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Results of an initial fog projection using a regional climate model
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Summary: We present an initial study to project the long-term development of fog occurrence along the southern African
west coast. For this purpose, we implemented a basic fog diagnostic scheme based on liquid water content into the regional
climate model REMO. The validation of the fog diagnostic scheme is conducted using satellite-derived low cloud informa-
tion as well as local station observations. The validation reveals that REMO is able to adequately represent the major fog
characteristics in the region. The observed strong fog gradient from the coast to the regions further inland is correctly simu-
lated by the model. Also, the seasonal as well as diurnal fog distribution characteristics are captured by REMO. However,
some deficits still remain in the absolute amount of simulated fog days. These deficits can mainly be attributed to the coarse
vertical resolution of the model as well as to the simple fog diagnostics approach chosen. Regarding the long-term develop-
ment of fog, two 20-year time slice simulations for a control (1981 to 2000) and a future (2081 to 2100) period following
the A1B emission scenatio were conducted. The model generally projects a slight increase in the number of fog days for the
coastal areas and a slight decrease for the regions located further inland. Especially the latter has the potential to exacerbate
the existing water scarcity in the region.

Zusammenfassung: Nebelniederschlige spielen eine bedeutende Rolle fiir die Wasserversorgung der Kiistenregionen des
sudwestlichen Afrikas. Es ist in dieser Region daher von groBler Bedeutung, die zukiinftige Entwicklung des Wassereintrags
durch Nebelereignisse abzuschitzen. Der vorliegende Beitrag prisentiert die ersten Ergebnisse einer Langzeitsimulation des
Auftretens von Nebelereignissen entlang der siidwestafrikanischen Kuste. Die Simulationen wurden mit dem regionalen Kli-
mamodell REMO durchgefiihrt, in welches zu diesem Zweck eine Nebeldiagnostik implementiert wurde. Das Modell wurde
sowohl mit Satelliten als auch mit vorhandenen Stationsdaten validiert. Generell kann REMO die vorherrschenden Muster
der Nebelhdufigkeit in der Region wiedergeben. Dies trifft insbesondere auf den starken Gradienten des Nebelvorkom-
mens von der Kiste hin zu den Inlandgebieten zu. Auch der saisonale Verlauf der Nebelverteilung sowie der zugehorige
Tagesgang werden zufriedenstellend vom Modell wiedergegeben. Nichtsdestotrotz treten beztglich der absoluten Nebel-
hiufigkeiten deutliche Unterschiede zwischen dem Modell und den Beobachtungen zu Tage. Um eine mégliche Langzeit-
entwicklung des Nebelvorkommens abzuschitzen, wurden in dieser ersten Studie Nebelprojektionen fiir Zeitscheiben von
jeweils 20 Jahren fur heutiges (1981-2000) und zukiinftiges (2081-2100) Klima durchgefithrt. Diesen Projektionen liegt eine
Treibhausgasentwicklung des A1B Szenarios zu Grunde. Die Simulationsergebnisse zeigen generell einen leichten Anstieg
der Nebelhdufigkeit im Bereich der kiistennahen Gebiete auf, wihrend fiir Inlandregionen ein Riickgang der Nebelhaufig-
keit projiziert wird. Insbesondere letzteres wiirde die bereits heute in der Region vorherrschende Wasserknappheit deutlich
verschirfen.

Keywords: Fog modeling, regional climate model, downscaling, Namib Desert, satellite remote sensing, Meteosat Second
Generation

1 Introduction et al. 2003; HENsCHEL and SEELY 2008). Maximum

monthly precipitation from fog can reach up to about

In the present study, a first attempt for a long-
term projection of future changes in the occurrence
of fog along the southern African west coast is de-
scribed. In this region advected sea fog is a rather
frequent feature (e.g. SCHULZE 1969; LANCASTER et al.
1984) and provides a major source of moisture for
several local species (e.g. Hacurerp 2000; HamizroN

