NWP SAF

Satellite Application Facility for Numerical Weather Prediction
Document NWPSAF-EC-VS-014

Version 1.0
18 December 2006

SMOS Community Microwave Emission Model
(SMOS-CMEM)

T.R.H. Holmes
VUA, Amsterdam

%‘ r\‘t’h
—_— XL
(2 FumETSar A ECMWF KNM| ([ METEO FRANCE



SMOS Community Microwave Emission Model
(SMOS-CMEM)

T.R.H. Holmes
VUA, Amsterdam

This documentation was developed within the context of the EUMETSAT Satellite
Application Facility on Numerical Weather Prediction (NWP SAF), under the
Cooperation Agreement dated 16 December, 2003, between EUMETSAT and the Met
Office, UK, by one or more partners within the NWP SAF. The partners in the NWP
SAF are the Met Office, ECMWF, KNMI and Météo France.

Copyright 2006, EUMETSAT, All Rights Reserved.



Final Report for the NWP-SAF Steering Group

SMOS Community Microwave Emission Model
(SMOS-CMEM)

T.R.H. Holme$

18 December 2006

IVUA, Amsterdam



SMOS Model

Abstract

In 2007 / 2008 ESA plans to launch the SMOS (Soil Moisture anda® Salinity) satellite mission. The
passive microwave radiometer will - for the first time evereasnure global microwave emission at L-band,
a wavelength that has a high potential for soil moisture tensensing. Current operational soil moisture
analysis systems rely on 2 m temperature and relative htynatiservations. These schemes are efficient
in improving the turbulent surface fluxes but often fail tqoirave soil moisture itself. To incorporate future
satellite observations over land in surface analysis Bysteew observation operators, i.e. land surface
emission models, have to developed. This report descriteesdmmunity microwave emission model and
presents preliminary research outcomes on the calibrafi@MEM and systematic and random errors of
the modelled first guess.

1 Introduction

From 2007 / 2008 onwards, satellite-borne passive micrewe@gervations at L-band will become available for
the first time ever through ESA's (European Space Agency)Maisture and Ocean Salinity mission (SMOS).
The sensitivity of L-band measurements to soil moisturedegs thoroughly analysed (eldlaby et al.(1986)

and the applicability of soil moisture retrievals has beemdnstrated over the last decades (&agkson et al.
(1999). In recent years, data assimilation studies also demaiest the potential benefit of this observa-
tion type for hydrological modelling. However, due to thekaf measurements covering large spatial scales
the encouraging results were either obtained from obdervatstem simulation experiments (OSSEs; e.g.
Balsamo et al(2006), which make use of synthetic observations, or for fieldezkpents at the local or re-
gional scale (e.geuffert et al(2003, Seuffert et al(2004). Only very few studies have been focussing on
the operational use of L-band observations in numericativeegrediction (NWP) applications.

Reichle and Koster(2005 assimilated global Advanced Microwave Scanning RadiemgdMSR) derived
soil moisture fieldsNjoku et al. (2003) into NASA's (North American Space Agency) catchment landace
model using an Ensemble Kalman Filter. Comparisons agairstu observations revealed that the analysed
soil moisture fields are more accurate than the satellitedymtoor the model fields alone. In a later study,
Drusch (2006 used ECMWF's Integrated Forecast System (IFS) to qualttidyimpact of satellite derived
soil moisture on the surface analysis and local weathempatexs: Assimilating the TRMM Microwave Im-
ager data set for the Southern United Stafeaq et al.(2006) analysed surface and root zone soil moisture
were improved when compared against observations from kleeh@ma Mesonet; the corresponding turbulent
surface fluxes and local weather parameters changed stiéyan

In both studies derived soil moisture has been assimilatggstematic differences between the modelled
first guess and the observations were minimized through taiivel distribution function matching in a pre-
processing step as describedRnichle and Kostel(2004) andDrusch et al(2005. However, for operational
applications in NWP it is desirable to assimilate brightnesmperatures or radiances rather than derived geo-
physical parameters. Within the framework of the Europeand_Data Assimilation Study (ELDAS) a proto-
type assimilation system has been developed for the simdlenn version of the IFSSeuffert et al(2003,
Seuffert et al.(2004). To transfer the first guess soil moisture into observagpace the land surface mi-
crowave emission model (LSMEM)rusch et al.(2001), Gao et al.(2004) has been coupled to the NWP
model.

An optimal data assimilation system depends on a relialdergion of the error statistics of the observations
and the modelled first guess. In this study we will focus ordtmesearch topics:

1. Develop a community microwave emission model (CMEM) fe¢ NWP and SMOS communities with
a modular structure that allows to quantify the systematetrandom errors introduced through different
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parameterizations in the forward operator.

2. Quantify systematic errors in the modelled first guesscafilrate CMEM using historic L-band obser-
vations.

3. Quantify systematic and random errors based on opeghtldWP model output and the calibrated
CMEM.

2 NWP Model Interface and CMEM Concept

In general, the observed brightness temperature at theftibye @tmospherd B4 is a function of soil, veg-
etation, and atmospheric parameters. In NWP applicatioasiely DA, the forward emission model input
data will mainly be obtained from the land surface compordribe NWP model. An interface is needed to
transform the geophysical parameters used in the NWP motdeVariables relevant for the radiative transfer
computations. This section briefly describes the land sarfcheme used in ECMWF’s Integrated Forecast
System and its implications on the computatioT &,.

The Tiled ECMWF Scheme for Surface Exchanges over Land (BES@n den Hurk et al2000), Viterbo and Beljaars
(1995) is incorporated in the IFS. The soil is discretized in ftayers of 0.07, 0.21, 0.72, and 1.89 m depths

(from top to bottom). The soil heat transfer is describedulgh the Fourier law of diffusion. It is assumed

that heat fluxes are predominantly vertical and that thetffef phase changes in the soil and the heat transfer
associated with vertical movement of water can be neglg@ed'ries(1975). At the bottom, no heat flux of

energy is assumed, while at the top, the boundary condigidha soil heat flux at the surface area weighted

over the tiles. The volumetric heat capacity is assumed tmwhstant, the heat conductivity is given by a com-
bination of the values for the dry and the saturated heatwiivity, which is parameterized through the heat
conductivity of the soil matrix and the thermal conductivitf water Peters-Lidard et a({1998).

Vertical movement of water in the unsaturated zone is coetpusing the Richards equation and Darcy’s
law. Functional relationships between the hydraulic catigity and diffusivity and soil water are specified
according toClapp and Hornbergdil978. ECMWF's land surface scheme uses a single loamy soil tgpe f
the globe and the corresponding values for volumetric soilstare at field capacity and permanent wilting
point are calculated based on the review of measuremergsmiszl byPatterson(1990. Soil moisture and
soil water conductivity at saturation are obtained fr@wsby et al(1984). Values for individual parameters
are summarized in Tab. 1. In order to keep the surface modeihgde as possible the Integrated Forecast
System is presently using only one soil typétérbo (1996). A model update introducing a global data set
with realistic geographical variation of the most relevsmit parameters is planned for 2007.

Each gridbox in the model is divided in up to 8 tiles (bare gibulow and high vegetation without snow,
exposed snow, snow under high vegetation, interceptiogrves, ocean/lakes, and sea ice). In each gridbox
two vegetation classes (high and low) are present. Twerggtadon types, including deserts, ice caps, inland
water and ocean, have been defined from an external datalbb&e3eological Survef1999). Each vegeta-
tion type is characterized by a set of fixed parameters fomimémum canopy resistance, spatial coverage, leaf
area index, a sensitivity coefficient describing the depand of the canopy resistance on water vapor deficit,
and the root distribution over the soil layers. The fractidra grid box covered by each of the tiles depends
on the type and relative area of low and high vegetation, hadtesence of snow and intercepted water. A
skin temperature forms the interface between the soil ag@ttmosphere. It is calculated for each of the grid
box tiles separately by solving the surface energy balassaming a complete coverage of the specific tile.
Although the surface is tiled, energy and water budgets \@akiated for a single atmospheric and soil profile
per grid box. Further details on the surface-atmospherplicguare given in ECMWF (2003).

Final Report SMOS-CMEM 3



SMOS Model

Simplified solutions for the radiative transfer equationehbeen used for more than a decade to model land
surface emissivities (e.¢lerr and Njoku(1990). When vegetation is represented as a single-scatteaiyey |
above a rough surface, the brightness temperature on thye atinospherg B,,, can be written as:

TBoa= TBau +eXP—Tam) TByy-rr-eXp(—2- Tyeg) @
+  eXP(—Tatm)  [Ters € XA —Tveg) + Te- (1— @) - (L — eXP(—Tyeg)) - (14 1y - €XP(—Tveg)]

whereT By, and TB, are the up- and down-welling atmospheric brightness teatper andt,,, is the at-
mospheric opacity calculated from the single atmospheiitlgpx profile. r; is the reflectivity of the surface
(equal to one minus the emissivigy, T,eqthe vegetation opacity and the single scattering albedd,; is the
effective temperature of the surface medium and the car@ppératureT) is usually considered to be equal
to either theT;; or the air temperature.

As already mentioned earlier, model grid boxes are not umifand can contain a variety of surface types. For
the computation of the brightness temperature 7 diffeintypes ) with unique radiative characteristics have
been defined similar to the TESSEL tiles (a detailed desoniptan be found in SectioB). The aggregated
top-of-atmosphere brightness temperature for a gridThBy, can now be written as the sum of the emission
of the individual tiles, weighted by their fractional coageF and the atmospheric contribution for the specific
grid box:

7
TBtoa =T Bau+ exq_ratm) : ZLT E’%ov(t) ' F(t) (2)
t=

whereT B, is the top-of-vegetation emission per tile. The radiatrans$fer equation foll B, can be ex-
pressed in terms of the components; soil, vegetation andsgpinere:

TBov = TBy; - eX—Tveg) + T Bueg+ T Byeg: 't - €X[(—Tveg) + T By I'r - €XP(—2- Tyeg) 3)
TByg = Tets-© (4)
TBreg=Tc* (1— ) (1—exf—Tyeg)) %)

whereT B, ; andT Beg are the brightness temperatures from the soil and vegetatio

3 CMEM

To solve the tiled radiative transfer equation from Equaf#iave developed the Community Microwave Emis-
sion Model (CMEM), which is a hybrid version of L-MEBPgllarin et al(2003) and LSMEM Qrusch et al.
(2007, Gao et al.(2004) specifically designed for data assimilation applicagiam NWP frameworks. This
radiative transfer model comprises fagmponentscomputing:

1. surface B, andr),

2. vegetationTByegandtyeg),
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3. snow (modifications of B_; andr,) and

4. atmospherel(Bay, T B,y and Tam).

