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ABSTRACT
Météo-France runs operationally, for the needs of several overseas regions in the tropical belt, five numerical weather prediction configurations, based on the convection-permitting model AROME and called
the AROME-OM system. These configurations use the high-resolution model [Integrated Forecasting
System (IFS)] from the European Centre for Medium-Range Weather Forecasts (ECMWF) for both initialization and lateral forcing. In this study, the performance of the AROME-OM system for rainfall forecasting is compared to the one of ECMWF IFS. The validation uses spatialized rainfall estimates over a 24-h
time period at two time scales (daily and annual), from both satellite and ground-based instruments. It has
been performed over a 10-month period and across five tropical domains. The intercomparison demonstrates
consistent signals across domains and scales. The added value of the AROME-OM system compared to
ECMWF IFS is shown for rain/no-rain discrimination and for rain accumulations larger than 10 mm day21.
The AROME-OM system also shows a better ability to forecast realistic rain patterns over these tropical
regions. The main weakness found is for an intermediate range of rain accumulations, from 1 to 10 mm day21,
for which the ECMWF IFS forecasts slightly outperform the AROME-OM system forecasts.

1. Introduction
More than 2.5 million inhabitants live in French
tropical overseas regions; for all but French Guiana,
these regions are composed of islands, located in three
different oceans: the North Atlantic, the southwest
Indian, and the South Pacific. The needs of these territories for weather forecasting are large, from highimpact weather events to daily local effects, when the
unstable tropical atmosphere meets steep orography.
For almost 20 years, Météo-France has supported these
regions by providing them dedicated numerical weather
prediction (NWP) products, from a custom (unstretched)
global model in 2002 to limited-area models (LAM) by
2006. Based on the ALADIN model (Termonia et al.
2018), this first generation of LAM was run at a resolution from 12 to 8 km during its period of operations
(Montroty et al. 2008). A major upgrade of the NWP
system for overseas regions occurred in February 2016,
when the convection-permitting model Applications of
Research to Operations at Mesoscale (AROME), with a
2.5-km horizontal resolution, was deployed operationally over these regions in replacement of ALADIN. This
Corresponding author: Ghislain Faure, ghislain.faure@meteo.fr

step forward has been driven by the successful implementations in operations, during the last decade, of
convection-permitting models over the United States
(Weisman et al. 2008) and over western Europe (Lean
et al. 2008; Baldauf et al. 2011; Seity et al. 2011). The
more recent success of various convection-permitting
models running operationally in the tropical belt
(Bernardet et al. 2015; Woodhams et al. 2018; Zhu et al.
2018) was another motivation.
The AROME model has been configured over five
tropical domains: the West Indies, French Guiana, the
southwest Indian Ocean, New Caledonia, and French
Polynesia. This set of configurations, which cover
the most populated French overseas regions, is called the
AROME overseas NWP system (denoted further as the
AROME-OM system) and named, respectively, for each
domain: AROMEAntilles, AROMEGuiana, AROMEIndian,
AROMECaledonia, and AROMEPolynesia.
The AROME-OM system is designed to be as versatile as possible and is in particular not only focused
on tropical cyclone forecasting. It is run every day, all
yearlong, aiming to address all the forecaster needs from
day 1 to day 3 including high-impact weather events,
such as tropical cyclone landfalls and severe convection, but also local effects over steep islands and more
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generally the wide range of impact-based weather
events such as aviation, energy, general public, and so
on. Rain appears as a common factor across all these
concerns and needs to be accurately forecasted whatever its intensity is.
The AROME-OM system is basically a downscaling,
without any additional data assimilation, of the highresolution deterministic global model [Integrated
Forecasting System (IFS)] from the European Centre
for Medium-Range Weather Forecasts (ECMWF). This
global model has a horizontal resolution of approximately 9 km and therefore uses a parameterization to
simulate convection (Bechtold et al. 2014). It is known
that, thanks to a better resolution for orography and a
convection-permitting core, AROME can provide more
realistic rain fields than its global forcing model (Clark
et al. 2016; Seity et al. 2011). However, due to the initialization process and the following spinup, along with
some usual caveats of mesocale models for rainfall
forecasting such as the over (under) estimation of heavy
(light) rainfall (Lean et al. 2008; Done et al. 2004), the
rainfall forecast skills of AROME-OM system with respect to ECMWF IFS need to be characterized. On a
practical basis, as rainfall forecasts of a convectionpermitting model can be quite different from those
of a global model, a forecaster may not be confident
enough to use the guidance of the former without a prior
comprehensive assessment.
One of the difficulties for NWP systems in these
tropical regions, compared to midlatitude regions like
Europe for instance, is the scarcity of in situ observations: it makes both the initialization and the validation
processes less reliable. While convection-permitting
models that run operationally in the tropics become
more and more common, their validation is not frequent
in scientific literature, except for models dedicated for
tropical cyclone forecasting, like HWRF (Bernardet et al.
2015). One of the most comprehensive studies to date is
Woodhams et al. (2018), who characterized the added
value of a convection-permitting model for forecasting
extreme rainfall over East Africa. It notably shows that the
mesoscale model outperforms the global one for rainfall
forecasts over land, while over ocean the global model
seems slightly better than the convection-permitting model.
This manuscript describes the results of an evaluation,
focused on rainfall forecasts, of the AROME-OM system compared to its forcing model ECMWF IFS. This
evaluation uses spatialized rainfall estimates at two
time scales (daily and annual), from both satellite and
ground-based instruments. It has been performed over a
10-month period and across five tropical domains. The
paper is organized as follows: section 2 describes the
AROME-OM system itself and its main characteristics,
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section 3 is dedicated to the description of the references
and methods used for the rainfall forecast verification,
section 4 describes the rainfall verification for both references and for both time scales, and section 5 shows
some case studies. Finally, section 6 summarizes the
main findings and draws a few perspectives for the future
evolution of this NWP system.

