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Abstract: The French Mediterranean island of Corsica is already today confronted with a
clear tendency towards water shortage, leading not only to socio-economical, but also to
ecological problems. A potential, but not very widespread source of water is the presence of
near-ground clouds, mostly fog. In this study, we investigate fog-low stratus (FLS)
frequencies in Corsica, derived from a data set of Meteosat Second Generation SEVIRI,
whereby a distinction between fog and low stratus is hardly feasible using remote sensing
data. The FLS frequency was studied with respect to its interaction with distinct locally-
generated wind and its dependence on the planetary boundary layer height (PBLH)
obtained by ERA5 reanalysis (the fifth generation of the European Centre for Medium-
Range Weather Forecasts, ECMWF). Results show that radiation FLS is formed in coastal
areas at sunrise, with low PBLH. On the other hand, in the interior of the island at sunset, a
maximum of advection FLS is formed, fostered by locally-generated and related transport of
moisture. On the east side of the island, FLS frequency is lower throughout the year due to
frequent lee situations. This situation is reinforced by reduced synoptic moisture transport
by westerly winds, so that westerly exposed slopes benefit from moisture input by FLS

formation.

Keywords: Corsica; Mediterranean; Fog Low Stratus; Meteosat Second Generation (MSG);
Planetary Boundary Layer; locally-generated wind
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1 Introduction

According to past measurements and future climate change projections, the French
island of Corsica is already affected by climate change (Giorgi, 2006; Jacob et al., 2014).
These studies projected and also observed (i) a general warming trend, whereby the
monitored temperature change is up to 20% above the global average (Lionello and
Scarascia, 2018), (ii) an increase in the frequency, duration and intensity of extreme weather
events (IPCC, 2014), heat waves (Zittis et al., 2016), droughts (Vicente-Serrano et al., 2014),
and, as a result, (iii) decreasing water resources such as reduced river discharge caused by
an increase of terrestrial evapotranspiration. Particularly, the latter is assumed to increase
the forest fire risk due to the extension of xeric and thermophilic ecosystems (Garbolino et
al., 2015). Beyond changes in vegetation composition, another consequence of climate
change will be the reduction of vegetation productivity (Gritti et al., 2006). Tree dieback can
often be related to water shortage and enhanced drought stress (e.g., Choat et al., 2018;
Hember et al., 2017). Although climate change is assumed to result in a general water
scarcity for the Corsican society (Donta and Lange, 2008), it might be compensated by
technical measures such as desalination. Such measures are, however, very costly in
comparison to rain- and groundwater-fed water supply (Durham et al., 2003).

Thus, other atmospheric water sources could become important under climate change.
One potential source is dew water collection, which has already been tested for Corsica
(Muselli et al., 2002, 2006). Schemenauer et al. (2015) showed that the amount of collected
fog water can vary between 2 and 30 I/m? per day, depending on local site conditions.
Studies in the Valencia region/Spain demonstrated the high potential of fog water collection,
showing satisfactory water yields (Estrela et al., 2008, 2009). However, such measures
require that low clouds (Fog - low stratus - FLS) are close enough to the ground to be
combed out by mesh collectors (Valiente et al., 2011; Clus et al., 2013). Therefore,
knowledge of FLS frequency in several regions of Corsica is a prerequisite for an
assessment of the local potential for FLS water harvesting. However, no studies on FLS
occurrence in Corsica exist so far. If FLS can reach and immerse higher terrain depends on
seasonal and diurnal developments of the planetary boundary layer (PBL), since in FLS
situations clouds are overtopped by the PBL (Moeng, 1986; Bott et al., 1996). This also holds
under high-pressure situations, when locally-generated wind (land-sea and slope breeze
systems) may influence planetary boundary layer heights (PBLHs), particularly in
mountainous areas such as Corsica. Land-sea breeze systems are well-described for
Corsica and the neighboring island of Sardinia/ltaly (Furberg et al., 2002; Metzger et al.,
2014). At night, confluence of katabatic flows off the coast may even trigger deep convection
rainfall (Barthlott et al., 2016). In particular, Adler and Kalthoff (2014) showed close

relationships between the development of water vapor transport and PBL with several breeze
3
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systems (land-sea, mountain-valley breezes) and the topography in Corsica. Gultepe (2015)
showed that the horizontal and vertical extent of fog in mountains can be very variable and
may change very quickly over short time periods. Because FLS clouds are an easily visible
indicator for a cloud-topped PBL (e.g. Bendix, 1994), FLS maps can also help as a surrogate
of seasonal and diurnal water vapor transport that ultimately leads to FLS development.

The aims of this work are to analyze (i) spatio-temporal patterns of FLS occurrence in
Corsica, (ii) impacts of the wind field on their occurrence and (iii) dependencies to the PBLH.

Corsica is a well-suited environment for this kind of investigation due to its rapid
dynamics in long-term climate change and weather patterns, and because of its topographic
diversity, with mountain ranges of up to 2700 m above sea level elevation.

