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Abstract

Contracted by the European Space Agency (ESA), the European Centre for Medium-Range Weather Fore-
casts (ECMWF) is involved in global monitoring and data assimilation of the Soil Moisture and Ocean
Salinity (SMOS) mission data. To this end the Community Microwave Emission Model (CMEM) has been
developed by ECMWF as the forward operator for low frequency passive microwave brightness tempera-
tures (from 1GHz to 20 GHz) of the surface. CMEM is a new highly modular software package providing
input/output interfaces for the Numerical Weather Prediction Community. CMEM’s physics is based on the
parameterizations used in the L-Band Microwave Emission of the Biosphere and Land Surface Microwave
Emission Model. CMEM modularity allows considering different parameterizations of the soil dielectric
constant as well as different soil approaches (either coherent of incoherent) and different effective temper-
ature, roughness, vegetation and atmospheric contribution opacity models. This report is Part 1 of the first
Milestone Technical Note / Progress Report of the ESA Request for Quotation RfQ 3-11640/06/I-LG. It
provides a scientific and technical documentation of CMEM.

1 Introduction

SMOS (Soil Moisture and Ocean Salinity) is the first mission specifically devoted to remote sensing of soil
moisture over land (Kerr, 2007; Kerr et al., 2001). The mission provides interferometric measurements of
multi-angular, bi-polarised brightness temperatures at L-band in near-real time. ECMWF plays a major role in
preparing the use of SMOS brightness temperatures by the Numerical Weather Prediction (NWP) community.
ECMWF’s contribution to the SMOS mission is two-fold: first, a data monitoring system for the SMOS near
real time product is being developed to provide a timely quality check for ESA and the SMOS calibration
and validation teams. Second, SMOS brightness temperature data will be assimilated over land surfaces in
ECMWF’s global NWP system to quantify the impact of this new observation type on forecast quality.
One main component of the monitoring and of the surface data assimilation system is the observation operator
that transforms model fields (soil moisture and ocean salinity) into observation space (brightness temperatures).
In the context of this ESA contract the Community Microwave Emission Model (CMEM) has been developed
by ECMWF as the forward operator for low-frequency passive microwave brightness temperatures at 1 to 20
GHz. CMEM is a modular code that includes a choice of several parameterisations including those used in
the ESA level 2 processor. CMEM is one of the ESA SMOS tools and it is available to the entire commu-
nity through the ECMWF web pages: http://www.ecmwf.int/research/ESA_projects/SMOS/
cmem/cmem_index.html.

This report provides a scientific and technical documentation on the global emissivity model CMEM. It is
produced as Part 1 of the first Milestone Technical Note / Progress Report [MS1TN-P1] and it is complemen-
tary from the MS1TN-P2 which describes the IFS implementation. The following section shortly describes
CMEM’s implementation strategy. Section 3 provides a description of CMEM’s modular parameterisations. In
section 4 results of three scientific studies are presented. These results, published in peer reviewed journals,
provide quantitative results on CMEM calibration and intercomparison studies conducted at several frequen-
cies and at several spatial and temporal scales. Section 5 gives a technical description of CMEM and section 6
concludes.

2 Implementation strategy

Operational numerical weather forecast systems are widely used to evaluate and analyse new types of satellite
observations. Numerical weather prediction (NWP) centres are prime customers as observations are used in the
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analyses to derive level 2 retrieved geophysical parameters (eg soil moisture or ocean salinity for SMOS) from
the observed brightness temperatures or radiances.

Before the SMOS launch, forecast systems could be used in the product definition phase. Based on modeled
atmospheric and land state variables, the effect of different parameterizations and auxiliary data sets on the
simulated brightness temperatures has been analysed.

After the SMOS launch, when real SMOS observations are available, monitoring, i.e. comparison between
the modeled equivalent of the observation and the observation itself, makes a significant contribution to the
calibration / validation activities. Any systematic error or spikes, become visible and can be reported to ESA
and the other calibration and validation teams without significant delays.

In this context, CMEM implementation strategy includes the development and implementation of the CMEM
forward model for SMOS level 1 data at ECMWF for quality monitoring and the development of the assimila-
tion scheme for SMOS level 1c brightness temperature in ECMWF’s global NWP system.

For the atmospheric radiative transfer calculations, the RTTOV [Radiative Transfer model for Television In-
frared Orbiting Satellite (TIROS) Operational Vertical Sounder (TOVS)] software package has been developed
as a community model. It is updated and maintained by the UK Met Office under the framework of EUMET-
SAT’s NWP Satellite Application Facility (SAF). RTTOV is used in the ECMWF IFS for atmospheric radiative
transfer computation. Although CMEM has been designed for frequencies below 20 GHz, its modular structure
allows upgrades to higher frequencies and CMEM is being interfaced to the RTTOV software package.