2. Description of operational configurations
A first version of the AROME-OM system was operationally implemented at Météo-France in February
2016. It was replaced by a more advanced version in
December 2017 with major upgrades; the present paper
evaluates this current version, during its preoperationnal stage that started from February 2017, on which an
extensive validation had been performed to assess the
performance of the new suite.
The AROME-OM system is mostly based on the
AROME-France configuration run operationally centered over France. This configuration is described in
Seity et al. (2011) and Brousseau et al. (2016). The major
differences between the two are currently the horizontal
resolution (2.5 vs 1.3 km, respectively) and the lack of a
dedicated data assimilation scheme for the AROMEOM system: its initial conditions come mostly from
ECMWF IFS. The global model from Météo-France,
ARPEGE, was less suitable for this purpose due to its
stretched grid that reaches its coarser resolution over the
Pacific Ocean. More details on initial conditions are
presented in section 2c along with some characteristics
of the AROME-OM system in sections 2a and 2b; more
details on general AROME model code components
and canonical configurations are provided in the review
paper by Termonia et al. (2018).

a. Geographical domains and model grid
Figure 1 shows the five geographical domains considered; each of them uses a 2.5-km regular grid on a
Lambert projection. As summarized in Table 1, their
sizes vary from 473 3 357 grid points (AROMEGuiana) to
1573 3 873 grid points (AROMEIndian). The majority of
their grid points are over ocean, with a fraction of land
grid points ranging between 31.5% (AROMEGuiana)
and 0.1% (AROMEPolynesia). Regarding the orography
in each of the domains, the fraction of grid points with
an elevation greater than 500 m is negligible for the
AROMEGuiana domain (1%), but reaches 46.9% for the
AROMEIndian domain.

b. Model dynamics, physics, and surface
The five configurations of the AROME-OM system
share a same tuning of AROME dynamics and physics,
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FIG. 1. Domains of the AROME-OM system showing from west to east AROMEPolynesia, AROMEAntilles, AROMEGuiana, AROMEIndian,
and AROMECaledonia.

described hereafter. The vertical discretization uses 90
vertical levels, from 5 m up to approximately 34 km, with
mass-based hybrid pressure terrain-following coordinate h. These configurations use a nonhydrostatic dynamical core and are run with a 60-s time step with two
iterations of a light predictor-corrector scheme. Lateral
boundary coupling uses a Davies relaxation scheme,
with a 1-h frequency refresh from the forcing model, the
ECMWF IFS introduced before. The semi-Lagrangian
horizontal diffusion (Vá
na et al. 2008) of hydrometeors
has been slightly decreased compared to the AROMEFrance configuration, to take into account the differences of horizontal resolution (2.5 vs 1.3 km) and of time
step (60 vs 50 s).
Compared to the AROME-France configuration, the
AROME-OM system has no specific tuning of its physics
parameterizations. With regards to convection, the
AROME-OM system uses a mass flux shallow convection
scheme (Pergaud et al. 2009), that is nonprecipitating; no
deep convection scheme is activated. AROME also uses
a turbulence scheme based on a prognostic equation of
turbulent kinetic energy (Cuxart et al. 2000), and a onemoment microphysics prognostic scheme (Pinty and
Jabouille 1998). The radiation scheme is a simplified version of the ECMWF radiation parameterization (Mlawer
et al. 1997; Fouquart and Bonnel 1980; Morcrette 1991).
With regards to the surface, the AROME-OM system
uses the same surface modeling platform as AROMEFrance, called SURFEX (Masson et al. 2013), with one
addition: the activation of the 1D ocean model with inline
coupling. This feature allows better forecasting of the intensity of tropical cyclones, thanks to the ability to represent
the cooling of the sea surface temperature in the vicinity of
tropical cyclones (Davis et al. 2008; Samson et al. 2009).

c. Initialization and operational runs
As said previously, the AROME-OM system does not
have its own data assimilation scheme. For each run,
initial conditions are gathered from three different

global models: ECMWF IFS, Météo-France ARPEGE,
and Mercator-Ocean PSY4. They are used to initialize,
respectively, the atmosphere, the land, and the ocean
components of AROME.
More precisely, regarding the atmosphere, the variables of surface pressure, temperature, wind components
and humidity are initialized by IFS fields, interpolated
from a 16-km grid with quadratic troncature. To mitigate
the initial spinup phase, an incremental analysis update
algorithm (Bloom et al. 1996) is used to add large-scale
information from the most recent IFS analysis in a 6-h
AROME forecast that starts 6 h before the required initial conditions. Doing so makes the initial AROME fields
to be representative of the actual model resolution and
the convective features to be represented, while benefiting from the latest large-scale analysis from IFS.
For continental surfaces, AROME and IFS use different parameterizations, named, respectively, Interactions
between Soil, Biosphere, and Atmosphere (ISBA; Noilhan
and Planton 1989) and Tiled ECMWF Scheme for
Surface Exchanges over Land (TESSEL; van den Hurk
et al. 2000). They differ in many aspects, from land-use
databases to fundamental concepts, like the discretization of the soil or the formulation of the exchanges between the levels. Therefore, computing ISBA variables
from TESSEL ones is not straightforward and requires
TABLE 1. For each AROME-OM domain, dimensions of the
horizontal grid [zonal (x) 3 meridional (y) sizes], fraction of grid
points over land with respect to the full domain, and fraction of grid
points with an elevation higher than 500 m with respect to the
number of grid points over land.
AROME
domain

x3y

Antilles
1053 3 613
Caledonia 573 3 573
Guiana
473 3 357
Indian
1573 3 873
Polynesia
573 3 573

Fraction of grid
points over land

Fraction of land grid
points . 500 m

8.5%
1.5%
31.5%
23.4%
0.1%

24.9%
12.4%
1.0%
46.9%
22.8%
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FIG. 2. (a) ANTILOPE domains (black contours) with the rain gauges (black dots) and radars (red points) used for rainfall estimation;
shaded colors represent elevation from the GMTED2010 database, and names of the main islands are indicated in black. Shown are the
(i) ANTILOPEAntilles, (ii) ANTILOPEIndian, and (iii) ANTILOPECaledonia domains. (b) The actual orography used by AROME model,
and (c) the actual orography used by IFS model.

