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Research occupies a privileged place within 
Météo-France as it supports all of the 
Establishment's missions. It is the source of 
the progress that is implemented in terms of 
observation, numerical weather and climate 
forecasting. It enables the Establishment 
to constantly improve the quality of its 
operational products and to open new 
projects to meet the expectations of society 
and the public authorities.

It has been guided over the last few years by the 
document "Scientific Strategy Météo-France 
2013-2020". The year 2019 was therefore the 
year of reflection to build the major scientific 
orientations of the Establishment for the new 
decade 2020-2030. This Scientific Strategy 
2020-2030 was discussed within the COMSI 
(Scientific Committee) 2019 of Météo-France. 
The numerous debates help to enrich a new 
version that will be finalised during 2020. The 
year 2019 will also have been the year of the 
HCERES evaluation of the CNRM which is the 
major and essential research entity of Météo-
France. A great effort has been made by the 
members of the CNRM. The very positive 
evaluation of the HCERES Committee is an 
encouragement to continue in the proposed 
scientific directions and its valuable advice 
should be considered.

At the international level, Météo-France 
wishes to amplify its policy of privileged 
cooperation with the ECMWF around the global 
Arpège/IFS model and to consolidate the 
rapprochement with the Aladdin and Hirlam 
consortia within which the developments of 
high-resolution regional models are shared. 
In addition, Météo-France is pursuing its 
policy of active participation in Eumetsat and 
ESA programs and in enhancing the value of 
various space missions. In particular, ADM-

Aeolus (assimilation of wind profiles in the 
global model), CFOSAT (assimilation of wave 
observations in the sea surface state model) 
and the preparation of the future MTG and 
METOP-SG satellites, which will carry new 
high-potential instruments. Météo-France 
is also continuing its strong participation in 
European projects such as Copernicus. 

At the national level, Météo-France maintains 
its involvement in the scientific community, 
which manifests itself through various 
links with numerous actors including the 
CNRS, CNES, Universities and through 
its participation in AllEnvi. The MISTRALS 
program, in particular the HyMeX project, 
which Météo-France has particularly 
supported for its interest in forecasting 
Mediterranean events, is coming to an 
end. The success of this program is already 
guaranteed by the positive scientific 
feedback. The Etablissement is also a 
stakeholder in the Data Terra Research 
Infrastructure with its Data and Services Poles 
AERIS and THEIA, in Kalideos-Alpes under the 
aegis of the CNES, and participates in the 
construction of the ACTRIS-FR and CLIMERI-
France Research Infrastructures. In particular, 
AERIS is an opportunity and a vector to 
facilitate the access of the research world to 
the operational data of the Establishment. 
Météo-France will also support, alongside 
SAFIRE's supervisory bodies, the CNRS and 
the CNES, the steps taken to replace the 
Falcon 20 high-altitude research aircraft.

In terms of its internal priorities, Météo-
France will accentuate the long-term 
orientation of its various digital tools 
towards a single "seamless" system from the 
mesoscale to the global scale, integrating 
all the compartments of the Earth System: 
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atmosphere, waves, ocean, ice, continental 
surfaces including hydrology, chemical 
composition of the atmosphere, and the 
carbon cycle for the climate. The first priority 
is to set up a joint "atmosphere-continental 
surface" assimilation system in order to 
take full advantage of our knowledge of the 
surface for the benefit of numerical weather 
prediction.  All the main work carried out 
in the two laboratories CNRM and LACy, 
as well as in the thematic directions of the 
Establishment is detailed in this document. 
Nevertheless, we can mention the major 
axes that are the forecasting of highly 
precipitating events, phenomena with a 
strong impact on our Mediterranean regions, 
the forecasting of cyclones, the forecasting 
of fog, a phenomenon with high stakes for 
civil aviation and which was the subject of a 
dedicated campaign during the winter 2019-
2020. At the other end of the spectrum, under 
the leadership of the IPCC, the CNRM carries 
out the simulations of the CMIP-6 exercise 
with a new version of the CNRM-CM6 climate 
model and an Earth System model including 
the CNRM-ES carbon cycle. The aim is also 
to take into account the prospects offered 
by artificial intelligence, in order to make 
better use of overall forecasts, and to make 
the most of the numerous observations of 
connected objects, so that today we can 
better observe and understand hectometric 
scale phenomena and tomorrow we can 
better predict them.   

 In the perspective of the exascale, Météo-
France will participate in the European 
dynamics for the development of a modeling 
framework adapted to future supercomputer 
architectures. For the time being, Météo-
France, which has seen an increase in the 
power of its computers in 2016 (2 x 2.5 

Pflops), notes, both with satisfaction and 
concern, that the implementation of all the 
scientific advances is leading to saturation 
of both machines. The project to renew 
our computing resources in 2020, but also 
our storage resources in 2021, are major 
challenges, in order to continue to convert 
our research work into progress in our digital 
systems, and in fine, to predict and prevent 
ever better.

Before concluding, it should also be 
mentioned that Météo-France, after setting 
up a Research Department in 2018, also 
wanted to associate its National School of 
Meteorology in a single Higher Education and 
Research Department (DESR) to strengthen 
synergies between teachers and researchers. 

This editorial can neither cover nor summarise 
all of the subjects dealt with in this 2019 
Research Report. The detailed articles that 
follow are fascinating and perfectly illustrate 
the broad spectrum of our research activities, 
all of which are essential to the Institution 
and its future.

Enjoy reading them.

Marc Pontaud, 
director of Research



6 • Research Report 2019

Numerical  
weather prediction  

and data assimilations

The objective of this research project is to 
drastically improve the spatial density of 
the observations exploited in the numerical 
prediction systems ARPEGE and AROME. 
This requires accurately representing the 
observation error correlations. To this end, 
we use a technique coming from the field 
of oceanography, based on the solution of a 
diffusion equation, which we decide to apply 
on unstructured meshes.
A first study dealing with scalar data 
makes use of the finite element method. 
It provides a way to represent horizontal 
error correlations for scalar data, such as 
brightness temperature from satellite data. 

Representation of observation error spatial correlations 

Experimental validation was achieved using 
measurements from the infrared imager 
MSG/SEVIRI, which are assimilated both in 
ARPEGE and AROME.
We propose to extend this method to the 
representation of wind error correlations. 
These are vectorial data, meaning that every 
observation location is associated with two 
values, zonal and meridional. We focus 
specifically on scatterometer measurements, 
that are available every 25km but only 
assimilated every 100km.
First, the wind field is decomposed into one 
divergent component and and rotational 
component. Then, the scalar correlation 

operator is applied to each component. 
Then, the wind field is reconstructed while 
maintaining the symmetry and the positivity 
of the correlation operator. Experiments 
show agreement with the analytical results.
In the future, all types of observations will 
be considered, whether or not they are 
conventional, and we will extend the method 
to the three dimensional case to address the 
specific case of radars for instance.

�1

Presently, data from twenty microwave 
sounders and imagers on-board low Earth 
orbiting satellites are assimilated within the 
operational weather forecasting systems 
of Météo-France. These observations 
(radiances), are characterized by a very useful 
information content on vertical profiles of 
temperature and humidity for constraining 
the initial conditions of atmospheric 
models. They remain under-used within 
the current version of our systems because 
all the observations affected by clouds 
and precipitation are discarded from the 
assimilation process, which leaves only the 
clear sky observations.

Assimilation of microwave radiances affected by clouds 
and precipitation within ARPEGE

After several years of investigations, a 
methodology was defined, which permit  
the use of microwave observations within 
clouds and precipitation in our system. 
This work leads to significant improvements 
of large-scale scores of the global model 
ARPEGE, as well as on its forecast skills of 
extreme events like tropical cyclones. The 
figure shows an example of forecast for the 
Typhoon Shanshan which occurred with 
the Western Pacific Ocean. Its forecast is 
improved by roughly 100km at +72h range  
by assimilating the cloudy and rainy 
radiances of the Indo-French satellite Megha-
Tropiques.

For the moment, this method was adapted 
to five instruments of the constellation. After 
transfer to operations of this first group of 
instruments, the rest of the constellation will 
be progressively included toward the use of 
the full fleet of twenty sounders and imagers.

�2
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�

Typical impulse response of the wind correlation model to a zonal forcing 
in the non divergent case.

�1

Observed trajectory of Typhoon Shanshan 
(black line). Trajectory forecasted by the ARPEGE 
global model on August 5th, 2018 at 12h UTC, 
up to a +72h forecast range, for a version or ARPEGE 
with clear sky observations only (blue trajectory) 
and with cloudy observations added (green trajectory). 
In the Southern part of the map, a fraction 
of the swath of the SAPHIR instrument onboard
the Megha-Tropiques satellite is visible; 
the colors represent the measured brightness 
temperatures, with the coldest values corresponding to 
geographical areas which are characterized 
by high solid hydrometeors content (snow and ice).

�

�2
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So far, sea-ice has not been modeled in 
operational weather forecasts at Météo 
France. The sea ice temperatures needed 
to calculate the fluxes of moisture and heat 
into the atmosphere have been based on 
historical climatologies. This has not allowed 
for a realistic representation throughout 
the forecast because they can be strongly 
biased and also because it implies that 
the temperature is constant throughout the 
forecast. 
Recent developments aim to activate the 1d 
sea-ice model GELATO developed by CNRM, 
only used for now in climatological forecasts. 
Results show a strong impact on surface 
temperatures (specificaly, the two meter 
temperature field) since physical processes 
are now represented (Fig. 1). Note that the 
inclusion of GELATO on average leads to an 
increase of the surface temperature. 
Comparisons to ERA5 were done and show 
a clear improvement of simulated two meter 
temperatures above sea-ice in terms of bias 
and variability.

�3

Impact of a sea-ice model for global weather forecast

�

(a) Two meters temperature difference between Arpege-Gelato and Arpege-Oper (average over march 2018).

�a �3

The new version of the ARPEGE forecast 
model implemented in 2019 has seen its 
horizontal resolution increased by 50%, 
with an increased risk of Grid Point Storms 
(GPS), which are specific to any numerical 
weather forecast system, due to the lack of 
vertical mixing in the convection scheme. 
Urgent and mandatory action was needed to 
address this risk, which is very embarrassing 
for forecasters on a daily basis.
The current convection scheme includes an 
action since 2012 to limit the number of 
GPSs. After numerous unsuccessful tests 
and attempts, the developments finally 
concerned an increase in the activity of 
this "anti-GPS" action, continuing an action 
abandoned in 2013 which consisted in 

Changes in the convection scheme for the new resolution of ARPEGE

temporarily adding, at the beginning of the 
convection scheme, the impact of humidity 
convergence on the energy equation (this 
action currently concerns the equation 
for humidity). Most of the work consisted 
of correcting parasitic oscillations that 
appeared in the tropics when the energy 
equation was modified.
Figure “a” shows a GPS in the central North 
Atlantic that results in a marked tightening 
of isobars and average winds above 100 
km/h, expected to induce higher gusts and 
possibly reaching the vigilance threshold. 
Figure “b” shows that the new version of 
the anti-GPS eliminates the unrealistic 
area of strong winds and tightening of the  
isobars.

The next step will not be to continue to 
improve the "anti-GPS" action for the current 
convection scheme, but rather to move 
towards the use of a new convection scheme 
that can be of better quality and induce less 
risk for GPS.

�4
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�

(b) Two meters temperature from 
december 2019 to may 2020 
of the buoy 2501544 (6h time step). 
Operationnal configuration (green), GELATO (blue) and 
measurement (orange).

�b

� 

(a) A map plotted with the ARPEGE model 
for the high-resolution version 
of the March 8, 2017 forecast at 72h. 
The isolines of mean sea level pressure 
(in bistre, every 5hPa) are superimposed 
on the 10m wind module (in coloured ranges, in km/h).
(b) The same forecast as in figure "a", 
but with the new version of the anti GPS.

�a 

�b

�4
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Despite its proven robustness and accuracy 
for NWP purposes at kilometric scales, the 
currently used “constant-coefficient” linear 
approach for solving the system of Euler 
equations with a semi-implicit scheme may 
suffer from serious weaknesses when severe 
high-resolution flows and steep orography are 
at stake. Actually, the possible inconsistency 
in the lower boundary treatment between 
the horizontally homogeneous implicit 
linear part and the non-linear explicit part 
of the model, and the absence of implicitly 
treated orographic metrics terms arising 
from the use of terrain-following coordinate, 
may jeopardise the stability of the system 
at very high-resolution. A bespoke solution 
alleviating these two issues without relaxing 
the constant-coefficient assumption is 
proposed. This solution consists of the use of 
a new prognostic variable that automatically 
guarantee a consistent space-and-time 
vertical lower boundary treatment, and the 
design of a specific linear semi-implicit 
operator that somehow takes into account 
a relevant piece of information about the 
terrain’s slope. The resulting formulation 
leads to a substantial gain in term of stability 
for the constant-coefficient semi-implicit 
dynamical core of AROME model.

�5

A more 
stable formulation 

for the Non-hydrostatic 
”constant-coefficient 

semi-implicit” 
dynamical core 

of AROME system

The final goal of this work is to assess the 
ability of the French cloud resolving model 
AROME-OM West Indies to represent the 
various cloud regimes (deep, shallow, 
precipitating or not), the different types of 
weather (dry / wet season, intensity of the 
trade winds) as well as the mesoscale cloud 
organization.
Since February 2016, the AROME-OM model 
has been available in overseas territories 
with a resolution of 2.5km against 1.3km 
in France. The scientific questions that arise 
in the Tropics are different: i) to what extent 
this new generation of models significantly 
improves the forecast in the Overseas ii) 
these simulations represent a huge reservoir 
of data and therefore an opportunity to study 
the major processes that govern the shallow 
convection, in terms of organization or 
regime (precipitating or not).
To analyse the performance of the model, we 
use different types of observations, namely 
i) 5 radiosoundings spawned on the West 
Indies arc; ii) the Barbados Cloud Observatory 
equipped with instruments documenting 
the cloud stratification (https://barbados.
mpimet.mpg.de/); iii) observations of the 
GOES East geostationary satellite.
In this work, we focus on the process-
oriented evaluation of AROME-OM over the 
Antilles through the study of links between 
large scale dynamics, surface forcing and 
the macro and microphysical properties of 

Process-oriented evaluation of AROME-OM

boundary layer clouds. The Antilles area has 
been chosen as in January-February 2020 
the EUREC4a international measurement 
campaign (http://eurec4a.eu/) will take 
place off the island of Barbados (13N, 57W).
To ease the follow-up of the AROME-OM 
Antilles model, we developed a website 
(http://intra.cnrm.meteo.fr/moana/AROME_
OM/). A study conducted in January-February 
2018 at the Barbados site shows the good 
skill of the AROME-Antilles model to represent 
the double peak of cloud fraction with one 
peak located at the base of the cumulus 
and the other at the trade-wind inversion 
(Figure); those two peaks are associated 
with the presence of very shallow cumulus 
and much thicker cumulus that reach 3km 
with a frequent occurrence of an anvil at this 
altitude. This is a good skill for the model 
since with a resolution of 2.5km, it should 
be noted that the processes associated with 
trade wind cumulus remain parameterized. 
However, the cloud base is higher in the 
model (900hPa) than that estimated by the 
cloud radar (920hPa), which can partly be 
associated with a boundary layer that is too 
cold and too dry.

�6

SAR active sensors, embedded in Sentinel-
1A/B satellites, are able to estimate, from 
the roughness of the ocean surface, the 
intensity of surface winds with high spatial 
resolution (1-3 km) without any threshold 
effect, which represents considerable 
progress in comparison with data from ASCAT 
scatterometers. During the 2018-2019 
cyclone season, as part of the ReNov'Risk 
campaign, a few dozen images of tropical 
cyclones were acquired in the South West 
Indian Ocean Basin (SWIO), several of which 
captured the eyewall and the strong winds 
associated.
In a basin where the network of in situ 
observations is very sparse, the assimilation of 
these data in AROME 3D-Var Indian (research 
version) should have a significant impact on 
tropical cyclone analysis and forecast in term 
position, intensity and structure.

