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Abstract
Knowledge of fog and low stratus (FLS) cloud patterns and life cycles is impor-
tant for traffic safety, for the production of solar energy and for the analysis
of cloud processes in the climate system. While meteorological stations pro-
vide information on FLS, a data set describing FLS formation and dissipation
times on large spatial and temporal scales does not yet exist. In this study, we
use logistic regression to extract FLS formation and dissipation times from a
satellite-based 10-year FLS data set covering central Europe. The resulting data
set is the first to provide a geographic perspective on FLS formation and dissi-
pation at a continental scale. The patterns found show a clear dependency of
FLS formation and dissipation times on topography. In mountainous areas, FLS
forms in the night and dissipates in the morning. In river valleys, the typical FLS
life cycle shifts to formation after sunrise and dissipation in the afternoon. Sea-
sonal patterns of FLS formation and dissipation show similar FLS formation and
dissipation times in winter and autumn, and in spring and summer, with longer
events in the former two seasons.
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1 INTRODUCTION

Fog and the timing of its formation and dissipation is
important for traffic on land, at sea and in the air (Leigh
et al., 1998; Pagowski et al., 2004), and is critical for the
quality of the prediction of solar power production (Köhler
et al., 2017). Fog is also a crucial water source for various
ecosystems around the world (Bruijnzeel et al., 2006; Got-
tlieb et al., 2019) and plays an important role in climate
processes (Vautard et al., 2009).

In general, fog can be defined as a cloud touching
the ground with a horizontal visibility less than 1 km

(American Meteorological Society, 2012). It can be further
classified into different types based on its formation mech-
anisms. Radiation fog is the most frequent fog type in
central Europe (Fuzzi et al., 1992; Gultepe et al., 2007a). It
forms through radiative cooling of the ground, a build-up
of a temperature inversion and subsequent condensation
of the excess water vapour, and is sustained by radiative
heat loss at the fog top (Roach, 1995). Geographically,
radiation fog occurs more frequently in valleys, such as
large river valleys, compared to mountainous areas, as
shown by Scherrer and Appenzeller (2014) for the Swiss
Plateau and Fuzzi et al. (1992) and Bendix (1994) for the
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Po Valley mostly in autumn and winter, when the condi-
tions described above are present (Cermak et al., 2009; Egli
et al., 2017).

Dissipation of radiation fog can take place through var-
ious pathways. After sunrise, the increasing solar radiation
leads to a ‘burn-off’ of fog due to warming of air and mix-
ing of the boundary layer (Roach, 1995; Haeffelin et al.,
2010; Maalick et al., 2016). Short-wave radiative warm-
ing can also lead to a transition of fog into a low stratus
cloud (Maalick et al., 2016). Turbulent heat fluxes can con-
tribute strongly to the loss of liquid water content in the
fog layer and thus to fog dissipation (Wærsted et al., 2019).
Furthermore, higher wind speeds can lead to the erosion
of fog at its top (Bergot, 2016), and high clouds moving
over the fog can reduce radiative cooling of the cloud tops,
resulting in the dissipation of the fog layer (Roach, 1995).
Land surface characteristics can also modulate fog pat-
terns, for example, over cities that often feature ‘fog holes’
over urban areas (Yan et al., 2020).

The knowledge of formation and dissipation time of
fog relies strongly on ground-based observational data and
localized process studies with numerical models such as
large-eddy simulations. These have been conducted for
example in France (e.g., Haeffelin et al., 2010; Dupont
et al., 2012; Wærsted et al., 2019; Karimi, 2020) or in the
Netherlands (Duynkerke, 1991; Steeneveld and de Bode,
2018) over time-scales ranging from 6 days (Dupont et al.,
2012) up to 7 years (Wærsted et al., 2019). According to
these studies, radiation fog usually forms during the night
through nocturnal cooling (Roach, 1995) and dissipates
a few hours after sunrise (Haeffelin et al., 2010; Bergot,
2016; Steeneveld and de Bode, 2018). While these studies
provide insights on the small-scale processes of fog for-
mation and dissipation, large-scale processes play a major
role as well. Thus, data at large spatial scales are neces-
sary to obtain knowledge on fog formation and dissipation
processes across different landscapes.

Geostationary satellite data have proven suitable for
the observation of fog over large spatial scales, for example,
over Europe (Cermak et al., 2009; Cermak and Bendix,
2011; Egli et al., 2017), North America (Ellrod and Gul-
tepe, 2007; Gultepe et al., 2007b; Torregrosa et al., 2016)
and the Namib desert (Andersen and Cermak, 2018). They
provide information about fog and low stratus clouds over
a large spatial area and with a high temporal resolution.
When no ground information is available, fog and low stra-
tus (FLS) are typically treated as a single category (Cermak
and Bendix, 2011). Based on Cermak and Bendix (2007;
2008) a FLS dataset has been created by Egli et al. (2017)
which provides information about FLS cover over Europe
for each 15-min interval over 10 years. This dataset has
been used previously for the study of large-scale drivers of
FLS using machine learning (Pauli et al., 2020). Still, it has

to be considered that not all FLS situations can be detected
accurately by geostationary satellite data, as small-scale
FLS features, classification errors and multi-layer cloud sit-
uations can lead to misclassifications (Cermak and Bendix,
2008; Cermak, 2018).

