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Precipitation processes at windward and leeward sides of the mountains have been object of study for many
decades. Instead, inner mountain valleys, where usually most mountain population lives, have received
considerably less attention. This article examines precipitation processes during a winter field campaign in an
inner valley of the Pyrenees (NE Spain) using, among other instruments, a K-band vertically pointing Doppler
radar (Micro Rain Radar) and a laser-based optical disdrometer (Parsivel). A decoupling is found between the
stalled air of the valley and the air of the free atmosphere above the mountain crest level, evidenced by an
increase of turbulence and spectral width of precipitation particles. Wind shear layer may promote riming and
aggregation of the ice and snow particles. Two main rainfall regimes are found during the campaign: (1)
stratiform rainfall mostly produced by water vapour deposition processes, although sometimes riming and ag-
gregation become important, and (2) weak convection with slight dominance of collision-coalescence processes.
Precipitation characteristics at the bottom of the valley show typical continental features such as low Liquid
Water Content, despite the valley is only about 100 km from the sea. This study demonstrates that inner valley
may present distinct precipitation features with respect to windward and leeward precipitation.

1. Introduction Garvert et al., 2007; Geerts et al., 2011; Houze et al., 2017; Medina and

Houze, 2003). An example is the presence of a persistent wind shear

Orographic interaction with precipitating clouds depends on multi-
ple factors (Houze, 2012; Roe, 2005). Static stability, moisture content
or vertical profile and strength of the air flow affect orographic pre-
cipitation (Medina et al., 2005). The specific geometry of the air flow
orientation with respect to terrain is also very important (Roe, 2005).
Those interactions are commonly explained from the point of view of the
windward vs. leeward duality. In the simplest conceptual idealized
model, precipitation is enhanced by forced ascent on the windward side
of a two-dimensional mountain and appears a precipitation shadow on
the leeside where air sinks. Further investigations have demonstrated
that interactions between air flow and precipitation can be much more
complex. Several mesoscale and microscale processes modify the pre-
cipitation growth, intensity, distribution and phase (Aikins et al., 2016;

layer observed upstream of major mountain ranges in stable stratified
low-level flow (Medina et al., 2005; Medina and Houze, 2015). This
layer increases turbulence, which has been observed to enhance the
precipitation over the windward slopes. Another notable example of
orographic complexity is caused by the forced updrafts that trigger
shallow convective systems (Konwar et al., 2014; Murata et al., 2020),
where the process of coalescence produces a large number of relatively
small raindrops. This process is fundamental to produce high amounts of
orographic precipitation in areas such as the Western Ghats of India (Das
et al., 2017; Konwar et al., 2014) or Cherrapunji (Murata et al., 2020).
Note that the latter location holds the world record for rainfall amounts
at several temporal durations between two days and two years (Gal-
marini et al., 2004; Gonzalez and Bech, 2017).
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Fig. 1. (a) Location of the Cerdanya valley (red circle) at the eastern side of
Pyrenees mountain massif in south-west Europe with the 850 hPa temperature
(contours) and wind (streamlines proportional to the wind speed) averaged
from Jan to Apr 2017 using ERA5 data. (b) Map of the Cerdanya valley showing
precipitation (mm) corrected for undercatch wind effects during the C2017
field campaign recorded at single-Alter shielded weighting gauges (blue solid
circles) and tipping bucket heated gauges (black solid circles). Precipitation
records at gauges without collocated wind measurements (indicated by the *
symbol) were not corrected. The main observing site is located at LECD aero-
drome (black circle with red contour; 260.9 mm, 1097 m asl). Malniu (606.7,
2230 m asl) is located at the north-northwest of LECD. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Many mountain systems have several regions that cannot be
described using the simple windward or leeward model (Prat and Bar-
ros, 2010). This is the case of inner valleys, characterized by being
surrounded by other valleys with different orientations, which produces
a relative isolation with respect to the synoptic wind flow. Inner valleys
have received considerably less attention than windward and leeward
slopes. As far as we know, only Prat and Barros (2010) have focused on
the characterization of precipitation processes of inner regions, studied
in the mountains in the Great Smoky Mountains in the Southern Appa-
lachians. Additionally, other precipitation studies have been performed
on inner valleys, specifically at the Tropical Andes (Kumar et al., 2020;
Seidel et al., 2019). Inner valleys present an additional challenge to the
study of the precipitation processes: conventional ground-based weather
radars become blocked by the surrounding mountains preventing low-
level in-valley measurements (Bech et al., 2007; Bech et al., 2003;
Prat and Barros, 2010; Trapero et al., 2009). In addition, spaceborne
radar precipitation estimates from satellites such as the Core Observa-
tory satellite of the Global Precipitation Measurement (GPM) mission
are affected by ground clutter hampering near-ground measurements
(Maahn et al., 2014) and this cluttering may be even worse in valleys
due to the proximity of mountain slopes (Arulraj and Barros, 2021).
Because of these limitations, ground-based vertical-profiling radars
—able to provide high temporal (1 min) and vertical spatial (100 m)
resolutions— become a suitable tool to study precipitation in inner val-
leys together with in-situ precipitation measurements such as rain-
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gauges and disdrometers.

The main scientific objective of this paper is to present an analysis of
winter precipitation observations measured in an inner valley, studying
their vertical variability and dominant microphysical processes in order
to expand the current limited literature on the topic. In particular, we
want to assess if the isolation of an inner valley in the Pyrenees Moun-
tains may lead to more continental conditions than expected given the
proximity to the Mediterranean Sea. For this purpose, we carried out a
field campaign at the Cerdanya Valley in the eastern Pyrenees from
December 2016 to April 2017. A dedicated network of non-conventional
meteorological instrumentation was deployed including, among others,
a Micro-Rain Radar and a Parsivel disdrometer. A description of the area
of interest is presented in Section 2 and the instrumentation used in this
study is described in Section 3. Section 4 presents the results of the
campaign describing the precipitation events (Section 4.1), the vertical
profiles during the snowfall events (Section 4.2), the drop size distri-
bution of the rainfall events (Section 4.3), and the analysis of two
selected case studies (Section 5). Main conclusions and outlook for
future work are described in Section 6.

2. Region of study

The Pyrenees mountain massif is an important ecoregion in south-
western Europe with a high level of biodiversity and endemic species.
From the human perspective, it is a strategic region for energy produc-
tion (Lopez-Moreno et al., 2002), tourism (Lasanta et al., 2007) and
water management in north-eastern Spain (Lopez-Moreno et al., 2014).
Precipitation is therefore an essential resource in this area that has been
extensively investigated from the climatic point of view (Buisan et al.,
2015; Lemus-Canovas et al., 2019; Pérez-Zan6n et al., 2017) and
mesoscale factors associated to heavy rainfall events (Trapero et al.,
2013a, 2013b).

