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Abstract
A complete understanding of the fog life cycle—defined as formation, maturity,
and dissipation phases—provides a basis for better predictions of fog formation
and dissipation. While satellites can observe fog and low stratus (FLS) over a
large spatial extent, ground-based instruments provide more detailed vertical
and temporal information about fog at specific locations. In this study, we clas-
sify the life-cycle phases of radiation fog events during autumn 2009–2015 at
a ground station in Southwest Germany by combining geostationary satellite
observations with ceilometer and in situ measurements. For this, we develop a
life-cycle phase classification algorithm that automatically detects the start and
end times of each phase based on visibility trends and thresholds. Unlike other
methodologies, we define fog life cycles not only through a visibility threshold of
1000 m but also by the processes involved during fog formation and dissipation.
These processes are identified through changes in visibility trends and values
and validated against backscatter patterns. Furthermore, we demonstrate that
ground-based visibility detects radiation fog phases effectively, while its combi-
nation with ceilometer data has the potential to detect the life-cycle phases of
cloud-base-lowering fog events. Thus, combining these data sources is essen-
tial for detecting the life-cycle phases of different fog types effectively. Finally,
we find that ground-based data perform better in phase detection at individual
locations compared with a satellite-based FLS life-cycle dataset.
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1 INTRODUCTION

Fog is defined as tiny water droplets suspended in
the atmosphere that lead to horizontal visibilities of
< 1000 m at the Earth’s surface (American Meteorological

Society, 2024; World Meteorological Organization, 2017).
An improved understanding of the fog life cycle allows
better predictions of fog formation and dissipation. Low
visibility conditions associated with fog modify radiation
and thus alter the surface energy budget of the Earth
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(Gultepe et al., 2007; Vautard et al., 2009). They represent
a hazard to road, marine, and air transport worldwide
(Gultepe et al., 2007; Tardif & Rasmussen, 2007) and are
a key element in predictions of photovoltaic power pro-
duction (Köhler et al., 2017). Fog combined with urban
air pollution can have negative effects on human health
(Pérez-Díaz et al., 2017), but it serves as a water source
for vegetation (Gottlieb et al., 2019; Wang et al., 2019),
microbial communities (Warren-Rhodes et al., 2013),
fauna (Mitchell et al., 2020) such as insects, for example,
beetles (Seely, 1979), and human communities in arid
ecosystems (Gultepe et al., 2007). The main physical
mechanisms of fog formation involve supersaturation
produced by cooling, moistening, and/or mixing of air
masses near the surface with different temperatures and
the addition of water vapour to the air mass (Cotton
et al., 2011; Gultepe et al., 2007). While fog can be clas-
sified based on its location (e.g., valley fog, mountain
fog), it is typically classified into fog types (e.g., radiation,
advection, cloud-base-lowering (CBL), precipitation, or
evaporation fog) based on one or a combination of differ-
ent formation mechanisms (Cotton et al., 2011; Gultepe
et al., 2007; Pérez-Díaz et al., 2017). In the following,
we describe the formation mechanisms of the most rel-
evant fog types for this study: radiation, advection, and
CBL fog.

Radiation fog forms through nocturnal radiative
cooling under clear skies (Cotton et al., 2011; Gultepe
et al., 2007; Pérez-Díaz et al., 2017; Price, 2019; Smith
et al., 2023; Tardif & Rasmussen, 2007). A tempera-
ture inversion forms in the air layer above the ground,
which initiates cloud droplet activation and fog formation
(Maalick et al., 2016; Pérez-Díaz et al., 2017). The ideal
conditions for radiation fog formation are clear skies, a
temperature inversion, wind speeds below about 2.5 m ⋅
s−1 associated with anticyclonic conditions, and high rel-
ative humidity (Cotton et al., 2011; Gultepe et al., 2007;
Pérez-Díaz et al., 2017; Tardif & Rasmussen, 2007). Radi-
ation fog is one of the most prevalent fog types (Maalick
et al., 2016) and is most frequent in central Europe (Gul-
tepe et al., 2007), particularly in autumn, when nights are
humid and sufficiently long for temperatures to decrease
significantly (Maalick et al., 2016; Pérez-Díaz et al., 2017;
Román-Cascón et al., 2019). While radiation fog forms
under stable conditions, advection fog formation occurs
by the movement of warm, moist air over a cold sur-
face, which leads to condensation due to the cooling
of the air layer closest to the cold surface (Pérez-Díaz
et al., 2017; Smith et al., 2023). Constant winds greater
than 2.5 m ⋅ s−1 are necessary to form advection fog
(Tardif & Rasmussen, 2007). The lowering of the base of
low stratus clouds all the way to the surface to form fog

is known as CBL fog (Gultepe et al., 2007; Román-Cascón
et al., 2019). It is related to radiative cooling at the cloud
top, generating downward turbulent mixing, which cools
the sub-cloud layer and lowers the cloud base (Gultepe
et al., 2007; Tardif & Rasmussen, 2007).

In contrast to fog formation, fog dissipation does
not depend on the type of fog. Fog dissipates primarily
after sunrise, as incoming solar radiation increases the
near-surface sensible heat flux, leading to a burn-off of
the fog layer (Dione et al., 2023; Maalick et al., 2016;
Pérez-Díaz et al., 2017; Román-Cascón et al., 2019).
Near-surface wind speeds of around 2–3 m ⋅ s−1 are also
favourable (Dupont et al., 2012) for fog dissipation. If the
fog layer has grown high enough during the night, dis-
sipation starts at the surface and the fog transforms into
a low stratus cloud, which can persist for the whole day
(Maalick et al., 2016; Román-Cascón et al., 2019). If the
cloud layer does not dissipate completely over the course
of the day, it can then be the starting point for a CBL
event, leading to subsequent fog events over multiple days
(Román-Cascón et al., 2019).

