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Abstract. In the hyper-arid Namib Desert, fog serves as the only regular source of moisture, vital for sustaining local ecosys-
tems. While fog occurrence in the region is typically associated with the advection of marine stratus clouds and their inter-
action with topography, its spatial distribution is strongly influenced by cloud base height, which remains poorly understood.

To address this gap, this study utilizes ground-based remote sensing and in-situ observations to analyze systematic spatial and

5 temporal patterns of cloud base height. Our results reveal clear seasonality and a diurnal cycle, with cloud base lowering mod-
erately (10-50 m h™—!) during the evening and early night, and lifting rapidly (30-150 m h™!) after sunrise, especially inland.
Additionally, the findings indicate that these rates are influenced by horizontal gradients in cloud thickness. Quantile regression
highlights the tight relationship between cloud base height and near-surface relative humidity (r ~ -0.76) that is expected in
well-mixed boundary layer, which can therefore be employed to estimate cloud base height across FogNet sites. In a case study,

10 the potential value of the estimated cloud base height for separating fog from low clouds in satellite-based products is shown.
In the future, a full integration of the estimated cloud base height with a satellite-based fog and low-cloud product can enable

a spatially continuous mapping of fog in the region for the first time, which would facilitate fog ecological impact studies.

1 Introduction

Fog is a characteristic meteorological phenomenon in the Namib Desert, one of the driest regions on Earth, which lies along the
15 southwestern coast of Africa, and serves a critical function in supplying moisture to the desert’s ecosystems. It thereby supports
the persistence of plant and animal life in this otherwise arid environment (e.g. Seely and Henschel, 1998; Shanyengana et al.,
2002; Ebner et al., 2011; Azda-Bustos et al., 2011; Roth-Nebelsick et al., 2012; Eckardt et al., 2013; McHugh et al., 2015).
An example of this is the existence of fertile islands of vegetation, known as "Fog-Plant-Oases" (Gan et al., 2024), which
depend on fog deposition for their water supply. In addition, fog can transport nutrients and pollutants (Weathers et al., 2020),

20 potentially impacting biogeochemistry where fog water is deposited (Warren-Rhodes et al., 2013; Gottlieb et al., 2019). In light
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of expected regional climatic changes in southern Africa (warmer and drier, (Madre et al., 2018)), Namib fog could become
even more important to regional ecosystems in the future.

The Namib Desert experiences fog throughout the year; however, historical station observations (Nagel, 1959; Lancaster
et al., 1984) and more recent data from the FogNet observation stations (Andersen et al., 2019) show a clear seasonal variation
in spatial fog occurrence patterns. These patterns are closely related to the distance from the coast, the elevation of the land
surface, and the seasonally varying vertical position of the low stratus layer. Fog in the Namib Desert is predominantly of
advective nature (Olivier and Stockton, 1989; Seely and Henschel, 1998; Andersen et al., 2019; Spirig et al., 2019; Formenti
et al., 2019; Andersen et al., 2020), with advection fog frequently occurring in a narrow coastal area (less than 15 km) and an
advected stratus cloud often extending further inland, historically referred to as "advective fog" and "high fog" respectively in
(Seely and Henschel, 1998). This advected stratus layer is typically lower-lying (= 200 m AMSL, referred to as the "Low-FLC
Season", Andersen et al. (2019)) during the austral winter, but during the austral summer, it rises to around 400 m AMSL
(referred to as the "High-FLC Season", Andersen et al. (2019)) and can extend more than 60 km inland, where it may intercept
the terrain and manifest as fog (Olivier, 1992; Andersen et al., 2019). These spatio-temporal patterns of the advected fog and
low stratus clouds can be observed using satellites (Olivier, 1995; Cermak, 2012; Andersen and Cermak, 2018; Andersen et al.,
2019). However, distinguishing fog from other very low-lying stratiform clouds in satellite images is very challenging and not
conclusively solved (Cermak and Bendix, 2011; Egli et al., 2018). While studies by Cermak (2018) and Qiao et al. (2022)
highlight the potential of satellite-based lidar observations for fog detection, the data’s sparse coverage limits its suitability
for continuous spatiotemporal fog mapping. As in advected stratus situations, the stratus base frequently does not reach the
surface near the lower-lying coastal areas (Andersen et al., 2019), the vertical position of the stratus layer is a critical parameter
that partially determines fog occurrence patterns. In the similar environment of the Coastal Cordillera of the Atacama Desert,
in-situ optical observation-based estimates have been used to characterize the vertical structure of advective fog (Del Rio et al.,
2021), though it provides only limited detail on the vertical dynamics of fog layer evolution. For the Namib Desert, only the
seasonal cycle of the cloud base has been analyzed with sparsely available ground-based remote sensing data. Diurnal vertical
developments during the fog and low cloud (FLC) life cycle, such as cloud base lowering after the stratus is advected inland
and stratus lifting in the fog dissipation phase, have only been documented for a small number of cases (Spirig et al., 2019).

This study aims to address this gap by analyzing cloud base height (CBH) measurements from multiple ceilometers across
a transect from the coast to inland locations. This study seeks to document typical seasonal and diurnal CBH patterns, and
to investigate the potential of using local in-situ measurements of surface relative humidity (RH) to estimate CBH with a sta-
tistical model. Since marine stratus and stratocumulus clouds typically develop within a well-mixed boundary layer (Wood
and Bretherton, 2004), a strong correlation between near-surface RH and CBH is expected in the Namib Desert as the receptor
region of these marine clouds. Previous studies have demonstrated the applicability of this approach through the lifting conden-
sation level, which links surface temperature and humidity to the expected cloud base height (Craven et al., 2002; Vogelmann
et al., 2015; Kutta and Hubbart, 2023; Lobos-Roco et al., 2024). Given that RH measurements are available at more locations
for a longer time period, this approach could be used to generate a continuous, long-term dataset of estimated CBH across the

range of FogNet stations. Our research aims to answer the following key questions:
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Figure 1. Map showing the research area in the central Namib and the spatial distribution of the FogNet stations described in Table 2. The
stations marked with filled red dots (GB:Gobabeb and CM:Coastal Met) and at Swakopmund (SM1 and SM2, marked as X, not a part of

FogNet) are equipped with ceilometers, providing continuous CBH observations.