Located on the Eastern Pyrenees, the Cerdanya is a wide inner valley
(~15 km at the minor axis and 35 km at the major axis) corresponding to
the higher basin of the Segre River, a tributary of the Ebro river basin
(Fig. 1). Unlike most valleys of the Pyrenees with N-S orientation, the
Cerdanya is oriented from east-northeast to west-southwest. The bottom
of the valley, where most instruments were located is at 1100 m above
sea level (asD). The valley narrows to the west-southwest and is sur-
rounded by mountain ranges at northwest and southeast with mountain
peaks exceeding 2000 m asl. Therefore it is a quite enclosed valley.
Several small valleys drain to the wide Cerdanya valley in addition to the
surrounding slopes causing frequent thermal inversions in the bottom of
the valley in winter (Conangla et al., 2018; Miro et al., 2018; Pages et al.,
2017).

The Cerdanya valley has a large precipitation gradient with altitude.
The lowest inner areas of the valley have yearly averages about 600 mm
yr~! while in the surrounding mountains the precipitation may exceed
1400 mm yr~! (Xercavins, 1985), thus presenting a classical rain
shadow pattern. Unlike other neighbouring Mediterranean areas, the
summer in the Cerdanya valley is the wet season and winter is histori-
cally considered the dry season. However, this climatology may be
biased due to underestimation of solid precipitation in rain gauges as
described in previous studies (Buisan et al., 2017; Rasmussen et al.,
2012). Snow days show a great dependence with altitude. In the inner
valley, there are less than 20 days of snow a year while there are more
than 40 days of snow a year in the surrounding mountains, especially in
the northern mountains more exposed to the winter northerlies (Xer-
cavins, 1985).

3. Instrumentation and methodology

From December 2017 to May 2017, a field campaign was conducted
to study cold pools, mountain waves, rotors and precipitation in this
mountainous terrain area (see f.e. Gonzalez et al., 2019; Udina et al.,
2020). During the campaign, named Cerdanya-2017 (hereafter C2017),
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Table 1
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Precipitation events observed during the C2017, indicating the date and time of the event, the duration, type of hydrometeor on surface (snow, mixed, rain or virga),
depth of the precipitation column over 10 dBZ (Shallow: < 2500 m, Borderline: 2500-3000 m, Tall: >3000 m), continuity of the precipitation into the event and
availability of Parsivel measurements (A: available; NA: not available; P: partially available).

Event  Year Month Start day Start time End day  End time Duration (h) Type Depth Continuity Parsivel
1 2017 1 10 10:30 10 13:30 3 Snow to Mixed Tall - Borderline-Shallow Continuous A
2 2017 1 10 19:00 11 1:00 6 Snow Borderline -Shallow Continuous A
3 2017 1 13 3:00 13 18:00 15 Virga-Snow Borderline - Shallow Scattered A
4 2017 1 14 2:00 14 22:00 10 Virga-Snow Borderline -Shallow Scattered A
57 2017 1 14 22:00 16 15:00 41 Snow Tall -Borderline Continuous A
6 2017 1 25 14:00 26 15:00 25 Snow Tall -Shallow Scattered NA
7 2017 1 27 7:00 28 6:00 23 Snow Tall - Borderline Continuous NA
8 2017 1 28 17:00 28 20:00 3 Virga Borderline Isolated NA
9 2017 2 2 7:00 2 20:00 13 Rain Tall - Shallow Scattered NA
10 2017 2 3 8:00 3 13:00 5 Snow to Mixed Tall - Shallow Scattered NA
11 2017 2 3 20:00 4 8:00 12 Snow to Rain Shallow Scattered NA
12 2017 2 4 15:00 5 11:00 20 Rain Shallow - Borderline - Tall Scattered NA
13 2017 2 5 13:00 6 7:00 18 Snow Tall - Borderline Continuous NA
14 2017 2 6 17:00 7 0:00 7 Rain Shallow Continuous NA
15 2017 2 7 18:00 8 1:00 7 Rain or Mixed Tall -Borderline Scattered NA
16 2017 2 8 3:00 8 6:00 3 Virga Tall Isolated NA
17 2017 2 11 14:00 12 3:00 13 Rain or Mixed Borderline Scattered NA
18 2017 2 12 13:00 12 15:00 2 Virga Borderline Isolated NA
19 2017 2 12 19:00 14 7:00 36 Rain or Mixed Tall-Borderline-Shallow Scattered NA
20 2017 2 24 2:00 24 3:00 1 Rain Borderline Isolated NA
21 2017 2 28 17:00 28 19:00 2 Probably Mixed Tall Isolated NA
22 2017 3 3 18:00 4 4:00 10 Rain to Mixed Tall Continuous ~ NA
23 2017 3 4 16:30 4 18:00 1.5 Snow Tall Isolated NA
24" 2017 3 6 5:00 6 10:00 5 Rain Borderline Scattered NA
25 2017 3 7 15:00 7 20:00 5 Rain Borderline Scattered NA
26 2017 3 8 2:00 8 5:00 3 Virga Shallow Scattered NA
27 2017 3 12 2:00 12 22:30 10.5 Rain and Virga Tall Scattered NA
28 2017 3 22 22:00 23 12:00 14 Rain Mixed and Snow  Tall - Borderline Scattered A
29 2017 3 24 8:00 25 18:00 34 Rain Mixed and Snow  Tall-Borderline-Shallow Scattered A
30 2017 3 27 12:00 27 21:00 9 Rain Borderline-Tall Scattered NA
31 2017 3 31 10:00 31 14:00 4 Virga Tall Scattered NA
32 2017 3 31 18:00 31 21:00 3 Rain Tall - NA
33 2017 4 1 2:00 2 1:00 23 Virga Tall-Shallow Scattered NA
34 2017 4 5 18:00 5 21:00 3 Rain-Shower Borderline - Shallow - NA
35 2017 4 8 17:00 8 18:00 1 Rain-Shower Tall Isolated NA
36 2017 4 9 14:00 9 15:00 1 Rain-Shower Tall Isolated NA
37 2017 4 13 17:00 13 18:00 1 Rain-Shower Tall Isolated NA
38 2017 4 14 15:00 14 20:00 5 Virga Tall Scattered NA
39 2017 4 15 13:00 15 16:00 3 Rain Tall Continuous NA
40 2017 4 23 16:00 23 19:00 3 Rain Tall Scattered NA
41 2017 4 25 5:00 27 16:00 59 Rain to Snow Tall-Borderline Scattered P
42" 2017 4 30 3:00 30 23:00 20 Rain Tall-Borderline-Shallow Scattered A

2 Examined in Gonzalez et al. (2019).
> Examined in this study.

different instrumentation was deployed including Automatic Weather
Stations (AWSs), located throughout the valley, and other instruments
located at Das aerodrome (ICAO code: LECD; coordinates: 42.386° N
1.867° E at 1097 m asl). The following precipitation specific instruments
were installed in the C2017 field campaign.

