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Abstract: The Global Climate Observing System (GCOS) was established in 1992 to
ensure that the observations necessary to address efetattal issues are defined,
obtained and made availapte all potential users. The Swiss GCOS Office at the Federal
Office of Meteorology and Climatology MeteoSwiss has the task of coordinating all
climate relevantmeasurements in Switzerland (GCOS Switzerland). As,sileh Swiss
GCOS Office also fosters the exploration of new measurement techniques and methods, in
paticular through the use of satelib@sed data, to complement the ldagn 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, they&@r climatology March 200@-ebruary

2010 of cloud cover from MODIS is shown for Switzerland, in low ¥11j and high

(0.0 x 0.05 resolution, and compared to groubdased synop observations. For the
terrestrial domain, the satelli@erived 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 observation
necessary to address climatgated issues are defined, obtained and made available to potential
userd1]. Primarily, the GCOS observations should asBatties in meeting their responsibilities
under the UN Framework Conventioon 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;y@dr0GCOS Implementation Plan
was compiled in support ohé¢ UNFCCC 2]. The Implementation Plan describes a feasible and
costeffective path toward an integrated observing system which depends oninbsttu and
satellitebased measurements. It includes the definition of a set of Edgelimhate 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 planningyepation, and management of observing networks and systems. The
recently published revised GCOS Implementation PBjnupdates the original actions and takes
account of the latest status of observing systems, recent progresericesand technology, the
increased focus on adaptation, enhanced efforts to optimize mitigation measures, and the need fo
improved predictions of climate change.

Satellite observations are essential to obtain observations of the climate system frorglabada
perspective and to compatbe state and development of ECVs 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 observatiquirements for satellitbased products for
climate were explicitly described inthe-soa | | ed o6 Satellite Suppl ement
Plan E]. In addition, the GCMPs include ten sateH#eecific principles recognizinthe importance
and challenges of observatofrom space for climate monitoring. The space agencies worldwide
responded in 2006 through the Committee on Earth Observation Satellites (CEOS) to the GCOS
| mpl ement ati on Pl an 0 Sat wlAttiontPéan) §.uSingeltreerm pragtegs ( C
reports on the CEOS Climate Action Plan have been regularly submitted by CEOS on behalf of the
space agencies to the UNFCGE7].

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. Climat
relevant measurements are coordinated at the national level Bytbe GCOS Office at the Federal
Office of Meteorology and Climatology MeteoSwig]. [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 thederlongimatological
data series as well as of the international data emtested by Switzerland. The Swiss GCOS
Office also fosters the exploratioof new measurement techniques and methods within GCOS
Switzerland, inparticular the use of satellteased data, to improve loitgrm monitoring of ECVs in
Switzerland 10-12].

In this pger, we give an overview of the use of satelitssed 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 O6Cloud propertiesd ithet E€\aadic@h@sp har & &
terrestrial domain. The two examples illustrate the valuable additional information provided from
satellites for climate analysis in Switzerland, to complement the existingtéomg highquality
groundbased obseations.

2. Atmospheric Domain

The atmospheric domain includes ECVs thie following three categories?][ (a) surface,

(b) upperair, and (c) composition. Atmospheric observations from space have evolved significantly
over the lat decadesdue to new sensors andgneasurement techniques (e.g., sounders, microwave
scatterometers, limbiewing measurements, lidag][ However, some of them are not yet transitioned

to operational missions or measurementsnateadequate enough to generate {mrgn 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 UNFCCIL3|[ Time series analyses of several atmospheric
ECVs over Switzerland are currently wunder de
radiati on budget o i n t he EUMETSAT Satellite
(CM-SAF) [14,15] as wel |l as the ECVs 060zoneb6, 0Aer os
longl i ved greenhouse gasesd6 within the European
(CCI) Program 16].

ECV CloudProperties

Cl ouds play an essenti al role in the Earthos
have been made during the last years to generate homogeneous and continuous long term clou
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 haeessedn the near future1[7,18].
Another important global cloud climatologdataset is the Pathfinder Atmosphsiextended
(PATMOSX), based on 30 years of NOAA Advanced Very High Resolution Radiometer (AVHRR)
data [L9]. On a continental scale, the European Cloud Climatology (ECC) project has evaluated data
from the NOAA AVHRR for the period of 1983003 across Europe2(]. Furthermore, the
EUMETSAT CM-SAF providesd among other produdisvarious cloud products from the sensors
NOAA AVHRR and Meteosat Second Generation (MSG) Spinning Enhanced Visible and InfraRed
Imager (SEVIRI) over Europe for the period 20present 15].

Atmospheric produst have also been derived from thec3@nnel MODerate resolution Imaging
Spectroradiometer (MODIS) onboard the satellites Terra and Aguanore than ten year2]].

