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Abstract

Abstract

The eminent importance of snow cover for climatic, hydrologic, anthropogenic, and
economic reasons has been widely discussed in scientific literature. Up to 50% of the
Northern Hemisphere is covered by snow at least temporarily, turning snow to the most
prevalent land cover types at all. Depending on regular precipitation and temperatures be-
low freezing point it is obvious that a changing climate effects snow cover characteristics
fundamentally. Such changes can have severe impacts on local, national, and even global
scale. The region of Central Asia is not an exception from this general rule, but are the
consequences accompanying past, present, and possible future changes in snow cover
parameters of particular importance. Being characterized by continental climate with hot
and dry summers most precipitation accumulates during winter and spring months in the
form of snow. The population in this 4,000,000 km? vast area is strongly depending on irri-
gation to facilitate agriculture. Additionally, electricity is often generated by hydroelectric
power stations. A large proportion of the employed water originates from snow melt during
spring months, implying that changes in snow cover characteristics will automatically affect
both the total amount of obtainable water and the time when this water becomes available.
The presented thesis explores the question how the spatial extent of snow covered surface
has evolved since the year 1986. This investigation is based on the processing of medium
resolution remote sensing data originating from daily MODIS and AVHRR sensors, thus
forming a unique approach of snow cover analysis in terms of temporal and spatial resolu-
tion. Not only duration but also onset and melt of snow coverage are tracked over time,
analyzing for systematic changes within this 26 years lasting time span. AVHRR data are
processed from raw Level 1B orbit data to Level 3 thematic snow cover products. Both,
AVHRR and MODIS snow maps undergo a further post-processing, producing daily full-
area mosaics while completely eliminating inherent cloud cover. Snow cover parameters
are derived based on these daily and cloud-free time series, allowing for a detailed analysis
of current status and changes. The results confirm the predictions made by coarse resolu-
tion predictions from climate models: Central Asian snow cover is changing, posing new
challenges for the ecosystem and future water supply. The changes, however, are not
aimed at only one direction. Regions with decreasing snow cover exist as well as those
where the duration of snow cover increases. A shift towards earlier snow cover start and
melt can be observed, posing a serious challenge to water management authorities due to

a changed runoff regime.
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Zusammenfassung (Abstract in German)

Zusammenfassung (Abstract in German)

Die Bedeutung von Schneebedeckung hinsichtlich klimatischer, hydrologischer,
anthropogener und 6konomischer Gesichtspunkte wurde in der wissenschaftlichen Litera-
tur bereits umfassend diskutiert. Bis zu 50% der Nordlichen Hemisphéare sind zeitweise
schneebedeckt. Abhangig von Niederschlag und Temperaturen unter dem Gefrierpunkt
beeinflussen Veranderungen des Klimas zwangslaufig die Charakteristik der Schneevertei-
lung. Solche Veranderungen kénnen weitreichende Folgen auf lokalem, nationalem und
sogar globalem Malfistab haben. Zentralasien stellt in diesem Zusammenhang keine Aus-
nahme dar, denn die Konsequenzen vergangener, aktueller und maoglicher zukinftiger
Schneebedeckungsveranderungen sind hier besonders gravierend: Wegen des kontinenta-
len Klimas und den damit verbundenen trocken-heiflen Sommern fallt der Hauptteil des
verfugbaren Niederschlages in den Winter- und Frihlingsmonaten in Form von Schnee.
Die Bevdlkerung in der etwa 4.000.000 km? grof3en Region ist in besonderem Malie von
Bewasserungslandwirtschaft abhangig. Dariiber hinaus wird ein Grofteil der Elektrizitat
durch Wasserkraftwerke erzeugt. Das fur diese Zwecke verwendete Wasser generiert sich
hauptsachlich durch Schneeschmelze im Fruhling. Veranderungen im Schneehaushalt
haben unmittelbare Auswirkungen auf die Menge des zur Verfligung stehenden Wassers
sowie den Zeitpunkt, zu dem dieses frei wird. Die vorgestellte Arbeit wird der Frage nach-
gehen, wie sich die raumliche Ausdehnung schneebedeckter Flachen seit dem Jahr 1986
entwickelt hat. Diese Untersuchung basiert auf der Analyse mittelaufgeléster Fernerkun-
dungsdaten der Sensoren MODIS und AVHRR, die mit der verbundenen zeitlichen und
raumlichen Auflésung einen einmaligen Ansatz darstellen. Nicht nur die Schneebede-
ckungsdauer, sondern auch Beginn und Ende der Schneesaison werden Uber die Zeit hin-
weg verfolgt, um systematische Veranderungen innerhalb der 26 Jahre andauernden Zeit-
reihe analysieren zu kénnen. Rohe AVHRR Daten werden in thematische Produkte Uber-
fuhrt, die dann zusammen mit den MODIS Schneeprodukten prozessiert werden um tagli-
che, wolkenfreie Mosaike der kompletten Region zu erzeugen. Die Ergebnisse bestatigen
Vorhersagen grob aufgeldster Klimamodelle: Die Schneebedeckung in Zentralasien veran-
dert sich und stellt damit die Okosysteme und Wasserplanungsbehérden vor neue Heraus-
forderungen. Die Anderungen sind jedoch nicht ausschlieBlich negativ: Regionen mit redu-
zierte verringerter Schneebedeckung existieren neben solchen, in denen die Bedeckung
zunimmt. Eine generelle Verschiebung der Schneebedeckung hin zu friherem Beginn und
friherem Ende der Saison kann ebenfalls beobachtet werden. Gerade diese Verschiebung
stellt die Behdrden und Wasserplaner vor deutliche Herausforderungen, da mit diesen Ver-

schiebungen auch eine Anderung des zugrundeliegenden Abflussregimes einhergeht.
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pe3stomé (Abstract in Russian)

3HayeHne CHEXHOro NoKpoBa C KNMMaTUYECKON, rTMaPOSTIOrM4eCKon, aHTPOMOreHHoM
N 3KOHOMMYECKON TOYKW 3pEHUSI B HAy4yHOW nuTepatype wupoko obeyxaanock. o 50%
ceBepHoe nonyliapue BpeMeHaMm NokpbiTa cHerom. NoaTomy cHer sBnsieTca, No KpanHemn
Mepe BPEMEHHO CaMbiM pPacnpOCTPaHEHHbIM MOKpbITMEM 3emnu. B 3amucumoctn ot
0CaZlkoB 1 TeMnepaTyp HUXe rpagyca 3BMEpP3eHUsl, U3BMEHEHUS KnumaTa BO34eNCTBYOT Ha
XapaKkTepuCTUKy pacnpeneneHus cHera. Takme U3MeHeHust MoryT umMeTb Janeko uaywime
nocneacTeBnsi MECTHOro, pernoHanbHOro u gaxe rrnobanbHoro MacwTaba. LleHTpanbHas
A31s B JaHHOM MOMEHTE He sIBNsieTca UCKMoYeHHasi, MOTOMY Y4TO NocneacTBUS NPOLUNbIX,
HacTOSIWMX, W BO3MOXHbIX OyayLIWMX WM3MEHEHUA TMOKpOBa CHera 3Ha4uTenbHbl
cepbesHble: N3-3a KOHTMHEHTaNbHOro KnMMarta U CBSI3aHHOIo C 3TUM CyXOro »KapKoro neTa,
OCHOBHasi 4YaCcTb OCaaKOB NadaeT Ha 3MMHME M BECEHHME Mecslbl B BUae cHera. XXutenu
aToro npumepHo 4.000.000 km? pernoHa, B GONbLION CTEMNEHN 3aBUCAT OT OPOCUTENTbHON
cucteMbl. Kpome Toro, Gonbluasi 4acTb 3nekTpuU4ecTBa MNpPoM3BOAUTCS C MOMOLLbLO
anekTpocTaHuuin. Mcnonb3ymasi ana atoro Boga obpasyeTcs OT TalHUSA CHera BECHOW.
N3meHeHne konudecTBa CHera okasblBaeT HENocpeacTBEHHOE BMMSHWME Ha KanmnmyecTBO

rOTOBOW AN1S1 UCMNONb30BaHKsA BOAbl U HA BpeMsi eé o6pa3oBaHus.