3 CMEM physics

3.1 Radiative transfer equations

The physics of CMEM is based on a simplified solution of the vector radiative transfer equation. It comprises
parameterisations used in the L-Band Microwave Emission of the Biosphere model (L-MEB, Wigneron et al.,
2007) and the Land Surface Microwave Emission Model (LSMEM, Drusch et al., 2001). CMEM’s modularity
allows different parameterisations to be considered for the main components. Although CMEM has been
designed for frequencies below 20 GHz, its modular structure allows future upgrades to higher frequencies and
applications in the atmospheric 4D-Var analysis system.
For polarisation p the brightness temperature over snow free areas at the top of the atmosphere TBtoa,p can be
expressed as:

TBtoa,p = TBau,p + exp(−τatm,p) ·TBtov,p (1)

and

TBtov,p = TBsoil,p · exp(−τveg,p) (2)

+ TBveg,p(1+ rr,p · exp(−τveg,p))
+ TBad,p · rr,p · exp(−2 · τveg,p)

where TBau,p (K) is the up-welling atmospheric emission and τatm,p is the atmospheric optical depth. TBtov,p

(K) is the top of vegetation brightness temperature when the vegetation is represented as a single-scattering
layer above a rough surface. TBsoil,p (K), TBveg,p (K) and TBad,p (K) are the soil, vegetation layer and downward
atmospheric contributions, respectively. rr,p is the soil reflectivity of the rough surface (one minus the emissivity
er,p) and τveg,p is the vegetation optical depth along the viewing path. The contribution emitted from the soil
can be written as the product of the soil emissivity er,p and the effective temperature:

TBsoil,p = Te f f · er,p (3)

2 Contract report to ESA



ESA report on SMOS Global Surface Emission Model

Open water surfaces (i.e. lakes, rivers) represents a challenge for soil moisture retrievals as well as for data as-
similation applications. For the future soil moisture analysis, observations with open water fractions exceeding
5 % will be flagged and excluded. In CMEM skin temperature is used as a proxy for lake and sea effective
temperature. The salinity of open water in a land pixel is set to 0 psu. For sea pixels the salinity is obtained
either from the ocean analysis (when CMEM is in the IFS, see the Sea Surface Salinity technical note) or set to
a constant value (32.5 psu) for offline use of CMEM. In CMEM the Klein and Swift (1977) parameterisation
for the dielectric constant of flat water surfaces of saline water is used over both lakes and ocean surfaces. For
future SMOS monitoring activities, the forward model used in the level 2 processor for ocean salinity (L2OS)
will be used over ocean surfaces, allowing to account for surface roughness and galactic noise contributions,
as well as for faraday rotation, that can have large effects on Sea surface emission. It is currently being ex-
ternalised from the processor by ARGANS in order to be used at ECMWF for SMOS monitoring over ocean
surface. For copyright reasons, the ocean emission model will be interfaced with CMEM rather than being
implemented in CMEM and it will be possible to use CMEM with or without the ocean emission model.

CMEM comprises four modules for the computation of the contributions from soil, vegetation, snow and the
atmosphere, respectively. The code is designed to be highly modular and for each microwave modelling com-
ponent, a choice of several parameterisations are considered. Table 1 summarises the modular structure of
CMEM and lists for each module the choice of modelling options considered. The choice of parameterizations
proposed in the soil module and in the vegetation module are described hereafter.

Module Variable Parameterisations
Soil ε Wang & Schmugge (1980) Dobson et al. (1985) Mironov et al. (2004)

Te f f Choudhury et al. (1982) Holmes et al. (2006) Wigneron et al. (2001)
Tsur f

es,p Fresnel law Wilheit (1978)
er,p Choudhury et al. (1979) Wigneron et al. (2001) SMOS ATBD (2007)

Wegmüller & Mätzler (1999) Wigneron et al. (2007)
Veg. τveg,p Wegmüller et al. (1995) Wigneron et al. (2007) Kirdyashev et al. (1979)

Jackson and O’Neill (1990)
Snow rsnp Pulliainen et al. (1999)
Atm. τatm,p Pellarin et al. (2002) Liebe (2004) Ulaby et al. (1986)

Table 1: Modular configuration of CMEM. For each component, the key variable is indicated and the list of options is
provided. The soil module includes 4 components: the dielectric mixing model (ε), the effective temperature model (Te f f ),
the smooth surface emissivity model (es,p), the rough surface emissivity, er,p. For each of them several parameterisations
are proposed. The vegetation module key variable is the vegetation optical thickness τveg,p. The snow module computes
the snow reflectivity rsnp. The atmospheric module provides the atmosphere optical thickness τatm,p.

3.2 Soil module

The soil module of CMEM includes four components to compute the soil dielectric constant ε , the effective
temperature Te f f , smooth soil emissivity es,p and rough soil emissivity er,p.

