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Abstract: The aim of this study is to determine the availability of cloud free images
in relation to satellite revisit periods for the UK and in particular for the Northwest of
England. Cloud free pixels were analysed with cloud masks from AVHRR/APOLLO and
TERRA/MODIS satellite cloud products. Availability of cloud free images was deter-
mined from revisit frequency and the numbers of monthly images from Landsat ETM+,
ASTER, Quickbird and SPOT satellite sensors series. The average number of cloud free
days at Risley Moss and Charter’s Moss is five days per month with a minimum of one
cloud free day. The results show that satellite revisit periods and cloud free days are
a major determinant of satellite data availability and in this study it was also found
that contrary to popular opinion, satellite overpass does not necessarily mean imaging
opportunity and additional cloud free images could be obtained when there are no satel-
lite overpasses. The number of cloud free images at a given site may be increased by
combining data from different satellites.
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1. Introduction

Information about cloud free pixels is vital in optical remote sensing because
it determines the availability of data sets for many operational applications
since it and may be used to determine whether a satellite overpass has
an unobstructed field-of-view (FOV) of a specific pixel in a satellite image
(Ackerman et al., 1998). The impact of cloud has been recognized for many
years as an important source of error in the retrieval of many surface pa-
rameters from optical remote sensing (Cihlar et al., 1997). Clouds obstruct
viewing at all solar wavelengths and even the part of the surface that is not
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directly underneath a cloud is often affected by reflections from cloud edges
resulting in the distortion of actual reflectivity from the surface, while the
cloud shadows reduce surface illumination (Vant-Hull et al., 2007).

Efforts made in reducing the effects of cloud cover on satellite data uses
a composition of selected cloud free images in collocated pixels that are ge-
ometrically registered with the maximum Normalized Difference Vegetation
Index (NDVI), or a composition of temporally overlapping satellites images
of different overpass dates (Cihlar et al., 1997; Roy, 2000). This method
is suitable for high temporal resolution imagery, like TERRA/MODIS, but
it reduces the available data so that short-term surface dynamics may be
undetected; cloud may still be a major source of residual contamination in
such composites. The selection of only cloud-free images may not meet the
required number of multi-date sample images needed for atmospheric correc-
tion, radiometric normalization or bidirectional models (Schaaf et al., 2002).
However, cloud cover is a limitation for the application of optical sensors in
many geographical regions, especially when related to data from satellites
with longer revisit periods. For example, in cloudy regions like the UK, the
repeat coverage of the Landsat 7 ETM+ of 16 days is not likely to provide
adequate data for the assessment of environmental dynamics that requires
temporally consistent images at different dates. The daily revisit capabili-
ties of coarse/medium resolution satellite systems, such as NOAA-AVHRR
or TERRA/AQUA-MODIS, may be limited by their spatial resolution re-
sulting in mixed pixels which can cause inconsistent calculation of the NDVI
values because compositing daily images over a ten-day or bi-weekly time
period is likely to include cloud-contaminated pixels, while compositing the
NDVT over longer periods loses the advantage of high temporal resolution
(Cihlar, 1996; Fensholt et al., 2007; Luo et al., 2008).

To date, the accurate prediction of global distribution of cloud-free pixels
of satellite data both in space and time has been problematic. The under-
standing of spatial and temporal variability of clouds needs to be improved
by indicating, with a known level of confidence, whether a satellite has
an unobstructed field-of-view (FOV) for a particular pixel location on the
Earth’s surface. The possibility of predicting the quality and availability
of satellite data, with a high level of confidence, for continuous monitoring
and retrieval of cloud-free pixels, at both temporal and spatial scales can
be provided by the use of satellite cloud mask.
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1.2. Cloud masks

Cloud masks from satellite data represent an important dataset in remote
sensing applications because it is required to label pixels as either clear or
cloudy before other geophysical products could be derived (Stubenrauch et
al., 2002). However, its potential has not yet been extended to the extrac-
tion of cloud free pixel/sub-pixel data for multi-temporal and multi-sensor
remote sensing. Early estimates of clouds cover were based on surface obser-
vations of cloud distribution; this is subjective and lacks spatial information
on cloud extent (Spinhirne et al., 1996; Young et al., 1998; Van Lammeren
et al., 2000; Turner et al., 2003; Feister and Shields, 2005). While cloud
masks from satellite sensors have the advantage of being able to supplement
surface observations and in-situ measurement, they can also distinguish the
variability of clear and cloudy pixels simultaneously at appropriate spatial
and temporal scales (Schreiner et al., 1993; Town et al., 2007).

Cloud masks are relatively simple ways to detect clear/cloudy pixels that
meet different challenges depending on the satellite sensor, applications and
environmental conditions. Cloud masks are derived by applying algorithms
to the visible and the infrared channels of the satellite, based on the princi-
ple that cloud reflectance is high in the visible, and that clouds have lower
temperatures than clear sky and land surface in the thermal infrared chan-
nels. Visible and infrared channel thresholds are used in combination with
statistical classification and neural network procedures to enhance detection
of clear/cloudy pixels when the visible and infrared thresholds method fail,
or are insensitive to cloud, especially over snow and ice (Rossow et al., 1993;
Logar et al., 1998; Krebs et al., 2007). Utilization of satellite imagery for
the production of cloud masks has attracted a lot of attention with different
types of satellite sensor, leading to a variety of cloud detection schemes.

