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Abstract

This thesis is a treatise on fog in the Central Namib. In this hyper-arid area, fog represents
the primary water source as rain is rare and rivers only flow underground. Fog occurs
regularly at night with a distinct seasonality inland compared to the coast. At the coast,
radiation, advection and inversion fog have been reported whereas inland additionally
"high fog", that is cloud interception, occurs. This cloud interception fog is likely the
most frequent fog type despite contrasting findings in the recent literature. The cloud
interception itself is the consequence of the inland movement of a quasi-permanent
stratus deck off the Namibian coast that is the result of the interaction of warm air with
the cold Benguela current that leads to saturation and the large-scale subsidence that
limits the vertical extent.

Notably, previous studies identified spatial variation even in the inland fog zone, that
is the interception zone of the stratus. The water input from the fog, so-called fog
precipitation, can vary by hundreds of millimetres per year between sites, but also by
years, highlighting the immense complexity of this phenomenon. The fog climatology
based on eleven stations of a distributed measurement network shows that the amount of
fog precipitation is linked partially to elevation but also to the wind regime, where faster
winds during a longer time tend to result in more fog precipitation. Notably, too strong
winds seem to reduce the amount as well, potentially due to the flow regime around fog
collectors.

An intensive observation period within the frame of the Namib fog life cycle analysis
project further revealed the connection of the stratus within the fog zone and the vertical
extent. Both findings confirm earlier schematics and reiterate that wind direction during fog
is from a northerly sector not only on the ground but also higher up. Vertical temperature
and humidity profile conducted within the period further constrain the extent of the stratus
to between 200 m and 350 m above ground. The interception of the cloud base and
subsequent appearance of fog is also consistent with the cloud base registered at the
coast.

Non-rainfall water input measurements by microlysimeters during and after the inten-
sive observation period showcase the challenging nature of measurements of fog water
input. Whereas fog precipitation with fog collectors is the usual way, non-rainfall water
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input is far lower and no connection between the two amounts could be found. This may
be partially due to the sampling mechanism (vertical deposition in microlysimeters vs.
horizontal impact on fog collectors) but has far-reaching consequences. Fog collectors
then indicate the wetness of fog and the potential of fog harvesting as a water source but
do not indicate the amount of water the ecosystem receives out of fog. Ultimately, even
the microlysimeters can only estimate this amount because many desert organisms in
the Namib have adjusted to the regular fog with their behaviour and complex adaptations
that enhance fog water collection.

Furthermore, a cloud droplet probe that sampled fog over the course of more than 1.5
years yielded insight into the patterns of fog in the Central Namib. Within the fog zone and
probably as a result of intersection with different layers of the stratus, distinct distributions
of fog droplets (∼2 to 50 µm) do exist. Larger droplets are pronouncedly absent at the
site with higher fog precipitation. This contradiction indicates that mainly duration and
wind speed may be controlling factors of fog precipitation rather than liquid water content.
Collection efficiencies of the fog collectors did not express a clear connection for the site
with the broad droplet size distribution and were generally below 10 %.

Ultimately, the combination of different measurement approaches demonstrates how
complex the study of fog is: Firstly, where fog is officially defined as when visibility is
below 1000 m, the reality is that significant deposition occurs mainly during very dense
fog with a visibility below 200 m, at least in the Central Namib. In such dense fogs, up to
7.5 mm fog precipitation per event may occur, with one event during peak season roughly
every second to third day. In total, up to ∼ 180 mm per year are collected compared to
on average below 50 mm annually from rain. Secondly, depending on the measurement
approach and the fog type, different amounts of water input are recorded, where each
approach is as important as the next because each represents another physical process
taking place. As expected, the research presented herein poses new questions from the
performance of the devices, to the spatial and temporal variation within the fog zone to
the general inter-event variation as each fog event differs slightly from the next.

VIII
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Structure and aim of the thesis

This thesis focuses on the fog in the Central Namib as part of the Namib Fog Life Cycle
Analysis (NaFoLiCA). Fog in the Central Namib has a long but also spotty research history
due to the challenging nature of i) fog in general, its definitions, involved processes and
measurement methods (see chapter 1), ii) the environment with little infrastructure and
harsh conditions and lastly iii) the combination of both, as the unpredictable but usually
nocturnal fog requires long-term measurements that demand constant maintenance and
attention (see chapter 2). NaFoLiCA profited directly from the long-term measurements
at eleven stations by FogNet (est. 2014, see chapter 2), a network, specifically aimed
at provinding spatial and temporal information about fog. NaFoLiCAa itself consisted of
three partner projects, each from a different area of meteorology:

• NaFoLiCA - Field, field measurements that consisted primarily of an intensive
observation period as presented in chapter 3. Conducted by the Meteorology,
Climatology and Remote Sensing Lab (MCR) from the University of Basel and the
main focus of this thesis.

• NaFoLiCA - Satellite, remote sensing of fog in the Central Namib and region
surrounding it with the means of geostationary satellites. Project partner was the
Karlruhe Institute for Technology (KIT).

• NaFoLiCA - Modelling, improving process understanding and model performance.
Project partner was the University of Bonn.

Measurements of FogNet were further complented as part of NaFoLiCA-F, namely
with microlysimeter to quantify the fog water input onto the soil instead of in fog collectors
(chapter 4) and a cloud droplet probe that for the first time sampled droplet size distribution
and liquid water content of fog in the Namib for more than 1.5 years (chapter 5).

Despite the well documented and long-standing historical research of fog in general
and in the Namib in particular, little is known about the reason for its spatial variability
and the resulting variation of fog water input. Such is the variation of fog, that once a
uniting, defining characteristic seemingly has been found, a counter example just as
readily disproves it, making it ultimately so fascinating.
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List of Tables
Yet, at the center of the understanding of fog is the collection and assembly of as

much information as possible. For FogNet and NaFoLiCA-F, I created a combination of
satellite data from METEOSAT and ground measurements, focused on single fog events.
This tool was and is still invaluable when analysing the dynamics and helps with the much
needed quality check of FogNet data. Further information can be found in section C.2.

Another major part of my work at the MCR was to ensure that data flow from the
stations goes through quality checks and is displayed in an approachable way. This
included not only fog related data but also other data and other stations too. For this
purpose, the former homepage Dolueg was updated to a version 2, giving a broad view of
the whole measurement network of the MCR and has been submitted for publication (see
section C.1). Dolueg has grown over the years to a solution for easily visualizing the data-
flow in a manner that allows for the use in teaching and also includes the presentation
of the above fog videos. Since Dolueg2 is not fog-related per se it is included in the
appendix only.
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Chapter 1

Fog

There it is, fog, atmospheric moisture still uncertain in destination, not
quite weather and not altogether mood, yet partaking of both.

Hal Borland
American naturalist

May 14, 1900 – February 22, 1978

Fog at unknown location. Photo credit Jan Schulz
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Fog
1.1 Definition and origins of fog
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Figure 1.1: Fundamental relation between air temperature T and the amount of water
vapour e that can be contained in air at the given temperature (white line). Different
levels of relative humidity are indicated in shades of blue. Four parcels (Px) illustrate the
possible pathways to achieve saturation (outlined in the text).

Fog is a fascinating meteorological phenomenon whose defining characteristic is the
reduction of visibility on the ground to below 1000 m (World Meteorological Organisation
2018). A precursor to fog is mist, defined as a visibility that is still above the fog threshold
but already below 5000 m. For both, the reduction of visibility arises from the presence of
water droplets that may condensate once air reaches saturation, that is the water vapour
content e is equal to the saturation water vapour es, also colloquially called dew point TD

relative to the air temperature Ta of an air parcel. Reaching this saturation, that is 100%
or more relative humidity, can occur in the different ways illustrated in Figure 1.1:

• The cooling of air as indicated by −T, respectively the arrow from air parcel P1 to
the left.

• The addition of moisture as indicated by +e, respectively the arrow from air parcel
P1 upward.

• The mixing of air parcels P2 and P3 may lead to more than 100 % relative humidity
for the resulting air parcel P4.
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1.1 Definition and origins of fog
The saturation of air is generally calculated by the Magnus-Roche approximation

(Alduchov and Eskridge 1996) for the Clausius-Clapeyron equation (Clapeyron 1834,
Clausius 1850) as

es = c1 ∗exp
c2 ∗T
c3+T

(1.1)
with c1 = 6.1094 kPa, c2 = 17.625 and c3 = 243.04° C. While this equation is fairly

simple to implement and accurate for most applications, it is not quite historically accurate
(Lawrence 2005) or without critique (Koutsoyiannis 2012).

Supersaturation, that is a water vapour pressure above the theoretical maximum of
es, may also occur without condensation when no nuclei for condensation are present.
Depending on the amount of supersaturation, droplets need to reach a critical radius to
grow further, described by the Köhler theory. For fog formation, cloud condensation nuclei
are usually not issue and the ongoing radiative cooling keeps increasing (super-)saturation.
For more detail about supersaturation in fog see Gerber (1980).

Depending on the specific conditions that led to reaching the saturation, the World Me-
teorological Organisation (WMO) differentiates the following categories of fog (illustrated
in Figure 1.2) according to the most relevant process:

• Radiation fog, when the surface cools out by (usually nocturnal) radiation and in
turn reduces the temperature of the air above until saturation is reached. This is
a local and rather gradual process and often saturation is only reached towards
the morning hours. Another generally accepted requirement is a low wind speed
respectively little turbulence, as otherwise the layer of air that is in contact with
the ground may be mixed with other air that is relatively warmer and ultimately not
reach saturation. Yet, if air is nearly saturated, turbulence may actually aid in the
development of fog via mixing - technically being mixing fog then - as outlined in
section 1.4 (see also Price et al. 2018, Price 2019).

• Advection fog, when the surface reduces the temperature of the comparably
warmer, moister air until saturation is reached. Unlike radiation fog, the warmer,
moister air cools down as it moves along the cooler surface instead. Given the
heat exchange coefficient of the surface, temperature difference and the initial dew
point of a parcel are known, the distance for when fog forms may be approximately
calculated (Stull 2017). If it occurs above the ocean also sometimes called "sea
fog".

• Evaporation fog, when cooler air moves over a relatively warmer, moister surface
(usually water). A moisture transport by the evaporation of water into the air atop
can then lead to saturation and consequently the formation of fog. Also called
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Fog
"steam fog" / "sea smoke" as it primarily occurs above the ocean and also "cold
advection fog" to differentiate it from "advection fog".

• Frontal or precipitation fog, when warm rain falls into a cooler, stable layer of air
below when evaporated droplets lead to saturation and subsequent condensation.
As such, there is warm-front pre-frontal fog, cold-front post-frontal fog and front-
passage fog due to mixing (American Meteorological Society 2020). Furthermore,
clouds associated with a frontal passage may also intercept with the ground, creating
hill fog (see below).

The above demonstrates that a drop of temperature of surface or air is always required
in some form for the formation of fog. The WMO further defines several other types of
fog which are technically a modification of the above and not defined by their process
origin but either by where they occur or how they appear. It is possible then, that several
of these modifications also occur at the same time.

• Ice fog, when (over-)saturated air is introduced into a cold environment, the droplets
may freeze quickly and thus form no proper ice crystals. Primarily of anthropogenic
origin.

• Hill fog, when and where low clouds (Cumulus, Stratus, Stratocumulus) intersect
with the ground. Sometimes referred in the literature of specific regions such as the
Namib as cloud interception fog as hills are not a necessity or as high fog when
the intersection is far inland. Similarly, other regions have their own unique names
for the phenomenon, namely garúa-fog in Peru/camanchaca-fog in Chile (Goudie
2002, Nicholson 2011). See chapter 2 for more details about the fog in the Namib.

• Upslope fog, typically the result of condensation due to adiabatic cooling of air
when moving uphill. Alternatively, also a type of hill fog with a dynamic component,
namely wind transporting the fog further up the hillside.

• Freezing fog, when fog droplets are present and the temperature is below 0° C.
In freezing fog, the supercooled droplets may deposit rime. Below -10° C, fog can
partially or completely consist of ice crystals, exhibiting optical phenomena (22°
and 46° halo to name some of the prominent ones).

• Valley fog, when cold air settles in a valley and cools out, forming radiation fog.
May remain in place for several days given calm condition.

Clearly, the official nomenclature of fog is in line with the defining characteristic of fog,
the reduction of clear view, expressed as well by Hobbs and Deepak (1981). Furthermore,

6



1.2 The impact of fog
these definitions are not quite complete as other authors have used other criteria to
classify fog, often depending on region/study intent (see later sections of this thesis).
Similar overviews can be found as well in Pruppacher and Klett (2010), Bruijnzeel et al.
(2005), Gultepe et al. (2007).

Sea fog Advection fog Radiation fog

Mountain fog

Valley fog
Steam fog

Cold Coastal fog Warm

Figure 1.2: Figure 3 from Bruijnzeel et al. (2005) with refurbished text and gradients.
Illustrated are some of the different kinds of fog (most common types, not exhaustive)
including their origin/conditions. Italic font distinguishes geographic types from process-
based types.

1.2 The impact of fog

The reduction of visibility is one of the primary impacts of fog, affecting the safety of land,
sea and air traffic (World Meteorological Organization 2019). This reduction to below
1000 m is an effect of light scattering by the microscopic droplets in the range of 1 to 50
µm (Figure 1.3). Based on Mie theory (Mie 1908), the small droplets scatter the light,
creating an uniform luminescence and create a featurelessness in fog that not only limits
orientation but also hinders estimation of distances.

Figure 1.3: Original caption: "A close-up view of water droplets forming fog. Those
outside the camera lens’s depth of field appear as orbs." (Credit: By Ben pcc at English
Wikipedia - Own work, Public Domain, Wikimedia, 2020). Image has been cropped.
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Fog
Despite the often rather local scale of fog, its frequency and widespread occurrence do

sum up, putting financial cost and toll on human life on par with tornadoes and potentially
hurricanes (Gultepe et al. 2007). It is not surprising therefore that fog dissipation was
also studied by either the introduction of turbulent mixing via helicopter (Plank et al. 1971)
or seeding via hygroscopic seeding (Kunkel and Silverman 1970, Jiusto et al. 1968,
Weinstein and Silverman 1973). Today, research focuses on the proper modelling of fog,
respectively visibility to improve warning accuracy and limit downtime of airport operations
by continuous improvement of the underlying surface turbulence schemes and moving
from 1D to 3D modelling (Gultepe et al. 2007).

Yet, not all aspect of fog are purely negative. In some environments, often arid and
semi-arid, fog represents a possible water source, either for humans or for the local fauna
and flora when specifically adapted for fog harvesting (Evans et al. 2019). Projects such
as Fogquest implement large fog water collectors with the local community at sites to
deliver drinking water to remote communities in developing countries with the inclusion of
the local community (e.g. Larrain et al. 2002). Species with a dependence/adaption to fog
range from the small plants Tillandsia in the Atacama (Westbeld et al. 2009, e.g.) over
small insects Stenocara sp. (Parker and Lawrence 2001), and Onymacris unguicularis in
the Namib (Hamilton and Seely 1976) to trees in tropical cloud montane forest (Bruijnzeel
2001) and even Sequoia trees (Sequoia sempervirens Burgess and Dawson 2004).

1.3 Quantifying fog

As the definition of fog is via the reduction of visibility, it is often seen as the primary
measurement especially with regards to traffic safety.

1.3.1 Visibility

In its simplest form, the horizontal visibility can be estimated with distances to landmarks
relative to an observer. The rules can be outlined as follows (Meteorological Office (United
Kingdom) 2020):

• An object should not merely be seen but should be identifiable against the back-
ground as a specific object

• Visibility should be estimated at ground level where there is an uninterrupted view
of the horizon

• If the visibility varies from one direction to another, the lowest value should be
reported
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1.3 Quantifying fog

Figure 1.4: Example of the CS125 visibility sensor from the manufacturer Campbell
Scientific. Reported values of visibility range from 5 m to 75 km in 1 m resolution with
accuracies ranging from ±8 % for 600 m and less, up to ±20 % for 15 km and more
depending on specific visibility class. Device used for illustration only, no endorsement
intended, photo courtesy of R. Vogt.

• For the purposes of aviation the prevailing visibility should be reported

Nowadays, sensors instead report the horizontal visibility continuously at most places
where fog has a high impact. Such sensors measure the reduction of light, that is the
luminous flux, sent out from xenon strobe transmitter and visibility is the distance where 5
% of the original value is reached.

Several different manufacturers produce various versions of visibility measurement
devices. Often the reported visibility can range up to 75 km and as low as 5 m and gener-
ally follows the official regulations set by the Federal Aviation Administration (FAA), the
International Civil Aviation Organization (ICAO), the WMO or the Deutscher Wetterdienst
(DWD, German weather service). The designs of the different manufacturer are very
similar with two sensor heads.

Nonetheless, visibility itself does not provide a direct estimate of the liquid water
content (LWC) of fog. Approximations for the relation between the two do exist but do
exhibit some issues, namely that visibility is primarily dependent on small droplets around
1 µm to 10 µm due to Rayleigh scattering whereas LWC is strongly influenced by larger
droplets. Studies introducing droplet concentration instead of just LWC supposedly give a
better estimate (Gultepe et al. 2009) but also do generally not include the actual droplet
distribution. Further details of droplet size distribution in the different types of fog and
LWC is given in subsection 1.3.5 and chapter 5.
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Fog
1.3.2 Fog water input

Several methods are feasible to determine the water input from fog, often connected to a
specific term due to the employed sampling mechanism:

• Fog collectors of different make and shape, generally connected to a tipping bucket
for registration of the water drip. The range of device types, sizes, further modi-
fications and resulting effects on the sampling efficiency often complicate direct
comparisons (e.g. Ritter et al. 2015). The following are the most prominent in the
literature:

– Standard Fog Collectors or SFCs (Schemenauer et al. 1994), a 1 m2 frame
holding one or more layers of a rashel mesh made with different hole sizes
or materials, often depending on availability and varying efficiencies (Schunk
et al. 2018, Rivera and Lopez-Garcia 2015, Rivera 2011, Fernandez et al.
2018). Fog impacts and condenses on the mesh, dripping into a collection
trench below the mesh. When fog is employed as fresh water source, large fog
collectors (LFC) are generally used to increase the fog yield (Schemenauer
and Joe 1989).

– Fog collectors with a cylindrical shape with prominent examples being:

Figure 1.5: Examples of the different fog collectors, in order of foreground to back-
ground: Harp, (rain gauge), Grunow, Juvik with protective rain hat, Juvik, Grunow. View
approximately toward North. Photo courtesy of R. Vogt.
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1.3 Quantifying fog
* the Grunow fog collector (Grunow 1954), with a surface area of 200 cm2

to make them directly comparable with the classic rain measurement,
ultimately coining the term fog precipitation (Figure 1.5).

* the Juvik fog collector (Juvik and Ekern 1978, Juvik and Nullet 1995a,b),
an improved version of the Grunow with a larger collection surface (515.6
mm2) and ideally protection from vertical rainfall (Figure 1.5).

– Harps consisting of vertical Teflon fibres with a surface area of 928.7 mm2 as
illustrated in Figure 1.5 (more information in Sträter et al. 2010).

– Active fog collectors with a fan, pulling in foggy air (Daube et al. 1987).

The range of available devices raises issues with comparison of different sites and
studies. The efficiency depends not only on surface area that should be scaled to
actual intercepting surface (Franceschi 2019), but also on wind regime (Montecinos
et al. 2018), droplet size distribution (i.e. available liquid water content Montecinos
et al. 2018) and duration of events (Montecinos et al. 2018, Franceschi 2019).
Furthermore, depending on the size and ratio of holes that allow trough-flow of
fog-droplet laden air, fog collectors may become clogged, peaking at their maximum
collection rate even when more fog water could otherwise be collected (Rivera and
Lopez-Garcia 2015, Rivera 2011, Franceschi 2019).

• Microlysimeters (ML) that measure the non-rainfall water input (NRWI, Heusinkveld
et al. 2006). MLs are a simpler, more cost efficient version of classic lysimeters
(usually 1 m3 of soil, used to measure rain and evapotranspiration in non-arid
regions). Both kinds are based on constant weighing of a soil volume, where
change represents a gain or loss of water. MLs are often used in arid environments
as i) it is hard to dig out a soil sample without disturbing the soil structure, that
is remaining representative and because ii) these areas are often remote making
it challenging to get infrastructure/machines that could dig out enough soil in a
sensible way. Variations of the basic design exist, notably the depth of the soil dish,
which should be deep enough to avoid the diurnal temperature variation. Depending
on location, this depth might vary from around 10 centimetres to 50 centimetre.
More details can be found in chapter 4.

• Measuring all water budget components and removing water input by rain, i.e.
f og = through f all+ stem f low+ interception loss − rain which accounts all non-rain
input to fog (Holwerda et al. 2006). This always results in a budget closure.

• Usage of the Eddy Covariance (EC) Framework (Aubinet et al. 2012) allows the
estimation of the liquid water flux (LWF, respectively the turbulent component of
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Fog
LWF, LWFT) towards the surface, based on measurements of vertical wind speed w
and liquid water content (LWC). This approach is power intensive and usually costly
compared to usual fog collectors but requires less maintenance. Further details and
methodology are listed and discussed in chapter 5.

1.3.3 Relative humidity - RH

As seen in section 1.1, RH needs to be at 100 % for clouds and fog to exist. Today, it is
common place to measure RH via capacity sensors that are capable of measuring 0 to
100 % RH as long as there is no condensation. Especially condensation during foggy
conditions can be a problem, usually countered with heating of the probe. Yet, these
probes do little to assess the density or liquid water content of fog as they are capped
at 100 % and accuracy decreases close to saturation (e.g. 5 % vs 3 % accuracy in the
temperature range 0° C to 40° C for the HMP155 from Vaisala).

While 100 % RH or very close to 100 % relative humidity is theoretically expected
during fog, values slightly below but also above do exist in reality, a sign of microstructure
in fog (Hobbs and Deepak 1981). Yet, the devices usually used to measure RH are
not precise enough to capture the variable nature of fog: Gerber (1981) used a device
specifically designed to measure the range of 95 % to 105 %, a so called hygrometer
(Gerber 1980), measuring supersaturation of a few tenths of a percent and subsaturation
in a radiation fog.

This finding highlights the importance of turbulence in fog, but as discussed by Hobbs
and Deepak (1981) and later Price (2011), Price et al. (2018), turbulence may also be
detrimental to the development of fog. Within fog, slightly super- but also sub-saturated
air pockets are common (Gerber 1981), potentially leading to mixing condensation on a
rather small scale that is challenging to capture yet typical for fog (Gonser et al. 2012).

1.3.4 Radiation, longwave downward

The radiation balance Q∗ at the surface is

Q∗ = S ↓ −S ↑ +L ↓ −L ↑ (1.2)
with S and L denoting the short- and longwave components respectively. Downward
components that represent a gain for the surface are denoted with ↓ while upward
components that are a loss for the surface with ↑. Q∗ during the day is generally positive
due to solar input (S↓).
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1.3 Quantifying fog
During the night, Q∗ can be simplified to

Q∗ = L ↓ −L ↑ (1.3)
with typical values for L↓ ≈ 300 Wm−2 (clear sky) and L↑ ≈ 400 Wm−2 resulting in a
negative Q∗ (≈ -100 Wm−2) at night. Exact values of the radiation P of any body above
0 K depend on the surface temperature TS of the radiating body and its emissivity ϵ (a
value between 0 and 1, depending on material) according to the Stefan Boltzmann Law
(Stefan 1879, Boltzmann 1884):

P = σϵTS
4

=
2π2kB

4

15h3c2 ϵTS
4

≈ 5.67 · 10−8 ϵTS
4

where P is the radiation, σ is the Stefan-Boltzmann constant (based on the Boltzmann
constant kB, the Planck constant h and the speed of light in a vacuum c).

It follows that fog itself emits longwave radiation up and down to some extent as
well. The fog top replaces the surface as the radiative exchange surface where fog
continuously cools out further, leading to deepening of the fog layer. Ultimately, fog
changes the energy balance at the surface, the more so when dense enough and thus
opaque for radiation. Instead of the relatively low input from clear sky radiation or clouds
higher up, the closeness to the ground leads to a Q∗ of around zero (depending naturally
on the temperature difference between surface and fog layer, e.g. ∼ 5 Wm−2 per K
difference at 10° C) and leads to dampening or even the end of the nocturnal radiative
cooling of the surface.

Conditions during fog in the lowest layer of fog and at the surface may also change from
a typical stable nocturnal boundary layer to a near-neutral or weakly unstable temperature
profile when temperature convergence occurs (Price 2011, Schmutz 2013).

The change in L↓by fog can be used to track when radiation fog turns optically thick
(at ∼ 100 m vertical extent) by its gradual increase (Price 2011). When fog is not of a
local origin, a change in L↓ can be used to track when fog/low clouds are advected, with
L↓ changing quicker (Vogt et al. 2019). If L↓ is not available, Q∗ can be used instead (as
solar input is zero). The latter approach does not work as well for the end of fog as for the
beginning because dissipation usually occurs when solar input is no longer negligible and
requires other variable/visual inspection. Similarly, the distinction between fog and low
clouds is challenging and is usually done via other means (e.g. fog precipitation from fog
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Fog
collectors Vogt et al. 2019), or not conducted (Andersen and Cermak 2018, Andersen
et al. 2019). Further details are given in chapter 2.

1.3.5 Fog droplets

The droplets that create fog in the first place can be of varying size (generally 1 µm
to 50 µm, with some variation between different studies/measurement devices). The
effective size and distribution of the droplets influences the visibility as well as the LWC as
described above. This droplet size distribution (DSD) is therefore a crucial characteristic
of the specific fog. DSDs of different types of fog may vary however (Pruppacher and
Klett 2010, Bruijnzeel et al. 2005), with implications for possible fog deposition.
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Figure 1.6: Figure 2 of Bruijnzeel et al. (2005) that illustrates two droplet size distributions
and corresponding liquid water content at the Lägeren mixed forest site in Switzerland
based on data from Burkard et al. (2003).

These distribution do however vary and the broad distribution does not fit all cases for
radiation fog: Hobbs and Deepak (1981) gives a broad overview, reporting 5 to 35 µm for
radiation and 7 to 65 µm for advection fog in the USA. Arguably, this is not an invalidation
of Figure 1.6 but when large droplets up to 65µm do occur, they are likely to represent
a significant amount water due to their size. Notably, there is considerable variation
between single fog events (Pruppacher and Klett 2010) and these distributions are not
static over time. These examples already serve to illustrate that no general consensus
about a general distribution exists. Rather it appears that DSD and the resulting LWC
are a result of not only the origin of the cloud/fog but also of its lifetime. Roughly outlined,
the following should apply: Firstly, larger droplets should grow at the expense of smaller
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1.4 Turbulence in fog
droplets. Secondly, smaller droplets may re-evaporate easier, but are more numerous.
Thirdly, towards the cloud/fog top, larger droplets are generally expected.

Droplet distributions are illustrated in detail in chapter 5 and demonstrate the tremen-
dous variation within the same connected fog.

1.4 Turbulence in fog

Turbulence can enhance or suppress the development of fog (Price 2011, Price et al.
2018). As discussed before in section 1.1, mixing of air parcels can lead to 100 % relative
humidity, condensation, and ultimately fog. Turbulence is one possible mechanism for
mixing to occur on a local scale. Too much turbulence on the other hand can mix in
drier air from above, reducing relative humidity, respectively fog development (Price and
Clark 2014). The meteorological conditions together with turbulence intensity therefore
influence the development.

Price et al. (2018) report in detail on the effects of turbulence during radiation fog,
respectively the growth of radiation fog with the following conclusions:

• A variance of the vertical velocity σw
2 below a threshold of 0.005 m2 s−2 (or lower if

air above the fog layer is less humid) is required for the development of shallow fog,
respectively the growth of shallow fog into an optically thick fog.

• If turbulence rises above the threshold, fog dissipates as mixing of fog layer and air
above leads to unsaturated air.

• The threshold signifies also a boundary between two regimes, with dew instead of
fog being more likely above it.

Naturally, a low turbulence generally coincides with low wind speeds as well, one of the
general conditions for radiation fog, but not necessarily all types of fog: Foggy conditions
with turbulence higher than the above threshold can be linked to advection of fog (Price
2019). Considering the wide range of fog types beside radiation fog, it is obvious that
such a threshold does not fit every situation. Studies applying the Eddy Covariance
framework instead rather rely on turbulent transport being present to quantify water input
(see subsection 1.3.2 and chapter 5), possibly limiting their usability in radiation fog that
is still shallow.
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1.5 Summary and outlook to chapter 2

Fog appears to be a simple phenomenon on the surface and judging by its textbook
definition as illustrated throughout this chapter. When diving into details however, many
different aspects and complications arise, ranging from the meteorological conditions that
led to fog in the first place, the development over the course of a fog event and ultimately
to the quantification of the water input by fog.

Naturally, the varying conditions often make fog research and the related literature
partially unique to a geographical region. The following chapter 2 will focus on the
particular region of the Central Namib, report on the related past research and give
insights into the current state of research with a focus on the fog climatology.
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Chapter 2

Fog in the Namib

Sunshine all the time makes a desert.

Arab proverb

The quasi-permanent stratus cloud off the Namibian coast. View to the West from beach south of Walvis
Bay at the end of January 2017. Bottom of cloud is at an estimated 400 m above the surface. During the
following night, a fog event occurred inland, resulting in fog precipitation along the North-South transect of
FogNet (primarily at Vogelfederberg and Aussinanis, other stations none or very small amounts). Video of
the event can be seen on the NaFoLiCA project page or directly here.
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Fog in the Namib
2.1 The Namib

The Namib is a roughly 1200 km long strip of desert along the western side of the southern
African continent, reaching inland up to the foot of the Great Escarpment (Figure 2.1).
The southern part of the Namib (southern Namibia/northern South Africa) is classified
as cold desert (BWk) whereas the northern part (northern Namibia/southern Angola)
is a hot desert according to the updated Köppen climatology (Peel et al. 2007). The
primary difference between the two categories (hot/cold desert) is a threshold of 18° C
for the mean annual temperature. In case of the Namib, the division between cold and
hot follows the gradual warming of the Benguela current along its northward journey. The
cold, nutrient rich water cools the air above it and gradually gets warmer the longer it is at
the surface. The aridity of the desert itself is due to the descending leg of the intertropical
convergence zone (ITCZ), i.e. subsidence that limits convergence and thus the formation
of Cumulonimbus clouds.

Figure 2.1: Exaggerated terrain of the southern tip of Africa, view towards the north with
the Great Escarpment as prominent feature. The Namib, Namibia’s borders and the
Benguela Current have been added to the original picture of Balazh (2020).

Besides the obvious aridity, a second regional feature of the Namib is a quasi-
permanent stratocumulus deck. It arises from the cooling of air by the Benguela current
that leads to humid and thus less dense air that ascends until the temperature inversion
from the subsidence is reached. Due to further cooling during the ascent, saturation
may be reached before the temperature inversion. This constellation of meteorological
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2.2 Influence of fog in the Namib
conditions is similar for example at the western side of South America (Peru/Chile) and
at the Californian coast (famously San Francisco). The ascent to the escarpment in the
Namib is however far more moderate in comparison to the above: Increasing from sea
level to between 1200 to 2000 m over a stretch of 100 to 200 km to the escarpment
(Taljaard 1979).

2.2 Influence of fog in the Namib

Figure 2.2: The quasi-permanent stratus off the Namibian coast is driven inland by
the circulation (wind), potentially making landfall at one or several of the active FogNet
stations (black dots, est. July 2014, see subsection 2.4.1). Upon contact with the ground,
the stratus turns into (advection/hill/high, depending on the definition) fog, delivering water
into the otherwise dry ecosystem.

