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Abstract: Air temperature changes as a function of elevation were analyzed in a valley of the
Spanish Pyrenees. We analyzed insolation, topography and meteorological conditions in order to
understand how complex topoclimatic environments develop. Clustering techniques were used to
define vertical patterns of air temperature covering more than 1000 m of vertical elevation change.
Ten locations from the bottom of the valley to the summits were monitored from September 2016 to
June 2019. The results show that (i) night-time lapse rates were between —4 and -2 °C km™!, while in
the daytime they were from —6 to —4 °C km™, due to temperature inversions and topography. Daily
maximum temperature lapse rates were steeper from March to July, and daily minimum
temperatures were weaker from June to August, and in December. (ii) Different insolation
exposure within and between the two analyzed slopes strongly influenced diurnal air
temperatures, creating deviations from the general lapse rates. (iii) Usually, two cluster patterns
were found (i.e., weak and steep), which were associated with stable and unstable weather
conditions, respectively, in addition to high-low atmospheric pressure and low-high relative
humidity. The results will have direct applications in disciplines that depend on air temperature
estimations (e.g., snow studies, water resources and sky tourism, among others).
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1. Introduction

Near-surface air temperature (i.e., 2.0 m above the ground) is a key variable to understanding
a multitude of environmental processes, also influencing human activities that are analyzed in
agronomy [1,2], ecology [3], the tourism industry [4,5] and health [6]. In high-elevation mountain
areas, the study of surface air temperature behavior is vital to understand and manage the available
water resources [7,8], for forecasting weather [9], studying climatic refuges for flora species [10] or
for snowmaking in ski resorts [11].
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Therefore, studying regional and local spatiotemporal air temperature patterns has been
common for decades. The main objective is to create regional climates, using datasets from a wide
area but sparsely populated with station networks, which generally poorly represent high-elevation
mountain areas. Studies like those of Ackerman [12] in North America, Villmow [13] in Europe and
Capel Molina [14] in the Iberian peninsula are a few examples of this approach. However, regional
and local factors and the complex climate of mountain regions are rather underrepresented as a
heterogeneous mountain climate.

The study of air temperature distribution implies a different approach in topographically
complex and small-scale environments. Specific factors such as elevation, topography, aspect and
steepness, radiation, land cover, etc., cause highly complex spatiotemporal weather conditions and
air temperature patterns [15,16]. Thus, air temperature modeling in mountain areas is a challenging
task and, despite the advances in the field associated with high resolution numerical modelling
[17,18] and remote sensing techniques [19,20], there is still a long way to go in improving temporal
and spatial resolution.

Conventional networks of meteorological stations lack an appropriate density to capture the
small-scale climate variability of mountain areas [21]. Therefore, detailed in situ monitoring of air
temperature enables knowledge of these complex environments to advance. Some precursors were
Geiger [22] and Whiteman, who, through his studies of cold air pools, investigated their formation
and explanatory factors [15,23-25]. More recently, air temperature studies in mountain areas, made
from self-recording and autonomous datalogger data, have been developing rapidly, as shown in
the works of Lundquist and Lott [26], Hubbart et al. [27] and Minder et al. [28] in the United States;
Pepin et al. [29] in Africa; Kattel et al. [30] in the Himalayas; Hanna et al. [31] in the Andes; Braun
and Hock [32] in Antarctica; and also in the Iberian peninsula [33-35], to name but a few. The use of
this type of measures has been previously tested, as Navarro-Serrano et al. [36] described. These
devices allow the monitoring of a large number of new locations, due to their good performance and
relative low cost.

Although there are different possible approaches, the use of elevational air temperature lapse
rates is a method widely used in the literature as it easy to calculate and can be applied to various
disciplines to model air temperature [8,37]. The elevational lapse rate (hereinafter, LR) is defined as
the air temperature change for each elevation unit change (usually measured in °C km™). This
approach is based on the fact that in most situations, air temperatures change mainly due to
elevation, a mechanism that has been widely demonstrated [16,38]. Atmospheric conditions and
topography can even reverse its behavior, generating cold air pools and downwelling cold air to low
elevation valleys, especially under stable weather conditions and at night. Despite being aware of
this dynamic relationship between air temperature and elevation, it is usual to use fixed LRs to
roughly estimate temperature. For instance, the most well-known LR in the free atmosphere is the
mean environmental lapse rate (MELR, -6.5 °C km™), not calculated for near-surface air
temperature, but for the air column in the free atmosphere. Thus, these fixed LRs have been proved
to be insufficient and inaccurate in estimating near-surface air temperature, since they are not able to
represent the spatiotemporal variability of air temperature. Despite this evidence, this type of fixed
LR is commonly used to estimate near-surface air temperature in different applications. The reality
of near-surface air temperature is more complex, and this has been confirmed in several regions
across the globe, such as the Rocky Mountains [28], the Himalayas [38], the Alps [39] and the Polar
areas [40], as well as in the Iberian peninsula [9,41]. In fact, the ratio between elevation and
near-surface air temperature is different between the summer and winter months [42], or between
day and night [43,44]. Along with elevation, other local factors (such as insolation, topographic
shading and vegetation cover, among others) play a key role in modifying fixed LRs [45], even in
environments with smooth topography [46,47].

Air temperature is the result of an input (solar radiation) and the way in which that energy is
distributed spatiotemporally throughout the territory [48]. Therefore, in complex environments such
as a high-elevation mountain valley, the exchange of energy in vegetated versus bare ground areas
can strongly modify the maximum and minimum air temperatures, mainly driven by long-wave
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emissions [49]. In addition, permanent shadows at the valley bottoms usually strengthen the
persistence of cold air pools [50]. Moreover, air temperature patterns also vary depending on the
atmospheric conditions, as e.g., Moron et al. [51] and Kirchner et al. [52] reported.

The Mediterranean mountains and basins are highly sensitive to climate change and the
increase in air temperatures [53-55], since snow-ice melting is of major importance in water resource
management [56]. This is due to the fact that the mid-latitude and elevation (<3500 m above sea level
[a.s.l.]) of these mountains create very sensitive precipitation phase thresholds, as well as the
presence of strong melting events, even in winter [57]. These events heavily affect water availability
and the economy, which are directly dependent on winter and spring snowpacks [58]. Therefore,
over complex mountain areas, assessing spatiotemporal air temperature patterns with high
resolution is of great socioeconomic and environmental importance. There are some previous
studies on this subject, such as Lopez-Moreno et al. [11], Pages et al. [33] and Miro et al. [34],
focusing on the detection and analysis of cold air pools in the Spanish Pyrenees.

