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Abstract: The Global Climate Observing System (GCOS) was established in 1992 to
ensure that the observations necessary to address climate-related issues are defined,
obtained and made available, to all potential users. The Swiss GCOS Office at the Federal
Office of Meteorology and Climatology MeteoSwiss has the task of coordinating all
climate relevant measurements in Switzerland (GCOS Switzerland). As such, the Swiss
GCOS Office also fosters the exploration of new measurement techniques and methods, in
particular through the use of satellite-based data, to complement the long-term in situ
observations in Switzerland. In this paper, the role of satellites is presented for
climatological studies of atmospheric and terrestrial Essential Climate Variables in
Switzerland. For the atmospheric domain, the 10-year climatology March 2000—February
2010 of cloud cover from MODIS is shown for Switzerland, in low (1> 1< and high
(0.05° % 0.059 resolution, and compared to ground-based synop observations. For the
terrestrial domain, the satellite-derived Swiss glacier inventory from 1998/99 and the new
Alpine-wide inventory from 2003 is presented along with area changes derived from a
comparison with previous inventories.
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1. Introduction

In recent decades, observations of climate and climate change have become increasingly important.
The Global Climate Observing System (GCOS) was established in 1992 to ensure that the observations
necessary to address climate-related issues are defined, obtained and made available to potential
users [1]. Primarily, the GCOS observations should assist Parties in meeting their responsibilities
under the UN Framework Convention on Climate Change (UNFCCC) as well as provide the
systematic observations needed by the World Climate Research Program (WCRP) and the
Intergovernmental Panel on Climate Change (IPCC). In 2004, a 10-year GCOS Implementation Plan
was compiled in support of the UNFCCC [2]. The Implementation Plan describes a feasible and
cost-effective path toward an integrated observing system which depends on both in situ and
satellite-based measurements. It includes the definition of a set of Essential Climate Variables (ECVs)
covering the entire climate system (subdivided into the atmospheric, oceanic and terrestrial domain)
and the establishment of the GCOS Climate Monitoring Principles (GCMPs) which provide basic
guidance regarding the planning, operation, and management of observing networks and systems. The
recently published revised GCOS Implementation Plan [3] updates the original actions and takes
account of the latest status of observing systems, recent progress in science and technology, the
increased focus on adaptation, enhanced efforts to optimize mitigation measures, and the need for
improved predictions of climate change.

Satellite observations are essential to obtain observations of the climate system from a near-global
perspective and to compare the state and development of ECVs in different parts of the globe.
Therefore, a detailed global climate record for the future critically depends upon a major satellite
component within GCOS. The systematic observation requirements for satellite-based products for
climate were explicitly described in the so-called ‘Satellite Supplement’ of the GCOS Implementation
Plan [4]. In addition, the GCMPs include ten satellite-specific principles recognizing the importance
and challenges of observations from space for climate monitoring. The space agencies worldwide
responded in 2006 through the Committee on Earth Observation Satellites (CEOS) to the GCOS
Implementation Plan ‘Satellite Supplement’ (CEOS Climate Action Plan) [5]. Since then, progress
reports on the CEOS Climate Action Plan have been regularly submitted by CEOS on behalf of the
space agencies to the UNFCCC [6,7].

Switzerland has a long tradition of climate observation, ranging from temperature and precipitation
series of more than 150 years to glacier measurements since the end of the 19th century. Climate
relevant measurements are coordinated at the national level by the Swiss GCOS Office at the Federal
Office of Meteorology and Climatology MeteoSwiss [8]. The first complete inventory of Swiss climate
measurement series, the National Climate Observing System (GCOS Switzerland), was compiled in
2007 [9]. The report also includes an assessment of the sustainability of these long-term climatological
data series as well as of the international data centers hosted by Switzerland. The Swiss GCOS
Office also fosters the exploration of new measurement techniques and methods within GCOS
Switzerland, in particular the use of satellite-based data, to improve long-term monitoring of ECVs in
Switzerland [10-12].