During the night, the stratocumulus deck reaches inland during the fog season as
illustrated in Figure 2.2. If it intersects with the ground, it appears locally as fog and
reduces the visibility near/on the ground. Whether such an inland movement occurs, and
where fog subsequently may occur depends on several factors. Some of these conditions
such as wind regime that would the stratus inland and the subsequent potential fog are
often analysed separately.

In particular, even the inland movement of the deck is not without questions upon
as recent isotope analyses indicate a link between fog water signatures and the local
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waterline (Kaseke et al. 2017). Whereas this can be interpreted as a sign for radiation
fog, most studies - recent (Andersen and Cermak 2018, Andersen et al. 2019, 2020, Vogt
et al. 2019) and past (Nagel 1962, Taljaard 1979, Vendrig 1990, Olivier 1992) point to
the overarching influence of the stratocumulus and therefore cloud interception fog (often
also called high fog in the literature) for the inland fog in the Namib.

The general consensus from past and current analysis for the inland fog is illustrated
in Figure 2.3 as follows: A zone at around 25 to 50 km inland with an elevation of around
300 to 600 m above sea level receives water from fog that is the result of the intersecting
stratus. The existence and extent of this fog zone varies over the year with the height of
the stratus with the peak fog season lasting roughly from September to April. Within the
fog zone, monthly and annual fog precipitation varies, partially with elevation and partially
due to the dynamics (the advection of the stratus and blocking katabatic winds from the
escarpment). However, the particulars of this variation are not quite understood yet.
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Figure 2.3: Sketch of the "Vertical cross-section of the probable low-level atmospheric
circulation over the Namib Desert", refurbished and coloured after (Taljaard 1979). Time
of year is austral summer.

The meteorological and geographical situation leaves the Central Namib (simply
Namib in the remainder of this chapter) with on average less than 50 mm of rain per year
and the associated high annual variability of rainfall means that there are years without
any rain. Despite the scarcity of rain, life found ways to thrive by using fog water input in
different ways in the Namib (Hamilton and Seely 1976, Seely and Hamilton 1976, Seely
1979, Robinson and Seely 1980, Henschel et al. 2001, Henschel and Seely 2008, Seely
2012, Mitchell et al. 2020), even documented in popular documentaries (British Broadcast
Company 2008a,b, Halsley, Oliver 2019), the first aptly named Weird fog in the Namib
Desert for example. New research even connects the bacterial community in fog and
their deposition onto terrestrial ecosystems (Evans et al. 2019).
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2.3.1 On the ground
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Figure 2.4: Mean monthly days with fog (A) and fog precipitation (B) at several locations in
the Namib desert and the relationship between fog precipitation and distance to the coast
(C). Hollow squares in C represent non-long-term sites (data collection ≤∼ 3 years). All
three figures refurbished/redrawn but otherwise unaltered versions of the Figures 9/10/12
in Lancaster et al. (1984) with the exception of adding Pelican Point and indicating the
gradual fog zone in C.

The first fog climatology for coastal and inland stations was published by Lancaster
et al. (1984), pinpointing the fog zone inland between 25 and 50 km (Figure 2.4) with a dis-
tinct increase of fog precipitation due to distance to the coast until ∼ 60 km. Within the fog
zone, the course over the year is similar, but the number of fog days (Figure 2.4A) and es-
pecially the fog precipitation (Figure 2.4B) varies significantly, e.g. from Vogelfederberg to
Gobabeb. Potentially, this might be an issue of the limited sampling time (Vogelfederberg
less than 3 years, Gobabeb more than 13 years) combined with inter-annual variation.
Closer to the coast and outside the fog zone, fog days are still frequent (Swakopmund)
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but the fog season is austral winter (April to September) and fog precipitation is relatively
low (potentially advection fog mixed with inversion fog). Notably, Lancaster et al. (1984)
never reports a specific fog type.

Kleinberg, Vogelfederberg, Ganab and Gobabeb were still operated until 1996 Seely
and Henschel (1998), partially with the intent to determine whether fog water harvesting
is feasible (Henschel et al. 1998, Mtuleni et al. 1998). Fog collection in Gobabeb where a
first order weather station is located as well continues until today. Besides remote sensing
(Olivier 1995), little research was conducted to overcome the shortcomings of the limited
sampling time at some of the stations in Lancaster et al. (1984) and determine the origin
of the spatial variation.

Table 2.1: Name, abbreviation, latitude, longitude, elevation and distance to the coast of
all eleven FogNet stations. North-South transect is given in first half, East-West transect
in second half. Conception Water (last station) is given for completeness only.

Sitename Abbr. Lat. Lon. Elevation Distance to Transect
(◦) (◦) (m MSL) coast (km)

Marble Koppie MK -22.97 14.99 421 51 North-South

Vogelfederberg∗ VF -23.10 15.03 501 58
Station 8 S8 -23.27 15.06 488 55
Aussinanis AU -23.44 15.05 406 55
Gobabeb∗ GB -23.56 15.04 407 56
Saltworks SW -23.02 14.46 5 1 West-East

Coastal Met CM -23.06 14.63 94 17
Kleinberg KB -22.99 14.74 184 24
Sophies Hoogte SH -23.01 14.89 334 40
Garnet Koppie GK -23.12 15.31 733 85
Conception Water CW -24.02 14.55 19 10 -
∗Station was also present in Lancaster et al. (1984) before.

In July 2014, FogNet was established with the intent to conduct long-term measure-
ments that would give more insight into the spatial patterns in the fog zone were and even
more so what the reason for the reported variation could be. FogNet is a meteorological
measurement network that is part of the Southern African Science Service Centre for
Climate Change and Adaptive Land Management (SASSCAL; Kaspar et al. 2015, Muche
et al. 2018). It consists of eleven stations distributed roughly along a West-East and a
North-South transect (Figure 2.2). Distance to the coast and elevation increase along the
first transect whereas the second transect is situated within the fog zone. Locations of
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2.3 Fog climatology
sites were based on prior research (mainly Lancaster et al. 1984), and ease of access to
the stations (near roads). Details of FogNet stations are given in Table 2.1.

Figure 2.5: Monthly fog days (left hand side) and diurnal patterns (right hand side) of fog
frequency at the ten inland stations of the two FogNet transects. North-South transect
is MK-GB and West-East transect with increasing height is SW-GK. Light grey area in
right hand side graphs indicates the minimum and maximum time of sunset and sunrise
respectively whereas dark grey illustrates night-time.

Each FogNet station is equipped with a Juvik fog collector (515.6 mm2 surface area,
Juvik and Nullet (1995b)) in addition to other standard meteorological measurements of
wind speed and direction, temperature, humidity, radiation (either net or component-wise)
and leaf wetness (for more details see chapter 3/5).

At Gobabeb, the main hub of FogNet, a total of five fog collectors (2x Grunow, 2x
Juvik, 1x Harp) are operated side-by-side. The analysis of fog precipitation amounts by
Franceschi (2019) demonstrates that fog collectors are similar when the event duration is
sufficiently long, i.e. lag of initial collection becomes irrelevant, with the harp outperforming
the Juvik.
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Figure 2.5 illustrates the climatology of fog days based on FogNet data (years 2015

up to and including 2019), namely whether any water was registered in the Juvik fog
collectors. Seasonality with increasing elevation agrees well with the previously reported
climatology:

• Months without any fog days are rare, regardless of location.

• Between 10 and 20 fog days are frequent during the fog season, which means that
up to every second night fog can be expected.

• Seasonality changes with distance to the coast and the increasing elevation from
very few fog days (SW) to a coastal regime (CM/KB) with peak fog days in austral
winter. At both, a slight bi-modality can be seen that emerges clearly at SH/GK
where the number of fog days is already decreasing.

• Inland sites demonstrate a clear minimum in May and the following months.

• Along the North-South transect, fog days generally are most numerous at the
northern end (MK/VF) with decreasing amounts towards the south end of the
transect (GB).

• Not many more fog days are registered at Gobabeb compared at Garnet Koppie
(∼ 400 m above sea level, 50 km from the coast vs ∼ 700 m and 85 km), clearly
indicating that distance to the coast/elevation are not the only influences.

Diurnal courses at the FogNet stations follow the expected pattern, appearing shortly
after sunset at the lower, more coastal stations of the West-East transect (SW/CM/KB)
and occurrence peaks in the two hours around sunrise. Further inland (SH/GK) first
appearance of fog is generally later. For the inland North-South transect, the number
of hours with fog gets lower the further south along the transect the station is situated.
Furthermore, a slight shift of the distribution to the later hours of the night occurs from the
northern to the southern end.

The climatology of fog days is more complex than the annual view indicates (Fig-
ure 2.5). The monthly patterns reveal more small scale details for each station and are
given in Appendix B, respectively Figure B.1.

The values of fog precipitation in Figure 2.6 demonstrate that not all fogs do deposit
significant water and fog days alone, i.e. when a non-zero amount was registered in the
Juvik fog collector, may give a wrong impression about how important fog might be for the
environment or is available for harvesting. Prominently, fog days were more frequent at
the most coastal station (SW) than at the station farthest inland (GK). Yet, GK receives
on average more fog precipitation, indicating that fogs can be less frequent but that more
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Figure 2.6: As Figure 2.5 but values of monthly and hourly fog precipitation at the FogNet
stations.

fog precipitation occurs when they reach this far inland. The timing of fog precipitation at
GK is another indication that fog precipitation most of the time begins after 2 UTC, later
than at any other station.

Furthermore, where the decrease of fog days (and diurnal patterns of fog hours)
appeared rather gradual along the North-South transect, the decrease in fog precipitation
is more substantial: While the maximum fog precipitation is registered at the second
station of the transect (VF) during most months (∼ 20 to 30 mm), the last station (GB)
receives usually less than 5 mm with the exception of the months Aug-Oct.

Patterns of the average hourly fog precipitation also indicate that the stratus reaches
the sites one after another on average (before 21 UTC at CM/KB, after 21 UTC at MK/VF
and only around 0 UTC at GB). Naturally, the aggregation to a climatology blurs the
characteristics of each single events. The previously conducted investigation of each day
with fog and stratus by Vogt et al. (2019) nonetheless indicates that these patterns hold
true for most cases (as other previous studies such as Vendrig (1990), Olivier (1992)).
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Part of the spatial variation recorded in the fog zone, respectively along the North-South
transect appears to be a result of the longer duration that is a result of the higher frequency
of fog days and the slightly earlier appearance at the northern end.

As before, further monthly patterns that reveal more details for each station are given
in Appendix B, respectively Figure B.2.
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2.3 Fog climatology
The sampling efficiency of the Juviks (or Grunows in Lancaster et al. 1984) in combina-

tion with an events duration is another important factor that influences the fog precipitation.
Figure 2.7 illustrates this connection by means of the total windway during an event, that
is the sum of 1-minute wind velocities converted to total distance. Naturally, the windway
inherently includes the duration of an event as the longer an event lasts the more air has
passed the Juvik.

Figure 2.7: Relationship between fog precipitation and total windway (sum of 1-minute
wind velocity). Left hand side is the North-South transect, right hand side the West-East
transect. Colour of markers represents maximum wind speed during the event as given
by the colourmap on top.

The reported correlations and fits in Figure 2.7 indicate that the windway can explain
at least 0.65 of the variation found in fog precipitation. Simultaneously, the relative
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importance (fit-value) becomes lower from the northern (MK/VF) to the southern end
(AU/GB), partially because fog events duration tends to be shorter and therefore fog
precipitation lower. For short events, fog collectors do require an initial time to become
saturated and record fog water input (see also chapter 5 and Montecinos et al. 2018).

Along the West-East transect, windway is less important (SW) until sites are located
far enough from the coast and cloud interception fog is frequent (CM/KB/SH). At GK, the
furthest inland station, despite fog being rare, windway, and by extent the duration of the
event being shorter than at other stations, explains a large part of the variation found in
fog precipitation.

The same analysis was conducted with fog precipitation vs. mean wind speed, fog
precipitation rates vs. total windway and fog precipitation rates vs. mean wind. None of
these showed a similar degree of correlation.

The maximum wind speed can be used as a rough indicator for the conditions during
cloud interception. When maximum speed is high (towards green/yellow), fog precipitation
tends to be lower than on average (markers often on the right of the fit). It therefore seems
that too high wind speeds either reduce the sampling efficiency as more fog droplets are
potentially carried around the collecting surface or are a sign of less precipitable water
in the fog itself. While analysis of liquid water content (chapter 5) do indicate spatial
variations, the connection to between fog precipitation and liquid water content is not
straightforward either.

2.3.2 From space

In addition to ground measurements, satellites, respectively remote sensing, can deliver
information in a higher spatial resolution than ground stations can. However, each main
category of satellites (polar and geostationary) comes with their own limitations: Polar
satellites posses a high spatial resolution and can be used to distinguish fog days (e.g.
Cermak 2012) but do pass overhead too seldom to capture each fog event or even the
temporal dynamics sufficiently. Geostationary satellites like METEOSAT/SEVIRI on the
other hand deliver deliver images of the same every 15 minutes, a sufficient rate to catch
the life cycle of fog (Andersen and Cermak 2018). The high temporal resolution comes at
the coast of rather coarse resolution (3 km full disc, 1 km for the high resolution subset
according to EUMETSAT).

Common to both types is furthermore the fact that satellites in general do not see the
ground but the cloud top. The distinction between fog, almost fog and overhead stratus
is therefore even more challenging via satellite than with ground measurements. As a
consequence, instead of fog alone, fog and low clouds (FLC) are classified (Andersen
and Cermak 2018, Andersen et al. 2019, 2020) by the NaFoLiCA-S partner project. While
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2.3 Fog climatology
not necessarily fog, the approach with FLC still allows to derive a climatology of FLC that
can be combined with measurements of longwave or net radiation. Such a climatology to
some extent also gives insight into the cloud interception zone in the Namib.
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Figure 2.8: Figure 3 from Andersen et al. (2019) with a) denoting the coastal stations
(SW/CM and CW not included in other analyses here due to its rather far off position) and
the b) inland stations (all remaining except KB as KB is classified as transitional).

The study of Andersen and Cermak (2018) used SEVIRI/METEOSAT 15-minute im-
ages to derive the FLC occurrence at each FogNet station. In a follow up study Andersen
et al. (2019) derived a climatology and compared them to the ground measurements of
FogNet based on (Figure 2.8): At the coast, FLC do not match the typical fog day clima-
tology at the stations whereas they align for inland stations or as Andersen and Cermak
(2018) state: “[...,] this is a clear indication of a region dominated by advective processes
rather than radiation fog, [...]”. Further analysis by Andersen et al. (2020) further supports
the role of inland advection by the stratus deck by means of back trajectories that indicate
the importance of advection of moist marine boundary layer, enhanced by an onshore
heat low.

Ideally, remote sensing and ground measurements are connected for the climatology
of the Central Namib fog as demonstrated in Figure 2.8. Additionally, timing of first
fog precipitation and stratus cover again do not always coincide (cf. Figure 2.6) as i)
registration of fog precipitation in the fog collectors lags relative to the fog’s appearance
and ii) the stratus may be overhead but not yet quite in contact with the ground. For
single fog events, this approach blurs the complexity inherent to fog in the Central Namib
(see chapter 3 and chapter 5). Instead, ground measurements and remote sensing data
from METEOSAT are combined for the purpose of single event analysis to get the more
thorough picture of the Namib fog. Videos of single fog events have been processed and
can be found online on the MCR page.
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Fog in the Namib

Figure 2.9: Figure 6 from Andersen et al. (2019) that illustrates the stratus’ inland
advection with additional seasonality. Schematic is similar to Figure 2.3 from Taljaard
(1979)

Finally, during single fog events, not all stations of the North-South transect are
reached i) at the same time ii) in order from North to South and iii) fog can be present
intermittently as measurements of droplets indicate (chapter 5). Analysis of the climatol-
ogy, while important does not dictate the exact inland extent of the stratus nor the varying
conditions on the ground, ultimately demonstrating that single events are more complex
than climatology makes them appear and are still poorly understood.
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2.4 Wind regimes in the Namib

2.4.1 Wind regimes in general
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Figure 2.10: Wind regime during austral summer daytime and austral winter nighttime, al-
tered after Tyson and Seely (1980). Blue markers represent FogNet stations. Geographic
extent is roughly 14.3° E to 15.6° E and -22.5° S to 24° S.

As the previous sections have established, for inland cloud interception fog to occur,
the quasi-permanent stratus must be moving inland first. This movement should be visible
in the wind regimes at the ground too and previous studies by Tyson and Seely (1980),
Lindesay and Tyson (1990) give insight into the wind regime inland and at the coast of the
Central Namib. The simplest and broadest model is a land-sea circulation that partially
intersects with a thermo-topographic regime. Due to the subsidence, winds in the area
are generally limited in vertical extent. Overall, the situation can be complex as illustrated
in Figure 2.10:

• In austral summer plain-mountain winds are the large scale winds as a result of the
difference in surface heating between the escarpment to the East and the slope
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leading up to it. During the night in austral summer, these winds reportedly continue
even when mountain-plain winds may appear. In austral winter, the plain-mountain
winds are weaker at night as nocturnal cooling is stronger. Notably, austral summer
is the inland fog season (see subsection 2.3.1).

• In austral winter, mountain-plain winds are the prominent feature at night unless
disturbed by synoptic conditions. They last from around 22 to 10 in the morning and
are up to 1000 m deep. During austral summer, mountain-plain winds are generally
weak and if they occur up to 500 m deep.

• Sea breeze near the coast at the surface brings moist air towards the coast, po-
tentially bringing advection fog (that originated over the sea) to coastal locations.
Past studies have argued that the sea breeze and up-valley winds may even advect
this fog to the inland fog zone despite loss of moisture (FogNet stations indicated in
Figure 2.10 for this intent). Inland stations are generally reached in the late after-
noon/evening by the sea breeze. Unlike the first two winds, seasonal dependency is
far less prominent.

• A land breeze as a counterpart to the sea breeze at night can exist but is far weaker.

Figure 2.11: Dust plumes at the Namibian coast, extending the reach and impact of the
desert. Photographed by an Expedition 40 crew member on the International Space
Station. Creative Commons from the Johnson Space Center of the United States National
Aeronautics and Space Administration

One feature lacking in the wind schematic are the so called berg winds, strong easterly
winds due to stronger than usual pressure gradients. Such berg winds are katabatic flows
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2.4 Wind regimes in the Namib
from the continental plateau, to some extent similar to the above mountain-plain winds. Yet
they are initiated by the passage of a coastal low and dynamic not a thermo-topographic
feature. These coastal lows are often only ∼ 1 km deep, trapped against one side by the
escarpment and to the top by the temperature inversion from the subsidence. A katabatic
flow is then the result of the pressure gradient. Strong winds between 8 and 20 m s−1 can
occur during this constellation. These winds are usually generated in front of the coastal
low, where they transport sand and dust out over the ocean. Such enormous dust plumes
can reach lengths of several hundred kilometres (Figure 2.11). Additionally, this sand
brings crucial iron into the ocean which can lead to algae blooms (Eckardt et al. 2002,
Vickery and Eckardt 2013).

2.4.2 Wind regimes during fog

Fog events primarily come from a northern sector for all stations except SW (Figure 2.12).
The further inland a station is situated the more prominent is the North-West sector (with
the exception of S8). At the first two inland stations (CM/KB) the main direction is North
to North-East. This combination indicates that the stratus does not move directly from the
coast inland but north of the West-East transect, moving southward. Furthermore, the
frequent winds from the East component at CM indicate that this site is often to the west
of a southward moving stratus/fog front. While not analysed in depth here, this can also
often be seen on the satellite videos of single events (see section C.2). Most frequent
wind speeds at all stations during fog were above 2 m s−1, making radiation fog unlikely
(cf. controversy in Appendix A). Fog precipitation is furthermore connected to one or just
a few sectors for most stations. While for most sectors fog precipitation was registered at
least once, these are often the drip off when the wind regime changes towards the end of
an event or when mountain-plain winds may push the stratus slightly back.

Overall, the wind regime at the inland stations is strong indicator for cloud interception
fog: Firstly, the wind regime is consistent for all inland stations. Secondly, fog precipitation
at all inland stations is prevailing from the same sector, linking the two variables. Thirdly,
advection fog has formerly been linked to up-valley winds in Gobabeb (=South-western
sector), which occur only rarely. Fourthly, radiation fog is usually linked to calm to low
wind speeds, which are rare at inland stations.
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Figure 2.12: Wind regimes during fog events of all five years (2015 to 2019) of 1-minute
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the same colourmap on the top with the given interval. Distribution is in steps of 1 m s−1

and 10°, arrangement of stations as in previous figures with North-South transect in the
left hand column, West-East transect in the right hand column.
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2.5 Summary and outlook to chapter 3

Fog in the Central Namib is nocturnal phenomenon with a distinct seasonality and spatial
patterns: Inland between 20 and 50 km a fog zone exists, a stretch of land that sees
significant occurrence of fog and fog precipitation from August/September to around
Mar/Apr. Within the fog zone the number of fog days and total amount decreases
from North to South despite a similar distance to the coast. Satellite images and wind
speed indicate that this is linked to the inland advection of the stratus from Northwest.
Throughout literature the inland fog has most often been linked to the stratus’ inland
movement. Newer isotope studies however do indicate a potential local origin as moisture
transported inland condenses due to nocturnal radiative cooling.

Naturally, the large scale stratus’ advection raises further questions about the height
of its base and top, respectively its vertical extent and the variation thereof. Furthermore,
besides the occurrence and fog precipitation, little was known about fog dynamics. The
intensive observation period described in the coming chapter 3 gives a glimpse at these
key variables thanks to the considerable amount of measurement devices and sampling
frequency, a first for fog research in the Namib.
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Chapter 3

Probing the Fog Life Cycles in the Namib
Desert

The following article Probing the Fog Life Cycles in the Namib Desert has been published
in the Bulletin of the American Meteorological Society (BAMS) in 2019 and gives an
overview of the measurement campaign of the NaFoLiCA-F project (Namib Fog Life Cycle
Analysis Field).

A tethered balloon carrying meteorological measurement equipment to probe the fog in the Namib
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PROBING THE FOG LIFE CYCLES 
IN THE NAMIB DESERT

RobeRt SpiRig, Roland Vogt, JaRl aRe laRSen, ChRiStian FeigenwinteR, andReaS wiCki, 
Joel FRanCeSChi, ebeRhaRd paRlow, bianCa adleR, noRbeRt kalthoFF, Jan CeRmak,  

hendRik andeRSen, Julia FuChS, andReaS bott, maike haCkeR, niklaS wagneR,  
gillian maggS-kölling, theo waSSenaaR, and maRy Seely

F og as a meteorological phenomenon is associated  
 with low visibility, high relative humidity/cold  
 air, and danger for car/air traffic. However, in one 

of the driest regions on Earth—the Namib Desert—fog 
instead represents a major source of water for plants 
and animals. Figure 1 illustrates this striking contrast 
between suspended water droplets of fog and dry desert.

The field campaign of the Namib Fog Life Cycle 
Analysis (NaFoLiCA) project was conducted during 
an intensive observation period (IOP) in September–
October 2017 in the central Namib Desert in 
Namibia. The aim of this IOP was to investigate 
the spatial and temporal patterns of the coastal 
fog, which occurs regularly in the central Namib 

Fig. 1. View across the fog boundary in Gobabeb toward the southeast from about 500 m AGL at 
0700 UTC 27 Sep 2017. The dark band of trees in the Kuiseb riverbed separates (right) the Namib Sand 
Sea from (left) the Gravel Plains.

Fog life cycles in the central Namib Desert have been studied during the NaFoLiCA intensive 

observation period, which is described together with initial analyses of the extensive dataset.
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during nighttime and morning hours reaching up 
to 100 km inland.

NAMIB DESERT. The Namib Desert is a rela-
tively narrow strip of land extending 2,000 km 
from the Olifants River in South Africa (32°S) to the 
Carunjamba River in Angola (14°S). Bordered by the 
southern Atlantic Ocean and inland by the Great 
Western Escarpment, it is mostly between 120 and 
200 km wide (Goudie and Viles 2015). Located on 
the west side of the African continent and adjacent 
to the cold Benguela Current, the Namib is a typi-
cal coastal desert similar to the Peruvian/Atacama 
Desert in South America (Meigs 1966; Warner 2004). 
At the eastern border of the Namib, annual rainfall 
is typically around 100 mm and decreases toward 
the coast to values <<50 mm (Lancaster et al. 1984; 
Mendelsohn et al. 2002). In the hyperarid Namib, fog 
is a distinct climatological feature and an important 
source of water (Seely and Henschel 1998). Fog plays 
a crucial role in sustaining a biota, which could not 
exist based on the scarce and highly intermittent 
rainfall alone (Seely 1989; Hachfeld and Jürgens 2000; 
Warren-Rhodes et al. 2013).

FOG ORIGIN AND DYNAMICS. Fog in the 
Namib is closely linked to features of the general 
circulation above the southern Atlantic Ocean. The 
dynamics of the persistent low cloud deck over the 
eastern parts of the southern Atlantic Ocean are a 

consequence of the large-scale subsidence related 
to the South Atlantic Anticyclone and the cool sea 
surface temperatures, coinciding with the upwelling 
in the Benguela Current. Additionally, complex pro-
cesses influence the cloud formation and cloud cover, 
such as aerosols, whose role is poorly understood and 
currently under investigation (Andersen and Cermak 
2015; Adebiyi and Zuidema 2018; Fuchs et al. 2017, 
2018). Subsequently, neither climatology nor weather 
models presently capture the complex meteorology in 
the southeast Atlantic properly (e.g., Stier et al. 2013). 
Recently, extensive coordinated campaigns probed 
the troposphere above the South Atlantic with the 
aim to address these knowledge gaps (Zuidema et al. 
2016; Formenti et al. 2019). Off the Namibian coast, 
a persistent strong south wind blows (Nicholson 
2010) and leads to low-level divergence near the 
coast, which is often associated with a coastal low 
that affects the inland transport of the stratus deck 
(Warner 2004). This inland advection typically starts 
after sunset and progresses farther during the first 
half of the night. The movement of the stratus front 
eastward is linked to winds from a northerly direction 
and blocks thermal winds coming from the east. The 
stratus deck varies in base height, thickness, density, 
and in spatial extent according to the meteorological 
conditions at its origin and during its development. 
If the stratus intercepts with the ascending terrain, 
it turns into fog. When and where this landfall 
occurs is inf luenced by the thermo-topographic 
wind systems described in Tyson and Seely (1980): 
sea–land breezes, plain–mountain/mountain–plain, 
and valley–mountain winds complicate the situation. 
Usually, before 0900 UTC the stratus/fog disappears 
inland (Fig. 1), while close to the coast it can be more 
persistent. This Namib fog life cycle is a well-known 
characteristic of the central Namib, which consists of 
the central Gravel Plains in the north and the Namib 
Sand Sea (UNESCO World Heritage) in the south 
separated by the Kuiseb River (Fig. 2).

Various types of fog can be found in the cen-
tral Namib. Near the coast in Walvis Bay, fog was 
described as either inversion fog, advection fog, or 
radiation fog (Jackson 1941). The latter two were also 
reported in Swakopmund (30 km north of Walvis 
Bay) with a peak in fog days from April to August/
September (Nagel 1962). Inland at Gobabeb, advec-
tion fog or cloud interception fog is described as 
the prevailing fog type in austral summer (Olivier 
1992). This cloud interception fog, also called high 
fog, is the result of the stratus deck intercepting the 
terrain which is described as a dynamic interaction 
of air masses from the east (Great Escarpment) and 

AFFILIATIONS: SpiRig, Vogt, laRSen, FeigenwinteR, wiCki, 
FRanCeSChi, and paRlow—University of Basel, Basel, Switzerland; 
adleR, kalthoFF, CeRmak, andeRSen, and FuChS—Karlsruhe 
Institute of Technology, Karlsruhe, Germany; bott, haCkeR, and 
wagneR—University of Bonn, Bonn, Germany; maggS-kölling 
and waSSenaaR—Gobabeb Research and Training Center, Walvis 
Bay, Erongo, Namibia; Seely—Desert Research Foundation of 
Namibia, Windhoek, Khomas, Namibia
ORCID: SpiRig—0000-0002-0868-2806; 
laRSen—0000-0002-7038-8309; FeigenwinteR—0000-0003-2447-5492; 
wiCki—0000-0003-2946-2818; paRlow—0000-0003-0020-337X; 
adleR—0000-0002-0384-7456; kalthoFF—0000-0002-3322-7557; 
CeRmak—0000-0002-4240-595X; andeRSen—0000-0003-2983-8838; 
FuChS—0000-0002-7137-2245
CORRESPONDING AUTHOR: Robert Spirig, r.spirig@unibas.ch

The abstract for this article can be found in this issue, following the 
table of contents.
DOI:10.1175/BAMS-D-18-0142.1

In final form 15 August 2019 
©2019 American Meteorological Society
For information regarding reuse of this content and general copyright 
information, consult the AMS Copyright Policy.

2492 DECEMBER 2019|

3.1 Namib desert

39



the northwest (coast/sea) by Seely and Henschel 
(1998). While the advection process is established 
in literature, the drivers and dynamics of it are not 
clearly defined. Radiation fog was not excluded per 
se but described as a possible exception (e.g., Seely 
and Henschel 1998; Olivier 1992) or was reported as 
an opportunistic observation (Eckardt et al. 2013; 
Kimura 2005). However, Kaseke et al. (2017) recently 
presented their findings based on isotope analysis 
of fog water sampled in the central Namib. More 
than half of their measured isotopic signatures are 
interpreted as locally generated fog water and the 
authors suggest “a potential shift from advection-
dominated fog to radiation-dominated fog in the fog 
zone of the Namib Desert.” Visualizations of the fog 
events using a synopsis of ground measurements and 
remote sensing data indicate that fog events inland 

are practically always connected to an advected stra-
tus of marine origin (see “Fog goes movie” sidebar). 
Whether the mixing with local humidity and the local 
generation of fog during the landfall of the advected 
stratus causes the freshwater isotopic signature, which 
may be linked to radiation fog, is just one of the many 
interesting questions related to the Namib fog.

NAMIB FOG LIFE CYCLE ANALYSIS. To 
address such open questions about the dynamics and 
drivers of the fog, the Namib Fog Life Cycle Analysis 
(NaFoLiCA) project was initiated. It is concerned with 
the analysis of fog processes in the Namib Desert, an 
extremely dry region where the fog is an important 
component in the hydrological cycle. NaFoLiCA has 
to cross scales and take microphysical and macro-
physical processes/properties of fog into account to 

Fig. 2. Research area in the central Namib and locations of the FogNet stations (Table 1). Black mark-
ers indicate where the main NaFoLiCA IOP activities took place. Contour line interval is 100 m and 
derived from SRTM, background imagery is from Google Maps. Map inset shows the research area in 
the larger context of southern Africa.
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understand how temporal and spatial patterns of fog 
develop. This is done in a suite of complementary 
partner projects (i) by a field-based perspective using 
in situ observations and ground-based remote sensing 
at several locations in the region, (ii) by considering 
satellite data to characterize the spatial extent of 
fog and changes therein over time (Andersen and 
Cermak 2018; Andersen et al. 2019), and (iii) by 
providing a numerical modeling perspective and 
combining process insight with spatial information. 
Each project partner requires ground measurements 
of the vertical structure of the fog to understand its 
life cycle better and apply their various methods.

