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Abstract

In situ soil moisture data from 122 stations across the United States are used to eval-
uate the impact of a new bare ground evaporation formulation at ECMWF. In Novem-
ber 2010 the bare ground evaporation used in ECMWF’s operational Integrated Fore-
casting System (IFS) was enhanced by adopting a lower stress threshold than for the5

vegetation, allowing a higher evaporation. It results in more realistic soil moisture val-
ues when compared to in situ data, particularly over dry areas. Use was made of
the operational IFS and offline experiments for the evaluation. The latter are based
on a fixed version of the IFS and make it possible to assess the impact of a sin-
gle modification while the operational analysis is based on a continuous effort to im-10

prove the analysis and modelling systems, resulting in frequent updates (few times
a year). Considering the field sites with a fraction of bare ground greater than 0.2,
the root mean square difference (RMSD) of soil moisture is shown to decrease from
0.118 m3 m−3 to 0.087 m3 m−3 when using the new formulation in offline experiments,
and from 0.110 m3 m−3 to 0.088 m3 m−3 in operations. It also improves correlations.15

Additionally the impact of the new formulation on the terrestrial microwave emission at
a global scale is investigated. Realistic and dynamically consistent fields of brightness
temperature as a function of the land surface conditions are required for the assim-
ilation of the SMOS data. Brightness temperature simulated from surface fields from
two offline experiments with the Community Microwave Emission Modelling (CMEM)20

platform present monthly mean differences up to 7 K. Offline experiment with the new
formulation presents drier soil moisture, hence simulated brightness temperature with
its surface fields are larger. They are also closer to SMOS remotely sensed brightness
temperature.
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1 Introduction

Soil moisture plays a fundamental role in the partitioning of mass and energy fluxes
between the hydrosphere, biosphere and atmosphere because it controls both evapo-
ration and transpiration fluxes from bare soil and vegetated areas, respectively. In ad-
dition, it is a key variable in hydrological processes (i.e. runoff, evaporation from bare5

soil and transpiration from the vegetation cover) and has an impact on plant growth
and carbon fluxes (Dirmeyer et al., 1999; Entekhabi et al., 1999). Its initialisation is
of crucial importance for Numerical Weather Prediction (NWP) models and this topic
has been extensively explored in the literature (e.g. Shukla and Mintz, 1982; Dirmeyer,
2002; Douville et al., 2001); soil moisture might play a role in meteorological forecasting10

(Seneviratne et al., 2010).
The second phase of the multi-institutional numerical modelling experiment GLACE-

2 (Global Land–Atmosphere Coupling Experiment) led to several insights about how
the realistic initialisation of soil moisture can have a significant impact on the skill of pre-
cipitation and air temperature forecasts skill at the sub-seasonal scale (Koster et al.,15

2011). Notably, while both wet and dry land-surface-model initialisation are likely to
generate skill in different areas of the world, dry initialisation provides more skill at
the transition between soil-moisture and energy-availability-controlled evaporation. The
first phase of GLACE (Koster et al., 2004) focused on the atmospheric response to soil
moisture variations. Meteorological variables such as precipitation and air temperature,20

were found to be particularly affected by soil moisture variations in specific areas: the
transition zones between arid and humid areas. Dry-land has recently received more
attention both in literature (Wang et al., 2012) and in several initiatives on the Drought
Early Warning (DEW) information services world-wide (WMO, Drought monitoring and
early warning, 2006). Many studies have focused on the coupled bare soil–canopy pro-25

cesses and the ability of land surface models to simulate bare soil processes has also
been of interest (Desborough et al., 1996). Albergel et al. (2012a, b) demonstrated the
good quality of the European Centre for Medium-Range Weather Forecasts (ECMWF)
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soil moisture products with respect to global-ground based in situ observations. They
found good level of correlations despite the high values of root mean square differ-
ence (RMSD) which indicate that ECMWF products tend to overestimate soil moisture,
particularly over dry areas. To overcome this problem an improved bare ground evap-
oration scheme over dry land (Balsamo et al., 2011) was implemented in ECMWF’s5

Integrated Forecasting System (IFS), in November 2010. It is expected that the new
scheme will reduce the soil moisture over bare soil by enhancing evaporation, resulting
in more realistic soil moisture when compared to in situ data. Because the improved
bare ground evaporation was implemented in 2010 along with others modifications
affecting soil moisture (e.g. an Extended Kalman Filter for soil moisture analysis, de10

Rosnay et al., 2011, 2012) it is difficult to isolate the impact of the new evaporation
scheme; NWP analyses hardly have their control experiments. For this reason, offline
experiments were carried out with and without the new bare ground evaporation to
analyse the impact of the specific modification. This study aims at evaluating the im-
pact of this new evaporation scheme on soil moisture.15

In the framework of the Soil Moisture and Ocean Salinity (SMOS, Kerr, 2007; Kerr
et al., 2010) mission, ECMWF is implementing the direct assimilation of near real time
brightness temperature (TB) in the L-band (Sabater et al., 2012). It will only be effective
if realistic and dynamically consistent fields of TB are simulated as a function of land-
surface conditions. At ECMWF the Community Microwave Emission Modelling platform20

(CMEM, Holmes et al., 2008; Drusch et al., 2009a; de Rosnay et al., 2009) is used to
simulate TB. Surface soil moisture is, amongst other surface fields, coupled with CMEM
to produce ECMWF’s first-guess TB. The main objective of this study is to evaluate the
new evaporation formulation on soil moisture, however as the improved bare ground
evaporation is expected to affect surface fields such as soil moisture, it also assesses25

its impact on simulated TB.
After a description of the ECMWF’s analysis and soil moisture products used in this

study, the new bare ground evaporation formulation is presented followed by a de-
scription of the in situ observations required to evaluate soil moisture analyses. Next
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the CMEM platform is briefly described along with the remotely-sensed SMOS TB data
set. Then the impact of the improved bare ground evaporation is assessed using (i) two
offline experiments and (ii) ECMWF’s operational IFS and in situ soil moisture data for
the period 2010–2011 (only 2010 for the offline experiments). Finally, surface soil mois-
ture and soil temperature fields, as well as snow depth and density fields from the two5

offline experiments, are coupled with the CMEM platform to simulate the TB data set at
a global scale; they permit the study of the sensitivity of CMEM to the new bare ground
evaporation. Finally the two TB data sets are compared to SMOS TB observations for
the year 2010.

2 Material and methods10

In situ soil moisture observations are important for evaluating soil moisture products. In
this study use was made of soil moisture data from the NCRS-SCAN network (Natural
Resources Conservation Service – Soil Climate Analysis Network) in the United States
(Schaefer and Paetzold, 2000). They were obtained through the International Soil Mois-
ture Network (ISMN, Dorigo et al., 2011, http://www.ipf.tuwien.ac.at/insitu/), a new data15

hosting centre where globally available ground based soil moisture measurements are
collected, harmonized and made available to users. Data at 148 stations in 2010 and
2011 were used to evaluate soil moisture from offline experiments and the operational
IFS. The soil moisture data sets used in this study are presented in Table 1.