In this paper, we give an overview of the use of satellite-based products for climatological analysis
in Switzerland in the atmospheric and terrestrial domain. In particular, we present detailed results for
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the ECV ‘Cloud properties’ in the atmospheric domain and for the ECV ‘Glaciers and Icecaps’ in the
terrestrial domain. The two examples illustrate the valuable additional information provided from
satellites for climate analysis in Switzerland, to complement the existing long-term, high-quality
ground-based observations.

2. Atmospheric Domain

The atmospheric domain includes ECVs of the following three categories [2]: (a) surface,
(b) upper-air, and (c) composition. Atmospheric observations from space have evolved significantly
over the last decades, due to new sensors and measurement techniques (e.g., sounders, microwave
scatterometers, limb-viewing measurements, lidar) [5]. However, some of them are not yet transitioned
to operational missions or measurements are not adequate enough to generate long-term climate data
records to use for climate trend analysis.

The role of satellites for the ECVs of the atmospheric domain was analyzed in the last GCOS
progress report of Switzerland to the UNFCCC [13]. Time series analyses of several atmospheric
ECVs over Switzerland are currently under development in various projects, e.g., ECV ‘Surface
radiation budget’ in the EUMETSAT Satellite Application Facility on Climate Monitoring
(CM-SAF) [14,15], as well as the ECVs ‘Ozone’, ‘Aerosol’ and ‘Carbon dioxide, Methane and other
long-lived greenhouse gases’ within the European Space Agency (ESA) Climate Change Initiative
(CCI) Program [16].

ECV Cloud Properties

Clouds play an essential role in the Earth’s radiative energy balance and hydrological cycle. Efforts
have been made during the last years to generate homogeneous and continuous long term cloud
information for climate studies. On a global scale, the results of the WCRP International Satellite
Cloud Climatology Project (ISCCP) represent the most comprehensive cloud climatology analysis
based on satellite data collected since 1983, which will be re-processed in the near future [17,18].
Another important global cloud climatology dataset is the Pathfinder Atmospheres-Extended
(PATMOS-x), based on 30 years of NOAA Advanced Very High Resolution Radiometer (AVHRR)
data [19]. On a continental scale, the European Cloud Climatology (ECC) project has evaluated data
from the NOAA AVHRR for the period of 1983-2003 across Europe [20]. Furthermore, the
EUMETSAT CM-SAF provides—among other products—various cloud products from the sensors
NOAA AVHRR and Meteosat Second Generation (MSG) Spinning Enhanced Visible and InfraRed
Imager (SEVIRI) over Europe for the period 2004—present [15].

Atmospheric products have also been derived from the 36-channel MODerate resolution Imaging
Spectroradiometer (MODIS) onboard the satellites Terra and Aqua for more than ten years [21].
MODIS on Terra was launched in late 1999 with the data stream beginning in late February 2000,
followed by Aqua in May 2002. MODIS features spectral and spatial resolution in key atmospheric
bands that expand the capability to globally retrieve cloud properties. The MODIS atmosphere
products are archived into two categories [21,22]: pixel-level retrievals (Level-2 products) and global
gridded statistics at a resolution of 1°(Level-3 products). The Level-2 MODIS Cloud Mask product
(MOD35) is a daily, global product generated at 1 km spatial resolution [23]. The Level-3 Atmosphere
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Products (MODO08) contain statistical datasets from the Level-2 products, summarized over a 1°by 1°
global equal-angle grid and temporally aggregated into daily, 8-day and monthly files [24].

