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ABSTRACT: The main objective of the study is to evaluate the feasibility and benefits of assimilating satellite tempera-
ture and humidity soundings (aka Level 2 or L2 profiles), instead of radiances, from the EUMETSAT Advanced Retrans-
mission Service (EARS) into the AROME-France data assimilation system. The satellite soundings are operational
forecast-independent retrievals that used the infrared sounder IASI in synergy with its companion microwave instruments
AMSU-A and MHS on board the MetOp platforms. In this assimilation study, L2 profiles are used as pseudoradiosondes,
discarding vertical error correlations and the instrument vertical sensitivity in the observation operator due to the lack of
available averaging kernels. Three assimilation experiments were performed, the baseline (including all satellite radiances
except those from IASI, AMSU-A, and MHS sounders), the control (with observations from the baseline plus IASI,
AMSU-A, and MHS radiances), and the L2 experiment (with observations from the baseline and L2 temperature and
humidity profiles). The assimilation runs cover the periods of the winter 2017 and summer 2018. The forecast skills of the
three experiments are gauged against independent analyses and observations. Despite that the vertical observation opera-
tor is not accounted for in this study, it is found that L2 profile assimilation does not have a negative impact on 1-h temper-
ature and humidity forecasts, especially in the midtroposphere. Their impacts are comparable in magnitude to the radiance
ones in the operational AROME framework, except in terms of temperature and wind fields during winter where the
impact is more negative than positive. These findings encourage further investigations.

KEYWORDS: Atmosphere; Remote sensing; Satellite observations; Numerical weather prediction/forecasting;
Data assimilation

1. Introduction

Satellite observations are the main sources of observations
used in the initialization of numerical weather prediction
(NWP) models. These data are assimilated into NWP models
together with other observations such as surface synoptic
data, radiosondes, aircraft, and radar. Among these satellite
data, infrared and microwave sounder data represent the vast
majority of the information ingested in global models. In lim-
ited-area (regional) models, however, observations from polar
orbiting satellites (in the present study only MetOp-A and -B)
can represent only around 5% of the total amount of data
(presented later in the text). In this case, the more numerous
observations are those of synoptic (34%), radar (33%), and
aircraft (17%).

The assimilation of L2 profiles is nothing new. In the early
years of atmospheric sounding from space, NWP models were
assimilating geophysical quantities (e.g., atmospheric temper-
ature and humidity) retrieved from satellite observations [the
so-called Level 2 profiles (L2)]. This was the usual approach,
but success was limited, because it led to an influx of informa-
tion that did not originate from the satellite data, i.e., the
errors of the retrieval a priori. In the 1990s (Eyre et al. 2019),
the direct assimilation of Level 1 (L1) radiances was general-
ized as opposed to that of the L2. This is still the paradigm

nowadays and remains in the current plans for operational
NWP. To understand the failure of the early attempts of L2
assimilation, we recall that the temperature and humidity
information, which can be extracted from the satellite data, is
of limited vertical resolution. This means that high-vertical-
resolution representations of L2 profiles cannot be uniquely
determined by the satellite data since there are vertical struc-
tures, which are not measured by the satellite instruments. In
some L2 retrievals, the loadings along such directions are cho-
sen to be zero, effectively selecting the smoothest profiles con-
sistent with the measurements. In others, these loadings are
determined by some auxiliary data (often referred to as “a
priori”). In any case, it is harmful if the assimilation is allowed
to influence these unmeasured vertical (finer) structures of
the model profiles. As mentioned, this can be avoided not
only by assimilating L1 instead of L2, but also by using the
averaging kernels of the L2 profiles as observation operator
in L2 assimilation (or similar approaches to avoid affecting
the model along the directions of the retrieval null space).

For quite a while, the assimilation of hyper-spectral radian-
ces (Hilton et al. 2012; Guidard et al. 2011) has had a very
positive impact, even though only radiances from a fraction of
available channels are assimilated. Recent and future missions
constitute computational and scientific challenges for these
applications, however, which can still only exploit a subset of
the information. On one hand, the radiative transfer model,
which is the observation operator in the radiance assimilation,
is a major contributor to the overall computational budget in
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an assimilation run. On the other hand, systematic and ran-
dom errors in the model background, in the radiative transfer
model itself and the limitation of unidentified clouds in the
observations, can significantly affect the ability to fit observed
radiances with those which are simulated. As a result, meas-
urements have usually less weight in the assimilation or they
are discarded over land for surface-sensitive or low-peaking
channels, especially those sensitive to humidity. Radiances
affected by cloud effects are also removed (over land and
sea). It is noteworthy, that the data volume from hyper-spec-
tral sounders will keep increasing in the years to come, with
additional and data-denser missions in space, e.g., with twice
as many channels for Infrared Atmospheric Sounding Inter-
ferometer–Next Generation (IASI-NG) or 100 times more
daily observations from Meteosat Third Generation–Infrared
Sounder (MTG-IRS), when compared to IASI.

In contrast, as no radiative transfer model is needed, the
assimilation of geophysical products can be performed at a
lower computational cost. Also, state of the art L2 algorithms
exploit the measurements from a large fraction of channels
and are also improved in some cloudy situations. L2 profiles
(temperature and humidity profiles) have hence the potential
to more exhaustively convey information from satellite obser-
vations into the system. This could be especially relevant in
rapid-cycle convective models, when computational resour-
ces, model resolution (horizontal and vertical) and the overall
amount of assimilated data may be competing against particu-
larly strong requirements in terms of timing. Following the
recent progress on L2 performances, there is a renewed scien-
tific interest in this field (Otkin et al. 2011; Hartung et al.
2011; Migliorini 2012; Coniglio et al. 2019; Hu et al. 2019).

In this context, this study explores the practical requirements
and potential benefits of assimilating operational temperature
and humidity retrieval profiles from the EUMETSAT EARS-
IASI L2 regional service without considering their associated
averaging kernels (since they are not disseminated with the L2
profiles). The inclusion of averaging kernels in the dissemi-
nated L2 products would imply a major increase of the data
volume and EUMETSAT is currently looking into ways of mit-
igating this problem. These efforts are based both on a lower
dimensional representation of the profiles, as PC scores, and
the possibility of constructing the averaging kernels at the user
side from a few disseminated indices and a static lookup table
disseminated only once. In this case, since the vertical sampling
of the assimilated profiles is higher than the actual resolution,
which can be determined by the retrievals, spurious high-fre-
quency patterns of the retrieval prior can affect the analysis.
The former version of the AROME-France model was able to
assimilate 124 of IASI channels (Seity et al. 2011). AROME-
France model top has been lowered, however, from 1 to about
10 hPa in order to focus on the troposphere as AROME-
France is not actually used in the stratosphere. This has thus
saved numerous vertical levels, which would be needed to
correctly simulate strong stratospheric winds at high horizontal
resolution (Brousseau et al. 2016). Channels with a contri-
bution therefore above 10 hPa are not assimilated as their
simulations are of a lesser quality given the reduced number of
vertical levels in the stratosphere.

The goal of this paper is to evaluate the feasibility and the
potential benefits of assimilating L2 profiles (temperature and
humidity profiles) in a regional model instead of IASI,
AMSU-A, and MHS radiances. This evaluation contributes
to the probing of new applications for current operational
products from EUMETSAT Polar System (EPS), and to the
enhanced understanding of their utilization bearing in mind
future hyper-spectral missions of the Infrared Atmospheric
Sounding Interferometer–New Generation (IASI-NG) and
Meteosat Third Generation–InfraRed Sounder (MTG-IRS).

