilation 8yst (ELDAS, van den Hurk 2002, and
based on the approach proposed Hggs 2001), ECMWF developed a point-scale simplified EKF to
analyse soil moistureSeuffert et al.2004). Based on local scale analysis experiments using the S8wuth
Great Plains (SGP) 1997 field experiment dateSsatffert et al(2004) showed that the Ol and the EKF
soil moisture analysis give similar results when they batk screen level parameters. They showed
that the simplified EKF allows to combine screen level patensewith passive microwave brightness
temperature data to analyse soil moisture.

The ECMWEF simplified EKF was implemented to analyse soil tuoéesat global scale in the research
version of the Integrated Forecasting System (IFSDbysch et al.(2009. Preliminary experiments
were conducted to compare the Ol and the simplified EKF toyaradoil moisture at global scale. To
ensure a fair comparison between the Ol and the simplified, Bi€analysis was set up to use 6-hour
assimilation windows that match the Ol analysis at fixed gyicatimes. Although experiments were
conducted for a relatively short 1-month period (May 2007 at coarse resolution (125km), results
showed that the EKF analysis (i) provided lower analysisements, which were found to be more
realistic, (ii) provided different amplitudes of the gaior the different soil layers, which are in better
agreement with the physics governing the key hydrologicat@sses, and (iii) showed a neutral impact
on the global mean 2-metre temperature first guess. Howtingegomputational costs in that specific
experimental set up were three orders of magnitudes langerfor the Ol making the surface analysis
almost as expensive as the upper air 4D-var analysis. Sme&\aanced and flexible surface analysis
system, which can make optimal use of current and futurdlisateperations, has been considered an
important development of the IFS the surface analysis stredas been revised to separate the surface
analysis from the upper air analysis.

This paper presents the operational implementation of éwe surface analysis in the Integrated Fore-
casting System, including the simplified EKF based soil tuogsanalysis and the revised structure of the
surface analysis. Results for the performance analysivexification are presented for a set of one-year
long analysis experiments. The forecast scores of atmadsgdred soil moisture variables is investigated.
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The capabilities for the inclusion of novel observationgy|is demonstrated using soil moisture data de-
rived from the ASCAT sensor.

Section2 describes the ECMWEF land surface analysis system. Suisablees of data that can be used
to analyse soil moisture are discussed. The ECMWF land daiendation system and the simplified
EKF used to analyse soil moisture are presented, includirgoperational implementation. Section
3 describes numerical experiments conducted to evaluatsitmgified EKF over a one-year period.
Section4 presents the results and discusses the impact of the sedpiKF on soil moisture and low
level atmospheric forecasts. Conclusions and perspscireegiven in the final section of the paper.

2 The ECMWF Land Surface Analysis System

2.1 The Land Surface Model HTESSEL

In the operational IFS, land surface processes are repeesby HTESSEL (Hydrology Tiled ECMWF
Scheme for Surface Exchanges over Lafhlsamo et a).2009. HTESSEL represents soil moisture
vertical movements using equationsRithards (1931). The soil column is discretised on four layers
of thicknesses of 0.07, 0.21, 0.72 and 1.89m from top to batt€ompared to the previous TESSEL
LSM (Viterbo and Beljaars 1995 used operationally at ECMWF until November 2007, HTESSEL a
counts for global soil texture, based on the FAO (Food andciure Organization) Digital Soil Map.
For each model grid point, dominant soil texture is used findesoil hydraulic properties that control
vertical movements of water in the soil. In addition a vaeainfiltration capacity was introduced to
represent the fast component of surface runoff in Novem0@9 2as described iBalsamo et al(2009).
The HTESSEL soil moisture parameterisation improved bogh2tmetre temperature and soil moisture
analysis. H-TESSEL also accounts for vegetation sub-gadksvariability, based on Global Land Cover
Characteristics (GLCC) data. In November 2010, H-TESSE& fuather improved to account for the
Leaf Area Index seasonal cydBoussetta et a(2011) using a satellite-based monthly Leaf Area Index
climatology.

The experiments conducted in this paper use the IFS cycle 86plemented in January 2010. A de-
tailed description of HTESSEL, as used for this paper, isgim ECMWF (2010.