2.1 ECMWF’s land surface analysis20

Data produced at ECMWF include a large variety of surface parameters that de-
scribe the atmosphere as well as ocean-wave and land-surface conditions (more in-
formation at: http://www.ecmwf.int/products/). The core atmospheric assimilation sys-
tem at ECMWF relies on the four-dimensional variational (4D-Var) data assimilation
scheme described in Rabier et al. (2000) and Mahfouf and Rabier (2000). It has25
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an observation time window of 12 h (Bouttier, 2001). Data provided by satellite sen-
sors (from microwave and infrared radiometers) as well as conventional observations
(e.g. radiosonde network) are ingested within the 4D-Var. Use is also made of surface
observations such as surface pressure, humidity and wind.

For several decades NWP initialisation has relied on data assimilation approaches5

which use satellite data to analyse atmospheric variables. Land-surface initialisation
is generally independent from the atmospheric system and is based on ground mea-
surements of screen-level variables as a proxy for soil moisture. In recent years, major
upgrades have been implemented in the land-surface modelling and analysis systems
of the IFS with respect to soil moisture: (i) an improved soil hydrology (Balsamo et al.,10

2009), (ii) a new snow scheme (Dutra et al., 2010) and (iii) a multi-year satellite-based
vegetation climatology (Boussetta et al., 2010) together with enhanced bare ground
evaporation (Balsamo et al., 2011). Also a new soil moisture analysis scheme, based
on a point-wise Extended Kalman Filter (EKF) for the global land surface, has been de-
veloped and this was implemented in the IFS (Drusch et al., 2009b; de Rosnay et al.,15

2011, 2012) in November 2010.
The model forecast for the land surface analysis is provided by H-TESSEL (Van den

Hurk and Viterbo, 2003; Balsamo et al., 2009). H-TESSEL was implemented in the
IFS by Balsamo et al. (2009) and verified in various ways including field site compari-
son, data assimilation and modelling experiments. Also Albergel et al. (2012b) provide20

a detailed evaluation of HTESSEL soil moisture. Analyses are available at four depths
(0–7, 7–28, 28–100 and 100–289 cm). The soil heat budget follows a Fourier diffusion
law, modified to take into account soil water freezing/melting according to Viterbo et al.
(1999). The energy equation is solved with a net ground heat flux as the top bound-
ary condition and a zero flux at the bottom. The water balance at the surface (i.e. the25

change in water storage of the soil moisture, interception reservoir and accumulated
snowpack) is computed as the difference between the precipitation and (i) the evap-
oration of soil, vegetation, interception water, (ii) surface and subsurface runoff. First
precipitation is collected in the interception reservoir until it saturated. Then, excess
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precipitation is partitioned between surface runoff and infiltration into the soil column.
HTESSEL’s formulation of the soil hydrological conductivity and diffusivity is spatially
variable according to a global soil texture map (FAO/UNESCO Digital Soil Map of the
World, DSMW, FAO, 2003). Surface runoff is based on variable infiltration capacity. At
the end of each data assimilation cycles an adjustment to the model forecast (e.g. soil5

moisture) is produced, it usually referred to analysis increment and represents the net
response of the variational data assimilation to all observations used.

Three analysis schemes for the surface (and near-surface) variables are currently
used in operations. They are based on: spatial Optimal Interpolation (2D-OI, for snow
depth and screen-level analyses), column Optimal Interpolation (1D-OI, for soil and10

snow temperature analysis), and an EKF (for soil moisture analysis, Drusch et al.,
2009b; de Rosnay et al., 2011, 2012). Analysis of surface parameters is decoupled
from the main atmospheric analysis. Firstly an OI scheme produces estimates of
screen-level temperature and relative humidity by combining synoptic observations
over land with background estimates (short-range forecasts) from the most recent anal-15

ysis (Douville et al., 2000). Analysed fields of screen level temperature and relative hu-
midity are then used to update estimates of soil moisture (and soil temperature) for the
layers of the model using the EKF analysis. While producing the forecast, the model
estimates a wide variety of physical variables including precipitation. Even if not directly
observed, the model estimates are constrained by the observations (in situ measure-20

ments of temperature and humidity) used to initialise the forecast and their accuracy
relies on the quality of the model physics as well as that of the analysis.

2.1.1 Soil moisture products

In this section a description is given of the major differences between the deterministic
operational suite and the offline experiments with respect to soil moisture.25

The version of IFS used in operations at ECMWF from January 2010 to December
2011 spans cycles 35r3 to 37r3 (more information at: http://www.ecmwf.int/research/
ifsdocs/). There are continuous effort to improve the analysis and modelling schemes
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(i.e. changes in spatial and vertical resolutions, data assimilation, parameterizations
and sources of data), resulting in frequent updates of the IFS (few times a year). Be-
fore the implementation of cycle 36r4 in November 2010, the assimilation technique
used was the OI (Mahfouf, 1991; Mahfouf et al., 2000b). The EKF was implemented in
operations to optimally combine model data with conventional observations and satel-5

lite measurements. In its current configuration, the EKF soil moisture analysis uses
meteorological observations of screen-level parameters close to the surface, as with
the previous OI method. However due to the flexibility of Kalman-based techniques,
the EKF can handle different sources of observations (Mahfouf et al., 2009) and of-
fers a wide range of development possibilities including the use of remotely-sensed10

data such as ASCAT (Advanced Scatterometer, Wagner et al., 2007) and SMOS (Kerr,
2007; Kerr et al., 2010).The operational IFS soil moisture analysis is produced four
times each day (i.e. at 00:00, 06:00, 12:00 and 18:00 UTC); it had a spatial resolution
of about 25 km (T799) until 26 January 2010 and then it was about 16 km (T1279).
Analyses at 00:00 UTC are considered in this study.15

The offline experiments used in this study are based on IFS cycle 36r4. They are pro-
duced daily at 00:00, 06:00, 12:00 and 18:00 UTC at a spatial resolution of about 80 km
(T255). Offline experiments are a response to reproduce the land-surface model state
in between two reanalyses (e.g. the two latest reanalyses of ECMWF are ERA-Interim,
Dee et al., 2011 and ERA-40, Uppala et al., 2005). Reanalysis such as ERA-Interim20

are produced by a fixed version of the IFS (for the main component of the atmospheric
model and data assimilation) and have the advantage of being consistent over a long
period. Offline experiments are based on the same principle and take into account spe-
cific improvements implemented in the operational IFS (e.g. the ERA-Interim reanaly-
sis land-surface scheme is based on the TESSEL scheme while HTESSEL is used25

for offline experiments in this study). Offline experiments can be considered as add-
on before future generations of reanalysis are produced at ECMWF. They are driven
by ERA-Interim (Dee et al., 2011) global atmospheric reanalysis.The difference be-
tween the two experiments concerns only the bare ground evaporation. For one, the
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bare ground evaporation over dry land has been enhanced by adopting a lower stress
threshold than for the vegetation, allowing a higher evaporation (BEVAP NEW). Its con-
trol experiment without the new bare ground evaporation is called BEVAP OLD.