Noteworthy examples are the first cloud masks developed by the Inter-
national Satellite Cloud Climatology Project (ISCCP: Rossow and Schiffer,
1991), the Meteosat (Desbois et al., 1982; Derrien and Le Gléau, 2005) and
the Geostationary Operational Environmental Satellite cloud mask (GOES:
Simpson and Gobat, 1995; Jedlovec et al., 2008) for coarse sensors. Also
included in the category of cloud mask algorithms developed for coarse
resolution sensors are the varieties of cloud mask derived from the Ad-
vanced Very High Resolution Radiometer sensors series (AVHRR: Key and
Barry, 1989; Stowe et al., 1994; Franca and Cracknell, 1995; Karlsson,
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2003; Kriebel et al., 2003) and the SPOT/VEGETATION sensor (Lissens
et al., 2000). Medium resolution and multi-angle sensor cloud masks include
cloud products derived from the MODerate Resolution Imaging Spectrora-
diometer (MODIS: Ackerman et al., 1998; Platnick et al., 2003; Zhang
and Lohmann, 2003; Frey et al., 2008) and the MEdium Resolution Imag-
ing Spectrometer (MERIS: Cornford and Lyaskovskiy, 2004; Gémez-Chova
et al., 2007). While the cloud masks from multi-angle sensors include the
Along Track Scanning Radiometer series (ATSR/ AATSR: Shin et al., 1996;
Cervino et al., 2000; Plummer, 2005; Simpson et al., 2005), the Multi-angle
Imaging SpectroRadiometer (MISR: Diner et al., 2000; Di Girolamo and
Wilson, 2003; Yang et al., 2007) and the Clouds and the Earth’s Radiant
Energy System (CERES) cloud mask (Wielicki et al., 1998). There are also
cloud masks from high spatial resolution sensors like the Advanced Space-
borne Thermal Emission and Reflection Radiometer (ASTER: Logar et al.,
1998), Landsat Automatic Cloud Cover Assessment (ACCA: Irish, 2000),
Landsat Cloud Detection using Shadow Matching (CDSM: Choi and Bind-
schadler, 2004) and SPOT series (Liberti and Mezdari, 2000). Cloud masks
from microwave sensors include the TIROS Operational Vertical Sounder
(TVOS: Wylie et al., 2005), the CloudSat (Stephens et al., 2002; Im et
al., 2003; Basilio et al., 2006; Sassen and Wang, 2008), the Cloud-Aerosol
Lidar with Orthogonal Polarization (Winker et al., 2007) and the POLar-
ization and Directionality of the Earth’s Reflectances (POLDER: Lier and
Bach, 2008).

The International Satellite Cloud Climatology Project (ISCCP) cloud
mask scheme employs combination data sets from sensors on board geo-
stationary satellite and polar orbiting satellites resulting in a large spatial
resampling of radiance data to a 25 km grid. This limits the accuracy to
which pixels can be collocated because the satellite pixel resolution used in
the derivation of the cloud mask varies from 4 to 7 km (Rossow and Garder,
1993). Therefore, the radiance data cannot be representative of the actual
radiance since radiance of the surface is not constant; the effects of arte-
fact contamination from the footprints of geostationary observations have
been reported (Norris, 1999). Geostationary satellites like Meteosat and
GOES imager/sounder cloud mask have very high temporal resolution of
15 and 30 minutes respectively but are limited by low and variable spatial
resolution from the equator to the poles as a result of the curvature of the
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Earth (Menzel and Purdom, 1994). The absence of a thermal band in the
SPOT/VEGETATION sensors raises the issue of compatibility with other
sensors that have thermal bands (Lissens et al., 2000). The AVHRR Im-
ager onboard NOAA was the first polar orbiting satellite instrument with
both visible and infrared channels that are utilized in cloud mapping. The
similarities among the AVHRR schemes are their application of all the five
spectral channels of the AVHRR instrument, however, they differ in terms of
the spatial resolution, specification of thresholds/algorithms, combination
of spectral bands and atmospheric corrections performed on each of the
AVHRR cloud mask. The AVHRR Processing scheme Over cLouds, Land
and Ocean (APOLLO) meets the requirement of this research in terms of
temporal and spatial resolution, further discussed in the next section of this
research.

The multi-angle imaging systems like MISR require nine separate cloud
masks for each camera of the same scene, as a result of different view an-
gles of the camera (Di Girolamo and Davies, 1995). All cloud masks from
ATSR instruments (ATSR-1/2/ and AATSR) are optimised for ocean use;
therefore, it is necessary that improvements are made in the instruments
before the scheme can be applied for land (Simpson et al., 2005). The re-
visit period of 9 days for MISR and 3 days for (ATSR-1/2/ and AATSR)
makes them unsuitable for this study. The TERRA/CERES is designed
specifically to provide cloud cover information by measuring clouds and the
Earth’s radiant energy budget; however, the spatial resolution of 20 km
also limits its usefulness for this study (Wielicki et al., 1996). The MODIS
cloud mask uses 19 of the 36 spectral bands to maximize cloud detection
in a combination with 250 m resolution bands and 1km pixel resolution,
while the MERIS cloud detection scheme is an automatic and stand-alone
method that cannot handle static thresholds (Santer et al., 2000). The re-
liability of the results depends on the threshold selected on the bright flag
definition. Also the 3 day revisit period of MERIS will not be appropriate
for this study.

The high spatial resolution cloud mask from the Landsat Automatic
Cloud Cover Assessment (ACCA) scheme gives good results over most of
the land surfaces with the exception of ice sheets. The Landsat Cloud De-
tection using Shadow Matching (CDSM) scheme is an improvement on the
Landsat ACCA algorithm, knowledge of the sun azimuth angle requirement
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limits the searching necessary to match possible clouds with possible shad-
ows (Choi and Bindschadler, 2004). The ASTER cloud mask is designed
for Polar Regions and may not give good results over other regions; also
the fuzzy classification, based on neural networks, requires very large cen-
tral processing unit (CPU) memory for cloud mask derivation, making it
unattractive for wide usage (Logar et al., 1998). The cloud mask from mi-
crowave imagers like TOVS, CloudSat, CALIPSO and POLDER can assist
in mapping cloud cover in overcast conditions with vertical cloud structure
assessments, but the poor spatial resolution of approximately 2.5 and 5 km
is a major drawback (Wylie et al., 2005; Winker et al., 2007; Lier and
Bach, 2008; Sassen and Wang, 2008).