The goal of this study is to analyse and discuss the spa-
tial patterns of continental FLS formation and dissipation
times over central Europe. Both formation and dissipa-
tion times are extracted from an existing, well-validated
satellite-based binary FLS data set by Egli et al. (2017)
with a logistic regression. The seasonal differences of the
extracted formation and dissipation times are analysed
across Europe and the regional applicability and detail
are shown in a regional study in southern Germany. The
resulting novel data set gives information on FLS forma-
tion and dissipation times over continental Europe and
over 10 years, on spatial and temporal scales not previ-
ously investigated. The guiding hypothesis of this study is
as follows. The timing of fog and low stratus formation
and dissipation in central Europe is mainly dependent on
topography. Its specific patterns are further impacted by
the distance to the coast and local- to regional-scale modu-
lations of the relevant meteorological drivers of FLS (Pauli
et al., 2020).

2 DATA & METHODS

2.1 Data

The basis of this study is an FLS data set by Egli
et al. (2017) which covers Central Europe over the years
2006–2015. The FLS data set is created using data from the
Meteosat Spinning Enhanced Visible and Infrared Imager
(SEVIRI) and a number of threshold tests that are based on
the Satellite-based Operational Fog Observation Scheme
(SOFOS) by Cermak (2006). FLS in the Egli et al. (2017)
data set is defined as a low stratiform cloud with liquid
droplets not exceeding a size of 20𝜇m (Egli et al., 2017)
but radiation fog and other stratiform clouds are not dis-
tinguished.

The FLS data set contains binary information, that is, 1
if FLS is present and 0 if FLS is not present. The data set is
available for every 15 min time slot of SEVIRI at its native
resolution (3× 3 km at nadir). At twilight, no FLS detec-
tion is possible, leading to εFLS not presentε (0) values in
the original data set during about four to five 15-min time
steps during each twilight episode. After exploring differ-
ent treatments of those twilight values (keeping them at 0,
setting them to NAN (not a number), temporal interpola-
tion), setting them to NAN has been chosen as the most
suitable method in this study, as this avoids the introduc-
tion of false information. However, on the basis of the Egli
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PAULI et al. 1441

F I G U R E 1 (a) Mean fog and low stratus cover in Central Europe from 2006 to 2015 (data set by Egli et al. (2017)) and (b) mean height
above sea level. The Upper Rhine Valley, used as a regional study area for the demonstration of the algorithm and to show the spatial detail of
the results, is indicated by the rectangle [Colour figure can be viewed at wileyonlinelibrary.com]

et al. (2017) data set, we are unaware of formation and
dissipation time at twilight.

To provide an overview of the data used for the iden-
tification of FLS formation and dissipation time, we show
the mean FLS cover in Figure 1a. The mean FLS cover
over the study domain of Central Europe generally shows
higher FLS frequencies over the northern latitudes and in
large-scale river valleys (Figure 1a). In mountain ranges as
well as in the Mediterranean, FLS frequencies are low. The
dependency of FLS cover on topography can also be seen
by looking at both mean FLS cover (Figure 1a) and mean
height above sea level over the study area (Figure 1b). The
data set can be used in various research applications, such
as the investigation of large-scale drivers of FLS (Pauli
et al., 2020).

2.1.1 Validation of FLS data used

In the work presented here, we use the existing and thor-
oughly validated FLS data set by Egli et al. (2017) to extract
FLS formation and dissipation times by applying logistic
regression. While we do create a novel FLS formation and
dissipation times data set, the technique we use is not an
FLS detection technique but a statistical interpretation of
an already existing, thoroughly validated, satellite-based
FLS data set. In this section, we provide an overview of the
validation results of studies using the SOFOS algorithm
for the detection of fog and low clouds (Cermak, 2006;
Cermak and Bendix, 2007; 2008; Egli et al., 2017). Details

on the validation procedures can be found in the relevant
publications.

