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The ECMWF clustering is one of a range of products that 
summarise the large amount of information in the Ensemble 
Prediction System (EPS). The clustering gives an overview 
of the different synoptic flow patterns in the EPS. Based on 
the similarity between their 500 hPa geopotential fields over 
the North Atlantic and Europe, the members are grouped 
together.

EPS cluster products have been produced operationally 
since 1992. In recent years, due to the continuous improve-
ments of the EPS (in particular reduced spread, consistent 
with decreasing ensemble mean error), these products only 
occasionally produced more than one cluster. The require-
ment for cluster products was recently reviewed with 
ECMWF’s Member and Co-operating States, particularly 
during the annual Forecast Products Users’ Meeting. 
Although some countries do their own clustering (for 
specific parameters or areas of interest), there was a clear 
requirement for ECMWF to continue providing a general 
cluster product from the EPS. Therefore, based on the feed-
back from the Member and Co-operating States, a new EPS 
clustering application was developed. The new clustering 
was endorsed by the TAC Subgroup on Verification Measures 
as part of their review of product development and user 
requirements.

The new system includes two components: 
u	 A daily clustering of the forecast fields from the EPS, 

similar in principle to the original EPS clustering but using 
a different algorithm.

u	 A set of four fixed climatological regimes.
The daily clustering summarises the range of synoptic flow 
patterns in the current EPS. Each cluster is represented by the 
EPS member closest to its centre, referred to as the ‘EPS 
scenario’ for that cluster. Each EPS scenario is then attributed 
to one of the four climatological regimes. This shows the 
differences between scenarios in terms of the large-scale flow 
and provides information about the possible transitions 
between regimes during the forecast. This approach also 
enables the development of flow-dependent skill measures.

The new cluster products were implemented operation-
ally in November 2010. This article describes the new 
clustering, introduces the new cluster products and provides 
information on how to use them. Validation of the new 
clustering is also addressed. 

The new EPS clustering

The clustering algorithm takes the 51 forecasts (50 perturbed 
plus 1 control forecast) and groups together those that 
show a similar evolution of the 500 hPa geopotential over 
the North Atlantic and Europe (75°N–30°N, 20°W–40°E). 
For two EPS members to join the same cluster they must 

New clustering products
display similar synoptic development at 500 hPa throughout 
a given time window. Clustering in this way, rather than on 
individual forecast days, has the advantage that temporal 
continuity and synoptic consistency are retained. The clus-
tering is made independently for four time windows: 72–96, 
120–168, 192–240 and 264–360 hour forecast ranges.

The number of clusters can vary from case to case. In 
some cases the EPS will contain a number of well-separated 
groups of similar forecasts (a so called multimodal distribu-
tion). In other cases the EPS members will be rather more 
evenly spread out, with no clear grouping into separate 
clusters (a so called unimodal distribution): there is in effect 
just a single cluster containing all ensemble members. Since 
the clustering is intended as a summary of the ensemble 
information, the maximum number of clusters is limited; 
the maximum is six as in the previous clustering.

Details of the procedure to compute the clusters are 
given in the Appendix. 

Large-scale climatological regimes

To put the daily clustering in the context of the large-scale 
flow and to allow the investigation of regime changes, the 
new ECMWF clustering contains a second component. Each 
cluster is attributed to one of a set of four pre-defined 
climatological regimes:
u	 Positive phase of the North Atlantic Oscillation (NAO).
u	 Euro-Atlantic blocking.
u	 Negative phase of the North Atlantic Oscillation (NAO).
u	 Atlantic ridge. 
The climatological regimes have been computed from  
29 years of reanalysis data (ERA-Interim and ERA-40) using 
the same clustering algorithm as for the EPS scenarios (see 
the Appendix). They are consistent with those documented 
in the literature (see, for example, Michelangeli et al., 1995).

Figure 1 shows the climatological regimes computed for 
the cold season (October to April). The climatological regimes 
for the warm season (May to September) have very similar 
patterns, but with lower amplitude. To account for this 
seasonal evolution, in the classification of the EPS scenarios 
the patterns and amplitudes of the climatological regimes 
are adjusted month by month. A pattern-matching algorithm 
assigns each EPS scenario to the closest climatological weather 
regime (in terms of the root mean square difference).

Using the new cluster products

The new cluster products are archived in MARS and available 
to forecast users through the operational dissemination of 
products. A graphical product using the new clustering is 
available for registered users on the ECMWF web site: 
	 http://www.ecmwf.int/products/forecasts/d/guide/medium/

eps/newclusters/.
This web product is designed to provide forecasters with 
an overview of the EPS clusters for the current forecast. 

Laura Ferranti, Susanna Corti
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An example is shown in Figure 2 for the 120–168 hour  
(5–7 day) time window for the forecast from 00 UTC on 2 
February 2011. There are three clusters with each cluster 
represented by one of its members: the forecast closest to 
the centre of the cluster. The representative members of the 
three clusters are referred to as the ‘EPS scenarios’. These 
three EPS scenarios are shown at the beginning (120 hours, 
left column), middle (144 hours, centre) and end (168 hours, 
right) of the forecast time window. The top row shows the 
EPS scenario for the first cluster: there are 22 members in this 
cluster and the control forecast (labelled member 0) has been 
identified as the representative member of that cluster.  
The second row shows the EPS scenario for the second cluster: 
member 29, representing the 15 members of this cluster; 
member 46, the EPS scenario for the 14 members of cluster 
3 is shown in the bottom row.

Users need to be careful in interpreting the number of 
clusters. There is no direct link between the number of 
clusters and the overall spread of the ensemble. For example, 
the EPS may contain a large range of solutions (large spread) 
but without forming distinct clusters. Alternatively there 
may be several distinct solutions, but all within the same 
general flow type (so small overall spread). Because the 

clustering is done separately for each time window, it is 
quite possible to have more clusters at the short range that 
at longer range.

The second component of the new clustering, the four fixed 
climatological weather regimes, is able to provide additional 
information. Each EPS scenario is attributed to one of the four 
climatological regimes. This attribution is shown in Figure 2 
by the coloured border round each panel; the colours match 
those of the corresponding regime shown in Figure 1.

The synoptic forecast evolutions shown in Figure 2 can 
now be seen in the context the underlying large-scale pattern 
in which the synoptic features of the weather scenarios are 
embedded. To help with this interpretation, the panels in 
Figure 2 show both the forecast geopotential and the anomaly 
(the difference between the forecast and the climatological 
500 hPa geopotential fields). At the beginning of the time 
window (120 hours into the forecast, left panels) all three 
scenarios are in the positive NAO regime (all have blue 
frames). 48 hours later (right panels), each EPS scenario has 
evolved towards a different large-scale flow regime.
u	 Scenario 1 (top panel), showing reinforced westerly flow 

crossing the Atlantic, is related to the positive NAO 
regime.

Figure 1  Geographical patterns of the four Euro-Atlantic climatological regimes (both anomalies and full fields) associated with the cold 
season climatological regimes computed as clusters in the phase-space spanned by the ten leading empirical orthogonal functions 
(EOFs). The geopotential anomalies (colour shading) and geopotential (contours) at 500 hPa are shown. The corresponding patterns for 
the warm season are available at http://www.ecmwf.int/products/forecasts/cluster_doc/era_cl4_mjjas_1980-2008.gif
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the North Atlantic and Europe area contains many more 
than 51 grid points, it is first necessary to transform the 
forecasts to a new much lower dimensional co-ordinate 
system. This is done using so-called empirical orthogonal 
functions (EOFs). The clustering is carried out in the 
reduced phase space defined by the L leading EOFs that 
explain at least 80% of the total variance of the dataset. 
The associated principal components (PCs) provide the 
new coordinates. For the EPS, the clusters are computed 
in an extended time window (e.g. the 120–168 hour 
forecast range), so EOFs extended in time are used.
Computation of the optimal partition of the data. For a 
given number k, the optimum partition of the data into k 
clusters is found. k members are allocated as (pseudoran-
dom) ‘seed points’. An initial clustering is then made based 
on the distance from these seeds. The algorithm takes this 
initial cluster assignment and iteratively changes it by assign-
ing each element to the cluster with the closest centroid, 
until a ‘stable’ classification is achieved. (A cluster centroid 
is defined by the average of the PC coordinates of all states 
that lie in that cluster.)

This process is repeated many times (using different 
seeds), and for each partition the ratio r*k of the variance 
among cluster centroids (weighted by the cluster popula-
tion) to the average intra-cluster variance is recorded. The 
optimal partition is the one that maximises this ratio.
Assessment of the significance of a given k-partition. The 
goal is to assess the strength of the clustering compared to 
that expected from an appropriate reference distribution, 
such as a multi-dimensional Gaussian distribution. In assessing 
whether the null hypothesis of multi-normality can be 
rejected, it is necessary to perform Monte-Carlo simulations 
using a large number M of synthetic data sets. Each synthetic 
data set has precisely the same size (number of members) 
as the original data set against which it is compared. They 
are generated from a series of L dimensional Markov processes 
whose mean, variance and first-order auto-correlation are 
obtained from the observed data set. A cluster analysis is 
performed for each one of the simulated data sets. For each 
k-partition the ratio rmk of variance among cluster centroids 
to the average intra-cluster variance is recorded. 