MNMpencraBneHHass  paboTa  paccmaTpuBaeT  BOMPOC  Kak  pa3BMBanochb
NPOCTPaAHCTBEHHOE paCLUMPEHNE CHEXHOIO MOKpoBa nnowagen c¢ 1986 roga. 3Tum
ncnegoeaHnsa 6asmMpoBaTbCa Ha npoueccuBopaHnn gaHHbix cencopoe MODIS n AVHRR
KOTOpble NpeacTaBnAlT  CBA3aHHble BpPEMEHEeM U MPOCTPaHCTBOM  MOKa3biBaT
GecnpumepHyl0 MeToanKy. He TONbKO BpeMsi CHEXHOro NMOKpOBa, HO M HAyano U KoHey,
CHEXHOro ces3aHa Habnwoganucb B TeYeHWe NPOAOSPKUTENBHOMO BpemMeHe, YTobbl
aHanu3anpoBaTb CUCTEMATMYECKME M3MEHEHWs npousowenwme B TeyeHne 26 ner.
PesynbTatbl noaTBepxaatoT npenckasaHue MoAenb KnumaTa C HU3KMM paspeLleHneM:
CHEXHbI NokpoB LleHTpanbHOM A3MM M3MeHsieTCa U CTaBWUT IKOSNOTMYECKYH) CUCTEMY U
ynpaBneHne BOAHbIX MNIaHMPOBaHUA nepen HoBbIMM 3agadvamu. OpHaKo M3MEHeHUst
HanpaBneHH He TOMbKO B OAHY CTOPOHY: PErMoHbl C YMEHbLUEHMEM CHEXHOro nokpoBa
CYyLLLeCTBOBATb PSAOM C TaKMMW, B KOTOPbIX BENMYEHa CHEXHOro NOKpPOBa yBENNYMBAETCS.
Bceobwnm coBur CHEXHOro MoKpoBa B CTOPOHY pPaHHEro Havana v paHHero OKOHYaHus
ce3oHa Tak ke Habnwogaetcda. Kak pas atm caBurM CTaBsaT a BNacTu M X03s1MCTBa BOAa
nnaHMpoBaHWA Nepen CroXHble 3agayvu, Tak Kak C 9TUMU COBUraMu CBs3aHbl U U3MEHEHUS

B CUCTEME CTOYHbIX BOA.

XVl



Introduction and aims of the thesis

1. Introduction and aims of the thesis

Up to 50% of the Northern Hemisphere — around 47,000,000 km? - is covered by snow
during winter months (Hall et al., 1995; Levinson and Lawrimore, 2007; Romanov et al., 2000).
Another 10% of the total land surface are permanently covered by ice (Lemke et al., 2007).
Figure 1.1 gives an example of the maximum (left: January 15™) and minimum (right: August
15™) snow and ice cover extent for 2010 on the Northern Hemisphere. GlobSnow snow extent
product (Solberg et al., 2011), GLIMS glacier inventory (Armstrong et al., 2011), and Sea Ice
Concentrations from Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR) and
Defense Meteorological Satellite Program (DMSP) Special Sensor Microwave Imager (SSM/I)
(Cavalieri et al., 1996) were used to produce Figure 1.1. The comparison between both

months reveals the tremendous dynamics that occur within Earth’s cryosphere every year.

180°0°

Legend ' Data Sources
National border ProjectionOrthographic Snow cover data: © GlobSnow, Solberg et al. (2011)

1 Snowfree regions Datum: WGS84 Glacier / Ice sheet data: © GLIMS, Armstrong et al. (2011)

— Snow covered area Sea Ice data: @ NSIDC 2012

] Glacier / Ice sheet Administrative Information: @ ESRI 2010, DLR 2010
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Figure 1.1: Northern Hemisphere snow and ice cover extent in January (left) and August (right)

2010

The high reflectivity of snow covered areas (up to 90% of incoming solar radiation are
reflected) constitutes an important factor for the overall radiation budget of the Earth’s surface
(Barnett et al. 1989; Groisman et al. 1994; Groisman et al. 1994a; Klein et al. 2000; Kdnig et
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al. 2001; Winther et al. 1999; Hall & Martinec 1985). On a more regional scale, snow cover is
important for the local water availability, river runoff, groundwater recharge, and glacier mass
balance (Jain et al. 2008; Akylrek & Sorman 2002; Zhang et al. 2010). Vegetation growth is
influenced by snow cover duration (SCD) and thickness because snow has an isolating effect
during cold months, preventing plant roots from freezing (Peng et al., 2010). Forest greening in
water-limited mid-elevation zones of mountainous regions is influenced by snowpack variability
(Trujillo et al., 2012). Permafrost is affected by this effect as well, controlling ground tempera-
tures by keeping them warmer than air temperature once snow is deep enough (Stieglitz et al.,
2003). Agriculture is depending on the quantity and character of snow cover (Richter, 1960).
Besides, natural disasters such as floods, droughts, or avalanches can be triggered through
abnormal snow cover events (Thurman 2011; Nature Protection Ministry Republic of
Kazakhstan 2006; Muntan et al. 2009).

Climate change is affecting the distribution and duration of snow coverage, generally
leading to a reduction of the parameters (Barry 2008; Ross D. Brown 2000; Jylha et al. 2008;
Brown & Mote 2009; Lemke et al. 2007). The average snow cover extent and SCD for the Arc-
tic is projected to decrease by up to 20% until the year 2050 (Callaghan et al., 2011). Model
simulations proof that snow cover will develop variably, depending on the position and the pre-
vailing changes in temperature and precipitation (Raisanen, 2007). Therefore, snow cover has
been identified within the Global Climate Observing System (GCOS) as an Essential Climate
Variable (ECV) where satellite observations can make significant contributions (WMO and
GCOS, 2011). The GCOS, initiated by the World Meteorological Organization (WMO), the In-
tergovernmental Oceanographic Commission (IOC) of the United Nations Educational Scien-
tific and Cultural Organization (UNESCO), the United Nations Environment Programme
(UNEP), and the International Council for Science (ICSU) aims to provide comprehensive sci-
entific information on the entire climate system (GCOS, 2012). The systematic observation
requirements for satellite-based data products for climate as a part of GCOS describe the
standards which should be conformed during the processing of ECVs. They constitute the as-
pired standards for the presented thesis and are based on the fact that snow coverage is high-
ly sensitive to changes in temperature and precipitation. Changed snow cover characteristics
may lead to significant feedbacks due to changed planetary albedo and energy balance (WMO
and GCOS, 2011). Continuous monitoring of snow is therefore an important aspect for under-
standing the effects of climate change on the cryosphere. The target requirements of GCOS

are included in Table 1.1.
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Table 1.1: Target Requirements for ECV snow cover extent

Variable/ Horizontal Vertical Temporal Accuracy Stability
Parameter Resolution Resolution Resolution

5% (maximum error 4% (maximum error of

of omission and omission and
commission in snow  commission in snow
Snow 1km; 100m area); location area); location
areal in  complex N/A daily accuracy better than  accuracy better than
extent terrain 1/3 IFOV with target  1/3 IFOV with target
IFOV 100m in areas  IFOV 100m in areas of
of complex terrain, complex terrain, 1km
1km elsewhere elsewhere

Source: (WMO and GCOS, 2011)

The Intergovernmental Panel on Climate Change (IPCC) stated in their assessment
report of 2007 that, besides the shrinking of glaciers and arctic sea ice, SCD and extent has
decreased significantly since 2001 (Lemke et al., 2007). These changes followed earlier de-
velopments of decreasing snow cover extent observed since 1966 and are related to shifts
towards later snow cover onset in autumn and earlier melting in spring seasons. Since 1972,
the mean date of snow cover melt (SCM) has shifted two weeks onwards (Dye, 2002). Earlier
SCM results in changed runoff patterns and decreased surface albedo. The consequences on

a regional scale may, however, differ from these general statements.