This overview of cloud detection schemes shows that it is important to
understand how cloud properties are observed by these different instruments
taking into consideration the resolution properties, the type of detection
schemes and scientific history of their applications. The improved, well es-
tablished and extensively validated AVHRR/APOLLO scheme has served
as the theoretical basis for other cloud detection algorithms including the
TERRA/MODIS cloud mask (Gesell, 1989; Kriebel, 1990; Ackerman et al.,
1998; Logar et al., 1998; Zavody et al., 2000). The TERRA/MODIS instru-
ment has 36 bands of which 19 bands are used for cloud detection and makes
use of a very high temporal frequency interval of at least four scenes a day
for AVHRR/APOLLO, and a daily coverage for TERRA/MODIS makes
it possible to extend spectral classification with a detection of changes be-
tween images for the regions of interest. This improves the detection of
clouds in instantaneous images which allows a more accurate mapping of
cloud cover. Thus, the AVHRR/APOLLO scheme and TERRA/MODIS
cloud mask are used in this study. This research is concentrated on daily
cloud masks related to day-time acquisition of optical imagery, therefore,
night cloud detection schemes are not mentioned in this research.

1.3. Motivation of this research

There are many factors that motivated this research. One key factor is to
know the interaction between cloud and satellite revisit time in the north-
west of England by using two study sites, in order to assess the required
revisit time for dynamic vegetation monitoring. This is because the knowl-
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edge of clear/cloudy pixels is critical to a number of applications in remote
sensing in order to obtain accurate retrievals for atmospheric corrections,
radiometric normalization, and bidirectional reflectance models. Other sig-
nificant applications are the determination of the numbers of cloud free
images, to assist in searching of optical imagery archives, scheduling of high
spatial resolution sensors and planning field validation exercises.

1.4. Comparison of AVHRR and MODIS cloud mask algorithm

The AVHRR on board the National Oceanic and Atmospheric Adminis-
tration (NOAA) Polar Orbiting Environmental Satellites (POES) began
operation with TIROS-N in 1978. Since then there have been 13 AVHRR
sensors, the one on board of NOAA-13, launched in August 1993, failed
but the five AVHRR sensors onboard of NOAA-11, NOAA-12, NOAA-15,
NOAA-17 and NOAA-18 are currently operational (Kidwell, 1995; Goodrum
et al., 1999; Atkinson and Whyte, 2003). The improved instrument version
known as AVHRR/3, with 6 channels, started on NOAA-15, launched in
May 1998, and the latest AVHRR/3 is on board NOAA-18, launched in May
2005. The AVHRR/3 sensor acquires data in six spectral bands at 0.65 ym,
0.9 pm, 1.6 um (day only), 3.7 um (night only), 11.3 pm and 12.3 pm in 10
bits. It is a sun-synchronous polar-orbiting satellite using a whisk broom
scanner and has a 1.1 km spatial resolution at nadir, swath of 2800 km and
global temporal coverage of 4 times a day (Dash and Ignatov, 2008). The
APOLLO software is designed to process AVHRR High Resolution Picture
Transmission (HRPT) data as well as Local Area Coverage (LAC) data
both in full spatial resolution. Those pixels for which the solar elevation
is more than 5° above the horizon are processed by means of the daytime
algorithms (http://www.wdc.dlr.de/apollo/). These methods of cloud
detection are based on thresholds obtained from the two AVHRR channels of
surface reflectance: (channels 1 and 2) and three thermal channels (channels
3, 4 and 5) as well as systematic mathematical expressions applied to the
pixels to determine whether a pixel is cloud contaminated (cloudy/partially
cloudy), cloud free, or snow /ice-contaminated. These results are combined
in a cloud mask which can afterwards be cleared of cloud-free snow pixels
using the 1.6 um channel. APOLLO is the first algorithm to make use of all
five spectral channels of AVHRR (Kriebel et al., 2003), during daytime and

69



Ogunbadewa E. Y.: Investigating availability of cloud free images. .. (63-100)

to discretize all AVHRR data into four different groups called cloud-free,
fully cloudy, partially cloudy, and snow/ice, before classification to eleven
classes or twelve classes if there is sun glint.

The Moderate Resolution Imaging Spectroradiometer (MODIS) was
launched on the NASA Earth Observing System (EOS) Terra platform in
1999 in a sun synchronous polar-orbit with a total of 36 spectral bands
ranging from visible to infra-red (0.415-14.235 um) wavelengths using 12
bits. It is a whisk broom imaging radiometer employing multiple in-track
detectors and cross-track scan mirror and collection optics with spatial res-
olutions at nadir of 250 m, 500 m and 1000 m and temporal resolution of
1 to 2 days with a swath width of 2330km (Ackerman et al., 1998). The
TERRA/MODIS cloud mask is derived by applying algorithms to 19 bands
(1, 2,4, 5,6, 7, 17, 18, 19, 20, 22, 26, 27, 28, 29, 31, 32, 33, and 35) with
14 tests (Platnick et al., 2003; Frey et al., 2008). The TERRA/MODIS
cloud mask algorithm identifies clouds according to surface type and solar
illumination, including land, water, snow/ice, desert, and coast for both day
and night. Once a pixel has been assigned to an algorithm path, a series of
threshold tests is performed to detect the presence of clouds in the instru-
ment field of view, in addition, the four level masks derived, is converted
to a binary mask. Each cloud detection test returns a confidence level that
the pixel is clear ranging in value from 1 (high) to 0 (low). The product
provides 48 bits of output per 1km pixel that includes information on sets
of multispectral test results, the processing path, and ancillary information
such as a land/ocean tag. The first two bits are the focus of the analysis
here, provide information in four categories: confident clear, probably clear,
uncertain/probably cloudy, and cloudy.