DOI: 10.3112/erdkunde.2011.03.04

ISSN 0014-0015

50 mm (LANCASTER et al. 1984). The formation of sea
fog in this region is linked to the relatively cold sut-
face waters of the Benguela upwelling system. Warm
air passing over these upwelling regions is cooled
and reaches saturation. However, not only the occur-
rence of the upwelling cell matters, but also its spa-
tial extent, which is determined by the regional wind
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patterns (SHANNON 1985). OLIVIER and STOCKTON
(1989) postulated that a too large upwelling cell pre-
vents the formation of fog at Liideritz, whereas an
intermediate sized upwelling cell is favorable for fog
formation. This finding is linked to the fact that in
75% of all fog events at Liideritz a coastal low was
present. This coastal low is responsible for the trans-
port of dry air masses over warm waters, where they
take up moisture. These moist air masses are then
transported over cold waters closer to the coast.
There the air masses cool to dewpoint and fog forms.
If the upwelling cell is too large, however, water up-
take is reduced and therefore saturation will not be
reached (OLIVIER and StockTON 1989). A schematic
of the major upwelling cells as well as of the coastal
low and the related flow scheme is included in figure
1a. It has to be noted, that the upwelling is not a con-
stant feature as indicated in the figure but occurs in
pulses (SHANNON 1985).

Due to its ecological importance, fog has been
regularly observed along the southern African west
coast for many years. Based on observations it was
shown that fog regularly extends more than 100 km
inland (e.g. LANCASTER et al. 1984; HACHFELD and
JuerGENS 2000) but the number of fog days shows a
remarkable gradual decrease from the coast to inland
regions. Also, a distinct seasonality in the number
of fog days is observed. At the coast, fog is most
common in the winter (April to September) season,
whereas further inland the main fog season is shifted
to early summer (October to March). However, the
number of available stations is limited. Therefore,
OLiviER (1995) established a visual analysis of satel-
lite imagery for the detection of spatial fog extent
for the year 1984. It was shown that during the ob-
servation period more than 100 fog days occurred
along the coast and more than 50 fog days a year
were recorded for a band reaching about 50 to 80 km
inland. However, as the visual fog identification is
quite cumbersome, a method to automatically detect
fog is necessary when extending the observed time
period. CERMAK (2011) therefore recently applied
an automated fog/low cloud detection algorithm to
Meteosat imagery data for this region for the period
2004 to 2009. This dataset will be used in the present
study for the validation of the simulated fog patterns
and is described in section 3 in more detail.

Due to its frequent occurrence in a desert region
otherwise very poor in precipitation, several studies
have suggested the use of fog as a source of drinking
water (e.g. SHANYENGANA et al. 2002; OLIVIER and DE
RauteENBACH 2002; OLIVIER 2004). In the future the
potential of fog for drinking water supply can be-

come even more important, as many studies report a
decrease of projected future rainfall precipitation for
the south-western African region (e.g. CHRISTENSEN
et al. 2007; MACKELLAR et al. 2007; HAENSLER et al.
2010a). However, the long-term development of fog
occurrence has not been studied so far. Under this
aspect, projections of long-term future developments
of fog frequency would be of great value. So far, fog
modeling has only been conducted for short times-
cales, mainly with respect to aviation and road traf-
fic safety using one-dimensional fog forecast models
(e.g. Borr and TrAUTMANN 2002; HAEFFELIN et al.
2010) or 3D numerical weather prediction systems
(e.g. MUELLER et al. 2010). For the latter method, sev-
eral simulations for specific case studies of advection
fog events have been reported in the literature (e.g.
Pacowskt et al. 2004; Fu et al. 2006). The former
study showed that the initial soil moisture conditions
might have a sensitive influence on the fog simula-
tion. However in long-term regional climate simu-
lations the initial conditions are of less importance
(Jacos and PopzuN 1997). A recent study by VAN DER
VELDE et al. (2010) pointed out that a high vertical
resolution in the boundary layer seems to be essential
for simulating the fog formation with 3D models. A
comprehensive review of past achievements in fog
research and fog modeling was provided by GULTEPE
et al. (2007).

The aim of the present study is to test the po-
tential of the regional climate model (RCM) REMO
(Jacos 2001) to project future changes in fog fre-
quency over the region. We therefore implemented
a fog diagnostic scheme into the model. REMO has
already been applied for hindcast (HAENSLER et al.
2010b) as well as transient climate change (HAENSLER
et al. 2010a; ¢) simulations over the southern African
region. In these studies it has been shown that the
model is well suited to simulate the region’s climate
characteristics. Especially due to the very high hori-
zontal resolution of the simulations, region-specific
climate features have been shown to be better simu-
lated by REMO than by reanalysis data (HAENSLER
et al. 2010b).