To assess the usability of cloud coverage from satellite sensors for Swiss climatological studies, the
Level-3 parameter ‘Monthly Cloud Fraction’ from MODIS onboard Terra (i.e., MODO08 product,
Collection 5) was analyzed for the area over the GCOS Reference Upper Air Network (GRUAN)
station Payerne (6 56'E, 46 48'N) from March 2000 until December 2008, showing a good agreement
in general between the MODIS Terra cloud fraction product (MODO08) and the Synop Payerne data
(difference MODO08-Synop: 1% + 6%, correlation coefficient ¢ = 0.90) [12]. In a follow-up study, the
higher resolution MOD35 data (MODIS Collection 5) were analyzed over Switzerland for the 10-year
period March 2000 until February 2010. A daily and monthly cloud fraction was calculated on a
0.05°x% 0.05<grid, based on the MOD35 data. For the calculation, the same methodology as for the
operational MODO08 product generation was applied [24], i.e., assigning a cloud fraction of 100% to
the MOD35 classes ‘cloudy’ and ‘uncertain/probably cloudy’, and a cloud fraction of 0% to the
MOD?35 classes ‘probably clear’ and ‘confident clear’. Figure 1 shows the daytime monthly mean
cloud fraction for the area of Switzerland for January 2009 from the operational MODO08 product with
a spatial resolution of 1°x 1<as well as newly calculated on a 0.05° > 0.05rid from the MOD35
scenes. The daytime data include all daytime MODIS scenes which, for the area of Switzerland,
correspond to overpass times between 9:00 and 12:00 UTC. The higher resolution map provides much
more detail of the local cloud cover variations, especially in the topographic regions of Switzerland.
The cloud cover values thereby vary between 28% and 99%. These variations are smoothed in the
lower resolution MODO08 map, with cloud cover pixel values between 51% and 82%. The mean
daytime monthly mean cloud fraction for this area between 45-48 N, 5-11<E for January 2009 is 66%.

Figure 1. Monthly mean cloud fraction from MODIS Terra over Switzerland (45-48<N,
5-11<€), January 2009. (a) operational MODO08 product at 1< > 1< resolution,
(b) calculated from MOD35 at 0.05° x 0.05° resolution. The location of the GRUAN
station Payerne (6 56'E, 46 48'N) is indicated in the map as a white cross.

a) Monthly Mean Cloud Fraction January 2009 b) Monthly Mean Cloud Fraction January 2009

Subsequently, a 10-year cloud cover climatology was calculated for the period March 2000 until
February 2010. Figure 2 shows the 10-year daytime monthly mean cloud fraction at 0.05° > 0.05°
resolution for the area of Switzerland for January, April, July and October. The seasonal variation in
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cloud cover between winter, spring, summer and autumn is clearly visible. Furthermore, the difference
between mountainous regions with lower cloud cover vs. low altitude regions (Swiss middleland,
Northern Italy) is well apparent for January. The characteristic north-south gradient is particularly
visible in July. The 10-year mean value of daytime monthly mean cloud fraction for the period March
2000 until February 2010 is 71% for January, 68% for April, 52% for July, and 65% for October,
respectively.

Figure 2. 10-year monthly mean cloud fraction from MODIS (Terra), at 0.05<resolution,
derived from MOD35 product. (a) January 2001-2010, (b) April 2000-2009, (c) July
2000-2009, and (d) October 2000-2009. The location of the GRUAN station Payerne
(6B6'E, 4648'N) is indicated in the map as a white cross.

a)  Monthly Mean Cloud Fraction January 2001-2010 b) Monthly Mean Cloud Fraction April 2000-2009

04

c) Monthly Mean Cloud Fraction July 2000-2009 d)  Monthly Mean Cloud Fraction October 2000-2009

Finally, the high resolution daytime monthly mean cloud fraction data based on the MODIS
MOD35 cloud mask product were compared with monthly means of ground-based cloud observations
(Synop) from Payerne. The monthly Synop Payerne timeseries are based on synoptic observations
made every three hours by a local observer and given in octas (0O octas = clear sky, 8 octas = fully
covered sky; 9 = fog, treated as 8 octas in this study). As the MODIS (Terra) overpass time varies
between 9:00 and 12:00 UTC, the average of the 9 h synop monthly mean cloud fraction and the 12 h
synop monthly mean cloud fraction was used as synop comparison data. For the comparison of cloud
cover from ground-based synop observations and satellite-based measurements, previous studies have
indicated an optimal area of about 30 km radius [25]. Therefore, the 7 <7 pixel (i.e., 0.35°x0.3599
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box average centered at Payerne was calculated from the MODIS daytime monthly mean cloud fraction
data which corresponds to an area of about 25 km <35 km at this geographical latitude. Figure 3 shows
the intercomparison of MODIS Terra (7 < 7 box average) and Synop Payerne for the period March
2000 to February 2010.