SAR (Synthetic Aperture Radar) 
 Surface Wind Data Assimilation in AROME  

for Tropical Cyclone Forecasting in the Indian Ocean

On the tests carried out for Tropical Cyclone 
IDAI, SAR data assimilation produces analysis 
increments in wind, temperature and humidity 
on the surface but also in low and middle 
troposphere, notably in the area close to the 
eye of the cyclone. The figure shows that the 
position and structure of the tropical cyclone 
in the background are corrected by SAR data 
assimilation.
We are now exploring new ways to make the 
most of the information provided by SAR 
images, especially those for the strongest 
winds. A simulation covering a large part of the 
2018-2019 cyclone season in the SWIO will 
be used to assess whether the assimilation of 
these data has statistically a positive impact 
on tropical cyclone analysis and forecasts.

�7
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�5

�

Stability diagramm comparing the current formulation 
"d4" to the new formulation termed as "d5" 
under similar numerical settings.  
This outcome results from a series of AROME experiments 
at 375 m of horizontal resolution over a domain including 
the Alps mountains with a observed maximum slope 
of 57°. The chosen meteorological pattern corresponds to 
strong winds travelling across the Alps on the date 
of 3.10.2015. The calculations are deemed to be stable 
if the run terminates after 24 hours of forecast.

� 

Vertical profile of cloud fraction from AROME-OM (red) 
and radar observations (purple).

IDAI – Background 14/03/19 16 UTC IDAI – Analysis 14/03/19 16 UTCIDAI – Background 14/03/19 16 UTC

Obs SAR 14/03/19 16h06 UTC

Surface winds (in m/s) modelled by AROME 3D-VAR 
Indian on March 14, 2019 at 16 UTC in background (left) 
and in analysis (right) for tropical cyclone IDAI. 
In the middle, surface winds from a SAR image acquired 
on March 14, 2019 at 16:06 UTC. 
The position of the centre of the cyclone estimated 
by the RSMC La Réunion is marked by the red cross.

�

�7

�6
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The fast radiative transfer model RTTOV used 
primarily for the assimilation of satellite 
observations in the infrared (3 - 20 µm) and 
in the microwave (20 - 200 GHz) spectral 
ranges has recently been extended to the far-
infrared wavelengths up to 100 µm, bringing 
the gap between the two spectral ranges. 
This work has been developed as part of 
the preparatory studies for the future space 
mission FORUM (Far-infrared Outgoing 
Radiation Understanding and Monitoring) 
which has recently been selected to be the 
Earth Explorer 9 observation mission of ESA, 
scheduled for launch in 2026, and which will 
fly jointly with Metop-SG.
The FORUM hyperspectral instrument 
will measure radiances at the top of the 
atmosphere between 100 and 1600 cm-1 
(equivalent to 6.7 and 100 µm) with a spectral 
sampling of 0.5 cm-1 (see figure in brightness 
temperature for clear and cloudy sky cases at 
three incidences with a surface temperature 
of 292 K and an optical thickness of the ice 
cloud of 2 at 10 µm).
To simulate these observations, RTTOV has 
been adapted in all components of radiative 
transfer: gas absorption using the LBLRTM 
line-by-line model, optical properties of 
clouds and aerosols from existing models, 
and surface emissivity. It is interesting to note 
that these future observations will validate 
several unknowns of far-infrared radiative 
transfer modelling such as water vapour 
spectroscopy, temperature dependence of 
ice crystal scattering properties and surface 
emissivities in polar regions.

�9

Extension of the RTTOV 
radiative transfer model 

to the far infrared 
for the FORUM mission

The automatic identification of tropical 
cyclones in the outputs of numerical weather 
prediction models has existed since the late 
1980s; it is useful to provide information both 
in real time, such as the predicted trajectory 
or the extension of the strongest winds, and 
also after the event for the evaluation of 
these models. These algorithms are based 
on the identification of a center, from which 
other characteristics are deduced, such as 
the maximum wind radius, which translates 
the size of the eye of the cyclone.
A new approach, based on a convolutional 
neural network, is under development at the 
CNRM. It consists in directly identifying the 
structure of the predicted cyclones, without 
prior knowledge of the center. Currently, the 
maximum wind zone and the zone of winds 
exceeding 120 km/h (force 12) are treated.
A learning base of 150 cases of cyclones with 
various characteristics has been manually 
created from the Arome-Antilles model 
forecasts. These data allowed to obtain a first 
version of a network capable of identifying 
a cyclone from two fields forecasted by 

Identification of tropical cyclones by deep learning

AROME: the wind strength at 10m and the 
geopotential at 850 hPa. The structures 
obtained are close to those labelled by 
hand, even when two cyclones are present 
simultaneously (see figure, cyclones Irma 
and Jose). The direct application of this 
network on the AROME-Indian outputs also 
provided satisfactory identifications.
These promising results will be further 
developed in 2020. This will include 
consolidating the learning base, training 
the network to handle forecasts from other 
models, and developing a time tracking 
module. Ultimately, this approach to 
identifying and tracking cyclones will be 
operational, with reduced computing time 
and the possibility of creating innovative 
products for probabilistic cyclone forecasting.

�8

Deep convection is a major risk for air 
transport. A new diagnosis of deep 
convection has been developed as a result 
of the Arpege ensemble forecast (PEARP). 
This product is a synthesis of several recent 
research studies. First it is based on the 
diagnosis of top convective cloud pressure 
which is produced by the different versions of 
Arpege. This diagnosis has been operational 
since July 2, 2019.
The information provided by the 35 
pressure fields at each PEARP lead time 
is then synthesized using the similarity-
based method developed at the CNRM. 
This method detects physically coherent 
structures or "objects". The method makes 
works independently of the underlying grid. 
It has also been constructed to take into 
account uncertainties. To reflect location 

Convective area forecast with PEARP

uncertainties, the boundary between 
"inside" and "outside" an object is of 
variable thickness (or fuzzy). Results of the 
method are probability maps of belonging 
to a convective object of different levels of 
severity. The 35 series of grid point values 
are replaced by collections of structures 
hierarchized by both intensity and probability 
of presence.  The method has a high potential 
for automatic zoning. An application of this 
method could be the drawing of TEMSI maps.
This work is being carried out within the 
framework of the European SESAR initiative.

�10

Forecast of a set of rain scenarios to anticipate rapid floods (PICS project)

Flash-flood prediction is usually based on 
observations of precipitation and water 
levels. For more timely warnings, high 
resolution rain forecast scenarios are 
needed in a form suitable for hydrological 
models. Until now these forecasts have 
been available as extrapolated radar images 
or as numerical model output that may not 
cover all required forecast ranges. To better 

integrate these diverse data sources, we 
have developed temporally consistent 
rain forecast scenarios, as consistency is 
essential for depicting peak precipitation 
events. The scenarios are presented as 
an ensemble forecast that is suitable for 
modelling uncertainty propagation in 
hydrometeorological prediction systems. 
Forecasts can be quickly refreshed using 

the latest observations. The potential of 
this approach is under evaluation with flood 
forecasting institutes as part of an ANR-
funded project, with the intent of making it 
operational.

�11
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� 

Forecast wind strength at 10m 
from Arome Antilles during 
the 2017 hurricane season, 
with the presence of the two 
hurricanes Irma and Jose. 
On the left are represented 
the cyclonic structures labeled 
by hand, and on the right those 
identified by the UNET network.

�8

�

Brightness temperatures 
simulated with the RTTOV model 
for the FORUM instrument 
for three cases of clear sky with 
different satellite zenith angles 
and three cases of cloudy sky 
containing ice crystal with 
an optical thickness 
at 10 µm of 2. 
The surface temperature 
is 292 K on an ocean surface 
whose spectral emissivity 
is shown below.

�9

� 

Left: probabilities of belonging to a convective object with cloud top pressure 
(used as an intensity indicator) exceeding 
(a) 300hPa and (b) 200hPa. These probabilities are deducted 
from the realization of the Arpege PEARP ensemble forecast of 04/06/2019 
18TU, with a time horizon of +30h. 
The stakes of the forecast may be different depending on the point of view, 
airspace or pilot. By choosing an appropriate probability threshold, we obtain 
an outline of the objects. Thus the information is summarized in a compact way. 
(c) Observation of cloud top pressure estimated from satellite and lightning 
data, on 06/06/2019 00TU.

�11

�

Rainfall ensemble prediction available a few hours before a catastrophic flash-flood event: in red, observed hourly rain totals in the affected area; in blue, range of ensemble 
forecasts from a high-resolution numerical weather prediction system (AROME-EPS); 

in yellow, some of the predicted rain scenarios, suitable for driving hydrological models.  

�10
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Process studies  
and modelling

Researches on process knowledge aim at a better understanding and modelling of meteorological phenomena in numerical weather 
prediction (NWP) and climate models. The overarching goal is to develop e�cient  weather and climate services, and new applications. 
The methodologies implemented to advance our understanding of processes are generally based on the combine use of observations, 
from satellite and �eld campaigns, and numerical experiments, especially at very high resolution, as illustrated below.
The LDAS-Monde data assimilation system integrating satellite-derived observations of vegetation and soil moisture allows to represent 
the phenology and to evaluate the impact on vegetation of the heat waves. In the same �eld of continental surfaces, progress in the 
understanding and modelling of processes requires consideration of anthropogenic factors a�ecting the water cycle. The CTRIP routing 
model, which has been re�ned in resolution over France, o�ers to take into account impacts of lakes and dams on the continental water 
cycle. 
At more extreme latitudes such as in Antarctica, measurements over Dome C made it possible to quantify the radiative impact of supercooled 
liquid water clouds, thus highlighting the underestimation of downward radiative fluxes by NWP models, for which the representation of 
supercooled cloud water is always di�cult.
Icing by supercooled water is also crucial for aviation forecasting, just like fog. Fog modelling at much �ner scales such as metric resolution, 
validated from the LANFEX measurement campaign over the United Kingdom, allows to better understand the important processes driving 
its life cycle and to improve the representation of the process activation of aerosols into droplets in the models.
This same high-resolution Meso-NH research model was also coupled with a wind turbine model, paving the way for innovative studies of 
dynamical interactions induced by the wake e�ect of wind farms, such as in o�shore areas.

Researches on process knowledge aim at 
a better understanding and modelling of 
meteorological phenomena in numerical 
weather prediction (NWP) and climate 
models. The overarching goal is to develop 
efficient  weather and climate services, and 
new applications. 
The methodologies implemented to advance 
our understanding of processes are generally 
based on the combine use of observations, 
from satellite and field campaigns, and 
numerical experiments, especially at very 
high resolution, as illustrated below.
The LDAS-Monde data assimilation system 
integrating satellite-derived observations 
of vegetation and soil moisture allows to 
represent the phenology and to evaluate 
the impact on vegetation of the heat waves. 
In the same field of continental surfaces, 
progress in the understanding and modelling 
of processes requires consideration of 
anthropogenic factors affecting the water 

cycle. The CTRIP routing model, which has 
been refined in resolution over France, offers 
to take into account impacts of lakes and 
dams on the continental water cycle. 
At more extreme latitudes such as in 
Antarctica, measurements over Dome C 
made it possible to quantify the radiative 
impact of supercooled liquid water clouds, 
thus highlighting the underestimation of 
downward radiative fluxes by NWP models, 
for which the representation of supercooled 
cloud water is always difficult.
Icing by supercooled water is also crucial 
for aviation forecasting, just like fog. Fog 
modelling at much finer scales such as 
metric resolution, validated from the LANFEX 
measurement campaign over the United 
Kingdom, allows to better understand the 
important processes driving its life cycle and 
to improve the representation of the process 
activation of aerosols into droplets in the 
models.

This same high-resolution Meso-NH research 
model was also coupled with a wind turbine 
model, paving the way for innovative studies 
of dynamical interactions induced by the wake 
effect of wind farms, such as in offshore areas.

�1

Impact of heat waves over land surface conditions
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Effect of the 2018 and 2019 heatwaves on vegetation. The leaf area index for vegetation for the month of July is displayed for 2018 and 2019. 
This is a value that was simulated by Météo-France’s ISBA model using satellite data from the Copernicus Global Land service. 
The difference between these two maps illustrates the very marked droughts that affected southern England, Belgium, the Netherlands and Lower Saxony in 2018 (green), 
and almost all of France, northern Spain and Sardinia in 2019 (purple).

�1

CNRM has developed a data assimilation 
system able to work at a global scale for any 
vegetation type (grasslands, crops, forests, 
savannas). This tool is called LDAS-Monde 
(www.umr-cnrm.fr/spip.php?article1022). It 
is based on the SURFEX modelling platform 
(www.umr-cnrm.fr/surfex/). It can integrate 
satellite-derived observations of vegetation 
and soil moisture into a model of the soil-
plant system called ISBA. As opposed to 
satellite data, ISBA is able to continuously 
provide time series of various land surface 
variables (vegetation biomass, water deficit 

Impact of microphysics on the simulation of a radiative fog

�

Liquid water path (in g.m-2) from observation (in black) 
and simulations with the standard version of LIMA
(in pink), with the prognostic supersaturation 
(in green) and with an improvement of the activation 
parametrization (in blue). Grey area corresponds
to the uncertainty of measurements, and colour area 
to the variability over the simulated domain.

or excess, evapotranspiration, carbon fluxes, 
surface temperature) in a consistent way. 
Satellite observations are used to improve the 
quality of the simulated variables. The model 
is forced by meteorological data available at 
low spatial resolution at a global scale (10 to 
25 km). LDAS-Monde uses data produced by 
the Copernicus Global Land service: leaf area 
index and a soil moisture index. Since these 
products have been available for several 
years, soil moisture and vegetation growth 
anomalies can be derived. When LDAS-Monde 
is used at a global scale, it can detect drought 

events. At a regional scale, atmospheric 
variables are available at a better spatial 
resolution. For example, the AROME-France 
numerical weather forecast system produces 
such data at a spatial resolution of 1.3 km 
over a large part of western Europe. This set 
of tools was used to analyse the impact on 
vegetation of the heat waves of 2018 and 
2019.

�2
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A collaboration engaged 4 years ago between 
Météo-France and IFPEN with the objective 
to improve the knowledge on interactions 
between wind farms and local meteorology. 
For example, to improve the setting of wind 
turbines, it is necessary to finely simulate 
the air flow within the wind farm, taking into 
account the real meteorological conditions.
During the first PhD thesis on the subject, a 
wind turbine model of IFPEN has been coupled 
into the high-resolution atmospheric model 
MesoNH, jointly developed by Météo-France 
and Laboratoire d’Aérologie, Toulouse. The 
coupled model determines the wind turbine 
plume induced by the interactions of the 
aerodynamical efforts they produce and 
the wind, the latter being of course also 
influenced by meteorological processes.
This study allowed to better understand 
the phenomenon of condensation, that 
can lead to fog, observed in the Horns Rev 
off shore Danish wind farm (picture 1). 
Because of their rotation, the wind turbines 
mix the atmospheric boundary layer. The 
meteorological conditions can therefore 

Simulations of the meteorological impacts 
of off-shore wind farms at ultra-high resolution

be modified downwind of the turbines, 
and in specific conditions, lead to such 
phenomenon. This research will continue by 
studying the impact of giant wind turbines 
that can reach the inversion layer of the 
marine atmospheric boundary layer and 
impact the free atmosphere above, through 
gravity waves.
Thanks to their respective expertise’s, IFPEN 
and Météo-France propose here the first 
open-source simulation code able to explain 
the interactions of a wind farm with the local 
meteorology, at a resolution as high as 5m.