2.1.2 New bare ground evaporation

This section gives a description of the new bare ground formulation. It is in agreement5

with the experimental findings of Mahfouf and Noilhan (1991) and results in more realis-
tic soil moisture values for dry land (Balsamo et al., 2011). Indeed the evaporation from
non-vegetated areas responds to a different physical mechanism compared to densely
vegetated areas. Over bare soil the vaporisation of water in the soil pores takes place in
a thin layer close to the surface-atmosphere interface as a direct effect of incoming so-10

lar radiation providing the latent heat requirements. Atmospheric conditions such as air
temperature, humidity, wind velocity and radiation, as well as soil conditions (e.g. wa-
ter content and roughness length) play a role in modulating the evaporation processes
(Hillel, 1980). The relationship between soil moisture and bare soil evaporation is gen-
erally parameterized in land-surface models. Mahfouf and Noilhan (1991) compared15

several of these formulations; in these studies, bare soil evaporation formulations was
halted when the soil is completely dry (for soil moisture close to zero). In the previous
TESSEL scheme linking of soil moisture and evaporation was assumed to be linear
between the permanent wilting point and the field capacity values for soil moisture.
With the introduction of a tiling approach, the same stress function was applied to both20

vegetated and non-vegetated tiles, neglecting the fact that wilting point is a soil mois-
ture threshold that applies uniquely to vegetated areas. The formulation of the bare
soil evaporation has been revisited in the latest HTESSEL version to allow a smooth
transition between vegetated and non-vegetated areas and to realign the formulation
of bare ground evaporation with studies in the literature. Evapotranspiration process25

(E ) is parameterized for each tile i accounting for canopy and soil resistance as:
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Ei =
ρa

ra + rc

[
qL −qsat

(
Tsk,i

)]
(1)

where ρa is the air density, qL is the humidity at the lowest model level, qsat(Tsk,i ) is
the saturated humidity for the vegetation skin temperature Tsk,i , ra is the aerodynamic
resistance and rc is the canopy resistance. Equation (1) is valid for vegetated and non-5

vegetated tile i in the absence of snow and interception water.
For vegetated tiles the canopy resistance is formulated according to Jarvis (1976):

rc =
rs,min

LAI
f1f2f3 (2)

with LAI prescribed from a MODIS satellite-based data set as detailed in Boussetta10

et al. (2011). In the canopy resistance formulation the rs,min is the minimum stomatal
resistance and f1 and f3 are inhibition functions expressing the shortwave radiation
deficit and atmospheric humidity deficit, respectively. The soil moisture inhibition func-
tion, f2, depends on the root-zone soil wetness (wroot) normalized between the wilting
point (wwilt) and the field capacity (wfc) therefore:15

f2 =
wroot −wwilt

wfc −wwilt
(3)

For non-vegetated tiles rc is uniquely dependent on the soil moisture of the first soil
layer, so f2 is modified to be computed a a function of surface soil moisture f2(wlayer1)
and a minimum soil resistance rsoil,min:20

rc = rsoil,min · f2(wlayer1) (4)

In the new formulation the f ′2 for bare ground is calculated as:

f ′2 =
wroot −wmin

wfc −wmin
(5)

25
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where wmin is a weighted average of the wilting point and residual soil moisture content
(wres). The weights are given by the vegetation cover fraction veg (van den Hurk et al.,
2000), so that:

wmin = veg ·wwilt + (1− veg) ·wres (6)
5

Formulation of BEVAP OLD offline experiment used Eq. (3) and the one of BE-
VAP NEW Eq. (5).

2.2 In situ soil moisture observations: the NCRS-SCAN network

The SCAN network (http://www.wcc.nrcs.usda.gov/scan/) is a comprehensive, nation-
wide soil moisture and climate information system designed to provide data to sup-10

port natural resource assessments and conservation activities. It is administered by
the United States Department of Agriculture (USDA) Natural Resources Conservation
Service (NRCS) through the National Water and Climate Centre (NWCC), in cooper-
ation with the NRCS National Soil Survey Center. The system focuses on agricultural
areas of the USA. The observing network monitors soil temperature and soil moisture15

at several depths, soil water level, air temperature, relative humidity, solar radiation,
wind, precipitation and barometric pressure amongst others. SCAN data are used for
a variety of purpose ranging from global climate modelling to agricultural studies. Data
are collected by a dielectric constant measuring device; typical measurements at 2
inches (about 5 cm) are used. The vegetation cover at those sites consists generally of20

natural fallow or short grass. In this study, all the stations of the NCRS-SCAN network
providing data in 2010 and 2011 are retained (leading to a total of 148 stations). The
location of the stations of the NCRS-SCAN network are shown on Fig. 1.

2.3 Statistical comparison between analysis and in situ observations

For all stations, correlations (R, Eq. 7), bias (in situ minus analysis), root mean square25

difference (RMSD, Eq. 8) and p-value (a measure of the correlation significance) are
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calculated. The latter indicates the significance of the test; the 95 % confidence interval
is used in this study (as in Rüdiger et al., 2009; Albergel et al., 2009, 2010); only
configurations where the p-value is below 0.05 (i.e. the correlation is not a coincidence)
are retained.

R =

√√√√√√1−
∑(

SSMproducts −SSMinsitu
)2

∑(
SSMproducts −SSMinsitu

)2
(7)5

RMSD =

√∑(
SSMproducts −SSMinsitu

)2
(8)

In situ data contain errors (instrumental and representativeness), so they are not con-
sidered as “true” soil moisture. This is emphasised by using the RMS difference termi-
nology instead of RMS error. In situ observations of soil moisture at the NCRS-SCAN10

stations are associated with soil temperature measurements. The observations of soil
moisture were flagged for temperature below 4 ◦C to avoid frozen conditions. When
considering TB, the standard deviation (STD) is also computed.

To avoid seasonal effects, monthly anomaly time-series are calculated. The differ-
ence from the mean is produced for a sliding window of five weeks (if there are at least15

five measurements in this period), and the difference is scaled to the standard devi-
ation. For each surface soil moisture estimate at day (i ), a period F is defined, with
F = [i−17, i+17] (corresponding to a five-week window). If at least five measurements
are available in this period, the average soil moisture value and the standard deviation
are calculated. The Anomaly (Ano) is then given by:20

Ano(i ) =
SSM(i )−SSM(F )

stdev(SSM(F ))
(9)

The same equation is used to compute in situ anomaly time-series which can be com-
pared with that from ECMWF’s analyses.
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2.4 The terrestrial microwave emission modelling

2.4.1 The Community Microwave Emission Modelling (CMEM) platform

The CMEM platform has been developed by ECMWF as the forward operator for low
frequency passive microwave TB (from 1 GHz to 20 GHz) of the surface in the frame-
work of the SMOS mission. CMEM is one of the ESA (European Space Agency) SMOS5

tools and it is available to the entire community through the ECMWF web pages:
http://www.ecmwf.int/research/ESA projects/SMOS/cmem/cmem doc.html.

