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Abstract: In the French Alps the quality of the radar Quantitative Precipitation Estimation (QPE) is
limited by the topography and the vertical structure of precipitation. A previous study realized in all
the French Alps, has shown a general bias between values of the national radar QPE composite and the
rain gauge measurements: a radar QPE over-estimation at low altitude (+20% at 200 m a.s.1.), and an
increasing underestimation at high altitudes (until —40% at 2100 m a.s.1.). This trend has been linked to
altitudinal gradients of precipitation observed at ground level. This paper analyzes relative altitudinal
gradients of precipitation estimated with rain gauges measurements in 2016 for three massifs around
Grenoble, and for different temporal accumulations (yearly, seasonal, monthly, daily). Comparisons
of radar and rain gauge accumulations confirm the bias previously observed. The parts of the current
radar data processing affecting the bias value are pointed out. The analysis shows a coherency
between the relative gradient values estimated at the different temporal accumulations. Vertical
profiles of precipitation detected by a research radar installed at the bottom of the valley also show
how the wide horizontal variability of precipitation inside the valley can affect the gradient estimation.

Keywords: altitudinal; gradient; precipitation; Alps; mountain; radar; quantitative precipitation
estimation; QPE

1. Introduction

In the French Alps, the quality of radar Quantitative Precipitation Estimation (QPE) provided
by the French weather radar network is limited by difficulties of measurement, which increase the
impact of well-known sources of error in radar data processing. Large areas are exposed to strong
ground clutter and to important partial or total radar beam blockage by the relief. The distance to
the radars and the altitude of measurement may be important, which expose to non-uniform beam
filling effects, the proximity to 0 °C isotherm altitude and the impact of the melting layer (solid and
liquid phases in the radar sampling volume affecting the precipitation estimation, bright band, signal
attenuation). For radars in altitude closer to areas of interest, measurements at low elevation angles can
be affected by very important attenuation (particularly for X band radars) when the radar is situated
within the melting layer, which is common in winter season. One can also observe that the distant C
band radars of the network and the X band radars installed within the mountain chain between 1740 m
and 2580 m of altitude, scan the atmosphere above the mountain range and cannot detect precipitation
into the valleys. This indicates that the radar data processing has no information on the evolution of
precipitation in the valleys.

At Météo-France, the volume scan of each radar is processed every 5 min to estimate a single radar
QPE map (by taking into account a great number of sources of error), and the QPE maps of all the radars
are finally merged into a national radar QPE composite named PANTHERE (Projet Aramis Nouvelles
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Technologies en Hydrométéorologie Extension et REnouvellement). In 2017 Météo-France performed
an extensive study on the operational products of the entire year 2016 to determine an updated estimate
of the operational radar QPE quality in all the French Alps [1]. This study detailed the quality of the
PANTHERE composite for each mountain massif and great valley, including all the areas defined to be
of major interest by the French “Direction générale de la prévention des risques” (DGPR). In addition
to several local reductions in quality due to different sources of error, this study has shown a general
bias between values of this national radar QPE composite and the measurements of 430 rain gauges:
a radar QPE over-estimation at low altitude (+20% at 200 m a.s.1.) and an increasing underestimation at
high altitude (until —40% at 2100 m a.s.1.) (Figure 1a,c). A detailed analysis confirmed this tendency for
each massif and great valley, and the main factor identified to explain this observation was the altitude
of the rain gauges. This trend has been related to altitudinal gradients of precipitation commonly
observed at ground level in the French Alps, and not taken into account by the current radar data
processing. In order to verify this relation, a simple uniform linear correction was performed, only
function of the rain gauges altitudes. This correction produced a great improvement of the radar QPE,
both for the bias and the correlation between radar and rain gauges annual precipitation (Figure 1b,d).
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Figure 1. Comparison between annual radar quantitative precipitation sstimation (QPE) and rain
gauge measurements, for 430 rain gauges in the French Alps in 2016 (colors function of the rain gauges
altitude in m): (a) scatter plot of radar QPE vs rain gauge data; (b) the same after the linear correction;
(c) radar QPE bias as a function of rain gauges altitudes, for operational data; and (d) the same after the
linear correction.
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The evolution of precipitation with altitude in the Alps has been studied by a number of researchers,
and in the French Alps several analysis of precipitation, or reanalysis of climate data, have been carried
out on trends depending on altitude as in [2—4]. Durand et al. [5] present meteorological trends for
precipitation, showing that the climate of the French Alps is mainly determined by a northwesterly
atmospheric flow, and that the vertical rainfall gradients estimated on annual precipitation in mm
show a latitudinal dependence: within the 1958-2002 period, from north to south the mean annual
vertical rainfall gradient vary from 294 to 195, 172, and 178 mm (1000 m)~!. In the region located
between the conurbations of Lyon and Grenoble, in the foothills of the Alps, the impact of relief on
precipitation has been studied in two PhD theses using data from a one-dimensional dense rain gauges
network of 100 km long crossing the Bas-Dauphiné, Chartreuse and Belledonne massifs [6-8]. These
studies evidenced a clear influence of the relief depending on the weather regime, and Desurosne in [7],
estimated that 83% of precipitation events correspond to an increase in precipitation with altitude
within the 1987-1990 period. The influence of topography is also taken into account to estimate the
AURELHY (Analyse utilisant le relief pour 1’'hydrométéorologie) spatial normals over the French
territory [9,10], which are spatial climate normals (including precipitation) routinely estimated by
Météo-France for different time scales. For operational needs concerning the snowpack estimation,
climatological vertical profiles of precipitation have been defined for 23 massifs in the French Alps
assumed to be homogeneous for meteorological and climate conditions. These profiles are commonly
used in the SAFRAN (Systeme d’Analyse Fournissant des Renseignements Adaptés a la Nivologie)
analysis system [2,11], initially designed for avalanche hazard forecasting. The SAFRAN profiles
are non-linear, showing a decrease of the gradients with altitude between 300 m and 1800 m a.s.1.
Observation of a reduction or inversion of the gradient values at high altitude is common in the French
Alps, and this evolution is also mentioned in Switzerland for the gradients in the valleys and on the
slopes [12,13].