In section two, the model and the fog diagnos-
tics are described. In section 3 the available fog da-
tasets, as well as the methods used to validate the
model and to assess potential future changes in the
fog occurrence are presented. Section 4 shows the
results of model validation and of the future fog
projections. Finally, section 5 provides a discussion
of the findings of the validation and climate change
sections. The paper ends with a short conclusions
section.
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2 Model description and simulation setup

The simulations are conducted with the three-di-
mensional hydrostatic atmospheric circulation model
REMO (REgional MOdel) (Jacos and PopzuN 1997,
Jacos 2001) in its 2008 version. This version was al-
ready tested and used over the southern African re-
gion in an previous study (HAENSLER et al. 2010a). The
model is based on the “Europamodell”, the former
numerical weather prediction model of the German
Weather Service (MaJEwsKI 1991). In its original ver-
sion the physical parameterizations of REMO were
based on those of the global climate model ECHAM4
(ROECKNER et al. 1996). The prognostic variables of
REMO are surface pressure, horizontal wind com-
ponents, temperature, specific humidity and cloud
water. With respect to the fog simulation especially
the calculation of the cloud water of large-scale (stra-
tiform) clouds in REMO is of interest. For the strati-
form clouds this calculation is based on the approach
following Sunpqvist (1978), and was taken from the
ECHAM4 global climate model (ROECKNER et al.
1996). The budget equation for cloud water is calcu-
lated including the processes of evaporation of cloud
water as well as condensation of water vapor. Also the
advective and sub-grid scale transports of cloud wa-
ter are incorporated in the equation. The vertical tur-
bulent transfer of momentum, heat and water vapor
fluxes are based on the Monin-Obukhov similarity
theory for the surface layer and on the eddy diffusivity
approach above the surface layer (Louis 1979).

The horizontal resolution for the simulations de-
scribed here is 18x18 km. In the vertical direction
the model was run with 20 levels, with the lowest
model level approximately 30 m high. The model
was integrated for a hindcast simulation for the pe-
riod from 2001 to 2007 and for two 20-year simu-
lations (Control: 1981-2000; Scenario: 2081-2100)
as an initial study to assess potential changes in fog
occurrence. The lateral boundary conditions for
the simulations are taken from ERA40 reanalysis
(UppALA et al. 2005) and operational analysis data of
the European Centre for Medium-Range Weather
Forecasts (ECMWF) for the hindcast and from
the coupled atmosphere ocean general circulation
model ECHAM5/MPIOM (ROECKNER et al. 2003;
JunGceraus et al. 2006) IPCC A1B projections for the
climate change simulations. To reach the final 18x18
km resolution the so-called double nesting setup was
applied. In this setup the original boundary forc-
ing is first downscaled to an intermediate resolution
REMO simulation (50x50 km) and the output of this
simulation is then used to force the high-resolution
simulation. An overview of the simulation setup in-
cluding the double nesting setup is given in figure 1b.

2.1 Fog diagnostics
Fog is generally defined via the visibility (VIS)

and occurs if VIS is lower than 1000 m (WMO 1992).
In REMO, VIS is not an output variable. To identify
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Fig. 1: (a) Location of the four available stations with fog observations The panel also depicts the main Benguela upwelling
cells after PickrorD and SENUT (1999) and a schematic of the coastal low and its related flow fields after OLIVIER and STOCK-
TON (1989). The black rectangle indicates the location of the east-west transect described in figure 3. (b) Sketch of the dou-
ble nesting setup and extent of the respective REMO domains indicated as grey (~55 x 55 km) and black (~18 x 18 km) boxes
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fog events we therefore implemented the visibility
parameterization after KUNKEL (1984) into REMO.
The diagnostics is a function of the liquid water con-
tent (LWC) and follows

1n(0.02
S =- H(OO ) 0.88 (1)
144.7(LC x p)

with g representing air density. Fog is diag-
nosed only in the lowermost model level but at each
model time step. This diagnostic is frequently used
in modeling studies (e.g. TEIXEIRA 1999) but due to
its simplicity it seems to have some disadvantages.
GULTELPE et al. (2006) showed that the simulation
results can be significantly improved if the droplet
number concentration Nd is taken into considera-
tion. However as Nd is still a preset parameter in
the current REMO version the proposed relation
could not be used in the present study.