Since the synthetic data are assumed to have a unimodal 
distribution, the proportion Pk of synthetic samples for which 
rmk < r*k is a measure of the significance of the k-cluster 
partition of the actual data, and 1–Pk is the corresponding 
confidence level for the existence of k clusters.
Choice of the most suitable number of clusters. The need 
to specify the number of clusters can be a disadvantage of 
the K-means method if we do not know in advance how 
many clusters to expect. However, there are three main 
criteria that can be used to choose the optimal number of 
clusters: (i) Significance: the partition with the highest 
significance (Pk) with respect to predefined multi-normal 

distributions (see previous step); (ii) Reproducibility: we can 
use as a measure of reproducibility the ratio of the mean-
squared error of best matching cluster centroids from N pairs 
of randomly chosen half-length data sets from the full 
original data set. The partition with the best reproducibility 
(ratio closest to one) will be chosen; (iii) Consistency: this 
can be calculated both with respect to the choice of variable 
(for example comparing with clusters obtained from different 
dynamically linked variables) and with respect to the 
specified domain (test of sensitivities to changing the 
horizontal or vertical domain).

All three criteria have been used to identify the most 
suitable number of climatological regimes. 

However, for the daily clustering only the statistical 
significance test is used; due to the limited sample size 
(51 ensemble members), reproducibility and consistency 
cannot be properly estimated. The number of clusters is 
determined as follows.
u	 If the significance (Pk) of all considered cluster partitions, 

from 2 to 6 clusters, is below a minimum threshold of 
55%, it is assumed that there are no clusters. 

u	 If the minimum significance threshold is achieved, then 
the partition with the highest significance is chosen.

u	 If more than one partition has a significance value higher 
than 95%, the one with the minimum number of clusters 
is chosen. 

An additional criterion is used to evaluate the EPS cluster 
partition, based on the ratio between the average internal 
variance of clusters and the mean EPS variance of the season. 
For each time window all the partitions in which the average 
internal variance of the clusters is lower than 50% of the 
mean EPS variance are discarded. This condition limits the 
occurrence of large numbers of clusters (five or six) and, 
by taking into consideration that the ensemble spread is a 
function of forecast range, it adds some consistency in the 
cluster population between the four forecast time ranges.

However, due to well known features of the K-means 
methodology (Michelangeli et al., 1995), there can still be 
too many cases with the maximum number of EPS clusters 
(here this is set to six). To avoid this, if the six cluster parti-
tion is selected and its significance is at least 93%, a check 
is made for other cluster partitions that have 90% or higher 
significance: the partition with the fewest clusters that 
satisfies this significance level is chosen instead of the six 
cluster partition.

FURTHER READING
Michelangeli, P.-A., R. Vautard & B. Legras, 1995: Weather 
regimes: Recurrences and quasi-stationarity. J. Atmos. Sci., 52, 
1237–1256.
Straus, D., M.S. Corti & F. Molteni, 2007: Circulation 
regimes: chaotic variability versus SST-forced predictability.  
J. Climate, 20, 2251–2272.
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Sources of data

Extended Kalman Filter soil-moisture analysis 
in the IFS

A new soil moisture analysis scheme based on a point-wise 
Extended Kalman Filter (EKF) was implemented at ECMWF 
with cycle 36r4 of the Integrated Forecasting System (IFS) 
in November 2010. The EKF soil moisture analysis replaces 
the previous Optimum Interpolation (OI) scheme, which 
was used in operations from July 1999 (IFS cycle 21r2) to 
November 2010. In continuity with the previous system it 
uses 2-metre air temperature and relative humidity 
observations to analyse soil moisture. The computing cost 
of the EKF soil moisture analysis is significantly higher than 
that of the OI scheme. So, as part of the EKF soil moisture 
analysis implementation, a new surface analysis structure 
was implemented in September 2009 (cycle 35r3) to move 
the surface analysis out of the time critical path.

The main justifications for implementing the EKF soil 
moisture analysis are as follows.
u	 In contrast to the OI scheme, which uses fixed calibrated 

coefficients to describe the relationship between an 
observation and model soil moisture, the EKF soil moisture 
increments result from dynamical estimates that quantify 
accurately the physical relationship between an 
observation and soil moisture.

u	 The EKF scheme is flexible to cope with the current increase 
in model complexity. In particular, changes in the IFS and 
in the land-surface model H-TESSEL (Hydrology Tiled 
ECMWF Scheme for Surface Exchanges over Land) are 
accounted for in the analysis increments computation.

u	 The EKF soil moisture analysis makes it possible to use 
soil moisture data from satellites and to combine different 
sources of information (i.e. active and passive microwave 
satellite data, and conventional observations).

u	 It considers the observation and model errors during the 
analysis in a statistically optimal way and allows assimilation 
of observations at their correct observation times.

The implementation and evaluation of the EKF soil moisture 
analysis is described in this article. An overview is given of 
a set of one-year analysis experiments conducted to assess 
the performance of the EKF. These experiments led to the 
implementation of the EKF in November 2010 using screen-
level parameters to analyse soil moisture. The impact of 
ASCAT (Advanced SCATterometer) data assimilation is also 
briefly presented to investigate the possibility to combine 
conventional observations and satellite data for the soil 
moisture analysis.

The ECMWF operational soil moisture analysis system is 
based on analysed screen-level variables (2-metre tempera-
ture and relative humidity). In the absence of a near-real 
time global network for providing soil moisture information, 
using screen-level data is the only source of information 
that has been continuously available for NWP soil moisture 
analysis systems. It provides indirect, but relevant informa-
tion to analyse soil moisture.

In the past few years several new space-borne microwave 
sensors have been developed that measure soil moisture. 
They provide spatially integrated information on surface 
soil moisture at a scale relevant for NWP models.
u	 The active sensor ASCAT on MetOp was launched in 2006. 

The EUMETSAT ASCAT surface soil moisture product is 
the first operational soil moisture product. It is available 
in near-real time on EUMETCAST and it has been moni-
tored operationally at ECMWF since September 2009.

u	 ESA’s SMOS (Soil Moisture and Ocean Salinity) mission 
was launched in 2009. Based on L-band passive micro-
wave measurements, SMOS is the first mission dedicated 
to providing information about soil moisture.

u	 The future NASA SMAP (Soil Moisture Active and Passive) 
mission, planed to be launched in 2015, will be a soil 
moisture mission that combines active and passive micro-
wave measurements to provide global soil moisture and 
freeze/thaw state.

ECMWF plays a major role in developing and investigating 
the use of new satellite data for soil moisture analysis. For 
example, the EUMETSAT ASCAT soil moisture product has 
been monitored operationally at ECMWF since September 
2009 and SMOS brightness temperature product has been 
monitored in near-real time since November 2010:
	 http://www.ecmwf.int/products/forecasts/d/charts/ 

monitoring/satellite/slmoist/ascat/
	 http://nwmstest.ecmwf.int/products/forecasts/d/charts/ 

monitoring/satellite/smos
Implementation of SMOS data monitoring at ECMWF is 
described in an accompanying paper by Muñoz Sabater et 
al. in this edition of the ECMWF Newsletter (pages 23–27).

The ECMWF land-surface analysis system

The ECMWF land-surface analysis includes the analysis of snow 
depth, screen-level parameters (2-metre temperature and 
relative humidity) as well as soil moisture and soil temperature. 
It is performed independently from the 4D-Var atmospheric 
analysis. The upper-air analysis and the land-surface analysis 
are used together as initial conditions for the forecast. In turn, 
the model-predicted fields provide the first guess and initial 
conditions of the next land-surface and upper-air analysis cycle. 
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So, surface analysis indirectly interacts with the upper-air analy-
sis of the next cycle through its influence on the forecast that 
propagates information from one cycle to the next.

The surface analysis is performed at fixed times at 0000, 
0600, 1200, and 1800 UTC. With the re-structured surface 
analysis it is able to run at the same time as the two main 
12-hour windows used in the 4D-Var atmospheric analyses; 
these cover the periods from 2100 to 0900 UTC and from 
0900 to 2100 UTC.

The soil moisture analysis is based on the analysis of 
screen-level parameters which provides gridded information 
on 2-metre temperature and relative humidity. So, screen-
level SYNOP data is used as proxy information for the soil 
moisture analysis, based on the relationship between soil 
variables (moisture and temperature) and the near-surface 
atmosphere controlled by evaporation processes.

With the OI soil moisture analysis, soil wetness and 
2-metre temperature (relative humidity) increments were 
assumed to be negatively (positively) correlated.Therefore 
the 2-metre analysis increments of temperature and relative 
humidity were used as input for the soil moisture OI scheme 
as described in Mahfouf (2000). Soil moisture analysis incre-
ments were computed analytically for each model grid point 
for the four soil moisture layers of the land-surface model 
H-TESSEL. The OI soil moisture analysis scheme improved 
the boundary layer forecasts skill, but not soil moisture in 
which errors were allowed to accumulate, as shown in 
Drusch et al. (2008).

In order to improve the use of conventional observations 
and enable use of land-surface satellite measurements, an 
advanced surface data assimilation system, based on an 
Extended Kalman Filter (EKF) approach, was developed by 
Drusch et al. (2008). With this approach, the EKF coefficients 
are dynamically estimated, so the soil moisture corrections 
account for meteorological forcing (radiative and precipita-
tion) and soil moisture conditions. There is also the possibility 
of simultaneously assimilating screen-level observations and 
satellite data such as ASCAT surface soil moisture or SMOS 
brightness temperature products. The EKF soil moisture 
analysis is a point wise data assimilation scheme – the 
scheme used at ECMWF is outlined in Box A.