3.1. Rain Gauges

The campaign took advantage of the previous AWSs managed by the
official meteorological services that operates in the area: the Spanish
Meteorological Service (AEMET), the Catalan Meteorological Service
(SMCQ), the Andorran Study Institute (IEA) and the French Meteorolog-
ical Service (METEO-FRANCE). An additional network of AWS managed
by the CNRM observation group (CNRM/GMEI) was also deployed.
There were rain gauges of two different kinds in the area: tipping-bucket
gauges and weighting gauges. Rain gauges may have several sources of
error, including systematic ones like wind deviation, wetting, evapora-
tion and splashing (WMO, 2014). These errors are expected to be rela-
tively small, generally less than 10% for liquid precipitation (WMO,
1994) and measure is considered without corrections. However, the
same is not true with solid precipitation, when the error may achieve
80%, especially when the wind is strong (Kochendorfer et al., 2017a,

2017b; Rasmussen et al., 2012). When solid precipitation occurred,
measures were corrected using the transference functions developed by
Buisan et al. (2017) for unshielded tipping-bucket gauges, and by
Kochendorfer et al. (2017a, 2017b) for single-Alter-shielded weighting
gauges.

3.2. Parsivel disdrometer

Particle Size Velocity (Parsivel; Loffler-Mang and Joss, 2000) man-
ufactured by OTT, Germany, is an optical laser disdrometer based on the
attenuation of a laser beam obscured by falling precipitation particles.
From the reduction of the output voltage and the signal duration, Par-
sivel determines the particle size and velocity assuming that particles are
raindrop spheroids. Parsivel classifies hydrometeors in 32 diameter bins
and 32 velocity bins, obtaining a matrix with the quantity of particles
measured for each of the 32 x 32 = 1024 bins every 60 s as it was
configured during this campaign. The disdrometer used during the
C2017 was a first generation Parsivel. The main limitation of this in-
strument is the underestimation of small-size drops that presents (Wen
et al., 2017). To minimize this effect, liquid precipitation measured by
the disdrometer was corrected following the methodology described by
Raupach and Berne (2015) and, additionally, rainfall rates below 0.2
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Fig. 2. (a) Radar reflectivity, (b) spectral width and (c) Doppler velocity vs. height (agl) measured by the MRR during snowfall events in the C2017. The white dashed
line represents the median and the horizontal black line indicates the mountain top height.
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Fig. 3. DSD of liquid precipitation during the C2017 (black) and selected pe-
riods of the campaign measured by Parsivel.

Table 2

Median, standard deviation and percentiles of raindrop size distribution pa-
rameters of the rainfall precipitation during the C2017 derived from Parsivel
measurements.

Dm Log(Ny) LWC R z A B
(mm) (mm™! (g (mm (dBZ) (mm™Y)
m~3) m~3) hh

Mean 1.17 3.64 0.090 3.2 21.7 15.2 10.9
Std 0.35 3.70 0.120 4.3 8.2 14.7 10.9
min 0.56 0.77 0.006 0.2 3.5 1.2 —-2.4
25% 0.94 3.01 0.012 0.4 14.6 5.9 3.8
50% 1.12 3.38 0.038 1.3 21.7 10.5 7.8
75% 1.35 3.77 0.125 4.3 28.6 19.1 14.4
MAX 5.23 4.52 1.303 45.2 43.1 173.7 122.0

mm h~! were filtered to avoid spurious measurements. Other limitations
are splashing or wind effects that also affects to other precipitation in-
struments. In this article, we used Parsivel to characterize the precipi-
tation phase and the Drop Size Distribution (DSD) of the rainfall events
using the manufacturer algorithm. The total number of Parsivel records

available between January and April 2017 was 51,093 min, of which
1760 min corresponded to liquid precipitation.

3.3. Micro Rain Radar

Micro Rain Radar (MRR; Peters et al., 2005) manufactured by Metek,
Germany, is a portable meteorological Doppler radar profiler that
operates using a FMCW (Frequency Modulated Continuous Wave)
scheme in K-band (24.230 GHz). MRR operates transmitting a micro-
wave signal and measuring the backscattered radiation by the falling
particles every 10 s. The Doppler spectra is divided in 32 height bins.
During the C2017 campaign, the MRR was configured to obtain 60-s
averages with a height bins resolution of 100 m. To improve the sensi-
bility of light precipitation and snow typical of winter precipitation and
to avoid aliasing errors produced by ascending movements of small
raindrops and snowflakes, the postprocess scheme developed by Maahn
and Kollias (2012) was applied. This processing has been applied in the
past to study winter and polar storms and precipitation (e.g. Duran-
alarcon et al., 2018; Gonzalez et al., 2019; Gorodetskaya et al., 2015;
Minder et al., 2015; Souverijns et al., 2017; Stark et al., 2013). Addi-
tionally, the recent methodology developed by Garcia-Benadi et al.
(2020) has been used to classify the different hydrometeor types of
selected case studies.

3.4. Variables evaluated

In rainfall microphysics, the Drop Size Distribution (DSD) has been
described by a gamma function (Rosenfeld and Ulbrich, 2003; Tokay
and Short, 1996; Ulbrich and Atlas, 1998). However, a normalized
version of this function has been suggested to minimize the correlation
between the function parameters (Bringi et al., 2003; Cao and Zhang,
2009; Testud et al., 2001; Willis, 1984):

wo) =it (5 ) e~ 4 (1) ). M

where N(D) is the raindrop concentration per unit volume (m’3 mm’l),
D is the raindrop diameter (mm), f(u) is defined as

6 (4+p

flw) = F T4 2)

and it is function of the shape parameter (p) and the gamma function (I'),
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Fig. 4. Kernel Density Estimate of (a) D, (mm), (b) log(N,) (dimensionless) and (c) LWC (g m~) of rainfall measured by Parsivel during the C2017.