Technically, each component consists of a numbenofiules Components can be changed and configured
individually. For the radiative transfer computations #gibally unique tiles have been defined: four snow
free tiles (bare soil, low vegetation, high vegetation, exaaind three snow covered tiles (snow on the three
land tiles). This division in tiles is similar to the TESSEles, but differs in that; 1) ocean, sea ice and lakes
are all part of the water tile; 2) the interception resenpvibat all modelled, is integrated in the vegetation water
content and 3) snow on bare soil is treated as a separaténtilee following subsections the components and
their individual modules are introduced.

3.1 Surface component

The surface component, calculatiid,; andr, is further divided into four sub-components that contain:
dielectric models, the effective temperature, the emitysand the roughness correction. All land surface tiles
use the soil component in the same (user defined) configarakor the water tile the dielectric constant of
sea water or ice is calculated (depending on the presen@aafe); roughness effects and foam coverage are
neglected.

This section describes the optional modules for the soilpmment.

In this study, soil texture information is derived from thedd and Agricultural Organization of the UN data set
(FAO; FAO (2000). The FAO sail texture data are static at 10 km spatial té¢gwi and distinguish between 3
soil texture classes (coarse, medium, fine). Sand and @atidns have been computed from a look-up table
according toSalgado (1999. Loam is the residual of (£ sand— clay). From this we derive the following
texture information:

¢ bulk density BD[g/cm3]) according tcHillel (1980);
BD=16-sand+1.1-clay+ 1.2-loam,

e porosity P[cm®/cm?]);
P = p,/Ps, Whereps is the specific density,

e wilting point (W Plcm?/cn?]) according toNang and Schmuggé 980);
WP=0.06774— 0.064- sand+ 0.478. clay

e o[—] from table data\(Vang and Schmuggé&980);

[
U (tghz25 = O
O tghee 25 = 100-WP,

a(max = 26

3.1.1 Effective Temperature

TB,,; is the emissivity times the effective temperature of thettng soil medium (see Equatia¥). T, is the
sum of the physical temperatures of the emitting layersghted by their relative contribution to the surface

emission. The Wilheit modell@78 approximated;; by a weighting function over all the soil layers, but this
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Figure 1: Difference in effective temperature as calculated by two different models; Wigneron (2001) - Wilheit (1978),
and using the dielectric model of Dobson et al. (1985). In July, at 12:00 UTC, the difference reaches 8 K in the Sahara
where it is day time. In Asia and the America’s, there is almost no difference because the temperature gradients are small
at night.

is computational expensive. To limit the cost, the 7, .. can be parameterized based on a surface temperature
(z = 5cm) and a deep soil temperature (z = 50cm):

T

erf =1,

deep + (Tsurf - Tdeep) -C (6)

The C parameter is related to the temperature sensing depth and is calibrated differently by different authors:

e Constant C-parameter (Choudhury et al., 1982), for f = 0.6 o 10 Ghz;
e Moisture dependant C-parameter (Wigneron et al., 2001), for f = 1.4 GHz;

e Dielectric constant dependant C-parameter (Holmes et al., 20006), for f = 1.4 GHz.

At L-band, the sensing depth varies over several centimeters depending on soil moisture (10 to 50cm). The
model by Choudhury et al. (1982) is not soil moisture dependant. Wigneron et al. (2001) adapted the Choud-
hury model to account for the influence of soil moisture on the effective temperature. When the Wang dielectric
model is used, the modelled sensing depth does not vary linearly with soil moisture, but by a function of the
dielectric constant. The Holmes 2006 effective temperature model uses the Wang dielectric constant to model
the soil moisture dependance of sensing depth. All off these parameterizations can be calibrated on the global
scale to minimize the difference with the Wilheit effective temperature.

In this study, the default effective temperature model for L-band is the Wigneron model. This is because the
Dobson model is used for the dielectric constant and because it is better calibrated for global applications. Fig-
ure 1 shows the difference between the effective temperature as calculated according to Wilheit and Wigneron.
This shows the Wigneron model estimates the 7, if within 1% accuracy for most regions. Only at the middle of
the day, in dry regions where temperature gradients are high, does the Wigneron model overestimate the 7, f f
by up to 3%. For higher frequencies (f > 2.5GHz), the Choudhury model is set as the default.

3.1.2 Dielectric models

The emissivity of the soil in the microwave range of the spectrum is highly dependant on soil moisture because
of the big difference in dielectric constant (k) between water (k = 80) and soil particles (k = 4). The dielectric
constant of the soil medium €, is primarily a function of volumetric soil water content VSWC, temperature
and soil texture. The two most commonly used semi-empirical, texture dependant, dielectric models are:
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Figure 2: Soil dielectric constant as a function of moistaantent for different soil types; clay (dash), clay-loarli®)
and sand (dash-dot); according to a) Wang wétfy; of sea; b) Dobson witls,,,; of soil. Both the real and the imaginary
part of the dielectric constant are shown in the figure, witl teal part always having a higher value.

e Wang and Schmuggd 980, calibrated forf = 1.4 to 5 GHz distinguishes between bound water and
free water and;

e Dobson et al. 1985, developed forf = 1.4t0 18 GHz

The Wang and Schmugge model distinguishes between the lamhfitee water in the soil which results in a
nonlinearity of dielectric constant versus volumetricl sooisture (Fig.2). The Wang and Schmugge model
needs the texture dependant parametéor the conductivity loss factor at frequencies below 2.52GHrom
the table data the simple relationstip= 100-W Pis used, wher&V Pis the wilting point of the soil.

The Dobson model is more thoroughly parameterized reggusiiit texture and for a wider range in frequencies
(f = 1.4 to 18GH2) than the Wang and Schmugge model. A+ 1.4 GHz it does not fully account for
the dielectric properties of bound water at low moisturetenh ©obson et al(1985). This results in an
overestimation of the dielectric constant.

Matzler (1998 developed a simpler dielectric constant relation for {hecgl case 'very dry sand’:

- (2.79-2.53)
ol = 293 (L 1 (7/027))

wherej = 0+ 1i and f[GHZ is the frequency. This is used in the L-MEB model and inclusie@MEM for
the frequency range up to 10 GHz.

+j-0.002 7)

The choice of dielectric model changes the predicted bniegd temperatures significantly (F&). Differences

in regions with sandy soils can reach 20 K. The default maitieé Dobson model, and Matzler's parameteri-
zation is used for very dry sand. The input fields arevi®V G, ; andT,;;, except in the multi-layer model of
Wilheit, which uses the temperature and moisture of theifit layers directly.

Models to calculate the dielectric constant of wagy; are also included in this module. They include the pure
water, saline water (see Figudgand soil water options:
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Figure 3: Difference in Brightness temperature ATBma[ ) Y 0 = 50° with TBma[
models (Dobson et al. (1985) minus Wang and Schmugge (1980)).

H] calculated using different dielectric

Dielectric Constant

0 10 20 30
Frequency (GHz)

Figure 4: Dielectric constant of sea water at 20°C at salinities of 0, 6, 30 and 60%, for a frequency range of I to 30
GHz. Klein and Swift (1977). The real part of the dielectric constant decreases steadily for higher frequencies and higher
salinities. The imaginary part of the dielectric constant has a more non-linear relation with frequency and increases with
salinity.

pure water (Ulaby et al., 1986);

saline water (Stogryn, 1971);

saline water (Klein and Swift, 1977), for f = 1.4 to 30 GHz, best for f < 10GHz;

soil water adaptation of Stogryn (Dobson et al., 1985), for f = 1.4 to 18 GHz;

soil water adaptation of Klein and Swift, for f = 1.4 to 18 GHz.

Klein and Swift is the most recent and will be used as the default. The dielectric models for the soil medium
use the dielectric constant of soil water with a salinity of sal ;, = 0. The surface dielectric constant of the water
tile is calculated using the saline water case with the salinity set to a constant value of sal., = 32.5psu for sea
water (LSM 0.5) and the value of sal_;, for small lakes and rivers.

In the case of sea ice, the dielectric constant is calculated according to Hallikainen (1995). When the soil
temperature is below the freezing point, some or all off the soil water will be frozen and have the dielectric
constant of ice. To account for this the dielectric constant of non-frozen soil is mixed with the dielectric
constant of ice on the basis of soil temperature. The default fraction of frozen soil water is 0, for 7 < —0.5C
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this is 0.5 and foiT < —5C the fraction is 1. Note that the L-MEB model used the variafozen soil water
content’ to calculate the fraction of frozen versus nore®m soil water.

3.1.3 Smooth Surface Reflectivity

The reflectivity of a flat surfaces is given by the Fresnel law that defines the partition of eteaaignetic
energy at a dielectric boundary:

2
s COS(6) — 1/ HsEy — SIMP(6)
fon(6) = ' ®)

s COS(6) + 1/ Hs€si — sir?(6)

£40il COS(6) — \/ HsEgoy — SIM(6) 2

rov(0) =
€401 CO0) + |/ HsEgoy — SIMP(6)

wheres is the soil magnetic permeability, assumed to be unity. Asnsoisture increases,; increases and
the reflectivity increases. The Wilheit mod&B({ 8 calculates thes for a multi-layered soll, this is physically
more correct but computationally more expensive. The Eyapproach makes it possible to use all the avail-
able profile data of temperature and soil moisture, withaupbfying by means of the effective temperature.
It is included for validation purposes only.