To achieve the objective of this study, the L2 temperature
and humidity profiles were first of all assessed against
AROME-France 1-h forecasts, which represent the current
state of the AROME-France assimilation system (first-guess).
Second, the configuration of the assimilation experiment that
uses the L2 profiles instead of radiances (Level 1) in the
AROME-France system was defined. Finally a set of 3 experi-
ments was compared in order to evaluate the assimilation of
L2 profiles: the baseline, which assimilates the current set of
observations in the AROME-France operational version in
2017 and 2018 excepting radiances from IASI, AMSU-A, and
MHS sounders, the control experiment (similar to the base-
line but also assimilating radiances from IASI, AMSU-A, and
MHS sounders) and the L2 experiment (similar to the base-
line, but also assimilating L2 profiles). In addition to the
results of the assimilation experiments, findings and possible
recommendations related to the IASI L2 profiles themselves
are given in this paper.

The paper is divided as follows: the second section
describes the AROME-France model and L2 profiles, the
third section presents the evaluation of the L2 profiles com-
pared to the AROME-France model, which will help to build
up the following data assimilation experiments. The fourth
section outlines the definition of the experimental set-up and
the main results. Finally, the last section provides the conclu-
sions and studies to follow.

2. Model and data

a. AROME-France and data assimilation

Figure 1 presents the domain and orography of the con-
vective-scale AROME-France model. Since 2008, this model
is operational at Météo-France (Seity et al. 2011). The
AROME-France domain is centered at 47.58N, 28E over
France and contains 1440 3 1536 points on a Lambert projec-
tion (Brousseau et al. 2016). The horizontal resolution of the
current AROME-France version is 1.3 km. The levels range
from 5 m above the surface to 10 hPa (90 levels). The
AROME-France version used in this study was the opera-
tional version in 2017 and 2018. A 3D-Var assimilation
scheme with hourly cycling provided the initial conditions for
the AROME-France model, with a 1-h assimilation time win-
dow centered on the round hour (Brousseau et al. 2016),
which means that innovations are all assumed as valid at the
central time.

The AROME-France system is capable of assimilating dif-
ferent observation types, such as surface stations, buoys, radar
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measurements (Doppler wind and reflectivity), aircraft, wind
profilers, ship, satellite observations, and radiosondes. Radio-
sondes relative humidity profiles are not assimilated above
300 hPa. Radar reflectivities are assimilated using a 1D
method (Wattrelot et al. 2014), which provides relative
humidity profiles for the 3D-Var. Satellite observations con-
tain data from microwave and infrared sensors. These sensors
are on board polar and geostationary satellites. In AROME-
France, the operationally assimilated sensors were at that
time MHS on board NOAA-18 and -19 and MetOp-A and -B;
AMSU-A on board MetOp-A and -B, NOAA-15, -18, and -19
and Aqua; ATMS on board SNPP; SEVIRI from Metosat-11;
GMI (GPM); IASI on board MetOp-A and -B; SSM/IS
(DMSP-17 and -18) and scatterometer (MetOp-A and -B).
The GNSS zenithal total delay data from ground-based sta-
tions and atmospheric motion vectors from SEVIRI are also
assimilated.

Medium-range forecasts are issued from AROME-France
analyses of the assimilation cycle at 0000, 0600, 1200, and
1800 UTC. At 0000 and 1200 UTC the forecast range is 48 h
and at 0600 and 1800 UTC, it is 42 h. The forecast fields from
the French global model, Action de Recherche Petite Echelle
Grande Echelle (ARPEGE; Courtier et al. 1991), are used as
the boundary conditions in the AROME-France model.

The radiances, like other observations, are bias corrected
and the variational bias correction (Auligné et al. 2007) is
used in the AROME-France system for satellite observations.
The bias correction coefficients applied to radiance observa-
tions are calculated with ARPEGE except those applied to
SEVIRI radiances, which are computed in the AROME-
France. SEVIRI clear sky radiances averaged over boxes are
indeed assimilated in ARPEGE and not raw radiances as in
AROME-France. Given their availability over the AROME-
France domain, the MetOp observations are assimilated from
0800 to 1200 UTC and from 1900 to 2300 UTC. Horizontal
thinning is also applied to radiance observations in the

AROME-France system since horizontal observation error
correlations are neglected too as a way in which to avoid
information redundancy.

b. EARS-IASI L2 profiles

The profiles are generated through the EUMETSAT
Advanced Retransmission Service, EARS-IASI L2 (https://
www.eumetsat.int/ears-iasi), whereby MetOp observations are
directly broadcast to local receiving stations and centralized to
generate L2 profiles at EUMETSAT headquarters. The ther-
modynamic profiles (temperature and humidity profiles) are
then disseminated through EUMETCast and available to users
within less than 30 min from sensing.

The period evaluated in this study comprises 8 months
(from July 2017 to February 2018). In this study, the L2 pro-
files considered are the ones locally received in real time at
Lannion-France and one of the latest EARS-IASI L2 profile
generation (version 6.3; EUMETSAT 2017a). The L2 profiles
are available for AROME-France data assimilation from
0800 to 1200 UTC (for MetOp-A and -B) and from 1900 to
2300 UTC (only forMetOp-B).

The temperature and humidity profiles in the L2 profiles
are retrieved with a statistical method using IASI measure-
ments in synergy with companion microwave sensors (AMSU-A
and MHS) on board MetOp satellites. In this method, the sat-
ellite observations are represented in principal component
(PC) scores to form the predictor input vector, together with
auxiliary information such as surface elevation, satellite zenith
angle, and others. The temperature and humidity profiles are
also represented in PCs to form the predictands. The predic-
tants come from ERA-5. This will imply that any model bias
will be inherited by the retrieval. In a future study, an online
bias correction through VarBC could, however, be considered
to prevent this issue. The supervised machine learning was
performed using real EPS radiance observations collocated
with ERA-5 fields during 2015 and 2016. In total, more than
100 million pairs were used in the training.

The observation space is first divided into classes by appli-
cation of k-means clustering on the IASI and microwave
observations. The classification (k-means clustering) is based
on the measurements and divides the fields of view into clas-
ses with similar atmospheric situations. Pixels with large
amount of water vapor do not belong to the same classes as
pixels with lower amount of water vapor. This classification
into relatively homogeneous classes makes the independent
linear regressions within each class work well. This clustering
into relatively homogeneous classes allows a simple mathe-
matical modeling of the relationship between radiances and
geophysical parameters, using a linear regression. The visual
inspection at global scales of the classification shows that the
air mass observations are clustered in a spatially coherent
manner. Extensive routine comparisons to radiosondes con-
firmed that the retrieval precision reached with this approach
is very competitive, with temperature precision typically
better than 1 K in the free troposphere and low-level humidity
precision within 1–1.5 g kg21 in clear sky (Feltz et al. 2014;
Roman et al. 2016; EUMETSAT 2017a). The statistical
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relationship is then modeled by simple linear regression in
each observation class, achieving overall nonlinear inference
between observations and geophysical state through piece-
wise linear regressions.

In practice, several retrieval instances are invoked and
averaged, effectively forming an ensemble statistical retrieval
in every pixel. The different instances of the retrieval coeffi-
cients are obtained by varying the selection of the measure-
ment PC scores used for the classification. A large part of the
individual retrieval errors are independent so that the overall
retrieval errors are reduced by the averaging. Measurements
in adjacent pixels in an effective field of view (EFOV) are
also exploited in the input vector so as to take advantage of
geophysical horizontal correlations. Four sets of profiles, cor-
responding to the four IASI FOVs of an EFOV are retrieved
from measurements from four IASI FOVs, nine MHS FOVs,
and one AMSU FOV. The spatial variation within the EFOV
is determined by the IASI and MHS measurements only. For
overcast situations where most of the low-level temperature
information comes from AMSU, the retrieval might not be
able to fully capture the spatial variation. The method is
referred to as Piece-Wise Linear Regression-cube (PWLR3)
and is presented and evaluated more in detail in EUMETSAT
(2017b). All IASI channels are used in the PWLR3. The retrieval
precision, assessed by comparison with radiosondes, shows that
the piece-wise linear function implemented by the PWLR3 could
be a valuable approximation of the relationship between observa-
tions and atmospheric profiles.