The output interval of the fog simulation was
set to one hour, even though fog was diagnosed
on a 90 seconds time step. Hence the resulting
model output is the fraction of an hour, on which
the model simulates fog. In order to compare the
simulated fog data to observations on a daily basis
(and to not include fog events only occurring on a
single model timestep into the analysis) a thresh-
old had to be defined, to distinguish between fog
and fog-free days. This threshold for a fog day was
defined in a way that at least for 75% of a single
hour a day the model has to simulate fog condi-
tions. This definition translates to a minimum of
45 minutes of fog a day in order to be counted as a
fog day, which allows identifying both short-term
fog events (less than one hour) and long-term fog
events.

3 Data and methods
3.1 Available observations

For the validation of the simulated fog oc-
currence, a fog/low cloud product detived from
Meteosat satellite imagery at a horizontal resolu-
tion of 3 km is used (CErMaK 2011). In contrast
to previous geostationary satellite systems, the
Spinning-Enhanced Visible and Infrared Imager
(SEVIRI) aboard the newest Meteosat satellites
features high spatial, temporal and spectral resolu-
tions, which makes it suitable to be used for cloud
type discrimination (CERMAK et al. 2008). Areas
covered by fog and low clouds can be identified

on the basis of spectral tests in the visible and in-
frared regions, informed by radiative transfer com-
putations incorporating the principles discussed in
CerMAK and Benpix (2008). Originally, this prod-
uct was only available for Europe, where it could
be tested against station observations.

Recently CErRMAK (2011) transferred the proce-
dure to the southern African region to develop a
new product for the identification of fog and low
clouds along the south-western African coast for
the period from 2004 to 2009. Based on informa-
tion obtained in radiative transfer modeling, a set
of thresholds was found in six infrared and visible-
range channels that allows for the robust deline-
ation of fog and low clouds in the region. These
tests are applied sequentially and lead to the sub-
sequent exclusion of various surfaces other than
fog and low clouds. Visual inspection as well as a
numerical validation study confirmed the absence
of artifacts, especially along the coast line. As no
station data was available for this period, the vali-
dation of the fog/cloud product had to be based on
Cloud-Aerosol Lidar with Orthogonal Polarisation
(CALIOP) data. Generally, the new product was
found to be reliable (hit rate above 95%). However,
fog and low clouds hidden underneath higher cloud
layers cannot be identified. For the south-western
Affrican region a data set indicating fog/low cloud
presence and absence was compiled covering two
time periods each day (0700 and 1400 UTC). A full
description of the technique and its validation, as
well as a climatological interpretation of the prod-
uct is given in CERMAK (2011).

In addition to the satellite data, manually re-
corded daily station data were available for four
stations located in the central Namib Desert (see
Fig. 1a and Tab. 1). These data are based on instan-
tancous 8 am (local time) visual observations as
well as cumulative fog measurements (via passive
fog samplers) at the respective weather stations. At
one of these stations also hourly data derived from
a passive fog sampler was available for a limited
time period. However, apart from the hourly time
series, these datasets are affected by significant data
gaps. Moreover, they are based on different meas-
urement techniques and also do not cover the same
period (see Tab. 1). Therefore these data are only
considered as an additional data source to assess
the quality of the satellite and model data, rather
than a real validation dataset. The shortcomings in
the observed data are also the reason for evaluat-
ing only the occurrence of fog events but not the
actual amount of fog water input.
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Tab. 1: Locations and sampling periods of the four stations in the central Namib with fog observations

Latitude Longitude Sampling Period
Swartbank 23.2°8S 14.5° B 1970-1982
1966-1995
Gobabeb 1 23.4°S 15.0° E
2000-2002%*
Gobabeb 2 23.5°S 15.0° E 1981-1995
Vogelfederberg 23.0°S 15.3° E 1979-1992
Satellite - - 2004-2009

(** hourly readings)

3.2 Validation of the model

To validate the implemented fog diagnostics, we
applied the REMO model for the period from January
2001 to August 2008 using ERA40 and operational
analysis data as lateral boundaries. However, for the
validation, only the 4 year overlap period with the
satellite data from 2004 to 2007 is regarded.

Even though the time period of model/satellite
and station data do not match, we still considered
the station data as an additional data source, mainly
for assessing the relative seasonal and diurnal cycles.
However, as a regional model is not intended to rep-
resent the climatic features at each single gridbox,
the standard procedure when comparing model data
to station data is to average the model output over a
larger number of model grid boxes centred around
the station. In order to compare the number of fog
days received by the satellite and the model directly
to the station observations, we therefore used an
inverse distance-weighted method to compute the
number of fog days for the gridded satellite and
model data at each station location.