3.1.4 Roughness models

Because the natural land surface is generally not a spe@ilactor at microwave wavelengthsis corrected
for roughness using one of the following models:

e Q/h model Choudhury et al(1979, Wang and Choudhurrg1981)), for f = 1— 10GHz
h = (2ko)?, with wavenumbek|c anda[cmi the rms height of the surface

¢ Q/h modelWigneron et al(2001)), for f = 1.4GHz
h = 1.3972- (s/L¢)*%8"° with correlation length.. = 6cmands [cm the standard deviation of surface
height

e Q/h(VSM) model Wigneron et al.2007), for f = 1.4GHz
h = 0.5761(V SM)~0-3475. (s/xlc) 04230

e Q/h(VSM,vegetation) model ATBD, fof = 1.4GHz

e kshorizontal emission based mod#/é¢gmueller and Matzled 999, for f = 1— 100GHz

Most of these models are based on Choudhury’s Q/h formulaiforoughness and polarization effects for
microwave frequencies:

Mipy = (Q-Typgy + (1= Q) Typy) -exg—h-cos'"P(6)) (10)
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Figure 5: Roughness parameters: a) Roughness height h asctidn of §L. according toWigneron et al(200J), solid
line is not moisture dependant, the dashed lines aredf0s, 0.15, 0.35 and 0.50 cn?®/cn® from top to bottom; and b)
Cross polarization parameter Q as a function of frequenmygfis 0.15, 0.5 and 1 cm.

whereQ is the polarization mixing factorQ can be considered zero at L-bavtigneron et al(2001) and in-
creases slightly with frequenc® = 0.35- (1.0—exp(—0.6- a2 - fgh2) (Fig.5). Only the roughness heightis
changed in the various models. In ESA's Algorithm Theogdtigaseline Document (ATBD) on the operational
soil moisture retrievah is formulated as a function of soil moisture with vegetaté@pendant settings, this
version is not yet fully implemented.

Wegmueller used a different approach to develop a semirarapmodel with a wide range of validity. In this
model both horizontal and vertical polarized reflectivéyderived from thes(H):

re(H) =rs(H)-expg—1- (k- g)V 010cos0)y (11)
For(8 <=60):r,(V)=r;(H)-cog0)%5%and for(60< 8 <=70) : 1, (V) =r,(H) - (0.635—0.0014 (6 — 60)).

For now, the Wigneron model will be used with roughness asbajiconstant.

3.2 \Vegetation Component

The surface emission is attenuated by the vegetation arulsitas a source of emission itse€lfleg). The
attenuation is quantified by the atmospheric opacijty and is dependant on the vegetation characteristics,
most importantly vegetation water cont&VC The following vegetation models are included:

o Effective Medium theoryKirdiashev et al.1979, for f =1to 7.5 GHz

e Geometrical Optics theoryW{egmueller et a).1995), for f =1t0 100GHz

e b parameter approach\igneron et al.1995, for f =1to 10GHz
Vegetation water content has been derived from the ECOCLRMAI data setlflasson et al(2003) following

Pellarin et al(2003:
VWC=0.5x LAI (12)
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for grasslands and crops; the vegetation water contenaifiorforest, deciduous forests and coniferous forests
has been set to 6, 4 andkgnt? (Pellarin et al(2003, respectively. In Wigneron’s modelegis also related to
theb parameter as defined idgckson and SchmuggkE991). In both Kirdiashev's and Wegmueller's models
the structure coefficiersige, is used in the computation @feg.

The low and high vegetation fraction, biome cover, domirtgpe and LAI are either obtained from ECO-
CLIMAP (Masson et a).2003 data or TESSEL (ECMWF) data. The ECOCLIMAP is a static vatieh
dataset and contains monthly data for LAl and vegetatioeic(rop cover is a function of LAI). The TESSEL
dataset has no annual cycle in LAlafh den Hurk et a].2000. The vegetation temperature is by default set
equal to the surface temperature, but 2 m air temperatutedsasailable as an option.

Water interception by the canopy after precipitation or dew be very significant relative to teVC Poten-
tially this effect can be accounted for by adding the intptiom reservoir to the low vegetatiorWWC In the
latest version of L-MEB the occurrence of high interceptiflagged because interception data is considered
too unreliable.

Since the annual trendW Cis important to our model, ECOCLIMAP will be the default dala Section5 the
influence of the vegetation on the top-of-atmosphere hmiggg temperature is studied.

3.3 Snow Component

When snow is present, the land tiles are redistributed basé¢ide snow cover fraction. The vegetation parame-
ters are the same as for the tile with no snow and the caloalafithe top-of-vegetation brightness temperature
TB,y is the same. For the tiles 'bare soil with snow’ and 'low vediein with snow’ the snow is added as
an extra layer above the vegetation. The effect of this dagrar on theT B, is calculated according to the
HUT-snow emission model for a single snow layBulliainen et al.1999.

For the tile 'high vegetation with snow’ only the snow on theface is considered. The emission from the soll
is computed with the effective temperature equal to theasertemperature. The extra snow layer is inserted
and the emission above the snow layer is calculated acgptdiRulliainen et al(1999. This snow corrected
surface emission passes through the vegetation layerdiegaio the vegetation component with the same
values as for the high vegetation tile.

The snow cover is not analysed; for this study it is considd@0% if the snowdepth is greater than zero. The
snow water content is set tolfcm? /cn?®] and the snow temperature is equal to the soil temperatutesdirst
layer.

3.4 Atmospheric Component

TheT B, is modified by the atmosphere before it reaches the satedlitsor. Attenuation of radiation is quan-
tified by the atmospheric opacity,,. Besides this, the atmosphere contributes through upwetdewnward
emission party By, andT B,,. T B, contains the cosmic background radiation. The atmosphariables can
calculated using the following models:

e Profile approach aftdriebe (2004);

e L-MEB, for f =1t011GHz

e Lookup tableUlaby et al.(1986), for f = 1to 90GHz
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Table 1: Module choices for CMEM.

digitchoice. 0 1 2 3 4 5

1. Soil dielectric constant - Wang&Schmugge Dobson - -

2. Tots Tsurt Choudhury Wigneron Holmes - -

3. Reflectivity - Fresnel Wilheit - - -

4. Roughness no Choudhury Wigneronl Wigneron2 Wigneron3 gnweller
5. Vegetation no Kirdyashev Wegmueller  Wigneron - -
6. Atmosphere no Pellarin Liebe Ulaby - -

7. Tueg - Tsurt Tair Tskin - -

8. Veg Data - ECOCLIMAP TESSEL - - -

Similarly to the soil, the atmosphere is a medium with vafithgtuating temperature and moisture profiles.
Computation of the atmospheric factors considering atimesp profiles of pressure, humidity, and temperature
is described by.iebe (2004), this will only be used for validation of the simpler parasrézations.

For frequencies below 11 GHz, the vapor dependency can begdisled and,,, can simply be related to
the geopotential height at surfaa®]][ For frequencies above 11 GHz, accounting for water vajpoisity is
required. A simple lookup table based on frequency oftijag as a function of surface water vapor density is
proposed byJlaby et al.(1986).

3.5 Configuration of CMEM

The modular design of CMEM makes it possible to easily coméigihe model to the users specifications.
There are two files that together define the model configuralipthe 'namelist’ file which contains the model
choices for each module and 2) the 'setup’ file which cont#iesradiometric specifications, global constants
and global parameters.

CMEM documents the module setup in the output filename indha bf an 8 digit code. The numbers in this
code correspond to the eight most important configuratiaicels as shown in Table All these modules have
been discussed in the above sections. The zero option fodalenmeans that a process is not modelled.

Table 2 summarizes the default set up of CMEM, L-MEB and LSMEM. Ini#dd, values for the most im-
portant coefficients are given. FiguBeshows an example of the synthetic brightness temperatireriabntal

(a) and vertical polarization (b) for 1 July 2005 as compuisihg the CMEM standard set up. The range in
temperatures from sea water, to ice and land areas is sitoilhat we find for C-band satellite data (e.g.
AMSR-E).
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Figure 6: Brightness temperature, horizontal and vertical polarization at 6 = 50° for 1 July 2005, using the default
CMEM setup.
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Table 2: Model setup parameters for L-band.

L-MEB LSMEM CMEM

Modules Dielectric Dobson Dobson Dobson

Tots Wigneron T Wigneron

Reflectivity Fresnel Fresnel Fresnel

Roughness Wigneron 1 Wegmueller Wigneron 2

Vegetation Wigneron Kirdyashev Kirdyashev

Atmosphere Pellarin Liebe Pellarin
Input Data Veg Data ECOCLIMAP TESSEL ECOCLIMAP

TVEQ Tsur f Tair Tsur f
Parameters sal;[psy 0 0.65 0

saleg psu 6 6 6

saked psy 32.5 - 325

olcm 0.15 0.5 2.2

Q-] 0 f(sigma) 0

VW Ckg/m2] f(vegtype) 1.0/4.0 f(vegtype)

w[—] 0.05/0.15 0.05 0.05

ageo—] (0.33,0.33) (0.33,0.33) (0.33,0.66)

4 Towards the assimilation of SMOS L-band brightness tempeatures into nu-
merical weather prediction models: A calibration / validation study based
on ERA-40 re-analyses and Skylab observations

This section presents results on the calibration of CMEMgisiistoric data and an initial quantification of
systematic differences on the continental scale. Sectidhand 4.3 summarize parts which have already been
addressed earlier.

4.1 Skylab S-194 Observed Brightness Temperatures

Skylab was a polar-orbiting satellite mission covering pleeiod from May 1973 to July 1977. It's nominal
altitude was 435 km; the orbit period was 93 minutes. Amongpua remote sensing instruments was the
S-194 passive microwave radiometer. This sensor was aviadiing L-band radiometer operating at 1.4 GHz
(Jackson et al2004). The resolution of a single observation is approximatel® km, the distance between
the centres of two consecutive footprints is 2.5 km.