�3

The CTRIP routing model 
has a global 1/12° 

hydrographic network

The Earth system model developed at 
the CNRM incorporates a hydrological 
component to represent the transfer of water 
from rivers to the oceans, and thus close 
the water balance at the global scale. The 
CTRIP routing model coupled to the SURFEX 
platform mainly represents the propagation 
of flows within the hydrographic network. It 
has been used for several years at the CNRM 
at the global scale at a resolution of 0.5°, with 
very satisfactory performances in terms of its 
ability to simulate discharge at the outlet of 
large basins. However, at this resolution, 
only large rivers can be represented. With 
the increase in resolution of atmospheric and 
surface models, the low resolution of CTRIP 
can become penalizing for the representation 
of mesoscale processes.
The CTRIP-12D version of the model has 
recently been implemented at a resolution 
of 1/12° (about 6-8km in France). This work 
is based on the development of a global 
hydrographic network, derived from the 
hydrology-corrected high resolution (90m) 
MERIT-DEM Digital Terrain Model, which 
describes the flow direction of each pixel 
of continental surfaces (Figure a). After a 
detailed validation of the quality of the 
network, including the shape and structure 
of the major basins of the globe, CTRIP-12D 
parameters such as length of river stretch, 
slope, width, roughness, etc., have been 
calculated. The first global scale simulations 
showed a very good capacity of the model 
to reproduce the flows on all the continents, 
with performances better than with the low 
resolution version (Figure b). In addition 
CTRIP-12D should make it possible to take 
into account new processes such as the 
impact of lakes and dams on the continental 
water cycle.

�4
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�

(a) Offshore wind farm of Horns Rev 1 (12/02/2008) 
©Vattenfall.
(b) Numerical Simulation on supercomputer 
with the ultra-high-resolution atmospheric model 
MesoNH.

�4

�

(a) Comparison of hydrographic networks at 0.5° (left) and 1/12° (right) in metropolitan France.
(b) Comparison of performances (simulated discharge vs observed discharge) between CTRIP simulations at 0.5° and 1/12°.

�b
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Antarctic clouds play an important role 
in the climate system by influencing the 
Earth's radiation balance, both directly at 
high southern latitudes and, indirectly, 
at the global level through complex 
teleconnections. 
A comprehensive analysis of the water 
budget over the Dome C station (Concordia, 
Antarctica) has been performed during  
the austral summer 2018-2019 as part of  
the YOPP international campaign. Thin  
(~100-m deep) supercooled liquid water 
(liquid water present at temperatures  
below 0°C) clouds have been detected  
and analysed using remotely sensed 
observations at the station (LIDAR, micro-
wave radiometer HAMSTRAD, net surface 
radiation from BSRN), radiosondes and 

Analysis of supercooled liquid water clouds over Dome C, Antarctica

using satellite observations (CALIOP/
CALIPSO) combined with the Nume-
rical Weather Prediction model ARPEGE  
(Figure 1).
On 24 December 2018, our study showed 
that supercooled liquid water clouds were 
observed at Dome C in the entrainment 
zones at the top of the planetary boundary 
layer. ARPEGE was not able to correctly 
estimate the ratio of liquid to solid water 
inside the clouds. The lack of simulated 
supercooled liquid water in the model 
impacted the net surface radiation that was 
20-30 W m-2 higher in the BSRN observations 
than in the ARPEGE calculations. This is 
mainly attributable to longwave downward 
surface radiation from BSRN being 50 W m-2 
greater than that of ARPEGE (Figure 2).

�

Diurnal variation on 24 December 2018 (UTC Time) of: (a) 
the Total Column of Ice (TCI) (g m-2) calculated by ARPEGE 
(red crossed line), 
(b) the Liquid Water Path (LWP) 
measured by HAMSTRAD (g m-2, black solid line) and 
calculated by ARPEGE (x1000 g m-2, red crossed line) and 
(c) the Integrated Water Vapour (IWV, kg m-2) 
measured by HAMSTRAD (black solid line) 
and calculated by ARPEGE (red crossed line). 
Superimposed to panel b) is the supercooled liquid water 
cloud thickness (blue area) deduced from the LIDAR 
observations (blue y-axis on the right of the Figure). 
Note LWP from ARPEGE has been multiplied 
by a factor 1000. Two vertical green dashed lines indicate 
12:00 and 00:00 LT (Local Time).

�b

�a

�c

The absence of supercooled liquid water 
clouds in numerical weather prediction 
models over Antarctica may indicate an 
incorrect simulation of the radiative budget 
of the polar atmosphere.

�5
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(Top) Diurnal variation of the net surface radiation (W m-2) observed by BSRN (black solid line) and calculated by ARPEGE (red crossed line) on 24 December 2018 in UTC Time. 
Superimposed is the supercooled liquid water cloud altitude (blue) deduced from the LIDAR. (Middle) Diurnal variation of the difference between surface radiation (W m-2) observed 
by BSRN and calculated by ARPEGE on 24 December 2018 for longwave downward (black solid), longwave upward (black dashed), shortwave downward (black dashed dotted) and 
shortwave upward (black dashed triple dotted) components. Superimposed is LWP (blue) measured by HAMSTRAD. (Bottom) Four webcam images showing the cloud coverage at: 
(a) 00:25 UTC and (b) 03:56 UTC (cirrus clouds, no supercooled liquid water cloud), (c) 09:46 and (d) 17:20 UTC (supercooled liquid water cloud). Two vertical green dashed lines indicate 
12:00 and 00:00 LT (Local Time).

�a �b �c �d
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Determining the response of the climate 
system to an imposed external perturbation 
is a major challenge in climate science. 
The equilibrium climate sensitivity, i.e. the 
global-mean surface temperature change 
in response to a doubling of the carbon 
dioxide concentration is a widely used 
metric in climate change studies. Its exact 
value is rarely known because its estimation 
is computationally expensive: it requires a 
long integration time of several thousand 
years of coupled atmosphere-ocean general 
circulation models.

Recently, we have proposed a method to 
estimate an accurate value of the equilibrium 
response from fully coupled climate 
models at a reasonable computational 
cost. Using this method, our state-of-the-
art climate model CNRM-CM6-1 reaches a 
stationary state after only few hundreds 
of years of integration. This 'Fast-Forward' 
method consists of an optimal two-step 
forcing pathway designed using the 
framework of a two-layer energy-balance  
model.

Climate

Fast forward to perturbed equilibrium climate

This method can be applied easily to any 
coupled climate model and can improve our 
capacity in developing next generation of 
climate models.

�2

The year 2019 was marked in France by two exceptional heat waves in June and July. On 25 July, temperatures measured at numerous 
weather stations in the north of France exceeded 40°C for the �rst time on record, even reaching 43°C locally. The link between these heat 
waves and anthropogenic climate change is clear: attribution studies have shown that they are now at least 5 to 10 times more likely to 
occur than in 1900, and could be 4 times more frequent in 2040 than they are now.
Thanks to its research and observation activities, Météo-France is one of the few national meteorological services with all the tools and 
expertise needed to qualify such events in near-real time. In terms of observations, it is more crucial than ever to have quality data on 
the current period, but also to pursue data rescue in order to assess long-term changes and climate variability. On the research side, as 
a contribution to the IPCC 6th assessment report, CNRM has done most of the largest set of global climate simulations ever produced 
on Météo-France's supercomputers. However, analysis of the simulations produced by numerous international global models, including 
CNRM-CM, revealed an increased sensitivity to the increase in atmospheric CO2. Assessing and understanding this climate sensitivity 
is a major research challenge.
The �ne-scale regional climate models covering mainland France and the overseas territories are fed by global model outputs and 
complement them, as they make it possible to represent orography and phenomena unresolved at large scale. They provide essential 
information for public and private stakeholders to make decisions on assessing the impacts, risks and adaptation measures associated 
with climate change. This year has seen an increase in the use of AROME at a resolution of 2.5 km for climate studies. This model, which is 
used daily for weather forecasting, has demonstrated its excellent capacity to simulate events such as intense rainfall or thunderstorms. 
Météo-France also provides information to anticipate climate variability on time scales ranging from a few weeks to a few months. The 
subseasonal and seasonal forecasting systems are based on CNRM-CM. Once corrected and formatted, the production of these systems 
contributes in particular to optimising water resource management, agricultural practices or the production of weather-sensitive energy.

�1

Climate modelling
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�

Temporal evolution of (a) CO2 concentration in the step-forcing and Fast-Forward experiments and (b) corresponding global-mean surface-air temperature responses (deviation from 
the temporal mean of the piControl experiment).
The black circle denotes year 150 of the abrupt-4≥CO2 experiment. See details in Saint-Martin et al (2019).

�1

�b�a
�2

�

Heatwave in Paris (Trocadéro). © Pascal Taburet – Météo-France.
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During the last decade we developed an 
ambitious land surface modelling system 
designed to realistically represent the water 
and carbon cycles on all continents. 
In this system (Fig. a), the surface model 
ISBA gives a detailed representation of 
the water and energy exchanges in the 
soil-snow continuum by explicitly solving 
Darcy’s and Fourier’s laws. ISBA also 
represents atmospheric CO

2
 assimilation 

by plant photosynthesis, plant respiration, 
the evolution of plant biomass and leaf 
area index, natural large-scale forest fires, 
land cover changes, soil organic carbon 
accumulation and decomposition by micro-
organisms, and dissolved soil carbon. ISBA 
calculated runoff and dissolved soil carbon 
are transferred to CTRIP to simulate river 
discharge and dissolved organic carbon 
concentration in the rivers over all continents. 
We also developed a real two-way coupling 
between ISBA and CTRIP. This coupling allows 
the use of a dynamical river flooding scheme 

ISBA-CTRIP: the new land surface modelling system 
for global climate applications

Mediterranean events 
and climate change: 

contribution 
of CNRM-AROME

South East France is often affected by intense 
rainfall episodes called "Mediterranean 
episodes" generating flash floods causing 
major material damage and sometimes loss 
of life. For these reasons, studies on the 
evolution of these Mediterranean episodes 
in a context of global warming are of major 
importance for our society.
Until now, the climate change projection 
simulations used for this type of study in 
South East France have been carried out 
using Regional Climate Models (RCMs) with 
parameterized convection and a horizontal 
resolution not exceeding 12.5km. With the 
recent increase in computing capabilities, it is 
now possible to perform very high resolution 
(2-3km) climate simulations with Explicit 
Deep Convection Regional Climate Models 
such as CNRM-AROME.
The use of the AROME model in climate 
mode has shown a high added value in 
the representation of extreme precipitation 
compared to the ALADIN RCM with 
parameterized deep convection (Fumière 
et al. 2019). This added value is significant 
on the representation of daily extreme 
precipitation, but also and especially on 
hourly extremes where the intensity of 
precipitation in convective systems is better 
represented (see Figure a).
The first climate projections with CNRM-
AROME over 30-year periods were made 
following the IPCC's greenhouse gas emission 
scenario RCP8.5. By 2100, projections show 
a decrease in average autumn precipitation 
and an increase in extreme daily and hourly 
precipitation in south-eastern France. Note 
that this intensification is more pronounced 
in Roussillon (see Figure b).

�4

that describes the interaction between the 
flooded plains, the soil and the atmosphere 
through evaporation and re-infiltration of 
surface water. Aquifer physics and their 
coupling with superficial soil and rivers 
are also represented by a two-dimensional 
diffusive aquifer scheme.
This new system called ISBA-CTRIP, 
( h t t p : / / w w w . u m r - c n r m . f r / s p i p .
php?article1092&lang=en) has shown far 
better performances than its previous versions 
at simulating for instance the discharge of the 
world large rivers or the CO

2 
assimilation by 

plant photosynthesis (Fig. b).

�3

In the context of the 6th phase of the coupled 
model inter-comparison project (CMIP6), 
three versions of the CNRM-CM climate model 
have been developed and provide data to 
the CMIP international database: (1) the 
standard model at 100km resolution, (2) the 
high resolution version (50km) and (3) the 
Earth System version based on the standard 
model on which are added the full carbon 
cycle representation, the land use changes, 
the stratospheric ozone chemistry and the 
interactive aerosol scheme.
These three versions share the same physical 
model basis and their tuning is identical. 
This consistent ensemble of model allows 
to assess in an objective way the impact of 
increased complexity versus the increased 
resolution on the representation of the 20th 
century climate and on future projections. 
Climate projections under a business as 
usual emission scenario show that the 
warming simulated by the standard and the 
high resolution models is of similar amplitude 
whereas it is reduced by 10% in the Earth 
System version. This weaker warming has 
been attributed to vegetation carbon flux 
impacts and to aerosols feedbacks.

Development of CNRM global climate models 
and their CMIP6 contribution

The Earth system version and the high 
resolution version computational cost is 
respectively two and ten times larger than for 
the standard version. Even if they enable to 
address new scientific questions regarding 
climate variability and changes, their 
computational cost limits the capacity of 
performing large ensemble simulations and/
or very long run. This consistent ensemble 
of model configurations constitutes a novel 
and valuable contribution from CNRM to 
the CMIP6 effort. This will allow to derive 
wider and more relevant information on 
their scientific usefulness in regard to their 
numerical cost.

�5



Research Report 2019 • 23

� 
(a) Schematic of the land 
surface modelling system 
ISBA-CTRIP currently used 
for global scale climatic 
applications.
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� 
(a) Cumulative Density Function (CDF) 
of hourly precipitation over the Cevennes 
in south-eastern France. The black curve represents 
Comephore observations, the blue curve represents 
precipitation simulated by ALADIN and the red curve 
represents precipitation simulated 
by the CNRM-AROME model. The discontinuous curves 
represent the 90% confidence interval of each data series.  
(b) Map of differences in the quantiles 99.9 
of hourly precipitation over South East France 
between the historical (1976-2005) 
and future (2071-2100) periods according to the IPCC's 
RCP 8.5 greenhouse gas scenario. The differences 
in percentages are represented by degree of warming.

�b
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� 
Evolution of the global mean near surface temperature 
in anomaly to the preindustrial climate
For the period 1850-2014, the external natural 
anthropogenic forcings are derived from observations 
while over 2015-2100, they are taken from the business 
as usual emission scenario, named ssp585. 
The blue line is for the standard model, the green line
 for the Earth system version and the red line 
for the high resolution version, lines indicate 
the multi-members average while the shading indicates 
the inter-members range (6 members are considered 
here both for the standard version 
and the Earth System model).

�5
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(b) Comparison of ISBA-CTRIP simulated versus observed 
river discharge and photosynthesis.
(1) The top panel shows the average seasonal cycle 
of daily river discharge (in mm per day) simulated 
and observed for years 1979-2010 
at the gaging stations near the outlet of the Mackenzie, 
Mississipi and Amazon rivers. Observations are in black, 
results from the previous model version used in the early 
2010s are in blue, and ISBA-CTRIP results in red.
(2) The bottom panel represents the spatial distribution 
of CO

2
 assimilation by photosynthesis 

(in kg of carbon per m2, per year) derived 
from spatialized in-situ observations (left) and 
simulated by ISBA-CTRIP (middle) for years 1980-2013. 
The corresponding zonal means (mean of the values 
at all longitudes per latitude band) are shown 
on the right. Observations are in black, results from
the previous model version used in the early 2010s 
are in blue, and ISBA-CTRIP results in red.

�4
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The climate of Paris and its conurbation: 
long-term analysis based on observations 
and very high resolution climate modeling

The limited area model AROME is now used 
as a convection-permitting regional climate 
model with a horizontal resolution of 2.5 km. 
Coupled with the TEB urban canopy model, it 
allows to simulate the interactions between 
urban surfaces and the atmosphere, and the 
potential feedbacks of the city on the local 
and regional climate. AROME's ability to 
simulate urban climate characteristics was 
evaluated with Paris as a case study.
Upstream, a climatological study was 
carried out using long series of spatialised 
observations of day and night surface 
temperatures from MODIS satellite 
products, daily minimum and maximum air 
temperatures by spatialisation of RADOME 
data, and cumulative daily precipitation 
derived from COMEPHORE rainfall hourly 
reanalyses. Urban climate indicators were 
deduced to qualify the urban heat island in 
terms of air and surface temperature, and 
the effect of the city on precipitation (Fig 1). 
Especially, daily precipitation were found to 
be 29% higher on average downstream of 
the city.