1. What are the patterns of CBH development during the FLC life cycle, and do they vary with coastal proximity and

season?

2. Can local station measurements of RH be used to accurately estimate CBH of FLCs?

2 Data and Methods
60 2.1 The study region: The Central Namib

The Central Namib Desert, particularly the area monitored by the FogNet station network (Kaspar et al., 2015) (= 22.5°-24°
S and 14°-15.5° E, Figure 1), is a focal point for investigating FLCs due to their high frequency of occurrence (Andersen
et al., 2019) and historical station measurements (Nagel, 1959; Lancaster et al., 1984). The cold Benguela ocean current along
the coast of the Namib Desert facilitates the formation of extensive low-level stratus clouds over the ocean (Andrews and
65 Hutchings, 1980), which often advect eastward after sunset. To the east, near Gobabeb, the terrain rises up to 406 m for 56 km
inland distance, intercepting the advected stratus clouds to form fog where CBH reaches the surface. Only rarely, fog occurs

further inland than 100 km (Olivier, 1992), or =~ 15°30’E in the region shown in Figure 1.
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2.2 Ceilometer Measurements

For this study, ceilometer data were sourced from two key instruments deployed in the Central Namib region (Figure 1): the
Vaisala CL31 at Coastal Met (CM) and Swakopmund (SM), and the Campbell Scientific CS135 at Gobabeb (GB). Operat-
ing ceilometers in harsh desert environments such as Namibia is challenging due to extreme conditions, dust, and infrequent
maintenance, which can lead to substantial data gaps. Regular maintenance at Gobabeb has nevertheless ensured relatively con-
sistent availability, providing a valuable and continuous record (Figure 2). Notably, the CL31 at Swakopmund was repositioned
by ~500 m towards the coast in 2022.

Key instrument specifications are summarized in Table 1 (Weigner et al., 2019; Vaisala, 2024; Barbato et al., 2016; Camp-
bellScientific, 2018; Wagner et al., 2024). While both instruments are well-suited for detecting fog and low clouds, differences
in wavelength, resolution, and blind zones may lead to small systematic differences in retrieved cloud base height. For example,
cloud base height estimates for liquid water clouds can vary by 50-100 m between the CL31 and CS135 due to firmware def-
initions (Wagner et al., 2024). To ensure consistency, we adopt a minimum reliable detection limit of 40 m and exclude CBH
values exceeding 1000 m to focus exclusively on fog and low cloud conditions. While ceilometers are reliable instruments
for vertical atmospheric profiling, it is important to note that they are typically not calibrated against one another. Conse-
quently, small biases may occur between measurements from identical instruments, as discussed in (Weigner et al., 2019). All
measurements were recorded using Campbell Scientific data loggers and processed into . dat files with LoggerNet software
(CampbellScientific, 2007).

Table 1. Summary of ceilometer instrument characteristics used in this study.

Characteristic Vaisala CL31 Campbell CS135
Deployment sites CM, SM GB
Wavelength 910 nm 905 nm
Vertical resolution 10 m Sm
Temporal resolution 20s 30s

Range accuracy +5m +4.6 m (< 10 km)
Blind zone (3% overlap) 10 m 40 m

CBH (firmware definition) ~ Slightly above signal maximum Near cloud base

2.3 FogNet Station Data

In addition to ceilometer data, this study incorporates meteorological observations from the FogNet network (Kaspar et al.,
2015). FogNet comprises a network of meteorological stations strategically positioned along two transects (N-S, and W-E) (as
shown in Figure 1, with further details on the individual stations provided in Table 2). The stations measure fog precipitation
(using the Juvik fog collector (Juvik and Nullet, 1995), usually with a 30 min delay (Spirig et al., 2019)), temperature and
humidity (Campbell Scientific CS215 sensor (CampbellScientific, 2013b)), wind speed and direction (R.M Young Model
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Figure 2. Temporal coverage of ceilometer (CL31 and CS135) and in-situ meteorological (FogNet) data used in this study across key

locations in the Central Namib.

Table 2. Latitude, longitude, elevation, and distance to the coast of the FogNet stations, sorted from west to east. Station positions are shown

in Figure 1.

Station Latitude | Longitude | Elevation | Distance to
(west to east) (°S) (°E) (m AMSL) | coast (km)
Saltworks (SW) 23.02 14.46 5 4
Conception Water (CW) 24.02 14.55 10 10
Coastal Met (CM") 23.06 14.63 94 17
Kleinberg (KB) 22.99 14.74 185 24
Sophies Hoogte (SH) 23.01 14.89 342 40
Marble Koppie (MK) 22.97 14.99 419 51
Vogelfederberg (VF) 23.10 15.03 515 58
Gobabeb (GB") 23.56 15.04 406 56
Aussinanis (AU) 23.44 15.05 444 55
Station 8 (S8) 23.27 15.06 490 55
Garnet Koppie (GK) 23.12 15.31 733 85
Swakopmundl** (SM1") 22.68 14.52 3 0.05
Swakopmund2™ (SM2") 22.68 14.53 15 1

“Stations with ceilometers installed.