EKF Soil Moisture Analysis implementation

Although the OI system is limited in terms of both perform-
ances and flexibility in its use of different types of data, the 
OI system has the great advantage of being very cheap in 
computing time. At any resolutions the OI time consumption 
remains negligible, ranging from about 3 seconds in CPU at 
T159 (125 km) to 20 seconds in CPU at T799 (25 km).

The EKF surface analysis is far more expensive than the 
OI system. At T159 its time consumption is close to 3×10³ 
seconds in CPU. At T255 it increases to 10⁴ CPU seconds 
and it is close to 2×10⁵ CPU seconds at T799, for which is 
represents about one fifth of the 4D-Var time consumption. 
It was implemented to be used at T1279 in operations where 
it uses the same number of processors and threads as the 
upper-air analysis, leading to an elapsed time of 750 seconds 
(7×10⁵ CPU seconds).

In order to enable the implementation of the EKF soil 
moisture analysis, the surface analysis structure was first 
revised in IFS cycle 35r3. In previous cycles the surface 
analysis was performed after the upper-air analysis. The 
surface analysis got observations from the upper-air analysis 
observations data base and some of the surface analysis 
input fields (10-metre wind components and albedo) were 
outputs from the upper-air analysis. Hence, the surface 
analysis had to wait for the upper-air analysis to be completed 
and there were some dependencies between the 4D-Var 
and the surface analysis. As a consequence the surface 
analysis was performed in the time critical path.

A new structure of the surface analysis was implemented 
with IFS cycle 35r3 in September 2009, with the surface 
analysis now being independent of the upper-air analysis. 
The observational dependency was resolved by creating 
a new observation data base dedicated to surface analysis. 
Consequently the field dependency issue mentioned 
above is resolved by using the first-guess fields instead 
of the upper-air analysis output fields. This means that 
the new surface analysis and the upper-air analysis are 
separated, so, they can be run in parallel. So, the surface 
analysis is not in the critical path anymore, thereby open-
ing up the possibility of using a more sophisticated surface 
analysis scheme.

The new surface analysis structure constitutes an essential 
step in the ongoing developments of the surface analysis 
in the IFS. By removing the surface analysis tasks from the 
time critical path, it enabled the implementation of the EKF 
soil moisture analysis in IFS cycle 36r4 in November 2010.

EKF soil-moisture analysis scheme

For each grid point, the analysed soil moisture state vector 
θa is computed as:

θa = θb + K(y–H θb)
with θb the background soil moisture state vector, H the 
Jacobian matrix of the observation operator, y the obser-
vation vector and K the Kalman gain matrix which 
accounts for the Jacobian matrix, and the covariance 
matrix of background and observation errors. In this 
system the observation vector can include:
u	 Conventional observations such as 2-metre tempera-

ture and relative humidity.
u	 Satellite measurements of soil moisture (e.g. ASCAT 

product) or any other measurement related to soil 
moisture (e.g. SMOS, brightness temperatures).

The elements of the Jacobian matrix used in the analysis 
scheme are estimated in finite differences by perturbing 
individually each analysed soil layer. In contrast to the 
OI scheme, the EKF Jacobians are computed for each 
soil layer to account for the soil water diffusion processes. 
Therefore computed soil moisture increments for each 
grid point of the model follow a vertical profile that 
results from a physically-based estimate of the relation-
ship between the soil moisture profile and the parameters 
in the lower atmospheric level.

A



ECMWF Newsletter No. 127 – Spring 2011

14

meteorology

Tests of the EKF soil moisture analysis

Experimental set up

In preparation for implementing the EKF soil moisture analy-
sis  three analysis experiments were conducted at T255 
resolution over a one-year period (December 2008 to 
30 November 2009).
u	 ‘OI’ experiment. The OI soil moisture analysis uses the 

increments of the screen-level parameters analysis as 
input. It represents the operational soil moisture analysis 
configuration that was used in operations at ECMWF 
from July 1999 to November 2010.

u	 ‘EKF’ experiment. This uses the dynamical EKF soil moisture 
analysis, in which the analysis of screen-level parameters 
is used as proxy information for soil moisture.

u	 ‘EKF+ASCAT’ experiment. This was conducted for the 
same one-year period using the EKF in which the analysis 
of screen-level parameters is used together with the 
ASCAT soil moisture data.

In this ‘EKF+ASCAT’ experiment, ASCAT soil moisture data is 
matched to the ECMWF IFS model soil moisture using a 
Cumulative Distribution Function (CDF) matching as 
described in Scipal et al. (2008). A first demonstration of the 
impact of using a nudging scheme has already been performed 
by Scipal et al. (2008). They showed, however, that compared 
to the OI system, using scatterometer data slightly degraded 
the forecast scores. They recommended using ASCAT data 
in an EKF analysis to account for observation errors and to 
combine ASCAT data with screen-level proxy information. 
This is investigated in the ‘EKF+ASCAT’ experiment.

Note that:
u	 The ‘OI’ and ‘EKF’ experiments only differ in the method 

used for the soil moisture analysis. Observations used 
for the analysis are identical.

u	 The ‘EKF’ and ‘EKF+ASCAT’ experiments use the same 
EKF scheme, but satellite data is used in addition to 
conventional data in the ‘EKF+ASCAT’ experiment.

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

Comparing the ‘OI’ and ‘EKF’ experiments
Figure 1 shows monthly accumulated soil moisture incre-
ments for the first metre of soil for July 2009 for the OI and 
EKF experiments, and their difference . Spatial patterns of 
soil moisture increments are quite similar for the OI and EKF 
schemes. For both the OI and the EKF the soil moisture 
increments are generally positive in most areas. However, 
negative increments are found in Argentina, Alaska and 
North East of America. These results mainly show that the 
EKF soil moisture analysis generally reduces the soil moisture 
analysis increments compared to the OI scheme.
Figure 2 shows the annual cycle of the global mean soil 
moisture increments for the OI and EKF experiments. It can 
be seen that the soil moisture increments of the OI scheme 
systematically add water to the soil. The global monthly mean 
value of the OI analysis increments is 5.5 mm, which represents 
a substantial and unrealistic contribution to the global water 
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Figure 1  Monthly soil moisture increments (mm) within the top 
soil metre root zone (in mm) during July 2009 produced by (a) OI 
scheme and (b) EKF scheme. (c) Difference between EKF and OI 
schemes.
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Figure 2  Temporal evolution of soil moisture increments in the first 
metre of soil (global mean value) in mm of water per month from 
January to November 2009, produced by the OI and EKF schemes.
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Comparing ‘OI’, ‘EKF’ and EKF+ASCAT’ experiments
Figure 3 shows the impact of the soil moisture analysis 
scheme on analysed soil moisture of the first soil layer 
(0–7cm) for all three experiments. Evaluation is conducted 
for 2009 against the 12 SMOSMANIA ground stations of 
the operational soil moisture network of Météo-France 
(Calvet et al., 2007). It shows that ECMWF soil moisture is 
generally in good agreement with ground observations, 
with mean correlations higher than 0.78.

Using the EKF instead of the OI scheme improves signifi-
cantly the soil moisture analysis, leading to a remarkable 
agreement between ECMWF soil moisture and ground truth 
(mean correlation higher than 0.84 for EKF and EKF+ASCAT). 
The bias and root-mean-square error are also improved with 
the EKF compared to the OI scheme. One may note that a 
strong negative bias is indicated for all schemes for one 
station, indicating that the analysis overestimates soil mois-
ture content. This systematic difference in terms of volumetric 
soil moisture content is related to soil texture issues in this 
area for which the local ground data is not representative 
of the ECMWF model soil texture.

Results obtained from the EKF+ASCAT experiment show 
that using ASCAT does not improve the performance of the 
soil moisture analysis. In the experiment where ASCAT data 
is assimilated, soil moisture data has been re-scaled to the 
model soil moisture using a CDF matching, as described in 
Scipal et al. (2008). The matching corrects observation bias 
and variance. So, in the data assimilation scheme only the 
observed ASCAT soil moisture variability is assimilated.

In Figure 3, the impact of ASCAT data assimilation might 
be limited by both the quality of the current ASCAT prod-
uct and the CDF-matching approach used in the assimilation 
scheme. EUMETSAT recently revised the processing of the 
ASCAT soil moisture product to reduce the ASCAT product 
noise level. Test conducted with the new product proto-
type (not shown) considerably improved the usage of the 
ASCAT soil moisture data. Future experiments using an 
improved CDF-matching, with H-TESSEL corrected from 
precipitation errors, and improved data quality are expected 
to improve the impact of using ASCAT soil moisture in the 
data assimilation.

Impact on first guess and forecasts
Figure 4 shows the global impact of the EKF on the 2-metre 
temperature first guess that enters the analysis. The EKF soil 
moisture analysis scheme slightly improves the 2-metre 
temperature scores by consistently reducing the bias of the 
first-guess.

Figure 5 is an evaluation of the 48-hour forecast of 2-metre 
temperature (at 0000 UTC) for the African continent. It shows 
that the EKF reduces the night time cold bias compared to 
the OI scheme. Also the specific humidity (not shown) 
generally indicates drier conditions with the EKF than the OI 
scheme. Note that the ASCAT soil moisture data does not 
impact on screen-level variables and it has only a slight impact 
on soil moisture analysis as shown in Figure 3.

