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aSPACE, LATMOS-IPSL, Université Versailles St-Quentin, Sorbonne Universités, Guyancourt, France
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cCentre Météorologique Inter Régional Sud-Est, Aix en Provence, France
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Weather radars, originally designed to detect and quantify precipitation, can be used to
estimate and map the refractivity at low levels, a proxy for humidity. As highlighted
by previous studies, this presents a definite meteorological interest, both for numerical
weather prediction and for atmospheric process studies. Recent works have given keys to
performing high-accuracy measurements with operational radar without decreasing the
quality of reflectivity and Doppler wind classical measurements, and the retrieval of radar
refractivity is now performed in real time with the Météo-France Application Radar à la
Météorologie Infra-Synoptique (ARAMIS) operational network.

Taking advantage of the Hydrological cycle in Mediterranean eXperiment (HyMeX) field
campaign (September–November 2012), refractivity measured by a few radars located in
southeast France has been compared with in situ measurement by Automatic Weather
Stations (AWSs), and correlation between these two independent observations is quite
good, in particular giving high quality for the diurnal cycle and during the pre-convection
period measurement by the radar.

To go further in the evaluation of the usefulness of such a product, we compared
refractivity derived from radar measurements and from two different kinds of model:
the numerical prediction model Applications de la Recherche à l’Opérationnel à Méso-
Echelle – Western MEDiterranean (AROME-WMED) using a 2.5 km resolution grid mesh
over southern France and a coarser resolution simulation (54 × 54 km) performed with
the Weather Research and Forecasting (WRF) model, which both ran in a forecasting
mode during the HyMeX Special Observing Period 1. These two models give access to
the variability of the modelling and thus enable us to quantify the uncertainty of the
refractivity modelling. The result of this comparison is generally fairly good, with a pattern
of refractivity field similar to observations (AWS and radar), although obviously with
locally strong differences.

We finally illustrate the usefulness of refractivity mapping by radar by investigating
a typical meteorological situation of a convective system observed during the HyMeX
campaign.
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1. Introduction

The French Mediterranean arc is prone to heavy precipitation
and flash floods in autumn. The understanding of the life cycle
of extreme convective rainfall and its prediction are important
goals of the Hydrological cycle in Mediterranean eXperiment
(HyMeX) (Ducrocq et al., 2013; Drobinski et al., 2014; Bousquet
et al., 2015). In this region, convective systems are mainly driven
by low-level conditionally unstable moist air masses advected
from the Mediterranean Sea, which serve as a heat and moisture
source, and are lifted by surrounding orography. Mapping the
moisture field with a high temporal and spatial resolution should
allow following the moist air masses over the continent.

Currently, the Automatic Weather Station (AWS) network
deployed by Météo-France provides in situ measurements of
meteorological parameters near the ground with a 6 min time
resolution at best, but with an inadequate horizontal resolution.
This network is not dense enough to give a high-resolution map
of the moisture field and it will not be further expanded because
of the cost of AWS deployment and maintenance.

However, air moisture can be estimated by indirect measure-
ment as the refractivity measured with precipitation radar (Fabry
et al., 1997; Cheong et al., 2008; Wakimoto and Murphy, 2010;
Bodine et al., 2011; Parent du Châtelet et al., 2012; Nicol and
Illingworth, 2013). This approach leads to the opportunity to
achieve spatial high-resolution maps of the humidity within a
50 km radius around the radar (Fabry, 2004, 2006). Currently
not totally covering inland France, the radar network of Météo-
France Application Radar à la Météorologie Infra-Synoptique
(ARAMIS) is getting denser, and the mapping of the humidity
at the scale of France is now a possibility. Besson and Parent du
Châtelet (2013) give keys to perform high-accuracy measurement
over operational radar without decreasing the quality of
classical radar products, like reflectivity, Doppler velocity, and
dual-polarization. From mesoscale non-hydrostatic (Méso-NH)
high-resolution simulations, Besson et al. (2012) showed the
usefulness of the refractivity in order to characterize fine-scale
deep convection. Moreover, studies highlighted that weather
radar refractivity could be interesting for data assimilation in
numerical weather prediction (NWP) systems (Montmerle et al.,
2002; Sun, 2005; Caumont et al., 2013; Nicol et al., 2014).

Taking advantage of the first special observing period of the
HyMeX campaign (SOP1, September–November 2012), we
propose to compare the refractivity measured by AWSs located in
areas observed by a few radars located in the southeast of France.
This comparison would allow us to confirm and validate the
refractivity measurements on pseudo-coherent radar, but also and
mainly to illustrate its robustness and accuracy for a wide variety
of weather conditions, including extreme events. This study is
completed by a comparison with Applications de la Recherche à
l’Opérationnel à Méso-Echelle – West MEDiterranean (AROME-
WMED) analyses, and forecasts, and with the Weather Research
and Forecasting (WRF) model analyses, and forecasts at coarser
resolution. The aim of this study is not to intercompare these
two models but to evaluate the ability of these models in their
current configuration to capture the observed refractivity field,
which is helpful for the understanding of respective models’
biases in temperature and precipitation. The objective is to start
the evaluation of the closeness between radar and model datasets,
not to be an early step towards the assimilation of refractivity
in NWP models. These two models were running in near-real
time during the SOP1. It allows us to assess how much and for
which atmospheric conditions (pre-convective situations, sea
breeze, etc.) radar refractivity fields could increase the accuracy of
NWP through their assimilation, or could be used as reference for
improving the physics of these models at two different resolutions.
Then, the usefulness of refractivity is illustrated with a case-study
of a convective event followed by a dry front that occurred on 24
September 2012. The radar refractivity maps are evaluated against
the meteorological situation and the analyses and forecasts from
WRF and AROME-WMED.

2. Data and methods

The propagation speed of an electromagnetic wave depends on
the material through which it travels, and waves travel slightly
more slowly through the atmosphere than in a vacuum. The ratio
of the speed of light in vacuo to the speed of light in any medium
is termed the refractive index n, which is more easily expressed as
the refractivity N (Bean and Dutton, 1968), defined as follows:

N = (n − 1) × 106. (1)

From the meteorological parameters, the refractivity (N) can
be estimated through (Smith and Weintraub, 1953):

N = 77.6
P

T
+ 3.73 × 105 e

T2
, (2)

where P is the pressure (hPa), T the temperature (K), and e the
water vapour pressure (hPa).