The temperature (in K) and humidity (mixing ratio) pro-
files are sampled on the vertical levels from the surface to
10 hPa and provided along with quality indicators (QIs).
The QIs are uncertainty estimates as part of the main
regression, also output from PWLR3, related to the preci-
sion of the retrieved temperature (in K) and humidity (in
dewpoint temperature in K) in the lower troposphere. In
addition to the temperature and humidity profiles, a cloud
signal is also retrieved from PWLR3. It is referred to as
OmC (short for OBS minus CALC), which gives the differ-
ence in brightness temperature between observations and
clear-sky simulations in atmospheric window channels. It
provides an indication of a possible cloud contamination
within a pixel. The cloud QIs are equal to the OmC value.
The simulations are performed offline on the training set,
the retrievals can be trained with OmC values and no for-
ward model simulations are needed for the online applica-
tion of the retrieval.

The present work used profiles of pressure, water vapor
mixing ratio converted in specific humidity using equation q =
r/(1 1 r) as it is the variable for humidity in AROME-France,
the temperature for the evaluation of L2 profiles compared
with 1-h forecasts and also for the assimilation of L2 profiles.
The mean elevation within a given pixel was used due to dif-
ferences between AROME-France model and L2 profiles
orography values. Profiles having an absolute orography dif-
ference larger than 25 m were discarded. The QI for humidity,
temperature and cloud were used to select the most accurate
data for the L2 profiles evaluation against 1-h forecast and
also for assimilation. The evaluation has been undertaken on

profiles with QI values less than 2 K for temperature and less
than 3 K for dewpoint temperature (i.e., humidity). These QI
values were selected after an evaluation of all L2 temperature
and humidity profiles against the profiles satisfying these crite-
ria. The comparison of these two datasets showed that there
is no loss in profile quality (results not shown). The cloud
QI is only used for assimilation when there is more than one
profile with in a grid box [thinning process is explained in
section 4a(2)] with temperature and humidity profiles passing
the above QI criteria.

The L2 profiles are assimilated without accounting for the
instrument vertical sensitivity, i.e., without application of the
averaging kernels (Rodgers 2000) as observation operator.
This study constitutes a first attempt to assimilate, in a simple
framework, the temperature and humidity profiles retrieved
from satellite observation.

3. Comparison of MetOp-combined retrieval L2 profiles
and AROME-France model

The first step of any observation prior to assimilation is
comparison against a model counterpart. This assessment
helps to identify the characteristics of the main differences
between both datasets, thereby providing useful information
for the assimilation of L2 profiles. Figure 2 shows the mean of
monthly mean and standard deviation values of the differences
between L2 profiles and AROME-France 1-h forecasts (i.e.,
first-guess departure, known hereafter as OMF) over the
AROME-France domain for a 8-month period (July 2017–
February 2018). First guess is the observation equivalent
simulated from the 1-h forecast. The evaluated variables are
temperature (Fig. 2a) and specific humidity (Fig. 2b). The
temperature mean of monthly means of OMF varies greatly
close to the surface and lies between 200 and 300 hPa. Near
the surface, these variations range between 23 and 20.5 K
(probably related to a difference in the surface characteriza-
tion). In the upper atmosphere, they range from 20.9 to 0.4 K
and can be related to differences in the tropopause position.
Between 800 and 600 hPa the mean of monthly means of
OMF is negative and close to zero (Fig. 2a). The mean of
monthly standard deviation of OMF is around 1 K above
800 hPa and up to 300 hPa, near the surface, it is 2.3 K.
Between 300 and 200 hPa, there is an increase in both the
mean of monthly mean and standard deviation values of
OMF. The mean of monthly standard deviation values vary
from 1 to 1.5 K.

The specific humidity mean of monthly mean OMF are
negative for most levels, which means that the background
contains more humidity than do the L2 profiles. Near the sur-
face, the mean of monthly mean values of OMF is negative
around 20.04 g kg21. A monthly evaluation shows that the
standard deviation of OMF presents a strong variation linked
to the absolute atmospheric moisture content seasonal varia-
tion (represented by dashed red and green lines in Fig. 2b).
This means that moister atmospheres are associated with
larger deviation.

The statistics of L2 OMF from two periods (July–Septem-
ber 2017 and January–February 2018) are also compared
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against the statistics of radiosondes and aircraft OMF assimi-
lated in the baseline experiment (detailed in the next sec-
tion). The aircraft data also provide vertical temperature
profiles close to airport locations. Figure 3a shows the mean
OMF for temperature, for radiosondes and L2 profiles.
Close to the surface, OMF are of opposite sign (Fig. 3a), the
mean OMF is 0.06 K for radiosondes and 20.35 K for the L2
profiles. The absolute values of the amplitudes of the mean
OMF display similar behavior between radiosondes, aircraft
and L2 profiles. Above 700 hPa, the standard deviations of
OMF of the three observation types become closer. The air-
craft standard deviation (dashed blue line) is maximal (2 K)
near 925 hPa. Close to the surface, the L2 standard deviation
is above 2 K whereas the one for radiosondes reaches only
1.3 K. Both specific humidity mean OMF values are in good
agreement over the whole atmosphere (Fig. 3b). The stan-
dard deviations reveal differences below 700 hPa.

The L2 profiles OMF shown in these evaluations are close
to the L2 profile evaluation compared with radiosondes
shown in the validation report (EUMETSAT 2018) and
described below. The evaluation made by EUMETSAT
selected radiosondes over Europe within 3 h and 50 km
from the MetOp-A and -B pixels and cloud-free pixels.
The evaluation period ranges from 23 December 2017 to
13 February 2018 (this period is within the period used here
to compute the OMF statistics of L2 profiles). Between
800 and 400 hPa the mean differences in temperature

between L2 profiles and radiosondes are similar to the
results found for the L2 mean OMF statistics, which are
20.5 to 20.75 K for MetOp-A and MetOp-B, respectively.
Close to the surface there is an opposite signal. The stan-
dard deviation of differences for temperature has a similar
shape to those observed for the mean OMF of L2 profiles,
with a decrease of the differences from 1000 hPa up to
around 450 hPa, an increase above this level and a reduction
above 150 hPa.

The mean differences between L2 profiles and radiosondes
for water vapor are positive and higher close to the surface
(around 0.5 g kg21) for MetOp-B, whereas for MetOp-A they
become negative at 900 hPa and are again positive above this
level (Fig. 2). The mean OMF values of L2 profiles for water
vapor are negative up to 600 hPa. Above this level, there is a
behavior similar to the differences between radiosondes and
L2 profiles. The standard deviations of the differences for the
L2 water vapor profiles are similar for the two comparisons.
The small differences between the evaluation made by
EUMETSAT and the one performed in this study can be
related by the different period analyzed in this paper, which
included winter and summer months.