several strong assumptions. After severals tests (not
shown), it has been shown that using ARPEGE surface
fields, which also use ISBA parameterization, was more
beneficial to AROME than using IFS surface fields.
Consequently, an interpolation from the ARPEGE grid
is performed toward each AROME-OM domain for all
the surface fields at the beginning of each run.
Concerning the ocean, the 1D ocean model variables
(current components, salinity, temperature) are initialized by Mercator-Ocean global model PSY4, which has
a horizontal resolution of 1/128 (Lellouche et al. 2018).
These configurations are run four times a day, at 0000,
0600, 1200, and 1800 UTC, up to a lead time of 42 h on a
daily basis, and up to 78 h on demand (mainly during

tropical cyclone warnings). Outputs on regular latitude–
longitude grids are postprocessed each hour. These forecasts are run on the Météo-France high-performance
computer in Toulouse, France, and then disseminated to
overseas regions and are freely available online as well.1

3. Data and method for rainfall forecast verification
For the intercomparison presented in this paper, daily
AROME forecasts have been performed at 0000 UTC

1
https://donneespubliques.meteofrance.fr/?fond5produit&id_
produit5241&id_rubrique551 (fr).
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TABLE 2. List of the precipitation products used as reference in the intercomparison of rainfall forecasts.

Product name

Observational source

ANTILOPEAntilles
ANTILOPEIndian
ANTILOPECaledonia
3B42RT-V7

Rain gauges (62) and ground radar (2)
Rain gauges (60) and ground radar (2)
Rain gauges (45) and ground radar (3)
Microwave observations from low Earth orbiting
satellites and thermal infrared observations from
geostationary satellites
Same as 3B42RT-V7

GSMAP

up to a 124-h range for the five AROME-OM domains.
These forecasts have been produced with version cy42t1
of the AROME code over a 10-month period starting on
1 February 2017 and ending on 5 December 2017. This
period corresponds to a preoperational phase, during
which this suite was exhaustively validated before being
put into operation. The produced data have been stored
at their native horizontal resolution of 2.5 km. The IFS
24-h rainfall forecasts of 0000 UTC have also been
extracted from the ECMWF archive on the native cubicoctahedral grid. The rainfall forecasts from both systems
have been averaged at several scales depending on the
reference verification dataset used as explained below.

a. Reference datasets and space scales for
intercomparison
For three of the five AROME domains, a rainfall
product, named ANTILOPE, is available and combines
observations from rain gauges and ground radar data
(Laurantin 2008; Champeaux et al. 2011), to provide a
spatialized rainfall field centered on radars. The areas
for which this ground-based rainfall product is available
are shown in Fig. 2, along with the locations of the rain
gauges and the ground-based radars used, the elevation, and the name of the main islands. As shown in
Table 2, the ANTILOPE products are provided at a
native 1-km/1-h resolution. The ANTILOPECaledonia
product covers the largest area of the three products,
with virtually no coverage overlap between its three
radars, and it includes a rather large portion of oceanic
surface for which no rain gauge calibration is performed.
The number of rain gauges over land is also the smallest
of the three domains with 45 instruments, compared to
62 and 60, respectively, for the ANTILOPEAntilles and
ANTILOPEIndian products. A comprehensive validation
of these products has been performed (Météo-France
internal reports): for each domain the ANTILOPE
product and the raw radar estimates have been compared to independent rain gauge data over several
months, with several metrics and for different classes of
rainfall intensity. All ANTILOPE products have lower

Native
resolution

Surface
covered (km2)

Fraction of the AROME
domain(s) covered by
the product

1 km/1 h
1 km/1 h
1 km/1 h
0.258/3 h

10 027
4 113
81 334
—

0.25%
0.05%
3.95%
100%

0.18/1 h

—

100%

root-mean-square errors and better equitable threat
scores than the raw radar estimate, for all rainfall intensities and for the three domains. According to these
criteria, the best quality product is ANTILOPEIndian
and the lowest one is ANTILOPECaledonia; the three
products have nonetheless less skill than their inland
France counterpart.
For the domains ANTILOPEAntilles, ANTILOPEIndian,
and ANTILOPECaledonia, AROME-OM and IFS forecast
datasets have been interpolated onto the 1-km grid of
ANTILOPE. While being at a higher resolution than the
forecasts of the two models, in particular for the IFS forecasts at the coarsest resolution, this comparison at the
kilometric scale characterizes the strength and weaknesses
of forecasts with respect to the orography and to the land–
ocean contrasts, which are important aspects for forecasters.
Although of high interest for French forecasters,
the areas covered by these ANTILOPE datasets are
rather small with respect to the full domain sizes (see
Table 2): 0.25% for the AROMEAntilles forecasts, 3.95%
for the AROMECaledonia forecasts, and 0.05% for the
AROMEIndian forecasts. Therefore, a complementary
kind of rainfall estimate was also used as reference and
consists of satellite-based precipitation products. Indeed,
various intercomparisons studies, several of which are
led by the International Precipitation Working Group2
(Levizzani et al. 2018), have shown that these products
can provide highly relevant precipitation estimates. In
particular, it was shown to be the case in the tropics
(e.g., Gosset et al. 2018), where the emission and scattering signals observed from space by various microwave sensors can be strongly correlated to surface
rainfall resulting from deep convection. Among the variety
of available satellite-based products, two intensively
validated products have been selected for this study:
(i) the TRMM-3B42RT-V7 product (Huffman et al.
2007, denoted further as 3B42RT-V7) and (ii) the
GSMAP product (Kubota et al. 2007). These products

2

http://www.isac.cnr.it/;ipwg/.
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both belong to the category of merged microwave/infrared
datasets; they use almost the same satellite data as input
and no rain gauge data to provide an independent set
compared to the ANTILOPE product. Nonetheless, the
algorithms to retrieve instantaneous precipitation from
microwave observations as well as the algorithms to
merge these estimates with infrared observations are
rather different. Therefore, verifying the model forecasts with these two products is interesting as it provides
widely independent references.
For these comparisons, the IFS, AROME, 3B42RT-V7,
and GSMAP datasets have been averaged onto the same
common horizontal grid of 0.58. This resolution is a quite
coarse one for assessing the performance of a mesoscale
model like AROME, but (i) it is the lowest common
multiple of 3B42RT-V7 and GSMAP resolutions, and
(ii) it does provide complementary information with
respect to the ANTILOPE comparisons.