Based on the Rayleigh-Jeans approximation for the microwave domain the soil brightness temperature is ex-
pressed as the product of the soil emissivity er,p and the effective temperature (TBsoil,p = Te f f · er,p).
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3.2.1 Dielectric mixing model

Microwave remote sensing of soil moisture relies on the large contrast between the dielectric constant of water
(∼ 80)and that of dry soils (∼ 4). The soil dielectric mixing model computes the soil dielectric constant ε as a
function of volumetric soil moisture (θ ), soil texture, frequency of detection and surface soil temperature Tsur f .
It is an essential part of forward modelling and retrieval approaches. Three semi-empirical dielectric models
are available through CMEM: Mironov et al. (2004), Dobson et al. (1985) and Wang & Schmugge (1980). The
Wang and Schmugge model and the Mironov model consider the effect of bound water on the dielectric con-
stant. They are limited to rather short frequencies of 1-5 GHz and 1-10 GHz, respectively. The Dobson model
is valid for a larger range of frequency (1-18 GHz), but the dielectric constants computed from the Wang &
Schmugge (1980) and the Mironov et al. (2004) models are in better agreement with measurements for a large
range of soil texture types (Cardona et al., 2005; Mironov et al., 2004).

3.2.2 Smooth emissivity model

The soil emissivity model describes the relationship between soil emissivity and soil dielectric constant. For
a smooth surface the Fresnel equation is commonly used in microwave emission models to compute the air-
soil interface reflectivity. The Wilheit (1978) model is more physically based and accounts for both coherent
and incoherent components of the signal. It represents the soil as a stratified medium where the soil dielectric
constant and temperature vertical profiles are used to compute the resulting air-soil interface emission.

3.2.3 Soil roughness model

Rough surfaces are characterized by higher emissivities. In addition, the difference between horizontally and
vertically polarized brightness temperatures is reduced.
Wang and Choudhury (1981) proposed a semi-empirical approach to represent soil roughness effects on the
microwave emission. The rough emissivity is computed as a function of the smooth emissivity and three
parameters Q, h, N:

rr,p = (Q · rs,p +(1−Q) · rs,q) · exp
(
−h · cosN

ψ
)

(4)

where p and q refer to the polarization states, Q is the polarization mixing factor, N describes the angular
dependence, h is the roughness parameter and ψ the incidence angle. The mixing factor Q is considered to
be very low at low frequencies and is generally set to 0 (Wigneron et al., 2007; Njoku et al., 2003). Based
on equation 4 two parameterizations have been proposed with N = 0 and the following computation for the h
parameter:

h = (2kσ)2 (Choudhuryet al., 1979) (5)

h = 1.3972 · (s/Lc)0.5879 (Wigneronet al., 2001) (6)

where k is the wave number and L and σ are correlation length and standard deviation of surface roughness.
In Wigneron et al. (2001), the slope parameter m = s/Lc is used as a calibration parameter in equation 6.
The global scale study conducted by Pellarin et al. (2002) used the Wigneron et al. (2001) parameterization,
with a constant value of L = 6.0cm, σ = 0.44cm, leading to h = 0.3. However, a more recent soil roughness
parameterization has been developed and validated against field experiments. It is based on equation 4 and
accounts for the dependency of the roughness parameter on soil moisture and soil texture (SMOS ATBD,
2007).
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In addition, the roughness parameter can be computed as a function of both soil moisture and vegetation type
with N depending on vegetation and polarization (Wigneron et al., 2007). Wegmüller & Mätzler (1999) pro-
posed a different approach based on horizontal smooth emissivity with a single roughness parameter h = k ·σ .

3.2.4 Effective soil temperature model

A simple parameterization of the effective temperature was first proposed by Choudhury et al. (1982):

Te f f = Tdeep− (Tdeep−Tsur f ) ·C (7)

with Tdeep and Tsur f the soil temperature at depth (at ∼ 50 cm) and surface soil temperature (at ∼ 5 cm) and
C an empirical parameter which depends on frequency. This parameterization was modified by Wigneron
et al. (2001) for L-band radiometry including a dependency of C to soil moisture: and coefficients b and w0:
C(θ) = (θ/w0)b. Holmes et al. (2006) proposed a more complex parameterization where C is expressed as a
function of the dielectric constant. Based on the long term SMOSREX data set, de Rosnay et al. (2006) provide
an inter-comparison of these three parameterizations.

3.3 Vegetation module

In CMEM vegetation is represented through τ−ω approaches: The vegetation layer has a direct contributions
to the TOA signal and attenuates the emission from the underlying soil:

TBveg,p = Tc · (1−ωp) · (1− exp(−τveg,p)) (8)

where Tc is the canopy temperature and ωp is the single scattering albedo at polarization p. Based on equation 8,
Jackson and Schmugge (1991) proposed a simple parameterization to compute the vegetation optical thickness:

τveg,p = b · VWC
cosψ

(9)

where b and VWC are the vegetation structure parameter and the vegetation water content, respectively. For the
high vegetation types rain forest, deciduous forest and coniferous forest the VWC is set to values of 6kg/m2,
4kg/m2, 3kg/m2, respectively, following Pellarin et al. (2002). VWC is described as a function of Leaf Area
Index (LAI) for low vegetation types (grass and crops):

VWC = 0.5 ·LAI (10)

The default values for the b parameter are 0.2 and 0.15 for grass and crops, and 0.33 for forests. The single
scattering albedo is constant at ω = 0.05 for low vegetation types (grass and crops) and ω = 0.15 for high
vegetation types (forests). However, these values can be changes through the CMEM input data files.