Nevertheless, altitudinal gradients of precipitation are not easy to estimate and use for short time
scales, as these gradients vary in time and space, and depend on several factors (orographic effects,
slope orientation, seasons, weather, and precipitation regimes). Moreover, some issues affect the
measurement of precipitation in altitude: number and sitting of gauges, lack of reliable and accurate
snowfall measurements, and the need for analysis or spatial interpolation methods [3,14,15]. Finally,
many other phenomena impact the precipitation at short time scales, which can make it difficult to
estimate altitudinal gradients of precipitation.

In order to better investigate the relation between these altitudinal gradients and the bias observed
between radar QPEs and rain gauge measurements, a more detailed analysis of the 2016 dataset has
been carried out over a limited area around the Grenoble conurbation with a subset of 23 daily rain
gauges. This paper focuses on the altitudinal gradients of precipitation observed at ground level by
these rain gauges for different temporal accumulations (yearly, three months periods, monthly, daily)
and for three neighboring massifs. Three main questions were posed:

1. How these altitudinal gradients at ground level could explain the radar QPE bias observed
in 2016?

2. Can the altitudinal gradients observed in annual data be observed at shorter time scales, despite
all the factors impacting their estimation?

3. Are the altitudinal gradients of precipitation observed at ground level related to the vertical
profiles detected by radar, which could have an interest for the radar QPE bias correction?

2. Experiments

2.1. Grenoble Site and Instrumentation

Grenoble, the greatest French Alps conurbation (500,000 inhabitants), is situated at the confluence
of the Isere and Dracrivers, and surrounded by three mountain massifs (Vercors, Chartreuse, Belledonne)
rising up to 2000 m and 3000 m high (Figure 2). The region is located on the northwest side of the
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Alps, facing the main atmospheric flow on the country, and receives important annual precipitation
particularly in Chartreuse. Chartreuse and Vercors are two massifs of the Alpine foothills (Prealps)
while Belledonne is a more internal massif.

;]/4

= ) ]
% Instrumental site of IGE (Grencble
o| Alpes Univ.): XPORT radar, MRR,
y disdrometer

Figure 2. Relief (m) and instrumentation. Brown lines = massifs limits. Rain gauges distribution:
Chartreuse (green rounds), Vercors (orange squares), and Belledonne (purple stars).

In this study, 23 daily rain gauges were used, located both at the bottom of the valleys (around
220 m a.s.l.), on the slopes, and upper part of the three massifs (up to 1730 m a.s.l.). A radar of
the national operational network (Moucherotte polarimetric X-band radar, 1910 m a.s.l.) is located
inside the studied area at the top of the Vercors massif, which guarantees a good radar coverage of
the area. The research instrumental site installed by IGE in the Grenoble Alpes University campus
at 227 m a.s.l. [16] completes the observation of the atmosphere inside the valley, in particular with
volume scans of the polarimetric X-band research radar named XPORT. One can also mention on the
Chartreuse border (1325 m a.s.l.), the snow and meteorological observation site of the French Snow
Research Center (CEN) of Météo-France.

2.2. Data

Monthly precipitation records were found to be similar for the three massifs, with a little more
precipitation in Chartreuse. No precipitation was recorded in the area in December, 2016, except few
millimeters in Vercors on one day. Therefore, this month is not represented in the results.

The 23 rain gauges constitute a dense and reliable local permanent network, constituted from
several institutional networks:

e Data for 22 rain gauges was provided by the Météo-France national databases, which include
sensors from partner’s networks: Météo-France, EDF (Electricité de France), DGPR, and local
authorities. All the data benefit from a routinely non-real time validation procedure with human
expertise. These gauges provide data at the daily time step, and half of them also provide
hourly data.
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e  One rain gauge location corresponds to two hourly rain gauges of the CEN observation site in
Chartreuse, with a distance of few meters between the two stations. The hourly measurements of
these two rain gauges (correlation coefficient = 0.96), not yet validated, were critically analyzed
in this study. The most reliable gauge was selected, but for some periods with missing values,
measurements from the other gauge were used in order to provide a unique continuous series.