How is Central Asia affected by snow cover changes and what consequences may
evolve from these changes for the region? Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan,
and Uzbekistan form the approximately 4,000,000 km? large region of Central Asia (Figure 1.2)
— a region whose economic development strongly depends upon water availability. The shrink-
ing Aral Sea, an immense cotton production with high demands for irrigation, retreating glaci-
ers, and the proceeding desertification are only few examples for actual threats the region is
facing (Lioubimtseva & Henebry 2009; Aizen et al. 2006). Precipitation in this mostly arid and
continental region occurs mainly during winter and spring months (Klein et al. 2012), constitut-
ing regular and sufficient snow cover a strongly required source of freshwater. The main
source of water for rivers originating in Central Asian mountains is melt water from both sea-
sonal snow cover and glaciers (Aizen et al. 1995). The water scarcity in the region was even
described to have the potential to intensify international tensions between Uzbekistan and Ka-
zakhstan (Bernauer & Siegfried 2012). This explains why status and changes of snow cover

characteristics are of particular research interest.
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Figure 1.2: Overview of Central Asia

Climate change has caused a temperature increase of 1-2 °C in Central Asia since the
beginning of the 20" century (Lioubimtseva and Henebry, 2009), affecting SCD, snow cover
start (SCS), and SCM. Precipitation trends point towards increased values during winter/spring
and decreased values in summer months (Mokhov et al., 2006). All these dynamics confirm a
strongly susceptible and variable ecosystem where monitoring and forecasting of actual and
possible future changes is of major importance for environment and population. Changing
snow cover characteristics inevitably affect the status of glaciers, which play an important role
in the hydrological cycle of Central Asia (e.g. Aizen et al., 1997). The locations of the upstream
hydro-catchments of Amu Darya and Syr Darya Rivers coincide with the glacier springs — riv-
ers which form the lifelines of Central Asia. Irrigation, drinking water, electric power generation,
pastoral economy, and the establishment and management of artificial water reservoirs: All
these aspects are directly affected by changing snow cover parameters. It is of utterly im-
portance to identify past and present snow cover characteristics for the whole area, providing
high temporal and spatial resolution. Only then becomes an analysis of the snow cover
changes within the study region possible. The aims of the presented thesis evolve from this

background and include the following questions:
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¢ Which techniques are available that allow the mapping of snow cover on a daily
basis, for the whole area of Central Asia, while fulfilling the demands made with re-
gards to spatial resolution and product accuracy? A review of snow mapping tech-
niques is required to complete this task.

¢ Once the adequate techniques have been identified during the review: How do the
snow cover characteristics (including the parameters SCD, SCS, and SCM) of Cen-
tral Asia look like today? The processing of the snow cover parameters based on
the methods identified during the review will allow answering this question.

¢ How did each of the snow cover parameters develop over time? The processing of
a time series of daily snow cover data for the longest possible period is required to
account for this question.

e Given that a time series of daily snow cover parameters is available: How may the
future snow cover conditions look like when coming from the results prepared dur-
ing the processing of this long term time series? What are the possible conse-

quences with regards to future water availability?

Because of the large extent of the study area and the requirement to use daily data
(otherwise snow cover parameters cannot be calculated) the only possible data source is re-
motely sensed data. The next chapters will outline a detailed description about the study re-
gion (chapter 2), the physical background of how snow cover can be monitored from space
using different observation techniques (chapter 3), and the data sources analysed during the
thesis (chapter 4). The methods used to derive the desired snow cover parameters will be out-
lined (chapter 5) before the results will be presented and discussed (chapter 6). Finally, the

conclusions (chapter 7) will complete the presented thesis.

Some scientific publications have already emerged from the presented study or are
currently under review: It was a priority objective from the very beginning that all the conducted
analyses and results should be made available to the scientific community as soon as possi-
ble. It does not make sense to gain insight in cryospherical/hydrological processes of a region
without sharing and discussing these insights with the affected people and other experts from
the same research field. Within the framework of the presented thesis, the following publica-

tions emerged or are currently under way:
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Publications:

Dietz, A.J., Kuenzer, C., Gessner, U., and Dech, S. (2012): Remote Sensing of
Snow — a review of available methods. International Journal of Remote Sensing,
13, pp. 4094-4134.

Dietz, A.J., Wohner, C., and Kuenzer, C. (2012): European Snow Cover Character-
istics between 2000 and 2011 Derived from Improved MODIS Daily Snow Cover
Products. Remote Sensing, 4, pp. 2432-2454.

Dietz, A.J., Kuenzer, C., and Conrad, C. (2013): Snow-cover variability in Central
Asia between 2000 and 2011 derived from improved MODIS daily snow-cover
products. International Journal of Remote Sensing, 34, pp. 3879-3902.

Dietz, A.J., Gesell, G., Conrad, C., Kuenzer, C., and Dech, S. (submitted in 2013):
Processing of daily snow cover products from NOAA-AVHRR data for Central Asia
using APOLLO. Submitted to Remote Sensing of Environment and accepted with

major revisions (as of March 22", 2013).

Dietz, A.J., Kuenzer, C., Conrad, C., and Dech, S. (prepared in 2013): Changes of
Snow Cover Characteristics in Central Asia between 1986 and 2012 derived from
AVHRR and MODIS time series. Prepared for Hydrological Processes (as of May
2" 2013).

Conference contributions:

Dietz, A.J., Conrad, C., and Kuenzer, C.: Snow cover variability in Central Asia dur-
ing the last decade derived from MODIS. Oral presentation at International Geo-
graphical Congress (IGC) Cologne: 28.08.2012.

Dietz, A.J., Kuenzer, C., and Dech, S.: European Snow Cover Characteristics be-
tween 2000 and 2011 derived from improved MODIS Daily Snow Cover Products.
Poster presentation at ESA Earth Observation and Cryosphere Science Confer-
ence. 13-16.11.2012, Frascati (Rome), Italy.

Dietz, A.J., Kuenzer, C., Conrad, C., and Dech, S.: Changes of Snow Cover Char-
acteristics in Central Asia between 1986 and 2012 derived from AVHRR and
MODIS time series. Oral presentation prepared for the 70" Eastern Snow Confer-
ence. 04-06.06.2013, Huntsville (Ontario), Canada.
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2. Region of interest — Central Asia

The term “Central Asia” itself is ambiguous because it is no established definition and
was used for different regions in literature. (Cowan, 2007) introduced to the diverse usages of
“Central Asia” and “Middle Asia” and reviewed various publications referring to these regions.
It appears that in recent years, the traditional meaning of “Central Asia” (Western China, Outer
and Inner Mongolia) has shifted towards what was initially defined as “Middle Asia” (Kazakh-
stan, Turkmenistan, Uzbekistan, Tajikistan, Kyrgyzstan). When referring to “Central Asia” in a
political context, the term can include Turkmenistan, Uzbekistan, Tajikistan, and Kyrgyzstan
while in a more geographical context, “Central Asia” is also used to describe Xinjiang in China
(Cowan, 2007). (Glantz, 2005) asserts that “Central Asia” can comprise Afghanistan, as well.
In the presented thesis however, the region of interest — “Central Asia” - is congruent with the
countries included in the CAWa project (Figure 1.2) and includes Kazakhstan, Turkmenistan,

Uzbekistan, Tajikistan, and Kyrgyzstan.

Snow cover characteristics are influenced by several factors: Temperature and precipi-
tation are most important variables concerning amount, duration, start, and melt of snow cov-
er. Besides, land cover type and topography constitute additional, more static parameters.
While the land cover type can influence the snow mapping accuracy (this aspect will be out-
lined in section 3.2), topography also determines duration, start, and stop of snow coverage
through elevation, slope, and aspect. The geology does not influence the presence of snow
and is therefore excluded from closer examinations. The same is true for soils, which are of
course impacted by temperature and precipitation — the two most important aspects when it
comes to snow cover monitoring — but which stand in no direct connection among each other.
The following sub sections will summarize the most relevant aspects of Central Asia in terms

of snow cover occurrence.