Table 3
Comparison between raindrop size distribution parameter in different published studies.
Paper Location Region or area Precipitation Dm Log(Ny) LWC Observations
This study Cerdanya valley, Spain Extratropical inner valley Total winter 1.17 3.64 0.09
Casanovas et al., Sierras de Cordoba, Extratropical continental Mountain summer 1.55 3.19 0.14
2021 Argentina mountain slope and plain Transition summer 1.69 3.09 0.17
Plain summer 1.79 3.02 0.19
Das et al., 2017 Western Gaths Tropical mountain slope Mixed Convective - 1.5 - 0.58
Stratiform
Stratiform 1.3 - 0.21
Convective 1.8 - 1.34
Shallow 1.1 - 0.24
Dolan et al., 2018 Various places Global Total annual 1.13 3.95 0.23 Evaluates DO instead
High latitudes 1.00 4.12 - of Dm
Mid latitudes 1.18 3.79 -
Low latitudes 1.18 3.94 -
Hachani et al., 2017  Cévennes-Vivarais Extratropical mountain slope and Total annual ~1.1 ~3.95 - Median values
region, France plain
Jietal., 2019 Beijing, China Extratropical plain near mountain  Stratiform 1.03 3.57 0.08
Convective 2.05 3.61 1.08
Martner et al., 2008 California, USA Extratropical coastal mountain BB winter 1.25-1.27  3.62-3.75  0.21-0.29 BB = Bright Band
slope NBB winter 0.73-0.77  3.89-4.03  0.22-0.31  NBB = Non Bright
Band
Seidel et al., 2019 Cuenca, Ecuador Tropical inner valley Stratiform 1.07 3.46 -
Convective 1.66 3.76 -
Huaraz, Pert Tropical inner valley Stratiform 0.93 3.74 -
Convective 1.21 4.69 -
Suh et al., 2021 Southern South Korea Extratropical coast Stratiform 0.96-1.09  3.68-4.02 -
Convective 1.47-1.58  3.83-3.97 -
Villalobos-Puma Mantaro basin, Pert Tropical inner valley Stratiform 1.04 2.88 0.08
et al., 2020 Convective 2.98 3.73 0.70
Wen et al., 2016 Jiangning, China Extratropical plain Total 1.15 4.09 0.49
Stratiform 1.16 3.78 0.15
Convective 1.41 4.37 1.50
Shallow 0.64 4.97 0.21
N,, is the generalized interception (m~> mm™!) defined as dD.

4% ([LWC
= (55): ®)
zp, \ D,
where p,, is the liquid water density (10® g m~3), LWC is the liquid water

content (g m~3) given by

LWC = 10*ggpw / D*N(D)dD

()]
and Dy, is the mean volume of drops (mm) defined as
M,
D, = E? (5)

where M, is the n-th moment of the DSD formulated as M, = [ D"N(D)

These three parameters are commonly evaluated in many studies and
are used here to compare the microphysical properties of the liquid
precipitation during C2017 with a selection of different worldwide
studies in Section 4.3. As Dolan et al. (2018) presents their results in

terms of median volume of the drops Dy (mm) instead of D,,, we also
calculated this variable:

_ 3.67+uD

= - 6
i S (6)

Finally, we calculated two more parameters: the radar reflectivity
factor and the rain rate. The radar reflectivity factor (Z; mm® m3) is
related with the power of the electromagnetic signal backscattered by
the hydrometeors and is defined as
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Z= / D°N(D)dD. @)
The Rain Rate (R; mm h™!) is expressed by

R= 3.6-10’% / v(D)D*N(D)dD (8)

where v(D) (m s~ 1) is the fall drop velocity (downward values defined
positive) approximated using the empirical equation of Atlas et al.
(1973):

v(D) =9.65 — 10.30 exp( — 0.6D) ()]
4. Precipitation during C2017
4.1. Characterization of the precipitation events

During the field campaign, precipitation in the area of study ranged
from 230 to 962 mm, with lower amounts at valley stations and higher
ones at mountain stations (Fig. 1). Note that precipitation at LECD
(260.9 mm, 1097 m asl) is less than half the amount recorded at Malniu
(606.7 mm, 2230 m asl), exhibiting the usual precipitation-shadow
pattern observed in the area. As usual in winter, many cyclonic sys-
tems crossed the region producing most of the precipitation during
C2017. This produced a mean flow from the northwest (Fig. 1a),
perpendicular to the mountain systems that enclose the valley.

Different winter precipitation events were intensively observed

during C2017. We define here precipitation event as a period with
similar precipitation characteristics and related with the same synoptic
structure (e.g. frontal passage) and spaced by at least 3 h without pre-
cipitation with another event. Note that during the event the precipi-
tation can be continuous or discontinuous. According to this definition,
42 precipitation events were observed and analysed using the data ob-
tained with the MRR, which operated during all the campaign, and with
the Parsivel, when it was available. Ceilometer, microwave radiometer
(MWR) and AWSs measurements were used also to support the analysis
of the different events. The ceilometer and the MWR were used to
retrieve the cloud base and the top of melting layer height, respectively.
These instruments have limitations under heavy precipitation condi-
tions (Costa-Suros et al., 2013; Knupp et al., 2009) but most precipita-
tion rate during C-2017 was weak or moderate. Table 1 shows a brief
description of the events occurred during the campaign.

Events were classified by the type of ground precipitation (rain,
snow, mixed) and also virga, recorded at LECD aerodrome (1097 m asl).
The classification was performed using the MRR profiles and Parsivel
information, in particular the automatic WMO SYNOP Present Weather
precipitation classification provided by the disdrometer (OTT, 2016;
Appendix D). When Parsivel was unavailable, ground precipitation type
was estimated using temperature and humidity observations from the
LECD AWS, similarly as described in Casellas et al. (2021). Most of the
precipitation events included mixed precipitation or transition between
rain and snow. Six events were classified as only snow events, and fifteen
events were classified as only rain events. When reflectivity values
showed precipitation above the ground but zero in the MRR bottom bins
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Fig. 6. Distribution of the raindrop size distribution measurements during the
C2017 campaign in the Do-log(N,,) space overlapped to Dolan et al. (2018)
dominant precipitation processes and convective and stratiform rainfall re-
gimes. The average value of Dy and log(Ny,) during C2017 is marked with a
black dot.

the event was classified as a virga; there were six events with this
feature. Only snowfall episodes took place in January and February
while only rainfall episodes occurred from February to April, prevailing
at the end of the campaign. Transition events were frequent during all
the campaign, including late snow periods at the end of the campaign
(event #41). These late events with transition features were character-
ized by frontal passages which strongly modify low level temperature.
Most events showed discontinuous precipitation considering 1-min
temporal resolution. Only seven events displayed continuous precipi-
tation and most of these occurred on January. There are also differences
between the beginning and the end of the campaign according to depth
of the precipitating clouds. In January and early February, precipitating
columns tended to be shallow with tops below 2500 m above ground
level (agD). Instead, in April deep precipitating columns dominated with
tops above the 3000 m agl that the MRR could measure during C2017.