2 Study area, data and methods

2.1 Study area and local climate

The French island of Corsica is located in the central western Mediterranean Sea
between 41° 22' N and 43°01' N latitude and 8° 33' E and 9° 34' E longitude (figure 1). With a
size of 8680 km? it is the fourth largest island in the Mediterranean. A central mountain ridge
crosses the island from northwest to southeast. To the west of the main crest line, several
smaller mountain ridges extend close to the coastline, while several valleys with a
southwestern to northeastern orientation extend far inland. The eastern part of the island is
characterized by a coastal plain, with valleys that also reach to the main mountain ridge. Due
to its latitude and distinctive topography, the climate of Corsica is characterized by
subtropical conditions with hot and dry summers in the lowlands, by temperate and wet
conditions in the midlands, and by alpine conditions in the mountains. Knerr et al. (2020)
showed that during 71 % of the days of the year, a large-scale situation with weak pressure
gradients in the western Mediterranean prevails. This relates to radiation days and coupled
land-sea-mountain breezes, which often lead to short and intense precipitation events. On
the other hand, zonal circulation patterns are associated with frontal precipitation events,
which mainly affect the inland part of the western side of the island. On the east side of the
island, however, mainly meridional circulation patterns are responsible for intensive

precipitation.

2.2 Data and methods

The basic data for this study is a data set of FLS (Fog — Low Stratus) occurrence
recently derived from Meteosat Second Generation (MSG) SEVIRI data (Spinning Enhanced
Visible and Infrared Imager) for the 10-year-period 2006-2015, using the retrieval scheme
described in Egli et al. (2017) and Drénner et al. (2019). The method mainly relies on the
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emissivity difference of droplets in the 3.9 and 10 um spectral range. It generally detects
clouds with small droplet radii where detected clouds are of the FLS type (Bendix, 2002). The
data set comprises binary images in 15-minute intervals for the European Domain, indicating
if a pixel is covered by FLS (1) or not (0). A new dynamic threshold approach is applied in
this scheme, which enables a proper classification of FLS in transition zones between
daytime and nighttime hours and for variable fractions of FLS reflectance’s in the 3.9. um
channel over the day. For further details, the reader may refer (Drénner et al., 2019; Egli et
al., 2017)

Due to the different formation types of FLS, meteorological co-factors are needed to
gain a deeper understanding of the spatio-temporal FLS distribution and frequency over
Corsica. Synoptic and locally-generated wind play a decisive role in the advection of
moisture to all regions of the island, and thus, for the seasonal and diurnal dynamics of FLS.
In particular, wind speed is a crucial factor since it can influence FLS formation in different
ways. Calm dynamics can lead to dew instead of radiation fog formation, while slow katabatic
flows can enhance ground FLS formation. In contrast, higher locally-generated- or synoptic
scale wind speeds can lead to turbulent suppression or dissipation of FLS, or to the uplift of
the base of ground fog layers. This is often associated with slope advection and higher wind
speeds in an inversion-topped PBL that can lead to FLS formation through forced lifting. For
basic principles we refer to Bachmann and Bendix (1993) and Mason (1982). For this study,
we used hourly measurements of wind speed and wind direction at meteorological stations of
the Météo France network to analyze the prevailing wind and locally-generated systems,
namely Ajaccio, Bastia, Solenzara, Pietralba and Sampolo.

Another co-factor for FLS is the planetary boundary layer height (PBLH), which normally
limits the FLS and thus indicates an inversion. When FLS results from radiation processes, it
is generally limited in its vertical extension by the PBL inversion and can serve as an easily
visible indicator of PBLH. On the other hand, the development of PBLH is also a limiting
factor in the formation of radiation fogs. Thus, for our analyses we used data on PBLH
obtained from the ERA5 reanalysis with a spatial resolution of 0.25° by 0.25° and an hourly
resolution over the time period 2006 — 2015 (Copernicus Climate Change Service (C3S),
2017). The PBLH used was averaged over an area of 0.1333° by 0.1333° (1 by 1 gridbox)
around the positions of the related Météo France meteorological stations (figure 1). ERA5-
PBLH data has been proven to capture the boundary layer reasonably well for studies
relating PBLH dynamics with other meteorological variables (Allabakash and Lim, 2020).

The data analyses comprised the following steps. First, we cropped the FLS data set to
the island of Corsica and calculated (i) annual, (i) monthly and (iii) hourly maps of the
relative FLS frequency. This was done by dividing the FLS pixel counts by the respective
total number of valid time steps. We obtained the main frequencies of PBLHs by analyzing
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the resulting maps regarding the altitudes of seasonal and diurnal cycles of FLS occurrence.
Second, we grouped the FLS frequency data in order to delineate zones with different FLS
dynamics (seasonal and diurnal) by applying an unsupervised classification using the
Kohonen’s Self-Organizing Map (SOM) neural network algorithm with majority voting
(Kohonen, 1990; Li and Ronald Eastman, 2006; Mather and Tso, 2016). The classification is
based on four FLS frequency maps (0, 6, 12, 18 local solar time, LST) averaged over each
month to consider both, diurnal and seasonal FLS cycles. Thus, 48 input layer neurons were
used that generated 225 output layer neurons. The initial neighborhood radius was 22.21
and minimum and maximum learning rates are set to 0.5 and 1, respectively. We used every
third column and seventh row for training the neural network. The k-means cluster algorithm
(Jain, 2010) was applied to organize competitive output layer neurons into the final clusters
of spatial FLS types. We iterated with classifications allowing for a maximum of 5 to 20
clusters in order to minimize the quantization error (QE) for finding the best-matching model.
We finally selected the run with a maximum allowance of 16 clusters. This yielded seven
clusters after 286 iterations with a QE of 0.017. The analysis delivers an interpretation of the
FLS occurrence within each cluster.