b. Time scales and metrics
In this study, rainfall forecasts skills have been
assessed at two different time scales: a daily one and a
longer one called the annual time scale. The two selected scales both present a scientific interest to estimate
the added value of the AROME-OM system compared
to its forcing model, ECMWF IFS, giving, respectively,
day to day and climatological assessments. These two scales
are also of primary importance for the end-users: the daily
scale is used every day by the forecasters, while the annual one is able to highlight the most important biases of
the models that forecasters must be aware of.
No subdaily skill comparison is performed within this
paper, because (i) the uncertainty of the references at
such time scales requires an even longer period of study
and (ii) the diurnal cycle over these oceanic regions is
weaker than over continent. This subdaily assessment
will be addressed in a future paper.
For what is called the annual scale, all rainfall products have been accumulated over the 10-month period.
Then several basic metrics are used: bias, coefficient
of determination (Murphy 1995), corresponding to the
square of the correlation coefficient, and rainfall maps
to show the different rainfall geographical patterns.
Section 4a reports the results of the intercomparison
at the annual time scale, both with respect to the
ANTILOPE product [section 4a(1)] and with respect to
the satellite products [section 4a(2)].
For the daily scale, all rainfall products have been
accumulated over 24 h and are intercompared. Two
different metrics are used for assessing the daily variability:
occurrence histograms as well as a skill score known as the
fractions skill score (noted further FSS, Roberts and
Lean 2008). This FSS measures the degree of agreement

FIG. 3. Domain-averaged rainfall accumulation for the 10-month
period for the three ANTILOPE domains and for the models
AROME and IFS (a) total amount, (b) bias, and (c) coefficient of
determination compared to the ANTILOPE product.

between the forecast and the reference above a certain
rainfall threshold and within a given neighborhood; this
score belongs to the family of fuzzy verification scores
(Ebert 2008). Section 4b reports the results of the intercomparison at the daily time scale, both with respect
to the ANTILOPE product [section 4b(1)] and with
respect to the satellite products [section 4b(2)].
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FIG. 4. Rainfall accumulation maps for the 10-month period and for the three ANTILOPE domains: (i) Antilles, (ii) Indian, and (iii)
Caledonia. For each domain, use of a common 1-km-resolution grid and plot of three datasets: (a) ANTILOPE reference, (b) AROME,
and (c) IFS.

4. Results of the intercomparison
a. Intercomparison at the annual scale
1) ANNUAL SCALE WITH RESPECT TO COMBINED
RADAR/RAIN GAUGE PRODUCTS
Figure 3a shows the domain-averaged accumulated
rainfall of ANTILOPE, AROME, and IFS for the
10-month period over the three ANTILOPE domains, and
Fig. 3b shows their biases compared to the ANTILOPE
product. While domain-averaged accumulations are similar for both models over the ANTILOPEAntilles and

ANTILOPECaledonia domains, this amount of rainfall is
quite different over the ANTILOPEIndian domain with
a total rain accumulation of AROME greater than the
IFS one by 500 mm. When compared to the ANTILOPE
product, both models underestimate rainfall accumulation by roughly 20% over the ANTILOPEAntilles domain; for the other two domains, biases range from 15%
to 20% and are of opposite signs for IFS and AROME.
Figure 3c shows the coefficient of determination (denoted R2) between both models and ANTILOPE products; it is a simple metric that can be used to determine
which model explains a larger fraction of variance of
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TABLE 3. Maxima of rainfall accumulation (mm) over the full period on ANTILOPE domains for models and reference.
ANTILOPE domain

ANTILOPE

AROME

IFS

Antilles
Indian
Caledonia

6472
7989
3265

3554
12 213
2585

2954
5101
1771

the ANTILOPE product than the other. It appears that
AROME outperforms IFS on ANTILOPEAntilles and
ANTILOPEIndian domains, with R2 above 0.6, while
both models have the same average R2 of 0.4 on
ANTILOPECaledonia domain. These domain-averaged
metrics can be further explained by the geographical
variability of rainfall accumulations, shown on Fig. 4 for
the three ANTILOPE domains. The maxima of rainfall
of each map of this latter figure are reported in Table 3.
Figure 2 gives for the three ANTILOPE domains the
orography actually used by AROME and IFS (Figs. 2b
and 2c, respectively), with the same colorbar as the real
orography (Fig. 2a).
d

d

d

Over the ANTILOPEAntilles domain, the maximum of
rainfall estimated by ANTILOPE is approximately
twice as big as the ones from AROME and IFS (see
Table 3). Nevertheless, AROME rainfall patterns
are more realistic than IFS ones: the maxima of
AROME rainfall are located on mountainous areas of
Guadeloupe and Martinique [Fig. 4b(i)], while IFS
ones are on the shore [Fig. 4c(i)], upstream of the relief. While the poorer representation of the relief by
IFS than by AROME [Figs. 2c(i),b(i)] could explain
why the IFS rainfall maximums are smaller than
AROME ones, it does not explain why they occur
over the sea rather than on the mountain slopes.
Over the ANTILOPEIndian domain, like for the previous one, AROME rainfall patterns are much closer
to ANTILOPE rainfall patterns than IFS ones; the
highest amounts of AROME rainfall are located on
windward mountainous regions [Fig. 4b(ii)], while
IFS ones are more upstream [Fig. 4c(ii)]. As reported
in Table 3, the AROME maximum total amount is
12 213 mm of rain, which is larger than the ANTILOPE
one by 61% as well as larger than the IFS one by 138%.
Like for the ANTILOPEAntilles domain, IFS uses a less
realistic topography than AROME [Figs. 2c(ii),b(ii)].
This difference in topography could explain the difference of magnitude between the rainfall maximums
of IFS and AROME, but it does not explain their
difference of localization, the IFS maximum being on
the shore rather than on the slope.
Over the ANTILOPECaledonia domain, the maximum
of total rainfall estimated by ANTILOPE is better
estimated by AROME than by IFS. Some geographical