The Wigneron et al. (2007) vegetation optical thickness model also describes the vegetation effect with equation
8. In their formulation the single scattering albedo depends on vegetation type and polarization. The polarized
optical thickness is expressed as:

τveg,p = τnadir · (cos2
ψ + ttpsin2

ψ)
1

cosψ
(11)

τnadir = b
′ ·LAI +b

′′
(12)

where ttp parameters represent the angular effect on vegetation optical thickness for each polarization and
vegetation types. τnadir is the nadir optical depth and b

′
, b
′′

are the vegetation structure parameters.
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The Kirdyashev et al. (1979) parameterization expresses the vegetation optical thichness as a function of the
wave number k (between 1 GHz and 7.5GHz), the dielectric constant of saline water, ε

′′
sw (imaginary part),

VWC, indidence angle ψ , water density ρwater and a vegetation structure parameter ageo:

τveg,p = ageo · k ·
VWC
ρwater

· ε ′′sw ·
1

cosψ
(13)

This parameterization was extended to a larger range of frequencies (1-100 GHz) by Wegmüller et al. (1995).

3.4 Sub-grid scale representation of vegetation

TBtov,p (equation 2) can be computed for each model grid box taking the sub-grid scale variability of the land
surface into account. Up to seven tiles can be considered in each CMEM grid box: bare soil, low vegetation,
high vegetation (each are either free of snow or snow-covered, and open water. For low and high vegetation
tiles, the dominant type is determined from the land cover data base. For each grid cell, brightness temperatures
are computed separately for each tile. The grid cell averaged brightness temperature is computed using the
weighted sum of each tile.

The brightness temperature at the top of the vegetation (TBtov,p, Equation 2) can be computed for each model grid
box taking the sub-grid scale variability of the land surface into account. Up to seven tiles can be considered in
each CMEM grid box: bare soil, low vegetation, high vegetation (each are either free of snow or snow-covered)
and open water. For low and high vegetation tiles, the dominant type is determined from the land-cover data
base. For each grid cell, brightness temperatures are computed separately for each tile. The grid-cell averaged
brightness temperature is computed using the weighted sum of each tile.

4 Microwave emission models intercomparison

Several studies have been conducted at ECMWF with CMEM to simulate, calibrate and evaluate the computed
brightness temperature at different spatial and temporal scales (Drusch et al., 2008; de Rosnay et al., 2009;
Sabater et al., 2009). Different observing configuration (L-band, C-band, X-band) at several incidence angles
have been considered and evaluated as well as different forward modelling approaches. These results are
summarised hereafter. They provide quantitative assessment of the observation minus model departures and
help identify the optimal forward-model configuration to be used for SMOS activities in NWP.

4.1 CMEM calibration using Skylab observations

The NASA Skylab mission in 1973-1974 was the first to provide L-band (1.4 GHz) satellite measurements from
its S-194 instruments. It performed nadir measurements at a ground resolution of about 110 km (Eagleman and
Lin, 1976). Although the observation data set is limited to nine overpasses between June 1973 and January
1974 it is currently the only existing space-borne L-band data set available (Jackson et al., 2004). Moreover,
the observations cover a wide range of climates and a variety of biomes.
A calibration study has been conducted by comparing ERA-40 (ECMWF’s 40-year climate re-analysis, Uppala
and co authors , 2005) based L-band brightness temperatures with the Skylab observations at L-band (Drusch
et al., 2008). CMEM input data comprise surface fields from ERA-40, vegetation data from the ECOCLIMAP
data set (Masson et al., 2003), and the Food and Agriculture Organization (FAO) soil data base (FAO, 2003).
Figure 1 indicates the SKYLAB overpasses and observation dates.
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Figure 1: SKYLAB observations at L-band and corresponding data and time (UTC). Blue symbols indicate overpasses
for which the data were used for the calibration of CMEM. Validation was performed for data acquired on overpasses
indicated in red.

In a first step, different parameterisations for surface roughness and the vegetation optical depth were used to
provide an estimate on the corresponding brightness temperature sensitivities. Then the radiometric surface
roughness, which has to be estimated and does not feed back to the NWP model, was adjusted to provide
bias free estimates. In total, ten combinations of different roughness and vegetation parameterisations were
used to compute brightness temperatures. For these computations the recommended parameter values from
the reviewed literature have been adopted. They are performed to gauge the range output values and determine
sensitivities. Figure 2a,b shows our reference configuration using parameterisations that have often been applied
in the literature.
A second configuration gave promising results when data from field experiments were used (Wigneron et al.,
2007). However, in combination with the ECMWF model fields and the NWP auxiliary data sets the systematic
and random errors were comparably large. For North America we obtain a correlation coefficient of 0.04 and a
bias of 23.1 K (Figure 2c). The corresponding values for the South American data are 0.58 and 27.9 K (Figure
2d). The best results for both continents have been obtained using Wigneron et al. (2001) to describe the effects
of surface roughness and Kirdyashev et al. (1979) for the parameterisation of vegetation (Figure 2e,f).