With this background, this study analyzes air temperature behavior in relation to elevation in
the high mountains and steep valleys of the Spanish Pyrenees. Thus, we assess its relationship with
seasonality, the time of day, the incidence of insolation and weather conditions (circulation weather
type, atmospheric pressure, relative humidity and wind speed). In particular, we analyze (i) hourly
and seasonal LRs in very steep south-southeast (SSE, sunny) and north-northwest (NNW, shady)
facing slopes; (ii) the effect of differential insolation generated by the complex topography, which
results in sheltered and exposed locations along the same slopes; and (iii) air temperature patterns
along the slopes as a function of different environmental factors such as circulation weather types,
wind speed, atmospheric pressure and relative humidity. This work advances the knowledge of air
temperature distribution in mid-latitude and Mediterranean environments. The few local-scale
works developed in this area have focused on the interesting night behavior. However, this work
also aims to advance the knowledge of daytime patterns, where topographically complex terrains
tend to present notable spatial differences.

2. Study Area

The Pyrenees are a mountain range in southwestern Europe, separating the Iberian peninsula
from the rest of the continent (Figure 1a). Its longitudinal distribution along more than 400 km from
west to east causes large differences between the northern French and southern Spanish basins [59],
and between the maritime western and Mediterranean eastern side. The highest summits are
situated in the axial central Pyrenees (Aneto, 3404 m ASL) with large areas lying over 2000 m ASL,
leading to a persistent annual snowpack [57,60]. The Pyrenees host the headwaters of the main
tributaries of the Ebro River, contributing to more than 60% of the Ebro River’s total runoff [61]. The
Ebro River basin covers areas of scant annual precipitation [62,63], so the water resources generated
in the Pyrenees are essential for the entire Ebro basin [64,65].
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Figure 1. Geographical approximation of the local area: (a) represents the Iberian peninsula, in the
southwest of Europe, (b) represents the location of the river valley in the Pyrenean context and (c)
shows the terrain map of the local study domain, showing the Estiviellas and Moleta slopes and
dataloggers located west and east of the Aragon River, respectively. Land cover is represented by
textures as shown in the legend, and retrieved from the photointerpretation of a Sentinel-2B summer
image (11 September 2019) and the help of the normalized difference vegetation index band.
Canfranc-Station village is located in the center of the valley.

The Aragén River valley, a tributary of the Ebro River, is located in the headwater zone of the
river with the same name, in the western Spanish Pyrenees (Figure 1b). In this region, the climate lies
in a transitional area from Mediterranean to Atlantic influence, with abundant rainfall (1500-2000
mm average annual precipitation) throughout the year [66]. The snow season begins at the end of
autumn (October-November) and can last until late spring (May-June), disappearing from the
summits at the end of summer (August). The most common weather types in absolute terms are
anticyclonic, although during winter and autumn the general circulation patterns are more unstable
with common frontal passages from the north-west, west and north, usually causing snowfall in cold
seasons [67], as well as from the south-west. These atmospheric conditions give rise to significant
ski-tourism and hydroelectric generation industries across the region. Moreover, an irregular forest
canopy (adjusting to the steep topography and avalanche zones) covers most of the slopes up to 1800
m ASL, with a dominance of evergreen Pinus species with interspersed with diverse deciduous
species in the most humid areas [68,69]. Above this treeline, the forest gradually opens and gives
way to subalpine meadows and periglacial environments in the summits. Urban areas are very
scarce with just a few small villages located at the valley bottom.

The study area is a sector of the Aragon River valley located in the vicinity of the
Canfranc-Station village (1100 m a.s.l., 42.75° N, 0.52° W). In this area, the altimetric range covers
from 1100 m a.s.L (river level) to 2573 m a.s.l. (Moleta Peak) in a 2 km transect. This valley section is
enclosed to the north (upstream), the east (2500 m mountains) and the west (2350 m mountains),
while towards the south (downstream) it is not entirely enclosed, although the river passes through
a narrow canyon. The topography is favorable for the generation of cold air pools, although the
valley bottom is narrow, so they would not be very extensive. The river crosses the study area from
north to south, generating two slopes at opposite sides. The two selected slopes rise to the summit of
the Estiviellas and Moleta peaks, facing to the SSE (sunny) and NNW (shady), respectively (Figure
1c).
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3. Data and Methods

3.1. Experimental Designs

Ten locations were monitored in this work, 9 of which were installed for this study (Table 1).
The tenth was the Spanish Meteorological Agency (AEMET) weather station (id. 9198X), located in
Canfranc-Station village (Figure 1c). Nine autonomous, self-recording and waterproof Tinytag
temperature data loggers (http://gemini2.assets.d3r.com/pdfs/original/3239-tgp-4017.pdf) were
installed within Datamate radiation shields. The widely used Tinytag dataloggers have a precision
error of <0.5 °C, and a resolution of 0.01 °C, while the deviation of the Datamate radiation shield
never exceeds 0.5 °C under high solar radiation conditions when compared to the operative AEMET
Stevenson radiation screen [36]. The air temperature sensor used in Canfranc-Station corresponds to
a Thies PT100 model located in a naturally ventilated medium-sized wooden Stevenson screen [70].
The correspondence and validity of the Tinytag and Thies PT100 sensors and the radiation
protection have been previously tested [71,72], and also checked in Canfranc-Station weather station
[36], with satisfactory results.

Table 1. Main characteristics of the monitored locations. Elevation is expressed in meters above sea
level (m a.s.l.). Latitude and Longitude are expressed in geographical degrees.