Climate Data rescue 
from French lighthouses 

1881-1940

In 1881, the lighthouse weather service 
Service météorologique des phares et 
balises organised the climatological network 
of the French lighthouses, composed by 21 
lighthouses. These lighthouses contributed 
to the French climatological network of the 
National weather service Bureau central 
météorologique de France from 1882. The 
lighthouse keepers had to take observations 
of atmospheric pressure, wind, temperature 
and rain and to record them in a climatological 
formular, according to detailed instructions. 
A copy of this monthly formular, dedicated to 
lighthouse weather records, should be sent, 
each month, to the services Bureau central 
météorologique de France and then l’Office 
national météorologique.
Research in the deposit from Météo-France 
at the French National Archives permitted to 
find formulars prior to 1941 for 25 French 
lighthouses, of which 12 long-term series 
for 1881-1940.
Cataloguing, analysing the climatological 
value and imaging the records, products 
of the collaboration between the French 
National Archives and Météo-France, are 
completed. Recovery of around 2 million 
observations of atmospheric pressure and 
wind data, taken 3 times during the night, at 
9 p.m., midnight and 3 a.m., will be carried 
out by the DCSC during the next two years.
The International Data Rescue Portal (I-DARE) 
allows to follow the progress in the climate 
data recovery from lighthouses between 
1881 and 1940 (https://www.idare-portal.
org/).

�7

Driven by ERA-Interim and ALADIN over 
the period 2000-2015, the AROME model 
reproduces a good climatology of the 
nighttime urban heat island which remains 
positive all year round with maxima in 
summer, as well as realistic differences in 
precipitation accumulation upstream and 
downstream of the city (Fig 2). AROME is 
now applied for 10-year climate simulations 
by middle and end of the 21st century for 
impact studies over Paris city.

�6

Diagnostic, study and impacts

Evolution of cyclonic activity  
in the SW Indian Ocean basin: first results  

of the ReNovRisk program

One of the objectives of the "ReNovRisk 
Cyclones and Climate Change" research 
programme (INTERREG-V Indian Ocean 2014-
2020) is to assess the evolution of cyclonic 
activity in the South-Western Indian Ocean 
(SWIO) basin at the end of the century. The 
analysis of global (Arpege-Climat; 10-30 km 
resolution) and regional (Aladdin-Climat, 
12 km resolution) climate simulations 
(RCP 8.5)  carried out specifically for this 
programme shows that global warming could 
have significant repercussions on both the 
frequency and intensity of tropical cyclones 
developing in this part of the world. 
Climate simulations, carried out over the 
period 2051-2094, first suggest  that the 
cyclone season, which nowadays starts 
around mid-November, could be delayed 
by about a month in a few decades. Models 
also suggest a significant decrease in the 

number of low-pressure systems at the 
basin scale, nevertheless combined with 
an increased number of intense and very 
intense systems. Finally, one also notice a 
marked southward shift in the position of the 
maximum intensity (LMI) reached by tropical 
cyclones that develop in the SWIO. Overall 
these projections suggest that the cyclone 
risk could increase significantly in the 
Mascarene Archipelago (Reunion, Mauritius) 
with more intense systems in the vicinity of 
Reunion concentrated over a shorter period 
of time.  

�8
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(a) Comparison of monthly averages over the period 
2000-2015 of urban and rural temperatures observed and 
simulated by AROME (left), of the associated urban heat 
island (middle), and of the city fraction impacted 
by different urban heat island intensities (right).
(b) Comparison of the monthly evolution of the daily 
precipitation rates from COMEPHORE reanalysis
(left) and AROME simulation (right) over upwind 
and downwind areas.
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Instruction for the French lighthouse weather service, 
1881. Archives nationales (France).

Frequency evolution of tropical depression system 
intensity in the SW Indian Ocean basin on the horizon 
(2051-2094), classified by type of system: DT depression; 
TT storm; CT cyclone; CTI Intense Cyclone; 
CTTI very intense cyclone. 

�
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S2S (Sub-seasonal-to-seasonal) systems 
provide ensemble climate forecasts at a 
global scale and at forecast times ranging 
from two weeks to two months. In some 
regions, they are able to provide relevant 
information about forthcoming precipitation 
anomalies (drier or wetter than normal) up 
to a few weeks in advance. However, their 
raw precipitation forecasts need to be post-
processed either by calibration, or bridging 
with large-scale climate features that impact 
rainfall and are better predicted than 
precipitation itself.
These two aspects have been merged into a 
statistical-dynamical approach designed to 
improve sub-seasonal precipitation forecasts 
from the Météo-France S2S system, based on 
the CNRM-CM general circulation model. This 
method has been applied to the southwest 
tropical Pacific basin, where precipitation 
exhibits some sub-seasonal predictability 
on account of El Nino Southern Oscillation 
(ENSO) and the Madden-Julian Oscillation 
(MJO). A particular focus was put on New 
Caledonia, a territory prone to both drought 
and heavy rainfall spells.

Improving sub-seasonal precipitation forecasts 
in New Caledonia through 

a statistical-dynamical approach

Climate projections 
and their impacts 

on agriculture 
in Guadeloupe

Climate change puts pressure on both the 
environment and human lifestyles, and its 
impact on the agricultural sector can already 
be felt. The French Antilles are particularly 
vulnerable because of their insular nature 
and a poorly resilient agricultural sector.
In this context, the EXPLORER project lead 
by INRA and co-funded by ERDF and ADEME, 
of which Météo-France’s DIRAG is a partner, 
aims at proposing an integrated approach 
of agriculture in Guadeloupe to address 
the issues of adaptation to climate change, 
reduction of greenhouse gas emissions, 
and improvement of food security. On the 
other hand, climate projections have been 
performed for Guadeloupe with ARPEGE-
Climat and corrected with long series of 
observed temperature and precipitation 
in the framework of the ERDF C3AF project. 
These projections are being used in the 
framework of EXPLORER, namely with the 
computation of climate indices specific 
to the agricultural sector and to the study 
region. The analysis, which focuses on the 
future evolution of both mean climatology 
and weather events, aims at the definition 
of a vulnerability profile for agriculture in 
Guadeloupe.
The results show strong year-round warming 
and significant wet-season drying that are 
already evident by the half of the century. 
They would be associated with more frequent 
heat waves and droughts, yet less frequent 
heavy precipitation events and tropical 
cyclones in the vicinity of Guadeloupe, with 
likely adverse impacts on water resource 
management and agriculture.
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Seasonal forecast

A Bayesian approach uses predictors 
coming from the dynamical S2S system (raw 
precipitation output, climate indices related 
to ENSO and the MJO) to infer corrected 
precipitation thanks to a statistical model 
that is fitted on a reforecast period. This 
approach leads to more reliable probabilistic 
forecasts and enhances the ability to detect 
weekly spells of heavy rainfall up to four 
weeks in advance.

�10

The MEDSCOPE project aims to strengthen the 
use of seasonal forecasts in the Mediterranean 
area with a particular interest in the seasonal 
management of water resources, in a climate 
context increasingly marked by drought 
events.
In this context, Météo-France is extending its 
hydrological seasonal forecasting capacity to 
the southern part of Europe. The new chain 
is fed by an atmospheric seasonal forecast 
model (Meteo-France System 6 and later 
other models of the European portal C3S) 
whose data are debated by the ADAMONT 
downscaling method (see article dedicated 
in this report) from the new European UERRA 
re-analysis at a 0.05° resolution. The seasonal 
forecast is also compared to climatological 
forecasts, based on a set of historical 
simulations. These datasets then feed  the 
SURFEX-CTRIP model, which calculates 
from the initial state of the considered year 
the seasonal evolution of the hydrological 

Seasonal hydrological predictability for Ebro 
and Po catchments (MEDSCOPE project)

components of the watersheds: soil water 
content, snow water equivalent, river flows, 
level of watertable.
Case studies were drawn up with the project 
partners, notably on the Ebro basins in Spain 
(with AEMET and the Ebro Hydrological 
Confederation) and the Po basin in Italy (with 
the CMCC and the Arpae-Simc). The objective 
is to develop and evaluate indicators of 
seasonal management of water resources 
with local partners and managers of these 
basins (see attached figure). 

�11
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Changes in the maximum number of consecutive hot 
and dry days by respectively 2055 and 2080 
for two locations representative of the low lands 
of Grande-Terre (Le Raizet) and the high lands 
of Basse-Terre (Petit-Bourg) in Guadeloupe
The projected changes are robust 
(significant at the 95% level) whatever 
the calendar month, future period 
(2031-2055 or 2056-2080), or considered location.
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Left: ROC score (discrimination of the occurrence 
of an event) for the upper quintile of weekly precipitation 
in the Météo-France S2S system before application 
of the statistical-dynamical scheme.
Right: Difference between the ROC score obtained after 
and before applying the statistical-dynamical scheme 
to the Météo-France S2S system.
The rectangular box indicates the location 
of New Caledonia.
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Correlation map of soil water index (SWI). 
Climatic forecast initialized on February 1st – 
Lead time 2 months (April) - Period 1993-2015.
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Adaptation 
of the ADAMONT 

downscaling method 
to seasonal forecast

Forecast in West Africa at seasonal 
and sub-seasonal in the framework 
of the CREWS-Burkina Faso project

The CREWS program aims to strengthen 
information and early warning systems in the 
most vulnerable countries. CREWS-Burkina 
Faso is a pilot project (2018-2020) for the 
Sahel climate zone in which Meteo-France 
has been entrusted with the development 
of the seasonal to sub-seasonal forecasting 
component.
Meteo-France uses several European models 
for the seasonal scale and the Ensemble 
Prediction System (EPS) of the European 
centre (ECMWF) for the sub-seasonal scale 
with the aim of predicting the most significant 
events at these time scales (such as drought 
or heavy rainfall events).
Products have been developed at Meteo-
France for the entire Sahel to document the 
important elements of the monsoon and to 
make the best use of variables with better 
predictability than rain, like the precipitable 
water. The Burkina Faso agency has also 
contributed to the evaluation of forecast 
products through a network of rain gauges 
now counting more than 150 stations.

During this first year of the project, weekly 
briefings have involved Meteo-France and 
the meteorological services of Burkina Faso, 
Senegal, Niger and Mali in order to appropriate 
and evaluate the products developed and to 
share the expertise of each of the centres. 
This year, the seasonal forecast has showed 
an extremely dry start to the season on 
Senegal which was well observed. On a sub-
seasonal scale, a highly precipitating event in 
Mali as well as an exceptionally late and wet 
monsoon season end could be expected up 
to four weeks in advance.
In 2020, the project will continue with the 
different partner departments, including 
a plan to transfer the expertise developed 
during the project.
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Climate services at seasonal scale are 
booming these last years in Europe. 
Traditional sectors like energy or water 
management are expecting such innovations, 
but new sectors like tourism too. 
Most of these services rely on impact 
models. They allow to deliver forecasts of 
variables or indicators directly usable to 
decision makers. These impacts models 
can’t be fed by raw seasonal forecast data. 
As a matter of fact, raw seasonal forecasts 
are affected by bias, moreover their temporal 
and spatial resolution are to coarse. This is 
where downscaling tools come in. 
This issue arose in the development of two 
specific services: hydrological forecast in 
the framework of MEDSCOPE project, and 
snowpack forecast in the framework of 
PROSNOW project. For both applications, 
the ADAMONT method (initially developed 
by CNRM for downscaling climate scenarios 
over mountainous areas) has been adapted 
by DCSC (Directorate of Climatology and 
Climate Services) to deal with seasonal 
forecast.
ADAMONT consists on adjusting daily 
distributions of a set of parameters by a 
quantile mapping method, with respect to 
reference distributions (observations or 
reanalysis). This correction is differentiated 
according to weather regimes. Corrected 
forecasts are then disaggregated at a finer 
time-step (hourly for instance) by means of 
hourly profiles taken from analogue past 
situations. This last step ensures inter-
parameter consistency at fine time-step.
Datasets thus produced for PROSNOW are 
promising. Downscaled forecasts correctly 
represent local climate and snowfall, and 
properly restore the inter-annual variability 
present in raw seasonal forecast.
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Selection of the new set of regional simulations 
debiased in France for the DRIAS portal

Based on this observation, a set of selection 
criteria has been defined to achieve a robust 
set: diversity of representation of GCMs 
and RCMs, elimination of GCMs/RCMs with 
anomalies, availability of at least two RCP 
scenarios. The new set was also defined 
to allow the model uncertainties and their 
diagnostic implications on temperatures and 
precipitation in France to be represented as 
accurately as possible (See Figure).
This new set of regional simulations corrected 
with the ADAMONT method will include 42 
simulations, 12 over the historical period, 12 
projections on the RCP8.5, 10 for RCP4.5 and 
8 for RCP2.6 and will be posted on the DRIAS 
portal in mid-2020.
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The DRIAS portal, opened in 2012, aims to 
provide regionalized and debiased climate 
projections for France. The current reference 
set is mainly based on a EURO-CORDEX set 
defined in 2014, which has been updated as 
part of the climate services agreement with 
the MTES.
Over the past five years, the number of 
simulations available on EURO-CORDEX has 
increased significantly and allows a better 
assessment of model uncertainties. However, 
the number of simulations currently available, 
about 30 pairs of GCM/RCM per climate 
scenario, raises problems of volume and 
data processing. In addition, it appears that 
anomalies have been detected on more than 
half of the old EURO-CORDEX simulations 
currently available on the portal.
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Example of evolution of precipitable water on Burkina Faso
In dotted lines are represented the different 
successive runs, in blue analysis and in red the forecast 
of 26 August. The peak observed in the week 
of August 19 was well anticipated 
and was associated with a revival of rainy activity.
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Example of forecast downscaled by ADAMONT, 
for the PROSNOW project.
On the left, raw daily temperature 
and precipitation forecast, on a grid-point 
of Meteo-France System 6 seasonal forecast model, 
for one member of its ensemble.
On the right, the hourly corrected forecast on a mountain 
zone, with precipitation spread in rain and snow fall.
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Diagrams of the bi-variant climate change signal in terms of projected changes in temperature and precipitation (summer = AJD left and winter = FDD right) for 2071-2100 compared 
to 1981-2010 for the CPR8.5 emission scenario.
The orange circles indicate the RCMs selected for DRIAS. The symbols identify the RCM and the colours of the forcing GCMs.
The dotted line (solid) indicates the probability ellipse for the GCM results (RCM) (confidence interval, covering 68.2% of the data). Mean and standard deviation scores for precipitation 
(P, %) and temperature (T, °C) for the GCM and RCM ensemble, respectively, are shown in the upper right corner of each figure.
(Source: PRINCIPLES project).
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The usual way for model evaluations 
against airborne data on experiments over 
relatively short durations is to interpolate the 
simulations at the measurement locations 
and times. But to produce climatologies over 
20 years in a consistent manner between 
IAGOS and the model, an original method 
has been developed. Its general concept is 
to map IAGOS measurements onto the model 
grid on a monthly basis since CCMI provides 
monthly means.
This new method was tested on the MOCAGE 
simulation run for recent climate conditions 
in the framework of CCMI. The climatologies 

The in situ measurements gathered aboard 
commercial aircrafts through the research 
infrastructure IAGOS, of which Météo-
France is one of the partners, are widely 
used to evaluate atmospheric chemistry 
models in the upper troposphere and 
lower stratosphere. Since IAGOS database 
includes now more than 20 years of data 
for ozone and more than 15 years for 
carbon monoxide, it offers the opportunity 
to evaluate long-term simulations done in 
the frame of international chemistry-climate 
inter-comparison exercises, such as CCMI 
which is contributing to the IPCC reports.

