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Abstract. Ensemble forecasts at kilometre scale of two
severe storms over the Mediterranean region are verified
against satellite observations. In complement to assessing
the forecasts against ground-based measurements, bright-
ness temperature (BT) images are computed from forecast
fields and directly compared to BTs observed from satellite.
The so-called model-to-satellite approach is very effective in
identifying systematic errors in the prediction of cloud cover
for BTs in the infrared window and in verifying the fore-
casted convective activity with BTs in the microwave range.
This approach is combined with the calculation of meteoro-
logical scores for an objective evaluation of ensemble fore-
casts. The application of the approach is shown in the context
of two Mediterranean case studies, a tropical-like storm and
a heavy precipitating event. Assessment of cloud cover and
convective activity using satellite observations in the infrared
(10.8 µm) and microwave regions (183–191 GHz) provides
results consistent with other traditional methods using rain-
fall measurements. In addition, for the tropical-like storm,
differences among forecasts occur much earlier in terms of
cloud cover and deep convective activity than they do in
terms of deepening and track. Further, the underdispersion of
the ensemble forecasts of the two high-impact weather events
is easily identified with satellite diagnostics. This suggests
that such an approach could be a useful method for verifying
ensemble forecasts, particularly in data-sparse regions.

1 Introduction

In the last few decades, improvements in the data assimila-
tion, modelling and observing systems have resulted in good
progress in predicting weather at the synoptic scale.Sim-
mons and Hollingsworth(2002) examined the forecast er-
rors for the 500-hPa height and mean-sea-level pressure pro-
duced by the European Centre for Medium-Range Weather
Forecasts (ECMWF). They reported that the improvement
between 1990 and 2001 for the Northern Hemisphere corre-
sponded to a 1-day extension of the forecast range at which
a given level error was reached. Nowadays, the root-mean
square error of 1-day 500 hPa height forecasts has fallen be-
low the 10 m level typical of radiosonde measurement errors.
However, accurate forecasts of high-impact weather events
are still challenging because of our inaccurate knowledge of
the state of the atmosphere and model errors. This has led
to the development of global operational ensemble predic-
tion systems (EPSs) to sample all the uncertainty sources
for the initial state of the atmosphere (e.g.Molteni et al.,
1996). When running ensemble forecasts with limited-area
models (LAMs), the lateral boundary conditions are an addi-
tional source of uncertainties to be considered. Furthermore,
the rapid growth of convective-scale perturbations has led to
the development of specific methods for LAMs, such as the
shifting initialization technique, the use of multi models or
physical parameterizations in a model, the selection of mem-
bers from large-scale forecasts, and the addition of perturba-
tions to initial and boundary conditions (seeArgence et al.,
2008; Davolio et al., 2009; Vich et al., 2011; Vi é et al., 2011;
Tapiador et al., 2012, among others).
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Work dedicated to verifying forecasts has accompanied
this modelling effort. In particular, the need for verification of
forecasts is strong for sensible weather such as cloud and rain
fields. First, cloud cover and rainfall are meteorological vari-
ables that are of importance to the general public. Second, it
can be crucial to accurately predict diabatic processes, e.g. in
cases of rapid cyclogenesis or flash floods. Third, as small
differences in large-scale forcing, such as 500-hPa height,
can result in large errors in the cloud and rain fields, assess-
ment of the latter is of great interest as a critical measure
of the model performance.Ebert et al.(2003) verified short-
range quantitative precipitation forecasts from 11 operational
numerical weather prediction models against rain gauge ob-
servations. They concluded that the skill for forecasts of rain
greater than 20 mm per day was generally quite low, reflect-
ing the difficulty in predicting heavy rain accurately in time
and space.

As a complement to conventional rainfall measurements
with rain gauge networks, which are unevenly distributed,
satellite observations provide useful information on both
cloud cover and rainfall over the whole globe, including data-
sparse areas such as oceans. A way of using satellite observa-
tion to verify model outputs consists in the so-called model-
to-satellite approach. In this approach, radiative quantities
such as brightness temperature (BT) are calculated from the
forecast fields and directly compared with satellite observa-
tions. In conducting the forecast verification in the observa-
tion space, errors from the observation are reduced to the in-
strumental uncertainties. In particular, this approach avoids
the drawback of potential systematic differences between
satellite retrievals and forecasts that may appear because of
different assumptions in the retrieval algorithm and the mete-
orological model. It offers also the advantage to use satellite
observations for verification purposes in near real time. The
approach has already been previously applied to radiometer
channels, mostly in the thermal infrared window, to estimate
model cloudiness and identify drawbacks in cloud parame-
terizations (Morcrette, 1991; Chaboureau et al., 2000, 2002;
Chevallier et al., 2001; Argence et al., 2008; Chaboureau
et al., 2008; Grasso et al., 2008; Otkin and Greenwald, 2008;
Otkin et al., 2009, among others).

Few studies have shown the advantage of using satellite
observations combined with the model-to-satellite approach
to evaluate the skill of forecast systems in predicting cloud
cover.Söhne et al.(2008) performed verifications of cloud
cover forecasts with satellite observations over West Africa,
a data-sparse region. They showed a dependency of the fore-
cast skill on the intensity of the synoptic forcing. However,
the forecasts performed at low resolution (32 km horizontal
grid spacing) mostly showed shortcomings in the representa-
tion of convection and clouds.Clark and Chaboureau(2010)
demonstrated the benefits of using satellite observations to
identify sources of uncertainties in a kilometre-scale forecast
of heavy precipitation over southern France. They related the
performance of the precipitation forecast to the prediction

of the intensity of the humidity flux from the sea during the
stratiform regime and to the timely triggering of convection
over the sea during the convective episode.