Figure 3. Comparison of MODIS Terra (based on MOD35 data, averaged at 0.35<grid)
daytime monthly mean cloud fraction product with ground-based synop observations at
Payerne (6 B6'E, 46 48'N). The monthly Synop Payerne time series are based on synoptic
observations made every three hours by a local observer (average of 9 h and 12 h
observations).

MODIS MOD35 (Terra) Remap 0.35° vs. Synop Payerne
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There is a good agreement of the MODIS Terra cloud fraction product at 0.35<resolution with the
Synop Payerne data. The mean difference between satellite and synop is —2% + 6% (i.e., synop values
slightly higher than satellite-based values), with a correlation coefficient ¢ of 0.94. In general,
satellite-based cloud cover algorithms tend to overestimate cloud coverage with respect to
ground_based synop observations. For example, Kotarba [25] describes higher cloud coverage from
MODIS of about 4% in summer and 7% in winter when compared to synoptic cloud observations.
CM_SAF cloud fractional cover also tends to overestimate the actual cloud fraction due to the binary
cloud mask algorithm [15]. This overestimation is not visible in our daytime results, except for some
specific months with large differences between satellite and synop. These larger differences will be
further evaluated by additionally analyzing the daily values as well as by assessing the individual
4 cloud classification classes of the MOD35 product. Furthermore, other influence factors such as
snow cover (i.e., lower MODIS cloud amount over snow), observation time difference satellite vs.
synop, different cloud types (e.g., overestimation of synop cloud amount in the case of convective
clouds) will be investigated in detail.

3. Terrestrial Domain

The terrestrial domain is subdivided into the (a) hydrosphere, (b) cryosphere, and (c) biosphere [9].
Considerable improvements in the quality of terrestrial satellite-based products have been achieved
over the last years [5]. Advances mean that these subsystems can be observed and characterized
systematically using satellite information. Individual ECVs (e.g., permafrost, river discharge) do not
qualify (yet) for sustained monitoring from satellites [4] and, hence, require new measurement
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techniques and better spatial, spectral and/or temporal resolution than today’s sensors are able
to provide.

As for the ECVs of the atmospheric domain, the role of satellites was also analyzed for the ECVs of
the terrestrial domain in the last GCOS progress report of Switzerland to the UNFCCC [13]. Time
series analyses of several terrestrial ECVs in Switzerland are currently under development in various
projects, e.g., ECVs ‘Lakes’ [26], ‘Snow cover’ [10,27,28], and ‘Fraction of absorbed
photosynthetically active radiation (FAPAR)’ [29], and ‘Leaf Area Index (LAI)’ [30].

ECV Glaciers and Icecaps

Glaciers are widely recognized as unique demonstration objects for climate change impacts. Glacier
inventories record basic data for the largest possible sample of glaciers at a given point in time. They
provide an essential basis for numerous glaciological, hydrological, climatological and
geomorphological investigations and should be repeated at regular intervals. These intervals should
reflect typical response times of the glaciers in the region, i.e., a few decades (e.g., [31]). Inventories
allow individual measurements (e.g., of area changes) to be extrapolated to an entire region and also to
assess the representativness of the observations at a limited number of field sites for the entire sample.
Typical examples are given for the size class specific calculation of glacier area changes for the entire
Alps from a sample of Swiss glaciers [32] or the assessment of the representativeness of the glaciers
with mass balance measurements for the mass loss of the entire Alps [33]. The compilation of a
detailed global glacier inventory using satellite data is therefore one of the prime goals of GCOS [4].
The last inventory for the entire Alps was published about 20 years ago in the world glacier inventory
(WGI) [34] that was compiled over a 30-year period (i.e., 1955-1985) from aerial photography and
topographic maps. Though overall glacier changes in this period were comparably small, the 30-year
compilation period is problematic for a sound change assessment as a comparable study in Norway has
demonstrated [35].