2.2 Sources of data suitable for soil moisture analysis

Most of current operational soil moisture analysis systeefs on analysed screen-level variables (2-
metre temperature and relative humidity). In the abseneenefr-real time global network for providing
soil moisture information, using screen-level data is thly source of information that has been contin-
uously available in real time for NWP soil moisture analysistems. As shown Hyouville et al (2000
andMahfouf (1991), screen level parameters provide indirect, but relevafiorination to analyse soil
moisture. In the past few years several new space-bornewage sensors have been developed that
give a more direct information on surface soil moisture.

The European Space Agency (ESA) Soil Moisture and OceaniyglEMOS) mission was launched in
2009 Kerr et al, 2010. Based on L-band passive microwave measurements, SM@8 gt mission
dedicated to providing information about soil moisturebgltly at about 40km resolution. SMOS bright-
ness temperatures have been monitored at ECMWEF in neaimeesince November 2010, as described
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by Mufioz Sabater et a(2011). Using the Community Microwave Emission Modele(Rosnay et gl.
2009 Drusch et al.2009), simulated brightness temperatures are compared withrnadd SMOS data
and statistics are produced in near-real time. The futur&NSMAP (Soil Moisture Active and Pas-
sive) mission, planned to be launched in 2014, will combiogva and passive L-band microwave
measurements to provide global soil moisture and freeme/thtate at high resolution (about 10km)
(Entekhabi et a).2010. It will ensure a good continuity with the current SMOS arighhresolution
products from SMAP are expected to be relevant for NWP agiidins.

The C-band active sensor ASCAT on MetOp was launched in ZD8& EUMETSAT (European Organ-
isation for the Exploitation of Meteorological Satelli}f@sSCAT surface soil moisture product is the first
operational soil moisture produdddrtalis et al.2007). It is available in near-real time on EUMETCast
(which is the EUMETSAT near-real time dissemination sygtand it has been monitored operationally
at ECMWEF since September 2009. The near-real time and opeabivailability of the ASCAT saoll
moisture product makes it possible to use it for a large rafge/estigations in hydrologyXraper et al.
2011, Brocca et al.2010 and soil moisture data assimilation for NWP and climate et®ahitialisation
(Mahfouf, 2010. At the United Kingdom Meteorological Office (UKMORharssi et al(201]) inves-
tigated ASCAT surface soil moisture data assimilation gigirsimple nudging scheme, as already used
at the UKMO to analysis soil moisture from screen level patars information. They showed that
assimilating ASCAT data in addition to screen level infotima in their nudging scheme, improves soil
moisture analysis and forecasts scores of screen levehpéges in the tropics, in Australia and in North
America. Based on their positive evaluation results ASCAIT moisture nudging was implemented in
operations in July 2010 at the UKMO. However since theirragation system is based on a nudging
approach, it will be difficult to combine different types diservations optimally.

At ECMWEF Scipal et al(2008 also investigated the impact of ASCAT soil moisture datimgation

in a simple nudging scheme. They showed that, compared tmduel “open-loop” (without data as-
similation), ASCAT soil moisture data assimilation impesvthe model soil moisture and screen level
parameters. However they found that compared to the Ol soiftore analysis, ASCAT soil mois-
ture nudging scheme has a slightly negative impact on thesgiheric forecasts. This due to the fact
that the Ol analysis was specifically designed to corredaserheat fluxes and screen level forecasts
Drusch and Viterb@2007); Mahfouf et al.(2000. So,Scipal et al(2008 recommended using ASCAT
data in an EKF analysis to account for observation errorstammgptimally combine ASCAT data with
screen-level information.

2.3 ECMWEF Land Data Assimilation System

The ECMWEF operational suite relies on an early delivery gurfition that was implemented in 2004,
as described iflaseler2004). Figurel gives a schematic representation of the current surfadgsisma
structure in the ECMWF operational suite. The early dejiamalyses (Figuré, a) are produced twice
daily with an about 4-hour cut-off time for observations. eyhuse 6-hour data assimilation windows
from 0900 UTC to 1500 UTC and from 2100 UTC to 0300 UTC, redpelst They are used to initialise
the 10-day forecastsi@seler 2004).