4.2. Vertical structure of solid precipitation

To investigate the vertical structure of the precipitation over the
inner valley, a statistical analysis of reflectivity, spectral width and
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Doppler velocity has been conducted. The phase transition of the hy-
drometeors during rainfall and transition events that occurs at the
melting layer aloft does not allow to systematically observe the vertical
structure of the measured variables during the winter campaign. To
prevent the inhomogeneity of the hydrometeors and their impact on the
profile analysis we used only the measures during snowfall events. This
ensures that changes observed are due only to changes in microphysical
processes and mesoscale or microscale circulations in the inner valley.

Fig. 2 shows the averaged vertical structure of the precipitation
during during snow events in the C2017 campaign. Similar plots were
produced for the whole campaign for rain, mixed and virga events (see
Fig. S1 in the Supplementary Information). Reflectivity is related with
both quantity and size of the hydrometeors. A downward increase in the
reflectivity profile typically indicates snow particles growth. Doppler
velocity measures the hydrometeor vertical motions. Snowflakes have a
low terminal velocity, of around 1 m s’l, and allow to trace the vertical
movement of the air using the Doppler velocity measured by radar
profilers such as MRR or similar instruments (Geerts et al., 2011; Gon-
zalez et al., 2019; Toloui et al., 2014). Similarly, the spectral width
associated with solid precipitation particles gives an indication of the
turbulence of the air.

Fig. 2a shows that measured reflectivity at 3000 m agl during snow
events is comprised between —5 and 10 dBZ, averaging 3 dBZ. Reflec-
tivity increases downward until it reaches the height of the mountains,
or the crest level, around 1900 m agl. Below, reflectivity remains almost
constant with values comprised between —5 and 25 dBZ, averaging 10
dBZ. Fig. 2b shows low values of spectral width, between 0.2 and 0.7 m
s~ above 2500 m agl and averaging 0.3 m s~ *. Between 2500 and 700 m
agl it is noticeable a layer with greater values of spectral width, aver-
aging 0.7 m s~! between 1100 and 1600 m agl. However, this layer
presents high variability with values ranging between 0.3 and reaching
up to 1.6 m s~ ! in the most extreme cases. Below 700 m agl, spectral
width decreases averaging 0.5 m s~! with maximum values of 1 ms* at
the lowest bin. Doppler velocity of the hydrometeors (Fig. 3c) may be
both upward (negative values) or downward (positive values) up to +2
ms~! above the mountain crest level, averaging 0 m s~* above 2600 m
agl. Doppler velocity steadily increases below averaging downward ve-
locities of 1 m s~ in the last 1300 m.

The statistical analysis of the vertical profile of the snowfall events
over the Cerdanya valley shows the general pattern of the microphysical
processes and small-scale circulations that occur in this area during the
C2017. Snow crystals generally emerge and grow above the crest
mountain level. Those crystals are affected by vertical air currents,
which can be either upward or downward. Below the mountain peaks at
1900 m agl, crystals have grown to full size and downward velocities
start to dominate. It is remarkable the structure that generates an in-
crease of the turbulence below the mountain crest level. This structure
has been identified in previous studies as a shear layer on windward
slopes (Medina et al., 2005). In inner mountains, it decouples the stalled
air of the valley and the air of the free atmosphere above the mountains

@
Specific Humidity [g/kg]

Fig. 7. Synoptic setting on 25 March 2017 at 00:00 UTC. (a) Geopotential height (black lines, mgp) and temperature (shaded) at 500 hPa, and wind speed at 300 hPa
(red lines, m s~ 1). (b) Geopotential height (black lines, mgp), temperature (red lines, °C) and specific humidity (shaded) at 850 hPa. Red star indicate the location of
LECD aerodrome. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Sounding launched at LECD on 24 March 2017 at 22:34 UTC showing
air temperature (red line), dew point (green line), vertical evolution of an
averaged air parcel with the features of the first 100 m (black continuous line)
and vertical evolution of an air parcel starting from the convective condensa-
tion level (black dashed line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

(Gonzalez et al., 2019). The air of the free atmosphere above crest level
flows according the synoptic setting at mid-levels. Instead, stalled air of
the valley bottom can only flow along the basin main axis as suggested
by the wind direction measured at LECD AWS during the snow events
(Fig. S2). Notice that the main wind direction at LECD flows from a very
different direction than climatological wind at 850 hPa (Fig. 1a). In-
crease of spectral width in the shear layer is not linked with an increase
of the reflectivity at the same level, suggesting that, unlike other ob-
servations of winter precipitation over mountainous areas (Aikins et al.,
2016), turbulence generated by the shear layer does not favour snowfall
growth. The steady increase of downward Doppler velocity may indicate
an increase of riming below the mountain crest level. Alternatively, it
might also be related with the absence of the vertical currents into the
stalled valley air.

4.3. Raindrop size distributions

Raindrop size distribution have also been investigated during C2017.
To examine the ground level microphysical properties of the liquid
precipitation during the campaign, we considered all data classified as
rainfall by Parsivel processing. Selected examples of DSDs during the
campaign are shown in Fig. 3 showing the diversity of DSDs observed
during the campaign: some events present larger tails than others,
indicating the presence of larger hydrometeors (e.g. 25 March cold front
vs. 30 April postfrontal). Other events present a larger concentration of
hydrometeors for all diameters suggesting a convective character of the
rainfall event (e.g. 20 April frontal). On the contrary, events with low
values of mid to large hydrometeors indicate light stratiform rain or
drizzle (eg. 30 April prefrontal and postfrontal). Those events are further
discussed in Section 5.

Table 2 shows the mean values, the standard deviation and some
percentiles for different parameters of the DSD and Fig. 4 shows the
distribution of Dy, log(Ny) and LWC. Despite they present asymmetric
distributions, the mean values of Dy, and log(Ny,) are relatively similar to
the median values, unlike LWC, which are much more different. We
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compared the mean values with a selection of different worldwide
studies (Table 3) described in the following subsections.

4.3.1. Properties of the Dm

The mean Dy, during C2017 was 1.17 mm with an interquartile range
between 0.94 and 1.35 mm. Values of Dy, are characteristic of the
average precipitation in mid-latitudes (Dolan et al., 2018). Those values
are similar to stratiform precipitation in extratropics both in mountain
and in plain or coastal areas where reported values in the literature
examined range from 0.96 to 1.16 mm (Hachani et al., 2017; Ji et al.,
2019; Suh et al., 2021; Wen et al., 2016). Martner et al. (2008), who
studied winter precipitation in mountain coastal areas of California
distinguishing between Bright Band (BB) and Non-Bright Band (NBB)
cases, reported values of 1.25-1.27 mm and 0.73-0.77 mm for BB and
NBB cases, respectively. Those results differ substantially from the
others reported in extratropical areas.