Elev.
Slope Name Installation manI Land Use Facing Slope Lat(°) Lon (°)
TGP4017 and
Est-5 an 1948 Open Forest S 42758 0529
. Datamate
>
TGP4017
£ psta or7and o ne Dense Forest S 42756 ~0.529
(g Datamate
= TGP4017
2 B3 orir7and g Open Forest SE 42755  -0.526
% Datamate
2 Esta oPO7and kg Dense Forest SE 4756  -0520
UV_]) Datamate
Ese1 - PTI00and g, Village SE 42749 -0516
Stevenson Sc.
TGP4017
Mol-s  ToP4017and 0 Open Forest w 42738 -0.494
Datamate
- TGP4017
5 Mola CP07and e Open Forest NW 4273  -0.502
,E Datamate
% TGP4017 and
= Mol-3 GP4017 an 1808 Dense Forest Y 42.738 -0.504
£ Datamate
S Mol2 T%I::gga?:d 1464  Dense Forest N 42740  -0.510
Mol1  1GP4017and 1234  Dense Forest N 42743  -0515
Datamate

Tinytag dataloggers were placed within radiation shields and hung from tree branches (Figure
S1) at a height of =2.5 m above the bare ground, which is enough to avoid winter snowpack,
according to Navarro-Serrano et al. [36], and >50 cm distant from the main trunk. The evergreen
character of the forest ensures an equal canopy cover all year around. To prevent the dataloggers
from being affected by excess moisture or condensation, silica bags were placed inside them, and
batteries were replaced yearly. Furthermore, our experiment consisted of measuring air
temperatures on two opposite slopes (i.e., Estiviellas and Moleta, Figure 1c) to verify the differences
between sunny and shady conditions, following the procedures described by Pepin and Kidd [73].
The locations on Estiviellas faced southeast (Est-1, 2 and 3 loggers) and south (Est-4 and 5), while
those on Moleta faced north (Mol-1 and 2), west (Mol-3 and 5) and northwest (Mol-4), derived from
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a 5 m digital elevation model. Thus, the dataloggers were placed at different elevations, from the
valley bottom to the highest areas. The aim of the experimental design was to cover, in a
homogeneous way, the two slopes, with regular elevational intervals between locations. However,
due to the limited number of trees above the timber-line, the dataloggers were placed in scattered
trees. This situation, together with the rugged topography, the necessity to follow the only path
existing in both slopes, and the need to select suitable trees to ensure an optimal location of the
sensors, prevented a fully symmetric placement of elevations between the two slopes. Data were
collected by an instantaneous hourly value at LT (local time = UTC + 2 h, Central European Summer
Time) during the period between 11 September 2016 and 22 June 2019, generating 24,357 samples for
each data series.

Relative humidity and 10-m wind speed data were measured at Canfranc-Station (Figure 1c) by
Thies Clima operative instruments, and the atmospheric pressure in the weather station of Aragués
del Puerto (AEMET “9208E”, located at 10 km, Figure 1b) by the operative instrument Vaisala PMT,
at 10-min measuring intervals. In addition, to better evaluate the results, land cover was classified
into the different land covers presented in the study area cartography.

3.2. Climate Data and Quality Control Checks

Air temperature data were checked by applying a quality control that ensured that the
dataloggers were not buried under snow. For this, daily air temperature ranges were analyzed,
discarding those days with hourly standard deviation <0.1 °C and an average air temperature <2 °C.
The air temperature in snow-burial conditions was constant at a value close to 0 °C [74], so it was
relatively easy to filter out this issue. The 10 locations passed this filter and 0 samples were
discarded. However, the raw experimental design had 11 locations, of which one (Est-6, at 2067 m
a.s.l.) had to be removed in this quality control check. This location suffered problems from
December to May, affecting 5422 hourly samples (22.3% of the study period). Furthermore, a total
amount of 60 hourly samples (0.02% of the total) were discarded due to annual battery changes. Of
these, 23 were gaps of less than two continuous samples, so they were filled by a regression model
based on the best neighboring air temperature series for that month. The remaining data were
maintained as Not Available (NA) data.

Next, the hourly samples were summarized by day using the air maximum (Tmax), minimum
(Tmin) and average (Tavg) temperature of the raw 24-hourly samples for each location. It was
verified that more than 90% of hourly samples were available each day. Raw weather data measured
at Canfranc-Station and Aragués del Puerto were summarized according to the daily mean
atmospheric air pressure (in hPa), the daily mean relative humidity (in %) and the daily mean
10-min wind speed (in m s™).

3.3. Lapse Rate Calculation

Air temperature LRs were calculated for both the Estiviellas and Moleta slopes at hourly time
steps (LRn), and for daily maximum (LRmax), minimum (LRmin) and average (LRavg) air
temperatures. Following procedures outlined by Rolland [75], Du et al. [76] and Navarro-Serrano et
al. [41], regressions were used to determinate LRs, formulated in Equation (1) as:

T'=ai Elev +e, (1)

where T’ is the estimated air temperature (in °C), Elev is the elevation above sea level (m a.s.l.), e is
the regression error and a: is the regression coefficient, which corresponds to the air temperature
elevational LR. Latitude and longitude variables can be included in the model, but the effect in such
a small study area is usually negligible due to the short distances between locations. The regression
model approach has been used by other authors [42,44,77], and provides an appropriate way to
analyze the effects of elevation on air temperature distribution. The influence of synoptic conditions
can be analyzed subsequently. All these LRs were also calculated among all the combinations for the
locations. To clarify the interpretation of the LR values, when in the following paragraphs we refer
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to a “steeper” LR and a “weaker” LR, we refer to a larger change in air temperature with elevation,
and a smaller change, respectively (e.g., 7.2 °C km™ is steeper than —4.3 °C km™).

3.4. Estimated Solar Radiation

The amount of solar radiation received by the terrain [16,45], topographic shadows and surface
orientation are crucial to better understand the spatiotemporal distribution of air temperature,
especially during daylight hours [78]. To obtain this information, we used a digital elevation model
(DEM5) with 5 m spatial resolution purchased from the PNOA-LiDAR program [79]. The
instantaneous solar radiation estimation under clear sky conditions by hour was estimated by
applying the insolation function of the R package “insol” [80], developed for R language version
3.5.0 [81]. This function takes into account diffuse radiation, in addition to air temperature,
humidity, date and location, to estimate instantaneous insolation (in W m= s-!). The solar radiation
estimated in each monitored location throughout the year and summarized by seasonal (i.e., winter:
December-February; spring: March-May; summer: June-August; autumn: September-November)
hourly means (Figure 2) shows variability due to topographic conditions and differences between
the Estiviellas and Moleta slopes (sunny and shady, respectively). In addition, this dataset clearly
displays the topographic shadows occurring in the bottom location of the study area, mainly on the
Moleta slope, and during winter. This estimated information allows the identification of the
characteristics of the monitored locations, which allow discussion of the results keeping in mind the
effect of topography on solar radiation reception.