Similarities in both AVHRR/APOLLO and TERRA/MODIS cloud de-
tection schemes are in the application of reflectance and infrared thresholds
using pixel level spectral tests. Even though the theoretical basis of MODIS
cloud mask algorithm was derived from APOLLO scheme, they differ in spa-
tial resolution, specification of thresholds, combination of spectral bands
and atmospheric corrections (Kriebel et al., 2003; Ackerman et al., 2008).
Among the differences are the numbers of tests used, AVHRR/APOLLO
uses five tests while TERRA/MODIS cloud mask uses fourteen tests and
the spectral bands used, AVHRR/APOLLO uses five bands while TERRA/
MODIS uses nineteen bands. The spatial resolutions of the instrument are
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also different; AVHRR/APOLLO is 1.1 km while MODIS is 1 km with col-
located 250 m resolution.

There are also differences in the availability of specific wavebands which
on TERRA/MODIS greatly improve cloud detection of thin cirrus cloud
and water vapour in the wavebands at 1.38 and 7.7 pm, which are absent in
AVHRR/APOLLO (Kriebel et al., 2003; Platnick et al., 2003). The band-
widths and spectral response associated with the red and NIR band used
in deriving cloud mask differ for the TERRA/MODIS and AVHRR sensors.
The TERRA/MODIS red (nominally 0.620 to 0.670 ym) and NIR (0.841 to
0.876 um) bands are much narrower than the AVHRR /APOLLO red (0.585
to 0.680 um) and NIR (0.730 to 0.980 um) bands. The test applied in the
brightness temperature difference test are not the same; for APOLLO the
test is based on the split window technique in the infrared spectral range
in band 4 and 5 (10.3-11.3 ym and 11.5-12.5 um) whilst a tri-spectral tech-
nique of split window is applied in the TERRA/MODIS cloud detection al-
gorithm (Frey et al., 2008; Strabala et al., 2005). TERRA/MODIS detects
aerosol, shadow and uses a Normalized Difference Snow Index (NDSI) in
the cloud mask algorithm which is not included in the AVHRR/APOLLO
scheme. In addition, the classification of the images into categories are
different; AVHRR/APOLLO is classified into eleven or twelve classes de-
pending whether there is sun glint while the TERRA/MODIS cloud mask
is classified into four.

The aim of this paper is therefore, to examine the spatial and temporal
variation of cloud cover in the UK in relation to satellite revisit times. In or-
der to accomplish these goals, cloud masks from AVHRR/APOLLO scheme
and TERRA/MODIS cloud products were used to extract cloud cover in-
formation. This paper includes a comparison of AVHRR/APOLLO and
TERRA/MODIS cloud mask data, outlines the experimental design, anal-
ysis of spatial variations in cloud cover frequency in the UK and assesses
this in relation to satellite revisit schedules for the test sites.

2. Determination of satellite revisit schedules for the test sites

Satellite revisit period is the time interval that a satellite sensor images
the same location on the Earth surface (Johnson et al., 1994). The knowl-
edge of revisit period of the satellite over a given location can be used to
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determine the amount of satellite data that is available for any applica-
tion and the time interval between revisits is critical in the monitoring of
frequent and rapidly changing environments, such as agricultural practices
and natural disaster mitigation, also important in accurate map revision
and change detection which requires multi-temporal analysis (Durpaire et
al., 1995). Revisit period is determined by many factors. Among them are
orbital cycle of satellites, swath width, type of sensors/camera, the orbit of
the satellite, latitude, purpose of satellite sensors, areas of overpass, con-
stellation of satellite sensors and environmental conditions (Arvidson et al.,
2001; Aguttes et al., 2004).

Satellite overpass days were determined for Risley Moss and Charter’s
Moss using web-based overpass predictors for Landsat ETM+ and ASTER.
Catalogue services for available data sets were accessed from the provider’s
websites to determine overpass days for Quickbird and SPOT series (2,
4, and 5), also for confirmation of overpass days for Landsat ETM+ and
ASTER. The revisit frequency of the satellite sensors used in this research
ranged from a minimum of every 7 days for Quickbird to a maximum of
every 26 days for the SPOT series while Landsat ETM+ and ASTER, sen-
sors have a revisit of every 16 days. For sensors with off-nadir viewing and
programmable viewing angle capabilities like Quickbird and SPOT series,
the revisits dates varies depending on the latitude and proximity of area of
interest, but for UK for example, Quickbird is every 7 days and SPOT series
every 5 days due to programming of the camera. Although other sensors
exist, they were not considered because of difficulties in obtaining accurate
overpass dates. Therefore, the analysis of the relationship between satel-
lite revisit and cloud free images will be restricted to the above mentioned
sensors during overpass dates and the dates that data are available.