We subsequently analyzed the co-factor data (wind field and PBLH) to relate them to
FLS dynamics and spatial FLS clusters. Regarding the co-factor wind, we discriminated
between the potential influence of diurnal locally-generated wind and synoptic scale
circulations. To determine days with predominant locally-generated wind, the method
outlined in Knerr et al. (2020) was applied. This is based on the assumption that the wind
blows onshore / upslope (offshore / downslope) for at least 9 hours during the day (at night).
An additional pre-requisite was that of the total 9 hours of equal wind direction, it had to keep
its direction for at least two consecutive hours during the day, within a range of up to 60
degrees. The division of the wind direction into onshore/upslope and offshore/downslope was
made by means of the coastline and topography at the meteorological stations. Due to the
distinctive topography of the island, it is not possible to distinguish between the interacting
locally-generated wind, primarily the land-sea breezes near the coast and the slope-breezes
further inland, since their direction is the same and they reinforce each other, but they are
combined as locally-generated wind. At the same time, synoptic or other mesoscale
influences can have an impact on wind direction which may influence the presence of locally-
generated wind events derived after the method of Knerr et al., 2020.

Furthermore, the method used by Furberg et al. (2002), which is generally based on an
approach introduced by Borne et al. (1998), was applied to the three coastal sites of Ajaccio,
Bastia and Solenzara. In addition to a change in wind direction between day and night, a
temperature difference between monthly mean sea surface temperature (SST) and
temperature at the climate stations (Tiang) is considered in our study to discriminate days with
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and without the existence of locally-generated wind. Following Furberg et al. (2002), we
calculated the temperature difference Tiang - SST >0°C, where Tiang is the mean temperature
between sunrise and sunset. In this study, we used AVHRR Pathfinder Version 5.2 (PFV5.2)
SST data, obtained from the US National Oceanographic Data Center and GHRSST
(http://pathfinder.nodc.noaa.gov) where the PFV5.2 data set is an updated version of the
Pathfinder Version 5.0 and 5.1 collection described in Casey et al. (2010) for SST values.
The algorithm uses daytime data only while excluding all daily SST values below 8°C. Here,
the monthly mean SST was calculated for the three coastal sites, with a minimum distance to
the coast of 30 km and a covering area of 2.5° x 2.5° off the coast.

Comparing the two methods by Furberg et al. (2002) and Knerr et al. (2020) (results in
Tab S1 and Tab. 1, respectively), there is a very good agreement with a correlation of 0.99.
Only in DJF the method by Knerr et al (2020) shows a small overestimation of the breeze
days. It can therefore be assumed that the formation of breeze systems on the coast is
mainly favoured by wind shifts.

In addition, it is to be expected that breeze systems can form on every summer day if
this is not disturbed by synoptic weather conditions. Apparently, the average frequency of
Mediterranean low-pressure systems is in the range of 13% (Flocas, 1988). This suggests
that a breeze system can develop on 87% of summer days. These values are in the range of
the calculations according to the method of Knerr et al (2020) (see Tab. 1).

To further investigate the influence of wind speed on FLS, we distinguished days with
daily average wind speeds above and below the upper (>= 3.2 m/s) and lower quartile (<=
2.1 m/s), over all stations. Wind speeds at interquartile intervals were referred to as moderate
winds.

The above-ground PBLH was used as another co-factor applying linear regression. For
this, we investigated the variability of the mean PBLH in the diurnal and seasonal cycle at the
selected stations. Since the PBLH has a strong diurnal course, the daily maximum
(minimum) values were used to calculate monthly mean daytime (nighttime) PBLH for all
days within the period 2006-2015.

3 Results

3.1 Spatial distribution of Fog-Low Stratus

Figure 2 shows the mean spatial distributions of the FLS occurrences in Corsica. Highest
FLS frequencies occur from November to March, with a maximum in December — February
(DJF), as can be expected from the synoptic situation in the Mediterranean region. The
formation of inversion layers topping FLS is favored by prolonged and weak-gradient high-
pressure weather conditions, which frequently occur in the Mediterranean region (e.g. Knerr

et al.,, 2020). These situations often occur in combination with nocturnal radiation losses,
7
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especially during DJF. The highest FLS values occurred on the western side of the island,
with an average frequency of 19 % FLS occurrence over the considered time period. These
areas are delimited in the east and north by mountain ranges with altitudes up to > 2700 m.
In the North of the island, we found FLS frequencies of up to 18%. On the eastern coastal
plain FLS frequencies of up to 13% occur in areas, which are not directly located at the
coastline, but further inland.

With the onset of the warmer season (May — September), FLS frequencies decrease. In
addition, areas with higher FLS frequencies are shifting from the west side towards the
interior of the island. In JJA, the areas with the highest elevations in Central Corsica, as well
as in the Bay of Aléria and around Bastia expose the highest values, with FLS frequencies of
7 % in June/July and 5% in August.

In SON, the FLS frequencies increase again, with values of up to 14 % in November in
Central Corsica. In FSL frequencies in November are generally similar to those in March, but
the coastal areas show lower values in November of around 5 %. The diurnal frequencies
(figure. S.2) reveal interesting inverted frequencies, with highest FLS frequencies in winter
from noon to midnight, mostly at the westerly exposed mid (12:00 LST) to higher slopes
(18:00 LST). This situation is inverted at generally lower FLS frequencies in summer to a FLS
maximum around sunrise in a fringe around the island at beach level. In comparison to the
winter maxima in the western mid to high slopes, the summer maximum at beach level is

culminating at the eastern coast.