The early delivery analyses rely on a delayed cut-off amglggstem, which is based on two 12-hour
data assimilation windows (two cycles) per day, perforntedif2100 to 0900 UTC and from 0900 to
2100 UTC, respectively. Delayed cut-off analyses are ruh wil4-hour cut-off time for observations
that allows to use more observations than in the early dgli@ealyses. For each analysis cycle, a short
15-hour forecast initialised from the delayed cut-off sgyprovides the background information for the
next cycle of both delayed cut-off and early delivery anesysThe short forecasts ensure the information
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(a) Early Delivery Configuration of the ECMWF operational suite
implemented in 2004 (from Haseler, 2004).
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(b) Analysis tasks (example for the 0900 UTC to 2100 UTC 12h window).
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(c) Dependencies between surface analysis tasks

Figure 1: Operational Early delivery suite (a), frortaseler(2004 and surface analysis implementation (b and
c) within the Early delivery suite.
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propagation from cycle to cycle and they are used to inselhe early delivery analyses of the next cycle
(Haseler2004).

The ECMWEF land data assimilation system includes the aeslg$ screen-level parameters (2-metre
temperature and relative humidity), snow depth, soil nuoéstsoil temperature and snow temperature
(see Figurdl, b) . Land surface analysis is performed separately fronupiper air atmospheric analysis
(4D-Var). The upper-air analysis and the land-surfaceyseal are used together as initial conditions for
the first guess and the 10-day forecasts. So, the surfacgsenfidedbacks the upper-air analysis of the
next cycle through its influence on the short forecast thapagates information from one cycle to the
next (see Figurd b,c). Reciprocally, the 4D-Var influences through the finseégs forecasts the land
surface analysis from one cycle to the next. The Ol analy§assreen level parameters, snow depth,
snhow and soil temperature are performed at synoptic timéispes per day at 0000, 0600, 1200, and
1800 UTC. The simplified EKF uses the window as the 4D-Var.

2.4 ECMWEF simplified EKF soil moisture analysis

The simplified EKF implemented at ECMWF to analyse soil moistis a point wise data assimila-
tion scheme. Following the notation tife et al. (1997), the analysed soil moisture state vectéris
computed at timg for each grid point as:

XA(ti) =X°(t) + Ki [y°(ti) — i (X°)] @y
with superscript®, b, o standing for analysis, background and observations, cgply. x is the model

state vectory is the observation vector an#” the non-linear observation operator. The Kalman gain
matrix K; is computed at timg as:

“1
K= [B—1+HiTR—1Hi] HTR! )

whereH; is the linearised observation operatdiis the approximate background error covariance matrix
associated witlx andR is the observation errors covariance matrix.

As described iDrusch et al(2009 the background error covariance matBxand the observation error
matrix R are static, with diagonal terms composed of error varianddsese terms are based on soil
moisture standard deviatias, equal 001m®m~3, screen levels parameters standard deviaiignequal

2K for the 2-metre temperature amgy equal 10% for the relative humidity. However, the system can
accommodatdr and B matrixes that are variable in space and time to allow an @ituse of error
structures in the model and the observations.

The linearisation of the observation operator is computduhite differences, by using individual pertur-
bations of the model state vector by a small amaugtof the n® component of the model state vector.
One perturbed simulation is required for each element ofctherol state vector. For each perturbed
simulation, the initial background state vector is perarby a vectodx® that contain®x, for the per-
turbednt" element and zero for all the other elements. Using indéa represent thet" element of the
observations vector, the Jacobian eleméhts ; of the observation operator at tihecan be written as:

Hmi (X2 + OXB) — i (XP)
OXn

3)

|'|mn7i =
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The model state vector evolution from tirgeto timet; 1 is then defined as:
XO(ti1) = 4 (L)) (4)

with .# the non-linear forecast model. Followi@yusch et al(2009 the soil moisture perturbations
were set to M1m*m3,

In the current operational system, the state vector corshbihe soil moisture and it has dimension
Nmax = 3 since the first three layers of the HTESSEL LSM are analysHte observations vector
includes the 2-metre temperature and relative humidityyaea. When 12-hour assimilation windows
are usedy has dimensiom,ax = 4 since 2-metre temperature and relative humidity analgsesvail-
able twice per assimilation window, at synoptic times, asitated in Figurd.. Itis the small dimension
of the state vector that makes the method viable. Its adgarnigathat no adjoint and tangent linear model
is required.

