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Abstract

A method is presented for fog and low stratus detection from daytime satellite imagery based on Meteosat 8 SEVIRI
(Spinning-Enhanced Visible and Infra-Red Imager) data. With its excellent spatial, spectral and temporal resolutions, this
imagery is an ideal basis for operational fog monitoring. The scheme utilizes a range of pixel-based and novel object-oriented
techniques to separate fog and low stratus clouds from other cloud types. Fog and low stratus are identified by a number of tests
which explicitly and implicitly address fog/low stratus spectral, spatial and microphysical properties. The scheme's performance
is evaluated using ground-based measurements of cloud height over Europe. The algorithm is found to detect low clouds very
accurately, with probabilities of detection (POD) ranging from 0.632 to 0.834 (for different inter-comparison approaches), and
false alarm ratios (FAR) between 0.059 and 0.021. The retrieval of sub-pixel and temporal effects remain issues for further
investigation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Background

Fog and low stratus are phenomena of significant
societal and economic importance, especially as a major
obstacle to road and air traffic. While the former is only
affected by low stratus with ground contact (‘fog’), the
latter is impaired by any low stratus cloud, i.e. a low cloud
base. While meteorological station data does not yield a
spatially coherent picture of fog/low stratus distribution,
satellite imagery can be used to compensate for this
deficiency.
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The detection of fog and very low stratus from
satellite imagery has presented a challenge for several
decades. Many extensive cloud classification schemes
exist, but these either do not expressly address fog/low
stratus, or they rely on ancillary (model or observation)
data (e.g. Saunders and Kriebel, 1988; Ackerman et al.,
1998; Derrien and LeGleau, 2005). Many approaches
have been developed to address fog detection at night
(e.g. Eyre et al., 1984; Turner et al., 1986; Dybbroe,
1993; Bendix, 2002). Most of these rely on the
particular emissive properties of fog droplets at 3.9
and 10.8 μm (cf. Bendix and Bachmann, 1991): the
small droplets found in fog are less emissive at 3.9 μm
than at 10.8 μm, whereas both emissivities are roughly
the same for larger droplets (Hunt, 1973). The dif-
ference between the brightness temperatures measured
at both wavelengths is tested against a threshold value
and attributed to the categories low stratus/clear/other
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cloud. While historically this technique has been used on
polar orbiting systems, it has now been ported to geo-
stationary platforms. The algorithm has been successfully
implemented on the newGeostationary Operational Envi-
ronmental Satellite (GOES) imager (GOES-8+), which
provides the required spectral bands (cf. Ellrod, 1995;
Wetzel et al., 1996; Lee et al., 1997; Greenwald and
Christopher, 2000; Underwood et al., 2004). More re-
cently, the same algorithm has been applied to data of the
Spinning Enhanced Visible and Infrared Imager
(SEVIRI) on board Meteosat Second Generation (MSG),
where it can be appliedwith some constraints (Cermak and
Bendix, 2007).

During daytime, however, the situation is entirely
different. The solar signal that mixes into the 3.9 μm
radiation renders the method useless after sunrise, as the
small fog droplets reflect at this wavelength. Therefore
an altogether different approach is needed for daytime
fog detection.

Only few quantitative schemes have been developed
in the past to address this issue. Bendix and Bachmann
(1991) implemented an algorithm on the National
Oceanic and Atmospheric Administration (NOAA)
Advanced Very High Resolution Radiometer (AVHRR)
based on the assumption that the 10.8–3.9 μm brightness
temperature difference is smaller for fog than for clear sky
pixels. However, this also applies to many other cloud
types so that an additional cloud exclusion scheme is
needed. More recently, Bendix et al. (2006) developed a
radiative transfer-based classification scheme for the
Moderate Resolution Imaging Spectroradiometer
(MODIS) instrument aboard the Terra and Aqua plat-
forms. In this approach, the authors derive the minimum
and maximum albedo values for modelled fog layers in a
number of spectral channels using the STREAMER ra-
diative transfer code (Key and Schweiger, 1998). These
extremevalues are then applied as thresholds in each of the
channels, with all values in between classified as fog. This
approach has already been ported to MSG SEVIRI
(Cermak and Bendix, 2007). Although this technique
yields a good probability of detection for low clouds, it has
a high false alarm ratio, since other cloud types display
similar optical properties in many situations. Furthermore,
the scheme was developed for a polar orbiting platform
and with a regional focus. It assumes a well-defined
overpass time (at or after 11 am local time) with good
illumination conditions of little variation. In operational
processing on a geostationary platform the complete range
of solar elevations are encountered and must be taken into
consideration. This robustness is of crucial importance to
any geostationary satellite daytime fog/low stratus detec-
tion scheme.
In the light of this, the aim of the present study was to
develop a new, solid daytime scheme for the detection of
fog and low stratus from a geostationary platform.