3.2 Delineation of spatial FLS patterns

To analyze the spatial distribution of FLS occurrences and to assign them to drivers such
as air mass flow directions, local flow dynamics or topographic structures, we conducted a
cluster analysis applying the SOM algorithm, which resulted in seven clusters (figure 3). The
largest contiguous regions of the island are covered by clusters 4 (34.7 %) and 7 (36.5 %),
comprising most of the interior island area. While cluster 7 occurs mainly in the southwest of
the island, restricted by the central mountain ridge in the East and in the North, cluster 4
(covering the highest elevations) extends north and east of the central mountain ridge and
extends into the southeast of the island. The remaining five clusters are distributed
incoherently and occupy smaller stretches of the coast and an area east of Pietralba.
Clusters 2, 5 and 6, which are almost completely in restricted to coastal areas, show the

lowest average elevations.

3.3 Mean temporal evolution of the FLS patterns

The mean annual and diurnal cycles of the FLS patterns in figures 2 and 3 obtained from
the SOM analysis are shown in figures 4 and 5 and figure S1. Overall, all clusters reveal a

8
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similar annual course, with a frequency minimum in August and a peak phase during the cold
months (DJF). The main difference between the annual patterns lies in percent occurrence
(figure 4 and figure S1, top). It is highest in cluster 7, and lowest in cluster 1. It is also
obvious that in clusters 5 and 6, the FLS frequencies in October are slightly increased
compared to the other clusters occurring in the coastal areas. Furthermore, cluster 6 shows
slightly higher seasonal FLS occurrences in July and September compared to clusters 2 and
5. Cluster 3 and cluster 4 show significantly higher FLS frequencies in the cold months
shortly before sunrise and shortly after sunset. In addition, cluster 6 shows significantly
higher FLS frequencies in MAM and JJA shortly after sunrise than the other clusters.

With regard to the diurnal cycle of FLS frequencies (figure S1, bottom), three different
patterns can be identified: cluster 6 and clusters 4, 7 representing the interior area of the
island, and the remaining clusters distributed in coastal areas (1-3, 5).

The coastal clusters are characterized by a clear peak in the FLS occurrence in the
morning hours prior to sunrise, with mean FLS frequencies between 7.1 % (cluster 1) and 8.8
% (cluster 5) around 5 a.m. (cf. figure S1). In contrast, most minima appear during afternoon.
This seems plausible because in the early morning hours, temperatures generally reach their
lowest values. On the other hand, clusters 4 and 7 covering the mountainous interior of
Corsica reveal only weak peaks of FLS occurrences during the morning hours of 6.5 % and
8.5 % respectively. However, all clusters show a clear minimum in the afternoon and a
subsequent maximum in the early evening, which decreases during nighttime. Cluster 6
shows a different diurnal course in the percentage occurrence of FLS in Corsica. Although its
peak phase occurs during the morning hours with a frequency of 9.6 % (8 am), it differs from
the other clusters in terms of duration, i.e., 4 hours compared to 1 hour. This suggests that
the clearance of the FLS takes considerably longer, which points to a stronger inversion near
the surface. Except for some pixels, cluster 3 covers the northern and southern coastal
plains, and the intra mountainous valley area east of Pietralba. lts FLS frequency is average
compared to the other clusters, with two distinct maxima at sunset and sunrise, but with

consistently constant higher FLS frequencies over the entire night.

3.4 Mean wind system dynamics and relations to FLS

To understand the difference of forcing conditions for FLS, which seem to be different in
the western and eastern parts of the island, we analyzed the mean wind situation at
meteorological stations which are also representative for the respective clusters. Since
representative stations with hourly wind measurement data are not available for all clusters,
only five of the original seven clusters were examined in detail. For this purpose, we used
measurement data of the five available stations (figure 1) operated by Météo France,
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representing the western (Ajaccio), south-eastern (Solenzara) and north-eastern (Bastia)
coastal areas, as well as the elevated areas in the North (Pietralba) and the South (Sampolo.

Figure 5 shows the mean daily and annual wind directions (left) and the corresponding
mean wind speeds (right). Wind systems with changing directions in the diurnal cycle
dominate throughout the year. They mainly differ in terms of duration concerning
onshore/upslope or offshore/downslope direction, and thus strongly follow the annual cycle.
At the coastal locations of Ajaccio, Bastia and Solenzara, the wind direction turns within a
shorter time, whereas further inland in Pietralba and Sampolo the change of wind direction
takes longer. Due to the longer period of irradiation in the summer months, the wind turns
earlier (later) in the morning (evening) than in the winter months, with considerably lower
velocities at all locations. In the summer months, the highest wind speeds are observed
during the day when onshore/upslope winds are present, with highest velocities in Sampolo,
Pietralba and Ajaccio. Due to its location at the west coast, Ajaccio is also affected by the
synoptic westerly wind drift. However, this is also noticeable in Sampolo, although lower
friction, which decreases with altitude, also has a less decelerating effect.

Under offshore/downslope wind conditions, especially the meteorological stations in the
interior of the country show low wind speeds regardless of the month of the year. During the
night hours, cold air is drained downslope with a maximum wind speed of 2 m/s. At the
coastal locations, particularly in Ajaccio on the west coast, the wind speed is higher during
the cold months with offshore/downslope winds occurring at night than with onshore/upslope
winds during the day. However, it is striking that the dominating onshore/upslope southwest
circulation is much stronger at the western coast (Ajaccio) than at the east coast (Bastia and
Solenzara), while the offshore/downslope circulation (cold air drainage flow) at night ranges
in the same dimension.