Chemistry, aerosols  
and air quality

The year 2019 was marked by several intense forest �res around the world. This was the case in Siberia, Amazonia, Indonesia and 
California, but it was perhaps the �res in Australia, combined with an exceptional heat wave, that made the biggest impression. They 
emitted around 400 million tonnes of CO2 into the atmosphere, which is comparable to the human emissions of greenhouse gases 
from a country like France. The Australian �res also emitted large quantities of other gases such as CO, but also particles that were 
transported to South America and to the upper troposphere / lower stratosphere (UTLS). However, in this part of the atmosphere, which 
has an important influence on the Earth's radiation balance and climate, the dynamic, microphysical and chemical processes involving 
water vapour, ozone, CO and aerosols are complex, strongly coupled, and o£en poorly represented by models. As shown by two studies 
presented in this section, progress in physico-chemical modelling (MOCAGE) and the quality of observations (IAGOS, now spanning 
more than 20 years) are making it possible to improve the understanding and representation of the impact of biomass �res on the CO 
and ozone composition of the UTLS. These are important steps towards a more comprehensive understanding of the processes involved 
in this part of the atmosphere.
Other developments completed in 2019 will allow to better anticipate the dispersion of volcanic plumes, which can cause major disruptions 
to air tra�c. It has thus been shown that a better representation of volcanic particle emission sources combined with the assimilation 
of the optical thicknesses of aerosols measured by Météo-France's ground-based lidars greatly improves the prediction of the evolution 
of the plume generated by the 2010 eruption in Iceland. 
Finally, signi�cant progress has been made in modelling the impact of agricultural spreading on air quality, which for a long time was 
little or poorly represented by the models. This now makes it possible to provide information to regulate spreading practices, avoiding 
periods that would lead to a deterioration in air quality dangerous to human health.
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Ozone climatology in the upper troposphere as seen 
by IAGOS airborne measurements and by MOCAGE model

of ozone obtained for the 1994-2013 period  
are plotted in the figure for model level 24 
(~225 hPa, i.e. ~11km in altitude). They show 
that the CCMI MOCAGE simulation is in very 
good agreement with IAGOS measurements. 
The application of this method can be 
expanded to CCMI simulations from other 
models than MOCAGE or for simulations of 
similar type.
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Climatology maps showing ozone mole fraction averaged 
over the 1994-2013 period from IAGOS measurements 

(left panel) and from MOCAGE simulation produced 
for CCMI (right panel). Note that the MOCAGE climatology 
is only shown where IAGOS measurements are available 

to ease the visual comparison.
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The multiple bushfires raging across Australia’s east coast, captured by the Copernicus Sentinel-3 mission on 13 November 2019, 09:15 local time. 
Plumes of smoke can be seen drifting east over the Tasman Sea. © Contains modified Copernicus Sentinel data (2019), processed by ESA.

�1
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The impact of biomass 
burning emissions on 
upper tropospheric air 
chemical composition

Carbon monoxide (CO) is a key species when 
studying upper tropospheric air composition, 
in particular because it is a precursor to 
ozone at this altitude (8 to 10 km at mid-
latitude). One of the main source of CO in the 
atmosphere are biomass burning emissions, 
but their representation in global models 
sometimes remains inaccurate, because of 
phenomenon such as pyro-convection.
Chemistry-transport model MOCAGE is 
used to assess how biomass burning 
emissions impact upper tropospheric CO 
concentrations does. For this purpose a 
simulation has been carried out for the year 
of 2013, and it has been validated with CO in-
situ measurements from the IAGOS European 
research infrastructure which places 
instrument units on commercial aircraft in 
order to monitor air chemical composition 
along their flight track. Then, by comparing 
this simulation to a similar one in which 
biomass burning emissions were turned 
off, we can estimate their impact on upper 
tropospheric CO concentration (figure). 
Areas impacted the most are above the 
boreal forests and equatorial Africa, as well 
as above the amazon forest and equatorial 
Asia to a lesser extent. Impacts are stronger 
for the most emitting areas, but also depend 
on the occurrence of fast vertical transport 
to the upper troposphere: deep convection 
in tropical areas; and pyro-convection for 
boreal wildfires.
This study is a first step towards a more 
in depth work on upper tropospheric air 
composition. Chemical production where CO 
is a precursor will be investigated, especially 
ozone production, because its radiative 
impact is at its maximum at this altitude.
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Map of the 2013 mean upper tropospheric CO (in ppb) as simulated by MOCAGE: 
with biomass burning emissions activated (INJH, top panel), without biomass burning emissions (NOBB, middle panel); 
as well as the difference between the two (bottom panel).

�3
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Improving the representation of agricultural ammonia emissions: 
a simple model for estimating fertilization dates

 from meteorological constraints

Ammonia (NH3) is a major air pollutant 
and a precursor of small particles (PM10 
and PM2.5) that impacts the environment 
and human health and must therefore be 
monitored and predicted. One of the major 
sources of NH3 is the use of fertilizers by the 
agricultural community.
As part of the Amp'Air project, funded by 
PRIMEQUAL, Météo-France is developing 
a simple model to predict fertilization 
dates based on temperature, rainfall and 
agricultural practices. This model will allow 
a better representation of the fertilization 
windows and therefore the temporal 
variations of NH3 emissions.
The model first determines whether the 
weather conditions allow for seeding and 
spreading activities (too muddy soil, too 
much wind, frozen ground, etc.). A probability 

�

(a) Schematic diagram of the model.

(b) Forecast of sowing 
and fertilization dates for maize 
in the Normandy region in 2006.

�

of seed on a given date is then calculated 
based on agricultural parameters specific to 
each seed (wheat, sunflower, etc....). Finally, 
probable fertilization dates are estimated 
with regard to seed dates, the evolution of 
the atmospheric parameters necessary for 
the plant (i.e. temperature accumulation), 
and the usual development stages requiring 
fertilizer application. Figure “a” describes the 
operating diagram of the model. Figure “b” 
represents the probability results for maize in 

�b

�a
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the Normandy region in 2006. The top panel 
shows the excluded days for activities, in the 
middle the probable planting and fertilization 
days and at the bottom the evolution of the 
temperature sum.
This model will soon be coupled to a model 
for calculating NH3 emissions from the 
fertilizer compounds applied.

�4
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Snow
Research conducted at Météo-France on snow in the mountains covers short-term time scales (monitoring and forecasting) as well as long-
term (past and future) climate changes in weather and snow conditions. The combination of these time scales, and the work addressing 
both hazards and impacts (natural risks, tourism, water resources, ecosystems) place the research carried out at the Centre d'Etudes 
de la Neige (CEN) at the heart of the issues of climate risk analysis and climate change adaptation. From 2017 to 2019, CEN, through its 
director S. Morin, took part in the dra£ing of the IPCC Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC). The 
SROCC report was produced jointly by IPCC Working Group 1, which works on the physical aspects of climate change, and Working Group 
2, which studies impacts, vulnerabilities and adaptation. This approach makes it possible to address the issues in an integrated manner. 
The chapter on mountains deals speci�cally with the evolution of weather conditions in mountains (temperature, precipitation), the 
physical evolution of snow, glaciers, mountain permafrost, and the impacts on water resources, natural hazards (avalanches, landslides, 
floods, phenomena of glacial and periglacial origin), mountain fauna and flora, agriculture, hydropower, tourism, lifestyles and the 
cultural identity of mountain populations. 
For more information: https://www.ipcc.ch/srocc/ 
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Light–absorbing particles in snow, such as 
mineral dust or black carbon, are a potent 
climate forcing agent. Their presence darkens 
the snow surface and leads to higher solar 
energy absorption. Several studies have 
quantified this radiative impact by assuming 
that these particles were motionless in dry 
snow.
To evaluate this assumption, we obtained 
time series of X-ray tomography images of 
dust-contaminated samples evolving under 
isothermal conditions at -2°C and under a 
temperature gradient of about 20 K/m.
We showed that temperature gradient 
metamorphism impacts the location of the 
particles with respect to the ice matrix and 

their relative vertical position in the snow 
layer. In the temperature gradient experiment, 
we observed a progressive embedding of dust 
particles within the ice matrix (Fig. 1a) and a 
downward displacement of the dust center 
of mass by 200 µm on average for 200 h (Fig. 
1b). The dust motion mainly results from the 
fall of the dust particles into the pore space 
(Fig. 1c), while embedded particles only move 
with the settlement of the ice matrix. The 
comparison with the isothermal experiment, 
in which no significant motion was observed, 
confirms that the main driver of this motion 
is the presence of intensive water vapor 
fluxes related to sublimation–deposition 
mechanisms. 

Tomography and motion of dust particles in dry snow

Such data are crucial for our understanding 
of the interaction of dust with snow and the 
associated modification of the radiative 
balance. For typical arctic and sub-arctic 
conditions, in which strong temperature 
gradient metamorphism prevails, we 
estimated that the dust motion could lead 
to a significant decrease in the solar energy 
absorbed when the dust is located on the top 
layer of the snowpack for a long duration.
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Statistical post-processing of ensemble forecasts of the height of new snow

Forecasting the height of new snow (HN) is 
crucial for avalanche hazard forecasting, 
roads viability, ski resorts management and 
tourism attractiveness.
Meteo-France operates the PEARP-S2M 
probabilistic forecasting system including 
35 members of the PEARP Numerical Weather 
Prediction (NWP) system, where the SAFRAN 
downscaling tool is refining the elevation 
resolution, and the Crocus snowpack model is 
representing the main physical processes in 
the snowpack. It provides better HN forecasts 
than direct NWP diagnostics but exhibits 
significant biases and under-dispersion. 
We applied a statistical post-processing 
to these ensemble forecasts, inspired by a 

method developed by NOAA for precipitation 
forecasts. Observations come from manual 
measurements of 24-hour HN in French Alps 
and Pyrenees. Different training strategies 
were tested in terms of spatial scale and of 
training dataset. Significant improvements 
are obtained compared to the raw forecasts 
with all training strategies. The results show 
that the post-processing can be applied 
at any point of the massifs, not only where 
observations are available. They also show 
that using long-term reforecasts for training 
improves the reliability of severe snowfall 
but leads to over-dispersion due to the 
discrepancy in initial perturbations between 
reforecasts and real time forecasts.

Thus, the development of reliable automatic 
forecasting products of HN needs long 
reforecasts as homogeneous as possible with 
the operational systems. Nevertheless, a first 
version of post-processed HN forecasts can 
be provided to the Alpha operational project 
of Meteo-France in mountainous areas as an 
alternative to the strongly biased automatic 
forecasts currently available for this variable.

�3



Research Report 2019 • 35

(a) Example of the dust progressive inclusion into the ice matrix for the temperature gradient experiment. 
The initial location of ice is shown in solid gray. The initial location of dust is shown in solid red. 
Their time evolutions are shown by the different contours; 
(b) Mean vertical velocity of the ice surface and of dust computed with all dust particles 
or only those not falling within the pore space (types 1 and 2); 
(c) Example of a particle falling by loss of contact to ice and then progressive downward movement 
with the sublimating ice surface.

�

�

Cover page of the IPCC Special Report on the Ocean 
and Cryosphere in a Changing Climate (SROCC).

�

Examples of forecasts of the 24h height of new snow during January 2018 (a) for Arêches station with 48 h lead time and (b) for Saint-François-Longchamp station with 96 h lead 
time. The blue envelope represents the probability distribution of the raw forecasts (indigo line for the median), and the grey envelope the probability distribution obtained 
from the statistical post-processing (black line for the median). The raw forecasts underestimate snowfall in example (a) and overestimate snowfall in example (b). 
In both cases, the raw forecasts underestimate forecast uncertainty. Thus, the statistical correction increases (a) or decreases (b) the median and increase the spread in both cases. 
Observations (red line) are much more often included in the post-processed distribution than in the raw distribution.
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Climate projections of snow conditions in ski resorts

Ski tourism is a major sector of mountain 
regions economy. Snow management, 
and in particular grooming and artificial 
snowmaking, has become a routine 
component of ski resort operations, holding 
potential for counteracting the detrimental 
effect of natural snow decline under 
climate change. Whether snowmaking 
is a relevant adaptation measure under 
future climate change is a widely debated 
issue in mountainous regions, with major 
socio-economic implications. Work carried 
out at the Snow Research Center (Météo-
France – CNRS, CNRM), in collaboration 
with INRAE Grenoble, has been carried out 
over the past years and shows how climate 
change influences the operating conditions 

of ski tourism in the French Alps. A study 
published in Scientific Reports in 2019 
has addressed snow reliability in 129 ski 
resorts, using a dedicated snowpack model 
explicitly accounting for grooming and 
snowmaking driven by a large ensemble of 
adjusted and downscaled regional climate 
projections, and using a geospatial model of 
ski resorts organization. A 45% snowmaking 
fractional coverage, representative of 
the infrastructures in the early 2020s, is 
projected to improve snow reliability over 
grooming-only snow conditions at the scale 
of the French Alps, both during the reference 
period 1986–2005 and below 2 °C global 
warming since pre-industrial. Beyond 3 °C 
of global warming, snow conditions would 

Simulating Sentinel-1 observations in mountainous areas, 
a first step towards their assimilation into a snow model

SAR measurements from Sentinel-1 now 
offer new possibilities to monitor snowpack 
evolution in space and time. Their use 
depends on understanding interactions 
between the surface-snow-atmosphere 
components and electromagnetic radiations. 
The assimilation of Sentinel-1 observations 
in the snow model Crocus would allow for 
optimal fusion of information from existing 
models (giving a priori information about 
soil, snowpack and atmospheric conditions) 
and observations.
However, effective snow radiative transfer 
simulations are necessary to achieve this 
fusion. Simulations of C-band backscatter 
were performed using the MEMLS3&a model 

for radiative transfer in snow, fed by outputs 
from the ISBA/Crocus snow model. The 
simulations were carried out over a period 
of 3 years in a high altitude area. These 
simulations were evaluated by comparison 
to 141 scenes of Sentinel-1 observations. We 
showed that our modelling chain is able to 
consistently reproduce the SAR signal of bare 
ground and dry snow. In case of wet snow, 
a negative bias between observations and 
simulations was found, particularly during 
melting periods. The temporal variability of 
the simulations compares well with that of 
the observations, which is very encouraging 
for assimilation (see the accompanying 
figure).

The bias may have several causes and needs 
to be corrected. This is the first study ever 
demonstrating the relevance of a model chain 
for performing SAR backscatter simulations 
over a complex mountain region, and a 
first step towards assimilating Sentinel-1 
measurements into a snow physical model.

�5

become frequently unreliable and induce 
higher water requirements. Météo-France 
has also contributed to the development 
of a dedicated Copernicus Climate Change 
Service for European Tourism, including pan-
European snow reliability indicators. Work is 
in progress to transfer knowledge and tools 
to local and national stakeholders, providing 
services in support to climate change 
adaptation strategies, taking into account 
the local specificities of the ski resorts. 

�4
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Figure (from Spandre et al., 2019).
(a), (c): Simulation of the snow cover reliability (a) 
and the frequency of challenging seasons (c) 
without snowmaking, at the scale of the whole Alps, 
and for several climate scenarios.
(b), (d): idem, but taking into account the evolution of 
snowmaking fractional coverage reaching 45% in 2025.
(e): Estimated volume of snowmaking water requirements 
at the scale of the whole Alps, corresponding 
to the snow production calculated for the whole Alps 
according to the climate scenarios.
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Time series of observed (red) and simulated (black) VV polarization backscatter coefficients representative of high altitudes (between 2850 and 3150 in the Oisans Mountains) 
and a snowpack at the end of the day. Snow liquid water content is shown in blue and its water equivalent in orange.
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MOTHY/ARPEGE_01 MERCATOR_PSY4   : Forecast for 12/05/2019 at 15 UTC 

Initial position :
12/03/2019 at 15h26 UTC
Latitude : 46° 04,80'
Longitude : -5° 47,40'
Pollutant : IFO 380
Density : 991 kg/m3
Dots :  19042
Leakage:  61  days

Black dots:
Instantaneous spill
on 12/03/2019 at 1526 UTC
+ observations of FALCON 50
on 20/03/2019 at 1415 UTC
and 30/03/2019 at 1240 UTC
Colored dots:
Continuous leak since
12/03/2019 at 1526 UTC
White dots:
The leaks were sealed
on 16/04/2019 (after 35 days)
The risk of leakage after this
date is simulated by white
dots in the background

Geodetic system: WGS 84

Time elapsed since the star t  of the leak in days

0 2 5 10 15 20 25 30 35 180
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MOTHY output from a simulated 2 months drift 
since the accident. It is based on an instantaneous spill 
scenario on the day of the accident combined 
with aerial observations (black dots), followed 
by continuous leaks from the wreck (color dots) for up 
to 35 days, and potential leaks (white dots) thereafter. 
The calculations were carried out using the winds
of the ARPEGE model of Météo-France and the currents 
of the global MERCATOR model of the Copernicus Marine 
Environment Monitoring Service. The position 
of the wreck is marked by a green star.