1.2. Meteosat Second Generation

Meteosat 8 became operational early in 2004, as the
first of four planned MSG satellites (Schmetz et al.,
2002). The SEVIRI sensor (Aminou, 2002) aboard each
of these provides full disk scans in twelve spectral
channels, at a repeat rate of 15 min. Eleven of the chan-
nels are spread over the visible, water vapour and infra-
red wavelengths, each at a spatial resolution of 3 km at
sub-satellite point (ssp). The remaining channel is a High
Resolution Visible (HRV) channel with a nominal (ssp)
resolution of 1 km.

With this payload, Meteosat 8 presents a significant
spectral improvement over previous generations of geo-
stationary satellites while at the same time providing a
spatial resolution comparable to that ofmany polar orbiting
systems. It is for these reasons that this platform was
chosen in the present study.

1.3. The need for automation

The present paper stresses the operationality of the
scheme presented. The aim is to develop a fog/low
stratus nowcasting system, i.e., a near-real-time assess-
ment of the fog cover situation, with further application
to statistical and climatological evaluations and fog
forecasting.

For statistical evaluations, fog and low stratus fre-
quency and persistence averaged at SEVIRI's 15 minute
temporal resolution can hardly be obtained economically
in retrospect unless products have already been computed
before in an operational fashion. Fog/low stratus now-
casting and very-short term forecasting are done within
the framework of the European Science Foundation (ESF)
COST Action 722 (Short Range Forecasting of Fog and
Low Clouds). Most numerical fog models have a time-
consuming spin-up phase and are thus not suitable for
nowcasting. Satellite retrievals may be used to bridge this
gap (Jacobs et al., 2005). Moreover, a continually gen-
erated satellite fog and low stratus product can be used in
model intervalidations.

With these factors in mind, the present algorithm was
developed for the automated real-time processing of
SEVIRI data. It is implemented in Fortran computer code
and runs on a standard personal computer (PC), fully
integrated into the operational processing of satellite data
at the Laboratory for Climatology and Remote Sensing
(LCRS).
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2. The algorithm

The detection of fog and low stratus is implemented
as a chain of complementary spectral and spatial fog/low
stratus property tests. Pixels which do not meet the
prescribed criteria are excluded from further processing.
While initially cloudy areas are separated from clear
Fig. 1. An overview of the fog/low stratus detection algorithm. After preproce
of some confirmed non-fog pixels, the remaining areas undergo a series of te
pixel or entity of pixels will no longer be considered in succeeding steps. ‘F
areas, the tests increasingly become more fine-grained
and specific, each building on the results of the pre-
ceding tests. The procedure is highlighted in some detail
in the following subsections.

For the spectral tests, the following SEVIRI channels
are used: 0.6 µm, 0.8 µm, 1.6 µm, 3.9 µm, 8.7 µm,
10.8 µm and 12.0 µm. The scheme is applied up to a
ssing, the satellite data enters the classification scheme. After exclusion
sts for spatial and microphysical fog properties. ‘Stop’ indicates that a
/ls’ means fog/low stratus. See text for details.



Table 1
Channels used in the spectral tests

Test Channels used (µm)

Gross cloud 3.9, 10.8
Snow 0.6, 0.8, 1.6, 10.8
Ice cloud 8.7, 10.8, 12.0
Small droplets 3.9
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satellite zenith angle of 70° and a solar zenith angle of
80°. Information on surface elevation is extracted from
the GTOPO30 digital elevation model (USGS, 1993).

The tests and thresholds are based on theoretical
considerations, radiative transfer calculations and con-
tinuous fine-tuning in operational processing. For
radiative transfer computations, the STREAMER
model (Key and Schweiger, 1998) was used.

Fig. 1 gives an overview of the entire fog/low stratus
detection scheme described in detail in the following
sub-chapters and Table 1 summarizes the channels used
in the spectral tests.