Fog can be observed from the satellite and the ground
perspective. From the satellite perspective, fog can be
observed as a cloud touching the ground (Cermak &
Bendix, 2011; Lamb & Verlinde, 2011) and is usually
studied collectively with low stratus (fog and low stra-
tus, hereafter FLS), since the separation of these two
phenomena is technically challenging and irrelevant
for a number of applications (Cermak, 2018; Cermak &
Bendix, 2011; Egli et al., 2017). FLS detection schemes pro-
vide high-resolution spatial and temporal information on
FLS occurrence (Cermak, 2006; Cermak & Bendix, 2007,
2008; Egli et al., 2017; Jahani et al., 2025) and life cycle
(Pauli et al., 2022a). Additionally, vertical distributions
of FLS have been studied using active satellite-based
sensors in Cermak (2018), Pauli et al. (2022b), and Qiao
et al. (2022). Furthermore, satellite-based FLS datasets
have previously been used to understand and predict spa-
tial and seasonal patterns of FLS occurrence and formation
and dissipation times on large spatial and temporal scales
(Egli et al., 2017; Pauli et al., 2020; Pauli et al., 2022a; Pauli
et al., 2024a, 2024b).

While satellite data can provide information on
large areas and have great potential for automation,
ground-based measurements provide higher accuracy
and higher temporal resolution. Ground-based remote
sensing instruments such as ceilometers and in situ
sensors offer detailed information about fog at these
locations, including cloud-base height (CBH), cloud-top
height (CTH), horizontal and vertical visibility, and
vertical profiles of thermodynamic variables (Dupont
et al., 2012). They allow the identification of fog occurrence
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(Tardif & Rasmussen, 2007), can be used as ground-truth
data for the separation of fog from low stratus (Qiao
et al., 2022), and can be used to explain the development
of the different fog life-cycle phases (Dione et al., 2023;
Dupont et al., 2012; Toledo et al., 2021). In this article, the
term FLS is used when referring to fog from the satellite
perspective and the terms fog or low stratus are used in
events where the ground-based observations allow this
separation.

Life-cycle phases have been defined and detected from
the ground and from the satellite perspective in many
studies. From the satellite perspective, Pauli et al. (2022a)
detected the formation and dissipation times of FLS
events by applying logistic regression to a 10-year FLS
dataset over central Europe. From the ground perspective,
three or more phases have been detected based on, for
example, turbulent kinetic energy (Nakanishi, 2000), a
double-sum curve analysis (Maier et al., 2013), or the evo-
lution of visibility and microphysical parameters (Dione
et al., 2023; Mazoyer et al., 2022; Toledo et al., 2021;
Weston et al., 2022). Although these studies have defined
different life-cycle times and phases, the beginning and
end of the phases either are not clearly detected or are
set to a predefined temporal window (30–90 minutes)
before and after the detected formation and dissipation
times (Dione et al., 2023; Toledo et al., 2021), which
makes the phase detection unspecific to the fog situa-
tions and life-cycle processes. Other definitions require
large eddy simulation models (Nakanishi, 2000) or do not
provide phase definitions (Pauli et al., 2022a). Moreover,
to our knowledge, a comparison of the two observa-
tional perspectives (i.e., satellite versus ground-based)
regarding fog life-cycle phase detection has not been
conducted.

Therefore, the goal of this study is to detect, classify,
and characterize the fog life-cycle phases based on fog
formation and dissipation mechanisms. We define three
life-cycle phases in this study: formation, maturity, and
dissipation, and detect the phases by defining visibility
and visibility trend thresholds. These phases are charac-
terized further based on the development of temperature,
relative humidity, visibility, and wind speed. Moreover, we
compare the development of the phases in the ceilome-
ter profiles with the satellite-based FLS detection to find
the features that can be detected with each instrument
and to evaluate the possibilities of detecting the phases
solely from the backscatter profiles or the satellite data.
This study addresses two main research questions. (a) How
can fog life-cycle phases be detected automatically using
a combination of satellite and ground-based observations?
(b) What are the characteristics of surface variables during
these phases?

2 DATA AND METHODS

2.1 Data

The study site is the German Weather Service (Deutscher
Wetterdienst, DWD) weather station in Rheinstetten
(48.97◦N, 8.33◦E, 116.10 m above sea height level), located
in the Upper Rhine Valley in Southwest Germany
(Figure 1a). At the site, radiation fog predominates, espe-
cially in the colder months (Egli et al., 2017; Bendix, 2002;
Pauli et al., 2022a), leading to maximum fog occurrence
in autumn, followed by winter, and a minimum in sum-
mer (Figure 1c). In the region, fog mainly forms due to
condensation processes after sunset or at night, given by
cold-air drainage flow from the surrounding areas (Egli
et al., 2017), and dissipates in the morning or midday hours
(Pauli et al., 2022a). FLS occurrence, from the satellite per-
spective, is on average between 5 and 6 hours per day in
autumn and winter (Figure 1b).

The satellite dataset used in this study is the FLS
dataset by Egli et al. (2017), derived from the geostation-
ary Meteosat Second Generation satellites and scanned
by the Spinning Enhanced Visible and InfraRed Imager
(SEVIRI) with a 15-minute temporal resolution and ≈
5-km spatial resolution over Europe. This binary FLS
product (FLS present = 1, FLS not present = 0) is based
on the satellite-based operational fog observation scheme
(SOFOS) by Cermak (2006) (later adapted by Cermak &
Bendix, 2007, 2008, and Egli et al., 2017), which separates
FLS from clear sky and other clouds by applying a com-
bination of spectral (e.g., cloud-free areas, ice and snow
pixels) and spatial (e.g., altitude and surface homogeneity)
tests. FLS formation and dissipation times are obtained
from Pauli et al. (2022a), and are derived by applying logis-
tic regression to the FLS time series from Egli et al. (2017).
Both datasets cover the European continent from 2006
to 2015.