It is also possible to simultaneously assimilate screeeatlebservations and satellite data such as AS-
CAT surface soil moisture or SMOS brightness temperatuodymts. In this paper, preliminary results
of ASCAT data assimilation in the simplified EKF are presdratong with screen level parameters as-
similation results. Although ASCAT is not used in operasidhis aims at showing the feasibility of
combining screen level and satellite information in the tiredriate simplified EKF. For ASCAT data
assimilation, ASCAT soil moisture standard deviation weférebd to be twice larger than the background
soil moisture error.

2.5 Discussion on the simplified EKF implementation

Although the Ol soil moisture analysis that was used in dpmra before the simplified EKF is limited
in terms of both performance and flexibility in its use of difint types of data, the Ol system has the
advantage of being simple and computationally inexpensieany resolution the Ol CPU (Central
Processing Unit) time consumption remains negligiblegiag from about 3 seconds CPU at 125 km
(T159) to 20 seconds CPU for a 25 km resolution (T799) - no¢ @i computing times given in this
paper are based on the IBM power 6 High Performance CompEtdity used at ECMWF. In previ-
ous versions of the IFS (until IFS cycle 35r2) as useDiinsch et al(2009, van den Hurk et ali2008),

van den Hurk (2002, the surface analysis was performed after the 4D-Var upjpeanalysis. The sur-
face analysis used the observations from the upper-aiysinalbservations data base and some of the
surface analysis input fields (10-metre wind componentsadineldo) were outputs from the upper-air
analysis. Hence, the surface analysis had to wait for them@ip analysis to be completed. As a con-
sequence the surface analysis had only a very limited tinie tcompleted and only very simple land
surface analysis systems were affordable for operations.

The simplified EKF is far more expensive than the Ol to anadgskemoisture. For a resolution of 125km
its time consumption is close to1®? seconds CPU. At 80km resolution (T255) it increases fodPU
seconds and it is close tol®® CPU seconds (one fifth of the 4D-Var time consumption) at 25&s0-
lution (T799). In order to prepare the implementation of &~ soil moisture analysis, a new surface
analysis structure were implemented operationally in &aper 2009. The new structure removed any
direct dependency between the surface analysis and the-ajpgd-Var analysis. The observational de-
pendency was resolved by creating a new observation datadealicated to surface analysis. The field
dependency issue was resolved by using, as input of the lafate assimilation system, the first guess
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fields instead of the upper-air analysis output fields. Bseedlie new surface analysis and the upper-air
analysis are separated they can be run independently obéaehusing the available CPU time in each
analysis cycle more efficiently.

The new surface analysis structure enabled the operatimmé&mentation of the simplified EKF soll

moisture analysis in November 2010. The simplified EKF isduseoperations at a resolution of 16
km (T1279), using the same number of processors and threatie apper-air analysis. In this config-
uration, the soil moisture analysis based on the simplifiké Eakes a wall-clock time of 750 seconds
(7.10° CPU seconds) and finishes before the the upper-air analysis.

3 Experiments

To evaluate the performance of the EKF soil moisture amglifgiee analysis experiments were con-
ducted at 80km resolution (T255) over a one-year periodnféd December 2008 to 30 November
2009: (i) The “OI” experiment represents the control. Thes@l moisture analysis uses the increments
of the screen-level parameters analysis as input and atitally based gain matrix. It represents the
operational soil moisture analysis configuration that wsedun operations at ECMWF from July 1999
to November 2010 and describedNtahfouf et al.(2000. (ii) The “EKF” experiment uses a dynamical
gain matrix obtained with the simplified EKF described in ginevious section, in which the analysis of
screen-level parameters is used as proxy information fibrsaisture. (iii) In the “EKF+ASCAT” ex-
periment, the screen-level parameters analysis is usethiemgwith the ASCAT soil moisture data in the
multi-variate simplified EKF. In this “EKF+ASCAT” experinmé, ASCAT soil moisture data is matched
to the ECMWEF IFS model soil moisture using a Cumulative Ohsttion Function (CDF) matching as
described irScipal et al.(2008. The first demonstration of the impact of using a nudgingesuh to
assimilate ASCAT data has already been performed®&bipal et al.(2008. They showed, however,
that compared to the Ol system, using scatterometer dafiatlglidegraded the forecast scores. The
“EKF+ASCAT” experiment, is a preliminary investigation cdmbined screen level parameters and AS-
CAT soil moisture data assimilation in the simplified EKF.