Radar QPEs were provided by the operational PANTHERE composite product (5 min-1 km?
resolution), which merge the single radar QPEs of 29 radars in 2016. In the area concerned by this
study, the main contribution to the QPE composite values was provided by the Moucherotte radar
(half-power beamwidth equal to 1.28 degree, bin resolution equal to 240 m). Furthermore, several
polarimetric C-band radars away located outside the area in Figure 2 also contributed (half-power
beamwidth equal to 1.1 degree, bin resolution equal to 240 m). The radar data processing, described
in [17], performs the correction of several sources of errors in the precipitation estimation for each radar,
including the utilization of a vertical profile of reflectivity (VPR) to transform the vertically integrated
radar reflectivity measurements aloft in precipitation at the altitude of a reference level. Every five
minutes, for each radar, a VPR model defined by four parameters is fitted using the volume data of the
radar (Figure 3). This VPR varies in time but is supposed to be constant horizontally for all the single
radar coverage. An important point is that this fitted model is defined to be constant (i.e., vertical)
below the melting layer or below the radar altitude. In a final processing step, each single radar QPE is
calibrated by rain gauge measurements with a mean hourly correction factor applied uniformly for all
the radar coverage. The merging process elaborating the PANTHERE composite from all the single
radar QPEs does not include any spatial adjustment, or any local bias correction, which could locally
reduce the bias with the rain gauge measurements at ground level. In this study, for each rain gauge
location the corresponding 5 min PANTHERE QPE value (in mm) was extracted, and cumulated for
different accumulation times. The all year 2016 represents more than 105,000 composites (288 a day).
The number of missing values does not exceed 2 composites a day, and the number of days with such
missing data does not exceed 12 days for the whole year 2016.

Rate of decrease above the 0°C isotherm altitude

/

0°C isotherm altitu

the bright band
(melting layer)

Altitude above the radar

Bright band peak

Reflectivity (dBZ)

Figure 3. Example of vertical profile or reflectivity model defined above the radar altitude with
four parameters.

The XPORT research radar operation was not continuous but alert-based, and IGE recorded a
great number of precipitation events in Grenoble. In this study, data from 2016 and 2017 was used.

The 0 °C isotherm altitudes have been estimated by the analysis of the AROME (Applications de la
Recherche a I'Opérationnel a Méso-Echelle) numerical weather prediction (NWP) model. The AROME
version used has a 0.025° horizontal resolution (about 2.5 km at Grenoble), and 60 non-equidistant
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vertical levels. The vertical resolution varies with the altitude above the ground, from 17 m near the
ground to a few hundred meters. The 0 °C isotherm altitude has been estimated by interpolation
between two vertical levels for the radar location.

2.3. Methods

Three subsets of rain gauges have been allocated to the three massifs, in order to estimate
altitudinal gradients of precipitation at ground level for each massif, ideally on the slopes around
Grenoble. These rain gauges are located on the north-western side of the Belledonne massif, the south
side and the center of the Chartreuse massif, and in the north part of the Vercors massif. Four rain
gauges at the bottom of the valleys have been allocated to several subsets, each valley separating two
massifs. All the available rain gauges have been used for two reasons: (1) it would be difficult to justify
rain gauge rejections (cf. Section 4); and (2) this allows the use of 9 or 10 rain gauges by massif.

For each subset, the rain gauge measurements have been cumulated for different temporal scales
(yearly, seasonal, monthly, daily), the seasons being defined by the following triplets of months: (D) JE,
MAM, JJA, and SON. In order to correctly estimate altitudinal gradients of precipitation, it is necessary
to have exactly the same measurement periods for all rain gauges of the same subset, and then to
eliminate a day for each missing value. Consequently, the number of daily values cumulated at each
time scale is not exactly the same for all the massifs. One rain gauge representative of mid-altitude in
Belledonne (615 m a.s.l.) was out of order in November. Therefore, the results were estimated with
10 rain gauges in order to have better annual results, but also with 9 rain gauges in order to have
significant results in November and for the SON season. One rain gauge in Vercors (1018 m a.s.l.) was
also out of order from 14 to 31 October, which eliminates 18 days for this month. The radar data used
in the comparisons strictly corresponds to each restricted selection.

In this study, we assumed the altitudinal gradient constant with altitude for each massif, i.e.,
between 200 m and 1090 m a.s.l. for Vercors, 200 m and 1325 m a.s.l. for Chartreuse, 200 m and
1730 m a.s.l. for Belledonne. This simplifying assumption is discussed in Section 4. For each temporal
accumulation and each massif, mean altitudinal gradients of precipitation have been estimated by
simple linear regression (ordinary least-squares method) between rain gauge precipitation (dependent
variable) and altitude of the gauges, as in [3,14,18]. These gradient values have also been normalized in
relative gradients, as in [4,17,19] in order to compare gradient values independent of the precipitation
amount (see Section 3.2.1). One can observe that when the correlation coefficient R tends towards zero,
the gradient estimate also tends towards zero. So the gradient estimates with low correlation between
precipitation and altitude have no signification other than “no gradient observed”.