Figure 6 shows the monthly mean impact of the EKF 
soil moisture analysis on the 48-hour forecast of 2-metre 
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Figure 3  Correlation, bias (observation minus model) and root-mean-
square (RMS) error of ECMWF surface soil moisture analysis of layer 
1 for the 12 soil moisture stations in the SMOSMANIA (soil moisture 
observing system – meteorological automatic network integrated 
application) network in Southwest France in 2009, for the OI, EKF 
and EFF+ASCAT configurations of the soil moisture analysis.

cycle. In contrast the EKF global mean soil moisture analysis 
increments are much smaller, representing global monthly 
mean increments of 0.5 mm. The reduction of increments 
between the EKF and the OI is mainly due to the reduction 
in increments below the first layer. The OI increments 
computed for the first layer are amplified for deeper layers 
in proportion to the layer thickness, explaining the over
estimation of OI increments. In contrast the EKF dynamical 
estimates, based on perturbed simulations, allow the 
optimizing of soil moisture increments at different depths to 
match screen-level observations according to the strength 
of the local and current soil-vegetation-atmosphere coupling. 
The EKF accounts for additional controls due to meteorological 
forcing and soil moisture conditions. Thereby it prevents 
undesirable and excessive soil moisture corrections.
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temperature at 0000 UTC for July 2009. It indicates the 
difference in temperature error (in K) between the OI and 
EKF experiments. Positive values indicate that the EKF 
generally improves the 2-metre temperature forecasts 
compared to the OI soil moisture analysis. In most areas 
the 2-metre temperature errors for OI are larger than the 
EKF errors, showing that the EKF soil moisture analysis has 
a positive impact on the 2-metre temperature forecast.

Summary and future developments

An Extended Kalman Filter (EKF) soil moisture analysis was 
implemented in operations with IFS cycle 36r4 in November 
2010. Compared to the previous OI scheme, the EKF is a 
dynamical scheme that accounts for non-linear control on 
the soil moisture increments (meteorological forcing and 
soil moisture conditions). So, it prevents undesirable and 
excessive soil moisture corrections, and reduces the soil 
moisture analysis increments. This significantly improves 
the performance of the soil moisture analysis, as verified 
against independent soil moisture observations. The new 
analysis scheme has a moderate impact on the atmospheric 
scores although it slightly improves the 2-metre temperature 
by reducing the cold bias in Europe and Africa.
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(global mean) of the 2-metre temperature in July 2009 obtained 
wih the OI and EKF soil moisture analyses.
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The EKF soil moisture analysis enables the combined use 
of screen-level parameters and satellite data, such as ASCAT 
soil moisture data, to analyse soil moisture. Results with 
ASCAT data assimilation show a neutral impact on both soil 
moisture and screen-level parameters. However improve-
ments in the ASCAT soil moisture products and in bias 
correction are expected to improve the impact of using 
ASCAT soil moisture data.

The new EKF soil moisture analysis system opens a wide 
range of further development possibilities, including exploit-
ing new satellite surface data and products for the assimilation 
of soil moisture. An extension of the EKF to analyse additional 
variables, such as snow mass and vegetation parameters, is 
planned for investigation in the near future.
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Figure 5  Correlation, root-mean-square (RMS) error and bias of 
2-metre temperatures against SYNOP data in Africa from January 
2009 to November 2009 for the OI and EKF schemes as implemented 
in operations (i.e. using conventional data of screen-level temperature 
and humidity), and the EKF when conventional data is combined 
with satellite soil moisture data from ASCAT.

Figure 6  Monthly mean difference for July 2009 between the errors 
in the 36-hour forecasts (12 UTC) of 2-metre temperature for the 
OI and the EKF soil moisture analysis schemes. The forecasts are 
verified against the operational analysis.
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Evolution of land-surface processes in the IFS
is in agreement with experimental findings (e.g. Mahfouf 
& Noilhan, 1991) and results in a more realistic soil moisture 
for dry-lands. 

The participation in international projects such as GLACE2 
(Global Land-Atmosphere Coupling Experiment-2) and 
AMMA (African Monsoon Multidisciplinary Analysis), in 
which the ECMWF model was coupled with a realistic set 
of soil moisture fields, have improved the understanding 
of the mechanisms and areas of strong coupling between 
the land surface and the atmosphere. 

The land-surface components

TESSEL as documented by van den Hurk et al. (2000) and 
Viterbo & Beljaars (1995) is the backbone of the current 
operational land-surface scheme at ECMWF. It includes up 
to six land-surface tiles (bare ground, low and high vegeta-
tion, intercepted water, and shaded and exposed snow) 
which can co-exist under the same atmospheric grid-box. 
Recent revisions of the soil and snow hydrology as well as 
vegetation characteristics are illustrated in Figure 1.

Soil hydrology
A revised soil hydrology in TESSEL was investigated by van 
den Hurk & Viterbo (2003) for the Baltic basin. These model 
developments were a response to known weaknesses of 
the TESSEL hydrology: specifically the choice of a single 
global soil texture, which does not characterize different 
soil moisture regimes, and an infiltration-excess runoff 
scheme which produces hardly any surface runoff. Therefore, 
a revised formulation of the soil hydrological conductivity 
and diffusivity (spatially variable according to a global soil 
texture map) and surface runoff (based on the variable 
infiltration capacity approach) were introduced in IFS Cy32r3 
in November 2007. Balsamo et al. (2009) verified the impact 
of HTESSEL from field site to global atmospheric coupled 
experiments and in data assimilation.

Snow hydrology
A fully revised snow scheme has been introduced in 2009 
to improve the existing scheme based on Douville et al. 
(1995). The snow density formulation was changed and 
a liquid water storage in the snow-pack was introduced, 
which also allows the interception of rainfall. On the radia-
tive side, the snow albedo and the snow cover fraction 
have been revised and the forest albedo in presence of 
snow has been retuned based on MODIS satellite estimates. 
A detailed description of the new snow scheme and a 
verification from field site experiments to global offline 
simulations is presented in Dutra et al. (2010). The results 
showed an improved evolution of the simulated snow-pack 
with positive effects on the timing of runoff and terrestrial 
water storage variation and a better match of the albedo 
to satellite products.

Gianpaolo Balsamo, Souhail Boussetta, 
Emanuel Dutra, Anton Beljaars, 
Pedro Viterbo, Bart Van den Hurk

Major upgrades have been implemented over the last 
few years in the soil hydrology, snow and vegetation compo-
nents of the ECMWF land-surface parametrization. Compared 
to the scheme used in ERA-Interim and ERA-40 reanalyses, 
the current model has an improved match to soil moisture 
and snow field-site observations with a beneficial impact 
on the forecasts of surface energy and water fluxes and 
near-surface temperature and humidity. This is verified by 
conventional synoptic observations and by dedicated flux-
tower sites for forecasts ranging from daily to seasonal. The 
gain in hydrological consistency is also of crucial importance 
for data assimilation of land-surface satellite observations 
in water sensitive channels. The scheme described here, 
currently used for daily medium-range forecasts, will be 
adopted by the new Seasonal Forecasting System and 
included in future reanalyses.

A brief description of the main hydrological components 
of the land-surface model with selected validation results 
will now be presented followed by an outlook for future 
research activities.

Development of the land-surface model

In recent years the land-surface modelling at ECMWF has 
been extensively revised. An improved soil hydrology 
(Balsamo et al., 2009), a new snow scheme (Dutra et al., 
2010) and a multi-year satellite-based vegetation climatol-
ogy (Boussetta et al., 2011) have been included in the 
operational Integrated Forecasting System (IFS). These have 
had a positive impact on both the global hydrological water 
cycle and near-surface temperatures compared to the TESSEL 
(Tiled ECMWF Scheme for Surface Exchanges over Land) 
scheme which was used in the ECMWF’s ERA-40 and 
ERA-Interim reanalyses.

In particular the soil hydrology affected the quality of 
seasonal predictions during extreme events associated with 
soil moisture-precipitation feedback as in the European 
summer heat-wave in 2003 (Weisheimer et al., 2011). The 
new snow scheme improved the thermal energy exchange 
at the surface with a substantial reduction of near-surface 
temperature errors in snow-dominated areas (i.e. northern 
territories of Eurasia and Canada). 

More recently, the introduction of a monthly climatology 
for vegetation Leaf Area Index (LAI) to replace the fixed 
maximum LAI has shown a reduction of near-surface temper-
ature errors in the tropical and mid-latitude areas, particularly 
evident in spring and summer. At the same time the bare 
ground evaporation has been enhanced over deserts by 
adopting a lower stress threshold than for vegetation. This 
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New snow (March and September 2009)

Dutra et al. (2010)
• Revised snow density
• Liquid water reservoir
• Revision of albedo and sub-grid snow cover
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Figure 1  Recent revisions to the land-surface model with the timeline for activation in the operational IFS.
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Vegetation seasonality
The Leaf Area Index (LAI), which expresses the phenological 
phase of vegetation (growing, mature, senescent, dormant), 
was kept constant and assigned by a look-up table depending 
on the vegetation type, thus vegetation appeared to be fully 
developed throughout the year. To allow for seasonality, a 
LAI monthly climatology based on a MODIS satellite product 
has been implemented in IFS Cy36r4 in November 2010. 
The detailed description of the LAI monthly climatology and 
its evaluation is provided in Boussetta et al. (2011).