INTENSIVE OBSERVATION PERIOD. An im-
portant goal of the NaFoLiCA field campaign was to 
observe the life cycles of at least three inland-reaching 
fog events in detail at both 
a coastal and an inland 
location during the IOP. 
We define such nights as 
intensive observation night 
(ION). We took advan-
tage of already-existing 
research infrastructure 
i n  t he  cent ra l  Na m ib 
(FogNet; Muche et al. 2018) 
and conducted measure-
ments at three FogNet sites 
(Fig. 2, Table 1) to provide 
a basic dataset for the three 
NaFoLiCA components: 
field measurements, satel-
lite remote sensing, and fog 
modeling. This included 
the sampling of ground fog 
properties (droplet size and 

distribution) as well as vertical profiles of (derived 
potential) temperature, humidity, wind direction and 
speed, mixing layer height, cloud base/top height, 
aerosol optical depth, liquid water path (LWP), 
integrated water vapor, and stability indices. In the 
following, we give an overview of the experimental 
details of the IOP and present initial results focusing 
on one typical fog life cycle observed during the IONs.

In the context of the field campaign presented 
here, we focus on several questions related to dif-
ferent aspects of fog in the Namib within the wider 
NaFoLiCA project. We investigate how much wa-
ter deposition takes places during fog events and 
whether these estimates by microlysimeters are 
reliable. We assess if fog collectors can serve as prox-
ies for this deposition. Furthermore, we investigate 
the feasibility of combining cloud droplet spectra 
and turbulence measurements to derive the liquid 
water f lux and its relation to the two other fog water 
measurements. On a larger scale, we investigate the 
vertical and spatial structure of the stratus, respec-
tively fog and with the example of one specific event 
at selected locations. A synergetic analysis will be 
presented at a later stage.

FIELD CAMPAIGN DESIGN. Measuring fog in 
the desert. Fog climatology led us to place the IOP in 
early spring when the frequency of inland-reaching 
fog is highest (see “Fog climatology in the Namib” 
sidebar). The IOP with fully operational devices 
lasted from 10 September until 5 October 2017. 
The logistical basis for the IOP was the Gobabeb 
Research and Training Centre (gobabebtrc.org), 

Table 1. Latitude, longitude, elevation, and distance to the coast of 
the FogNet stations. The NaFoLiCA IOP took place with additional 
measurements (Table 2) during selected nights (Table 3) at the stations 
Coastal Met, Gobabeb, and Vogelfederberg.

Name Lat (°) Lon (°)
Elevation 
(m MSL)

Distance to 
coast (km)

Coastal Met CM –23.06 14.63 94 17

Gobabeb GB –23.56 15.04 406 56

Vogelfederberg VF –23.10 15.03 515 58

Saltworks SW –23.02 14.46 5 1

Conception Water CW –24.02 14.55 10 10

Kleinberg KB –22.99 14.74 185 24

Sophies Hoogte SH –23.01 14.89 342 40

Aussinanis AU –23.44 15.05 444 55

Marble Koppie MK –22.97 14.99 419 51

Station 8 S8 –23.27 15.06 490 55

Garnet Koppie GK –23.12 15.31 733 85

The spatial and temporal patterns of fog in the Namib 
are difficult to capture from ground-based point 

measurements only. Another solution is the combination 
of satellite remote sensing data with the ground-
based data into an animated product. The so-called 
dust composite from Meteosat, which allows one to 
distinguish stratus/fog, are merged with FogNet data 
(wind, fog precipitation) into a video sequence. The 
product has been created for the whole IOP and can be 
found at https://mcr.unibas.ch/nafolicaiop. Within the 
NaFoLiCA satellite project, a quantitative product has 
been developed (Andersen and Cermak 2018) and will be 
used for joint analysis of the fog situations.

FOG GOES MOVIE
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a hot spot of desert research in the 
central Namib and operator of Fog-
Net. The stations (Fig. 2) form a 
west–east transect with increasing 
elevation from the coast to 85 km 
inland and a north–south transect 
at 400–500 m above mean sea level 
(MSL), where the inland-reaching 
stratus frequently intercepts. The 
purpose of FogNet is to provide basic 
meteorological measurements and to 
monitor the occurrence of fog. At all 
FogNet stations air temperature (Ta), 
relative humidity (RH), wind speed 
(WS), wind direction (WD), global 
radiation (Rsd), and net radiation (Rn) 
are available since June 2014 as 1-min 
averages (Table 2). Measurements 
of longwave downward radiation 
(R ld) exist at coastal sites (Saltworks, 
Coastal Met, Conception Water) and 
at Gobabeb where four-component 
net radiometers are installed. The Rn, 
and even more Rld, are excellent indi-
cators for the occurrence of stratus/
fog but allow no distinction between 
the two. And while the surface tem-
peratures (Ts) measured at the FogNet 
sites are helpful, the clearest indica-
tor of whether or not fog occurred 
is the measurement of fog precipita-
tion. Visibility measurements were 
available from the Gobabeb Baseline 
Surface Radiation Network (BSRN) 
station (Driemel et al. 2018).

Measuring fog water input. In case of 
the FogNet stations, Juvik fog collec-
tors are installed. These consist of a 
cylindrical screen mounted above a 
rain gauge into which the fog water 
deposited on the screen drips and is 
measured by a tipping bucket. The 
collectors are made of louvered alu-
minum with a size of 12 cm × 58 cm 
(diameter × height) and are described 
in detail in Juvik and Nullet (1995). 
The catch is called fog precipitation 
(FP) and is a rather qualitative mea-
sure for fog deposition as it depends 
on the screen’s silhouette area exposed to the flow 
and its material properties. Fog deposition is the 
amount of fog water reaching the ground and as 

such the proper hydrological variable. During the 
IOP, three pairs of microlysimeters were installed at 
three FogNet sites to measure fog deposition directly 

Fog is a reliable feature of the climate of the coastal Namib with 
distinct spatial and seasonal characteristics. The average annual fog 

day frequency (FDF) decreases from the coast with values around 
120 to around 40 at 40 km inland down to 5 at 100 km (Olivier 1992). 
Numbers reported differ slightly depending on whether FDF has been 
derived from visual observations (Nagel 1959; Olivier 1992) or from 
fog precipitation measurements (Nieman et al. 1978; Lancaster et 
al. 1984). For Pelican Point close to Walvis Bay, the highest value of 
average annual FDF is observed: 146.5 days in 27 years (1958–85) with 
26.8, 105, and 200 days as standard deviation, minimum, and maximum 
(Olivier 1992). The inland decrease in FDF is supported by satellite-
derived spatial patterns of fog/low cloud occurrence (Olivier 1995; 
Cermak 2012; Andersen and Cermak 2018). The observations show 
also a latitudinal variation at the coast with high values in the area of 
Swakopmund/Walvis Bay decreasing to the north and south and an 
overall correlation with topography, that is, a decrease of FDF with 
heights up to around 800 m MSL.

The seasonal fog day distribution is characterized by the transition 
of the winter maximum of the monthly FDF at the coast to a spring/
summer maximum farther inland (Nagel 1959; Lancaster et al. 1984; 
Olivier 1992). The long-term observations at the first order weather 
station in Gobabeb represent the seasonality of FDF farther inland 
(Fig. SB1). Despite the high interannual variability, there is a clear winter 
minimum from April to June and a broad spring/summer maximum 
starting in September

Fig. SB1. Average monthly fog days (1963–2016) in Gobabeb. 
Values are derived from the visual observations of fog and vis-
ibility at 0800 local standard time at the first order weather 
station: average (black line), median (blue line), and standard 
deviation (gray area). Gray circles show the distribution of 
monthly fog days over all years. Dot size is scaled by the number 
of years with the respective amount of fog events, for example, 
10 years with one fog day observed in June. A cross indicates a 
single year with the respective number of fog days.

FOG CLIMATOLOGY IN THE NAMIB
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(Table 2). The homemade microlysimeters are con-
structed according to Heusinkveld et al. (2006) and 
measure non-rainfall water input (NRWI), which 
includes dewfall and adsorption of water vapor in 
addition to fog deposition. NRWI is derived from 
the weight increase measured by the microlysimeter 

relative to the minimum of the diurnal course and 
is attributed to fog deposition as supported by other 
measurements. The calculation of the liquid water 
f lux (LWF) is another approach to sample fog wa-
ter deposition (Burkard et al. 2001). LWF can be 
derived from high-frequency measurements of the 

Table 2. Selected variables in Gobabeb and measurements specifically carried out for the NaFoLiCA IOP in order 
of FogNet stations, ground measurements, automatic vertical profilers, and manually operated profile devices.

Output variable(s)  
(abbreviation)

Device(s),  
manufacturer,  
and short name, if used

Measurement 
height  
(m AGL) Location

Fog precipitation (FP) Juvik fog collector,  
Constructed after Juvik and Nullet (1995)

1.5 GB

Visibility (Vis) Atmospheric visibility monitor CS120A,  
Campbell Scientif ic

1.5 GB

Radiation components (Rsd, Rld ),  
net radiation (Rn)

Net Radiometer CNR4, 
Kipp & Zonen

2.0 GB

Air temperature (Ta),  
relative humidity (RH)

Temperature and relative humidity probe CS215,  
Campbell Scientific

2.0 GB

Surface temperature (Ts) Radiometer IR120,  
Campbell Scientif ic

1.9 GB

Wind direction and speed (WD, WS) Wind Monitor,  
R. M. Young

10.0 GB

Droplet distribution,  
liquid water content (LWC),  
liquid water flux (LWF) with sonic

Cloud droplet probe,  
Droplet Measurement Techniques,  
CDP

2.0 GB

u, υ, w wind components,  
fluxes of CO2, sensible, and  
latent heat (fluxes listed for completion)

IRGASON: Integrated gas analyzer and sonic anemometer, 
Campbell Scientific

2.0 GB

Non-rainfall water input (NRWI)  
by net weight change

Microlysimeters,  
Self-constructed after Heusinkveld et al. (2006)

–0.35  
to  
0.0

GB  
VF  
CM

Air temperature (Ta),  
relative humidity (RH),  
wind direction and speed (WD, WS),  
pressure

Weather station,  
Vaisala

2.0 CM

Wind direction and speed (WD, WS) Flat Array SOnic Detection And Ranging MFAS,  
Scintec,  
SODAR

≤900 GB 
CM

Backscatter (BS),  
mixing layer height (MLH),  
cloud base height (CBH)

Ceilometers CS135 and CL31,  
   CM: Vaisala (Wiegner et al. 2019, CL31–2),  
   GB: Campbell Scientif ic,  
ceilometer

 
≤7,700;  
≤10,240

 
CM 
GB

Profile of air temperature (Ta),  
liquid water path (LWP),  
integrated water vapor

Microwave radiometer (Kalthoff et al. 2013), 
Radiometer Physics

≤10,000 CM

Air temperature (Ta),  
relative humidity (RH),  
wind direction and speed (WD, WS)

Tethered balloon sonde carrying a cup anemometer and  
an air temperature/relative humidity/pressure probe,  
self-constructed,  
TBS

≤800 GB 
CM

Air temperature (Ta),  
relative humidity (RH)

Radiosonde DFM-09 
   on balloon  
   on UAV  
Graw

 
≤20,000 
≤800

 
GB  

VF,GB
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vertical wind component 
and the liquid water content 
(LWC in g m–3) by apply-
ing the eddy-covariance 
method (Aubinet et a l . 
2012). Droplet distribution 
was measured by a Cloud 
Droplet Probe (CDP), which 
allows for calculation of 
droplet concentration from 
wind speed, for example, a 
wind speed of 1 m s–1 results 
in a volume of 0.298 cm3 s–1 
passing through the sample 
area with the correspond-
ing measured number of size-resolved droplets. LWC 
in turn is derived from this concentration by assum-
ing a water density of 1 g cm–3 and a spherical form of 
droplets (Droplet Measurement Technologies 2012). 
LWF is calculated as the mean (indicated by overbar) 
of  where w is the vertical wind component 
and the prime denotes the deviation from the average.

Stratus and fog in the air. Measurements carried out 
manually during the IOP (Table 2) comprised the 
launch of radiosondes, an unmanned aerial vehicle 
(UAV) equipped with a radiosonde and a tethered 
balloon sonde (TBS). The radiosondes were released 
only at Gobabeb at set intervals to observe back-
ground wind, air temperature, and humidity above 
the stratus/fog layer. With the UAV and the TBS, the 
vertical structure of the stratus/fog layer was probed. 
A radiosonde taped to the stands of the UAV with the 
sensor element fixed to a mini-boom was lifted up to 
800 m above ground level (AGL) to measure profiles 
of air temperature, humidity, and the height AGL. An 
ascent and descent took approximately 15 min. The 
TBS sampled profiles of pressure, air temperature, 
dewpoint temperature, and wind speed and wind di-
rection, and was attached to a 5-m3 balloon, which went 
up to 600 m AGL. Soundings consisting of ascents and 
descents were made in 60-min intervals and controlled 
manually with an electric winch. After each descent, 
the sonde was allowed to equilibrate at the ground 
for a short time. For the first four IONs, profiles were 
sampled at Vogelfederberg and Gobabeb while Coastal 
Met was only included for the last ION (Table 3). An 
ION started with a radiosonde launch at 1700 UTC and 
lasted with continuous ascents and descents of TBS- 
and UAV-probing through the night until 0730 UTC.

Vertical profiles of wind speed and wind direction 
were sampled with two sodars, one at Coastal Met 
(30-m vertical resolution) and one inland at Gobabeb 

(10-m vertical resolution) as 30-min averages. The 
maximum valid vertical range varied between 300 and 
800 m AGL depending on atmospheric conditions. One 
passive microwave radiometer was operated at Coastal 
Met to measure LWP and the vertical temperature field 
up to 10 km AGL. Two ceilometers installed at Coastal 
Met and Gobabeb delivered cloud base height (CBH), 
laser backscatter (BS), and mixing layer height (MLH).

INITIAL RESULTS. Synoptic conditions and fog 
events during the IOP. The synoptic setting during 
the IOP was characterized by only mildly disturbed 
conditions (Tyson and Preston-Whyte 2000): the sub-
tropical southern Atlantic anticyclone lay southwest 
of the Namibian coast and the African thermal low 
was located to the northeast. The zonal pressure gra-
dient was dominant offshore of Namibia and varied 
only slightly, induced by passages of westerly waves. 
Southeast trade winds were blowing steadily, closer 
to the coast from the south, and low-level divergence 
together with a weak coastal low, which was present 
offshore the central Namib most of the time, sup-
ported the inland transport of the marine stratus 
layer. In this situation, 22 fog days with measured 
fog precipitation occurred in the study area out of 25 
IOP days (Table 4). At Vogelfederberg 18 fog events 
with on average 2.6 mm of FP were registered while 
at Coastal Met 12 fog events with 0.46 mm per event 
were recorded. In Gobabeb 14 fog events with 0.96 
mm occurred, which meant twice the fog days we 
could expect from climatology in September (Fig. SB1 
in “Fog climatology in the Namib” sidebar) and al-
lowed us to meet our criteria of sampling at least three 
inland reaching fog events during the IOP.

Meteorological conditions during the IOP. Inland at 
Gobabeb, the daytime maximum air temperatures 
(Fig. 3a) during the IOP reached only around 25°C, 

Table 3. Overview of nocturnal vertical profiles measurements carried 
out during the IONs at the stations Gobabeb, Vogelfederberg, and 
Coastal Met. Tethered balloon and UAV soundings were done hourly 
from 1700 until 0700 UTC the following morning. Radiosondes were 
launched at 1700, 0000, and 0500 UTC.

ION No. Date No. of profiles per night at station

TBS UAV RS

ION 1 18–19 Sep 11 at GB 9 at VF –

ION 2 20–21 Sep 14 at GB 13 at VF 3 at GB

ION 3 23–24 Sep 14 at GB 13 at VF 4 at GB

ION 4 27–28 Sep 14 at GB 15 at VF 3 at GB

ION 5 30 Sep–1 Oct 11 at CM 18 at GB 3 at GB
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which emphasizes the influence of the sea breeze ad-
vecting cooler air. At night, air temperatures decreased 
to around 10°C. The presence of stratus/fog reduced 
the cooling rate to almost zero, resulting in surface 
temperatures of around 2–3 K higher compared to air 
temperature. Clear nights had the opposite effect and 
surface cooling continued until sunrise.

Relative humidity decreased to around 30% during 
daytime and reached between 70% and 90% during 
clear nights (Fig. 3a). Specific humidity in Gobabeb 
exhibited a variation of ±1 g kg-1 around the values of 
8 g kg-1 before and 7 g kg-1 after 26 September with no 
obvious connection to fog events. Close to the coast, 
maximum air temperatures reached between 15° and 
20°C (not shown); nocturnal air temperatures, in 
turn, were 2 K higher compared to Gobabeb. Specific 

humidity at Coastal Met was similar or slightly 
(»1 g kg-1) higher than inland.

In clear nights at Gobabeb, values of longwave 
downward radiation decreased to around 300 W m–2 
while stratus/fog caused sharp increases of R ld to 
plateaus between 360 and 375 W m-2 (Fig. 3b). Maxima 
of diffuse (global) shortwave radiation were smaller 
(larger) after 26 September, which corresponds to the 
change in specific humidity. The final dissipation of 
the stratus/fog layer in the morning can be derived 
by diffuse and global radiation.

The wind in Gobabeb illustrates the typical mix 
between the thermo-topographic wind regimes. 
After sunrise, the sea breeze develops with a daytime 
transition from northwest to southwest as reported in 
Tyson and Seely (1980). On several days, the plain–

Table 4. Amounts of fog precipitation and NRWI at the three IOP sites Coastal Met, Vogelfederberg, and 
Gobabeb during nights with at least one station detecting fog. For Gobabeb minimum visibility and time of 
visibility below the fog threshold of 1 km is listed. The five IONs are marked in bold.

Night CM VF GB

FP NRWI FP NRWI FP NRWI Vis Vis ≤ 1 km

(mm) (km) (H:MM)

10–11 Sep 0.04 0.28 1.51 0.21 1.20 0.47 0.12 7:49

11–12 Sep 0.47 0.48 — 0.16 — 0.10 0.25 0:36

12–13 Sep 0.12 0.59 4.00 0.99 0.35 0.65 1.52 —

13–14 Sep 1.09 0.41 0.12 0.14 — 0.79 1.81 —

14–15 Sep — 0.23 2.02 0.25 0.47 0.23 1.16 —

15–16 Sep — 0.17 — 0.10 — 0.05 18.72 —

16–17 Sep — 0.20 4.03 0.40 1.24 0.18 0.12 6:34

17–18 Sep 0.16 0.47 6.36 0.43 1.98 0.14 0.14 6:53

18–19 Sep 0.04 0.47 3.34 0.65 0.23 0.22 0.19 3:38

19–20 Sep — 0.23 3.26 0.30 1.75 0.12 0.12 2:53

20–21 Sep — 0.15 0.39 0.14 0.04 0.11 0.25 1:22

21–22 Sep 0.93 0.73 2.56 0.33 0.19 0.22 0.27 1:25

22–23 Sep 0.54 0.25 — 0.07 — 0.06 11.62 —

23–24 Sep 0.62 0.46 1.63 0.10 — 0.10 0.90 0:01

24–25 Sep 0.97 0.88 2.95 0.54 0.54 0.36 0.41 0:59

25–26 Sep 0.23 0.27 — 0.18 — 0.07 14.64 —

26–27 Sep — 0.22 5.62 0.41 1.12 0.07 0.12 3:30

27–28 Sep — 0.14 3.18 0.38 1.20 0.16 0.15 5:14

28–29 Sep 0.35 0.25 — 0.11 — 0.08 10.92 —

29–30 Sep — 0.21 0.08 0.14 — 0.08 0.50 0:08

30 Sep–1 Oct — 0.18 0.50 0.31 1.20 0.18 0.14 5:00

1–2 Oct — 0.19 5.00 0.30 1.86 0.14 0.16 4:46

2–3 Oct — 0.14 0.74 0.17 — 0.09 14.22 —

3–4 Oct — 0.16 — 0.19 — 0.01 6.07 —

4–5 Oct — 0.65 — 0.12 — 0.08 4.25 —
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mountain wind (northwestern origin) was observed 
in the afternoon. During nighttime, winds from 
northwest to north dominated this IOP and winds 
from around east blew only in the early-morning 
transition phase (Fig. 3c). When fog precipitation 
occurred in Gobabeb, the wind came predominantly 
from northwest to north, which was also the case in 
Coastal Met, although there a 20° shift toward the 
north is observed (Fig. 4). It is unclear to what extent 
the thermo-topographic wind system contribute 
to these regularly occurring flows. Wind speeds—
during and without fog—ranged between 2 and 
6 m s–1 with minima around sunrise and maxima in 
the late afternoon (Fig. 3c).

Stratus/fog arrival leads to a longwave radiation 
balance close to zero, which we used as a proxy for 
the time of arrival. But measurements of R ld or Rn 

Fig. 3. Overview of selected meteorological variables covering the five IONs (marked gray) of (a) relative hu-
midity (filled blue), air temperature (solid red), surface temperature (dotted red), and specific humidity (blue); 
(b) global radiation (solid black), diffuse shortwave radiation (dotted black), and longwave downward radiation 
(red); (c) wind speed (black) and wind direction (orange); (d) net longwave radiation (black) and visibility (filled 
blue); and (e) daily cumulative fog precipitation (blue) and NRWI (black).

Fig. 4. Wind direction and wind speed distributions 
during hours with fog precipitation in (a) Coastal Met 
and (b) Gobabeb during the IOP (10 Sep–5 Oct 2017).
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alone are not sufficient to distinguish between stra-
tus and fog. The close relationship with visibility is 
obvious (Fig. 3d). Visibility values lower than 1 km, 

that is, fog as defined by the World Meteorological 
Organization (2018), suggest a correlation with fog 
precipitation values. Quantifying this relation is not 
straightforward and a low visibility does not necessar-
ily correspond to a high fog precipitation, for example, 
1–2 October with 1.86 mm FP during almost 5 h 
versus 16–17 September with 1.24 mm of FP during 
6.5 h. Despite the shorter duration and generally 
higher visibility values, the former event resulted in 
roughly 50% more fog precipitation.

The non-rainfall water input to the microlysim-
eters during nights without fog followed a general 
pattern and peaked shortly before sunrise (Fig. 3e). 
The diurnal changes illustrate that microlysimeters 
were able to detect even the smallest amounts of 
adsorption water/dew. During the fog events, NRWI 
represents fog water deposition and could reach 
almost 1 mm. A clear correlation between fog water 
deposition and fog precipitation is lacking. One pos-
sibility could be the collection efficiency depending 
on droplet size spectra (Montecinos et al. 2018). 
Another reason could be drizzle. For example, during 
the night from 24 to 25 September in Gobabeb, a 
small amount of fog precipitation was measured 
whereas NRWI was relatively high. Observations 
during the night suggest a low stratus with drizzle 
rather than fog.

Fig. 5. As in Fig. 3, but a close-up of ION4.

Fig. 6. Cloud droplet probe measurements in 10-min intervals during ION4 at Gobabeb of (a) droplet 
size distributions in μm, NRWI (dotted), and cumulative FP (solid) and (b) liquid water content (purple) 
and liquid water flux over 30 min (black) measured at 2 m AGL. Visibility below 1 km (dark gray) and 
below 10 km (light gray) are drawn in the background in (b).
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Fog on the ground. Surface condi-
tions during the ION4 from 27 to 28 
September were characterized by the 
sudden arrival of the stratus/fog at 
2200 UTC in Gobabeb. The front-like 
occurrence is evident from the sudden 
changes in most variables (Figs. 5a–d): 
RH reached saturation, cooling rate 
decreased to zero, Ts increased, WD 
turned slightly to north, and a jump 
in longwave radiation coincided with 
a drop in visibility. The dissipation 
phase, in turn, was a more gradual 
process and started around 0430 
UTC, when visibility increased and 
ended at 0630 UTC, marked by the 
changes in longwave and shortwave 
radiation. During the presence of 
fog, air temperature stayed constant 
at around 9°C while the surface was 
around 3 K warmer. Fog precipitation 
started 30 min after the visibility drop 
and ended when it increased above 
1 km again. Fog deposition occurred 
possibly also from 2230 UTC on, but 
more obviously from 0200 UTC on, 
and continued until 0530 UTC, when 
the stratus was already in the dissipa-
tion phase (Fig. 5e).

The droplet distribution near 
the ground during ION4 was char-
acterized by a sudden increase of 
droplet numbers upon fog arrival at 
2200 UTC (Fig. 6a), whereas the first 
fog precipitation was registered 30 
min later. A reduction of droplet num-
bers between 2350 and 0010 UTC also 
led to a decrease in fog precipitation 
with a similar lag. Thus, two collec-
tion phases existed for fog precipita-
tion, one from 2230 to 0050 UTC, 
and a second one from 0130 UTC 
onward, which was similar for fog 
water deposition derived from the mi-
crolysimeters. LWC measured by the 
cloud droplet probe increased by three 
orders of magnitude at the start of the 
fog event (Fig. 6b). Total liquid water 
flux was directed toward the surface and with 0.06 mm 
in the same order of magnitude as reported by Burkard 
et al. (2001). Despite decreasing LWC from 0300 UTC 
on, an increase in fog water deposition was observed 
which is evidence for drizzle during the fog event.

Stratus touchdown. The sudden change in net radia-
tion from below ≈–70 to values just below 0 W m-2 
is a good indicator for the occurrence of either fog 
or stratus. During ION4, the stratus arrived almost 
simultaneously from north at 1915 UTC at the stations 

Fig. 7. Net radiation (black) and wind direction (orange) at all FogNet 
stations on ION4 (27–28 Sep 2017). Gray bars are drawn at the first 
occurrence of stratus/fog and blue markers indicate registration of 
fog precipitation (total amount in brackets).
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Saltworks, Coastal Met, 
and Kleinberg, all close 
to the coast (Figs. 7 and 
8). From the ceilometer 
measurements at Coastal 
Met, a stratus base height 
of 300 m AGL/400 m MSL 
was obvious (Fig. 9b), and 
the sodar showed that the 
clouds were advected from 
the northwest with wind 
speeds around 5 m s–1 in the 
lower 200 m (Fig. 12a). The 
direction of the coastline 
with its eastward bend at 
Walvis Bay facilitates the 
landfall of the stratus/fog 
layer here. The jumps in net 
radiation toward zero at the 
FogNet stations track the 
eastward-moving stratus 
deck, which propagated at 
an estimated 4 m s–1 and—
corresponding to the stra-
tus base height at Coastal 
Met—started to intercept 

the terrain at 400 m MSL. Now, the stratus 
turned into fog and produced fog precipitation 
along the north–south transect of the FogNet 
stations (Fig. 7). Fog precipitation occurred first 
around 2130 UTC at Vogelfederberg and Marble 
Koppie at the northernmost sites (Fig. 8), then 
moved farther south and was measured an hour 
later around 2215 UTC at Gobabeb. Topography 
modifies the local fog dynamics, for example, at 
Vogelfederberg, which is on a slight ridge; the 
overflowing from northwestern directions led 
to higher FP values, while station 8 in the wake 
of the ridge received less FP and a little later. The 
descending terrain toward Gobabeb leads to a 
further decrease in measured FP (Fig. 7, Table 4). 
After reaching 500 m MSL, the eastward move-
ment of the fog front slowed down. The retar-
dation was due to a sloshing back of the stratus 
deck around 2330 UTC, probably induced by 

Fig. 8. Example wind fields in the central Namib during ION4. Wind barbs 
represent 15-min averages of wind speed and wind direction at the FogNet sta-
tions. Half line, full line, and triangle indicate 1, 2, and 5 m s-1. Station marker 
is blue if fog precipitation occurred during the previous 15 min. Size of blue 
markers is proportional to the amount of fog precipitation. Purple background 
colors represent the stratus/fog. Red background colors indicate higher cloud 
bands, blocking the satellite view of lower layers. An unobstructed view of 
the surface is seen where background is green. These background colors are 
derived from Meteosat data (see “Fog goes movie” sidebar for more informa-
tion) and the geographical context is given in Fig. 2.

Fig. 9. Measurements during ION4 (27–28 Sep 
2017) in (a),(b) Coastal Met and (c) Gobabeb of 
(a) the potential temperature profile and LWP
(microwave profiler). Ceilometer backscatters
[color map in (b) and (c)] are overlaid with cloud
base heights (circles) when the cloud base is
above zero.
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the cold air drainage from east which was measured 
at the easternmost station Garnet Koppie from 2315 
until 0200 UTC (Fig. 8). The fog front reached Garnet 
Koppie only around 0245 UTC as manifested in the 
sudden change in wind direction. FP was measured 
then together with wind speeds up to 5 m s–1 from 
western directions. For a little more than an hour, 
fog was advected from northwest and dominated 
the nocturnal cold air drainage regime (Fig. 7). At 
0345 UTC the flow from the east started pushing back 
the fog layer and the fog front moved back behind the 
500-m MSL isohypse after 0545 UTC. After sunrise 
stratus/fog started to dissipate and disappeared above 
land almost completely around 0800 UTC when wind 
directions indicated already the start of the sea breeze 
(Fig. 8). For an animated synopsis of the fog dynamics 
during ION4, see “Fog goes movie” sidebar.

Vertical variability. The microwave radiometer at 
Coastal Met (Fig. 9a) registered the appearance of 
the stratus at 1900 UTC by an increase in liquid 
water path. The development of a stable boundary 
layer at night is reflected by the temperature field. 
The LWP increased until 0100 UTC and decreased 
afterward when temperature increased between 
600 and 800 m AGL. Stratus base upon arrival was 
at around 300 m AGL until gradual lifting by 50 m 
started around 0200 UTC (Fig. 9b). After 0700 UTC, 
with increasing solar radiation, dissipation acceler-
ated and the last detected cloud base height was 
at 500 m AGL/600 m MSL. In Gobabeb, at 400 m 
MSL, the stratus appeared as fog as shown by the 
ceilometer (Fig. 9c) with a cloud base height of zero. 
Dissipation of fog in Gobabeb took place between 
0600 and 0700 UTC and the last detected cloud base 
height was at 200 m AGL/600 MSL, suggesting that 
stratus thickness at the end of the event was similar 
at Coastal Met and Gobabeb.

The radiosonde profiles (Fig. 10) throughout 
ION4 revealed a temperature inversion and a strong 
reduction of relative humidity between 300 and 500 m 
AGL (Fig. 10a). This inversion indicated the stratus 
thickness as well as a strong decoupling between the 
stratus layer and the air above. Temperature above the 
stratus/inversion was constant throughout the night. 
Prevailing wind direction near the surface (Fig. 10b) 
before and during the fog event was from a northern 
sector and turned to an eastern mountain wind at 
0500 UTC. The near-surface wind speed during the 
event reached between 2 (near-ground) and 4 m s–1 
(stratus top), whereas a low-level maximum of 5 m s–1 
was observed before the event at 2300 UTC. Above 
the stratus up to 1,200 m AGL wind came from the 

south at 2300 UTC while before and after the event 
the flow was from the west with wind speeds toward 
2.5 m s–1 during all three soundings. Above 1,800 m 
AGL, wind speeds increased up to 8 m s–1, prevailing 
from northern directions.