If we assume that the pair of two variables follows a bivariate normal distribution, it is theoretically
possible to test if R is not significantly different from zero by testing this null hypothesis HO. The t value
estimated by the following equation, is supposed to follow a Student’s t-distribution with n—2 degrees
of freedom, with n the number of rain gauges of the subset:

t=R[(n-2)/1-R*»]*

For 10 rain gauges, if HO is true and for a significance level of 5%, if R? is inferior to 0.4 the
null hypothesis should not be rejected. For 9 rain gauges, in the same conditions if R? is smaller
than 0.44 the HO hypothesis should not be rejected. It is also possible for each R value to estimate a
p-value to test the null hypothesis that R is equal to zero. A low p-value (<0.05 for example) indicates
that the null hypothesis can be rejected with few risk of error. Obviously, the choice of rejection
depends on the significance level chosen, and the relevance of this parametric test is conditioned by
the assumption on the variables distribution. The p-values are presented only for the comparison of
the annual accumulation of precipitation as a function of altitude, in order to highlight the difference
between rain gauges measurements and radar QPEs.
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In the daily analysis, for all the three massifs the gradient estimates with R? value below 0.25 were
considered as non-significant gradients. Other non-significant gradient estimates were defined in the
case of weak precipitation on a massif, defined by a mean of the daily values for the subset of gauges
below 1 mm/day, and a maximum value for the subset below 3 mm/day (non-significant precipitation).

XPORT measurements have been used in this study only at high elevation angle (25°), because
measurements at lower elevations (3.5°, 7.5°, 15°) were affected by ground clutter and radar beam
blockage. For the 25° elevation angle, the radar beam axis reaches 2000 m a.s.l. at only 4.2 km from
the radar, and 2800 m a.s.l. at 6 km (red circles in Figure 2). Then, these radar measurements cover
only a limited horizontal domain at low altitude. These measurements have been used to estimate
mean apparent vertical profiles of precipitation (using the Z = 200 R!® relationship), without taking
into account measurements less than 1.3 km away from the radar (measurements being unreliable at
short distances). Due to the high elevation angle used and of the short distances from the radar, these
apparent vertical profiles are only slightly influenced by the geometry of the radar beam (small size
of the resolution volume, little impact of non-uniform beam filling). These apparent vertical profiles
integrate the horizontal variability only over a few kilometers.

3. Results

3.1. Annual Precipitation and Radar QPE Bias for Each Massif

In Figure 4, for each massif surrounding Grenoble, the 2016 annual amounts of precipitation
measured by each subset of rain gauges are compared to the corresponding radar QPE values. For
13 rain gauges, which are climatological stations (among the 23 rain gauges), we observed that the
annual amounts of precipitation in 2016 were close to their annual normals estimated by the AURELHY
method between 1981 and 2010: the mean difference was equal to —5.8%.

For the three massifs, the rain gauge annual accumulations show an increasing trend with the
altitude of the gauges (p-values equal to 0.0024, 0.0717, and 0.0230). On the contrary, the annual radar
QPEs appear independent of the altitude considered (p-values equal to 0.3169, 0.7512, and 0.3146). This
may be explained by the radar data processing used for each single radar, which does not take into
account the relief or any altitudinal gradient of precipitation. On the contrary, this processing tends to
estimate precipitation on a reference level with a constant altitude for all radar coverage, this level
being defined in two stages:

e  First by the VPR processing, which estimates precipitation on a reference level corresponding
to the altitude of the radar or the altitude of the bottom of the melting layer, by using a VPR
model as defined Figure 3. Indeed, this VPR model is always defined constant below the maximal
value of these two altitudes, and this model does not describe the vertical evolution of the radar
reflectivity below these altitudes. It is applied uniformly over all the radar coverage, without any
consideration of the altitude of the ground for each pixel of the radar QPE map. The result is a
single radar QPE map corresponding to a horizontal reference level aloft (not at ground level),
and for the Moucherotte radar (1910 m a.s.1.) at least 1700 m above the bottom of the valley, and
higher if the melting layer is higher.

e  Then by the hourly calibration procedure of each radar QPE, which allows to correct a mean bias
of each single radar QPE map before the merging of all the single radar QPE in the composite.
This radar—rain gauge adjustment procedure estimates a single hourly calibration factor by radar,
constant in space. For the Moucherotte radar QPE, the mean altitude of the rain gauges selected by
this calibration procedure in 2016 was equal to 1155 m a.s.l, with 91% of the rain gauges selected
being installed between 800 m and 1860 m a.s.l. In consequence, the mean calibration factors were
representative of these altitudes for the Moucherotte radar, and the calibrated single radar QPEs
were representative of horizontal reference levels on average corresponding to 1155 m a.s.1.