Collecting data from S-194 required astronauts onboarddtwdlite. Consequently, the number of observations
is limited to the following periods: 14 May - 22 June 1973, 284 - 25 September 1973, and 16 November
1973 - 8 February 1974. The original S-194 data have never &@hived.Jackson et al2004) recovered the
observations used liyagleman and Lii1976); the data set and a comprehensive description are novabieil
underhttp://disc.gsfc.nasa.gov

In total, nine tracks of observations have been availakitg (5. Although the number of observations is quite
limited it should be emphasised that a large variety of laagss, vegetation types and climates is covered.
Areas monitored by S-194 include the Rocky Mountains, theti@eGreat Plains, the Eastern US, and large
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parts of the Amazon rain forests. In addition, the observatiates comprise several seasons including winter
time observations. Consequently, this data set is usefaalibrate land surface emission models for global
NWP applications.

4.2 ERA-40 Based Modelled Brightness Temperatures

The ERA-40 reanalysis data sétgpala et al(2005) comprises the period from mid-1957 to 2001. The data
sets used in the analysis comprise various satellite oigeng as well as ground based measurements and
conventional synop data. These data sets were assimitatagh the 3D-Var analysis scheme. The system
made use of the Integrated Forecast System at T159 spexgtodilition ¢ 1.125° horizontal spacing) with 60
vertical levels. The surface scheme within the IFS is thedTECMWF Scheme for Surface Exchanges over
Land (TESSEL) as described wan den Hurk et al(2000. The soil is discretized in four layers of 0.07, 0.21,
0.72, and 1.89 m depths (from top to bottom). Vertical moveinoé water in the unsaturated zone is computed
using the Richards equation and Darcy’s law. Functionalti@iships between the hydraulic conductivity and
diffusivity and soil water are specified accordingGtapp and Hornberggd978. Each grid box in the model

is devided in up to eight tiles (bare ground, low and high t&gen without snow, exposed snow, snow under
high vegetation, interception reservoir, ocean/laked,s@a ice). The vegetation data base contains 20 different
types, which are characterized by a set of fixed parameteltbough the surface is tiled, energy and water
budgets are evaluated for a single atmospheric profile aihgradile per grid box. The archived fluxes for a
grid box are area weighted-averages as derived from theidlodil tiles.

We used the Community Microwave Emission Model (CMEM) tovedhe radiative transfer equations based
on the ERA-40 reanalysis data set. The tiles used in CMEM ianéas to the TESSEL tiles, but differ in
that: 1) ocean, sea ice and lakes are all part of the wate@Jilihe interception reservoir, if at all modelled, is
integrated in the vegetation water content and 3) snow om @t is treated as a seperate tile.

4.3 Auxiliary Data Sets and Initial CMEM Setup

For low frequencies the observed brightness temperatutteeabp of the atmosphere depends on a number
of variables. Jones et al(2004 ranked the main variables and parameters entering Eq.dkding to their
impact onTB,,;: Volumetric soil moisture, vegetation water content, solighness parameter, vegetation
structure coefficient, effective soil temperature, veigtasingle scattering albedo, soil bulk density, vegetati
temperature, and soil texture. For this study, ERA-40 mlesisoil moisture fields (top 7 cm layer), soll
temperature, snow depth, and 2 m temperatures as an apptminfor vegetation temperature.

Vegetation water content has been derived from the ECOCLRPMAI data setflasson et al(2003) following
Pellarin et al(2003:

VWC= 0.5LAI (13)

for grasslands and crops; the vegetation water contentiorforest, deciduous forests and coniferous forests
has been set to 6, 4 anckgnt 2 (Pellarin et al (2003, respectively for the first model calibration set up. The
FAO soil texture data are static at 10 km spatial resolutimhdistinguish between 3 soil texture classes (coarse,
medium, fine) EAO (2000). Sand and clay fractions have been computed from a looledoie according to
Salgado(1999. The 10 km data sets have then been aggregated to T159adpestiution and the dielectric
constant of wet soils has been computed followDdmpbson et al(1985. The Dobson et al(1985 model has
been used previously in several L-MEB and LSMEM studiesa# to be noted that vegetation and soil param-
eters for the CMEM computations are not identical with thesoonsed for ERA-40. However, the operational
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Table 3: Setup for Skylab studies.

Setup Roughness Vegetation o w(L,H) b (L,H) ageo(L,H) VWC(tmp)
A Wigneron Q/h Wigneron  0.15 (0.05,0.15) (0.2, 0.33) 6
B Wigneron Q/h Wigneron 2.2 (0.05,0.05) (0.2, 0.33) 6
C Wigneron Q/h(VSM)  Wigneron 2.2 (0.05, 0.05) (0.2,0.33) 6
D Wigneron Q/h(VSM) Kirdyashev 2.2 (0.05, 0.05) (0.33,0.33 6
E Wigneron Q/h(VSM) Kirdyashev 2.2 (0.05, 0.05) (0.33,0.66 10

forecast system at ECMWF will be revised within the next rhsrtb incorporate both vegetation and soil data
sets. In addition, these auxiliary data sets will also b& uis€&SA's operational soil moisture retrieval.

Global data sets for soil roughness, vegetation structeéficients, and vegetation single scattering albedo do
not exist. In general, values have been derived from labgrameasurements or field experiments for a limited
range of soil and vegetation types and specific parametieriza

(1) Soil roughness Physically based models generally depend on the chaistiierof (measured) surface
height profiles, namely the standard deviation of surfadghte and the correlation lengtis(Fung (1994),

and volumetric soil moisture. For large scale applicatifmtsissing on the retrieval / analysis of soil moisture
simplified semi-empirical models are better suited. Theomitgj of these simplified models uses a roughness
heighth and a polarization mixing paramet@ Wigneron et al(2001) developed two parameterizations for
h as a function of (i)o andL and (ii) ¢ andL and volumetric soil moisture. Both parameterizations are
independent of incidence angle and polarization. Thisagyr is well justified for the Skylab data analysed in
this study; to make optimal use of the future multi-angulstCES observations the parameterizations may have
to be modified. For the first guess, values of 0.15 cm and 6.0av@ been assigned forandL, respectively.

(2) Vegetation structure coefficienAgain, simplified semi-empirical models are used to charae the in-
fluence of the vegetation on the observed brightness temopesa Key parameters for the computation of
the canopy opacity are the vegetation water content andatjetation structure coefficient. In the ’'classical’
parameterization introduced Hirdiashev et al (1979 the vegetation structure coefficieade, includes the
frequency, the dielectric constant of saline water, thesiigf water, and the incident angle. Other approaches
(e.g.Jackson et al(1999, Wigneron et al(1995) combine all these quantities in the so-called b-paramete
A compilation of b-parameter values from field experimestavailable througian de Griend and Wigneron
(2004). For the initial computations the parameterization desd in Wigneron et al(1995 is used with b-
parameter values of 0.2 and 0.33 for low and high vegetat@Espectively. These are standard values, which
have also been used in the global forward modelling studyddiarin et al(2003.

(3) Vegetation single scattering albedthe single scattering albedois defined axsp/ (Ksp+ Kap), With Kap
the absorption coefficient arkp the scattering coefficient. In various studies coveringfteguency range
from 1.4 to 37 GHz values from 0.03 to 0.127 were fouKerf and Wigneron1995). For the first guess
values of 0.05 and 0.15 have been used for low and high vegetag¢spectively Rellarin et al(2003).

The set up for the different CMEM runs described in the stugysummarized in TaB. Model set up 'A
refers to the first guess set up as outlined in the precediragpphs. It mimics the L-MEB configuration as
used in Pellarin et al(2003).
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Figure 7: Spatial and temporal coverage of the Skylab S-194 observations. Blue tracks have been used for the calibration.
The validation has been based on the red tracks.

4.4 Calibration Results

The spatial resolution and the sampling rate of the observations and the ERA-40 data set are different. Conse-
quently, we averaged Skylab observation using the nearest neighbour technique to produce tracks of observed
brightness temperatures at the ERA-40 grid. This is a reasonable approach since (i) the S-194 footprints are
smaller than an ERA-40 grid box and (ii) brightness temperatures should be averaged rather than geophysical
parameters to avoid errors introduced through non-linearities in the radiative transfer calculation (Drusch et al.
(1999a), Drusch et al. (1999b)). Throughout the article these mean values have been compared. The variability
of the observations within each ERA-40 grid box has been used to identify areas with a significant amount of
open water bodies or coastal regions, which may not be treated correctly at T159 spectral resolution in the ERA
data set. Whenever the minimum - maximum difference exceeded 10 K, the observation / model data pair has
been rejected.

For the calibration part four tracks have been selected. They are shown in blue in Fig. 7 and cover North
and South America and include winter and summer observations. The comparison between the initial set up
A’ as described in the previous paragraph and the observations is shown in Fig. 8 The spatial distribution
of brightness temperature differences (observation - model) shows a good coverage of calibration data for
North America. In South America, one transect including tropical forest has been obtained (Figs. 8a,b). The
differences for North America can be as large as 40 K and in general, the modelled 7'B,,, are characterized
by a low bias. The maps suggest that the differences over mountain areas and the Western US are generally
larger than over the Central US. The scatter plots reveal a correlation of 0.66 and a bias of 19.4 K for the South
America data (Fig. 8d). The data pairs over North America exhibit a correlation of 0.22 and a bias of 12.9 K.
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Modelled 1.4 GHz TB

T8 difference

Figure 8: Comparisons between observed and modelled mégisttemperatures (CMEM set up 'A’; Tab. 1): (1) Spatial
distribution of observed TB - modelled TB (upper panel) tfi2) corresponding scatterplots for North America (middle,
left) and South America (middle, right), and (3) brigthnémsipoerature differences as a function of vegetation water
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The January 14 data are different in that they are almostfldaqFig. 8c). This is somewhat surprising since
large parts of the Western and Central US were snow covengdgdiine overpass time and winter conditions
are generally difficult to capture by emission models. Hm@vefFigs. 8a-d suggest a brightness temperature
difference dependency on vegetation type. Among the vargmophysical vegetation parameters the water
content has the largest influence on the computed brightasgseratures. Fig8e,f show the the relationship
between vegetation water content and brightness tempedifterence. The blue 'plus’-signs indicate average
values for binned data. For North America the data have beeraged for 0.%gnT? intervals covering the
range from O to &gnt2; the snow data from January 14 have been excluded since litecassumed that most
of the vegetation and the soil was snow-covered. For Nortleraa differences exceeding 40 K are obtained
for sparsely vegetated areas. With increasing vegetatatervcontent values decrease~010 K. For the
tropical forest in South America the differences betweeseoled and modelled B, are independent from
vegetation water content at values around 20 K. These segaiht towards problems with the choice of the
soil roughness, which is most prominent in sparsely vegdtateas, and the vegetation structure coefficient
over regions with higher vegetation water contents.