FIG. 5. Domain-averaged rainfall accumulation for the 10-month
period, for the five AROME domains and for the models AROME
and IFS (a) total amount, (b) bias, and (c) coefficient of determination compared to both satellite products 3B42RT-V7
and GSMAP.

patterns of rainfall in particular places are better
depicted with AROME: for instance, IFS highest
accumulations are only located over the southern
and the eastern parts of the New Caledonia main
island (Grande Terre) [Fig. 4c(iii)], while AROME is
able to realistically locate high amounts of rainfall
inland [Fig. 4b(iii)]. When ANTILOPE products have
been introduced in section 3a, it has been said that
the ANTILOPECaledonia product should be used with
more caution than for the other two domains, as
one can note on Fig. 4a(iii) where visible portions
of the radar beam appear on rainfall estimates on the
southern part of Grande Terre.
At this local scale, and across the three domains, it
is clear that AROME is able to provide much more realistic patterns of rainfall accumulation on the annual
average. Indeed, its largest accumulations occur over
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FIG. 6. Rainfall accumulation maps for the 10-month period for the AROMEAntilles domain on a common 0.58-resolution grid; shown are
data from satellite products (a) 3B42RT-V7 and (b) GSMAP and from models (c) AROME and (d) IFS.

summits and on windward coasts, while IFS tends to localize its largest accumulations on the shore. The difference between the actual orographies used by these two
models can explain the difference in magnitude of the
rainfall, but not the difference in localization: even with
very underestimated orography, IFS tends to localize its
maximum of rainfall on the shore and not on the slopes of
the mountains. These more realistic patterns simulated by
AROME than IFS explain why the coefficients of determination are so different between the two models over
the ANTILOPEAntilles and ANTILOPEIndian domains,
which are focused on small islands with steep orography.
The IFS largest accumulations are always smaller than
the ANTILOPE ones. The bias between ANTILOPE
and AROME varies from one domain to another concerning the highest accumulations: a large underestimation over both Antilles islands and large overestimation
over La Réunion island. The latter may be explained by
the very steep orography of this island, showing then a
bias of AROME to overintensify orographic convective
precipitation over high mountains as noticed by forecasters for AROME France.

2) ANNUAL SCALE WITH RESPECT TO SATELLITE

period over the five AROME domains, and Fig. 5b its
bias compared to the two satellite rainfall products.
Except over the AROMEIndian domain, IFS rain accumulations are always higher than AROME ones by
200–400 mm. The two references 3B42RT-V7 and
GSMAP also do not provide the exact same accumulations over the 10-month period: Fig. 5b indicates that for
the three domains of AROMEAntilles, AROMEIndian,
and AROMEPolynesia, 3B42RT-V7 and GSMAP only
differ by less than 5% but differ much more for the
AROMECaledonia and AROMEGuiana domains (almost
20% of difference for the latter). The AROMEGuiana
domain is characterized by the largest fraction of land
(31.5%, see Table 1) for which the estimation of precipitation from space is more difficult than over ocean
because of land surface emissivity. It is therefore not
surprising that the two products 3B42RT-V7 and GSMAP
differ the most for this particular area.
With respect to the biases reported in Fig. 5b, IFS
has a positive one compared to both products and over
the five AROME domains. In comparison, the sign of
the AROME bias is more domain dependant and can
be further explained with the rainfall maps shown in
Figs. 6–10:

RAINFALL PRODUCTS
d

Figure 5a shows the domain-averaged accumulated
rainfall of AROME and IFS during the 10-month

For the AROMEAntilles domain, shown in Fig. 6, one can
see large-scale rainfall patterns as estimated by the two
satellite products with two drier areas in the northeastern
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FIG. 7. Rainfall accumulation maps for the 10-month period for AROMEIndian domain on a common 0.58-resolution grid; shown are data
from satellite products (a) 3B42RT-V7 and (b) GSMAP and from models (c) AROME and (d) IFS.

d

and southwestern parts of the domain, and the more
important accumulation over Greater Antilles. These
patterns are consistent with the climatological ones
depicted by Jury (2009). Both models reproduced
these patterns, with a larger magnitude within AROME
forecasts that appears closer to both references.
Conversely, IFS tends to overestimate the annual amount
of precipitation in the first two drier regions, and to underestimate the one over Hispaniola and Puerto Rico,
providing on the whole a flatter field of rainfall accumulation than the satellite products or AROME ones.
For the AROMEIndian domain, similar comments can
be made on the accumulation maps shown in Fig. 7.
From a large-scale perspective, two dry areas are
consistently seen by the two satellite products over
the Mozambique Channel and the southwestern part
of Madagascar as well as the far east side of the domain. These patterns are reproduced by both models.
Moreover, one can note of local effects like the high
accumulations on the east coast of Madagascar that
are depicted on the four maps, with the strongest
maxima for AROME. Very local effects though, like
large rainfall amounts that occur over La Réunion
island as seen in section 4a(1), are poorly retrieved by
the two satellite products, probably because of their
coarse native resolution. Last, the northwestern region of Madagascar (Nosy Be area), which is depicted
by satellite products as rainy, is accurately simulated

d

d

d

by AROME but not by IFS. This region is a convergence
zone for deep convection during the dry season and also
subject to orographic heavy rain from spiral bands
when a tropical cyclone develops over the Mozambique
Channel (personal communication from the chief forecaster, Sébastien Langlade, of the Météo-France La
Réunion Regional Centre).
For the AROMECaledonia domain shown on Fig. 8, a
southwest–northeast gradient of rainfall accumulation
is present in the two satellite products and also in
the two models ouputs. As reported in Table 4, the
maxima of AROME and IFS are very similar, respectively, of 2220 and 2201 mm. These values are
smaller than the maxima of GSMAP and 3B42RT-V7
(2820 and 2732 mm).
For the AROMEGuiana domain shown on Fig. 9, one
can note the very large differences of rainfall estimation over land between GSMAP and 3B42RT-V7,
which makes the validation results difficult to interpret over this area. The common point between the
four maps is the high rainfall accumulations along the
coast due to local convection.
For the AROMEPolynesia domain shown on Fig. 10, a
northwest–southeast gradient can be seen. Covering
roughly one-fourth of the domain, an area of large
rainfall accumulation in the southeast of the domain
is coherently depicted by 3B42RT-V7, GSMAP, and
IFS, but appears too weak in AROME.
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FIG. 8. Rainfall accumulation maps for the 10-month period for AROMECaledonia domain on a common 0.58resolution grid; shown are data from satellite products (a) 3B42RT-V7 and (b) GSMAP and from models
(c) AROME and (d) IFS.