CMEM represents the top of atmosphere TB as a result of the contributions from the
following dielectric layers: soil, vegetation and atmosphere. The physics of CMEM is
based on the parameterizations used in the L-Band Microwave Emission of the Bio-10

sphere (L-MEB, Wigneron et al., 2007) and the Land Surface Microwave Emission
Model (LSMEM, Drusch et al., 2001); it includes a modular choice of the physical
parameterizations for the various dielectric layers. Multiple parameterizations for the
dielectric constant, the effective temperature, the smooth emissivity, soil roughness,
vegetation optical depth and the atmospheric opacity lead to 1440 combinations when15

using CMEM (de Rosnay et al., 2009). The best CMEM configuration according to
the finding of de Rosnay et al. (2009) is retained for this study. Sabater et al. (2011)
also used this configuration, replacing however the soil roughness parameterization of
Choudhury (1979) by the one proposed by Wigneron et al. (2001), because the former
showed little sensitivity over larger regions.20

2.4.2 SMOS brightness temperature

SMOS consists in a microwave imaging radiometer with an aperture synthesis collect-
ing top of atmosphere full polarized radiances coming from the scene viewed by its
antennas through their power patterns. It is a Y-shaped instrument with several ele-
mentary antennas regularly spaced along the arms (69 in total) which provide, at each25

integrations step, a full image (circa 1000×1200 km) at either two polarisations or full
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polarisation, of the Earth’s surface (Kerr et al., 2007, 2010). The spatial resolution is
about 40 km and the globe is fully imaged at least twice every three days (ascending
and descending orbits). Any points at the surface are viewed frequently at different
angles and polarisations. The angular information is used to separate the different con-
tributions (soil-vegetation) to the signal (Wigneron et al., 2000). The signal measured5

at satellite level is a TB for the L-band consisting of four main contributions: (i) the
up-welling atmospheric emission, (ii) the Earth’s surface emission, attenuated by the
atmosphere, (iii) the atmospheric down-welling atmospheric emission reflected at the
surface and attenuated along the upward path by the atmosphere, and (iv) the cosmic
background emission attenuated by the atmosphere, reflected at the surface and atten-10

uated again along the upward path by the atmosphere. SMOS Near Real Time (NRT)
products are processed at the European Space Astronomy Centre (ESAC) and sent to
ECMWF via the SMOS Data Processing Ground Segment (DPGS) interface.

3 Results

3.1 Impact of the new bare ground evaporation on soil moisture15

3.1.1 Using offline experiments

The statistical scores for the comparison between either BEVAP OLD or BEVAP NEW
and the stations from the NCRS-SCAN network are presented in Table 2. Very little
quality control is applied to measurements from NCRS-SCAN stations. Dharssi et al.
(2011) used a simple quality control process to identify stations where sensors might20

be disfunctional. Stations are rejected based on the scores obtained when compared
to their experiments (in term of correlations, RMSDs and biases). As this study aims to
assess the impact of the new bare ground experiment, mostly in term of RMSD, a qual-
ity control is applied based only on the correlation level. Stations for which either BE-
VAP OLD or BEVAP NEW have a correlation less than 0.3 are rejected (as in Dharssi25
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et al., 2011). Also, stations with a non-significant correlations are rejected (p-value <
0.05). This quality control of the NCRS-SCAN stations, resulting in 122 stations being
available (out of 148) for the comparison of the two offline experiments, does no alter
the conclusions of this paper. For all stations, the average correlations for volumetric
time-series are 0.60 for BEVAP OLD (control) and 0.62 for BEVAP NEW (test). Biases5

(in situ minus analyses) are on average −0.095 m3 m−3 and −0.064 m3 m−3, RMSDs
are 0.135 m3 m−3 and 0.124 m3 m−3 for BEVAP OLD and BEVAP NEW, respectively.
Despite a small decrease in RMSD for BEVAP NEW, both values are high. The new
formulation (Eq. 5) is expected to enhance evaporation over bare ground, hence for
each station, the fraction of bare ground (according to the model) was used as a fil-10

ter to evaluate the impact of the new formulation on RMSD. Results are presented in
Table 3 and the RMSD difference between BEVAP OLD and BEVAP NEW as a func-
tion of the fraction of bare ground is displayed on Fig. 2. It identifies a threshold value
(0.2) below which the fraction of bare soil is too small for the new formulation to have
an impact on RMSD. When scores are computed for stations with a fraction of bare15

ground greater than or equal to 0.2 (35 stations with significant R values), the corre-
lations, biases and RMSDs are 0.63, −0.086 m3 m−3, 0.118 m3 m−3 for BEVAP OLD
and 0.65, 0.0007 m3 m−3, 0.087 m3 m−3 for BEVAP NEW. This decrease in the RMSD
for BEVAP NEW (from 0.118 m3 m−3 to 0.087 m3 m−3), leading to a more realistic soil
moisture product regarding the in situ data is attributed only to the new bare ground20

evaporation formulation. Figure 3 illustrates the two offline runs as well as the in situ
observations for one site located in Utah. Minimum values of BEVAP OLD soil mois-
ture are limited by the dominant wilting point for vegetation types, however ground data
indicate much drier conditions, as is clearly observed from May to September 2010.
The new bare ground evaporation allows the model to go below this wilting point so25

the BEVAP NEW analysis is in much better agreement with the observations than that
for BEVAP OLD. Along with the decrease in RMSD, one may note an increase in the
correlation (from 0.63 to 0.65). Also BEVAP NEW has a more realistic decrease in soil
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moisture after a precipitation event due to its higher water holding capacity and this
explains the slightly better correlations.

Considering the short-term variability, the average correlations for the monthly
anomaly time series are 0.54 for BEVAP OLD and 0.55 for BEVAP NEW. Correlations
of volumetric time series are larger than those for the monthly anomaly time-series. The5

good level of correlation of the volumetric time series is largely explained by seasonal
variations, which are suppressed in monthly anomalies.

3.1.2 Using the operational product

The new bare ground evaporation formulation was implemented in operations in
November 2010. Its impact on the operational analysis was assessed for the 2010–10

2011 period. Results are presented in Table 4 and illustrated by Fig. 4. The same
threshold of 0.2 for the fraction of bare ground was used. The correlations, bias and
RMSD are 0.59, −0.076 m3 m−3 and 0.110 m3 m−3 for 2010 and 0.69, −0.010 m3 m−3,
0.088 m3 m−3 for 2011. Figure 4 illustrates the soil moisture time-series for three sta-
tions with different fraction of bare ground (∼0.46, ∼0.79 and ∼0.15 from top to bottom).15

Compared to 2010, the station with a fraction of bare ground of 0.79 has a lower value
of RMSD in 2011 than a station with a fraction of 0.15. As for BEVAP OLD and BE-
VAP NEW, the operational analysis is in much better agreement with the observations
for 2011 (with the new bare ground evaporation) than for 2010; this is particularly clear
for the period from May to September 2011 (see Fig. 4). If the decrease in RMSD20

is associated with the new bare ground evaporation, the increase in correlation (from
0.59 to 0.69) is mainly due to the new EKF analysis (also, in situ data are different). As
demonstrated in Albergel et al. (2010) and de Rosnay et al. (2011, 2012) the use of
the EKF permits to increase the quality of the soil moisture product compare to the for-
mer OI method. The higher water holding capacity observed for 2011 also helps in this25

way (more realistic decrease of soil moisture after a precipitation event). Correlations
of anomaly time-series are 0.53 and 0.54 for 2010 and 2011, respectively.
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3.2 Impact of the new bare ground evaporation on terrestrial microwave
emission and comparison with SMOS