Site validation and global offline simulations

The HTESSEL scheme has been compared to TESSEL for the 
soil moisture evolution on two contrasting field sites (SEBEX 
Sahel and BERMS Canada, Figure 2), while the HTESSEL+SNOW 

has been evaluated on forest and open sites (SNOWMIP2 Fraser, 
US, Figure 3). These results show that the soil moisture simulated 
by the new model had an improved match to observed values 
while preserving the soil moisture-evaporation link. Also the 
snow accumulated on the ground is largely improved by 
HTESSEL+SNOW scheme, with the snow density playing an 
important role, both on forest and open-field sites.

The revised land-surface hydrology for both soil and 
snow has been extensively validated using global offline 
simulations based on the atmospheric forcing provided by 
the Global Soil Wetness Project II (GSWP2) covering a 
10-year period (1986–1995). A summary of the runoff 
improvements obtained in the upgrades from TESSEL to 
HTESSEL and HTESSEL+SNOW for large river catchments in 
the northern hemisphere is reported in Table 1.
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Figure 2  Evolution of soil moisture in TESSEL and HTESSEL in terms of volumetric content (m³/m³) compared to observations for two contrasting 
sites used for field experiments: (a) savannah vegetation and sandy soil (SEBEX, Sahel) and (b) boreal forest (BERMS, Canada).

Figure 3  (a) Model-simulated snow mass (in terms of snow water equivalent) and (b) snow depth with HTESSEL and HTESSEL+SNOW 
during the 2003–04 winter season compared to observations from Fraser forest (left panels) and open (right panels) sites in Colorado 
that are part of the SnowMIP2 (Snow Model Intercomparison Project).
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The runoff error, calculated against observed river-
discharges from the Global Runoff Data Centre (GRDC) of 
the current scheme (including snow and soil revisions), is 
estimated as 23% of the observed runoff in dominant snow-
free basins (over Europe) and 26% in snow-dominated basins. 
Those results are likely to be affected by the coarse spatial 
resolution of the simulations (with GSWP2 at a resolution of 
1°×1° degrees), but overall they already indicate a substantial 
increase in predictive skill for monthly river discharges (~33% 
relative improvement on root-mean-squared-error for the 
ensemble of river catchments in Table 1).

Forecasts sensitivity experiments

Sets of 10-day forecasts covering one full year have been 
performed at T399 (~ 50 km horizontal resolution) with the 
operational IFS (Cy36r1) and TESSEL, HTESSEL, HTESSEL+SNOW 
and HTESSEL+SNOW+LAI configurations. Forecasts are run 
10 days apart to cover the period between the 1 January 

Parametrization 
scheme

Runoff RMSE 
(mm/day)

Observed area-weighted average 
runoff from GRDC (mm/day)

Area-weighted average of snow-free basins (~1,632,601 km²): 
Northeast-Europe and Central-Europe

TESSEL 0.28
0.76

HTESSEL 0.17

Area-weighted average of snow basins (~12,334,161 km²): 
Yukon, Podka., Lena, Tom, Ob, Yenisei, Mackenzie, Volga, Irtish and Neva

HTESSEL 0.75
1.96

HTESSEL+SNOW 0.51
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Table 1  Runoff root-mean-square error (RMSE) for GSWP2 from 
global offline simulations (1986–1995) verified with GRDC observations 
on snow-free basins for TESSEL, HTESSEL, and snow-dominated 
basins for HTESSEL, HTESSEL+SNOW.

Figure 4  Sensitivity (mean difference) of 36-hour (12 UTC) forecasts of 2-metre temperature for the northern hemisphere (a) winter 
(December–February) and (b) summer (June–August) for HTESSEL+SNOW compared to TESSEL. Negative values indicate cooling.

Figure 5  Impact (difference of mean absolute errors) of 36-hour forecasts of 2-metre temperature for the northern hemisphere (a) winter 
(December–February) and (b) summer (June–August) for HTESSEL+SNOW compared to TESSEL, verified against the ECMWF operational 
2-metre temperature analysis. Negative values indicate improvement.
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to 31 December 2008 (37 forecasts per experiment). The 
effect of the model on near-surface temperature is evaluated 
for short-term (36-hour) forecasts. 

The 2-metre temperature ‘sensitivity’, defined as the 
mean difference of HTESSEL+SNOW compared to the TESSEL 
configuration, is shown in Figure 4 for both the winter and 
summer seasons. The corresponding improvements on 
2-metre temperature forecasts ‘impact’ are shown in 

Figure 5. The ‘impact’ is defined as the mean absolute error 
difference calculated with respect to the operational 2-metre 
temperature analysis. 

HTESSEL particularly improves the temperate climates 
where evapotranspiration processes are most active. The 
temperature sensitivity shows positive and negative patterns 
which are associated to the spatially varying soil texture and 
the revised soil hydrology. 
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Figure 6  (a) Sensitivity and (b) impact of monthly LAI climatology on 36-hour forecasts of 2-metre termperatures in spring (March–May) 
as defined in Figures 4 and 5.

Figure 7  Mean annual 2-metre temperature errors in a long integration compared to ERA-Interim for (a) TESSEL (b) HTESSEL 
(c) HTESSEL+SNOW and (d) HTESSEL+SNOW+LAI..
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The changes introduced in HTESSEL+SNOW are very 
effective at high latitude and therefore the two revisions have 
complementary impact (as already demonstrated for the 
runoff). In fact, the sensitivity at northern latitudes consists 
of a cooling (Figure 4) associated with the snow pack 
providing a greater insulation of the soil underneath, and 
therefore a weaker coupling of the surface to the atmosphere; 
this has a beneficial impact on near-surface temperature 
forecasts over snow-dominated regions (Figure 5). The 
thermal shielding effect of the revised snow has hydrological 
consequences as the soil remains largely unfrozen and 
permeable to infiltration also during the cold season. HTESSEL 
and HTESSEL+SNOW, when coupled to a river routing model 
(Pappenberger et al., 2009), bring an improved correlation to 
daily river discharge time-series (Balsamo et al., 2010).

Evaluation of the monthly LAI climatology (HTESSEL+ 
SNOW+LAI) is shown to affect particularly the tropical areas 
where the seasonality is rather marked due to the monsoon 
precipitation. The sensitivity indicates generally a warming 
as shown in Figure 6a for spring as a consequence of lower 
LAI and reduced evaporation (which provides more energy 
to the sensible heat flux). At the same time the impact is a 
reduction of the systematic 2-metre temperature errors, 
particularly in tropical regions as shown in Figure 6b.

Long integration experiments

Long integration experiments covering one full year with 
daily specified sea-surface temperatures (hindcasts) are 
performed at the resolution currently used by the seasonal 
forecasting system (T159, i.e. ~125 km horizontal resolu-
tion). The aim is to assess whether the forecast sensitivities 
obtained in short-term and medium-range forecasts are also 
reflected in the climate of the model. 

Figure 7 shows the mean annual 2-metre temperature 
errors with the different land-surface model versions. The 
2-metre temperature errors are shown to decrease mostly 
in areas where the land-surface changes are active and with 
overall good impact on the model climate.

Outlook

The land-surface model has been revised in its land-surface 
hydrological components (soil and snow) and in the descrip-
tion of vegetation seasonality (monthly LAI) with positive 
impact on the forecasts. Future improvements of the land-
surface physics will focus on evaporation from free-water 
surfaces (lakes and intercepted water on leaves). Finally a 
vegetation/carbon model will be introduced (within the 
Geoland2 project) to model the net ecosystem exchange 
of carbon dioxide at the surface.
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Use of SMOS data at ECMWF

clouds and vegetation is smaller than at higher frequencies. 
Remote sensing of soil moisture (as with many other vari-
ables) can be carried out for two types of sensors: active 
and passive. Active instruments emit an electromagnetic 
pulse to illuminate the scene they observe. Then they meas-
ure the radiation that is reflected or backscattered from that 
scene. In contrast, passive instruments measure directly the 
radiation emitted by the Earth. Factors such as vegetation 
or soil roughness are less significant in passive remote sens-
ing of microwaves. In addition, L-band has the advantage 
of having little sensitivity to the water vapour in clouds and 
rain in the atmosphere, even for adverse weather conditions. 
Therefore SMOS (using a passive L-band instrument) should 
have the capability to monitor the soil moisture under condi-
tions where other sensors have problems.

The high cost and technological challenge of arranging 
a large antenna in L-band has prevented an earlier mission 
based on this technology. For SMOS, an antenna of approxi-
mately 8 metres in diameter is necessary to comply with 
the spatial resolution requirements of the mission. In SMOS 
this problem has been overcome by applying the interfero-
metric technique. Instead of one large antenna, sixty nine 
small receivers installed in three arms collect the radiation 
emitted by the Earth’s surface between 1.400 and 1.427 
GHz. By combining the signals received by the small receiv-
ers, a two-dimensional image of the Earth’s surface brightness 
temperature (which is proportional to the radiation emitted 
by the surface) can be reconstructed.

ECMWF will use SMOS data in synergy with active meas-
urements, in particular with a global soil moisture index 
product derived from the C-band (5.255 GHz) active micro-
wave data of the Advanced Scatterometer instrument 
(ASCAT), onboard the MetOp platform, to better constrain 
the soil moisture state.