We use ceilometer and surface observations from
the DWD weather station Rheinstetten between 2009
and 2015 to obtain information on ground-fog presence,
fog vertical extent, and fog surface conditions. Since the
ceilometer data at the study site are available from 2009,
we set the study period to 2009–2015. The ceilometer at
the study site (type CHM15K, from the DWD’s ceilome-
ter network: Deutscher Wetter Dienst., 2021) measures
atmospheric backscatter up to 15,000 m above ground
level (m agl) and reports the measurements as temporal
averages every 15 seconds. It uses the 1064-nm wave-
length for vertical atmospheric profiling with the Light
Detection and Ranging (lidar) technique (Lufft., 2025).
The measured backscatter signal is processed by the data
providers and distributed as a normalized range-corrected
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(a)

(c)

(b)

F I G U R E 1 (a) Mean height above sea level in metres (Digital Elevation Model by Hijmans et al., 2005). (b) Mean fog and low stratus
(FLS) cover for autumn and winter 2009–2015 in hours per day in Southwest Germany (dataset by Egli et al., 2017). A black triangle denotes
the German Weather Service (DWD) weather station in Rheinstetten. The black lines represent country borders and also mark the course of
the Rhine River from approximately 47.5–49◦N. The dashed black line represents a height of 500 m above sea level. Panels (a) and (b) were
adapted to the study site from Pauli et al. (2022a). (c) Monthly distribution of the number of days with fog occurrence in the study area for
2009–2016 with observations from the DWD station in Rheinstetten. [Colour figure can be viewed at wileyonlinelibrary.com]

signal (Mattis & Wagner, 2014). Additionally, the DWD
meteorological station at the study site provides data on
air temperature and relative humidity at 2 m agl, horizon-
tal visibility at 2.5 m agl and wind speed at 10 m agl with
a one-hour temporal resolution, as well as days with fog
occurrence generated from SYNOP reports. The instru-
ments used at the DWD weather station can be found in
the Supporting Information Table S1.

2.2 Methods

2.2.1 FLS event selection

We select FLS events from October and February
2009–2015 to represent the two seasons with the most fre-
quent FLS occurrence. These months are selected because
they are the two months with the most clear-sky days
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available from the datasets, and clear-sky conditions serve
as a proxy for radiation fog formation. For the selection of
single events, we follow the steps below.

1. First, we choose fog events which either start or end
in clear-sky conditions. Clear-sky scenes over Rhein-
stetten are selected from the National Aeronautics and
Space Administration (NASA) Worldview using the
corrected reflectance (True Color) base layer based on
Terra/Moderate Resolution Imaging Spectroradiometer
(MODIS) data.

2. For those clear-sky days, days with observed FLS and
FLS life-cycle times from the satellite-based datasets at
the Rheinstetten pixel are selected. If formation and
dissipation times are not available for this pixel, these
times are selected from the nearest pixel with avail-
able times inside an area of 3 × 3 pixels centred at the
Rheinstetten pixel (±0.065◦ longitude and latitude).

3. We set a minimum event duration of three hours to
obtain at least three measurements with one-hourly
resolution for each event, as this is required for a suc-
cessful application of our fog life-cycle classification
scheme. Therefore, if formation and dissipation times
are available and the difference between them is at least
three hours, the FLS event is selected.

4. The list of FLS events is updated based on ceilometer
data availability.

5. Finally, the FLS events are classified as fog or low stra-
tus, observing the ceilometer backscatter profiles and
the station fog occurrence data. High backscatter sig-
nals that begin from the ground (“touch the ground”) in
the ceilometer profiles indicate that FLS observed from
the satellite perspective is a fog situation. In constrast,
high backscatter signals that begin above the ground
indicate that FLS is a low stratus situation. Additionally,
the fog classification is validated with fog occurrence
data from the station.

The final selection includes a total of 21 FLS events (15
events in October and six in February). Among them, fog
is detected in seven events (all of them in October) and low
stratus in 14 events. The formation and dissipation times
are selected from the Rheinstetten pixel for 11 events and
from the surrounding pixels for 10 events.

2.2.2 Fog-type classification

The detected fog events are then classified into fog types
following the fog-type classification algorithm from Tardif
and Rasmussen (2007). For this purpose, the surface
conditions of wind speed, cloudiness, and temperature
one hour before fog formation extracted from the Pauli

et al. (2022a) dataset are analyzed as described in Figure 2.
The wind-speed threshold is the main factor in separating
advection processes (e.g., advection fog) from local-scale
turbulence features (e.g., radiation fog), which should be
adapted to the study site conditions (Guerreiro et al., 2020).
For this purpose, the mean wind-speed values are calcu-
lated within a time range of 10 hours before and after each
event’s formation and dissipation, respectively, obtain-
ing a mean value of 2.5 m ⋅ s−1. A wind-speed value of
2.5 m ⋅ s−1 is then selected as the threshold value that rep-
resents the separation between high and low wind speeds
around FLS events at the study site. Information on clear
skies and CBH is obtained from the ground perspective
using the ceilometer profiles, which allows the identifica-
tion of possible cloud-base-lowering situations. Cooling,
as an indicator for radiation fog formation, is evaluated
using the time-series data from the station. Using this
adapted algorithm, the advection, radiation, and CBL fog
types can be identified. If none of the criteria is fulfilled,
the fog event is classified as unknown.