The differences between the TB simulated using surface fields from BEVAP NEW and
the one from BEVAP OLD are computed for each month of 2010, for both H (hori-
zontal) and V (vertical) polarizations (referred to as TBH and TBV) for 06:00 UTC and5

18:00 UTC. It is useful to study the sensitivity of the simulated TB to the bare soil
parameterization as a better representation of soil moisture should lead to more re-
alistic TB, a pre-requisite for SMOS data assimilation. In terms of mean difference,
BEVAP NEW soil moisture is drier than BEVAP OLD, so simulated TB are larger with
the BEVAP NEW surface fields. For TBH (18:00 UTC) the global monthly mean dif-10

ferences between the two data set range from 4.7 K to 7.01 K, with an annual value
of 14.85 K. For TBV (18:00 UTC), global monthly mean biases range from 2.94 K to
4.12 K, with an annual mean difference of 3.7 K. Statistical scores are summarized in
Table 5 and Fig. 5 provides a map of the differences between the simulated TB for
one month (August 2010 at 06:00 UTC) and one polarization (H). For this month, mean15

differences are 6.87 K and 3.96 K, with STD of 15.56 K and 9.04 K, for TBH and TBV,
respectively. Positives differences are found in relatively dry areas. A look at the North
American continent shows that large differences are found in the western part of the
United States, where there is a high fraction of bare ground (accordingly to Fig. 1).
Figure 6 shows, (i) the global monthly mean sensitivity between the two TB and (ii)20

the spatial correlations between each TB data sets and the fraction of bare ground. As
expected, there is a slight annual cycle due to the larger distribution of the continental
areas in the Northern Hemisphere. Spatial correlations between bare ground and TB
mean sensitivity are on average 0.66 and 0.65 for TBH (06:00 UTC and 18:00 UTC),
and 0.61 and 0.61 for TBV (06:00 UTC and 18:00 UTC).25

Both TB data sets are compared to SMOS TB observations at 06:00 UTC, at an
incidence angle of 40 degrees (more data available). Radio frequency interference
(RFI) disturbs the natural microwave emission observed by SMOS (Zribi et al., 2011).
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At 06:00 UTC SMOS data are mainly over Western Europe and Africa, less affected
by RFI than Asia. Results are presented in Table 6, it shows that BEVAP NEW TB are
in better agreement with SMOS than BEVAP OLD TB, with large differences however.
The mean difference (for 2010) between SMOS and BEVAP NEW TBH is 10.2 K (STD
of 21 K) and 14.5 K (STD of 20.8 K) when considering BEVAP OLD TBH. Values are5

higher for TBV than for TBH.

4 Discussion

While previous studies (Albergel et al., 2012a, b) have demonstrated the good ability of
ECMWF analyses to represent the soil moisture annual cycle as well as its short-term
variability, they have also shown an overestimation of soil moisture. The modification10

of the soil moisture inhibition function (Eq. 5) in the new bare ground evaporation for-
mulation allows a much lower level of soil moisture to be reached over bare soil areas
as a consequence of direct bare ground evaporation under strong insulation. Results
are more realistic when compared to in situ soil moisture values observed over dry ar-
eas; they have a smaller RMSD but also a slightly better correlation. The larger water15

holding capacity induced by the new bare ground evaporation provides a more realistic
decrease in soil moisture after a precipitation event. This explains the slightly better
correlations obtained with the new formulation for the offline experiments for both the
volumetric and the monthly anomaly time-series. Indeed, the latter reflects the time-
integrated impact of antecedent meteorological forcing (e.g. precipitation). ECMWF20

analyses do not assimilate ground-based observation of precipitation. Over land the
information used by the model to generate rain is strongly constrained by in situ mea-
surements of temperature and humidity. The use of precipitation data in the analysis
continues to be studied at ECMWF. Lopez (2011) has demonstrated a positive im-
pact on model performance of the direct 4D-Var assimilation of 6-hourly radar and25

rain-gauge rainfall accumulations. Considering all the stations (122) the differences in
RMSDs between the two offline experiments is not very important, 0.135 m3 m−3 and
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0.124 m3 m−3 for BEVAP OLD and BEVAP NEW, respectively. However, if a threshold
of 0.2 for the fraction bare ground is set this difference increases to 0.118 m3 m−3 and
0.087 m3 m−3. At the spatial resolution of BEVAP NEW and BEVAP OLD ECMWF con-
siders that about 46 % of the land is covered by a fraction of bare ground more than or
equal to 0.2. Similar RMSDs are obtained with the operational IFS soil moisture prod-5

uct; in 2010, the RMSD is 0.110 m3 m−3 and 0.088 m3 m−3 in 2011 (new bare ground
evaporation implemented in November 2010). The new bare ground parameterization
also shows a consistent signal with the L-band microwave emission. Sensitivity in sim-
ulated TB to the new bare ground evaporation is found to be close to 15 K and 10 K
in H and V polarizations, respectively. As the BEVAP NEW soil moisture is drier than10

BEVAP OLD, the simulated TB are larger with BEVAP NEW surface fields. The latter
are closer to SMOS observations but with large global mean differences and standard
deviation (about 10 K and 20 K, respectively). CMEM configuration used in this study
is based on de Rosnay et al. (2009) and Sabater et al. (2011) using AMSR-E C-band
data and local L-band data, respectively. Results presented in this study are very pre-15

liminary and a full calibration of the CMEM platform, underway at ECMWF for SMOS
activities, should lead to more realistic simulated TB, in better agreement with SMOS
data.

5 Conclusions

This study investigated the new bare ground evaporation formulation implemented in20

operations at ECMWF in November 2010. Bare ground evaporation over dry lands has
been enhanced by adopting a lower stress threshold than for the vegetation, allow-
ing a higher evaporation. Its impact on soil moisture is assessed as well as on the
representation of terrestrial microwave emission. The latter is of particular interest for
the planned use of SMOS brightness temperature within the new land-surface analy-25

ses; it will be effective only if realistic and dynamically consistent fields of brightness
temperature are simulated as a function of the land-surface conditions. ECMWF has
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developed offline experiments to assess the impact of model changes. They are pro-
duced by a fixed version of the IFS (and used atmospheric forcing from ERA-Interim)
while the operational product is based on a continuous effort to improve the analysis
and modelling schemes, resulting in frequent updates of the system (few times a year).
So offline experiments make it possible to study the impact of a single modification in5

the land surface modelling. Even if they are at a coarser spatial resolution than the
operational product, they have the benefit of being less time-consuming and are very
useful between the completion of future reanalyses of ECMWF.