Which product is used at ECMWF?

ECMWF is receiving the data from the SMOS Data Processing 
Ground Segment in NRT. It constitutes geographically sorted 
swath-based maps of brightness temperatures. The geolo-
cated product received at ECMWF is arranged in an 
equal-area grid system called ISEA 4H9. For this grid, the 
centres of the cell grids have almost an equal spacing of 
15 km over land. Over oceans the grid has a coarser resolu-
tion, which is half of the resolution over land, as oceans are 
more homogeneous than continental surfaces. 

The data arrives organized in snapshots, each being 
generated every 1.2 seconds. After the end of the commis-
sioning phase it was decided that SMOS would measure in 
the so called full polarization mode. This means that for the 
first 1.2 seconds all the receivers in the three arms are in 
the same polarisation mode (and then obtaining pure hori-
zontal or vertical polarized observations; i.e. when the 

Joaquín Muñoz Sabater, 
Patricia de Rosnay, Anne Fouilloux

On 2 November 2009, the Soil Moisture and Ocean Salinity 
(SMOS) mission was successfully launched from Plesetsk 
(Russia). This was the second Earth Explorer mission of the 
European Space Agency (ESA) Living Planet Programme. 
The most important challenge of this mission is to deliver 
scientific data with information about the water content of 
continental surfaces and the salinity content of the oceans. 
The mission’s requirements are to retrieve volumetric soil 
moisture from the observed radiances with an accuracy of 
4% and a spatial resolution of 40–50 km, and salinity in 
open waters with 0.1 psu accuracy for a 10–30 day average 
and an open ocean area of 200 km×200 km.

SMOS is a sun-synchronous dawn/dusk polar orbiting 
satellite flying at an altitude of 758 km. Onboard, a 
2D-interferometric radiometer images the entire surface of 
the Earth between 1.400–1.427 GHz (L-band) once every 
three days (Kerr et al., 2010). This is the first time that such 
technology has been used to obtain information about the 
emission from the surface of the Earth.

SMOS observations can potentially be of great benefit for 
ECMWF. They are the satellite data most sensitive to soil 
moisture both with relatively good spatial and temporal reso-
lutions. Although the information they provide is limited to 
the most superficial soil layer, this data can be assimilated in 
the Extended Kalman Filter (EKF) soil moisture analysis of 
ECMWF (Drusch et al., 2008, de Rosnay et al., 2011) to correct 
the value of the root-zone soil moisture. A better initialization 
of the root-zone soil moisture has proven to have an impact 
on short- to medium-range weather forecasts (Ferranti & Viterbo, 
2006). Currently, the EKF is used operationally at ECMWF to 
adjust the soil moisture state through the assimilation of 
2-metre temperature and relative humidity observations.

The SMOS team working at ECMWF provides operational 
monitoring of SMOS data and the next objective is to assimi-
late this data using the EKF. For SMOS, continuous monitoring 
in near real time (NRT) is especially important. This is because 
the ambitious technique used to extract information about 
soil moisture and ocean salinity needs to be tested and vali-
dated before an operational mission can be designed. For 
ECMWF, the main objective will be to investigate the ability 
of SMOS data to improve the forecast skill.

Why a passive mission in L-band to sense soil 
moisture?

Over the last two decades, remotely-sensed microwave 
observations from 1 to 10 GHz have been used to obtain 
information about the water content of a shallow near-
surface layer. In this microwave region, attenuation from 
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orientation of the electric field of the electromagnetic waves 
received at the three arms is parallel or perpendicular to 
the satellite antenna reference frame, respectively), whereas 
in the following 1.2 seconds the receivers in an arm switch 
the polarisation. For the first 1.2 seconds approximately 
4,800 observations are found within a snapshot, whereas 
this quantity can be doubled in the next 1.2 seconds. Each 
of these observations is provided in a node (or grid point) 
of the ISEA grid.

Developments towards an operational monitoring 
chain

To take full advantage of the NRT product, ECMWF imple-
mented this new data type within the Integrated Forecasting 
System (IFS). This was a challenging task for several reasons. 
For SMOS, the interferometric technique observes the same 
area at different angles as the satellite moves along the track. 
Up to 150 records of brightness temperatures observed at 
incidence angles between 0° and 65° are provided for each 
location. So the angular resolution of the observations is 
very high. This measuring principle has two consequences: 
(a) it provides a unique dataset with new features very 
different to any other source of satellite data used for NWP 
and (b) it produces a very large volume of data which 
cannot all be ingested into the IFS. This raises a great concern 
about the feasibility of integrating SMOS data in the IFS. 
However, SMOS data is still compatible with the current 
structure of the IFS if the amount of data is significantly 
reduced. Data thinning is essential in this context. The thin-
ning approach for SMOS data needs to avoid redundant 
observations and reduce drastically the volume of the origi-
nal dataset, while keeping the angular distribution of the 
observations.

From the more than 8 Gb of daily data that can reach 
ECMWF archives, only 5 to 10% can realistically be ingested 
into the IFS. An optimal trade-off between number of inci-
dence angles and volume of data is to keep only six incidence 
angles with a margin of ±0.5°. These angles are 10°, 20°, 
30°, 40°, 50° and 60°. They are continuously being moni-
tored and the results are publicly available in NRT at:
	 http://www.ecmwf.int/research/ESA_projects/SMOS/

monitoring/smos_monitor.html.
This is an excellent tool to assess and analyse the angular and 
polarised evolution of the data as a function of time. For more 
detailed information see Sabater et al. (2009, 2010). 

The forecast model’s estimate of the SMOS data (the 
model equivalent) is computed at the model grid points. 
In the case of SMOS, this has several advantages.
u	 All the background fields necessary to simulate brightness 

temperatures at the top of the atmosphere are computed 
and available at model grid points. Thus, it avoids inter-
polating physical quantities to observation location.

u	 Other satellite data sensitive to soil moisture, such as 
AMSR-E data in C-band, is also available at model grid 
points, making a comparison possible with other satellite 
data.

The Community Microwave Emission Model (CMEM) is 
currently used to simulate the soil emission in L-band. 

Further information about CMEM and its current configura-
tion can be found at:
	 http://www.ecmwf.int/research/ESA_projects/SMOS/cmem/

cmem_index.html.

Monitoring results

Daily monitoring of observed brightness temperatures

SMOS data has been regularly monitored since the launch 
of the satellite. Daily maps of brightness temperatures have 
been produced and published on the ECMWF SMOS 
website mentioned above. These maps were especially of 
interest during the commissioning phase when a series of 
calibration events took place. As an example, Figure 1a 
shows global maps of brightness temperatures at 40° 
incidence angle for the vertical polarisation, as measured 
by SMOS, on 28 November 2009. This data corresponded 
to data from the ‘Switch-On Phase’. Figure 1b shows data 
approximately four weeks later, on 20 December 2009, just 
after a major calibration event took place.

The plots in Figure 1 clearly show a significant improvement 
in the quality of the observations. The early mission data was 
very noisy (presented as dark red in the Figure 1a) and with 
significant geo-location problems, which was completely 
normal at that phase. However, the data in late December 
(Figure 1b) was of much better quality and more in agreement 
with expectations. Furthermore, the edges of the satellite 
track looked colder than the inner part. This is the area which 
corresponds to the extended alias-free field of view (EAFOV), 
which is a post-processed area to benefit from global cover-
age every three days, but with the drawback of being of lesser 
quality. These plots were useful to observe anomalies in the 
data, especially important during the commissioning phase. 
They were supported until November 2010. From this date 
onwards, global statistics have been produced in NRT.

Difference between observations and model equivalents
It is important to monitor the difference between observa
tions and model equivalents (also called first-guess 
departures). They typically follow a normal distribution with 
mean value relatively close to zero. This result is very positive 
as it means that in average ECMWF L-band simulated 
brightness temperatures are in good agreement with SMOS 
data. However, the probability distribution functions of 
first-guess departures also have long tails at both sides, 
suggesting that a significant number of large differences 
between model equivalents and observations are still 
present. The largest wet biases are found in areas with strong 
orography. This result was expected as the capabilities of 
CMEM for areas with strong slope, snow and ice are currently 
inaccurate. The emission over boreal forests, ice and snow 
covered areas is also significantly overestimated by CMEM. 
In particular, the snow line over continental surfaces can be 
monitored very well using the mean values of first-guess 
departures, as shown in Figure 2.

Concerning the large dry bias, there seems to be two 
main regions affected: (a) the area near coastlines, where 
the observed brightness temperatures are strongly 
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influenced by sea water (with much lower values of 
brightness temperature), and (b) over dry areas observed 
at large incidence angles. It is well known that roughness 
effects are not yet well modelled for large incidence angles 
at the L-band, and in particular for the more sensitive 
horizontal polarisation. Recent analyses have shown a 
significant reduction of the tails in the histograms of first-
guess departures. The reason is twofold: on the one hand, 
recent calibrations of the instrument have improved the 
quality of the observations; on the other hand, the improved 
model physics used in the current cycle has also improved 
the ECMWF model equivalents. In particular, the introduction 
into the IFS cycle 36r4 of a new improved bare soil 
evaporation scheme, producing more realistic dry values 
of the soil water content over bare soil, has a significant 
impact on the ECMWF model equivalents.