The refractivity measurement with weather radar is available
on coherent (Fabry et al., 1997; Fabry, 2004) and non-coherent
(Parent du Châtelet et al., 2012; Nicol et al., 2013) transmitters.
The concept takes advantage of ground target returns to estimate
the phase variation (δϕ) of the electromagnetic wave between
the radar and a target, or between two targets along the same
direct electromagnetic path. This phase variation for a coherent
transmitter is linked to the refractivity variation (δN) by:

δϕ = 4π fr10−6

c
δN, (3)

where f is the radar frequency (Hz), r the integration range
between the radar and the target (m), and c the speed of light in
the vacuum (m s−1).

It is important to note that the frequency for coherent radars
is a constant, contrary to pseudo-coherent radars, the frequency
of which can drift with time. Parent du Châtelet et al. (2012)
have demonstrated that the correction to take into account the
frequency variation mainly depends on the well-known local
oscillator frequencies (sum of all frequencies variation, including
digital, involved from the signal received by the antenna to the
analysed signal). After correction, refractivity is then obtained by
a simple integration with time, for both transmitter types.

For the HyMeX field campaign, the radar refractivity maps
are generated with the algorithm developed by Fabry (2004)
and adapted to the constraints of the Météo-France radars. This
algorithm is composed of two independent steps corresponding
to the calibration and to the real-time retrieval. The calibration
step consists in identifying ground targets around the radar
and establishing a map of phase reference in order to have
the instantaneous refractivity. The real-time retrieval step is
the refractivity retrieval from the measurement of the radar
phase. This second step gathers the spatial and time phase
differentiations necessary to have a local and instantaneous
refractivity measurement. The algorithm has been calibrated
during an 8 h long period, which was identified as spatially and
temporally homogeneous in terms of refractivity variation. The
period might be different depending on the radar used and
has been determined with all available AWSs within a 30 km
radius around the radar (for more information see Table AI).
In order to have instantaneous refractivity estimation, and not
only its variation between two measurements, it is necessary to
initialize the algorithm at the reference time and to give refractivity
estimation (Nref) at the beginning of the measurement. Currently,
in the present version of the algorithm, Nref is equal to the mean
refractivity from AWSs, and it is the same value for all radar
pixels at tref. To measure the instantaneous refractivity at time
t, refractivity changes are obtained between the reference time
and the measured time t, and then added up to the refractivity
reference. There is no integration of refractivity (or phase) changes
between these two times.

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. 142 (Suppl 1): 138–152 (2016)
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Figure 1. (a) Map illustrating the NWP simulation domains (AROME-WMED in dash-dotted line, and WRF in dashed line) and the domain of the study (solid line),
detailed in: (b) study domain in the south of France with radars, and AWSs used for the validation of the refractivity measurement. Black stars correspond to radar
locations, dashed circles to the radar maximum range, and black triangles to AWS locations.

Table 1. Location of automatic weather stations used from the closest radar, in terms of distance, azimuth and altitude. Information on the ground target characters
is given by short- (sigma) and long-time (Quality Index) stabilities.

Nı̂mes Bollène Opoul

Courbessac
30189001

Garons
30258001

Tarascon
13118004

Visan
84150001

Perpignan
66136001

Leucate
11202001

Durban-Corbières
11124003

Distance from the radar (km)/gate 9.6/40 9.12/38 11.28/47 11.7/78 20.1/134 15.9/106 9/60
Location in azimuth (◦) 304 232.5 76.5 80.5 178 90 294
AWS altitude (m)/radar altitude (m) 59/78 92/78 15/78 141/325 43/717 42/717 90/717
Sigma/quality index 1/1 0.94/0.95 0.71/1 1/0.66 1/1 0.89/0.94 0.79/1

Values of refractivity changes are computed over short paths
by using a pulse-pair algorithm, with a path constituted by a
sliding window of four range gates with an increment of one
range gate. The final optional step consists of transforming the
path measurements of refractive index into a field of refractivity,
in order to ease the interpretation of the data. As well described
in Fabry (2004), this approach is an iterative two-step process,
realized only once in our study. First, the points in the field that lie
along the measured paths are nudged up or down so that the field
data tend to respect the constraints set by the path integral values,
the magnitude of the nudging being inversely proportional to
the estimated error in N for each path. Then the information is
diffused by smoothing each point in the field with its immediate
neighbours. The final result is a smooth field that meets the
constraints set by the path measurements.

As shown in Figure 1(b), three radars are used. These radars are
all S-band (3 GHz, λ= 10 cm) and perform a phase measurement
at the lowest elevation angle (i.e. 0.4◦ for Bollène, 0.6◦ for Nı̂mes
and Opoul) every 5 min, but they differ in their technology.
These radars are pseudo-coherent radars, using a non-coherent
transmitter which transmits with a random phase (signal transmit
with a magnetron), and the phase of the emitted beam is measured
(burst signal) and kept with the aim to remove the random
transmit phase from the received signal. Indeed, Nı̂mes radar
is one of the newest digital receiver, Doppler, dual-polarization
radars of the ARAMIS network, contrary to Bollène and Opoul
radars which are old analogic receiver, Doppler radars (Table
AI). Concerning the analogic receiver, the transmit frequency is
averaged at 1 s. The stable local oscillator (STALO) frequency
is not modified as long as the absolute difference between the
transmit frequency and the STALO frequency is lower than a
threshold (i.e. 100 kHz). When the difference between these two
frequencies is higher than the threshold, a new STALO frequency

is generated in order to modify the synthesiser frequency. This
has the effect of re-adjusting the intermediate frequency to its
nominal value of 30 MHz. Then, the STALO frequency is digitized
at baseband. The Automatic Frequency Controller (AFC) is
described in detail in Parent du Châtelet et al. (2012). Concerning
the digital receiver, the STALO frequency is driven by a digital
request, which compares the transmit frequency and the STALO
frequency, with a much more accurate threshold (∼1 kHz), and is
then digitized at the intermediate frequency followed by numeric
down-conversion. Currently, maximum ranges for refractivity
retrievals are set to 32.1 and 25.5 km respectively for Nı̂mes radar,
and Bollène and Opoul radars (black circles in Figure 1(b)). The
current maximum range limitation of refractivity retrievals is
due to constraints due to limits of data file sizes. An increase of
transmission capacity will allow increasing the maximum data
file sizes, and thus the maximum range of refractivity retrievals.

In areas covered by radars, seven AWSs (triangles in
Figure 1(b)) are located in regions identified as ground targets
(sigma) with high index of quality (QI) as defined by Besson and
Parent du Châtelet (2013) (Table 1). Sigma is the power ratio,
described as a good discriminator of ground-clutter targets versus
weather targets and other echoes including biological scatterers,
noise, etc. (Hubbert et al., 2009a, 2009b; Besson and Parent du
Châtelet, 2013), and served to identify ground target area during
the calibration period. This parameter is based on the short-time
stabilities estimated from the pulse-to-pulse time variations of the
phase and the amplitude. The shape and the range of ground target
can be affected by weather phenomena with time-scales of the
order of seconds to years (Fabry, 2004). For example, vegetation
sway from the wind induces a deformation of the target which
can lead to phase aliasing and noise. QI gives information on the
long-term stability of the target, and allows evaluating the risk of
aliasing. QI has been derived using the same calibration period as
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used for Nref. Distances between radars and AWSs are between
9 and 20.1 km. For every AWS, the temperature (K), pressure
(hPa), relative humidity (%) and rainfall (mm h−1) are available.