2.1 Climate, climate change, and hydrology

The aridity of the region with maximum precipitation during winter and spring months
has already been addressed to in the introduction. Figure 2.1 illustrates the detailed precipita-
tion characteristics for Central Asia during Spring (March, April, May), Summer (June, July,
August), Autumn (September, October, November), and Winter seasons (December, January,
February). As data source for Figure 2.1, the Global Precipitation Analysis Product of the
Global Precipitation Climatology Centre (GPCC) between 1980 and 2009 was used
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(Schneider et al., 2010). Climate station data from up to 47,000 different locations (in 1986)

were incorporated in this product that is made available in 0.5° and 2.5° resolutions.
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Figure 2.1: Seasonal precipitation characteristics of Central Asia

The precipitation patterns of Figure 2.1 describe an absolute maximum during spring
months, followed by winter and autumn. Summer is the season with least precipitation. Moun-
tainous regions stick out due to extraordinary high rates especially in spring and winter
months. The mountainous region in the South and South-East receive the largest part of avail-

able precipitation.

The hydrological catchments of Amu Darya, Syr Darya (both tributaries to the Aral
Sea), and lli River (tributary to the Lake Balkhash) obtain most of their inflow from these moun-
tainous regions. Figure 2.2 gives a detailed overview of the sub-catchments within the three
hydrological entities. These sub-catchments will be referred to later in the presented thesis.
They are divided into three categories: Upstream-, Intermediate-, and Downstream-
catchments (see blue, orange, and red boxes in Figure 2.2). Detailed information about the

size and elevation range of each catchment is also presented in Table 2.1.
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Figure 2.2: Sub-catchments of Amu Darya, Syr Dayra, and Lake Balkhash, classified in Up-
stream- (blue rectangles), Intermediate- (orange rectangles), and Downstream-
catchments (red rectangles)

The rivers of Amu Darya and Syr Darya are the most important sources of fresh water
for Central Asia. Forming in the mountainous regions of Kyrgyzstan and Tajikistan, these riv-
ers represent one of the few natural resources of these countries. A detailed register contain-
ing all tributaries, catchments sizes and runoff amounts can be found in a summary provided
by UNECE (2007, see also Table 2.1). The transboundary character of Amu Darya River - with
70 to 77 km? total runoff per year twice as much as Syr Dayra River (Glantz, 2005; Ososkova
et al., 2000) - constitutes a severe political issue due to increased water consumption and reg-
ulation in the upstream area and the diverse consequences that finally led to the Aral Sea dis-
aster: Desiccation of the Aral Sea, salinization, pollution (Micklin, 2007) — a development that
was already initiated by the vast expansion of water infrastructure since the 1950s. Since that
time and under the reign of the former Soviet Union, water consumption for irrigation from Amu
Darya and Syr Darya Rivers increased continuously. While in 1960s, 56 km*® water reached
the Aral Sea through Amu Darya River, the amount was reduced to only 6 km?® in the 1980s
(Diebold and Sehring, 2012).
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Table 2.1: Sub-catchments of Central Asia, basic information and classification into three cat-
egories: Upstream (UP), Intermediate (IN), and Downstream (DO) catchments

Mean Min. ele- Max.

Code Sub-catchment Name elevation vation elevation Area (km? Catchment*
1 Wakhan Rod 4,320 1,982 7,241 31,369 AM-UP
2 Bartang / Sarezskoe Lake 4,355 1,992 6,368 27,818 AM-UP
3 Lake Karakul 4,521 3,955 6,513 4,464 AM - UP
4 Panji 2,438 410 6,185 32,387 AM-UP
5 Kyzyl - Suu / Surhob 3,891 1,755 6,865 16,790 AM - UP
6 Surhob 2,790 1,158 4,856 5,610 AM-UP
7 Oblhingou 3,418 1,167 7,198 6,619 AM-UP
8 Vakshs 939 320 3,627 9,718 AM-IN
9 Kokcha Rod 2,722 315 6,455 25,381 AM-UP
10 Surkhab Rod 2,281 307 5,644 38,491 AM-UP
11 Kafirnigan 1,317 290 4,466 17,269 AM-IN
12 Surkham Darya 1,245 272 4,396 20,319 AM-IN
13 Samangan Rob 1,316 272 4,030 14,550 AM-IN
14 Balkhab 963 173 4,520 60,605 AM-IN
15 Zeravshan 1,137 188 5,376 63,061 AM-IN
16 Shirin Tagab 760 174 3,652 58,705 AM-IN
17 Amu Darya 167 85 392 23,105 AM-DO
18 Kyzylkum Desert 219 67 2,006 163,969 AM-DO
19 Aral Sea 80 58 416 179,028 AM-DO
20 Naryn 1 2,986 1,173 5,095 45935 SY-UP
21 Toktogul Reservoir 2,253 1,038 4,083 6,875 SY-UP
22 Naryn 2 1,525 403 4,132 10,384 SY-UP
23 Karadare 2,185 437 4,904 27,391 SY-UP
24 Syr Darya 1 1,556 355 5,282 27,984 SY-UP
25 Kayrakkum Reservoir 1,564 321 5,397 10,544 SY -UP
26 Syr Darya 2 1,280 272 4,923 6,578 SY-IN
27 Catkol 1,709 252 4,244 24,212 SY-IN
28 Sardara Reservoir 514 248 2,542 9,354 SY-IN
29 Lake Chordare 561 248 4,087 31,476 SY-IN
30 Syrdarija 280 197 578 7,997 SY-DO
31 Syr Darya 218 65 4,043 207,637 SY-DO
32 Talas / Assa 910 329 4,316 45,426 SY -IN
33 Chu 587 125 4,772 213,051 SY-DO
34 Sarysu 473 223 1,063 83,917 SY-DO
35 Tengiz Lake / Nura 540 324 1,485 110,438 SY -DO
36 Turgay 212 74 1,095 248,426 SY -DO
37 lli River 1,266 402 5,296 202,012 BA-IN
38 Lake Balkhash 706 487 4,409 221,629 BA-DO
39 Issyk Kul 135 43 244 21,953 BA-UP

*AM, SY, and BA are abbreviations for Amu Darya, Syr Darya, and Lake Balkhash, respective-
ly. Information was in parts extracted from

Today and during dry years, the water resources of Amu Darya and Syr Darya are

consumed completely for irrigation, causing the rivers to run dry before they even reach the

Aral Sea (Ososkova et al., 2000). The efficiency of irrigation techniques is often low, wasting

considerable amounts of the most precious resource (Awan et al., 2011; Tischbein et al.,
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2013). Evaporation and groundwater discharge add to an estimated water loss of 40% or more
for irrigated areas along Amu Darya River (Conrad et al., 2007). Hydroelectric power produc-
tion is another large consumer of water (~27% of Central Asia’s electricity is generated by hy-
dropower plants (Kipshakbaev et al., 2004)). Because electric power is needed throughout the
year, water discharges for electric power production increase during winter months. This water
is then missing during the irrigation period (Ibatullin et al., 2009). 90% of Kyrgyzstan’s electrici-
ty is produced by hydroelectric sources (Diebold and Sehring, 2012). Tajikistan generates 98%
of its electricity from hydropower and plans exist to extend hydropower generation and export
energy to China and Pakistan (Jalilov et al., 2011) - an indirect export of water in a manner of
speaking. Especially China seems to have increased interest in Central Asia as a trading part-
ner and energy exporter since the country is investing in the development of future hydropow-
er facilities in the region (Granit et al., 2010). This so-called water-energy nexus (UNEP et al.,
2005) creates serious tensions among the Central Asian states: More energy is needed, and
fossil fuels are too expensive (and in the case of Kyrgyzstan rather finite) when compared to
hydropower. It is only consequential that the upstream countries of Tajikistan and Kyrgyzstan
prefer hydropower generation to fossil fuel power generation, leaving the downstream nations
short of water in dry years. Tajikistan and Kyrgyzstan are the only Central Asian states with
positive water balance: More water is generated through to precipitation, snow- and glacier-
melt than it is withdrawn. For Kazakhstan, Uzbekistan, and Tajikistan, the opposite is true
(UNEP et al., 2005).

