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The new Météo-France Objective and
Performance Contract (COP) for the period
2017-2021 is launched. Research occupies a
privileged place here as it supports all of the
establishment’s professions. It is the source
of subsequent innovations in observation,
numerical weather and climate prediction. It
enables the institution to constantly improve
the quality of its operational products and to
open new projects to meet the expectations of
society and public authorities.
But there is another element that leads us to
reflect further on our scientific strategy. At the
end of 2017, the Government launched its
“Public Action 2022” initiative, which aims to
transform public services in order to improve
their quality, update their working environ-
ment and accompany the fall in public spen-
ding. Included in this reflection, Météo-France
is building a new project for the establish-
ment, by integrating the requested reduction
in staff over the period, but maintaining its
ambitions, those appearing in the COP and in
particular those related to research.
At the international level, it will be a question of
amplifying our policy of privileged cooperation
with the ECMWF around the global ARPEGE/IFS
model and consolidating the rapprochement
with the ALADIN and Hirlam consortia within
which the developments of high-resolution
regional models are shared. Météo-France will
also continue its policy of active participation in
EUMETSAT and ESA programs. In particular,
ADM-Aeolus will soon be operational, but also
the preparation of the future MTG and EPS-SG
satellites, which will carry new high-potential
instruments. Météo-France will also continue
its strong participation in European projects
including Copernicus.

At the national level, Météo-France confirms
its involvement in the scientific community,
which is manifested through various links
with numerous actors including the CNRS,
CNES, Universities and its participation in
AllEnvi. The establishment is a stakeholder in
the AERIS and THEIA Data Poles, the Earth
System Pole, Kalideos-Alpes under the aegis
of the CNES, and participates in the construc-
tion of the IR ACTRIS-FR and CLIMERI-France.
In particular, the AERIS data centre is an
opportunity and a vector to facilitate access to
the operational data of the institution to the
world of research. And more locally, Météo-
France reaffirms its support for the academic
world in Toulouse, in a difficult context follo-
wing the failure of the Idex.
In terms of its internal priorities, Météo-France
will accentuate its long-term “seamless”
orientation of its various numerical systems,
targeting a single system, from mesoscale to
the global level, integrating all compartments
of the Earth System: atmosphere, waves,
ocean, sea-ice, continental surfaces including
hydrology, chemical composition of the
atmosphere and in the case of climate, the
carbon cycle. All of the main work carried out
in the two CNRM and LACy laboratories, as
well as in the Institution’s thematic depart-
ments, is detailed in this document. We can
nevertheless mention the major axes which
are the forecasting of highly precipitating
events, phenomena with a strong impact on
our Mediterranean coasts, the forecasting of
cyclones which have hit our overseas territo-
ries painfully, even tragically, or fog, a pheno-
menon with stakes for civil aviation and which
is the subject of a particular point in the new
COP. At the other end of the spectrum, under
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the guidance of the IPCC, the CNRM has star-
ted simulations of the CMIP-6 exercise with a
new version of the CNRM-CM6 climate system
and an Earth System including the CNRM-ES
carbon cycle. It is also a question of taking
better account of the perspectives offered by
Artificial Intelligence, in order to better
enhance the overall forecasts, the numerous
observations and to make the link with the
impacts. In this rapidly changing context, the
issue of the transfer to operational manage-
ment is once again becoming an issue that
will be at the heart of our thinking.
In connection with the dynamic cores and the
perspective of the exascale, Météo-France
participates in the Flagship project “Extrem
Earth”, being the representative of all
European countries for the numerical model-
ling of weather. The target is the development
of a convective scale global ocean-atmo-
sphere model for exascale capacity calcula-
tors. If this Flagship were to succeed, it would
be a major and structuring challenge for the
entire European meteorological-climatic com-
munity. For the moment, Météo-France, which
saw a rise in power of its computers in 2016 (2
x 2.5 Pflops), notes, both with satisfaction but
also concern, that today the implementation
of all scientific advances is leading to a satu-
ration of both machines. The project to renew
our computing resources in 2020 is therefore
a major challenge, to continually convert
research work into improvements to our digi-
tal systems, and ultimately, to better predict
and prevent.
Before concluding, it should also be mentio-
ned that Météo-France wished, in 2017, to
clarify the organization of its research by crea-
ting a Research Department on the First of

January 2018. It was a question of affirming
the existence of a specific direction in connec-
tion with the actors of research and to
formally recognize in our internal Organization
Documents, the various “Unités Mixtes”
whose supervision Météo-France shares and
which materialize our strongest partnerships.
These entities are the UMR CNRM, the UMR
LACy and the UMS SAFIRE, but also the UMS of
three Observatories of Universe Sciences: the
UMS of the OMP in Toulouse, the OSUG in
Grenoble and, since the First of January 2018,
the OSU-R in Reunion Island.
This editorial cannot cover or summarize all
the topics covered in this Research Report
2017. The detailed articles that follow are fas-
cinating and illustrate perfectly the wide spec-
trum of our research activities, all essential to
the establishment and its future.

Enjoy your reading.
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Numerical weather
prediction

The most remarkable achievement in the area of numerical weather prediction is the completion of the use of the SURFEX surface model across all
operational suites. SURFEX embodies the long-term investments of Météo-France research department in turbulent processes and surface-atmo-
sphere interactions. It is a tile-type model now offering many surface types and layers, with the ability to handle their interactions. SURFEX has been
the surface model of AROME since the beginning of that convective-scale system; it has also been the surface component of CNRM-CM, the cou-
pled climate model of Météo-France, for example in the CMIP5 and subsequent contribution to the 5th IPCC assessment report. It has been introdu-
ced into the dedicated overseas versions of ALADIN, recently replaced by specific AROME configurations. In short, it has been a long standing
objective to have it available also in the global short-range prediction systems based on ARPEGE: its ensemble assimilation, ensemble prediction,
4DVar data assimilation and higher-resolution configurations. Long standing here means some plans are close to be 15 years old, which is a way
to say that this change has long been known to be a huge technical challenge. There always were more pressing things to do, more critical ones.
The core of the difficulty was to enable a smooth and efficient key surface parameters update through the global data assimilation cycle. The
ARPEGE suite had been one of the first global systems to benefit from such a feature, using optimal interpolation for analysing screen-level tempe-
rature and humidity, and correcting soil temperatures and water contents. Thanks to a commensurate dedicated effort, the many technical problems
relating to a two-way interfacing of SURFEX with this system component in the main 4DVar suite as well as in the ensemble data assimilation have
been tackled. Not everything is optimal yet, but this achievement opens a new era, given the many possibilities offered by SURFEX: it is a true invest-
ment that will yield benefits in the years to come. It is, for example, a significant step towards seamless data assimilation and modelling set of sys-
tems, since from now on, SURFEX is universally used. Many colleagues have, in the end, contributed to this achievement, meaning here not only
the scientists from the Mesoscale Research group that developed the initial concept but also our colleagues from the operational departments of
Météo-France and from the NWP group itself. However, this particular and difficult step successfully taken this year can only be dedicated to our
colleague and friend Françoise Taillefer, who disappeared accidentally on the morning of the 7th of April 2017, having barely completed most of this
work.
The following pages address other aspects of the ongoing research studies that, in the end, aim at improving the numerical forecasts provided by
Météo-France both directly to citizens through its Open Data policy and indirectly through its expert forecasters. It must be remembered here, again,
that the computer code behind these numerical tools is uniquely developed in strong, close cooperation with ECMWF and with more than 25 natio-
nal hydrometeorological services from Europe and Northern Africa. This code benefits from, adding to it, scientific innovations but, at the same time,
it is constantly adapted to make the most of current and upcoming high-performance computing architectures. This in itself also requires a deep
sustained involvement of a large part of the NWP research group. Not all areas of progress are mentioned in the following pages. Together with the
inclusion of the SURFEX surface model, many other changes have become operational in December 2017: a further increase in the number and
diversity of observations assimilated by both AROME and ARPEGE, better initial conditions for several AROME configurations, a huge increase in
the semi-processed output directed to forecasters and service users, a first step in ocean-atmosphere short-range coupled forecast, etc. Perhaps
one of the most significant highlight of the usefulness and operational quality of the operational suite that results from all this work are the over-
sea AROME forecasts of tropical cyclones, in particular of the two cyclones that hit several Caribbean islands during the first days of September
2017, named Irma and Maria. These forecasts featured for example wind gusts predicted to reach more than 200 km/h, the model yet steadfastly
coping with this and providing many other coherent extreme variables, that turned out to be observed along the right track and at about the right
time.
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It is usually assumed that the moist-air
entropy can be represented in atmospheric
science by the quantity e named equivalent
potential temperature. A recent study publi-
shed in the Journal of Atmospheric Science
(October 2017, pages 3451-3471) invali-
dates this hypothesis by comparing the
properties of θe with those of the potential
temperature noted s which corresponds to
the definition of the moist-air entropy and
which is based on the third law of thermody-
namics.
The two figures show isentropic stream func-
tions computed with either θe (on the left) or
θs (on the right). These figures are plotted by

using outputs from the ALADIN model and for
the Hurricane Dumilé located Northwest of
Reunion Island in January 2013. These
stream functions allow a synthetic descrip-
tion of the moist-air processes involved in
the steam or Carnot machines forming the
cyclones.
The ascending branches (upward black
arrows) are associated with a decrease in θe
between 1 and 4 km, whereas θs is a constant
or increases with height. These behaviours
are clearly incompatible, because the entropy
is a state function and its variations between
two points of the atmosphere cannot corres-
pond at the same time to an increase and a

decrease, depending on the chosen defini-
tion for computing it.
Therefore, one must trust in θs to represent
the moist-air entropy, because it is the only
definition which agrees with the third law of
thermodynamics, a law discovered by Nernst
and fully understood by Einstein and Planck
at the beginning of the twentieth century. The
study describes other properties for which
the third law must be applied: to compute
work functions or efficiency factors for steam
or Carnot cycles, among other properties.

1

2

On the representation of isentropic moist-air processes
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�
The isentropic stream functions Ψ computed with θe (on the left) or θs (on the right) in units of 104 kg/m2/s.
The arrows indicate the mean circulation simulated by the model ALADIN for the cyclone Dumilé. The thin solid curves
represent the mean freezing level (at about 5 km) and the lines of equal -12 and -38 Celsius temperatures (at about 8
and 11 km).

�
Françoise Taillefer, dedicated operational numerical weather prediction scientist
from 1991 to 2017.

1

2



The aim of this research is to replace the spec-
tral technique used in current operational fore-
cast models of Météo-France, because it is not
well suited for emerging massively parallel
computers, due to the heavy amount of data
communication require data each time-step.
The method examined here keeps the current
reduced lat-lon grid (with a quasi-uniform reso-
lution, see Fig. a). The semi-structured aspect
of the grid is exploited to build local (with few
communications) but highly-accurate discrete
space operators.
We have shown that, provided a particular care
is exerted near poles, it is possible to define
space operators with a uniform formal accu-
racy on the whole sphere. The stability of these
space operators now needs to be demonstra-
ted for all hydro-dynamical regimes occurring
in real atmospheric conditions. This work is
ongoing, by examining the behaviour of ideali-
sed two-dimensional forecasts with severe
conditions, first outside poles (see Fig. b) and
at poles themselves (ongoing work).

The next steps will then be to assess the stabi-
lity for three-dimensional flows with severe
conditions near poles, and to check the com-
patibility of these algorithms with the targeted
new time-discretizations for operational
models.

Local discrete space operators
for reduced A-grid on the sphere

Ocean-Waves-Atmosphere (OWA) exchanges
are not well represented in current Numerical
Weather Prediction (NWP) systems, which can
lead to large uncertainties in tropical cyclone
track and intensity forecasts. In order to
explore and better understand the impact of
OWA interactions on tropical cyclone model-
ling, a fully coupled OWA system based on the
atmospheric model Meso-NH, the wave model
WaveWatch3 and the oceanic model CROCO
(and alternatively NEMO-Indien) was designed
and applied to the case of intense tropical
cyclone Bejisa, which passed nearby Reunion
Island (SW Indian Ocean) in January 2014.
The fully coupled simulation shows a good
agreement with the available literature and
observations. Two figures illustrate several
representative parameters of the 3 compo-
nents simulated by the coupled system. A hori-
zontal resolution of 2 km is used for each
model. Figure “a” (colours) shows the wind
speed at 10 m, illustrating the well-known cha-
racteristics of a cyclone, i.e. the eye, the eye-
wall and the outer bands. The significant wave
height (figure “a”: contour) reaches more than
8 m at the front of the cyclone, in the eyewall
where the effect of cyclone displacement
cumulates with the increase of the wave fetch.

Figure “b” shows the ocean surface response
during the cyclone. A cooling of about 2°C is
attributed to an intense vertical mixing produ-
ced mainly by currents (figure “b”: vectors),
which are maximum in the left quadrants of
the cyclone, where winds are also maximum.
Sensitivity experiments used to highlight the
impact of oceanic waves show that waves have
limited impact on the track, the intensity evo-
lution and the turbulent surface fluxes of the
tropical cyclone. However, it is shown that
using a fully coupled OWA system is essential
to obtain consistent sea salt emissions and to
properly reproduce their impact on heat and
momentum fluxes.

High-resolution Ocean-Waves-Atmosphere
coupling contribution for tropical cyclone prediction

3
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Because of their high sensitivity to clouds
and light to moderate precipitation, W-band
cloud radars are very complementary to the
traditional active sensors that are commonly
used in meteorology (lidars and ground-
based precipitation radars). Currently, these
data are not used to initialise regional AROME
class NWP models. To this end, a forward
operator is needed to convert the physical
fields predicted by AROME into reflectivity.
Therefore, a W-band reflectivity forward ope-
rator is designed in consistency with AROME
and is devised for airborne and ground-based
vertically pointing radars. To validate the for-
ward operator, the Most Resembling Column
(MRC) method is conceived to disentangle
model spatial mismatches from errors in the
forward operator. Each observed vertical pro-
file is compared with the most resembling
simulated one in a given neighbourhood.
This novel method is used to validate the for-
ward operator using data collected in diverse
conditions by the airborne cloud radar RASTA
during the HyMeX first Special Observing
Period. The MRC method is then applied to
retrieve the optimal effective shapes of the
predicted ice hydrometeor species. It is
shown that treating snow and graupel parti-
cles as oblate spheroids, instead of spheres,
leads to good agreement between the obser-
vations and simulations of the ice reflectivity
levels.
The reflectivity forward operator developed
here is the first step towards the assimilation
of such data into AROME. It can also be used
as a validation tool, for example to assess the
benefits of the two-moment microphysical
scheme LIMA over the one-moment micro-
physical scheme ICE3.

Use of cloud radar data
for Numerical Weather

Prediction (NWP) model
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�
a: Configuration of the reduced

grid near a pole.
The number of points on the first latitude

circle is 18, and progressively increases
with distance from the pole.

B: Zoom of the potential vorticity field
(abscissae: longitudes,

ordinates: latitudes, in degrees)
for an idealized forecast

of barotropic instability flow,
after 6 days of simulation.

The structure of the field is exactly matching
that given in reference in the literature.

�
Instantaneous fields resulting from
the coupled OWA simulation during
the passage of tropical cyclone Bejisa
near Reunion Island
a: 10m wind speed (colour) simulated
by Meso-NH and significant wave height
(contour) simulated by WW3.
b: sea surface temperature (colour)
and surface currents (arrow) simulated
by CROCO.

3

�
Time-height cross section of the reflectivity
observed by RASTA (Figure a)
along the aircraft track on 26 October 2016.
The corresponding co-located simulated
profiles are shown in Figure b.
The simulated profiles retrieved
by the MRC method are shown in Figure c
when snow and graupel particles
are considered spherical and in Figure d
when they are both treated as oblate
spheroids.
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Using the cloud radar “Basta of Bourbon” (BOB)
for climatology studies and evaluation

of the operational model AROME-Indian Ocean

In Europe, EUMETNET manages commercial
aircraft data purchase and dissemination (E-
AMDAR operational service). On request of
Météo-France, the number of these observa-
tions was increased in France from beginning
of May to mid-June 2017. More data were assi-
milated by NWP models. This E-AMDAR trial
was an opportunity to check that the assimila-
tion of additional aircraft data increases
AROME-France forecast skills. To do so, a data-
denial test suite has been run (assimilation
and forecasts) on May 2017. The extra data
being organized in vertical profiles (ascents
and descents flights) at French airports but not
being flagged as “extra”, a significant part of
the work was to identify additional observa-
tions. Every profile has been associated with
an airport (French or not) and was assigned
with a status: “routine” or “extra” using “nor-
mal” periods such as April 2017 or May 2016
as a reference for “routine”. Suppressing all
“extra” profiles yields a 15% decrease of the
European aircraft data, or a 12% of all aircraft
data used by the operational AROME-France
(see Figure a). The impact on the quality of
AROME forecasts, when removing extra data
on May 2017 is reduced. It is only detected at
12h and 18h networks. It is rarely significant. A
slight improvement of the 24-h wind and tem-
perature forecasts is assessed on a geographi-
cal domain that closely encircles the
metropolitan area (see Figure b).

Impact of the increase
of aircraft data

in AROME-France

7
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�
a: This diagram shows the impact of two methods

to identify “extra” profiles of E-AMDAR data
(at French airports). The red part shows the amount

of “extra” data removed in the data-denial experiment.
The green part is made of “routine” profiles.
The other E-AMDAR data (in blue and brown)

are not affected by data selection. As are the data from
the USA (grey): they are not modified

in the data-denial experiment.
b: Estimate of the impact of the withdrawal of additional

E-AMDAR observations in AROME-France forecasts
when comparing to radiosoundings.

The 12Z-based 24-hour forecast bias and root mean
squared error (RMSE) are shown as a function of pressure

levels. 12Z is the base time that exhibits larger impacts.
Here, the operational (in blue) appears slightly

better than the test (in red): lower RMSE and lower bias,
between 850 and 250 hPa. The impact is significant

only for 2 levels (stars) in mid-troposphere.

LACy acquired a 95 GHz cloud radar BASTA in
2016. This radar, deployed on the new obser-
vation site of “Observatoire de Physique de
l’Atmosphère de La Réunion (OPAR)” located
at Reunion Island University, will be used in
synergy with the aerosol lidar MARLEY
(Mobile Aerosol Raman Lidar for troposphEre
surveY) and a set of weather sensors (2DVD,
weather station, all-sky camera, radiome-
ter, ...) to investigate tropical cloud proper-
ties. This new experimental site, which is
intended to complement observations made
at the Maïdo atmospheric station - the latter
is mostly dedicated to the observation of the
upper troposphere - will shortly become one
of the main reference sites in the southern
hemisphere for cloud observations.