Estiviellas (sunny) Moleta (shady)

| I
00 06 12 18

CEST Hour

00 06 2 8 2300 06 12 18
CEST Hour CEST Hour

00 06 2 b 23 00 06 12 I8
CEST Hour CEST Hour

00 06 12 18 2300 06 12 18
CEST Hour CEST Hour
Insolation (W ni”)

Figure 2. Mean seasonal estimated hourly insolation in the ten monitored locations of the Estiviellas
and Moleta slopes. Black represents null insolation (night), and red to white ramp color represents
intensity (in W m?). Red lines represent the solar noon (at 14 h UTC + 2, local time).
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3.5. Circulation Weather Types Classification

Circulation weather types (CWTs) at daily scale over the Pyrenees were calculated using
Jenkinson and Collison’s [82] classification method, based on Lamb’s weather types [83] and
simplified satisfactorily by Rasilla Alvarez et al. [84] and Navarro-Serrano et al. [41] for the Iberian
peninsula. This version classifies the raw CWTs into two pure (anticyclonic-A and cyclonic-C), eight
directional (north-N, northeast-NE, east-E, southeast-SE, south-S, southwest-SW, west-W and
northwest-NW) and one unclassifiable (U) CWT, prioritizing directional flows in hybrids. The
method is based on the distribution of sea-level atmospheric pressure in a 16-point grid covering an
area of 30 x 20° (longitude x latitude) centered on the study area. This information was obtained
from the NCEP-NCAR reanalysis (5 x 5° longitude-latitude) dataset [85]. To simplify the analysis, U
days were not represented, but were computed in the total amount of days. The frequency of CWTs
is shown in Figure S2.

3.6. Cluster Analysis

To analyze different patterns in the daily elevational distribution of maximum (Tmax),
minimum (Tmin) and average (Tavg) air temperature, a cluster analysis was applied. Cluster analysis
is a multivariate statistical technique, that is, it analyzes the behavior of three or more variables
simultaneously, aiming for the creation of clusters or groups that have large internal homogeneity
and maximum difference in relation to the other groups. This process is carried out automatically,
based on the study of daily temperatures in relation to highest location of each slope and the creation
of clusters based on the distances between them. Daily air temperature differences between the
Tmax, Tmin and Tavg of each location and the reference datalogger of its slope (i.e., the highest: the
Est-5 [1948 m] and Mol-5 [2255 m] loggers on the Estiviellas and Moleta slopes, respectively) were
computed. These new series were employed as input variables for the cluster analysis, which, in
function of the air temperature difference of each location in relation to the highest one, generated
groups or clusters of days with similar behavior. In this way, similar (close) days were classified in
the same cluster, while distant days were classified in different clusters.

The number of clusters was determined by executing the NbClust function of the R package
“NbClust” [86], which analyzes 30 different indices to determine the most appropriate number of
groups using Euclidean distance and the hierarchical Ward.D2 method [87], minimizing the total
within-cluster variance. After determining the appropriate number for each combination
(Tmax/Tmin/Tavg and the Estiviellas and Moleta slopes), a cluster analysis was run using the
Ward.D2 and Euclidean distance parameters. This classified each day according to the nearest
cluster centroid. Differences between pairs of clusters were compared by the Wilcoxon-Mann—
Whitney test [88] to identify statistically significant differences among groups. In cases of 3 clusters,
these were compared between pairs (i.e., 1 and 2, 1 and 3, 2 and 3). This nonparametric statistical test
allows the similarities/differences between two independent samples to be tested. Differences were
tested at a 0.05 significance level.

4. Results

4.1. Air Temperature

The daily mean maximum (Tmax), minimum (Tmin) and average (Tavg) air temperatures for
each of the ten locations are shown in Figure 3. Although an inverse relationship between air
temperature and elevation exits, this is not linear. Moreover, there were differences between the
behaviors of Tmax/Tmin/Tavg, and between the two opposing slopes. The air temperature across the
study area varied from a mean Tmax around 15 °C at the valley bottom to 10 °C at 2000 m a.s.l. Tmax
differences are noticeable between the slopes, showing a decoupling between the two faces at
mid-slope locations, mainly due to the variable behavior of Est-1 and Est-2 and heating at the Mol-4
location. Tmin shows a more complex relationship with elevation, especially at the valley bottom.
Above the slopes, Tmin was around 5 °C at 1500 m ASL and 2 °C at 2000 m a.s.l. Unlike Tmax, Tmin
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shows similar patterns between both the Estiviellas and Moleta slopes, except for at Est-1, i.e., the
location at the valley bottom.

2250 — Estiviellas ®
Moleta &
— 2000 —
vl
o
E 1750 —
= 1500
5
1250 —
1000 —Daily Tmin - Daily Tavg Daily Tmax

[ [ I I [ I
0 3 6 9 12 15

Air temperature (°C)

Figure 3. Mean daily maximum (Tmax), minimum (Tmin) and average (Tavg) air temperatures in the
ten locations during the study period.

The monthly air temperature patterns for Tmax and Tmin among the ten locations are shown in
Figure 4. The Estiviellas slope presented the expected inverse relationship between elevation and
Tmax for most of the year, although it presented some nuances during August and December
between the Est-2 and Est-3 locations, which had similar Tmax values. However, the Moleta slope
returned an irregular elevation—-Tmax relationship throughout the year (except from June to August).
Tmax differences between the lower and higher locations increased during June and July, decreasing
from September to November. Furthermore, the elevation-Tmin relationship was less evident. The
Estiviellas location with the warmest Tmin throughout the year was Est-2, while Est-1 and Est-3 had
similar values, but were cooler than Est-2. On Moleta, a decoupling between its three highest and its
two lowest locations was found (probably as a result of the larger elevational distance between
them). For instance, Mol-1 and Mol-2 had similar Tmin values throughout the year, with Mol-1 being
slightly colder than Mol-2 in December. Mol-3, Mol-4 and Mol-5 kept their positions, but presented
similar air temperature values from July to September.