In the framework of HyMeX, AROME-WMED and WRF NWP
systems have been run over a period covering SOP1.

AROME-WMED is a particular implementation of the
AROME model (Seity et al., 2011), specially tailored to
primarily support the deployment of mobile instrument
platforms during HyMeX SOP1 (Fourrié et al., 2015). AROME-
WMED shares many features with AROME-FRANCE, used
operationally at Météo-France to deliver short-term weather
forecasts. Specifically, AROME-WMED is a non-hydrostatic
model with 60 levels in the vertical with a first level at
about 10 m above the ground and a convection-permitting
horizontal resolution of 2.5 km. Its physics, derived from
that of the Méso-NH model (Lafore et al., 1998), includes
a one-dimensional turbulence scheme (Cuxart et al., 2000), a
one-moment bulk microphysical scheme (Pinty and Jabouille,
1998), and a shallow-convection scheme (Pergaud et al., 2009).
Radiation transfer is modelled by the Rapid Radiative Transfer
Model (RRTM: Mlawer et al., 1997). The surface scheme is
the Interactions Soil–Biosphere–Atmosphere scheme (ISBA:
Noilhan and Mahfouf, 1996) and energy exchanges over urban
surfaces are parametrized according to the Town Energy Balance
model (TEB: Masson, 2000). AROME-WMED is coupled with
the global Action de Recherche Petite Echelle Grande Echelle
(Arpège: Courtier et al., 1991) system. It uses a three-dimensional
variational (3D-Var) assimilation system that ingests observations
from numerous instruments (radiosondes, automatic weather
stations, satellites, radars, GPS, etc.) in a 3 h rapid update cycle
mode (Brousseau et al., 2011). In the study, only analyses and
3 h forecasts are used. The main differences of AROME-WMED
with respect to AROME-FRANCE are (i) its domain that covers
the whole western part of the Mediterranean basin (Figure 1(a));
(ii) its background error covariance matrix specially designed
for heavy precipitation events; (iii) its maximum forecast range
which was extended to 48 h in real time; and (iv) some additional
assimilated data from radiosondes, automatic weather stations,
and boundary-layer pressurized balloons. The AROME-WMED
fields used in this study are stored in the HyMeX database (doi:
10.6096/HYMEX.AROME_WMED.2012.02.20).

An inner domain of higher resolution of 9 km × 9 km has been
used only for the period of the case-study (section 5). The WRF
regional model is used in its version 3.2.1. It is used in its non-
hydrostatic configuration, with a constant horizontal resolution
of 54 km × 54 km and 32 vertical levels from surface to 50 hPa (see
WRF simulated domain during HyMeX-SOP1 in Figure 1(a)).

The Single Moment 5-class microphysics scheme is used
allowing for mixed-phase processes and supercooled water
(Hong et al., 2004). The radiation scheme is the Rapid Radiative
Transfer Model for Global climate models (RRTMG) scheme
with the Monte-Carlo Independent Column Approximation
(McICA) method of random cloud overlap (Mlawer et al.,
1997). The surface-layer scheme is based on Monin–Obukhov
with Carlson–Boland viscous sub-layer. The surface physics is
calculated using the Noah Land Surface Model scheme with
four soil temperature and moisture layers (Chen and Dudhia,
2001). The planetary boundary-layer physics is processed using
the Yonsei University scheme (Hong et al., 2006) and the cumulus
parametrization uses the ensemble scheme of Grell and Devenyi
(2002).

The global fields of National Centers for Environmental
Prediction/Global Forecast System (NCEP/GFS) are read hourly
by WRF using nudging techniques and for the main atmospheric
variables (pressure, temperature, humidity and wind). In order
to preserve both large-scale circulations and small-scale gradients
and variability, ‘spectral nudging’ was chosen. This nudging
was evaluated in regional models, as presented in Von Storch
et al. (2000). In this study, the spectral nudging was selected to be
applied for all wavelengths greater than ∼2000 km (wave numbers

less than 3 in latitude and longitude, for wind, temperature and
humidity and only above 850 hPa). This configuration allows the
regional model to create its own structures within the boundary
layer but to follow the large-scale meteorological fields. In this
study, hourly outputs are used.

The WRF simulation used in this study was performed in real
time during the HyMeX-SOP1, with WRF used in forecasting
mode (day +0 and day +1). Forecasting mode day +0 is the
first day of the current forecast for the day studied (for example,
simulation is made on 5 June to 5 June). Forecasting mode day
+1 is the first following day forecast (e.g. simulation is made
on 5 June to 6 June). This simulation provides dual benefits: (i)
it evaluates the accuracy of the simulation and focuses on the
forecast of the water vapour; and (ii) it studies how low-level
humidity content is advected at these mesoscales, and evaluates
their consequences on the inception of convective systems.

In order to perform a comparison of refractivity from the
different datasets used (AWSs, radar, NWPs), several steps are
required. Radar pixel locations are converted from gate/azimuth
to longitude/latitude coordinates, and for each AWS the
corresponding radar pixel is identified. For AWSs, refractivity
is computed from Eq. (2). For NWP models, refractivity is
computed from Eq. (2) for every grid point at low level (i.e.
at 10 m above the ground for AROME-WMED and 2 m for
WRF), then interpolated at each AWS location by using a bilinear
interpolation between the four closest grid points corresponding
to the (latitude, longitude) of the stations.

3. Refractivity comparisons during SOP1

Figure 2 shows the time series from the beginning of August to the
end of November 2012, at the location of the Courbessac AWS,
of the refractivity retrieved from the Nı̂mes radar (orange curve),
from the AWS (green curve), from AROME-WMED analyses
(red curve), and from WRF analyses (grey curve).

Radar and AWS refractivities show a good agreement
throughout the SOP1 period (correlation coefficient R = 0.89).
The two curves present the same diurnal cycle behaviour, in
particular during strong daily variations of refractivity (∼80
units) observed from 17 to 23 August. During these strong
daily variations, it is noticeable that, in August, the radar
refractivity presents some anomalies, with strong fluctuations of
the refractivity value during the afternoon. These errors are mainly
due to undersampling in time of the radar measurement inducing
a phase aliasing, leading to strong fluctuations of the refractivity.
This problem was highlighted by Besson and Parent du Châtelet
(2013), who also proposed some approaches to solutions, such as
the use of dual-polarisation and/or of a supplementary elevation
to reduce the aliasing risk. Unfortunately, these methods were not
used in this study because the vertical polarisation and additional
elevation were not recorded during the HyMeX-SOP1 period.