2.2.3 Fog formation, maturity,
and dissipation time detection

In the next step, the life-cycle phases of the radiation fog
events are detected from the ground perspective using vis-
ibility data. This detection is focused on radiation fog,
since it is the predominant fog type observed. The selected
events are evaluated in the algorithm starting 10 hours
before formation time from the FLS life-cycle dataset
(Pauli et al., 2022a). The algorithm then evaluates each
time step of the time series, analyzing the visibility trend,
the actual visibility value, and/or the visibilities in the fol-
lowing hours, as described in Figures 3 and 4. In Figure 3,
the time blocks implemented in the life-cycle time clas-
sification algorithm are illustrated: blue exemplifies the
visibility rolling mean formed by three consecutive time
steps, red the visibility values of the time steps in the next
hour, and orange the visibility trends or values of the time
steps in the next three hours after the time step that is
currently being evaluated by the algorithm. The hourly
visibility observations are resampled to a 15-minute res-
olution by applying a linear interpolation of the values,
assuming a linear behaviour of the visibilities between the
actual observations. This is done as visibilities may change
drastically within two consecutive hours, that is, from 600
to 20,000 m. Hence, this approach allows a better assess-
ment of the visibilities and a more accurate approximation
of the life-cycle times detected.

The analysis of visibility thresholds and trends enables
the detection of the time when fog formation begins
and ends (formation phase), when the fog is fully
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F I G U R E 2 Fog-type classification algorithm adapted from Tardif and Rasmussen (2007) and Guerreiro et al. (2020). Each decision
step should be evaluated one hour before fog and low stratus (FLS) formation, that is, onset. The fog types that can be classified with this
adapted workflow are advection, radiation, and cloud-base-lowering (CBL) fog. If none of the physical conditions before the fog event
matches with any of the classification steps, the fog type is classified as unknown. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 3 Description of the time blocks implemented in
the life-cycle times classification algorithm. Blue exemplifies the
visibility rolling mean, red the visibility values in the next hour, and
orange the visibility trends or values in the next three hours.
[Colour figure can be viewed at wileyonlinelibrary.com]

formed (maturity phase), and when fog dissipation starts
and ends (dissipation phase). A progressive decrease
(increase) in visibility serves as a proxy for the begin-
ning of fog formation (dissipation). Two visibility thresh-
olds are included in the algorithm. The first one, 1000 m,
follows the international definition of fog occurrence

(American Meteorological Society, 2024; World Meteo-
rological Organization, 2017). The second one, 5000 m,
follows the definition of mist, as in Román-Cascón
et al. (2019), and is used in this study as a proxy for the
distinction between low and high visibilities. Additionally,
we calculate the visibility differences between each con-
secutive observation to analyze the visibility trends. Then,
the rolling mean values of these differences are calculated
inside a window of three consecutive time steps to observe
how the average of the visibility differences changes across
time. The visibility trend is mostly negative before fog
onset, close to zero during fog presence, that is, visibility
under 1000 m, and primarily positive after fog occurrence.

The algorithm is designed to identify the phases in
chronological order: formation, maturity, and dissipation.
For a subsequent phase to be detected, the preceding
phase must be detected first. For example, if the formation
phase has not been detected, the maturity and dissipa-
tion phases cannot be detected yet. Figure 4 describes the
different labels that are assigned in the algorithm. The
labels are indicated by numbers in brackets, from 1 to 9,
in the coloured ovals at the end of each process (i.e., flow
chart terminators). At the first decision step, the algorithm
detects a negative visibility trend in the current time step
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F I G U R E 4 Workflow of the life-cycle time classification algorithm based on visibility data. [Colour figure can be viewed at
wileyonlinelibrary.com]

as the possible beginning of fog formation. If a positive vis-
ibility trend is present in the following three hours, the
formation phase has not yet started (label 1). In contrast,
negative trends during the next three hours mean the start
of formation (label 2) or, if formation has already been
identified, the continuation of this phase (label 3). After
formation has been detected, visibilities below 1000 m at
the current time step and during the following hour detect
the beginning of the maturity phase and the end of the for-
mation phase (label 4). After that, at least one time step
with visibility below 1000 m during the following hour
indicates the continuation of the maturity phase (label 5).
A positive visibility trend and visibilities above the 1000-m
threshold in the consecutive three hours set the start of
the dissipation phase and the end of the maturity phase
(label 6). If the visibilities remain under the 5000-m thresh-
old, the dissipation phase continues (label 7). Dissipation
ends when the current visibility and all visibility values in
the next three hours surpass the 5000-m threshold (label
8). If the values of the current time step do not match
any of the described labels, the time step is considered
part of the phase assigned to the previous time step. The
algorithm stops when the end time of the dissipation phase
is identified.

3 RESULTS AND DISCUSSION

In general, fog events are observed in October and low stra-
tus events are observed in February (cf. Table S2). Most of
the events show an overall good agreement between the

times at which FLS is identified from the satellite perspec-
tive and those from the ceilometer, which is the case for the
events in both case studies that are presented in the follow-
ing subsection. Five fog events are classified as radiation
fog, one as CBL fog, and one cannot be classified into any
fog type due to insufficient data availability (cf. Table S2).
The radiation fog events (cf. Table S3) follow a classic radi-
ation fog pathway, with formation in the evening or at
night driven by radiative cooling. The maturity phase is
always reached at night and dissipation begins at or shortly
after sunrise, most likely due to surface warming induced
by solar radiation. In the following (Sections 3.1 and 3.2),
we present two radiation and one CBL fog event.

3.1 Case study 1: Radiation fog event
in October 2014

A radiation fog event that begins on the evening of October
18, 2014 and ends the following morning of October 19,
2014 is shown in Figure 5. The vertical fog layer observed
in the ceilometer profile (in dark red) extends up to 100 m
agl, and at roughly the same time the satellite-based FLS
mask indicates FLS occurrence.

3.1.1 Fog formation

According to the visibility-based life-cycle times, the for-
mation phase begins on the first day at 1845 (UTC+2)
and ends on the second day at 0200. During this phase,
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8 of 16 PINILLA et al.