Turkmenistan is seeking for foreign investors to finance a $1 billion expansion in cotton
industry until 2016 (Gurt, 2012). The situation may even get worse since Afghanistan will most
likely establish or reconstruct irrigation canals and water management facilities in the up-
stream regions of Amu Darya catchment (Glantz, 2005), draining additional water from the
already narrow resource. Former international agreements between the USSR and Afghani-
stan have not been renewed after the collapse of the Soviet Union (Vinogradov and Langford,
2001), posing additional uncertainty to the already tense situation. The Fergana Valley, which
is located in the Syr Darya catchment, is the most densely populated region of whole Central
Asia. Population is even projected to increase by 40% until 2050 (Siegfried et al. 2011). Social
problems are triggered by water scarcity, including economic, civil rights, and health issues
(Strickman and Porkka, 2008). More than 290 water reservoirs have been constructed until
2010 in Central Asia, regulating and managing runoff from rainfall, snow and glacier melt.
Many of these reservoirs were constructed under Soviet regime in the 1960s and 1970s, pri-
marily for cotton production in Tajikistan and Uzbekistan (Karaev, 2005). Plans for even more
reservoirs are raising issues among the countries (Rakhmatullaev et al., 2010). It was already

mentioned in the introduction that changes in water management, population, water demand,
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and available fresh water runoff may increase the tensions between the neighbouring coun-
tries in this region (Bernauer & Siegfried 2012). It is especially this region within the Amu Dar-
ya and Syr Darya River catchments that is susceptible to these tensions. A citation from

(Glantz, 2005) is perhaps best suited to conclude this paragraph:

“[...] the Greater Central Asian Republics, collectively speaking, are
dependent on the flow of two major rivers [...] for their long-term sur-
vival. Upstream-midstream-downstream issues will strongly influence
the way these states interact, whether it is through cooperation, litiga-

tion or conflict.”

Figure 2.2 excludes two regions without information about their hydrological affiliation:
The western area between the Caspian Sea and the Aral Sea catchments is draining to the
Caspian Sea. The region of northern and north-eastern Kazakhstan is part of the Irtysh River
catchment, draining northwards into Ob River and, finally, into the Arctic Ocean. Water gener-
ated in these regions is lost for the irrigated areas of Central Asia (location of irrigated areas

will be included in Figure 2.5 of section 2.2).

Runoff in Central Asia in general is dominated by snowmelt — regardless of the hydro-
logical catchment that is being observed. This means that the ratio of snowfall to annual runoff
is larger than 0.5 for the whole area (it often even exceeds 0.8 (Barnett et al. 2005) and even
nearly reaches 1 in some areas (Adam et al. 2009)). Melt from seasonal snow cover is more
important for Syr Darya River while in the Amu Darya River catchment, melt water from both
snow and glacier ice emerge simultaneously (Ososkova et al., 2000). The importance of snow
for Central Asia becomes apparent from these facts and they also make clear that changes in
snow cover characteristics pose a serious threat to the political stability as well as the growing

population.

Besides precipitation, glacier melt is an important contributor to available runoff water
especially during spring season. Figure 2.3 gives an overview of glaciers in Central Asia based
on the Global Land Ice Measurements from Space (GLIMS) dataset (Raup et al. 2007;
Armstrong et al. 2011). This dataset was established by more than sixty institutions throughout
the world to provide an inventory of all existing glaciers and is growing continuously. Glaciers
form an important part of the hydrological cycle but in Pamir, Tian Shan, and Altai mountains,
climate change causes a significant retreat in both volume and length. While during the 1950s
glacier melt was artificially intensified to increase water availability in downstream catchments
by depositing coal dust to the glacier surfaces (Kotlyakov and Dolgushin, 1973), the glacier

retreat is seen most unfavourable today and has been investigated by various researchers:
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Khromova et al. (2006) found that glaciers in eastern Pamir have receded substantially be-
tween 1978 and 2001 (Zulumart glacier at ~38°N, 72°E e.g. lost 17.5% of glaciated area).
Aizen et al. (2006) analysed tacheometric and photogrammetric measurements as well as
remotely sensed data of Akshiirak and Ala Archa glaciers in Tian Shan. They concluded that
over the last 140 years, both glaciated regions sustained a recession. In total, the area cov-
ered by glaciers in Tian Shan mountains decreased by 12-14% only within the last 40 to 60
years (Aizen et al. 2007). Surazakov et al. (2007) investigated glaciers in the Siberian Altai
Mountains at the border between Kazakhstan, Mongolia, Russia, and China between 1952
and 2006. Again, a reduction of glaciated area was observed. The recession of glaciers is pro-
jected to continue in the future with a volume reduction of up to ~31% (depending on the sce-
nario) until 2050 (Siegfried et al. 2011). Glacier melt will contribute to a significant increase in
river runoff until 2050, but this will only be a short term incident. Water amounts will decrease

to only one third of today’s values before 2100 (Watson et al., 1998).
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Figure 2.3: Glacier inventory of Central Asia and adjacent regions (GLIMS data set)

The presented thesis does not focus on glaciers or their possible development in the
future. However, because they are depending on snowfall on one hand and contribute signifi-

cantly to runoff on the other hand, glaciers are a necessary part of the cryospheric and hydro-
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logical system of Central Asia. Neglecting their existence would prevent a holistic summary of
the actual conditions. Therefore, this short overview of glaciers in Central Asia was included in

this section.

Surface temperature is a limiting factor with regards to snow cover persistence. Only
while temperature stays below freezing point an accumulation of snow on the surface is possi-
ble. Figure 2.4 depicts the mean surface temperature for each month as provided by the
Worldclim dataset (Hijmans et al., 2005). The temperature was interpolated from climate sta-
tion data for the years between 1950 and 2000 with a spatial resolution of 30 arc seconds
(around 1 km — depending on the distance to the equator). The authors of the Worldclim data

declare that the quality of the product varies, depending on station density and topography.

Because station density in Central Asia is generally low, the product must be interpret-
ed with care (Hijmans et al., 2005). The same is true for the precipitation product from the
GPCC (Figure 2.1). The quality of the already sparsely distributed stations is another issue.
Giese & Molig (2004) pointed to the problem that some of the stations provide biased data
because they have been moved to other locations, changed the instruments/measuring tech-
niques, or stopped/interrupted operation after the collapse of the Soviet Union in 1989.
Savitskaya (2010) confirmed that consistent time series of meteorological data are limited for
Central Asia. Libert et al. (2008) support the conclusion that especially since the separation of
the Central Asian States from the former Soviet Union, the number of climate stations de-

creased substantially.

However, because Figure 2.1 and Figure 2.4 only serve as an overview to understand
the general climatic background, the problems related to the generation of the GPCC and
Worldclim data can be neglected. The information from these two figures suggests that alt-
hough temperature is below freezing point for large parts of Kazakhstan, Tajikistan, Uzbeki-
stan, and Kyrgyzstan during November, the lack of autumn precipitation may prevent from

early snow cover onset.
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The amount of precipitation is particularly low in Uzbekistan and southern Kazakhstan.
With the beginning of December, snowfall can be expected to increase under normal condi-
tions as can be interpreted from Figures 2.1 and 2.4. From this point on, the temperature in-

crease in spring will be the dominant factor ending the snow season.

Climate change is an important topic not only in Central Asia. Reconsidering the hydro-
logical situation with problems like water scarcity, increasing water demand and transboundary
water issues the possible effects of climate change on the region of Central Asia become evi-
dent. Some basic facts about climate change in Central Asia have already been presented in
the introduction: Distribution and duration of snow coverage are affected by climate change,
leading to a reduction of the parameters in most regions of the world (Barry 2008; Brown 2000;
Jylha et al. 2008; Brown & Mote 2009; Lemke et al. 2007). Raisanen (2007) analysed various
climate model simulations and concluded that in some regions, changed temperature and pre-
cipitation will lead to more snow. The borderline between increasing and decreasing snow
cover coincides with the -20°C cold season isotherm. In regions with warmer temperatures, a
reduction of SCD and Snow Water Equivalent (SWE) can be expected. This was also con-
firmed by Hosaka et al. (2005) who projected an increase in SWE for northern parts of Siberia

and North America, only.