The evaluation of L2 profiles (shown above) in terms of
first-guess departure statistics concerning temperature and
humidity showed similar results when compared against the
radiosonde and aircraft data. L2 profiles appear therefore as
suitable for assimilation in AROME-France with inflated

FIG. 2. L2 profiles minus AROME-France first-guess statistics for (a) temperature and (b) specific humidity, calcu-
lated over the 8 months (July 2017–February 2018). Mean of monthly means differences are in solid lines and mean of
monthly standard deviation of differences are in dashed lines. Blue lines represent mean of monthly difference mean
and mean of monthly standard deviation values. Red solid lines depict mean of monthly means plus one standard devi-
ation in the monthly means and green solid lines represent mean of monthly means minus standard deviation in the
mean. Red dashed lines depict the mean of monthly standard deviation plus one standard deviation in the monthly
standard deviation and green dashed lines represent mean of monthly standard deviation minus the standard deviation
in the monthly standard deviation.
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errors (presented in the next section) on specific levels with
respect to radiosondes and aircraft data.

4. Results of the assimilation experiments

a. Experimental setup

The L2 profiles were assimilated in the AROME-France
3D-Var system during two separate 2-month periods, one
during the summer from 15 July to 15 September 2017, the
other during winter from 1 January to 28 February 2018.
Three experiments, summarized in Table 1, were performed
during each period. In the baseline experiment, all observa-
tions considered in the operational configuration, except
IASI, AMSU-A and MHS radiances (L1 product) were
assimilated. In the control experiment, the same observa-
tions as in the baseline experiment plus IASI radiances from
Lannion–France (locally acquired), AMSU-A and MHS radi-
ances from EUMETSAT but no evening MetOp-A radiances
were assimilated. These data are not received in Lannion due

the Atlantic anomaly (the direct broadcast of MetOp-A is
switched off in the evening overpasses). The AMSU-A and
MHS observations from only MetOp-A and -B satellites were
assimilated in the control experiments. The AMSU-A and
MHS observations from the other satellites were removed
from the assimilation. In the L2 experiment, baseline observa-
tions plus the L2 profiles (temperature and specific humidity
profiles) from Lannion were assimilated, excepting L2 profiles
from evening MetOp-A. As a consequence, the MetOp obser-
vations are assimilated from 0800 to 1200 UTC and from 1900
to 2300 UTC (onlyMetOp-B).

1) L1 ASSIMILATION DETAILS

IASI, MHS and AMSU-A brightness temperatures, together,
represent between 3% and 4.7% of the data assimilated into
the AROME-France system over winter and summer periods,
respectively. These percentages are a function of weather con-
ditions; cloudy or clear sky. The observation operator used by
AROME-France system to simulate satellite radiances is
based on the RTTOV model (Saunders et al. 2018). The hori-
zontal thinning applied to AMSU-A is 100 km and to IASI
and MHS observations is 80 km. Figure 4 shows the observa-
tion position (of at least one assimilated channel) of IASI
(black squares), AMSU-A (red diamonds), and MHS (yellow
circles) assimilated in the control experiment within a 1-h
assimilation time window (at 1000 UTC 1 January 2018).
IASI, AMSU-A and MHS present a good horizontal distribu-
tion and are not necessarily collocated. Figure 4 also shows
cloud-top pressure estimated from SEVIRI observations
(shaded areas). It appears that IASI observations can be

FIG. 3. L2 profiles, radiosonde, and aircraft minus AROME-France first-guess (OMF) statistics for July–September
2017 and for January–February 2018. Mean differences are in solid lines and standard deviations of differences are in
dashed lines. Black lines: radiosondes; red: L2 profiles; and blue: aircraft (AIREP). (a) Temperature and (b) specific
humidity.

TABLE 1. Experiment configurations.

Expt Configuration

Baseline No IASI, AMSU-A, and MHS data
Control Baseline 1 IASI from Lannion (only), AMSU-A,

and MHS data from EUMETSAT; no MetOp-A
in evening

L2 Baseline 1 L2 profiles from Lannion; MetOp-A
and -B in the morning and only MetOp-B in
the evening
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assimilated in some cloudy situations (depending on cloud
type). There are 47.5% of the assimilated IASI pixels in this
time window (between 0930 and 1030 UTC 1 January 2018)
with a cloud fraction higher than 90% (AVHRR information)
and only 27% of the IASI pixels are associated with a cloud
fraction between 0% and 9%.

In this AROME-France configuration, over land, only
8 (water vapor) IASI channels peaking between 600 and 200
hPa are assimilated. Over sea, 44 IASI channels are assimi-
lated (20 water vapor, 20 temperature, and 4 surface chan-
nels). In comparison, ARPEGE model can assimilate 129
IASI channels. Jacobians of the IASI channels assimilated in
this AROME-France system over land (8 channels) and over
sea (44 channels) are presented in Figs. 5a and 5b, respec-
tively. Four AMSU-A channels (5, 6, 7, and 8) and three
MHS channels (3, 4, and 5) are assimilated into AROME-
France model (over land and sea). Over high orography chan-
nels 5 (.500 m) and 6 (.1500 m) from AMSU-A and all
channels from MHS (channel 4 and 5 orography . 1000 m
and channel 3 orography . 1500 m) are not assimilated, how-
ever. Jacobians of these channels are shown in Figs. 5c and 5d,
respectively, for a given atmospheric profile. Over sea, in the low
troposphere, the information assimilated in the AROME-France
model is derived essentially from satellite data.

2) L2 ASSIMILATION DETAILS

The L2 profiles are assimilated as pseudoradiosondes in the
AROME-France system. Only the diagonal of observation-
error covariance matrix is considered for the L2 profiles. The
same consideration is made for the radiosondes/aircraft. Prior
to being assimilated the L2 profiles observation error (soL2)
has to be specified. The L2 profiles QIs cannot be used as
L2 profiles observation error (soL2) because there is only one
QI value per profile, but the assimilation scheme requires
one value of error per observation level (L2 profile levels).
The L2 observation errors (soL2) were determined from

radiosondes and aircraft characteristics. The AROME-France
operational version used in this study assumes that radio-
sonde and aircraft have the same observation error (soR) for
temperature. As mentioned in the previous section, the evalu-
ation between L2, radiosondes and aircraft data provide use-
ful information for the estimation of L2 profiles observation
error (soL2).

The L2 profiles mean and standard deviation of first-guess
departure (OMF) are larger than radiosondes and aircraft val-
ues on several levels. As a preliminary choice, the estimated
error of L2 temperature profiles is set to 1.2 times that of
radiosondes. In the AROME-France system, observation
errors for humidity (radiosonde) are specified in percent of
relative humidity. The radiosonde humidity observations are
not assimilated above 300 hPa but their observation errors
are specified. In this way, the observation error (soL2) values
for the L2 profiles are empirically set to 15% of the relative
humidity. In comparison, the error specified for the humidity
from radiosonde is 12% of the relative humidity. The L2 pro-
files (red lines) and radiosondes (black lines) observation
errors (so) are presented in Fig. 6a for temperature and
Fig. 6b for specific humidity profiles. Figure 6 also presents
the observation error diagnosed for radiosondes (black
dashed lines) and L2 profiles (red dashed lines) using the
method described in Desroziers et al. (2005). This diagnostic
was performed from a 1-month (January 2018) assimilation
experiment to evaluate the prescribed observation error
(soL2) choice. The diagnostics show that the observation error
estimated for temperature and specific humidity profiles from
radiosondes are overestimated as the errors diagnosed from
Desroziers et al. (2005) are significantly smaller. The same
feature is observed for the L2 temperature and specific
humidity profiles; however, the ratio between the radiosonde
and the L2 diagnosed errors (dashed lines) is higher than that
between the radiosonde (black continuous line) and L2 (red
continuous line) prescribed errors for temperature. This eval-
uation shows that the prescribed L2 profile observation errors
(soL2) values are reasonable for a first approach.