Not only the simulation of the annual mean fog
occurrence was validated at each of the station loca-
tions but also the simulation of its seasonal evolu-
tion was considered. In order to better compare the
simulated and observed seasonalities (even though
the absolute number of fog days differs) all data have
been normalized to the respective climatological
maximum monthly fog occurrence at the respective
stations. Furthermore, at one station this method
could also be transferred to the evaluation of the
simulation of diurnal fog characteristics.

3.3 Quantifying changes in the future fog extent

For the assessment of future changes in the fog
occurrence along the southern African west coast
we forced the regional climate model REMO with
the output of the coupled global atmosphere-ocean

model ECHAM5/MPIOM. We simulated two 20-
year time-slices for the periods 1981-2000 (control)
and for 2081-2100 (scenario) for this initial study.
For the future period the greenhouse gas concentra-
tions followed the concentration path of the SRES
Al1B emission scenario (NAKICENOVIC et al. 2000),
which represents an intermediate emission pathway.
For this scenario a transient climate change projec-
tion has already been conducted with REMO, using
the same model setup, however without the fog di-
agnostics. In the current study the projected climate
change signals under this emission scenario with
respect to temperature, precipitation and circulation
are only briefly mentioned in section 4.2. A detailed
discussion of the findings of the transient climate
change projections can be found in HAENSLER et al.
(2010a), HAENSLER et al. (2010c) and HAENSLER et al.
(2011).

4 Results
4.1 Model validation

The mean number of simulated fog days is com-
pared to the satellite observations on an annual as
well as on a seasonal (Summer: October to March;
Winter: April to September) basis (Fig. 2). Generally,
the satellite data show a strong negative gradient in
fog occurrence from the coast to locations further in-
land. At the coast the maximum number of fog days
is around 160 days per year. According to the satellite
product, up to about 200 km inland an average of at
least 5 fog days per year is observed around the cen-
tral Namib. Seasonally, the satellite shows more fog
days for the summer season. A comparison with the
model reveals that REMO is able to simulate the gen-
eral seasonal and spatial patterns of fog, with more
fog at the coast and less fog further inland. However,
the model seems to overestimate the fog occurrence
at the coast and over the ocean and underestimate
the number of fog days further inland. This seems



266 ERDKUNDE Vol. 65 - No. 3

Satellite REMO . REMO minus Satellite

Annual

N

o
o

w
1

Summer (October-March)

N

N Q
o )
1 1

Winter (April-September)
N
(o]

12°E 16° 12°E 16° 12°E 16°

Fig. 2: Mean number of fog days per year (upper row) and for the summer (central row) and winter (bottom row) seasons
as observed (left column) and simulated by REMO (central column) for the period from 2004 to 2007. Additionally the ob-
served fog days at each station, represented by coloured circles, are included in the left panels. However the time period
of the data differs from the satellite and model (see Tab. 1). The absolute differences between simulated and observed fog
occurrence for the respective seasons is displayed in the right-hand panel. Note that the 3 km satellite data was remapped
(using a first-order conservative remapping method) to the 18 km REMO grid for direct comparison
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to be the case for both, the summer and winter sea-
sons. Figure 2 depicts also the number of fog days
recorded at the four stations. Here a much lower gra-
dient from the coast towards the interior is visible
compared to the model but also to the satellite data.
This can also be seen in figure 3, which shows the
mean number of fog days along a west-east transect
(13°E to 17°E; 22.8°S to 23.8°S) as simulated with
REMO and observed by the satellite and the stations.
The strong overestimation in the number of fog days
over the ocean areas is visible. In the transition zone
a strong decrease in the number of fog days occurs.
REMO overestimates the fog frequency up to ~25
km inland, while further inland the model slightly
underestimates the number of fog days.