With the opening of the Landsat archive at the United States Geological Survey (USGS) and the
free availability of orthorectified satellite data it became possible to map glaciers over entire mountain
ranges with well established semi-automated image segmentation techniques developed earlier [36].
These methods are based on the very low reflectance of snow and ice in the shortwave infrared (SWIR)
part of the spectrum, and just require applying a threshold on a band ratio with Landsat bands 3 and 5
(i.e., red/SWIR) or equivalent bands on other sensors. This method has proven to provide robust and
accurate results over a wide range of mapping conditions and is thus widely applied to generate glacier
outlines in different parts of the world [37-39]. The mapping accuracy that can be reached depends on
the region (for example, it is less good for debris-covered glaciers), the snow conditions (i.e., seasonal
snow can hide the glacier perimeter) and on glacier size, but can be better than 5% of the total
area [37,38,40]. The basic point is that the accuracy of a glacier outline does not depend on the applied
algorithm in the main image processing stage, but on methodological interpretation in the
post-processing stage (i.e., during manual editing). A sound error assessment in a classical sense is thus
difficult to perform for this ECV. As topographic information (e.g., minimum and maximum elevation)
for each glacier plays an essential role in a glacier inventory [41], the free availability of the digital
elevation models (DEMs) from SRTM (90 m resolution) and the ASTER global DEM (GDEM) at
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30 m resolution is a particular valuable asset. First comparisons have shown that both datasets are well
suitable to derive glacier inventory parameters [42].

In a pilot study for the Swiss Alps and as a contribution to the Global Land Ice Measurements from
Space (GLIMS) initiative, both data sources (satellite and DEM) were combined with modern
geoinformatic techniques to derive an updated glacier inventory for the years 1998/99. For calculation
of glacier specific size changes, also the inventories from 1850 and 1973 were digitized and combined
with the same drainage divides [40]. As an example, the digital overlay of the outlines from 1850 and
1973 on the satellite image from 1998 is illustrated in Figure 4 with an oblique perspective view for the
region around Great Aletsch Glacier. The strong size and volume loss over this period for the larger
glaciers is well recognizable, but the area loss from 1973 to 1998/99 is less apparent at this scale. It
was particular strong for the smaller glaciers that contribute more than 40% to the total area loss.
Overall, an area loss of about 18% was calculated for this period. Thereby, a roughly 14% area loss
took place after 1985 alone, which is about seven times higher than for the 1850-1973 period [32].

Figure 4. The region around Great Aletsch Glacier in a synthetic oblique perspective view
created from a pan-sharpened satellite image (Landsat TM with IRS-1C) and glacier
outlines from 1850 (red) and 1973 (blue) draped over a DEM. The region covered is 40 km
by 41 km in size. DEM 25: Reproduced with permission by swisstopo (BA110151).

Within the framework of the ESA project GlobGlacier [43], the same glacier mapping approach was
recently applied to the entire Alps using ten Landsat scenes acquired over a two-month period in the
late summer of 2003 (Figure 5). In that year, an extraordinary heatwave caused nearly perfect glacier
mapping conditions already in August (without seasonal snow outside of glaciers and high solar
elevation, i.e., reduced shadow) in most regions of the Alps. A total of about 3,800 glaciers were
mapped and topographic parameters were calculated from the SRTM DEM. This new inventory is
more up-to-date than the WGI, but it is moreover derived with the same method from the same sensor
over a very short period of time. This consistency has strong advantages for change assessment or
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spatio-temporal extrapolations, for example for the calculation of future glacier development in the
Alps [44]. All glacier outlines and appended topographic information for each glacier will be available
at no cost in a digital vector format (shape-file) from the GLIMS glacier database [45]. The total
glacierized area mapped in this new inventory was ca. 2,050 km? which is about 30% less than in the
WGI from the 1970s. Apart from the strong area loss from 1998 to 2003, it has to be considered that
the acceleration of glacier decline is partly also due to the higher number of smaller glaciers in the
entire sample (compared to Switzerland), which tend to have (in the mean) higher relative area changes
than larger glaciers [32].