When a rainfall event occurs (blue histogram), the two
refractivities are also in good agreement, and present the same
time variations. This is observed during the 28 August event.
Indeed, if the rainfall event occurs between the radar and ground
targets, the electromagnetic wave will propagate in two different
phase states, liquid in the rain and vapour only outside the rainfall
event. As shown by Figure 2, the algorithm used with spatial/time
differentiations solved this problem and gave high accuracy even
in the presence of precipitation.

The high correlations between radar and AWSs refractivity
are in agreement with previous studies (Fabry et al., 1997; Fabry,
2004, 2006; Weckwerth et al., 2005).

Concerning the comparison between radar refractivity
retrievals, AROME-WMED analysis, and WRF analysis refrac-
tivity estimations, the agreement is also high (Figure 2). Indeed,
it can be noticed that most of the time, the radar refractivity
measurement is in agreement with both analyses with correlation
coefficients equal to 0.90 and 0.76, respectively. However, WRF
analyses present some peculiar behaviour in contrast to other
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Figure 2. Time series (days UTC) from 10 August to 30 November 2012 of the radar refractivity (orange), the AWS refractivity (green), the AROME-WMED analyses
refractivity (red) and the WRF analyses refractivity (grey). Rainfall (mm h−1) is represented by blue histograms.

datasets, especially for days with a marked diurnal cycle. For
instance, from 9 to 12 September the WRF analysis diurnal cycle
presents a smaller increase of the refractivity during the night,
followed by a strong decrease (more details are presented in the
next section). From 17 to 23 August, the amplitude of the diurnal
cycle is strongly underestimated while it is overestimated from 17
to 21 October. It seems that processes inducing a strong diurnal
cycle of refractivity (namely thermally induced winds such as
land/sea breezes, valley and mountain flows) suffer from the lack
of resolution.

As for AROME-WMED, the high correlation with the radar
refractivity (Figure 2) is probably due to the assimilation of
AWS data.

The comparisons of refractivity from radar vs. AROME-
WMED 3 h forecasts and WRF forecast at day +0 and day
+1, although of lower quality, are also in good agreement (not
shown). Correlation coefficients are equal to 0.84, 0.75 and 0.73,
respectively, between AROME-WMED 3 h forecasts and the radar,
WRF forecast 0 and the radar, and WRF forecast 1 and the radar.
This decrease is expected, as both NWP systems are running
without any data assimilation during 3 h for AROME-WMED
and 1 or 2 days respectively for WRF forecast 0 and 1.

We extend this comparison to the other AWSs (see previous
section), and results are summarized in Figure 3. Refractivities
from the three different radars are in very good agreement with
that from AWS (Figure 3(a), black for Nı̂mes, blue for Bollène
and red for Opoul). Correlation coefficients calculated for every
pairing radar pixel/AWS presented in Table 1 in section 2 are
always higher than 0.78, and global correlation coefficient taking
in account all locations is equal to 0.85 (Table BI), confirming the
good quality of the radar refractivity retrieval, and allowing the
validation of this measurement.

As expected, results of the comparison between radar
refractivity and refractivity from analyses of both NWP systems
are quite good (Figure 3(b) and (c)), with high correlation
coefficients for all locations (Appendix B). Concerning forecast
refractivity, although correlations with radar refractivity are
evident, results are worsening (Figure 3(d)–(f), and Table BI).
The decreasing of correlations should be mainly the consequence
of modelling errors in forecast products.

Concerning WRF outputs, the high dispersion is the
consequence of the coarse horizontal range resolution used (i.e.
54 × 54 km), which smooths local variations. The agreement
between WRF and radar measurements is decreasing from

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. 142 (Suppl 1): 138–152 (2016)



Comparison of Refractivity Measurements during HyMeX 143

(a) (b) (c)

(d) (e) (f)

Figure 3. Scatter plots of the radar refractivity against refractivity from (a) AWS, (b) AROME-WMED analyses, (c) WRF analyses, (d) AROME-WMED forecast, (e)
WRF forecast 0, and (f) WRF forecast 1. The data from Nı̂mes are in black, from Bollène in blue, and from Opoul in red.

locations near Nı̂mes (black), then Bollène (blue) and finally near
Opoul (red). As the Rhône valley is influenced by large-scale fluxes
from the Mediterranean Sea, the simulation by WRF is generally
better at Nı̂mes. At Bollène, located farther inland, the advection
of humidity from the sea by WRF seems underestimated, leading
to weaker values of refractivity. Near Opoul, topography has
more influence and air masses are affected by local scales, with
influences from both the Pyrénées and Mediterranean. The WRF
mesh resolution and the hilly ground lead to overestimated lower
values and underestimated high values, with no values larger than
360 N.

For reference, similar statistics have been computed for
modelled refractivity versus AWS refractivity (Appendix B, Tables
BI–BIII). Since AWS observations are assimilated, AROME-
WMED analyses are very close to them. The correlation
coefficients for all stations range from 0.97 to 0.99, whilst
the root-mean square errors (RMSEs) are of the order of 4
N units. As expected, AROME-WMED 3 h forecasts provide
less accurate refractivity estimates. The corresponding mean
correlation coefficient is 0.94, whilst the mean RMSE is about
6 N units. This is to be compared with radar refractivity vs.
AWS refractivity, whose mean correlation coefficient is 0.85 and
mean RMSE is nearly 10 N units. This means that, on average,
AROME-WMED 3 h forecasts outperform radar estimates at
the (assimilated) stations’ locations. As a first approximation, if
the mean quality of the short-term forecasts is assumed to be
homogeneous near the ground because of mixing, advection and
other meteorological phenomena, this entails that the assimilation
of radar refractivity data would hardly give any positive result.
This assumption may not be true in complex terrain, though, and
thus this assertion needs more evidence to be valid in general.

Regarding WRF refractivity estimates, the same trends are
observed. WRF is closer to AWS observations than to radar
observations in terms of refractivity. Also, the accuracy of WRF
with respect to AWS observations generally diminishes with
the forecast term. The mean correlation coefficients with AWS

refractivity estimates are 0.79, 0.79 and 0.78, whilst the RMSEs
are 12.98, 12.90 and 13.38 N units, for WRF analysis, WRF
forecast 0, and WRF forecast 1, respectively. This means that
radar refractivity estimates outperform WRF simulations, at least
at the AWS locations.