In comparison to the stations, both, the satellite
data as well as the model show a stronger gradient
in the mean number of fog days per year from the
station closest to the coast (Swartbank) to the inland
stations (Gobabeb and Vogelfedersberg) than those
recorded at the station (Tab. 2). Especially the pro-
nounced difference of the satellite and station data
has to be noted. This difference can partly be as-
signed to the interpolation of the gridbox average
to the point location. But the remaining discrep-
ancies still show that also the observations suffer
from a particular degree of uncertainty, which has
to be kept in mind while evaluating the model re-

Days
350 - -

300 -

sults. Finally, the periods covered by each data set
differ and no more than this general agreement on
patterns was expected. The observed and simulated
mean annual cycles for all stations are depicted in
figure 4. Generally for all stations the satellite and
the model show a more pronounced seasonality than
the stations. This is most probably related to the fact
that the station data suffer from frequent data gaps,
which are not uniformly distributed within the year.
However, the position of the peak is still comparable
to the one of the satellite data. For the Swartbank and
Vogelfederberg the mean seasonal cycle as observed
by the satellite and simulated by REMO agree rather
well, but REMO shows the peak fog occurrence one
month eatlier at Vogelfederberg and slightly later
at Swartbank than observed. For the two Gobabeb
Stations, the model seems to miss the secondary fog
maximum in early summer which is visible in the
satellite data.

At the Gobabeb Logger Station also hourly data
are available. Therefore, the diurnal cycle of fog
occurrence can be analyzed as well. According to
the station data the maximum of fog occurrence is
around 0600 UTC (Fig. 5), which fits rather well to
the timing discussed in the literature (e.g. SCHULZE
1969). During daytime almost no fog occurrence is
observed. REMO reproduces the observed diurnal
cycle almost perfectly showing only a slight delay in
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Fig. 3: Mean number of fog days per year (upper panel) and for the summer (central panel) and winter (bottom panel) as
meridional mean along a west-east transect indicated as in figure 1a. The observed fog days are indicated by the black line
(Satellite) and grey dots (Stations): simulated fog days by REMO are depicted in red. The satellite observations and the
model cover the period from 2004 to 2007, the recording period of the stations differ (see Tab. 1). The range in the data is
defined by the standard deviation. The grey shaded area represents the sea-land transition zone
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Tab. 2: Summary of the annual fog statistics for the four stations as observed and simulated by REMO. Note that the data

represent different time periods (see Tab. 1 and Fig. 2)

Station Satellite Model
[days] Mean Min Max SDev Mean Min Max SDev Mean Min Max SDev
Swartbank 80 62 104 13 100 82 120 14 163 152 180 10
Gobabeb 1 41 14 64 12 22 19 27 3 15 14 16 1
Gobabeb 2 55 20 73 12 28 20 33 5 11 9 15 2
Vogelfederberg 57 15 80 18 7 4 12 3 4 3 5 1

the fog maximum and a slightly shorter period of
general fog occurrence than observed. Whereas the
station data already records fog before midnight, the
model only shows fog after midnight. Also the sat-
cllite seems to have the maximum in the morning,
however, with only two samples a day a robust analy-
sis cannot be made.

4.2 Scenario of future fog extent

The greater Namib Desert region is projected to
undergo a significant warming in all seasons under
the chosen emission scenario until the end of this
century. The mean annual warming is projected to
be in the order of about 2°C in the coastal areas to
more than 4 °C further inland (Fig. 6, upper panels).
However even though in the mean state a general
warming is projected to occur, the diurnal tempera-
ture range seems to be only marginally affected by
this change, showing a slight decrease in the future
diurnal temperature range (Fig. 6, lower panels).
Future rainfall amount is projected to be significant-
ly reduced to about 50% of today’s rainfall amount

Swartbank

Norm. Fog Occurrence

(not shown), however due to the arid conditions in
the region the absolute rainfall changes are rather
small. Regarding the near surface circulation fields,
the large scale circulation patterns slightly change
(e.g. HAENSLER et al. 2011), however the thermally
induced land-sea breeze and plain-mountain circu-
lation do not seem to be strongly affected by future
climate change.