Note that the “OI" and “EKF” experiments only differ in the thed used for the soil moisture analysis.
The key difference between the two approaches is in the Kalgaén matrix computation. The EKF
coefficients are dynamically estimated, so the soil magstanrrections are expected to account for me-
teorological forcing (radiative and precipitation) and saoisture conditions. The “OI” and the “EKF”
experiments use the same observations. The “EKF+ASCATémx@nt uses ASCAT satellite data in
addition to conventional data.

One month of analysis spin-up is considered for the first mohtach experiment, so results presented
here focus on the period January to November 2009.

4 Results and discussion

4.1 Soil Moisture increments

Figure 2 shows monthly accumulated soil moisture increments forfitisé metre of soil for January
(left) and for July (right) 2009 for the Ol (top panel) and giified EKF (middle panel) experiments,
and their difference in absolute value (bottom panel). huday, the Ol and the simplified EKF analysis
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Figure 2: Soil moisture analysis increments, in mm, accateal for January (left) and July (right) 2009 for the
Ol experiment (top), the simplified EKF experiment (middled difference of absolute values of soil moisture
increments of the simplified EKF and the Ol experiments @)t

increments present similar spatial patterns, with pasiticrements over India, west Africa, Argentina,

south-east Australia and negative increments in North AgaeHowever increments are much reduced
with the simplified EKF compared to the Ol. In July, soil maig increments are larger than in January
in the northern hemisphere. Comparison between Januarjuiydhows that the analysis is most active
in the summer hemisphere, due to stronger coupling betwakemsisture and screen level in summer

conditions. In July increments are generally positive instrexeas for both the Ol and the simplified

EKF. However, negative increments are found in Argentinaska and north east of America. Both in

January and in July, the simplified EKF reduces the soil mogsanalysis increments compared to the
Ol scheme.

Figure3 shows the difference of absolute values of soil moisturesiments between the simplified EKF
and the Ol for the top soil layer (0-7cm), the middle laye2@tm) and the bottom layer (28cm-100cm).
Analysis increments of the simplified EKF are much reducadgared to those of the Ol in the second
and third soil layers. The Ol increments are large in the despil layers because they are computed in
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N I
-150 -20 -5 0 5 20 150

Figure 3: Difference of absolute values of soil moistureémeents, in mm accumulated for July 2009, between the
simplified EKF and the Ol experiments for the top soil mosstayer (0-7cm, top), second layer (7-28cm, middle)
and bottom layer (28-100cm, bottom).
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Global Soil Moisture Increments (top meter of soil)
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Figure 4: Temporal evolution of soil moisture incrementghia first metre of soil (global mean value) in mm of
water per month from January 2009 to November 2009, prodbgehle Ol and the simplified EKF.

volumetric values for the surface soil layer and simply @ted into water equivalent according to the
different soil layer thicknesses. For the Ol, this leadsricealistically large increments in these layers.
The simplified EKF soil moisture increments result from theabians computation (Equati@hwhich

is performed separately for each analysed soil layer. Toehlans account for the weaker relationship
of the screen level parameters with deep soil moisture thmthae surface soil moisture layer that con-
tains most of the roots. This explains the large reductioanaflysis increments in the third layer. In
contrast soil moisture increments are larger at the susaitethe simplified EKF than with the Ol. So,
compared to the Ol system, the simplified EKF has a differentical distribution of the soil moisture
increments, with larger increments near the surface, atitig a relatively stronger coupling between
surface soil moisture and atmosphere.