F I G U R E 5 Radiation fog event (event ID 11) from October 18–19, 2014 (UTC+2) at the station Rheinstetten. (a) Vertical profile of
normalized range-corrected signal on a logarithmic scale from 0 to 600 m agl. Fog is coloured dark red below 200 m agl. (b) Fog and low
stratus (FLS) binary mask (FLS present=1, FLS not present=0). (c) Visibility (1 km close to the x-axis line and 5 km at the intersection with
the dissipation end line). (d) Air temperature (in red) and relative humidity (in blue). (e) Wind speed. Vertical dashed red and blue lines
represent the sunrise and sunset times, respectively. Vertical grey lines denote the calculated life-cycle times based on visibility (VIS in the
legend): formation start (dashed), maturity start (dot–dashed), and dissipation start and end (solid lines). The three corresponding phases are
highlighted with coloured backgrounds from (b)–(d): formation in blue, maturity in green, and dissipation in yellow. Vertical black lines denote
the formation time (dashed) and the dissipation time (solid lines) based on the satellite-based linear regression (LR in the legend) approach
from Pauli et al. (2022a). Black triangles represent the cloud-base height (CBH). [Colour figure can be viewed at wileyonlinelibrary.com]

fog develops slowly, indicated by an increasing backscatter
signal in the ceilometer profile and visibility fluctuations
from midnight onwards. In the last hour of the formation
phase, the fog has a vertical extent below 50 m agl. The
surface conditions, described by visibility, temperature,
relative humidity, and wind speed, show distinct features

during this fog event (cf. Figure 5c–e). A constant decrease
in visibility characterizes this phase. The temperature
decreases to 10◦C, caused by radiative cooling, while the
relative humidity increases to 100%, leading to air satu-
ration and ideal conditions for radiation fog formation
(Cotton et al., 2011). Wind speed during formation is
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low (around 0.5–1 m ⋅ s−1) and therefore ideal for radi-
ation fog formation (Pérez-Díaz et al., 2017; Tardif &
Rasmussen, 2007).

An inverse correlation can be seen between air tem-
perature and relative humidity. This is an expected rela-
tionship, described by the dependence of the saturation
water vapour on temperature in the Clausius–Clapeyron
equation (Lamb & Verlinde, 2011). Since warm air can take
up more water vapour than colder air, a decrease in the air
temperature leads to a higher relative humidity and vice
versa. Another inverse correlation is observed between
visibility and relative humidity. The relative humidity, as
an indicator of water-vapour saturation in the air, can be
a proxy for visibility due to the scattering of suspended
water droplets. This correlation is, however, not always
present at the formation phase. For example, the visibil-
ity may decrease before and during formation, while the
relative humidity stays at the same value or already indi-
cates saturation before the visibility decreases. A possible
explanation is that, although the air is saturated hours
before the visibility falls below 1000 m, the droplet forma-
tion starts later due to less aerosol load compared with
days where visibility and relative humidity correlate dur-
ing formation. Considering the role of aerosols as cloud
condensation nuclei and their strong influence on droplet
concentrations and sizes, aerosol activation is critical for
fog formation and development (Maalick et al., 2016; Pauli
et al., 2024b). To confirm this hypothesis, further studies
should include measurements of aerosols and microphys-
ical parameters (i.e., fog-droplet number concentration).
Analyses of the boundary-layer height would also pro-
vide information on the aerosol-layer concentration at the
study site.

3.1.2 Fog maturity

The maturity phase begins at 0200 and ends at 0900, rep-
resented by visibilities under 1000 m for at least three
consecutive time steps at the beginning of the phase and
an increase of the backscatter signal. The minimum visi-
bility reached during maturity is 200 m, which is similar to
radiation fog events near Paris in Weston et al. (2022) and
Dione et al. (2023). It increases slightly during the last two
hours of the maturity phase (from 300 to 600 m), similar to
the observations in Mazoyer et al. (2022). While visibility
generally remains under 1000 m, it can fluctuate, reaching
values above this threshold at different time steps during
the first half of the phase. Constant values of surface con-
ditions that are usually reached at the end of formation
characterize the maturity phase. While the air temperature
can decrease during maturity, relative humidity remains

at saturation and wind speeds remain constant (Dione
et al., 2023; Weston et al., 2022).

3.1.3 Fog dissipation

The dissipation phase begins at 0900 and ends 15 min-
utes later. The satellite-based FLS mask indicates no FLS
presence already one hour before dissipation starts, likely
due to the inability to detect FLS during sunrise. The vis-
ibility and air temperature increase almost linearly and
continue to do so after this phase. This increase does not
occur directly after sunrise but about one hour later, as
the solar radiation does not reach the surface until the fog
layer starts to dissipate. The relative humidity decreases
following a similar but inverse behaviour to the visibility
and the temperature. The wind speed increases after fog
dissipation from ≈ 0.5 m ⋅ s−1 to values above 2.5 m ⋅ s−1

two hours later, likely due to turbulent heat fluxes induced
by solar warming (Dupont et al., 2016). The dissipation
phase is characterized by faster changes than those in
the formation phase and is the shortest phase compared
with formation and maturity, surpassing the visibility
threshold of 5000 m within 15 minutes. A rapid increase
in visibility during this phase has also been observed by
Toledo et al. (2021) and Mazoyer et al. (2022) during fog
dissipation.

3.2 Case study 2: Radiation fog and CBL
fog events in October 2015

A long event of both fog and low stratus, which persists
for three consecutive days, is shown in Figure 6. It con-
sists of a radiation fog event (on the left) that begins on the
evening of October 26, 2015, transitions into a low stratus
by base lifting at noon on October 27, 2015 and lowers its
base again at midnight of October 28, 2015, resulting in a
CBL fog event (on the right) that persists until noon. In
total, it has a duration of ≈ 40 hours, which is the longest
FLS event observed in this study.