For the validation of the SOFOS algorithm, Meteoro-
logical Aviation Routine Weather Reports (METARs) were
used, as these are available with a high temporal frequency
(at least every hour) and well distributed over continental
Central Europe. In general the SOFOS algorithm detects
FLS very accurately (Cermak, 2006; Cermak and Bendix,
2007; 2008; Egli et al., 2017). Cermak (2006) and Cermak
and Bendix (2008) found that 70 to 85% of FLS situations
are detected by the scheme. Situations where FLS is not
detected can to a large degree be explained by overlying
clouds, which are present above FLS about 25% of the
time in the study domain (Cermak, 2018). False alarms
are rare, that is, a pixel classified as FLS is almost never
either clear or covered by a different cloud type (Cermak
and Bendix, 2008). Similar to the other studies using the
SOFOS algorithm, about 80–90% of FLS and no-FLS situa-
tions are classified correctly in the Egli et al. (2017) data set
used for the extraction of FLS formation and dissipation
time. The geographic patterns of validation scores show
higher validation scores in continental areas with radiative
FLS events as opposed to coastal areas, where advective
FLS events prevail (Egli et al., 2017).

We acknowledge the constraints that a satellite-based
FLS climatology has when compared to ground observa-
tions. Nevertheless the good validation results show that
this FLS data set can be used to derive an FLS forma-
tion and dissipation climatology as shown in the study
at hand.
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1442 PAULI et al.

F I G U R E 2 Workflow for the identification of FLS formation and dissipation times with logistic regression using an artificial example.
Steps for the identification of formation time are plotted in blue,and the corresponding steps for the identification of dissipation time are
plotted in red. Black crosses mark the binary FLS values [Colour figure can be viewed at wileyonlinelibrary.com]

2.2 Methods

In this study, we apply logistic regression to statistically
interpret the binary FLS data set by Egli et al. (2017) to
determine FLS formation and dissipation times. After the
algorithm is completed, a novel FLS formation and dissi-
pation data set exists, which is derived from the original
binary FLS data set by Egli et al. (2017). We then anal-
yse this new data set of formation and dissipation time
in the results section. In the following, we give a gen-
eral overview on logistic regression and then describe the
algorithm which applies logistic regression to the binary
FLS time series described above.

Logistic regression is used for binary or categorical
data and in this study predicts the probability of a data
point belonging to one of the binary classes (Lever et al.,
2016; Bisong, 2019). Mathematically, the probability can be
expressed as:

p(t) = 1
1 + exp(−b0 − bt ∗ t)

, (1)

where p is the probability, t the time, b0 the intercept and bt
the slope. While multiple predictor variables can be used in
logistic regression, in this study, time is the only predictor.
The transition from one state to another and its associated
predictor value is called the “decision boundary” (Bisong,
2019). Here, this decision boundary is used to determine
the time of FLS formation and dissipation.

In the atmospheric sciences, logistic regression has
previously been used for the detection of hail (López and

Sánchez, 2009) or to forecast the probability of extreme
precipitation events (Applequist et al., 2002; Herman and
Schumacher, 2018). It has also been applied to predict
the occurrence of orographic cloud cover (Wu and Zhang,
2013) or to forecast the probabilities of low visibility con-
ditions at an airport site (Kneringer et al., 2019).

2.2.1 Algorithm

In the following we describe the algorithm which iden-
tifies FLS formation and dissipation time based on the
binary cloud mask. The algorithm consists of six steps.
These steps are similar for formation and dissipation
time but are conducted separately. The algorithm is
applied to each valid FLS event (defined below) and to
each pixel over the years 2006–2015. The steps described
below are marked with the corresponding numbers in
Figure 2.

To apply the logistic regression to the data set, at first
an FLS formation/dissipation event has to be identified
(step 1). In the case of FLS formation, this means that
over a period of at least ten consecutive 15-min time steps
(2.5 hr) no FLS has to be present (cloud mask = 0). In
the case of FLS dissipation, the requirement is similar
(FLS present (cloud mask = 1) for ten consecutive 15-min
time steps). By choosing a minimum value of 2.5 hr we
are likely to exclude random misclassifications in the orig-
inal FLS data set as well as advective FLS events with
fast changes between FLS and no-FLS. One should note
that the results can thus only be interpreted with respect
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PAULI et al. 1443

to such longer-lasting FLS events, and may not be rep-
resentative of FLS events with a shorter life cycle. After
identification of such a start group, its temporal centre
point is then used as the start of the FLS formation or dis-
sipation event (step 2). Looking at the artificial example
in Figure 2, the start group of the formation event (blue
curve) has 20 consecutive 15-min time steps of no-FLS.
The starting point is then defined as the centre, in this case
at the tenth time step of no-FLS.

The end group of a given FLS formation or dissipation
event is defined similarly to the start group. In the case of
FLS formation, this means that for ten consecutive 15-min
time steps FLS has to be present (cloud mask = 1), and in
case of dissipation FLS has to be absent for ten consecutive
15-min time steps (step 3). The end group has to be present
within 30 hr from the start of the formation or dissipation
event. By choosing a time period of 30 hr, it is possible to
capture FLS events that persist for longer than a day. If no
end group can be identified within 30 hr of the start of the
formation/dissipation event (step 2), the formation/dissi-
pation event is omitted, and no time is determined by the
algorithm.