The purpose of the present study is to show the ad-
vantage of using satellite observations and the model-to-
satellite approach to verify ensemble forecasts. This study
is part of the “Forecast and projection in climate scenario
of Mediterranean intense events: uncertainties and propa-
gation on environment”, the MEDUP project. This project
aims to characterize the propagation of sources of uncer-
tainties with the forecast and climate projection for Mediter-
ranean high-impact weather events. It lies within the frame-
work of HyMeX in that it develops modelling and forecast-
ing tools that could be deployed during this 10-yr program.
Two Mediterranean cases were investigated in terms of ac-
curacy and skill for cloud cover and rain. They were taken
from two previous MEDUP case studies (Vi é et al., 2011;
Chaboureau et al., 2012). For both cases, a forecast ensem-
ble was built using a convection-permitting model. The first
one concerned intense cyclogenesis leading to the formation
of a tropical-like storm or medicane (Mediterranean “hurri-
cane”) over southeastern Italy (Moscatello et al., 2008; Davo-
lio et al., 2009; Claud et al., 2010; Laviola et al., 2011; Pan-
tillon et al., 2012, among others). For that case,Chaboureau
et al. (2012) built different atmospheric states by simply
shifting the initialization time. The so-called time-lagged ini-
tialization method generated a set of perturbed initial condi-
tions that allowed them to study the effect of initial-condition
uncertainties on the evolution of the medicane. The second
case was a heavy precipitation event over southern France.
Vi é et al.(2011) built an ensemble forecast at kilometre scale
from a global ensemble forecast and examined the impact
of lateral boundary conditions on the prediction of the rain
event.

The paper is organized as follows. Section 2 presents the
forecasts and the verification approach. Section 3 gives the
results obtained from the ensemble forecasts of the medi-
cane. Section 4 describes the cloud verification of the en-
semble forecasts of the heavy precipitation event. Section 5
concludes the paper.

2 Forecasts and verification approach

2.1 Meso-NH forecasts

The forecasts of the medicane were made with the non-
hydrostatic model Meso-NH (Lafore et al., 1998) version 4.7
using the two-way interactive grid-nesting method with triply
nested grids. The model domains (Fig.1a) had horizontal
grid spacings of 32, 8, and 2 km. For the inner grid, deep
convection was explicitely resolved. The model included
a turbulence parameterization (Cuxart et al., 2000), a mi-
crophysical scheme that predicts the evolution of the mix-
ing ratios of six water species (water vapor, cloud droplet,
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Table 1. Overpasses in September 2006 for the medicane.

Satellite Day Time Time selected

(UTC) for forecast

NOAA-16 25 14:33 15:00

NOAA-15 25 16:16 18:00

NOAA-17 25 21:10 21:00

NOAA-18 26 01:43 00:00

NOAA-15 26 04:33 06:00

NOAA-18 26 11:28 12:00

NOAA-16 26 14:24 15:00

NOAA-15 26 16:54 18:00

Table 2. Overpasses in November 2008 for the heavy precipitating event.

Satellite Day Time Time selected

(UTC) for forecast

NOAA-16 01 16:58 18:00

MetOp-2 01 20:01 21:00

NOAA-18 02 01:16 00:00

NOAA-16 02 05:18 06:00

MetOp-2 02 09:57 09:00

NOAA-18 02 12:45 12:00

Fig. 1. Domains of a) the outer Meso-NH model and b) AROME. In a) the boxes show the location of the two

inner models.
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Fig. 1.Domains of(a) the outer Meso-NH model and(b) AROME. In (a) the boxes show the location of the two inner models.

raindrop, ice crystal, snow and graupel,Pinty and Jabouille,
1998) and a subgrid cloud cover and condensate content
schemes (Chaboureau and Bechtold, 2002, 2005). The fore-
casts were designed to contrast the impact of the initial condi-
tions on the development of the medicane (Chaboureau et al.,
2012). Two sets of three lagged forecasts each were run us-
ing initial and boundary conditions provided by either Ac-
tion de Recherche Petite Echelle Grande Echelle (ARPEGE)
or ECMWF analyses (referred to as ARP and ECM experi-
ments, respectively). This set of six members was build by
shifting the initialization time of the runs. The first members
started on 25 September at 00:00 UTC (ARPC and ECMC),
the second at 06:00 UTC (ARPB and ECMB) and the last
at 12:00 UTC (ARPA and ECMA). The experiments were
then integrated during the rapid development of the medicane
until 26 September at 18:00 UTC. For further details on the
simulation setup, the reader is referred toChaboureau et al.
(2012).

2.2 AROME forecasts

The forecasts of the heavy precipitating event were per-
formed with the operational convective-permitting Appli-
cation of Research to Operations at Mesoscale (AROME)
model from Ḿet́eo-France (Seity et al., 2011), at a hori-
zontal grid spacing of about 2.5 km (see the model domain
in Fig. 1b). AROME is based on the nonhydrostatic ver-
sion of the adiabatic equations of the limited area model
Aire Limitée Adaptation Dynamique développement InterNa-
tional (ALADIN), using physical parameterizations from the
research model Meso-NH, which includes the microphysical
scheme ofPinty and Jabouille(1998), the turbulence param-
eterization ofCuxart et al.(2000) and the shallow convec-
tion of Pergaud et al.(2009). The ensemble forecast was de-
signed to assess the impact of uncertainty on large-scale lat-
eral boundary conditions (LBCs) by providing the AROME
simulations with LBCs from the members of the global en-
semble prediction systemPrévision d’Ensemble ARPEGE
(PEARP). The PEARP ensemble has 11 members (hereafter
P0, P1, etc.) obtained by adding pertubations, which blends

a breeding technique and calculation of singular vectors. For
each PEARP member run for 24 h, a 24-h AROME forecast
was issued at 12:00 UTC over one full month from 6 Octo-
ber to 5 November 2008. Here we used the AROME ensem-
ble forecast starting on 1 November. Further details can be
found inVi é et al.(2011).