MODIS on Terra was launched in late 1999 with the data streginriieg in late February 2000,
followed by Aqua in May 2002. MODIS features spectral and spatial resolution in key atmospheric
bandsthat expand the capability to globally retrieve cloud properties. The MODIS atmosphere
products are archived into two cabegs R1,22): pixel-level retrievals (LeveR products) and global
gridded statistics at a resolution of 1°(Lev@lproducts). The Leveél MODIS Cloud Mask product
(MOD35) is a daily, global product gela¢ed at 1 km spatial resolutio2d]. The Level3 Atmosphere
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Products (MODO08) contain statistical datasets from the L2y@bducts, summarized over a 1°by 1°
global equakngle grid and temporally aggregated into daégay ar monthly files p4].

To assess the usability of cloud coverage from satellite sensors for Swiss climatological studies, the
Levet3 par amet er 0Mont hly Cl oud FrisegcNMODO@oduttr o m
Collection § was analyzed for the area over the GCOS Reference Upper Air Network (GRUAN)
station Payerne (65/, 4628Nj) from March 2000 until December 2008, showing a good agreement
in general between the MODIS Terra cloud fraction product P& and the Synop Payermdata
(difference MODO08Synop:1% ° 6%, correlation coefficient ¢ =90) [12]. In a follow-up study, the
higher resolution MOD35 dai@ODIS Collection 5)were analyzed over Switzerlafar the 10year
period March 2000 until Febary 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 MODO8 product generation was appl@4,[i.e., assiguing a cloud fraction of 100% to
t he MOD35 <classes O6cloudyd6 and oOuncertain/proc
MOD35 classes oOprobably clearé and o6confident
cloud fraction for the area of Swérland for January 2009 from the operational MODO08 product with
a spatial resolution of 1% 1°as well as newly calculated on a 0.0%5°0.058rid 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 resolutimmowviggs much
more detailof the local cloud cover variations, especially in the topographic regions of Switzerland.
The cloud cover values thereby vary between 28% and 9%fse variations are smoothed in the
lower resolution MODO8 map, with cloud cover pixel values between 51% and 82%. The mean
daytime monthly mean cloud fraction for this area betwe@&d&®l, 51 11°E for January 2009 is 66%.

Figure 1. Monthly mean cloudriction from MODIS Terra over Switzerland {4B°N,
51 11°E), January 2009.(a) operational MODO08 product at 1% 1° resolution,
(b) calculated from MOD35 at 0.058% 0.05°resolution. The location of the GRUAN
station Payerne (6508, 46481N) is indicatedn the map as a white cross.

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

Subsequently, a 1§earcloud cover climatology was calculated for the period March 2000 until
February P10. Figure 2 shows the d@ar daytime monthly mean cloud fractiat 0.05°x% 0.05°
resolutionfor the area of Switz&and 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 cov®rlow altitude regions (Swiss dhuleland,
Northern ltaly) is well apparent for January. The characteristic 1sotith gradient is particularly
visible in July.The 1Qyearmean value of daytime monthly mean cloud fraction for the period March
2000 until February 2010 is 71% for Janua@8% for April, 52% for July, and 65% for October,
respectively.

Figure 2. 10-yearmonthly mean cloud fraction from MODIS (Terra), at 0.05°resolution,
derived from MOD35 product(a) January 20012010, (b) April 2000 2009, (c) July
2000 2009, and(d) Octdber 20002009. The location of the GRUAN station Payerne
(656 &, 46248N)) 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

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 rhgnimeans of grountdased cloud observations
(Synop) from Payerne. The monthly Synop Payerne timeseries are based on synoptic observation:
made every three hours by a local observer and given in octas (0 octas = clear sky, 8 octas = fully
covered sky; 9 Hog, treated as 8 octas in this study). As the MODIS (Terra) overpass time varies
between 9:00 and 12:00 UTC, the average of thesgnop monthly mean cloud fraction and thehl12
synop monthly mean cloud fraction was used as synop comparison data. Eempeaison of cloud
cover from grounébased synop observations and satelldsed measurements, previous studies have
indicated an optimal area of about 30 km radRH.[Therefore, the & 7 pixel (.e. 0.35°x 0.35)
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box average ceated at Payerne was calculated from the MODIS daytime monthly mean cloud fraction
data which corresponds to an area of about 2% 8% km at this geographical latitude. Figure 3 shows
the intercomparison of MODIS Terra &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 grotmaged synop observations at
Payerne (6508, 4648N|). The monthly Synop Payerne tirgeries are based on synoptic
observations made every three hours by a local observer (averageh @n® 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°resolutiotheit
Synop Payerne data. The mean difference between satellite and sy2ép“i6% (i.e., synop values
slightly higher than satellitbased values)with a correlation coefficient ¢ of ®. In general,
satellitebased cloud cover algorithms tend to mstimate cloud coverage with respect to
ground based synop observations. For example, Kota2bpdescribes higher cloud coverage from
MODIS of about 4% in summer and 7% in winter when compared to synoptic chsgalvations.
CM_SAF cloud fractional cover also tends to overestimate the actual cloud fraction due to the binary
cloud mask algorithm1f5]. 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 producirtfiermore, other influence factors such as
snow cover i(e., lower MODIS cloud amount over snow), observation time difference satedlite
synop, different cloud types (e.g., overestimation of synop cloud amount in the case of convective
clouds) will beinvestigated in detail.