The lowest 800 m were probed using a TBS in 
Gobabeb and a UAV in Vogelfederberg. The frequent 
sampling intervals provide a clearer insight into 
the single stages of the fog event (Fig. 11). The pre-
fog phase lasted from 1800 to 2200 UTC (Fig. 11a): 
wind near the ground came steadily from the north 
with a turn toward northeast above 200 m AGL and 
winds above 400 m AGL were in agreement with the 
radiosonde profiles. At a height of 300–400 m AGL 
in Gobabeb, the jet observed by the radiosonde was 
confirmed in more detail. A gradual slow-down of 
the jet preceded the stratus arrival. A concurrent 
increase of relative humidity due to cooling was ob-
served. Shortly after stratus arrival at 2157 UTC air 
was saturated up to 250 m AGL (Fig. 11b). The relative 
humidity profile at both stations indicates a gradual 
increase in stratus thickness from 170 to 400 m AGL 
over 5 h in Gobabeb and 70 to 300 m in Vogelfeder-
berg which corresponds to the same heights above 

Fig. 10. Vertical profiles from radiosondes launched 
at Gobabeb during ION4 of (a) relative humidity and 
potential temperature and (b) wind speed and wind 
direction. Start times are distinguished by a unique 
line style.
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sea level. During this phase, the wind in the stratus 
layer came steadily from northerly directions with 
wind speeds generally between 2 and 4 m s–1 after 
the ascent at 2157 UTC. The inversion increased 
with a constant potential temperature gradient of 
0.5 K (100 m)–1. Between 0330 and 0400 UTC, verti-
cal growth culminated and lowering of the stratus 
ceiling began while the air remained fully saturated 
until the final ascents in Gobabeb (Fig. 11c). The in-
version at 300 m AGL in Gobabeb lasted at least until 
0722 UTC. Surface heating at Vogelfederberg began at 
around 0630 UTC and relative humidity consequently 
decreased while the temperature inversion remained 
at 300 m AGL until the end of the measurements at 
0700 UTC. Dissipation of fog at both sites began 
around 0700 UTC. Winds in Gobabeb during the 
dissipation turned from north to east and gradually 
increased from 2 to 4 m s–1, with an observed peak 
of 6 m s–1 at 200 m AGL. During the second half of 
the night, a decoupled layer of dry warm air with 

wind from the east was observed above the stratus 
in agreement with radiosonde observations from 
2300 UTC. As a summary, the course of the stratus 
top at Gobabeb derived from RH of the TBS descents 
is displayed in Fig. 12c.

Synoptic conditions apparently led to wind from 
northwest to north-northeast over the course of the 
night in Coastal Met (Fig. 12a). Wind data from the 
TBS and the sodar in Gobabeb demonstrated the 
complexity of the wind field during ION4 (Figs. 12b,c) 
where three prominent features can be observed: (i) a 
jet from north-northeast between 1900 and 2100 UTC 
at 200 up to 300 m AGL during the prefog phase 
while winds below came from north-northwest, (ii) a 
decoupled layer with eastern wind above 400 m AGL 
during the fog event, and (iii) the mountain wind 
during the dissipation phase from 0500 UTC in the 
lowest 300 m. The vertical extent of mountain wind 
agreed with the upper limit of the stratus during its 
dissipation (Fig. 12c).

Fig. 11. Vertical profiles of the TBS and UAV soundings during ION4 for (from left to right) Gobabeb (potential 
temperature, relative humidity, wind speed, and wind direction) and Vogelfederberg (potential temperature, 
relative humidity). To increase clarity, descents are only drawn for potential temperature. Start time of ascent/
descent in UTC is used as labeled. Profiles in Vogelfederberg are offset by the elevation difference to Gobabeb. 
Ascents are drawn solid, descents dotted, and sampling closest to the radiosonde soundings are marked in 
black. For clarity, soundings are split into three rows for the stages of the event: (a) prefog, (b) during fog, and 
(c) dissipation of fog. For RHGB, WSGB, and WDGB only ascents are shown.
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S U M M A R Y  A N D 
OUTLOOK. The inten-
sive observation period 
(IOP) of the Namib Fog 
Life Cycle Analysis Project 
(NaFoLiCA) was carried 
out to investigate the life 
cycle of fog in the central 
Namib. Meteorologica l 
equipment was installed 
at a coastal and an inland 
site in the central Namib 
to monitor this life cycle 
during the NaFoLiCA IOP. 
Existing measurements 
of basic meteorological 
variables of the FogNet 
were complemented with 
instrumentation to probe 
the vertical structure of the 
stratus/fog. Data were sam-
pled from 10 September to 
5 October 2017 with addi-
tional observations during 
five intensive observation 
nights (ION).

We focused our initial analysis on the gen-
eral meteorological conditions during the IOP and 
selected one night (ION4) to present the typical 
processes observed during the different stages of 
the fog life cycle. Fog occurred at least at two Fog-
Net stations on 22 nights. Without exception, all 
fog events were linked to an apparent landfall of 
the eastern border of the connected marine stratus 
deck. When and where this landfall occurred varied 
considerably and is likely determined by thickness 
and cloud base height of the stratus. On average it 
appeared as eastward propagation of the stratus as 
found in Andersen et al. (2019).

During ION4 a fog life cycle was monitored in 
detail from the first arrival as stratus at 1900 UTC 
until dissipation at 0900 UTC the day after. The 
observations during this ION4 and the IOP rep-
resent the complex interplay between the large-
scale driven stratus advection, the terrain and the 
thermo-topographic wind systems: the stratus base 
apparently determines where land is intercepted 
first, that is, where the stratus turns into fog, and 
the strength and height of the inversion is indica-
tive of how far this process reaches inland. The 
initially weak cold air drainage from the east is 
replaced by the advected stratus/fog and catches up 
after the eastward movement stopped. East wind 

pushes back the fog layer simultaneously with its 
progressive dissipation.

On the plot scale, we measured fog deposition 
with microlysimeters and fog precipitation with Juvik 
fog collectors with the intention to use the latter as a 
proxy for the former. However, we found only a poor 
correlation and thus assume that during some events 
drizzle occurred, which has an effect only on the 
microlysimeter measurements. Fog water deposition 
can in principle be estimated by measuring the liquid 
water flux density with the eddy-covariance method; 
however, failure of the sonic anemometer during 
heavy wetting events is a problem.

During the NaFoLiCA IOP, we successfully col-
lected an extensive dataset that covers several fog 
life cycles in the central Namib in unprecedented 
detail. The initial analysis will be expanded, includ-
ing all IONs with the aim to better understand what 
drives fog life cycle stages and how local processes 
could be involved. The dataset will be used by the 
partner projects to investigate the relevance of the 
thermo-topographic wind systems for the formation, 
occurrence, and dissipation of fog (NaFoLiCA-
Modeling) and also to study how individual fog 
situations develop over time, with regard to their 
geometrical, optical, and microphysical properties 
(NaFoLiCA-Satellite).

Fig. 12. Profiles of wind speed and wind directions measured with sodar at 
(a) Coastal Met, (b) Gobabeb, and (c) derived from tethered balloon sound-
ings at Gobabeb during ION4. Sodar values are aggregated to 80-m layers. 
TBS values are aggregated to 2 min, which corresponds roughly to 35 m. 
Colors correspond to wind direction classes with north as two classes. Barb 
increments are 1, 2, and 5 m s–1 for half, full line, and flag, respectively. Only 
soundings from TBS ascents are shown. Black line in (c) is the height where 
relative humidity was at 100% for the first time during descents.
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3.8 Summary and outlook to chapter 4

The intensive observation period of NaFoLiCA highlights the complexity of fog sampling
in the Central Namib:

• Devices that quantify fog do not necessarily agree on the amount (Table 3.4)

• Fog appears as a front, but demonstrates intermittency. Droplet distribution appears
to be more in line with a radiation fog as all droplet sizes are present (Figure 3.7).

• The inland movement of stratus can be followed well along the transect with radiation
measurements (Figure 3.8).

• Ceilometers highlight that the height at the coast and inland agree well, an indicator
for the connection of the stratus deck (Figure 3.10).

• Drone and tethered balloon ascent are an invaluable tool to track the temporal
evolution of the fog/stratus throughout its life cycle (Figure 3.12).

• The wind direction on the ground and higher up is similar, indicating that the stratus
is moving inland within the whole layer of up to 500 m (Figure 3.13).

It follows from the initial results and especially the first point given here, that connecting
the amount of fog water the ecosystem may receive is not the same as the amount
collected in fog collectors. The microlysimeters that were developed for the intensive
operation period were operated longer than vertical probing took place. These are further
analysed in the following chapter with more technical detail and a thorough evaluation of
their performance with respect to detecting fog events and the typical deposition patterns.
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Chapter 4

On the performance of microlysimeters to
measure non-rainfall water input in a
hyper-arid environment with focus on fog
contribution

The following article On the performance of microlysimeters to measure non-rainfall water
input in a hyper-arid environment with focus on fog contribution has been published in the
Journal of the Arid Environments (JAE) in 2020 and gives a detailed description of the
microlysimeters deployed during NaFoLiCA-F, their performance to sample non-rainfall
water input and details the impact of beyond the single fog event.

Fog in Gobabeb on the ground near the microlysimeters, view toward the trees along the river bed of the
ephemeral Kuiseb
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A B S T R A C T   

The measurement of non-rainfall atmospheric water input (NRWI) in arid environments requires instruments 
that are capable to detect even smallest amounts of total daily water input of less than 0.1 mm. Microlysimeters 
yield robust and high precision data of such low NRWI. We provide a technical description of a self-constructed 
microlysimeter and demonstrate its excellent performance regarding the analysis of NRWI in the Central Namib 
Desert. Three stations of the FogNet measurement network have been equipped with microlysimeters in order to 
measure fog deposition. NRWI and evaporation for days/nights without fog shows a persistent diurnal course. 
Deviations from this baseline define the amount of fog deposition, intensity and duration of a fog events. A more 
detailed analysis of a five-day period reveals the complex nature and variation between individual fog events 
with respect to the different patterns of fog deposition and fog precipitation and the contribution of adsorption, 
dew and fog to NRWI. The relation between fog precipitation and fog deposition is not straightforward and a 
simple parameterization of the processes that quantifies the amount of the water sampled by fog collectors and its 
connection to NRWI is still lacking.   

1. Introduction 

Fog deposition, i.e. the direct input of water into an ecosystem by 
fog, is one of three components of non-rainfall water input (NRWI) be-
side dew and water vapour adsorption water (WVA). Because NRWI is 
an important source of water for plants and animals in hyper-arid en-
vironments, a better understanding and quantification of NRWI com-
ponents is essential (e.g. Seely et al., 1998; Wang et al., 2017; Zheng 
et al., 2018; Kidron and Starinsky, 2019; Mitchell et al., 2020). Albeit the 
significance of this process for water-limited ecosystem functions is well 
established, no standard procedure for measuring NRWI exists and 
NRWI itself, and its vectors, is subject to different interpretations in the 
scientific literature. In theory, the components of NRWI are well defined 
(e.g. Agam and Berliner, 2006): i) fog occurs, independent of surface 
conditions, when the atmospheric water vapour concentration is close to 
100%, i.e. reaches saturation. The deposition of fog droplets onto a 
surface is a function of settling rate and the interception with objects; ii) 
dew forms usually during the night on objects near the ground if the land 
surface temperature (LST) is lower than or equal to the dew point 
temperature but still above 0 ◦C; iii) Water from the atmosphere is 
adsorbed in the pores of the uppermost soil layer when air relative 

humidity is higher than the relative humidity in the soil pores and LST is 
higher than the dew point temperature, tendentially in the late after-
noon. A comprehensive review on dew formation and adsorption pro-
cesses in semi-arid regions is given in Agam and Berliner (2006) and 
Kidron and Starinsky (2019). 

In practice, it is challenging to partition the total NRWI into its 
components because the processes are often superimposed, e.g. fog and 
dew or dew and WVA, though the formation mechanisms are different. 
The partitioning of NRWI vectors (Uclés et al., 2014) is additionally 
complicated by the fact that evaporation and deposition may occur 
simultaneously and thus reduce total NRWI during fog events (Wrezin-
sky et al., 2004; Beiderwieden et al., 2008), e.g. when cloud-penetrating 
solar radiation heats the surface and the near-surface air and leads to 
evaporation of the fog droplets. A possible method to distinguish dew 
from fog and its origin is the analysis of stable isotopes (Kaseke et al., 
2017). The quantification of deposition rates of less than 0.01 mm 
(Agam and Berliner, 2006) and the partitioning of NRWI requires in-
struments that are able to resolve even smallest amounts of water input 
changes. 

Several devices can measure NRWI and its components, but, contrary 
to rainfall, no standard method exists. In the following a short summary 
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of most common measurement methods with a special focus on micro-
lysimeters is given:  

- Microlysimeters (MLs) are an effective method for measuring NRWI, 
as they are able to measure all three vectors with a sufficient accu-
racy (Uclés et al., 2014). Several studies (Graf et al., 2004; Heu-
sinkveld et al., 2006; Kaseke et al., 2012; Uclés et al., 2013) 
presented automated MLs that continuously record the weight of a 
sampling container allowing determination of the amount and the 
duration of NRWI and evapotranspiration (ET). Most available 
studies use such self-constructions of various designs (e.g. Ninari and 
Berliner, 2002; Agam and Berliner, 2004a; Heusinkveld et al., 2006; 
Kaseke et al., 2012; Uclés et al., 2013). Only recently a commercial 
version of a ML has been placed on the market (Smart Field Lysim-
eter, METER Group, Inc. USA). All designs basically follow the 
principle of placing an undisturbed soil sample in a container and 
then record its weight continuously or in predefined intervals. 
Though there is no official definition of the term ML, we consider 
devices with a total container weight below 20 kg and a matching 
load cell capacity as “microlysimeters”. The dimension of the sam-
pling container is dependent on the load cell characteristics and vice 
versa, i.e. a higher rated load cell allows for a larger sample size. The 
fact that a high resolution is required to resolve the very small 
deposition and evaporation rates of NRWI in hyper-arid regions 
makes MLs the ideal device for studies in bare soil or surfaces with 
sparse vegetation. If operated in arid and hyper-arid environments, 
where rainfall is rare and soils are generally dry, ML sampling con-
tainers are usually not equipped with a drainage. Therefore, the soil 
sample has to be replaced after the rare, but potentially heavy pre-
cipitation events and the device has to be recalibrated. Care must 
also be taken that the soil sample reflects the properties and the heat 
balance of the surrounding soil as close as possible. This concerns 
mainly the dimensions of the sample (surface area and depth) and 
the material of the container. The diameter of the MLs usually ranges 
from 0.07 up to 0.30 m but, to our knowledge, there are no studies 
that demonstrate an effect of change in the surface area on the rep-
resentability of ML measurements. The depth of the ML soil sample is 
more crucial as it has to preserve the heat balance of the surrounding 
soil, i.e. the temperature and moisture profile, which theoretically 
requires a depth where the diurnal soil temperature is constant 
(Ninari and Berliner, 2002). In practice, Jacobs et al. (1999) 
demonstrated, that depths from 0.035 m to 0.075 m are considered 
sufficient for NRWI sampling in arid environments (the Negev 
Desert) as the daily moisture exchange processes occur in the up-
permost layers of the soil, but the discussion about the ideal depth of 
the soil sample is still ongoing (Agam, 2014). Table 1 in Uclés et al. 
(2013) presents an overview on ML sampling container sizes in 
bibliography. Most MLs use a PVC protection to prevent the sampling 
container from damage and direct contact with the surrounding 
substrate. The load cell unit is normally mounted in a stable housing 
of various materials below the soil dish. To keep the load cell tem-
perature as stable as possible it should be placed deep enough and 
the parts connecting the load cell with the sampling dish should be 
made with a material of low thermal conductivity. 

A careful and proper installation in the field is crucial for the quality 
and accuracy of ML measurements. The surface of the soil sample must 
be level with the surrounding surface and the sample container must be 
mounted centred on the load cell to avoid imbalances. Soil movement, 
water entering the device during heavy rainfall and animal trampling 
are other possible sources of malfunction, often limiting ML measure-
ments to a few weeks on maximum. Frequent calibration and visits at ML 
sites are mandatory for long-term time series of acceptable quality. Uclés 
et al. (2013) presented an installation and placement strategy for 
long-term ML measurements in a semi-arid steppe environment result-
ing in MLs data for consecutive 49 days. 

- Active and passive fog collectors comb out water from the atmo-
sphere by a mesh or harp normally placed about 2 m a.g.l. Timing 
and quantity of collected fog water are generally recorded by a rain 
gauge and the water may be sampled for subsequent chemical, bio-
logical or isotopic analysis. Different designs and materials are used 
for the collectors, affecting fog water sampling efficiency and 
drainage, which has impacts on the interpretation of the sampled 
quantities within the hydrological cycle. The standard unit of 
amount of water per unit area (mm or l m−2) is normally obtained by 
dividing the amount of sampled water by the projected area of the 
collector. Note that in this study fog precipitation is preferably given 
in ml, because the topic of how the vertically oriented area of a fog 
collector compares to the horizontal area of common precipitation 
and fog deposition measurements by MLs in detail is still not clari-
fied. Common instruments are the standard fog collector (Sche-
menhauer and Cerceda, 1994), the Juvik-type fog gauge (Juvik and 
Nullet, 1995), the Grunow-type fog sampler (Grunow, 1952), 
harp-type collectors (Goodman, 1985) and active devices of 
Daube-type (Demoz et al., 1996). Several studies compare the per-
formance of different fog samplers (e.g. Regalado and Ritter, 2017; 
Frumau et al., 2011; Fernandez et al., 2018) and theoretical work 
about the aerodynamics of collection efficiency and performance has 
been published (Rivera, 2011; Regalado and Ritter, 2016).  

- Optical devices such as disdrometers, cloud droplet probes (CDP) 
and fog monitors (FM) (Eugster et al., 2006; Spiegel et al., 2012), as 
well as Particle Volume Monitors (PVM) (Gerber, 1991) are used to 
analyse the droplet size distribution and allow the calculation of 
liquid water content LWC, partially also in combination with Eddy 
Covariance systems.  

- Eddy Covariance (EC) systems (e.g. Aubinet et al., 2012) measure the 
vertical turbulent exchange of water vapour, i.e. the latent heat flux, 
unless combined with an optical device. Note that fog water depo-
sition derived from EC (e.g. Klemm et al., 2005) refers to deposition 
on the ground or on the surface below the EC system, i.e. in the 
vertical direction. Therefore, it may also be worth to take into ac-
count the non-turbulent vertical advection term (Lee, 1998) when 
calculating total deposition from a single EC tower. Horizontal 
advection may also play a major role for comparison with fog sam-
plers. However, estimation of horizontal fluxes requires several EC 
towers (Feigenwinter et al., 2008) and thus, no studies have yet 
considered the influence of the non-turbulent advection terms on fog 
deposition. Additional drawbacks of the EC method in arid envi-
ronments are the extremely small fluxes due to limited water avail-
ability and the reduced functionality if droplets are deposited on the 
sonic transducers. Furthermore, common EC systems usually do only 

Table 1 
Geographical location of microlysimeter sites and main meteorological charac-
teristics during the investigation periods IOP1 (Sep/Oct 2017) and IOP2 (Feb/ 
Mar 2018).   

Coastal 
Met CM 

Vogelfederberg 
VF 

Gobabeb 
GB 

Latitude/Longitude (◦) −23.056/ 
14.626 

−23.098/ 
15.029 

−23.561/ 
15.041 

Elevation (m a.s.l.) 94 515 406 
Distance to coast (km) 17 56 58 
Mean, max., min. daily 

temperature (◦C) 
IOP1 14.2 20.7 

10.2 
16.0 26.1 9.0 17.1 28.1 

9.2 
IOP2 18.2 24.8 

14.1 
20.7 29.4 14.2 21.4 30.7 

13.6 
Mean daily max. 

shortwave 
downwelling 
radiation SW↓ 
(Wm−2) 

IOP1 981 1026 1013 
IOP2 1018 1063 1048 

#fog-days/#total days IOP1 37/50 31/50 23/50 
IOP2 29/47 14/47 11/47  
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catch the gaseous phase of fog and do not account for the liquid 
phase, i.e. fog droplets, if not combined with an instrument to ac-
count for liquid water flux. Having said this, only few studies exist 
using the EC method for measuring NRWI. Klemm et al. (2005) 
measured fog deposition in a subalpine fir forest and Florentin and 
Agam (2017) concluded that NRWI (dew and WVA) estimations 
derived from EC latent heat flux during 7 clear days/nights tended to 
underestimate the flux compared to microlysimeter recordings.  

- Dewmeters (e.g. Beysens et al., 2005) are usually horizontal metal 
plates allowing dew formation on the surface by radiative cooling, 
which is monitored by a load cell. Price and Clarke (2014) present a 
portable device consisting of a load cell upon which exchangeable 
types of natural and artificial canopies can be placed. Other direct 
measurement methods use artificial surfaces, e.g. a wooden block 
with a special coating (Duvdevani, 1947), absorbent cloths (Kidron, 
2000) or glass plates (Beysens et al., 2005). A common drawback of 
these methods is difference to the natural surface of the investigation 
area, normally resulting in over- or underestimation of dew amount.  

- Further supporting devices for the characterization of fog events are 
visibility instruments, leaf wetness sensors and ceilometers. 

The object of this paper is to investigate the performance of MLs to 
measure NRWI into the soil with focus on fog deposition, deposition 
duration and the subsequent evaporation. We present ML data from two 
Intensive Observation Periods (IOPs) at three sites conducted in the 
frame of the Namib Fog Life Cycle Analysis project (NaFoLiCA) (Spirig 
et al., 2019). The performance of MLs is characterized with respect to i) 
resolution and precision of the load cell and calibration drift, ii) tem-
perature dependence of the load cell, iii) dimensions of the sample 
container, iv) capability to separate fog deposition from dew and WVA 
input and v) determination of fog deposition amount and duration. The 
ML NRWI and fog deposition duration is then compared with data from 
other instruments (Juvik passive fog sampler, leaf wetness sensors, 
visibility meters and radiation) for a five-day case study period experi-
encing fog events of different character. 

2. Materials and methods 

2.1. Study area and measurement period 

The measurements were performed in the Central Namib Desert at 
three sites of the FogNet infrastructure (Spirig et al., 2019) (Table 1 and 
Fig. 1). The base of the research activities within the NaFoLiCA project 
(Spirig et al., 2019) was the Gobabeb Namib Research Institute (go 
babeb.org), a place of highest reputation in desert research since 1962 
(Henschel and Lancaster, 2013). Climatological characteristics of the 
research area are those of a typical coastal desert similarly to the 
Peruvian/Atacama Desert with hyper-arid conditions and annual rain-
fall of less than 50 mm. Main site properties with mean daily average, 
maximum and minimum temperatures, mean daily maximum global 
radiation and the number of days with fog are given in Table 1. The 
dominant soil type for all three sites is characterized as “alluvium, sand, 
gravel, calcrete plains” (Mendelsohn et al., 2002), in fact a bare soil of 
sandy loam texture with almost no organic matter and moderate gravel 
content. 

The measurements cover two Intensive Operation Periods (IOP1 and 
IOP2), when the ML stations were regularly visited and the MLs were 
checked for proper operation. IOP1 and IOP2 refer to the periods from 9 
Sep to 28 Oct 2017 and from 10 Feb to 27 Mar 2018, respectively. Fig. 2 
shows the cumulative change in water content (see section 3.1) of MLs 
during IOP1 and IOP2. Our main analysis focuses on the first phase of 
IOP1 (11 Sep until 1st Oct) where the most and strongest fog events 
occurred and continuous high quality ML time series from all three sites 
were available. 

2.2. Microlysimeter design and technical specification 

2.2.1. Construction, dimensions and electronics 
Our MLs follow the concept presented in Heusinkveld et al. (2006). 

The load cells with rated capacities of 7 kg and the electronics are 
housed in an aluminium cast box isolated on top with a 10 mm closed 
cell foam to reduce heat exchange with the soil above. The base of the 
box is at 0.3 m depth after installation. All other parts of the ML are 
made of polyvinylchloride (PVC) to minimize the heat exchange be-
tween the surface and the load cell assembly. The protective soil dish of 
the sampling container has holes at the bottom in order to let water 
drain into the surrounding soil in case of rain (occurred only once during 
IOP2). We used PVC soil dishes with a diameter of 0.25 m and a depth of 
0.065 m (Fig. 3 and Fig. 5). We additionally constructed two smaller MLs 
with a diameter of 0.13 m, a depth of 0.035 m and a load cell with a 
rated capacity of 1 kg to assess the influences of surface area and depth 
of the soil probe. These two additional devices were installed at Gobabeb 
(GB) for comparison purposes. 

The electronic circuit is shown in Fig. 4 and its components are listed 
in Table 2. The load cell is connected in a wheatstone bridge to a low- 
noise amplifier with a gain of 128 and a 24 bit delta-sigma analog-to- 
digital converter and is measured at 1 Hz. Data is stored temporarily in 
an Arduino Pro Mini, which also processes the signal from the temper-
ature/humidity sensor inside the load cell housing. Each minute a 
Campbell CR1000 data logger collects the measured data over a serial 
connection (RS-232). All analogue signal processing takes place in the 
load cell housing to keep the temperature influence at a minimum. 

2.2.2. Calibration 
Initial tests in the lab showed that load cells need several days to 

stabilize after large load changes. This, in combination with the diffi-
culties of bringing a calibrated scale capable of measuring the filled ML 
containers of 7 kg accurately and without disturbance into the field, led 
to the use of a relative calibration: The temporal change of the soil 
container mass relative to the mass at calibration time was used to 
derive NRWI. With this method, we got accurate information about the 
change in mass over time, without a priori knowledge of the total mass 
of the soil sample in the container. Three calibration weights with a 
respective mass of 2, 5 and 10 g were used (Fig. 5c). During calibration, 

Fig. 1. Research area in the Central Namib and locations of the FogNet stations. 
Stations equipped with microlysimeters in black. Contour lines are derived from 
SRTM data, background imagery from Google Maps. Map inlay shows the 
research area in the larger context of south-western Africa. 
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they were placed in the centre of the soil-filled MLs resulting in a 
sequence of total calibration mass of 0-2-7-17-15-10-0 g and thus 21 
pairs of absolute true values. We let the scale stabilize for 1 min between 
each change of the calibration mass. The mean standard deviation 
during these stabilization periods was ±0.008 mm on average and de-
fines the precision of the MLs. The calibration coefficient results from 
the slope of the linear regression. Accuracy was derived from the range 

of deviations from the true value (i.e. the difference of absolute change 
in weight) for all possible pairs for each calibration event. The estima-
tion of the total weight of the sampling container is derived by applying 
the calibration coefficient to the offset of the regression. The calibration 
coefficients and the gravitational properties of the soil samples of all MLs 
at all locations proved to be very stable during the investigation period 
(Table 3). 

Considering the measured amounts of NRWI in the range of 0.1–0.2 
mm the accuracy of 0.003 mm (median of all values in Table 3) is well 
suited to detect also small changes in a time interval of 10 min. This 
deposition rate was used to detect the duration of fog deposition during 
fog events (see section 3.1). In order to be sure that the observed in-
crease of ML weight during nights without fog is not due to temperature 
effects in the load cell and the electronic circuit, ML2 at the GB site was 
covered with a waterproof lid for several nights (Fig. 6). The daily cycle 
of measured mass was almost completely removed and daily tempera-
ture variations in the load cell housing were in the range of 1–2 ◦C 
(Fig. 7b). 

This implies that the observed daily variance of ML readings indeed 
reflects fluctuations due to changes in soil water content by exchange 
processes with the atmosphere. Nearby MLs are gradually drifting apart 
due to aeolian transport of sand resulting in an offset between the 
different devices. Apart from this offset, which is easily adjusted for by 
zeroing the record at the beginning of a new daily cycle (see section 3.1), 
MLs at the same location perform almost identically regardless of sam-
pling size (Fig. 7a). Minor deviations are attributed to lee effects and 
shadow effects of the covering lid. 

2.2.3. ML housing temperatures and surface temperatures 
Temperatures in the load cell housings (MLT) agree well. Given the 

good agreement between MLTs, the small variation in weight of the 
covered ML2 is attributed to condensation/evaporation processes in the 
closed chamber forced by radiative heating/cooling of the lid (Fig. 7a). 
The daily amplitude in the range of 1 and 2 K for the large and the small 
MLs, respectively, is negligible if compared to the daily variation of air 
temperatures and surface temperatures in the range of about 20 K and 

Fig. 2. Cumulative change in ML water content for IOP1 (a) and IOP2 (b) for CM (blue), VF (green) and GB (red). Shaded period refers to first phase of IOP1, which is 
analyzed in detail in this study. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Microlysimeter construction details. The soil sample dish is centred on a 
PVC rod fixed to the load cell. Electronics (Arduino, temperature and humidity 
sensor) are located adjacent to the load cell. Measures are given in mm. 

Fig. 4. ML circuit board schematics.  

Table 2 
Electronic circuit components and specifications.  

Load cell Tedea Huntleigh 1042-7 kg-C3-M6, total error 0,02% of 
rated output 

Load cell amplifier/ADC Sparkfun HX711 24 bit 
Controller Arduino Pro Mini 5V/16 MHz 
Temperature/RH sensor DHT 22, Accuracy: ± 0,5 ◦C ± 2% RH 
Theoretical ML 

resolution 
1.6 mg ≅ 3.2 × 10−5 mm water input (for 0.25 m 
diameter MLs) 

ML field precision/ 
accuracy 

±0.008 mm/0.005 mm 

Data Logger Campbell Scientific Ltd. CR1000  
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35 K, respectively (Fig. 7b), and suggests that the box material and the 
depth of the base of the housing at −0.3 m are well suited to avoid large 
temperature amplitudes. The heating/cooling in the housings of the 
small MLs 3/4 occurs faster and results in a slightly larger amplitude 
(Fig. 7c). The two fog events (27/28 Sep and 30 Sep/1 Oct) during the 
ML test period give an estimate of the fog deposition amount relative to 
total NRWI. ML readings start to exceed the values of typical no-fog 
nights when visibility falls below 1000 m and the atmospheric water 
vapour concentration approaches saturation, i.e. air temperature is close 
to the dew point temperature. These periods coincide with elevated 
surface temperatures indicating a stratus/low cloud event (Fig. 7b). 
Note that dew point temperature Tdew is not directly measured but 

derived from relative humidity and air temperature by the August- 
Roche-Magnus approximation (Alduchov and Eskidge, 1996). Theoret-
ically, dew only occurs when dew point temperature is equal or greater 
than the surface temperature. As shown in Fig. 7b, this occurs only for a 
short time in the early morning of 29 Sep and 1 Oct. Main NRWI con-
tributions are therefore attributed to fog and water vapour adsorption at 
GB. A more comprehensive analysis of similar events is given in section 
4. 

Thermal images (VarioCAM® HD research 600, InfraTec GmbH, 
Dresden, Germany) of the ML surfaces in VF during the night from 27 
Sep to 28 Sep 2017 together with LST (IR120, Campbell Scientific Ltd., 
at 1.9 m), and average soil temperatures (CS655, Campbell Scientific 
Ltd., at −0.1 m) document the representativity of the ML samples. The 
thermal images were corrected for an emissivity of 0.966 as reported for 
desert soil crust in Qin et al. (2005). The average surface temperatures of 
ML soil samples (circles with a radius of 50 pixels corresponding to 
about 13k pixels each) are compared to two reference plots (540 x 70 
and 90 x 100 pixels) in the close surroundings, as defined in Fig. 8a) and 
shown in Fig. 8b). 