2.3 Satellite observations and simulated brightness
temperatures

Two types of observations were used for the verification of
forecasts and interpolated onto the model grid. The Meteosat
Second Generation (MSG) observations obtained from the
Spinning Enhanced Visible and Infra-Red Imager (SEVIRI)
have a temporal resolution of 15 min and a spatial sampling
of 3 km at sub-satellite point. Here, we used 3-hourly mea-
surements of BT in the thermal infrared window (10.8 µm),
which is mainly sensitive to the temperature of opaque clouds
at their top. Clouds are much more transparent for microwave
radiation, which can give some information on cloud and
rain content, depending on the frequency. The Advanced Mi-
crowave Sounding Unit (AMSU-B) on the polar-orbiting Na-
tional Oceanic and Atmospheric Administration (NOAA)-15
to -17 platforms replaced by Microwave Humidity Sounder
(MHS) on the NOAA-18 and MetOp-2 platforms allowed
us to sense the rainfall intensity up to every 3 h and with a
field of view of 16 km at nadir. These two sounders share
similar moisture channels, for which their slightly different
radiometric characteristics did not affect the rainfall detec-
tion used here (Claud et al., 2012). Tables1 and2 give the
time of overpasses for the medicane and the heavy precipita-
tion event, respectively. FollowingFunatsu et al.(2007), we
used the observations from AMSU-B/MHS moisture chan-
nels (183–191 GHz). In the absence of any hydrometeors,
channel 3, which senses humidity in the upper troposphere,
measures lower BTs than channel 4, which senses the mid-
dle troposphere. The latter in turn shows lower BTs than
channel 5, which peaks in the lower troposphere. In the pres-
ence of icy hydrometeors, large amounts of which are pref-
erentially found at low levels, radiation can be efficiently
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Table 1.Overpasses in September 2006 for the medicane.

Satellite Day Time Time selected
(UTC) for forecast

NOAA-16 25 14:33 15:00
NOAA-15 25 16:16 18:00
NOAA-17 25 21:10 21:00
NOAA-18 26 01:43 00:00
NOAA-15 26 04:33 06:00
NOAA-18 26 11:28 12:00
NOAA-16 26 14:24 15:00
NOAA-15 26 16:54 18:00

Table 2.Overpasses in November 2008 for the heavy precipitating
event.

Satellite Day Time Time selected
(UTC) for forecast

NOAA-16 01 16:58 18:00
MetOp-2 01 20:01 21:00
NOAA-18 02 01:16 00:00
NOAA-16 02 05:18 06:00
MetOp-2 02 09:57 09:00
NOAA-18 02 12:45 12:00

scattered so the weighting function for channel 5 peaks at a
higher level in the atmosphere, thereby depressing BT to val-
ues close to that of channel 3. Over the Mediterranean,Fu-
natsu et al.(2007) found that a difference between channels
3 and 5 (hereafter, B3m5) of> −8 K corresponded statisti-
cally to moderate rainfall (about 10 mm in 3 h) when com-
pared with Tropical Rainfall Measuring Mission (TRMM)
retrievals. Based on the above principle, but with a higher
threshold (zero) applied to the all possible combinations of
moisture channels (i.e., channels 3 minus 5, channels 4 mi-
nus 5, and 3 minus 4 simultaneously> 0 K), a deep convec-
tion threshold (DCT) was used to detect deep convection over
the Mediterranean (Funatsu et al., 2007, 2009). The statistical
analysis ofFunatsu et al.(2007) reveals that DCT generally
corresponds to heavy rainfall (about 20 mm in 3 h).

These two types of observations in the infrared and mi-
crowave regions were simulated from the model fields of
temperature, water vapour and hydrometeors using the ra-
diative transfer code RTTOV (Radiative Transfer for Tiros
Operational Vertical Sounder) version 8.7 (Saunders et al.,
2005). In the thermal infrared window, surface emissivity
was given by the Ecoclimap database (Masson et al., 2003),
SEVIRI viewing angles were computed for each model grid
point, and the grey body approximation was considered for
clouds (Chevallier et al., 2001). Radiative properties for wa-
ter and ice clouds were taken fromHu and Stamnes(1993)
andBaran and Francis(2004), respectively. In the microwave
region, surface emissivity was calculated over sea using the

Fig. 2. Time evolution of MSLP minimum from 15:00 UTC 25 September to18:00 UTC 26 September 2006;

the black dots are values recorded at stations over land (Moscatello et al., 2008).
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Fig. 2. Time evolution of MSLP minimum from 15:00 UTC,
25 September to 18:00 UTC, 26 September 2006; the black dots
are values recorded at stations over land (Moscatello et al., 2008).

FASTEM code and set to the typical value for bare soil else-
where. Absorption and scattering effects by hydrometeors
were taken into account using precomputed Mie tables for
liquid water, cloud ice, rain, and precipitating ice (Bauer,
2001). As the AMSU-B/MHS viewing angles and observa-
tion times vary with each orbit, the synthetic AMSU-B BT
were calculated at fixed times (every 3 h) and angle (nadir
view) and for the NOAA-16 platform only. The time delay
and the approximations in the calculation could result in sys-
tematic errors. They are, however, of second order with re-
spect to the spread of the ensemble forecasts as shown below.

2.4 Rain retrievals

The verification was completed by a comparison of the pre-
cipitation amount. For the heavy precipitating case, we used
3-hourly measurements by rain gauges over France. Each
rain gauge was compared with the nearest model grid point
and precipitation was averaged over the rain gauges. The use
of rain gauges limited the verification to land areas only, and
was not suitable for oceanic cases such as the medicane.
For that case, we therefore used rain retrievals ofLaviola
and Levizzani(2011) based on a linear combination of the
AMSU-B moisture channels. The retrieval used the spectral
difference in the depression of the microwave radiation due
to scattering by icy hydrometeors and absorption by rain-
drops. First results obtained from a comparison with rain re-
trievals from TRMM products were good and a validation
study is underway (Laviola and Levizzani, 2011).