Though currently glacier inventory creation is mostly based on Landsat 5 (in operation since 1984)
and 7, as well as the ASTER sensor onboard Terra, the mid-term prospects for glacier mapping is
promising [46]. New satellites with optical sensors and sufficient spatial resolution like Sentinel-2
from ESA and LDCM (Landsat Data Continuity Mission) from NASA/USGS will be launched in a
few years. They will provide a higher repetition rate and a continuation of the monitoring of this ECV.
Additionally, more long-term projects like the recently started Glaciers_cci project as part of the ESA
Climate Change Initiative [16] will contribute to a more complete global glacier inventory and help to
establish an operational service for space-borne monitoring of the ECV ‘Glaciers and Icecaps’.
Particular emphasize in this regard will be given to a couple of round-robin experiments with test sites
from all over the world to improve the integrity and consistency of the datasets in the GLIMS
glacier database.

Figure 5. The new glacier inventory for the entire Alps as obtained from ten Landsat TM
scenes acquired in 2003. The background shows a mosaic of the scenes used in the
inventory in natural colors and the light blue areas with black outlines depict the mapped
glaciers. Image source: glovis.usgs.gov.




Remote Sens. 2011, 3 776

4. Conclusions

Satellites now provide a vital means of obtaining observations of the climate system from a global
perspective and comparing the state and development of ECVs in different parts of the globe [3]. This
paper has described the important role and potential of satellites within the National Climate Observing
System in Switzerland (GCOS Switzerland). The presented examples from the atmospheric domain
(ECV “Cloud properties’) and the terrestrial domain (ECV ‘Glaciers and Icecaps’) have shown specific
results of the use of satellite data for climate studies in Switzerland. The 10-year cloud cover
climatology from MODIS from March 2000 until February 2010 gives an overall mean daytime cloud
fraction of 64%, with large seasonal variations. In winter, the mean daytime monthly mean cloud
fraction increases to about 71% while in summer, lower mean daytime monthly mean cloud fraction
values of about 52% are measured. The comparison with ground-based synop observations shows a
good agreement, with a mean difference of —2% + 6% (i.e., synop values slightly higher than
satellite-based values). The results will be further compared with time series derived from other
satellite sensors (e.g., MODIS Aqua, Meteosat, NOAA AVHRR, MISR, (A)ATSR(2)). The glacier
mapping methods developed for the Swiss glacier inventory are now applied worldwide to further
complete the global glacier inventory as requested by GCOS and as a contribution to the GLIMS
glacier database. The presented results from the Swiss Alps and the new Alpine-wide glacier inventory
illustrate the massive loss in glacier area since the 1980s from about 2,900 km? in the WGI to
2,050 km? in 2003.

In the future, an adequate and periodical reprocessing of the long-term datasets is essential to
provide consistent climate data records for regional applications. The frequency of the reprocessing
will strongly depend on the ECV under consideration, on the availability of the respective satellite data,
and the required efforts. Glacier mapping, for example, requires both manual editing of the outlines
(e.g., for debris-covered regions) and expert knowledge to achieve an acceptable accuracy. This will
result in longer time intervals for a complete updated dataset than for other ECVs that can be
reprocessed by a fully automated algorithm. Initiatives, such as the Global Space-based
Inter-Calibration System (GSICS) [47], play an important role in supporting the generation of
long-term data records from satellite observations for climate analysis. In this respect, it is also
important to stress the necessity of a thorough assessment of the errors for the different satellite-based
products. Furthermore, the continuity of Earth Observation programs of climate relevant sensors is
vital to guarantee homogeneous measurements of sufficient length. In Switzerland, archived datasets
and existing algorithms developed for near real-time use over Switzerland represent an interesting
potential for future climate studies. In addition, the high quality ground-based observations of various
ECVs have a great potential for extensive calibration and validation studies over Switzerland
(e.g., soundings, ground-based remote sensing). The same applies for the long tradition in field
observations and methodical developments for glacier monitoring (e.g., [31]). Switzerland, with its
many unigue observation systems and climate records, can thereby help to further advance the
integration of satellite data into comprehensive climate data records. The capabilities of existing and
future observing systems will also be an important factor in the development of the Global Framework
for Climate Services (GFCS) as decided at the World Climate Conference 3 (WCC-3) in 2009 [48].
The Swiss GCOS Office will continue to foster the generation of satellite-based datasets of ECVs for
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the area of Switzerland by various institutions and their combination with long-term in situ
measurements to generate integrated high-quality climate data products within GCOS Switzerland.
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