These two successive processing thus contribute to estimate radar QPEs representative of horizontal
reference levels at mid-altitude. The comparison of annual accumulations of theses radar QPEs (merged
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in PANTHERE) with annual rain gauge measurements, which are impacted by altitudinal gradients
of precipitation, leads to the general bias observed: a common overestimation of the radar QPEs
at the bottom of the valleys, and a systematic underestimation at the highest altitudes. The next
section investigates the altitudinal gradients of precipitation estimates and their variability for different
accumulation times for each massif.
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Figure 4. Comparison of rain gauge annual accumulations and the corresponding radar QPEs in 2016
as a function of rain gauge altitudes, for a subset of nine rain gauges for Chartreuse and Vercors, and
ten rain gauges for Belledonne.

3.2. Comparison of Annual, Seasonal, Monthly, and Daily Altitudinal Gradients of Precipitation

3.2.1. Normalization of the Gradient Estimates

For each massif, estimates of annual, monthly or daily altitudinal gradients of precipitation
(in mm m™!) represent the mean increase in mm of the corresponding precipitation accumulation for
an increase of 1 meter in altitude. These values do not have the same meaning for small accumulations
of few millimeters as daily precipitation, or accumulations of thousands of millimeters as annual
precipitation. Even for the same time scale, these gradient estimates depend on the considered amount
of precipitation over a massif (Figure 5). To compare altitudinal gradient estimates for different
temporal accumulations, different location or different time periods, it is thus necessary to normalize
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these estimations in order to express the gradients for an identical precipitation amount, equal to 1 mm.
The normalized or relative gradients are then expressed in m™.

For the three massifs, the gradient estimates (in mm m~!) depend linearly on the mean precipitation,
or on the maximal precipitation recorded by the rain gauges for the massif (example for Chartreuse
in Figure 5). For the three massifs, the correlation is stronger with the maximal precipitation than
with the mean precipitation. The maximal precipitation is thought to be more representative of the
rain event magnitude for the shortest time periods, and less influenced by the horizontal variability
of the precipitation over the massif or by sampling effects due to the limited number of rain gauges
non-homogeneously distributed on the relief. For example, four of the nine rain gauges allocated to the
Chartreuse massif are located at the bottom of the valleys, which largely impact the mean precipitation
estimates. For all these reasons, for this comparison of annual to daily results, we have chosen to
normalize each altitudinal gradient estimate with the maximal precipitation amount recorded by the
subset of rain gauges for a massif and for the time period considered.
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Figure 5. Relation between altitudinal gradient estimates and magnitude of the precipitation, for the
Chartreuse massif. (a) With the maximal monthly precipitation recorded; (b) with the mean monthly
precipitation recorded; (c) with the maximal daily precipitation recorded; and (d) with the mean daily
precipitation recorded. For daily precipitation, only significant gradients have been used.

3.2.2. Comparison of the Relative Gradient Estimates for Different Temporal Accumulations

Table 1 presents the values of the annual and seasonal relative altitudinal gradient estimates
for each massif. Figure 6 also presents, on the same picture for each massif, the relative altitudinal
gradient estimates for different temporal accumulations, in order to compare the variations of the
values estimated at the different time scales. Annual, seasonal, and monthly gradient estimates are
presented as a function of the time, the letters of the bottom scale standing for the names of the
months. On the same graph, the daily gradient estimates are plotted as a function of the maximal daily
precipitation (top scale). Both significant and non-significant daily gradients are presented to show the
importance of the non-significant gradients filtering at this time scale.

One can observe that the normalization does not produce the same annual altitudinal gradient
value for the three massifs, these gradients depending on factors characteristic of each massif (Chartreuse
presenting a stronger gradient than Vercors and Belledonne). But for each massif, the relative gradient
values are very consistent for all the temporal accumulations scales (yearly, seasonal, monthly, daily),
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the gradient estimates for shorter durations varying around the annual value. For seasonal or monthly
values, it was not possible to identify any common trend for the three massifs. This result is not
surprising for a unique year, and in [4] Valéry found that the seasonal variation of the mean altitudinal
gradient of precipitation is weak in France in comparison with other countries (2.7 x 107 m~! for the
all French territory).

Table 1. Annual and seasonal relative altitudinal gradient estimates (and corresponding R? values).

Gradients Chartreuse Vercors Belledonne Belledonne
(104 m™1) (9 Rain Gauges) (9 Rain Gauges) (10 Rain Gauges) (9 Rain Gauges)
annual 4.6 (0.75) 2.7 (0.39) 2.3 (0.50) 2.2 (0.47)
(D)JF 5.7 (0.85) 2.3(0.43) 1.8 (0.27) 1.8 (0.26)
MAM 4.6 (0.66) 2.9(0.33) 2.35 (0.59) 2.34 (0.59)
JJA 4.2(0.78) 1.5(0.12)1 2.9 (0.50) 2.9 (0.49)
SON 3.9 (0.72) 3.9(0.66)2 1.0(0.59)3 1.2 (0.36)

In italic, results with reduced significance: ! R? < 0.25. 2 With 18 missing days in October. 3 No estimates
in November.
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Figure 6. Comparison of the relative altitudinal gradient estimates for Chartreuse (a), Vercors (b),
and Belledonne (c). Colored circles: significant daily gradient estimates as a function of the maximal
daily precipitation in mm (top scale). Non-colored circles: non-significant daily gradient estimates
as a function of the maximal daily precipitation. Dashed line: annual gradient estimate. Square and
diamond respectively seasonal and monthly gradient estimates as a function of time (bottom scale).
For Belledonne, the subset of nine rain gauges is considered in order to have values in November.