2.1. Tests

2.1.1. Removal of cloud-free areas
In a first step, a rough separation of clear and cloud-

contaminated pixels is achieved using the radiances at 10.8
and 3.9 μm.Given the combination of a solar and a thermal
Fig. 2. Distribution of 10.8 μm–3.9 μm brightness temperature difference
09:00 UTC. Clear land pixels peak at around 3 K, clear sea pixels slightly ab
around −2 to −3 K.
signal at 3.9 μm, the difference in radiances must be larger
for a cloud-contaminated pixel than for a clear pixel:

Rcc 10:8ð Þ � Rcc 3:9ð ÞbRcf 10:8ð Þ � Rcf 3:9ð Þ ð1Þ

with Rcc(λ) the radiance of a cloud-contaminated pixel at
a wavelength of λ μm, and Rcf(λ) the same for a cloud-
free pixel.

A threshold value of observed brightness temperature
difference between cloud and cloud-free areas must be
determined dynamically. Since this threshold depends on
viewing geometry and season, no fixed value can be used.
Therefore, a procedure for the dynamic retrieval of a
proper threshold was developed. It is applied to each
single slot and works as follows. Over an area of about
250,000 pixels (size depending on solar geometry) the
histogram of the radiance differences is analysed (see
Fig. 2 for a representative example). In this histogram the
clear sky peak is identified within a certain range. The
nearest significant relative minimum in the histogram
towards more negative values is detected and used as a
threshold to separate clear fromcloudy pixels in the image.
The advantage of this approach over the use of a channel
in the visible range is that a certain amount of snow-
covered pixels is already rejected as clear, due to the lower
reflectivity of snow as compared to clouds in the medium
infrared (N1.4 µm, Wiscombe and Warren, 1980).
for a typical low stratus scene during daytime (5 November 2003,
ove this level, and cloudy pixels remain well below, with a transition at
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2.1.2. Removal of remaining snow pixels
Next, snow-covered pixels that have accidentally

been classified as clouds are singled out. This step is
necessary as the previous test does not exclude all
snow-covered pixels. Snow-testing is based on the
insights that snow a) has a certain minimum reflec-
tance (0.11 at 0.8 μm), b) has a certain minimum tem-
perature (256 K), and c) displays a lower reflectivity
than water clouds at 1.6 μm, combined with a slightly
higher level of absorption (Wiscombe and Warren,
1980). The first two criteria are tested against pre-
defined thresholds before the third factor is tested
using the Normalized Difference Snow Index (NDSI),
(Eq. (2)) (Dozier and Painter, 2004; Dozier, 1989).
Where the NDSI exceeds a certain threshold (0.4) and
the two other criteria are met, a pixel is rejected as
snow-covered.

NDSI ¼ q 0:6ð Þ � q 1:6ð Þ
q 0:6ð Þ þ q 1:6ð Þ ð2Þ

with ρ(λ) the reflectance at wavelength λ μm.

2.1.3. Ice cloud exclusion
Once the cloud area has been delineated with some

confidence, cloud properties are investigated in more
detail. A number of tests for cloud phase are implemen-
ted. They have slightly different foci (e.g. thin cirrus) and
complement each other. For the purpose of this study,
only warm fog (i.e. clouds in the water phase) are con-
sidered. The cloud phase tests are based on the assump-
tions that ice clouds and water clouds display distinctly
different refractive behaviour in various parts of the
infrared. In addition, low brightness temperature is used
as a criterion.

Initially, cloud phase is addressed in a positive water
cloud test. The difference of brightness temperatures in
the 12.0 and 8.7 µm channels is used as an indicator of
cloud phase (Strabala et al., 1994). Where it exceeds
2.5K, awater-cloud-covered pixel is assumedwith a large
degree of certainty.

In order to identify any less obvious potential water
cloud pixels missed by this test, ice clouds are excluded
explicitly from the remaining pixels in the following.
They are identified in a number of ways. The simplest of
these is a straightforward temperature test, cutting off at
very low 10.8 µm brightness temperatures (250 K). Thin
cirrus clouds are identified by two different techniques.
Both of these make use of the infrared (IR) window
channels and the different sensitivities each of the three
available channels has to thin cirrus clouds: a) Cirrus is
detected by means of the split-window IR channel
brightness temperature difference (T10.8–T12.0). This dif-
ference is compared to a threshold dynamically inter-
polated from a lookup table based on satellite zenith angle
and brightness temperature at 10.8 µm (Saunders and
Kriebel, 1988), b) The second approach uses the
difference between the 8.7 and 10.8 µm brightness
temperatures (T8.7–T10.8), founded on the relatively strong
cirrus signal at the former wavelength (Wiegner et al.,
1998). Where the difference is greater than 0 K, cirrus is
assumed to be present. Those pixels whose cloud phase
still remains undefined after these ice cloud exclusions are
subjected to amuchweaker cloud phase test in order to get
an estimate regarding their phase. This test uses the NDSI
introduced above. Where it falls below 0.1, a water cloud
is assumed to be present.