2.5 Verification approach

In the following, the verification of cloud and rain fore-
casts uses two measures, one of accuracy and the other of
skill. As a measure of accuracy, the bias between forecasted
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Fig. 3. Time (day/hour) associated with SEVIRI 10.8µm BT less than 250 K (shading) and AMSU-B DCT

(symbols) from 15:00 UTC 25 September to 18:00 UTC 26 September 2006 within an 80-km circle centred on

the medicane for (a-f) Meso-NH forecasts and (g) MSG and AMSU-B observations. The positions and track of

the medicane are shown with filled dots every 3 h, and lines respectively.
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Fig. 3. Time (day/hour) associated with SEVIRI 10.8 µm BT less than 250 K (shading) and AMSU-B DCT (symbols) from 15:00 UTC,
25 September to 18:00 UTC, 26 September 2006 within an 80-km circle centred on the medicane for(a–f) Meso-NH forecasts and(g) MSG
and AMSU-B observations. The positions and track of the medicane are shown at 3 h intervals with filled dots and lines, respectively.

and observed fields of cloud and rain was calculated in or-
der to identify any systematic model error. Skill was esti-
mated using a categorical score that quantify the matching
between observed and simulated forecats at gridpoints. For a
given threshold, a contingency table was formed by classify-
ing events as either non-high-cloud (non-rain) or high-cloud
(rain) in the observation and the forecast. Among the large
number of categorical scores in the literature, the categorical
Symmetric Extreme Dependency Score (SEDS) proposed by
Hogan et al.(2009) was used because of its very attractive
properties. First, SEDS is equitable for large samples, mean-
ing that a random forecast yields an expected score of zero.
Second, SEDS is difficult to hedge because of its transpose
symmetry (swapping the observations and the forecast does
not change the score). Last, SEDS is independent of the fre-
quency of occurrence of the quantity being verified, which is
important for the verification of rare event forecasts, as those
of heavy rainfalls. SEDS is defined as

SEDS=
ln{(a + b)/n} + ln{(a + c)/n}

ln(a/n)
− 1 (1)

wheren is the total number of elements anda, b andc repre-
sent the number of hits, false alarms and misses, respectively.

SEDS typically lies between 0 and 1, the values for random
and perfect forecasts, respectively.

3 The medicane case

The medicane was born during the night of 24 Septem-
ber 2006 in the lee of the Atlas Mountains. It subsequently
moved eastward over the Strait of Sicily on the morning
of 25 September. It deepened strongly on the morning of
26 September, while transiting over the Ionian Sea, and be-
came a medicane at 09:00 UTC with a full tropospheric warm
core over the Adriatic Sea.

The cyclone development is first examined in terms of
its deepening by looking at the time evolution of the mean-
sea-level pressure (MSLP) minimum (Fig.2). Because the
medicane crossed the southeastern tip of Italy and landed
over eastern Italy, the MSLP minimum was recorded twice,
with the lowest value reaching 986 hPa at 09:15 UTC on
26 September (Moscatello et al., 2008). Every forecast
showed an important deepening in the first 12 h, from about
1008 to 1000 hPa. In the following 12 h or so, only three
forecasts (ARPA, ECMA and ECMB) attained a minimum
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Fig. 4. Time series of mean (a) 10.8µm BT (K), (b) B3m5 (K) when B3m5 is larger than−8 K, and (c)

instantaneous precipitation (mm h−1). Fields were averaged over the domain shown in Fig. 3.
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Fig. 4. Time series of mean(a) 10.8 µm BT (K), (b) B3m5 (K)
when B3m5 is larger than−8 K, and(c) instantaneous precipitation
(mm h−1). Fields were averaged over the domain shown in Fig.3.

value less than 988 hPa. The other forecasts did not reach
the recorded MSLP minimum value and failed to predict
a tropical-like storm, as they did not develop a warm core
(Chaboureau et al., 2012).

The track is the other important characteristic in a cyclone
forecast. It is shown with the cloud cover and DCT in a radius
of 80 km centred on the medicane, every 3 h from 15:00 UTC
25 September to 18:00 UTC, 26 September (Fig.3). Here,
the threshold of BT less than 250 K was chosen to diagnose
deep, high clouds from the MSG infrared window channel
(as in Argence et al., 2009). Deep, high clouds and DCT
were first observed at 21:00 UTC, 25 September (Claud et al.,
2010) as the medicane moved close to the southeastern tip of
Sicily, where the orography acted as a trigger for deep con-
vection. From 21:00 UTC onwards, deep, high clouds were
observed in the vicinity of the medicane until its final land-
ing over Italy at 18:00 UTC, 26 September, while DCT was
diagnosed until 12:00 UTC, 26 September. All the forecasts
showed a track close to the one observed on 25 Septem-
ber but they diverged substantially as the medicane moved
over the Adriatic Sea. Interestingly, differences among fore-
casts occurred much earlier in terms of cloud cover and deep

convective activity than they did in terms of deepening and
track. For example, ARPC and ECMC showed much less
deep convective activity than the other forecasts during the
night of 25 September. Consistently with a cyclone that did
not deepen enough after 06:00 UTC, 26 September, ARPB
produced less deep, high clouds than the three successful
forecasts in the final 12 h. Because deep convection is the
main mechanism in the deepening of a medicane, the larger
the activity of clouds and convection, the more realistic the
deepening and track. This result suggests that the forecast
of such an intense mesocyclone could be verified in near
real time just by examining its cloud cover and deep con-
vective activity. In that particular case, the forecasts of the
medicane from ARPC and ECMC could have been discarded
from 25 September afternoon, as could the one from ARPB
after 06:00 UTC, 26 September only. Note also that the too-
large convective activity in ARPA at 21:00 UTC, 25 Septem-
ber would lead one to consider the forecast carefully.