The FLS mask detects the first FLS presence at the
same time when fog is observed for the first time in the
ceilometer profile. The FLS mask indicates FLS presence
with a signal that alternates between 0 and 1 until the
middle of the CBL fog event. The visibility-based life-cycle
times are only detected for the radiation fog event (first
fog event), which is explained in the following subsections.
This case study represents this study’s most persistent and
developed fog event. Both the lifting and the lowering of
the base are well shown by the CBH data between the
ground height and ≈ 200 m agl.
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10 of 16 PINILLA et al.

F I G U R E 6 (Left) A radiation fog event (ID 13) from October 26–27, 2015 (UTC+2) that develops into (right) a cloud-base-lowering
(CBL) fog event (ID 14) from October 27–28, 2015 (both local time) at the station Rheinstetten. Further description as in Figure 5. [Colour
figure can be viewed at wileyonlinelibrary.com]

3.2.1 Fog formation

The formation phase starts at 1900 and ends two hours
later. During this period, the backscatter signal above
ground increases its intensity slightly. The surface condi-
tions are shown in Figure 5c–e. The visibility decreases
abruptly during the visibility-based formation phase to
values below the 1000-m threshold. Meanwhile, the air
temperature drops from 12 ◦C to 7◦C due to longwave
radiative cooling and the relative humidity increases
rapidly (from approximately 70% at 1700) before the for-
mation phase on the first day, reaching saturation (100%)
at the end of the phase. In this case study, the visibility
and temperature also show an inverse correlation with
the relative humidity during the radiation fog event, as in
case study 1. Before and during the fog formation phase,
the wind speed decreases linearly from values higher
than 3.0 m ⋅ s−1 to 0.5 m ⋅ s−1, probably as a result of

near-surface air cooling around sunset. A reduction in
wind speed keeps the moisture in the lower atmosphere,
preventing its deposition as dew at the surface, therefore
providing sufficient moisture for fog formation when the
temperature decreases as a result of radiative cooling
(Cotton et al., 2011).

3.2.2 Fog maturity

This phase begins with a formed fog layer with a visibil-
ity of 300 m that decreases to zero in the middle of the
maturity phase. The fog layer slowly increases its vertical
extent up to 100 m agl from the middle of maturity to its
end. The CBH also follows a similar pattern, starting from
≈ 4 m agl and ending at ≈ 55 m agl. Fog persists for ≈ 16
hours. The air temperature and relative humidity both
remain relatively constant (8◦C and 100% respectively),
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while the wind speed varies from 2 m ⋅ s−1 to around
1 m ⋅ s−1 during the phase. The mature radiation fog layer
in case study 2 has a higher vertical extent (≈ 100 vs. below
100 m), is thicker (minimum visibility 0 versus 200 m), and
lasts longer (≈ 15 vs. 7 hours) than in case study 1. These
characteristics can indicate how developed each event is
(Price, 2011, 2019). Deep adiabatic fog layers often reach
100 m depth or more (Dione et al., 2023; Price, 2011), are
optically thicker, and are usually more persistent (can last
24 hours or more), while shallow fog layers are usually less
than 100 m deep, optically thinner, and short-lived (less
than 8–10 hours: Price, 2011, 2019). In addition, thicker
fog layers are more likely to transition into low stratus,
which reinforces a slow increase in solar downwelling
flux and, consequently, a slow increase in temperature, as
observed in case study 2 (Dupont et al., 2016). The wind
speed during radiation fog in case study 2, on average, is
higher and more variable than in case study 1. Stronger
wind speeds promote more turbulence within the fog
layer, affecting the evolution from shallow fog to deep
adiabatic fog (Smith et al., 2018). In this sense, we can
define the radiation fog in case study 2 as a deep adiabatic
radiation fog and that in case study 1 as shallow fog.

3.2.3 Fog dissipation/cloud-base lifting

Radiation fog dissipation starts at 1215, indicated by an
increase in CBH to a height of 500 m agl and an increase
in visibility surpassing the 1000-m threshold. The tem-
perature increases only slightly by 2◦C, as there is only a
slow increase in the downwelling solar radiation due to the
persistent lifted stratus layer. Both the relative humidity
and the wind speed decrease slowly during the dissipation
phase (to 93% and≈ 1 m ⋅ s−1, respectively). Therefore, the
fog water mass is not depleted as in case study 1 but ele-
vated into a low stratus layer. Dissipation in case study 2
is therefore quite different from that in case study 1: the
dissipation phase in case study 2 is driven by stratus lift-
ing, lasts longer (≈ 5 hours), and starts later (around noon)
compared with case study 1 (15-minute duration start-
ing in the morning). These differences, as in the maturity
phase, can be related to the differences between shallow
versus deep adiabatic fog. While shallow fogs usually dis-
sipate during the morning, as the solar-induced sensible
heat fluxes generate sufficient energy for the dissipation
of the fog layer, deep fog is more persistent and therefore
dissipates later, and more likely transitions into a low stra-
tus cloud (Dupont et al., 2016; Price, 2019). Therefore, the
dissipation of the fog event in case study 2 occurs through
cloud-base lifting, which can be explained by the thick-
ness and relatively high vertical extension of the fog layer,
which impede dissipation due to solar radiation warming

(Maalick et al., 2016), or by a deficit in the liquid water path
contained in the fog layer (Toledo et al., 2021; Wærsted
et al., 2019).

3.2.4 Cloud-base lowering

The top of the lifted cloud reaches a maximum height
of 500 m agl around 2000, and starts to lower again at
2300. The visibility stops increasing and starts to decrease
from ≈ 10 km to 1000–2000 m and the wind speed fluc-
tuates at values favourable for cloud-base lowering (0.5
and 2.5 m ⋅ s−1: Toledo et al., 2021). The air temperature
decreases slightly to ≈ 7◦C, whereas the relative humidity
shows a more pronounced increase to saturation, show-
ing in this case a less pronounced correlation of relative
humidity and temperature compared with the radiation
fog formation phase at the beginning of the event. The
weak temperature decrease and consequently weak cor-
relation with relative humidity is due to the presence of
the stratus cloud, which prevents radiative cooling at the
surface (Román-Cascón et al., 2019). For this reason, the
temperature decrease during CBL fog formation is not as
pronounced as in the observed radiation fog cases.