Atmosphere 2019, 10, 306 11 of 17

For non-filtered daily accumulations, the variability of gradient estimates is large, but a great part
of this variability is due to non-significant gradients estimates, corresponding to weak precipitation on
a massif, or corresponding to the absence of observed gradient (R? < 0.25). These absences of observed
gradient can be due to the meteorological situation, but also frequently due to the great horizontal
variability of the daily precipitation over the small subsets of rain gauges. In this case, the ground
level measurements uniquely show the horizontal distribution of precipitation, and it is not possible
to estimate an altitudinal gradient of precipitation. The variability of the significant daily altitudinal
gradient estimates is more limited, and practically all the estimate values are positive (Table 2). For the
Vercors and Belledonne massifs, the few negative gradient values correspond to four days of heavy
precipitation (with heavy rain cells for at least two of the days), and one day with small precipitation
over all the rain gauges (1 to 7 mm a day). However, on average for the three massifs, 63% of the
days with significant precipitation do not allow to estimate a daily altitudinal gradient of precipitation.
Only 37% of these days produce a determination coefficient value between precipitation and altitude
above 0.25. The percentage of R? values above 0.25 increases to 76% for monthly gradients, 92% for
seasonal gradients, and 100% for annual gradients (on average for the three massifs).

Table 2. Rate of positive or negative daily gradients, in function of the filtering.

Chartreuse Vercors Belledonne
Type of Filtering Gradients Gradients Gradients
>0 <0 >0 <0 >0 <0
No filtering (i.e., all values) 69% 31% 74% 26% 67% 33%
Filtering only weak precipitation 93% 7% 84% 16% 85% 15%
Filtering both weak precipitation and absence of gradients 100% 0% 94% 6% 95% 5%

3.3. Vertical Structures of Precipitation Observed by XPORT from the Bottom of the Valleys

XPORT allows to describe the structure of the precipitation in the atmosphere into the valleys
both vertically and horizontally, at altitudes below the measurement altitude for radars of the national
network. This is particularly interesting when the melting layer is near or below the altitude of the
operational Moucherotte radar, which is common in the winter season.

XPORT measurements, at a 25 degrees elevation angle, were used to estimate mean apparent
vertical profiles of precipitation within and below the melting layer, at altitudes close to those of the
rain gauges. These vertical profiles were estimated in three different sectors (VPg profiles, “s” standing
for sector) positioned in direction of the three massifs (north, east, west). However, because of the
limited horizontal coverage of the measurement at 25 degrees elevation angle, below 2800 m a.s.l. these
profiles were mainly estimated not over the massifs but in the valleys, within the ring of 4-6 km in range
shown in Figure 2. Mean vertical profiles for each complete antenna rotation (all azimuths used) have
also been estimated in order to follow the temporal evolution of the vertical structures (VP profiles,
“1” standing for temporal). The results showed that the spatial variability of the vertical profiles of
precipitation into the valleys widely fluctuates as a function of the weather situation. Figures 7 and 8
present two examples of situations, one with spatially homogeneous precipitation (6 May 2017), and
the other with small precipitation cells moving quickly mainly on Vercors, and on western part of
Chartreuse and the valleys (22 November 2016). For the first example with spatially homogeneous
precipitation, the three VPg profiles are very similar. The temporal evolution of the VPt profiles, and
the AROME estimates of the 0 °C isotherm altitude, also indicate a marked evolution of the melting
layer altitude. The hourly rain gauges confirm the same mean precipitation on all the massifs, and
show an increase of precipitation with altitude for Chartreuse and Belledonne massifs (no significant
gradient for Vercors with R = 0.015). For the second example, with heterogeneous precipitation, the
three VPg profiles are different both for the intensity of the bright band peak and the gradient below
the melting layer. The spatial distribution of the precipitation, mainly in the west part of the area, well
explains these differences. The hourly rain gauges indicate an increase of precipitation with altitude for
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Vercors, and no significant gradient for Chartreuse and Belledonne massifs (R? < 0.2), which recorded
less than half of the amount of precipitation recorded in Vercors. We can also indicate that the mean
VPr profile for all this precipitation event is absolutely vertical (i.e., constant) below the melting layer,
without any possibility to suspect the horizontal variability revealed by the sector analysis. This great
spatial variability makes estimation of vertical gradients very difficult at very short time scales.
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Figure 7. Example of mean apparent vertical profiles with spatially homogeneous precipitation in the
valleys (6 May 2017, from 8 h to 14 h UTC). (a) Mean vertical profiles in three sectors (VPg profiles) at
25° elevation angle. Reflectivity Z values have been converted in intensities of precipitation R, with the
relationship Z = 200 R'". Dashed lines: altitude of 0 °C isotherm from AROME numerical weather
prediction model at the beginning and the end of the considered sequence; (b) total radar precipitation
accumulation (in mm) by azimuth as a function of range. Data within the first 1.3 km range is not
usable; and (c) VPt profiles: temporal evolution of the mean precipitation intensity in mm/h (all
sectors combined).
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Figure 8. Example of mean apparent vertical profiles impacted by the spatial repartition of the
precipitation in the valleys (22 November 2016, from 7 h to 9 h 20 min UTC). (a) Mean vertical VPg
profiles in three sectors at 25° elevation angle. Reflectivity Z values have been converted in precipitation
intensity R, with the relationship Z = 200 R Dashed lines: altitude of 0 °C isotherm from AROME
NWP model; (b) total radar precipitation accumulation (in mm) by azimuth as a function of range; and
(c) VP profiles: temporal evolution of the mean precipitation intensity in mm/h (all sectors combined).