Figure 5c objectively compares the rainfall accumulation variance among the products. The coefficient of
determination computed between the 3B42RT-V7 and
GSMAP product indicates that one product explains
a large fraction of the variance of the other for the
AROMEAntilles, AROMEIndian, and AROMECaledonia
domains, with an R2 value always above 0.75 and
reaching 0.85 for the latter. The lowest consistency
between the rainfall products for the AROMEGuiana
domain leads to an R 2 smaller than 0.4. For the
AROMEAntilles and the AROMECaledonia domains, the
model forecasts roughly explain 60% of the variance of
the satellite products. The R2 value reaches 0.8 when
comparing IFS and GSMAP over the AROMECaledonia
domain. At this stage, an apparent inconsistency appears between the realism of the AROME rainfall
fields, as assessed subjectively at the beginning of this
section, and the fact that they do not objectively explain

a larger fraction of variance of the observations. The
best example of this discrepancy is shown within the
AROMEAntilles domain: AROME and IFS have very
similar coefficients of determination (Fig. 5c), but subjectively the AROME field appears to be more realistic
than the IFS one (Fig. 6). Actually, the patterns of
rainfall are better depicted by AROME than IFS on
a broad-scale comparison, but not necessarily on a
pixel-to-pixel comparison. This is an indicator that the
well-known double-penalty problem (Roberts and
Lean 2008; Amodei and Stein 2009) for the evaluation
of mesoscale rainfall forecasts may be also present
at long evaluation time scales and coarse resolutions
like the one under investigation in this section. This
double-penalty problem was less noticeable in the previous section with ANTILOPE products, although
the comparison was performed on a much finer scale.
An explanation could be that because the majority of
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FIG. 9. Rainfall accumulation maps for the 10-month period for AROMEGuiana domain on a common 0.58resolution grid; shown are data from satellite products (a) 3B42RT-V7 and (b) GSMAP and from models
(c) AROME and (d) IFS.

rainfall patterns are being driven by orography on
ANTILOPE domains, they are less subject to localization
issues. The evaluation at the daily scale in the following
section uses dedicated metrics to avoid the doublepenalty problem.

b. Intercomparison at the daily scale
In each of the comparisons presented below, distributions of daily rain accumulations either observed or
forecasted are first intercompared to document the main
features of each dataset. Then the FSS metric described
in section 3b is used to assess the rainfall variability in
AROME and IFS forecasts.

1) DAILY SCALE WITH RESPECT TO COMBINED
RADAR/RAIN GAUGE PRODUCTS
The daily accumulation histograms shown on Fig. 11
indicate a fair agreement between ANTILOPE, AROME,
and IFS. Highly consistent conclusions, that are valid for
the three geographical domains, can be made:
d

AROME forecasts are characterized by a realistic
number of no-rain samples with respect to the three
ANTILOPE products. These no-rain situations are
underestimated in the IFS forecasts.

d

d

For a rain regime between 1 and 10 mm day21, there
is an excess of samples (a lack) within the IFS
forecasts (AROME forecasts). This lack of samples
in the AROME forecasts is the strongest for the
ANTILOPEAntilles domain.
Above 10–25 mm day21, the IFS forecasts underestimate the occurrence of rainfall; AROME starts to
overestimate the occurrence of rainfall for accumulations larger than 100 mm day21 (note that above this
threshold very few samples are available).

The fuzzy verification performed with the FSS metric, shown on Fig. 12, illustrates that as expected the
models perform better for the smallest rainfall thresholds, and for larger rainfall accumulations, their performance degrades. For instance FSS for AROME
ranges between 0.4 and 0.6 for a 0.1-mm threshold, between 0.2 and 0.5 for a 3-mm threshold, and decreases
to 0.1 for the strongest rain threshold. With respect to
IFS, the FSS values for AROME are significantly higher
for most of the cases, as shown in the right column of
Fig. 12, except for the 0.1- and 3-mm thresholds for the
ANTILOPEAntilles and ANTILOPECaledonia domains.
Over the ANTILOPEIndian domain, AROME forecasts
perform significantly better than the IFS ones for all rain
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FIG. 10. Rainfall accumulation maps for the 10-month period for AROMEPolynesia domain on a common 0.58resolution grid; shown are data from satellite products (a) 3B42RT-V7 and (b) GSMAP and from models
(c) AROME and (d) IFS.

thresholds, by roughly 10% for the small rain accumulations and up to 200% for the rain accumulations above
50 mm. The same calculations have been performed for
different neighborhood sizes (not shown) and do not
affect the conclusions drawn before.

2) DAILY SCALE WITH RESPECT TO SATELLITE
RAINFALL PRODUCTS

When performing the intercomparison over the five
AROME domains with the two satellite precipitation
products as reference (Fig. 13), one does note some
similar features than at the finer kilometric scale:
d

d

the number of AROME no-rain samples is closer to
the two references than the IFS ones, across the five
domains;
within an intermediate rainfall regime between 1 and
10 mm day21, the occurrence of rainfall is overestimated
for IFS and slightly less overestimated for AROME; and

d

above 10 mm day21, the occurrence of rainfall is in
general underestimated by the two models, with
AROME being closer to the two references than IFS.
Above 100 mm day21, the samples are very small and
are not considered in the discussion.