Oceanography
Météo-France researchers advance marine meteorology activities. In close collaboration with the scienti�c community, they take 
advantage of progresses in ocean sciences and technologies, especially those focusing on interactions between environments.
Marine meteorology provides essential services for human activities, at sea or on the coast: sea states, dri£s, coastal phenomena, water 
properties, in all weathers and at all latitudes. Algorithms and models represent more �nely the phenomena, the complex interactions at 
the interface between air, sea, coast and river - where everything becomes complex... They integrate observations delivered by the most 
modern space systems: the value of new sensors onboard the Copernicus programme's Sentinels satellites is namely proven by the work 
presented here. Collaborations with academic laboratories and international collaborations are driving forces behind these endeavours.
The stakes are high. The ocean drives the climate. It contributes to major atmospheric risks: Ocean-atmosphere interactions, including 
waves, determine the characteristics of extreme episodes such as cyclones or Mediterranean events. Ships, maritime installations, 
coastal works, or simply coastal landscapes in overseas territories as well as in mainland France are subject to the onslaught of water 
masses. Oceanography, like the other sciences that describe the di�erent compartments of the "Earth system", is part of the obligatory 
panoply of meteorological services.
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As part of its national and international 
responsibilities, Météo-France operates the 
MOTHY model for forecasting the drift of oil 
slicks or floating objects at sea. The system 
is activated about 20 times a week for actual 
oil spill or search and rescue operations. The 
Grande America accident in the Bay of Biscay 
is the most significant event of 2019.
Due to a fire, the Grande America, which 
carried 365 containers and 2,000 vehicles, 
sank on 12 March 2019, 350 km off the 

French coast, with approximately 2,200 
tonnes of bunker fuel on board. An unknown 
quantity of heavy fuel oil was released into 
the marine environment on the day the vessel 
sank, followed by 35 days of continuous 
leakage before the breaches in the hull were 
sealed by an underwater robot.
From 14 March, the Drift Committee, bringing 
together experts from Cedre, Météo-France, 
Ifremer and Shom, is responsible for 
providing the maritime Prefect with coherent 

Drift at sea for crisis management

and relevant information on oil slick drift on 
a daily basis. The MOTHY model is used daily 
during the aerial surveillance and recovery 
at sea period. It provides drift forecasts for 
oil slicks and containers up to 3 days in 
deterministic mode and up to 10 days in 
probabilistic mode. Long-term modelling of 
residual diffuse pollution is also carried out 
over several months, in particular to manage 
continuous leaks from the wreck.
Drift forecasts did not indicate any oil arrival 
at the coast. This allowed the authorities 
to organise the response at sea without 
mobilising resources ashore. Indeed, no 
pollution has been observed on the coasts.
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Normalized root mean square error 
of significant wave height for a 2013 hindcast, 

carried out with uniform sediment 
of diameter 200µm (medium sand) instead 

of heterogeneous sediment from Shom data.

The SEAGUY project, led by Météo-France’s 
DIRAG and funded by the DEAL of French 
Guiana, aims at taking into account 
the specificities of French Guiana for a 
better estimate of coastal hazard and an 
improvement of high surf watches and 
warnings. French Guiana’s coastline is 
characterized by complex hydrodynamics and 
a fast-varying morphology. Mudflats colonized 
in their supratidal part by mangroves are being 
strongly eroded by wave action and coastal 
currents, leading to significant mobility of 
sedimentary deposits.
During SEAGUY's phase 1, the modelling 
strategy was based on Météo-France's 
operational chain comprising an offshore 
sea state model (MFWAM) used to force an 
unstructured coastal domain (WAVEWATCH 
III). Wave climatology has been obtained to 
estimate the return periods of extreme events. 
The impact of ocean currents (provided by 
MERCATOR) such as the North Brazil Current 
has been found to be important for the 

prediction of sea states along French Guiana’s 
coastline.
In a second phase, studies were carried out 
on the impacts of mud-bank location and 
dissipation by bottom friction. Results show 
that a two-year old bathymetry results in a 
significant wave height error of up to 1.5m 
at the coast. Mud-bank migration modifies 
the distribution of wave energy at the coast 
through changes in reflection, refraction, 
diffraction and dissipation by wave breaking, 
or through friction.
To improve the quality of wave forecasting 
along the Guyanese coastline, it would be 
useful to revise the method and frequency 
of bathymetric surveys (through satellites 
or video imaging) and / or to couple a 
morphological model to the wave model, as 
well as to explicitly consider river outflows.
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Sea state modelling: the specificities 
of the French Guiana coast
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Sea surface height 
modelling for the lagoon 

of Mayotte

As part of the HOMONIM project, managed by 
Météo-France and Shom, with the support of 
DGPR and DGSCGC, an improved version of 
the Hycom2D hydrodynamic surge prediction 
model was installed during the year 2019, 
covering the southwestern part of the tropical 
Indian Ocean.
This version involves a down-scale process, 
enhancing the resolution to 200 metres 
in the lagoon of Mayotte, and 800 metres 
around the island « La Réunion ». It allows 
to reproduce more accurately the tide, 
especially around Mayotte, where the lagoon 
and its passes are better represented.
Thus, we can see on the joined illustration 
the very detailed current field, occurring 
during a rising tide period around Mayotte. 
We can notice that the north-east flow is 
very intense, especially at the big North 
pass, the Eastern passes and also along the 
deeper part of the reef in these both exposed 
areas. The important channelling effect of the 
incoming flow through the wide and deep 
North pass is also to be noticed, which then 
gradually dilutes downstream.
Furthermore, the sea surface wind stress 
uses in this version of the model a scheme 
which proved to be the most efficient during 
hindcast simulations of the Irma hurricane, 
which crossed in September 2017 the West 
Indies (generating a two-metre observed 
storm surge).
Lastly, the sea surface level and current fields 
around Mayotte which are modelled by this 
new version, will be used, in the year 2020, 
to force the wave model, to better simulate 
sea states in the lagoon of Mayotte.
These changes in surge and wave modelling 
will permit the forthcoming implementation 
of an early warnings system for waves and 
storm surges on the island « La Réunion », 
to be then extended to Mayotte.

�3
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Barotropic modelled current around Mayotte 
(that is the vertically averaged current). 
The isolines represent the strength of current, 
as does the length of the arrows.
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Assimilation of new data 
in the wave models

The availability of observations on the 
directional properties of ocean waves 
represents a crucial stake for the improvement 
of the operational forecast of sea state. In 
addition, the analysis of the wave climate in 
coastal areas requires accurate information 
on the direction of the dominant wave 
trains. The CFOSAT mission through its 
SWIM wave scatterometer provides wave 
spectra describing the energy and direction 
of the different wave trains with a wavelength 
validity varying from 70 to 500 meters. The 
operational chain of the MFWAM wave model 
has been using the assimilation of these 
directional observations since 2018, in this 
case the wave spectra were provided by 
the Copernicus satellite Sentinel-1 through 
its synthetic aperture radar (SAR). In the 
Calibration/Validation phase of the CFOSAT 
mission, assimilation tests for wave spectra 
provided by SWIM were developed in order 
to assess the quality of these data and their 
impact on operational forecasting of ocean 
waves around the globe. The latest level 2 
data processing developed by CNES provides 
better quality of SWIM wave spectra with a 
significant reduction in the speckle noise 
observed previously (Hauser et al. 2020). The 
results of the assimilation of these upgraded 
SWIM spectra show a significant impact on 
the integrated wave parameters such as the 
significant wave height and the mean and 
peak wave periods. 
As the SWIM instrument detects increasingly 
short waves (70 m wavelength), we note the 
efficiency of assimilation on rapid wave 
growth in limited fetch (distance of wind 
action) conditions. We show a remarkable 
example of a Mediterranean sea event 
with waves generated by the Mistral and 
the Tramontane wind regimes. The figure 
shows the analysis increment induced by 
assimilation over the mean wave period. 
There is clearly a very spread impact which 
can reach 1.5 sec, at the peak of the event. 
The impact is propagated to the west coasts 
of Corsica and Sardaigna, and reaches the 
north-east coast of Algeria. This finding 
opens a promising use of SWIM wave spectra 
to better understanding the wave physics 
implemented in models.

�4

Improvement of sea surface temperature analyses 
on European seas at a resolution of 2 km 

with the DINEOF method using satellite data

Sea surface temperature (SST) plays 
an important role in ocean-atmosphere 
exchanges (initialization of Mediterranean 
convective phenomena, cyclones). Its 
assimilation at high resolution will lead to 
improvements in all areas of modelling.
SST is computed using observations from 
multiple infrared(IR) and microwave(MW) 
sensors (AVHRR, SLSTR, SEVIRI, VIIRS, MODIS 
AMSR2…) available on meteorological 
satellites (METOP, MSG, Sentinel3, NOAA20, 
AQUA, TERRA, GCOM_W). Despite the 
good global spatial and temporal satellite 
coverage, IR sensors are blocked in the 
presence of clouds and unreliable in 
the presence of aerosols. MW sensors, 
insensitive to clouds, are rare and have a 
very low resolution.
In order to model meteorological and 
oceanographic phenomena, it is necessary 
to evaluate SST at all points regardless of 
clouds. Historically, optimal interpolations 
are used where the SST of the previous day 
is assumed ; these prove problematic at high 
resolution, especially when local clouds 
persist for several days.

The DINEOF method developed by the 
University of Liège GHER is used to fill in 
missing data and has been installed and 
adapted by CNRM/CEMS on daily multi 
satellite L3S data over european seas 
produced at CMS (as part of Copernicus 
Marine Project) and on experimental trihourly 
L3S products implemented by CEMS. It is 
based on empirical orthogonal functions 
EOF (singular values, cross validation, 
sophisticated, efficient and robust statistical 
filters). The obtained and validated daily 
and trihourly analyses are of much higher 
quality than an optimal interpolation. They 
are consistent in assessing the diurnal cycle 
that is difficult to evaluate (scarcity of buoys). 
A study of the diurnal cycle in European seas 
using DINEOF on high frequency SST data 
from SEVIRI will be carried out.
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Increment of analysis on mean wave period induced 
by the assimilation of wave spectra and significant wave heights 
provided by CFOSAT mission during a Mediterranean storm event 
on 29 April 2019, at 6:00 (UTC).
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(a) Example of trihourly sea surface temperature satellite analysis using the DINEOF method over the western Mediterranean at a resolution of 2 km. Corresponds to the Mediterranean 
event of October 15 at 3 a.m. Left on October 14,  2018 at 3 a.m., right on October 15, 2018 at 3 a.m. where we can see the pumping of energy that fed the stationary convection 
process in the Aude.
(b) Diurnal cycle of a moored buoy (red dotted line) and diurnal cycle of the Dineof analysis (blue dotted line) on June 1 2018. Average diurnal cycle from June 1, 2018 to September 
1, 2018 of a moored buoy (red solid line) and Dineof diurnal cycle (blue solid line).
(c) Diurnal cycle of a moored buoy from June 1,2018 to September 1, 2018 compared to the Dineof analysis cycle (in blue). Difference between Dineof analysis and this moored buoy 
over this period of 2018 (in green).
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Observation plays a crucial role in earth sciences. They provide a better understanding of how systems work, evaluate and improve 
the ability of numerical models to simulate reality, and better de�ne the state of the atmosphere at a given moment, for climatological 
purposes, to detect particular events, or to initialize numerical forecasts. The contribution of space observation continues to grow 
with the measurement of wind over the entire globe and the entire depth of the atmosphere, now accessible with the AEOLUS space 
lidar. The transport of dusts thousands of kilometers away from their source regions is better characterized thanks to geostationary 
satellites. However, observation fromspace cannot reach the spatial or temporal resolutions required to characterize the rapid and �ne-
scale phenomena that are supposed to be represented by numerical models whose resolution is now kilometric or even hectometric. 
Solutions are being explored to use opportunity data measured by sensors embedded on connected objects, such as private weather 
stations, telephones, or cars, or, in a more original way, on animals such as sea turtles. Data processing techniques are developed to 
produce estimates of the value of meteorological parameters between stations in an observation network, or, using arti�cial intelligence 
techniques, parameters not directly observed such as the height of the boundary layer. The development of services that meet unmet or 
new needs involves the development of models whose quality must be validated on sets of observations, as was the case for forecasting 
the risk of icing or snow accumulation on overhead power cables. 

Engineering, campaigns 
and observation products

Observation engineering and products

Suspended dust detection from geostationary meteorological satellite data

Detection of suspended dust with 
geostationary meteorological satellite data 
is validated using observations from the lidar 
(CALIOP) on board the CALIPSO satellite. 
These two types of data observations 
are spatially and temporally co-located 
in the latitude zone from 15 ° South to  
45 ° North. Lidar provides vertical profiles of 
the backscattering of atmospheric particles 
and thus permits the detection of layers of 
smoke, dust and aerosols (also pollution) 
as well as clouds of low optical depth. Lidar 
can observe dust layers with small optical 
thickness (<0.25). Since the distinction of 
suspended dust using geostationary satellites 
is based mainly on reflectances and thermal 
contrasts, this method fails for low optical 
thicknesses where the thermal contrasts are 
not high enough. Consequently, suspended 
dust layers with optical thicknesses of less 
than 0.3 are not considered for validation.
Above sea surfaces, 47% of suspended dust 
are detected with geostationary satellites 
during the day against 31% at night when 
compared to observations  from CALIOP lidar. 
However, only 5% of the events observed by 
CALIOP lidar are detected with geostationary 
satellites over continental surfaces in daytime. 
The number of false alarms is very low for all 
three algorithms.
Methodologies used to detect suspended 
dust have been improved in preparation for 
MTG. Above continental surfaces, by day, 
detection at the beginning and the end of the 
day has been improved with the addition of a 

The CNRM / CEMS cloud team is developing 
data processing software for geostationary 
meteorological satellites (SAFNWC-GEO) 
permitting the detection of the presence of 
suspended dust in the troposphere (and 
thus volcanic dust). The latest version of the 
software allows the processing of several 
geostationary satellites such as MSG, 
Himawari and GOES, providing a global 
observation of  suspended dust(see Figure 
1). Detection of  dust is performed according 
to three different algorithms depending on 
the conditions : day on sea, day on land and 
night on sea. Currently, there is no detection 
at night on land.
By day, the suspended dust is detected thanks 
to the infrared (IR) and visible channels. The 
detection methods are based on the spatial 
homogeneity of the visible reflectance and 
on the fact that in the presence of suspended 
sands, the absorption in some channels is 
greater than in others (ex: IR at λ = 10.8 µm 
and λ = 12 µm).
By night over sea, the method consists in 
the use of a thermal test and the Sahara 
Dust Index (SDI; supplied by  ocean team of  
CNRM / CEMS – SAFOSI). The SDI is based 
on the differences between radiances 
measured at λ = 10.8µm and λ = 12µm and 
the differences between  radiances measured 
at λ = 3.8µm and λ = 8.7µm. In general, the 
thresholds to distinguish between suspended 
dust and clouds or surfaces are estimated 
empirically for each satellites with clearly 
identified suspended dust situations.

threshold depending on the solar angle. On 
continental surfaces by night, it is difficult 
to rely solely on the differences in radiances 
between channels to define this algorithm. 
Thus, simulations of brightness temperatures 
with radiative transfert model RTTOV over clear 
sky have been added to the methodology.
This new version of the dust mask will be 
available in the SAFNWC-GEO software version 
delivered for MTG during 2022.
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The suspended dusts appear yellow. Observations of MSG4 and GOES 16 
at night for the 00h slot with the new algorithm developed for MTG.