Table 1 shows the frequency distribution of the occurrence of locally-generated wind
(based on the method described in Knerr et al. 2020) at the stations considered throughout
the whole year as well as within seasons. In the interior of the island, locally-generated wind
events occur on up to two-thirds of all days (Sampolo), whereas in the coastal area locally-
generated winds are significantly reduced (Solenzara, about 30 %). On a seasonal basis,
locally-generated wind occur on almost half of the days in the interior of the island (Pietralba
and Sampolo), with lowest frequencies in DJF and SON. In JJA, most locally-generated wind
occurred (56 %), while in Ajaccio on the west coast a frequency similar to that in the interior
of the island was registered (89 %).

In addition, Table S1 shows the locally-generated wind occurrence percentages
calculated with the modified method of Furberg et al. (2002) for the three coastal sites
Ajaccio, Bastia and Solenzara.
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In this study, unlike Furberg et al. (2002) and Borne et al. (1998), the SST values were
taken at least 30 km from the coast in an area of 2.5° x 2.5° to best represent the thermal
gradient.

To illustrate the relationship between FLS frequency, wind speed and the occurrence of
prevailing locally-generated wind and non-prevailing locally generated wind, figure 6 shows
this distribution for each station.

As a station in higher elevation, the type of wind (locally or non-locally-generated wind)
plays a more important role at Sampolo than at the other stations. Here, at higher wind
speeds, there is a higher condensation rate and thus a higher FLS frequency in the form of
advection FLS. Radiation FLS, on the other hand, occurs mainly in Ajaccio on the west
coast, where the FLS frequency decreases with stronger locally-generated winds. This
shows that moist air is advected over the cool coast or relatively cold water and favors FLS
formation.

Bastia on the east coast shows a similar behavior to Ajaccio, but in a less pronounced
form due to the topography there. Here, the influence of katabatic flows is lower during
strong locally-generated winds and advection are lower during humid westerly winds (non-
locally-generated winds) than in Ajaccio.

In Pietralba, the influence of the topography is also evident, with its location in a valley
closed off to the east and west. Here, the FLS clearly appears as a radiation or valley FLS.

In Solenzara, there are hardly any differences between locally-generated and non-
locally-generated winds, with the highest FLS frequencies occurring within the strong wind-
class. In both cases, this indicates advection or increased cold air drainage. Also, on the
drier east coast, generally stronger katabatic winds may be needed for condensation to occur
at all.

3.5 Dependence of FLS development on the PBLH

Finally, we analyzed the impact of the PBLH on FLS occurrences. This helps to
distinguish (i) between an annual and daily course of the variation of PBLH at the selected
stations, and (ii) between the daily minimum and maximum PBLHs to reflect nighttime and
daytime structures in the lower troposphere.

The monthly means of the PBLH for the period 2006-2015 is illustrated in figure 7. It is
obvious that in the interior of the island, in Sampolo and Pietralba, the average PBLH is
higher in the warm months (571 m / 506 m) than in the cold months (approx. 260 m). In
contrast, the highest average PBLHs are found in DJF at the coastal locations of Ajaccio
(461 m) and Bastia (527 m), whereas in the warm months the PBLH is located at 303 m and
325 m, respectively. During DJF, when the atmosphere is well mixed due to the synoptic
westerly wind drift, the PBLH in Ajaccio is higher than in the summer months, when of locally-
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generated wind dominate. In Solenzara on the east coast, a course similar to the other two
coastal stations is observed.

At all stations, PBLH variability is lower in the summer months than in the winter months,
and in autumn it is usually lower than in spring.

The diurnal course of PBLHs averaged over months and years is depicted in figure 8. All
locations show the typical oscillation, with a maximum close to noon and a minimum prior to
sunrise. The highest values occur at the inland stations Pietralba (1275 m) and Sampolo
(1522 m). At the same time, both stations also exhibit the lowest PBLHs with 49.3 m and
52.0 m, respectively. In comparison, the coastal stations Ajaccio (west coast) and Bastia
(northeast coast) have rather weak amplitude in the diurnal course, with 709 m (140 m) and
764 m (163 m). Solenzara, located further inland from the southeast coast shows an
intermittent cycle.

However, differences in the variability of the PBLHs, particularly between daytime and
nighttime hours, are also obvious. The three coastal stations, i.e. Ajaccio, Bastia and
Solenzara, show a similar diurnal course, with a higher PBLH variability during nighttime and
a clearly lower variability during the day. In Solenzara the differences in the PBLHs are less
pronounced. Although also Bastia is located on the east coast too, its location is less isolated
by the central mountain ridge, and thus the PBLH variability is more similar to the course at
the west coast. In contrast, the two inland stations Pietralba and Sampolo reveal a higher
PBLH variability during daytime but a low one during the night.

The relationship between FLS frequencies and the maximum PBLH representing
daytime and the minimum PBLH indicating nighttime is illustrated in figure 9 for all locations
and for the winter and summer months. Generally, a negative correlation between FLS
frequencies and PBLH can be observed for winter times, while during summer a positive
correlation for PBLH minimum (nighttime and early morning) is observed. During daytime this
relationship is reversed.

Strongest correlation between PBLH and FLS-frequency are for the interior of the island
for the summer. Here a correlation coefficient of 0.7 for nighttime and -0.6 during daytime
can be observed for minimum PBLH in Sampolo, with the PBL maximum values occur mainly
at midday. This can be attributed to a decrease in coastal influence and the related locally-
generated wind.