4. Diurnal cycle

The radar refractivity measurements could contribute to the
validation of NWP systems, in particular their representation of
the diurnal cycle. Indeed as noted previously, the diurnal cycle is
not well simulated by models, at least by WRF. This is particularly
true for WRF during the 3-day period from 9 to 11 September
2013 at Courbessac (Figure 2) but also at Garons and Tarascon
(not shown).

During this 3-day period, the Mediterranean area was under
the influence of uniform flow, with both weak pressure gradients
and low winds (Figure 4).

In detail, one can note the progress of a weak trough at
the beginning (impacting diurnal convection over orography and
inland Provence on 9 September), then the penetration on the last
day of a more significant trough over northern France associated
with a disturbed system. Low levels remained relatively warm and
wet associated with a slight maritime flow from the Mediterranean
Sea. This southerly flow was conducive to nocturnal building
of low-level clouds (stratus and stratocumulus) in areas along
the French Mediterranean coast. These cloudy areas regularly
penetrated inland. In the daytime, especially both in the afternoon
and inland, summery radiative heating permitted dispersion of
low-level cloudiness. The Nı̂mes maximum temperatures still
approached 28–29 ◦C.

Surface wind mainly blew from the east or northeast during
the night and morning. Afterwards the sea breeze systematically
developed with the help of inland radiative heating and
scattering of low-level clouds. One can note that weak southerly
synoptic winds were particularly propitious to sea breeze inland
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(a) (b)

Figure 4. Arpège upper-level analysis (a) 9 September 2012 0000 UTC and (b) 11 September 2012 0000 UTC. The black contour illustrates the geopotential height
(gpm) at 500 hPa, and the grey colour shade corresponds to the geopotential height at the iso-1.5PVU.

penetration. Indeed, southerly synoptic winds tend to delay
the sea breeze onset, by cold air advection over the continent
leading to a delay in reaching the temperature threshold of sea
breeze onset and leading to a weaker temperature gradient,
but the sum of the synoptic flow and the sea breeze flow
helps the resultant flow to penetrate further inland (Bastin
et al., 2005). Therefore relative humidity started to decrease
in the morning with increasing temperature and turbulent
mixing. Thereafter, in the second half of the afternoon, humidity
(evaluated as the 2 m above ground level (AGL) dew-point)
went up again and this increase is visible as far north as
Bollène.

During this period, radar and AWSs refractivities are well
correlated, with high refractivity corresponding to the night
period, and low refractivity corresponding to the day period
(Figure 5(a)). A bias is observed, leading to an overestimation
of the AWSs refractivity by the radar. This bias is likely due to
the refractivity reference used to initialize the algorithm, which is
identical for all the radars.

The correlations between radar and AROME-WMED refrac-
tivities, and AWSs and AROME-WMED are mainly in good
agreement, showing that AROME-WMED is able to reproduce
the diurnal cycle quite well although biases are present in partic-
ular between radar and AROME-WMED refractivity estimation
(Figure 5(b)). However it can be noticed that some measurements
are not located on the first bisector. These measurements were
made at a time corresponding to the transition phase between
the day/night periods. During this transition phase, the AROME-
WMED diurnal cycle is ahead of the radar and AWSs diurnal
cycles, with an early decrease (increase) of the refractivity in the
morning (evening).

Comparisons between WRF simulations and other datasets
lead to more complex results. Indeed, no clear correlations can
be highlighted. Indeed, for a given hour, WRF analyses are
much more variable than the radar (Figure 5(c)). From 0900 to
1500 UTC the dots surround the diagonal, whereas in the early
morning all dots are significantly below the diagonal, and in
the evening some dots are far above and most dots below the
diagonal.

This particular diurnal cycle of WRF analyses is not systematic
(e.g. 6 and 7 September, Figure 2). The model is able to resolve
the diurnal cycle, but not in the case of 9–11 September. The
main differences between these two periods are the atmospheric

relative humidity (100% night/50% day for 9–11 September, 70%
night/40% day for 6–7 September).

To investigate the origin of biases observed between AWS and
radar vs. models refractivities, the diurnal cycles of meteorological
parameters are illustrated from 9 to 11 September at Courbessac
and Visan locations (Figure 6). As expected, AWS (solid black
line), radar (red line) and AROME-WMED (dotted black line)
refractivities are in very good agreement (Figure 6(a) and (b)),
while WRF (dashed black line) underestimates the refractivity.
For the relative humidity (Figure 6(c) and (d)), the three datasets
available (i.e. AWS, AROME-WMED and WRF) are also in
agreement. Highlighted differences in terms of refractivity cannot
be explained by the relative humidity fluctuations observed
between AWS and WRF. Regarding the temperature parameter
(Figure 6(g) and (h)), the behaviour of WRF presents a major
bias during the night period (from 1800 to 0600 UTC). Indeed,
the temperature is strongly underestimated for both locations.
Concerning the pressure (Figure 6(e) and (f)), it can also be
noticed that AWS and AROME-WMED are in perfect agreement,
while WRF presents a constant positive bias probably induced by
the coarse resolution of the orography in the simulation.

5. Case-study: 24 September 2012

5.1. Convective event

During the HyMeX-SOP1, a convective event occurred over
southeastern France in the second half of the night of 23–24
September, and continued to the morning of 24 September,
shifting however toward the Alps. This event, also known
as the 6th Intensive Observing Period was well captured by
two operational radars (Nı̂mes and Bollène) (Ducrocq et al.,
2013; Bousquet et al., 2015), and provides the opportunity to
evaluate the usefulness of the radar refractivity to improve our
knowledge on processes involved in the propagation of convective
events.