A quantitative assessment is provided with the time evolu-
tion of 10.8 µm BT, B3m5 and precipitation in Fig.4, these
cloud- and rain-related fields being averaged over the domain
shown in Fig.3. The observed 10.8 µm BT equals 266 K most
of the time and increases in the last 6 h up to 270 K. The
forecasted 10.8 µm BTs agree rather well with the observa-
tion, with less than 4 K of difference. An exception was the
first few hours of the forecasts that started the latest (ECMA,
ARPA, and ARPB), which showed BTs larger than 274 K due
to the cloud spinup. As observed with B3m5, the largest con-
vective activity occurred between 18:00 UTC, 25 Septem-
ber and 12:00 UTC, 26 September. Comparison with B3m5
suggests that none of the forecasts produced enough moder-
ate to large convective rain on the morning of 26 Septem-
ber. Rain retrievals from AMSU observation also indicate
that the model produced too little rain, but with relatively
good timing, all the forecasts producing a maximum of rain
on 06:00 UTC on 26 September, i.e., with only a 6-h delay
relative to the observed peak. At 12:00 UTC on 26 Septem-
ber, ECMB and ECMC overestimated the B3m5 signal while
they underestimated rainfall. Such an apparent contradiction
could be partly attributed to a misrepresentation of the ra-
diative properties of snow. Previous studies have shown that
Meso-NH forecasts for convective situations are able to sim-
ulate the correct microwave BT signal in presence of a large
graupel content (Wiedner et al., 2004). However, a relative
disagreement was found at frequencies higher than 90 GHz
for cases in which the depressed signal was mainly due to
large amounts of snow (Meirold-Mautner et al., 2007).

Overall, the comparison with averaged fields showed nei-
ther systematic bias nor particular outliers in the forecast en-
semble. Almost the same average amount of rain and 10.8 µm
BT were forecasted. A larger spread was found for B3m5
as gridpoints with B3m5> −8 K were less numerous than
for the other variables. Note that the forecasts with the mean
B3m5 closest to the observations (e.g. ECMC at 12:00 UTC,
26 September) were not necessarily the most successful ones
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Fig. 5. Time series of SEDS for (a) 10.8µm BT less than 250 K, B3m5 larger than−8 K and (c) instantaneous

precipitation greater than 1 mm h−1. SEDS scores were calculated over the domain shown in Fig. 3.
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Fig. 5. Time series of SEDS for(a) 10.8 µm BT less than 250 K,
B3m5 larger than−8 K and(c) instantaneous precipitation greater
than 1 mm h−1. SEDS scores were calculated over the domain
shown in Fig.3.

in terms of deepening and track. This is partly because the
averaging was done over the domain shown in Fig.3 that
encompasses the medicane and the thunderstorms ahead the
upper-level trough. As a consequence, this result contrasts
with the ability to clearly distinguish the most successful
forecasts from the others by looking at the cloud cover and
deep convective activity in the vicinity of the cyclone (as seen
with Fig.3). It is therefore important to use a measure of skill
to fully characterize the performance of forecasts.

To complement the examination of the averaged fields, a
categorical score quantified the ability of the model to fore-
cast a meteorological event at the right location. Here, we ap-
plied the SEDS score to 10.8 µm BT, B3m5 and precipitation
with thresholds of 250 K,−8 K and 1 mm h−1, respectively
(Fig. 5). Larger SEDS for deep, high cloud were generally
obtained for the three forecasts that were most successful in
terms of deepening and track. This was particularly true for
the morning of the 26 September, when the cyclone rapidly
developed into a medicane. Comparisons against AMSU ob-
servations, based on either the B3m5 diagnostic or the rain

Fig. 6. Time series of spread and RMSE for (a) 10.8µm BT, (b) B3m5 and (c) instantaneous precipitation.

Fields were calculated over the domain shown in Fig. 3.
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Fig. 6. Time series of spread and RMSE for(a) 10.8 µm BT,
(b) B3m5 and(c) instantaneous precipitation. Fields were calcu-
lated over the domain shown in Fig.3.

retrieval, also showed higher scores for the most successful
forecast than for the others, but with smaller differences in
score between forecasts. The time lag and missing data in
AMSU observations made the comparison a little uncertain
(the time window used here was 3 h). Note that some values
of SEDS were undefined as no hit was forecasted (e.g. on
26 September, 12:00 UTC for ARPC and ECMC). In conclu-
sion, these results obtained for cloud and rain are consistent
with those on track and deepening. The best forecasts are
those starting on 25 September, 12:00 UTC. A better predic-
tion of cloud cover and rainfall is generally associated with a
better prediction of deepening and track. Consequently, in the
absence of any ground based data, a verification of forecasts
of cyclone prediction could be based on satellite diagnostics
only.