The fractions skills scores computed for the full
domains at the 0.58 scale are characterized by a similar variability than at the kilometric scale over the
ANTILOPE domains. In the left column of Fig. 14, one
TABLE 4. Maxima of rainfall accumulation (mm) over the full period on AROME domains for models and references.
AROME domain

GSMAP

3B42RT-V7

AROME

IFS

Antilles
Indian
Caledonia
Guiana
Polynesia

3573
2865
2594
2820
2240

2391
3581
2709
2732
1850

3067
3238
2220
3956
1922

2716
2343
2201
2701
2077

Unauthenticated | Downloaded 01/09/23 07:38 AM UTC

704

WEATHER AND FORECASTING

VOLUME 35

lower values of 0.1 and 0.3. While using either 3B42RTV7 or GSMAP as the reference does slightly change the
FSS values with lower values on average for GSMAP
(e.g., Fig. 14b), the absolute variations from one geographical domain to another are well characterized by
the two products.
The differences of FSS between AROME and IFS
shown in the right column of Fig. 14 indicate consistent conclusions when compared with the ANTILOPE
product:
d

d

d

FIG. 11. Histograms of daily rain accumulations for the full 10month period. The number of samples has been normalized by
each bin width, except for the first bin, corresponding to the absolute number of no-rain samples. Data for the ANTILOPE
product and for IFS and AROME models, for the following 1-kmresolution domains: (a) ANTILOPEAntilles, (b) ANTILOPEIndian,
and (c) ANTILOPECaledonia.

can see that for the 0.1 mm day21 threshold, the FSS
ranges between 0.55 and 0.8 depending on the domain, with the best value for AROMEGuiana. For the
50 mm day21 threshold, the FSS ranges between much

For the 0.1-mm threshold, AROME forecasts are
more realistic in the sense of FSS higher by 10–20%
with respect to the IFS.
For a rain regime from 1 to 10 mm day 21 (only
3 mm day21 is shown), for which the occurrence of
rainfall is overestimated by IFS, this latter model does
provide better rainfall forecasts over some of the
domains. The FSS differences range between 25%
and 215% and are statistically significant at the 95%
confidence level for four domains when 3B42RT-V7
is used as reference. When GSMAP is used as
reference, the differences are statistically significant
only for the AROMEIndian and the AROMECaledonia
domains.
Then for higher rainfall accumulation thresholds (only
25 and 50 mm day21 are shown), AROME FSS values
are significantly better than the IFS ones, up to 100%
for 50 mm day21 over the AROMEAntilles domain. The
only domain for which no statistically significant difference can be found is AROMECaledonia.

Overall, the results found in this section are quite
consistent with subjective expectations of a convectivescale model: when compared to a larger-scale model, the
performance of AROME is not necessarily better on a
point-by-point basis, even on very long time scales like
10-month accumulations. But when using dedicated
metrics taking into account the misplacements of mesoscale features, then AROME forecasts are characterized by much better scores than the IFS, in particular
for distinguishing rain and no-rain situations as well as
for intense precipitation situations. The following and
last section will illustrate these behaviors through three
particular situations.

5. Three case studies
Before drawing conclusions, and in addition to the
comprehensive statistics shown before, some case studies are shown in this section; the aim is to illustrate
how the two models AROME and IFS, although sharing
almost the same initial conditions at the beginning of
each run, can differ on a daily basis. To pick just a few
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FIG. 12. (left) Daily fractions skill score of the AROME forecasts with respect to the ANTILOPE products for
the three ANTILOPE domains at 1-km resolution, averaged over the full 10-month period. (right) Relative difference (%) of the daily fractions skill score of AROME and IFS, both with respect to the ANTILOPE products, averaged over the full 10-month period. Each row corresponds to a given rain threshold of daily rainfall for
the score calculation: (a),(e) 0.1, (b),(f) 3.0, (c),(g) 25.0, and (d),(h) 50.0 mm. The FSS values are represented for a
single neighborhood of 10 km. The error bars are computed as standard errors on the mean with a 95% confidence level.

situations among the large amount of forecasts available
in this study, the month of March 2017 had been arbitrarily selected, and for this month an interesting situation has been chosen for the three AROME domains
where ANTILOPE products are available. This allows
us to compare the forecasts at a very fine scale, which is
representative of their use by the forecasters.

a. The 24-h forecast from 0000 UTC 9 March 2017,
ANTILOPEAntilles domain
Figure 15 shows that a cold front from the north
brings unusual rainfall for that season over the northern

part of the Lesser Antilles. The ANTILOPE product
(Fig. 15a) locates for each island the most intense
rainfall over the main summits (maxima of 205 mm
on Guadeloupe and 42 mm on Martinique), while norain regions are tiny and very few. The AROME
forecast (Fig. 15b) is able to localize accurately the
heavy rain places, with, respectively, underestimated
maxima of 70 and 12 mm, but overestimates the size of
the dry areas. Conversely, the IFS forecast (Fig. 15c)
does not provide any no-rain region, and its highest
amounts of rain (also underestimated, with, respectively, maxima of 37 and 20 mm) are localized on the
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FIG. 13. Histograms of daily rain accumulations for the full 10-month period. The number of samples has been normalized by each bin
width, except for the first bin, corresponding to the absolute number of no-rain samples. Data for 3B42RT-V7 and GSMAP products and
for IFS and AROME models, for the following 0.58-resolution domains: (a) AROMEAntilles, (b) AROMEIndian, (c) AROMECaledonia,
(d) AROMEGuiana, and (e) AROMEPolynesia.

shore, upstream from the mountains. The better localization of the heavy rainfall by AROME on that particular situation can be related to Figs. 12g and 12h,
showing that AROME has better FSS values than IFS
for rainfall above 25 mm day21 on the ANTILOPEAntilles
domain.

b. The 24-h forecast from 0000 UTC 16 March 2017,
ANTILOPEIndian domain
Figure 16 shows a common situation for the wet season, with advection from the northeast of warm and
humid air. It leads to generalized rain over La Réunion,
with the highest amounts (up to 278 mm) on the east side
of the highest summits as shown by the ANTILOPE
product (Fig. 16a). One can also note that the situation
on the west side is quite contrasted, with a dry zone on
the southwest side and rain elsewhere. The AROME
forecast (Fig. 16b) is able to depict these patterns (with
a maximum of 187 mm), while the IFS one (Fig. 16c)
shows the same behavior as for the previous situation
on the ANTILOPEAntilles domain: on the east side of
La Réunion, the highest rainfalls are underestimated
(maximum of 43 mm) and located on the shore and
not on the summits. Moreover an unrealistic dry area
appears on the northwest side. This situation can be
related to Fig. 3c, showing a better coefficient of determination for AROME compared to IFS for the
ANTILOPEIndian domain.