3.2.5 CBL fog occurrence

Around 0500 on the third day, the cloud base reaches the
ground again and CBL fog is detected, which persists for
five hours. As in Román-Cascón et al. (2019), the CBL fog
event forms after the descending of the base of a cloud
that was previously radiation fog. The air temperature, rel-
ative humidity, and wind speed remain relatively constant.
The visibility fluctuates between 1000 and 2000 m, remain-
ing above the 1000-m visibility threshold. Compared with
the previous radiation fog maturity, the visibilities during
the presence of CBL fog are distinctly higher. The CBL
fog layer is, on average, more elevated than the radia-
tion fog layer, with a mean CBH of 11.68 m for the CBL
fog, while the CBH of radiation fog is 5.29 m. Visibilities
below 1000 m measured at 2 m agl indicate that the radia-
tion fog layer begins at elevations below the CBH reported
by the ceilometer. However, since the ceilometer has a
minimum range of 5 m, as specified by the manufacturer
(Lufft, 2025), measured CBH values below this range are
not expected, but the actual CBH might be lower. In con-
trast, the mean CBH of the CBL fog layer is supported
by high visibility readings (above 1000 m). As the visibil-
ity measurement is positioned at 2 m agl, it measures the
visibility below the cloud layer and therefore might not
reflect the visibility of the CBL fog layer accurately. Con-
sequently, additional visibility, temperature, and relative
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humidity measurements at different heights are necessary
for a more accurate estimate and description of the CBL
processes.

3.2.6 Cloud dissipation

The cloud base lifts again at 1000, which is faster than
the cloud-base lowering, indicating the start of fog dissi-
pation. From the backscatter intensity and CBH, it can
be assumed that dissipation ends at 1400. The visibil-
ity increases again, inversely correlated with the relative
humidity. The temperature also increases slowly and the
wind speed oscillates between ≈ 1.0 and 2.5 m ⋅ s−1. In
general, the CBL fog event has less pronounced temper-
ature changes and more variable wind speeds during the
whole duration compared with the radiation fog event in
case study 1 and the radiation fog event at the beginning
of case study 2.

3.3 Satellite-based life-cycle times
compared with the visibility-based
detected phases

In case study 1, the satellite-based FLS formation is
indicated at 0400, two hours after the beginning of the
visibility-based maturity phase, and the dissipation at
0815, 45 min before the start of the visibility-based dis-
sipation phase. Between FLS formation and dissipation
times, the fog layer reaches its maximum vertical extent.
In this event, the satellite detects fog during the forma-
tion phase, indicated by two peaks of FLS occurrence.
The first occurs at 2215 and the second at 0145, where a
strong backscatter signal up to approximately 50 m agl is
observed. The satellite-based formation time is later than
the visibility-based formation time, shortly before the fog
layer reaches its maximum vertical extent, as the fog is
then dense enough to be detected by the satellite. In con-
trast, the satellite-based dissipation time is earlier than the
visibility-based dissipation time, as the satellite is not able
to detect FLS in twilight conditions (Egli et al., 2017), lead-
ing to a shift in the dissipation time to earlier times (Pauli
et al., 2022a).

In case study 2, FLS formation is detected at 2130, 30
minutes after the beginning of the visibility-based matu-
rity phase. Since FLS data do not discriminate between fog
and low stratus (Cermak, 2018; Cermak & Bendix, 2011;
Egli et al., 2017), the dissipation of the radiation fog event
and the formation of the CBL fog event are not detected
by the satellite-based life-cycle detection method. There-
fore, only one connected FLS event is observed, with a
satellite-based dissipation time at 0400 on the third day of

the event. Similarly to case study one, the early dissipation
is likely due to the twilight conditions, leading to “no-FLS”
instances around sunrise and consequently the detection
of a dissipation time in the logistic regression approach in
Pauli et al. (2022a).

During the maturity phase, the backscatter signal
shows the highest values and the satellite-based FLS mask
shows mostly FLS presence. Developed, mature fog lay-
ers are denser and thus have more small droplets that
reflect in the middle infrared, sending a stronger sig-
nal to the satellite than less developed fog masses. This
property is used in the SOFOS algorithm (Cermak, 2006;
Cermak & Bendix, 2007, 2008; Egli et al., 2017), where the
small-droplet proxy test distinguishes small-droplet clouds
(e.g., FLS) from large-droplet clouds, assessing the radia-
tive properties of FLS in the middle infrared (3.9 𝜇m). At
these wavelengths, small droplets are reflective and can be
distinguished in the signal received by the satellite (Egli
et al., 2017). Therefore, the detectability of FLS from the
satellite perspective is likely a function of the life-cycle
stage of the FLS layer, where more developed fog layers
are more easily detected than less dense or less developed
ones (i.e., during the formation phase). We can, therefore,
conclude that the visibility-based approach provides more
accurate measures of formation and dissipation time at
this location compared with the satellite-based approach,
while the latter provides an approximate measure of FLS
formation and dissipation time across large spatial scales,
detecting fog at the maturity phase.

3.4 Evaluation of the life-cycle phase
detection method

Our results show that the visibility trend threshold for
detecting the start of formation captures the beginning of
the processes involved. From the ceilometer perspective,
backscatter signals are stronger than those of clear sky
but weaker than fog in the formation or mature phases.
While these signals can be challenging to detect from the
satellite perspective, the radiation fog in case study 1 is
partly detected during the formation phase, which coin-
cides with stronger backscatter signals in the ceilometer
profile. The life-cycle phase detection method is not able
to detect the formation phase when visibilities stay above
the 1000-m fog threshold, which is the case for the CBL
fog event in case study 2. A potential solution could be
to use the patterns of relative humidity and cloud-base
height in combination with the visibility threshold to
be able to classify the formation phase of CBL events
as well.