For winter the correlation is highest for the coastal areas with a correlation coefficient of -
0.6 in Ajaccio and Bastia, and -0.7 in Solenzara for daytime PBLH. According to a t-test all
correlations are significant except inland at Sampolo station.
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4 Discussion

We were able to detect different types of FLS dynamics on the island of Corsica by
using a partitioning cluster analysis based on a self-organizing map (SOM) as described by
Eqgli et al. (2019) for central Europe. Because clusters are spatially grouped on differences in
diurnal and seasonal FLS frequencies, the found variances are physically related to different
atmospheric forcing conditions. The lowest FLS frequencies occur in the summer months
and during the day, when elevated areas are under the influence of the trade inversion,
which is characterized by drier and warmer air masses (figure 2). The best conditions for FLS
formation were found in the cold season and during nighttime (figure 2 and figure 4). In the
coastal areas, within clusters 1, 2, 3 and 5, FLS maximum was obvious in the time just
before sunrise, which indicates the occurrence of locally-generated wind from the
surrounding higher mountain ranges. The peak around sunrise benefits from thermally
induced turbulent mixing of relatively warm-moist air over the coastal waters with cold air of
the beach fringes, leading to enhanced condensation and to the short FLS peak (figure 4).
Higher variability within clusters can also be attributed to heterogeneity of the terrain (lower
right panel figure 3).

Comparable phenomena were addressed by Choi and Speer (2006) for the South
Korean west coast. The authors found that the prevailing synoptic westerly winds at night
and the local scale wind systems compensate each other within the coastal region, so that
the situation there is almost windless and a western wind regime is thus established. After
sunset, cool air can condense over the coastal region due to radiation cooling, and the
westerly winds also can lead to formation of advection fog.

For Corsica, similar situations can be observed in clusters 1 and 5 at the western
coast. Here, FLS frequency increases slightly after sunset, whereas in other regions the
frequency remains constant or decreases (figure 4). During daytime, FLS is mainly induced
by diabatic processes associated with heating and mixing of the lower atmosphere. As pre-
condition, humid air masses are transported either by synoptic large-scale processes or
breeze systems (Knerr et al., 2020) to the respective site, enabling condensation. Compared
to this behavior, synoptically sheltered basin regions in the island interior (cluster 7) show a
high FLS occurrence, primarily in the hours after sunset. During the nighttime hours the
intermountain basin situation likely causes a confluence of cold air drainage flow (katabatic
flows) from the surrounding slopes, which feature the high FLS frequencies in this area. High
FLS frequencies are also observed at midday in the west of the island (cluster 7). This shows
that this region is characterized by an additional advection of westerly flow, which supports
the locally-generated onshore/upslope wind circulation and leads to more intense wind
circulation with higher moisture advection (e.g., Knerr et al., 2020, refer to processes of

mountain and cloud venting described in Kossmann et al., 1998, 1999). The result is a daily
13



463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499

maximum in FLS frequencies, which can be attributed to low stratus clouds. Moreover,
cluster 7 exhibits high FLS frequencies throughout the day during the cold winter months
(figure S1), which can be attributed to surface inversions (Cuxart et al., 2012). These authors
showed for the Ebro-basin in northeastern Spain, that during the cold season the formation
of radiation fog is favored. Once formed, it can last for several days.

The highest terrain elevations as well as standard deviation (figure 3) are represented
by cluster 4, which is indicated by a maximum of FLS frequency after sunrise and a minimum
in the afternoon hours, while the daytime hours until afternoon reveal a quasi-constant
variability. The latter is caused by an increase of humidity accompanied by humidity
advection with locally-generated wind as described by Adler and Kalthoff (2014). These
authors showed the formation of low clouds using a cloud camera in the region around Corte,
which belongs to cluster 4. The underlying mechanism causing the FLS minimum
encompasses a downward transport of warm and dry air from heights around the ridge. This
leads to a clearance of FLS in the afternoon in the regions east of the main ridge (Adler et al.
2016). This phenomenon also accounts for the negative correlation of the maximum PBLH in
the afternoon with the FLS frequencies at stations on eastern slopes.

As illustrated in figures 6 and 9, the co-factors wind speed and development of the
PBLH are key drivers of the spatio-temporal FLS patterns with local differences and effects
of locally-generated winds.

High wind speeds associated with high FLS occurrences could be influenced by
topographical conditions, especially inland. Here, the slopes typically induce katabatic flows
when the atmosphere is calm and radiation fog develops preferentially. Shim and Lee (2017)
observed comparable phenomena for two inland areas in South Korea. Strong wind speeds
are a crucial factor as they are associated with higher FLS frequencies here. Large-scale
synoptic situations associated with advection can transport moisture far inland, leading to the
formation of FLS. This is particularly important on the west coast, which is mostly in an
upwind position and where FLS are more common than on the east coast (downwind
position).

One main driver for Fog-Low Stratus dynamics is wind speed. Radiation fog formation is
mostly related to wind speeds < 3m/sec. Higher wind speeds facilitate promote turbulent fog
clearance (e.g. Menut et al., 2014). In contrary, advection of moist air and forced convection
at mountain slopes can favor fog formation also under higher wind speeds.