A thinning procedure is also necessary for L2 data to avoid
representativeness errors, which are not currently taken into
account in the AROME-France 3D-Var. The inversion pro-
cess introduces a correlation between the observation errors
of the retrieved profile, which justified large thinning for the
L2 profiles. After a trial-and-error process, the value for the
L2 observations was set to 160 km. The L2 profile having
the best QI for temperature, humidity and cloud is selected
within a 160 km 3 160 km box. The thinning algorithm in
AROME-France presents a known limitation concerning the
minimal distance between two L2 profiles, which can be
smaller than 160 km when selecting two different boxes
(but it is also the case for all other observations). Figure 7
exhibits the horizontal distribution of L2 profiles (black
squares) assimilated at 1000 UTC 1 January 2018 where
at least one level datum per profile is assimilated (black
squares). A drawback of the current thinning can be observed
at various locations, for example over northern Italy, where
two observations are closer than the 160 km distance chosen
in the algorithm. Figure 7 also shows cloud-top pressure

FIG. 4. Horizontal distribution of assimilated L1 observations at
1000 UTC 1 Jan 2018 from IASI (cyan squares), AMSU-A (red
diamonds), and MHS (green disks). Cloud-top pressure (hPa) esti-
mated from SEVIRI observations in shaded colors for the same
date.
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estimated from SEVIRI observations (shaded areas). It appears
that the L2 profiles are assimilated preferentially in clear sky and
low cloud areas. There are 79.4% of the profiles with a cloud QI
less than 1 K, corresponding to the best cloud QI value.

L2 profiles consist of 109 levels below 10 hPa (correspond-
ing to the AROME-France model top). However, the L2 ver-
tical levels are not equally spaced in pressure and the levels
are not the same for all profiles. A first vertical thinning was
applied keeping one level in three with a maximum of 36 lev-
els, even if it is not the optimal way to make the level selec-
tion and other ways of selection, as the using the averaging
kernels, could be applied in future studies. One observation is
assimilated per level when the corresponding OMF value is
less than a defined threshold (the same as that used for
radiosondes).

The evaluation of L2 profiles has been performed sepa-
rately over sea, over land and at high altitudes (results not

shown here). In the following study, we present statistics com-
puted across all surfaces. The L2 experiment makes use of
three filters based on OMF statistics over the different surfa-
ces, which also avoid some discrepancies observed in the L2
profiles evaluation. These filters are listed in Table 2. Due to
an imperfect knowledge of surface properties, the lowest part
of the profile is discarded from the assimilation. More pre-
cisely, when the orography is below 1 km, data above 900 hPa
level are assimilated, over 1 km, then, data between 700 and
10 hPa are assimilated.

It is important to mention that it is very hard to find settings
to make a fair comparison between the control and the L2
experiment (where there are many degrees of freedoms, such
as different vertical and horizontal thinning, observation
errors, quality control). Each configuration of the control and
L2 experiments may be optimized therefore by either improv-
ing the radiance assimilation or the L2 assimilation.

FIG. 5. IASI channels Jacobians (a) over land and (b) over sea. (c) AMSU-A channels 5, 6, 7, and 8 Jacobians and
(d) MHS Jacobians from channels 3, 4, and 5.
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Evaluations were carried out in order to investigate the
impact of assimilating L2 data instead of L1 on the analyses
and forecasts of the AROME-France model. The assessment
is presented in two parts: the first one concerns the impact of
the use of L2 profiles on the assimilation of other observa-
tions. This was evaluated in terms of OMF statistics (mean
and standard deviation), which provide the quality of the 1-h
forecast against available observations used to generate the
analyses. It means that the closer to zero the OMF values are,
the better the quality of the forecast. The second type of eval-
uation examines longer range forecast skill scores in order to

assess where (levels and forecast ranges) the assimilation of
L2 profiles and L1 products have an impact.

b. Impact on the statistics of the other assimilated
observations

The first evaluation concerns the number of observations
assimilated in each experiment and for each period. Table 3
shows the number of observations assimilated for each
observation type. Excepting radar and radiosonde data, the
summer and winter experiments assimilate a similar number
of observations (excluding L2 and L1 data from IASI,
AMSU-A, and MHS sensors). When both periods are consid-
ered, the control experiment assimilates more radiosonde
data and radar data when compared with the baseline experi-
ment. However, the relative differences between the control
and baseline experiments do not exceed 0.7& and 3.5&
(seventh column in Table 3) for radiosonde and radar data,
respectively. When the L2 experiment is compared with the
baseline, a larger difference is observed in the number of
radar and radiosonde observations assimilated, but the differ-
ence between the L2 and baseline experiments does not
exceed 23.2& and 2.9&, respectively. The total number of
assimilated channels from IASI, AMSU-A, and MHS repre-
sent 3.88% of all assimilated data in the control experiment

FIG. 6. Specified L2 profiles and radiosondes observation errors (continuous lines) for (a) temperature and
(b) specific humidity for January 2018. Dashed lines represent the diagnosed errors using the method described in
Desroziers et al. (2005).

FIG. 7. Spatial distribution of L2 profiles (red squares) at
1000 UTC 1 Jan 2018. Cloud-top pressure (hPa) estimated from
SEVIRI observations in shaded colors for the same date.

TABLE 2. Filters applied to L2 profiles.

Region Filter

Sea Use data only above level 1000 hPa
Land, orography below 1 km Use data only above level 900 hPa
Land, orography above 1 km Use data only above level 700 hPa
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(considering both periods). L2 data represents 6.14% of all
observations in the L2 experiment for both periods. This
result is expected, as more data are found in L2 profiles. In
other words, the information comes from 36 levels and 2 vari-
ables. The IASI, AMSU-A, and MHS observations represent
51 channels (maximum) over sea and 15 channels (maximum)
over land. Even if more L2 profile than radiance observations
are assimilated, it is not an indication that they provide addi-
tional independent information.

The assimilation of L2 profiles also can have a certain
impact on the mean and standard deviation of OMF values of
other observation types. Deviations most impacted by the L2
assimilation are the temperature profiles from aircraft and
radiosondes, specific humidity profiles from radiosondes and
relative humidity derived from radar reflectivities. These
observations represent the most numerous ones over land
(Table 3) and their OMF can provide evidence about the
impact of assimilating the L2 profiles on the background fields
(1-h forecast). As differences between both experiments are
not great, a significance test (Student’s t test with 95% of con-
fidence) is necessary to evaluate whether or not these differ-
ences are relevant. A significance test (Student’s t test with
95% of confidence) was applied to the results, the reference
experiment being the baseline. Differences exceeding the
threshold associated with the 95% level of confidence are
assumed to be statistically significant.

Figure 8 shows the vertical profiles of mean OMF values
for temperature (aircraft and radiosonde observations).

Generally, the mean OMF of temperature from aircraft
varies between 20.14 K (winter period) and 0.12 K (summer).
Figures 8a and 8b show the mean of OMF for temperature
from aircraft during the summer and winter periods, respec-
tively. In the middle atmosphere, it is possible to notice a
reduction of the mean OMF values, and this improvement
is statistically significant at some levels between 700 and
400 hPa (plain blue triangles). The control experiment also
improves the mean OMF of temperature from aircraft mostly
between 800 and 600 hPa (plain black triangle). A similar
behavior cannot be ascertained above 400 hPa over both
periods and for both control and L2 experiments. Below
925 hPa, there is a statistically significant degradation in
the L2 experiment. The mean OMF of temperature radio-
sondes is improved in the L2 and control experiments
between 800 and 300 hPa during winter (Fig. 8d). In summer
(Fig. 8c), the L2 experiment presents a statistically signifi-
cant improvement between 500 and 150 hPa, but also a sig-
nificant degradation (empty blue downward triangle) below
600 hPa.