Data over oceans
SMOS data is not only being continuously monitored for 
land masses, but also for oceans. The current L-band emis-
sion model over oceans used at ECMWF is quite simple and 
does not account for contributions due to the galactic noise 
(which is an ever-present background cosmic radiation, see 
the figure in Box A) or roughness caused by ocean winds. 
However, observed radiances have shown a very good 
correlation with areas covered in sea ice.

Figure 3 shows the average brightness temperatures in 
grid-boxes of 1° from 5 to 19 November 2010. It can be 
observed that on average the polar latitudes have higher 

brightness temperatures than the rest of the oceans. This 
is the combination of several factors: firstly the water in 
these zones is colder and fresher with lower salinity (factors 
which have an influence over the water emission in L-band), 
but the main reason is due to the sea ice near the poles. 
Over ice-covered areas the surface emits as if it was drier, 
which results in substantially higher brightness tempera-
tures. The average brightness temperatures over oceans are 
very well correlated with maps of sea ice cover; this confirms 
the ability of SMOS data to also monitor sea ice.

Main problems of the SMOS data
The innovative instrument onboard of SMOS has had to face 
various problems. The galactic radiation, to which the satellite 
is continuously being subjected, was the origin of several 
problems related to the memory (which temporally stores 
the data in the satellite) and the frequency imbalances of the 
instrument. More recently, an increase of the temperature of 
one of the main antennas was observed, thus producing an 
unwanted trend in the temporal evolution of the brightness 
temperatures. This is currently under investigation. However, 
all these problems can be considered small compared to the 
Radio Frequency Interference (RFI). SMOS data is significantly 
contaminated by anthropogenic sources in the protected 
L-band. Many of these sources have a civilian origin, such as 
radio links, wi-fi networks or surveillance cameras. Efforts 
made by various ESA teams have made it possible to switch 
off around 50 sources in Europe which were strongly contami-
nating the observations.
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Figure 1  Observed SMOS brightness temperatures 
(K) at 40° incidence angle and vertical polarisation 
on (a) 28 November 2009 and (b) 20 December 
2009.
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In Figure 4, the variability of the observations averaged 
over a week is shown. This figure presents complex patterns 
related to the state of the soil variables. However, there are 
some areas mainly in the East of Europe and Asia that present 
abnormally large variability (in red in the figure). This cannot 
be explained by the geophysical variability of the observa-
tions, but rather by external sources related to RFI.

RFI is not only limited to continental surfaces. Figure 5 
shows the average variability of the observations between 
5 and 19 November 2010 over oceans. A significant land-
sea contamination is observed. There is a very large 
contamination around the European and Asiatic coasts 
caused by strong RFI sources over land, which can 
contaminate the observations up to several hundreds of 
kilometres offshore. This effect is sharper with increasing 
incidence angle. To a lesser extent, SMOS observations over 
sea are also affected in a well-defined latitudinal band of 
North America due to a series of military radars. Other point 
sources of RFI are also distributed in several locations over 
the ocean. The interface between sea ice and open sea 
water, showing extraordinary dynamics, is also very well 
captured in this figure, as it can be clearly seen near the 
south pole. The reason for this is the strong contrast in 
brightness temperatures between open sea water and water 
covered by sea ice.

Although the best approach to avoid RFI contamination 
is to directly switch off the illegal sources at the L-band, this 
is a slow process as it means requesting the national manage-
ment authorities to ensure that citizens comply with the 
International Telecommunication Union regulations. In some 
countries this is a very difficult process. Currently, several 
detection and mitigation algorithms are being developed 
to reduce the impact of RFI on the observations.

Way forward

The potential benefit that the assimilation of SMOS data 
could bring to the forecast skill will strongly depend on the 
thinning approach applied to the observations. It is impor-
tant to try to understand which subset of data carries most 
information about the soil water content. In addition, SMOS 

How can soil moisture be retrieved from 
SMOS observations?

The SMOS observation system is a microwave imaging 
radiometer with aperture synthesis. It collects top-of-the-
atmosphere radiances coming from the scene viewed by 
the SMOS antennas. At the frequency operated by SMOS 
(1.4 GHz), the brightness temperature (defined as the 
temperature a blackbody would be in order to produce 
the radiance received by the sensor) and radiances are 
directly proportional. Thus, as it is done for many other 
satellite data, SMOS data is expressed in terms of brightness 
temperatures rather than in radiances as the units of temper-
ature are easier to interpret than the units of radiances.

The brightness temperatures sensed by the SMOS 
antennae (TB

SMOS) results from several contributions: 
(a) surface emission (TB

TOV) attenuated by the atmos-
phere (τATM), (b) the up-welling atmospheric emission 
(TATM

↑), (c) the down-welling atmospheric emission 
(TATM

↓) reflected at the surface and attenuated by the 
atmosphere, and (d) the cosmic background emission 
(TBACK) attenuated by the atmosphere, reflected at the 
surface (rSURF) and attenuated again by the atmosphere. 
Among all of these contributions, TB

TOV is the most 
important one. It takes into account the soil emission as 
well as the emission and the attenuation effects of the 
vegetation. Soil roughness or the presence of snow also 
affect the surface emissivity.

The emissivity of the surface is the key variable to retrieve 
soil moisture. The surface emissivity can be expressed as 
a function of the dielectric constant of the surface. However, 
the surface dielectric constant is very different between a 
dry soil and a wet soil. Detection of soil moisture from a 
remote sensing platform is based on this principle. The 
sensitivity of the soil emissivity to soil moisture is optimal 
at L-band and, although with different magnitude, this is 
valid for both the horizontal and the vertical polarization. 
By combining the data from both polarizations unwanted 
effects in the signal can be removed and soil moisture can 
be retrieved more accurately.
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Figure 2  Averaged first-guess departures of brightness temperatures 
(K) for the first week of March 2010 at 1° spatial resolution. Only 
observations with an incidence angle of 50° and horizontal polarization 
are considered in this figure.
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observations are quite noisy as the size of the observed 
(very heterogeneous) surface of the Earth is very different 
depending on the incidence angle.

Not only is the optimal use of SMOS data being 
investigated in view of its assimilation, but also the reduction 
of noise and significant spatial correlations observed between 
adjacent observations are being studied. A bias correction 
scheme, likely based on physical parameters such as 
roughness or vegetation, will also be developed. It is also 
envisaged to reduce the bias between SMOS observations 
and the model equivalent by performing a global calibration 
of the CMEM parameters which have the strongest influence 
on the simulated brightness temperatures. The current 
configuration of the CMEM is based on research which 
investigated different aspects of the soil emission at local or 
regional scales. A global re-processed SMOS dataset 
performed by ESA will be used for validation purposes.

Finally, all these activities, which are aimed at optimally 
preparing the data for assimilation in the EKF, will be the 
base for testing the impact that the assimilation of SMOS 
data has on the forecast skill. This will be tested under several 
assimilation configurations combining screen-level variables 
and SMOS data.
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Figure 3  Average SMOS brightness temperatures (K) over oceans 
at 1° spatial resolution from 5 to 19 November 2010 at a 40° 
incidence angle and for the vertical polarisation.

Figure 4  Average standard deviation of the SMOS observed 
brightness temperatures (K) the first week of October 2010 at 
horizontal polarization and 40° incidence angle.

Figure 5  Average of the standard deviation of the SMOS observed 
brightness temperatures (K) over oceans at 40° incidence angle 
for the vertical polarisation mode for the period 5 to 19 November 
2010.
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Support for OGC standards in Metview 4

Users of WMS should be aware that not all providers 
guarantee the availability of their services, and network 
status and bandwidth can also affect performance.

WMS client in Metview 4

Client-Server architectures, such as used in WMS, fit very 
well into the service-oriented design of Metview. The 
Metview WMS client, whose icon can be seen in Figure 2b, 
was designed as a standard Metview module to provide an 
easy and powerful way to incorporate WMS map images 
into the Metview environment. The client offers a high-level 
user interface to build and perform the GetMap request. 
Also it is able to send the resulting map images to Metview’s 
Display Window, which can overlay them with other sources 
of data.

The WMS icon editor provides two ways for users to 
generate a GetMap request: an interactive and a plain mode. 
In the interactive mode the editor resembles a web browser 
as shown in Figure 3. Once the WMS server’s URL is typed 
in at the top of the interface, the client performs the 
GetCapabilities request and populates the user interface 
with the resulting list of layers and their meta-data. The 
available layer hierarchy is shown in the left-hand pane. 
When a layer is selected its properties can be further 
specified by the users: the map portrayal style and the 
various layer dimensions, which can typically specify the 
time and elevation of the layer, can all be set. Users can 

Sándor Kertész, Stephan Siemen, Fernando Ii

The Open Geospatial Consortium (OGC) defines a number 
of standards for serving and retrieving geospatial data over 
the web. These standards have become increasingly popular 
over the last decade since they can offer an easy way for 
organisations within different domains to share geospatial 
information and thus enhance interoperability. In the mete-
orological domain these standards open up new possibilities, 
such as exchanging observations and forecast data with 
other user domains and showing meteorological and non-
meteorological data together (see Box A).

To support the meteorological community in adopting 
the OGC standards, the MetOcean Domain Working Group 
was established within the OGC. ECMWF is an active 
participant of this working group and this article briefly 
describes the development within Metview 4 to support 
OGC standards.