A temperature increase of 1-2°C since the beginning of the 20™ century in Central Asia
inevitably affects SCD (Lioubimtseva and Henebry, 2009). The velocity of climate change was
analysed by Loarie et al. (2009): For Central Asia, temperature increase proceeds with ~ 0.7
km/year. In other words: If today, mean surface temperature at a certain location is 0° C for
March, the same temperature conditions will only be found 7 km further to the North after ten
years. An increase in precipitation especially during winter and spring months was observed
(Mokhov et al., 2006), potentially leading to an earlier SCS. Fallot et al. (1997) confirmed that
this increase in precipitation led also to higher snow depths rates in northern Kazakhstan. Kim
et al. (2012) detected a trend towards earlier spring thawing and longer non-frozen seasons
for the Northern Hemisphere, affecting also parts of Kazakhstan, Uzbekistan, and Central
Asian mountain regions. Aizen et al. (1997) observed increasing temperatures and precipita-
tion in Tian Shan Mountains. If precipitation increases due to climate change, snow cover may
start earlier. Higher temperatures in spring, however, would even out- or overcompensate this
effect. It was predicted by Siegfried et al. (2011) that changes in precipitation and temperature
will lead to earlier SCM. This development may cause the runoff peak in the upstream catch-
ments of Amu Darya and Syr Darya Rivers to shift 30 to 60 days towards an earlier date. Such
changes would result in severe consequences for reservoir management. Savitskaya (2010)

emphasized that changes in the discharges of Central Asian rivers are of great importance for
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millions of people. Water content in Amu Darya and Syr Darya Rivers will decrease in the fu-
ture because glacier melt - which compensated the increased temperatures and changed
snowmelt pattern in the past - will not be able to contribute to a balanced water budget in the
future. Glaciers have already melted for the most part and cannot alleviate future water short-
age (Savitskaya, 2010). These predictions are, however, based on calculations from climate
models. An in-depth analysis of snow cover time series processed from medium resolution

remote sensing data could serve as a more solid proof for these conclusions.

2.2 Land cover and topography

Land cover is an important aspect when considering the accuracy of snow cover classi-
fications derived from remotely sensed data. Especially the presence of forests (Hall et al.
2002) or large shrubs (Lucas & Harrison 1990; Rittger et al. 2012) can limit the reliability of the
classification (section 3 will outline these limitations in more detail). The land cover information
from Figure 2.5 was taken from Klein et al. (2012). Forested areas are only present in eastern
and most northern Kazakhstan as well as in mountain valleys of Kyrgyzstan. They account for
1.8 % of the total area (~39,000 km? needleleaved evergreen trees and ~34,000 km? broad-
leaved deciduous trees). A decreasing forest cover fraction trend was observed by
Yesserkepova (2010) and Klein et al. (2012) that is caused by logging, forest fires, and climate
change. Shrubs are distributed along a large belt stretching from the Caspian Sea in the West

over the Aral Sea region and Lake Balkhash to the East.

These shrubs are composed of the classes closed to open shrubland (~40,500 km?3;
~1% of total area), open shrubland (~264,000 km?;, ~6.6% of total area), and sparse shrubs
and sparse herbaceous vegetation (~472,000 km?, ~11.8% of total area). In general it could be
stated that compared to other regions like Russia, Europe or North America, Central Asia is an
ideal region for snow cover mapping concerning the prevailing land cover. The sparse forested

regions are especially advantageous in this context.

Irrigated areas concentrate along the major rivers and irrigation channels of Central
Asia: They are represented within the cultivated aquatic or regularly flooded area class and
primarily located within Amu Darya and Syr Darya catchments (Klein et al., 2012; UNEP et al.,
2005). These regions have no direct influence on the accuracy of snow cover mapping. They
are, however, potentially affected by changes in snow cover characteristics since they depend

on the melt water during spring and summer months.
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Topography is another influencing factor with regards to snow cover classification ac-
curacy. This will also be illustrated in section 3.2. A general overview about the topography of
Central Asia is included in Figure 1.2 which already reveals that a pronounced topography is
only present in the south-eastern area. Figure 2.6 depicts a detailed relief of this region. Major
mountain peaks are represented in this figure as well. A list of these highest peaks of Central
Asia is given in Table 2.2. Besides snow mapping accuracy, topography also influences snow
accumulation. Temperature decreases by ~ 0.7°C per 100 m elevation above an altitude of
2,000 m in Central Asian Mountains (Severskiy et al. 2000a). The dependence of SCD on ele-
vation is well known and documented (e.g. in Dietz, Wohner, et al. (2012)). Slope orientation is
another factor: Solar insolation and heat input are affected by the slope orientation. A study in
the Zailiyskiy Alatau (~43°N, ~77°E; ~50 km north of Issyk Kul lake; near Pik Talgar mountain
peak in Figure 2.6) revealed that a slope with southern orientation received 2.8 times more
heat input than a northern slope at the same location (Severskiy et al. 2000b). The topography
of a region is an important parameter when assessing snow cover parameters and should be

considered during the analysis.
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Table 2.2: List of mountain peaks in Central Asia

Elevation

Name (m) Lat. Lon. Region Mountain system
Ismoil Somoni Peak 7495 38°55'00"N 72°01'00"E  Tajikistan Pamir
Jengish Chokusu 7439 42°02'15"N 80°07'30"E  Kyrgyzstan Tian Shan
Ibn Sina Peak (Lenin 7134 39°20'33" N 72°52'39"E  Tajikistan Pamir
Peak
Peak)Korzhenev- 7105 39°03'27" N 72°00'30"E Tajikistan Pamir
skaya
Kha):'l Tengri Peak 6995 42°12'39"N  80°10'30"E  Kyrgyzstan Tian Shan
Independence Peak 6940 38°30'36" N 72°21"15"E  Tajikistan Pamir
Karl Marx Peak 6723 37°09'45" N 72°28'54"E  Tajikistan Pamir
Gora Kurumdy 6614 39°27'00" N  73°34'00"E  Tajikistan Pamir
Patkhor Peak 6083 37°5321"N  72°11'21"E  Tajikistan Pamir
Pik Dankova 5982 41°03'33"N  77°41'00"E  Kyrgyzstan Tian Shan
Pik Sat 5900 39°14'09" N  71°54'39"E  Tajikistan Pamir
Gora Radzhi-Bek 5735 38°25'30" N 72°45'36"E  Tajikistan Pamir
Pik Skalisty 5621 39°37'09"N 70°43'12"E  Kyrgyzstan Alay Mountains
Chimtarga Peak 5489 39°11'45" N 68°11'45"E  Tajikistan Alay Mountains
Pik Tandykul 5544 39°26'54" N 71°05'00" E  Kyrgyzstan Alay Mountains
Khrebet Kuylyutau 5281 42°02'09" N 78°54'27"E  Kyrgyzstan Tian Shan
Pik Talgar 4979 43°07'06" N 77°20'27"E Kazakhstan Tian Shan
Peak Semenova 4895 42°31"12" N 74°33'22"E  Kyrgyzstan Tian Shan
Tian-Shanski
Gora Alagordy 4622 45°02'30" N 80°15'27"E  Kazakhstan Tian Shan
Belukha Mountain 4506 49°48'27" N 86°35'24"E  Kazakhstan Altai
Gora Babash-Ata 4428 41°24'39" N 72°564'42"E  Kyrgyzstan Tian Shan
Sauyr Zhotasy 3840 47°02'57" N 85°34'00"E Kazakhstan Tian Shan
Ayrybaba 3138 37°47'15" N 66°33'24"E  Uzbekistan Alay Mountains
Gora Arlan 1880 39°40'24" N  54°32'36" E  Turkmenistan (Karakum Desert)
Gora Aksoran 1565 48°25'11"N 75°28'07"E  Kazakhstan Kyzylarai
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3. Principles of snow cover monitoring using
remotely sensed data

Remotely sensed data was used to map snow cover parameters since April 1960 when
the Television and InfraRed Observation Satellite (TIROS-1) became operational (Lucas &
Harrison 1990). Since that time, many new sensors and snow mapping methods have been
established — a development that still continues. Several review papers about available tech-
niques to identify extent, status, depth, and water content of snow have been published in the
past (Hall & Martinec 1985; Bernier 1987; Rott 1987; Lucas & Harrison 1990; Massom 1991;
Konig et al. 2001; Solberg et al. 2006; Amlien 2008). Following this practice, an additional re-
view paper was established within the framework of the CAWa project and the thesis at hand:
Dietz, Kuenzer, et al. (2012). Within this publication, recently developed methods from optical,
active, and passive microwave remote sensing are contrasted with each other to identify the
best available data source and method for the given project definition. The findings from this
publication will in parts be reflected as citations in the subsequent sections of the thesis, indi-

cated by double greater-than-/smaller-than signs (>>...<<).