Automatic detection of boundary layer top with supervised 
and unsupervised classification

The atmospheric boundary layer height (BLH) 
is a key parameter in several meteorological 
applications such as air quality forecasts. 
A common method to measure BLH is via 
aerosol lidar, where a strong decrease in 
the backscatter signal indicates the top of 
the boundary layer. Two machine learning 
methods have been tested to derive the 
BLH from backscatter profiles, the K-means 
algorithm and the AdaBoost algorithm. The 
K-means for Amtospheric Boundary Layer 
(KABL) and AdaBoost for Atmospheric 
Boundary Layer (ADABL) algorithm codes 
are open source and under a free licence. In 

�  

Example of boundary layer height detection 
by three algorithms: KABL (blue), ADABL (green) 
and manufacturer (orange).
In background, the shade of color is the backscatter 
measurement from the lidar (up to 16:00); 
then (after 16:00) an illustration of the measurement 
point classification (white for boundary layer, black else). 
The boundary layer top line follows the border 
between black and white.

�2

both cases, the measurement points of the 
lidar are cast into classes. The HCL is then 
attributed as the top of the ‘boundary layer’ 
class (figure). Both methods are compared 
to the lidar manufacturer’s algorithm and 
to reference BLHs derived from colocated 
radiosonde data. The radiosonde data 
were used as the reference for all methods. 
A comparison was carried for a two-year 
period (2017-2018) for two Météo-France 
operational network sites (Trappes and 
Brest). A large discrepancy in the results 
was observed between the two sites. At the 
Trappes site, KABL and ADABL outperformed 

the manufacturer’s algorithm, while the 
performance was clearly reversed at the Brest 
site. We conclude that ADABL is a promising 
algorithm but has training issues that need to 
be resolved, KABL has a lower performance 
than ADABL but is much more versatile, and 
the manufacturer algorithm is performing 
well with little tuning but is not open-source.
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New infra-hourly frequency analyses of basic parameters 
(temperature, humidity, wind, sea level pressure)

To have a real-time and spatialized analysis 
providing the observed value at the station 
point, new basic parameter analyses have 
been developed: the temperature and 
humidity at different levels (2, 20, 50, 100 
and 250m), the meridian and zonal wind, and 
the sea level pressure. Initially, these analyses 
were performed on hourly basis, by correcting 
the most recent prevision of the model by the 
observations. The frequency of production is 
now of 15 minutes and the correction principle 
remains the same for H.15 analysis. 
At H.15, the analysis of AROME-PI model of 
H.00 is used. Before any computation, the 
observations are controlled by screening 

those that are too different from the model.
Temperature and humidity at 2m are mapped 
using a multivariate regression with elevation 
and model field. The regression residuals are 
then spatialized by kriging. The final analysis 
is the sum of spatialized residuals and initial 
model field. For higher levels, the correction 
done at 2m is passed on model field by 
weighting with an exponential factor which 
decreases with height.
For sea level pressure and wind, the 
difference between observations and 
model is spatialized using inverse distance 
weighting (sea level pressure) and ordinary 
kriging (wind).

Contribution of personal weather stations to the observation 
of deep-convection features near the ground

Numerous networks of objects connected 
to the Internet and equipped with 
meteorological sensors now observe in real 
time the first few metres of the atmosphere at 
high spatial and temporal resolution.
The contribution of observations from a 
network of personal weather stations in 
addition to observations from the operational 
network of Météo-France has been evaluated 
for the characterization of phenomena 
related to deep convection near the surface.
These personal observations, which do not 
meet the standards set by the WMO, are of 
variable quality and required the design 
of an automatic quality control system 
based on the Météo-France observation 

network. Evaluation of the method applied 
to temperature, relative humidity and mean 
sea level pressure during four stormy days 
in 2018 shows that this method improves 
the quality of personal observations 
while maintaining a large number of  
them.
Analyses combining personal and Météo-
France observations were compared 
to analyses using only Météo-France 
observations. Cross validations show that 
the combined analyses are the closest to the 
reference observations. In addition, small-
scale meteorological variations previously 
invisible with the Météo-France network 
alone were detected (see figure).

In the sea, due to the lack of observations, 
spatialization cannot be achieved: the raw 
model field is not modified.
For the following quarter hours, the adopted 
methods for spatialization are the same but 
the model field is replaced by the previous 
spatialized analysis.

�3

The use of personal weather stations 
therefore improves the near-surface 
observation of phenomena associated with 
thunderstorms. These results pave the way 
for the use of these observations to evaluate 
on a finer scale the numerical simulations of 
phenomena related to deep convection.
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Example of temperature field at 2m: from 9.00UTC to 9.45UTC, 27 June 2019.

�

Mean sea level pressure analyses  
built with (a,c) only Météo-France 
observations and (b,d) combining  
Météo-France and personal observations  
on 4 July 2018 at (a,b) 13:55 UTC  
and (c,d) 15:35 UTC. Radar reflectivities  
over 40 dBZ indicating the location  
of thunderstorm convective cores  
are illustrated with bold black contours. 
Météo-France mean sea level pressure 
observations are shown by coloured triangles 
with black contours. The instantaneous  
wind gust is shown with barbs,  
and the highest gust during the last 10 min 
over 17 m s-1 is annotated nearby.
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Campaigns

First analysis of data collected 
during the Sea Turtles for Ocean Research 

and Monitoring (STORM) project

STORM (Sea Turtles for Ocean Research and 
Monitoring) is a research program aiming 
at studying the thermodynamic properties 
of the tropical Indian Ocean at high space-
time resolution using sea turtles equipped 
with environmental sensors. Analysis of the 
data collected during the first phase of the 
programme (Jan 2019 - April 2020; 11 turtles 
and nearly 120,000 triplets of position/
depth/temperature data) has demonstrated 
the value of such an approach, both in the 
fields of climatology and observation and 
numerical modelling of the tropical oceans.
Comparison of surface and in-depth 
temperature measurements collected 
by sea turtles against conventional in-
situ (Argo) and satellite (OSTIA, OSI-SAF) 
observations shows excellent agreement, 
with a mean bias (standard deviation) of 
about 0.1° (0.5°). Comparisons against 
Mercator Ocean operational model Glo12 
(Figure 1) also demonstrate the value of 

The AEOLUS satellite of the European Space 
Agency was launched on August 22, 2018 
after a long development period. The flight 
acceptance phase was completed at the end 
of January 2019. The exploitation phase then 
started. The CNRM/GMEI is responsible for 
maintaining and improving the calibration 
processor and the Level 2 processor aimed at 
retrieving the optical properties of aerosols 
and clouds. The CNRM/GMAP is conducting 
studies on the impact of wind measurements 
on global weather forecasting with ARPEGE. 
This activity benefits from financial support 
from CNES.
The first monitoring and impact results 
were presented in September 2019 at an 
international workshop organized by ESA, 
which was attended by many meteorological 
centers making numerical global forecasts 
(European Center, United Kingdom, 
Germany, Canada, United States). The 
results, obtained by these centers, converge: 
the impact of AEOLUS wind measurements 
is neutral in the Northern hemisphere where 
many wind measurements are already 
available, and significantly positive in the 
Tropics and in the Southern hemisphere, 
while these new observations represent 
only 0.2% of the assimilated data. Work 
continues to improve the calibration of the 
instrument, to reduce measurement bias and 
to increase the positive impact on forecasts. 
Measurements of the optical properties of 
clouds and aerosols, the quality of which is 
more difficult to assess, are also the subject 
of intense improvement work with a view to 
their assimilation into air quality models.
The nominal lifetime of the mission will end 
at the end of 2021. An extension of one to 
two years is possible. Discussions have 
started between EUMETSAT and ESA to 
design a future similar space mission that 
should be less costly and last longer.
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The spaceborne Doppler 
lidar AEOLUS improves 

weather forecasts

such observations for evaluating and, in the 
long term, improving ocean forecasts in this 
region, which is severely under-equipped 
with conventional ocean sensors. During 
the next phase of the programme, which 
will start in November 2020 for 2 years, 
nearly 80 turtles will be released all over 
the Indian Ocean (Seychelles, Mozambique, 
Comoros, Reunion, Madagascar, Tromelin) 
in collaboration with 7 marine reservations 
in the region. Collected measurements will 
notably be assimilated in the Glo12 and 
NEMO-Indian Ocean models in order to assess 
the impact of these new measurements on 
tropical cyclone forecasting. 
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Relative impact on the ARPEGE model forecast of AEOLUS wind measurements in the Northern Hemisphere (top line), the Tropics (middle line) 
and the Southern Hemisphere (bottom line). This impact was calculated over a one-month period between mid-September and mid-October 2018. 
For each region, the left column is the variation of the root mean square of the wind forecast error measured with respect to the radiosondes, from 0 to 96 h (abscissa) 
and as a function of the pressure level (ordinate) with respect to a reference experiment without AEOLUS assimilation. 
The middle column is the root mean square of the wind forecast, and the right column is the ratio between the left column and the middle column (in percentage). 
The contour lines in blue mark a reduction in forecast error, those in red a degradation. The yellow background indicates areas where the statistics are considered significant.

�

Histogram (left panel) and scatterplot (right panel) of differences between temperature data collected by sea turtles (TST) 
and forecasted by Glo12 (TNEMO) between January 2019 - March 2020 in the West tropical Indian Ocean (20°S-15°N; 40-60°E). 
Colours in (b) indicate the depth of collected ST measurements / model forecasts between 0 and 320m (colour scale to the right). 
Adapted from Bousquet et al. (2020; Frontiers in Marine Science).
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An experimental campaign for observation of ice 
and snow accretion on transmission overhead wires

Since 2016, a R&D project has been 
conducted in Météo-France to improve 
the anticipation of meteorological risks 
impacting transmission overhead wires. A 
forecasting system to simulate snow and 
ice accretion on overhead wires has been 
developed. This system, called WIRE (Winter 
Risks for Energy), consists in using the 
ensemble forecasts of the AROME model 
to force snow and ice accretion diagnostic 
model and thus to elaborate a probabilistic 
forecast of accretion risk.
In order to evaluate the capacity of WIRE 
to simulate accretion and to improve it, a 
dedicated experimental campaign was set up 
in November 2018 on one of the experimental 

mountainous sites of the Snow Research 
Centre of Météo-France located at Col de Porte 
(1325m, Chartreuse massif). Observations 
from the first 2018-2019 winter campaign 
were compared to the results of WIRE model 
simulations forced by the analyses of the 
AROME model.
This first experimental winter has shown 
that the model was able to simulate the 
majority of accretion events of snow and 
ice on experimental wires (RTE and ENEDIS 
wires). In order to go further in the analysis, 
the measurement campaign was extended to 
this 2019-2020 winter with an improvement 
of the experimental set-up (carried out in 
October 2019).

�

(a) Experimental site dedicated to observation of snow and ice accretion events 
on transmission overhead wires (RTE and ENEDIS electricity transportation wires, SNCF catenary) 
located at Col de Porte.

(b) Example of a wet snow accretion event (2019, February 1st).

�

While a SNCF wire was also added, an 
additional webcam was implemented. Its 
resolution is finer and consequently the snow 
sleeves and more particularly ice sleeves 
which often have a low thickness will be better 
documented. This campaign analysis should 
allow the improvement of the model as well 
as the evaluation of the forecasting system, 
which is an essential phase to consider an 
operational use of this system.
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GIRAFE 2 AIRGRAVI observation campaign 
(measurement of the gravimetric field)

The GIRAFE 2 AIRGRAVI campaign, supported 
by CNES, seeks to evaluate the potential of 
an airborne interferometric gravimeter for 
geodesy, geophysics and oceanography. The 
new sensor "Gravimètre Interférométrique 
de Recherche à Atomes Froides Embarqués" 
(GIRAFE-2), based on an innovative atomic 
interferometry technology and developed 
by ONERA, has been designed to carry out 
absolute gravimetric measurements from a 
mobile platform. The originality of such an 
instrument, unique in the world, is to enable 
the acquisition of absolute measurements 
in dynamic mode and on regional scales, 
making it possible to offer a new range of 
absolute observations on the surface of the 
globe, particularly in areas that are little or not 
accessible by current means (mountainous 
areas or areas with no access roads, shallow 
coastal areas, etc.), while gaining in accuracy 
and limiting survey costs.

The ATR 42 operated by the French Instrumental 
Aircraft Service for Environmental Research 
SAFIRE (Research Infrastructure CNRS/
Météo-France/CNES) carried the GIRAFE 2 
instrument, in addition to other instruments 
for measuring the relative gravitational field. 
Based out of Toulouse-Francazal, the ATR 42 
thus carried out more than 20 hours of flights 
in the spring of 2019 to carry out gravimetric 
surveys in various areas, notably in the Bay 
of Biscay and over the Pyrenees. Thanks to 
the expertise of staff from the Geosciences 
Environnement Toulouse (GET) laboratory, 
ONERA, SHOM, and also Danish partners 
(DTU-Space), a large amount of airborne data 
was collected, supplemented by ground data.
The expected outcomes of this project are to 
strengthen the synergy between instrument 
designers and potential users to promote 
the development of devices that respond to 
scientific issues and to ensure the transfer of 

Trajectories of the instrumented ATR 42 for evaluation of the GIRAFE sensor: an oceanic zone and land-sea transition zone (Bay of Biscay / Landes), 
a mountainous zone (Pyrenees) and a calibration profile over a reference zone (oceanic slope off Brest).
Copyright: GET-ONERA-SHOM-DTU

�

these innovative instruments to the scientific 
community. The scientific applications of 
this instrument are potentially of interest 
to many fields of applications relating to 
the observation of the Earth, continental 
surfaces and oceans: geodesy (gravity field, 
geoid); geology-geophysics (structure of 
continental margins, mountain ranges or 
sedimentary basins, inventory of subsoil 
resources, assessment of natural risks, etc.); 
oceanography (ocean circulation); but also 
any future Cal/Val operation for future space 
gravity/altimetry missions.
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By dispersing ashes over the Atlantic and 
Europe in April and May 2010, the eruption 
of the Eyjafjallajökull had a huge impact 
on air traffic. Following this disaster, it was 
recognized that better estimates of ash 
dispersion in the atmosphere were needed 
to make flight decisions. Since then, Météo-
France, in collaboration with research 
laboratories in Europe, has improved the 
representation of volcanic emissions in 
MOCAGE and developed data assimilation.
The FPLUME emission module has been 
implemented in MOCAGE. Unlike the existing 

empirical emission law (Mastins, 2009), 
FPLUME models the physical mechanisms 
in the emission plume, and therefore 
proposes more realistic predictions of the 
mass and vertical distribution of the plume. 
The resulting maps out of MOCAGE (Figure) 
with FPLUME show a less spread plume and 
closer to the plume observed by MSG. The 
assimilation of MODIS satellite data further 
improves the horizontal distribution of the 
plume. On this case study, when the plume 
arrives in Northern Europe, we were able to 
show that the assimilation of the data from 

In the frame of the SESAR Deployment program, which Météo-France has been highly involved in, collaboration with partnering European 
meteorological services intensi�ed. Activities towards a routine operational production of harmonized data over a large Europe of 
observation and forecast of convection, icing and turbulence resulted in production processes being ready for implementation. In parallel, 
a prototype version for the future SWIM compliant meteorological information exchange system was designed and made available for 
�rst tests and trials to be conducted in collaboration with some aviation users.
In 2019 main research activities on hazardous weather impacting aviation operations dealt with short term seamless forecast of 
precipitations over the 0-3h time frame aiming at better anticipating heavy convective rain over this strategic time slot for air tra�c 
management; with global turbulence forecast enhancement based on a combination of several diagnosis allowing to discriminate 
turbulence sources; and with high altitude ice crystals detection based on satellite imagery. Météo-France research teams also considered 
how to assimilate data from remote sensing equipment on board satellite and from Lidar for aerosols in order to improve the numerical 
analysis of the initial state of volcanic ash clouds, and so, to improve the ash movement and dispersion forecast.
In addition, 2019 was the �nal stage of the air phase of project TERRISCOPE aiming at the development of a platform for research in 
airborne remote sensing. A success in aviation serving research in meteorology.