To increase the modelled brightness temperatures the maghmess height was increased to 2.2 cm. This
value represents a medium-rough to rough surface and isgegphrough the field experiment described in
Choudhury et al(1979. With the correlation length L of 6 cm a a slope parameteo of = 0.36 has been
obtained. This is an average value, which is very well cavdrne observations used to derive the roughness
parametrization byigneron et al(2001). It translates into a roughness height h of 0.77. In addlitibe single
scattering albedo for high vegetation types has been rddod2 05. As already stated above, a global data set
for the single scattering albedo does not exist. This matlifiedel set up is summarized as 'B’ in Téh.The
brightness temperature comparison for model set up 'B’ @svshin Figs.9a,b. The bias for North and South
America data pairs has been reduced to -7.3 and -8.1 K réaglgciThe correlation between observations and
model results is higher for North America and slightly lower South America when compared against the
results from model set up 'A. As one would expect, the wirttare observations from January 14 are least
affected by the changes in roughness and vegetation. Itithwoting that the dynamic range in modelled
brightness temperatures has hardly changed; the data sifxstastially less variability than the observations.

For model set up 'C’ the madified parametrization for the catapon ofh including the soil moisture depen-
dency has been selectédigneron et al(2001)). For ac /L ratio of 0.66,h values from~ 0.45 to~ 1.25 are
obtained for soil moisture values of 35 and 3 %, respectipjdligneron et al(2001)). Again, the bias and rms
errors over both continents is reduced (Figs,d). In addition, the dynamic range in the modelled brightn
temperatures is slightly increased.

In the subsequent CMEM set ups the vegetation parameteriziay Kirdiashev et al(1979 has been used.
For configuration 'D’ a geometrical structure coefficiarf 0.33 has been assigned for low and high vegetation
types (Fig.9e,f). The North American data sets agree very well with aadation coefficient of 0.6 and bias
below 6 K. Over South America the modell@d,,, are too low when compared against the corresponding
observations. In configuration 'E’ the vegetation watertean for tropical forest has been increased to 10
kgn? and the structure coefficieathas been increased to 0.66 for high vegetation types. Thig v& more
appropriate for stem dominated specd&egmueller et al(1995). This set up is ideal since it yields acceptable
biases over both continents. In addition, the dynamic raridbe modelled values is comparably large (Figs.
9g,h).

The strong influence of the vegetation parametrization erdgmamic range of modelled brightness temper-
atures is somewhat surprising. In Fig0 T B, has been computed as a function of vegetation water content
for high and low soil moisture values. The curves are 'nit¢atig’ because of the change from low vegetation
tile to high vegetation tile at a vegetation water conten8 &ign?. For low vegetation water contents both
vegetation parameterizations result in a difference &b K.
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Figure 9: Differences between observed and modelled briggs temperatures for the CMEM set ups B to E (from bottom
to top) as described in Tal3.
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Figure 10: Sensitivity to VWC for the two vegetation models-band: (a)Wigneron et al(2007), (b) Kirdiashev et al.
(1979. Solid lines show the T,B, for VSM= 5 % and dashed lines for V SM 40%. The roughness height h is modelled
following the soil moisture dependénigneron et al(2001) model with ag of 2.2 cm.

Using theWigneron et al(2001) model the vegetation becomes more and more opaque witlaisiolg water
content. For low vegetation tiles withiyn? VWC a soil moisture difference of 35 % results in a brightness
temperature difference of 5 K. Due to the lower fractionalezage of bare soil this difference is reduced to 1
K for high vegetation tiles (Figl0a). TheKirdiashev et al(1979 formulation results in a more transparent
vegetation layer. To get an opaque canopy VWC values &ight are required.

4.5 Validation and Discussion

Observations from five overpasses have been used to vatid&iM set up 'E’ (Fig. 1, red tracks). For North
America the reference configuration 'A’ results in systémand random errors that are comparable to the
values obtained for the calibration overpasses: the bi@s3& K and the rmse is 14.2 K. With configuration
'E’ these values are reduced to 2.03 K and 11.4 K, respegfitleé correlation coefficient is 0.67 (Fig. 5). Set
up 'E’ does not improve the modelled brightness temperattmeJanuary 24. This particular overpass crosses
the US from the northwest to the south east. This area is nibtesxered through the calibration data set and
the parameters obtained from the calibration may not beogpiate.

Over South America the calibrated CMEM brightness tempeeatcompare very well with the observations.
For the bias and the correlation coefficient values of -2.4n @.75 have been obtained (Fig. 6). For three
ERA-40 grid boxes over the Amazon region the modelled bnigbs temperatures are more than 16 K higher
than the corresponding observations. The northern moatt (Fig. 6a,b) showing a difference of 22 K
includes the 'Serra da Mocidade’ plateau and the 'Rio Brartbe footprint further to the south is strongly
influenced by the 'Rio Negro’ and the most southern data galiodated over an extended swamp area, the
‘llha Tupinambarama'’. It is likely that these complex témsawith a significant amount of open and vegetation
covered water bodies are not represented correctly in tie&Rdata set. If the data points were excluded from
the analysis the values for correlation coefficient, biasl, mns were 0.83, -0.93 K, and 4.2 K, respectively.

Apart from the S-194 data used in this study, no spaceborssveamicrowave L-band observations have been
available on the continental scale. Parameterizationsaefficients for the land surface emissivity modelling
have been derived form laboratory measurements and fieletiexgnts covering local to regional scales. This
study demonstrates that it is possible to calibrate a sfatiee-art emission model for NWP data assimilation
applications and for operational soil moisture retrievdlfe results suggest that the proposed CMEM set up
and its coupling to NWP model fields can be applied to a widgeaf climates.
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However, backward and forward radiative transfer modglloth depend on a number of auxiliary data sets
and geophysical parameters, which are poorly known at Ispgéial scales. Each of these data sets has sys-
tematic and random errors. These (systematic) errorsypdetermine the value of a calibration parameter,
e.g. the rms surface roughness height Consequently, the values found in this study are not nadgss
transferable to different NWP models; i.e. a land surfaceehwith a different soil moisture climatology may
need a different value for the roughness parameter. Failpibiis rationale it is impossible to strictly validate
individual parameterizations. The fact that tkiediashev et al(1979 parameterization yields better results
than theWigneron et al(2001) formulation could be an artefact of the NWP - CMEM couplitigg choice of

the vegetation data set, or the definition of bare soil foactor low and high tiles.

Although it is feasible to reduce the bias between the meddirightness temperatures and the observations
other systematic differences remain present. With theeatifdWP / CMEM set up it has not been possible to
model the observed dynamic range of brightness tempesatiitee observations seem to be characterized by
higher spatial and temporal variabilities. This is a welbkm feature, which could be related to the difference
in the vertical resolution of both data se@ilker et al.(2006 showed that for a given mean soil moisture value
different vertical profiles in the top 7 cm layer could resnlbrightness temperature differences exceeding 5 K.
However, these systematic differences should be mininfizethe assimilation of brightness temperatures us-
ing Best Linear Unbiased Estimate (BLUE) techniques. Cuaiiud distribution function matching as proposed
by Drusch et al(2005 is one potential method.

This study addressed systematic differences between laddeightness temperatures and the observations.
As mentioned above these differences should be minimizeddia assimilation applications to obtained sta-
tistically optimal analyses of soil moisture. The weightloé observations and the modelled first guess in the
analysis is determined through their error charactesstithe rms errors obtained in this study include both,
the first guess uncertainty and the observation error. Shreebservations taken every 2 km along the flight
path were averaged to represent an ERA-40 grid box it is \keyyl that the main contribution to the rms
error values originates from the modelled brightness teatpees. For the ERA-40 soil moisture rms errors
exceeding 4 % have been found when compared against inksienations over the US Southern Great Plains
(Drusch et al(2004). A second major source of uncertainty is introduced tgtotine vegetation data set. The
ECOCLIMAP data represent an annual cycle but do not take-araual variability or variability on short time
scales into account. A more detailed analysis on randomsewil be needed once the SMOS observations
are available.
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5 Sensitivity to vegetation

The top-of-atmosphere brightness temperature is venjitsen® the presence of vegetation. CMEM relies
on static input fields for the global distribution of veg@atcharacteristics and land cover. This makes it not
only sensitive to the vegetation model, but also to the imjaaa. Any calibration of the vegetation model will
minimize the errors in the model and the vegetation datatmagether. In this section we try to quantify the
sensitivity to vegetation by: 1) comparing the differencd B,,, as derived with ECOCLIMAP and TESSEL,;
and 2) see how this difference is influenced by the choice gétation model.

5.1 Materials and Methods

The CMEM model makes use of a static vegetation databaseatuitythe radiative properties of the vegetation
in each cell. For each land cell this database includes: fmhhigh vegetation fraction, biome cover, dominant
vegetation type and LAI. Vegetation water content is reldteL Al for low vegetation and for high vegetation
a constant value is assigned depending on vegetation type.cdrrent implementation of CMEM makes it
possible to switch between two different vegetation databa

The first database is the one used in the ECMWF TESSEL surtdmare yan den Hurk et al.2000. The
TESSEL database contains 20 vegetation types with fixecesdir all the vegetation characteristics. This
means there is no annual cycle in LAI, nor in biome cover. Tdmad available vegetation database is ECO-
CLIMAP (Masson et a).2003 . This is the newest of the two vegetation databases and tag@system
types based on a combination of existing land-cover andatérmaps with satellite data. In ECOCLIMAP
there are for each ecosystem monthly estimates of LAI. Bioower BC) is a constant 95% or 99% for all
ecosystems, with the notable exception of crops where #&laed to LAl BC = 1—- EXP(—0.6-LAIl)) and
therefore changes through the year.