Estiviellas Moleta
25 — e Est-5: 1948 Daily Tmax - Mol-5: 2255 Daily Tmax | 25
. --- Est-4: 1789 - - Mol-4: 2026
- - Est-3: 1602 - - Mol-3: 1808
| == Est-2: 1269 —-—Mol-2: 1464 L 20
— Est-1: 1170 — Mol-1: 123

I
Air Temperature (°C)

Daily Tmin Daily Tmin

T T T T T T T T T 11 T T T T T T T T T T
J FMAMIJIJIASOND T FMAMIJIIJ ASOND
Months Months

Figure 4. Monthly means of daily maximum (Tmax, red lines) and minimum (Tmin, blue lines) air
temperatures for the ten locations during the study period.

4.2. Hourly Air Temperature Lapse Rates (LRn)
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In Figure 5, both the Estiviellas and Moleta slopes show weak LRn (local time UTC + 2) during
the night (especially at sunrise, calculated by the methodology explained in Section 3.4), and high
LRn in the afternoon. This pattern occurred every month, although with a time shift caused by the
expansion of weak LRn during the winter months, and narrowing during the spring and summer
months. In absolute terms, LR was around —4 and -2 °C km™ at night and sunrise (even weaker on
Estiviellas at 9 h UTC + 2), and around —6 and —4 °C km in the afternoon (even steeper on the
Estiviellas slope from 15 to 17 h UTC + 2). These hours showed a slight seasonal shift, with weaker
LRn delayed during the winter months, and occurring earlier during the spring and summer (e.g.,
the weaker LRn in Estiviellas occurred at 9 h UTC + 2 during August and at noon during December),
so the LRn was steeper in June than in December.
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Figure 5. Mean hourly lapse rates (LRs, measured in °C km™) for the Estiviellas and Moleta slopes by
month. Red dots represent the sunrise/sunset time without topography effects, calculated for the
15th day of each month, and for equinoctial day in the Annual row.

Both the Estiviellas and Moleta slopes had a similar seasonal pattern at the hourly resolution,
since steepness of LRx occurred from May to July in mid-afternoon, while the weakest LRn occurred
in December at night. LRn was weaker during the night from June to October than from January to
May, and steeper during the afternoon from March to August than from September to February.
However, we found significant (p < 0.05) differences in the slope of the LRs between the two slopes,
since in Estiviellas they ranged from -8.90 (May at 16 h UTC + 2) to +0.80 °C km™ (December at 12 h
UTC +2), and in Moleta from —7.46 (July at 17 h UTC + 2) to -1.01 °C km™ (August at 10 h UTC + 2).
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The coefficients of variation were calculated and shown in Figure S3. This figure shows that the most
favorable hours for thermal inversion were those that generated the largest variability (early
morning and night).

4.3. Monthly Maximum (LRmax), Minimum (LRmin) and Average (LRavg) Air Temperature Lapse Rates

Figure 6a shows that, generally, LRmax was steeper than LRmin on both the Estiviellas and
Moleta slopes (p < 0.05). LRavg returned mixed behavior between LRmax and LRmin. The annual data
support this fact, through an annual average LRmax, in °C km™, of -6.0 (-5.5), and a LRmin annual
average of —2.8 (—4.0) for the Estiviellas (Moleta) slope. This pattern was present during most of the
year, although it intensified during the summer (e.g., July). The differences in winter were smaller
and even reversed from November to January on the Moleta slope. LRmax weakened from October
to February and became steeper from March to July. LRmin was also steeper from March to May, but
weakened from June to August (and December). In any case, although there were seasonal
differences, LRmin showed low variation in absolute terms (4.4 to —1.7 on Estiviellas; -5.3 to -2.5 on
Moleta) compared to LRmax (-8.1 to —2.1 on Estiviellas; -7.6 to —2.6 on Moleta). LRavg returned
mixed behavior between LRmax and LRmin, but was much closer to LRmin. The comparison between
the two slopes showed that the LRmax was similar from June to December, with a steepening on
Estiviellas from January to May. LRmin was similar between both slopes throughout the year,
although steeper on Moleta.

(a) Lapse Rates (b) Coefficient of Variation
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-2 — Daily LRavg
Daily LRmax

Daily LRmin Estivicllas ® Moleta A
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Figure 6. (a) Monthly maximum (LRmax), minimum (LRmin), and average (LRavg) air temperature
lapse rates (measured in °C km™) from the Estiviellas and Moleta slopes; and (b) monthly LRmax,
LRmin and LRavg coefficient of variation (in °C km™) from the Estiviellas and Moleta slopes.

Figure 6b shows monthly variability based on LRs by the coefficient of variation. In general
terms, LRmin had larger variability than LRmax, especially on Estiviellas. Seasonally, the LRmin
coefficients increased during the summer (e.g., June to August) and December. On the contrary, in
spring (March-May) and autumn (September-November) the coefficients were the lowest of the
year. LRmax had reduced coefficients throughout the year (generally <0.8 °C km), which increased
gradually during autumn, with the highest value in December (>1 °C km™). The LRmax, LRmin, and
LRavg calculated between partial sections on each slope are not shown, but their behavior was
extremely variable and wide-ranging, demanding the use of all available datalogger series to
calculate the LRs on each slope.

4.4. Cluster Analysis

4.4.1. Cluster Classification

Figure 7 shows the air temperature differences from each monitored location to the highest
measured level on each slope (i.e., 1948 m a.s.l. in Estiviellas, and 2255 m a.s.l. in Moleta), with a
noticeable daily variability in air temperature profiles. The figure shows a dynamic and continuous
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relationship between air temperature and elevation, where it is difficult to visually establish linear
patterns along the entire slopes. However, cluster analysis allows daily profile types to be
established with a statistical approach. For maximum air temperatures, bottom locations were
usually warmer, but the profiles throughout the entire slope were not completely linear. For
minimum air temperatures, the lowest Estiviellas location (1170 m a.s.l.) had an inverse relationship
with the rest of the slope, less evident on Moleta. In this way, cluster analysis generated the optimal
number of profile typologies, with the mean values given in Table 2. Other than the air average
temperatures on Moleta (three clusters), the remaining combinations each generated two clusters.
The clusters were ordered from weak to steep lapse rates (i.e., Cluster 1 represents the group of
weakest lapse rates).