Data collected during the first year of exploi-
tation of the radar (Nov 2016 - Oct 2017)
were analyzed to produce a climatology of
clouds developing in the northern region of
Reunion Island. This climatology was confron-
ted with AROME-Indian Ocean model fore-
casts over the same period to assess the
model’s ability to accurately forecast the
occurrence and vertical distribution of clouds
in this part of the island. Observations show
the existence of a marked seasonal cycle that
is relatively well captured by the model. The
latter nevertheless seems to underestimate
the thickness of the low cloud layer in sum-
mer and winter, and to overestimate the
thickness of the cirrus layer developing
during the austral summer.

6
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Climatology of the vertical distribution of cloud fraction in Saint-Denis (Reunion Island)
observed by the radar BASTA during a typical summer (a) and winter (b) day. Vertical distribution
of the cloud fraction observed by BASTA and predicted by AROME-Indian Ocean in summer (c) and winter (d).
Analyses are based on a full year of observation / forecasts.
�
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Assimilation of IASI
radiances on earth

in AROME

9
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The French sensor IASI (Infrared Atmospheric
Sounding Interferometer) is on board European
polar-orbiting satellites MetOp and provides
users with 8461 measurements in each soun-
ded pixel. IASI measures information on atmos-
pheric profiles of temperature and humidity,
and on surface temperature and emissivity,
among others.
Following the methodology developed at CNRM
for microwave sensors and imagers, it was pos-
sible to set up a retrieval process for land sur-
face temperatures from IASI using surface
emissivity atlases provided by the University of
Wisconsin. Infrared measurement is sensitive
to the presence of cloud in the sounded pixel.
In clear sky condition, land surface temperature
in the pixel can be retrieved from the observa-
tions at given wavelengths which are sensitive
to the surface. This methodology is now availa-
ble in the global model ARPEGE and in the
convective scale model AROME. The figure
illustrates the land surface temperature retrie-
ved from IASI in clear sky condition, and the
cloud cover in cloudy condition, in AROME-
France. Thanks to this more realistic land sur-
face information, the assimilation of IASI is
improved, leading to a better description of the
lower layers of the troposphere above conti-
nents.
The synergy between land surface tempera-
tures retrieved from various sensors will be eva-
luated so that these temperatures can be used
in the surface analysis process. It will provide
more realistic information on surface tempera-
ture to the assimilation of satellite observations
and to the forecast model.

Towards the assimilation
of ground-based microwave radiometers

into the AROME model: an Alpine valley case study

Ground-based microwave radiometers (MWR)
provide continuous measurements of tempera-
ture and humidity profiles as well as liquid
water path both in clear and cloudy-sky condi-
tions. Their information content is located in
the boundary layer known to be the most
under-sampled part of the atmosphere in cur-
rent networks. A research action is currently
under progress at CNRM to evaluate the benefit
of these new observations to improve the initia-
lisation of the AROME forecasts particularly
during stable boundary layer conditions.
During the Passy-2015 field experiment, a
ground-based microwave radiometer has been
deployed at the bottom of an Alpine Valley and
was collocated with radio-soundings launched
at a high temporal frequency (every 3 hours).
Limitations of the 1.3 km horizontal resolution
AROME model to represent well stable layers
and the orography led to a large underestima-
tion of the surface cooling. One dimensional
variational assimilation (1DVAR) experiments
similar to the operational assimilation scheme
have been carried out by combining microwave

radiometer observations and 1h AROME fore-
casts. The forecast error was significantly redu-
ced thanks to the 1D assimilation of MWR
observations from 8 K to 0.5 K close to the sur-
face in clear-sky. During low cloud conditions,
the forecast error of the cloud-based tempera-
ture inversion was also divided by two. Thanks
to the high temporal resolution of the observa-
tions (a few minutes), the representation of the
boundary layer diurnal cycle in the model is
greatly improved. These results show the
potential benefit that could be brought by the
assimilation of MWR observations into the
AROME model.

8

�
Time series of temperature profiles
from radio-soundings (a) from 1h AROME forecasts;
(b) after 1D assimilation of ground-based microwave
radiometer observations into AROME;
(c) during the Passy-2015 experiment from 02/06/2015
to 02/20/2015.
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The operational AROME suite makes use of
hourly cycled assimilation/forecast steps
based on a 3DVar. One weakness of this assi-
milation scheme is that the forecast error cova-
riances are modelized and climatologically
calibrated: correlations are homogeneous over
the domain and variances stay static. As a
consequence, analysis increments (differences
between the analysed and the background
states), obtained after the assimilation of seve-
ral observations, do not depend on the meteo-
rological situation.
3DEnVar schemes aim in replacing these clima-
tological covariances, either by covariances
deduced from an ensemble of forecast, or by a
linear combination of both using a hybrid for-
mulation. Localization of the sampled cova-
riances, which consists in progressively
removing spatial correlations with distance, is
needed in order to reduce spurious sampling
noise. Figure 1 shows that the retrieved incre-
ments, although more noisy than those dedu-
ced from the 3DVar, clearly display spatial
structures linked to the flux. Forecast scores
after 5 weeks of cycled assimilations show
significative improvements when running
AROME with a 3.8 km resolution.
Researches are ongoing on implementing diffe-
rent localization schemes and on the use of the
EnVar in its 4D version. In parallel, an ensemble
of assimilation based on AROME will run opera-
tionally, allowing to provide sampled cova-
riances of forecast errors in real time. The final
goal is to improve forecasts at the operational
resolution of 1.3 km.

10

Prototype of 3DEnVar
assimilation scheme

for AROME

�
Land surface temperatures retrieved from IASI in clear sky pixels (colour scale, temperature is in Kelvin)
and cloud cover within IASI pixel (grey scale, percentage) in AROME-France, 8 October 2017 at 21 UTC.
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Horizontal cross sections at 900 hPa of temperature increments (in K) retrieved by (a) the 3DVar, and by (b)
the 3DEnVar, the 6th of February, 2016. Both cases consider the same guess (3h AROME forecast at 3.8 km resolution).

�
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The prediction of high-impact weather is a key
issue, owing to their impact on the society, the
economy and the environment. The French
high-resolution ensemble prediction system
AROME-EPS, which runs with a 2.5 km resolu-
tion over France, has strong potential to fore-
cast such events.
In particular, the Extreme Forecast Index (EFI),
introduced by Lalaurette (2003), is commonly
used to compare an ensemble forecast to a
reference model climatology, in order to mea-
sure the severity of the current weather fore-
cast.
A first study examined the feasibility and the
relevance of EFI computations within the
AROME-EPS, with the main difficulty being the
very small sample available to compute the
model climate, provided by the two-year ope-
rational archive (available from August 10,
2015). Since this sample is not sufficient to
provide a reliable climate, additional temporal
and spatial sampling methods are combined
in order to improve the model climate esti-
mate.
The results obtained over a few cases of
severe weather are encouraging: areas of
strong EFI are often consistent with the stron-
gest observations and the Météo-France
« vigilance » maps, especially for winter
storms and heavy precipitation.

In addition, objective verification scores com-
puted for EFI relative to the operational war-
ning procedure show that this index is able to
properly discriminate between false alarms
and non-detections. Hence, it could be rele-
vant in an operational context to anticipate
remarkable weather events.
In the short term, a regular monitoring of EFI
by forecasters could be suggested. It is also
expected that EFI will become more accurate
in the future owing to a larger climate sample.

EFI AROME

A key aspect when developing high-resolution
ensemble prediction systems (EPSs) is the
compromise between ensemble size and
model resolution. Therefore, an important
consideration for the design of future ensem-
ble configurations and how best to deploy
increased computing power is the relative
benefits of enhanced resolution and ensem-
ble size.
In this context, the AROME-France convective-
scale EPS (AROME-EPS), which operationally
runs 12 perturbed members at 2.5 km hori-
zontal resolution, has been compared to two
auxiliary ensemble configurations, which are
run at a resolution of 2.5 km and 1.3 km with
34 and 12 members respectively.
Results indicate that increasing model resolu-
tion is more beneficial at very short ranges,
whereas increasing the ensemble size has a
larger impact at longer forecast ranges, as pre-
dictability decreases and more members are
required to better sample the larger uncer-
tainty. Time-lagging of three successive
ensemble productions also appears as a com-
petitive approach to increase the ensemble
size at no additional cost. The performance of
the time-lagged 36-member ensemble is
generally close to or even better than the per-
formance of the single 34-member ensemble
for the whole forecast range and for different
surface weather variables.
Given the relative costs and skills of the diffe-
rent EPS configurations it is suggested that
resources should be primarily spent on increa-
sing ensemble size, by combining both addi-
tional members and time-lagged EPS
productions. In addition, the performance of
the 1.3-km ensemble should be further exa-
mined, especially for cases of high-impact
weather.

PEARO, size and resolution
sensitivity

11
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�
6h accumulated precipitation,
valid on 13 June 2017 at 21 UTC:
a: Observations;
b: Maximum percentile of the operational
AROME-EPS;
c: Maximum percentile of the 1.3 km AROME-EPS
(12 members);
d: Maximum percentile of the 34-member
AROME-EPS (2.5 km resolution).
All AROME-EPS experiments are issued on 12 June
at 21 UTC.

�
a: EFI for 10-meter wind gusts, computed from the AROME-EPS
and valid on March 06, 2017 at 06 UTC (case of the storm Zeus):
the closer the EFI is to 1 the more abnormal the event.
b: « Vigilance » map valid from 06 March 2017 06 local time
to 07 March 2017 06 local time.
Warning levels 1, 2, 3 and 4 are represented in green,
yellow, orange and red respectively.
c: Pre-alert map: departments whose median EFI is above
a given threshold are highlighted (in violet)
to indicate a risk of severe weather.
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Process studies
and modelling

The articles in this chapter are examples of the researches conducted at Météo-France in 2017 on the understanding and modelling of meteoro-
logical phenomena involved in high impact weather and of their interactions with the surfaces. Their overarching goal is to improve the model-
ling of physical processes in weather and climate numerical prediction models of Météo-France, and to develop efficient weather and climate
services.
The study presented here on the intensification of extreme rainfall in the Sahel over the past 35 years, published in the journal Nature, illustrates
how the understanding of the underlying processes makes it possible to interpret trends observed in satellite observation series and find signals
in climate projections. This type of approach is applied to other high-impact weather, as hereby illustrated for heat waves.
For these process studies and the improvement of the process description in climate or weather models, high-resolution modelling is a key tool.
The articles on turbulence modelling and the development of turbulence indicators for offshore wind farms are illustrations at both ends of the
resolution range used for these studies (0.5m to 2.5km). These very high-resolution simulations, such as the one presented in Figure, are also
used to prepare and evaluate the benefit of hectometer resolution envisioned for the next generation of limited-area numerical weather predic-
tion systems. This high resolution requires improving the description of surfaces and interactions at the interfaces with the atmosphere, as illus-
trated hereby for different types of surfaces (urbanized surfaces, natural surfaces, ocean).

1

2
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The Mediterranean Sea is a significant source
of heat and moisture for the convective sys-
tems at the origin of heavy precipitation events
that frequently affect the basin.
In order to improve the representation of the
air-sea interactions that occur at fine-scale, the
coupling between the AROME weather forecast
system and the NEMO ocean model was deve-
loped. The two models exchange information
(sea surface temperature, surface currents –
heat, water and momentum fluxes) interacti-
vely thanks to the SURFEX-OASIS coupling
interface, with a exchange frequency of one

hour. The coupled system was applied with a
domain that covers the Western Mediterranean
Sea and with a ~2.5km-resolution in the two
component models, on two Mediterranean
heavy precipitation events that affected the
South-East of France during the first field cam-
paign (SOP1) of the HyMeX program: IOP13
(12-15 October 2012) and IOP16a/b (26-28
October 2012).
The results of the coupled simulation compa-
red to those of an atmosphere-only (AROME)
simulation driven by a constant sea surface
temperature equal to the initial field, show the

sensitivity of the precipitation forecast to the
coupling with ocean, in terms of intensity and
location. Water budgets allow to quantify the
coupling impact on the sea surface evapora-
tion that feeds the mesoscale convective sys-
tems, with for example during IOP13 a
decrease of 10% in evaporation due to sea sur-
face cooling and ocean vertical mixing.

Intensification of deep convection and extreme rainfall in the Sahel
over the past 35 years

In the Sahel, most of the precipitation comes
from mesoscale (MCS) systems such as
squall lines. These MCS are among the most
intense in the world and a major cause of
recurring and devastating floods.
Many studies indicate that extreme precipita-
tions have increased in relation to global war-
ming. However, in the Sahel as generally in
the tropics, in-situ observations are rare. In
addition, models are struggling to simulate
MCS, which leads to highly uncertain projec-
tions of rainfall extremes. On the other hand,
the METEOSAT satellite archive has allowed
us to identify a strong intensification in the

Sahel over the last 25 years, with a tripling of
the number of MCS whose temperature is
lower than -70°C (see figure).
This trend is only partially related to the rain
recovery that followed the droughts of the
80s. It does not involve a local warming
either because in the Sahel, we observe a
cooling during the monsoon season (which is
mainly driven by the increase of precipitation
since 1982). This trend is, however, highly
correlated with global warming, which, at the
regional scale of West Africa, mainly affects
the Sahara. This southern gradient (cooling in
the Sahel, warming in the Sahara) induces an

intensification of the wind shear which
favours the development of intense MCS,
capable of generating within a few hours
strong convergences of humidity and violent
rains. These regional changes are consistent
with the trend observed on the extremes and
may explain them.
Future climate projections indicate an
increase in this temperature gradient bet-
ween the Sahel and Sahara, which suggests
that the increase in the frequency of extreme
Sahelian rainfall events could continue.

The AROME-NEMO coupled system for heavy precipitation event forecast
in the Mediterranean region
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� Meso-NH simulation at 150m horizontal resolution of the Mediterranean
heavy precipitation event of 26 October 2012 observed during the HyMeX SOP1
field campaign, initialized from the AROME operational analysis:
a: Ice content at 6 km above sea level;
b: Vertical section along segment AB for liquid rain content (grey scale), ice precipitation
content (blue scale and magenta isoline) and cloud content (black isoline)
with the 0°C isotherm (red isoline), and upward (above 5 m/s, green isolines)
and downward (less than -2m/s, orange isolines) velocities.
The resolution of 150 m enables to describe convective cells forming the convective
mesoscale system at different stages: cells at the cumulus stage,
well-developed convective towers reaching an altitude of 12 km
and generating very heavy rainfall, and a large stratiform part extending downstream,
according to the upper-level flow.

�
a: Map of significant trends of the most intense MCS cloud cover (MCS size greater than
25000 km² and using a temperature threshold of - 70°C) at 18h (UTC).
Trends are expressed as a percentage change per decade,
relative to the 35-year mean (contours).
b: Time series of the number (per day) of these intense MCS over the Sahelian domain
(purple rectangle in figure (a)).

�
a: Architecture of the AROME-NEMO coupled system and domain over the Western
Mediterranean basin.
b, c: Accumulated amounts of precipitation between 26 October 2012 00 UTC
and 27 October 2012 00UTC (POI 16a) in the coupled forecast (CPL) and in the AROME-WMED
(atmosphere-only) forecast (NOCPL) forced with a constant sea surface temperature;
both starting on 25 October 2012 at 00UTC. Observed values are indicated with circles.
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In support of off-shore wind farm projects,
Météo-France had created and computed
atmospheric turbulence indicators for the
atmospheric layer between 40 and 160 m
along the coastal areas of the North Sea,
Channel and Atlantic.
The turbulence intensity, the 100 m gusts and
the vertical wind shear exponent, were identi-
fied as the most suitable indicators in this
context. The production of the turbulence and
gust intensity indicators required a study phase
since these two indicators are not basic out-
puts of the AROME numerical weather model at
100 m height.
Their computation method has been chosen to
produce values consistent with values issue to
their current definition in wind-farm projects;
their quality was assessed by comparison with
calculations made on the basis of observa-
tions. The scientific knowledge on atmospheric
turbulence and its representation in AROME
were thus exploited at best.

Several indicators, potentially respecting the
criteria presented in previous section, were
computed from hourly AROME data at the
0.025° horizontal resolution over the 2000-
2015 period. The selected indicators were
those that have been considered to be the clo-
sest to those computed with available wind
observations. One of the difficulties and limita-
tions of the approach lies in the low availability
of wind observations at high levels and moreo-
ver on sea.
Statistics were then established from these dif-
ferent indicators of turbulence, to provide an
estimate and a climatology of atmospheric tur-
bulence between 40 and 160 m on the western
coast of France.

Estimation of turbulence indicators for offshore wind
farms using the meso-scale model AROME

4

5

Improving the representation of the atmos-
pheric turbulence in the nocturnal stable
boundary layer is a key feature for fog fore-
cast, as well as frozen surfaces, temperature
inversions and pollution peaks especially in
winter.
The turbulence parameterization currently
used in the Meso-NH and AROME models ope-
rates with a mixing length, an important para-
meter which describes the typical eddies size.
A new expression for the mixing length has
been formulated. This expression adds a wind
shear term to an existing formulation based
on the buoyancy. The buoyancy and the wind
shear limit the eddies size in the presence of
positive atmospheric static stability.

For the model inter-comparison GABLS1
case, the Meso-NH simulation with the old
mixing length overestimates the turbulent
mixing intensity, which leads to overestimate
the boundary layer height as shown on the
potential temperature (Figure a) and wind
speed (Figure b) profiles with respect to the
reference LES. Taking into account the wind
shear in the mixing length expression
reduces these biases.
This work could improve the turbulent mixing
intensity modeled by numerical weather fore-
cast models.

Improving the turbulence
in the stable boundary layer

6

Urban areas account for about half of the
world population, energy consumption and
CO2 emissions. The urban parameterisation
TEB calculates the energy exchange between
urban areas and the atmosphere. It includes
a building energy model, which calculates
the energy demand related to heating and air
conditioning as a function of the meteorologi-
cal conditions, building characteristics (e.g.
structural wall material, presence of insula-
tion, glazing ratio), as well as human beha-
viours (e.g. design temperature for heating).
In order to initialise TEB with these para-
meters, a database on urban tissue
(mapuce.orbisgis.org) has been compiled in
cooperation with geomaticians, architects
and sociologists. Information on human
behaviours has been retrieved via a combina-
tion of surveys and census data.
A large variety of building use (e.g. housing,
office, retail) exists at urban district scale,
especially in French and European city cen-
tres. TEB has been improved to represent this
variety and the associated behaviours. It is
now able to simulate building energy
consumption (Fig. a). In a further step, the
CO2 fluxes related to heating, traffic and
urban vegetation have been included. They
have been evaluated against the observa-
tions made during the CAPITOUL1 campaign
in the centre of Toulouse, southern France.
The more detailed representation of building
use and human behaviours allows to better
represent the daily cycle of CO2 flux compared
with a constant heating design temperature
of 19 °C in the entire building stock (Fig. b).
This research and development will allow to
quantify the impact of climate change mitiga-
tion and adaptation measures on CO2 fluxes
in urban areas.