2.1.4. Small droplet proxy test
After the removal of snow pixels and ice clouds, the

presence of small droplets is tested for. This is done
implicitly using radiances in the 3.9 µm channel. The
underlying assumption relates to the specific radiative
properties of fog and stratus as compared to other clouds
and clear areas at this wavelength (Hunt, 1973). The small
droplets usually found in fog and stratus (usually no larger
than 20 µm, Roach, 1994) are slightly reflective at this
wavelength. The solar component in the signal received
from fog areas exceeds that from both land and other
clouds. At the same time, land normally has a larger
thermal signal than non-fog clouds, the latter being at
higher altitudes.

Due to these principles, fog generally has a stronger
signal at 3.9 μm than clear ground, which in turn radiates
more than other clouds. A sample 3.9 μm radiance image
can be seen in Fig. 3. The vertical line indicates the
profile whose values are plotted in Fig. 4 (north to south
direction).

This insight is used in the small droplet proxy test. The
3.9 μm radiances for cloud-free land areas are averaged
over 50 rows at a time to obtain an approximately lati-
tudinal value. Wherever a cloud-covered pixel exceeds
this value, it is flagged ‘small droplet cloud’.

2.1.5. Spatial tests
The analysis of a set of spatial features is at the centre

of the fog and low stratus detection scheme (see Fig. 1).
These tests explicitly address fog/low stratus properties
in space and thus yield a significant advantage over
conventional spectral tests. The spatial analysis con-
siders all pixels which have been identified as water
cloud-contaminated and have not previously been re-
jected as obviously non-fog. The focus is shifted from
the pixel level to an entity-oriented approach, with cloud



Fig. 4. A profile of radiances registered in the 3.9 μm channel over
central France, 5 December 2003, 13:00 UTC (see Fig. 3 for precise
location). The profile extends from line 110 (N) to line 170 (S) and
encompasses different types of cloud cover: fog/low stratus (‘Low
stratus’, 110–145), clear land area (‘Clear’, 146–159), undifferentiated
medium and high clouds (‘Medium/high clouds’, 160–166, 174–180),
and cirrus (‘Cirrus’, 167–173).

Fig. 3. A 3.9 μm radiance image for 5 December 2003, 13:00 UTC. The vertical line over central France indicates the location of the profile shown in
Fig. 4.
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and fog patches observed as units in space. These are
tested for two essential fog properties:

• Low altitude: Fog is expected to be a cloud close to
the ground.

• Surface homogeneity: As a stratiform cloud and often
limited by a boundary layer inversion, a fog patch
should have a more or less homogeneous upper height.

Spatially coherent and discrete entities of similar pro-
perties have to be identified before the spatial feature tests
can be applied. To this end, all remaining cloud pixels are
grouped into spatially coherent and discrete entities. An
entity in this context is defined as a set of adjoined pixels
belonging to the same cloud class. The latter is derived
from the tests described in the previous section. Each
entity is assigned a unique identifying common entity
number (ID) so that it can be considered as a discrete unit in
further testing. Depending on the degree of segmentation
deriving from the spatial distribution of cloud classes, the
entity areas may vary in size. For maximum differentiation,
entities should not be too large. Therefore, diagonal
relations between pixels (i.e. pixels bordering each other
at angles other than multiples of 90°) are excluded in the
clustering process.

2.1.5.1. Altitude test. The purpose of the altitude test is
to determine the relative height of a cloud entity above
the underlying surface and thus to reach a rough estimate
as to whether a given cloud could potentially qualify as a
low cloud or not.

In this test, the 10.8 μm brightness temperature of
every fringe pixel of a given entity is compared to that of
any and all bordering clear pixels. In order tominimize the
risk of underestimating cloud altitude where pixels with
only partial cloud cover are compared with clear pixels,
themaximum brightness temperature difference is located
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along the entity margin. Clear pixels covered by snow are
not considered.

Using the brightness temperature difference, the
ground elevation for both the cloudy and the clear
pixel, and an assumed atmospheric temperature lapse
rate (0.65 K 100 m−1), cloud top altitude is estimated as
follows:

zct ¼ Tcf 10:8ð Þ � Tcc 10:8ð Þ
C

� zcf � zccð Þ ð3Þ

where zct is the cloud top height, Tcf(10.8) the 10.8 μm
brightness temperature for a cloud-free pixel, Tcc(10.8)
the same for a cloud-contaminated pixel, Γ the atmo-
spheric temperature lapse rate [Temperature /Height], zcf
the surface elevation of the cloud-free pixel and zcc that
for the cloud-contaminated pixel. The latter two are
taken from a digital elevation model (see above).