Estiviellas Moleta
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Figure 7. Daily maximum, minimum and average air temperature profiles (measured as the
difference from the highest slope location) of the Estiviellas and Moleta slopes are represented by
colored lines. Centroids of the generated clusters are represented by solid grey lines. The mean
environmental lapse rate (MELR, 6.5 °C km™) from the top location is represented by dashed grey
lines.

Table 2. Tmax, Tmin, and Tavg cluster centroid values for the Estiviellas and Moleta slopes. Loc =
location order, from bottom (1st) to top (5th).

Estiviellas Moleta
Loc. Cluster1 Cluster2 Loc. Cluster 1 Cluster 2
5th 0 0 5th 0 0
§ 4h 09 +0.94  4th +1.62 +3.04
S 3d 4141 315 3rd 20.73 311
2nd -0.38 +3.62 2nd +0.60 +5.02
1st -0.09 +5.96 Ist +3.93 +7.89
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Loc. Cluster1 Cluster2 Loc. Clusterl Cluster2 Cluster3

5th 0 0 5th 0 0 0
2 4th -0.10 +0.94 4th -0.25 +1.24 +1.64
& 3rd 4137 +258  3rd 161 +0.91 +2.32
2nd +1.08 +3.53 2nd +0.14 +2.87 +4.74
Ist -0.96 +4.00 Ist +0.87 +3.78 +6.01
Loc. Cluster1l Cluster2 Loc. Cluster 1 Cluster 2
5th 0 0 5th 0 0
8 4th -0.14 +1.16 4th +1.38 +0.82
E 3rd +0.97 +2.69 3rd +2.14 +1.92
2nd +1.25 +4.15 2nd +0.30 +4.67
1st -1.57 +4.31 1st +0.18 +5.62

Clusters generated from maximum air temperatures were similar in form, but differences arose
from the degree of difference to the reference highest locations. The LRmax values for Cluster 2 from
Estiviellas and Moleta were close to the MELR, with much warmer bottom location values. The
contrasting behavior between Cluster 1 and Cluster 2 was more clearly present in air minimum
temperatures, where LRmin values for Cluster 1 from Estiviellas and Moleta were decoupled from
those for Cluster 2, especially in the bottom locations. In the average air temperatures, a more linear
behavior can be observed along the slopes, especially on Moleta, where three clusters were
generated. However, Cluster 1 from Estiviellas was inverted in its bottom location.

4.4.2. Monthly Distribution of Clusters

Figure 8 shows the monthly distribution (% of days) of each cluster throughout the year. On the
one hand, the cluster associated with steep LRmax (Cluster 2) was more common than the weak
LRmax cluster (Cluster 1), especially from March to August (>80% of “steep” days). On the other
hand, the days classified with weak LRs increased in frequency from September to January,
becoming as frequent as those with steep LRs, especially along the Moleta slope (=50%). LRmin
cluster frequency was more equal on the two slopes. However, Cluster 2, associated with steep
LRmin, was more common from January to May (>50% of days), and Cluster 1 from July to
December. On Estiviellas, the frequency of LRavg Cluster 1 was higher during the summer and
December and lower/null in spring. On Moleta, despite having three LRavg clusters, the same
pattern was repeated, although less frequently for Cluster 1. On Moleta, in any case, LRavg was
dominated by medium and steep clusters (Clusters 2 and 3, in most months generally >80%) over the
weak Cluster 1, although the latter increased in frequency from August to February.



Atmosphere 2020, 11, 656

40

80

Tmax

Percentage of Days (%)

80

40

40

ys (%)

80

Tavg

Percentage of Da

80

40

40

80

Tmin
Percentage of Days (%)

80

40

Months

et

- M AMIJ J ASOND

Ialils
atoo]

anule
Lt

1

A S OND

Cluster

[(E (’m
o ol
SRR OO0

40

80

80

40

80

80

40

40

80

80

40

Estiviellas

Moleta

Estiviellas

Moleta

Estiviellas

Moleta

14 of 24

Figure 8. Tmax, Tmin and Tavg cluster monthly frequency (measured as daily percentage for the

month).

4.4.3. Clusters, Circulation Weather Types and Weather Conditions

To analyze the synoptic and weather patterns found during each cluster day, Figure 9 shows
the circulation weather type (CWT) distribution. Atmospheric pressure (Figure S4), relative
humidity (Figure S5) and wind speed (Figure S6) variability for each cluster are also presented.
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Figure 9. Circulation weather type (CWT) frequency for the Tmax, Tmin and Tavg clusters. n indicates
the number of days in each cluster. The unclassifiable (U) type was not computed.

Days classified within the Tmax Cluster 1 (associated with weak LRmax) were dominated by
anticyclonic (A) and NE and E circulations (Figure 9), accompanied by higher atmospheric pressures
(#1026 hPa) and lower relative humidity (=69.4%), although no clear wind speed pattern was found
on those days. On the contrary, when analyzing the Tmax Cluster 2 (associated with steep LRmax) no
particular CWTs prevailed, except for some westerly and northerly circulations, and also the
anticyclonic-A and cyclonic-C types. However, atmospheric pressure values were lower (=1.019
hPa), relative humidity values were higher (=75.1%) and wind speed was variable. Wind speed daily
values between Tmax clusters in Estiviellas were compared and were significantly different (p <
0.05). The same occurred when comparing the values of atmospheric pressure and relative humidity
(also on the Moleta slope). Thus, days associated with each cluster differed not only in the behavior
of the air temperature, but also in other meteorological variables measured.

For Tmin, days classified within Cluster 1 (associated with weak LRmin) were marked by a clear
dominance of the A weather type, weaker winds (2.1 m s, especially on Estiviellas), higher
atmospheric pressure (#1023 hPa) and lower relative humidity (=70.9%). Tmin Cluster 2 (associated
with steep LRmin) was represented by different circulation types (e.g., northerly, westerly and C,
among others), moderate to strong winds (=3.9 m s), lower atmospheric pressure (<1019 hPa) and
higher relative humidity (=76.2%). The same pattern occurred for Tavg values, although the three
Tavg clusters on Moleta showed the anticyclonic dominance of weak lapse rates more clearly. As
with Tmax clusters, the differences between Tmin clusters were statistically significant (p < 0.05) for
wind, relative humidity and atmospheric pressure, again on both slopes. The air temperatures from
bottom-summit locations during the extreme period from 3 December 2017 and 5 December 2017 are
presented in Figure S7 to show the transition between unstable and stable weather types, together
with atmospheric pressure and wind speed. The moment at which wind speed fell coincided with
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the beginning of thermal inversion between Est-1 and Est-2 (and almost between Mol-1 and Mol-5).
Similarly, the lowest atmospheric pressure values coincided with the largest differences between the
locations, and vice versa.