The main results from the calibration study Drusch et al. (2008) are:

• Calibrating CMEM results in low biases, which are acceptable for data assimilation applications.

• The rather large RMS errors over North America are caused by errors in the ERA-40 soil moisture fields.

• Systematic differences in the dynamic range of the modelled and observed brightness temperatures are
an artefact of the NWP model parameters, which define TESSEL’s soil moisture climatology.

• These differences can not be reduced in the calibration process but should be corrected through a statis-
tical correction method.

4.2 The SMOSREX field experiment

The SMOSREX (Soil Monitoring Of the Soil Reservoir EXperiment) field experiment site is located near
Toulouse, France. For this location a continuous data set from 2003 to 2008 is available comprising in-situ
measurements of soil moisture, soil temperature, meteorological variables and multi-angular highly accurate
L-band observations (de Rosnay et al., 2006).
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Figure 2: Calibration of the ERA-40 based CMEM simulation at L-band for the SKYLAB overpasses over North America
(left) and South America (right). The top panel (a,b) considers the Wigneron et al. (2001) and Jackson and Schmugge
(1991) parameterisations for the soil roughness and vegetation optical thickness respectively. The results of the second
panel (c,d) are obtained using the parameterisations of Wigneron et al. (2007) for both. Third and fourth panels (e,f,g,h)
results are for the Wigneron et al. (2001) soil roughness and the Kirdyashev et al. (1979) vegetation optical thickness,
considering different values of the parameters. The dashed-dotted line is the linear regression.

Sensitivity studies have been conducted for different incidence angles and different CMEM configurations using
(i) the observed data and (ii) output from ECMWF’s operational NWP model (Sabater et al., 2009). In both
cases modelled brightness temperatures have been compared against the L-band observations. Here we focus
on results obtained using the ECMWF model (with HTESSEL) at T799 spectral resolution. The comparison
is based on data for 2004 and we use four statistical indices to assess the quality of the simulations: bias, root
mean square error (RMSE), relative explained variance (R2), and the Nash coefficient.

Figure 3 summarises the comparison between modelled and observed brightness temperatures at vertical po-
larisation. The statistical indices obtained for two different model configurations are presented as a function of
incidence angle. For Wigneron’s parameterisation of vegetation optical depth the lowest bias is obtained for an
incidence angle of 40circ. The R2 values indicate that the temporal dynamics are well captured by the ECMWF
synthetic brightness temperatures at any incidence angle, although best correlation (R2 = 0.82) is obtained at
50◦. RMSE in simulated brightness temperature increases with the incidence angle and the Nash coefficient
suggests the best result for an observing angle of 30◦.
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Figure 3: Background error of the ECMWF synthetic brightness temperature (K) over the SMOSREX pixel, as a function
of the incidence angle, at vertical polarisation for two different microwave modelling approaches of the vegetation optical
depth by Wigneron et al. (2007) and Kirdyashev et al. (1979) (see in Table 1). The top panel shows the bias (left) and the
correlation coefficient R2 (right). The bottom panel shows the RMSE (left) and the Nash coefficient (right).

When the Kirdyashev model is used in the forward operator better performances are obtained for incidence
angles of 40 to 60◦ than for lower angles. Overall, the best modelling/observing configuration is obtained when
the Kirdyashev opacity model is used for an observing angle of 50◦. The results also suggest that a future
bias correction scheme for SMOS should depend on the viewing angle. The good agreement with R2 values
exceeding 0.7 at vertical polarisation is particularly encouraging, since it applies to both parameterisations and
all angles used. We have thus shown that the coupled IFS / CMEM system can capture the main variability on
the point scale.

4.3 The ALMIP inter-comparison of microwave emission models

A large-scale CMEM evaluation study for low frequency passive microwave has been conducted at C-band,
using the AMSR-E data over West Africa (de Rosnay et al., 2009). This work has been conducted with an
ensemble of Land Surface Models (LSMs) in the joint framework of the SMOS and the ALMIP (AMMA Land
Surface Model Intercomparison Project) projects (Boone et al. , 2009). ALMIP is a coordinated land surface
modelling activity conducted within the AMMA project. One of its objectives is to address the contribution of
soil moisture dynamics to the African monsoon dynamics and variability (Redelsperger et al., 2006).

The Advanced Microwave Scanning Radiometer on Earth Observing System (AMSR-E) on the NASA’s AQUA
satellite was launched in 2002 and it is still operating. AMSR-E measures microwave brightness temperatures at
five frequencies, including C-band and X-band channels (6.9 and 10.7 GHz), with a ground resolution of about
60 km at C-band for an incidence angle of 55◦ (Njoku et al., 2003). AMSR-E products include brightness
temperature as well as soil moisture and vegetation water content products. They are archived and distributed
routinely by the NASA National Snow and Ice Data Center’s (NSIDC) Distributed Active Archive Center
(DAAC) (Njoku, 2004).