**Station not a part of FogNet network.

05103 Wind Monitor (CampbellScientific, 2013a)), net radiation (CNR4 Net Radiometer (CampbellScientific, 2017)), and
other meteorological variables at 1 min intervals. These observations offer valuable insights into the characteristics related to
the occurrence of fog and low clouds (Spirig et al., 2019). Notably, the availability of these meteorological datasets has been
consistent over about a decade, with data available since 2014-07-01, as illustrated in Figure 2. While short-term outages may

95 occur occasionally, the overall data coverage remains reliably continuous.
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2.4 FLC Satellite Product

Monitoring fog and low cloud cover in regions with sparse observational networks, such as the Namib Desert, requires reliable
remote sensing techniques. This study employs a satellite-based fog and low cloud (FLC) product (Andersen and Cermak,
2018) that is based on Spinning Enhanced Visible and Infrared Imager (SEVIRI) observations mounted on the geostationary
Meteosat Second Generation (MSG) satellites. By making use of thermal infrared observations, FLCs can be detected during
day and night at the native 15 min and 3 km (at nadir) resolutions. The validation against surface net radiation measurements
has shown a high accuracy, with a 97 % correctness of the classifications and a false alarm rate of 12 %. The FLC product has
previously been used to study the spatio-temporal patterns of FLC occurrence (Andersen et al., 2019), as well as FLC processes
(Andersen et al., 2020; Mass et al., 2024). However, note that this satellite-based method is not able to differentiate between
fog and low clouds, a general limitation of fog retrievals from satellite imagers. In this study, the FLC product is employed to
align ground-based measurements with satellite observations by masking fog and low-cloud time steps in the FogNet station

records.
2.5 Estimation of FLC Lowering/Lifting Rates

To gain deeper insights into CBH dynamics during FLC events, this study estimates CBH lowering and lifting rates using a
rolling regression approach (Zivot and Wang, 2003). To mitigate short-term fluctuations and enhance the robust quantification
of lowering and lifting phases in the raw CBH data, which is resampled at a 1 min resolution, a 1 h rolling window is ap-
plied. This window length balances sensitivity and stability, preserving sufficient temporal resolution to capture gradual CBH
variations. Within each 1 h window, a linear regression is performed to compute the slope of the CBH trend, representing the
rate of change in CBH. Positive slopes indicate a lifting of the cloud base, while negative slopes signify a lowering. This ap-
proach yields a continuous time series of average hourly CBH rate of change (m h—') at a 1 min temporal resolution. Figure 3
illustrates the methodology, showing a 1 h rolling regression applied to CBH data. The shaded region marks an exemplary
regression window, with the slope of the fitted black line representing the CBH rate of change at the center timestep, in this
case, a lifting event with a slope of 82.3 m h~! at 22:00 h. This example demonstrates the method’s capacity to capture under-
lying CBH trends while minimizing short-term variability. To further analyze diurnal patterns in CBH dynamics, the computed
CBH rates are first resampled to hourly averages and then grouped by hour of the day across all days, months, and years. This
resampling provides a structured view of the diurnal evolution of CBH changes and facilitates the quantification of the number

of lifting and lowering events within each hourly interval during the observational period.
2.6 CBH Estimation from FogNet Station Measurements

Due to the sparsity of ceilometer measurements in the Central Namib region, this study explores the potential of using local
station measurements from the FogNet network to estimate CBH. RH is used to predict CBH using a quantile (0.5) regression
model (Koenker and Hallock, 2001). Quantile regression is employed to model the conditional distribution of a predictand

at different quantiles. Unlike Ordinary Least Squares regression (OLS), which models only the conditional mean, quantile
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Figure 3. [llustration of the 1 h rolling regression method applied to 1 min resolution CBH data. Black dots denote individual CBH measure-
ments; the blue line shows the computed CBH rate of change (m h™!). The shaded region indicates the 1-hour regression window centered

around the 22:00 h timestep. The slope of the fitted black line within this window corresponds to the rate of CBH change at 22:00 h

regression allows for the estimation of CBH across various percentiles, thereby accounting for, offering advantages over OLS
regression by capturing the full distributional behavior of the response, particularly in the presence of heteroscedasticity or non-
normal residuals. Unlike OLS, which minimizes the squared residuals to estimate the conditional mean, quantile regression

minimizes the quantile loss function:
L. (u) zu(T—H(u<0)) (1)

where u =y — f(z) is the residual, 7 is the target quantile (here, 0.5), and I is the indicator function (equal to 1 if u < 0, and
0 otherwise). This loss function yields estimates that are more robust to outliers and skewed distributions, which are common
in CBH and RH dataset. To illustrate the method, consider a simplified example where RH measurements (%) are used to

estimate CBH (m) at a single station. Suppose a quantile regression model of the form
CBH = 3y + 31 -RH )

is fitted to the data, yielding coefficients Sy = 500 and (5, = —22. This implies that the median CBH decreases by 22 m for
every 1% increase in RH, consistent with the physical expectation that higher RH correlates with lower cloud bases. The model
thereby captures the central tendency of the CBH-RH relationship while accounting for data asymmetry and variability.
Leveraging the continuous RH data available from FogNet stations, this approach aims to generate extended time series of
estimated CBH (CBH..), even in the absence of direct ceilometer measurements. To assess regional consistency of the CBH-RH

relationship, CBH is regressed upon RH individually for the Coastal Met and Gobabeb stations.
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Figure 4. Diurnal and seasonal variations in CBH statistics at Swakopmund (left column), Coastal Met (middle column), and Gobabeb (right
column).The first row (a—c) shows the mean CBH above ground level, the second row (d—f) presents the standard deviation of mean CBH,
and the third row (g-i) indicates the number of FLC events on which the statistics are based. The x-axis denotes the months of the year, while

the y-axis corresponds to the time (hour of the day, UTC).

3 Results and Discussion
145 3.1 Diurnal and Seasonal Patterns of CBH

Diurnal and seasonal patterns of CBH and their variability across the three ceilometer locations are shown in Figure 4. Each
panel displays seasonal variation along the horizontal axis (month) and diurnal variation along the vertical axis (hour of day -
centered on midnight as FLCs occur during the night/early morning). For a comprehensive comparison, we analyze each row
across columns, highlighting spatial differences in CBH behavior.