c. The 24-h forecast from 0000 UTC 16 March 2017,
ANTILOPECaledonia domain
Figure 17 depicts the same day as for the previous
domain, and the studied situation is also quite usual for
the season. In an easterly advection of warm and humid
air, convection occurs in several regions of the domain,
and not only over mountains. As indicated by the
ANTILOPE product (Fig. 17a), the most intense (up to
216 mm) and widespread rain occurs on the eastern and
the southern parts of Grande Terre, between Lifou and
Grande Terre, and north of Grande Terre. There are
large dry areas over land and ocean during this 24 h
period. The AROME forecast (Fig. 17b), reaching a
maximum of rain of 152 mm, is able to reproduce all
these patterns, but the rainy region north of Grande
Terre. Contrary to the two previous situations, the IFS
forecast (Fig. 17c) reaches a maximum of rain very
similar to AROME one (159 mm), but it shows heavy
rain only on the very southern part of Grande Terre,
missing all the other patterns. In addition, there is virtually no dry region over the ocean, which can be related
to Fig. 11c, showing than the number of samples of norain events is underestimated by IFS compared to both
ANTILOPE and AROME.
Only through these three particular situations, one
can see that some general conclusions drawn in the
previous sections are consistent with what can be observed on a day-to-day basis. Among them, the most
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FIG. 14. (left) Daily fractions skill score of the AROME forecasts with respect to the 3B42RT-V7 and the GSMAP products for the five
AROME domains at the 0.58 resolution, averaged over the full 10-month period. (right) Relative difference (%) of the daily fractions skill
score of AROME and IFS, both with respect to the 3B42RT-V7 and the GSMAP products, averaged over the full 10-month period. Each
row corresponds to a given rain threshold of daily rainfall for the score calculation: (a),(e) 0.1, (b),(f) 3.0, (c),(g) 25.0, and (d),(h) 50.0 mm.
The FSS values are represented for a single neighborhood of 100 km. The error bars are computed as standard errors on the mean with a
95% confidence level.

visible one is probably the tendency of IFS to localize the highest rainfall upstream of mountains, while
AROME simulates its most intense rainfall over these
mountains, as observed. These features seem to be very
common according to Météo-France forecasters.

6. Summary and discussion
In this study, precipitation forecasts from the
AROME-OM system have been assessed with respect
to the IFS model to which AROME is coupled both
for initialization and lateral boundary conditions. For
conducting the comparisons, several datasets across
the five geographical domains have been used. At the
local scale over several islands, the ANTILOPE product

(Météo-France), combining radar and rain gauge data,
has been used for a finescale validation. In addition,
for comparing AROME and IFS forecasts over the full
AROME domains, two satellite products have been
used: the 3B42RT-V7 product (NASA) and the GSMAP
product (JAXA).
Overall, this intercomparison over a 10-month period
shows consistent signals across regions, scales, and rain
regimes. The added value of the AROME-OM system
was quantified for no-rain events and for rain accumulations larger than 10 mm day21, both at the local scale
with ANTILOPE products and at a larger scale with
the satellite products. This study also strengthens with
objective metrics the subjective evaluation performed
by Météo-France forecasters in the French overseas
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FIG. 15. Daily rain accumulation maps on the ANTILOPEAntilles domain for (a) ANTILOPE, (b) AROME, and (c) IFS, from
0000 UTC 9 Mar to 0000 UTC 10 Mar 2017. Model forecasts correspond to the 124-h range and are plotted on the ANTILOPE
1-km-resolution grid.

territories on the ability of AROME to predict strong
rainfall events with a good degree of realism, in particular in the case of orographically driven rainfall.
This study also confirms some weaknesses of the
AROME-OM system that will need to be further investigated. In particular, an intermediate rainfall regime between roughly 1 and 10 mm day21 was found to
be less well forecasted by AROME than by IFS (5%–
15% smaller FSS).
Several perspectives to further improve the AROMEOM system are currently under investigation. To address
the weakness to forecast the 1–10 mm day21 regime, research focuses on the AROME physics, in particular
a finer tuning of its microphysics scheme and making
its shallow-convection scheme precipitating, and on the

AROME dynamics, like for instance an increased horizontal resolution of 1.3 km like AROME-France. The
evaluation of these potential improvements on rainfall
will have to be refined, for instance by assessing subdaily
time scales. Another interesting perpective for evaluation, especially with the growing use of the AROME
model for climate projections, will be to assess the performance of the AROME-OM system according to the
season and to the ENSO phase. This kind of study requires us to focus on a longer period of time and on each
domain individually; as shown for instance by Sullivan
et al. (2019), the properties of organized convection in
the tropics and its associated rainfall according to the
ENSO phase is region dependant. On a longer term,
the goal is to provide the best possible guidance to

FIG. 16. Daily rain accumulation maps on the ANTILOPEIndian domain for (a) ANTILOPE, (b) AROME, and (c) IFS, from 0000 UTC 16 Mar
to 0000 UTC 17 Mar 2017. Model forecasts correspond to the 124-h range and are plotted on the ANTILOPE 1-km-resolution grid.
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FIG. 17. Daily rain accumulation maps on the ANTILOPECaledonia domain for (a) ANTILOPE, (b) AROME, and (c) IFS, from
0000 UTC 16 Mar to 0000 UTC 17 Mar 2017. Model forecasts correspond to the 124-h range and are plotted on the ANTILOPE 1-kmresolution grid.

forecasters and the best possible improvement on objective scores, while keeping the complexity and the
required resources for the maintenance of the AROMEOM system at a sustainable cost. Keeping these general
considerations in mind, several additional components
for the AROME-OM system will be evaluated, like the
potential benefit of data assimilation and a more realistic
ocean coupling, based on a 3D ocean model. Perhaps
more importantly, an ensemble prediction system will be
studied, which will address the quantification of the forecast uncertainty and could eventually provide access to the
overseas forecasters to mesoscale probabilistic products.
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