With respect to the co-factor PBLH as a proxy for the inversion height, a clear
relationship to the FLS frequency could be demonstrated (figure 9) with differences between
the locations. During the day and in summer the atmosphere is thermally expanded with a
combination of locally-generated onshore/upslope wind, so that it is well mixed at high
altitudes. This is reflected in the lower variability of PBLH as illustrated in figures 7 and 8.
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The high significant correlations in Sampolo inland suggest this advection fog, whereas at
the coastal sites the low correlation values indicate no relationship. At night, the PBLH is
lower in coastal regions, but with increasing turbulent mixing in the synoptic westerly wind
situation, the variability increases as well. A similar situation can be observed in winter, when
the atmosphere is mixed stronger during the day when radiation increases, which in turn also
increases the variability of PBLH. Here, higher significant correlation values are shown at the
coastal locations and indicate the presence of radiation fog. The situation in the lee of the
westerly winds can be best recognized in Solenzara, which is also located in a bay affected
by sea surface temperatures. In this region the thermally-forced dynamics are stronger than
in Ajaccio and Bastia, as depicted in the greater variability of the PBLH in the afternoon.
Although Bastia is located on the east coast, and thus downwind of the synoptic circulation, it
also shows this behavior. Presumably, the main reasons are the less isolated location by the
central mountain ridge as well as the structure of the coastline, especially the bays. The latter
causes converging flows which result in a higher dynamic in the lower atmosphere,
depending on the strength of the locally-generated wind.

Considering the relationship between FLS frequencies and the PBLH, we found an
increase of FLS with higher PBLH in coastal areas, especially on the west coast. This is
mainly caused by the fact that here a deeper and thus longer lasting FLS thickness develops.
However, the FLS maximum frequencies at the eastern slopes are generally lower compared
to the western part. In cluster 1 on the northwest coast, the PBLH can develop less due to
the steep coast, thus the nighttime cooling is lower than in flat areas on the east coast. The
relatively warm water directly on the bluff increases the condensation point and thus the FLS
frequency is lower than on strongly cooled areas of the coastal plain (cluster 6). As with the
co-factor wind speed, this points to the effect of synoptic-scale driven westerly winds, which
enhance the daily upslope transport of moist marine air mass accompanied with
condensation and subsequent FLS formation. At the same time, the enhanced westerly
streamflow generates lee effects at the eastern side (e.g., lee waves, see figure 10). This
may restrict locally-generated wind-based FLS formation to lower altitudes. This behavior is
corroborated by the PBLH development, which shows distinct, radiation and locally-
generated wind conformal diurnal courses at the eastern coast, while in western Corsica, the
westerly advection blurs these local effects, particularly in DJF. At the maximum PBLH an
increase of the mixing depth during advection can be associated to mountain venting. In this
setting the atmosphere’s stratification is not stable enough to form FLS. Instead, diabatic
heating and subsequently induced upslope flows and turbulent activities foster atmospheric
mixing. The stronger the mixing, the fewer FLS formation can occur because they are
dissolved. A summary of the occurrence of FLS is illustrated in figure 10.
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This schematic diagram highlights the interaction of large and small-scale circulation
as a function of the PBLH formation during daytime and nighttime together with the resulting
FLS frequencies along a west-east transect between Ajaccio-Sampolo-Solenzara. Along the
transect, higher FLS frequencies on the west side as well as in the interior and in valleys
alternate with the lower frequencies on the east, especially directly on the slopes. The
coastal areas experience more FLS as a consequence of accumulated downslope flows.
These enhance the formation of FLS. The synoptic situation is influenced by divergent
processes in the form of lee waves on the eastern slopes, which leads to a dissolution of FLS
in these areas.

With respect to fog water collection during dry periods, Valiente et al. (2011) pointed
to the high potential to reforest a mountainous region in eastern Spain with Pinus pinaster,
among others. Szymczak et al. (2020) showed that these species are exposed to drought
stress due to longer dry periods also in Corsica. Particularly the more precipitation-intensive
locations on the western mountain flank experience more drought stress, since a large part
of the precipitation drains on the surface, instead of infiltrating into the soil. In these regions,
high FLS frequencies at the beginning of the vegetation period might counteract this drought
stress. Valiente et al. (2011) showed that fog retrieval in the region around Valencia/Spain
provided an average of 3.2 L/m?day of water, which was used with further measures for
reforestation of the mountain regions.

However, our FLS data set from Egli et al. (2017, 2019) do not contains information
on the water content of FLS, and thus whether it would be sufficient to counteract the drought
stress of the trees. Here, we would need additional retrievals of liquid water path and water
profiles in the clouds as described in Lehnert et al. (2018, 2020). In order to meet the
criterion of low FLS height, the PBLH must be low, which is especially fulfilled in the early
morning hours. This requires not only a minimum PBLH, but also a maximum of FLS
occurrences. At higher elevations, it can happen that such FLS occurrences are above the
actual PBLH limit.

5 Summary and conclusion

In the present study, the spatio-temporal FLS regimes on the island of Corsica over
the time period 2006-2015 as well as its driving co-factors including locally-generated wind
and PBLH were investigated. In order to delineate spatial patterns and to account for local
topographical properties a partitioning cluster analysis based on SOM was carried out using
spatial-explicit FLS frequencies.

As driving co-factors for the FLS occurrence in the delineated clusters, the locally-
generated wind encompassing wind speed as well as the PBLH could be identified. Daytime

and hourly wind direction changes of five selected meteorological stations were used as an
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indication of locally-generated wind and were additionally divided into the three classes
weak, moderate and strong.