Modelling
of human behaviours

related to building
energy consumption

and corresponding CO2
emissions in urban areas

18 . Research Report 2017
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Potential temperature (a) and wind speed
(b) vertical profiles, averaged over one hour,

resulted from a tridimensional LES (reference)
and two single-column simulations with the old

and the new mixing length on the models
inter-comparison case GABLS1.

�

a: Spatial distribution of the heat flux related to building energy consumption simulated with TEB for the city of Toulouse, southern France.
The heat flux is averaged for the winter 2004/2005 season, which was part of the CAPITOUL observation campaign.
b: Average daily cycle of the CO2 flux for the same period at the location of the observation tower, which is depicted by the black cross in (a).

�

5

6
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�
Map of the average turbulence intensity at the 160 m level on the coastal strip,
calculated from the AROME data (2000-2015).

4
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Towards a new radiative transfer scheme
in Météo-France models

7

8

In the Sahel, the annual cycle of temperature
peaks in spring (April-May), just before the
arrival of the monsoon rains. The monthly-
mean daily maximum temperatures Tmax
(minimum Tmin) are then about 40°C (30°C).
It is also during this time of the year that the
global warming is the strongest, reaching
more than 2°C in 60 years for the night-time
minima (Tmin). The springtime Sahelian heat
waves are developing in a very hot climate
and which warms up strongly. Therefore, they
correspond to events with potentially severe
societal repercussions.
They are defined here as synoptic-to-seasonal
meteorological events, and night-time and
daytime waves are studied separately. We
analysed how the average climate trend
affects these heat waves that we previously
detected from observations.
Global warming is generally stronger in the
northern Sahel, and at the first order, the
trends observed for the waves are relatively
close to this average trend. It is slightly lower
(higher) for daytime (night-time) heat waves
(see figure). These differences involve distinct
atmospheric circulations and physical pro-
cesses, with a role of water vapour on the
intensification of these waves that calls for
dedicated studies. Beyond this, the dominant
influence of the mean climatic warming on
heat waves shows that it is first necessary to
better understand the Sahelian average cli-
mate, its annual cycle and trends and to
improve their modelling (climate simulations
indeed display a very wide dispersion in
spring).

Climatic trend
of Sahelian heat waves

�
Differences between simulated and measured shortwave downward radiative fluxes at Carpentras on July 3rd 2017
at local noon
Measurements are obtained with a pyranometer and simulations were performed with Meso-NH using the original
and new radiative codes.

The transmission of solar radiation through
the atmosphere is critical in meteorology. The
radiative codes used at Météo-France to repre-
sent this physical process historically come
from the ECMWF, but the last update dates
back to 2002. That is why the recently develo-
ped radiative code ecRad is now being imple-
mented.
The main differences between this new code
and the original one are 1) the use of the 14-
spectral bands RRTM model in comparison
with the original 6-band model; 2) the imple-
mentation of a new aerosol climatology based
on recent satellite observations; 3) the revi-
sion of aerosols optical properties. The figure
compares shortwave radiative fluxes measu-
red and simulated by the model Méso-NH at
Carpentras for clear-sky conditions. Fluxes
computed based on aerosol climatology signi-
ficantly differ from the observations. In addi-
tion, both codes show great differences in
surface fluxes even with identical aerosol

load, which highlights the impact of the pres-
cribed aerosol optical properties. Simulations
without aerosols are closer to the observa-
tions, likely because aerosol load this day was
much less than in average. Simulations
without ozone point to the significant radia-
tive forcing of this gas, and how this forcing
differs between both codes.
These results overall underline the sensitivity
of simulated fluxes to the radiative code, and
shed light on the need for an improved repre-
sentation of aerosol and active gas radiative
forcing. This issue will be tackled by using pro-
gnostic rather than climatological values for
these radiatively active elements, in view of
refining the surface energy balance. The new
radiative code will also serve as a basis for the
development of a solar photovoltaic power
forecast product.

7
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�
Maps of climatological trends of daily (a) maximum
and (b) minimum temperatures (Tmax and Tmin)
computed over April-May for 1950-2012;
(c) and (d) same as (a) and (b), except for Tmax (Tmin)
of daytime (night-time) heat waves;
(e) and (f): difference between climatological
and heat wave trends (e=c-a, f=d-b).
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The dynamics of vegetation growth on land sur-
faces is closely related to atmospheric condi-
tions and is impacted by the climate variability.
Vegetation covers takes part of the global cli-
mate change through the feedback on water,
energy and carbon budgets. The Leaf Area
Index, which represents the canopy leaf den-
sity, is a good indicator of the plant growth.
Using satellite observations, LAI can be retrie-
ved at the global scale at a resolution of about
1 km. Yet, over mixed pixels with several types
of vegetation (forest, grassland, etc.), the satel-
lite observation provides the averaged LAI and
the LAI of each vegetation type is unknown.
An LAI disaggregation method was developed.
It provides every 10 days global maps of LAI for
each vegetation type. This new data set was
used to study the evolution of individual vege-
tation types over the last two decades.
Although the trend analysis shows a general

greening of land surfaces, there are large dis-
crepancies among vegetation types and
regions of the globe. For instance, the global
greening is very large for conifer forests and
summer crops, and quite small for winter crops
and grasslands. Besides, forests have been
greening in the North-Eastern part of Europe
while crops and grasslands have been brow-
ning (negative trends) in this region.
This new data set will be valuable for the impro-
vement of global vegetation monitoring, analy-
sis of climate change impacts and evaluation of
land surface models used to elaborate future
climate scenarios.

Disaggregation of satellite LAI
for a better description of the dynamics

of vegetation covers

ECOCLIMAP is a kilometric global database
describing the ecosystems at the terrestrial sur-
face. It’s integrated in SURFEX that gathers
several physical models and allows to simulate
the evolution of the considered environment
(soil, water, …). It’s used by all the models in
Météo France. Indeed, SURFEX is coupled with
the meso-scale atmospheric models Meso-NH,
AROME and ALADIN along with the climatic glo-
bal model CNRM-CM and soon the numerical
weather forecast model ARPEGE-PNT. The first
version of ECOCLIMAP was published in 2003,
an update on Europe was produced in 2012.
The high resolution modelling is developing
and requires a finer description of the surface.
A more regular update also represents a strong
issue. ECOCLIMAP-SG (Second Generation)
answers to these two needs. Before, the defini-
tion of parameters closely relied on the land
cover map. Now, this map is at 300m resolution

ECOCLIMAP-SG,
a new database for

the surface parameters

Trend of Leaf Area Index (LAI) over the period 1999–2015 for different types of vegetation cover
Values represent mean LAI, mean trend and geographic discrepancy.
�

9
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Assessment of the energy budget of land surfaces by satellite
for a better characterization of the vegetation at the global scale

Vegetation and plant growth depend on the
solar radiation that reaches the Earth’s surface
in the frequency spectrum useful for the
photosynthesis (400-700nm) called the
Photosynthetic Active Radiation (PAR). With a
growing number of satellite missions observing
the Earth, it is now more and more possible to
have a comprehensive monitoring of the
energy budget in the PAR domain as it
constraints the rate of photosynthesis. A two-
stream model of the energy budget in which all
the incident angles are considered (diffuse illu-
mination) has been developed to assess the
consistency of available satellite observations
for vegetation monitoring at the global scale.
Using satellite observations, the diffuse
energy budget is slightly underestimated in
Europe but stays within the theoretical uncer-
tainty boundaries, showing that the observa-
tions are suitable to monitor the vegetation
dynamics. The uncertainty analysis shows
that the “effective” Leaf Area Index (LAI) plays
a major role in the energy budget. The effec-
tive LAI is composed of the observed “true”
LAI and of a clumping factor representing the
spatial heterogeneity of the foliage (or how
much the vegetation is folded). This clumping
has a significant impact on the fraction of
radiation that actually goes through the vege-
tation. From the available observations, it is

then possible to estimate this clumping effect
and relate it to two physical characteristics of
the vegetation: crown density and radius. This
newly retrieved map of vegetation characteris-
tics improves the spatial distribution and time
dynamics of the energy budget. Studies are
underway to assign values to each vegetation
type so that the energy budget in ISBA can be
further improved.

�
a: The ECOCLIMAP-SG land cover map at 300m resolution.

b, c: Results in the hydrological application
SIM: discharge ratio (best = 1) and NASH criterion (best = 1).

ECO1 = ECOCLIMAP1. ECO2 = ECOCLIMAP2.
ECOSG = ECOCLIMAP-SG.

Vegetation characteristics retrieved
from satellite observations: density [m-2] multiplied
by the square of the crown density [m].
The map of the combination of these two vegetation
parameters exhibits strong similarities
with the ECOCLIMAP land cover map that is used in ISBA.
�

and associated with some maps of parameters
coming from independent satellite data (leaf
area index, albedo, height of trees…).
The first tests were realised in offline mode (ie
lead by observations or analyses) for the hydro-
logical applications SIM-France and SURFEX-
TRIP at the global scale. The first results for SIM
showed a clear improvement of the scores on
the rivers discharges.
Other tests are also in progress in coupled
mode with Meso-NH and AROME-France. It
aims at estimating the sensitivity of these simu-
lations to changes in the surface parameters,
and if necessary to propose to adjust some of
these parameters, even the calculations inclu-
ding them into SURFEX, on which uncertainties
exist.

10
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Aerosols play an essential role in the climate
system due to their interactions with radia-
tion and clouds, and the ensuing radiative
forcing is still submitted to large uncertain-
ties.
In order to better understand these interac-
tions and to be able to quantify the impact of
aerosols on global and regional climate, a
prognostic aerosol scheme called TACTIC has
now been included in the CNRM climate
models. This scheme, developed for several
years at CNRM jointly with ECMWF, enables us
to represent the main natural and anthropo-
genic aerosol types realistically with an affor-
dable cost for long climate simulations. The
attached figure represents the aerosols inclu-

ded in TACTIC, and the parameterizations of
the different associated processes. The work
carried out in 2017 has notably lead to a
significant improvement in the representa-
tion of natural emissions (sea salt and desert
dust), as well as the one of the sulfur cycle by
taking into account the chemical reactions
generating sulfate aerosols. A similar module
allowing the formation of nitrate and ammo-
nium aerosols whose contribution to anthro-
pogenic aerosol forcing might increase by the
end of the 21st century has also been added.
All these aerosols thus produced in TACTIC
can interact with radiation and clouds within
the model, and have impacts on global and
regional climate.

The TACTIC scheme will be included in the
global (CNRM-ESM) and regional (CNRM-
RCSM) climate simulations of CNRM which
will be carried out for the international exer-
cises CMIP6 and Med-CORDEX.

The TACTIC aerosol scheme for aerosols-climate interactions

Atmospheric composition:
aerosols, microphysics

and chemistry
Air pollution causes nearly 50,000 premature deaths per year in France and about 10 times more in Europe, representing a major health challenge.
This justifies measures to improve air quality but also, within the scope of Météo-France’s activities, research activities to better understand and
model the atmospheric composition of the lower layers of the atmosphere, with the aim of increasingly reliable forecasts to alert populations and
public authorities.
Météo-France’s MOCAGE research and forecasting model is part of the operational air quality forecasting systems of the national platform Prév’ Air
and the European CAMS_50 European project. In 2017, a representation of olive and grass pollens, which are among the most allergenic, was imple-
mented in the model. Also, a study combining modelling and Lidar observations focused specifically on the 2016-2017 winter, which saw several
remarkable episodes of fine particle matter pollution associated with very low inversion layers. Traditionally used in offline mode, MOCAGE is now
one of the three online chemistry models in ECMWF’s IFS weather prediction model. This approach makes it possible to inter-compare models in the
same framework, and opens new perspective for very high spatial resolution applications.
It is also necessary to represent atmospheric composition in climate models, particularly aerosols, because of their interactions with cloud micro-
physics and radiation. This is reflected in the development of the simplified Tactic scheme within ARPEGE and ALADIN-Climat, which provides a rea-
listic representation of aerosols at a moderate numerical cost. This approach will allow for the first time to conduct many long simulations with
interactive aerosols as part of the international exercise CMIP6.
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� Fine particulate matter (PM10) pollution episode in Western France. The overall analysis of the PM10 concentration on the Europe domain for 22/02/2018 was produced as part
of the European Copernicus CAMS_50 project led by Météo-France. The set consists of 7 models, including the MOCAGE model developed at CNRM.

The TACTIC scheme included in the CNRM-ESM and CNRM-RCSM climate models.�



In the frame of the European program
Copernicus, ECMWF develops and improves
continuously its daily forecasts of air composi-
tion at the global scale from surface up to 65
km altitude.
Three chemistry modules representing both
tropospheric and stratospheric chemical pro-
cesses are now implemented in ECMWF IFS
operational weather forecast model. One of
them comes from MOCAGE model. MOCAGE is
the model developed by Météo-France that is
used for research purposes and also for ope-
rational air quality forecasts over France and
Europe. Recently, an extensive evaluation of
the three chemistry modules implemented in
IFS has been done by comparing the air com-
position simulated over one year (2011) to a
large variety of ground-based, airborne and
satellite-borne observations. The figure illus-
trates the performances of the three chemistry
modules (colours) for different species
(signs), obtained by comparison with data
from several aircraft campaigns. It shows that
all three IFS configurations give realistic
results against measurements, but with diffe-
rences depending on the considered chemical
species and chemistry module.
This extensive evaluation work gives insights
to better understand the quality and draw-
backs of each chemistry module and serves
as a basis to improve them.

The chemistry module
from MOCAGE model

implemented in ECMWF
IFS forecast model

Since the adoption of the LAURE law in 1996,
forecasting pollution peaks has been a major
public health issue. During the winter, fine
particles (PM10 and PM2.5) are one of the
main sources of pollution. Their peaks in
atmospheric concentrations are all the more
difficult to model because they are usually
associated with a very low inversion layer,
which traps pollutants on the ground. It is the-
refore essential to determine precisely the
maximum height at which emissions can be
injected into the MOCAGE chemical transport
model.
A study carried out on the episodes of fine
particle pollution in winter 2016/2017 made
it possible to objectively correlate very low
boundary layer heights measured by a lidar
at Trappes at high concentrations (Fig.)
of PM10 on the ground over the Paris agglo-
meration. The two peaks observed between
30 November and 10 December, at more
than 100 µg/m³, are thus bound to a boun-
dary layer not exceeding 200 metres in height.
Conversely, when the boundary layer is well
developed in early November, measured
concentrations are low.
As part of the air quality forecasts with the
MOCAGE model, emissions are distributed
over the 5 levels of the model closest to the
ground, i.e. a height of about 500 metres.
During the winter 2016/2017 episodes, part
of the emissions are injected above the inver-
sion layer, and therefore not trapped, preven-
ting the model from correctly predicting these
peaks. By reducing the number of injection
levels to 3 (about 180 m), MOCAGE correctly
simulates peaks (orange curve).
A diagnostic of the height of the boundary
layer will therefore be introduced in the
MOCAGE model to limit the number of injec-
tion level of emissions according to it.

Forecasting peaks
of winter particulate

pollution in the presence
of low inversion layers

Forecasting of olive and
grass pollen atmospheric

concentrations
on a European scale

3

4

5
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In 2013, Météo-France participated in the first
global deterministic prediction of atmosphe-
ric concentrations of birch pollen in Europe. As
part of the European Copernicus CAMS_50
project, these forecasts have been extended
to olive and grass pollen, recognised by WHO
as among the most allergenic and therefore
strategic public health issues.
Emission flows are calculated by two parame-
terizations developed by the FMI, using wind,
humidity and precipitation fields. For olive
trees, the heat accumulation since the begin-
ning of the year is also taken into account. The
emission starts as soon as the warming
exceeds a threshold (geographically variable)
and stops as soon as the maximum number of
grains that an olive tree can emit is reached.
For grasses, the parameterisation is based on
an emission probability around dates dedu-
ced from past observations.
These forecasts have been validated for the
2014 season, and have been operational
since the 2016 season, with the CAMS_50
project providing daily 96-hour forecasts of 7
transport and chemistry models, including
the MOCAGE model from Météo-France, and
an overall forecast. Models are forced by the
meteorological fields of the ECMWF operatio-
nal model. The spatial-temporal redistribu-
tion of olive pollen is correctly modelled by
MOCAGE and remains close to the median
ensemble (Fig a). Similarly, model/ observa-
tion comparisons show a good determination
of the start date for grass pollination, but with
some overestimates of peaks as a function of
location (Fig b).
Next year, the extension to ambrosia pollen is
planned.
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�
Taylor diagram showing, for several chemical species,
the error and the correlation between the results of IFS simulations
and the data gathered during aircraft field campaigns.
The closest the model is to the black rectangle located at the bottom of the figure,
the best the model is. The three colours correspond to the three chemistry modules
and the species to the different signs.

PM10 concentrations (µg/m³) measured (in blue) and predicted
by the MOCAGE model (in orange) on the ground in Paris (top)
and height of the boundary layer (in km) measured by the lidar of Trappes (bottom).

�

a: Correlation between
observations and pollen

concentrations of olive trees
predicted by the 7 models over
Europe during the 2014 season,

as well as the average
and median of the models.

b: Surface atmospheric
concentrations of grass pollen

(in grain/m3) at Nice forecasted
by the MOCAGE model (curve)

and observed (point) during
the 2014 season

(March 1 to August 31).

�

a b
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Atmospheric ozone plays a major role in seve-
ral environmental issues. Its impact on the
surface temperature reaches its maximum
when it is located at the interface between tro-
posphere and stratosphere, named UTLS.
Since 1994, the IAGOS observation system
performs in situ measurements for several
chemical species, including ozone, on board
commercial aircraft. The measurements
mainly take place in the UTLS of the northern
hemisphere. Their vertical resolution is well
suited for analysing the air composition in this
thin layer, located between 9 and 14 km
above sea level in the mid-latitudes. It makes
the IAGOS dataset a major tool for evaluating
the ability of models to reproduce the evolu-
tion of the UTLS chemical composition, and
for validating the estimations performed by
remote sensing instruments.
The analysis of this 20-year time series high-
lighted an increase in the upper tropospheric
(UT) ozone burden, over all the well-sampled
regions (from eastern United-States to north-
eastern Asia). The comparison with other
observation datasets (satellites, ozone
sondes, surface stations) shows that this
ozone enhancement takes place through the
whole free troposphere, but remains stronger
near the top. It is at least partly influenced by
a long-term enhancement of the exchange
processes between troposphere and strato-
sphere, coupled with the stratospheric ozone
recovery.

The incoming implementation of other chemi-
cal species into the IAGOS system measure-
ments, and the extension of their geographical
coverage thanks to new partnerships with air-
craft companies in the Pacific sector, will likely
add further understanding to this analysis.