Besides the input of vegetation characteristics therelacethree different vegetation models coded in CMEM
to calculate the vegetation opacity (See secli@ They contain the Effective Medium theorifdiashev et al.
1979, Geometrical Optics theoryWegmueller et a).1995, and theb parameter approachWigneron et al.
1995. All these models relateq primarily toVWGC, but have different sensitivities. The choice of vegetatio
model will have influence on the quantitative differencenmsn the two vegetation databases.

5.2 Results

To test the sensitivity of CMEM to the vegetation input, wekat the difference in the modell&T By, when
the vegetation database is changed from ECOCLIMAP to TESSigure 13 shows theAT By, for the first
day of every month in 2005.

The differences mainly vary between +10 and -10 K, but sorg®ns show a much higher permanent differ-
ence (see for example in South America, South Africa). Imibithern hemisphere, the ECOCLIMAP values
are up to 20 K lower in the winter and up to 10 K higher in the swennithis annual cycle can be fully attributed
to the annual cycle in the LAl and crop cover in ECOCLIMAP. Therowave emission is highly sensitive
to vegetation water content that changes with LAI for lowetegion. The difference will therefore change
through the year as the LAl changes in ECOCLIMAP and staystaeomin TESSEL.

When these monthly figures are averaged over the yea¥Tigg,, is somewhat lower but still very significant
(see Figureld). The differences due to changing LAI are removed, but tigéoress with a permanently high
difference are not affected. Maximum differences can re2@h. For example, ECOCLIMAP has much
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higher cover fractions of high vegetation then TESSEL irtiryal, New Zealand and parts of Siberia leading to
AT Boa Of +15K. On the other hand ECOCLIMAP has much lower high vegetatamei@ge in Ireland and the
Southern coast of West-Africa which resultsAii By, of —20K. On the whole, ECOCLIMAP underestimates
T Boa by -4 K relative to TESSEL.

This strong vegetation effect can be explained by the higlkitety of the vegetation models to th&/N C of
low vegetation water content (Figulé). According to the Kirdiashev model, a change &ficn? in vege-
tation water content results in 5 K difference in brightnesaperature. For the Wigneron model in its current
configuration this effect would be double as strong. Besilifsrent estimates of LAl for low vegetation, the
difference in cover of low vegetation, high vegetation aadesoil will make differences in tile averagedvC

of several LAI points very likely. Figur&5 shows the difference MW Cfor December.

5.3 Conclusion

This study of the effect of changing the vegetation inpuaidase shows that the representation of vegetation
in the radiative transfer model is a first order effect witfieences in L-band brightness temperatures of 5-10

%. It clearly shows that using a static vegetation databagepresent the vegetation layer in an emission

model places large presumptions on the interpretation sémied brightness temperatures. This means that
if the amount of vegetation is overestimated in the vegatatiatabase, the emission model will have to be

calibrated to underestimate the effect of vegetation aghltmess temperatures, and vice versa. This will make
the calibrated model higly linked to the vegetation datelihat is used. Changing the database will need to be
followed by recalibrating the model.

Another result of a predefined vegetation database is thdewiations in actual vegetation will be recorded
in the soil moisture variable. For example, if in a certaigioa spring comes exceptionally late, the vege-
tation database will overestimate the vegetation comptreéde the actual vegetation. The model will then
underestimate the effect of soil moisture and the retriesa@idmoisture value will then be too high.
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(a) January (b) February
(c) March (d) April
(e) May (f) June
(g) July (h) August
(i) September (j) October
(k) November (1) December

Figure 13: Brightness temperature [H], vegetation ECOCLIMAP - ECMWF
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(a) Wigneron (A) Avg = —3.9K

(b) Kirdyashev (E) Avg = —4.0K

Figure 14: Mean difference in TB(H7f:1.4GHZ), ECOCLIMAP - TESSEL, for day 1 of every month of 2005. The vegetation

model is a) Wigneron; b) Kirdyashev.

Figure 15: Mean difference in VWC, ECOCLIMAP - TESSEL, for December.
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Figure 16: Sensitivity to VWC for the three vegetation medeL-band. Solid lines show the F,Bfor VSM= 0.05and
dashed lines for V SM 0.40. The roughness height h is modelled following the Q/h(VSdtlehWigneron et al.2007])
with ano of 2.2 cm. At low moisture values, the three models are xadtiinsensitive to vegetation, but at high moisture
the difference between TB and T Begincreases making them very sensitive to VWC. Wigneron&taign model is in
this configuration the most sensitive and saturates at [oW@éC value.

6 Sensitivity analysis using an Ensemble Prediction System

The atmosphere is a complex dynamical system with many degrefreedom. In numerical weather predic-
tion (NWP), the state of the atmosphere is described by tagasmlistribution of wind, temperature, specific

humidity, liquid water content and surface pressure. Thiénematical differential equations used to predict the
system time evolution include Newton’s laws of motion anel idvs of thermodynamics. Numerical weather
prediction models predict the time evolution of the atm@sjghstate by solving numerically the system equa-
tions.

A deterministic forecast is a single integration of the sgstequations. The practical usefulness of a single
deterministic weather forecast is limited by the day-tg-dariability in its accuracy. This variability is partly
associated with fluctuations in the predictability of thenaspheric flow, with predictable states (i.e. flows
characterized by a slow amplification of initial errorskattated by unpredictable states (i.e. flows characterized
by a fast amplification of initial errors).

Ensemble systems are practical tools designed to assepsettietability of the daily atmospheric flow (ref:
Encyclopedia of Atmospheric Sciences, Academic Pres,d08(ress). More generally, they can be used to
predict the time evolution of the probability density fuioct (PDF) of forecast states. Ensemble systems should
be designed to simulate the effect of all sources of foremasts. In particular, they should simulate the effect
of uncertainties in the knowledge of the initial state of f#ystem and the effects of the approximations made
in numerical weather prediction models.

6.1 Materials and Methods

The ECMWF Ensemble Prediction System (EPS) is one of the swstessful global ensemble prediction
systems run on a daily bas?s In this study, we look at the 48 hour forecast of ECMWF TL1832E&PS with

50 perturbed members (Buizz et al. 1998). After 48 hoursstivéace state in the 50 members will exhibit
a low variance in areas with high predictability and a highiarece in areas where the predictability is low.
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Hereunder, the variance in soil moisture after 48 hours béllused as an indicator of the uncertainty in the
initial conditions for deterministic weather forecasting

In order to identify the regions with highest potential fasenilation of satellite derived soil moisture we
use CMEM to model the top-of-atmosphere L-band brightneagperature 1B,,,) based on the 48 hours
prediction for each of the 50 members of the EPS. This is donddy 1 and 15 of every month of 2005 to get
a representive average of the weather conditions. At afgpéagation, a high variance in soil moisture and or
temperature will result in a high variance By, if the model is sensitive to the surface state at that lonatio
The most important factor that has a negative effect on tilersmsture sensitivity of the model at a certain
location is the presence of vegetation. Vegetation camdyreaturate the microwave emissivityvaw clevels

of 3 to 4kg/cn? (recall Figurel6). Another factor can be a high percentage of open water ifdabgx which
will decreases the dynamic range in emissivities. Fact@sdan increase the sensitivity of the model relative
to the variance in soil moisture and temperature are tertyresaaround the freezing point and intermittent
snow events.

Taken together, the varianceB,, as based on the 50 members of the EPS will thus be a qualitatiicator

of regions where both the uncertainty in initial conditioa$igh and the sensitivity of a satellite-borne L-band
radiometer to soil moisture will be high. Figut& shows the variance in predictddd,,, on the left, and the
variance invV SMon the right, for the first day of every month of 2005. This shdhat for most regions, a
high variance in soil moisture will result in a high variarinel B,,,, see for example Australia in January. In
other regions (e.g. the Amazon, central Africa.) a variaincgoil moisture has little effect on the predicted
TBs The different sensitivity to soil moisture can in this chseexplained by a different vegetation density.
The effect of open water in a grid box is difficult to separaterf that of vegetation density because they often
occur together. Relatively high variancesliB,,, as compared to the varianceMiSMcan be seen in northern
latitudes, see for example Canada in November and Decerfibér.can likely be attributed to temperatures
around the freezing point and snow cover.

6.2 Results and Conclusion

The average of the 24 variance maps is shown in Figarer TB,,,, (top figure) and/ SM(bottom figure).
The map of the average variance®Mis very evenly filled with a variance of 1-2 % (except for déseand
shows that the sample size is big enough to reduce the impaceetime events. The map of the variance in
TBoan shows now clearly the regions where both the initial condaiin NWP are the most uncertain and L-
band microwave data have a high sensitivity to soil moistAiexording to this map these regions are between
30 and 60 degrees Northing in both America and Eurasia, irréliss South Africa and the southern tip of
South America

This study gives valuable information on potential use fiebite measurements of L-band microwave emis-
sion. Itidentifies regions where a high sensitivity of L-damission to soil moisture combines with uncertainty
in initial conditions in numerical weather prediction. Eig 20 shows a scatter plot of variance\rtEMversus

T Bioa, With hypothetical regressions for dense foreseQ' %), low vegetation (K /%) and bare soil R /%).
Further studies should test these hypothesis and seelateistifferent biomes and their potential for passive
microwave remote sensing. Also, the effect of frozen soil anow should be separated from the analysis
because th& B, is not likely to give good information.
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(a) T By, January (b) VSM January
(c) TBy February (d) VSM February
(e) TBy March (f) VSM March
(g) TBy; April (h) VSM April
(i) TBy May (j) VSM May
(k) TBy; June (1) VSM June

Figure 17: Variance in Tb[H] (left panel) and VSM (right panel) of day 1 for first six months of 2005 at 12PM.
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(a) TBy, July

(¢) TBy August

(e) TBy; September

(g) TBy October

(i) TBy; November

(k) TBy; December

(b) VSM July

(d) VSM August

(f) VSM September

(h) VSM October

(j) VSM November

(1) VSM December

Figure 18: Variance in TBIH] (left) and VSM (right) of day 1 for second half of 2005 at 12PM.
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(a) Th[H]

(b)y VSM

Figure 19: Mean of the variances in Tb[H| and VSM of day 1 and 15 for every month of 2005 at 12PM.