4. Discussion

Defining altitudinal gradients of precipitation by valley or massif, or a part of a massif, is not
an easy task, the number of rain gauges in mountain being limited, and these gradients depending
on many factors. Furthermore, some rain gauges can be influenced by the local context (or recurrent
phenomenon) impacting the amount of precipitation recorded. For example in this study, the rain
gauge (200 m a.s.l.) in the north-west valley (which is the gateway to the confluence for the main
atmospheric flow) records on average more precipitation than all the other stations at the bottom of the
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valleys. The highest rain gauge (1730 m a.s.l.) near the extremity of the north-west face of Belledonne,
records little precipitation for its altitude. Therefore, measurements of this single rain gauge reduce the
correlation between precipitation and altitude for Belledonne. In addition, the western rain gauges
on the Vercors plateau record on average more precipitation than the eastern rain gauges at the same
altitude. This phenomenon reduces significantly the correlation between precipitation and altitude for
the Vercors subset, but the trends are identical in the west and east parts of the massif. Nevertheless,
these locally influenced rain gauge measurements do not mask the general trend observed between
precipitation and altitude with around ten rain gauges by massif.

For the Chartreuse, Vercors, and Belledonne massifs, the annual altitudinal gradient of precipitation
estimates in 2016, were respectively 4.6 x 107* m~1,2.7 x 107* m~!, and 2.3 x 107* m™~! relatively to the
maximal precipitation on the massif, and 7.2 X 107 m~!, 3.7 x 107 m~!, and 3.3 x 10~* m~! relatively
to the mean precipitation on the massif. The comparison of these values with other studies is not easy
when these studies estimate climatological values of vertical gradients or vertical rainfall profiles over
decades. The comparison is also difficult when the studies present results at the scale of the entire
mountain chain (or entire countries), and for some studies by sampling only few hydrological alpine
basins. Another main difficulty appears when the gradient values were not normalized, the values
expressed in mm m~! depending greatly on the amount of precipitation considered. With all these
reservations, it is possible to mention that Valéry in [4] found 3.7 x 10~ m~! for the 1995-2005 period
and for the entire French Alps (247 ground stations). It is not possible to directly compare our results
to the SAFRAN vertical profiles of climatological precipitation (in mm) computed for seven different
weather regimes. Nevertheless, it is possible to indicate that these profiles correspond to vertical
gradient strictly positive from 300 m to 1800 m a.s.l. similar to the results in Table 1. For Vercors
and Belledonne, the SAFRAN profiles indicate that the vertical gradients of precipitation decrease
slowly and regularly as altitude increases, which is not inconsistent with the assumption of a constant
gradient particularly for Vercors. For Chartreuse, the SAFRAN profiles show a discontinuity, with at
300 m a.s.l. a strong gradient greatly decreasing until around 900 m a.s.l., and above 900 m a.s.1. a weak
gradient rather constant until 1800 m a.s.l. This feature could explain the strong gradient estimated for
Chartreuse in this study, with only one rain gauge above 950 m a.s.l.

An important question is the relation between the altitudinal precipitation gradients observed
at ground level by rain gauges, and the vertical profiles of precipitation detected by radar in the
atmosphere. As explained, rain gauge measurements were not directly comparable to the XPORT
measurements, because they have been recorded in the same direction but at greater distance from
the radar, and on the massifs, not into the valleys. Besides, for the short duration of the XPORT
records, only a few hourly rain gauges can be used (with only two rain gauges above 1050 m a.s.1.).
This attempt to compare rain gauge measurements at ground level and mean apparent vertical radar
profiles however provides some understanding of the difficulties in estimating altitudinal gradients
of precipitation for very short durations (few hours): the number of hourly rain gauges available is
too small to robustly estimate altitudinal gradients, and the great spatial variability masks a great
part of the altitudinal gradients of precipitation. Even when the precipitation was relatively spatially
homogeneous, it has been very difficult to estimate simultaneously altitudinal gradients of precipitation
for all the three massifs (only two massifs for the example on Figure 7). This difficulty disappears for
longer temporal accumulations (monthly, seasonal, annual periods).