If zct falls below a threshold of 2000 m, the cloud
entity is classified as a potentially low cloud. If the cloud
appears to be higher, it is no longer considered a poten-
tial fog or low stratus entity and disregarded in further
tests.

2.1.5.2. Surface homogeneity test. Assuming that fog
is a cloud trapped under an inversion, a fairly homo-
geneous cloud top surface height is expected. Since
height information is not directly available, brightness
temperature measured in the 10.8 μm channel is taken as
a proxy. As only relative height information is needed,
this approach appears appropriate.
Fig. 5. Albedo image from SEVIRI 0.6 µm c
For each low cloud entity, the standard deviation of the
10.8 μm brightness temperature is determined. Where it
falls below a certain threshold (2.5), the entity is identified
as a low stratus patch. The threshold was determined
empirically, by continuous monitoring of operational
processing. This test concludes the initial fog/low stratus
detection scheme.

2.1.6. Microphysical property plausibility test
Only a well-defined range of droplet radii and cloud

optical depths are encountered in fog and low stratus.
Unfortunately, some combinations of microphysical
properties are encountered in both, fog/low stratus and
other cloud types. Therefore, microphysical properties
cannot be used as sole indicators of fog presence.
However, they may well be used to exclude areas with
properties outside the known range. This approach is
taken here.

Microphysics computation times are significant. Since
the fog detection scheme is run operationally, these
properties are only retrieved for the areas previously
flagged as fog/low stratus. For this reason the micro-
physics test is the last one applied in the scheme.

Microphysical properties are retrieved based on a
scheme developed by Kawamoto et al. (2001, based on
Nakajima and Nakajima, 1995).While this algorithmwas
originally developed for application to NOAA AVHRR
data, it has now been ported to Terra/Aqua MODIS and
MSG SEVIRI (Nauss et al., 2004). Its basis is the specific
radiative behaviour displayed by clouds with different
droplet sizes and optical depths at visible and near infrared
hannel, 5 December 2003, 13:00 UTC.



Fig. 6. Simplified fog/cloud mask for 5 December 2003, 13:00. Dark grey indicates non-fog clouds, medium grey fog/low stratus, and light grey areas
are snow. Clear areas are shown in black, country borders given in white for reference.
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wavelengths. While the radiation registered in the 0.6 μm
channel mostly depends on cloud optical depth, the
radiation received at 3.9μmvarieswith cloud droplet size.
In order to reduce errors caused by background (i.e.
surface) temperature and albedo, especially in situations
with thin clouds, these parameters are included in the
microphysics retrieval scheme. They are estimated based
on a spatial interpolation for surface temperature and
temporal averaging for albedo. A certain degree of
uncertainty remains and thus a potential source of error,
as the parameterizations may not be applicable to all
possible cloud situations. The algorithm's good overall
performance has, however, been ascertained (Nauss et al.,
2005a, Nauss et al., 2005b).

Typical microphysical parameters for fog were taken
from previous studies (e.g. Tampieri and Tomasi, 1976;
Pinnick et al., 1978; Chourlaton et al., 1981; Steward
and Essenwanger, 1982; Minnis et al., 1992; Roach,
1994; Wetzel et al., 1996; Miles et al., 2000; Brenguier
et al., 2000; Bendix, 2002). According to these sources,
fog optical depth normally ranges between 0.15 and 30
while droplet effective radius varies between 3 and
12 μm, with a maximum of 20 μm in coastal fog.

The respective maxima for optical depth (30) and
droplet radius (20 μm) are applied to the low stratus mask
as cut-off levels. Where a pixel previously identified as
fog/low stratus falls outside the range it will now be
flagged as a non-fog pixel.

The microphysics test concludes the fog/low stratus
detection scheme. Fig. 5 shows a 0.6 µm albedo image,
a sample fog/low stratus mask product for the same
scene can be seen in Fig. 6. Both images belong to the
13:00 UTC scene of 5 December 2003.

3. Validation and performance of the scheme

3.1. Preliminary thoughts

One of the greatest advantages of satellite-based fog
retrieval is the spatial information. Satellite products
allow for statements regarding the extent and distribu-
tion of fog, as opposed to ground-based point measure-
ments. Operationally, the latter are most commonly
available in the form of SYNOP data at hourly intervals.