�1

Research and aeronautics

Forecasting the dispersion of ash from the Eyjafjallajökull in 2010: 
benefits of data assimilation

two ground-based lidars allows a better 
vertical representation of ash concentrations.
By developing these tools and evaluating 
them on this major eruption, we get prepared 
to have the best possible dispersion tools in 
case of an eruption of equivalent magnitude 
in the future, in particular by assimilating the 
data from Météo-France lidars in MOCAGE.
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Very High Resolution Maximum Reflectivity and Echo Top 18dBZ from 3D radar data over Europe - from SESAR Deployment project 2015_067_AF5 
for Convection Detection based on 3D Radar mosaic.
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Total columns of volcanic ash concentrations on May 16, 2010 at 09h UTC, for MOCAGE with Mastins emission (2009) (left), 
for MOCAGE with FPLUME (middle) and for the reference observed by MSG (right). 
The green dots on the right figure are points where ash detection by the satellite could not be done (mainly due to the presence of clouds).
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TERRISCOPE 2019

Development of a hydrometeors seamless 
0-3h forecast

A new global turbulence forecast product 
for aeronautics

Aeronautical turbulence is a major risk for 
this sector with dozen of millions of dollars 
for companies, and more than 7000 hours 
of sick leaves. Turbulence suffered by planes 
has multiple sources such as CAT which 
is particularly dangerous because non 
detectable. Météo-France has developed 
a new diagnostic of turbulence through a 
common project between DSM/AERO and 
DR/CNRM.
This new diagnostic is a combination of 
predictors following the method developed 
by NCAR for the GTG product. Each predictor 
detects different sources of CAT, such as 
vertical or horizontal wind shear or thermal 
vertical instability. The choice of the best 
predictors is made by a learning process 
using EDR observed by commercial flights 
over the United States of America. In order 
to produce a final diagnostic in EDR (OACI 
recommendation), each predictor computed 
in numerical model is converted into this unit 
under the hypothesis that each predictor 
follows the same law of distribution than the 
observed EDR.

This new diagnostic has been built on 
the global numerical model ARPEGE and 
validated over the first semester of 2019 
with objective scores using observed EDR 
and case studies using reports from pilots. It 
will be available every 10 Flight Levels with 
a time step of one hour.
As turbulence causes (jet, convection) are 
subjected to forecast errors, future works 
should evaluate the contribution of ensemble 
forecasts to this diagnostic.

�4

In order to improve the 0-3 hours forecast 
Météo-France has developed a fusion 
technique that every 5 minutes calculates the 
relative weight of radar-based extrapolation 
fields and high frequancy numerical weather 
model AROME-NWC output. The technique 
is called PIAF1 and relies on a so-called 
“sequential aggregation of predictors by 
exponential weights” method. The resulting 
linear combination provide the best 
reflectivity forecast at target forecast ranges. 
Inorder to discriminate between the different 
classes of hydrometeors PIAF-Reflectivity is 
then combined with wet-bulb temperature 
profile provided by AROME-NWC when and 
where extrapolation has the heaviest weight. 
AROME-NWC hydrometeor output are used if 
AROME-NWC has the heaviest weight.

A long period of collaboration between Safire 
(CNRS Research Infrastructure, Météo-France 
and Cnes) and Onera has just been crowned 
with success. Indeed, this ambitious 
"Platform for Research in Airborne Remote 
Sensing" project has just completed its 
programme of technical validation flights 
on Météo-France's ATR42. The TERRISCOPE 
project, led by Onera, aims to pool very 
high-tech airborne optical instruments. It is 
supported by the European Union and the 
Occitania Region within the framework of 
ERDF funding, as well as Sofradir, Boreal, 
M3Systèmes and Leosphere. 
From the first week of the flights, the Lidar 
3D of Riegl for the first time integrated on a 
"big plane", the hyperspectral camera FENIX 
also mounted for the first time on the ATR of 
SAFIRE and the 2 infrared cameras TELOPS 
allowed to obtain a sum of data that the 
teams of Onera of Toulouse exploit from 
now on. The second week was devoted to 
the first flight of the Lidar Vent or "LIVE", 
an instrument using an innovative laser 
amplifier developed by Onera's Department 
of Optics and Associated Techniques (DOTA). 
Here too the results look promising.
A long and meticulous upstream work was 
necessary not only to prepare the flights 
and equip the aircraft, but also to obtain 
the certification of the instruments, most 
of which were prototypes. The exceptional 
weather in February contributed to the 
success of this campaign, which finalises 
the airborne part of the TERRISCOPE project, 
but the success of the 13.5 hours of flight 
accomplished highlights above all the 
exemplary commitment and coordination of 
all the participants in this project.
For the future, seven configurations of the 
ATR are certified and 4 configurations of 
the Piper Aztec will make it possible to carry 
out various measurement campaigns with 
the mutualised instruments of the Onera 
platform. Thus, the Terriscope platform is a 
unique means of passive and active airborne 
remote sensing, making it possible to carry 
out both scientific research (study of the 
natural or artificial environment surrounding 
an anthropogenic activity) and more applied 
work, particularly in the fields of surveillance, 
security and defence.  
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This approach, called PIAF-Hydrometeor, 
allow to provide every 5 minutes a 
hydrometeor forecas over a large domain 
including French territory. PIAF-Hydrometeor 
provides useful information for various 
sectors, for example airport operations.
Evaluation exhibits good coherency between 
forecasts and reference (given by HYDRE 
product that uses daul poarization of radars) 
for the different type of snow, the drizzle and 
rainfall. Concerning hail the predictability is 
reduced (30 minutes).
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The Onera DOTA wind lidar team and part of the SAFIRE team at the foot of the ATR42 of Météo-France. Copyright : SAFIRE.
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EDR diagnostic forecast valid for the 13/02/2019 12h UTC – Maximum for the layer FL370/390 in color shade: 
red: severe, orange: medium, yellow: light to moderate. Geopotential height in blue lines. 
Report of severe turbulence indicated with the red triangle.

PIAF Hydrometeors for 28th February 2018 – 
60 minutes forecast for 21:00 UTC. 
In this example the hydrometors are drizzle (light green), 
rainfall (dark green), snow more (dark blue) 
or less (light blue) wet, freezing rain (red).
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	 CMRS	 Centre Météorologique Régional Spécialisé	
	 CNES	 Centre National d’Études Spatiales	
	 CNRM	 Centre National de Recherches Météorologiques	
	 CNRM-CM6	 Version 6 du Modèle de Climat du CNRM	
	 CNRM-ES	 Modèle Système Terre incluant le cycle du carbone	
	 CNRS	 Centre National de Recherches Scientifiques	
	 CO	 Monoxyde de Carbone	
	 COMEPHORE	 Fusion des données radar et des pluviomètres disponibles	
	 COMSI	 COMité ScIentifique	
	 COPAL	 COmmunity heavy-PAyload Long endurance instrumented 	
		  aircraft for tropospheric research in environmental and 		
		  geo-sciences	
	 COPERNICUS	 European Earth observation system http://www.copernicus. 
		  eu/pages-principales/services/climate-change/	
	 CORDEX	 COordinated Regional climate Downscaling EXperiment	
	 CREWS	 Climate Risk and Early Warning Systems	
	 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	
	 DEAL	 Direction de l'Environnement, de l'Aménagement  
		  et du Logement 	
	 DESR	 Direction de l’Enseignement Supérieur et de la Recherche	
	 DGPR	 Direction Générale de la Prévention des Risques	

	 DGSCGC	 Direction générale de la Sécurité Civile et de la Gestion  
		  de Crise	
	 DINEOF	 Data Interpolating Empirical Orthogonal Functions 	
	 DIRAG	 Direction Inter-Régionale Antilles Guyane	
	 DSM	 Direction des Services Météorologiques	
	 ECMWF	 European Centre for Medium-range Weather Forecasts	
	 EDR	 Eddy Dissipation Rate	
	 ENM	 Ecole Nationale de la Météorologie	
	 ENSO	 El Nino Southern Oscillation	
	 EOF	 Fonction Orthogonale Empirique	
	 ERA	 European Re-Analysis	
	 ESA	 European Space Agency	
	 EUMETSAT	 Organisation européenne pour l'exploitation de satellites 	
		  météorologiques	
	 EXPLORER	 Projections climatiques et impacts sur l’agriculture	
	 FEDER	 Fonds Européen de Developpement Régional 	
	 FORUM	 Far-infrared Outgoing Radiation Understanding 		
		  and Monitoring 	
	 GCM	 Modèle de circulation Générale	
	 GELATO	 Global Experimental Leads and ice for ATmosphere  
		  and Ocean	
	 GET	 laboratoire de Géosciences Environnement Toulouse	
	 GHER	 GeoHydrodynamic and Environmental Research 	
	 GIEC	 Groupe Intergouvernemental d'experts sur l'Evolution  
		  du Climat	
	 GIRAFE	 capteur Gravimétrique Interférométrique de Recherche à 	
		  Atomes Froids Embarqué	
	 GMAP	 Groupe de Modélisation et d’Assimilation pour la Prévision
	 GMEI	 Groupe de Météorologie Expérimentale et Instrumentale 	
	 GOES	 Satellites météorologiques géostationnaires américains	
	 GOES 16/17	 Satellites météorologiques géostationnaires américains	
	 GTG	 Graphical Turbulence Guidance	
	 HAMSTRAD	 H2O Antarctica Microwave Stratospheric and 			
		  Tropospheric Radiometer	
	 HCERES	 Haut Conseil de l'évaluation de la recherche et  
		  de l'enseignement supérieur 	
	 HCL	 Hauteur de Couche Limite	
	 HIRLAM	 HIgh Resolution Limited Area Model	
	 HOMONIM	 Historique Observation MOdélisation des Niveaux Marins	
	 HYCOM	 HYbrid Coordinate Ocean Model	
	 HyMeX	 Hydrological cYcle in the Mediterranean EXperiment	
	 IAGOS	 In-service Aircraft for Global Observing System 	
	 IASI	 Interféromètre Atmosphérique de Sondage Infrarouge	
	 IFPEN	 Institut Français du Pétrole Energies Nouvelles	
	 Ifremer	 Institut Francais de Recherche pour l'Exploitation de la MER	
	 IFS	 Integrated Forecasting System	
	 INRA	 Institut National de la Recherche Agronomique	
	 INRAE	 Institut National de Recherche pour l'Agriculture, 		
		  l'alimentation et l'Environnement 	
	 IPCC	 Intergovernmental Panel on Climate Change 
		  (Groupe d’experts intergouvernemental sur l’évolution 
		  du climat)	
	 IR	 Infra Rouge	
	 ISBA	 Interaction Sol-Biosphère-Atmosphère	
	 IWV	 Quantité de vapeur d’eau intégrée	
	 KABL	 (K-means for Atmospheric Boundary Layer 	
	KALIDEOS-Alpes	 Dispositif du CNES visant à promouvoir et à démontrer 		
		  l’usage de la donnée spatiale	
	 LACY	 Laboratoire de l’Atmosphère et des Cyclones – UMR 8105	
	 LANFEX	 Local and Nonlocal Fog Experiment 	
	 LAURE	 Loi sur l'Air et l'Utilisation Rationnelle de l'Energie	
	 LBLRTM	 modèle de transfert radiatif raie-par-raie 	
	 LEFE	 programme national « Les Enveloppes Fluides 
		  et l'Environnement »	
	 LIDAR	 light detection and ranging 	
	 LIMA	 Liquid Ice Multiple Aerosols 	
	 LISA	 LIdar SAtellite	
	 LMI	 Lifetime Maximum Intensity	
	 LWP	 Eau liquide intégrée	
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	 MEDSCOPE	 Mediterranean Services Chain based On climate 		
		  Predictions
	 Megha-Tropiques	 Satellite fanco-indien dédié à l'étude du cycle de l'eau 	
			  et des échanges d'énergie dans la zone tropicale	
MERCATOR-OCEAN		 Société Civile Française d'océanographie 			 
		  opérationnelle	
	 MERIT-DEM	 Multi-Error-Removed Improved-Terrain	
	 MESO-NH	 Modèle à MESO-échelle Non Hydrostatisque
	 METAR	 METeorological Aerodrome Report 	
	 METOP	 METeorological Operational Polar satellites	
	 METOP – SG	 METeorological Operational Polar satellites – 
		  Seconde Génération	
	 MFWAM	 Météo-France WAve Model	
	 MISTRALS	 Mediterranean Integrated STudies at Regional 
		  And Local Scales	
	 MJO	 Madden-Julian Oscillation	
	 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	 Modèle Océanique de Transport d'HYdrocarbure	
	 MSG	 Météosat Seconde Génération	
	 MTES	 Ministère de la Transition Ecologique et Solidaire	
	 MTG	 Météosat Troisième Génération	
	 MW	 Micro Ondes	
	 NCAR	 National Center for Atmospheric Research	
	 NEMO	 Nucleus for European Modelling of Ocean	
	 NH3	 formule de l’ammoniac	
	 NOAA	 National Ocean and Atmosphere Administration	
	 NWCSAF	 Satellite Application Facility for Nowcasting	
	 OACI	 Organisation de l’Aviation Civile Internationale	
	 OMM	 Organisation Météorologique Mondiale	
	 ONERA	 Office national d'études et de recherches aérospatiales
	 OPG	 Orages Points de Grille	
	 OSTIA	 Operational Sea surface Temperature sea Ice Analysis	
	 PEARP	 Prévision d'Ensemble ARPège	
	 PI	 Prévision Immédiate	
	 PIAF	 Prévision Immédiate Agrégée Fusionnée	
	 PICS	  Prévision Immédiate intégrée des Impacts 
		  des Crues Soudaines	
	 PNT	 Prévision Numérique du Temps	
	 PRIMEQUAL	 PRogramme de Recherche Interorganisme 
			  pour une MEilleure QUALité de l'air 	
	 PROSNOW	 Provision of a prediction for Snow management 	
	 RADOME	 Réseau d’Acquisition de Données d’Observations 		
		  Météorologiques Etendu	
	 RCM	 Modèle de Climat Régional	
	 RCP	 Representative Concentration Pathway	

	 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	
	ReNov’Risk	 Recherche intégrée et innovante sur les risques naturels : 		
		  Impact Météorologique et Océanographique des Cyclones 		
		  Tropicaux sur les territoires du Sud-Ouest de l’Océan Indien	
	 ROC	 Relative Operating Characteristic curve	
	 RTTOV	 Radiative Transfer for TOVS	
	 S2S	 Sub-seasonal to Seasonal	
	 SAF NWC	 Satellite Application Facility on support to Nowcasting	
	 SAF OSI	 Satellite Application Facility for Ocean and Sea Ice	
	 SAFIRE	 Service des Avions Français Instrumentés pour la Recherche 		
		  en Environnement	
	 SAFRAN	 Système d’Analyse Fournissant des Renseignements 		
		  Atmosphériques pour la Neige	
	 SAR	 Synthetic Aperture Radar	
	 SDI	 Sahara Dust Index	
	 SESAR	 Single European Sky ATM Research	
	 SEVIRI	 Spinning Enhanced Visible and Infra-Red Imager	
	 Shom	 Service Hydrographique et Océanographique de la Marine	
	 SLSTR	 Sea and Land Surface Temperature Radiometer 	
	 SOOI	 Sud-Ouest Océan Indien	
	 SROCC	 Rapport Spécial sur l’Océan et la Cryosphère dans un Climat 		
		  Changeant	
	 SURFEX	 code de SURFace EXternalisé	
	 SWI	 Soil Wetness Index	
	 SWIM	 Surface Wave Investigation and Monitoring	
	 TAF	 Terminal Aerodrome Forecast	
	 TEB 	 Town Energy Balance
	 TEMSI	 TEMps SIgnificatif	
	 THEIA	 Pôle de données et de services surfaces continentales 	
	 TRIP	 Total Runoff Integrating Pathways	
	 TRL	 Technology Readiness Level	
	 TSM	 Températures de Surface de la Mer	
	 UERRA	 Uncertainties in Ensembles of Regional Re-Analyses	
	 UK	 United Kingdom	
	 UMR	 Unité Mixte de Recherche	
	 UTC	 Temps Universel Coordonné	
	 UTLS	 Haute Troposphère Basse Stratosphère	
	 VIIRS	 Visible Infrared Imager Radiometer Suite 	
	 WIRE	 Winter Risks for Energy	
	 YOPP	 Year Of Polar Prediction	
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