However, as already mentioned above, fog wa-
ter input seems to be more important in this region
than rainfall. In the subsequent section, therefore
the projected changes in fog occurrence under this
emission scenario are presented. In figure 7, the
simulated mean number of fog days per year and for
the two seasons are presented for the control and
scenario simulations. Generally REMO projects a
slight increase of the number of fog days over the
ocean and along the coastal land areas. Further in-
land however, a decrease in the number of fog days
is projected, leading to a stronger negative gradient
from the coast inland. This change pattern seems
to be consistent throughout the year, as there is not
much difference between the summer and winter
situations. At the four station locations, the situation
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Fig. 4: Observed and simulated mean seasonal fog distribution for the four stations in the central Namib. Note that each
data series was normalized to its respective maximum value. Furthermore, the data represent different time periods (see

Tab. 1 and Fig. 2)
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Fig. 5: Observed and simulated mean diurnal fog distribu-
tion for the Gobabeb 1 station. Note that each data series
was normalized to its respective maximum value. Further-
more, the data represent different time periods (see Tab. 1
and Fig. 2)

seen in figure 6 is also represented (Tab. 3). Whereas
close to the coast (Swartbank) fog occurrence is
projected to slightly increase (~10%), the model re-
sults at the location of the inland stations show a
decrease from about 25% (Gobabeb) to almost 40%
(Vogelfederberg). The calculated decrease in the
number of fog days at these three stations is limited
to the main fog season during late summer, whereas
the simulated secondary maximum during the win-
ter season is slightly shifted towards ecarly winter.
The projected increase at the Swartbank station is
limited to the winter season (Fig. 8). Both change
patterns lead to a reduced seasonality in the pro-
jected future fog patterns. As expected no change
is visible in the diurnal cycle at all four stations (not
shown), since the dissipation of fog in the early
morning is mainly linked to thermal processes con-
nected to the diurnal temperature cycle. Even if the
absolute temperature is projected to increase in the
future (see HAENSLER et al. 2011) the diurnal tem-
perature range is simulated to only slightly increase
(~0.5K) in the future for this region. Therefore, the
cooling during night time still is sufficient to main-
tain the presence of advected fog. As also the tim-
ing of the temperature minimum is not projected
to change in the future, also the onset of the fog
formation seems to be rather constant.

5 Discussion

In this paper we present a first attempt of a long-
term fog projection using a regional climate model.
The simulated fog occurrence shows patterns similar
to those observed, with a remarkable west-cast gradi-
ent in the fog occurrence from the coast to the inte-
rior. But still, there are some remarkable deviations
between model and satellite observations. Especially
the inland penetration of fog seems to be under-
estimated by the model. However, a lack in inland
moisture transport simulated by the model seems
not to be the cause for this deficit, as the regional
circulation characteristics (HAENSLER et al. 2010b) as
well as the local, thermally induced wind fields (not
shown) are well reproduced by REMO. Also the sea-
sonality and the diurnal cycle of the fog occurrence
fits rather well with observations giving a further
indication that the circulation patterns are captured
by REMO. Hence, the deficit in inland fog simula-
tion can more likely be assigned to the coarse model
resolution and the very simple fog diagnostics that
were implemented. Especially the vertical extent of
the lowest model level has to be assessed critically
(Massou 2010, pers. comm.; TARDIF 2007; VAN DER
VELDE et al. 2010) and should be reduced remarkably
in future applications. However as a change in the
vertical resolution requires a comprehensive valida-
tion of the model itself, we decided to use the already
validated model for this initial study. Other reasons
for disagreements could be errors in the satellite data
set mainly connected to the inability to identify fog,
if high-level clouds are present. It further has to be
mentioned that discrepancies in the observations
and the model data could also arise from the fact,
that in the model only fog in the lowest model layer
is diagnosed, whereas in the satellite observations
also near surface stratus might be detected. Also the
internal variability of the model could be a reason as
the time period for which satellite data is available
is rather short. A major source of uncertainty is also
the threshold set to define a fog day in the REMO
model. While it has no influence on the simulated

Tab. 3: Summary of the annual fog statistics for the four stations as simulated by REMO for the control (1981-2000) and

scenario (2081-2100) periods

Ctrl (1981-2000) Scen (2081-2100) % Change
[days] and [%] Mean Min Max SDev Mean Min Max SDev Mean SDev
Swartbank 153 129 171 1 167 148 200 13 10 16
Gobabeb 1 21 10 40 7 17 6 32 7 -23 -4
Gobabeb 2 20 9 35 6 14 5 29 7 -30 6
Vogelfederberg 1 5 25 5 7 2 20 4 -39 -12
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fog seasonality it definitely has an impact on the ab-
solute number of fog days. Finally the different hori-
zontal resolutions of the satellite data and the model
have to be mentioned. Thus, no more than the gen-
eral agreement of patterns between model and sat-
ellite could be expected. This general agreement is
therefore taken as an indication of the satisfactory
representation of fog conditions by the model.