In general, ML surface temperatures were slightly cooler than the 
surroundings due to isolation from deeper soil layer. The small gap 
between soil container and the protective cylinder shows the highest 
temperatures in the thermal image and represents a bulk temperature of 
the PVC surface areas seen by the camera in the volume between the ML 
sampling container and the protecting cylinder (see also Fig. 3). The 
location of the maximum values is dependent on the view angle of the 
IR-camera, i.e. the closer to nadir, the deeper the insight in the gap and 

Fig. 5. MLs (0.25 m diameter) at Vogelfederberg. a) Sampling container of one ML removed. b) Sand and soil particles intruding between sampling container and 
protecting envelope are deposited on the bottom of the envelope, not affecting the measurements. Holes in the inner ring are for water drainage. c) ML with centrally 
placed weights during calibration on 7 Oct 2017 

Table 3 
Calibration results: slope of the regression from the calibration sequence (see text) in mg per raw load cell output. Total soil mass is derived by applying the calibration 
coefficient to the raw zero offset and sampling volume. Sampling container diameter is 0.25 m and ML depth is 0.065 m, unless otherwise stated. Accuracy and 
precision are calculated for each calibration event (see text). *diameter 0.13 m, depth 0.035 m.  

ML site and # Calibration date Slope (mg/raw unit) Estimated total sampling mass (kg) Precision (mm) and (g) Accuracy (mm) 

CM ML1 12 Sep 2017 1.605921 4.641 0.003 (0.17) 0.003  
10 Oct 2017 1.618772 4.654 0.006 (0.28) 0.004  
14 Feb 2018 1.614739 4.474 0.002 (0.92) 0.001 

CM ML2 12 Sep 2017 1.580542 4.439 0.006 (0.30) 0.003  
10 Oct 2017 1.561105 4.377 0.004 (0.20) 0.004  
14 Feb 2018 1.578644 4.262 0.004 (0.18) 0.003 

VF ML1 27 Sep 2017 1.597921 5.941 0.003 (0.13) 0.001  
7 Oct 2017 1.644375 6.113 0.010 (0.51) 0.020  
16 Feb 2018 1.588324 5.872 0.004 (0.20) 0.004 

VF ML2 27 Sep 2017 1.580865 5.837 0.005 (0.24) 0.001  
7 Oct 2017 1.580564 5.833 0.007 (0.33) 0.003  
16 Feb 2018 1.577620 5.779 0.002 (0.10) 0.002 

GB ML1 13 Sep 2017 1.711519 6.965 0.017 (0.85) 0.013 
GB ML2 13 Sep 2017 1.633894 7.092 0.023 (1.12) 0.006  

9 Feb 2018 1.610915 6.974 0.003 (0.15) 0.001 
GB ML3* 13 Sep 2017 0.228421 0.911 0.021 (0.27) 0.017  

9 Feb 2018 0.227336 0.901 0.005 (0.06) 0.002 
GB ML4* 13 Sep 2017 0.215259 0.976 0.019 (0.26) 0.008 

All MLs average    0.008 (0.30) 0.005 

All MLs median    0.005 (0.22) 0.003  

Fig. 6. The four MLs of different diameters (0.25 m and 0.13 m) at GB. ML2 is 
covered with a waterproof lid to test the performance and temperature 
dependence. ML text colors refer to line colors in Fig. 7. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 7. ML1 (black), ML3 (green) and ML4 (blue) performance during 4 consecutive nights compared to covered ML2 (red). a) ML readings in mm. Visibility (grey 
areas, right axis) < 1000 m indicates fog events per WMO definition. Major ticks refer to midnight. b) same as a) but for load cell housing temperatures. Orange and 
black lines refer to air temperature, surface temperature and dew point temperature, respectively. Grey areas refer to relative humidity above 50% (right axis). RH >
95% (horizontal dotted line) indicates potential fog events. c) Housing temperatures MLT 1,3,4 versus MLT 2. Open symbols refer to 0300–1500 UTC. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. a) Thermal image of VF MLs on 27 Sep at 2140 UTC with areas for ML1 (black), ML2 (red) and control plots of the surrounding soils (green, blue). b) 
Averaged surface temperatures of these areas (symbols), measured surface temperature (orange), air temperature (red), maximum image temperature (black crosses) 
and average soil temperature at −0.1 m (brown). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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the higher the temperature. Maximum values are roughly in the range of 
the measured average soil temperatures in −0.1 m depth (Fig. 8b). 
During the night, when surface temperature and air temperature vary 
only slightly, differences between ML and control plots are lowest with 
the ML surfaces roughly 0.5 K colder than the surroundings. With the 
larger cooling/heating rates around sunset/sunrise the difference rea-
ches up to 1 K and the standard deviations of ML surface temperatures 
are generally larger (not shown). We attribute this to a greater hetero-
geneity of the ML soil samples, because cooling/heating rates of MLs and 
reference subplots agree almost perfect, pointing to similar thermal 
inertia and demonstrating the representativeness of the MLs. These 
findings agree with Agam and Berliner (2004) and Uclés et al. (2013) for 
similar experiments. Nevertheless, the differences in surface tempera-
tures should be kept in mind when interpreting the results. Note that we 
did not continue the experiment during daytime. 

3. Duration of fog events and fog deposition 

3.1. Duration of fog deposition 

The deviation from the mean diurnal ML variation is used for the 
determination of fog deposition amount and duration. We define no-fog 
nights if no fog precipitation is recorded by the Juvik fog collectors or 
the maximum fog deposition is below a site-specific threshold, i.e. 0.07 
mm, 0.11 mm and 0.13 mm for GB, VF and CM, respectively. The 
number of nights without fog at the ML stations can be derived from the 
last row in Table 1. IOP 1 was more affected by fog nights than IOP 2 and 
fog deposition was significantly reduced during IOP 2 reflecting the fog 
climatology of the research area (e.g. Andersen et al., 2019; Spirig et al., 
2019). 

All ML readings of no-fog days were averaged after setting each daily 
record (consisting of 144 records) to zero at the start of a new daily cycle 
at 1500 UTC to derive the baseline diurnal cycle of NRWI without fog 
deposition. Since the local time zone is UTC+2 this refers roughly to the 
time when NRWI usually starts, i.e. shortly before sunset. The mean 

diurnal course of MLs during nights without fog (Fig. 9) shows a 
persistent shape although standard deviations vary with site and season, 
but in general, the deviations are moderate. The mean maximum 
deposition amounts of 0.07 mm (GB), 0.11 mm (VF) and 0.13 mm (CM) 
compare well with values of other studies. For the Negev Desert, Israel, 
Kidron and Kronenfeld (2017) report NRWI values up to 0.1 mm for 
nights without fog, Jacobs et al. (2002) measured dew amounts ranging 
from 0.15 up to 0.3 mm and Heusinkveld et al. (2006) report “accu-
mulated dew” in the range of 0.1 and 0.3 mm. For a coastal Steppe in 
Spain, Uclés et al. (2013) report average NRWI per night of 0.24 mm for 
bare soil and 0.16 mm for stones. Other published values of nightly 
dewfall in arid regions 0.08 mm (Goshute Valley, Nevada, Malek et al., 
1999) and 0.01–0.1 mm (Atacama Desert, Chile, Kalthoff et al., 2006). 
Exceptionally higher values of NRWI (“fog was absent”) were observed 
at Stellenbosch, South Africa, by Kaseke et al. (2012) for river sand with 
values of around 1 mm. For a comprehensive and up to date overview on 
maximum reported amounts of dew and fog the reader is referred to 
Table 1 in Kidron and Starinsky (2019). 

For the separation of fog deposition and duration from dew and 
adsorption processes, an excess value of NRWI compared to the no-fog 
diurnal mean at a specific point in time is not sufficient, because the 
daily characteristics vary too much. We therefore took the difference 
between adjacent values of the mean diurnal curve, i.e. the mean 
deposition rate, as a reference and evaluated values against a threshold 
for the determination of the start of fog deposition. The time when the 
deposition rate on a certain night exceeds this threshold is considered as 
the beginning of a fog deposition event. The end of the deposition and 
thus the event is at the time of the maximum nightly deposition. 

Fig. 10 shows an example of how the deposition duration is derived 
from the deposition rate and why a simple overshooting of the mean 
diurnal course is not applicable. Remarkably, the MLs at a specific 
location react almost simultaneously, which demonstrates the robust-
ness of the ML construction and electronics. The start of fog deposition 
may occur suddenly (CM and GB), or continuously (VF). Thus, the 
definition of the threshold rate is crucial, especially in case of weak fog 

Fig. 9. Mean diurnal course of ML cumulative change of water content for days/nights without fog with standard deviations (dotted lines). Shaded areas refer to 
nightime (sunset to sunrise) for IOP 1 (left) and IOP 2 (right). 
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events with little fog deposition. In our case, a value of 0.0075 mm in-
crease over a 10-min interval was chosen for the start of fog deposition at 
all stations. For CM, further support for the selection of the threshold is 
provided. Here, the deposition started around 2000 UTC but stops after 
about 2 h, i.e. the threshold is no longer reached. After another 2 h the 
rate increases again and scatters around the threshold line until the end 
of the event at around 0600 UTC (maximum deposition). Fig. 10 illus-
trates a typical feature of the Namib fog in the investigation area. The 
advected marine stratus/fog front is first recorded closest to the coast at 
CM at around 2000 UTC. The front moves further inland, i.e. eastward, 
reaching VF at 2230 UTC, and, as wind comes from the north, finally 
reaches GB to the south of VF shortly after midnight. The stratus in-
tercepts with the ground at all stations during this night, as is evident 

from the recorded fog deposition. Such a typical fog event is also shown 
for all FogNet stations in Fig. 7 in Spirig et al. (2019). For more details 
about the regional fog climatology and the general patterns of the Namib 
fog life cycle see e.g. Lancaster et al. (1984), Seely and Henschel (1998), 
Eckardt et al. (2013), Hachfeld and Jürgens (2000), Andersen et al. 
(2019) and Spirig et al. (2019) and references therein. 

We calculated the duration of fog related events during the first 
phase of IOP1 (see Table 5) for different criteria using the thresholds 
given in Table 4. 

Fig. 11 gives an overview on the duration calculations during the 
first phase of IOP1, where the most and strongest fog events occured. 
Theoretically fog occurs only if the air is saturated, however the 
threshold for relative humidity was set to 95% in order to account for the 
uncertainty of RH measurements by capacitive sensors in air close to 
saturation. The theoretical definitions of WVA and dew (see introduc-
tion) are used for calculating durations in Fig. 11, where blue colors 
denote periods for potential dew fall (LST ≤ Tdew). WVA and dew for-
mation cannot occur simultaneously by definition. Only a few periods 
fulfilled the conditions for dew fall at CM and GB, while the elevated site 
VF showed frequent periods where LST was below Tdew. These periods 
were related to clear-sky nights, which were more frequent in VF, and/ 
or occasional break-up of the stratus during the night, which was also, 
but rarely, observed at GB. We therefore assume, that WVA and fog are 
the main vectors of NRWI on bare soil in the investigation area, as found 
in other studies (Uclés et al., 2013; Agam (Ninari) and Berliner, 2004b; 
Kaseke et al., 2012). Fog events in the investigation area are always 
connected to a stratus/low cloud intercepting with the ground. No fog 
deposition/precipitation was measured when the stratus did not inter-
cept with the ground. Such situations were most common at CM, the site 
closest to the coast (e.g. 14 to 16 Sep). The occurrence and duration of 
stratus/low cloud can be accurately detected by the analysis of the 
nightly net radiation and short-wave downward radiation, if the stratus 
dissolves after sunrise (Spirig et al., 2019). 

Visibility and leaf-wetness provide additional information about fog 
event durations. According to the international WMO definition, fog 
reduces visibility to values below 1000 m. Visibility was only measured 
at GB and is therefore not representative for the whole area of investi-
gation. Furthermore the threshold of 1000 m is not low enough for the 
proper estimation of the duration of fog events as evident during the 
nights from 21 to 22 Sep and from 24 to 25 Sep, where visibility only fell 
below 1000 m for a short period at the beginning of the night while fog 

Fig. 10. a) upper panel: ML readings (solid thick) starting on 12 Sep 2017 at 
1500 UTC and mean diurnal course during no-fog nights (solid thin) at CM. 
Vertical lines denote the time of the maximum. Lower panel: same as above but 
for change rate in water content. Horizontal dotted line denotes the threshold 
rate. Vertical lines define the start and are derived for each ML individually. 
Shaded area refers to fog deposition duration. b) and c) same as a) but for VF 
and GB. 

Table 4 
Variables and conditions for fog event duration calculation * GB only; ** 
Campbell Scientific, Ltd.  

Variable/Symbol Instrument/ 
manufacturer 

Conditions and 
thresholds for start 
of event (night-time 
only) 

end of event 
(if 
applicable) 

relative humidity 
RH 

CS215 temperature 
and RH probe, CS** 

>95% – 

WVA from LST, 
Tdew and RH 

IR120 radiometer, 
CS** 

LST > Tdew, RH >
90% 

– 

Dew from LST and 
Tdew 

IR120 radiometer, 
CS** 

LST ≤ Tdew – 

Net radiation Q* Net radiometer Q* > −15 W m−2 0 < SW↓ <
SW↓clearsky Short/Longwave 

down-/ 
upwelling SW↓↑ 
LW↓↑ 

Kipp&Zonen CNR4 for SW↓ < 0 W m−2 

Visibility * Atm. Visibility 
monitor CS120A, 
CS** 

<1000 m – 

Leaf wetness 
sensor 

Model 237, CS** <10 Ohm – 

Fog precipitation Juvik fog collector first tick last tick 
Fog deposition 

rate (mm/ 
10min) 

Microlysimeter, self- 
construction (see 
text) 

>0.0075 mm/10 
min. 

max. 
deposition  
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deposition/precipitation continued throughout the night. The leaf 
wetness sensors, placed at 0.1 m above the ground, serve as an indicator 
of the wetness of the soil surface. A value of 10 Ohm and lower repre-
sents to a wet surface (manufacturer term sheet/manual). Such situa-
tions were more common in CM compared to GB. However, it seems that 
the leaf wetness sensor, though placed as close to the surface as possible, 
is not strictly representative of soil surface wetting. As mentioned above, 
situations for potential dew formation were frequent at VF. During these 
nights (e.g. 13, 15, 20, 25 and 29 Sep), the leaf wetness sensor was wet 
almost during the whole night, yet no significant additional dew depo-
sition was measured by the MLs. This implies that dew rarely forms on 
bare desert soils, confirming the findings in Agam and Berliner (2002, 
2006). 

3.2. Gain (NRWI) and loss (evaporation) of soil water 

The offset corrected curves of MLs (Fig. 2) reflect the general features 
of fog spatial distribution and seasonality in the Central Namib with the 
highest NRWI at the coast (CM) and at the elevated VF site during the 
high fog season in Sep/Oct. Generally, lower NRWI values were recor-
ded at the inland sites in Feb/Mar due to fewer occurring fog events. 

Table 5 
Selected parameters for each night (1500–1500 UTC) of the case study period 
from 24 Sep to 29 Sep 2017 * nights with no fog precipitation **with in-
terruptions, see Fig. 13  

night  Stratus 
(UTC) 

NRWI 
(mm) 

Fog 
prec. 
(ml) 

Tdew > LST 
(UTC) 

RH > 95% 
(UTC) 

24–25 CM 1840–0830 0.88 50  2200–0630 
VF 2040–0750 0.53 152 1920–0510 2020–0640 
GB 2210–0850 0.46 36  2220–0540 

25–26 CM 0430–0730 0.27 12 2110–0600 0140–0640 
VF  *0.20  1940–0610 2250–0520 
GB  *0.07  0310–0510  

26–27 CM 0000–0840 0.22  2030–2400 2300–0010 
VF 0010–0450 0.40 290 1950–0600 2320–0520 
GB 0240–0610 *0.08 56 0100–0220 0230–0650 

27–28 CM 1940–0830 *0.14    
VF 2110–0540 0.39 164 1920–0520** 2050–0640 
GB 2220–0600 0.19 64  2210–0630 

28–29 CM 0020–0730 0.25 18 2000–0020 2340–0610 
VF  *0.13  2000–0600 0350–0430 
GB  *0.09  0220–0510   

Fig. 11. Durations of stratus/low cloud and fog events for the first phase of IOP1 in CM, VF and GB (bars for each day from left to right) for selected measures 
according to thresholds listed in Table 4. Visibility (lowest panel) was only measured at GB. Shaded period refers to case study period analyzed in section 4. Time 
refers to UTC. 
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After the nightly maximum of ML water content is reached, usually 
shortly before sunrise, evaporation starts because of solar input. A trend 
analysis of ML raw data allows the estimation of gain/loss of soil water 
during a certain period, but, due to the drawbacks of relative calibration, 
offsets and sudden weight changes (see section 1), the inspection of daily 
cycles of the complete time series yields more robust results. Following 
the daily decomposition of the ML data, the last value of a daily cycle 
refers to either gain (positive, NRWI) or loss (negative, evaporation) of 
soil water. Since the investigation area is hyper-arid and the last sig-
nificant rainfall (>0.5 mm/day) was registered in mid-August 2017, 
water availability was limited, and the soils were consequently very dry. 

In general, all NRWI evaporated by the end of a daily cycle, but after 
heavy fog events, it took another day or two, as evident by the imbalance 
between gain and loss for single days (Fig. 12a). 

The first phase of IOP1 (11 Sep to 2 Oct) experienced the most fog 
events with high deposition at all stations (Fig. 12a). After heavy fog 
events (12, 18 (VF), 21 and 24 Sep) with high NRWI, evaporation is also 
high but does not fully compensate for the gain of soil water from the 
preceding night. Consequently, evaporation exceeds NRWI slightly for 
another two or three days, either until the next fog event occurs or until 
all available water evaporated and the formerly described no-fog diurnal 
cycle is re-established. This extended impact of strong events is 

Fig. 12. a) Daily gain and loss of soil water during 
the first phase of IOP1 at CM (blue), VF (green) 
and GB (red). Dark colored bars denote daily 
NRWI (gain), bars in light colors refer to evapo-
ration (loss) at the end of each 24 h daily cycle 
(1500-1500 UTC). b) as a) but for cumulative 
sums of NRWI (gain) and evaporation (loss), (right 
scale, thick solid lines and dashed lines, respec-
tively) and cumulative water balance (left scale, 
lines with bullets). Black circled bullets mark days 
with recorded fog precipitation, x-axis same as a). 
c) NRWI plotted against evaporation with a 
trendline. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   
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supported by the relation between daily NRWI and evaporation 
(Fig. 12c) with high coefficients of determination R2 of 0.83, 0.97 and 
0.92 for CM, VF and GB, respectively. The fitted curves suggest a 1:1 
relation until an NRWI of about 0.4 mm, based on no-fog days and 
moderate fog events. Above this value, evaporation during the following 
day is no longer high enough to compensate for the NRWI due to the 
heavy fog of the preceding night. A small gain results at VF and GB sites 
for the selected period due to the numerous fog events (Fig. 12b), but at 
the end of each IOP, the ML balance is close to zero as shown in Fig. 2. 
The highest daily depositions were observed at CM and VF with nearly 1 
mm, each on a different day. 

Despite several common features (advection of stratus/low cloud 
from the coast to inland and interception with the ground) which allow 
the derivation of a robust fog climatology for the area of investigation, 
we will show in the following section details of selected events exhib-
iting essential differences with respect to the relation of fog deposition 
and fog precipitation as the principal measures of the intensity and 
strength of a fog event. 

4. Case study period 

The 5-day period from 24 Sep to 29 Sep 2017 is chosen because it 
demonstrates the variability of fog events in the region of investigation 
and at the three FogNet stations equipped with MLs in detail. The 
relevant time series of fog deposition, fog precipitation, net radiation, 
relative humidity, air temperature, surface temperature, dew point 
temperature, wind velocity and wind direction are displayed in Fig. 13. 

Starting with the night from 24 to 25 Sep the region experienced a 
strong fog event with high fog deposition and fog precipitation regis-
tered at all three stations. The stratus was present close to the coast (CM) 
from the beginning of the night at 1840 and reached inland stations VF 
and GB at 2040 and 2210 UTC, respectively. While the start of fog 
precipitation and deposition at CM was delayed by about 2 h, they 
started simultaneously with stratus arrival at VF and GB, indicating that 
the arriving stratus intercepted with the ground. The highest amount of 
fog precipitation was measured at the elevated site VF (515 m a.s.l.) with 
152 ml while highest fog deposition occurred at CM with 0.88 mm. 
Though weak conditions for dew formation were given during the sec-
ond half of night at VF with Tdew ≅ LST, we attribute the NRWI to fog 
deposition because there was no further radiative cooling of the surface 
(as observed in the following night) and fog deposition was in the same 
range as in GB. 

Two similar nights (25–26 and 28–29 Sep) exhibited clear skies as 
indicated by the strong negative net radiation Q* at all stations. Shortly 
before sunrise small amounts of fog deposition (0.27 and 0.25 mm) and 
fog precipitation (36 and 18 ml) were recorded at CM, but the stratus did 
not proceed further inland. Conditions for dew formation were given 
during the whole night at VF and for a short period shortly before sunrise 
at GB. Both nights showed strong radiative cooling at VF resulting in 
differences between LST and Tdew of up to 5 K. The ML reading in the 
night from 25–26 Sep with 0.2 mm exceeded the mean threshold of 0.11 
mm derived for no-fog nights at VF (see section 3.1). The difference of 
0.09 mm could be interpreted as additional NRWI according to dew, i.e. 
water vapour condensed on the bare soil surface, especially in the early 

Fig. 13. Fog events during the period from 24 SEP 1500 UTC to 29 SEP 2017 1500 UTC at CM, VF and GB (from top to bottom). Left panel: Cumulative change of 
water content (blue solid, circles refer to periods where LST ≤ Tdew), net radiation Q* (green solid) and fog precipitation (red solid, log scale right y-axis). Shaded 
areas refer to the respective duration of events, dark grey areas indicate overlapping of fog deposition and fog precipitation durations. Right panel, upper part: Air 
temperature Tair (red solid), Land Surface Temperature LST (orange solid, circles refer to periods where LST ≤ Tdew) and dew point temperature Tdew (black solid). 
Shaded areas refer to relative humidity RH (scales with right y-axis), light blue areas indicate periods with RH > 95%. Right panel, lower part: wind velocity (black 
solid) and wind direction (blue symbols, scales with right y-axis). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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morning, when the deposition rate was increasing. During the night 
from 28–29 Sep with similar radiative cooling conditions, but lower 
relative humidity, this difference was only 0.02 mm, which is well in the 
range of the variation of the mean diurnal course (Fig. 9). Kidron and 
Kronenfeld (2017) estimated that “more than 7 h of optimal conditions” 
(with respect to RH, LST and Tdew) are required for dew formation on 
bare soil. These conditions were not met long enough during this night 
but during the night from 25–26 Sep. This exemplifies the difficulties to 
assess the contribution of dew to NRWI, and, in detail, to provide evi-
dence of dew formation on bare soil in hyper-arid environments, as 
addressed earlier in this study. 

Fog precipitation was measured in the consecutive nights from 
26–27 Sep and 27–28 Sep inland (VF and GB), but not at the coast (CM). 
The total NRWI of 0.22 mm at CM from 26–27 Sep probably contains a 
small contribution from dew formation due to radiative cooling during 
the first half of the night (LST < Tdew and increased deposition rate). The 
stratus arrived at midnight but obviously did not intercept with the 
ground in CM, similar as in the following night when stratus was present 
during the whole night but neither fog deposition nor fog precipitation 
were recorded at CM. In contrast, VF experienced high amounts of fog 
precipitation (290 ml and 164 ml) and NRWI due to fog (0.40 and 0.39 
mm) immediately upon stratus arrival (0010 and 2110, respectively). 
The stratus arrived at GB about 1–2 h later (0240 and 2220). Fog pre-
cipitation was also high at GB (56 and 64 mm), but no NRWI due to fog 
was measured in the night from 26–27 Sep. These two nights show 
exemplarily the discrepancies in the relation between fog precipitation 
and fog deposition. High amounts of fog precipitation do not necessarily 
infer that fog deposition occurs and though similar amounts of NRWI 
were measured on both nights at VF, the amounts of fog precipitation 
differed substantially. 

The detailed analysis of the case study period reveals the complex 
interaction of the drivers defining amount and duration of a fog event, i. 
e. fog deposition, fog precipitation, relative humidity, stratus occurrence 
and interception with the ground and other parameters as shown in 
Fig. 11. Though there were some common essential preconditions for a 
fog event in the region of investigation like air close to saturation and 
stratus interception with the ground, the quantification of NRWI and fog 
precipitation showed substantial differences during the individual 
events and a clear relationship was not evident in the frame of this 
research. A deeper analysis assessing the relationship between these two 
significant hydrological parameters is certainly needed but out of the 
scope of this study. 

5. Conclusions 

We showed that the presented self-constructed microlysimeters are a 
simple and robust tool to detect even smallest amounts of NRWI (non- 
rainfall water input), i.e. adsorption water, dew and fog deposition in 
arid environments. NRWI occurs essentially between sunset and sunrise 
and usually evaporates completely during the following day, except 
after heavy fog events. In these cases, the water balance recovers during 
the following 1–2 days, provided that no further fog events occur during 
this period. A possible explanation is given by Daamen and Simmonds 
(1996): soil surface resistance is increasing with decreasing water con-
tent in the uppermost soil layer during the day and limits the total daily 
potential evaporation. 

The diurnal variation of microlysimeter readings during no-fog days/ 
nights turned out to be very consistent. This allows to determine the 
duration of fog deposition during fog events using a site specific 
threshold of total deposition and of deposition rate (0.075 mm/10 min 
in our case). NRWI due to fog starts when the deposition rate exceeds the 
threshold and ends with the maximum of microlysimeter reading. Dur-
ing no-fog days/nights, NRWI by adsorption usually starts in the late 
afternoon and ends with sunrise. 

Stratus/low cloud occurrence is required for a fog event and can be 
easily detected in the radiation signal. Fog deposition/precipitation is 

recorded when a stratus/low cloud intercepts with the ground, which is 
predominantly the case at inland stations due to the rising terrain of the 
escarpment. 

Fog event duration is determined by the ongoing occurrence of fog 
precipitation and/or fog deposition together with low visibility, low 
cloud base and high leaf wetness. However, no correlation was found 
between fog precipitation (measured by Juvik-type fog samplers) and 
fog deposition. Nights with fog precipitation but without fog deposition 
were observed and vice versa. To date we could not find any systematic 
reason for that but analysis of droplet size distributions, measured by a 
cloud droplet probe, may provide further insight. Further research is 
needed to answer how much of the water sampled by fog collectors 
actually reaches the ground as a component of NRWI, how the two 
sampling methods differ with respect to the relevant processes in fog and 
how much it contributes to the water budget of a specific site in the short 
and the long term. 
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4.6 Summary and outlook to chapter 5

Microlysimeters are a crucial device to investigate the actual non-rainfall water input
for the ecosystem. These amounts are generally lower than fog precipitation as the
sampling mechanism is different. Notably, research with microlysimeters has generally
been conducted in temperate environment or with a focus on dew. Hence, it was not clear,
whether microlysimeters would perform adequately considering the minute amounts of
fog deposition. Yet, they were clearly able to detect even water vapour adsorption on
non-fog nights.

One possible explanation for the difference between fog precipitation and fog deposi-
tion might be found in the droplet size distribution, respectively the liquid water content
and its turbulent transport. These were recorded with the cloud droplet probe (initially
deployed during the intensive observation period of NaFoLiCA) for over a year in turns
at two sites along the North-South transect. Details of the seasonality and fog related
properties are reported in the following chapter.
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Chapter 5

Size distribution, liquid water content and
water input of the seasonally variable,
nocturnal fog in the Central Namib Desert

The following article Size distribution, liquid water content and water input of the seasonally
variable, nocturnal fog in the Central Namib Desert has been submitted in the Journal
"Atmospheric Research" and gives a detailed description of the cloud droplet probe setup,
the number of events, droplet size distribution and the liquid water content sampled at two
sites. The variation over the seasons and fog events is explored and liquid water fluxes
are connected to other measurements of fog water input. Within this article the usual
FP is denoted as FCMP as a result of an extended discussion with the reviewers and to
clarify potential misunderstandings.

Drone image of the fog/stratus above the Namib in the morning hours in September 2017
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Droplet size distribution, liquid water content and water input of the 
seasonally variable, nocturnal fog in the Central Namib Desert 
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A B S T R A C T

In the arid Central Namib desert, rainfall is rare, but fog frequently occurs at night and exhibits a seasonal 
pattern. We deployed an eddycovariance setup at two different inland locations, namely Gobabeb and Vogel-
federberg. The setup consisted of a cloud droplet probe and at times of up to two sonic anemometer- 
thermometers. It was deployed for 1.5 years, collecting data during more than 150 fog events at either one of 
the sites. We characterize the different fog regimes at the two stations with co-located measurements of visibility, 
fog collector mesh precipitation by fog collectors, and non-rainfall water input by microlysimeters for selected 
periods. At similar levels of visibility, fog collector mesh precipitation at Vogelfederberg is generally higher, 
likely due to its higher elevation and exposed location. 

Fog events appear front-like with a decrease of visibility and an increase of droplet numbers above 10 μm and 
the associated liquid water content. Fog events regularly lasted 6 h, with the first two to three hours exhibiting 
higher liquid water content. The droplet distribution, especially droplets above 20 μm, and thus liquid water 
content varied in numbers between the locations. Liquid water content correlates with fog collector mesh pre-
cipitation at Gobabeb, where the droplet distribution spans the whole resolved spectrum. While liquid water flux 
was bi-directional, the net sum was still a net gain for the surface. We found only a low correlation between 
liquid water flux and non-rainfall water input, which demonstrates that the liquid water flux can only partially 
connect the measured input in the fog collectors and the microlysimeters despite similar values. We therefore 
presume that drizzle, that is droplets out of the CDP sampling range, may play a role in the Central Namib fog, 
especially when fog is intermittent as fog deposition in microlysimeters continues when no droplets of the 
respective size range are present near the ground. Furthermore, the contrast of higher fog collector mesh pre-
cipitation at Vogelfederberg compared to Gobabeb despite lower liquid water content is potentially a result of the 
more numerous small droplets as a consequence of the interception with the upper parts of the stratus.   

1. Introduction

Fog can be an essential contribution to the water balance in arid
ecosystems (Bruijnzeel et al., 2005; Gultepe et al., 2007; Klemm et al., 
2012; Nicholson, 2011). In the Central Namib Desert (UNESCO World 
Heritage) on the western coast of Southern Africa, the ecosystem is 
specially adjusted to the regularly occurring nocturnal fog with its 
distinct seasonality (Olivier, 1992; Seely and Henschel, 1998; Vogt et al., 
2019). Kaseke et al. (2017) suggest a partially local origin for fog based 
on isotope analysis, but as highlighted by satellite imagery, the fog is 
connected to the quasi-permanent stratus deck that moves inland for up 
to 100 km (Andersen et al., 2020; Andersen and Cermak, 2018; Cermak, 
2012; Vogt et al., 2019). When this deck intersects with the ground, the 

stratus appears as fog with a visibility below 1000 m (World Meteoro-
logical Organisation, 2018). The advection of the deck itself is related to 
a modulation of the local coastal wind system (Andersen et al., 2020). 
Furthermore, where an intersection occurs is linked to the vertical 
structure (thickness and height) of the deck (Andersen et al., 2019; 
Spirig et al., 2019) and the specific part of the stratus layer at the 
location may further affect fog properties such as droplet size distribu-
tion and liquid water content. 