Ozone evolution in the upper troposphere
at northern mid-latitudes, as seen by IAGOS a: Map of the regions highlighted in the present study:

western North America (WNAm); eastern United-States
(EUS); North Atlantic (NAt); western Europe (Eur);
western Mediterranean basin (WMed);
Middle East (MidE); Siberia (Sib);
north-eastern Asia (NEAs).
b: Time series of ozone mixing ratio (ppb) in the UT,
in the 8 regions of this study
The monthly means are represented by the thin line.
For each month, the interval between the lower
and the higher values (percentiles 5 and 95 respectively)
is filled in red. The available yearly means are illustrated
by the bold line with black circles.
Note that northwest America is not sampled
over a period long enough to derive robust trends.

�

6

6
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During the North Atlantic hurricane season of 2017, the Caribbean was severely struck by the three hurricanes Irma, José and Maria, resulting in
loss of life and extensive damage. A few months earlier, during an early heat wave, mainland France experienced the warmest day (26.4°C) on June
21st for a month of June since the beginning of the weather observations.
Météo-France is in charge of forecasting such extreme events and also contributes to the progress of knowledge on their recent and future changes
in the context of global warming. It is in this spirit that this year CNRM carried out high-resolution global climate simulations on the Antilles with
ARPEGE-Climat. These new simulations will be used by CNRM and the Antilles-Guyana inter-regional directorate within the FEDER CA3F project to
assess the link between global climate warming and changes in cyclone frequency and characteristics. Still in terms of extremes, this year’s
research activities also focused on the impacts of storms in France in the 20th century and the evolution of heavy rainfall events in the French
Mediterranean. Also, as a result of recent work, it will now be possible to extend the real-time characterization of heat waves by estimating their
likely evolution a few days ahead, based on weather forecasts.
The use of seasonal forecasts can provide information on the probability of occurrence of extreme events such as heat waves or cold waves in our
regions, a few months in advance. Météo-France’s seasonal forecasting system capitalizes on the CNRM-CM global coupled climate system model
initialized by re-analyses. After a development phase of more than 4 years, version 6 of this model will make it possible to carry out a new set of cli-
mate simulations which will serve as a basis of the 6th IPCC assessment report.

Climate

�
Satellite image from the GOES13 satellite, 06/09/2017 at 12h00 UTC: after hitting the island of Saint-Barthélemy,
hurricane Irma is moving westward and threatens the island of Saint-Martin.
© Météo-France.

1
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Starting in winter 2014-15, a cold anomaly
persisted for nearly two years both at the
surface and in the 700 first meters of the
North Atlantic Ocean between Iceland and
Newfoundland. Using Météo-France seasonal
prediction system 5, CNRM revisited the
hypothesis that this cold anomaly had an
influence on the occurrence of an abnormally
warm summer in 2015 (Duchez et al. 2016).
Several sets of ensemble predictions were
initialized from 1 May 2015 conditions and
run to cover the June to August (JJA) summer
season, introducing a surface relaxation of
the NEMO ocean component towards the
Mercator-Ocean GLORYS2V3 ocean reanaly-
sis. Relaxation is either restricted to the area
of the cold anomaly or covers the entire
globe.
By comparing the ensemble distributions for
summer 2015 to a reference period of 1993
to 2014, Fig. shows that System 5 without
relaxation fails to reproduce the warm near-
surface temperature anomaly found over
Central Europe (CE), and that ocean relaxa-
tion over the cold anomaly region (RANO)
does not significantly shift the temperature
distribution over Europe towards warmer
values. With a global ocean relaxation
(RGLO), the model manages to represent a
warm anomaly more consistent with refe-
rence data, mainly during July and August.
However, the response in terms of atmosphe-
ric circulation patterns in the coupled system
is weak and suggests that other processes
were at play during the heat wave observed
over the area of interest.
Follow-up studies will consist in exploring
other sources of predictability (such as the
land surface) and extending the analysis to
sub-seasonal time scales.

Impact of the North
Atlantic cold anomaly on
summer 2015 in Europe

3

2

World Meteorological Organization (WMO)
launched the Indian Ocean Data Rescue
Initiative (INDARE) in order to accelerate reco-
vering of climate records and to improve the
quality of climate datasets from Indian Ocean
area. In fact all the international and national
climate data bases are still poor in pre-1961
meteorological data from this geographical
area.
In 2017, following the request from WMO,
Météo-France developed a Data Rescue
implementation plan for the recovery of cli-
mate records from Madagascar, involving
both meteorological service of Madagascar
(DGM) and Météo-France.
A first work of searching and analysing led to
recovering, sorting and cataloguing the digi-
tal publications available on line, containing
historical meteorological observations for
Madagascar, Mayotte and Comores over the
period 1864-1961.
In 2017, in a framework of a partnership bet-
ween Météo-France and the French National
Archives (Archives nationales), 33 boxes of
climate hard-copy archives related to West
Indian Ocean over the period 1864-1961, ori-
ginating from the historical Collection of the
French meteorological services, have been
made available to Météo-France.
Météo-France quickly started several tasks
like preserving, restoring, inventorying and
then imaging of monthly reports of 26 meteo-
rological stations over the period 1947-1961.
The first objective of the Météo-France’s
action, aiming at inventorying and sharing
resources with other meteorological services
and with international projects, will continue
during the next two years.

Data Rescue in West
Indian Ocean

4

A “seamless” approach combining observa-
tions and forecasts has been developed to
capture in real time the probable characteris-
tics of a current or forecasted heat wave and
to allow its qualification in comparison with
past events.
It is based on a method of identifying heat
waves applicable to any time series of daily
temperatures. A set of thresholds constructed
from the series’ distribution is used to iden-
tify the occurrence of an episode, determine
the start and end dates, and estimate the
severity.
This method is implemented on a tempera-
ture indicator in France, consisting of the ave-
rage daily temperature of thirty cities
distributed homogeneously over the territory.
In the forecasting mode, this indicator is
based on the statistical adaptations of the
14-day ensemble forecasts for these same
cities, prepared by the European Centre for
Medium-Range Weather Forecasts (ECMWF).
The fifty-one series made up of the abutment
of the series observed with each realization
of the model are then injected into the heat
wave identification algorithm. The share of
the realizations detecting a heat wave makes
it possible to appreciate its probability, but
also to estimate its probable characteristics:
duration, peak of maximum heat and overall
severity.
Through the use of a national temperature
indicator, the approach remains global in
France. To qualify the geographical specifici-
ties of the episodes, the method will soon be
available at the regional and departmental
levels, based on observed and expected
daily temperature indicators for these same
areas.

Heat wave
characterization
in early mode

Study of climate
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�
Impact of ocean relaxation on the area of the anomaly
(RANO, in red) or global relaxation (RGLO, in green)
on the distribution (box-and-whiskers)
of monthly mean 2-meter temperature (T2m)
over Central Europe (CE) in ensemble seasonal predictions
of summer 2015 with System 5 (reference, in blue),
according to the forecast month
Reference data (ERA-Interim) are shown as a black line
for 2015, and the yellow distribution for 1993-2014.
System 5 climatologies for 1993-2014 with and without
global relaxation are shown in light blue and light green,
respectively.

�
Monthly climate report for the Vohemar station in Madagascar, January 1960

�
Ensemble forecasts on June 13, 2017 at 12 UTC

of the heatwave that will start on the 18th June (figure a)
and a posteriori characterization of the episode (figure b):

the episode duration and the maximum value
of the temperature indicator are respectively represented

on the abscissa axis and on the ordinate axis.
The symbol area is proportional

to the overall severity of the event.
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Minimum and maximum daily 2-m air tempe-
rature maps have been developed taking into
account land use. Derived parameters, such
as heating and cooling degree days, can be
deduced from these daily maps.
A screened regression equation is computed
each day between 2000 and 2015, linking
altitude and urban fraction to temperature
measurements. Its relevance is further verified
by cross validation. The deviations from this
regression are then interpolated by kriging on
a fine grid, where the altitude and the urban
fraction are already known. Minimum tempe-
ratures very often depend on the urban frac-
tion, this dependency being more frequent in
spring and summer. Maximum temperatures
depend mainly on altitude.

From these temperatures, heating and cooling
degree days can be deduced on the same fine
mesh grid, corresponding to the energy devo-
ted to the maintenance of thermal comfort.
One can notice a considerable difference
(30% in urban zone) between maps of cooling
degree days deduced from ordinary kriging of
temperature and those using urban fraction
and altitude. Other climatological parameters
(monthly and seasonal averages) will be ana-
lysed.
This work will help to describe the urban heat
island in Paris. It can be improved by adding,
once available and validated, measurements
from denser networks in urban zones.

Optimal interpolation of daily temperatures
in Ile-de-France, taking into account urban fraction

5
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During winter, Atlantic storms may reach
European western coast, France in particular,
often causing extended damage due to wind
gusts. In the recent years wind storms climato-
logy has constantly improved. Nevertheless,
wind impact of a storm is still difficult to cha-
racterise.
The newly provided ECMWF reanalysis for the
XXth century is used here to study wind storm
climatology thanks to an automated tracking
algorithm. At the same time, a Loss Index is
computed which combines the destructive
power of the wind (V3) related to its quantile
95% with the population density. This Loss
Index (LI) is used to select a set of 1500 days
corresponding to the highest values of the LI
for that are representative of the storm activity
for France. Then, given one storm track, the
wind field is extracted within circles of
influence of the storm, and this allows to com-
pute the spatial LI field all along the storm
evolution (see Fig. a). Considering storms that
reached France, we observe that they may be
separated in two classes, a first one for the
storms that stay always on the Northern side
of the Jet, and a second one for the storms
that cross the Atlantic Jet from South to North.
This latter class has often been studied as a

typical case favouring fast deepening cycloge-
nesis. We compute the average LI associated
with these storms for the period centred on
the Jet crossing moment (see Fig. b). We can
see that the impact of the storm is maximum
just after the crossing which appears to be
also the moment when the storm is the clo-
sest to France. Using this century-long dataset
we notice that the storms which cross the jet
close to France are also the ones which cause
the most damages over France.

Detection and impact analysis of winter windstorms
affecting France over the XXth century

6

Heavy precipitation events observed in the
French Mediterranean regions are among the
most severe weather events affecting main-
land France. Several studies investigated how
such events could respond to anthropogenic
climate change, using numerical climate
models. Here we focus on the observed evolu-
tion of these events, taking advantage of the
available 55 years of record.
The most homogeneous daily rainfall series
(about 70 weather stations all over the French
Mediterranean) are combined together to pro-
duce a regional index of relative intensity of
annual maximum daily rainfall. Possible
changes in intensity are then assessed from
this regional index.
Results show a statistically significant
increase of daily rainfall intensity, estimated
at +22 % [+7 to +39 %] between 1961 and
2015. Significance holds for more than 15
years. The wide confidence range highlights
the high variability of heavy precipitation
events. Using Clausius-Clapeyron units (CC,
which corresponds to +6.8 %/K), the estima-
ted increase is close to 2xCC. However, given
uncertainties, observations are consistent
with an increase following or even smaller
than the CC rate – i.e. values simulated by glo-
bal climate models. Results obtained with
other indicators such as the number of
events, their surface, or the total volume of
water precipitated above a threshold, consis-
tently point toward an intensification of the
most extreme events over the last decades.
This study adds a new line of evidence sug-
gesting more extreme events in a warmer
climate – a diagnosis that is particularly rele-
vant for adaptation. Future work includes
extending this study to other regions, and
using the proposed regional index in a climate
monitoring perspective.

Observed increase in
extreme daily rainfall in

the French Mediterranean

Climate change
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�
a: Unified cooling degree-days, calculated with a 24 °C threshold from spatialized minimum and maximum temperatures, taking into account relief and urban occupancy metadata
when relevant.
b: Unified cooling degree-days, calculated with a 24 °C threshold from spatialized minimum and maximum temperatures by a simple geometric kriging.
c: Difference between the unified cooling degree-days calculated with a 24 °C threshold from spatialized minimum and maximum temperatures, taking into account relief and urban
occupation metadata when relevant, and those obtained by simple geometric kriging. Urban areas and high-altitude areas (to a lesser extent) are highlighted.

�
Time-series of the proposed regional index
of heavy precipitation intensity,
over the period 1961-2015.
This index is derived from normalized annual maxima
of daily rainfall, and is therefore unit-less
(1 corresponds to the mean intensity).
Dashed black: linear trend as estimated
from this regional index.
Dashed green: linear trend as expected following
the Clausius-Clapeyron relationship (+6.8 %/K,
i.e. +11.8 % over the period given
the observed warming of +1.7K).

�
a: Track of the famous Lothar wind storm, 21 Dec 1999, as detected with the tracking algorithm. Shading colours indicates a meteorological index based on the wind
with relation to its quantile 95%. Insert: Same index combined with population density.
b: Averaged values of Loss Index for storms reaching France for the track time-steps around the moment the storm crosses the Atlantic Jet.
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Tropical cyclones are known to generate very
high winds and storm surges due to cyclonic
swells. In addition to these two effects, heavy
rainfalls accompanying the systems may
cause catastrophic floods and landslides.
With climate warming, the water vapor that
the atmosphere may contain is expected to
increase following the Clausius-Clapeyron for-
mula. This increase is estimated to be around
7 %/K. This could result in a rainfall increase
of the same amount within extreme events.
A study has been conducted at CNRM to inves-
tigate water budgets in simulated hurricanes.
Two periods were compared: present condi-
tions and a warming scenario (RCP8.5). A rota-
ted-stretched version of the CNRM-CM5
model was used, with a pole of interest loca-
ted in the tropical Atlantic, allowing a local
resolution of 50kms necessary for hurricane
simulation.

Tracks of modelled hurricanes were obtained
from an object-based tracking algorithm.
Water budget components were calculated for
each hurricane rainfall percentile. By aggrega-
ting rainfall over variable size domains, we
showed that for small size domains, the rain-
fall increase could largely exceed the expec-
ted rate of 7 %/K, in relation to changes in
moisture convergence inside the hurricanes.
Robustness of these results to changes in the
CNRM-CM physics that were developed for the
CMIP6 phase should be addressed in future
studies, particularly by investigating the
ensemble runs produced for the FEDER C3AF
project.

Response of tropical cyclone induced rainfall
to climate change over the Atlantic basin

8

The interdisciplinary collaborative (Univer-
sities of the French West Indies and of
Montpellier, BRGM and Météo-France) C3AF
project funded by the European Regional
Development Fund aims at studying hazards
associated with climate change in the French
Antilles (tropical cyclones, swells, sea level
rise, floods, landslides, erosion) and their
environmental and socioeconomic impacts in
the islands.
At Météo-France, researchers study future
changes in North Atlantic tropical cyclone acti-
vity and in the associated swells that hit
Antillean coasts. ARPEGE-Climat atmospheric
model simulations at very high resolution in
the Atlantic cyclonic basin allow tracking tro-
pical storms and hurricanes in order to detect
possible changes in their frequency, intensity
and geographical distribution. These simula-
tions are also used to drive wave models
(MFWAM, WaveWatch 3) in order to estimate
changes in cyclonic wave climate. These latter
models also allowed reproducing some recent
events such as hurricane Matthew in 2016. In
addition, analyses of historical precipitation
records in the French Antilles and of the asso-
ciated atmospheric dynamics from both
observations and numerical simulations are
currently under way.
Late 2017, the first analyses of all tropical-
cyclone tracks and their changes, as well as
regional sea states, will be available. On the
other hand, the C3AF consortium has inclu-
ded in its time table the study of impacts from
hurricanes Irma and Maria (September 2017),
which have triggered much questioning within
the public in regard to their possible links with
climate change.

Study of climate change
in the French Antilles:

regional climate, tropical
cyclones and sea states

9

Seasonal forecasting aims at exploiting the
fact that slow evolving, and thus potentially
predictable in the long range, components
may condition the climate of a forthcoming
season. Among these components, the stra-
tospheric equatorial jet is a potential predictor.
We have extended the vertical resolution of
the version of Arpege model used for
Copernicus seasonal forecasts from 91 to 137
vertical levels, in order to better represent the
stratosphere dynamics. Two re-forecast expe-
riments (7-month range, 140 member ensem-

bles) have been carried out for summer and
winter seasons. Figures a (winter) and b (sum-
mer) show that 30 hPa zonal wind along the
equator is highly predictable till month 7. The
mean zonal wind at 30 hPa, 60°N, which cha-
racterizes in winter the occurrence of stratos-
pheric sudden warmings, exhibits a time
correlation of 0.42 (137 level version) against
0.26 (91 level version) in DJF, and 0.76 against
0.73 in JJA. However, no such improvement is
obtained with tropospheric scores, except
North Atlantic oscillation (NAO) index which

exhibits a correlation of 0.73 against 0.67.
The difference between the last two scores is
not statistically significant anyway. Given the
computation cost of such a vertical resolution
increase, the next version of the seasonal
forecast model (in 2019) will be rather based
on a higher horizontal resolution in the ocean.

Seasonal forecasting and stratosphere dynamics

10

Seasonal forecast
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�
Relative change of rainfall quantiles
for 6 spatial aggregation domains
Equivalent size of the domains has been reported
in the upper frame. Changes have been normalized
by the mean SST change over the tropical Atlantic basin.
Horizontal dashed bold lines correspond to rates
of changes of respectively one and two Clausius-Clapeyron
rate of change (7 %/K). Units are percent by Kelvin.

�
a, b : Correlation coefficient
between forecast
and observation for mean zonal
wind along equator at 30 hPa,
as a function of time lag
(month) for 1st November
start dates (a)
and 1st May start dates (b) ;
red line for Arpege
with 137 vertical levels,
blue line for 91 vertical levels.

�
Example of a category 4 hurricane

on the Saffir-Simpson scale during the month of August,
from an AMIP-type ensemble simulation
from the ARPEGE-Climat model stretched

over the tropical Atlantic (15 to 150 km resolution).
Model physics is as in the version used

for IPCC’s CMIP6 exercise.
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In the frame of the Copernicus Climate Change
contract C3S/433 on the seasonal forecast,
the DCSC department has developed new
« state of art » products for users in respect
with model skills in seasonal forecasting. In
the « Proof of Concept » phase of the C3S pro-
gram, the issue of the probability of extreme
event occurrence has been addressed, in par-
ticular for heat wave and cold spell over
Europe by considering the anomaly of the
number of heat wave days (or cold spell days)
for the next three months.
Following the results coming from recent pro-
jects as the ACASIS project over the Western
Africa and the Extremoscope project over
France, the heat wave events (respectively
cold spells) has been defined in each grid
point from an indicator based on the mean
temperature by merging a statistical approach
(exceed of the percentile 90 for heat wave or
percentile 10 for cold spell), an absolute one
(threshold of 20°C for heat wave or +3°C for
cold spell) and a minimum duration (three
consecutive days).
The climatological reference of the number of
heat wave (cold spells) has been calculated
from ERA Interim reanalysis since 1979 over a
large domain covering the whole Europe and
the Mediterranean coasts. The seasonal pre-
dictability has been assessed with the Météo-
France model system 5 from the initialisation
starting in May for the heat waves and
November for the cold spells. Probabilistic
scores (Receiver Operating Characteristic)
have been calculated with debiased tempera-
ture datasets from a quantile mapping
method on the hind-cast period (1991-2014)
of the Météo-France System 5 model. Areas of
better skills have been identified for heat
wave predictability on Central and Eastern
Europe and cold spell on Western and
Northern Europe. These results are consis-
tency with the seasonal forecast skills of the
mean temperature in summer and winter over
Europe and allow to better tailor climate infor-
mation for the user needs.
These products have been also experimented
in forecast mode for the years 2015 and 2016
and will be soon available with the C3S seaso-
nal forecast models.