Unfortunately ground-based point measurements are
the only type of data available for validation of this kind
of product. A few fundamental flaws are obvious in this
sort of inter-comparison approach:

• Sub-pixel effects. Ground-based point measurements
do not necessarily represent the state of parameters
over the entire pixel as seen by the satellite, so the
measured effects may not be detectable in the pixel as a
whole. In the case ofMSG SEVIRI the nominal size of
a pixel at sub-satellite point (0°N, 3.4°W) is 3×3 km,
yielding an even larger area per pixel for Europe. Sub-
pixel effects are of particular importance at themargins
of a fog patch.Moreover, a meteorological station may
be located at the intersection of two pixels, making it
nearly impossible to attribute its data to either one.

• Timing. MSG SEVIRI takes 15 min for one scan of the
hemisphere, scanning from south to north. Therefore
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the nominal time assigned to each scene does not
necessarily represent the actual scan time at a given
location within that scene. For this reason the features
observed on the ground may not always match those
seen in a supposedly corresponding satellite image.
This holds true especially for fog in its final dissipation
stages.

• Co-location issues.While the geo-location ofMeteosat
8 is generally stable, slight changes may occur in
individual scenes. In operational processing, a manual
filtering of these scenes is impossible. One therefore
has to consider that features may be found in a pixel
other than the expected one in some instances. On top
of this, the observation angle is of importance: Over
Europe, MSG's satellite zenith angle ranges between
about 45° and 65°. While this is no great problem for
very thin fog layers with a top height close to sea level,
it becomes increasingly problematic at higher eleva-
tions. The atmospheric profile observed vertically
from the ground does not match the profile seen from
the satellite at the angle mentioned above.

• Data accuracy. Lastly, the quality of the ground-based
measurements is very variable. In many cases the
parameters visibility and cloud height are not derived
from measurements (transmissometers, ceilometers)
but estimated by a human observer. Besides diverging
definitions of visibility in both cases, in the latter case
the data are only classified roughly and depend on the
highly subjective assessment of a person.

Despite all these significant draw-backs, ground-
based point measurements remain as about the only
source of validation data available. They have hence
been used in an attempt to assess the performance of the
scheme presented in the first chapters. The outcome of
this inter-comparison has to be seen against the
background of the issues outlined above.

3.2. Validation data and methodology

Inter-comparison data retrieved from meteorological
stations has been made available for 449 stations in
Germany and neighbouring countries by the Deutscher
Wetterdienst (DWD). The data set (henceforth referred to
as reference data set) encompasses a total of 10 days with
different cloud type mixtures over Europe, at a temporal
resolution of 1 h. These observations have been compared
to the products computed by use of the algorithm outlined
above. Relevant parameters contained in the ground data
sets are visibility and cloud base height.

The reference data set encompassed days in 2003 (30
September, 12 October, 5 November, 10–11 November, 5
December, 8 December, 12 December) and 2004 (24
January and 1 February). This selection includes a range of
very different cloud situations over Europe. Some scenes
feature individual fog patches in valleys, others closed
covers of low stratus, and others contain no fog at all. In all
scenes other cloud types are present, most of the time
covering fog to at least some extent where fog is present.

A range of statistical indicators was computed to
numerically express the algorithm's validity. The
parameters chosen are Probability of Detection (POD),
False Alarm Ratio (FAR), and the Critical Success
Index (CSI). They are defined as follows:

POD ¼ NH

NH þ NM
ð4Þ

FAR ¼ NF

NH þ NF
ð5Þ

CSI ¼ NH

NH þ NM þ NF
ð6Þ

where NX is the number of H: Hits, M: Misses, F: False
Alarms. A hit is defined as an instance where both
product and reference data show the sought feature, at a
miss the reference data reports the feature, but not the
product, and vice versa for a false alarm.

For each data point in the reference data set a
corresponding value was extracted from the satellite
product based on the co-ordinates. To make sure only
daytime scenes were used, the solar zenith angle was
checked for each data point. Where it was larger than
80°, the data point was skipped. The statistical indicators
were then computed for the entire reference data set.

In order to compensate for the co-location issues
outlined in Section 3.1, all indices were computed not
only for individual pixels, but also for a 3×3 pixel
environment. This approach was based on the assumption
that the sought-after ground station might be represented
in one of the pixels neighbouring the one identified as the
theoretical location. Each 3×3 pixel environment was
therefore tested for the presence of the feature found in the
corresponding ground station data. Where any one of the
pixels agreed with the reference measurement, it was
taken to be the sought-after location. Since this approach
is somewhat biased, both, the pixel-based and the 3×3
approaches are considered in the following.