The normalized standard deviation of OMF from aircraft
(Figs. 9a,b) and radiosondes (Figs. 9c,d) are also evaluated.
The normalized standard deviations of OMF for temperature
for aircraft of L2 (blue lines) and control (black lines)
experiments are very similar. The differences between the
experiments (control or L2) and the baseline, however, are
statistically significant with a degradation in the standard
deviation of OMF (downward triangles), which is more

TABLE 3. Data assimilated per observation type (ObsType).

ObsType Baseline Control L2 (Control 2 baseline) (L2 2 baseline) Diffcontrol (&) DiffL2 (&)

Summer (59 days)
Synoptic 10 915 891 10 915 809 10 923 776 282 7885 0.00 0.72
Aircraft 5 828 096 5 827 270 5 827 505 2826 2591 20.14 20.10
Satellite 84 344 84 280 84 292 264 252 20.75 20.61
Drift buoys 61 464 61 464 61 500 0 36 0.0 0.58
Radiosondes 5 780 195 5 780 705 5 796 501 510 16 306 0.09 2.82
Profiler 936 108 936 070 936 542 238 434 20.04 0.46
Scatterometers 75 088 75 210 75 210 122 122 1.62 1.62
Radar 7 689 996 7 716 816 7 689 962 26 820 234 3.49 0.00
GNSS 670 595 670 581 671 187 214 592 20.02 0.88
L2 profiles } } 2 503 509 } } } }

Radiancesa 3 901 604 3 900 941 3 903 876 2663 2272 20.16 0.58
IASI, AMSU-A, and MHS } 1 768 708 } } } } }

Winter (63 days)
Synoptic 10 213 744 10 213 743 10 214 111 21 367 29.79 E25 0.03
Aircraft 4 566 890 4 566 980 4 567 130 90 240 0.02 0.05
Satellite 61 134 61 200 61 188 66 54 1.08 0.88
Drift buoys 48 764 48 768 48 766 4 2 0.08 0.04
Radiosondes 5 329 915 5 333 663 5 329 311 3748 2604 0.70 20.11
Profiler 700 498 700 470 700 452 228 246 20.03 20.06
Scatterometers 68 694 68 694 68 694 0 0 0.0 0.0
Radar 12 396 136 12 439 244 12 356 442 43 108 239 694 3.48 23.20
GNSS 605 402 605 405 605 406 3 4 0.00 0.00
L2 profiles } } 2 275 229 } } } }

Radiancesa 3 022 002 3 022 499 3 022 310 497 308 0.16 0.10
IASI, AMSU-A, and MHS } 1 179 720 } } } } }

a ATMS, SSMIS, SEVIRI, GMI, andMWHS2.
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FIG. 8. Mean first-guess departure (OMF) of temperature from aircraft and radiosondes. The blue lines repre-
sent L2 experiment, red lines represent the baseline, and the black lines represent the control experiment. Plain
black upward-facing triangles mean that the control experiment is better than the baseline with 95% confidence
(Student’s t test). Empty black downward triangles mean that at the level the baseline is better than the control
experiment with 95% confidence (Student’s t test). Blue triangles have the same meaning as the black ones for
the L2 experiment. (a) Aircraft over summer period, (b) aircraft over winter period, (c) radiosonde over summer
period, and (e) radiosonde over winter period.
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obvious above 400 hPa and between 900 and 600 hPa. The
normalized standard deviation of OMF from radiosondes
show a degradation in almost all profiles in the L2 experi-
ments where as there is no signal for the control. This deg-
radation is quite obvious above 300 hPa, with statistically

significant differences between the L2 experiment and the
baseline (empty blue downward triangles in Figs. 9c,d). It is
important to mention, however, that the normalized stan-
dard deviation of OMF is less than 0.05 in almost every
case.

FIG. 9. As in Fig. 8, but for normalized OMF standard deviation where Std_exp is the standard deviation of OMF
for the L2 or control experiments and Std_ref is the standard deviation of OMF for the baseline. The blue lines repre-
sent L2 experiment and the black lines the control experiment. The triangles have the same meaning as in Fig. 8.
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The mean OMF of radiosonde specific humidity and
retrieved relative humidity from radar reflectivity observa-
tions are presented in Fig. 10. It is noteworthy that humidity
from radiosondes is only assimilated up to 300 hPa. Generally,
in the L2 experiment (blue lines), the OMF is reduced in the

lower troposphere for both observation types. Above 400 hPa,
the values for radiosondes (Figs. 10a,b) present a degradation
(improvement) in the L2 (control) experiments with respect
to the baseline. These differences are statistically significant at
300 hPa (for both periods) and at 400 hPa (only for winter

FIG. 10. As in Fig. 8, but for (a),(b) specific humidity from radiosondes and (c),(d) relative humidity (RH)
retrieved from radar data.
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period). The L2 experiment improves the humidity first-guess
departure of radiosondes between 800 and 600 hPa during the
summer and winter periods (Figs. 10a,b), and at 700 hPa
this improvement is statistically significant. In this region
no water vapor channels are assimilated. Close to the sur-
face, the L2 experiment improves the radiosonde first-guess
departure and the control experiment shows an improve-
ment between 850 and 500 hPa during the summer and win-
ter period; however, these differences are not statistically
significant.

The vertical information of OMF for radar retrieved rela-
tive humidity (Figs. 10c,d) is provided in terms of elevation
associated with the scanning mode of each radar. Only during
the summer (Fig. 10c) the L2 experiment (blue line) presents
an improvement statistically significant up to the elevation 2
and a degradation statistically significant at elevations 7 and 8.
The control experiment (black lines) presents a statistically
significant degradation in the OMF values at elevation 6 dur-
ing the summer and up to elevation 7 during the winter period
(Fig. 10d).

The normalized standard deviation of OMF for radiosonde
specific humidity is displayed in Figs. 11a and 11b. The three
experiments present very similar statistics, differences are less
than 60.04 and are not statistically significant. The L2 experi-
ment shows an improvement in terms of OMF standard devia-
tion for radar retrieved relative humidity (Figs. 11c,d) during
both periods, and this improvement is statistically significant
for almost all elevations (plain blue triangles). An opposite
behavior, with differences statistically significant for some ele-
vations, can be seen in the control experiment.

A similar impact study on the assimilation of IASI L2 pro-
files (retrievals from IASI only) into the European Centre for
Medium-Range Weather Forecasts (ECMWF) global data
assimilation system focus on data over sea only showed a posi-
tive impact in the radiosondes humidity first-guess departures.
This was observed mainly when only conventional and
AMSU-A were assimilated, Salonen et al. (2019).

The first-guess departure statistics indicate that the L2 pro-
files can be assimilated into the AROME-France model since
the quality of the short-range forecasts is almost unchanged
for temperature and humidity fields. The assimilation of the
L2 temperature and specific humidity profiles helps to
decrease the magnitude of the mean first-guess and analyses
departure of other observation types in the midatmosphere
(during the assimilation cycle). The observation types evalu-
ated in this analysis were temperature from radiosonde and
aircraft, specific humidity profiles from radiosondes and rela-
tive humidity derived from radar reflectivities. Figures for
analyses departure results are not shown in this paper.

c. Forecast verification

1) UPPER-AIR VERIFICATION

For the upper-air verification, analyses from the ECMWF
global model, which has a lower resolution (0.58) than the
AROME-France model, are used as reference since they pre-
sent a good spatial and temporal coverage. This verification
was performed for the forecast started at 0000 and 1200 UTC

for the summer and winter periods, the 48 h of forecast were
evaluated. Only the figures for the forecast initialized at 0000
UTC are shown, however.