Seasonal predictability
of heat wave
and cold spell
over Europe
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Weather regimes and modes of variability are
tools made by climate researchers for climate
analysis. They synthesize the dynamics of the
atmosphere by a reduced number of indica-
tors, which therefore facilitate the understan-
ding of mean circulation impacts at different
time scales, from one day, to one month, to
one season.
However these tools remain rarely used ope-
rationally by meteorologists and climatolo-
gists, for a lack of homogeneous definitions
which could be applied at different timescales
(past climate re-analyses, recent analyses,
forecasts up to seasonal), and also because
of a lack of graphical representations adapted
to users.
This was a motivation for DCSC to develop
products based on weather regimes and
modes of variability over North Atlantic and
Europe. They aim to address climate monito-
ring and seasonal forecast issues. Regimes
and modes have been calculated from ERA-
Interim reanalysis fields, in order to define
fixed spatial patterns, helping interpretation
at different timescales. A specific work has
been conducted, in particular in the COPERNI-
CUS framework, to define graphical represen-
tations adapted to seasonal forecast.

Among the available products, there are data
and graphics on past or future situations, at
different time-steps, from daily (for regimes
exclusively), to monthly or seasonal, in refe-
rence to climatology. There are also maps sho-
wing the mean impacts of regimes and modes
on the European climate, in terms of tempera-
ture and precipitations. Some graphical pro-
ducts show simultaneous evolution of modes
or regimes and temperature or precipitations
in France (Figure).
For seasonal forecast, because they rely on
large scale information given by models,
regimes and modes take advantage of a gene-
rally better predictability that impact parame-
ters themselves. Soon they would be made
available on the set of COPERNICUS seasonal
forecast models.
For more information:
http://dcsc-avh-net.meteo.fr/avh/
and http://seasonal.meteo.fr/.

Climate monitoring and seasonal forecast
of general circulation over North Atlantic and Europe
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�
Probability of the upper tercile for the number
of heat wave days over Europe
for the summer 2003 (June to August),
from the Météo-France System 5 model,
initiated in May
In red, the regions where the model forecasted
a strong probability of a number of heat wave days
upper than the climatology.

�
Real-time daily monitoring (available at D+1)
of weather regimes and temperature
anomalies in France
For each day is plotted the correlation
between regime’s centroids
(NAO-, Atlantic Ridge, Scandinavian Blocking,
NAO+) and the daily Z500 field
over North Atlantic and Europe.
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The water cycle is an active component of the climate system, providing a link between the atmosphere, the ocean and land surfaces. Weather pre-
dictions and climate projections by means of numerical models are only relevant if the energy and water fluxes at the interfaces between these com-
partments are appropriately represented in the models, at all time scales. Furthermore, the fate of water on land surfaces is essential for ecosystem
and human societies. In the liquid phase, water contributes to river discharge, including floods. All natural systems where water is present in the
solid phase (ice) constitute what is referred to as the “cryosphere”, bringing together glaciers, seasonal snow on the ground, permafrost, but also
lake, river and sea ice. The cryosphere plays a major role in the climate system at all space and time scales, and is related to prominent natural
hazards in mountain regions such as snow avalanches.
CNRM carries out a wide range of research activities in order to better observe (in-situ and by satellite), understand and model the various aspects
of the water cycle on land surfaces. The Snow Research Centre maintains two dedicated observatories in the Northern Alps, the Col de Porte at
1325m in the Chartreuse massif, and the Col du Lac Blanc at 2700m in the Grandes Rousses massif. These observations make it possible to mea-
sure the long term trends of snow conditions in mountain regions (see Figure). This is complementary to modelling efforts into the long term pro-
jections of the impact of climate change of the mountain cryosphere, carried out in collaboration with the Climatology and Climate Services Division
of Météo-France. In addition, such observations play a pivotal role to develop and evaluate numerical models of the snowpack. Their increased level
of complexity is necessary to improve the forecast capabilities, thereby providing better support to operational forecasting duties of Météo-France,
especially in the field of avalanche hazard warning. This is also required to test and address knowledge gaps regarding the interactions between
snow on the ground and its surrounding environment. At a much wider scale, research carried out at CNRM aims at improving the modelling tools
used to perform climate simulations at the global scale. This concerns in particular the way permafrost, that is permanently frozen ground.
Permafrost plays a crucial role in the climate system, in particular due to greenhouse gas compounds which it hosts (in particular methane and car-
bon dioxide), and which may be released when permafrost thaws under the influence of ongoing climate change. Adequately modelling how per-
mafrost evolves, depends on the ability of the land surface model to simulate the behaviour of carbon compounds stored in the ground, but also
its thermal regime, which is driven by its own properties, atmospheric conditions, and the presence of snow and vegetation. All of these compo-
nents also play a major role by regulating the water cycle at the scale of the country, the monitoring and forecasting of which requires to not only
address surface, but also subsurface processes. CNRM researchers contribute to the development of a national-wide modelling platform for large
scale hydrology including aquifers.
All of these research activities contribute to improving scientific and technical knowledge within the national and international scientific commu-
nity. However, be it through the development of global models contributing to IPCC assessments, or smaller-scale models directly employed for
operational hydrological or avalanche forecasting activities, all of these challenged being driven by societal needs. In many cases, CNRM staff ope-
rating in the field of the cryosphere and hydrology plays an important role note only addressing research questions, but also contribute to the inno-
vation process by which academic knowledge is converted into forecasting tools used for delivering operational services.

1

Current and future evolution of the snowpack in the Pyrenees

2

In the frame of the ClimPy Interreg project,
aiming to enhance the Pyrenean Climate
Change Observatory (OPCC in French) and
the knowledge on climate change in the
Pyrenees, Météo-France (DCSC -climate ser-
vices department- with CNRM/CEN- research
unit on snow- and DIRSO - Southwestern
Regional Department) focuses on the evolu-
tion of the snowpack at different time scales.
First, an inventory of snow height series on the
French Pyrenees has been achieved and
around 40 one have been selected, according
to quality criteria on length and missing data
ratio, to be used in climate trend analysis. A
new method for data control and reconstitu-
tion has been defined from a specific configu-
ration of the CROCUS snowpack model using

an assimilation process based on snow
height data. Once completed, these snow
series will contribute on the climate trend ana-
lysis over the last decades. Moreover, another
action has been initiated on the current
climate with AEMET (Spain National
Meteorological Service) to share the climato-
logical databases on the Pyrenees and to a
snowpack reanalysis with the SAFRAN-CRO-
CUS model, evaluated from homogenised
series and teledectection data.
On the future climate, a new dataset of bias
corrected projection have been prepared on
the Pyrenees area from the Eurocordex
ensemble and the new downscaling method,
named ADAMONT. Tailored indices have been
defined to highlight the changes on impact

parameters for snow resort activities: winter
mean temperature, winter precipitation
amount, snow rate precipitation, snowpack
mean or duration, snow-height day number
over thresholds, snow water equivalent.
These indices will be soon available on the
OPCC geoportal website and the national cli-
mate services websites DRIAS and ClimatHD.

Cryosphere and Hydrology
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�
Overview of measurements performed at Col de Porte, 1325 m altitude, from 1959 to 2017. The upper plot illustrates changes in mean
winter snow depth, the middle plot shows changes in winter temperature, and the lower plot shows changes in total winter precipitation.
All of these variables exhibit significant inter-annual variability will significant decreasing trend in snow depth, significant increasing trend
in winter air temperature, and insignificant trend in total winter precipitation.

�
Evolution of winter snow height mean
from 1960 to 2100 at 1800 m
on the Haute Bigorre area (France)
from the SAFRAN-CROCUS reanalysis
(annual data on grey dotted line,
15 years mean on black dotted line) and the EUROCORDEX
ensemble including the historical run (grey),
the RCP 2.6 (dark blue), the RCP 4.5 (light blue),
the RCP 8.5 (red). For each RCP scenario,
the statistical distribution has been represented
with the median and extreme percentiles (5, 17, 83, 95)
of 15 years mean values, aiming to evaluate
the uncertainties and inter-annual variability.

1

2
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Light-absorbing impurities deposited on the
snowpack (mineral dust, black carbon, soot,
atmospheric particles, organic debris, etc.)
darken the snow. By modifying its ability to
reflect solar radiation, this directly accelerates
snow melt. This also indirectly affects the evo-
lution of the snowpack physical properties.
A detailed representation of light-absorbing
impurities deposition, evolution in the snow-
pack (increased concentration by compaction,
scavenging by melt water, etc.) and impact on
the energy budget and solar radiation absorp-
tion have recently been implemented in the
multi-layer detailed snowpack model Crocus.
Modelling experiments have been carried out
using data acquired at the Col de Porte experi-
mental site (1325 m, Chartreuse) during 2013-
2014 winter. The model simulates snowpack
evolution reasonably in term of snow depth,
snow water equivalent and radiative proper-
ties (albedo). It makes it possible to quantify
the impacts of light-absorbing impurities on

snow physics. For instance, during the snow
season 2013-2014 affected by several deposi-
tion of Saharan mineral dust, the simulations
highlight that the melt-out date of the snow-
pack is advanced by 9 days compared to a
clean snowpack.
These results open many prospects to better
understand and quantify the impact of atmos-
pheric impurities on snow physics in the
contexts of the interactions between the cli-
mate and the cryosphere, of water resources
management and of avalanche forecasting.

A new model estimating
the impact of light-absorbing impurities deposition

on snowpack evolution

3

The detailed snowpack model SURFEX/ISBA-
Crocus is commonly used in support of opera-
tional avalanche hazard forecasting as well as
in climate change impact studies.
Despite the physical basis of the model, it suf-
fers from errors and approximations in the
empirical parameterizations of a number of
processes. It is difficult to identify a unique
and optimal configuration because there is
equifinality between these parameterizations:
different model configurations can lead to a
similar overall skill.
New options were implemented for several pro-
cesses (fresh snow density, metamorphism,
radiative transfer, turbulent fluxes, thermal
conductivity, liquid water retention, compac-
tion, etc.) It allows building a new multi-physi-
cal ensemble system called ESCROC (Ensemble
System Crocus). Optimization methods were
designed to select a sub-ensemble of 35 equi-
probable members. The obtained spread is
able to explain about 2/3 of total error in snow-
pack simulations on the instrumented site of
Col de Porte (1325 m, Chartreuse).

The new system ESCROC opens the door to a
wide range of applications. It allows quanti-
fying the contribution of snow model uncer-
tainty in future projections of snow cover
(about 20 % of total uncertainty for one given
emission scenario). It will allow accounting for
model uncertainty in the future operational
numerical system in support of avalanche
hazard forecasting, being combined with
meteorological ensembles and an ensemble
algorithm for the assimilation of snowpack
observations.

Snowpack simulations
with a multi-physical ensemble system

Since 1990, Météo-France and IRSTEA have
been managing the experimental site of the
Col du Lac Blanc located at 2 700 m altitude in
the Grandes Rousses massif in the French
Alps. By its location, the site may be conside-
red as a natural wind tunnel and not surprisin-
gly was mainly dedicated to observation and
modelling studies on wind-induced snow
transport.
One of our ambitions for the Col du Lac Blanc
site is that it remains a reliable reference site
for high mountain observations. For this task,
monitoring and evaluation studies of the site
measurements are carried out daily. The site
hosts regularly pilot experiments to test new
approaches or measurements prototypes.
Thanks to the site measurement facilities,
innovative research for understanding and
modelling wind induced transport are carried
out towards a realistic representation of wind-
induced snow transport in different models;
this phenomenon plays a major role for the
seasonal evolution of the snowpack and for
avalanche occurrences. Some evaluation stu-
dies of the Numerical weather Prediction
AROME model against relevant in-situ measu-
rements have been conducted and allow to
consider the potential added value of AROME
fields such as wind gusts to map wind-induced
snow transport (the attached figure shows
AROME wind forecasts evaluated against in-
situ measurement at Col du Lac Blanc). The site
is also increasingly used to improve the use of
remote sensing data in high mountains.

Col du Lac Blanc:
a site for snow observing

and modelling
in high mountains

4
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�
Simulated mineral dust concentration profile for the second half of 2013/2014 snow season at Col de Porte (1325 m, Chartreuse)
The simulation is carried out with the Crocus snowpack model using ALADIN-Climate dust deposition fluxes.
The two major Saharan dust events are represented by the red areas.

�
Snow depth (SD) and snow water equivalent (SWE)
observed (in black) and simulated
by 35 equiprobable members of the ESCROC system
during 4 winter seasons from 2007 to 2011.
The red envelope represents the uncertainty
of the parameterizations in the snowpack model
(difference between 5th and 95th percentiles
of the ensemble) and the red line
represents the ensemble median.

�
Mean (top) and maximum (bottom)
wind speed at « Col du Lac Blanc »:
Observations (black) and short range forecasts
from AROME model (00h00 UTC: red;
12 h00 UTC: in orange) for the period ranging
from March 1st to March 16th 2016.

4
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The thawing of permafrost, the permanently fro-
zen ground, in the arctic and boreal regions is
an important consequence of the current cli-
mate warming trend. These frozen soils contain
vast amount of carbon that could be released to
the atmosphere in the form of CO2 and CH4 as
the thawed organic matter becomes available
to microbial degradation. These greenhouse
gas emissions would feedback to the climate
system, amplifying the warming. Permafrost
thawing was described as a key process to the
fate of the planet at the 2012 Doha climate
conference.
How fast this carbon will be released and under
what form is highly dependent on snow cover,
soil temperature, and soil moisture, methane
being produced in waterlogged soils. In order
to correctly represent climate change effect in
the high latitudes a climate model has to cor-
rectly represent the processes leading to the
emissions of CO2 and CH4. Until recently, ISBA
the land surface model of the CNRM only repre-
sented the exchange of energy, water and CO2
between the soil, vegetation and atmosphere.
CH4 emissions were not taken into account. We
built a new soil organic carbon model that
represents the vertical dynamics of soil organic
matter (including advection and cryoturbation)
and the decomposition processes releasing
CO2 and CH4 as a function of soil temperature,
soil water and ice content, soil oxygen content
and snowpack evolution. The model also repre-
sents the diffusion of these three gases in the
soil. It was validated on two well-instrumented
sites in Greenland and one site in Siberia.
Model results indicate that the amount of car-
bon stored in the soil plays a crucial role in the
rate of emissions besides the physical parame-
ters as soil temperature and water content.

Permafrost
and Climate Change

6

The Aqui-FR project aims at producing ground-
water levels and river flow forecasts at time
scales ranging from 10 days to the season,
and up until climatic projections. It is based
on existing hydrogeological models already
used by stakeholders, and favours their deve-
lopment was the still lack. That way, the Aqui-
FR project is designed as a promoting tool of
the hydrogeological works carried out in
France.
The first phase of the project led to the conso-
lidation of the structure of the platform and its
scientific validation through the calculation of
performance scores related to the groundwa-
ter levels and river flow reproduction. The
exploitation of the platform started, and an
historical reanalysis of the groundwater levels
from 1958 to 2017 (period of atmospheric
reanalysis SAFRAN) was undertaken over the
current covered domain.

In order to compare the filling of the aquifers
over space and time, the SPLI (developed by
the BRGM consistently with the SPI) is used. It
gives qualitative information, spread throu-
ghout 7 classes, of the groundwater level rela-
tive to its history (see figure). The temporal
evolution over the whole domain as well as its
spatial distribution of the SPLI during two
extreme events is represented on the figure as
an example.
The next phase of this project, along with the
inclusion of new regional models, is going to
focus on seasonal forecasts and the study of
the benefits of aquifer modelling in terms of
reliability with a spatial focus on low flow fore-
cast (both for river flows and groundwater
levels).

Aqui-FR, the future hydrogeological
French modelling platform

7



Research Report 2017 . 43

�
a: July 2017 view of the Kobblefjord fen measuring site in Greenland (operated by University of Aarhus and the Danish Centre for Environment and Energy).
b: Seasonal evolution of the methane flux observed (black curve) and simulated by 2 versions of ISBA (blue and red curves).
The grey surface represents the dispersion between the 5 soil chambers.

Temporal evolution of the Standardized Piezometric
Level Index over the Aqui-FR domain as well
as its spatial distribution during a dry period in 1973
and in a wet period in 2001

�

6a b
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Oceanography
Understanding the finest processes that govern the “Earth system” (The atmosphere, its surrounding components, the ocean being the primary
one, and their interactions) is critical. Implemented in advanced numerical models, they drive the operational team progress and contribute to
the improvement of deliverables.
As an example, it is noteworthy that taking aerosols into account brings better sea surface temperature retrieval from satellite data, therefore
improve the forcing from the ocean to the atmosphere. Similarly, introducing realistic river plumes representation triggers slightly different air-
sea interactions. Combining waves and sea level height, namely in case of a storm or cyclonic surge, possibly adding a lagoon, modifies the
impact of the ocean on the coastline.
Albeit the methodology still relies on extracting valuable information from the comprehensive observing systems, in situ and remote sensing,
and exploiting numerical models, progresses are introduced year after year. Models are continuously improved in order to represent more detai-
led features and be more realistic and useful. They are validated against the more severe cases that were ever recorded. The February 1953
storm in the North Sea, that led to catastrophic losses in England and the Netherlands stands at the forefront in mid-latitudes. The cyclones
that hit the French West Indies in 2017 will play the same role for scientists.
Since the creation of meteorological services, meteorologists and scientists are concerned by what occurs at sea and work hard to improve
knowledge and services. They serve all the ocean users, having security in mind, not-forgetting the improvement of activities and economy:
Shipping, fishing, industries, or leisure, off and along the shore, in overseas territories and in the mainland. Desert dust, like a grain of sand
interfering with the complex Earth mechanism, is also part of the game. A surprise, may be?