Similar to the determination of the start of the forma-
tion/dissipation event, the end of such an event is then set
to be the centre of the corresponding end group (step 4).
In the artificial example in Figure 2, the end group of the
formation event contains 30 15-min time steps with FLS,
with the end point of formation defined in the centre of the
group at time step 15. During twilight, the groups of con-
secutive FLS or no-FLS are interrupted by NAN values as
outlined in Section 2.1. If the remaining groups then do not
fulfill the requirement of ten consecutive FLS or no-FLS
values, this leads to a potential loss of start and end groups.

Following the identification of the start and end points
of the FLS formation/dissipation events, logistic regres-
sion is applied to the binary time series between the start
and end points to model the probability of FLS presence
(step 5). Then, the decision boundary is used to depict the
formation and dissipation times (step 6). For formation,
the first 15-min time period in which the probability mod-
elled by the logistic regression exceeds 0.5 is defined as
the formation time. For dissipation, the first 15-min time
period where the probability falls below 0.5 is defined as
the dissipation time.

After the calculation of the formation/dissipation time,
these six steps are repeated for each identified start group
for each pixel separately. While the formation and dissipa-
tion situation displayed in Figure 2 can be considered as
an ideal example, with a dissipation event following a for-
mation event right away, there is also the possibility that
a dissipation event is not identified right after a formation
event. This occurs when an end of the dissipation event
cannot be identified within 30 hr, due to alternating FLS

and no-FLS values. If the requirements discussed above are
not fulfilled by either a potential formation or dissipation
event, it is possible that multiple FLS formation or dissipa-
tion events are identified one after another. This leads to
slight differences in the number of formation and dissipa-
tion events identified by the algorithm, which is discussed
in Section 3.1.

2.2.2 Discussion of algorithm uncertainties

It is clear that the quality of the derived FLS formation and
dissipation time products is dependent on the quality of
the underlying FLS data set. Therefore, systematic and ran-
dom errors in the FLS data set will propagate to our clas-
sification. However, by focusing on temporally persistent
FLS events, we reduce effects of random misclassifications
in the data set. Another uncertainty of the derived FLS
formation and dissipation time products is introduced by
differences in the characteristics of the binary variability of
each specific FLS event (Figure 3). An abrupt, temporally
coherent change between the binary classes (little alterna-
tion between FLS and no-FLS values), leads to a higher
absolute value of the slope and a steep curve fit. This leads
to either the classic sigmoid shape (Figure 3a, d) or a very
steep transition (Figure 3b, e), both of which are easy to
interpret with respect to FLS formation and dissipation
time. However, in the case of frequent changes between
FLS and no-FLS values of an FLS event considered, the
fitted logistic curve is flat and the slope value approaches
zero (Figure 3c, f). These flat curves are difficult to inter-
pret with respect to an FLS formation/dissipation time,
and are thus excluded from the data set. We define these
valid situations to feature a slope of > |0.1|. This thresh-
old was defined by conducting a thorough visual analysis
of different events and their corresponding curve shapes.
The exclusion of these high-uncertainty events leads to an
average reduction of 9% of FLS events per pixel.

2.3 Case illustration: 7 February 2011

To illustrate how formation and dissipation time are
derived from the binary FLS masks, a dissipation case from
7 February 2011 over the Upper Rhine Valley in Germany
is presented in the following. The mean FLS cover and
topography of the region are shown in Figure 4.

Radiation fog is a frequent phenomenon in the Upper
Rhine Valley, especially in the colder months (Kalthoff
et al., 1998; Bendix, 2002; Bendix et al., 2006; Egli et al.,
2017). In this rift valley between the Vosges mountains to
the west and the Black Forest mountains to the east (visi-
ble in Figure 4b and roughly depicted in Figure 4 with the
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(a) (b) (c)

(d) (e) (f)

F I G U R E 3 Logistic regression curves for three formation situations (a–c) and three dissipation situations (d–f). The situations in (a, d)
have a classic sigmoid shape and the situations in (b, e) have a sharp transition. The curves in (c, f) do not fulfill the slope requirements
(coefficient > |0.1|). The Coef parameter denotes the slope of the logistic regression curve [Colour figure can be viewed at
wileyonlinelibrary.com]

500 m contour), FLS occurs more frequently in the valley
than on the mountain ridges (Figure 4a).

The case illustration of 7 February 2011 focuses on
three pixels in the Upper Rhine Valley (at locations A, B,
C), all of them located in France. As can be seen in the
binary FLS maps (Figure 5), FLS is present mainly in the
northern part of the valley on the morning of 7 February
and then dissipates during the day. To illustrate the deriva-
tion of the dissipation time, the binary time series at the
three locations is extracted (Figure 6). A logistic regression
is calculated for all time series and the time stamp where
the probability of the binary value being equal to 1 falls
below 0.5 is assigned to be the dissipation time. In line
with the binary FLS masks in Figure 5, FLS at location B
dissipates first (0930 UTC) followed by location A (dissi-
pation at 1145 UTC). FLS at location C is most stable and
dissipates in the afternoon (1430 UTC).