The time-lagged initialization technique shows a high sen-
sitivity of the medicane forecast to initial conditions. Similar
results in terms of deepening and track were obtained us-
ing different models and analyses byDavolio et al.(2009):
forecasts starting at 12:00 UTC on 25 September were more
successful than the forecasts starting at 00:00 UTC. The use
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Fig. 7. Accumulated precipitation (mm) between 12:00 UTC 1 November and 12:00 UTC 2 November 2008

from (a-k) AROME simulations and (i) rain gauges (over France only). The figure in the white box gives the

maximum of precipitation.
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Fig. 7. Accumulated precipitation (mm) between 12:00 UTC, 1 November and 12:00 UTC, 2 November 2008 from(a–k) AROME simula-
tions and(i) rain gauges (over France only). The number in the white box gives the maximum precipitation in (mm).

of ensemble scores allows us to look at another aspect of the
multi-analysis ensemble: its spread. The averaged root-mean
square error (RMSE) between forecasts and observation and
the spread among the forecasts are shown for 10.8 µm BT,
B3m5 and precipitation rate in Fig.6. For the three quan-
tities, spread is always lower than RMSE. In particular, the
ratio between spread and RMSE is about 0.5 for 10.8 µm BT
and B3m5. This is much less than the ratio for precipitat-
ing rate (about 0.8), which accounts for numerous zero val-
ues corresponding to non-raining grid points. In other words,

the satellite diagnostics point out the underdispersion of the
multi-analysis ensemble more strongly than the rain rate.

4 The heavy precipitating event

The case of 1–2 November 2008 was a convective system de-
veloping in a quasi-stationary frontal system associated with
a trough over western France. Such an event is typical of the
Mediterranean area because moderate rain is often linked to
upper-level systems, as evidenced by satellite observations

Nat. Hazards Earth Syst. Sci., 12, 2449–2462, 2012 www.nat-hazards-earth-syst-sci.net/12/2449/2012/



J.-P. Chaboureau et al.: Verification of ensemble cloud forecasts against satellite observations 2457

Fig. 8. Forecast range (hour) associated with SEVIRI 10.8µm BT less than 225 K (shading) and AMSU-B

DCT (symbols) from 18:00 UTC 1 November to 12:00 UTC 2 November 2008 for (a-k) AROME simulations

and (i) MSG and AMSU-B observations.
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Fig. 8.Forecast range (hour) associated with SEVIRI 10.8 µm BT less than 225 K (shading) and AMSU-B DCT (symbols) from 18:00 UTC,
1 November to 12:00 UTC, 2 November 2008 for(a–k) AROME simulations and(i) MSG and AMSU-B observations.

(Chaboureau and Claud, 2006; Funatsu et al., 2008). It was
characterized by a strong upper-level synoptic scale circu-
lation, an intense low-level jet bringing moist, unstable air
to the Massif Central foothills and large uncertainties on the
global forecast (Vi é et al., 2011). Rainfall accumulated in
24 h mostly along a southwest–northeast line (Fig.7). Larger
amounts were recorded over the southern side of the Massif
Central, up to 365 mm. All forecasts showed significant rain

amounts around the Pyrenees and the foothills of the Massif
Central along the same line as observed. There were obvious
differences in precipitation between the ensemble members,
in location as well as in intensity. The forecasts differed on
the maximum amount of rain, ranging from 176 mm for P5 to
331 mm for P2. Because of the formation of some thunder-
storms over the Gulf of Lions, some forecasts (P1, P5, P7,
P9) produced rain over the sea while others did not. The skill
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2458 J.-P. Chaboureau et al.: Verification of ensemble cloud forecasts against satellite observations

Fig. 9. Time series of mean (a) 10.8µm BT (K), (b) B3m5 (K) when B3m5 is larger than−8 K, and (c) 3-h

accumulated precipitation (mm). Fields were averaged overthe domain shown in Fig. 8.
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Fig. 9.Time series of mean(a) 10.8 µm BT (K),(b) B3m5 (K) when
B3m5 is larger than−8 K, and(c) 3-h accumulated precipitation
(mm). Fields were averaged over the domain shown in Fig.8.

of the forecasts over sea cannot however be verified with rain
gauge measurements.

The history of the rain event is summarized by the 6-
hourly time associated with deep convective clouds and
DCT based on satellite diagnostics (Fig.8). Deep convective
clouds were observed on the upper-left part of the domain
in the first 12-h range, then around the Gulf of Lions with
an enhanced convective intensity, as diagnosed by DCT. All
the ensemble members forecasted deep convective activity
mostly organized into a southwest–northeast line in the first
12-h range. They differed mainly in the next 12-h range. For
example, only P1, P5, P7 and P9 produced convective rain
over the sea in agreement with the observation. Some fore-
casts, like P5 and P9, showed little convective activity over
the Cevennes (around 44◦ N, 4◦ E), which resulted in an un-
derestimation of the 24-h accumulated rainfall maximum.

The time evolution of observed 10.8 µm BT, B3m5, and 3-
h accumulated precipitation showed an increase in cloud and
rain activity with the forecast range (Fig.9). The minimum
in the 10.8 µm BT and the maximum in accumulated pre-
cipitation were both achieved at 18-h forecast range, while

Fig. 10. Time series of SEDS for (a) 10.8µm BT less than 250 K, (b) B3m5 larger than−8 K and (c) 3-h

accumulated precipitation greater than 1 mm. SEDS scores were calculated over the domain shown in Fig. 8.
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Fig. 10. Time series of SEDS for(a) 10.8 µm BT less than 250 K,
(b) B3m5 larger than−8 K and(c) 3-h accumulated precipitation
greater than 1 mm. SEDS scores were calculated over the domain
shown in Fig.8.

B3m5 attained its maximum at 12-h forecast range. The en-
semble members captured the overall evolution of the three
variables in time and intensity. All the forecasts tended to
underestimate the cloud cover until the 18-h range, however.
This is consistent with the underestimation of both B3m5 and
the accumulated precipitation. In the last 6-h period, they all
overestimated the cloud cover and some members overesti-
mated the 3-h accumulated precipitation. While the forecasts
agreed with each other well in the first 12-h range, they were
much more dispersive afterwards. A spread such as seen here
for all three variables was interpreted as the impact of the
PEARP lateral boundary conditions on the AROME ensem-
ble forecasts (Vi é et al., 2011).