3. Terrestrial Domain

The terrestrial domain is subdivided into the (a) hydrosphere, (b) cryosphere, and (c) bi&phere [
Considerable improvements in the quality of terrestrial satélfiseed products kia been achieved
over the last years5]. 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) fa sustained monitoring from satellited] [and, hence, require new measurement
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techniques and better spati al , spectral and/
to provide.

As for the ECVs of the atmospheric domdhe role of satellites was also analyzed for the ECVs of
the terrestrial domain in the last GCOS progress report of Switzerland to the UNHAGICCiine
series analyses of several terrestrial ECVs in Switzerland are currentlydevééopment in various
projects, e. g.20 ,EC¥Snowll@axasis ®&r 64 n f OFraction
photosynthetically activeraait i on ( BEARPARNhAd pPLeaf 2ZH0rea I ndex (L

ECV Glaciers and Icecaps

Glaciers are widely recognized as unique demonstration objects for climate change. iGlpacts
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 repeateregular intervals. These intervals should
reflect typical response times of the glaciers in the regiena few decadese(g.,[31]). Inventories
allow individual measurements.@.,of area changes) to be extrapolatedricentire region and also to
assess theepresentatinessof 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 seple of Swiss glaciers3p] or the assessment of the representativeness of the glaciers
with mass balance measurements far thass loss of the entire Alp83]. The compilation of a
detailed global glacieinventory 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 d@lge world glacier inventory
(WGI) [34] that wascompiledover a 30year peiod (i.e., 1955 1985) from aerial photography and
topographic maps. Thougdverall glacier changes in this pedavere comparably small, the -§8ar
compilation period is problematic for a sound change assessmeobemparablestudy in Norway has
demongtated[35)].

With the opening of the Landsat archivetla¢ United State§&eological Survey (USGS)nd the
free availability of orthorectified satellite data it became possible to map glaciers over entire mountain
ranges with wellestablished ser@utomated image segmentation techniques developed ea@fjer [
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 applyirtgrashold on a band ratio with Landsat bands 3 and 5
(i.e, redSWIR) 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 glacie
outlines in different parts of the worl@7-39]. The mapping accuracy that can be reached depends on
the region for examplejt is less good for debrisovered glaciersthe snow conditionsi(e., seasnal
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 doedepend on the applied
algorithm in the main image processing stage, but on methodological interpretation in the
postprocessing stage €., during manual editing). A sound error assessment in a classicalisdnse
difficult to performfor this ECQ/. As topographic information (e.g., minimum and maximum elevation)
for each glacier plays an essential role in a glacier inventdiy the free availability of the digital
elevation models (DEMs) from SRTM (90 m resolution) d@nel ASTER global DEM (GDEM) at
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30m resolution is a particular valuable asset. First comparisons have shown that both datasets are we
suitable to derive glacier inventory parametdd

In a pilot study for the Swiss Alps and a contribution to the Global Land Ice Measurements from
Space (GLIMS) initiative, both data sources (satellte 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 divide#0]. As an example, the digital overlay of the outlines from 1850 and
1973 on the satellite image fro®98 is illustrated in Figure 4 with an oblique perspective view for the
region around Great AletsdBlacier. The strong size and volume loss over this period for the larger
glaciers is well recognizahléut the area loss from 1973 to 1998/99 is lessuamp 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, igh is about seven times higher than for the 18903 period32].

Figure 4. The region around Great Alets@tacier in a synthetic oblique perspective view
created from a pasharpened satellite image (Landsat TM with {RS and glacier
outlines from 1850 (red) and 1973 (blue) draped over a DEM. The region covered is 40 km
by 41km in size. DEM 25: Reproduced with permissiyswisstopdBA11015)).

Within the framework of the ESA project GlobGlaciéB], the same glacier mapping approach was
recently applied to the entire Alps using ten Landsat scenes acquired ovemamttoperiod in the
late summer of 2003-(gureb5). In that yearan extraordinary heatwave caused nearly perfect glacier
mapping coditions already in August (without seasonal snow outside of glaciers and high solar
elevation,i.e., reduced shadow) in most regions of the Alps. A totahlmbut 3,800 glaciers were
mapped and topographic parameters were calculated from the SRTM DEMaemhimventory is
more upto-date than the WGI, but it imoreoverderived with the same method from the same sensor
over a very short period of time. This consistency has strong advantages for change assessment ¢