Lancaster et al. (1984) investigated the spatio-temporal variability of 
fog water input in the Central Namib at nine locations, referred to as fog 
precipitation at the time due to the origin of the term (Nagel, 1956; 
Grunow, 1957, 1964). We instead will refer to the amount of water 
registered by the fog collectors as fog collector mesh precipitation 
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(FCMP) for clarity of the measurement principle. These distributed 
measurements revealed the existence of two fog regimes and their sea-
sonality: A coastal and an inland fog regime exist, both with a similar 
number of fog days per year (65 at the coastal station Swakopmund and 
~ 40–70 inland). The peak of the fog season at the coast is during the 
winter months (May to September), whereas 50 km inland, September to 
April are the months with the most fog. However, the amount of water 
collected gradually increases from 34 mm at the coast up to 180 mm at 
35–50 km inland and decreases after this “fog zone” (collection-surface 
normalized annual values). Olivier (1992) and Seely and Henschel 
(1998) link the extent of this inland fog zone to local mountain-plain 
winds that limit the reach of the stratus' inland movement. Within the 
zone with peak FCMP, variation between the locations is still 

considerable, ranging from 31 mm to 184 mm per year as the elevation 
of a site ultimately determines whether the stratus is overhead or in 
contact with the ground. Drizzle is another potential water input linked 
to fog with values of 13 to 12 of FCMP as reported by Hachfeld and Jürgens 
(2000) for the area. 

The FogNet network collects standard meteorological variables, 
FCMP and other related variables (visibility at selected locations) data 
since July 2014 at eleven stations with the express purpose of detailing 
the spatial variations of FCMP from the coast to inland and within the 
fog zone. Seven stations are part of an East-West transect that increases 
in elevation, and five stations with various elevations at similar dis-
tances to the coast are part of a North-South transect (Fig. 1). All stations 
are equipped with Juvik fog collectors to measure FCMP (Juvik and 
Ekern, 1978; Juvik and Nullet, 1995). The Juvik is an omnidirectional 
louvred aluminium mesh fixed on top of a rain gauge with a surface area 
of 515.6 mm2. Fog droplets are transported along the streamlines and 
impact on the mesh. Our analysis here will focus on the two stations 
Gobabeb and Vogelfederberg: both are at a similar distance to the coast, 
but Vogelfederberg is situated 100 m higher than Gobabeb at 515 m 
above sea level (Table 2). 

The newer FCMP data from FogNet confirm the findings of Lancaster 
et al. (1984) that these two locations receive vastly different amounts of 
annual FCMP: 172 mm compared to 42 mm on average for the years of 
2015 to 2019. The other stations, Marble Koppie north of Vogelfeder-
berg and the two stations Aussinanis and Station 8 between Gobabeb 
and Vogelfederberg, demonstrate that annual FCMP correlates well (R of 
0.89) with the elevation within the fog zone (Table 2). 

To establish the causal link between elevation and FCMP, size and 
number of suspended droplets sized between 1 and 50 μm of cloud/fog 
need to be known (Pruppacher and Klett, 2010). For the stratus off the 
Namibian coast, Formenti et al. (2019) recently reported values for 
liquid water content (LWC) of up to 200 mg m−3 and a broad droplet size 
range (up to 50 μm) based on two sampling events during 30 h of 
research flights. To understand the spatio-temporal variance inland, we 
installed a cloud droplet probe (CDP) in turns at Gobabeb and Vogel-
federberg as part of the Namib Fog Life Cylce Analysis (NaFoLiCA) 
project (Spirig et al., 2019). In the vicinity of the CDP measurements, 
non-rainfall water input (NRWI) was measured by microlysimeters for a 
limited time (Feigenwinter et al., 2020). While NRWI represents direct 
input onto the surface, the CDP measures the droplet size distribution 
(DSD) from which the LWC can be derived when a measurement of the 

Fig. 1. Map of the research area with circles denoting FogNet stations; Primary 
locations of interest, Vogelfederberg (VF), and Gobabeb (GB), highlighted in 
black instead of white. Secondary stations in white given spatial context only. 
Top right shows the broad geographical context. Isohypses derived from the 
shuttle radar topographic mission. Kuiseb river data from openstreetmap.org, 
background from Google Maps. Adapted from Spirig et al. (2019). 

Fig. 2. Cloud droplet probe and sonic anemometer thermometer setup at Gobabeb from the front (A) and the top (B). Respective devices and distances are noted in B 
with further detail in the text. 

Spirig et al.
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wind speed is available. We combined the CDP with measurements from 
a sonic anemometer thermometer (SAT) to apply the eddy covariance 
(EC) framework (Aubinet et al., 2012). 

Numerous studies used the EC framework to derive LWFT, the tur-
bulent liquid water flux (Beswick et al., 1991; Burkard et al., 2002; 
Degefie et al., 2015; Klemm et al., 2005; Klemm and Wrzesinsky, 2007; 
Kowalski and Vong, 1999; Thalmann et al., 2002; Vong and Kowalski, 
1995; Westbeld et al., 2009). However, the near-neutral or slightly 
neutral stability during fog (z/L close to 0 where z is the measurement 
height and L the Monin-Obukhov length) may limit the reliability of the 
EC framework, which relies on well-developed turbulence. Besides 
LWFT, three more fluxes have to be considered for the total liquid water 
flux (LWF): Gravitational settling of droplets (LWFG), condensation 
(LWFC) and advection (LWFA) (Eugster et al., 2006; Klemm et al., 2005). 
The variable types of fog and surface characteristics lead to a consid-
erable variation of an order of magnitude and to positive and negative 
LWF (Table 3). Hence, a net gain is not necessarily warranted for the 
specific surface despite the presence of fog. 

Only a few of the above studies that apply EC measurements actually 
compare LWF or LWC to other measurements of fog water deposition: 
Holwerda et al. (2006) employ a water balance approach with fog 
deposition as residual. Tav et al. (2018) relate the deposition velocity 
onto vegetation with EC fluxes directly with a high precision scale. 
Montecinos et al. (2018) quantify the collection efficiency of a Standard 
Fog Collector (1 m2 collection surface) relative to available LWC. The 
two later studies demonstrate that the collection on the ground/vege-
tation i) lags behind the onset of fog, ii) input may still be registered in 
the fog collectors even after the fog has dissipated, and iii) may result in 
lower or higher values than LWF calculated by EC, possibly due to 
canopy effects. Montecinos et al. (2018) furthermore state that drizzle 
may complicate such direct comparison since devices like the CDP (or 
the fog monitor) can only resolve droplets below 50 μm. 

We relate here the measurements of LWF with those of FCMP and - 
when available - NRWI. We present the different seasonal and the 
average DSD and LWC at the two stations, including two examples of a 
typical fog event at each of the two sites. Visibility (an indicator for 
small droplets) is compared to FCMP and related to the DSD, detailing 
the differences between the two locations further. Finally, we present 
challenges of quantifying LWFT and LWFG in the cloud interception fog 
in the Namib. The overarching aims of this study are therefore to  

• report the first DSD and LWC measurements on the ground for the
Namib fog at two sites, hitherto unknown quantities including their
seasonality and average.

• showcase the spatial variability by comparing the two ground sites in
terms of DSD, LWC and LWF.

• demonstrate the limitations of the use of DSD and LWC with regards
to visibility due to the dynamic nature of the Namib fog.

• try and link the long-term fog collector measurements with micro-
lysimeters that represent ecosystem input via LWF.

2. Methods

2.1. Existing infrastructure and additional devices

FogNet stations operating since July 2014 are equipped with stan-
dard meteorological equipment and fog-related devices (Table 4). Dur-
ing the field campaign of NaFoLiCA in 2017, we installed self- 
constructed microlysimeters of 25 cm diameter that recorded the fog 
water deposition on the ground at a 1-min resolution. Further details 
about construction, calibration, and performance can be found in Fei-
genwinter et al. (2020). Microlysimeters require frequent re-calibration 
and data are thus limited to two periods (9. Sep. to 28. Oct. 2017 and 10. 
Feb. to 27. Mar. 2018). 

We installed a CDP (CDP-2, Droplet Measurement Technologies) and 
a SAT, model IRGASON (Integrated CO2 and H2O Open-Path Gas 
Analyzer and 3-D Sonic Anemometer, Campbell Scientific Ltd), to 
measure the DSD and derive LWC (see subsection 2.2). A second SAT, an 
81000VRE (R.M. Young), here called Young, was later added due to 
regular quality flagging of wind data. The flagging occurred regularly 
during the later phases/dissipation of fog events due to condensation/ 
deposition on the transducers of the IRGASON. 

CDP and IRGASON were mounted at 2 m height, separated by 1.5 m 
and oriented north, into the main wind direction associated with fog 
events. The Young was added on a separate tripod between CDP and 
IRGASON (Fig. 2). Measurement paths of all devices were aligned on a 
West-East line with the CDP on the western side. 

The configuration of only CDP and IRGASON was first installed at 
Gobabeb as part of the NaFoLiCA intensive operation period in 
September 2017. In February 2018, we moved this configuration to 
Vogelfederberg, where we later installed the Young at the end of June 
2018. In February 2019, after one year of operation, we moved the CDP 
and two SATs back to Gobabeb until April 2019. Initially, a CR3000 
datalogger (Campbell Scientific Ltd.) polled both IRGASON and CDP at 
10 Hz. We chose to use the data logger instead of the particle analysis 
and display system (PADS) from the manufacturer (Droplet Measure-
ment Technologies Inc., 2010) to achieve a lower power consumption. 
In addition to droplet numbers, all “housekeeping” variables of the CDP 
were logged. When we installed the Young, the data logger needed to be 
replaced with a CR1000X (Campbell Scientific Ltd.) because the CR3000 
was unable to handle the additional data. 

2.2. Calculation of CDP-related quantities 

The CDP measures the forward light scattering of particles passing 
through a laser of 658 nm wavelength with a cross-section of 0.298 
mm2. The DSD consists of droplets of diameters between 2 and 50 μm, 
which are resolved into 30 classes based on Mie theory (Mie, 1908). The 
bin sizes with a diameter below 14 μm are 1 μm wide, all others 2 μm. 
Droplets with a diameter above 50 μm are registered as an overflow of 
the internal AD-converter. We further applied the re-binning procedure 
of Gonser et al. (2012), reducing the 30 original bins into 23 bins based 
on values listed in Table 1 of El-Madany et al. (2016). Application of 
Spiegel et al. (2012) was not feasible as 40 initial classes are required, 
whereas our CDP reported 30 classes. Re-binning reduces the ambiguity 
of the Mie curve (El-Madany et al., 2016; Spiegel et al., 2012). 

The following other fog characteristics such as droplet number 
concentration C, LWC, median volume diameter and the effective 
diameter can be calculated from the DSD (see software manual for the 
program PADS of Droplet Measurement Technologies Inc., 2010). C in # 
cm−3 is first calculated for each diameter class (indicated by subscript i) 
and then summed for all x size classes: 

Acronym Term/Definition 

SAT Sonic anemometer thermometer that measures wind components with a 
high frequency 

CDP Cloud droplet probe, a device that size-resolves fog droplets in the range 
of 2 to 50 μm via the forward scattering of light according to Mie theory 

DSD Droplet size distribution as measured by the CDP in the range of 2 to 50 
μm 

LWC Liquid water content, derived from the DSD 
LWFT Turbulent liquid water flux calculated via eddy covariance from 
LWFG Liquid water flux due to gravitational settling 
LWFC Liquid water flux due to condensation 
LWFA Liquid water flux due to advection 
FCMP Water registered by the rain gauge after drip off from a Juvik type mesh, 

normalized from collector area of 515.6 mm2 to 1 m2 

NRWI Non-rainfall water input as measured by a microlysimeter  

Spirig et al.

Table 1 
Relevant acronyms used in this article.  

Droplet size distributions and liquid water content

76



Atmospheric Research 262 (2021) 105765

4

C =
∑x

i=1

Ni

AM f
(1)  

where Ni is the droplet count in the bin i, A the probe sampling area, M 
the three dimensional wind speed (from the SATs in our case), and f the 
sampling frequency. LWC in g m−3 is first computed for each bin sepa-
rately based on the droplet number concentration Ci in the respective bin 
and then summed for total LWC: 

LWC =
∑x

i=1
Ci10−12π

6
*mi

3ρw (2)  

where mi is the midpoint, that is the average of the upper and lower 
border of bin i. A water density of 1 g cm−3 for ρw and round droplets are 
implicitly assumed in the above. Throughout this manuscript, we use the 
term LWC for both LWCi and total LWC in figures interchangeably as 
displays of LWCi are always shown with an easy to identify colourmap. 

2.3. Eddy covariance and liquid water flux components 

Eddy covariance relates the transport of a scalar to atmospheric 
turbulence with the vertical wind w by separating instantaneous mea-
surement values into a mean and turbulent part (Aubinet et al., 2012). 
The total LWF in fog is the sum of turbulent liquid water flux (LWFT), 
gravitational settling of droplets (LWFG), the condensation of water 
(LWFC) and an advection term (LWFA, i.e. 

LWF = LWFT + LWFG + LWFC ( + LWFA) (3)  

with each component in either g m−2 s−1 or often μg m−2 s−1 for con-
venience. The calculation of the single components is given in Appendix 
A. The application of eddy covariance requires several post-processing
steps which are detailed in Appendix B.

3. Number of fog events and availability of data

In addition to a visibility threshold of 1000 m, we added the
following criteria: occurrence of non-zero FCMP, an LWC above 5 mg 
m−3. We choose not to include the criteria of C > 10 cm−3 (Spiegel et al., 
2012) as it does not distinguish between droplets size and we instead 
focus on the different measures of water as further indicators (FCMP, 
LWC and NRWI when available). Furthermore, we implement a duration 
threshold of at least half an hour of low visibility to ensure that the 
inherent delay of fog collectors for FCMP can be disregarded (Fernandez 
et al., 2018; Montecinos et al., 2018). Additionally, the last FCMP is 
often registered in the early morning hours when fog is dissipating or 
already has. These inputs are counted for total FCMP, but not used to 
establish the duration of a fog event. Instead, we use the last value with 

more than 90% relative humidity as the end of the fog event in such 
cases. 

Fig. 3 highlights the temporal variability of fog in the Central Namib: 
Fog events are indicated with a vertical line if they fulfil the above 
conditions for more than 30 consecutive minutes (C drawn for 
completeness only). Several kinds of combinations exist:  

• A regular fog event according to our fog criteria (e.g. Sep-Dec at
Gobabeb or Dec-Jan at Vogelfederberg).

• Fog according to low visibility (at least 3 h), C and LWC above the
respective threshold but little or no FCMP such as several times in
November 2018 at Gobabeb.

• Fog according to only LWC and visibility such as May 2018 at
Vogelfederberg (just barely above 30 min, indicative of the arbitrary
threshold)

• Three fog events at the end of July at Vogelfederberg according to
visibility and FCMP but not LWC (or C).

• Frequent fog days in August/October 2018 at Vogelfederberg ac-
cording to both FCMP and visibility, but only one event according to
LWC (investigation of data indicated a large number of droplets that
were rejected as out of focus).

• Intermittent fog (smaller LWC marks) occurred mainly in December
at Vogelfederberg.

Because the visibility monitor was installed on the 19th of February
2018, fog events at the beginning of the same month do not have a 
marker for visibility when other quantities do. Between both sites, the 
CDP collected data for 167 events, of which 99 passed quality checks 
(Table 5). 

4. Results and discussion

4.1. Seasonality of fog

The fog season inland lasts from around August to March, based on 
FCMP measurements (Lancaster et al., 1984; Vogt et al., 2019). Events 
during this time generally appear front-like, i.e. sudden, when the 
stratus reaches the station (Fig. 4). During events, droplets smaller than 
15 μm represent the bulk of droplets but contribute little to LWC. The 
DSDs at the two stations do not appear very similar, however. 

This discrepancy may partially be due to a large number of depth of 
field rejections (DOF Rejects) in Aug/Oct at Vogelfederberg. Because the 
CDP rejected up to 100% of droplets, LWC is generally below our fog 
threshold in these months, ultimately leading to the removal of 34 
events for Vogelfederberg (Table B.6). But even in the months of Dec/ 
Feb/Mar when more events passed the LWC threshold at Vogelfeder-
berg, the DSD at Vogelfederberg was intermittent, lacking droplets > 40 
μm, or both compared to Gobabeb. Given the “normal” detection in Feb/ 
Mar, it seems unlikely that large droplets have been rejected exclusively. 
Only in March, the last month of the fog season, the DSD at Gobabeb 
begins to be similar to the one at Vogelfederberg during January. Hence, 
we assume that the DSD between the location is not equal and rather 
distinct for each of the two sites and might be a result of the respective 
elevation, which influences which layer of the stratus cloud is inter-
sected: Because mostly the upper stratus layer or the stratus top, where 
large droplets are rare, intersect with the terrain at the higher elevation 
of Vogelfederberg, the DSD consists primarily of the small droplets. 

Interestingly, the months August at Vogelfederberg and September at 
Gobabeb are relatively similar in terms of fog onset and dissipation. 
Despite almost twice as many fog events at Gobabeb as at Vogelfeder-
berg (13 vs 7) and the higher LWC at Gobabeb, FCMP was virtually 
double at Vogelfederberg. When a similar input per fog event is 
assumed, the discrepancy is roughly a factor of four, i.e. Vogelfederberg 
receives far more FCMP than could be expected from the fog properties. 
While this discrepancy is not new (e.g. Lancaster et al., 1984), the fact of 
higher LWC and comparably lower FCMP at Gobabeb demonstrates that 

Location Shortname    Lat./Lon. Elevation 
(m a.s.l.) 

West-East 
distance 
to coast 
(km) 

Annual 
FCMP 
(mm) 

Marble Koppie MK −22.969/ 14.990 419 49 93.48 

Vogelfederberg VF −23.098/ 15.029 515 58 171.96 

Station 8 S8 −23.265/ 15.056 490 58 115.71 

Aussinanis AU −23.440/ 14.626 444 57 65.30 

Gobabeb GB −23.560/ 15.041 406 56 42.75  

Spirig et al.

Table 2 
Detailed location, elevation and annual FCMP of stations along the North-South 
transect of FogNet, ordered North to South. FCMP correlates to the elevation 
with an R of 0.89 (minimum R of − 0.25 in May, maximum R of 0.97 in 
November, ten months in total with R > 0.75).  

5.3 Number of fog events and availability of data
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other understudied factors (1–2 m higher wind speeds on average as well 
as longer and more frequent fog events at Vogelfederberg) are of greater 
importance than LWC. 

Another comparison between February/March at Gobabeb (8 events, 
0.4 mm in total/6 events, 3.1 mm in total) demonstrates the high spatio- 
temporal variability: The maximum LWC at Gobabeb during March is 
the result of a single event that lasted around 2 h from 2 to 4 UTC and 
contributed approximately 25% of the monthly FCMP. Without this 
single peak, DSD and LWC in both February and March were similar 
(lack/intermittency of droplets > 40 μm) to Vogelfederberg in January 
(11 events, 6.1 mm in total). As shown by Vogt et al. (2019), the stratus 
deck still reaches as far inland as Gobabeb fairly often in March, but the 
CDP measurements indicate that contact with the ground does not al-
ways occur. Data from another device, the Thies Laser Precipitation 
Monitor (installed on 9.2.2018 at Gobabeb, measures droplets > 125 
μm) demonstrate that drizzle reaches the yearly maximum in February/ 

March (Franceschi et al., 2019). The intermittent DSD/LWC during these 
months could indicate that likewise, drizzle plays a role for Vogelfe-
derberg from September to January. However, the CDP alone is not 
sufficient to answer this complex interaction completely, and future 
campaigns should focus on Vogelfederberg, combining the CDP with 
devices that resolve droplets > 50 μm. 

4.2. Average fog event 

The average fog event is similar to the characteristics seen in the 
seasonal analysis: larger droplets were present more often at Gobabeb 
than at Vogelfederberg (Fig. 5A/B). Lowest values of visibility were 
~300 m at Gobabeb and ~200 m at Vogelfederberg at the beginning of 
events with more variation at Gobabeb from the fifth hour of the event 
on, i.e. when events with this or longer duration become scarce (right 
axis, Fig. 5C). LWC at Gobabeb is generally higher than at Vogelfeder-
berg, as a result of the distinct lack of large droplets at Vogelfederberg 
from September to January (Fig. 4). Similar to both sites is that LWC is 
generally highest at the beginning of an event and decreases slowly over 
the course of an event (Fig. 5D/E). The decrease of LWC is directly linked 
to the disappearance of droplets sizes 30 μm and larger, especially after 
the fourth hour at Vogelfederberg. Visibility, however, remains low 
during this period at Vogelfederberg as small droplets – the primary 
cause of low visibility - are still numerous. From the sixth hour on LWC 
becomes variable at Gobabeb as such extended events are less common 
(roughly ≥ 12 events overall for each station) and are linked to either 
intermittence (events in March, Fig. 4) or the dissipation of fog. During 
this extended phase visibility at Gobabeb varies more as events with 
beginning dissipation are included. As evident from the seasonal ana-
lyses, the complete seasonal variation cannot be captured fully by the 
average fog event. 

Gobabeb and Vogelfederberg differ in two primary features as the 
difference between DSD and LWC highlights: Droplets below 10 μm are 
more frequent at Vogelfederberg than at Gobabeb throughout the 
average event (Fig. 5C). However, larger droplets are more frequent on 
average at Gobabeb during the beginning of an event (roughly first four 
hours). Between 2 h and 4 h, these droplets dwindle at Gobabeb but do 
not increase significantly at Vogelfederberg (negative difference). From 
4 h until dissipation, a similar pattern as at the beginning of the event is 
visible. This time, a distinct decrease in droplet numbers occurs at 
Vogelfederberg whereas droplets continue to disappear gradually at 
Gobabeb. The difference of LWC between the two locations follows a 
similar but less distinct pattern (because of the 1 to 2 m s−1 higher wind 
speeds at Vogelfederberg that affect the calculation of LWC). However, 
these patterns are preliminary at best as several months (Dec-Feb) suffer 
from missing data at Gobabeb, and the CDP has not captured some fog 
events at Vogelfederberg (cf. Fig. 3). Given the average fog event and 
seasonality in the previous section, it appears that LWC in Vogelfeder-
berg especially but also in Gobabeb is lower than in marine fogs (cf Miles 
et al., 2000; Gultepe et al., 2007; Pruppacher and Klett, 2010; Spiegel 
et al., 2012). 

4.3. Example of two typical fog events 

Fig. 6 illustrates two fog events at Gobabeb and Vogelfederberg, each 
typical for the respective site: Fog appeared after midnight and lasted 
until the morning hours. The sudden increase around 00 UTC of droplets 
of all sizes represents the start of the fog event, but with few large 
droplets in Vogelfederberg (Fig. 6A/B). For Vogelfederberg, the fog 
disappeared intermittently, as evident from the lack of droplets in the 
DSD. For both sites, the DSD consisted mainly of droplets <30 μm, and at 
Vogelfederberg, droplets >30 μm appeared roughly one hour after the 
fog front. Consequently, an LWC of around 100 mg m−3 is reached later 
and decreases whenever droplets disappear. However, visibility at 
Vogelfederberg remained low throughout the event as droplets below 
10 μm were still present (and thereby reduced visibility). 

Publication
 or % 

Meas. 
Height 
(m) 

Range 
LWFT/ 
(mg m−2 s−1) 

Location 
(Country) 

Device 
Type 

Beswick 
et al. 
(1991) 

2 9 −5.5 to 1 / 
−1.8 to −0.25 

Forest in 
Dunslair Heights 
(SCT) 

PVMa 

−7.5 to 1.5 /
to −0.25 

FSSPb 

Burkard 
et al. 
(2002) 

20 + 22 22 −25 to 0 / −5 to 0 

Forest in 
Fichtelgebirge 
(DE) 

FM-100c 

31.5 −50 to 0 / −5 to 0 

Klemm 
et al. 
(2005) 

260 32 −33 to 5.5 
(total LWF) 

Eugster 
et al. 
(2006) 

74% / 
85% of 
43 days 

7.25 −63.4 to 0 / NA Pico del Este in 
Luquillo 
Experimental 
Forest (PR) 

Westbeld 
et al. 
(2009) 

16% of 
19 days 

4 −16 to 11 
(est. from  Fig. 2, 
−10 mean) / NA 

Tillandsia carpet 
in/near the 
Atacama Desert 
(CL) 

Degefie 
et al. 
(2015) 

2 2.5 −1000 to 750 (est. 

from  Fig. 8b /   10b) / NA 

25 km South of 
Paris at SIRTA 
(FR) 

El-Madany 
et al. 
(2016) 

11.6% 
of 

days 

24.8 ~-3 to 0 (est. 

from  Fig. 2f) / NA 

Tropical 
mountain cloud 
forest at Chi-Lan 
(TW) 

Tav et al. 
(2018) 

2 0 −72.2 
(Cypress) 

Houdelaincourt 
(FR) 

Precision 
balance 
for fog 
deposition 

−50 
(Grass) 
−28.8 
(Cabbage) 
−36.1 
(bare soil)  

a Particulate Volume Monitor, Gerber Scientific, Reston, VA, USA. 
b Forward-scattering spectrometer probe, Particle Measuring Systems, Inc., 

Boulder, CO, USA. 
c Fog Monitor, Droplet Measurement Technologies, Boulder, CO, USA. 

Spirig et al.

Table 3 
Literature values for gravitational and turbulent liquid water flux sorted by year 
of the respective publication. If reference reports only deposition velocity νsed, 
gravitational flux is calculated by νsed LWC (Eq. A.2). Values rounded to one 
decimal when derived from figures. Negative fluxes are a net gain for the 
surface and are standardized to mg m− 2 s− 1. Refer to Table 2 in Eugster et al. 
(2006) for mean deposition rates of turbulent flux in literature pre-2003 in 
forest ecosystems.  

# 
LWFG 

events 

15 

−1.8 

Droplet size distributions and liquid water content
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Both NRWI and FCMP increased within the first 15 min when the fog 
reached the station (Fig. 6C/D). While NRWI peaked at Gobabeb before 
the end of the event after a gradual increase, two phases can be seen at 
Vogelfederberg, roughly before and after 3:30. This separation coincides 
with the beginning of intermittent DSD/LWC. NRWI doubles during the 
second phase and reaches almost 0.5 mm (~0.37 mm above non-fog 
nights) despite fewer droplets and thus less total LWC than in the first 
phase (Fig. 6F). Regardless of DSD/LWC, the fog was strictly speaking 
still present as the visibility below 1 km indicates but either less dense, 
no longer quite in contact with the ground or in swaths. The cessation of 
FCMP in this second phase, the lack of droplets and the continued NRWI 
are possible signs for drizzle, that is water droplets that fall outside the 
resolved range of the CDP: Unlike the microlysimeters, fog collectors are 
sheltered with a hat, blocking vertical contributions by rain and drizzle. 

This intermittency is not easily captured by other means, e.g. satel-
lites such as the Meteosat Second Generation that was successfully used 
to derive fog and low cloud cover dynamics by Andersen et al. (2019, 
2020). While the satellite delivers an image every 15 min and could 
potentially capture the lack of droplets, the analysis of this event reveals 
no gaps in the cloud cover, confirming that the stratus is still above the 
station according to visibility and radiation values. Additionally, in the 
15 min window, a maximum of one to two pixels would be affected 
given the coarse spatial resolution of around 3 km at this latitude. While 
such a differentiation between intermittent and continuous fog on the 
ground might be possible, the constraints imposed by the spatial and 
temporal scale as well as the fact that the satellite sees the cloud top not 
the bottom necessarily limit the feasibility for such an approach in the 
scope of this article. 

Visibility during fog is mainly reduced by droplets below 10 μm 
(Gultepe et al., 2006, 2007). LWC, on the other hand, is primarily the 
result of large droplets, i.e. above 20 μm. Eugster et al. (2006) and 
Klemm et al. (2005), based on Kunkel (1984) and Pahl (1996) respec-
tively, report on the relationship between LWC and visibility: In the 
range from 1000 m to 200 m, LWC increases gradually with decreasing 
visibility and exponentially below 200 m visibility. Both adjusted the 
original equation to fit the specific relationship between LWC and visi-
bility to their measurements. Furthermore, Eugster et al. (2006) 
measured a variation of 5 to 250 mg m−3 of LWC when visibility is below 
200 m with 95% of 1611 half-hourly values below 47 mg m−3. In 
contrast, Klemm et al. (2005) found a broader range of 50 to 600 mg m−3 

when visibility was below 200 m. In comparison, we measured an LWC 
as low as 1 mg m−3 (hourly values) with concurrent visibility of just 
below 200 m (Fig. 7). As such, an exponential relationship between 
visibility and LWC is hardly suitable for Vogelfederberg due to the broad 
range of LWC. For Gobabeb (but not Vogelfederberg), a log-log rela-
tionship can also account for much of the variation of LWC and visibility. 
Fig. 8 highlights the combined influence of droplets and LWC. Compared 
to Gultepe et al. (2009), lower correlations are likely a result of i) the 
smaller range (<1000 m vs <1000 km) and ii) the larger scatter when C 
is high but LWC low (many small droplets). 

The demonstrated relation between visibility and LWC above (Fig. 7) 
for the two single events shown in Fig. 6 is persistent across all events 
between the two stations over the whole measurement period (Fig. 8). 
Gobabeb exhibits an exponential relationship similar to the one reported 
by Eugster et al. (2006), but Vogelfederberg does not. Eugster et al. 
(2006) note that “…, the scatter in the data [LWC vs visibility] is much 
larger, especially when fog is dense.”, which is the case for Vogelfe-
derberg. At Vogelfederberg, LWC is still generally lower during such 
dense fog events as a result of the different DSD: Large droplets increase 
LWC while smaller droplets reduce visibility (Gultepe et al., 2006, 
2007). It is therefore surprising that Vogelfederberg receives more FCMP 
than Gobabeb (Lancaster et al., 1984) despite the generally lower LWC. 

Fig. 9 illustrates that between visibility and total FCMP of events 
(variable duration), a connection is partially apparent: Per event FCMP 
at Gobabeb is generally lower and for the single event compared to 
Vogelfederberg, where the maximum per event FCMP is almost three 
times higher. For Gobabeb, events with FCMP above 1 mm occurred only 
when visibility fell below 200 m with one exception. Below this 
threshold, the per event FCMP varies from 0 to 2.5 mm and only reached 
more than 2 mm when visibility was below 100 m. Similarly, for 
Vogelfederberg, the per event FCMP reaches values above 0.5 mm at the 
same threshold of 200 m. Unlike Gobabeb, visibility often was below 
100 m which is associated with generally higher FCMP for such events, 
up to 7.5 mm. Below these visibility thresholds, the controlling variable 
for the FCMP of an event is the duration of the event (R of 0.66/0.76 at 
Gobabeb/Vogelfederberg) and the wide range of FCMP per event illus-
trates that a visibility value below this threshold does not by itself 
guarantee a high FCMP for an event (Fig. 9F). The general association 
between high amounts of total FCMP per an event with visibility below 
the respective thresholds indicates that LWC might generally increase 

Table 4 
Details of CDP (10 Hz temporal resolution, generally aggregated to 30 min), main devices in bold (non-rainfall water input, fog collector mesh precipitationand 
visibility, all in 1 min temporal resolution) and selected fog-related FogNet measurements for completeness at Gobabeb and Vogelfederberg (also 1 min temporal 
resolution), and the other relevant NaFoLiCA measurement. Locations in last column are not exhaustive (other FogNet stations, microlysimeters at FogNet site Coastal 
Met) and only lists the locations relevant for this study. Variables in bold indicate primary fog-related variables used in this article.  