In situ soil moisture from 122 stations (over 148 available) of the NCRS-SCAN net-
work from all over the United States are used to evaluate the new bare ground evapo-10

ration formulation over two periods, 2010 and 2010–2011. It was first assessed using
offline experiments to isolate its impact (2010 only) and then using the IFS operational
product (2010–2011). The new scheme results in more realistic soil moisture values,
particularly for dry areas; a decrease of about 26 % in RMSD is obtained between the
two offline experiments when considering the fraction of bare ground that has a thresh-15

old greater than or equal to 0.2 (from 0.118 m3 m−3 to 0.087 m3 m−3). Slightly higher
levels of correlations were also obtained. The same conclusion is reached with the
IFS operational analysis where a better agreement with in situ data was found in 2011
than in 2010. More realistic soil moisture also lead to better initial fields for simulating
brightness temperature with the CMEM platform, a pre-requisite for SMOS data assim-20

ilation. This preliminary study demonstrated a better agreement between SMOS data
and simulated brightness temperature with surface fields from the new bare ground
evaporation. Future improvments of the land-surface physics will focus on evaporation
from free water surface such as intercepted water on leaves.
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analyses at ECMWF: evaluation using global ground-based in situ observations, J. Hydrom-15

eteorol., doi:10.1175/JHM-D-11-0107.1, in press, 2012b.
Balsamo, G., Viterbo, P., Beljaars, A. C. M., van den Hurk, B. J. J. M., Hirschi, M., Betts, A. K.,

and Scipal, K.: A revised hydrology for the ECMWF model: verification from field site to
terrestrial water storage and impact in the ECMWF-IFS, J. Hydrometeorol., 10, 623–643,
doi:10.1175/2008JHM1068.1, 2009.20

Balsamo, G., Boussetta, S., Dutra, E., Beljaars, A. C. M., Viterbo, P., and van de
Hurk, B. J. J. M.: Evolution of land surface processes in the IFS, ECMWF Spring Newslett.,
127, 17–22, 2011.

Boussetta, S., Balsamo, G., Beljaars, A. C. M., and Jarlan, J.: Impact of a satellite-derived Leaf
Area Index monthly climatology in a global Numerical Weather Prediction model, ECMWF25

Tech. Memo. No. 640, ECMWF, Reading, UK, 2010.
Bouttier, F.: The development of 12-hourly 4D-Var, ECMWF Tech. Memo 348, blackboxPlease

provide place of publication., 21 pp., 2001.
de Rosnay, P., Drusch, M., Boone, A., Balsamo, G., Decharme, B., Harris, P., Kerr, Y., Pel-

larin, T., Polcher, J., and Wigneron, J.-P.: The AMMA land surface model intercomparison30

experiment coupled to the community microwave emission model: ALMIP-MEM, J. Geophys.
Res., 114, D05108, doi:10.1029/2008JD010724, 2009.

6735

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/6715/2012/hessd-9-6715-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/6715/2012/hessd-9-6715-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/hess-13-115-2009
http://dx.doi.org/10.5194/hess-14-2177-2010
http://dx.doi.org/10.1016/j.rse.2011.11.017
http://dx.doi.org/10.1175/JHM-D-11-0107.1
http://dx.doi.org/10.1175/2008JHM1068.1
http://dx.doi.org/10.1029/2008JD010724


HESSD
9, 6715–6752, 2012

A bare ground
evaporation revision

in the ECMWF
land-surface scheme

C. Albergel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

de Rosnay, P., Drusch, M., Balsamo, G., Isaksen, L., and Albergel, C.: Extended Kalman Filter
soil moisture analysis in the IFS, ECMWF Spring Newslett., 127, 12–16, 2011.

de Rosnay, P., Drusch, M., Vasiljevic, D., Balsamo, G., Albergel, C., and Isaksen, L.: A simplified
Extended Kalman Filter for the global operational soil moisture analysis at ECMWF, Q. J. Roy.
Meteorol. Soc., in review, 2012.5

Choudhury, B. J., Schmugge, T. J., Chang, A., and Newton, R. W.: Effect of surface roughness
on the microwave emission for soils, J. Geophys. Res., 84, 5699–5706, 1979.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Bal-
maseda, M. A., Balsamo, G., Bauer, P., Bechtold, P., Beljaar, A. C. M., van de Berg, L., Bidlot,
J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, A. J., Haimberger, L., Healy, S.10

B., Hersbach, H., Holm, E. V., Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M., McNally, A.
P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C.,
Thépaut, J.-N., and Vitart, F.: The ERA-Interim reanalysis: configuration and performance of
the data assimilation system, Q. J. Roy. Meteorol. Soc. 137, 553–597, doi:10.1002/qj.828,
2011.15

Desborough, C. E., Pitman, A. J., and Irannejad, P.: Analysis of the relationship between bare
soil evaporation and soil moisture simulated by 13 land surface schemes for a simple non-
vegetated site, Global Planet. Change, 13, 47–56, 1996.

Dharssi, I., Bovis, K. J., Macpherson, B., and Jones, C. P.: Operational assimilation of AS-
CAT surface soil wetness at the Met Office, Hydrol. Earth Syst. Sci., 15, 2729–2746,20

doi:10.5194/hess-15-2729-2011, 2011.
Dirmeyer, P. A., Dolman, A. J., and Sato, N.: The pilot phase of the global soil wetness project,

B. Am. Meteorol. Soc., 80, 851–878, 1999.
Dirmeyer, P. A., Gao, X., and Oki, T.: GSWP-2: The Second Global Soil Wetness Project Sci-

ence and Implementation Plan, IGPO Publication Series, No. 37, IGPO, 65 pp., 2002.25

Dorigo, W. A., Wagner, W., Hohensinn, R., Hahn, S., Paulik, C., Xaver, A., Gruber, A., Dr-
usch, M., Mecklenburg, S., van Oevelen, P., Robock, A., and Jackson, T.: The International
Soil Moisture Network: a data hosting facility for global in situ soil moisture measurements,
Hydrol. Earth Syst. Sci., 15, 1675–1698, doi:10.5194/hess-15-1675-2011, 2011.

Douville, H., Viterbo, P., Mahfouf, J.-F., and Beljaars, A. C. M.: Evaluation of the optimum inter-30

polation and nudging techniques for soil moisture analysis using FIFE data, Mon. Weather
Rev., 128, 1733–1756, 2000.

6736

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/6715/2012/hessd-9-6715-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/6715/2012/hessd-9-6715-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.5194/hess-15-2729-2011
http://dx.doi.org/10.5194/hess-15-1675-2011


HESSD
9, 6715–6752, 2012

A bare ground
evaporation revision

in the ECMWF
land-surface scheme

C. Albergel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Douville, H., Chauvin, H., and Broqua, H.: Influence of soil moisture on the Asian and African
monsoons, Part I: Mean monsoon and daily precipitation, J. Climate, 14, 2381–2403, 2001.