2.1. Experimental design

Cloud data sets used in this study were downloaded for AVHRR/APOLLO
and TERRA/MODIS cloud masks from the website archive of the German
Aerospace Centre (http://wdc.dlr.de:8082/apollo/) and the National
Aeronautics and Space Administration (http://ladsweb.nascom.nasa.
gov/data/ftp site.html) respectively for the period from January 1st
to December 31st in the year 2005. Since the daily overpass times of the
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AVHRR/APOLLO and TERRA/MODIS vary daily, only daytime images
covering the UK in a time window between 09:30 and 12:30 Universal Time
(UT) were selected. The images from AVHRR/APOLLO were geomet-
rically corrected to the UTM WGS84 coordinate system by selecting 30
evenly distributed ground control points (GCP) derived from Ordnance
Survey map in British national grid reference system which were then con-
verted to UTM coordinates by coordinate converter. The selected points
were used to correct the “best” AVHRR/APOLLO image, which was the
27th October 2005, using a second order polynomial and the image was
resampled to 1.1 km pixel size. Thereafter, the AVHRR/APOLLO image
of 27th October 2005 was used to correct other images, using image to im-
age geometric correction. The TERRA/MODIS data was extracted and
uncompressed using the HDF View tool. A Matlab programme supplied by
the MODIS support team was used to read TERRA/MODIS cloud mask
data. The TERRA/MODIS data was reprojected with the MODIS Re-
projection Tool Swath (MRTSwath) and resampled to 1 km pixels in the
UTM WGS84 coordinate System. Erdas imagine was used for the image
processing and modelling. An area of interest image covering the UK land
surface was extracted from both sensors using a shapefile mask represent-
ing the UK boundaries, the Northern Ireland was excluded for convenience
because it uses the Irish grid reference system which is different from the
UK British National Grid reference system, this would have affect on the
geo-location accuracy of the satellite data westwards. There were 130 im-
ages missing for AVHRR/APOLLO while for TERRA/MODIS 8 images
were missing. The reasons for AVHRR/APOLLO missing images are that
some days are too cloudy, making it impossible for the sensor to detect
enough coastlines boundaries for geo-referencing, instrument failures lead-
ing to one or even a few pixels deviation and data are sometimes not ac-
quired during weekends, public holidays or during the eastern overpass of
AVHRR sensor (http://wdc.dlr.de:8082/apollo/). The missing data
for TERRA/MODIS are a result of artifacts occurring in the detectors due
to the scanning edge failure in retrieving images and insufficient interpo-
lation to the 1 km scales (Haran et al., 2002; Platnick et al., 2003). The
cloud mask algorithm is not determined or not executed when there is miss-
ing data or invalid radiance data, geo-location data and artifacts caused
by sun glint (Ackerman et al., 1998; Platnick et al., 2003; Strabala et al.,
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2005). The number of AVHRR/APOLLO daily images used was 235 (43
partial coverage of the UK) and TERRA /MODIS daily images was 357 (115
partial coverage of the UK). All the images were reclassified and recoded into
binary images reducing the eleven or twelve classes of AVHRR/APOLLO
and four classes of TERRA /MODIS into two classes of 0 and 1. A value of
0 was allocated to a pixel if it was cloudy or no data was collected and a
value of 1 if the pixel was cloud free. The determination of cloud frequency
took into account the numbers of days that the algorithm was executed for
each pixel.

Monthly and annual images of both AVHRR/APOLLO and TERRA/
MODIS were processed from January to December 2005 to produce two
stacks of binary files. The pixel values of the images within the first stack
indicates a probability of cloudy areas (0) or a clear sky (1) while the pix-
els values of the images within the second stack indicates not executed (0)
and executed (1) cloud mask algorithm. Examples of monthly and annual
output of the Erdas Imagine Modeler tool, showing cloud cover probability
in the UK before it classified into different categories with colours.

3. Analysis and results

3.1. Comparison of AVHRR and MODIS cloud mask data

Annual and monthly images were classified with ArcGIS software for vi-
sual analysis and spatio-temporal comparison of AVHRR/APOLLO and
TERRA/MODIS data. Stacked monthly images were classed into six cat-
egories ranging from 0-1.1% to 80.1-100% while one year stacked images
were categorised into ten classes of 5%, from 0-5% to >45% (Figs. 1, 2, 3 and
4). The monthly images were classified differently from the annual images
because of the different ranges of the data and in order to accommodate
wider range of the monthly data.

March is the cloudiest month for the two images. There was an in-
crease of cloud free pixels in May while June is the highest cloud free
month with the highest cloud free frequency classes mainly in 40.1-60% for
AVHRR/APOLLO while for TERRA/MODIS data the classes are mainly
20.1-40% (Figs. 1 and 2).
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Fig. 1. Classification of monthly cloud free pixels in the UK.

(63-100)



Contributions to Geophysics and Geodesy Vol. 42/1, 2012 (63-100)

250000 250000
200000 - 200000 -
0 7]
% E
= 150000 - 2 150000 -
1) )
g g
c c
2 100000 - $ 100000 -
-3 -3
o o
fra e
50000 - 50000 -
0 0+ . . .
=] =] =3 =3 =3 =3 =) (= =3 (=3 =3 =3
< Q hi @ * e - o hi @ el =3
s - - - - A s - - - - )
- o o o - =3 =3 =3
~N < © =3 o~ < © =3
© ©
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
(a) AVHRR/APOLLO January (b) TERRA/MODIS January
250000 250000
200000 - 200000 -
1} 1}
© ©
= X
2 150000 2 150000 4
S 3
g g
c c
$ 100000 - $ 100000 -
-3 -3
o o
w w
50000 - 50000 -
04 0 +—1—1— : : :
=] =] =3 (=3 =3 =3 =] =] =3 (=3 =3 =3
< Q hi @ * e - Q hi @ * =1
S - - - - A S - - - - )
- o o o w5 - o o o s
~N < © =3 ~N < © =3
© ©
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
() AVHRR/APOLLO February (d) TERRA/MODIS February
250000 250000
200000 - 200000 -
0 0
[ [
X X
2 150000 - £ 150000 -
° 3
> >
o o
c c
< 100000 - $ 100000 -
-3 -3
o o
w w
50000 - 50000 -
0 - 0 T T T T
=] =3 =3 =3 =3 =3 =) (=] =3 (=3 =3 =3
- o hi @ * =3 < Q hi @ * =3
=) - - - - ) =) - - - - A
- o =3 =3 - =3 =] =3
o~ < © =3 o~ < © =3
© ©
Classes of cloud free pixels Classes of cloud free pixels (%)
(e) AVHRR/APOLLO March (f) TERRA/MODIS March

81



Ogunbadewa E. Y.: Investigating availability of cloud free images. .. (63-100)