In the recently completed phase-1 of ALMIP, an ensemble of state-of-the-art LSMs have been run offline (i.e.
decoupled from an atmospheric model) at a regional scale over West Africa for five annual cycles (2002 to
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2006). Eleven LSMs participated in the inter-comparison (Boone et al. , 2009). For ALMIP-MEM (de Rosnay
et al., 2009) the eight LSMs that are used for NWP applications were coupled with CMEM (Table 2). All par-
ticipating LSMs require the following input forcing fields: precipitation, short-wave and long-wave radiative
fluxes, wind speed and direction, 2m air humidity and temperature and surface pressure.
For each LSM, two ALMIP experiments were conducted with different precipitation and radiative-flux forc-

Name Group Reference
ISBA-FR CNRM/Météo-France Noilhan and Planton (1989)
ISBA-DF CNRM/Météo-France Boone et al. (2000)
HTESSEL ECMWF Balsamo et al. (2008)
TESSEL ECMWF Viterbo and Beljaars (1995)
CTESSEL ECMWF Jarlan et al. (2007)
JULES MetOffice Blyth et al. (2006)
NOAH NCEP/EMC Chen and Dudhia (2001)
ORCHIDEE-CWRR IPSL de Rosnay et al. (2002)

Table 2: Land Surface Models used for ALMIP-MEM.

ing. In the control experiment (EXP1), the LSMs were forced with the ECMWF forecasts for 2002-2006. In
the second experiment (EXP2), ECMWF fields are hybridised with the satellite based precipitation products
obtained in EPSAT-SG (Estimation des Pluies par SATellite - Seconde Génération, (Chopin et al., 2004)) and
the OSI-SAF (Ocean and Sea-Ice - Satellite Application Facility) radiative fluxes. Boone and de Rosnay (2007)
have shown that the hybridised forcing data set used in EXP2 is more realistic. In particular, the extension of
the African monsoon to the north is better represented than in the ECMWF model precipitation which under-
estimates rainfall occurrence and intensity over the Sahel.

Both EXP1 and EXP2 were performed at a 0.5◦ resolution over the West African domain (from 5◦S to 20◦N
and from 20◦W to 30◦E). ALMIP outputs have been provided for each ALMIP LSM at a 3 hour time step. They
include soil moisture and soil temperature profiles, runoff, sensible and latent heat fluxes. Table 3 summarises
the different microwave modelling options tested in ALMIP-MEM.
Figure 4 shows the spatial distributions of observed (AMSR-E) and simulated (ORCHIDEE / CMEM) bright-

Dielectric constant
Vegetation optical depth Dobson et al. (1985) Mironov et al. (2004) Wang and Schmugge (1980)

Jackson and O’Neill (1990) 1 5 9
Kirdyashev et al.(1979) 2 6 10
Wegmüller et al., (1995) 3 7 11
Wigneron et al. (2007) 4 8 12

Table 3: Physical parameterizations used in CMEM for ALMIP-MEM. Twelve configurations are considered for different
combination of soil dielectric and vegetation optical depth models.

ness temperatures at horizontal polarisation on days 200-201 of 2006. The data represent the descending orbit
and are based on the configuration using the Mironov model to simulate the dielectric constant and the Kirdya-
shev parameterisation for the vegetation optical thickness. High values of soil moisture result in low emissions
and thus in low brightness temperatures. In contrast, areas with high vegetation water content, as encountered
at latitude between 4◦S and 10◦N, have high brightness temperature values. This figure clearly shows the pres-
ence of a wet patch centred on 2◦W, 15◦N in the Sahel region. This typically corresponds to the occurrence of
a monsoon season meso-scale convective rainfall event. This wet patch is well captured by the EXP2 ALMIP-
MEM simulation. However, it is not captured in EXP1 for which the ECMWF precipitation forcing data have
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been used. It is clear from this figure that the errors in simulated brightness temperatures will be highly de-
pendent on forecast errors in precipitation. In turn, these results suggest that low-frequency passive microwave
observations can detect errors introduced through uncertainties in the precipitation forcing. Figure 5 represents
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Figure 4: C-band brightness temperature at horizontal polarisation on DoY 200-201: observed by AMSR-E (left), OR-
CHIDEE simulations in ALMIP-MEM for EXP2 (middle) and EXP1 (right).

the time-latitude diagram of the horizontally polarised brightness temperatures at C-band from AMSR-E and
using the ALMIP-MEM EXP2 and the eight LSMs indicated in Table 2.