>>Spectral reflectivity and scattering characteristics of snow depend on many different
factors such as snow grain size and shape, liquid water content, SD, impurity of snow, tem-
perature, ice content, depth hoar (result of snow metamorphism from low to moderate density;
(Domine et al., 2007)) and the consistency of the surface beneath the snow cover (Hall &
Martinec 1985; Sturm et al. 1995; Tait 1998; Kelly et al. 2003; Foster et al. 2005; Painter et al.
2009). Depending on the chosen sensor type and resolution, the interference of all these fac-
tors on the retrieval of snow parameters may vary. The following subsections will outline the
details.<<

3.1 Physical and spectral properties of snow

>>Snow reflects a high proportion of the radiation in visible (VIS) wavelengths. De-
pending on the impurity, grain size and age of the snow, this proportion can reach 80%
(Winther et al. 1999; Klein et al. 2000; Kdnig et al. 2001), 90% (Hall & Martinec 1985), and
even up to 97% (Hadley and Kirchstetter, 2012) for freshly fallen, pure snow. With high snow
age, the percentage of reflected insolation decreases. The reasons for this decrease arise

from various facts. First, the impurity of the snow cover increases with time, leading to de-
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creased reflectance. Aoki et al. (2000) suggested that the fallout of atmospheric aerosols is the
main contributor to the impurity of the snow surface. Aoki et al. (2007) measured the impurity
of different snow stages and found impurity concentrations of 2—8 parts per million by weight
(ppmw) during accumulation period and up to 100 ppmw and more during the melt period.<<
Black carbon contamination of snow was calculated to cause a radiative forcing of ~ 0.05
W/m? when averaged on a global scale (Hadley and Kirchstetter, 2012). Huang et al. (2011)
however suggested that the contamination of snow with black carbon is strongly controlled by
the distance to anthropogenic sources, e.g. heavily industrialized regions. >>Secondly, melting
and refreezing processes within the snow lead to an increased grain size, which then leads to
reduced reflectance (Hall & Martinec 1985; Rango 1996; Foster et al. 1999).<<

>>For longer wavelengths, the reflectance of snow declines significantly, reaching
near-zero values in the region of the near-infrared (NIR) (Pepe et al. 2005; Wang et al. 2005).
Figure 3.1 shows a typical reflectance curve of snow. The observed spectrum of Landsat 7 is
also shown in Figure 3.1: The curves are similar, but the coarse spectral resolution of Landsat
inhibits a detailed analysis of the spectral behaviour of surface features such as — in this case
— snow. This demonstrates that the modelled reflectance curves differ from the actual satellite
measurements. The low spectral resolution of Landsat 7 (acquisition date: March 5", 2002)
and the saturation of the VIS channels make it more difficult to recognize the distinctive fea-

tures that characterize snow.<<

>>Different grain sizes lead to high variability in the reflection properties of snow, espe-
cially in regions around 1 and 1.2-1.3 uym, whereas the characteristics remain similar in the
region below 0.8 and 1.5 ym (Hall & Martinec 1985; Dozier 1989; Konig et al. 2001). Figure
3.2 shows the influence of snow grain size on the reflectance of snow. The signatures from
Figure 3.2 have been adopted from Choudhury & Chang (1979). While in the VIS part of the
spectrum the differences of the signatures are small, the differences increase for longer wave-
lengths with a maximum in the region from 0.95 to 1.40 ym. For a detailed description of the
spectral reflectance of snow and how the optical depth of a snowpack can be calculated, refer
to Dozier (1989).<<

>>As mentioned above, impurity and age of snow can also influence the spectral be-
haviour. Figure 3.3 gives an example of the spectral behaviour of different snow and ice sur-
faces for the range 0.4—1.2 um (based on Zeng et al. (1983), modified). Fresh snow reflects up
to 100% in this figure, which was adopted and modified from Zeng et al. (1983). While a
snowpack ages, the amount of reflected radiation decreases. For ice surfaces, this amount is
further reduced, reaching a minimum for dirty glacier ice with only 15-20% reflection. The

measurements given in Figure 3.3 have been collected from a study area in North China from
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1980 to 1982, using a spectral radiometer with a wavelength range of 0.38-1.20 ym and a
spectral resolution of 0.01 um. The snowpack can change its spectral characteristics consid-
erably within even a few hours. Figure 3.4 shows this behaviour for the same study area in
North China, derived from Zeng et al., (1983). For signatures “A” and “B” in Figure 3.4, the
temperature was below 0°C and the time span between the measurements was 40 hours. Alt-
hough air temperatures were below freezing point, the snow had undergone slight snow crys-
tal metamorphosis, increasing snow grain size and snowpack density and therefore altering

the reflection for up to 10% in the IR region. Signatures “C”, “D”, and “E” refer to slightly wet,

wet, and water saturated snow packs, respectively (Zeng et al., 1983).<<
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Figure 3.1: Reflectance of snow compared to Landsat 7 observations

>>0ne of the major challenges in snow mapping is the discrimination between clouds
and snow. Although other land cover classes can be easily discriminated from clouds in the
VIS wavelengths, snow may behave similarly to clouds in the reflective and thermal part of the
spectrum (Akyurek & Sorman 2002; Wang et al. 2005; Hyvarinen et al. 2009; Hall et al. 2010;
Miller & Lee 2005). Figure 3.5 gives an example of spectral signatures for different clouds (r =
particle radii) and snow. The major differences between the reflective characteristics of clouds
and snow have been described by Dozier (1989); water drops (10 um) or ice crystals (40 pm)
within clouds are smaller than typical snow grains (300-500 um, (Chang et al. 1987)). The
smaller particle size and the water content cause less absorption in the spectral region from
1.55t0 1.70 uym (Hall et al. 2002; Pepe et al. 2005). However, ice-containing clouds cannot be

discriminated from snow by this feature. Because snow cover is usually optically thicker than
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cloud cover, it reflects a larger proportion of the VIS radiation. This criterion can help to distin-

guish between thin cirrus clouds and snow. <<
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Figure 3.2: Influence of different snow grain sizes on the reflectance of snow
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>>The characteristic decline of snow reflectance towards short-wave IR can be useful
to distinguish between the cloud and snow because most clouds reflect a higher proportion of
the short-wave IR (Hall et al. 2002; Pepe et al. 2005). Sensors such as the Advanced Very
High Resolution Radiometer (AVHRR), the Moderate Resolution Imaging Spectroradiometer
(MODIS) or Landsat provide the appropriate spectral channels to utilize the properties men-
tioned above. Table 3.1 gives an overview of the optical sensors reviewed in section 3.2 and
also includes the most relevant characteristics. Usually, using only one spectral channel to
discriminate between clouds and snow can lead to errors (Miller & Lee 2005). To identify the
low and high, thin and thick, warm and iced clouds correctly and avoid confusion with snow
cover, a combination of multiple spectral bands is advisable (Ackerman et al., 2010; King et
al., 1997). But even then, confusion between clouds and snow can occur (Hall et al. 2002;
Klein & Barnett 2003). If cloud coverage exceeds certain threshold percentages, a satellite
scene can become useless for snow detection. Rodell & Houser (2004) have identified a max-
imum cloud coverage of 94% of an entire MODIS scene to be the upper limit beyond which

successful snow-cover delineation is unfeasible.<<
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Table 3.1: Characteristics of optical sensors for snow detection