150 The first row of Figure 4 illustrates the diurnal and seasonal patterns of mean CBH above ground level (AGL) for each

location. At Swakopmund, the diurnal variation in CBH is not as clearly pronounced as the seasonality, likely due to frequent
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advection fog forming at the surface, which often attenuates the ceilometer signal. Additionally, the persistent marine boundary
layer contributes to stable atmospheric conditions throughout the day and night. This contrasts sharply with Coastal Met and
Gobabeb, where distinct diurnal fluctuations are evident. At these near-coast and inland locations, mean CBH is typically
lower during the nighttime, aligning with the occurrence of nocturnal fog. Seasonal variations in mean CBH are evident at all
three locations, though their prominence varies. These seasonal variations are more pronounced at inland sites, where CBH
fluctuations are greater compared to the more stable conditions near the coast. At Swakopmund and Coastal Met, the lowest
mean CBH values are observed during April, May, and June, coinciding with the "Low-FLC season". During this period, mean
CBH is relatively higher at Swakopmund than at Coastal Met, suggesting that the advected stratus layer resides at around 150
m AGL at Swakopmund (10 m AMSL) and below 100 m AGL at Coastal Met (94 m AMSL). However, Gobabeb follows a
similar but extended seasonal pattern, with the lowest CBH values peaking from April to November. The predominant period
occurs from September to November, coincides with the "High-FL.C season", when cloud events reaching inland are more
frequent. The relatively lower mean CBH values at Gobabeb during April and May may also reflect sampling limitations, as
only a few FLC events are detectable inland during this period. At both Coastal Met and Gobabeb, fog formation occurs as
advected stratus clouds interact with the local topography, though this process is seasonally distinct, prevailing in the Low-FLC
season near the coast and in the High-FL.C season inland (Andersen et al., 2019). The seasonal differences in CBH patterns
between coastal and inland stations emphasize the spatial extent of the cloud deck across the Namib Desert. However, in
this analysis, a direct comparison of CBH above mean sea level across the stations, which could offer clearer insight into
the vertical structure of the cloud field, is limited by differing observational periods and associated sampling inconsistencies.
The second row (Figure 4 (d.,e,f)) displays the standard deviation of CBH, providing insights into the variability of mean
CBH across locations. Swakopmund exhibits fairly consistent low CBH variability throughout the year. While in Coastal Met
and Gobabeb there is a higher variability during austral winter. However, these statistics are also based on a very limited
amount of FLC events. The last row of Figure 4 (g,h,1) provides important context regarding the number of FLC events (days)
contributing to the presented CBH statistics, which is driven by both the frequency of cloud events during each hour and month
and the measurement times. Data availability (Figure 2) at Coastal Met experiences significant data gaps due to its limited
observational period, which is reflected in the number of FLC events recorded. However, at Swakopmund and Gobabeb, data
availability remains relatively stable throughout the year, ensuring a consistent representation of FLC events. Additionally,
Gobabeb exhibits a reduced number of FLC events during the austral winter (AMJ), when FLC typically do not reach far
inland (Andersen et al., 2019). This also suggests a selection bias in the calculated statistics, as only higher-level FLCs are
observed inland at Gobabeb. Overall, the spatial differences in CBH observed in Figure 4 underscore the interplay of coastal
influence, atmospheric stability, and topographical effects in shaping the diurnal and seasonal variability of CBH across the

Namib Desert region.
3.2 Fog Life Cycle

In this section, CBH patterns are analyzed across the fog life cycle, encompassing the stages of initial occurrence, maturity,

and dissipation. Figure 5 presents observational evidence of these stages during a fog event at Coastal Met (31-01-2018). The
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Figure 5(a) presents a time-height cross-section of backscatter intensity (measured in sr~! m~!) with overlying CBH markers
(black), visualizing the vertical position of the cloud layer over time. At the onset of the event, a stratiform cloud layer is de-
tected at approximately 300 m altitude (AGL) and begins descending after sunset, exhibiting intermittent lifting and lowering
but then settling in at a CBH of less than 100 m above ground. High backscatter intensity was detected already at 40 m above
ground (the detection limit of the CL31) indicating reduced visibility below the detected cloud base. During this phase, RH
exceeded 95%, and fog precipitation (blue dots) was recorded, as shown in Figure 5(c). These conditions persisted until a few
hours after sunrise, when the dissipation phase began, characterized by a rapid rise in CBH.

To investigate CBH vertical dynamics, the rate of CBH change was computed using a rolling 1 h regression slope method
(detailed in Section 2.5), as shown in the middle panel of Figure 5(b). Positive values (green) indicate CBH lifting, while neg-
ative values (red) correspond to CBH lowering. The grey-shaded background represents the hourly mean with the interquartile
range, providing a smoothed depiction of CBH variations by filtering short-term fluctuations. In the early hours after sunset,
consistent negative values reflect a gradual descent of the advected cloud layer. This transition is followed by large positive
values after sunrise, indicative of rapid lifting. This case illustrates that the vertical evolution of Namib fog during its life cycle

can feature considerable fluctuations and that this variability can be captured well by the estimated CBH change rates.
3.2.1 Diurnal Evolution

To assess whether the CBH dynamics observed in the case study (Figure 5) are representative of broader FLC patterns, the rate
of change in CBH was computed for all observed FLC events. The diurnal variations in CBH rates across all three stations
and different seasons are presented in Figure 6. The sample size displayed for each hour and station provides insight into the
frequency of FLC events as well as the robustness of the statistics presented. CBH statistics are reported only for hours where
the sample size exceeds five, ensuring that the results are representative of the prevailing conditions. During both seasons,
FLCs exhibit a similar diurnal pattern of constant CBH or moderate lowering (up to -50 m h™! in some cases) during the
evening and early night, transitioning to near-zero or slightly fluctuating values during the night that signify a gradual lowering
of CBH followed by a constant cloud base altitude. However, after sunrise, a pronounced increase in the CBH rate of change
(up to +150 m h™!) is observed, with the most rapid CBH lifting occurring between 08:00 and 10:00 UTC. The diurnal CBH
variations are stronger during the austral summer when CBH is typically higher. This suggests that the lowering and lifting of
advected stratus clouds may be common mechanisms for fog formation and dissipation, respectively, and points to the influence
of stronger solar forcing during the austral summer to a faster lifting of FLCs in the morning. One should note that already in
the hours before sunrise, FLCs experience a moderate lifting that is mostly below 10 m h~!. The CBH diurnal cycle is shown
to be strongly dependent on coastal proximity, as in Swakopmund CBH is nearly constant throughout the day (only moderately
lifting after sunrise during austral summer). In contrast, CBH lifting rates are between 50 and 100 m h=! in Coastal Met, and
even more pronounced in Gobabeb where lifting rates exceed 100 m h~! during austral summer. These findings suggest that
the distance from the coast significantly influences fog dissipation dynamics. The computed CBH change rates in this study

are consistent with previously documented CBH lowering rates associated with fog formation ~ 40-60 m h—! (Dupont et al.,