In the tropics, stratiform precipitation presents a larger D, (1.3 mm)
in tropical mountain slopes of India (Das et al., 2017), but in inner
valleys of the Andean mountains values are enclosed between 0.93 and
1.07 mm, similar than in mid-latitudes (Seidel et al., 2019; Villalobos-
Puma et al., 2020). Indeed, total precipitation in low latitudes present
similar mean Dy, than mid-latitudes (Dolan et al., 2018).

Convective precipitation presents larger values of Dy, over 1.5 mm
(see for example Casanovas et al., 2021; Das et al., 2017; Suh et al.,
2021; Villalobos-Puma et al., 2020). However, convective precipitation
usually accounts for a small fraction of total occurrence of precipitation
in mid-latitudes (although not precipitation depth), having a small
impact in the averaged diameter of the total precipitation.

4.3.2. Properties of the Log(N,,)

Mean value of log(Ny,) during C2017 was 3.64 with an interquartile
range of 3.01 and 3.76. This is slightly below the values obtained by
Dolan et al. (2018) for precipitation in mid-latitudes (3.79). It is also
similar to other observations of stratiform precipitation in different re-
gions at low-latitudes and mid-latitudes such as 3.46 and 3.74 at Central
Andes (Seidel et al., 2019), 3.74 in East China (Wen et al., 2016), 3.53 in
Northern China (Ji et al., 2019) and 3.62 in coastal California for BB
winter precipitation (Martner et al., 2008). The latter study is relevant as
NBB precipitation presents higher values of log(Ny,) associated with
orographically forced condensation-coalescence processes in shallow
clouds (Martner et al., 2008). Convective and shallow clouds, including
NBB precipitation, presents greater log(Ny), often higher than 4.00 near
mountains, except in some extratropical sites where convective precip-
itation is related to ice-based processes (Casanovas et al., 2021).

4.3.3. Properties of the LWC

Averaged LWC was 0.090 g m ™~ with an interquartile range of 0.012
and 0125 g m~3, with a substantial difference between the average and
median values, due to the high asymmetry of the LWC distribution
(Fig. 4). LWC values found are far below the world wide mean (0.23 g
m’3) calculated by Dolan et al. (2018) and below measures with mari-
time influence; for example, 0.21-0.29 g m~ by Martner et al. (2008)
for BB winter precipitation in California coastal mountains, 0.21 g m >
by (Konwar et al., 2014) for stratiform precipitation in Western Gaths in
India and 0.15 g m~3 by Wen et al. (2016) for precipitation in East
China. Convective precipitation on those places presents much higher
values, over 0.5 g m3. Instead, mean LWC during C2017 is similar to
the 0.08 g m ™~ measured in Beijing by Ji et al. (2019) and in the Mantaro
basin (Perti) by Villalobos-Puma et al. (2020). This reflects the conti-
nental characteristics of the Cerdanya valley that despite being rela-
tively near to the sea (i.e. it is closer than Jiangning in Wen et al.) is well
isolated by the surrounding mountains.

4.3.4. Inner valley characteristics
The previous results suggest that C2017 winter rainfall was domi-
nated by stratiform precipitation. The absence of a very large quantity of
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Fig. 11. As in Fig. 8 but for 30 April 2017 at 18:09 UTC.

very small raindrops indicates that shallow convection and coalescence
processes do not dominate the winter precipitation of the valley
(Martner et al., 2008). Instead, water vapour deposition and stratiform
cold-ice processes are likely playing a major role. However, disdrometric
characteristics measured during C2017 presented a large variability,
indicating that not all precipitation was stratiform. Indeed Table 1 lists a
few spring convection events in April (events #34, #35, #36 and #37).

Fig. 5 shows the relation between Dy, Ny, and LWC grouped by rain
rate computed with Parsivel. As rain rate increases, mean values of Dy,
Ny and LWC also increase. However, distributions are overlapped for Ny,
and especially Dy,. As stated in other studies (e.g. Bringi et al., 2003;
Dolan et al., 2018), Dy,—log(LWC) and log(Ny,)-log(LWC) linear corre-
lations are positive, and Dp,—log(Ny,) correlation is negative. However,
the distribution of the parameters in the winter campaign is more similar
to those in high-latitudes than those in mid-latitudes as evidenced by the
near absence of measures of Dy over 2 mm reported by Dolan et al.
(2018).

To contextualize the measures obtained during C2017 we have
represented in Fig. 6 all records on the Dg-log(Ny,) space overlaid with
the diagram made by Dolan et al. (2018) showing dominant precipita-
tion mechanisms derived from their principal component analysis of
global data (their Fig. 12). Note that most measures are located in the
stratiform section of the plot, which is consistent with the disdrometric
parameter values discussed at the beginning of this section. Fig. 6 sug-
gests that the predominant rainfall regime during C2017 was stratiform
precipitation, highly influenced by vapour deposition and aggregation
and riming processes, but some convective events were also present. The
later do not exhibit neither the characteristics of typical summer deep
convection (ice-based processes) nor those of warm and weak convec-
tion (collision-coalescence processes). Instead, they are associated with
moderate convection resulting in modest drop sizes of about 1 mm and
moderate values of log(Nw) around 4.

5. Vertical structure of precipitation in selected case studies

Previous section showed the general features of precipitation during
the campaign. However, these features change with from event to event
and sometimes even within the same precipitation event. To illustrate
inter-event variability, we selected two different cases of well-observed
storms during the C2017 (with all the instruments available). A
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particularly interesting case of heavy snowfall was already investigated
by Gonzalez et al. (2019), illustrating how precipitation profiles and
disdrometric measurements of snow were decoupled from the mountain
induced circulations despite the increased turbulence caused by an at-
mospheric rotor during a mountain wave event. They suggested that
conditions that induce the decoupling are caused by low liquid water
content and lack of dendritic form, that reduced both riming and ag-
gregation. Here, we present a case with transition from snow to rain
occurred between 24 and 25 March 2017, exhibiting an interesting
sequence of different hydrometeors. This event was also studied by
Soula et al. (2021), but focused in the analysis of winter thunderstorms
during C2017. The second case analysed, which occurred at the end of
the campaign on 30 April 2017, shows an early spring transition event
with scattered liquid precipitation.