10

stdv TB [K]

0 1 2 3 4 5
stdv VSM [%]

Figure 20: Standard deviation in VWC against Standard deviation in Tb[H] for January.
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7 Future work

7.1 Calibration on RTTQV surface emissivities

The Radiative Transfer for TOV (RTTOV) is used by the ECMWRssimilate passive infrared and microwave
radiances from satellites in the numerical weather pridiainodel. Using an advanced atmospheric model,
the emissivity of the single layer soil-vegetation surfaaa be derived. A model like CMEM makes it possible
to compare the observed emissivities to the predicted éitiiss according to a soil model consistent with
the ECMWEF surface fields. Theoretically, the observed awiiggrom RTTOV e, compares to the modelled
CMEM emissivityen, in the following way:

TB=TBau+ Tyyin o+ XK~ Ta) + TByg- (1 - &) - eXH~Ta) (14)

€ = ((TB—TBay)/eXp—Ta) — TB,g) / (Tskin— T Bag) (15)

Because RTTOQV treats the land and vegetation as a single tage, can not simply be related to the modelled
TBy, because th& B, gets attenuated twice by the vegetation. Thereford g, as calculated from CMEM
without atmosphere can be comparegan the following way:

_ TBoy  TByg: (1—eXH—2tueg)
T, T,

skin skin

& (16)

Correcting forT B, needs a slightly more complicated approach. For a first astiwe will look at C- and
X-band data of AMSR-E where the effect 58, will be less then 1%.

7.2 Openissues
e Global distribution of roughness effects;
e Calibrate the effective temperature models on the Wilheitleh, average over different months;
e Water tile has constant salinity of Bpsufor oceans and great lakes (LSM¢,0.5) el€gpBufor fresh
water. For coasts, water in sea and water in lakes have the salinity. Lake Cover (CL 26) is not

archived in MARS;

e Water interception by canopy is not included in the modelk#&/ia possible to flag the data or include it
in low vegetation water content as in L-MEB.

e Amount of frozen water in soil is poorly defined. (frostfracsoil module); Pellarin use&au threshold
for different vegetation densities

e Snow module, Water content snow as input field and snow ce/&metion of snow depth;

34 Final Report SMOS-CMEM



SMOS Model

Acknowledgements

The authors thank J.P. Wigneron for providing the origindlEB FORTRAN code. S. Lafont (ECMWF) pre-
processed the ECOCLIMAP data set. Th. Holmes has been fuhdmetgh EUMETSAT’s Numerical Weather
Prediction (NWP) Satellite application facility (SAF) itiag scientist programm.

References

Balsamo, G., J.-F. Mahfouf, S. Bélair, and G. Deblonde @08 global root-zone soil moisture analysis using
simulated L-band brightness temperature in preparatiothis HYDROS satellite missioraccepted by J.
Hydromet.

Buiza, R. (2002), Encyclopaedia of Atmospheric Sciencesdémic Pressn press

Buiza, R. (2006), The ECMWF Ensemble Prediction System,pnal?7 of 'Predictability of Weather and
Climate’, publisher: Cambridge University Pres$59-489..

Drusch, M., E. Wood, and H. Gao (2006), Initializing numatieeather prediction models with satellite de-
rived surface soil moisture: Data assimilation experimenth ECMWF's Integrated Forecast System and
the TMI soil moisture data sedccepted by J. Geophys. Res.

Drusch, M., E. Wood, and H. Gao (2005), Observation opesdiar the direct assimilation of TRMM Mi-
crowave Imager retrieved soil moistu@eophys. Res. LeB2, L19503, doi:10.1029/2005GL023623.

Drusch, M., E. Wood, H. Gao, and A. Thiele (2004), Soil maisttetrieval during the Southern Great Plains
hydrology experiment 1999: A comparison between experisi@éamote sensing data and operational prod-
ucts,Wat. Res. Res40, W0250410, doi:10.1029/2003WR002441.

Drusch, M., E. Wood, and T. Jackson (2001), Vegetative amsbspheric corrections for soil moisture retrieval
from passive microwave remote sensing data: Results frerBdluthern Great Plains Hydrology Experiment
1997,J. Hydromet.2, 181-192.

Gao, H., E. Wood, T. Jackson, M. Drusch, and R. Bindlish (2008ing TRMM/TMI to retrieve soil moisture
over the southern United States from 1998 to 2@02&ydromet.7, 23—-38.

Gao, H., E. Wood, M. Drusch, W. Crow, and T. Jackson (2004indJa microwave emission model to estimate
soil moisture from ESTAR observations during SGPR%lydromet. 5, 49-63.

M. C. Dobson, F. T. Ulaby, M. T. Hallikainen, and M. A. EI-RayeMicrowave Dielectric behavior of wet soil
- part II: Dielectric mixing modelsIEEE Trans. Geos. Remot. Sef8(1):35-46, 1985.

Drusch, M., E. Wood, and R. Lindau (1999b), The impact of tB&8 antenna gain function on land surface
parameter retrievalzeophys. Res. LeR6, 3481-3484.

Drusch, M., E. Wood, and C. Simmer (1999a), Up-scaling &ffacpassive microwave remote sensing: ESTAR
1.4 GHz measurements during SGPGeophys. Res. LeR6, 879-882.

Eagleman, J.R. and W.C. Lin (1976), Remote sensing of sagtome by a 21-cm passive radiometérGeo-
phys. Res81, 3660-3666.

FAO (2000), Digital Soil Map of the World and Derived Soil Pesties. Rev. 1. (CD Rom), 1, FAO Land and
Water Digital Media Seriesavailable under http://www.fao.org/ag/agl/agll/dsmtmh

Final Report SMOS-CMEM 35



SMOS Model

Fung, A.K. (1994), Microwave scattering and emission med@eld their applicationgyorwood, MA: Artech
House

Holmes, T.H. and M. Drusch (2007), The SMOS Community Micaee Emission Model (CMEMECMWF
Technical Memorandun®??, ?? pages.

Jackson, T.J., D.M. LeVine, A.Y. Hsu, A. Oldak, P.J. Sta&s[. Swift, J.D. Isham, and M. Haken (1999), Soil
moisture mapping at regional scales using microwave ragligm The Southern Great Plains Hydrology
Experiment|EEE Trans. Geo. Rem. Sen37, 2136-2151.

Jackson, T.J., A.Y. Hsu, A. Van de Griend, and J.R. Eagleri@f4), Skylab L-band microwave radiometer
observations of soil moisture revisitddi. J. Rem. Sens25, 2585-2606.

Jones, A.S., T. Vukicevic, and T.H. Vonder Haar (2004), Anmicave satellite observational operator for
variational data assimilation of soil moistute Hydromet.5, 213—-229.

Kerr, Y.H. and J.P. Wigneron (1995)egetation models and observations - a reyiewPassive Microwave
Remote Sensing of Land-Atmosphere Interactions, Eds. Ghbudhury, Y.H. Kerr, E.G. Njoku and
P.Pampaloni, VSP Utrecht, NL, 685 pp.

Masson, V., J.-L. Champeaux, F. Chauvin, C. Meriguet, antldRaze (2003), Soil moisture retrieval from
AMSR-E,J. Climate 16, 1261-1282.

Njoku, E.G., T.J. Jackson, V. Lakshmi, T. Chan and S.V. Ngh{2003), Soil moisture retrieval from AMSR-E,
IEEE TGRS41, 215-229.

Pellarin,T., J.-P. Wigneron, J.-C. Calvet, and P. Waldte(#003), Global soil moisture retrieval from a syn-

thetic L-band brightness temperature data 3stirnal of Geophysical Research (Atmospheréég ??? —
??7.

J. T. Pulliainen, J. T., M. T. Hallikainen, and J. Grande®4®), Hut snow emission model and its applicability
to snow water equivalent retrievdEEE Trans. Geos. Remot. Se8%, 1378-1390.

Reichle, R. and R.D. Koster (2004), Bias reduction in shecbrds of satellite soil moistur&eophys. Res.
Lett, 31, L19501, doi:10.1029/2004GL020938.

Reichle, R. and R.D. Koster (2005), Global assimilation ateBite surface soil moisture retrievals into the
NASA catchment land surface mod@eophys. Res. LetB2, L02404, doi:10.1029/2004GL021700.

Salgado, R. (1999), Global soil maps of sand and clay frastand of the soil depth for MESONH simulation
based on FAO/UNESCO soil magSNRS/Meteo-France, Tech. No&, ??? pp.

Seuffert, G., H. Wilker, P. Viterbo, M. Drusch, and J. Mahf¢2004), On the usage of screen level parameters
and microwave brightness temperature for soil moisturdyaisaJ. Hydromet. 5, 516-531.

Seuffert, G., H. Wilker, P. Viterbo, J. Mahfouf, M. DruscmaaJ.-C. Calvet (2003), Soil moisture analysis
combining screen-level parameters and microwave brigsttemperatures: A test with field da@eophys.
Res. Let.30, 10.1029/2003GL017144.

Ulaby, F.T., R.K. Moore, and A.K.Fung (1986), Microwave @& sensing: From active to passive. Part 3.
From theory to applicationg\rtech House

Uppala, S.M., and 45 co-authors (2005), The ERA-40 re-aimiQuart. J. Roy. Met. Socl31, 2961-3012.

36 Final Report SMOS-CMEM



SMOS Model

van de Griend, A.A. and J.P. Wigneron (2004), The b-factoa &snction of frequency and canopy type at
h-polarization JEEE Trans. Geos. Remot. SedAg, 786—794.

van den Hurk, B.J.J.M., P. Viterbo, A.C.M. Beljaars, and ABétts (2000), Offline validation of the ERA40
surface schem@&echnical Memorandum 29PAvailable through ECMWF, Reading, UKJ2pp.