This stormy event was associated with several classical
characteristics. At upper levels, it was linked to the northeastward
progress of a driving southwesterly flow regime trough (Figure 7).
The upper trough accompanied a frontal system. At low level,
warm and moist air (925 hPa wet-bulb potential temperature
between 291 and 293 K) advected from the Mediterranean Sea
and fed the convective event. The active phase of the event
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(a) (b) (c)

Figure 5. Scatter plot of the refractivity from (a) radar vs. AWS, (b) radar vs. AROME-WMED analyses, and (c) radar vs. WRF analyses. The dataset is composed of
the three locations around Nı̂mes radar (Courbessac = square, Garons = diamond, and Tarascon = triangle) from 9 September to 11 September 2012, with colour
depicting time from 0000 to 2100 UTC.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6. Three-day time series (hours UTC) from 9 to 11 September 2012 of (a,b) refractivity, (c,d) humidity, (e,f) pressure and (g,h) temperature at (a,c,e,g) the
Courbessac location and (b,d,f,h) Visan. AROME-WMED is in dotted lines, WRF in dashed lines and AWS and radar in solid lines.

involved important upper potential vorticity advection with a
strong jet ahead. This upper jet reveals the strongly baroclinic
nature of the meteorological context. The most affected areas
were the northern Gard, Drôme and Ardèche departments, the
northern part of Provence and the Alps regions. For example,
rainfall amounts reached 100 mm in Drôme department. The

Ardèche and Drôme departments were hit by a very strong
bow echo (Fujita, 1978; Wakimoto, 2001). Strong winds were
observed as an impressive 35 m s−1 gust was recorded at Valence
city. The Nı̂mes region and the southern Gard were significantly
less affected by this strong convective event. In the early morning
of 24 September, low-level winds turned to west/west-northwest
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Figure 7. Arpège upper-level analysis 24 September 2012 0000 UTC. Black
contour illustrated the geopotential height (gpm) at 500 hPa, and the grey
colour shade corresponds to the geopotential height at the iso-1.5PVU (potential
vorticity units) surface.

over the Gard department, corresponding to eastward frontal
progress. The warm and moist air mass was then replaced by a
much drier one, as observed by cooling of the 925 hPa wet-bulb
potential temperature at 2 m AGL.

Precipitation generated by the convective systems is first
observed by the northernmost AWS, Visan near Bollène at
0300 UTC with three maxima at 0330, 0600 and 0645 UTC
(Figure 8(a)), and then afterwards at 0400 UTC at both southern
AWSs (Garons and Courbessac), westward of Nı̂mes radar, with
a maximum of rain around 0600 UTC (Figure 8(b) and (c)).
The Tarascon AWS, eastward of the Nı̂mes radar, did not
record significant precipitation at the ground (Figure 8(d)).
In accordance with the meteorological description, rain rates
observed near Visan AWS (Bollène region) are higher than for
Garons and Courbessac AWSs (Nı̂mes region), with maximum
rain rates around 90, 50 and 40 mm h−1 respectively.

Precipitation does not have an unequivocal impact on
refractivity variations. Indeed, for Visan AWS, the first
precipitating event (from 0330 to 0430 UTC) is synchronous
with an increase in relative humidity close to saturation (+30%)
and a decrease in temperature (−5 K). These variations induce
an increase in refractivity (from 328 to 340 N). The second
precipitating event (from 0530 to 0700 UTC) occurred in an
atmosphere already saturated by moist air, leading to no humidity
and hence no refractivity variations.

For the Garons and Courbessac AWSs, the low-level atmos-
phere is already saturated by humidity (>96%). Precipitation
does not strongly impact relative humidity (+2.5%), and the
refractivity is not impacted either by the convective event.

In the case of Visan (Bollène radar), the observed convection
can be linked to a convective event, with a gust front and a sudden
onset of precipitation (i.e. 0300 UTC). This convective system led
to a sudden change of the boundary-layer characteristics, with a
rapid increase of humidity induced by precipitation. Moreover, it
can be noticed that before precipitation occurrence, the humidity
decreased (−3%), resulting from the gust front induced by the
evaporation of precipitation (i.e. from 0225 to 0245 UTC). When
the gust front reaches the surface, the dense and cold air forces the
warm and wet air to rise up, leading to a decrease of the humidity
near the ground. This decrease of the humidity is also observed
in the refractivity field (−3 N units).

On the contrary, in the Nı̂mes area (Garons and Courbessac),
the convection intensity is much less important. Indeed,
precipitation onset is more gradual, with a maximum reached
one hour and a half after the first precipitation occurrence
at 0400 UTC. The rapid transition and sudden precipitation
characteristics of a convective system are not clearly observed.
Indeed, the bow echo is stronger and mostly constrained to the
Bollène area (Visan). As the boundary-layer air mass is already
close to saturation through the advection of moist air from the
Mediterranean Sea, the onset is less pronounced. No decrease
of humidity, and hence of refractivity, was observed before the
precipitation peak. This lack of decrease might be due to the
absence of a gust front.

Refractivity measurement in the vicinity of a tracked convective
event can be useful in describing humidity fluctuation induced
by the gust front in an unsaturated atmosphere. The value
of refractivity measurements in a saturated atmosphere is less
evident. Indeed, in these situations, the humidity cannot be a
tracer of instabilities.

5.2. Dry front

After the convective event, in the region of Nı̂mes, when the
wind turns, a dry front occurs. A rapid and strong decrease of
the refractivity (20 N units, from 0700 to 0800 UTC), linked
to a decrease of the air humidity (−20%) is observed on every
AWS (Figure 8). This rapid decrease of the refractivity is not
observed with the radar of Bollène. Indeed, from the Visan AWS,
it can be observed that the relative humidity drop occurs around
0915 UTC, simultaneous with an increase of the temperature.
In terms of refractivity fluctuation, these two phenomena are
opposed, and compensate each other.

This humidity decrease is the consequence of an advection
of dry air. The humidity begins to drop first at Garons
(0712 UTC), then at Courbessac (0730 UTC) and finally at
Tarascon (0754 UTC).

The refractivity field obtained with radar gives a more complete
overview of the time/spatial evolution of the pseudo-cold front
(Figure 9). At 0705 UTC, the front is not yet observed by the
radar (Figure 9(a)). It is noticed that the refractivity field is almost
homogeneous (350–370 N units). At 0725 UTC (Figure 9(b)),
the cold front is present in the southwest part of the radar
cover, with a northwest/southeast orientation. The signature of
the front boundary is also easily observed on 5 min refractivity
variations, with an important negative variation of more than
10 N units decrease in the southwestern part of the refractivity
map. At 0755 UTC (Figure 9(c)), the dry air is advected to
the northeast, and then at 0825 UTC (Figure 7d) the moist
air initially present is totally replaced by the dry air over the
Nı̂mes area.

5.3. Representation of refractivity variation associated with this
event in simulations

The radar refractivity map gives a higher-resolution view of
the horizontal structure of air masses and of its time evolution
than AWS or NWP maps. These fields could be an important
source of information for NWP. Indeed, these observations can
be assimilated, or used as references to evaluate the ability of
models to represent physical processes.

A comparison of refractivity fields from radars estimation
against models (AROME-WMED and WRF) is performed at
0600 UTC (Figure 10) and 0900 UTC (Figure 11), i.e. before and
after the arrival of the dry air mass (see previous section). The
WRF outputs used here are issued from a higher-resolution inner
domain nested in the large parent domain that was run specifically
for the case-study presented here (see section 2).