10
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Figure 5. Time series analysis of the fog life cycle at the Coastal Met station on 31-01-2018. (a) Backscatter intensity (st™* m~!) with
CBH markers, illustrating fog evolution. Dashed lines indicate the times of sunrise and sunset. (b) CBH rates of change (m h™!) with lifting
(green) and lowering (red), alongside the hourly mean (dashed) and interquartile range (shaded). (c) RH (%) with fog precipitation indicated

by blue markers. The figure captures key phases of fog occurrence, development, and dissipation.

2016; Fathalli et al., 2022; Singh et al., 2024), and CBH lifting during fog dissipation (Wersted et al., 2019; Toledo et al.,
220 2021; Dione et al., 2023).
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Figure 6. Hourly variation in the CBH rate of change (m h~1) for three stations (GB, CM, SM) during (a) the Low-FLC season (April-July)
and (b) the High-FLC season (August—-March). Solid lines indicate the median, while shaded regions represent the interquartile range (IQR).
Positive values correspond to CBH lifting, whereas negative values indicate lowering. Sample sizes for each station and hour are indicated

by numbers; however, the CBH rate of change is only displayed for hours with a sample size greater than five.

3.2.2 Possible Processes

To date, no study has specifically observed stratus base lowering and lifting in the Namib or examined the processes governing

them. However, research from other regions provides important insights. The diurnal evolution of stratus base in our study
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Figure 7. Conceptual diagram of the nocturnal evolution of fog and stratus in the Namib and the associated dominant processes. (a) Stage
before sunset, (b) stratus lowering after sunset, (c) fog occurrence during the night and early morning, and (d) fog dissipation after sunrise.

Here, P1 are the known processes established in literature and P2 are the findings interpreted in this study.

can be understood as the outcome of multiple interacting mechanisms. These include microphysical and radiative controls,
turbulent and boundary-layer dynamics, and, as we propose here, additional modifiers linked to cloud geometry. While the first
two categories are well established in the fog literature, the latter represents interpretations emerging from our observations
in the Namib. The schematic in Figure 7 summarizes dominant processes for different stages in the fog life cycle. In Figure 7
(b, d), these established processes (P1) are shown alongside our proposed modifiers (P2), together illustrating the mechanisms
of cloud base lowering and lifting throughout the fog life cycle. It is important to note that Figure 7 represents a simplified
conceptualization of stratus onshore advection from the west, though advection from the northwest or north in this region can

also occur without altering the relevance of the processes and drivers illustrated.
Stratus lowering is primarily driven by the redistribution of moisture within the boundary layer, with subsequent evaporation

of cloud droplets below the cloud base, which cools and moistens the sub-cloud layer. This process can occur either through

turbulent mixing where droplets are transported downward by eddies generated by strong cloud-top cooling (Pilié et al., 1979;
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Dupont et al., 2012; Wagh et al., 2021; Fathalli et al., 2022; Singh et al., 2024), or through gravitational settling when droplets
grow large enough to fall out of the cloud (Dupont et al., 2012; Pope and Igel, 2024). Stratus lifting, on the other hand, typically
occurs after sunrise and is associated with surface heating and wind shear increasing turbulent kinetic energy, deepening the
boundary layer and entraining drier air into the cloud. This enhances droplet evaporation and reduces liquid water content at
cloud base, progressively decoupling the cloud layer from the surface (Dupont et al., 2012; Singh et al., 2024). This results in
a rapid lifting of the cloud base and, ultimately, fog dissipation.

Beyond these established mechanisms, our analysis points to geometrical modifiers of the advected cloud deck. Unlike
regions such as Central Europe, where stratus lowering frequently occurs under quasi-stationary cloud conditions (Dupont et al.,
2012), the Namibian stratus is subject to significant advection (Andersen et al., 2019; Spirig et al., 2019), raising the possibility
that the observed CBH lowering and lifting in the Namib is also influenced by the geometry of the advected stratus. One
potential factor is the presence of horizontal gradients in cloud thickness, especially near cloud edges, arising from e.g. relative
displacement or kinematic thinning caused by differential advection speeds of the cloud top versus the base (e.g. 2 m s~! near
the surface and 4 m s—! at stratus top as documented by Spirig et al., 2019). Such gradients may give the impression of CBH
lowering in ceilometer observations, as the passage of a sloping cloud base over the measuring instrument can mimic vertical
motion even if only horizontal advection occurs. The delay observed in the onset and peak of the lowering phase at Coastal Met
and Gobabeb in Figure 6(b) may therefore reflect the timing of cloud edge passage over these stations, which broadly coincides
with the typical start of the FLC life cycle at these locations (Andersen and Cermak, 2018; Andersen et al., 2019). Considering
the distance between these locations would yield an estimated average advection speed of ~2.5 m s~!. The stronger lifting
rates observed at inland stations in Figure 6 likely result from thinner cloud and interconnected processes: inland sites such
as Gobabeb and Garnet Kopie are likely to be frequently embedded within the cloud layer and thus closer to the cloud top,
where thinner stratus overhead allows more solar radiation to reach the surface, enhancing surface heating, boundary-layer
deepening, and cloud lifting. Figure 8 supports this mechanism by comparing cumulative net radiation and CBH evolution
at Gobabeb and Coastal Met (October—December 2017), consistently showing higher early-morning radiation and more rapid
CBH increase at Gobabeb. When the inversion is weak, shear can further generate turbulence and entrainment that thin the
cloud and accelerate lifting, while intrusions of near-surface easterly dry and warm winds during early morning hours (Spirig
et al., 2019) may additionally enhance droplet evaporation and cloud-base rise. We therefore propose this as an interpretation of
our findings: spatial cloud geometry and differential insolation modify the fog life cycle in the Namib. Additionally, it should
also be noted that right at the coast (and over the ocean), the marine influence tends to dampen the development of the planetary
boundary layer. Overall, the results presented and the accompanying discussion underscore the significance of these findings
for understanding fog dynamics in this unique coastal environment. However, a detailed attribution of the processes driving the