5.1. Case of 24-25 March 2017

5.1.1. Synoptic setting and vertical structure of the atmosphere

This case was characterized by a cut-off low located west to the
Iberian Peninsula with a 500 hPa cold core of —33 °C at 12:00 UTC on 24
March. The interaction between the trough of the cut-off low and the
Atlas Mountains produced a secondary low over the Mediterranean Sea
north of Algeria that headed north to Catalonia (Garcia-Moya et al.,
1989). As the low advanced to our area of study, the system established a
backward warm front that crossed the Cerdanya from the northeast and
a warm and a moist flux that impinged to the Pyrenees from the
southeast (Fig. 7). The two vortex systems whirled in a merry-go-round
system producing a Fujiwhara effect (Fujiwhara, 1921). At the end of the
day, a well-organized storm in a coma shape and isolated of the main
low could be appreciated in the satellite images (Fig. S3). Finally, on 25
March at 12:00 UTC, cold front of the vortex crossed the Pyrenees.

One sounding was launched on 24 March at 22:34 UTC, coinciding
with the moment of the strongest flux after the crossing of the warm
front (Fig. 8 and S4). The temperature profile shows a single and ho-
mogeneous layer with conditional unstable stratification close to the
surface up to 10 km asl. Moisture is high, especially below 4000 m asl
Wind is also strong and homogeneous in both direction and velocity,
with around 30 m s~! from the ESE over the 2000 m asl.

5.1.2. Microphysical and mesoscale evolution

Fig. 9 shows the evolution of the vertical structure of the low-level
precipitation at the Cerdanya valley. The first stage of the event, from
9:00 to 17:00 UTC on 24 March was characterized by the arrival of cloud
structures associated to the warm front. This arrival was observed by the
ceilometer and the MRR as a progressive decrease of the cloud base and
the onset of precipitation nearby the ground. Precipitation was observed
as virga before 12:00 UTC and by the Parsivel as snow from 12:00 to
17:00 UTC. Effective reflectivity measured by Parsivel increased at
15:00 UTC when large precipitation particles were observed, probably
snow aggregates (see label 1 in Fig. 9). A progressive increase of the
temperature over 1000 m agl was observed from 10:00 UTC by the MWR
(label 2). However, it is noticeable the decrease of the temperature at
low levels at the same time (label 3). We hypothesize that the low-level
cooling occurred due to the latent heat absorbed during the sublimation
process of the solid precipitation (analysed in detail at Section 5.1.3).
The wet snow accumulated over the MRR antenna dish attenuated the
signal from 16:00 UTC when vertical profiles became unavailable (label
4). As evidenced by the DSD, precipitation continued first in solid phase
and later in liquid phase. Signal was recovered at 20:00 UTC when snow
over the antenna melted.

From 17:00 UTC on 24 March to 8:00 UTC on 25 March surface
precipitation phase changed to rain and precipitation intensity increased
to values over 2.5 mm h™!. This stage initiated with a sudden increase of
the low-level temperature at low levels that occurred when the air close
to the ground became saturated (label 5). When the MRR signal was
recovered, it is observed the increase of the downward Doppler velocity
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Fig. 12. As in Fig. 9 but for 30 April 2017.

of the precipitation particles as they melt with values over 4 m s ! (label
6). It is noticeable as well, an increase of the spectral width over 2 m st
during this part of the event (label 7), approximately at the crest level
suggesting the influence of a wind shear layer favoured by the decou-
pling of the stalled air of the valley and the air of the free atmosphere.
The increase of the spectral width indicates enhanced turbulence that
caused riming on the particles, which favoured the triggering of light-
ning flashes in the neighbourhood (Soula et al., 2021). DSD of the sur-
face precipitation was homogeneous during this stage; raindrops were
generally small, and the bigger ones did not exceed 4 mm (label 8). They
decreased during the periods when precipitation was interrupted,
probably reaching to the Parsivel only wind-blown small drops from the
vicinity (label 9). From 02:00 UTC on 25 March atmospheric tempera-
ture steadily decreased indicating the passage of the cold front (label
10). Unlike the warm front, temperature dropped at a similar rate in the
whole layer analysed. It can be noticed that the DSD of the rainfall
during the cold front is similar to the one in the warm front, with the
same Dp, and only a small change in N, being higher during the warm
front (Fig. 3). During this stage it was also observed a characteristic
signature of the temperature profiles when the precipitation was

11

enhanced: the presence of a warm bias of the temperature caused by the
emission of the water at similar frequencies used by the MWR (Knupp
et al., 2009) (label 11).

At 8:00 UTC on 25 March, precipitation phase changed again over
LECD becoming snow. Parsivel measured large particles, probably snow
aggregates (label 12). This is consistent with the height of the precipi-
tation growing located between —10 and —20 °C (label 13). Around
—15 °C, the conditions for dendritic growth increase (Kobayashi, 1967)
and particles are more sensible to aggregating owing to mechanical
entanglement (Rauber, 1987). Turbulence decreased during this stage,
nonetheless, small areas of increased turbulence concur with greater
downward Doppler velocities and increased aggregation (label 14).
These areas may correspond to overturning cells with larger mechanical
aggregation of dendrites (Aikins et al., 2016).

5.1.3. Effect of the sublimation during the warm front passage

Here, we study the role of the sublimation on the low-level cooling
during the passage of the warm front. As observed at the surface station
at LECD, temperature decreased 5.5 °C in 5 h, from 5.3 °C at 11:30 UTC
to —0.2 °C at 16:30 UTC (Fig. S5). Similarly, relative humidity increased
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Fig. 13. As in Fig. 6 but for the measurements on 30 April 2017. Blue dots
indicate pre-frontal precipitation, red dots indicate frontal precipitation and
green dots indicate post-frontal precipitation. Big dots indicate the mean value
of each period. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

63% from 36% to 99%, while pressure remained almost constant at
around 980 hPa. This corresponds to an increase of 2 g of water vapour
per kg of air. Assuming that the increase of the humidity is produced
entirely by sublimation of the solid particles falling from aloft, the ab-
sorption of latent heat would produce a cooling of 5.6 °C that is
compatible with the observations. This process implies that air exchange
is suppressed, which is a good assumption in an enclosed inner valley
with low ventilation. This is further confirmed by low wind observations
recorded at the bottom of the valley.

5.2. Case of 30 April 2017

5.2.1. Synoptic setting and vertical structure of the low troposphere

This event was characterized by a trough over the North Atlantic
crossing rapidly from west to east the Iberian Peninsula. Downstream
side of the trough with a diffluent pattern was located over our area of
study at 12:00 UTC (Fig. 10). A deep surface low associated to the trough
deepened south-west to the British Islands. The associated synoptic cold
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front crossed the Iberian Peninsula from west to east, reaching to eastern
Pyrenees in the afternoon.