At 0600 UTC, refractivity fields from Nı̂mes and Bollène are
different, with mean values higher and more homogeneous in
the region of Nı̂mes (∼360 N units) than in the region of
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(a)

(b)

(c)

(d)

Figure 8. Time series of the radar refractivity (orange), AWS refractivity (green), vapour pressure (red), temperature (violet), and precipitation (blue, mm h-1) at
(a) Visan, (b) Garons, (c) Courbessac, and (d) Tarascon locations, from 0000 to 1200 UTC on 24 September 2012.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 9. (a–d) Refractivity fields and (e–h) their 5 min variations, provided by Nı̂mes radar for 24 September 2012 at (a) 0705 UTC, (b) 0725 UTC, (c) 0755 UTC
and (d) 0825 UTC. Black stars correspond to radar locations, and black triangles to AWS locations.
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(a) (b)

(c) (d)

Figure 10. Estimation of the refractivity on 24 September 2012 at 0600 UTC. Colour fields correspond to (a) radar measurements, (b) the AROME-WMED forecast,
(c) the AROME-WMED analysis, and (d) the WRF analysis. The Mediterranean coast is a dashed line, department limits have dotted lines, and refractivity iso-contours
solid lines.

Bollène (∼340 N units) (Figure 10(a)). As said previously, the
atmosphere in the Bollène region is more unstable, leading to a
more heterogeneous field. This heterogeneity is also generated by
the orographic pattern, with the Alps on the eastern side, and the
Massif Central on the western side (Figure 1).

The AROME-WMED refractivity fields (analysis and forecast)
around Nı̂mes are in quite good agreement with the observed field,
showing a decrease of the refractivity from southwest to northeast
(Figures 10(b) and (c)). The observed field seems however better
represented by the forecast than the analysis, which shows lower
values. Especially around Bollène, the impact of the relief on
the refractivity field is present. Indeed, lower values observed
on the west and east side of the radar domain that are induced
by the decrease of the pressure with altitude (Figure 10(a)) are

represented by the forecast. On the contrary, the Rhône valley
presents higher values that are also captured by the forecast.
However, while the forecast shows a spatial variability which
is similar to the observed one, the analysis field is too much
homogeneous, even if the southern part of Bollène’s field shows
higher values. As for WRF, the refractivity gradient is not well
oriented, with a more south–north direction (Figure 10(d)). The
high refractivity values also penetrate too far inland, which leads
to an overestimation of refractivity north and west of the Bollène
radar.

At 0900 UTC, after the arrival of dry air from the southwest,
the mean refractivity value around Nı̂mes is close to 335 N units
and the field is well organised, with an increase of the refractivity
from the southwest (∼310 N) to the northeast (∼360 N). Around
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(a) (b)

(c) (d)

Figure 11. Estimation of the refractivity for 24 September 2012 at 0900 UTC. Colour fields Correspond to (a) radar the radar measurement, (b) the AROME-WMED
forecast, (c) the AROME-WMED analysis, and (d) the WRF analysis. The Mediterranean coast is a dashed line, department limits have dotted lines, and refractivity
iso-contours solid lines.

the Bollène radar, the mean refractivity value is higher (∼345 N
units), mainly due to the presence of a moist air mass. The field
is more complex with low refractivity values on the western and
eastern sides of the domain, signature of the impact of the relief,
and high values in the valley (Figure 11(a)).

AROME-WMED products (analysis and forecast; Figure 11(b)
and (c)) show similar patterns, with lower values in the
southern part of the domain and strong heterogeneities around
Bollène. It is difficult to say which one is more consistent
with observations. Analysis shows weaker values around the
coastline than forecast and a smoother gradient of refractivity
in the northern part of Nı̂mes radar. The observed field shows
an increase of refractivity over this part, which seems better
located by the forecast than by the analysis (located more to the

north). However, around Bollène the two fields are very close.
The main difference with the observed field is that the radar
refractivity does not indicate the signature of high refractivity in
the south/southeastern part of the radar domain. The absence of
AWSs in this region does not allow us to confirm the effective
presence or not of this area of high refractivity. On the one
hand, these high values can be an artefact of AROME-WMED
induced by the lack of observations in the region, and on
the other hand, the lower quality of ground targets induced
by unstable conditions generated by the ongoing convective
event could explain the difficulty in observing this signature.
Indeed, ground echo intensity is lower than meteorological
echo intensities leading to a rejection by ground target
identification (σ ).
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Concerning the WRF analysis (Figure 11(d)), the two fields
are not in good agreement. WRF shows higher values in the
south than in the north part of the domain, contrary to
observations, generating an overestimation of refractivity over
the Nı̂mes area and an underestimation over Bollène. Despite
the representation of the impact of the relief on refractivity
values, the advections of air masses following the convective
event are clearly not well captured by WRF, despite the increase of
resolution.

6. Conclusions

The HyMeX-SOP1 field campaign gave the opportunity to
evaluate the capacity of the ARAMIS S-band non-coherent radar
network to perform refractivity measurements, and to estimate
the usefulness of this new measurement for forecasting and
modelling communities.

The radar refractivity retrieved with the S-band non-coherent
transmitter is available as of now, and provides satisfactory results.
The validation of non-coherent radar refractivity measurement
with AWS, used as reference over a 3.5-month period, is a
success. Indeed, according to AWS measurements, the diurnal
cycle – strongly influenced by the complex orography (coast,
mountains and valleys), as well as different weather events
such as dry front advection and convective systems – is well
retrieved.

However, a bias is observed in the radar refractivity product,
and is mainly due to the method used for the Nref initialization in
order to estimate instantaneous refractivity. The current method
is not completely satisfactory and has to be improved. An Nref

map can be generated from the refractivity field provided by AWS
measurement and/or by models. This bias is currently taken into
account in the interpretation of comparisons between observation
and models.

In view of the deployment of the refractivity measurement in
other radars of the ARAMIS network, it is necessary to improve

the retrieval performance of the refractivity algorithm. Indeed,
the ARAMIS network is mainly composed of C- and X-band
radars, much more sensitive to phase aliasing. Some ways of
improvement are already described by Besson and Parent du
Châtelet (2013) and have to be implemented in a new version of
the algorithm.

Refractivity maps in mountainous regions are still not accurate
enough. Focused studies in this particular region have to be
done. For example, an estimation of the impact of the vertical
refractivity gradient is necessary when targets used for the spatial
differentiation are not at the same altitude (Park and Fabry, 2010,
2011).