2

New operational coastal model for wave forecasting
in Reunion Island and Mayotte

Since the end of 2015, the second phase of the
project HOMONIM aims to improve the storm
surge and waves forecasting in coastal areas of
the French overseas. The project is conducted
by Météo-France and SHOM, and supported by
the French ministry of Ecology (MTES). A first
configuration of the coastal wave model
WaveWatch 3 (WW3) has been implemented
last year in West Indies and Guyana. In
November 2017 the coastal wave models for
Reunion Island and Mayotte in the Indian
Ocean has been implemented in operations.
The configurations in Indian Ocean use a new
coastal bathymetry with 100 meters of resolu-
tion, which has been produced by SHOM in
the framework of the project. Several parame-
trisations related to the source terms of the

model, and in particular the bottom friction,
have been evaluated during recent extreme
events. Dangerous sea state mostly caused by
cyclones conditions such as Felleng case
(category 3) during January 2013 (see figure).
The first domain covers Reunion Island and
Mauritius Island, while the second domain is
dedicated to Comoros archipelago. These two
coastal systems are driven by the surface
winds provided by the atmospheric model
AROME for the overseas with grid resolution of
2.5km. The resolution of the coastal model
WW3 reaches 100 m in the Mayotte lagoon,
which is good enough to describe the wave
features in the channels. For Reunion Island,
the resolution reaches 200m near the coast-
lines.

Specific work for the lagoon of Mayotte will
need more testing related to sea level and cur-
rents forcing from the surge model dedicated
to this domain. This latter will be implemented
in mid-2018 with a resolution of 200 m. In
addition the coastal wave models will be cali-
brated and evaluated during more events.

1

Storm surges Forecast for Indian Ocean and West Indies-Guyana

In the framework of the HOMONIM project,
managed by Météo-France and SHOM, with
the support of DGPR and DGSCGC, two storm
surges models (Hycom2D), one for the SW of
the Indian Ocean, the other for a domain
going from the Lesser Antilles to French
Guyana, were developed and then installed in
the operational suit at Météo-France in 2017.
The mesh size of these models is 3.2 km for
the Indian Ocean, 2 km for the Guyana coast
and 900 m for the Lesser Antilles.
These models were calibrated to reproduce at
best, the tides and several extreme events
(hurricanes mostly). The most difficult task

was to get storm surges measurements: tide
gauges are rare and sometimes destroyed
when hurricanes pass near. When the Irma
Hurricane hit the north of the Lesser Antilles
the 6th September 2017, a storm surge of
around 2 m was measured at Marigot on the
St Martin Island. The storm surge model, dri-
ven by the high resolution atmospheric model
AROME, simulated a storm surge of 1.70 m
(see Figure).
The future work on these models will be direc-
ted to the use of the bathymetry which has
been recently updated by the project, and to
the validation on new and better described

events. Moreover, for the Mayotte Island,
which presents a large lagoon, nested models
will be implemented in 2018 to reach a grid
resolution of around 200 meters.

3
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�
Saharan dust is transported by the storm over the Atlantic Ocean
and the Mediterranean Sea.
21st February 2017, 1325 UTC,
Suomi-NPP

�
Significant wave height of the total sea (in meters) of WW3 on 31 January 2013 at 18:00 (UTC)
in Reunion Island during Felleng hurricane (category 3)
Dark violet arrows describe the direction of primary swell, light arrows the secondary swell
and black arrows the wind sea.

1

2

�
Comparison between the measured (red line) and the modelled (blue line)
storm surge at Marigot (in the north of Saint Martin in the Lesser Antilles)
during the Irma hurricane path, the 6th September 2017.
The storm surges model is driven by the wind and the atmospheric pressure
from the AROME model of Météo-France.

3
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4

In the frame of the Copernicus Marine
Environment and Monitoring Service (CMEMS-
MFC), Météo-France has implemented a new
version of the operational wave model
MFWAM at global scale. The improvements
brought by this upgrade concern first a better
resolution of the computing model grid rea-
ching 10 km of resolution and the use of the
surface currents provided by the Mercator
PSY4 ocean forecasting system with a daily
update. The impact of the currents is signifi-
cant in strong currents area, where the diffe-
rence of wave height induced by the currents
can reach 1 meter, as illustrated in figure a for
the Agulhas ocean region.
In addition, the physics of the MFWAM model
has been adjusted in order to improve both
the description of stress at the air-sea inter-
face for strong winds and a better prediction
of high frequency waves. In other respects the
assimilation system is updated by using the
directional wave spectra provided by the
Synthetic Aperture Radar (SAR) of the
Sentinel-1A and 1B satellites that are part of
the Copernicus space program. With this
achievement Météo-France consolidates its
leading position in the assimilation of SAR
wave spectra. The impact studies have shown
that the assimilation of SAR wave spectra
significantly improves the directional proper-

ties of swell, with a remarkable reduction of
normalized scatter index of the peak period of
long waves (larger than 200 m of wavelength)
which can reach 20%.
The upgraded operational MFWAM system will
also use the altimeter wave heights (Level 3)
of Sentinel-3A, which are provided by the
Thematic Assembly Centre for waves (TAC-
waves) of CMEMS. The combined assimilation
of the altimeters data and SAR wave spectra
induces globally a normalized scatter index of
significant wave height of roughly 8-9% as
indicated in the figure b.

Improvements of the global wave model
for open oceans

5

6

The Mediterranean Sea plays an important
role on the heavy precipitating episodes that
frequently affect the region. The large and
sudden supply of fresh water from rivers floo-
dings contributes significantly to the water
cycle and can influence air-sea interactions.
During the HyMeX first field campaign in fall
2012 (SOP1), numerous observations were
collected, including daily and hourly runoff
observations. Such dataset allows to better
represent the flood peaks and so their
impacts on the ocean circulation and stratifi-
cation.
A new configuration of the NEMO ocean
model, named NWMED72, covering the north-
western Mediterranean area with a horizontal
resolution of ~1.3 km, has been developed
and used to study the sensitivity to the runoff
representation. Forced in surface by the
AROME-WMED real-time forecasts and three
sets of river forcing (climatology, daily and
hourly observations), ocean simulations show
the impact on plume size and surface salinity,
which is lower around the plume when obser-
vations are used (figure). The stratification is
significantly modified locally and the mixing
layer becomes thinner, resulting in a stronger

oceanic response to atmospheric forcing that
impacts the surface temperature. Diagnostics
are also being developed to assess the
impact on circulation near the mouths and
coupled ocean-atmosphere simulations with
the AROME-NEMO system will allow to exa-
mine the impact on the prediction of
Mediterranean heavy precipitating episodes.

New ocean model configuration
and improved runoff representation

for coupled ocean-atmosphere prediction

For quite many years, the technique and the
computation capacities make it possible to re-
analyse meteorological events from the past
by using modern and operational modelling
systems. This method can also be used to re-
analyse maritime events. It consists in simply
running a very high resolution wave model
(here WW3) using the best atmospheric for-
cing available for a given event.
In this case-study processed by the operatio-
nal marine forecasting service, we were inte-
rested in the dramatic episode of February 1,
1953 which has ravaged the South of the
North Sea and more particularly the
Netherlands and Belgium. This violent and
long-lasting north-western storm occurred
during a period of strong tides which greatly
increased its coastal impacts.
After verification of the relevance of the
atmospheric forcing, provided by the project
INCREO at 0.1° resolution, we were able to
analyse the outputs of the WW3 model. These
outputs have highlighted strong, unusual,
short-period waves, mainly coming from the
northwest over the southern North Sea area.
Thanks to its high resolution and the use of a
very fine bathymetry, the WW3 wave model
well reproduced the waves near the shore.
Focus on short areas has shown realistic
unfurling waves on the sandy shoals that dot
shallow areas.

Processing
of old maritime events:

the numerical WW3
model goes back in time
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4
a b

�
a: Difference of significant wave heights

from runs of the wave model MFWAM with
and without surface currents from the ocean system PSY4

on 30 March 2017 at 0:00 UTC.
b: Global map of scatter index of significant wave heights

from the upgraded MFWAM system for March 2017
The validation is performed with altimeters wave heights

from the satellite Hy-2A.

�
Surface salinity (psu) in the North-Western Mediterranean basin
simulated the 14 October 2012.
The use of observed daily runoffs (N72-DD) improves
the representation of the plume of the Rhône river
and produces additional plumes as those of the Orb
and Aude rivers, both absent in the simulation using
a monthly climatology (N72-CL).

�
February 1, 1953 - Simulation of H1 / 3 (in metres)
by the WW3 Météo-France model - zoom around
The Pas-de-Calais.
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Sea Surface Temperature: a reprocessing of Meteosat Second Generation archive

7

SEVIRI instrument on board MSG satellites is
operating in thermal infra-red domain thus
enabling SST retrieval; it is operational since
January 2004. The Centre de Météorologie
Spatiale is contributing to OSI SAF project fun-
ded by EUMETSAT, and as such has reproces-
sed the SST from MSG/SEVIRI archive from
2004 to 2012. The final product is delivered in
the form of hourly synthesis on a 0.05° grid.
SST is computed using a non-linear split
window algorithm and brightness tempera-
ture at 10.8 and 12.0 μm. Coefficients are
determined by regression using simulations
of brightness temperature, the algorithm is
then de-biased against drifting buoy measu-
rements.

Regional and seasonal biases, mainly due to
variation in atmospheric water vapour
content, are removed by a bias correction
scheme. It relies on atmospheric composition
profiles from ECMWF1 reanalysis and a radia-
tive transfer model.
Saharan dusts in the atmosphere do have an
import impact on SST retrieval and are taken
into account. A Saharan dust index is compu-
ted from the 3.9, 8.7, 1.8 and 12.0 μm chan-
nels; it enables correcting SST and/or
downgrading the pixel-wise quality level in
the final product.
The reprocessing has been validated in detail
with drifting buoy measurements. The results
show that the product is of high quality (mean

global bias: -0.02°C; standard deviation:
0.43°C) with a very good temporal stability.
The reprocessing dataset is of high interest for
long term analysis of highly variable pheno-
mena in time and space such as thermal
fronts or diurnal variability of the SST.

�

June 2010: on the left, night-time monthly mean SST from the MSG reprocessed data; on the right, monthly mean difference to a climatology of the OSTIA re-analysis from 1985 to 2007.

7
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Campaigns, observation
engineering and products

Observing the atmosphere is a prerequisite to improving our understanding of its processes and the way they are simulated by numerical
models. This is why research in atmospheric sciences conducts often field campaigns (such as ReNov’Risk for tropical cyclones, Cerdanya-
2017 for small-scale, low-level dynamics in mountainous regions, or AEROCLO-SA for aerosols and clouds), or maintain observatories to
assess the quality of models on the long run (for instance, the evaluation of surface meteorological parameters and surface exchanges
predicted by ARPEGE or AROME with Météopole-Flux) and detect their limits to be overcome by new research studies.
The need to improve models calls for the development of new observations techniques, either new sensors (for instance the development
of new air quality sensors tested with a balloon sounding system that allows the recovery of the payload), or new processing techniques
that allow the production of new, finer, well-characterized parameters (for the precision of rainfall estimates from weather radars).
Last but not least, observations are a key element of weather prediction systems. Through the assimilation of data from operational obser-
vation networks (such as IAGOS), they are used to determine the initial state of the model prediction, the quality of which has a direct
impact on the quality of the prediction. Or they can be processed directly by statistical methods for short-term predictions (of cyclones in
the Indian Ocean for instance)

1

�

BASTA cloud radar

1
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Improve understanding and prediction of the cyclonic activity and its impacts
in the South-West Indian Ocean: the SWIO-TC Experiment

Tropical cyclones (TCs) may cause huge
human, material and environmental losses in
tropical and subtropical regions. This is parti-
cularly true in the southwest Indian Ocean
(SWIO) basin, a poorly studied region that
experiences a cyclonic activity roughly as
intense as in the North-Atlantic basin. Over
the last decades, a large number of storms
have indeed caused devastations in the
Mascarenes (Mauritius, Reunion Island),
Madagascar, Mozambique and other neigh-
bouring countries. In March 2017, TC Enawo
and Dineo caused for instance hundreds of
fatalities and more than one million refugees
in Madagascar and Mozambique, respecti-
vely.
The ability to collect high quality observa-
tions within and around TC is essential to
improve their representation in new high-
resolution NWP models currently being deve-
loped by most major weather services. This is
all the more important in the SWIO basin
where observations are extremely limited
with, in particular, no routine aircraft observa-
tion and very sparse ground-based observa-
tion networks. In order to address this
problem, the research program ReNov’Risk-
Cyclones was funded by EU to reinforce per-
manent observation capabilities in this basin
and to organize a 4-month field campaign
dedicated to the study of TCs developing in
this area.
This field experiment, referred to as the
SWIO-TC Experiment, will be conducted in
Jan-Apr 2019 by LACy and its numerous natio-
nal and international partners (NOAA, SMA,
DIROI, IFREMER, CNRS, BOM, ESA, CNES, …)
to better document atmospheric and oceanic
impact of TC on inhabited territories of the
SWIO basin. It will provide unprecedented
observations of TCs and other high impact
weather events developing in this basin by
coordinating dedicated atmospheric and
oceanic measurements in the Mozambique
Channel and Mascarene Archipelago.

The Cerdanya-2017 field experiment: cold air pools,
mountain waves and orographic precipitations

La Cerdanya is one of the largest, sunniest and
driest valley of the Pyrenees mountain range,
spreading across Spain and France (between
Occitanie and Catalunya).
It is about 10 km wide and 35 km long orien-
ted ENE-WSW, whereas most valley in the
Pyrenees are oriented N-S, with a relatively flat
bottom at about 1000 m above sea level and
mountain ridge around rising above 2900 m.
The field experiment Cerdanya-2017 took
place in this valley from October 2016 to May
2017, focusing on three meteorological phe-
nomena: cold air pools, mountain waves and
orographic precipitations.
It focuses in particular on the detailed inver-
sion structure and the surface energy budget
of cold pool, rotors and boundary layer sepa-
ration in mountain waves situations, and oro-
graphic triggering and intensification of
precipitations under stratiform and convective
regimes.

It is a joint effort of several teams from the
Euro-region Pyrenees-Mediterranean; these
teams belong to the University of the Balearic
Islands, the University of Barcelona, Météo-
France and the Meteorological Service of
Catalonia.
CNRM deployed ten scientific surface meteo-
rological stations including one surface-
atmosphere flux station, a panoramic video
camera and several remote sensing instru-
ments (UHF wind profiler radar, scanning
Doppler wind lidar, microwave radiometer in
collaboration with Laboratoire d’Aérologie). A
CNRM UAV profiler was also deployed during
intensive observation periods.
CNRM will in particular focus on cold pools.
These conditions are still not well represented
in NWP models, which leads to severe issues
in forecast for associated phenomena such as
extreme low temperature, road icing, fog, poor
air quality, low level jets (wind energy)...

2

3

�

Overview of the experimental setup envisioned for the SWIO-TC Experiment
(setup may evolve depending on available funding).

2

Campaigns
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�

a: Picture of the main measurement site
(La Cerdanya Aerodrome) taken on 20 January 2017
from the tethered balloon and uavs take off platform.
The valley surface was covered by snow which allows to study
its impact on phenomena of interest, in particular cold air pools.
The control tower (wind scanning lidar) and several instruments
(meteorological station, microwave radiometer,
micro rain radar...) may be distinguished in the image centre.
b: Line-of-sight wind observed by the wind scanning lidar
located on the main measurement site (La Cerdanya Aerodrome)
over a quasi-horizontal plane on 30 December 2016 at 11pm.
Negative values (in blue) mean the wind is blowing toward
the image centre, positive values (in red) it is blowing away.
A down-valley wind is observed in the main valley axis
(ENE-WNW) as well as a down-valley wind in a tributary valley
(La Molina, in the SE sector). A study of the impact of these
flows on temperatures minima in the main valley is in progress.
�
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To support international efforts toward the
improvement of tropical system prediction,
operational intensity forecast errors for
southwest Indian Ocean (SWIO) systems
were examined over the 2001-2016 period at
RSMC Reunion Island. Errors are significantly
larger at short lead times for rapid intensifica-
tion (RI) events, defined by a 24-h intensity
change ≥ 15.4 m/s, with a mean 24-h fore-
cast error of 10.8 m/s versus 4.9 m/s for non-
RI events.
Statistical-dynamical tools of the same ilk as
those developed in other basins have there-
fore been designed to improve the prediction
of TC intensity change or RI at short range in
the SWIO, based on the examination of a total
of 26 potential predictors and the RSMC best
track data over the 1999-2016 period. An
important predictor is the Maximum Potential
Intensity (MPI); it was formulated for the first
time in the SWIO, based on the statistical
relationship between maximum intensity and
sea surface temperatures. The second tool

developed is a multiple linear regression
model for TC intensity change at 24 h based
on a multivariate adaptive regression splines
(MARS) technique that models nonlinearities
and interactions between variables. Finally, a
decision tree was built to anticipate rapid
intensification in the next 24 h (see figure).
These three tools will be used and tested in
real-time during the next seasons; they shall
offer further guidance to the practical inten-
sity forecasts over the SWIO and help antici-
pate intensity changes at a short-time range.

Development of statistical-dynamical tools
for TC intensity prediction

in the Southwest Indian Ocean

Many ingredients are playing key roles in the
atmosphere, for climate and weather: water,
under its various phases, aerosols and chemi-
cal species. Greenhouse gases drive climate
change, cities are heavily polluted: it is of the
utmost importance nowadays to better
understand this alchemy. IAGOS (In-service
aircraft for a global observing system
www.iagos.org) aims at measuring these
ingredients from civil aircrafts. IAGOS stands
as one of the major European climate research
infrastructure.
The companies associated to IAGOS – Air
France, Lufthansa, China airlines... and
recently Hawaiian airlines – operate Airbus
A340 and A330 all across de world. Aircraft
gather valuable profiles during take-off or lan-
ding, but also in flight when they cruise around
the critical interface between the upper tropos-
phere and the lower stratosphere.
Air quality is a major challenge. In order to face
it, Met services run global and local chemical
forecasting models, like Mocage at Météo-
France used for the European “Copernicus
Atmosphere” programme or the French natio-
nal Prev’Air initiative. Getting the IAGOS data
in real time to improve such systems logically
became an obvious objective.

CNRM has installed on board of the Lufthansa
A340 D-AIGT a satellite transmission facility.
Profiles are now sent in real time to ground, as
soon as they are acquired. Reduced profiles
are transmitted, the full profiles being kept for
delayed processing: They better suit the verti-
cal resolution of numerical models and the
transmission costs are more affordable. This
simple improvement of a research system for
the benefit of operational needs is an example
of mutual support between Met services and
the Academia. Having in mind the ultimate
end users, our citizen!