Figure4 shows the annual cycle of the global mean soil moisture mergs for the Ol and simplified
EKF experiments. It shows that the soil moisture incremehtke Ol scheme systematically add wa-
ter to the soil, as discussed in the pastvay den Hurk et al(2008. The global mean value of the Ol
analysis increments is 5.5 mm per month, which representbstantial and unrealistic contribution to
the global water cycle. In contrast the simplified EKF globaan soil moisture analysis increments
are much smaller, representing global mean incrementssai@ per month. The reduction of incre-
ments between the simplified EKF and the Ol is mainly due tog¢laction in increments for the deeper
soil layers. The Ol increments computed for the first layeranplified for deeper layers in proportion
to the layer thickness, explaining the overestimation ofr@tements. In contrast the simplified EKF
dynamical estimates, based on perturbed simulationsy éle optimising of soil moisture increments
at different depths to match screen-level observationsrdogy to the strength of the local and current
soil-vegetation-atmosphere coupling. The simplified EK&ves for additional controls due to meteo-
rological forcing and soil moisture conditions. So, it peats undesirable and excessive soil moisture
corrections.

4.2 Impact on soil moisture analysis and forecast

Soil moisture analysis and forecasts were evaluated foember 2008 to November 2009 against the
12 SMOSMANIA (Soil Moisture Observing System - Meteorologli Automatic Network Integrated
Application) ground stations of Météo-Franc&lifergel et al, 2008 Calvet et al. 2007). The SMOS-
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Table 1: Mean correlation values, for December 2008 to Ndx&an2009, between ECMWF soil moisture and
SMOSMANIA ground data, for the Ol and the EKF experimentghanalysis, 24-hour and 48-hour forecasts.

Experiment | Analysis 24-hour forecast 48-hour forecast
Ol 0.80 0.72 0.72
EKF 0.84 0.77 0.77
EKF+ASCAT 0.84 0.78 0.77

MANIA network is located in south west France. It spans mbiant3.5 in latitude between 0.8%V
and 2.96E and I in latitude, between 43.15l and 44.18N. A large diversity of weather and ground
conditions occur for the SMOSMANIA network, from oceaniaddion in the western part to Mediter-
ranean conditions in the south east part of the network. B&SVIANIA is very useful for evaluating
soil moisture products (e.gAlbergel et al, 2012 Parrens et al201Q Albergel et al, 2010.

Table 1 shows mean correlation values between ECMWF surface sadtune and ground data over
the SMOSMANIA network, for the analyses, 24-hour and 48+Hovecasts for the “Ol", “EKF” and
“EKF+ASCAT” experiments. This table shows that both soiligtiare analysis and forecasts are in very
good agreement with the ground data. Mean correlation fothanalysis is 0.8. It is improved to 0.84
when the simplified EKF is used. Using ASCAT soil moistureaddEKF+ASCAT"”) does not improve
the correlation with the ground data. Forecasts scores-abgdrange are degraded compared to the
analysis, they still indicate that using the simplified EKfalysis improves the agreement with ground
data, with mean correlation value of 0.77 for the “EKF” expemt. The decay in correlation values
in the short range forecast (e.g. 0.84 to 0.72 in the first@4-fior the “EKF” experiment) is related
to the rapid decrease in precipitation scores in the shoged.opez, 2011). While precipitation data
assimilation leads to significant improvements in the figthburs of the forecast, this improvement
vanishes for ranges beyond 24 houopez (2011). In contrast it is interesting to notice that the impact
of the simplified EKF on the soil moisture forecast is peesisbetween 24-hour and 48-hour forecasts.
This highlights the complementarity of combined precipita and soil moisture data assimilation. This
may be even more important for longer assimilation winddveg bne now is being investigated for the
4D-Var atmospheric analysis.

Figure5 shows the impact of the soil moisture analysis scheme on8Hwdr forecast soil moisture of

the first soil layer for all three experiments. It confirmsttB&MWF soil moisture 48-hour forecast is
generally in good agreement with ground observations, migan correlations higher than 0.7 in any
configuration of the soil moisture analysis. With the OIl, E®®A 48-hour forecast correlation with

ground data is lower than 0.7 for three stations (out of 1R)cdntrast, correlation lower than 0.7 is
obtained only for two stations with the simplified EKF.