5. Discussion

The air temperature and lapse rates in two opposite steep and complex slopes (i.e., sunny
Estiviellas and shady Moleta) of the upper Aragon river valley (Spanish Pyrenees) were analyzed in
ten locations (elevations ranging from 1170 to 2255 m a.s.l) for 1015 consecutive days from
September 2016 to June 2019. Following previous studies, such as Barry [16] and Lookingbill and
Urban [45] for North America, this one analyzed the relationship between air temperature and local
terrain characteristics (e.g., facing slope, insolation, land cover, weather types and atmospheric
parameters such as air pressure, relative humidity and wind speed). This study focused on a single
Pyrenean valley, complementing previous regional work on the Iberian peninsula [41,89,90]. Also,
the study of diurnal lapse rates at this local scale provided new information for this region of
Europe, which has mainly been investigated for its night-time cold air pools [33,34,73].

The results show variable insolation values within and between slopes, as in Lookingbill and
Urban [45]. The differential insolation has a direct effect on air temperature distribution and
variability [31,91,92]. The lesser insolation at the valley bottom, more significant in the lower
locations on the shady Moleta slope, especially around December, was consistent with the complex
topography. Direct insolation on the Moleta slope is very limited during the autumn and winter
months, as we can see in Figures 1 and 2. On the other hand, in higher locations on Moleta, more
insolation was estimated due to the increasing sky view factor, reducing the differences in relation to
the sunny Estiviellas slope. At this point, the use of digital elevation models of high spatial
resolution is essential to represent the terrain reliably. Other local differences could be explained by
land cover, such as the diurnal overheating of the Est-1 (village) location in comparison with Est-2
(dense forest), or the combined effect of the low insolated and dense forested locations (e.g., Mol-3
and Mol-4), according to the buffering effect of the forest canopy [49]. Therefore, the results show
that elevation is not a factor with a linear effect, but that there are local variables that can alter the
diurnal air temperature distribution [76]. At night, the topography also exerts an effect, as the valley
bottom locations demonstrated by capturing thermal inversion phenomena, according to papers on
cold air pools [17,23,93]. Partial LRmin between Est-1 and Est-2 were close to +20 °C km™ of thermal
inversion, which agrees with the extreme values registered by Pepin and Kidd [73] and Pages et al.
[33] in the Cerdanya valley in the eastern Pyrenees. More variance was detected in Tmax than Tmin
both between and within slopes, showing a strong influence of land cover on Tmax, which caused
inversions between the Est2/Est3 and Mol3/Mol4 locations, due to the correspondence with the
treeline ecotone. To summarize, air temperatures registered at each location were not only the result
of elevation, but also of effects caused by insolation, topography and land cover.

In terms of lapse rates, the hourly analysis in Section 4.2 allowed the continuous identification
of the behavior throughout the 24 h sections and the months of the year. In this way, the analysis has
a larger wealth than analysis of the daily max and min air temperature moments exclusively, being
able to show other nuances between the slopes. Thus, this analysis showed the influence of
insolation on thermal mechanisms, with a weakening of the night-time lapse rates due to cold air
subsidence from the summits to the valley bottom [77,94,95]. Thus, the weakest hourly lapse rates
occurred in the morning (+0.81 °C km™ in December at 12 h in Estiviellas, and -1.02 °C km™ in
August at 10 h in Moleta, Central European Summer Time time zone). This is because that is the time
when insolation reaches the highest locations, while the lower ones remain shady, according to
insolation data, and with an accumulation of cold night air. However, insolation is seasonally
variable (later in December, and earlier in July). These results are in agreement with Pages et al. [33].
Moreover, the steepest lapse rates took place in the early afternoon and were explained by high
insolation in the lower locations, especially on Estiviellas, which broke up the cold layers and
steepened the relationship between elevation and air temperature (on Moleta the lapse rates were
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less intense). Later, the sun begins to descend and the topographic shadows reach the low locations
first, reiterating the process [50].

The results show that LRmin were generally weaker than LRmax (total mean of -2.8 vs. —6.0 °C
km™ on Estiviellas, and —4.0 vs. =5.5 °C km™ on Moleta), as in most similar studies around the globe
[8,94,96], which attribute it to the previously mentioned nocturnal cold air subsidence toward the
bottom areas. However, this behavior changed through the year, since the differences were larger in
summer (diurnal steepening along the slope in addition to nocturnal weakening), and smaller in
winter (diurnal weakening due to topographic shadows in addition to nocturnal weakening). This
supports the hypothesis that topographic shadows affect air temperature distribution during the
daytime [10,78]. This process was also corroborated by decoupling between the Estiviellas and
Moleta LRmax from March to May when the Estiviellas slope was completely insolated. However, on
Moleta, the insolation did not yet reach lower locations. This comparison between sunny and shady
slopes can only be observed where the topography is abrupt enough to generate permanent
topographic shadows that alter air temperatures, and not in open valleys. The existence of snow
cover in higher locations has also been mentioned as a reason for the steepening of LRmax [31], due
to the albedo effect in elevated areas, in which snow cover persists during the spring months. This
could explain the peak delay between the LRmax in Estiviellas (June) and Moleta (July), due to the
longer snow season on the northern Moleta slope [97]. It would be very useful to advance the study
of this issue in the future, and analyze the importance of this factor.