250000 250000
200000 - 200000 -
n 0
L E
2 150000 - 2 150000 4
° S
g g
c c
$ 100000 - $ 100000 -
-3 -3
o 2
w w
50000 - 50000 -
0 - 0 T T T T
o =] =3 o (=3 =3 =] o =] (= =3 =3
< Q hi @ * = - QN hi @ * =3
S - < < < ) S - - < - )
- =] S =] - - <] =] =3 by
~N < © =3 ~ < © =3
© =]
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
(g) AVHRR/APOLLO April (h) TERRA/MODIS April
250000 250000
200000 - 200000 -
o o
[ [
X X
2 150000 - 2 150000 -
3 S
Iy g
c c
$ 100000 - $ 100000 -
T -3
2 o
fre fre
50000 - 50000 -
0 - 04
=) =3 =3 =3 =3 (= o =] =3 (=3 =3 =3
< N hi @ * = - o hi @ * 2
=) e bt bt - ) =) - - - - )
- ] s 8 S - 8 S 8 S
© =]
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
(i) AVHRR/APOLLO May (j) TERRA/MODIS May
250000 250000
200000 - < 200000
n <
2 L
« 150000 - % 150000 -
g s
2 >
2 100000 - 2 100000 4
g El
o =
w o
50000 - W 50000 -
0 - 04
=] =] =3 (=3 =3 =3 o o =3 =3 =3 =3
< § hi @ * =3 - o hi < * =3
S - - < - ) & - - - - )
- o =] (=3 by -~ o =3 b
~N < © =3 o~ < © =3
© ©
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
(k) AVHRR/APOLLO June (1) TERRA/MODIS June

82



Contributions to Geophysics and Geodesy Vol. 42/1, 2012 (63-100)

250000 250000
200000 - 200000 -
L} L}
o o
X X
2 150000 - 2 150000 -
S S
g g
8 8
S 100000 - S 100000 -
-3 T
£ £
50000 - 50000 -
[ (] T T T T
=] =] =] =3 (=3 (=3 =] =3 =3 =3 =3 =3
- Q hi ® * = - o hi ® *® 2
S - - - - ) S - - - - T
- (<] =3 [=] by - o =3 =3 h
« <+ 5 S « < =3 S
© ©
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
(m) AVHRR/APOLLO July (n) TERRA/MODIS July
250000 250000
200000 - 200000 -
0 2
2 2
2 150000 2 150000 -
I3 )
g g
c c
S 100000 | $ 100000
3 -3
£ £
50000 - 50000 -
0 0 -
= § § 8% 8§ & 2 8§ 8§ 8 8§ 8
I < i < < < S < = = = A
- ] S 8 S - < S 8 S
© ©
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
(0) AVHRR/APOLLO August (p) TERRA/MODIS August
250000 250000
200000 - 200000 -
0 0
] (]
k] X
2 150000 - & 150000 -
S 3
> >
o )
c c
$ 100000 < 100000 -
o o
o o
w w
50000 - 50000 -
0 - 0
o =] =3 =3 =3 o =) =] =3 (=3 =3 =3
- o hi i *® 2 - Q hi @ * e
=3 A - - - - =3 - - - - -
- o =] - - =3 =] =3
o~ < © =3 ~N < © =3
© ©
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
(q9) AVHRR/APOLLO September (r) TERRA/MODIS September

83



Ogunbadewa E. Y.: Investigating availability of cloud free images. .. (63-100)

250000 250000
200000 - 200000 -
0 7]
% E
= 150000 - 2 150000 -
1) )
g g
c c
2 100000 - $ 100000 -
-3 -3
o o
fra e
50000 - 50000 -
0 0+ . . .
=] =] =3 =3 =3 =3 =) (= =3 (=3 =3 =3
< Q hi @ * e - o hi @ el =3
s - - - - A s - - - - )
- o o o - =3 =3 =3
~N < © =3 o~ < © =3
© ©
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
(a) AVHRR/APOLLO January (b) TERRA/MODIS January
250000 250000
200000 - 200000 -
1} 1}
© ©
= X
2 150000 2 150000 4
S 3
g g
c c
$ 100000 - $ 100000 -
-3 -3
o o
w w
50000 - 50000 -
04 0 +—1—1— : : :
=] =] =3 (=3 =3 =3 =] =] =3 (=3 =3 =3
< Q hi @ * e - Q hi @ * =1
S - - - - A S - - - - )
- o o o w5 - o o o s
~N < © =3 ~N < © =3
© ©
Classes of cloud free pixels (%) Classes of cloud free pixels (%)
() AVHRR/APOLLO February (d) TERRA/MODIS February
250000 250000
200000 - 200000 -
0 0
[ [
X X
2 150000 - £ 150000 -
° 3
> >
o o
c c
< 100000 - $ 100000 -
-3 -3
o o
w w
50000 - 50000 -
0 - 0 T T T T
=] =3 =3 =3 =3 =3 =) (=] =3 (=3 =3 =3
- o hi @ * =3 < Q hi @ * =3
=) - - - - ) =) - - - - A
- o =3 =3 - =3 =] =3
o~ < © =3 o~ < © =3
© ©
Classes of cloud free pixels Classes of cloud free pixels (%)
(e) AVHRR/APOLLO March (f) TERRA/MODIS March

Fig. 2. Histogram of monthly cloud free pixels in the UK.
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Monthly means for stacked images were extracted into bins of six classes
of cloud free pixels ranging from 0-1.0% to 80.1-100%. For convenience
and in order to accommodate all data range from 0 to 100%, the first class
was from 0-1.0% and after, the other classes were in intervals of 20%. The
class from 0-1.0% also included no data (Fig. 2). Visual examination of the
histograms shows that for both AVHRR/APOLLO and TERRA/MODIS
were represented in 3 classes of 0-1.0%, 1.1-20% and 20.1-40% in all the
months except in March in TERRA/MODIS data, when class of 20.1-40%
was absent while AVHRR/APOLLO was represented in all classes (0-1.0%
to 80.1-100%.) though the frequency of cloud free pixels decreases as per-
centages of cloud free pixels increases. The maximum class of monthly mean
of cloud free pixels varies for both AVHRR/APOLLO and TERRA /MODIS;
AVHRR/APOLLO has maximum value of 100% in 11 months with the ex-
ception of January with 80% as the month with the lowest cloud free pixels
while TERRA/MODIS has August as maximum with 70% and the lowest
in 43% in March.