For each LSM a bias correction has been applied which subtracts the annual-mean value. The time-latitude
diagram (Figure 5) shows the simulated brightness temperature evolutions when CMEM is used with the
Kirdyashev vegetation opacity model and the Wand and Schmugge dielectric model. The Kirdyashev vege-
tation opacity model is the best modelling configuration for any of the considered LSMs. AMSR-E C-band
data show a wet patch over Sahel during the rainy season, centred at day 210 and latitude 15.5◦ North. This
wet patch is captured by all the LSMs, but the amplitude is either overestimated or underestimated depending
on the LSM. However, this figure underlines the general good agreement between the model-based simulations
and the satellite data.

Taylor diagrams display the normalised Standard Deviation (SDV) as a radial distance and the correlation
between modelled and observed brightness temperatures as an angle in a polar plot. In Figure 6 a) results for the
eight LSMs using the same meteorological forcing and one identical CMEM configuration are presented. Figure
6 b) addresses the performances of one LSM (HTESSEL) coupled to different microwave model configurations.

The normalised standard deviations in simulated brightness temperatures for the year 2006 lie in the range of
0.67 to 1.36, and correlation values between modelled and observed brightness temperatures vary between 0.54
and 0.73 (Figure 6 (a)). The scatter for the different LSMs results from differences in land-surface process
parameterisations leading to different simulations of soil moisture and soil temperature profiles. In contrast,
in Figure 6 (b) one LSM (HTESSEL) is used for several microwave-emission model configurations. The
scatter in model performance varies from 1.0 to 1.4 for the SDV and from -0.01 to 0.54 for the correlation. In
these simulations, soil moisture and soil temperature profiles are identical, but the parameterisation of the soil
dielectric constant and vegetation opacity are different.

The results presented in Figures 6 (a) and (b) clearly show that, in terms of correlation, the scatter due to the
microwave emission model is larger than that due to the LSMs. This figure also points out that the Kirdyashev
model (numbers 2, 6, 10 in Figure 6 (b) for the Dobson, Mironov and Wang & Schmugge dielectric models
respectively) leads to much better performances than the other vegetation opacity models in terms of both
SDV and correlation. The scatter due to the soil dielectric constant model is less important than that due to
vegetation opacity. Furthermore, it shows that the Wang and Schmugge model provides best results whatever
opacity model is used for the vegetation. Results illustrated here with HTESSEL are confirmed for all the
ALMIP-MEM LSMs. There is only one LSM (ORCHIDEE) for which the Mironov dielectric model performs
slightly better than the Wang and Schmugge model. The robustness of the Kirdyashev vegetation opacity-model
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Figure 5: Time-latitude diagram of the horizontally polarised brightness temperature observed by AMSR-E and simu-
lated by ALMIP-MEM for EXP2 (2006). For each ALMIP-MEM simulation a bias correction was applied, specifically
computed for each LSM when comparing simulated and observed brightness temperature.

to provide best agreement of simulated brightness temperature for different precipitation forcing and different
LSMs is particularly noteworthy.

5 CMEM technical description

5.1 Model coding structure

CMEM is coded in Fortran 90. It is a new highly modular software package providing Input/Output (I/O)
interfaces for the Numerical Weather Prediction Community. CMEM was specifically designed to be highly
modular in terms of both physics and input/output interface. To reach this modular structure, each component
of the microwave emission system and each component of the code are externalized in a separate module.
The different subroutines of a module can be interchanged to different I/O format and/or different physical
parameterizations. For the user, this allows choosing between different options in the simulation definition
without requiring any change on the code.

The CMEM code is organized as described in Figure7, with the main program named cmem−main.F90. Radia-
tive transfer computation of CMEM is modular, it is structured in four modules for soil, vegetation, snow and
atmosphere as detailed in Figure 8.
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Figure 6: Taylor diagram illustrating the statistics of the comparison between ALMIP-MEM synthetic brightness temper-
ature and AMSR-E data at C-band for (a) different LSMs coupled to CMEM using the Wang and Schmugge dielectric
model coupled to the Kirdyashev vegetation opacity model, (b) the HTESSEL LSM coupled to CMEM using different con-
figurations of the microwave emission modelling. The numbers indicated within the circle (right) refer to the vegetation
opacity and dielectric models combination obtained from Table 3. Note that the radial axis scale is different for (b).

5.2 Input / Output of CMEM

Figure 9 illustrates the Input/Output structure of CMEM. Four namelist files are provided to CMEM (namdef.h,
namopt.h, namrad.h, namlev,h). Setup values are defined in the file named input, were the run definition, mod-
ular options, observing configuration and soil levels are indicated. The input file allows the user to controle the
use of CMEM without any need to look into the code itself. It also allows to define the IO configuration by
choosing the files formats. Indeed CMEM Input/Output is coded in a modular way, so that the user can choose
either ASCII, GRIB or NETCDF I/O format. For any of these I/O type, CMEM is flexible with automatic
detection of the Input files sizes. For Grib I/O users can choose tio decode input and encode outoput either with
GRIBEX or with the new GRIB API software developed at ECMWF. Both GRIBEX and GRIB API are freely
availabale to download fromn the ECMWF web page. Once the input file is red to define the simulation con-
figuration and the namelists are red, CMEM scans the input files to get geophysical information as described in
the previous section (soil moisture and temperature, vegetation type and fraction, soil texture). CMEM checks
the dimensions consistency between the input files, it allocate memory accordingly and then it reads the content
of the input files.
Concerning the output of CMEM, the user can choose from the input file the output level through the JPHISTLEV
variable:

• JPHISTLEV=1: ouput files contain TBh, TBv, and effective temperature.