However, the study of the monthly coefficients of variation has confirmed that the monthly LR
values derived from a linear fit are not entirely representative, since they hide different internal
behaviors, especially in the LRmin. To deepen the study of LR patterns from a global (and
non-linear) perspective, a cluster analysis was performed. In this respect, the cluster analysis
showed that, regardless of the month, there were usually two distinct profile patterns (weak vs.
steep), and that these could occur at any time of the year, although there were more propitious
moments. In general terms, the steep clusters were close to the MELR (-6.5 °C km™). This method
was proposed by Barringer [98] to classify days based on air temperature profiles. The merged
analysis between clusters, insolation, circulation weather types and weather conditions supports the
hypotheses, since it shows a broadly weak LRmin with stable conditions, high atmospheric pressure,
low relative humidity and weak winds, according to the majority of studies on Cold Air Pools
[34,40,44,73], and the regional results of Navarro-Serrano et al. [41] in the Pyrenees. On the other
hand, steep LRmin occurs under conditions of instability, dynamic weather types, low atmospheric
pressure, high relative humidity and strong winds, which explains the breakup of cold layers and
the prevalence of the free-air lapse rate [1,27,33,77,99,100].

However, Tmax clusters were more complex than expected prior to beginning this research,
unlike claims by other authors on a regional scale [41,101]. This is due to the previously explained
complex topographic conditions of the study area, which are more influential during the winter
months. The results show that the Tmax clusters associated with steep LRmax were more frequent
than those associated with weak ones, especially during spring and summer, according to Minder et
al. [28]. As mentioned above, LRmax intensified during the summer due to the insolation reaching
the lower locations, and in spring also due to more frequent cloudy days under unstable
meteorological conditions. Therefore, these Tmax clusters associated with steep LRmax were
accompanied by varied CWTs and wind speed conditions, since they occurred under diverse
synoptic situations (e.g., sunny summer days and rainy March days) [34,94]. Furthermore, Tmax
clusters associated with weak LRmax only occurred under topographic shadows (i.e., more
frequently in winter, anticyclonic situations, high atmospheric pressure and low relative humidity).
This is because LRmax returned a high coefficient of variation in winter (e.g., a sunny stable winter
day weakens LRmax, and a cloudy one steepens it; and yet in summer, both unstable and stable
sunny days steepen LRmax). In any case, the limitations of the use of humidity and wind speed
valley bottom measurements should be taken into account. Although we think that it can be
representative of the timings of higher or lower humidity/wind speed in the whole valley, we cannot
assume that this is absolutely right, and it should be analyzed in the future with more information.
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To summarize, local terrain factors must be taken into account, especially in study areas with
complex terrain [102]. In these cases, the same synoptic conditions could generate different effects on
lapse rates, depending on the position of the sun and azimuth. This is an approach that has been
recognized in some studies on persistent cold air pools [50,103].

Therefore, although previous work has tried to analyze the variability of LRs based solely on
synoptic conditions, this analysis reveals that insolation, heavily affected by topographic shadows,
has noticeable impact on diurnal air temperature variability. Thus, terrain factors such as sky view
factor, aspect, forest canopy must be taken into account when designing experimental measurement
networks in mountain terrain, so that these factors are not underestimated when analyzing LRmax.
LRmin analysis has corroborated findings from previous studies on the influence of synoptic
conditions and topography [104]. Future research should carry out in-depth analysis of the
variability of the air temperature along a slope. Factors such as weather conditions, insolation,
aspect, and topography have been shown to be explanatory variables for air temperature
distribution in topographically complex areas, although they have often been underestimated in
favor of elevation above sea level. Future work may also specifically analyze the effect of snow cover
on air temperature, as well as the effects caused by forest density. These factors actively influence
diurnal air temperature distribution.

6. Conclusions

This work advances the knowledge of small-scale variability of air temperature in mountain
areas. The few local-scale works developed in the Pyrenees to date have focused on nocturnal
patterns, while this work includes daytime patterns that are very influenced by topography, land
cover and snow presence. The main findings of this spatiotemporal study of air temperature lapse
rates in a complex Spanish Pyrenees study area are:

1. Nighttime lapse rates were weaker than diurnal ones due to air cold subsidence processes and
topography. Daily maximum air temperature lapse rates (LRmax) were steeper from March to
July, although on the shady slope this only occurred around July. LRmax was weaker in winter.
Daily minimum air temperature lapse rates (LRmin) were weaker from June to August (and
December), and steeper from March to May.

2. Different insolation values within and between the analyzed slopes were found, due to the
facing slope and elevation of the locations, which directly influence diurnal air temperatures
because of the topographic shadows in the valley bottom. This causes the retention of cold night
air during the short days.

3. Steep and weak lapse rate patterns were found, explained by various factors (slope insolation,
daytime, topography, season and weather conditions). On clear winter days, the lower
insolation of lower locations weakened LRmax. However, at this time, LRmax was steep under
unstable atmospheric conditions. During the summer, LRmax was almost always steep (with
few topographic shadows and mainly clear). LRmin was weak under stable atmospheric
conditions, and steep under unstable ones, regardless of the month and season.

Our results support the fact that elevation is not a linear factor, as there are local variables that
can alter the spatial and temporal distribution of air temperatures, so the selection of the
measurement sites is crucial. This implies a need for rethinking when modeling air temperature at
detailed scale, since it is important to analyze insolation, as well as vegetation cover, in addition to
the effect of weather conditions. This work shows the need to analyze air temperature on a local
scale when our applications need high spatial resolution.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/11/6/656/s1, Figure
S1: (a) The Tinytag-Plus-2 TGP4017 datalogger; and (b) Tinytag datalogger field installation within radiation
shield. Figure S2: Daily frequency (in % of monthly days) of circulation weather types (CWTs) by month. The
unclassified (U) CWT is not shown in the plot. Figure S3: Hourly coefficient of variation (measured in °C km™)
for the Estiviellas and Moleta slopes by month. Red dots represent the sunrise/sunset time without topography
effects, calculated for the 15th day of each month, and for equinoctial day in the Annual row. Figure S4:
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Boxplots of daily mean atmospheric pressure (in hPa) by LRmax, LRmin and LRavg cluster. The median (black
line), interquartile range (boxes) and whiskers are shown. Figure S5: Boxplots of daily mean relative humidity
(in %) by LRmax, LRmin and LRavg cluster. The median (black line), interquartile range (boxes) and whiskers are
shown. Figure S6: Boxplots of daily mean wind speed (in m s™) by LRmax, LRmin and LRavg cluster. The
median (black line), interquartile range (boxes) and whiskers are shown. Figure S7: Air temperatures of the
lower and higher slope locations. Dates from 3 December 2017 to 5 December 2017. The wind speed (purple)
and atmospheric pressure (red), measured at AEMET Canfranc-Station “9198X” operative weather station, are
represented.
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