This study did not consider the possibility of precipitation underestimation at high altitude due
to difficulties of rain gauge measurement, and no specific correction was applied in this study on data
provided by the Météo-France national databases (the data validation and correction being performed
by the databases administrators). However, if the rain gauge data underestimated the true precipitation
amounts at high altitude, then the gradient values were also underestimated, as well as the radar QPE
bias, these QPE clearly underestimating the precipitation in altitude.
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5. Conclusions

These results suggest some responses to the questions at the origin of this study, and first how the
altitudinal gradients of precipitation could explain the radar QPE bias observed. For the three massifs
surrounding the Grenoble conurbation, the results of the annual, seasonal and monthly analysis,
confirmed the difference between radar QPE and rain gauge measurements: a precipitation amount
at ground level increasing with the altitude of the gauges between 200 m and 1730 m a.s.l., and a
relatively constant radar QPE at all altitudes. This difference explains the general bias observed in
the three massifs and valleys between radar and rain gauge estimates, with a general tendency for
the PANTHERE radar QPE to overestimate precipitation at low altitude, and underestimate at high
altitude. The parts of the radar data processing which could influence the value of this radar QPE bias
was also pointed out: the VPR processing which bring the radar measurements down to a horizontal
reference level at the altitude of the radar or of the bottom of the melting layer, and the uniform
calibration of the single radar QPEs by hourly rain gauge data, which shift this reference level to
the mean altitude of the rain gauges used. These results confirm the interest of works in progress
supported by Météo-France and IGE to bring information on VPR below the altitude of measurement
of the current radars in mountain, for example by integrating radar measurements from the bottom of a
valley, or by using 3D analysis of the AROME NWP model at all altitudes [20]. Calibration procedures
using rain gauges measurements and varying in space could also be interesting when the precipitation
fields are not independent from the relief, or when these fields depend on local bias [21].

Concerning the second question, the analysis has shown difficulties to estimate altitudinal
gradients of precipitation at the daily time scale. This is probably due to the limited number of rain
gauges, and to phenomena impacting the precipitation amount recorded by rain gauges, and possibly
with a higher impact than the altitudinal gradients of precipitation. In this study, we observed the impact
of the weather situation (particularly weak precipitation), and of the horizontal variability of daily
precipitation fields. This horizontal variability can mask a possible altitudinal gradient of precipitation,
and then the ground level measurements uniquely show the spatial distribution of precipitation.
Precipitation accumulation over larger time steps reduces the horizontal variability of the precipitation
fields, the impact of weak precipitations, and probably the impact of other variable phenomena on
the precipitation amount recorded by the rain gauges, which facilitates the estimation of altitudinal
gradients of precipitation. In 2016, monthly, seasonal, and annual precipitations systematically revealed
a positive altitudinal gradient of precipitation for the three massifs, when the correlation between
precipitation and altitude was significant. Furthermore, the variability of the relative gradient estimates
around the annual value decreased as the time scale increased. The proportion of significant correlation
(R? > 0.25) increased with the time scale from 76% for monthly precipitation to 92% for seasonal
precipitation and 100% for annual precipitation (on average for the three massifs). However, it is
difficult with these results to infer some relevant relationship between the relative altitudinal gradients
of precipitation observed at the different time scales.

The utilization of XPORT research radar data, acquired from the bottom of the confluence of the
valleys, has also been the occasion to use few hours of accumulation. The XPORT vertical profiles
estimated in three different angular sectors confirmed the possibility of wide horizontal variability of
the precipitation in few kilometers, even within a valley. This sub-daily spatial variability contributes
to the difficulties to estimate altitudinal gradients of precipitation at the daily time scale, and to the
variability of these difficulties from a massif to another. Future works would be necessary to better
analyze the relation between altitudinal gradients of precipitation observed with rain gauges at ground
level, and vertical profiles of precipitation detected in the atmosphere by radar (third question). For this,
a new measurement campaign with XPORT should provide new data to investigate the 3D structure
of precipitation in the valley. This is an interesting topic to determine the need and possibility of
considering these altitudinal gradients of precipitation into the radar data processing, in order to
improve the quality of radar QPE in mountains.
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These results have been obtained for three neighboring massifs in the north-western part of the
French Alps for the year 2016. We can indicate that similar annual altitudinal gradients of precipitation
have been observed in 2017 for theses three massifs. The previous results obtained with 430 rain
gauges in all the French Alps in 2016 described in [1], and summarized in Figure 1, suggest that these
new results could explain the bias between radar QPE and rain gauge measurements for a great part of
the mountain range in France. Therefore, the general bias of the PANTHERE radar QPE with altitude,
affecting the correct estimation of the precipitation amount on the massifs at all altitudes and the
accurate determination of the snowpack, could widely impact hydrology, nivology, and prevention of
natural hazards. This issue could also concern other weather radar data processing systems, which
could be affected by the same effect.
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