The relatively large dispersion in the averaged cloud- and
rain-related quantities between the AROME ensemble fore-
casts was also found on the associated SEDS scores (Fig.10).
The thresholds of 250 K,−8 K and 1 mm were applied to
10.8 µm BT, B3m5 and accumulated precipitation, respec-
tively. Some members had higher scores like P5, P7 and
P9 on 10.8 µm BT and precipitation at the 15-h and 18-h
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Fig. 11. Time series of SEDS for (a) 10.8µm BT less than 230 K, (b) B3m5 larger than 0 K and (c) 3-h

accumulated precipitation greater than 1.27 cm. SEDS scores were calculated over the domain shown in Fig. 8.
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Fig. 11. Time series of SEDS for(a) 10.8 µm BT less than 230 K,
(b) B3m5 larger than 0 K and(c) 3-h accumulated precipitation
greater than 1.27 cm. SEDS scores were calculated over the domain
shown in Fig.8.

forecast ranges. These members were, however, character-
ized by smaller SEDS for B3m5 at the 18-h forecast range.
This lower skill in predicting moderate to convective rain ex-
plained the smallest maximum in 24-h accumulated precip-
itation previously noted. In contrast, P2 and P10 fitted the
time evolution of accumulated precipitation well but showed
the lowest SEDS for precipitation from the 15-h forecast
range onward (and, in the case of P10, for the 10.8 µm BT).

SEDS was also examined for the same quantities, but
using thresholds corresponding to deeper clouds and heav-
ier precipitation. The thresholds of 230 K, 0 K and 1.27 cm
(0.5 inches) were applied to 10.8 µm BT, B3m5 and accu-
mulated precipitation, respectively (Fig.11). In the first 9-
h range, the small-scale, deep convective activity yielded a
large variation in SEDS between the forecasts for cloud cover
and rain. In the absence of any hit for B3m5, SEDS is unde-
fined for all the forecasts in the first 6-h range. From 12- to
15-h ranges, all the members performed rather similarly, but
this relative agreement broke down afterward. Note that the
skill of P10 was poor for B3m5 and precipitation, but at the
same level as the other forecasts for the 10.8 µm BT. This un-

Fig. 12. Time series of spread and RMSE for (a) 10.8µm BT, (b) B3m5 and (c) 3-h accumulated precipitation.

Fields were calculated over the domain shown in Fig. 8.
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Fig. 12. Time series of spread and RMSE for(a) 10.8 µm BT,
(b) B3m5 and(c) 3-h accumulated precipitation. Fields were cal-
culated over the domain shown in Fig.8.

derlines the advantage of using satellite diagnostics sensing
the content of clouds rather than the temperature at their tops.

In summary, consistent results were obtained for the cloud
and rain variables: none of the forecasts performed very well
in predicting the cloud cover and rain at the right location and
time. This suggests that the ensemble did not sample all the
sources of uncertainty. As for the medicane, the underdisper-
sion of the ensemble forecasts is illustrated with the averaged
RMSE between forecasts and observation and the spread
among the forecasts (Fig.12). Whatever the cloud- and rain-
related quantities, spread is always lower than RMSE. This
confirms the consistency in the results obtained for the cloud
cover and rain. The ratio between spread and RMSE varies
between 0.3 and 0.7 and, as for the medicane, it is for 10.8 µm
BT and B3m5 that they are the lowest, suggesting that the
satellite diagnostics is more sensitive to the underdispersion
of the ensemble.

The underdispersion of the ensemble forecasts can be fur-
ther illustrated using a rank histogram applied to satellite ob-
servations. The rank histogram (Talagrand et al., 1997) is a
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Fig. 13. Rank histograms for the 10.8µm BT at forecast ranges of 6 h (red boxes), 12 h (orange), 18 h (cyan)

and 24 h (blue).

28

Fig. 13.Rank histograms for the 10.8 µm BT at forecast ranges of
6 h (red boxes), 12 h (orange), 18 h (cyan) and 24 h (blue).

commonly used diagnostic for ensemble forecasts of a scalar
variablex. At every time and location, theN -member fore-
cast ensemble givesN forecast values ofx, which define
N + 1 intervals. The verifying observation is then ranked in
ascending order within each group ofN + 1 intervals, and
a histogram is constructed from these ranks. The ideal re-
sult would be that the rank histogram was flat, or uniform,
which would be suggestive of the ensemble prediction sys-
tem performing well with respect to representing the forecast
uncertainty. In contrast to precipitation for which values are
often null, the 10.8 µm BT generally shows a distribution in
a U-shape (seeSöhne et al., 2008, for examples of BT dis-
tribution in convective areas). This renders the building of
the rank histogram for the 10.8 µm BT easier, as shown in
Fig. 13, for the 6-hourly forecasts. For forecast ranges of 6
and 12 h, the verifying observations fall in the lowest interval.
This indicates that forecasts are biased toward values larger
than observed, in agreement with the underestimation of the
cloud cover previously noted. At 18 h the bias reduced, and
at 24 h range the histogram is rather flat, indicating a certain
degree of the reliability of the ensemble. Although calculated
for one forecast day only, this result is consistent with the
improvement in the histogram shape with the forecast range
found byVi é et al.(2011) for the 925-hPa wind speed over a
full month of forecasts.

5 Conclusions

The verification of two ensemble forecasts done by
convective-permitted models at kilometre scale has been
considered: a tropical-like storm over southern Italy and a
heavy precipitation event over southern France. The ensem-
ble forecasts were verified following two paths. First, fore-
casts were evaluated against ground based measurements,
i.e. track and deepening for the medicane and rainfall for
the heavy precipitation event. Second, the verification was
achieved for the first time using the model-to-satellite ap-
proach and satellite diagnostics dedicated to cloud and rain
fields. These variables are among the most difficult weather

variables to predict and to verify. It is therefore important to
develop methodology to monitor the performance of numer-
ical weather prediction systems in a systematic way.