observed CBH changes remains beyond the scope of this study.
3.3 Estimated CBH

CBH is a critical parameter for the spatial occurrence of fog, and a necessary observable for its spatial mapping. However, due

to the sparsity of the direct measurements of CBH (Figure 2), climatological fog mapping is not possible using ceilometer data
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Figure 8. Early morning evolution of cumulative net radiation (CNR) and cloud base height (CBH) from 05:00 to 09:00 during September
to December 2017, for cases with cloud presence at both Gobabeb (GB) and Coastal Met (CM). CBH values are reduced to 0 m at 05:00 to
highlight relative changes. Shading denotes the interquartile range (IQR) around the median.

alone. This is the motivation to test with what accuracy CBH can be estimated from meteorological measurements (RH) that
are available for a longer time period and at more locations. Figure 9 presents density scatter plots illustrating the relationship
between CBH and surface RH at two representative stations: Coastal Met (Figure 9(a)) and Gobabeb (Figure 9(b)) for night
hours (22:00-07:00). Both sites exhibit a clear inverse relationship, where higher RH corresponds to lower CBH. This behavior
is physically expected, as elevated RH reduces the lifting condensation level, facilitating fog or low cloud formation within a
well-mixed boundary layer (Bolton, 1980; Wood and Bretherton, 2004; Lawrence, 2005). Quantile regression of the median
(0.5 quantile) is then applied within a restricted RH range (80-95 %, marked in red color), where RH is less affected by
instrumental biases at higher humidity, and where the distribution of CBH residuals is possible above and below the fitted
line. The regression is also performed separately for night hours (22:00-07:00 UTC) and morning hours (07:00-11:00 UTC)
to examine how the CBH-RH relationship varies under different boundary-layer conditions. In particular, a weakening of this
relationship is expected during morning hours due to a transient separation between the surface-heated convective layer and the
cloud—subcloud turbulent layer aloft, as described in fog—stratus transition and coastal stratocumulus regimes (Nicholls, 1984;
Turton and Nicholls, 1987; Koracin et al., 2001; Yang et al., 2021).

At Coastal Met (Figure 9(a)), the quantile regression yields a strong negative correlation (Pearson r = 0.72) and a slope of
-23.5 m/%, meaning that for every 1 % increase in near-surface RH, the predicted median CBH decreases by approximately 23
m. This slope is nearly identical to the theoretical lifting condensation level estimate of ~23 m per 1 %RH at 25,°C (Bolton,

1980; Lawrence, 2005). The corresponding mean absolute error and mean absolute percentage error are 45 m and 19 %, re-
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spectively, both calculated by comparing the estimated CBH with ceilometer observations at the Coastal Met station. This
close agreement confirms that advected stratus clouds in the Namib follow the well-mixed boundary layer assumption (i.e.,
a coupled layer) and demonstrates that RH can provide a reliable proxy for CBH estimation during night hours. In contrast,
the weaker CBH-RH relationship during daytime (Appendix Figure A2) and the positive bias between observed CBH and
CBH, (Appendix Figure A3) indicate that the well-mixed assumption breaks down after sunrise. The divergence likely reflects
transient decoupling between the surface-heated layer and the cloud-driven turbulent layer aloft, influenced by both surface
heating and entrainment drying at the cloud top. In the absence of vertical thermodynamic profiles, the relative contributions
of these processes cannot be quantified; therefore, we interpret this daytime divergence as a signature of transient morning
decoupling between the surface and cloud layers, in agreement with established findings in the literature (Nicholls 1984; Tur-
ton Nicholls 1987; Koracin et al. 2001; Yang et al. 2021). Examining the Coastal Met CBH histogram, a bimodal distribution
is apparent, with peaks around 310 m and 170 m, which may reflect CBH seasonality, corresponding to the High-FLC and
Low-FLC seasons, respectively. Notably, the CL31 ceilometer has a detection limit of CBH at 40 m and detects the cloud base
within the cloud rather than the exact cloud base (Wagner et al., 2024). This aligns with the quantile regression estimate of 44.3
m at 100 % RH and suggests a systematic ceilometer bias, with CBH likely being overestimated by about 44 m. At Gobabeb,
the relationship between CBH and RH closely resembles that observed at Coastal Met, as evidenced by the Pearson correlation
coefficient of 0.81, a mean absolute error of 37 m, and a quantile regression slope of -23.3 m/%. This shows that the RH-CBH
relationship during the night hours is qualitatively and quantitatively consistent at a regional scale. However, two aspects are
different between these two locations: 1) the point cloud and regression fit are notably shifted (i.e. in Gobabeb the same CBH
occurs at lower RH than in CM), and 2) the RH-CBH relationship is not linear at humidities exceeding ~ 95 %. As shown in
the RH histogram, in Gobabeb humidity rarely reaches values close to 100 %, even in situations where the stratus is directly at
the surface. The quantile regression predicts a CBH of 0 m at RH of 97.5 %. It is therefore likely that these discrepancies can be
largely attributed to measurement uncertainties at high humidities and a possible dry bias of the RH measurements. The CS215
sensor that measures RH in Gobabeb is observed to feature a drift over time towards measuring decreasing RH values during
fog events (see Appendix Figure Al). Despite these measurement uncertainties, the consistency in the CBH-RH relationship
at Gobabeb (particularly within the 80-95 % RH range) indicates that the underlying CBH-RH physical relationship remains