The approach presented here for the identification of
dissipation time at the three locations is then applied to
each pixel of the study area, for each identified FLS forma-
tion and dissipation event.

3 RESULTS

3.1 Number and duration of FLS events

As a first view of the data set, the number of formation
events for which a formation time was calculated is shown
(Figure 7a). The number of formation events is represen-
tative of the number of dissipation events, which is very
similar with a difference around +∕−10 events per pixel.
As discussed above, this slight difference is present since
not every formation event is followed by a dissipation
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PAULI et al. 1445

F I G U R E 4 (a) Mean fog and low stratus cover in the Upper Rhine Valley from 2006 to 2015 (data set by Egli et al. (2017)) and (b) mean
height above sea level. The country border between France and Germany also marks the course of the river Rhine. The black dashed line
depicts 500 m height above mean sea level [Colour figure can be viewed at wileyonlinelibrary.com]

event which fulfills the requirements discussed above,
and vice versa. The geographic patterns of the number of
detected formation events are similar to the geographic
patterns of mean FLS cover (Figure 1). A high number
of formation events is identified in the northeast of the
study area (1,000–1,200 events over 10 years), as well as
in the Po Valley and at the north coast of Spain. More-
over, a higher number of formation events is detected over
cities, especially visible over Milan and Paris. This is likely
a systematic error of the FLS data set used, as higher FLS
cover over cities can also be seen in Figure 1a. The over-
estimation of FLS cover over cities is likely due to their
high reflectance in the 3.9𝜇m channel due to solar con-
tamination during daytime, which is likely to lead to a
false identification of clouds during this time (EUMET-
SAT, 2019). Higher daytime FLS cover over urban pixels
compared to the rural surroundings can be observed in the
mean diurnal course of FLS cover over London, Paris and
Milan (Figure S1).

A low number of formation events (300–400 events
over 10 years) is detected over the Mediterranean and over
mountain ranges (Alps, Pyrenees). The same geographic
patterns described here for the number of formation events
apply to the number of dissipation events.

The FLS duration is calculated as the difference
between dissipation time and formation time for one
FLS event for each pixel. To decrease the influence of

outliers, the median instead of the mean is shown here.
The geographic patterns of duration are similar to the
FLS mean map and the number of dissipation events.
FLS events tend to be longer in the northeastern part of
the study area (400–600 min) and shorter in the Mediter-
ranean (200–300 min). The geographic patterns of median
duration are also similar to those of the mean FLS cover
and the number of formation events. This is also visi-
ble when normalizing the three quantities (Figure S2) to
enhance comparability. Still, the spread of values is lower
for the median duration than the mean FLS cover and the
number of formation events.

3.2 Most frequent formation
and dissipation times

For further analysis, the timestamps of formation and
dissipation times are converted into % values as a func-
tion of day length (sunrise–sunset) for formation or dis-
sipation during the day or as a function of night length
(sunset–sunrise) for nighttime formation and dissipation.
This is done to make formation and dissipation time com-
parable across seasons and latitudes.

To facilitate interpretation, these % values are then
assigned to different classes of day- or nighttime (Table 1).
To produce climatological maps of the most frequent
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1446 PAULI et al.

F I G U R E 5 Binary 15-min
FLS masks (data set by Egli et al.
(2017)) from 0900 to 1300 UTC on 7
February 2011. Pixels with FLS
cover are grey, pixels without FLS
are transparent. The background is a
topographic map of the region. The
country border between France and
Germany also marks the course of
the river Rhine. The black dashed
line depicts 500 m height above
mean sea level [Colour figure can be
viewed at wileyonlinelibrary.com]

formation and dissipation time, the mode of these classes
is used for each pixel over the entire time period (Figure 8)
and depending on the season (Figure 9).

When considering the entire study period (Figure 8),
FLS forms most frequently around midnight in large parts
of the study area such as areas of France, Germany and
Italy, where secondary mountain ranges as well as rather
flat areas, such as the Danube valley, are present. In the
high-altitude mountain ranges (Alps, Pyrenees) and on
the north coast of Spain, formation is most frequently
around sunset. In the inner plateau of central Spain, west-
ern France and in the Po Valley, FLS forms most frequently
around sunrise and in the morning.

The geographic distribution of most frequent dissipa-
tion time shows similar spatial patterns of equal dissipa-
tion time as was seen for formation time. On the north
coast of Spain, and in high-altitude mountains such as
the Pyrenees and the Alps, FLS dissipates most frequently

around sunrise or in the morning. In secondary moun-
tain ranges such as the Massif Central in southern France
and the pre-alpine areas of southern Germany, dissipa-
tion occurs mainly in the morning or around midday. In
the low-altitude areas of central Europe, such as north-
ern France, northern Germany and Poland but also in the
inner plateau of Central Spain, dissipation occurs most
frequently in the afternoon.