For both cases, overall consistency was found between
the traditional and model-to-satellite approaches. Thus, in
the absence of any ground based data, forecasts of cloudy
weather events can be verified using satellite observations
only. This shows that the model-to-satellite approach is a
useful tool for the verification of forecasts over sea or other
data-sparse areas. Moreover, results from the tropical-like
storm show some member forecasts that failed to predict a
fully developed medicane, where overpredicted MSLP val-
ues showed a lack of deep convective activity. This suggests
that forecasts can be verified in near real time just by compar-
ing predicted and observed BT fields using pertinent satellite
diagnostics. Such an ability to quickly evaluate the quality
of the cloud forecasts produced by numerical weather pre-
diction models can be essential for short-range forecasting.
A further application dedicated to the uncertainty sampling
of ensemble forecasts was shown for the medicane and the
heavy precipitation event. For both cases, a too less disper-
sive forecast ensemble was found. This was partly because
the Meso-NH and AROME ensemble forecasts used here
were designed to investigate the uncertainties on initial and
lateral boundary conditions only, respectively. The develop-
ment of an ensemble approach that would enlarge the en-
semble spread by combining uncertainties from initial and
lateral-boundary conditions and model errors is currently un-
der investigation.
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Chaboureau, J.-P., Söhne, N., Pinty, J.-P., Meirold-Mautner, I., De-
fer, E., Prigent, C., Pardo, J.-R., Mech, M., and Crewell, S.: A
midlatitude cloud database validated with satellite observations,
J. Appl. Meteor. Climatol., 47, 1337–1353, 2008.

Chaboureau, J.-P., Pantillon, F., Lambert, D., Richard, E., and
Claud, C.: Tropical transition of a Mediterranean storm by jet
crossing, Quart. J. Roy. Meteor. Soc., 137, 596–611,http://dx.
doi.org/10.1002/qj.960, 2012.

Chevallier, F., Bauer, P., Kelly, G., Jakob, C., and McNally, T.:
Model clouds over oceans as seen from space: comparison with
HIRS/2 and MSU radiances, J. Climate, 14, 4216–4229, 2001.

Clark, H. and Chaboureau, J.-P.: Uncertainties in short-term fore-
casts of a Mediterranean heavy precipitation event: Assess-
ment with satellite observations, J. Geophys. Res., 115, D22213,
doi:10.1029/2010JD014388, 2010.

Claud, C., Alhammoud, B., Funatsu, B. M., and Chaboureau,
J.-P.: Mediterranean hurricanes: large-scale environment and
convective and precipitating areas from satellite microwave
observations, Nat. Hazards Earth Syst. Sci., 10, 2199–2213,
doi:10.5194/nhess-10-2199-2010, 2010.

Claud, C., Alhammoud, B., Funatsu, B. M., Lebeaupin Brossier,
C., Chaboureau, J.-P., Béranger, K., and Drobinski, P.: A high
resolution climatology of precipitation and deep convection

over the Mediterranean region from operational satellite mi-
crowave data: development and application to the evaluation of
model uncertainties, Nat. Hazards Earth Syst. Sci., 12, 785–798,
doi:10.5194/nhess-12-785-2012, 2012.

Cuxart, J., Bougeault, P., and Redelsperger, J.-L.: A turbulence
scheme allowing for mesoscale and large-eddy simulations,
Quart. J. Roy. Meteor. Soc., 126, 1–30, 2000.

Davolio, S., Miglietta, M. M., Moscatello, A., Pacifico, F., Buzzi,
A., and Rotunno, R.: Numerical forecast and analysis of a
tropical-like cyclone in the Ionian Sea, Nat. Hazards Earth Syst.
Sci., 9, 551–562,doi:10.5194/nhess-9-551-2009, 2009.

Ebert, E. E., Damrath, U., Wergen, W., and Baldwin, M. E.: The
WGNE assessment of short-term quantitative precipitation fore-
casts, Bull. Amer. Meteor. Soc., 84, 481–492, 2003.

Funatsu, B. M., Claud, C., and Chaboureau, J.-P.: Potential of
Advanced Microwave Sounding Unit to identify precipitating
systems and associated upper-level features in the Mediter-
ranean region: Case studies, J. Geophys. Res., 112, D17113,
doi:10.1029/2006JD008297, 2007.

Funatsu, B. M., Claud, C., and Chaboureau, J.-P.: A 6-year AMSU-
based climatology of stratospheric intrusions and associated pre-
cipitation distribution in the Mediterranean region, J. Geophys.
Res., 113, D15120,doi:10.1029/2008JD009918, 2008.

Funatsu, B. M., Claud, C., and Chaboureau, J.-P.: Comparison be-
tween the large-scale environment of moderate and intense pre-
cipitating systems in the Mediterranean region, Mon. Weather
Rev., 137, 3933–3959, 2009.

Grasso, L. D., Sengupta, M., Dostalek, J. F., Brummer, R., and De-
maria, M.: Synthetic satellite imagery for current and future envi-
ronmental satellites, Int. J. Remote Sens., 29, 4373–4384, 2008.

Hogan, R. J., O’Connor, E. J., and Illingworth, A. J.: Verification of
cloud-fraction forecasts, Quart. J. Roy. Meteor. Soc., 135, 1494–
1511, 2009.

Hu, Y. X. and Stamnes, K.: An accurate parameterization of the
radiative properties of water clouds suitable for use in climate
models, J. Climate, 6, 728–742, 1993.

Lafore, J.-P., Stein, J., Asencio, N., Bougeault, P., Ducrocq, V.,
Duron, J., Fischer, C., H́ereil, P., Mascart, P., Masson, V., Pinty,
J.-P., Redelsperger, J.-L., Richard, E., and Vilà-Guerau de Arel-
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