consistent with that at Coastal Met.
3.3.1 Regional Applicability

The quantile regression trained on Coastal Met data was applied to estimate cloud base height (CBH,) using the entire RH
time series (nearly 10 years) from all FogNet stations. Figure 10 shows the decadal density distributions of RH and CBH,
during satellite observed FLC events and during fog events observed through FogNet measurements. Across all stations except
Gobabeb (GB) and Garnet Koppie (GK), nearly all fog events exhibit an RH > 98 %, and peaking near 100 %, and correspond-
ing to low CBH, values of around 50-70 m AGL (after accounting for the 44.3 m bias), which is expected during fog. At
Garnet Koppie and even more pronounced at Gobabeb, however, RH during fog is lower, peaking at 97.5 % in Gobabeb. CBH,

therefore also peaks at 70 m or 100 m, respectively. This systematic shift can be attributed to a dry bias likely caused by sensor
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Figure 9. Density scatter plots showing the relationship between CBH and RH during the night hours (22—07 hrs) for two stations: (a) Coastal
Met and (b) Gobabeb. Red shades highlight the RH range between 80 % and 95 %, which is used for the 0.5 quantile regression fit, shown
as a solid red line. Marginal histograms along the top and right axes show the distribution of RH and CBH, respectively, the black shade
correspond to data within the 80-95 % RH range and their associated CBH values.

drift or degradation at these sites (see Appendix figure Al). The CBH, distribution during satellite-derived FLC occurrences
follows a similar pattern but includes lower RH values and exhibits a broader spread toward higher CBH, values, as it also
includes situations where the stratus is lifted from the ground. In other words, this means that fog, as measured at the ground,
is associated with very high RH and thus very low CBH,, whereas satellite-observed FLC includes both fog and low stratus
clouds that may be elevated above the surface, resulting in broader distributions of RH and CBH,.

Furthermore, to assess the regional applicability of the CBH-RH relationship for distinguishing fog from low clouds us-
ing CBH, in the satellite-derived FLC product, a monthly climatology of observed fog nights and potential fog nights was
constructed for all FogNet stations over the period from July 2014 to December 2023 (Figure 11). In Figure 11, the compar-
ison between ground-observed fog nights (green bars) and potential fog nights derived from CBH, (green line) shows strong
agreement in both seasonal and spatial patterns over the decade, underscoring the applicability of the CBH,-based approach,
despite minor deviations. In contrast, the potential low-cloud night pattern (grey line) displays a distinct seasonal phase shift
and higher values during months of reduced fog occurrence, indicating periods when stratus clouds remain elevated above the
surface rather than forming ground-level fog. In this framework, a night was classified as potential fog in the FLC retrieval
when CBH, dropped below 80 m AGL for at least one timestep, corresponding to conditions where the cloud base effectively

reaches the surface. Conversely, potential low-cloud nights were identified when CBH, remained above 100 m AGL through-
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Figure 10. Density histograms of RH (upper panel) and (CBH.) (bottom panel) during fog event and satellite derived fog and low cloud
(FLC) occurrences across different FogNet stations from 2014-07-01 to 2023-12-31.

out the night, ensuring that only elevated stratus events were included. These thresholds are consistent with the RH-CBH,
distributions shown in Figure 10, where observed fog typically coincides with RH > 97 % and CBH, between 50-100 m AGL.
Overall, this analysis highlights that the quantile regression-based relationship between CBH and RH can be effectively used to
estimate CBH,, and thereby separate fog from low stratus clouds across the FogNet network. This finding reinforces the central
premise of this study that cloud base height determines fog occurrence patterns in the Namib Desert. The applicability of this

approach is further demonstrated and validated through a case study in the following section.

3.3.2 A Case Study

Figure 12 provides an overview of the temporal evolution of CBH, at a subset of FogNet stations during a representative fog
event during the night of 27-28 September 2017, also studied in Spirig et al. (2019). In the figure, CBH, is shown as above-
ground level (AGL) (panel a) and above mean sea level (AMSL) (panel b). In the figure, CBH, is shown as a dashed line
whenever the satellite suggests clear sky, and a solid line when the satellite has detected FLCs. Grey shade indicates whenever
in-situ station measurements suggest fog occurrence. During the event, CBH, values at Coastal Met show a lifted stratus
between 200 and 300 m AGL (94 m at CM, top panel), closely aligning with ceilometer observations (dashdot magenta line).
Notably, at Coastal Met, the ceilometer shows minimal lifting of the observed CBH relative to the CBH, after 07 UTC during
the event, reflecting a decoupling between the surface and cloud base layer. At inland stations (e.g. VF, AU, GB and GK), the
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Figure 11. Monthly mean number of observed fog nights and potential fog nights at FogNet stations from July 2014 to December 2023.
Observed fog nights (ground truth) are shown as green bars. The green line represents potential fog nights derived from FLC retrievals where
CBHe. < 80 m AGL for at least one timestep during a night, and the grey line represents potential low-cloud nights where CBH. > 100 m AGL

for all timesteps of a night.

stratus is advected close to the surface, with CBH, values indicating a slight lowering at the start of the event. When stations
suggest that the stratus touches the ground, CBH, is constant at around 40 m for all stations but Gobabeb and Garnet Koppie,
where RH (and therefore CBH,) converges slowly to its minimum. The panel (b) showing CBH. AMSL provides further
insight into the altitudinal distribution of CBH, across stations relative to mean sea level. At near-coastal locations where the
stratus remains lifted from the ground (CM), CBH, is consistently around 400 m AMSL, corresponding to the typical stratus
deck height observed in the region during this time of year (Andersen et al., 2019). In contrast, at stations further inland where
the stratus reaches the surface, CBH, varies between 450 and 850 m AMSL during fog. The stratus is therefore at least 400
m thick (annotated as Minimum Cloud Thickness in Figure 12(b), suggesting that the CBH, at Garnet Koppie is likely within
the stratus, potentially near its upper boundary. It should be noted that prior to the fog event in Garnet Koppie and shortly after
it, the CBH, of >1000 m indicates dry conditions (RH of around 50%), underscoring that the advected stratus is a completely
different air mass that replaces the dry continental air masses that are present before the fog event and leads to an RH jump of

40-50% in the matter of minutes. At the end of the fog event, the development of CBH, suggests a lifting of the FLC layer that
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Figure 12. CBH. at five selected FogNet stations during a representative fog event on 27-28 September 2017 (stations selected for regional
representativeness and figure clarity). Each curve (color-coded) corresponds to one station, with dashed and solid line styles indicating
satellite-derived clear-sky and FLC conditions, respectively. Star markers denote the start and end times of satellite-detected FLC, while grey

markers indicate ground-observed fog occurrences. The vertical bar in panel (b) illustrates the potential cloud thickness during the event.

is more rapid at inland locations than close to the coast, agreeing with the ceilometer observations and lifting rates presented in
section 3.2. The results show that CBH, can accurately capture the spatial patterns of vertical FLC evolution, and can be used

in the future to separate fog from lifted stratus in satellite-based FLC products.