Monthly mean ranges from lowest value of 3.31% in March to highest
value of 9.54% in June for AVHRR /APOLLO while for TERRA/MODIS the
lowest mean was 3.87% in March to highest mean value of 9.86% in Novem-
ber. March has the lowest standard deviation for both AVHRR/APOLLO
and TERRA/MODIS with values of 7.04% and 7.59%, respectively. The
minimum monthly percentage of cloud free pixel was 0 for both AVHRR/
APOLLO and TERRA/MODIS.

3.2. Spatial and temporal variations in cloud cover frequency in
the UK using MODIS cloud mask

TERRA/MODIS cloud mask data have a number of advantages over
AVHRR/APOLLO cloud data in terms of spectral resolution, number of
channels and spatial resolution used in deriving cloud mask. For the year
2005, the numbers of daily AVHRR/APOLLO datasets available are few;
65.28% for the whole year when compared with TERRA/MODIS cloud
mask datasets available for the same period that was 97.81% based on
data availability, AVHRR/APOLLO datasets is not likely to be reliable as
TERRA/MODIS with more datasets, henceforth AVHRR/APOLLO data
will not be used in the next section analysis. Spatial and temporal vari-
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ations of cloud cover frequency in the UK were analysed from January to
December 2005 using the TERRA/MODIS cloud mask. Spatial variations
were examined by extracting mean annual percentages and standard devi-
ation of cloud free pixels over widely distributed specific locations in the
UK.

3.3. Spatial variations over the whole year

Twenty six locations were selected from the north to south for this analysis.
Stornoway has the lowest number of cloud free pixels which was 14.75% and
Land’s End has the highest with 37.25%. The standard deviation was gen-
erally higher for most locations in the north than in the south, Birmingham
has the lowest standard deviation of 5.82% and Brighton has the highest
standard deviation of 11.27% (Figs. 3 and 4).

0 45 90 180 270 360 km S

Fig. 3. Selected locations in the UK.
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Fig. 4. One year clear pixels and standard deviation of selected locations in the UK.

3.4. Temporal variations in cloud cover over the UK

Temporal variations of the frequency of cloud free pixels in the UK in the
year 2005 were derived from modelled monthly images. The lowest mean
percentage of cloud free pixels was in March with value of 3.87% and highest
November with 9.86%. There was fluctuation in the numbers of cloud free
pixels throughout the year with standard deviation range from 7.04% as the
minimum in March to the maximum of 16.26% in November (Fig. 5). The
analysis of monthly variations in cloud cover at the study sites is discussed
in sections 3.5 to 3.7.

3.5. Cloud cover over the study sites

Variations in the cloud free pixels statistics for the study sites were ex-
amined. The mean for Risley Moss was 19.58% while Charter’s Moss was
18.67%. The standard deviation at Risley Moss was 9.61% while the value
at Charter’s Moss was 6.24% . The minimum monthly mean percentage of
cloud free pixels for Risley Moss was 3% in April and the maximum of 34%
in September while for Charter’s Moss the minimum was 13% in March and
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Fig. 5. Mean monthly variations of cloud free pixels in the UK.

maximum was 32% in November. From the results of both spatial and tem-
poral variation, Risley Moss is cloudier than Charter’s Moss even though
Risley Moss had the highest cloud free percentages in the month of Novem-
ber, the cloud free pixels were not spread over time, also Risley Moss has
the lowest cloud free percentage in April (3%) (Fig. 6).

3.6. Modelling cloud cover and satellite revisit period

The acquisition of cloud free imagery for a given location depends on the
frequency of cloud free conditions and the frequency of satellite image data
collection for that location. In this section a theoretical cloud free image
frequency (CFIF) is derived from:

365 CFF
CFIF days = ? X W, (1)
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Fig. 6. Monthly variations of mean cloud free pixels in the study sites.

where R is the satellite revisit period in days, and CFF is the annual cloud
free frequency for a given location from the MODIS cloud mask analysis.
This theoretical approach was used to model cloud cover and cloud free
satellite image availability in the study sites using satellite revisit periods
of Quickbird 7 days, Landsat ETM+ 16 days, ASTER 16 days and SPOT
series 26 days. The results show that Risley Moss has the highest number
of cloud free images with 29 cloud free images while Charter’s Moss has 28
cloud free images.

The previous analysis allows determination of the theoretical numbers
of cloud free images for a given location while in the next section a practi-
cal approach was used to determine the actual numbers of cloud free days
and actual numbers of images available in 2005. The practical approach
involves searching the archive or contacting the satellite data provider and
extracting daily cloud cover conditions of a chosen location to using daily
cloud mask. This becomes necessary because satellite data providers do
not always collect data when the satellite passes over a given location. For
example, the overpass time of Landsat ETM+ is every 16 days but over-
pass days does not necessarily mean imaging opportunities. This is because
of the Landsat ETM+ Long Term Acquisition Plan (LTAP). LTAP is an
automatic scheduler that applies a set of algorithms to schedules image ac-
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quisitions in accordance with favourable environmental conditions including
cloud cover (Arvidson et al., 2001) meaning that Landsat ETM+ does not
acquire data every 16 days at a particular location.

3.7. Cloud free image frequency for the study sites

A realistic practical approach was used to investigate the frequency of cloud
free days at the study sites. Frequencies of cloud free days were determined
by extraction of the central pixel values from daily images for Risley Moss
and Charter’s Moss, at Risley Moss the lowest number of cloud free days was
January with 1 day and the highest was 9 days in November. At Charter’s
Moss the lowest was 2 days in March, April and October. November has
the highest numbers of cloud free days with 9 days (Fig. 7).

Total numbers of images available for the year 2005 were determined for
each month and during overpass days for the two study sites. SPOT satellite
sensors series were not used in this analysis because of the unreliability of
the revisit periods and most images available from SPOT satellite sensors

10 O Risley Moss
B Charter's Moss

Numbers of cloud free days

January
February
March
April

May

June
August
September
October
November
December

Months

Fig. 7. Frequency of cloud free days in Risley Moss and Charter’s Moss.
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series are off-nadir images which will not serve the purpose of this research.
In the two study sites the total number of images available was 34. However,
the numbers of cloud free images were different, in Risley Moss there were
9 images that were cloud free while for Charter’s Moss it was only 5 images
that were cloud free (Figs. 8 and 9).