Drusch, M., Wood, E., and Jackson, T.: Vegetative and atmospheric corrections for soil mois-
ture retrieval from passive microwave remote sensing data: results from the Southern Great
Plains Hydrology Experiment 1997, J. Hydrometeorol., 2, 181–192, 2001.5

Drusch, M., Holmes, T., de Rosnay, P., and Balsamo, G.: Comparing ERA-40 based L-
band brightness temperatures with Skylab observations: a calibration/validation study
using the community microwave emission model, J. Hydrometeorol., 10, 213–226,
doi:10.1175/2008JHM964.1, 2009a.

Drusch, M., Scipal, K., de Rosnay, P., Balsamo, G., Anderson, E., Bougeault, P., and Viterbo, P.:10

Towards a Kalman Filter based soil moisure analysis system for the operational ECMWF
integrated forecst system, Geophys. Res. Lett., 36, L10401, doi:10.1029/2009GL037716,
2009b.

Dutra, E., Balsamo, G., Viterbo, P., Miranda, P. M. A., Beljaars, A. C. M., Schär, C., and Elder K.:
An improved snow scheme for the ECMWF land surface model: description and offline vali-15

dation, J. Hydrometeool., 11, 899–916, 2010.
Entekhabi, D., Asrar, G. R., Betts, A. K., Beven, K. J., Bras, R. L., Duffy, C. J., Dunne, T.,

Koster, R. D., Lettenmaier, D. P., McLaughlin, D. B., Shuttleworth, W. J., van Genuchten, M. T.,
Wei, M. Y., and Wood, E. F.: An agenda for land surface hydrology research and a call for the
second international hydrological decade, B. Am. Meteorol. Soc., 10, 2043–2058, 1999.20

FAO: Digital soil map of the world (DSMW), Technical report, Food and Agriculture Organization
of the United Nations, re-issued version, 2003.

Hillel, D.: Environmental Soil Physics, Academic Press, New York, 771 pp., 1980.
Holmes, T., Drusch, M., Wigneron, J.-P., and de Jeu, R.: A global simulation of microwave

emission: error structures based on output from ECMWFS Operational Integrated Forecast25

System, IEEE T. Geosci. Remote, 46, 846–856, 2008.
Jarvis, P. J.: The interpretation of the variations in leaf-water potential and stomatal conduc-

tance found in canopies in the field, Philos. T. Roy. Soc. Lond. B, 723, 385–610, 1976.
Kerr, Y.: Soil moisture from space: where are we?, Hydrogeol. J., 15, 117–120, 2007.
Kerr, Y. H., Waldteufel, P., Wigneron, J.-P., Delwart, S., Cabot, F., Boutin, J., Escorihuela, M.-J.,30

Font, J., Reul, N., Gruhier, C., Juglea, S. E., Drinkwater, M. R., Hahne, A., Mart̀ın-Neira, M.,
and Mecklenburg, S.: The SMOS mission: new tool for monitoring key elements of the glob-
alwater cycle, Proc. IEEE, 98, 666–687, 2010.

6737

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/6715/2012/hessd-9-6715-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/6715/2012/hessd-9-6715-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1175/2008JHM964.1
http://dx.doi.org/10.1029/2009GL037716


HESSD
9, 6715–6752, 2012

A bare ground
evaporation revision

in the ECMWF
land-surface scheme

C. Albergel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Koster, R. D., Dirmeyer, P. A., Guo, Z. C., Bonan, G., Chan, E., Cox, P., Gordon, C. T., Kanae,
S., Kowalczyk, E., Lawrence, D., Liu, P., Lu, C. H., Malyshev, S., McAvaney, B., Mitchell, K.,
Mocko, D., Oki, T., Oleson, K., Pitman, A., Sud, Y. C., Taylor, C. M., Verseghy, D., Vasic, R.,
Xue, Y. K., and Yamada, T: Regions of strong coupling between soil moisture and precipita-
tion, Science, 305, 1138–1140, 2004.5

Koster, R. D., Mahanama, S. P. P., Yamada, T. J., Balsamo, G., Berg, A. A., Boisserie, M.,
Dirmeyer, P. A., Doblas-Reyes, F. J., Drewitt, G., Gordon, C. T., Guo, Z., Jeong, J.-H., Lee, W.-
S., Li, Z., Luo, L., Malyshev, S., Merryfield, W. J., Seneviratne, S. I., Stanelle, T., van den Hurk,
B. J. J. M., Vitart, F., and Wood, E. F.: The Second Phase of the Global Land-Atmosphere
Coupling Experiment: Soil Moisture Contributions to Subseasonal Forecast Skill, J. Hydrom-10

eteorol., 12, 805–822, doi:10.1175/2011JHM1365.1, 2011.
Lopez, P.: Direct 4D-var assimilation of NCEP stage IV radar and gauge precipitation data at

ECMWF, Mon. Weather Rev., 139, 2098–2116, doi:10.1175/2010MWR3565.1, 2011.
Mahfouf, J.-F.: Analysis of soil moisture from near surface parameters: a feasibility study, J.

Appl. Meteorol., 30, 506–526, 1991.15

Mahfouf, J.-F. and Noilhan, J.: Comparative study of various formulations of evaporation from
bare soil using in situ data, J. Appl. Meteorol., 30, 351–362, 1991.

Mahfouf, J.-F. and Rabier, F.: The ECMWF operational implementation of four dimensional vari-
ational assimilation, Part II: Experimental results with improved physics, Q. J. Roy. Meteorol.
Soc., 126, 1171–1190, 2000.20

Mahfouf, J.-F., Viterbo, P., Douville, H., Beljaars, A. C. M., and Saarinen, S.: A revised land-
surface analysis scheme in the Integrated Forecasting System, ECMWF Newslett., 88, 8–13,
2000.

Mahfouf, J.-F., Bergaoui, K., Draper, C., Bouyssel, F., Taillefer, F., and Taseva, L.: A comparison
of two off-line soil analysis schemes for assimilation of screen level observations, J. Geophys.25

Res., 114, D08105, doi:10.1029/2008JD011077, 2009.
Rabier, F., Järvinen, H., Klinker, E., Mahfouf, J.-F., and Simmons, A.: The ECMWF operational

implementation of four dimensional variational assimilation, Part I: Experimental results with
simplified physics, Q. J. Roy. Meteorol. Soc., 126, 1143–1170, 2000.
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Table 1. The soil moisture products used in this study. NWP stands for numerical weather
prediction and LSM for land-surface model.

Soil moisture Type Soil layer Considered Spatial Number of Land use
data set depth (cm) period resolution stations

ECMWF NWP 0–7 Jan 2010 to Before 26 Jan 2010: Global Global product
operational analysis Dec 2011 ∼ 25 km (T799) product
analysis from 27 Jan 2010:

∼ 16 km (T1279)

ECMWF ERA- 0–7 Jan 2010 to ∼ 80 km (T255) Global Global product
BEVAP OLD Interim Dec 2010 product
(control driven
experiment) LSM run

ECMWF ERA- 0–7 Jan 2010 to ∼ 80 km (T255) Global Global product
BEVAP NEW Interim Dec 2010 product
(test) driven

LSM run

NCRS-SCAN In situ 5 Jan 2010 Local scale 148 Natural fallow
(US) observations Dec 2011 stations or short grass
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Table 2. Statistical scores for the comparison between ECMWF surface soil moisture (offline ex-
periments, BEVAP OLD and BEVAP NEW) and in situ data for all the stations from the NCRS-
SCAN (USA) network over the 2010 period.