• JPHISTLEV=2: output files contain all level 1 outputs plus vegetation and atmospheric optical depths,
bare soil fraction, atmospheric upward brightness temperature and vegetation water content.

• JPHISTLEV=3: output files contain all level 1 and level 2 outputs plus land cover fraction, b parameter,
h roughness parameter, as well as horizontal and vertical emissivities.
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Allocate variables 

Read Input data files

Initialize the simulation

call rdcmem netcdfinfo.F90

Get Input data files informations (for I/O format): 
and check input data consistency in term of dimension

call cmem_init.F90

    Atmospheric module call cmem_atm.F90

    Tiling, roughness and vegetation parameters

CMEM setup

call cmem_setup.F90

Radiative computation

               soil module (call cmem_soil.F90)

               vegetation module (call cmem_veg.F90)

               snow module (call cmem_snow.F90)

               comput TOV TB (call cmem_rtm.F90) and TOA TB

CMEM output

              call wrcmemgribapi.F90

              call wrcmemascii.F90

Deallocate variables

CMEM code structure (v3.0)

cmem_main.F90 Variable declaration

                call wrcmemnetcdf.F90

parkind1.F90

Kind definition:

Declaration:

yomcmemnetcdf.F90

yomcmempar.F90

yomcmemfield.F90

yomcmematm.F90

yomcmemsoil.F90

yomcmemveg.F90

yomcmemgribapi.F90

yomcmemgribex.F90call rdcmemasciiinfo.F90

   the ascii file "input" is red to define options chosen in the namelist fil

              call wrcmemgribex.F90

call rdcmemgribex.F90

yomlun_ifsaux.F90

yomlun.F90

call rdcmemgribapiinfo.F90
call rdcmemgribexinfo.F90

call rdcmem netcdf.F90

call rdcmemascii.F90

call rdcmemgribapi.F90

Figure 7: CMEM code Fortran 90 structure.
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dielmironov.F90

dielwang.F90

dieldobson.F90

dielsoil_sub.F90

ion_conduct.F90

diel_wat.F90

dielwat_sub.F90

dielice_sub.F90

Dielectric models

teff_sub.F90

Effective temperature models

Smooth surface reflectivy models

wilheit.F90

Roughness models

rghwegm.F90

rghchou.F90

cmem_soil.F90

vegetation T−w model

veg_sub.F90

Opacity models

    vegwign.F90

    vegjack.F90

    vegwegm.F90

    vegkird.F90

 

Snow HUT model

Atmospheric RT models

atm_sub.F90

    atmpellarin.F90

    atmliebe.F90 

    atmulaby.F90

Soil Module Atmospheric module

cmem_atm.F90

Vegetation module

cmem_veg.F90

Snow module

cmem_snow.F90

CMEM modules

fresnel.F90

Figure 8: CMEM code modular components.

5.3 CMEM web page and user’s interface

ECMWF and ESA agreed to open CMEM sources to the SMOS calibration and validation team members as
well as to the entire scientific community. To facilitate the access and the use of CMEM a web page has been set
up at ECMWF from which the code of CMEM is available to be downloaded together with a complete techni-
cal documentation and readme files: http://www.ecmwf.int/research/ESA_projects/SMOS/
cmem/cmem_index.html. CMEM’s web page is under the ECMWF SMOS web page (Figure 10) that
contains information concerning ECMWF activities in SMOS as well as, under a restricted area page, project
documents and meeting reports.

CMEM is released through tagged versions. The first tagged version v1.1 has been released in December 2007.
The current version in November 2009 is CMEM version 3.0. CMEM’s web page includes an up-to-date users
list as well as a Frequently Asked Qusetions part.

6 Conclusion

L-band brightness temperatures measured by SMOS are a new observation type which has never been used in
NWP applications before. In this report the CMEM observation operator developed by ECMWF is presented
and a scientific and technical descriptions are provided. The scientific results, summarised in this report, are
based on different observation systems deployed at different times and locations capturing processes at various
scales. However, the findings are consistent in that the importance of the forward operator, i.e. the microwave
emission model, has been evidenced. In addition, the key parameterisations have been identified and we have
shown that the resulting brightness temperatures resemble the main signatures obtained from the corresponding
observations. Implementation of CMEM in the IFS will ensure monitoring of SMOS observations from shortly
after its launch in 2009, as described in the MS1TN-P2 report.
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Figure 9: CMEM code modular components.
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Figure 10: SMOS web page at ECMWF.
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