In general, however, the applicability of the sim-
ple fog diagnostic based only on the LWC has to be
critically reexamined. Previous work by GULTEPE
et al. (2006) shows that the error can be as high as
50%. In a recent study by SHr et al. (2010) it could
be shown that the model skill to forecast specific
fog events significantly increases when including the
Nd into the analysis. However these findings refer
to fog forecasting studies, where the timing and ex-

tent of individual fog events matter. In our approach
however, we are mainly interested in the long-term
changes and not in the simulation of fog events.
Therefore the error is likely to be smaller. Another
worthwhile approach for fog simulations with a hor-
izontal resolution in the range of about 20km could
be to use a multivariable-based fog diagnostics as
proposed in a recent paper by ZHou and Du (2010).
They defined fog based on a decision cascade con-
sidering first the LWC, then the vertical cloud extent
and finally 10m wind speed and relative humidity.
The application of these four criteria significantly
improved fog forecasting, especially wind speed and
relative humidity proved to be important factors to
consider. However, one has to keep in mind that
the event-based verification of the decision chain,
as usually performed for numerical weather forecast
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models, cannot be applied to an RCM. Therefore, a The presented scenario simulation gives a first
multivariable approach might also enhance the un- indication of how reliable fog occurrence will be in
certainty involved in the diagnostic process. the future. Generally, a decrease in the number of fog
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days is projected for the inland fog leading even to the
disappearance of fog in many locations. Less fog days
per year will most likely lead to an overall decrease
in fog water input. In connection with the projected
rainfall decrease mentioned before (e.g. MACKELLAR
et al. 2007; HAENSLER et al. 2010a), the regional water
availability is likely to be substantially reduced in the
future. The projected bipolar pattern in the change
of future fog occurrence can mainly be related to the
projected changes in the temperature. As there seems
not to be a general change in the regional-scale circu-
lation in the chosen scenario (even though it is largely
influenced by thermal properties) a possible expla-
nation for the reverse change in the fog occurrence
might be related to changes in the thermal character-
istics of the atmosphere. While the general warming
over the ocean (see Fig. 6) would favor an increased
moisture load at the coastal areas, the strong warming
over land might favor a faster fog dissipation.

However it has to be kept in mind that for the as-
sessment of future fog extent only 20 year time slice
experiments were conducted. Therefore, the project-
ed changes serve rather as a indication for what the
future could be, than as absolute number. For a more
robust projection, a longer time period needs to be
assessed and more scenario simulations (also includ-
ing more models) should be conducted.

It also has to be noted that due to the change of
the forcing from the ER A40 re-analysis data (used on
the validation simulation) to the ECHAM5/MPIOM
data (used for the control and scenario simulations) a
difference in the simulated fog days for present-day
climate conditions appears. However, due to the fact
that the deficits in the validation simulation (Section
3) are reduced in the control simulation (see Tab. 2
and 3), the application of the model for a scenario
simulation seems to be justified.

Finally, the feedback of future changes in the
circulation characteristics onto the regions ocean
circulation should also be considered in future
projections (e.g. HAENSLER et al. 2010c). The im-
portance of the Benguela Upwelling system for fog
formation along the southern African west coast
was shown by OLIVIER and StockToN (1989). In
the current simulation, ocean characteristics are
taken from the coupled ECHAMS5/MPIOM model.
However, due to the coarse horizontal resolution
of a GCM the individual upwelling cells cannot be
resolved in the required degree of detail. Therefore,
a fully coupled regional atmosphere-ocean model,
such as already in place for the Mediterranean re-
gion (ELizaLpE 2010, pers. comm.), could provide
very valuable information.

6 Concluding remarks

We presented an initial study to assess whether
future climate change might influence the occur-
rence of fog along the southern African west coast.
We found that the regional climate model REMO
with a basic fog diagnostics scheme can realistical-
ly represent the major fog patterns over the region.
For the future, this initial study projects an in-
crease of fog along the coast and a decrease further
inland. Keeping in mind the uncertainty of the
projections, we still think that along the coast fog
can act as a supplementary drinking water source
for local communities in the future. However, to
provide a more robust data base for regional stake-
holders and decision makers, more scenarios (in-
cluding multi-model ensemble simulations) have
to be conducted for the region covering a much
longer time period.
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