The relative differences of temperature root-mean-square
error (RMSE) in percent (%) are presented in Figs. 12a
and 12g for the forecast initialized at 0000 UTC for summer
and winter period for the L2 experiment, respectively. For the
summer period, it can be seen that there is a positive (3.5%)
relative difference of temperature RMSE at 1000 hPa, which
means that the L2 experiment is better than the baseline
experiment when compared with the ECMWF’s analyses.
The L2 profiles are assimilated at 1000 hPa only over sea;
however, a L2 profile observation assimilated from 900 hPa
can impact variables near the surface through the vertical
correlations of background error covariances. These relative
differences are statistically significant (horizontal lines in
Fig. 12a) up to 12 h. In the wintertime, however, there is a
degradation (23.5%) at 925 and 850 hPa, which is statistically
significant. In the 6-h forecast range the relative differences
are negative (23.5%) at 200 hPa for two periods; however,
for the winter period they are also observed at 250 and
150 hPa and up to 36 h of forecast (Fig. 12g) these differences
are statistically significant. This degradation at 200 and 250 hPa
is also observed in the OMF of radiosondes and aircraft (Fig. 8).
Concerning temperature, between 700 and 400 hPa, the L2
experiment presents a positive/neutral impact at 6 h forecast,
and this impact is also observed in the mean OMF of aircraft
and radiosondes. The other levels and forecast ranges do not
present a definite behavior. The relative differences of tempera-
ture RMSE for the control experiment present a neutral impact
in the forecast started at 0000 UTC for summer and winter
(Figs. 12d,j, respectively).

Some characteristics observed in the temperature forecast
are also observed in the wind intensity scores of the L2
experiment. A degradation can be noted at 200 and 150 hPa
in the first 6 h forecast for the summer period (Fig. 12b) and
up to 24 h (Fig. 12h) for that of winter, at some forecast
ranges and levels the relative differences are statistically sig-
nificant. The temperature and wind degradation can be
explained by the fact that both dynamical fields are linked
with different relationships, especially near the tropopause,
which imply cross-correlation in background errors for tem-
perature and wind. In addition, during the forecast, tem-
perature and wind forecast errors are strongly linked by
geostrophism, thermal wind and baroclinic interaction over
the midlatitude. This means that if the temperature field is worse
in the analysis and in the subsequent forecast, the wind forecast
field will be also impacted and degraded. The wind intensity
forecast for the control experiment does not present a well-
defined behavior (Figs. 12e for summer and 12l for winter
periods), as observed for the temperature forecast.

The relative differences of relative humidity RMSE in %
are presented in Fig. 12c (summer) and Fig. 12i (winter) for
the L2 experiment. It is possible to notice a positive and statis-
tically significant impact at 100 hPa for summer and at 150
and 100 hPa for winter at all forecast ranges. At 200 hPa dur-
ing summer and at 250 hPa during the winter there is a statis-
tically significant negative impact up to 12 h of forecast. The
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control experiment presents a statistically significant positive
impact in the relative humidity forecast above 150 hPa and in
all forecast ranges during the winter (Fig. 12m). In the sum-
mertime the impact is neutral in the relative humidity forecast
(Fig. 12f). The impact in the forecasts started at 1200 UTC

has a similar behavior when compared to the forecast at
0000 UTC. In the 1200 UTC analyses, the L2 profiles and
radiances from MetOp are assimilated; on the other hand no
observation from these two datasets is assimilated at 0000 UTC.
This difference can explain a higher impact at 1200 UTC.

FIG. 11. As in Fig. 9, but for (a),(b) specific humidity from radiosondes and (c),(d) relative humidity (RH)
retrieved from radar data.
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FIG. 12. Relative difference of root-mean-square error (RMSE; in %) of (a),(d),(g), (j) temperature; (b),(e),(h),(l) wind
intensity; and (c),(f),(i),(m) relative humidity; 100 3 [(RMSEBaseline 2 RMSEExp)/RMSEBaseline]. The RMSEs
of baseline and experiments were calculated against ECMWF analyses. The vertical lines indicate that the baseline is
better than the experiments with 95% confidence (according a Student’s t test). Horizontal lines indicate that the
experiment is better than baseline experiment with 95% confidence. Red and green colors denote a degradation and
an improvement, respectively, in the experiment when compared with the baseline.
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Even though other variables were also evaluated, the ones
presented above are those for which the impact in the control
and L2 experiments is the greatest. The same evaluation was
also made using radiosondes. The results were not shown
because the L2 and control experiments presented differences
that were not statistically significant, contrary to the ones
shown for the evaluation using ECMWF’s analyses.

2) SURFACE VERIFICATION

An evaluation was also performed against over 600 ground
stations mainly located over metropolitan France. The evalu-
ated variables were the surface pressure, 2 m temperature,
2 m relative humidity, 10 m wind, rain, and cloud cover. Only
the results for the relative humidity are presented as forecast
scores for the other variables are not statistically speaking sig-
nificantly modified by both experiments (control and L2).
This verification was performed for the forecasts started at
0000 UTC. As in the evaluation against the ECMWF’s analy-
ses, the relative differences of root-mean-square error
(RMSE) in % were evaluated. The relative difference for the
L2 experiment varies between 0% and 1% during summer
(blue line in Fig. 13a), corresponding to a positive impact over
all forecast ranges. During the winter (blue line in Fig. 13b),
the relative difference varies between 20.7% and 0.5%, it is
positive between 12 and 42 h of forecast. On the other hand,
the control experiment presents predominantly negative
impact during the summertime, except at 12 h of forecast
(black line in Fig. 13b). During the winter for the control
experiment, the impact mixed over the forecast ranges. In this
way, a positive impact in the L2 experiment is more evident.
It must be stressed that the differences between all experi-
ments remain small.

The surface verification was also made against the synoptic
observations available over the whole AROME-France

domain but results are not shown because of very little differ-
ence between experiments.

3) PRECIPITATION VERIFICATION

The precipitation verification was performed for both peri-
ods against rain gauge observations. The results did not show
big differences between the experiments and the baseline.
Whenever differences were noticeable, they did not occur at
all evaluated forecast ranges and all precipitation thresholds.
For this reason, only one precipitation skill score from the
summer period is chosen to represent the evaluation. This
skill score effects the quality of the precipitation forecast. The
chosen score (Fig. 14) is the Brier skill score with a neighbor-
hood observation (BSS_NO; Amodei and Stein 2009). This
score alleviates the problem of the double penalty and caters
for mislocations of the precipitation in the forecast but with a
correct intensity. The closer to 1 the score, the better the fore-
cast. The precipitation thresholds chosen were 0.5 and 2 mm
in 6 h with a neighborhood of 52.8 km. Figure 14 presents the
BSS_NO of L2 (blue lines), control (black lines), and baseline
(red lines). As can be seen in Figs. 14a and 14b, respectively, a
degradation is found in the L2 forecast score compared to the
baseline experiment at the 24 h forecast range and in the 0.5
and 2 mm precipitation thresholds. The BSS_NO of the con-
trol experiment presents an improvement in the 24 h forecast
(black lines) and the differences between the baseline and the
control experiments are statistically significant for the 0.5 mm
threshold at 18 h (black line in Fig. 14a).

4) SUMMARY

The upper-air forecast skill score evaluation showed that
temperature and wind intensity forecast scores are almost
neutral in the control experiment for both periods and that

FIG. 13. As in Fig. 12, but for screen-level relative humidity evaluated against observations from surface stations
(SOLFRA). (a) The summer period and (b) the winter period. The lines and triangles have the same meaning as in
Fig. 11. The vertical axis is relative difference of root-mean-square error (RMSE; in %) and the horizontal axis is the
forecast range.
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there is a slight negative value of the relative difference of
RMSE at high levels in the L2 experiment. The relative
humidity forecast shows a positive relative difference of
RMSE in the control experiment (compared against baseline)
and both positive and negative values of relative differences
of RMSE in the L2 experiment when compared against the
baseline. Overall, the surface skill score verification did not
show any large differences but when they were any, there
were positive in terms of relative humidity at 2 m for the L2
experiment. The precipitation verification scores vary during
the periods analyzed. The control and L2 experiments showed
an almost neutral behavior with respect to the baseline
experiment.