4 Conclusions and Outlook

This study addresses key knowledge gaps in understanding the vertical structure of advected stratus in the Central Namib. Using
ceilometer observations, it provides a comprehensive analysis of the patterns and variability of the fog/stratus base altitude at

coastal and inland locations in the Central Namib Desert, and a verified approach to estimate CBH from near-surface relative
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humidity measurements. The findings support the study’s objectives by offering new insights into fog life cycle processes and

enabling region-wide CBH estimation across the FogNet network. The main findings are:

— The study confirms a distinct seasonal cycle of CBH, with lower cloud bases during peak fog seasons at both coastal
and inland sites, consistent with earlier work by (Andersen et al., 2019). Superimposed on this seasonal pattern is a
pronounced diurnal cycle of CBH, particularly at inland locations. While the CBH at the coastal site of Swakopmund
exhibits only a weak diurnal cycle, sites further inland such as Coastal Met (17 km from the coast) and Gobabeb (56
km inland) show a pattern of nighttime CBH lowering and lifting after sunrise. These diurnal patterns of CBH have

implications for the spatial distribution of fog during its life cycle.

— A quantitative measure of CBH lowering/lifting rates is developed on the basis of a rolling window regression of the
CBH time series. The nighttime CBH lowering is shown to be moderate at rates of 10-50 m h—!, while the lifting is
more rapid at 30-150 m h~*, with stronger lifting observed inland at Gobabeb. A delay of CBH lowering is observed
at inland sites and is indicative of the inland progression of a stratus layer that features a gradient in thickness near the
cloud edge. The more rapid lifting at inland sites may be caused by a thinner inland stratus enabling faster dissipation
via enhanced surface heating. A quantitative measure of CBH lowering/lifting rates has been missing in the literature
where stratus lowering and lifting is only described anecdotally (Dupont et al., 2016; Weersted et al., 2019; Toledo et al.,
2021; Fathalli et al., 2022; Dione et al., 2023; Singh et al., 2024).

— An expected strong negative linear relationship is observed at both Coastal Met and Gobabeb, with the Pearson’s cor-
relation coefficients of -0.72 and -0.81, respectively. This relationship validates that the stratus clouds form within a
well-mixed marine boundary layer and are advected inland, where they can manifest as fog upon interaction with local
topography. A quantile regression model trained on RH successfully estimates CBH with a mean absolute error of 45
m. Measurement uncertainties, including RH sensor drift and ceilometer detection thresholds, are likely the main cause
of CBH estimation uncertainties. The model also assumes linearity in the RH-CBH relationship, which may not hold in

all situations.

— The quantile regression model enables estimation of cloud base height across the FogNet network, extending CBH
information beyond the ceilometer sites and allowing the separation of fog from low clouds in satellite-derived FLC
retrievals. In a representative case study, the CBH, can accurately capture the spatial patterns of vertical FLC evolution
providing an estimate of the regional cloud field. The increase in CBH, with distance inland reflects the thinning of the

stratus layer toward its edge.

Future research can leverage this new decade-long CBH, dataset from the FogNet network, together with existing satellite
products, to enable CBH-based separation of fog from lifted stratus clouds in satellite-derived FLC products (e.g., Andersen
and Cermak, 2018). This will facilitate the development of the first spatially coherent fog maps for the Central Namib and
lay the groundwork for long-term fog climatologies. The new measure of CBH lowering/lifting rates enables analyses of the

processes driving vertical development of stratus bases. Taken together, our findings have important implications for enhancing
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our understanding of fog life cycle mechanisms, and for quantifying fog-related deposition of water, nutrients, and pollutants,
as well as their impacts on the regional desert ecosystem.

405 Appendix A
Code and Data Availability

The Ceilometer and FogNet datasets used in this study are observational measurements collected at multiple sites. The satellite-
based Fog and Low Cloud (FLC) dataset is available from Andersen and Cermak (2018), https://doi.org/10.5194/amt-11-5461-
2018. All code and processed data used in the analysis are openly accessible on Zenodo: https://doi.org/10.5281/zenodo.17709909.

410 For additional details or specific inquiries, readers are encouraged to contact the corresponding authors.
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Figure A2. Density scatter plots showing the relationship between CBH and RH during the morning hours (07-11 hrs) for two stations: (a)
Coastal Met and (b) Gobabeb. The plots indicate a low correlation and a disagreement of slope with the theoretical expectation (—23m/%),
highlighting the decoupling of the cloud layer from the surface after sunrise. Red shades mark the RH range between 80 % and 95 %, which
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CBH, respectively, where the black shading corresponds to data within the 80-95 % RH range and their associated CBH values.
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Figure A3. Distribution of CBH bias (estimated minus observed) during nighttime (22:00-07:00 UTC, grey) and daytime (07:00-11:00 UTC,
teal green) periods for Coastal Met. The nighttime distribution is centered near zero (median = —3.2 m), indicating good agreement between
estimated and observed CBH during nocturnal well mixed boundary layer conditions. In contrast, the daytime distribution shows a rightward
shift (median = 62.5 m), reflecting a positive bias in estimated CBH.. This shift can be attributed to the transient decoupling between the

surface-heated convective layer and the cloud—subcloud layer aloft that remains mixed primarily by cloud-top radiative cooling after sunrise.
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