The seasonal patterns of formation and dissipation
times tend to be similar in winter (DJF) and autumn (SON)
and in spring (MAM) and summer (JJA) (Figure 9). In win-
ter and autumn, FLS formation occurs most frequently in
the evening or during the night and dissipation around
midday or in the afternoon. In spring and summer FLS
typically forms later, most frequently around sunrise, but
does not last as long as during winter and dissipates in the
morning. The detailed geographic patterns for each season
are described below.
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PAULI et al. 1447

F I G U R E 6 Logistic regression curves for the dissipation events on 7 February 2011 at the three locations A, B, C marked in Figure 5.
The Coef parameter denotes the slope of the logistic regression curve [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 7 (a) Number of formation events identified by the algorithm, and (b) the median of the duration of all FLS events in which
both formation and dissipation times could be determined. Both are calculated over the entire period (2006–2015) [Colour figure can be
viewed at wileyonlinelibrary.com]

In winter FLS forms most frequently in the evening or
around midnight, except for large areas in western France
and the inner plateau of central Spain, where formation
most frequently takes place in the morning. During this
time, FLS dissipates most frequently in the afternoon in
most regions, and earlier (in the morning or around mid-
day) in parts of the Alps, in the secondary mountain ranges
of southern Germany or southern Italy.

In spring the most frequent formation time shifts to
sunrise or to the morning hours in large parts of France,
central Spain and in the Po Valley. On the north coast of

Spain, southern France, in the Pyrenees and in the Alps,
FLS forms most frequently at sunset. Dissipation most
often takes place in the morning or around midday in
most parts of the study area. In the Po Valley and in large
parts of Poland, FLS is more persistent and most frequently
dissipates in the afternoon.

In summer FLS formation patterns are spatially
diverse, with formation at sunset (central Germany),
around sunrise (Po Valley) or in the morning (France).
This could be influenced by to the lower number of forma-
tion events in summer compared to other seasons in most
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T A B L E 1 Day- and nighttime classes with respective %
ranges

Daytime Nighttime
Class
number

Class
name % Range

Class
number

Class
name % Range

1 Sunrise 0–12.4 1 Sunrise 87.5–100

2 Morning 12.5–37.4 8 Night 62.5–87.4

3 Midday 37.5–62.4 7 Midnight 37.5–62.4

4 Afternoon 62.5–87.4 6 Evening 12.5–37.4

5 Sunset 87.5–100 5 Sunset 0–12.4

parts of the study area (compare Figure S3). A clear pattern
of formation at sunrise is visible at the coast of the Mediter-
ranean Sea. Dissipation in summer is most frequently in
the morning in large parts of the central study area. FLS
dissipates earlier (around sunrise) at the northern coast
of Spain and in the Alps, and later (in the afternoon) in
western France. Still, these patterns should be interpreted
with care, as FLS occurrence is low in most of the Mediter-
ranean in spring and summer (compare hatched areas of
Figure 9).

In autumn FLS formation shifts again towards night-
time hours in most of the study area, except for parts
of France and Spain, where FLS forms most frequently

in the morning. FLS dissipation also shifts to afternoon
hours in most parts of the study area. In the Alps and
the Pyrenees, FLS most frequently dissipates at sunrise, in
southern Germany around midday.

3.3 Regional study: Upper Rhine Valley,
Germany

While the formation and dissipation times data set can
be used to produce climatological maps for Europe, it can
also be used for a more thorough investigation of forma-
tion and dissipation patterns in regional studies. Such a
regional study is presented here by looking closely at for-
mation and dissipation patterns in the Upper Rhine Valley
(red rectangle in Figure 1 and introduced in Section 2.3)
in southern Germany. The FLS patterns present in that
region are likely to be influenced by local to regional mod-
ulations of the synoptic-scale weather patterns. Thus the
Upper Rhine Valley is an ideal region to showcase the level
of spatial detail provided by the novel data set.

The most frequent formation and dissipation time
over the complete period (Figure 10a) shows two distinct
patches of formation and dissipation anomalies (at∼7.5◦E,
48◦N, and at around 48.7◦N). At these locations, forma-
tion is observed to be in the morning and dissipation in the

F I G U R E 8 Most frequent (a) formation and (b) dissipation times over the entire study period (2006–2015) [Colour figure can be
viewed at wileyonlinelibrary.com]
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PAULI et al. 1449

F I G U R E 9 Most frequent (a) formation and (b) dissipation times for DJF, MAM, JJA and SON from 2006 to 2015. Pixels with a mean
seasonal FLS occurrence of less than 2 hr⋅day−1 are marked with a horizontal line [Colour figure can be viewed at wileyonlinelibrary.com]

afternoon (Figure 10a, e). Thus FLS formation and dissipa-
tion at these patches are much later than in other places of
the Upper Rhine Valley, where FLS usually forms around
sunset or around midnight and dissipates in the morning
or around midday. While the anomalies are clearly visi-
ble in the annual averages, they are especially pronounced
in MAM, with formation in the morning and dissipation
in the afternoon extending over the eastern slopes of the
Vosges (Figure 10b, f).