Keyhole Markup Language

The Keyhole Markup Language (KML) format was originally 
developed for use within Google Earth and later it became 
an official standard of the OGC. At present, KML is widely 
used to define two- or three-dimensional geospatial informa-
tion that can be displayed in Google Earth, Google Maps 
and other similar applications. Metview 4 offers various ways 
of supporting KML. First, KML files are represented by an 
icon in the Metview desktop, which users can edit and visualise 
with an external viewer (by default it is Google Earth – see 
Figure 1). Secondly, through its use of Magics++ for its plot-
ting, geographical contour plots can be written in KML format 
both in the interactive user interface and in Metview Macro. 
Lastly, Geopoints files, which are Metview’s custom format 
to store scattered georeferenced data, can be converted into 
KML using the GeoToKML module (Figure 2a).

Web Map Service

OGC’s Web Map Service (WMS) standard focuses on the 
generation and retrieval of geo-referenced map images over 
the web. A key concept of WMS is that of a layer represent-
ing a basic unit of geographical information that a WMS 
client can request as a map image from a WMS server. A 
client can send at least two types of requests to the server: 
a GetCapabilities request, to acquire information about the 
available layers, and a GetMap request, to generate a map 
image for a particular layer using a specified geographic 
co-ordinate reference system and graphical style. As for the 
visualisation, this means that the client can be relatively 
simple since it only has to deal with static map images, 
while the hard and complex task of data access and map 
image rendering is performed by the server.

Figure 1  Snapshot of Google Earth showing the biomass burning 
product of the MACC (Monitoring Atmospheric Composition and 
Climate) project visualised through KML generated by Metview 
(download from http://gmes-atmosphere.eu/fire).

Figure 2  Icons representing the GeoToKML module and WMS client 
in Metview 4.

a b
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generate a preview at any time to see how the map image 
would look if the current settings were used. This preview, 
complemented with various layer meta-data, is displayed 
in the right-hand pane.

The GetMap request itself, built by the client, can also 
be inspected in the user interface but users need to switch 
to the plain editor mode to be able to manually change the 
request (Figure 4).

Once the GetMap request is defined it can be run and 
visualised by either right-clicking on the icon and selecting 
visualise from the context menu or simply dropping the 
icon into an existing Metview plot. The resulting WMS map 
image appears in Metview’s Display Window and can now 
be overlaid with any other Metview charts (Figure 5). The 
meta-data associated with the WMS map image is displayed 
in the Layers tab of the display window.

Metview users will find a tutorial that goes into more 
detail how to use the WMS client on the Metview docu-
mentation web page at:
	 http://www.ecmwf.int/publications/manuals/metview/docu-

mentation.html
The WMS client has been extensively used to test ECMWF’s 
new WMS server (see the article in ECMWF Newsletter No. 
126, 23–27) and to contribute to the work of the MetOcean 
Domain Working Group at the OGC. In this context, tests 
with various servers were made whose outcome is docu-
mented at the MetOcean DWG webpage at:
	 http://external.opengis.org/twiki_public/MetOceanDWG/

MetocWMS_WMS_IE_Retex

Ongoing work

Work on Metview’s WMS client is still ongoing with a special 
focus on the support for various geographical co-ordinate 
reference systems and the caching of the WMS images. Parallel 
to this work clients are under development to access remote 
services of gridded data, similar to the MARS retrieval module. 
To be compatible with the EU INSPIRE directive, which estab-
lishes an infrastructure for spatial information in Europe to 
support environmental activities, it is also planned to access 
catalogue services from within Metview.

Figure 3  The WMS client’s user interface in interactive mode to 
select and preview the layers provided by a WMS server, in this 
case NASA’s Science Visualization Studio. The layer selected here 
is a composite image from various satellites showing the cloud 
system of Hurricane Katrina and the sea surface temperature.

Figure 4  The WMS client’s user interface in plain mode allowing 
the manual editing of the GetMap request.

Figure 5  The WMS map image visualised in Metview 4, based on 
the GetMap request shown in Figure 4, overlaid with the corresponding 
mean-sea-level pressure analysis from ECMWF’s MARS archive.

Meteorology and Oceanography 
Domain Working Group

The Meteorology and Oceanography Domain Working 
Group (Met Ocean DWG) is a community orientated work-
ing group of the Open Geospatial Consortium (OGC). The 
group does not directly revise OGC standards, but rather 
enables collaboration and communication between groups 
with meteorological and oceanographic interests.

The Met Ocean DWG maintains a list of topics of 
interest to the meteorological and oceanographic 
communities for discussion, defining feedback to the 
OGC Standards Working Groups (SWG), and performing 
interoperability experiments.

A
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ECMWF Calendar 2011

October 17 Advisory Committee of Co-operating States 
(17th Session)

October 19
RMetS/EMS meeting on ‘Why aerosols matter: 
Advances in observations, modelling and 
understanding impacts’

October 31 – 
November 4

13th Workshop on ‘Meteorological operational 
systems’

November 8 – 10 Workshop on ‘Diurnal cycles and the stable 
atmospheric boundary layer (GABLS)’

December 6 – 7 Council (76th Session)

September 6 – 9 Seminar on ‘Data assimilation for atmosphere and 
ocean’

September 26 – 28 Introduction to ECflow for SMS users

October 3 – 5 Scientific Advisory Committee (40th Session)

October 5 – 7 Technical Advisory Committee (43rd Session)

October 10 – 14 Training Course – Use and interpretation of 
ECMWF products for WMO Members

October 10 – 11 Finance Committee (89th Session)

October 12 – 13 Policy Advisory Committee (32nd Session)

Technical Memoranda
646	 Pinson, P. & R. Hagedorn: Verification of ECMWF 

ensemble forecasts of wind speed against observations. 
March 2011

645	 Engelen, R. & P. Bauer: The use of variable CO2 in 
the data assimilation of AIRS and IASI radiances. March 
2011

644	 Masiello, G., M. Matricardi & C. Serio: The use of 
IASI data to identify systematic errors in the ECMWF 
forecasts of temperature in the upper stratosphere. 
March 2011

642	 Lu, Q., W. Bell, P. Bauer, N. Bormann, C. Peubey & 
A. Geer: Improved assimilation of data from China’s 
FY-3A Microwave Temperature Sounder (MWTS). 
February 2011

641	 Lu, Q., W. Bell, P. Bauer, N. Bormann & C. Peubey: 
Characterising the FY-3A microwave temperature 
sounder using the ECMWF model. February 2011

640	 Boussetta, S., G. Balsamo, A. Beljaars, T. Kral & 
L. Jarlan: Impact of a satellite-derived Leaf Area Index 
monthly climatology in a global Numerical Weather 
Prediction model. April 2011

636	 Isaksen, L., M. Bonavita, R. Buizza, M. Fisher, J. Haseler, 
M. Leutbecher & L. Raynaud: Ensemble of data 
assimilations at ECMWF. December 2010

635	 Richardson, D.S., J. Bidlot, L. Ferranti, A. Ghelli, 
T. Hewson, M. Janousek, F. Prates & F. Vitart: 
Verification statistics and evaluations of ECMWF fore-
casts in 2009–2010. October 2010

EUMETSAT/ECMWF Fellowship Programme

22	 Di Tomaso, E. & N. Bormann: Assimilation of ATOVS 
radiances at ECMWF: first year EUMETSAT fellowship 
report. March 2011

21	 Lupu, C. & A. McNally: Assimilation of radiance 
products from geostationary satellites: 1-year report. 
February 2011

ERA Report Series

11	 Král, T.: Flux tower observations for the evaluation of 
land surface schemes: Application to ERA-Interim. 
April 2011

10	 Kållberg, P.: Forecast drift in ERA-Interim. April 2011
8	 Haimberger, L. & U. Andrae: Radiosonde tempera-

ture bias correction in ERA-Interim. February 2011
9	 Dee, D.P., S.M. Uppala, A.J. Simmons, P. Berrisford, 

P. Poli, S. Kobayashi, U. Andrae, M.A. Balmaseda, 
G. Balsamo, P. Bauer, P. Bechtold, A.C.M. Beljaars, 
L. van de Berg, J. Bidlot, N. Bormann, C. Delsol, 
R. Dragani, M. Fuentes, A.J. Geer, L. Haimberger, 
S. Healy, H. Hersbach, E.V. Hólm, L. Isaksen, 
P. Kållberg, M. Köhler, M. Matricardi, A.P. McNally, 
B.M. Monge-Sanz, J.-J. Morcrette, C. Peubey, 
P. de Rosnay, C. Tavolato, J.-N. Thépaut & F. Vitart: 
The ERA-Interim reanalysis: Configuration and perform-
ance of the data assimilation system. February 2011

ESA Contract Reports

Abdalla, S.: Global validation of ENVISAT wind, wave and 
water vapour products from RA-2, MWR, ASAR and MERIS 
(2008-2010). Contract 21519/08/I-OL. April 2011
Munoz Sabater, J., P. de Rosnay & M. Dahoui: SMOS 
continuous monitoring report – Part 1.
Contract 20244/07/I-LG. February 2011
Dragani, R.: Monitoring and assimilation of SCIAMACHY, 
GOMOS and MIPAS retrievals at ECMWF. Technical support 
for global validation of ENVISAT data products.
Contract 21519/08/I-OL. February 2011

ECMWF publications (see http://www.ecmwf.int/publications/)
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