Soil moisture data set N R Bias RMSD
stations (m3 m−3) (m3 m−3)

ECMWF BEVAP OLD (control experiment) 122 0.60 −0.095 0.135
ECMWF BEVAP NEW (test) 122 0.62 −0.064 0.124
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Table 3. RMSDs for the comparison between ECMWF soil moisture (offline experiments, BE-
VAP OLD and BEVAP NEW) and in situ data for all the stations from the NCRS-SCAN network
in 2010. Fraction of bare ground is used as a filter to compute RMSDs.

Fraction N BEVAP OLD BEVAP NEW
of bare stations (control experiment) (test)
ground RMSD (m3 m−3) RMSD (m3 m−3)

0.0 122 0.135 0.124
0.1 57 0.111 0.089
0.2 35 0.118 0.087
0.3 35 0.118 0.087
0.4 33 0.120 0.087
0.5 28 0.123 0.087
0.6 28 0.123 0.087
0.7 28 0.123 0.087
0.8 24 0.122 0.083
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Table 4. Statistical scores for the comparison between ECMWF operational soil moisture anal-
ysis for 2010 and 2011. The new bare ground evaporation formulation was implemented in
November 2010. Only stations where the model has a fraction of bare ground greater than or
equal to 0.2 were used.

Soil moisture N R Bias RMSD
data set stations (m3 m−3) (m3 m−3)

ECMWF 35 0.59 −0.076 0.110
Operational analysis 2010
ECMWF 35 0.69 −0.010 0.088
Operational analysis 2011
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Table 5. Monthly mean statistics of the difference between simulated TB in BEVAP NEW and
BEVAP OLD. Statistics are given for both horizontal and vertical polarizations, at 06:00 UTC
and 18:00 UTC, based on 40◦ incidence angle simulated TB.

2010 TBH (BEVAP NEW) – TBH (BEVAP OLD) TBV (BEVAP NEW) – TBV (BEVAP OLD)
06:00 UTC 18:00 UTC 06:00 UTC 18:00 UTC

Mean Bias SD Mean Bias SD Mean Bias SD Mean Bias SD
(K) (K) (K) (K) (K) (K) (K) (K)

Jan 5.01 13.03 4.88 12.75 3.17 8.05 3.06 7.85
Feb 4.93 12.79 4.72 12.49 3.06 7.82 2.94 7.62
Mar 5.57 13.76 5.37 13.56 3.37 8.22 3.27 8.18
Apr 6.19 15.07 6.13 15.05 3.68 9.00 3.70 9.15
May 6.59 15.46 6.66 15.69 3.90 9.19 4.01 9.50
Jun 6.84 15.77 6.97 16.08 3.94 9.12 4.11 9.50
Jul 6.64 15.31 6.77 15.64 3.85 8.86 4.01 9.26
Aug 6.87 15.58 7.01 15.95 3.96 9.04 4.14 9.47
Sep 6.74 15.38 6.86 15.69 3.97 9.11 4.12 9.47
Oct 6.77 15.63 6.80 15.82 4.03 9.40 4.12 9.66
Nov 6.63 15.49 6.50 15.40 4.04 9.52 3.99 9.55
Dec 5.98 14.71 5.75 14.32 3.67 9.09 3.54 8.84
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Table 6. Monthly mean statistics of the difference between SMOS TB observations and sim-
ulated TB. Results are given at 06:00 UTC, for both BEVAP OLD and BEVAP NEW, at both
horizontal and vertical polarizations, based on 40◦ incidence angle observed and simulated
TB.

2010 TB (BEVAP OLD) 06:00 UTC TB (BEVAP NEW) 06:00 UTC
TBH TBV TBH TBV

Mean Bias SD Mean Bias SD Mean Bias SD Mean Bias SD
(K) (K) (K) (K) (K) (K) (K) (K)

Jan 28.6 28.6 12.8 21.0 22.4 27.6 9.0 20.7
Feb 28.9 28.1 12.7 20.8 22.9 27.1 9.3 20.6
Mar 29.5 29.7 12.7 24.3 23.2 28.8 8.9 21.6
Apr 29.8 29.1 13.7 20.4 23.4 28.6 9.9 20.9
May 31.5 28.0 14.4 20.0 24.4 27.7 10.2 20.7
Jun 32.6 28.9 14.8 21.1 25.5 28.7 10.6 21.7
Jul 31.7 28.2 14.1 20.4 24.8 28.3 9.9 21.0
Aug 33.4 28.8 15.4 20.5 58.8 29.8 11.1 21.4
Sep 34.2 29.1 16.5 20.7 26.6 30.3 12.1 21.8
Oct 33.5 28.7 15.4 20.0 25.65 29.6 10.8 20.9
Nov 32.4 28.2 14.3 19.8 24.4 28.6 9.5 20.4
Dec 30.0 28.2 14.5 20.4 23.8 28.1 10.8 20.4
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Fig. 1. Location of the different in situ soil moisture stations used in this study (blue squares);
the stations belong to the NCRS-SCAN network (United States). Colour scale represents the
fraction of bare ground.
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Fig. 2. Soil moisture RMSD between BEVAP OLD and BEVAP NEW as a function of the frac-
tion of bare ground (black solid curve, left y-axis), the number of in situ stations used (for which
significant correlation is obtained between observations and model time-series) is also pre-
sented (black dots, right y-axis). The dashed line represents a bare soil fraction threshold below
which the sensitivity of soil moisture to the new evaporation formulation is less pronounced.
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Fig. 3. Illustration of volumetric soil moisture time-series used in this study for one site in Utah
for 2010. The black line is for BEVAP OLD (control experiment without the new bare ground
evaporation formulation), green line is for BEVAP NEW (test with new formulation) and red dots
are for in situ observations of soil moisture.
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Fig. 4. Time-series of the operational volumetric soil moisture analysis for three sites in Utah
for the 2010–2011 period. The black solid line becomes green when the new bare ground evap-
oration formulation is implemented in November 2010. Red dots are for in situ observations of
surface soil moisture. Fraction of bare ground (according to the model) for each site is indicated.
The dashed line represents the model minimum soil moisture limit before the implementation
of the new bare ground evaporation (permanent wilting point).

6750

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/6715/2012/hessd-9-6715-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/6715/2012/hessd-9-6715-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
9, 6715–6752, 2012

A bare ground
evaporation revision

in the ECMWF
land-surface scheme

C. Albergel et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 5. Map of differences between TB (in K) simulated using model fields from BEVAP NEW
and BEVAP OLD for August 2010 (06:00 UTC).
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Fig. 6. Left panel: brightness temperature global monthly mean sensitivity to the new bare soil
parameterization for 2010 (solid and dashed lines). Right panel: spatial correlation between the
fraction of bare ground and the brightness temperature global monthly difference (stars and
diamonds). Both horizontal and vertical polarizations are represented for 06:00 UTC and 18:00
UTC.
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