Two soundings were launched during this event. The first one was
released at 12:05 UTC before the front passage and the second at 18:09
UTC when the front was crossing the area of study. Thermodynamic
conditions previous to the front (Fig. S6) showed the presence of a moist
and well-mixed layer more than 3000 m deep over the ground. Sepa-
rated by a stable layer, there was a very dry and almost neutrally
stratified layer above. Satellite images showed the presence of trapped
lee waves before the front caused by this inversion. In the second
sounding inside the front (Fig. 11 and S7), the separation between layers
became suppressed. The front, which was modified at low levels by the
mountains, produced an important moistening and cooling on the
inversion layer. Furthermore, in this layer temperature dropped
strongly. However, at low levels the front barely changed the vertical
temperature profile, and only increased slightly the stratification sta-
bility. Similarly, to the previous case, a single layer with conditional
instable stratification was developed. Wind blew from the WSW at all
tropospheric levels, with small shear at low levels but increasing at
middle and upper levels.

5.2.2. Microphysical and mesoscale evolution

Fig. 12 shows the evolution of this event. The weather station at
LECD (Fig. S8) measured a progressive decrease of the temperature
owing to the cold front passage falling 9 °C in 12 h. Over the station the
decrease was less pronounced and started later. As previously stated,
large increases in MWR temperature (sudden rise of more than 10 °C)
are probably due by the emission of raindrops in the reception bands of
the MWR (Knupp et al., 2009). Melting layer was well observed, evi-
denced by a sudden increase of the Doppler velocity and spectral width.
It was located around 1200 m agl height until 18:30 and steadily
decreased afterwards. This level is close to the crest level, but no clear
evidence of a wind shear layer favoured by the decoupling of the air
valley and the free atmosphere is found unlike the previous case study.

We divided the event in three stages: prefrontal stage, frontal stage
and postfrontal stage. At the prefrontal stage, precipitation started with
light and intermittent showers of less than 2 mm h™!. Parsivel measured
low surface concentration of small drops of less than 2 mm. As the main
frontal band approached, reflectivity increased, and the surface median
drop size and concentration increased. The frontal stage, between 18:00
and 19:00 UTC, was the period of highest precipitation intensity that
reached 7.5 mm h™! in 30 min. During this period the reflectivity of the
whole column increased, especially below the melting layer, exceeding
35 dBZ. Surface raindrop concentration largely increased and drop
particles reached 4 mm. After 19 UTC the precipitation decreased, and
the concentration and size of the hydrometeors as well. During the
dissipating stage raindrops did not exceed 2 mm diameter. Melting layer
height decreased to 700 m. Precipitation continued intermittently until

Fig. 14. Conceptual model of winter pre-
cipitation in Cerdanya valley from the study
of MRR profiles showing the most relevant
features: unrimed ice and snow particles
(white circles), rimed ice and snow particles
(black circles), free atmosphere layers (or-
ange lines), shear layer (purple lines) that
decouples the free atmosphere and the

stagnant valley air at the valley bottom
(dark blue layer) and the cloud base (dashed
black line). Around the shear layer turbu-
lence increases, and snow particles grow
downward and become rimed by the turbu-
lence. Near the valley floor, snow particles
sublimate, cooling the bottom air layer. (For

interpretation of the references to colour in
SSE e .

this figure legend, the reader is referred to

the web version of this article.)
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22:00 UTC but virga was observed by MRR afterwards.

Fig. 13 shows the Parsivel measurements during this event into a
Do-log(Ny,) space diagram. During the front passage, Dy remained in a
narrow range of 0.7-1.5 mm. Log(Ny,) had a greater variation ranging
between 2.5 and 4.5. During the event two main microphysical pro-
cesses were observed. In the prefrontal and postfrontal stages, stratiform
precipitation dominated, especially by vapour deposition process, pre-
senting a similar DSD at both stages (Fig. 3). However, in the frontal
stage convective precipitation dominated, with much higher N(D) for all
drop diameters (Fig. 3), and although there was no clear dominating
process, collision-coalescence may had played a major role. Although
precipitation occurred far from the coast, ice-based processes seemed to
be supressed only during the convective period.

6. Concluding remarks

Throughout this article we examined the precipitation data obtained
in a wide inner valley of the Pyrenees during the Cerdanya-2017 field
campaign. The analysis of the MRR average profiles during the snow
events, shows the presence of a persistent shear layer over the valley that
decouples the stalled air of the valley and the free atmosphere over the
mountains (Gonzalez et al., 2019; Medina et al., 2005). Generally, shear
layer increases the turbulence of the air promoting riming of the ice and
snow particles as suggested by the patterns observed on average MRR
profiles during the campaign. However, occasionally, as in the case
studied by Gonzalez et al. (2019), precipitating ice particles may not be
affected by riming on these conditions. Other relevant precipitation
processes are revealed by the vertical MRR profiles and MWR profiles
and the surface data during snow and mixed events such as the cooling
effect of the sublimation during the passage of the warm front in the 24
March event. A summary of the effects of the wind shear layer located at
crest level and sublimation at the valley bottom upon solid precipitation
processes during C2017 is illustrated in a schematic conceptual model
shown in Fig. 14.

During the rain periods at the bottom of the valley, our results show
that LWC is relatively low compared with other experimental campaigns
on mountain environments in similar latitudes, despite its proximity to
the Mediterranean Sea. This is probably due to the geographic condi-
tions of the enclosed inner valley, which prevents the advection of moist
flows from both Atlantic and Mediterranean. Two principal regimes of
rainfall are found during the campaign: (1) stratiform rainfall mainly
produced by water vapour deposition processes, although sometimes
riming and aggregation become important, and (2) weak convection
with slight dominance of collision-coalescence processes. The second
one occurs mainly during the frontal passage of 30 April, and during the
early spring convective events.

Compared to previous field campaigns devoted to study winter
precipitation in mountain areas, the analysis of precipitation events
during C2017 contributes to improve our understanding on winter
precipitation microphysical processes in an inner valley. The results of
this paper suggest that (1) despite being close to the sea, the inner valley
favours a cold continental environment and (2) the presence of the wind
shear layer may decouple the stalled air of the valley from the free at-
mosphere inducing turbulent overturning cells that enhances snow
growth. Future work could include the comparison of observed vertical
precipitation profiles presented and discussed here with those of nu-
merical model prediction systems to assess their capacity in describing
the complexities of winter precipitation in inner valleys.
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