The satellite fog/low stratus mask product was tested
against the presence of low clouds in ground data. Low
clouds are identified by means of cloud base height data.



Table 3
Same as Table 2, but omitting high and medium level clouds

Case POD FAR CSI n

1×1 0.764 0.059 0.729 20,742
3×3 0.834 0.021 0.819 20,914

In the ‘Case’ column, the size of the validation domain (in pixels) is
given; n is the number of observations used.
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Unfortunately, no information on cloud top height was
available. Thus a cloud base height of less than 1000 m
was taken to indicate a low cloud. With respect to the
application (low cloud base) this approach appears
appropriate.

3.3. Inter-comparison results

The results of the inter-comparison run are summar-
ized in Table 2.

The POD is fairly high for all cases, for both fog and
low clouds, indicating that low clouds seem to be de-
tected well by the satellite algorithm. The FAR figures
are well below 0.1, indicating that hardly a feature de-
tected as fog/low stratus turns out to be something other
than a low cloud. The differences between the individual
pixel approach and the 3×3 pixel environment are
noticeable but small.

A natural limitation of satellite data is the detection of
underlying cloud layers: In cases of overlapping clouds,
only the uppermost of these can be detected reliably.
Therefore fog layers underneath other clouds will not
show in the satellite product (reduced POD). This situa-
tion occurred in several locations on the days used for
validation. If, in the light of this, one recalculates the
contingency indices leaving aside all cases where high
and medium level clouds are registered in the satellite
product, the POD and CSI improve on those presented
above. They are summarized in Table 3.

The POD and CSI values have improved visibly on the
previous run. Like all the other figures computed in this
ground-satellite inter-comparison, these indices must
however be interpreted with great care. The elimination
of high andmedium level cloudsmaywell have removed a
number of true misclassifications. On the other hand a
slight increase in POD and CSI seems plausible, as a
number of overlap situations were indeed present in the
scenes considered.

3.4. Individual test assessment

A comparison of the individual tests constituting the
new method presented in this paper is not possible
Table 2
Results of the statistical comparison of ground-based measurements
with satellite products

Case POD FAR CSI N

1×1 0.632 0.059 0.608 22,802
3×3 0.701 0.021 0.691 22,802

In the ‘Case’ column, the size of the validation domain (in pixels) is
given; n is the number of observations used.
because they do not test the same property, but only in
their sum yield low stratus detection. Each test refines the
cumulative result of all preceding tests in the way
outlined in the previous chapter. The individual
contributions of the tests to the final result therefore
vary for each scene depending on the distribution of
clouds and cloud properties in each scene. For one of the
test cases used in the validation study, the most important
classes identified are shown in Fig. 7. A quantification of
the test results for this and two other scenes is given in
Table 4. The figures clearly underline that the contribu-
tions by individual tests to the final classification result
vary significantly in dependence on the cloud situation
encountered in a given scene. In the examples given, the
gross cloud check rejects a greater number of pixels as
clear on 5 November 2003 than on 10 November 2003,
ice cloud testing is successful for a larger share of pixels
on 10November 2003 than on 8December 2003, and the
stratiformity test identifies larger areas on 10 November
2003 than on 5 November 2003. While these figures are
different for each scene, the incremental character of the
scheme becomes clear: the identification of low strati-
form water clouds depends on the exclusion of other
surfaces, which is achieved by the spectral and spatial
tests described above.

As stated above, the thresholds applied in the tests
stem from a number of trusted sources, including values
found in other studies (thin cirrus, snow), radiative
transfer calculations (cloud phase), and dynamical scene
analysis (gross cloud check, small droplet test). The
thresholds used in the spatial tests have been fine-tuned
by visually evaluating several months worth of scenes in
operational processing. In order to highlight the effect of
changes in spatial test thresholds, contingency statistics
have been computed for two selected scenes. Fig. 8
shows classification performance for a range of
temperature lapse rate (Γ) values used in the altitude
test (Section 2.1.5.1) on two selected scenes. The
receiver operating characteristic (ROC) representation
(cf. Marzban, 2004) shows FAR versus POD; the skill of
a classification is indicated by proximity to the upper left
corner of the plot. Next to each data point, the
corresponding lapse rate [K 100 m−1] is given. In this
graph, two features are of interest: 1) several values of Γ



Fig. 7. Classification of a test scene (5 November 2003, 11:00 UTC) showing the most important classes (left) and the corresponding 0.6 µm albedo image (right).
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Fig. 8. Classification skill for some assumed temperature lapse rates
(K/100 m, given next to the data points) in terms of probability of
detection (POD) and false alarm ratio (FAR) for two selected scenes.