Formation and dissipation phases driven by stratus
lowering and lifting can not be detected fully with the

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.70056 by M
aria L

aura Pinilla - K
arlsruher Institut Für T

echnologie , W
iley O

nline L
ibrary on [24/10/2025]. 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



PINILLA et al. 13 of 16

visibility sensors at 2 m agl, as the cloud masses, where
visibility changes are occurring, are located above the sen-
sor. Therefore, the visibility thresholds at 2 m agl are ideal
for the detection of radiation fog formation and dissipation
but challenging for the detection of the life-cycle phases of
CBL fog. A potential way to go forward would be to use visi-
bility measurements at multiple heights, as shown recently
in Parde et al. (2024). This could be used in future stud-
ies to detect the start of the formation phase or the end of
the dissipation phase of fog events with stratus lowering or
lifting processes involved.

The visibility thresholds for the detection of the dis-
sipation phase show overall good agreement with the
ceilometer profiles, the FLS mask, and the CBH. Dur-
ing dissipation, the backscatter reduces its intensity until
no fog is observed at the end of the phase. This transi-
tion occurs faster compared with the formation phase,
and the signal may change abruptly from one time step
to the next. Additionally, a general change in the trend
of visibility, temperature, relative humidity, and CBH
is observed.

It has been shown that the three phases can be detected
using visibility values and trends and that the ceilome-
ter and satellite observations are useful in understanding
the development of each phase. From the ceilometer per-
spective, changes in backscatter strength and CBH can
give an approximate detection of the phases. These are,
moreover, necessary to detect dissipation caused by stratus
lifting or formation due to stratus lowering, which can-
not be achieved by assessing visibility measurements at
2 m agl. Given the differences noted between radiation and
CBL fog events, each fog type should be considered sepa-
rately, deriving specific thresholds for each and preferring
different data sources. For example, while radiation fog
forms in the air layer above the ground, CBL fog forms
from the lowering of the base of a stratus cloud to the
surface. Therefore, visibility measurements at 2 m agl are
suitable for assessing radiation fog formation, while visi-
bility measurements at higher elevations (e.g., 100–200 m
agl), along with ceilometer backscatter and CBH, are more
suitable for assessing CBL fog formation. Additionally, a
larger sample of fog events is required. The thresholds pre-
sented for the detection of radiation fog life-cycle phases
should also be evaluated before applying the algorithm
to other locations or other seasons. However, changes in
threshold values should be small, since values from gen-
eral definitions were implemented.

4 CONCLUSIONS

In this study, we detected and characterized the life-cycle
phases, namely formation, maturity, and dissipation, of

radiation fog events in autumn at the DWD station in
Rheinstetten, Southwest Germany. FLS events at the study
site were classified into fog or low stratus, and later the
fog events into fog types (i.e., radiation and CBL fog), by
combining satellite FLS data with ground-based observa-
tions of meteorological surface conditions and ceilometer
backscatter. The phases of the radiation fog events were
detected effectively based on station visibility observa-
tions, as well as their trend and two visibility thresholds.
The algorithm developed provided a clear definition of the
beginning and end of each phase based on the formation
and dissipation processes involved that promote visibility
changes. The algorithm also has the potential to run over
long visibility time series to detect fog life-cycle phases
automatically at different study sites.

The backscatter signals, the satellite FLS mask, and the
CBH supported the phase detection. The phases detected
showed evident patterns in visibility, temperature, relative
humidity, and wind speed. Formation was characterized
by increasing relative humidity and decreasing visibility,
temperature, and wind speed; maturity by relatively con-
stant values; and dissipation by inverse changes compared
with those during formation, generally occurring faster
than during formation. In general, the satellite FLS mask
and backscatter profiles agreed in most cases, while the
ceilometer detected fog presence earlier and more consis-
tently and could also identify formation by stratus lower-
ing or dissipation by stratus lifting. It was also shown that
the satellite-based method detects the maturity phase, as
defined in this study, consistently. As it was only possible
to detect the life-cycle phases of the CBL fog event visually
by observing the backscatter signal and CBH, the detec-
tion algorithm presented in this study should be improved
in future studies by including CBH in the algorithm and
evaluating more CBL events. The results show that the
life-cycle classification scheme needs to be designed spe-
cific to the fog type, due to differences in the formation
mechanisms of each one. For a better spatial characteriza-
tion of fog life cycles, studies similar to those in this article
are still required in other stations of the region, and the
inclusion of more events would provide significant statis-
tics, such as mean surface-condition parameters in each
life-cycle phase.

In this study, a satellite-based life-cycle classification
method was compared with a ground-based method for
the first time, discussing the advantages and disadvantages
of using each method and how the combination of both
observation perspectives provides us with a better under-
standing of the fog life cycles. The findings of this article
will provide a basis for future analysis of fog life cycles
in the region with the aim of more accurate phase detec-
tion, as well as more exhaustive phase characterizations.
These are needed for better predictions of fog formation
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and dissipation for air, road, and marine transport
management or the detection of climate-change-driven
trends and shifts in the fog life cycle. The results of this
study additionally outline the need for 24-hour consis-
tent FLS datasets (Jahani et al., 2025) and research efforts
that are able to separate fog from low stratus clouds in
satellite-based fog life-cycle studies. Finally, we propose
that future satellite-based FLS detection methods include
an assessment of the changes in the spectral signals of FLS
during its life cycle, enabling a robust fog life-cycle phase
detection from the satellite perspective.
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can be accessed from: http://www.worldclim.org.
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