Landsat ETM+ has the highest numbers of available images with 25
images when compared with ASTER with 7 images despite the fact that
both Landsat ETM+ and ASTER have the same dates and revisit period
of every 16 days also Landsat ETM+ has more images in comparison to
the Quickbird with every 7 days revisit days. Quickbird satellite sensor had
2 images which was the lowest data acquisition for all the satellite sensors
used in this analysis. Over the year the availability of the images varies
from months to months. At Risley Moss there were no images in February
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Fig. 8. Frequency of numbers of total and cloud free image availability in Risley Moss.
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Fig. 9. Frequency of numbers of total and cloud free image availability in Charter’s Moss.

and December also no cloud free images in January, February, April, June
and September and December. The months with highest numbers of images
were May, July and September with 5 images each however, September has
no cloud free images while July has only 1 cloud free image and May has
the highest with 3 cloud free images. At Charter’s Moss there was no image
in February and December while the highest numbers of cloud free images
was 1 in May, July, August, October and November in other months of the
year there were no images.

4. Discussions and conclusions

Cloud cover probability was modelled over the UK and in particular for
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the two study sites in the Northwest England using cloud masks from the
AVHRR/APOLLO and TERRA/MODIS cloud products. The objective of
using the cloud masks was to determine the availability of cloud free images
and to look at the possibilities of combining datasets from different satellite
sensors in order to investigate the feasibility of multi-temporal remote sens-
ing application which required images acquired several times per month.

The first step involved comparing the qualities of cloud mask products
from different satellite satellites and eventually the cloud masks derived
from AVHRR and MODIS data sets were chosen. In the final analysis the
TERRA/MODIS cloud mask data were used because of its higher availabil-
ity in 2005, with 357 images, while the AVHRR/APOLLO cloud mask had
235 images, making the TERRA /MODIS more reliable in terms of availabil-
ity over the year than AVHRR/APOLLO cloud mask. Other advantages
of TERRA/MODIS over AVHRR/APOLLO datasets and the reasons why
TERRA/MODIS cloud masks was chosen were discussed earlier in this pa-
per.

Cloud mask can clearly be a useful tool in the assessment of cloud cover
on both spatial and temporal scales. The two cloud masks used this study
are from different satellite sensors. Analysis shows that the results were not
similar; this is due to the differences in the algorithms applied for deriving
the cloud masks. It would be useful to carry out further research to asses
through observation the information content of the cloud mask products.
Issue of validation, geometric correction and spatial correlation of cloud
mask products also warrant further investigation as these are not consid-
ered in this study. There is need for a unified cloud masks classifications
such as in the ground-based measurements of cloud cover whereby a unified
octas systems is used even though different instruments are used to derive
ground data of cloud cover. The TERRA/MODIS cloud mask data is more
available and therefore reliable than the AVHRR/APOLLO. It is noted that
the observed cloud condition for the period of one year may not be typical
because of the data processed during this time frame are quite short. Apart
from the length of time, other factors such as; diurnal cloud variability,
convection season, snow occurrence, in certain location in respect to time
window 9:30-2:30 UTC in which the only relevant data that were available
can distort the results obtained and may affect the applicability of resulted
satellite revisit periods. Even though these are not part of this study it is
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an area that will be worth looking at in future research.

Cloud cover frequency in the UK leads to a requirement for higher tem-
poral resolution remote sensing data to monitor changes in vegetation phe-
nology. This research shows that on the basis of satellite-derived cloud cover
data at least one cloud free image per month (and often more) may be ac-
quired at both sites in Northwest England.

The results show that at Risley Moss the average numbers of cloud free
days was 5 days with a minimum of 1 day in January and 9 days as the
highest in September. At Charter’s Moss the average number of cloud free
days was 5 days with minimum of 2 days in the months of March, April
and October and 9 days as the highest in November. The implication of
this result is that in a month, 1 cloud free image can be acquired for each
of the sites; meaning for the whole year 12 cloud free images can be avail-
able for multi-temporal analysis. The total numbers of images available for
Risley Moss was 34 of which 9 were cloud free and in Charter’s Moss out of
34 images 5 images were cloud free. This study fulfils the research aim of
determination of the numbers of cloud free images that is available and for
the planning of field validation exercise.

Satellite revisit periods and cloud cover are major determinant of satel-
lite data availability and in this study it was found that contrary to popular
opinion, satellite overpass does not necessarily mean imaging opportunity
and image availability. For example, images of Landsat ETM+ were not
available for the study sites until April; this was because of Landsat ETM+
long-term acquisition plan which means that images are not necessarily ac-
quired every 16 days (Arvidson et al., 2001). The Quickbird satellite has the
highest revisit frequency but the lowest numbers of images available due to
the commercial nature of its operation that does not allow image acquisition
except on request. Also there are other factors that can determine imaging
opportunity and image availability, among these are: orbital cycles, longi-
tudinal/latitudinal location, and mission of the provider. There is need for
a better definition and generally accepted meaning of satellite “revisit pe-
riod”, “temporal coverage”, “temporal resolution” and “overpass” as these
words do not necessarily mean an imaging opportunity at nadir. Though,
the best solution for land surface analyses would have been to use cloud
mask derived from the same satellite instrument for land surface analysis
applications. The reason is that each satellite observation is over casted by
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different defections: resolution limitation, parallax shift especially in case of
high clouds, observation time and spectral characteristics of detectors which
can affect the resulting cloud masks. However, taking into consideration the
limitation of the revisit periods of medium to high spatial resolution satel-
lite sensors, satellite sensor having high temporal resolution of daily revisits
and medium spatial resolution such as the Disaster Monitoring Constellation
(DMC) satellite may offer a good potential for multi-temporal monitoring
of vegetation phenology in the UK and will be investigated in the future
research.
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