Refractivity fields provided by radars for a particular event
give the opportunity to illustrate convective events and dry
air advection over the radar domain. Moreover, it gives
the opportunity to assess the horizontal structure and time
evolution of humidity fields during pre-convective situations.
This information can improve the understanding of physical
processes involved during the inception phase of convective
systems, and their simulation in NWP models through the
assimilation of these refractivity fields. Patterns of NWP
refractivity fields are similar to observation patterns (AWSs and
radar), although obviously with locally strong differences. The
refractivity field from a radar network can be very helpful to easily
identify poorly simulated situations. It can also help to advance
the physical models to these resolutions. The interpretation of
the refractivity in term of meteorological parameters (humidity,
temperature and pressure) may be difficult due to the complexity
of physical processes involved during convective events.
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Appendices

Appendix A: Hereafter are gathered the characteristics of radar used during this study

Table AI. Parameters of radar used form ARAMIS network during HyMeX.

Nı̂mes Bollène Opoul

Frequency (GHz)/length (cm) 3/10 3/10 3/10
Pulse length (μs) 1.67 2 2
Pulse repetition frequencies (Hz) 290/258/232 290/258/232 290/258/232
Scan rate (s−1) 6.6 6.2 5
Angular averaging resolution (◦) 0.5 0.5 0.5
Beam width (◦) 1 1 1
Maximum range (km) 32.1 25.5 25.5
Gate range (m) 250 170 170
Period of calibration 10 August 2012

0000–0800
UTC

10 August 2012
0000–0800
UTC

13 August 2012
0000–0800
UTC

AWSs used for calibration (range between the radar and AWS <30 km) 20 10 10
Nref (N unit) from AWSs 320 328 331
Space-averaged temporal std. dev. of N from AWSs 1.87 1.08 1.83
Time-average spatial std. dev. of N from AWSs 5.01 2.69 2.11
Spatial std. dev. of the time-averaged N from AWSs 4.62 2.29 1.56
Temporal std. dev. of the spatial average N from AWSs 1.06 0.81 1.12
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Appendix B: Hereafter are gathered the correlation coefficients, the biases and the root-mean-square deviations calculated for
every pairing of datasets, as a function of AWS location

Table BI. Correlation coefficients computed at the locations of the AWS, between the different estimation of the refractivity (radar, AWS, AROME-WMED and
WRF).

AWS vs. Radar AROME-WMED WRF

Analysis vs.
Radar

Analysis
vs. AWS

3-h forecast
vs. Radar

3-h Forecast
vs. AWS

Analysis
vs. Radar

Analysis
vs. AWS

Forecast 0
vs. Radar

Forecast 0
vs. AWS

Forecast 1
vs. Radar

Forecast 1
vs. AWS

Nı̂mes Courbessac 0.89 0.90 0.99 0.84 0.94 0.76 0.85 0.75 0.84 0.73 0.81
Garons 0.86 0.87 0.99 0.82 0.93 0.72 0.86 0.71 0.85 0.68 0.82
Tarascon 0.87 0.86 0.99 0.80 0.92 0.68 0.87 0.68 0.86 0.66 0.84

Bollène Visan 0.78 0.77 0.98 0.74 0.90 0.70 0.74 0.70 0.77 0.69 0.76
Opoul Perpignan 0.90 0.89 0.99 0.86 0.95 0.75 0.78 0.74 0.78 0.72 0.76

Leucate 0.82 0.81 0.97 0.81 0.97 0.77 0.87 0.76 0.86 0.74 0.84
Durban-Corbières 0.85 0.84 0.99 0.83 0.95 0.75 0.80 0.75 0.80 0.72 0.77

All Locations 0.85 0.84 0.98 0.81 0.94 0.73 0.79 0.70 0.79 0.68 0.78

Table BII. Bias estimate at the locations of the AWS, between the different estimations of the refractivity (radar, AWS, AROME-WMED and WRF).

AWS vs. Radar AROME-WMED WRF

Analysis
vs. Radar

Analysis
vs. AWS

3-h forecast
vs. Radar

3-h forecast
vs. AWS

Analysis
vs. Radar

Analysis
vs. AWS

Forecast 0
vs. Radar

Forecast 0
vs. AWS

Forecast 1
vs. Radar

Forecast 1
vs. AWS

Nı̂mes Courbessac 4.21 5.97 1.80 5.38 1.22 4.34 −0.47 4.42 −0.39 4.36 −0.45
Garons 3.86 4.09 0.26 3.30 −0.53 −1.89 −4.20 2.64 0.34 2.58 0.28
Tarascon 2.75 4.15 1.41 4.51 1.77 8.30 6.91 8.37 6.98 8.28 6.92

Bollène Visan −1.23 −3.26 −1.87 −2.87 −1.65 6.43 6.02 6.47 6.06 6.50 6.08
Opoul Perpignan 1.68 0.82 −0.75 0.49 −1.13 0.38 −2.56 0.41 −2.55 0.56 −2.46

Leucate −4.29 −4.53 −0.26 −5.03 −0.80 −5.14 −1.23 −5.07 −1.18 −5.02 −1.20
Durban-Corbières −2.64 0.69 3.42 −0.25 2.39 −3.21 −2.36 −3.14 −2.30 −2.99 −2.22

All Locations 0.72 1.17 0.64 0.84 0.23 1.97 0.30 2.11 0.99 2.13 0.99

Table BIII. RMSE at the locations of the AWS, between the different estimations of the refractivity (radar, AWS, AROME-WMED and WRF).

AWS vs. Radar AROME-WMED WRF

Analysis
vs. Radar

Analysis
vs. AWS

3-h forecast
vs. Radar

3-h forecast
vs. AWS

Analysis
vs. Radar

Analysis
vs. AWS

Forecast 0
vs. Radar

Forecast 0
vs. AWS

Forecast 1
vs. Radar

Forecast 1
vs. AWS

Nı̂mes Courbessac 9.00 9.76 3.10 10.98 6.20 13.89 11.24 14.07 11.41 14.57 12.10
Garons 9.76 9.71 2.73 10.66 6.26 13.65 11.69 13.99 11.01 14.51 11.77
Tarascon 9.13 9.56 3.16 11.24 6.88 15.99 12.07 16.13 12.24 16.35 12.59

Bollène Visan 9.16 10.24 3.36 10.69 6.25 12.38 11.89 12.37 11.41 12.56 11.51
Opoul Perpignan 8.73 8.90 2.76 9.86 5.75 14.52 14.85 14.58 14.89 14.81 15.05

Leucate 12.89 12.99 4.91 13.40 5.51 16.45 15.41 16.54 15.51 16.94 15.81
Durban-Corbières 10.04 10.14 4.21 10.41 6.01 14.59 13.09 14.60 13.12 15.00 13.47

All Locations 9.91 10.25 3.55 11.08 6.13 14.09 12.98 14.66 12.90 15.01 13.38
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Fourrié N, Bresson É, Nuret M, Jany C, Brousseau P, Doerenbecher A,
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