For seven stations, correlation between ECMWF 48-houctsteand soil moisture observation is equal
or higher than 0.8 when the simplified EKF is used, with or aithASCAT assimilation. Correlation
value higher than 0.8 is obtained for only one station in thed@figuration. Figures shows a scatter
plot of correlation values obtained for the EKF and EK&ASCAT against the Ol configurations. These
results show that using the simplified EKF instead of the @esee to initialise soil moisture conditions
improves significantly the soil moisture forecasts perf@nces, leading to a remarkable agreement be-
tween ECMWEF soil moisture and ground truth.

Results obtained from the “EKF+ASCAT” experiment show thaing ASCAT does not improve the
performance of the soil moisture analysis significantlythie experiment where ASCAT data is assimi-
lated, soil moisture data has been rescaled to the modehs@ture climatology using a CDF matching,
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Evaluation of 48-hour Soil Moisture Forecast

SBR URG CRD PRG CDM LHS SVNMNT SFL MTM LZC NBN
Name of the SMOSMANIA Ground Station

Figure 5: Correlation values between 48-hour forecasts GMBVF soil moisture for the 12 stations of the SMOS-
MANIA network (Soil Moisture Observing System - MeteoliciigAutomatic Network Integrated Application) in
Southwest of France, for the Ol, the EKF and EKASCAT configurations of the soil moisture analysis.

as described iscipal et al(2008. The matching corrects observation bias and variancein$loe data
assimilation scheme only the observed ASCAT soil moistagability is assimilated. In FigureS
ande6, the impact of ASCAT data assimilation might be limited bytbthe quality of the current ASCAT
product and the CDF-matching approach used in the assionilatheme. EUMETSAT recently revised
the processing of the ASCAT soil moisture product to redieeASCAT product noise level. Future
experiments using an improved CDF-matching, with HTESS&tected from precipitation errors, and
improved data quality are expected to enhance the impading ASCAT soil moisture in the data as-
similation.

To investigate the ability of soil moisture forecasts totoag small time scale soil moisture variations,
soil moisture anomaly time series, based on a 5-week movindow, as described iAlbergel et al.
(2012, were evaluated. While correlation of soil moisture tinsesies are, to a large extend driven by
the annual cycle, anomaly correlation values relate theaagent of soil moisture short term variability.
Results of soil moisture forecasts anomaly time serieslaitin against ground data are presented in
Figure 7 for winter (December, January, February), spring (MarchrilAMay), summer (June, July,
August) and autumn (September, October, November). Cadpar Figure6, Figure 7 shows that
anomaly correlation values are generally lower than catia values. It also shows that the impact
of the EKF is less important on anomaly time series than omi@neycle time series, with most of the
point very close to the median line, indicating a rather rauinpact in terms of soil moisture anomaly
time series improvements. Largest improvement of the EKRpared to the Ol is obtained in summer
(triangles) for a total of six stations.

4.3 Impact on the 2-metre temperature first guess and forecés

Figure8 shows, for July 2009, the global impact of the EKF on the 2renetmperature first guess for all
the synoptic times (00 UTC, 06 UTC, 12 UTC, 18 UTC). The EKHF smisture analysis scheme slightly
improves the 2-metre temperature scores by consisterdlycieg the root mean square error (RMSE)
of the first guess from 2.2 K for the “Ol” experiment to 2.17 K the “EKF” experiment. This figure
shows that the first guess error is largely affected by a dlurycle which is related to (i) the spatial
distribution of the SYNOP reports, with more observatiom€Europe than in other continents and (i)
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Figure 6: Comparison of the 48-hour forecast soil moistueefprmance for the EKF against the Ol configurations
of the soil moisture analysis. As in Figusg performance is quantified as the correlation betweendhectst and
ground observations. Each point represent correlatioruealobtained for a SMOSMANIA station for December
2008 to November 2009. Comparison between EKF (EKBCAT) and Ol performances is represented by stars
(diamonds).
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Figure 7: Comparison of the 48-hour forecast soil moisturmmaly performance for the EKF against the Ol
configuration. Forecast performance is quantified by conmgutorrelation values between soil moisture anomaly
times series (base on 5-weeks moving window) between theut8erecasts and ground measurements for each
stations of the SMOSMANIA network and for each season. Saoi#inter (DJF) are represented by starts, in
spring (MAM) by crosses, in summer (JJA) by triangles andiituan (SON) by squares.
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Figure 8: Root mean square difference between 2-metre tetyse observations and model first guess for July
2009, with the Ol (black) and the simplified EKF (red) soil stoie analyses.