The percentage of values that fall into the most fre-
quent formation and dissipation time classes relative to
all formation and dissipation situations provides a mea-
sure of the representativeness of the mode as a proxy for
the typical formation and dissipation time for each pixel
(Figure 10c, d, g, h). The percentage of values in the most
frequent class lies around 15–20% for the formation over
the complete year and rises to values around 20–25% in
MAM and is highest in the anomalous patches described
above. Considering the dissipation, the geographic distri-
bution of % values is similar but on average 10% higher
than formation, showing that the temporal variability in
dissipation time is lower than the formation time.

This case-study provides two important insights into
the novel formation and dissipation data set. First of all,
the relatively high spatial and temporal resolution (native
SEVIRI resolution; Section 2.1) make it a useful prod-
uct to study regional formation and dissipation patterns.
Secondly, the dissipation time features a lower tempo-
ral variability than the formation time, as evidenced by

the systematically higher fraction of events in the most
frequent class. Over most of the study area, more than two
thirds of dissipation events occur during the day, whereas
formation time is equally distributed between daytime and
nighttime in large parts of the study area (Figure S4). This
is likely due to a higher number of possible formation
pathways and thus formation times, whereas dissipation
is strongly influenced by solar radiation. We evaluate this
further in the discussion below.

4 DISCUSSION

The geographic patterns of formation and dissipation time
clearly underline the role of topography for the occur-
rence and development of FLS events. In large mountain
ranges such as the Alps or the Pyrenees, FLS forms earlier
(around sunset) than in lower terrain but also dissipates
earlier (around sunrise). These geographic patterns may
be interpreted as the signature of regionally characteristic
processes influencing FLS formation and dissipation. It is
likely that formation at sunset in those mountain ranges
is due to advected FLS layers, especially on the windward
slopes of those ranges, for example on the northern slopes
of the Pyrenees. After sunrise, these FLS layers are likely to
be ‘burned-off’ as the sun reaches the mountain tops first.
In the Po Valley in Italy or in the inner plateau of Central
Spain, FLS formation is likely to be due to nocturnal cool-
ing and a subsequent transition into a low stratus cloud

 1477870x, 2022, 744, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4272 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [20/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


1450 PAULI et al.

F I G U R E 10 Most frequent (a, b) formation and (e, f) dissipation times in the Upper Rhine Valley and the corresponding % of values
contained in the most frequent (c, d) formation and (g, h) dissipation class for the complete time period (all months) and in spring (MAM).
The country border between France and Germany also marks the course of the river Rhine. The black dashed line depicts 500 m height above
mean sea level [Colour figure can be viewed at wileyonlinelibrary.com]

(Roach, 1995). Other potential processes involved could be
topography-induced drainage flows and turbulence (Price,
2019).

In smaller mountain ranges (e.g., the Black Forest), the
dependence of formation and dissipation time on topog-
raphy is not always clear. A potential explanation for this
could be that the local modulation of the meteorological
parameters that determine the FLS life cycle (e.g., relative
humidity, wind) scales with the topographic features. In
areas with moderate topography, the topography-induced
local modulation of the meteorological setting would then
have a weaker effect on the resulting geographic patterns
of formation and dissipation times than in mountainous
areas. In general, topographic features are only modulat-
ing the meteorological drivers responsible for FLS forma-
tion and dissipation. As has been shown in previous stud-
ies (Pauli et al., 2020) meteorological factors are the main
drivers of FLS occurrence over central Europe. In addition,
the presented formation and dissipation times should be

interpreted with care over areas with a low sample size or
high topographic variability, as the pixel size of the prod-
uct (3–5 km, depending on the exact position) is too large
to be able to depict small-scale variations in FLS.

Besides topography, the proximity to the sea is also
important for the timing of FLS formation and dissipation.
In general, coastal fog is strongly influenced by the mete-
orological conditions and ocean–atmosphere interactions
(Gultepe et al., 2021). The results presented here show
a clear pattern of FLS formation at sunrise at the coast
of the Mediterranean Sea in summer (Figure 9). Accord-
ing to Azorin-Molina et al. (2009) humid winds from the
Mediterranean Sea in combination with mountain ranges
close to the coastline can lead to FLS occurrence at the
Mediterranean coast. Therefore, the diurnal cycle of the
coastal circulation is likely a main driver of the observed
patterns in FLS formation and dissipation times at the
Mediterranean coast. At the Atlantic coast of northern
Spain, blocking of FLS by the Cantabrian mountains (Egli
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et al., 2017) and upwelling (Alvarez et al., 2010) might
be important for FLS formation, as the latter plays an
important role in other FLS-prone regions such as at the
southwestern African coast (Olivier and Stockton, 1989;
Cermak, 2012; Andersen et al., 2020). Close to the French
Atlantic coast over the Landes forest south of 45◦N, FLS
forms earlier over the forest (around midnight) than over
its surroundings (FLS formation in the morning), particu-
larly in spring and summer. This is in line with enhanced
nighttime FLS occurrence over this forest compared to
its surroundings shown in Pauli et al. (2022), potentially
due to enhanced emissions of biogenic volatile organic
compounds over the forest, which can serve as cloud con-
densation nuclei (Spracklen et al., 2008; Kammer et al.,
2018).