Table 4
Portion of pixels identified in various steps (tests) of the scheme for
selected scenes

Class 5 Nov 2003,
11:00

8 Dec 2003,
10:00

10 Nov 2003,
10:00

Clear 91.43 80.86 32.92
– Snow 2.73 5.03 0.56
Ice clouds 1.12 0.97 20.83
Medium/high water
clouds

0.36 2.78 3.82

– Small droplets 0.20 0.01 0.93
Low water clouds 7.07 15.39 42.43
– Stratiform low
water clouds

3.28 14.65 20.38

Values are in percent. Classes included in the previous category are
indented.
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share the same FAR/POD combinations (e.g. 0.55 and
0.65 K 100 m−1 on 5 November 2003) or POD values
(0.45 and 0.55/0.65 K 100 m−1 on the same day). As the
computations are applied to entities rather than indivi-
dual pixels, changes in classification results are not
gradual but occur in abrupt shifts. 2) POD increases with
Γ, while FAR remains more or less constant. The former
is easily explained by the fact that a larger lapse rate
means that more entities will be identified as low cloud,
reducing the number of missed low cloud situations (NM

in Eq. (4)). With this in mind, the expected development
of FAR with increasing Γ would be an increase as well,
as medium and high clouds are more likely to be
misclassified as low. However, the portion of medium
and high water clouds not rejected by the cloud phase
and droplet size tests is obviously very low in both
scenes (see Table 4), so no large FAR values can be
reached here. While the threshold of 0.65 K 100 m−1 is
not obvious from this two-scene analysis, it is physically
realistic and supported by long-time monitoring as stated
above.

4. Conclusions and outlook

The results of the statistical inter-comparison of
ground-based measurements and the satellite-based fog/
low stratus retrieval algorithm are encouraging: hardly
any fog/low stratus situations are missed by the
algorithm as indicated by the high POD values. The
removal of high cloud contamination from the statistics
suggests that a significant number of missed fog cases
may be attributed to multi-layer cloud situations.

The very low FAR figures for low cloud detection
suggest that almost no false alarms occur, i.e. a pixel
classified as ’fog/low stratus’ by the algorithmwill almost
never be covered by a different cloud type or be entirely
cloud-free. This finding is particularly encouraging as to
the validity of the approach taken in the fog/low stratus
detection algorithm and further underlines the good
results in terms of detection probability.

The differences between results found for individual
pixel comparisons and 3×3 pixel environments are
relatively small. The co-location of the satellite imagery
with the ground measurements may thus be regarded as
fairly good; the appropriate pixel seems to be looked at
in most cases. Nonetheless, some sub-pixel fog situa-
tions, especially in small valleys, may be missed by the
satellite algorithm, reducing the POD.

Whatever the ‘true’ accuracy of the algorithm may
be, the validation statistics demonstrate the general
strengths and weaknesses of the scheme. Based on the
shortcomings identified above, sub-pixel classification
accuracy is a major issue to be tackled in future research.
A number of small-scale fog situations at sub-pixel level
may be missed by the algorithm in its current
formulation. This may possibly be the major factor
keeping down POD figures. It is thus desirable to gain
more detailed information on these small-scale phenom-
ena. This issue will be addressed in an upcoming project
planning to incorporate SEVIRI's High Resolution
Visible (HRV) channel into the scheme.

Another promising thread to be pursued in future
researchmay be the use of temporal information.AsMSG
SEVIRI data is available at 15minute intervals, the spatial
development over time displayed by cloud areas may be
utilized in fog identification, both radiometrically (e.g.
Kleespies, 1995) and geometrically. An approach of this
kind will greatly profit from the cloud entity concept
introduced in this paper.
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In this paper, the new algorithm has only been tested
over Europe and on autumn and winter scenes. The
selection of this region and seasons is mostly due to data
availability: fog and low stratus situations most fre-
quently occur within this time frame, and validation data
is most readily accessible in Europe (within the spatial
domain of MSG). Since the scheme, and especially the
spatial components are however diagnostic of fog and
low stratus properties, a good transferability is to be
expected. This remains to be tested.

Although certain issues remain to be tackled in future
research, the present scheme displayed very satisfactory
performance in the validation experiment. The unavail-
ability of a suitable spatial data set for validation once
more illuminates the great potential of spatially coherent
fog/low stratus information retrieved from satellite
imagery.
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