5. Conclusions and perspectives

This work aimed to assess whether the assimilation of
retrieved temperature and humidity L2 profiles, operationally
produced and distributed by EUMETSAT, in the AROME-
France mesoscale model instead of IASI, AMSU-A and MHS
radiances was feasible and whether there would be any bene-
fits from it. The L2 profile latency is less than 30 min from
sensing, which tends to indicate that L2 profiles can be assimi-
lated into regional models such as the AROME-France
model. L2 profiles can represent a huge number of profiles to
be assimilated in limited-area models. To achieve the goal of
this study, first of all, the AROME-France 1-h forecasts were
assessed against the L2 temperature and humidity profiles.
This assessment enables the design of the configuration of the
assimilation experiments using the L2 profiles instead of radi-
ances. Last, three assimilation experiments were performed in
two different periods, winter and summer, as follows: the

baseline experiment, which assimilates the current set of
observations in the AROME-France operational version in
2017 and 2018 except radiances from IASI, AMSU-A, and
MHS sounders, the control experiment (similar to the base-
line but also assimilating radiances from IASI, AMSU-A, and
MHS sounders), and the L2 experiment (similar to the base-
line, but also assimilating L2 profiles).

The statistics of differences between L2 and AROME-
France model variables showed a good quality of L2 profiles
when compared with other observation first-guess departures
(radiosondes and aircraft). It is difficult to find settings to
make a fair comparison between L1 and L2 assimilation and
this study is a first trial that needs to be investigated further.
The horizontal thinning applied to the L2 data (one profile in
each 160 km box) retained the quality of the L2 profiles,
which shows that the profile with the best quality indicator
was rightly selected for the assimilation.

An empirical inflation factor was added to the radiosonde
observation errors for temperature and humidity to estimate
the L2 profiles observation error soL2 for their assimilation
(i.e., 15% of relative humidity for the specific humidity profile
and 1.2 times the radiosondes error profile for temperature).
The observation errors for the L2 profiles (soL2) diagnosed
using the Desroziers et al. (2005) method show that the L2
profile specified observation errors (soL2) seem to be an
acceptable choice for this first study, but could be refined for
a future study.

After the first statistical assessment, three assimilation
experiments were defined: the baseline, the control (with L1
radiances from IASI, AMSU-A and MHS) and L2 experi-
ments to assess the impact of L2 profiles assimilation in the
AROME-France model. The configuration of the control

FIG. 14. Brier skill score (BSS NO) for (a) 0.5 and (b) 2 mm of precipitation accumulated in 6 h, with a neighbor-
hood of 52.8.km. The red line is the baseline, the black line the control experiment, and the blue the L2 experiment.
The plain black upward-facing triangle means that the control experiment is better than the baseline with 95% confi-
dence (Student’s t test). The empty black downward-facing triangle means that the baseline is better than the control
experiment with 95% confidence (Student’s t test). The blue triangles are similar to the black ones but are for the L2
experiment. These panels represent the summer period.
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experiment was set up on the L2 profiles availability to pro-
vide a fair evaluation between both experiments. They ran
during two periods of 2 months representing winter and sum-
mer conditions.

Results show that the L2 and control experiments helped to
decrease in magnitude the mean first-guess departure (OMF)
of temperature observations in the midatmosphere compared
to the baseline. These findings are not observed for the stan-
dard deviation profiles, which show a degradation (at the top
of the profiles). The control experiment also decreased in
magnitude the mean OMF of radiosondes and aircraft tem-
perature observations up to 300 hPa. In terms of humidity
observations, the L2 experiment decreased in magnitude the
radiosonde mean OMF between 800 and 700 hPa; however, at
300 hPa a degradation is observed. For relative humidity
retrieved from radar observations, the mean OMF presents
an improvement up to elevation 6 with a L2 profile. The stan-
dard deviation of OMF of radar observations is improved at
almost all elevations. The control experiment helped to
decrease the mean OMF of radiosondes between 800 and
600 hPa and up to 300 hPa. This experiment contributed,
however, to the degradation of the mean OMF and standard
deviation of OMF of radar. This degradation is more obvious
during the winter period.

The impact of both control and L2 experiments against the
baseline has also been evaluated in terms of forecast skill
scores. The control experiment reduces the humidity forecast
RMSE in the upper troposphere, which corresponds to the
sensitivity of the eight water vapor (sensitive) assimilated
IASI channels and to the four used MHS channels over land.
The L2 experiment helped to reduce the humidity forecast
RMSE also in the middle-lower troposphere where no L1
radiances are assimilated (assimilated water vapor channels
are mainly sensitive in the high troposphere). The L2 experi-
ment shows an increase in the humidity forecast RMSE above
300 hPa. The temperature and wind intensity of forecast
RMSE of the L2 experiment were also increased at 200 hPa.
The surface verification showed some differences between
experiments, which are more emphasized on the bias. No
clear signal can be extracted from the precipitation forecast
skill during both 2-month periods. It is worth noting that IASI
data represent only a small fraction of all assimilated observa-
tions (around 3% and 4.7%) in the AROME-France model
and are available only 6 times out of 24 analyses made during
a day.

This study shows that the L2 temperature and humidity
profiles provided by EUMETSAT in near real time can be
assimilated in a regional NWP model. Nevertheless, several
features have to be taken into account and adjusted for each
NWP system, so as to optimize the exploitation of the infor-
mation of the L2 products. In particular, both horizontal and
vertical data selections have to be carefully studied.

The present assimilation study is based on the operationally
available EARS-IASI-L2 profiles, which are currently dissem-
inated without their associated averaging kernels, which have
therefore not been taken into account here. The fact that the
impact of L2 assimilation is mixed (it depends on the atmo-
sphere level and also on the forecast range) shows that more

attention will need to be given to key aspects affecting the
use of L2 products for assimilation in future L2 profile assimi-
lation studies. Indeed, averaging kernels should make the
difference in properly using the satellite constrained informa-
tion. The inclusion of averaging kernels in the disseminated
L2 profiles would imply a major increase of the volume of
data and EUMETSAT is currently looking for ways to miti-
gate this problem. These efforts are based both on a lower
dimensional representation of the profiles, as PC scores, and
the possibility of constructing the averaging kernels at the
user side from a few disseminated indices and a static lookup
table disseminated only once.

In this study, the assimilation experiments were carried out
in a simplified manner, taking advantage of the existing assim-
ilation framework for radiosondes in AROME-France. The
L2 profiles were therefore assumed as pseudoradiosondes,
i.e., without considering vertical error correlation and the ver-
tical sensitivity. On the latter point, as the quality within a
profile varies with the occurrence of clouds and its top pres-
sure within a pixel, additional information, e.g., such as cloud
top or uncertainty along the profile, could be useful for deter-
mining which parts of the profiles would be suitable for assim-
ilation. An evaluation shows for one analysis that the L2
profiles are assimilated preferentially in clear sky and low
cloud areas. In the current setting, the quality indicator is
pixel-based and a whole profile can be rejected by the assimi-
lation system because the quality indicator is a single uncer-
tainty estimate relating to the profile quality in the lower
troposphere. In preparation for the IRS launch, a specific
assimilation study shall also be performed using Level 2 pro-
files with infrared observations only, but not merged with
microwave data. In this configuration, a detailed cloud charac-
terization or uncertainty estimates on the vertical would be of
the utmost importance.
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