The analysis of the FLS frequencies in general showed that the highest frequencies
could be detected during DJF (up to 18 %), while JJA revealed the lowest values (up to 6 %).
Overall, seven clusters were delineated, reflecting the topographical influence in terms of
windward/leeward, slope and mountain-valley as well as coastal effects. FLS scenarios
occurred most frequently in cluster 7, which represents the western part of the island. The
reason is the proximity to the sea and an associated dominant westerly wind circulation that
transports moisture to the island. This contrasts with cluster 1 on the north coast, where FLS
is minimum. In the diurnal course, two FLS maxima were found: around sunrise in the cluster
near the coast (FLS-frequency up to 9 %) and shortly before sunset in the interior of the
island (FLS-percentage up to 14 %).

It was shown that wind speeds as well as the development of locally-generated winds
have a clear influence on FLS occurrences. Particularly moderate speeds (2.1 - 3.2 m/s) and
the appearance of locally-generated winds resulted in an increase of FLS. The latter is
formed preferentially during MAM and JJA in dependence on the location (38 — 89 %).

In the diurnal cycle, it was revealed that advection FLS is formed during the day
(correlation coefficient of —0.6) in a well-mixed atmosphere (PBLH between 1150 and 1820
m), while nocturnal FLS occurrences are mainly developed in a low PBLH ranging between
20 — 60 m in central Corsica and 35 — 185 m at the western coast. In contrast, it was shown
that radiation FLS forms during the day at coastal sites in winter (correlation coefficients of -
0.6 and -0.7), which disperses with increasing radiation and mixing of the atmosphere.

Furthermore we demonstrated that a stronger mixed surface layer of sufficient depth
at sunrise near the coast increase FLS frequencies, which is caused by a stratified stable
boundary layer. In addition, up to two hours before sunset on the other hand, a rather
convective regime is established in the lower atmosphere, which prevents the formation of
persistent FLS due to the instability.

In the context of the expected climate changes and increases in drought stress, we
were able to show that the west coast of Corsica, with its potentially high FLS immersion,
would be particularly suitable for the application of targeted irrigation with collected fog water
during dry periods. However, further studies to quantify expected yield amounts are required.
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Figure 1: (a) location of the island of Corsica in the western Mediterranean (red box); and (b) terrain
elevation derived from the ASTER Gilobal Digital Elevation Model (GDEM) Version 3 (ASTGTM) of
Corsica, also showing the locations of Météo France's meteorological stations (black spots) used in this
study to validate FLS satellite data.

Figure 2: Spatial distribution of FLS frequency in percentage for each month of the year in Corsica,
averaged over the period 2006-2015.

Figure 3: Spatial patterns of FLS frequencies (%) in Corsica using a self-organizing map classification
(left), the percentage [%)] of the area of the respective cluster (table, top right) and mean terrain altitude
[m] per cluster with standard deviation as error bar (bottom right).

Figure 4: Isopleth diagram with annual cycle on the x-axis and diurnal cycle on the y-axis of FLS
frequency [%] within clusters during the period 2006-2015.

Figure 5: Monthly and hourly averaged wind direction and wind speed during the period 2006-2015 for
different meteorological stations. Wind direction was divided into 45° sectors (left).

Figure 6: Error-plot with mean and standard deviation of the prevailing locally-generated wind (red) and
non-prevailing locally generated wind (grey), their intensity and the respective FLS-frequency [%],
representing each month for the period 2006-2015 for each station. Lines illustrate the variation
between the wind speeds. Number shows occurrences per wind class, with weak wind <= 2.1 m/s,

strong wind >= 3.2 m/s and moderate in-between.

Figure 7: Monthly variation of the mean PBLH in meters above ground level for the period 2006 - 2015.
Elevation of the stations: Ajaccio 5 m, Bastia 10 m, Solenzara 12 m, Pietralba 510 m, Sampolo 837 m.

Figure 8: Diurnal variation of mean PBLH in meters above ground level averaged on a monthly basis
for the period 2006-2015. Elevation of the stations: Ajaccio 5 m, Bastia 10 m, Solenzara 12 m,
Pietralba 510 m, Sampolo 837 m.

Figure 9: Scatterplot of the monthly mean values of the daily minimum (a) and maximum (b) PBLHs, in
meters above ground level in a logarithmic scale and the respective FLS frequencies in percentage for
DJF (blue) and JJA (orange). Asterisks show significance level with p<0.05 (*) and p<0.01 (**).

Figure 10: Conceptual model for explaining FLS frequencies. Maximum/minimum FLS frequencies are
depicted in green/ red along a west-east transect of the island of Corsica (Ajaccio-Sampolo-Solenzara),
local anabatic/onshore winds in grey and katabatic/offshore winds in black arrows, synoptic circulations
(west wind circulation) in blue arrow and maximum/minimum PBLH in meters above ground level in

orange/ blue dashed lines, representing the daylight and nocturnal situations
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Tables

Table 1: Percentage of the occurrence of breeze days/no breeze days at the stations in the period

2006-2015.
Prevailing Breeze Days (%) Non-prevailing Breeze Days (%)

year DJF MAM JJA SON year DJF MAM JJA SON

Ajaccio 51.9 10.9 66.8 89.1 36.6 48.1 89.1 332 109 634
Bastia 46.5 11.2 56.2 71.7 31.0 53.5 88.8 43.8 283 69.0
Solenzara 29.2 0 38.7 556 19.6 70.8 100 61.3 444 804
Pietralba 67.8 49.4 787 876 49.0 32.2 50.6 213 124 51.0
Sampolo 75.2 53.4 75.7 888 731 24.8 46.6 243 11.2 269