Variable Meas. height 
(m) 

Device (Manufacturer) Unit Accuracy Locations  
(Campaign) 

Non-rainfall water input 0 mm 0.005 mma 

Vogelfederberg 
Gobabeb 
(NaFoLiCA) 

Counts of droplets sized 2 μm to 50 μm (Liquid water 
content with wind speed) 

2 # ≈ ± 5%b 

Wind components u, v, w 2 m s−1 ± 0.08 m s−1 for u and v 
± 0.04 m s−1 for w 

Air temperature and relative humidity 2 ◦ C % ± 0.3 ◦C 
± 3% 

Vogelfederberg 
Gobabeb 
(FogNet) 

Radiation 2 W 
m−2 

± <10% 
± <10% 

Surface temperature 1.9 ◦ C ± 0.2 ◦C 
Wind speed and direction 1.5 m s−1 ± 0.3 m s−1 

Visibility 1.5 m ±48 (±8 < 600 m) 
±60–1000 m (±10% 
600–10,000 m) 

Fog collector mesh precipitation 1.5 

Microlysimeter (self-constructed) 
CDP (Droplet measurement 
Technologies) 
IRGASON (Campbell Sci.) 
81000VRE (R.M. Young) 
CS215 (Campbell Sci.) 

CNR4 in Gobabeb 
NR-Lite in Vogelfederberg (Both 
Kipp&Zonen) 
IR120 (Campbell Sci.) 
Propeller vane (R.M. Young) 
Visibility Monitor CS125(a) 
(Campbell Sci.) 

Juvik fog collectors on Rain Gauge 
(R.M. Young) 

mm ± 2% 

Leaf wetness 1.5 Leaf-Wetness Sensor (Campbell Sci.) Ohm NA  

a Feigenwinter et al. (2020). 
b Faber et al. (2018). 
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with the decrease of visibility despite the variation of LWC at Vogelfe-
derberg (Figs. 7/8). Furthermore, fog according to textbook definition 
(visibility below 1000 m) is not sufficient to expect large amounts of 
FCMP, instead denser fog (~≤ 200 m) is required for significant water 
input (~≥1 mm). Finally, the higher amounts of FCMP and the inter-
mittent LWC at Vogelfederberg indicate that visibility is well suited for 
fog presence and density but not for quantification of fog water input 
itself. The same analysis (not shown) with mean visibility instead of 
minimum visibility describes a similar difference with no apparent 
change in threshold for Gobabeb or a slightly higher threshold for 
Vogelfederberg at 300 m. 

4.4. Liquid water content compared to fog collector mesh precipitation 
and non-rainfall water input 

The transfer of water in the air (LWC) to the fog collectors (FCMP) or 
the microlysimeters (NRWI) illustrates once more the variability be-
tween the sites and the various quantifications of fog water input 
(Fig. 10). For Gobabeb (Fig. 10A/C), the respective correlations indicate 
that LWC and the FCMP rate are partially connected, i.e. the more LWC, 
the higher the FCMP rate. This connection is reduced for sampling ef-
ficiencies due to the inclusion of further factors (angle of incidence, 
wind speed). The stark difference in the correlation of LWC to FCMP 
between the two SATs at Gobabeb (0.945 Young vs 0.475 IRGASON) is 
the result of the limited underlaying data of three months, which in-
cludes less variation (cf. Fig. 4). 

The FCMP rate is higher at Vogelfederberg than at Gobabeb as to be 
expected from the generally higher FCMP at Vogelfederberg. The 
different rates are also a consequence of the different wind speed at the 
two locations which is on average 1 to 2 m s− 1 higher at Vogelfederberg 
(compared to an average of 2–3 m s− 1 at Gobabeb). That the rate 

increases with higher wind speed is a general trend throughout many 
FogNet stations in the fog zone 30–50 km inland as a result of increased 
transport of foggy air, respectively total air volume (≈ event duration ×
wind speed). The correlation between total air volume and total FCMP at 
Gobabeb (Vogelfederberg) for the full FogNet dataset of five years is 
0.695 (0.692). An in-depth analysis for this connection will cover the full 
data set of all FogNet stations in a future article. 

The actual correlation between LWC and FCMP is lower due to the 
lack of bigger droplets (and thus lower LWC) during the austral summer 
months. For events with low average LWC (red dots in Fig. 10A/D) at 
Vogelfederberg, FCMP rates are not significantly different than during 
events with higher LWC. A possible reason for the low LWC could be that 
droplets were not resolved either due to being out of focus and thus 
rejected by the CDP or that droplets outside the 50 μm range were 
present. As the CDP performance was satisfactory during other events, it 
seems more likely that during such events droplets outside the CDP 
range led to the “normal” FCMP at Vogelfederberg. 

The lower FCMP rate at Gobabeb compared to Vogelfederberg 
(Fig. 10A/D) is in part also an effect of the generally lower wind speeds 
(different behaviour at Vogel. 

Feigenwinter et al. (2020) reported a general lack of correlation 
between NRWI to FCMP in the Namib. Equally, we only found a corre-
lation for LWC and NRWI at Vogelfederberg, which is not reliable due to 
the low number of events. Furthermore, the events showcased in Fig. 4 
cast doubt about the direct connection between NRWI and FCMP and by 
extent, LWC. A detailed investigation of a reliable connection (or defi-
nite lack thereof) would require more data than available in this study. 

Our efficiencies (right-hand scale in Fig. 10) are relatively low 
compared to other sites (Montecinos et al., 2018): At Gobabeb values are 
regularly below 5%, and the correlation for the Young is again higher 
due to only 11 events (Fig. 10C). Efficiencies are higher at Vogelfeder-
berg but still below 10%, regardless of actual values of FCMP as the low 
or even negative correlation indicates (Fig. 10F). Interestingly, all the 
events with a higher total FCMP exhibit lower efficiencies, potentially 
linked to the fog event characteristics: Fog events appear front-like and 
are most intense during the first two to three hours in terms of FCMP and 
LWC. Overall, efficiencies vary less due to the longer duration in the 
Central Namib than near the Atacama Desert in Chile (most events were 
below 2 h, see Table 1 in Montecinos et al. (2018)). 

4.5. Liquid water flux 

At both locations, we registered both positive and negative LWFT 

Location Gobabeb (#) Vogelfederberg (#) 

Days with any data (out of) 196 (251) 320 (338) 
Fog events 60 107 
Events with visibility >1000 m 9 16 
Events with a duration below 30 min 1 3 
Events with max LWC < 5 mg m−3 7 34 
Fog events available for analysis 43 56  

Fig. 3. Timeframe of CDP setup at Gobabeb (no fill) and Vogelfederberg (grey filled). Lines indicate when a fog event occurred during the night when the selected 
threshold on the left axis was passed at least once (visibility ≤ 1000 m, FCMP > 0 mm, C ≥ 10 cm−3, LWC ≥ 5 mg m−3). Only events with a duration of more than 30 
min were considered valid. Length of markers for the respective parameter have been scaled according to measured values when: Duration of visibility < 1000 m was 
less than 3 h, FCMP was below 1 mm, mean C was below 10 cm−3, max LWC above 5 mg−3 but average LWC below. If the markers for visibility and FCMP are red, 
LWC did not exceed 5 mg m−3. Most data files from December 2017 to February 2018 were irreparably corrupted and the period is marked with NA and in red. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Number of total fog events and the number of events that have been excluded 
due to short duration, too high visibility or too low LWC and the final number of 
fog events used for analysis at the two locations.  
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Fig. 4. Average diurnal DSD and LWC per bin as well as total average LWC (blue, right axis) at Gobabeb and Vogelfederberg for each month based on 1-min CDP/ 
IRGASON data (Young SAT exhibits the same DSD/LWC). 40 μm size marked in red for DSD to denote larger droplets with red triangles marking the average 
beginning and end of fog events in the particular month. The number of events and the average monthly sum of fog collector mesh precipitation (mm) is given in the 
boxes and is based on days with maximum LWC above 5 mg m−3. Empty panels indicate that no fog events occurred at the respective site during the month. Red 
background indicates a month without data due to either corrupted data files or when the setup was never present in that month at the specific location. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 11). Substantial fluxes occurred primarily during the first three 
hours – roughly the first, more intense half of the example events. The 
deposition (negative fluxes) by LWFT is comparable to other studies, 
albeit in the lower range (see Table 3). On the other hand, the maximum 
positive fluxes at Vogelfederberg are higher than any of so far reported 
values in the literature with the exceptions of Westbeld et al. (2009) for a 
Tillandsia carpet towards the end of a fog event and Degefie et al. (2015) 
in a semi-urban area. Other substantial upward fluxes in the range of 0 to 
5 mg m−2 s−1 have only been reported by Burkard et al. (2002) and 
Klemm et al. (2005) respectively. Downward LWFT were less consistent, 
i.e. intermittent, compared to other studies, probably as an outcome of
the stratus deck intersection with the ground: Unlike radiation fog that
generally appears towards the early morning, fog in the Central Namib
appears soon after nightfall, controlled more by a larger-scale circula-
tion and less by the local processes (Andersen et al., 2020).

The main difference between Vogelfederberg and Gobabeb is the 
relative contribution of LWFT and LWFG during these two events. At 
Gobabeb, LWFG is the dominant component due to low LWFT and vice 
versa in Vogelfederberg. Compared to the other LWF two components, 
LWFC is negligible: Where Eugster et al. (2006) reported a 74% increase 
of total LWF due to consideration of LWFC, the LWFC at both sites was 
almost zero. These low values are a direct consequence of the controlling 
factors, the low average vertical velocities (~0.2 m s−1 ± 0.1 m s−1 here 
vs ~2 m s−1 in an elfin cloud forest in Eugster et al. (2006)) and a very 
consistent temperature (10 ◦C vs roughly 20 ◦C in Eugster et al. (2006)). 

Total LWF was in the same order of magnitude or even larger than 
NRWI on the respective days (cf. Figs. 6, 0.12 mm NRWI and 0.33 LWF at 
Gobabeb, 0.35 mm NRWI and 0.42 mm LWF at Vogelfederberg). How-
ever, an analysis of the same fog event (Figs. 6B/8B) illustrates that a 
direct connection is unlikely: NRWI roughly doubled in the second phase 
that began at 3 UTC and ultimately peaked at 7 UTC. During this time, 
LWF deposition was small, especially during the phase of intermittent 
LWC from 4 UTC on. Consequently, a direct link between NRWI and LWF 
(or any of its components) is unlikely, regardless of location. 

4.6. SAT performance and comparison of LWF 

Distributions of LWFT of the two SATs (Fig. 12A/B) are similar at 
each site. Flux values varied mainly between − 25 to 25 mg m− 2 s− 1 and 
negative flux values occurred slightly more frequent than positive ones, 
resulting in an overall net gain by fog despite the regular upward fluxes. 
The shift towards upward fluxes for the Young SAT at Gobabeb might 
again be a result of the limited sampling period and the specific months 
(February/March, see seasonal analysis in Fig. 4). For LWFG (Fig. 12C/ 
D), both SATs perform similarly at both sites, an indication that the SATs 
measure similar wind speeds (the varying factor for the calculation of 
LWC and by extent LWFG, cf. Eqs. 2 and A2 respectively). 

Regarding LWFT, the side by side performance of the two SATs is 
puzzling. The correlation for LWFT (Fig. 12E/F) is i) lower than the 
positioning of the SATs with less than 1 m distance (Fig. 2) would 
intuitively suggest and ii) is lower than the R of 0.864 (R2 of 0.746) 
reported by Burkard et al. (2002) for a two-device set up with a vertical 
distance of 9 m. The fit coefficients of 0.432 and 0.441 indicate that the 
IRGASONs LWFT fluxes were generally larger at both sites. The relatively 
low correlations of the vertical wind component w (Fig. 12G/H), but 
high correlation (R > 0.983) for standard deviation σw (Fig. 12I/J) in-
dicates that the low correlation of LWFT likely stems from the variation 
of w that is included via the wind speed in calculations of LWC. Corre-
lations between the two SATs of the other wind components and 
respective standard deviation (u, v, σu and σv) were above 0.993 (not 
shown). Such small scale variability is a characteristic feature of fog 
(Gonser et al., 2012) rather than a difference arising from the use of two 
different SATs. Correlation for w between the two SATs was 0.864 at 
Gobabeb and 0.92 at Vogelfederberg when considering the envelope of 
±30◦ around sonic north only, i.e. the same criteria as applied for fog 
conditions. As to be expected, no threshold for σw that was found to be 
crucial for radiation fog (e.g. Price et al., 2018) was found due to the 
different origin of fog in our study (stratus intersection). 

The analysis of El-Madany et al. (2013) of several SATs during foggy 
conditions demonstrated that all of them performed well during fog and 
non-fog conditions. The correlation between a CSAT3 (SAT most similar 
to the IRGASON) and a Young 81000VRE was 0.976 for σw

2 (N: 96) and 

Fig. 5. Aggregated values of the average event versus time, based on 5-min data of all events from Table 5 for the sites Gobabeb (A/D) and Vogelfederberg (B/E). The 
average DSD and LWC (based on IRGASON data) of all fog events are calculated by moving the respective start of each event to 0 h before the averaging. Panel A/B 
depict the DSD (colourmap) and average visibility (black dots), whereas panel D/E show average LWC per bin (colourmap) and average LWC (blue). Panels C/F 
represent the differences between the two sites with respect to DSD and LWC and the number of events (white line). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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the Young underestimates σw
2 by roughly 0.16. The direct comparison of 

σw (Fig. 12I/J) demonstrates that both sonics performed very similar. 
Analysis of quality flags that would indicate a performance issue of 
IRGASON and Young SAT indicated no problems during the main part of 
the events. Towards dissipation of a fog event, when LWC was already 
low and turbulence was already dampened, data were however infre-
quently flagged with regards to all events and mainly for the IRGASON. 
The side-by-side comparison of the Young SAT to the IRGASON (Fig. 12) 
and frequency distribution of LWCT versus stability (not shown) did not 

indicate any influence on the recorded fluxes. This comparison, the 
unexpectedly large amount of upward fluxes and the missing temporal 
connection to NRWI lead us to believe that the EC framework is of 
limited use to connect the ecosystem input with NRWI. 

5. Conclusion

We probed fog events at the two sites Vogelfederberg and Gobabeb of
the FogNet network in the Central Namib Desert where fog is generally 

Fig. 6. Details of two typical fog events. A/B: DSD (colourmap top), absolute humidity (blue line) and visibility (white line). C/D: FCMP (blue line, cumulative sum), 
NRWI during the specific night (orange line), average NRWI from non-fog nights (dashed orange line) and net radiation (white line). E/F/: LWC per bin (colourmap 
bottom) and total LWC (black line). Left hand column depicts measurements at Gobabeb on the night of 10/11.09.2017, right hand column shows measurements at 
Vogelfederberg on the night of 09/10.03.2018. NRWI has been normalized to 15 UTC and time of sunrise is indicated with a red line. Note that only the IRGASON 
was installed at the respective site on dates of the events. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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linked to a nocturnal inland movement of the quasi-permanent stratus 
deck. Despite being exposed to fog from the same origin, the two sites 
have shown distinctively different fog regimes in terms of longer dura-
tion and especially higher fog collector mesh precipitation at Vogelfe-
derberg. We found that even the droplet size distributions and therefore 

liquid water contents at the two sites are different on average and also 
seasonally distinct: Surprisingly, the higher fog collector mesh precipi-
tation occurs at the site with lower liquid water content. Possible causes 
might be i) smaller droplets are more efficiently collected, ii) the higher 
wind speeds at Vogelfederberg (~ 1 to 2 m s−1), and iii) on average 

Fig. 7. LWC vs visibility (smaller markers) over the course of the same events as in Fig. 6 using 5-min averages, colourmap for passed hours since the start of the fog 
event. One-hour averages (larger dots connected with dotted line) are annotated with the specific hour they represent. Fit (black line) and ±10% interval (dark grey) 
overlain on fog, i.e. visibility below 1 km (light grey). 

Fig. 8. LWC versus visibility at Gobabeb (A) and Vogelfederberg (C) and the relationship of 1
LWC*C after Gultepe et al. (2009), again for Gobabeb (B) and Vogel-

federberg (D) Each black dot represents a 5-min value, black boxes the first to third quartile with the median as a black line, black whiskers 1.5 the interquartile 
range. Events with a duration of less than half an hour have been excluded. The solid lines in A/C denote the relationship between LWC and visibility given in Klemm 
et al. (2005) (blue) and Eugster et al. (2006) (orange) respectively. In B/D, orange represents the fit of Gultepe et al. (2009), blue the fit adjusted to our data. Only the 
coefficients for the adjusted fit are reported. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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longer duration of fog events at Vogelfederberg or iv) most likely a 
combination of the three with varying importance depending on the 
single event. 

The usually exponential relationship between liquid water content 
and visibility reported by other studies Eugster et al. (2006); Klemm 
et al. (2005) does not fit the situation at Vogelfederberg. Inclusion of 
droplet concentration together with liquid water content resulted in low 
correlations of around 0.24. This is in contrast with other studies (Gul-
tepe et al., 2006, 2009, 2016)] where droplet concentration correlates 
well with visibility. This difference to other studies is primarily due to 
the droplet size distribution at Vogelfederberg and in part due to the 
lower threshold of visibility below 1000 m employed for our compari-
sons. Generally, visibility was lower at Vogelfederberg than at Gobabeb, 
likely due to the high number of small droplets at Vogelfederberg that 
only marginally affect liquid water content but strongly affect visibility. 
Furthermore, a minimum visibility of less than 200 m seems to be linked 
to a total fog collector mesh precipitation of 2.5 mm and more during an 
event. 

The temporal development of two typical fog events and the overall 
statistics demonstrate the complexity of fog and its quantification in the 
Central Namib: fog collector mesh precipitation is linked to liquid water 
content but to a greater extent at Gobabeb than at Vogelfederberg. 
Conversely, non-rainfall water input can enter a second collection phase 
when droplets are sparse or non-existing. At the same time, fog collector 
mesh precipitation has ceded, but fog is still present according to visi-
bility. Ultimately, the lack of droplets with the concurrent collection of 
non-rainfall water input in the microlysimeters demonstrates the dis-
crepancies between the different approaches: These patterns suggest 
that i) the two sites Gobabeb and Vogelfederberg are often located in 
different layers of the stratus deck with a different droplet size distri-
butions and ii) drizzle, and vertical deposition, might be an under-
estimated influence in the Central Namib fog, especially at 
Vogelfederberg. (Semi-)Permanent vertical profiles could help alleviate 
some of the related uncertainty and should be included in future studies 
to resolve the actual vertical dynamics. Ultimately, it is also unlikely that 
drizzle alone explains the higher fog collector mesh precipitation at 
Vogelfederberg as the fog collectors are shielded from the vertical input 

and precipitation data that could indicate drizzle was zero during the 
example fog event at Vogelfederberg when non-rainfall water input 
doubled (Fig. 6). 

Values of the liquid water flux components were generally similar to 
other studies in mid-latitude forests or tropical montane cloud forests. A 
notable exception was the minimal condensation flux (≤1% of total 
liquid water flux). These low values are mainly a result of the low 
temperature (~<10 ◦C) and low vertical wind speeds (~ < ∣0.2∣ ± 0.1 m 
s−1) compared to Eugster et al. (2006) (20 ◦C and 2 m s−1). Turbulent 
liquid water fluxes exhibit a similar distribution at both sites, despite the 
demonstrated differences of droplet size distribution and liquid water 
content. We further recorded significantly more half-hours with a pos-
itive liquid water flux compared to other studies, likely a result of either 
low turbulence due to the particular nature of fog in the Namib, or the 
intermittent fog at Vogelfederberg. A further limitation is the use of a 
single eddy covariance setup instead of several simultaneous setups at 
different measurement heights or sites which would allow for further 
comparisons and investigation of the often positive turbulent liquid 
water flux and shed light on the importance of the three dimensional 
structure of turbulence in the stratus interception fog type. Overall, 
liquid water flux expresses a partial relation to fog collector mesh pre-
cipitation, but less so to non-rainfall water input. Relating the non- 
rainfall input to other quantities might still be possible when drizzle is 
resolved with additional measurements and the seasonal variation of 
fog, especially in Vogelfederberg, is thoroughly sampled. 

In summary, our findings indicate that the fog in the Central Namib is 
very variable in space and time in terms of measured water input by any 
method. Underlying causes for this can be i) the difference in 109 m 
elevation between our two sampling stations, affecting the layer of the 
cloud that intersects with the ground at a specific location leading to 
varying droplet size distributions at the two sites, ii) the presence of 
drizzle that is likely only resolved by the microlysimeters and thus in-
fluences mainly non-rainfall water input and iii) the overall dynamic 
origin of the fog from the quasi-permanent stratus deck off the Namibian 
coast and its seasonal variation, which directly extends to single fog 
events. The findings of this study are most likely limited in scope to the 
fog particular to the Namib desert as other fog types exhibit no or lower 

Fig. 9. Distributions of fog events (variable duration) by FCMP event sum (A, D) and minimum visibility (B, E) at Gobabeb (A, B, C) and Vogelfederberg (D, E, F) over 
the full timeframe (09.09.2017 to 20.04.2019), regardless of CDP data availability at the specific location. Events with durations less than one hour to ensure 
sufficient time for FCMP to occur have been excluded. Visibility below 50 m was never registered. 
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degrees of intermittency and may vary less in space and time due to the 
dynamics that drive the fog in our study area. 
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Python functions for CDP related quantities (e.g. LWC), the redis-
tribution of CDP/FM bins of both Gonser et al. (2012) and Spiegel et al. 

Fig. 10. Average LWC versus average FCMP rate (A, D), average NRWI rate (B, E) and collection efficiency after Montecinos et al. (2018) (C/F) at Gobabeb (A, B and 
C) and Vogelfederberg (D, E and F) on a per-event basis for events lasting at least half an hour. Markers scaled according to event duration. Fits (solid line and 10%
area in the respective colour) for both SATs, IRGASON (grey) and Young (blue), have been forced through zero. Events with an average LWC below the LWC
threshold (dotted red line in A/B/D/E) have been drawn in red but removed for the analysis. The right-hand scale is valid for panel C and F only. Events without any
FCMP or NRWI have been removed (cf Table 5). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 11. Half-hourly LWF components: 
LWFT (black), LWFG (blue) and LWFC (or-
ange) on the night of 10/11.9.2017 at 
Gobabeb (A) and on the night of 9/ 
10.3.2018 at Vogelfederberg (B) calculated 
with the IRGASON (Young not available at 
the specific dates). Filled areas represent the 
cumulative sum of the fluxes of the single 
components converted to millimetres 
(−0.33 mm/−0.42 mm as gain for the sur-
face). Grey background denotes visibility 
below 1000 m. Note that LWFC is scaled by a 
factor of 100 for the half-hourly curves. Red 
vertical lines indicate sunrise. (For inter-
pretation of the references to colour in this 
figure legend, the reader is referred to the 
web version of this article.)   
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Fig. 12. Frequency distribution of 
LWFT (A/B) of IRGASON (black) and 
Young (blue), the relation between 
LWFG and LWC (C/D). Comparison of 
the two SATs in term of calculated 
LWFT (E/F), the vertical wind speed w 
(G/H) and standard deviation _w for 
Gobabeb (left column) and Vogelfeder-
berg (right column). Only values from 
half-hours with LWC > 5 mg m−3 are 
included. Note that points in E to J only 
represent periods where both SATs were 
installed and returned valid data. Red 
points in H/J are outliers when water on 
the transducers a_ected IRGASON mea-
surements and have been excluded from 
correlation and fit. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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Appendix A. Liquid water flux components 

The calculation of LWFT is based on the eddy covariance framework as detailed further in Appendix B and can generally be calculated via 

LWFT =
(

LWCi − LWC
)

(wi − w)

= w′ LWC′

(A.1)  

where instantaneous values are denoted by the subscript i, half-hourly averages are denoted by the overbar and ' is the deviation of the instantaneous 
value from the half-hourly mean. The second line is the result of w = 0 after the coordinate system is aligned to the mean streamlines via 2D rotation 
(see Table B.6). Measurement accuracy is estimated to be 0.14 mg m−2 s−1 from spectral analysis according to Eugster et al. (2001). 

The gravitational liquid water flux (LWFG) is primarily relevant for larger droplets. The calculation is based on Stokes' Law and follows Westbeld 
et al. (2009), based on Beswick et al. (1991) with ρw and ρa as density of water and air respectively, νsed as sedimentation velocity and ηa as the dynamic 
viscosity of air: 

LWFG =
∑x

i=1
νsed LWCi

=
∑x

i=1

−g mi
2 (ρw − ρa)

18ηa
LWCi

(A.2) 

The condensation flux (LWFC) accounts for the distance between z1 the roughness length for the LWC deposition and the measurement height zm. 
For completeness, z1 is given as the sum of roughness length z0 and displacement height zd where the latter is zero in our study area. The calculation of 
the condensation flux follow from Eqs. 9–11 in Eugster et al. (2006): 

LWFC = cosβ
∫ zm

(z0+zd )

w
∂ρv,s

∂T
∂T
∂z

≈ cosβ (zm − z0)w
LvE
Rs

2
∂T
∂z

(A.3)  

with β the angle between local streamline coordinate and surface (that is the angle of the 2D rotation for the vertical component w), w the average 
vertical velocity (before the 2D rotation w is not zero), ∂ρv,s

∂T the relationship between saturation vapour pressure E and temperature T and ∂T
∂z the moist 

lapse rate (temperature and humidity dependent). It follows that a small average w leads directly to a small LWFC. 
Furthermore, an advection term, LWFA, should be included (Aubinet et al., 2003; Feigenwinter et al., 2004; Klemm et al., 2005). We forego its 

calculation here because a proper determination of this term would require several distributed fog droplet samplers. A rough estimation as outlined by 
Eugster et al. (2006) leads to roughly 0.00075 μg m−2 s−1 for the advection term, whereas other LWFs - especially LWFT and LWFG are on the order of 
several to tens of mg m−2 s−1, i.e. at least six order larger. The total deposition of liquid water is then the sum of all the LWF components: 

LWF = LWFT + LWFG + LWFC ( + LWFA) (A.4)   

Application of Eddy Covariance relies on unstable or neutral conditions when turbulence is well developed (e.g. Aubinet et al., 2012; Mahrt, 2014,
1999, 1998), where stability defined as 

ζ =
zm − zd

L
(B.1)  

is negative. Here, zm is the measurement height, zd is the displacement height (here zero), and L is the Monin-Obukhov length, itself defined as 

L =
u*

3

κ
g
¨

Θv
w′ Θ′

v

(B.2) 

Spirig et al.

(2012), the calculation of the gravitational flux LWFG (Westbeld et al., 
2009) and condensation flux LWFC (Eugster et al., 2006) are available at 
https://github.com/spirrobe/cdp. Furthermore, an example CR3000 
logger program to setup and communicate with the CDP is included for 
completeness in the repository. 
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with u* as friction velocity, κ as von Kármán constant, g gravity acceleration, θv the average virtual potential temperature and θv′ the instantaneous 
virtual potential temperature (approximated by the SAT temperature), respectively w′ Θ′

v the kinematic flux of virtual potential temperature.  
Table B.6: Eddy covariance processing steps with applicable references for each half-hour of data.  

Correction/Filter applied on Details and parameters 

Application of quality flagging by IRGASON When IRGASON diagnostic variables are set (non-zero, that is signal strength falls below 0.7), the corresponding data (u, v, w, T 
for SAT flag, H2O, CO2 for infrared gas analyzer flag) is set to NaN. 

Resizing bins (Gonser et al., 2012) Combining the original 30 droplet classes into 23 classes according to Table 1 in El-Madany et al. (2016). 
Iterative de-spiking (Aubinet et al., 2012) Removal of values outside a 3.5 + 0.3x times standard deviation envelope where x represents the number of the iteration starting 

at zero going to four. 
Gap filling (Aubinet et al., 2012) Existing/resulting gaps up to one second filled with mean of half-hour window to avoid influence on covariance. 
Linear detrending (Aubinet et al., 2012) Applied to scalars (ρw, ρa, LWC) for calculation of corresponding fluxes. 
Wind direction filter (El-Madany et al., 2016; 

Gonser et al., 2012) 
Only data during winds from sonic/CDP North ±30◦, that is with no or little flow obstruction, were kept for further analysis. 

D rotation (Wilczak et al., 2001) Coordinate rotation to stream coordinates. 
Covariance maximization (Aubinet et al., 2012) Accounts for the time lag between scalar values (H2O, CO2) and the vertical wind component due to spatial separation for up to a 

maximum of five seconds. Applied only for IRGASON trace gases in conjunction with Young wind data, listed for completeness 
and not investigated here. 

Spatial separation (Horst and Lenschow, 2009) Attenuation due to spatial separation of 2 m (IRGASON) and 1.2 m (Young).  

Table B.6 contains the detailed steps of data processing that we applied to each half-hour of data, in order of application: We de-spiked SAT data 
iteratively and gap-filled them with the mean, while we detrended the other scalar time-series. For completeness, we choose to apply the covariance 
maximization for the density of trace gases (ρH2O, ρCO2) only for data from the Young since the trace gas measurement path is co-located with the sonic 
transducers for the IRGASON SAT. We removed data with wind directions from sonic south before applying a 2D-rotation. The spatial separation 
between CDP and each SAT was accounted for with the HATS model (Horst and Lenschow, 2009). 
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Our setup of sonic anemometer-thermometer with cloud droplet probe was the first to give
insight into the droplet size distributions during fog in Central Namib. The extended sam-
pling period is rare compared to other studies. Thanks to the long-term measurements,
the seasonality of fog could be captured, demonstrating distinct differences between
the two sites that are possibly linked to their elevation rather than their fog type (cf.
Figure 1.2). However, liquid water content at the two sites shows the opposite of the
expectation (higher liquid water content at the site with more fog precipitation). A potential
issue could be the performance of the cloud droplet probe that rejected many droplets as
out of focus during several fog events (Figure 5.3). Crucially, the droplet site distribution
at Vogelfederberg shows a lack of larger droplets (more indicative of advection fog) but a
higher amount of small droplets (that reduce visibility). As a result, the typical relation
between liquid water content and visibility is not a good fit here.

Two example events further portray the complexity of the different sampling approaches
of fog deposition and fog precipitation as the former continues despite very intermittent fog
and the latter ceases. Finally, it appears that liquid water content can be connected to fog
precipitation at the site Gobabeb where a broad droplet spectrum is frequent. Turbulent
liquid water fluxes are more frequent upward than in other studies as turbulence may play
a lesser role in the Central Namib fog compared to other locations. Other components of
liquid water flux, especially gravitational settling, are therefore as important as turbulent
deposition.

The following chapter will give a short summary of this thesis, summarising the findings
of the three publications and presented fog climatology.
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Chapter 6

Summary and conclusions

View from a dune towards just south of Gobabeb with clouds illuminated from the setting sun
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Summary and conclusions
Fog is a defining phenomenon in the Namib. Despite the intensive research over

almost the last eighty years, many questions are still open. Spatial patterns can be
updated today with FogNet data, but the normal definition of climate intervals is 30 years,
making the 5 years of FogNet almost pale in comparison. It is therefore crucial to keep
the network running, and if possible even extend it. Ground measurement are after all an
important but not the only part of the complex question that arises from the nocturnal fog.

NaFoLiCA is (or will have been) an important step towards understanding the phe-
nomenon of cloud interception fog and its drivers better. The three partner projects each
contributed substantially to understanding not only the fog but also the dynamics of fog
in the region. Due to the similarities in other regions, methods can be expected to be
transferred to other regions with similar meteorological conditions (see chapter 2).