Another driving factor for the observed patterns is the
solar radiation. As stated above, this is especially true for
the dissipation time, where processes related to down-
welling solar radiation (absorption inside the FLS layer,
sensible heat flux) more strongly influence the dissipation
of FLS compared to other, more subtle, drivers (Wærsted
et al., 2019). Formation can occur through various path-
ways during the day or during the night with formation
patterns showing a much higher variability. To focus on
specific FLS events and to unravel different formation
and dissipation pathways, one could filter for stationary
FLS events using image detection techniques or filter for
meteorological conditions.

The higher number of formation and dissipation events
over cities does not transfer to a difference of formation
and dissipation time between cities and the surrounding
land. In contrast to the literature (cf. Yan et al. (2020))
earlier dissipation over cities is not visible in the shown cli-
matological means. On the one hand, this may be due to
the assignment of the dissipation and formation times in
% to different daytime and nighttime classes (Table 1) and
the subsequent calculation of the mode, which could be
investigated in more detail by looking at the raw formation
and dissipation times over cities and surrounding areas.
On the other hand, as discussed above, the FLS data set is
likely to be flawed over cities during daytime, and thus mis-
classifications are likely to superimpose the actual patterns
in the first place. Applying the proposed logistic regres-
sion algorithm to a robust high-resolution cloud mask over
cities (Fuchs et al., 2022) could add to our knowledge on
the FLS life cycle over urban areas.

As these discussions on the possible processes under-
lying the geographic formation and dissipation patterns
remain speculative, explicit regional analyses on the
drivers of FLS formation and dissipation time are nec-
essary. In addition, the potential influence of multilayer
cloud situations and misclassifications on the presented
FLS formation and dissipation time have to be considered

for the interpretation of the results. In a regional study,
the FLS data set by Egli et al. (2017) used as a basis for
this study has been shown to agree well with active sen-
sor data (Pauli et al., 2022). The formation and dissipation
time patterns shown with this novel FLS formation and
dissipation data set are also in line with LES and modelling
studies over Europe (cf. Roach, 1995; Haeffelin et al., 2010;
Bergot, 2016; Steeneveld and de Bode, 2018), showing FLS
formation in the night and dissipation after sunrise. While
modelling, LES studies and local measurements display
the FLS life cycle with high temporal resolution at a spe-
cific site and can also include the vertical component of
an FLS event, the data set presented here provides a geo-
graphic perspective on formation and dissipation time over
the whole of Central Europe.

5 CONCLUSIONS

The central aim of this study was to investigate spatial
patterns of FLS formation and dissipation times over Cen-
tral Europe. For this purpose, an algorithm was designed
which applies logistic regression to a binary satellite-based
FLS cloud mask. With the novel data set, FLS formation
and dissipation times were investigated, largely confirm-
ing known patterns of formation during the night and
dissipation in the morning or in the afternoon. In general,
FLS occurrence, formation and dissipation are dependent
on various drivers (cf. Roach, 1995; Gultepe et al., 2007a;
Price, 2019; Pauli et al., 2020). The results presented here
underline the importance of topography-induced modu-
lation of meteorology for FLS formation and dissipation.
In mountain ranges, FLS forms most frequently at sun-
set and dissipates in the morning. At lower altitudes, such
as in large-scale river valleys, FLS most commonly forms
around sunrise and dissipates in the afternoon. Further-
more, we find a higher variability in formation times than
in dissipation times, with the latter being much more
dependent on solar radiation. The data set adds a geo-
graphic component to our knowledge of FLS formation
and dissipation and provides a basis for future studies.

In the future, a preprocessing step could be imple-
mented by adding a filter to study more specifically sta-
tionary FLS situations which may be indicative of radi-
ation fog, for example using image detection techniques
or focusing on specific meteorological conditions. The
new algorithm can also be applied to other existing
satellite-based FLS data sets with a high temporal resolu-
tion over regions where FLS are an important component
of the climate and environment and station measurements
are lacking, such as in the Namib Desert (Andersen and
Cermak, 2018), and can be compared to diurnal patterns
identified there so far (Andersen et al., 2019). Furthermore
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this data set holds promise to help better understand the
drivers of FLS formation and dissipation at continental
scales.
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