Real time transmission of IAGOS data

3

A flying lab to study
aerosols in Namibia
for Aeroclo-sA project

The AErosol RadiatiOn and CLOuds in sou-
thern Africa project (AEROCLO-sA), supported
by the French National Research Agency, the
French Space Agency (CNES) and The French
National Centre Scientific Research (CNRS),
seeks to evaluate the interactions between
aerosols, clouds and radiation in southern
Africa, essential for constraining the current
generation of numerical weather prediction
and climate models, henceforth to unders-
tand their role on the regional climate and
global climate. The representation of aerosol-
radiation-cloud interactions remains among
the greatest uncertainties in climate change,
and new sophisticated data sets are needed.
AEROCLO-sA is based on a ground and air-
borne campaign that took place in August-
September 2017.
Within, the French Falcon 20 environmental
research aircraft of SAFIRE (the French facility
for airborne research, an infrastructure of
Météo-France, CNRS & CNES)., has performed
10 scientific flights from based in Walvis Bay,
Namibia. The aircraft was equipped with diffe-
rent remote sensing instruments, such as the
high-resolution backscatter lidar LNG and the
demonstrator, called Osiris, of the future 3MI
polarimeter on-board EPS-SG , as well as in
situ measuring instruments (drop-sondes,
aerosol characterization). The Falcon 20 has
completed more than 70 flight hours and
thanks to the expertise of the French laborato-
ries LISA, LATMOS, LOA, DT-INSU and CNRM
many airborne data have been collected.
Additional ground-based data were also pro-
duced thanks to the complementary participa-
tion of IRCELYON and LCE.
This airborne campaign has documented the
interactions between aerosols and clouds and
studied their impact on radiation. With the
additional support of two projects funded by
EUFAR (FP7), and the involvement of
European researchers from Germany and
Greece (TROPOS, NOA), it also provided infor-
mation on regional sources of pollution such
as biomass fires or desert dust Researchers
will now analyse these data to improve the
representation of aerosols in climate models,
to reduce the uncertainty of the direct, semi-
direct and indirect radiative effect of aerosols,
and their impact on stratocumulus to improve
remote sensing algorithms for clouds and
aerosols.

Observation engineering and products
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�

“Ocean” of biomass fire particles overhanging
Namibia, the huge amount of aerosol makes it
impossible to see the surface.
The aerosol optical thickness is from 1.5 to 500 nm
in Windpoort (north of the country).
Copyright : F. Blouzon, DT-INSU/CNRS

�

The decision tree for the prediction of rapid intensification (class label YES)
in the next 24 hours, based on the values of 3 predictors:
DVMX12 (the previous 12-h intensity change, in m/s),
POT (the Maximum Potential Intensity MPI minus the initial intensity, in m/s),
and PV200 (the 200-hPa potential vorticity averaged in a 200-800-km region
surrounding the storm center, in PVU). The numbers in the leaf nodes indicate
the misclassified samples and the total number of samples from both classes
fulfilling the conditions of each tree path.

�

a: The Real Time Transmission Unit (RTTU) is a gateway between the IAGOS system
and the on-board Satcom telecommunication system.
b: The IAGOS system and the Real Time Transmission Unit (RTTU)
are located in the technical hold. The Lufthansa Technik electrician
carefully follows the specifications for modifying the electrical wires connecting
the RTTU to the Satcom (Satellite communication).

3
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Météopole-Flux: long term measurements
to improve modelling of surface-atmosphere

exchanges

7

6

Since 2011, 4M team has developed new
lines of flights free balloons, used conventio-
nally for radiosonde, with dual-balloons or
parachutes to recover the embarked sensors
to allow their reuse to frequently measure the
thermodynamic parameters in situ of the
atmospheric boundary layer at altitudes up to
30 km.
Today, 4M team is able to realize in the
atmospheric boundary layer “high frequency
profiling”, measured at the ascent and des-
cent, dual-balloons with recovery and imme-
diate reuse of radiosondes (BLLAST 2011,
PASSY 2015) with a recovery rate greater than
85% (Fig. a).
4M team also conducts surveys up to 30km
under parachute using retractable nacelles
that can carry innovative sensors with high
added values, such as sensors measuring
CO2 and CH4 greenhouse gases, (GSMA
Reims collaboration: AMULSE 2013, APOGEE
2017) weighing less than 4 kg.
Technical developments are continuing to
improve the delivery systems (dual-balloons
separator) or to develop specific parachutes.
A profiling simulation interface was also
developed, within 4M team, to improve the
trajectory forecasts to recover the platform on
the ground. Data from the ARPEGE and
AROME wind fields (Fig. b) are used as well as
in-situ data (radiosonde, wind profiler ...).

Recoverable sensors
under free balloons

�
Monthly meanwhile 2016 year of diurnal cycle
of heat fluxes sum measured
by Météopole-Flux station (red curve),
and produced by AROME model (blue curve).
Red shadowed area: standard deviation of measurements.
Blue dashed line: standard deviation of model.
Measurements enable to highlight a model bias during
May.

�

a: Release of a recoverable radiosonde with dual balloons
during the BLLAST 2011 campaign.

b: Sample simulations of dual-balloons recoverable
radiosondes during the PASSY 2015 campaign

a

b

The measurements system Météopole-Flux
has measured continuously heat, water
vapour, and CO2 fluxes between surface and
atmosphere, vertical temperature and soil
moisture profile, and common meteorological
variables, at the experimental field of the
Météopole since 2012.
These long term measurements are especially
interesting to evaluate in a systematic way the
physical parametrization of the numerical
models. In 2017, we compared the measure-
ments with surfaces variables from AROME
and ARPEGE models while a whole year. The
air temperature and humidity at 2 m are well

reproduced by the models, but we found
significant and systematic differences with
the terms of surface energy budget. Going fur-
ther in data analysis and in particular compa-
ring soil measurements profile, will contribute
to improve the representation of surface pro-
cesses in numerical weather forecast models.
This station is also integrated in national
research networks: the research infrastructure
ACTRIS-France, and ICOS-Ecosystem-France
(as associated site). Collaboration with the
flux working group of ACTRIS-France enables a
standardization of turbulent flux processing
with other sites (SIRTA, and P2OA), and sha-
red scientific analysis.
In 2018, the number of measured variables
will be increased by means of collaboration
with Direction des Systèmes d’Observations
of Météo-France which has other complemen-
tary sensors close to the experimental field.

6

7
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Radar Quantitative Precipitation Estimation
(QPE) is increasingly being used in meteorolo-
gical applications: nowcasting, hydrological
hazards, data assimilation, etc. Radars can
provide higher temporal and spatial resolu-
tion observations of rainfall than rain-gauges.
However, radar based quantitative precipita-
tion estimation is affected by uncertainties
due to measurements errors and retrieval
errors. An increasing demand from users is to
have access to a quantitative estimation of
the quantitative precipitation estimation

uncertainties. This need is all the more impor-
tant that the horizontal resolution of the radar
data will increase.
In order to characterize uncertainties and cor-
rect the bias, a stochastic method generating
ensemble QPE has been developed at Météo
France. This method uses a statistical model
of precipitation error variation (one hour
cumulation) function of various parameters
(precipitation type and intensity, position of
the observation relatively to the radar, etc.).
The ensemble median gives an estimation of

the precipitation measured by radar corrected
from the usual bias. The ensemble dispersion
gives an estimation of the uncertainty asso-
ciated to the deterministic QPE.
In the future, the use of these methods has to
be extended to five minutes accumulations
precipitation in order to respond to the users’
needs concerning the temporal component of
the uncertainties variations.

Use of ensemble methods to characterise radar quantitative precipitation
estimation (QPE) uncertainty

8

Ensemble generation to quantify QPE uncertainties.

�

8
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Research and aeronautics
Air traffic growth observed today and foreseen on the 2030 horizon as well as main objectives driving global or regional air navigation plans
necessitate a continuous involvement and progress on research on meteorological phenomena with impact on aviation. Thus, Météo-France
strengthened its activities for the simulation of turbulence in altitude, and for monitoring and forecast of icing and wind shear, focusing in par-
ticular on the approach areas around airports as precursors to future meteorological services for the terminal area in response to foreseen ICAO
requirements. In parallel, SESAR projects for the deployment of new innovative MET services, such as those developed and mocked-up during
the first part of this European program were launched with a strong involvement of Météo-France.
In 2017, focus was put on functional and technical specifications as well as drafting organization principles and architecture design towards a
production effectively harmonized over Europe. Furthermore, activities of the research aircraft unit were focused on air navigation safety
through experiments of new on-board equipment. Finally Météo-France had the honour to host the second WMO Aeronautical Meteorology
Scientific conference (AeroMetSci-2017) in November at its International Conference Centre. First edition since 1968, attendance reached more
than 200 persons coming from many National Meteorological Services and research institutions, from the aviation community (airlines, air navi-
gation service providers, industry, airport managers) and from regulating organizations. Three main themes were presented through orals and
poster sessions: research and science in aeronautical meteorology (ice crystals, turbulence, fog, volcanic ash, space weather), users’ need and
the future service to air navigation, and climate change and its impact on aviation. Expectations of WMO, Météo-France and participants in
terms of expertise and knowledge sharing and networking were amply met, and it allowed elaborating recommendations and guidelines for the
future in aeronautical meteorology science and research.

1

Use of observed and forecast EDR
for upper-level aeronautical turbulence detection

Turbulence is a dangerous phenomenon for
aeronautics. It induces significant costs for
airlines due to passengers and crew injuries
and damages on airplanes. Moreover the
quick spread of events on social network can
be generator of negative images for airlines.
Observation of turbulence events is based on
reports of pilots and EDR (Eddy Dissipation
Rate) registered on board. More and more air-
crafts are equipped with sensors measuring
EDR which allow to build a database of obser-
ved events.

For the first semester of 2017, two databases
of on board EDR, one over United States and
the other one over Europe are analysed (cli-
matology, sensitivity) and compared to pilot
reports. It can be noticed that 1% of mode-
rate or severe events are observed over
Europe during this period (ICAO Meteorology
Panel 2017 criteria, moderate > 0.2 m2/3s-1).
These databases are used in the evaluation
of EDR issued by the French numerical wea-
ther prediction (NWP) model ARPEGE, as well
as in the evaluation of the operational turbu-

lence diagnoses used at Météo-France with
different vertical resolutions. It is noticed that
EDR from the model has similar skills compa-
red to the other diagnostics. We notice also
the positive impact of a best vertical resolu-
tion for actual diagnoses. Some case studies
complete the verification to explore forecast
EDR particularities compared to the other
diagnoses (see figure b).

2

3

In the fall of 2017, DSO/DOA has started an
experiment on the detection of wind shears
on the airport of Clermont-Ferrand with a
UHF wind radar. The experiment will last
until spring 2018. The UHF profiler has been
modified in order to be able to make wind
measurements along the air strip at a low
elevation.
The challenge is to still be able to measure the
wind in spite of the string surface echoes.
For the validation of the solution, a scanning
Doppler lidar was deployed by CNRM/GMEI. It

will serve as a reference. The lidar explores
the wind with one azimuthal scan at low ele-
vation (2.5°) followed by 4 vertical scans in
four directions including the air strip axes. The
whole exploration cycle is repeated every 10
minutes. The maximum range of the lidar is 4
km to 5km depending on the atmospheric
conditions.
Several interesting wind shears have already
been documented (see figure). The winds
measured by the lidar and the radar in the
same directions will be systematically compa-

red in order to validate radar measurements
as well as its capacity to detect and characte-
rize wind shears. If proven, this capacity will
make the UHF radar an all-weather sensor for
wind shear detection on airports.

Wind shear detection on airports: an experiment
at Clermont-Ferrand Aulnat airport
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1
�
AeroMetSci-2017: WMO Aeronautical Meteorology Scientific conference, 6-10 November 2017, Météo-France, Toulouse (France).

�
Line-of-sight wind component measured
by the lidar in a direction perpendicular
to the runway of Clermont-Ferrand airport (azimuth 145°)
Warm colors indicate a wind blowing from the North,
cold colors are for winds blowing from the South.
A string wind shear is visible about 250m
above the surface with 10 m/s winds
from the South below and 3 m/s winds
from the North above.

�
a: ROC curves of EDR and operational Météo-France turbulence diagnoses over Europe based on NWP model ARPEGE with a grid resolution of 0.1° (solid line – vertical resolution ~ 1 km /
dotted line ~ vertical resolution ~ 2 km).
b: Situation 5th march 2017 at 06UTC. On board EDR between 04UTC and 08UTC is plotted (green dots = NULL/LIGHT, orange dots = MOD) above turbulence diagnoses calculated from
ARPEGE model – run 00UTC / lead time 06h. Left figure: Dutton turbulence diagnosis. Right figure: EDR from the model. Filled contours (orange = MOD, rouge = SEV).
Different turbulence areas are identified (ex : South of France with the Dutton diagnosis – jet diffluence, North Germany with the EDR from the model –
jet outlet in front of a thalweg).

3
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Today, the emergency beacon of aircraft is tur-
ned on either automatically by a crash or
manually. It often happens that the beacon
and its transmission system are damaged
during the crash and/or that environmental
conditions do not permit a correct transmis-
sion; when rescue units search for a missing
aircraft, the distress signal cannot be recei-
ved.
Automatically triggering the distress beacon
in flight and as soon as an anomaly has been
detected, could permit to record the succes-
sive positions of the aircraft in flight and then
help to localize the impact area with a greater
accuracy. This would enable quicker and more
efficient rescue operations and it would
increase the chances of recovering survivors.
This concept is named Autonomous Distress
Tracking (ADT) and is a part of the Aeronautical
Distress and Safety System (GADSS) of ICAO.
The GRICAS project is funded by the European
agency for GNSS (GSA) through the Horizon
2020 program. It consists of various firms and
public agencies among which Thales Alenia
Space (TAS), the project coordinator. GRICAS
aims to develop an end-to-end demonstrator
of a distress system that complies with ADT
requirements and based on the Medium-
Earth Orbit Search And Rescue (MEOSAR) sys-
tem of COPAS-SARSAT. Additionally, GRICAS
operational concept includes the possibility to
trigger the distress beacon remotely via the
Galileo satellite Return Link: a command of
activation is sent to the beacon of a non-
cooperative aircraft so it can be tracked in
flight (typically the MH-370). The leaders of
the project asked SAFIRE (Service des Avions
Français Instrumentés pour la Recherche en
Environnement), a joint service unit of Météo-
France/CNRS/CNES) to test this demonstrator
which incudes in particular a new emergency

beacon ELT(DT) (Emergency Locator Transmit-
ter for Distress Tracking) during in-flight field
trials onboard a twin-jet. The SAFIRE Falcon20
has been especially modified for science and
for research and development purposes; it is
an ideal platform for this kind of test flights as
well because of its flight performance as by its
versatility. It already has an antenna for the
satellite positioning system «Galileo » and
many available slots on its fuselage to inte-
grate a VHF SAR antenna. Various types of
equipment permit to record very accurately
parameters of its environment or its trajectory.
In 2017, Safire has embedded the prototype
in its jet in order to fly the third test of the pro-
ject.
By its involvement in the project and beyond
its mission of supporting scientific research in
environment, SAFIRE clearly shows its ability
to contribute, through aeronautical R&D, to
important issues of our society such as the
enhancement of air traffic safety.

Flight test of new equipment for air safety

5

The position and attitude of an aircraft use an
instrument called “inertial system” (INS). The
data from such instruments are provided in
relation to terrestrial reference systems. The
alignment phase of an INS is essential. This is
the moment during which it will create its refe-
rence axes (horizontal plane and vertical). An
inertial unit consists of 3 gyrometers and 3
accelerometers for measuring angular veloci-
ties and linear accelerations. The technolo-
gies used have changed in recent years. The
accuracy of the INS reaches 0.01 degree on
the heading, roll or pitch. The position of the
INS is computed by integrating the sensors
outputs that are affected by errors that induce
a drift of the inertial unit. To reduce these
errors, also due to the rotundity of the earth,
we can use GPS data (American positioning
system, or GLONASS and soon GALILEO), we
speak of hybridization. In space, the satellites
are positioned in their orbit (orientation along
the trajectory) using the position of the stars.
The purpose of the experiment conducted in
collaboration with the DGA is to use the direc-
tion of the stars to recalibrate the data of the
inertial units in broad daylight. Thus an INS,
already autonomous material, would be cor-
rected for the drift error by hybridizing it with a
stellar viewfinder. The challenge is to detect
and then track the stars in aeronautical flight
conditions day or night to readjust the inertial
system. During recent flights, a camera archi-
tecture developed by CNES (Daytime Visor
MIRA) has made it possible to demonstrate
that an innovative concept of a daytime view-
finder is capable of acquiring and tracking
stars during daytime - a first in France! The
tests, of a total duration of approximately fif-
teen hours, were carried out at various times
of the day in order to test several luminous
environments according to several flight sce-
narios. Further tests will be held end of 2017
to test other hybridization methods.

SAFIRE ATR 42,
a platform for navigation

system readjustment
assessments
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4

�
Functional block diagram of GRICAS project

�
SAFIRE ATR 42
Crédit : Jean-Christophe Canonici / Météo-France

5
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Icing by supercooled water is a serious hazard
for aeronautic which can induce loss of
control. The availability of new icing observa-
tions allowed to carry out two studies contri-
buting to the improvement of icing areas
forecasting.
Firstly, AROME operational model forecasts
were compared to observations of icing occur-
rences over mainland France, provided by an
airline company for 22 months. Multidimen-
sional icing probability histograms were com-
puted for several simulated variables. The
most relevant variables were selected by an
objective algorithm to establish a new icing
diagnostic (Fig. b). This new index improves
the scores (hit rate and false alarm rate) and is
now being evaluated by forecasters.
Secondly, a measurement campaign in icing
conditions performed during a winter by AIR-
BUS Hélicoptères has been used to directly
compare the observed microphysical proper-
ties (liquid water content and mean volume

diameter of droplets) to the ones simulated by
the Meso-NH research model. Several ver-
sions of the one-moment microphysical
scheme ICE3, operational in AROME, and the
two-moment scheme LIMA, intended for
AROME, were evaluated. The ability of the
model to forecast icing conditions is limited
by the microphysical schemes inclination to
transform too much supercooled water in iced
species.
The new index could allow to better forecast
icing conditions with the current model confi-
guration, while the study on microphysical
schemes will participate to the improvement
of the icing forecast abilities of future versions
of AROME.