Yet, as always, further research remains. The dynamics of the stratus and its landfall
are challenging to model due to combination of requirements (turbulence schemes,
vertical resolution, initial conditions). The top view of the stratus by satellites is inherently
limited due to the opaque nature of fog (at least when thick/dense like in the Namib).
Seeing the development and the connection to the stratus appears easy but is at the
same time hard to quantify, even more so to determine the exact landfall and to quantify
the fog water input on the ground. Conditions that lead to the inland advection of the
stratus deck seem to be linked to pressure anomalies, but the extent of inland advection,
whether interception occurs and if so, at which height is not completely understood.

Despite measuring directly in the fog with many different devices, not all questions
can be answered as the following points illustrate:

• If fog evaporates within 1 to 2 days, how much water do organisms exactly take
up in relation to the amount of fog precipitation? Is there a dependence or does
the behaviour and adaptations to fog allow sufficient harvesting regardless of the
amount of water in the fog?

• How does the droplet distribution (and liquid water content) look at the stations
between Vogelfederberg and Gobabeb? Is it a gradual change between the two
regimes or is Vogelfederberg often just out of the fog and registering smaller bands
of fog?

• Can rejected droplets be used as an indicator for drizzle?

• When the stratus intersects, does it move further up the slope, that is, does the
movement continue and if it does, what effects does this have on the conditions on
the ground (wind speed/liquid water content/fog precipitation)?

• How does an apparent forth-back swapping in the satellite videos of the stratus
relate to measurements on the ground and the 3D-movement of the stratus?
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• If fog often appears from the north as indicated by the wind regime, how is fog
precipitation north of the transects? (Only one SASSCAL station is located in this
area, namely at Wlotzkasbaken and is therefore subjected to a coastal fog regime).

• How representative are the ground measurements of fog for the stratocumulus deck
off the coast? Is the varying liquid water content related to the original conditions in
the stratus or changes during the advection?

Ultimately, while progress has definitely been made, the goal to understand all aspects
of our fascinating planet (Figure 6.1), all its large and small features, their interactions
and changes over time is an ongoing and likely endless journey.

Figure 6.1: "Islands in the sky". Creative Commons from the Johnson Space Center of
the United States National Aeronautics and Space Administration
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Appendix A

History of fog research in the Central
Namib

Meteorological fog research in the Central Namib has a long history and primarily consists
of measurements of fog precipitation and of the wind regimes (not-exhaustive list):

• The stratus was first probed in 1941 and fog at the coast was described as advection
(Benguela current cools moist air above it), inversion (drizzle falling from low clouds
and evaporating in the air below) and radiation fog (primarily in austral winter due
to nocturnal cooling) (Jackson 1941). The stratus base was estimated to be ∼ 250
to 300 m above ground, its height as ∼ 300 m, that is a cloud top at around 600 m
above ground. This study strictly reported on fog at the coast.

• Nagel (1962) reports fog precipitation values for Swakopmund of radiation and
advection fog, finding that fog precipitation is up to 82 times the monthly rainfall
and 7.3 times the annual rainfall, highlighting that not only does fog occur but it is a
relevant water balance term for the Central Namib.

• Taljaard (1979) proposes a model of inland fog that is linked to the stratus as a result
of the subsidence inversion, limiting the stratus to a few hundred meters. No data
are available to support this model, but the later study by Andersen et al. (2019)
supports this model and extends it with the seasonality as the initial sketch dealt
only with austral summer (Figure 2.3 respectively Figure 2.9).

• Tyson and Seely (1980) extend the model of Taljaard (1979) with distributed mea-
surements of wind, proposing three main wind types, the sea breeze, plain-mountain
and mountain-plain winds. Additionally, up-valley and down-valley winds may occur
as a result of the ephemeral river beds that channel the plain-mountain/mountain-
plain winds or even the sea-breeze. While fog is not the central aspect of these
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History of fog research in the Central Namib
wind regimes, it is a very regular feature and the inland movement of the stratus is
usually explained as the sea-breeze or plain-mountain winds bringing/pulling the
stratus inland (or bringing advection fog up the slope towards the escarpment until
Gobabeb).

• Lancaster et al. (1984) is the primary source for the spatial patterns of fog. Later
studies continued at some of the same locations. Yet, little new research has been
conducted to quantify and confirm trends and patterns. Often this publication has
been missquoted as “... [the spatial pattern] has been ascribed to the interception of
low stratus clouds by the land surface (Lancaster et a. 1984)” (Olivier 1995), whereas
the original publication does neither explain the pattern nor give an indication about
the fog type that occurs (a simple text search in the source returns 56 matches for
fog, 1 for stratus (at the coast), 1 fog related match (quoted below), all matches for
radiation are related to radiation, not fog, and 0 matches were found for either "high
fog" or "interception"/"intercept"). Examples of fog events usually demonstrate fog
precipitation at night (with one exceptional small amount at Rooibank during the
day when relative humidity was below 50 %), Figure 40 in the original publication).
Within the text advective fogs are mentioned as follows: “As Figure 24 shows there
was some topographic funneling of northerly winds up the Kuiseb valley from 09h00
to 15h00, so creating a local up-valley wind on summer mornings. Winds from this
sector were responsible for bringing advective fogs inland.”. With the aforementioned
exception during the day that is suspicious due to the low relative humidity, fog
occurred after midnight when winds came from a northerly direction (not west as
they do from 9 to 15 SAST). While the most reliable source in terms of established
measurements, some doubt may be mandated related to i) how Lancaster et al.
(1984) is cited by other sources and ii) the argumentation for single events.

• Manuscripts from Estie (1986) do contain results about the fog type/fog occurrence
according to citations from other sources of the literature around that time and soon
after but either cannot be found or are unpublished.

• Vendrig (1990), although unpublished, makes the case that is it rather unlikely that
fog in Gobabeb is originally advection fog, transported via up-valley winds due to
moisture loss along the way even if ascending the terrain could potentially lead to
lower temperatures and strengthening of fog air mass along the way. Furthermore,
the timing of advection with the sea breeze in the late afternoon does not agree with
i) the typical nocturnal fog and ii) the timing of fog inland (subsection 2.3.1). Vendrig
(1990) instead propose that the "high fog", or cloud interception fog is the main fog
type inland, and link it to the stratus.
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• Lindesay and Tyson (1990) further expanded the model of Tyson and Seely (1980)
but neither publication mentions fog. The link between the schematics of the wind
regime and the fog inland therefore has to be implicitly assumed, based on the peak
fog season and the direction fog appears from. The reality is, that the drivers for the
mountain-plain wind (differential thermal surface heating) should not extend as far
into the night and neither should the sea breeze. However, as the wind analysis in
subsection 2.4.2 shows, typical winds are from a northern sector (roughly NWN to
NNE) for the inland stations, which would agree with plain-mountain winds. Together
with the animated satellite videos, the movement of the stratus appears to also
come from roughly the same northern sector in most cases.

• Olivier (1992)’s results indicate a strong connection with regards to the connection
between inland advection of the stratus and inland fog occurrence: Out of 72 fog
events inland at Gobabeb, the stratus cloud was overhead during 80 % of them
or preceded in 65 % of the cases. Simultaneous fog that would indicate direct
advection up the slope only occurred during 17 % of the cases. In only 9 % of the
events, coastal fog preceded inland fog.

• Seely and Henschel (1998) further refer to "high fog" (= cloud interception fog) as
an underestimated phenomenon in the fog zone, but do not exclude advection fog
near the coast as the distinction between cloud interception when the stratus is low
to advection fog is challenging and is bound to partially overlap.

• Hachfeld and Jürgens (2000)1 collected fog, fog-drizzle and rain along two transects
in the northern part of the Central Namib. Similar to Lancaster et al. (1984), they
found that fog generally first increases with distance to the coast until roughly 50 km,
with a further decrease until 70 km. Along their 120 km long transect, fog-drizzle and
rain provide between 20 to 30 mm without obvious relation to coastal distance. Data
from Hachfeld and Jürgens (2000) of two weeks with events clearly demonstrate the
different types of fog and how far they reach inland: Advection fog near the coast
extended to roughly 30 km inland whereas the water deposition of high fog (=cloud
interception fog) is most prominent from 25 to 50 km inland.

• Kaseke et al. (2017) found based on isotope signatures of collected fog water that
“Surprisingly, the non–ocean-derived (locally generated) fog accounts for more than
half of the total fog events, suggesting a potential shift from advection-dominated

1The authors also describe the rise towards the escarpment as follows: “Additionally, the land risesvery gradually with only 1 % inclination from coast to inland, a raise in altitude of about 100 m/km,respectively.”. The 1 % is correct but with 100m per km is not as with it the elevation at Gobabeb with50 km inland would be 5000 m and Ganab 120 km inland would be higher than Mt. Everest.
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History of fog research in the Central Namib
fog to radiation-dominated fog in the fog zone of the Namib Desert.”. For reference,
the relevant figure on which this interpretation is based is included below Figure A.1.
While there is a significant statistical difference between the three types of fog
(radiation, advection, mixed), mixed fog is included as radiation fog, following the
argument that while moisture is from the ocean, radiative cooling led to fog. Samples
were taken at 8 o’clock (assumed to be local time, that is UTC+1/+2 depending on
season). Crucially, the statistical significance hinges on five events (≤ ∼ 3 δ18O from
supplementary material) that are classified as radiation fog near the mixed/advective
fog and that mixed fog is the result of moisture from oceanic sources and local
sources. Classification into the respective categories is based on isotope enrichment
ratio d relative to the local meteorological water line (LMWL) and the global meteoric
water line (GMWL). The LMWL itself was collected from samples at 8 o’clock.
Crucially, these five fog event occurred during the fog season (Mar/Jan/Feb/Aug/Not
stated in order of appearance in supplementary material) and the previous analysis
of fog precipitation (Figure 2.6) shows that fog precipitation is rare at 8 o’clock (=6
in UTC for Mar/Jan/Feb and 7 for Aug) in Gobabeb. Sunrise and therefore the
beginning of potential evaporation (from Figure B.2) for the events is roughly 4:30
UTC/5:30 (Mar/Jan/Feb) and shortly before 6 UTC/7 local time. Even erring on the
side of caution with allowance for daylight saving time (no longer active since 2017),
some time has passed for evaporation, enriching the isotope signature (moving
values to the right and up (to heavier isotopes)). It is not clear whether this has been
accounted for and might result in reclassification of the 5 events as advection fog,
ultimately resulting in the reclassification of mixed events as well. In light of other
more recent studies (Vogt et al. 2019, Andersen et al. 2019, 2020) and the past
research it seems unlikely that radiation fog is really dominant. While not excluded
completely due to the ephemeral Kuiseb near Gobabeb where the isotope samples
have been taken, if it does occur it is likely constrained to the local scale. Even so,
the moisture for mixed fog arguably comes from the ocean and would be a leftover
of the circulation and the classification as radiation fog would be too simple.
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–

Figure A.1: Original caption of Kaseke et al. (2017) reads: “Origins of fog water. The
isotopic distribution of fog samples collected from the Gobabeb Research and Training
Centre in relation to the GMWL and the LMWL, river water, and groundwater during
the observation period (2014 - 2015). Fog regression lines indicate the source and
classification of the fog. VSMOW, Vienna standard mean ocean water.”
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Appendix B

Further figures and tables with details
about FogNet stations

The following pages give a more detailed insight into fog climatology and the spatial
variation over the months. Due to the number of stations and months, some figures have
been scaled down to a size where patterns are clearly visible but axes labels are not.
The corresponding captions therefore do report on the correct values and ranges for a
quantitative interpretation.
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Further figures and tables with details about FogNet stations

Figure B.1: Diurnal course of hours with fog per month for all FogNet stations with North-South
transect on the left, West-East on the right. As the patterns are of importance rather than absolute
values the reader is advised to consult the electronic version. Scales go from 0 to 80 hours and
24 hours starting at 12 UTC. Order of months is left to right, top to bottom from Jan-Mar on the
first line to Oct-Dec on the last line of each figure. Grey area denotes night-time of the respective
months.
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Figure B.2: Diurnal course of average hourly fog precipitation per month for all FogNet stations
with North-South transect on the left, West-East on the right. As the patterns are of importance
rather than absolute values the reader is advised to consult the electronic version. Scales go from
0 to 0.25 mm and 24 hours starting at 12 UTC. Order of months is left to right, top to bottom from
Jan-Mar on the first line to Oct-Dec on the last line of each figure. Grey area denotes night-time of
the respective months.
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Figure B.3: Wind regimes during fog events of all five years (2015 to 2019) of FogNet data. Inner
area shows percentage of wind speed and direction, outer ring the registration of fog precipitation
when wind came from the respective direction. All circles use colourmap on the top left. Given are
all months, starting from January top left to December bottom right.
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Appendix C

Other contributions

A mathematician’s work is mostly a tangle of guesswork, analogy, wishful
thinking and frustration, and proof, far from being the core of discovery, is
more often than not a way of making sure that our minds are not playing
tricks.

Gian-Carlo Rota
Italian-American mathematician
April 27, 1932 − April 18, 1999

(Obviously applies to most scientists, not just mathematicians.)

View to the west from the rooftop via the MCR webcam west. Timelapse video of the last three days can be
found here.
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Other contributions
C.1 Dolueg - A Measurement Network’s Face

Dolueg2 is the successor of Dolueg, a website displaying meteorological measurement
data. The name itself a play on words as it basically means "here look" in Swiss-German
and in regional dialects of German. Since the beginning of 2020, Dolueg2 uses Python
to create figures and reached a maturity level, making it a useful tool for other groups.
A short manuscript detailing Dolueg2 is has been published as Visualizing Data in the
"Bulletin of the American Meteorological Society". In conclusion, Dolueg2 offers great
flexibility and allows for easy integration of new figures, be it from existing stations or new
sites.
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isualization is a major part of any scientific work, serv-
ing to communicate results in an inclusive way. Wheth-
er figures, plots, or graphs, they all play a central role 

in publications, teaching, and public outreach. Furthermore, 
visualization is one of the integral parts besides automatic 
tests of the data that help to ensure the quality of meteorolog-
ical data from one or more weather stations of measurement 
networks. This last aspect, in particular, requires the auto-
matic generation of figures and their dynamic presentation.

Our homepage, named “Dolueg” for “here, look” in 
German dialect/Swiss-German, allows researchers and the 

public to view relevant and up-to-date data in an easy way 
that includes further information such as measurement 
height, device type, and other relevant metadata. Dolueg has 
proven its value for the detection of malfunctioning devices, 
showcasing interesting meteorological phenomena, and 
above all ensuring that the flow of data from our stations 
into the database can be easily checked and fixed, if need 
be. Because Dolueg is free, easy to use, and adjustable, it is 
especially suitable for measurement network operators, that 
is, when time series are constantly collected and are in need 
of visual quality control in addition to any automatic checks.

VISUALIZING DATA

Dolueg
A Measurement Network’s Face

AFFILIATIONS: Sp i r i g , Fe i g en w i n t er , K a l b er er , pa r lo w, 
a n d Vo g t—University of Basel, Basel, Switzerland

CORRESPONDING AUTHOR: Robert Spirig, r.spirig@unibas.ch

https://doi.org/10.1175/BAMS-D-20-0196.1

In final form 16 February 2021

©2021 American Meteorological Society

For information regarding reuse of this content and general  
copyright information, consult the AMS Copyright Policy.

Robert Spirig, Christian Feigenwinter, Markus Kalberer, 
Eberhard Parlow, and Roland Vogt

]

F i g .  1. (a) Example of Dolueg layout and (b)–(e) a few selected figures illustrating the different available types: (b) is a “windmap” type with the  
option “fullscreen” explicitly set (no coordinates). (continued)

V
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C.1 Dolueg - A Measurement Network’s Face
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Dolueg consists of two parts: a website created in PHP, 
a general purpose scripting language mainly used for web 
servers, and a selection of Python functions that generate 
a suite of plots. The Python pipeline produces figures 
frequently which are then dynamically (and in a mo-
bile-friendly way) presented in categories according to the 
file name of the figure. The grouping reduces the time and 
effort required to add new figures. Each component can of 
course be used on its own as well.

The relevant code for these two components is freely 
available: the website framework (Fig. 1a) and PHP func-
tions can be found at https://github.com/spirrobe/dolueg2page, 
and the Python code is hosted at https://github.com/spirrobe 
/dolueg2figures. Both repositories contain detailed instruc-
tions for setup and examples.

Several kinds of figures for time series data are avail-
able (Figs. 1b–e): wind roses for one or several stations 

drawn over a map background, the default line plots, 
isopleth/contour graphs as time of day versus day of year, 
and mesh plots of measurement values at several heights. 
Each type can be further customized in terms of colors, 
titles, and more.

All figures are by default created as SVG (scalable 
vector graphics), making them precise, zoomable, usually 
small in size, and compatible with all common browsers, 
even without a web server. Figures can be downloaded 
and, if need be, edited in open-source or commercial vector 
graphics programs, and they can be directly inserted into 
documents. The choice of SVG as default makes our figures 
suitable for reports, lectures, and other applications.

System requirements and installing Dolueg

The requirements for Dolueg itself are fairly simple. Even 
a Raspberry Pi model B should be able to both create and 

]

Dolueg example (c) is the default line plot that illustrates the air temperature at two stations (red, urban; green, rural) and the water tempera-
ture (blue) at a third one, and (d) is an “iso”(pleth) plot that depicts air temperature difference between a rural and an urban station (urban heat 
island effect). (continued)

C

D

Other contributions
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Data from internet
Database backup
Satellite data for animation
RaspberryPI webcam with data
Include other website (meteoblueTVas forecast/windy)
RaspberryPIkiosk as on-site displayof data +upcoming events
Data analysis, quality control,publications and examples for teaching

1:
2:
3:
4:
5:
6:
7:

A

B

C

D

E

1

Files converted to timeseries data

3

4

7

6

Data collection
Database storage
Making figures/reports
Website with figures/docs
Dataflow reports for error fixing1

1Available personnel mayvary

A:
B:
C:
D:
E:
M:

2

5

C.1 Dolueg - A Measurement Network’s Face
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Other contributions
C.2 FogNet goes movie

In preparation for the IOP campaign of NaFoLiCA a combination of station data and
satellite images was required. As noted, the temporal resolution is key to catch fog events,
limiting the amount of choice and making METEOSAT with its 15-minute resolution the
prime candidate. In a first step, a general pipeline was constructed that creates mp4
and webm video files of an arbitrary (at least one day) timespan, with the big main map
showing the Central Namib with the two transects as markers and a small inlay showing
the two transects with wind vanes and fog precipitation (by turning blue) as illustrated in
Figure C.5.

Figure C.5: Videoframe from a METEOSAT video of the NaFoLiCA IOP. Main window
shows the two transects in the larger context, small window the two transects in a close
up including wind direction and speed. Markers turn blue and change in sizes according
to registration of fog precipitation and amount thereof. METEOSAT combination is 10 - 9
for red channel 9 - 7 for green channel and 9 for the blue channel (see Table C.1).

The video-creation is flexible and any band combination including calculations can be
chosen (see Table C.1 for information about the various bands). If a visible channel is
taken, night images are just noise. Images are contrast enhanced for each channel to
enhance the view. Due to the direct connection to the database of FogNet and running
updates, a "fogalert"-script was implemented. This script checks every morning whether
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C.2 FogNet goes movie
any fog precipitation has occurred at any stations except the coastal ones the day before
to create a buffer in case data-upload is delayed. If any fog precipitation has occurred,
the script starts the video-creation process and sends an email to a pre-defined list of
recipients to be informed about it, including several key variables such as relative humidity,
amount of fog precipitation, visibility, radiation components or balance, fog duration and
intensity as well as wind direction and speed. The processing is described here.

Table C.1: The available bands from METEOSAT. Each band corresponds to a wavelength,
going from visible light to thermal infrared.

Band Name/Purpose Nominal central wavelength (µm) Nominal spectral band (µm)
1 visible band 0.635 0.56 - 0.71
2 visible band 0.81 0.74 - 0.88
3 near Infrared(ice vs waterclouds)

1.64 1.50 - 1.78

4 infrared(cloud vs fog) 3.92 3.48 - 4.36
5 water vapour 4.25 5.35 - 7.15
6 water vapour 7.35 6.85 - 7.85
7 infrared (icevs waterclouds)

8.7 8.30 - 9.10

8 ozone 9.66 9.38 - 9.94
9 infrared 10.8 9.8 - 11.8
10 infrared 12 11.0 - 13.0
11 carbon diox-ide 13.4 12.4 - 14.4
12 broadbandhigh resolu-tion visibile

- 0.5 - 0.9

More than 400 videos have been created so far since 2014 and can be found on the
NaFoLiCA project page.
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Appendix D

List of publications, conference
contributions and code repositories

Flags of the European Geosciences Union (EGU). Photo Kai Boggild
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List of publications, conference contributions and code repositories
D.1 List of publications

• Spirig, R., Vogt, R., Larsen, J., Feigenwinter, C., Wicki, A., Franceschi, J., Parlow,
E., Adler, B., Kalthoff, N., Cermak, J., Andersen, H., Fuchs, J., Bott, A., Hacker, M.,
Wagner, N., Maggs-Kölling, G., Wassenaar, T., and Seely, M. Probing the fog life
cycles in the Namib desert. Bulletin of the American Meteorological Society, 100
(12), 2019. ISSN 00030007. doi:10.1175/BAMS-D-18-0142.1

• Spirig, R., Feigenwinter, C., Kalberer, M., Parlow, E., and Vogt, R. Dolueg: A
Measurement Networkś Face. Bulletin of the American Meteorological Society, 10
(7): 629 – 631, 2021a. doi:10.1175/BAMS-D-20-0196.1

• Spirig, R., Feigenwinter, C., and Vogt, R. Droplet size distribution, liquid water
content and water input of the seasonally variable, nocturnal fog in the central
namib desert. Atmospheric Research, 262: 105765, 2021b. ISSN 0169-8095.
doi:10.1016/j.atmosres.2021.105765

• Feigenwinter, C., Spirig, R., Larsen, J., and Vogt, R. On the performance of
microlysimeters to measure NRWI in hyper-arid environments. Journal of Arid
Environments, 2020. doi:10.1016/j.jaridenv.2020.104260

D.2 List of conference contributions

D.2.1 International Conference. on Fog, Fog Collection and Dew - IFDA2019

• Fog droplet distributions and liquid water fluxes in the hyperarid Namib -
Robert Spirig, Christian Feigenwinter, and Roland Vogt.

• Microlysimeter and fog collector measurements in the Namib desert - Chris-
tian Feigenwinter, Roland Vogt, Jarl Are Larsen, Robert Spirig, and Joel Franceschi.

• Near-surface dynamics during Fog Events: An approach to connect fog pre-
cipitation with fog deposition at the Gobabeb Namib Research Institute - Joel
Franceschi, Christian Feigenwinter, Robert Spirig, and Roland Vogt.

D.2.2 European Geosciences Union 2019 - EGU2019

• An animated combination of satellite and ground measurements to visualize
fog as a water source (PICO) - Roland Vogt, Robert Spirig, Christian Feigenwinter,
and Andreas Wicki.
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D.3 Code repositories
• The vertical and spatial structure of fog events in the Namib Desert - Robert

Spirig, Christian Feigenwinter, Andreas Wicki, Joel Franceschi, Roland Vogt, Bianca
Adler, Norbert Kalthoff, Hendrik Andersen, Julia Fuchs, Jan Cermak, Maike Hacker,
Niklas Wagner, Andreas Bott, and Gillian Maggs-Kölling.

• Measuring fog precipitation and fog deposition in the Namib Desert - Christian
Feigenwinter, Joel Franceschi, Jarl Are Larsen, Robert Spirig and Roland Vogt.

D.2.3 SASSCAL Science Symposium 2018

• FogNet goes Movie - Robert Spirig, Theo Wassenaar, Roland Vogt, Gillian Maggs-
Kölling, Mary Seely.

D.3 Code repositories

Generally code has been hosted via Github.com when indicated and can be found on my
repository list. More specifically these are:

• Functions used for the CDP processing

• Several Dolueg2 repositories:

– Dolueg2page - the website framework, i.e. Dolueg2 itself

– Dolueg2figures - the figures on Dolueg2

– Dolueg2control - the additional Dolueg2 page dedicated to the control of data
flow

– Dolueg2webcam - the optional tower cam on the roof top depicted at the
beginning of the appendix Appendix C
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Appendix E

Curriculum Vitae

I must confess, I was born at a very early age.

Groucho Marx
American - Comedian

October 2, 1890 − August 19, 1977

Photographic proof of the authors early steps of trying to answer the "Ultimate Question of Life, the Universe,
and Everything life" soon-ish after 1986. Photo courtesy of Amadeus Spirig and Lilo Albrecht-Spirig.
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Experience

2021 -
current

PostDoc Atmospheric Sciences, University of Basel
Investigation of the urban mixing layer height, supporting the EMER
project of Météosuisse.

2014 – 2020 Research Assistant / PhD Atmospheric Sciences, University of Basel
Thesis Fog in the Namib - Occurrence Dynamics Properties, summa
cum laude

Worked in the framework of the Namib Fog Life Cycle Analy-
sis, a three partner project (Basel, Bonn, KIT) that investigates the
fog in the Central Namib desert.

Activities included but were not limited to:

Conceptual and physical participation in intensive observa-
tion campaign in the remote Namib desert where sampling oc-
curred during the night in wet/foggy conditions
Deployment of self-sufficient (micro-)meteorological stations
in logistically challenging regions and in Switzerland
Teaching geoinformation by breaking down complex topics
and GIS for first year geosciences students, including exercise
that changed every year as well as assistance for various GIS
courses and practical courses in meteorology
Building a large visualisation website built on streamlined data
flow from data loggers to MySQL server, available here with
automated data gap reporting
Enhanced and increased automation of most aspects of inter-
nal data handling, i.e. data flow frommeasurement sites, their
documentation and creation of graphics for quality assurance
Envisioned and developed web-tool to order data from the lab
which includes also measurement device lookup and interac-
tive graphics on demand resulting in increased productivity
and freed internal resources
Outreach to other researchers in the same department by for-
mation and leading of a Python teaching group with regular
meetings

2014 IT-Support MSD/MGU research group
Responsible for computer landscape of a research group of around
20 people, including but not limited to: Buying new equipment, sup-
port and installation of regular work computer, file-sharing Linux
server and special lab equipment.

2012 – 2014 Student assistant Atmospheric Sciences, University of Basel
Thesis-related employment for wind canal experiments and various
related duties related to teaching and automatic data processing.

Education
2012 – 2014 MSc Geosciences University of Basel

Focus: Meteorology
Master Thesis Meteorology, Climatology and Remote Sensing Lab
On the transducer shadow effect

2010 – 2012 BSc Geosciences University of Basel
Focus: Meteorology and Biogeography. Internship at meteoblue.
Bachelor Thesis Meteorology, Climatology and Remote Sensing Lab
Programmieren eines IDL-Algorithmus zur automatischen Auffind-
ung von Druckgebieten (automatic finding and labelling of pressure
systems)

Dr. Robert Spirig
Meteorologist
Researcher, Lecturer,
Data Scientist & GIS Expert

Born 01.05.1986

Father of one

spirrobe@gmail.com

Hammerstrasse 192 / 4057 Basel

0000-0002-0868-2806

About Me
My background in meteorology, pro-
gramming and science is an expression
of my desire to work with data, existing
and new. My passion is to create new
applications based on the analysis of
data, keep them running automatically,
adding value for researchers and public
either via websites or publications.

Networks
robert-spirig

Robert-Spirig

spirrobe

Hard Skills
Meteorology (Micrometeorology,
Field work, Remote Sensing)
Python, MySQL, IDL, Bash, Excel,
LoggerNet/CRBasic, R, MatLab
PHP, JS, HTML, CSS (Frontend &
Backend)
LATEX, Word, Inkscape/Illustrator,
GIMP/Photoshop

QGIS & ArcGIS
Familiar with work in several
projects/projectmanagment
Internal organisation and leading
of programming group
Teaching various courses and act-
ing as substitute lecturer
Mentoring students during BSc
and MSc theses (content and pro-
gramming)

Curriculum Vitae

128



Publications
2021 The Namib Fog Life Cycle Analysis: Field Campaign Data

R. Spirig et al.
In prep.
The Namib Turbulence Experiment - Investigating surface-
atmosphere heat transfer in three dimensions
R. Hilland et al.
In revision in the Bulletin of the AMS
Droplet size distribution, liquid water content and water input of
the seasonally variable, nocturnal fog in the Central Namib Desert
R. Spirig et al.
Atmospheric Research, 10.1016/j.atmosres.2021.105765
Dolueg: The face of a measurement network
R. Spirig et al.
Bulletin of the AMS, 10.1175/BAMS-D-20-0196.1
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Feigenwinter, C. et al.
Journal of Arid Environments, 10.1016/j.jaridenv.2020.104260
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R. Spirig et al.
Bulletin of the AMS, 10.1175/BAMS-D-18-0142.1

Conferences
2019 IFDA2019, International Conference on Fog, Fog
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Taiwan

Fog droplet distributions and liquidwater fluxes in the hyper-
arid Namib - R. Spirig, Feigenwinter C., and Vogt R.

Microlysimeter and fog collector measurements in the
Namib desert - C. Feigenwinter, Vogt R., Larsen J. L., Spirig,
and Franceschi J.

Near-surface dynamics during Fog Events: An approach to
connect fog precipitation with fog deposition at the Goba-
beb Namib Research Institute - J. Franceschi, Feigenwinter
C., Spirig R., and Vogt R.

2019 European Geosciences Union: General Assembly Vienna

An animated combination of satellite and ground measure-
ments to visualize fog as a water source (PICO) - R. Vogt,
Spirig R., Feigenwinter C., and Wicki A.

The vertical and spatial structure of fog events in the Namib
Desert - R. Spirig et al.

Measuring fog precipitation and fog deposition in the Namib
Desert - C. Feigenwinter, Franceschi J., Larsen J. Are., Spirig R.
and Vogt R.

2018 SASSCAL Science Symposium 2018 Lusaka

FogNet goes Movie R. Spirig, Wassenaar T., Vogt R., Maggs-
Kölling G. and Seely M.

2014 Arbeitskreis Klima Basel

Aspects of Sonic Anemometry R. Spirig and Vogt R.

Extra-Curricular Activities
Desert Tree Committed to combatting desertification by selling plants locally to

fund reforestation at several sites in different countries.
Co-Founding member, help with website and supply of plants.

Urbanbees
(dissolved)

Proliferation of bees in an urban environment by knowledge sharing.
Creation of Wordpress website, mailing list and event form

Dr. Robert Spirig
Meteorologist
Researcher, Lecturer,
Data Scientist & GIS Expert

Soft Skills
Independence & Teamwork
Creation and upkeep of data or-
dering visualisation website
Field campaigns in challenging
conditions (night and remote)
with project partners
Maintenance of measurement
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Mentoring & Management
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for theses (BSc/MSc)
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dent assistants
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Lecturing for ≈ 100 students in-
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several conferences
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documentation and creation of graphics for quality assurance
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tive graphics on demand resulting in increased productivity
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Outreach to other researchers in the same department by for-
mation and leading of a Python teaching group with regular
meetings
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Responsible for computer landscape of a research group of around
20 people, including but not limited to: Buying new equipment, sup-
port and installation of regular work computer, file-sharing Linux
server and special lab equipment.
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Thesis-related employment for wind canal experiments and various
related duties related to teaching and automatic data processing.
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2012 – 2014 MSc Geosciences University of Basel
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