Table 2: RMSE and bias of 2-metre temperature (in K) agaif®SP observations at global scale for January to
November 2009 for first guess (FG) and analyses (AN) for thié &8d the "EKF” experiments.

Experimentl RMSE FG BiasFG RMSE AN Bias AN

Ol 2.27 0.50 1.60 0.06

EKF 2.25 0.44 1.60 0.06

the first guess range which is either a 6-hour forecast (BOhUTC and 12 UTC analysis) or a 12-hour
forecast (for the 18 UTC and the 06 UTC analyses). Taldbows 2-metre temperature RMSE and bias
against SYNOP observations, for January to November 2008ilethe simplified EKF has a neutral
impact on the 2-metre temperature analysis, it has a clestiyimpact on the 2-metre temperature
short-range forecast, with first guess 2-metre temper&®MEE being 2.27 K for the "OI” and 2.25 K
for the "EKF”, and bias values of 0.5 K and 0.44 K for the "Ol"cathe "EKF”, respectively.

Figure 9 shows the monthly mean impact of the simplified EKF soil moistanalysis on the 48-hour
forecast of 2-metre temperature at 0000 UTC for January éog July (bottom) 2009. It indicates the
difference in temperature error (in K) between the Ol and EXperiments. Positive values indicate
that the EKF generally improves the 2-metre temperaturectsts compared to the Ol soil moisture
analysis. In most areas the 2-metre temperature errorarger lfor the Ol than for the simplified EKF.
This confirms the positive impact of the simplified EKF soilistare analysis on the 2-metre temperature
forecast at 48-hour range.

5 Conclusions and Perspectives

Although a large number of satellites observations desxqyithe state of the land surface has been avail-
able for decades now, hardly any of this information has hesed in operational analysis systems in an
optimal way, i.e. taking the individual error charactecistinto account. In November 2010 a new sur-
face analysis system based on a simplified Extended Kalntign Wwas operationally implemented in the
ECMWEF Integrated Forecasting System. It is fully flexibletlat new observation types can be easily
integrated and different surface variables, e.g. soil pés soil temperature and snow water equivalent,
could be analysed consistently. The analysis system habdies introduced for the soil moisture anal-
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Figure 9: Monthly mean difference for January 2009 (top) dodJuly 2009 (bottom) between the errors in the
48-hour forecasts (OUTC) of 2-metre temperature (in K) foe Ol and the EKF soil moisture analysis scheme.
The forecasts are verified against the operational analysis
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ysis for the top three soil layers. Compared to the previouscBeme, the EKF is a dynamical scheme
that accounts for non-linear influence of meteorologicatifg and soil moisture conditions on the soll
moisture increments. So, it prevents undesirable and sixeesoil moisture corrections, and reduces the
soil moisture analysis increments. This significantly ioyas the performance of the soil moisture anal-
ysis and forecasts, as verified against independent soditareiobservations. The new analysis scheme
has a moderate impact on the atmospheric scores althoulgghttysimproves the 2-metre temperature
by reducing the cold bias in Europe and Africa. The simplifit- enables the combined use of screen-
level parameters and satellite data, such as ASCAT soiltareislata, to analyse soil moisture. While the
results with ASCAT data assimilation show a neutral impacboth soil moisture and screen-level pa-
rameters, recent improvements in the ASCAT soil moistucglpets and in bias correction are expected
to enhance the impact of using ASCAT in the soil moistureysisl The new land surface analysis struc-
ture and the EKF method open a wide range of further developmessibilities, including exploiting
new satellite surface products, such as SMOS and the futd@PSdata. An extension of the EKF to
analyse additional variables, such as snow mass and viegepairameters, will also be investigated in
the near future.
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