Development of a new icing index based on AROME
for the aviation forecast

Dual-polarization radar observations can be
particularly helpful in diagnosing ongoing
microphysical processes in precipitation, as
they provide valuable information about parti-
cle sizes, shapes, composition, and orienta-
tions. The focus of this study was to examine
the potential of these observations for the
detection of supercooled liquid water (SLW) in
clouds, which is of great interest for aircraft
icing hazard monitoring.
Dual-polarization observations measured by
the Plabennec radar were examined together
with in-situ observations (temperature, liquid
water content) from an aircraft campaign
during winter 2015-2016. The temporal evolu-
tion of the mean vertical profiles of radar varia-
bles was explored, as illustrated in the Figure.
In particular, four cases with enhanced values
of specific differential phase shift Kdp (>0.5°
km-1) were observed at a temperature of
about -5°C, just above a layer with a minimum
of differential reflectivity (Zdr), where the air-
craft reported SLW. Such signatures were also
observed in recent studies, which attributed
the enhancement of Kdp to very oblate, small
and dense crystals (needles), while the weak
values of Zdr were explained by the presence
of larger and more spherical particles of grau-
pel. Given both types of hydrometeors form
when SLW is present, these signatures could
be used as indicators of the presence of SLW.
These first results suggest that the analysis of
the vertical distributions of Zdr and Kdp
reveals important insights into the cloud
microphysical processes that can be associa-
ted to the presence of SLW. The use of dual-
polarisation observations could thus help
improve the current Météo France icing algo-
rithm (SIGMA) in precipitating regions.

Potential
of dual-polarization
radar observations

for aircraft icing
detection
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�
Icing indexes based on AROME forecasts for November 7, 2017 at 9 UTC at 800hPa using (a) the old index and (b) the new index. Because indexes are not calibrated the
same way, values cannot be compared, only impacted areas can be compared.

�
Temporal evolution of the pseudo-vertical profiles of reflectivity (Zh), differential phase shift (Kdp), differential reflectivity (Zdr) and copolar correlation coefficient (ρhv), obtained by
averaging all azimuths from elevation 2.8° of Plabennec C-band radar. Case 1: 1435 to 1650 UTC. The black plain line indicates the altitude of the aircraft, corresponding to a
temperature of about -4°C. The aircraft encountered supercooled liquid water, with liquid water contents (LWC) from 0.1 to 0.6 g m-3 between 40 and 120 minutes of flight. The 0°C
isotherm is shown as a black dotted line.

a b
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UMR 7331 CNRS Université de Reims Champagne Ardennes
IFSTTAR Institut Français des Sciences et Technologies

des Transports, de l’Aménagement et des Réseaux
IGN Institut Géographique National

IPSL Institut Pierre Simon Laplace
LaMP Laboratoire de Météorologie Physique
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et Systèmes d’information
LISST Laboratoire Interdisciplinaire Solidarités, Sociétés,

Territoires
LMD Laboratoire de Météorologie Dynamique

LOCEAN Laboratoire d’Océanographie et du Climat :
Expérimentations et Approches Numériques

LPCEE Laboratoire de Physique et Chimie de l’Environnement
et de l’Espace

LPED Laboratoire Population Environnement Développement
LRA Laboratoire de Recherche en Architecture

LSCE Laboratoire des Sciences du Climat et de l’Environnement
RIU Rhenish Institute for environmental research

at the University of Cologne
SAFIRE French group of Aircraft Equipped for Environmental

Research - Unit of the CNRS, Meteo-France and the CNES
which operates the 3 French research aircraft

WUT Warsaw University of Technology (Politechnika Warszawska)

National or international programs or projects

BACCHUS Impact of Biogenic versus Anthropogenic emissions on
Clouds and Climate: towards a Holistic UnderStanding

BAMED BAlloons in the MEDiterranean
C3AF Changement Climatique et Conséquences

sur les Antilles Françaises



CHFP Climate Historical Forecasting Project
CHROME Coupling Hydro-meteorological Regional Multi-Ensemble

CIDEX Calibration and Icing Detection EXperiment
CMIP Coupled Model Intercomparaison Project

COPERNICUS European Earth observation system
http://www.copernicus.eu/pages-principales/services/
climate-change/

CYPRIM projet Cyclogénèse et précipitations intenses
dans la zone méditerranéenne

ERA-CLIM European Reanalysis of Global Climate Observations
ESURFMAR Eumetnet SURFace MARine programme

EUFAR2 2nd EUFAR project under FP7 and 4th since 2000
EUREQUA Evaluation mUltidisciplinaire et Requalification

Environnementale des QUArtiers, projet financé par
l’Agence Nationale pour la Recherche, ANR-2011-VILD-006.
Partenaires : GAME, IFSTTAR, CEREA, LISST, LAVUE, LPED.

EURO4M European reanalysis and observations for monitoring
http://www.euro4m.eu/

FP7 7th Framework Programme for Research
GeoMIP Geoengineering Model Intercomparison Project
GHRSST International Group for High Resolution SST

GLOSCAL GLobal Ocean Surface salinity CALibration and validation
H2020 Framework Programme for Research and Innovation

(2014-2020)
HOMONIM Historique Observation MOdélisation des Niveaux Marins

(History, Observation, Modelisation of Sea Level)
HyMeX Hydrological cYcle in the Mediterranean EXperiment

IMAGINES Implementing Multi-scale Agricultural Indicators
Exploiting Sentinels

IncREO Increasing Resilience through Earth Observation
LEFE programme national « Les Enveloppes Fluides

et l’Environnement »
MACC Monitoring Atmospheric Composition and Climate

METOP METeorological Operational Polar satellites
PLUVAR Variabilité sub-saisonnière des pluies sur les iles

du Pacifique Sud
PNRA Programma Nazionale di Recerche in Antartide

QUANTIFY Programme QUANTIFYing the climate impact of global
and European transport systems

RHYTMME Risques HYdro-météorologiques en Territoires
de Montagnes et MEditerranéens

SCAMPEI Scénarios Climatiques Adaptés aux Montagnes :
Phénomènes extrêmes, Enneigement et Incertitudes -
projet de l’ANR coordonné par le CNRM

SMOS Soil Moisture and Ocean Salinity
Suomi-NPP US program for meteorological polar orbiting satellites

THORPEX THe Observing system Research
and Predictability EXperiment

UERRA Uncertainties in Ensembles of Regional Re-Analyses
USAP United States Antarctic Program

VOLTIGE Vecteur d’Observation de La Troposphère
pour l’Investigation et la Gestion de l’Environnement

WCRP World Climate Research Programme

Campaigns

AMMA Analyses Multidisciplinaires de la Mousson Africaine
CAPITOUL Canopy and Aerosol Particles Interactions in Toulouse Urban

Layer
CORDEX COordinated Regional climate Downscaling EXperiment

EUREQUA Evaluation mUltidisciplinaire
et Requalification Environnemental des QUArtiers

HAIC High Altitude and Ice Crystals (www.haic.eu )
MEGAPOLI Megacities : Emissions, urban, regional and Global

Atmospheric POLlution and climate effects,
and Integrated tools for assessment and mitigation

SMOSREX Surface MOnitoring of the Soil Reservoir EXperiment

Other acronyms

AIRS Atmospheric Infrared Sounder
ALADIN Aire Limitée Adaptation Dynamique

et développement InterNational
ALIDS Airborne Laser Interferometric Drop Sizer
AMSR Advanced Microwave Scanning Radiometer
AMSU Advanced Microwave Sounding Unit

AMSU-A Advanced Microwave Sounding Unit-A
AMSU-B Advanced Microwave Sounding Unit-B
AMULSE Atmospheric Measurements by Ultra-Light SpEctrometer
ANASYG ANAlyse Synoptique Graphique

ANTILOPE ANalyse par spaTIaLisation hOraire des PrEcipitations
ARAMIS Application Radar A la Météorologie Infra-Synoptique

ARGO Array for Real time Geostrophic Oceanography
AROME Application of Research to Operations at Mesoscale

AROME-COMB AROME - COMBinaison
AROME-PERTOBS AROME (OBServations PERTurbées aléatoirement)

AROME-WMED AROME configuration over the Western Mediterranean region
ARPEGE Action de Recherche Petite Échelle Grande Échelle

AS Adaptations Statistiques
ASAR Advanced Synthetic Arperture Radar

ASCAT Advanced SCATterometer
ASTEX Atlantic Stratocumulus Transition EXperiment

ATM Air Traffic Management
ATMS Advanced Technology Microwave Sounder

AVHRR Advanced Very High Resolution Radiometer
BAS British Antarctic Survey

BLLAST Boundary Layer Late Afternoon and Sunset Turbulence
BLPB Boundary Layer Pressurized Balloon
BPCL Ballon Pressurisé de Couche Limite
BSS Probabilistic score « Brier Skill Score »

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder

Satellite Observations
CANARI Code d’Analyse Nécessaire à ARPEGE pour ses Rejets

et son Initialisation
CAPE Convective Available Potential Energy

CAPRICORNE CAractéristiques PRIncipales de la COuveRture NuageusE
CARIBOU Cartographie de l’Analyse du RIsque de Brume

et de brOUillard
CAROLS Combined Airborne Radio-instruments for Ocean

and Land Studies
Cb Cumulonimbus

CFMIP Cloud Feedback Intercomparison Project
CFOSAT Chinese-French SATellite

ChArMEx Chemistry-Aerosol Mediterranean Experiment
CISMF Centre Inter-armées de Soutien Météorologique aux Forces

CLAS Couches Limites Atmosphériques Stables
CMC Cellule Météorologique de Crise

CMIP6 6th phase of the Coupled Model Inter-comparison Project
CMIP5 5th phase of the Coupled Model Inter-comparison Project

CNRM-CM5 Version 5 du Modèle de Climat du CNRM
CNRM-RCSM Regional Climate System Model

COP Objectives and Performance Contract
COPAL COmmunity heavy-PAyload Long endurance instrumented

aircraft for tropospheric research in environmental
and geo-sciences

CPR Cloud Profiling Radar
CrIS Cross-track Infra-Red Sounder

CROCUS Modèle de simulation numérique du manteau neigeux
développé par Météo-France

CTRIP CNRM-Total Routing Integrated Pathway
DCSC Direction de la Climatologie et des Services Climatiques

DCT Diffraction Contrast Tomography
DEM Discrete Element Method
DMT Dropplet Measurement Technologies
DOA Upper Air Observation Department

DP Direction de la Production
DPR Dual frequency Precipitation Radar

DPrévi Direction de la Prévision
DSI Direction des Systèmes d’Information (Météo-France)

DSNA Direction des Services de la Navigation Aérienne
ECOCLIMAP Base de données de paramètres de surface

ECUME Exchange Coefficients from Unified Multi-campaings
Estimates

EGEE Etude du golfe de GuinEE
ENVISAT ENVIronmental SATellite

ERA European Re-Analysis
ESRF European Synchrotron Radiation Facility

EUCLIPSE European Union Cloud Intercomparison,
Process Study & Evaluation

FAB Fonctionnal Aerospace Block
FABEC Functional Airspace Block Europe Central

FAR Fausse AleRte
FSO Forecast Sensitivity to Observations

FSOi Forecast Sensitivity to Observations-based impact
GABLS4 Gewex Atmospheric Boundary Layer Study
GELATO Global Experimental Leads and ice for ATmosphere

and Ocean
GEV Generalized extreme value (GEV) distribution

GIEC Groupe Intergouvernemental d’experts sur l’Evolution
du Climat

GMAP Modelling and Assimilation for Forecasting Group
GMEI Experimental and Instrumental Meteorology Group

GMES Global Monitoring for Environment and Security
GMME Meso-Scale Modelling Group

GNSS-R Global Navigation by Satellite System - Reflectometry
GPM Global Precipitation Measurement
GPP Gross Primary Production
GPS Global Positionning System

High IWC High Ice Water Content
HIRLAM HIgh Resolution Limited Area Model

HISCRTM HIgh Spectral resolution Cloudy-sky Radiative Transfer Model
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HSS Measurement of improvement of the forecast
HYCOM HYbrid Coordinate Ocean Model
IAGOS In-service Aircraft for Global Observing System

IASI Infrared Atmospheric Sounding Interferometer
IAU Incremental analysis update
IFS Integrated Forecasting System
IIR Infrared Imaging Radiometer

INDARE Indian Ocean Data Rescue Initiative
IOP Intensive Observation Period
IPR Intellectual Property Rights
IPS Indice Piézométrique Standardisé

(Standardized Piezometric Level Index)
ISBA Interactions Soil Biosphere Atmosphere

ISBA-A-gs Interactions Soil-Biosphere-Atmosphere model,
including photosynthesis and vegetation growth

ISBA - ES Numerical model developped at CNRM to represent soil-
vegetation evolution, with a refined snow pack tretament

ISBA-TOP Coupling between the surface scheme ISBA
and a « mediterranean » version of the hydrological
TOPMODEL model

ISFC Indice de Segmentation de la Composante de Fourier
ISIS Algorithme de suivi automatique des systèmes identifiés

à partir de l’imagerie infra-rouge de Météosat
IWC Ice Water Content
LAI Leaf Area Index

Land-SAF LAND Satellite Application Facilities
LAURE Air and Rational Use of Energy Act

(Loi sur l'Air et l'Utilisation Rationnelle de l'Energie)
LCCS Land Cover Classification System

LES Large Eddy Simulation model
LISA LIdar SAtellite

4M Mobile Means for Meteorological Measurements
Med-CORDEX Mediterranean Coordinated Regional Climate Downscaling

Experiment
MEDUP MEDiterranean intense events : Uncertainties and

Propagation on environment
Megha-Tropiques Satellite fanco-indien dédié à l’étude du cycle de l’eau et

des échanges d’énergie dans la zone tropicale
MEPRA Modèle Expert de Prévision du Risque d’Avalanche

(modélisation)
MERSEA Marine EnviRonment and Security for the European Area
MESCAN Combinaison de MESAN (nom du système suédois)

et de CANARI
MESO-NH Modèle à MESO-échelle Non Hydrostatisque

MFWAM Météo-France WAve Model
MHS Microwave Humidity Sounder
MISR Multi-angle Imaging SpectroRadiometer

MNPCA Microphysique des Nuages et de Physico-Chimie
de l’Atmosphère

MOCAGE MOdélisation de la Chimie Atmosphérique
de Grande Echelle (modélisation)

MODCOU MODèle hydrologique COUplé surface-souterrain.
MODIS MODerate-resolution Imaging Spectro-radiometer

(instrument)
MoMa Méthodes Mathématiques pour le couplage modèles

et données dans les systèmes non-linéaires stochastiques
à grand nombre de degrés de liberté

MOTHY French Oil Spill drift Model
MRR Micro Rain Radars
MSG METEOSAT Second Generation
NAO North Atlantic Oscillation

NEMO Nucleus for European Modelling of Ocean
NEMO-WMED36 NEMO configuration of the Western Mediterranean Sea

NSF Norges StandardiseringsForbund
NWCSAF Satellite Application Facility for Nowcasting

NWP Numerical Weather Prediction
OASIS Ocean Atmosphere Sea Ice Soil

OPIC Objets pour la Prévision Immédiate de la Convection
ORACLE Opportunités et Risques pour les Agro-ecosystèmes

et les forêts en réponse aux changements CLimatiquE,
socio-économiques et politiques en France

ORCHIDEE ORganizing Carbon and Hydrology in Dynamic EcosystEms
OSCAT OCEANSAT-2 Scatterometer
OSTIA Operational Sea surface Temperature sea Ice Analysis
OTICE Organisation du Traité d’Interdiction Complète

des Essais nucléaires
PALM Projet d’Assimilation par Logiciel Multi-méthodes

PDO Pacific Decadal Oscillation
PEARO Prévision d’Ensemble AROME
PEARP Prévision d’Ensemble ARPège

PI Prévision Immédiate
PN Prévision Numérique

POD PrObabilité de Détection
POI Période d’Observation Intensive

PRESYG PREvision Synoptique Graphique
Prev’Air Plateforme nationale de la qualité de l’air

PREVIBOSS PREvisibilité à courte échéance de la variabilité
de la VIsibilité dans le cycle de vie du Brouillard,
à partir de données d’Observation Sol et Satellite

Prévi-Prob Projet sur les prévisions probabilistes
PSI Pollutant Standard Index

PSR Plan Submersions Rapides (Rapid Submersion Plan)
PVM Particulate Volume Monitor
PVs Moist-air Potential Vorticity

RADOME Réseau d’Acquisition de Données d’Observations
Météorologiques Etendu

RCP8.5 8.5 W/m² Representative Concentration Pathway
corresponding to a 8.5 W/m² radiative forcing at the end of
the 21st century compared to preindustrial climate

RDI Référent Départemental Inondation
(Flooding Departmental Reference)

RDT Rapidly Developing Thunderstorm
RHI Range Height Indicator (coupe verticale)

ROC Relative Operating Characteristic curve
RRTM Rapid Radiative Transfer Model

RTTOV Radiative Transfer for TOVS
SAFNWP Satellite Application Facility for Numerical Weather

Prediction
SAF OSI Satellite Application Facility for Ocean and Sea Ice
SAFRAN Système d’Analyse Fournissant des Renseignements

Atmosphériques pour la Neige - Set of reconstructed data
from observations over France for 1958 to present
at high horizontal, vertical and temporal resolution

SAPHIR Sondeur Atmosphérique du Profil d’Humidité Intertropicale
par Radiométrie

SARA Spectroscopy by Amplified Resonant Absorption
SATOB Satellite Observation

SCM Single-Column Model
SESAR Single European Sky ATM Research
SEVIRI Spinning Enhanced Visible and Infra-Red Imager

SFRI Système Français de Recherche et d’Innovation
S2M SAFRAN - SURFEX/ISBA-Crocus – MEPRA
SIM SAFRAN ISBA MODCOU

SIRTA Site Instrumental de Recherche par Télédétection
Atmosphérique

SMOSMANIA Soil Moisture Observing System – Meteorological Automatic
Network Integrated Application

SMT Système Mondial de Télécommunications
SOERE/GLACIOCLIM Système d’Observation et d’Expérimentation

sur le long terme pour la Recherche en Environnement :
"Les GLACIers, un Observatoire du CLIMat".

SOP Special Observing Period
SPC Service de Prévision des Crues

(Flooding Forecasting Service)
SPI Standardized Precipitation Index

SPIRIT SPectromètre Infra-Rouge In situ Toute altitude
SPPT Stochastically Perturbed Parametrization Tendencies

SSI Solar Surface Irradiance
SSMI/S Special Sounder Microwave Imager/Sounder
SURFEX code de SURFace Externalisé

(externalized land surface parameterization)
SVP Surface Velocity Program
SWI Soil Wetness Index

SWIM Surface Wave Investigation and Monitoring
SYMPOSIUM SYstème Météorologique de Prévision Orienté Services,

Intéressant des Usagers Multiples - split of French territory
into climate heterogeneous areas, the size of which is to 10
to 30 km

TACTIC Tropospheric Aerosols for ClimaTe In CNRM
TCU Towering Cumulus
TRL Technology Readiness Level
TEB Town Energy Budget

TRIP Total Runoff Integrating Pathways
TSM Températures de Surface de la Mer
UHF Ultra-Haute Fréquence

UNIBAS Modèle de précipitations
UTLS Upper Troposphere - Lower Stratosphere

VARPACK Current tool for diagnostic analysis in Meteo-France
VHF Very High Frequency
VOS Voluntary Observing Ships

WWLLN World Wide Lightning Location Network
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