Wigneron, J.P., A. Calvet, J.C. Chanzy and N. Bruguier (J985imple algorithm to retrieve soil moisture and
vegetation biomass using passive microwave measuremastsrop fieldsRem. Sens. Enb1, 331-341.

Wigneron, J.P., L. Laguerre, and Y.H. Kerr (2001), A SimpérReterization of the L-band Microwave Emis-
sion from Rough Agricultural SollSEEE Trans. Geos. Remot. SeBS, 1697-1707.

Njoku, E.G., T.J. Jackson, V. Lakshmi, T. Chan and S.V. Ngh{2003), Soil moisture retrieval from AMSR-E,
IEEE TGRS41, 215-229.

Reichle, R. and R.D. Koster (2004), Bias reduction in shecbrds of satellite soil moistur&eophys. Res.
Lett, 31, L19501, doi:10.1029/2004GL020938.

Reichle, R. and R.D. Koster (2005), Global assimilation atelite surface soil moisture retrievals into the
NASA catchment land surface mod@eophys. Res. LetB82, L02404, doi:10.1029/2004GL021700.

Seuffert, G., H. Wilker, P. Viterbo, M. Drusch, and J. Mahf¢2004), On the usage of screen level parameters
and microwave brightness temperature for soil moisturéyaisaJ. Hydromet. 5, 516-531.

Seuffert, G., H. Wilker, P. Viterbo, J. Mahfouf, M. DruscmdaJ.-C. Calvet (2003), Soil moisture analysis
combining screen-level parameters and microwave brigkttemperatures: A test with field da@gophys.
Res. Let.30, 10.1029/2003GL017144.

Ulaby, F.T., R.K. Moore, and A.K.Fung (1986), Microwave m@e sensing: From active to passive. Part 3.
From theory to applicationgrtech House

B. J. Choudhury, T. J. Schmugge, A. Chang, and R. W. NewtdiecEdf surface roughness on the microwave
emission from soilsJ. Geophys. Res34:5699-5706, 1979.

B. J. Choudhury, T. J. Schmugge, and T. Mo. A parameterizaifeeffective soil temperature for microwave
emission.J. Geophys. Res37:1301-1304, February 1982.

R.B. Clapp and G.M. Hornberger. Empirical equations for edwidraulic propertiesWater Res. Resl4:
601-604, 1978.

B.J. Cosby, G.M. Hornberger, R.B. Clapp, and T.R. Ginn. Aistiaal exploration of the relationships of soil
moisture characteristics to the physical propoerties itd.s@/ater Res. Res20:682—690, 1984.

DeVries. Heat transfer in soils. In D.A. DeVries and N.H. Afg Wiley, editor, inHeat and mass transfer in
the biosphere. Part |: Transfer processes in the plant emvirent 4-28, 1975.

ECMWEF. Integrated Forecast System  Documentation. [Agkla online at
http://lwww.ecmwf.int/research/ifsdocs/], 2003.

et al. Hallikainen. ESTEC CONTRACT, NO 11706/95/NL/NB(SE)NAL REPORT.-, pages 60-68, 1995.

Daniel Hillel. Fundamentals of soil physicécad. Press New York, 1980.

Final Report SMOS-CMEM 37



SMOS Model

T. R. H. Holmes, P. de Rosnay, R. de Jeu, R. J.-P. Wigneron,e¥t, K.-C. Calvet, M. J. Escorihuela,
K. Saleh, and F. Lenime. A new parameterization of the effective temperaturelf band radiometry.
Geophy. Res. Letter83:7405—+, April 2006.

T. J. Jackson and T. J. Schmugge. Vegetation effects on ttrewave emission of soilsRemote Sensing of
Environment36:203-212, 1991.

Jackson, T.J., A.Y. Hsu, A. Van de Griend, and J.R. Eagleri@f4), Skylab L-band microwave radiometer
observations of soil moisture revisitddi. J. Rem. Sens25, 2585-2606.

Y.H. Kerr and E.G. Njoku. A semiempirical model for interpng microwave emission from semiarid land
surfaces as seen from spatiEEE Trans. Geos. Remot. Se@8 (3):384-393, 1990.

K. P. Kirdiashev, A. A. Chukhlantsev, and A. M. Shutko. Mis@ve radiation of the earth’s surface in the
presence of vegetation cové&adiotekhnika i Elektronika24:256—-264, 1979.

L. A. Klein and C. T. Swift. An improved model for the dieleicticonstant of sea water at microwave frequen-
cies. [EEE Trans. Anten. and PropgAP-25(1):104-111, 1977.

H. J. Liebe. MPM- An atmospheric millimeter-wave propagatmodel.int. J. Infrared Millimeter WaveslLO:
631-650, 2004.

V. Masson, J.-L. Champeaux, F. Chauvin, C. Meriguet, anddRake. Ecoclimap, a global database of land
surface parameters at 1km resolution in meteorologicalcéinthte models.EGS - AGU - EUG Joint As-
sembly, Abstracts from the meeting held in Nice, France, B Agdril 2003, abstract #8782%ages 8782—+,
April 2003.

C. Matzler. Microwave permittivity of dry sandEEE Trans. Geos. Remot. Se86(1):317-319, 1998.

K.A. Patterson. Global distribution of total and total-g&Ble soil water-holding capacities. M.S. Thesis,
pages Department of Geography, University of DelawareQ199

T. Pellarin, J.-P. Wigneron, J.-C. Calvet, and P. Waldteufglobal soil moisture retrieval from a synthetic
L-band brightness temperature data sdburnal of Geophysical Research (Atmospheré§8:9-1, June
2003.

C.D. Peters-Lidard, E. Blackburn, X. Liang, and E.F. Woodhe Effect of soil conductivity parameterization
on surface energy fluxes and temperatJréAtmos. Sci.55:1209-1224, 1998.

J. T. Pulliainen, M. T. Hallikainen, and J. Grandell. Hutwnemission model and its applicability to snow
water equivalent retrievalEEE Trans. Geos. Remot. SeA%:1378-1390, 1999.

A. Stogryn. Equations for calculating the dielectric cam$tof saline water. IEEE Trans. Microw. The-
ory. Techn.MTT-19:733-736, 1971.

F.T. Ulaby, R.K. Moore, and A.K. Fungvlicrowave Remote Sensingplume Ill. Artech House. Inc., 1986.

U.S. Geological Survey. Global Land Cover Characterimtio [Available online under
http://edcsns17.cr.usgs.gov/glcc/] , 1999.

B.J.J.M. van den Hurk, P. Viterbo, A.C.M. Beljaars, and AB¢&tts. Offline validation of the ERA40 surface
scheme. Technical Memorandum 295, 42 pp:[Available thndeGMWF, Reading, UK], 2000.

P. Viterbo. The representation of surface processes in i@ke@éculation Models. PhD Thesis, 201 pp:
[Available through ECMWF, Reading, UK], 1996.

38 Final Report SMOS-CMEM



SMOS Model

P. Viterbo and A.C.M. Beljaars. An improved land surfaceapagterization scheme in the ECMWF model and
its validation. Technical Report 75, 58 pp:[Available thgh ECMWF, Reading, UK], 1995.

J. R. Wang and B. J. Choudhurry. Remote sensing of soil nteisantent over bare field at 1.4 ghz frequency.
J. Geophys. Res86(C6):5277-5287, 1981.

J.R.Wang and T. J. Schmugge. An empirical model for the cexgiklectric permittivity of soils as a function
of water contentlEEE Trans. Geos. Remot. Sef8(4):288-295, 1980.

U. Wegmueller and C. Matzler. Rough bare soil reflectivitydmlo IEEE Trans. Geos. Remot. Se83(3):
1391-1395, 1999.

U. Wegmueller, C Matzler, and Njoku E.&anopy opacity modelpage 375. In: Passive Microwave remote
sensing of land-atmosphere interactions, B.J. Choudhualy éds.), VSP, Utrecht, The Netherlands, 1995.

J.P. Wigneron, A. Calvet J.C. Chanzy, and N. Bruguier. A $&rgdgorithm to retrieve soil moisture and
vegetation biomass using passive microwave measurementsrop fieldsRemote Sensing of Environment

51:331-341, 1995.

J.P. Wigneron, L. Laguerre, and Y.H. Kerr. A Simple Parnie&tion of the L-band Microwave Emission from
Rough Agricultural SoilslEEE Trans. Geos. Remot. Se89:1697-1707, 2001.

T. T. Wilheit. Radiative transfer in a plane stratified datec. IEEE Trans. Geos. Electrl6(2):138-143, 1978.

Wilker, H., M. Drusch, G. Seuffert, and C. Simmer (2006),defs of the near-surface soil moisture profile on
the assimilation of L-band microwave brightness tempeeatu Hydromet. ??, ????-??7?7.

Final Report SMOS-CMEM 39



	smos_finalrep_1.0_new-red_070209.pdf
	1 Introduction
	2 NWP Model Interface and CMEM Concept
	3 CMEM
	3.1 Surface component
	3.1.1 Effective Temperature
	3.1.3 Smooth Surface Reflectivity
	3.1.4 Roughness models

	3.2 Vegetation Component
	3.3 Snow Component
	3.4 Atmospheric Component
	3.5 Configuration of CMEM

	4 Towards the assimilation of SMOS L-band brightness temperatures into numerical weather prediction models: A calibration / validation study based on ERA-40 re-analyses and Skylab observations
	4.1 Skylab S-194 Observed Brightness Temperatures
	4.2 ERA-40 Based Modelled Brightness Temperatures
	4.3 Auxiliary Data Sets and Initial CMEM Setup
	4.5 Validation and Discussion

	5 Sensitivity to vegetation
	5.1 Materials and Methods
	5.2 Results
	5.3 Conclusion

	6 Sensitivity analysis using an Ensemble Prediction System
	6.1 Materials and Methods
	6.2 Results and Conclusion

	7 Future work
	7.1 Calibration on RTTOV surface emissivities
	7.2 Open issues