Satellite / Operational Spatial Reso- Swath Data ac-
. . Spectral bands . . .-
Sensor since / until lution width quisition
Landsat 1-3 1972/1983 0.5-0.6uym, 0.6 - 0.7um, 0.7- 79m 185km every 18
/ MSS 0.8um, 0.8-1.1um days
Landsat 4-5 1982/ pre- 0.45-0.52um, 0.52-0.6um, 30m (band 6: 185km every 16
[ TM sent 0.63-0.69um, 0.76-0.9um, 120m) days
1.55-1.75um, 2.08-2.35um,
10.4-12.5um
Landsat7/ 1999/ pre- 0.45-0.52um, 0.53-0.61um, 30m (band6: 185km every 16
ETM+ sent 0.63-0.69um, 0.78-0.9um, 60m; band 7: days
1.55-1.75um, 2.09-2.35um, 15m)
10.4-12.5um, 0.52-0.9um
Terra & 2000 & 2002 36 bands from 0.62um to bands 1-2: 2330km 2 per day
Aqua/ / present 14.38um 250m; bands 3-
MODIS 7: 500m; bands
8-36: 1000m
NOAA / 1978 / pre- 0.58-0.68um, 0.72-1.0um, 1090m 2399km  daily
AVHRR sent 1.58-1.64um, 3.55-3.93um,
10.3-11.3um (10.5-11.5um)*,
11.5-12.5uym**
GOES 1975/ pre- 0.52-0.72um, 3.78-40.3um, band 1: 1000m, Full Earth every 3
sent 6.47-7.02um, 10.2-11.2um, bands 2-4: disk hours
11.5-12.5um 4000m, band 5:
8000m
SPOT/ 1998 / pre- 0.43-0.47pm, 0.61-0.68um, 1150m 2200km  1-2 days
Vegetation sent 0.78-0.89um, 1.58-1.75um
ERS-2/ 1995 / pre- 0.55um, 0.66um, 0.87um, 1000m 512km 2-3 days
ATSR-2 sent 1.6um, 3.7um, 10.8um,
12.0pm
Envisat / 2002 / pre- 0.55um, 0.66um, 0.87um, 1000m 500km 2-3 days
AATSR sent 1.6um, 3.7um, 11.0um,
12.0um
Envisat / 2002 / pre- 15 bands from 0.39um to 300m 1150km  2-3 days
Meris sent 1.04pum

* Valid for AVHRR/2 instead of 10.3 — 11.3um band

** Only valid for AVHRR/3 (NOAA-15 to NOAA-19)

So far, properties useful for the visible interpretation of snow have been introduced.

Because Earth continuously emits microwave radiation from its surface, passive microwave

(PM) sensors can be facilitated to measure these emissions (Konig et al., 2001). SMMR, the
SSM/I and the Advanced Microwave Scanning Radiometer — Earth Observing System (AMSR-

E) collected such data, thus providing a large and continuous time series on a global scale

(see Table 3.2 for details about the sensors).

>>3Snow-covered areas attenuate the emitted microwave radiation from the underlying

surface for wavelengths similar to the snow grain size (Chang et al. 1987). This attenuation of
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microwave radiation depends principally on the snow mass of a respective snowpack; the
more the snow covers an area, the less the microwave radiation will reach the satellite sensor
(Chang et al. 1987; Konig et al. 2001; Clifford 2010). A snowpack consists of air, ice and in
some cases liquid water. Because the air does not influence the microwave signal (or at least
can be neglected, see Matzler & Wegmdiller (1987) and Matzler (1994)), the propagation of
microwaves in a snowpack depends on the dielectric constants of ice and water, which are
extremely different. Liquid water content, grain size and grain shape may influence the signal
that reaches the sensor (Foster et al. 1999; Clifford 2010). For dry snow, the scattering is
caused by the dielectric discontinuities of snow grains and air. Microwave absorption within dry

snow is low, resulting in volume scattering of the snowpack (Amlien, 2008).<<

Table 3.2: Passive microwave sensors and their characteristics

SMMR SSMI/I WindSat AMSR-E
Operational since / 1978 /1987 1987 / present 2003 / present 2002 /2011
until
Platform Nimbus-7 DMSP Coriolis Aqua
Frequencies and 6.6 GHz; 156 x N/A 6.8 GHz; 39 x 6.9GHz; 74x43
IFOV (km x km) 156 N/A 71 10.6 GHz; 51 x 30
10.7 GHz; 97 x 10.7 GHz; 25 x
97 38
18.0 GHz; 60 x 19.3 GHz; 69 x 18.7 GHz; 16 x 18.7 GHz; 27 x 16
60 43 27
21.0 GHz; 60 x 22.2 GHz; 60 x 23.8 GHz; 30 x 23.8 GHz; 31x 18
60 40 30
37.0 GHz; 30 x 37.0 GHz; 37 x 37.0 GHz; 8 x 36.5GHz; 14x8
30 29 13
N/A 85.5 GHz, 15 x 89.0 GHz; 6x4
13
Polarizations H/V H/V* Full ** H/V
Incidence angle (°) 49 53 49.9 -55.3 53
Data acquisition every other day  daily daily daily
Swath width 780 km 1400 km 1000 km 1600 km
Sensitivity (K) 09-15 0.8-1.1 0.2-0.7 0.3-11

*  22.2 GHz channel is only available in vertical polarization
** Dual polarization for 6.8 GHz and 23.8 GHz channels

>>PM sensors map the surface in different frequencies and polarizations. Vertically po-
larized data are more sensitive to the snow volume and are therefore capable of mapping
shallow snow cover. However, because there could be confusion between snow and underly-
ing dry soils, horizontally polarized data are usually used to map snow cover (Amlien, 2008;
Grody and Basist, 1996). The frequency is crucial for the wavelength and the spatial resolution
of the signal. The higher the frequency, the finer is the resolution of the resultant pixel, but the

wavelength also decreases with increasing frequency.<<
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>>The maximum snow depth (SD) that can be derived from PM sensors depends on
the wavelength of the signal. The 37 GHz channel, for example, which is often used to derive
SWE (Chang et al. 1987; Josberger & Mognard 2002), has a wavelength of 0.8 cm, limiting the
maximum SD that can be measured to 10-100 times the wavelength, thus ~100 cm (Clifford,
2010) and a respective SWE of 250 mm (Foster et al. 2005). Derksen (2008) observed that
SWE measurements derived from the 37 GHz channel inherit an increasing uncertainty with
rising SWE; volume scattering is reduced at SWE values greater than 120 mm. Scattering
effects are also decreased when the wavelength of the signal becomes greater than the grain
size of the snow crystals. Increasing the wavelength of the sensors will therefore not improve
the ability to map deeper snow. At wavelengths greater than 5 cm, not scattering but absorp-
tion will be the dominant process (Chang et al. 1987). The minimum SD that can be recog-
nized by PM sensors has been identified at 2 cm (Che et al., 2008). The snow crystal proper-
ties can influence the signal and may lead to an overestimation of the SWE. Initially, a fixed
snow crystal diameter and snow density was assumed for the calculations, for example, 1 mm
crystal size and 300 kg m-3 snow density (Rott & Nagler 1995). Large divergences from these
fixed values can lead to wrong assumptions. Foster et al. (1999) have shown that the shape of
the snow crystals has little to no impact on SD and SWE estimations derived from the PM ra-
diometry. The crystal size is a more sensitive factor. Especially in regions with plate-like depth
hoar crystals, an overestimation of SWE has been observed (Clifford, 2010). The analysis of
PM data is subject to some other major restrictions. Forests tend to mask out the snow cover,
leading to underestimation of SD and SWE (Hall et al. 1982; Foster et al. 1991). The vegeta-
tion absorbs microwaves in the 37 GHz region, thereby suppressing the scattering signal emit-
ted from the snow surface underneath (Derksen 2008). Liquid water increases the dielectric
losses within the snowpack, which strongly increases the absorption of microwaves within the
snowpack. Volume scattering is therefore completely prevented leading to strongly degraded
SD estimation (Rott & Nagler 1995; Amlien 2008). Algorithms to estimate SD under wet snow
conditions are, therefore, still being researched (Kelly 2009). Furthermore, owing to its coarse
resolution, PM data are more suitable for global monitoring of snow properties than it is for a
regional scale (Vikhamar & Solberg 2002). Although the resolution may be the biggest disad-
vantage of PM sensors, their ability to map snow even in the presence of clouds makes them
a valuable tool for snow-cover mapping. The possibility to estimate SD and SWE is another

big advantage of this sensor type.<<
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>>Active microwave data may be used to analyse snow cover as well, though the ap-
plication is limited by the fact that only wet snow can be recognized reliably (Wang et al.
2008). Under dry conditions, it is not the snow crystals but the ground beneath the snow cover
that forms the major source for the backscattering signal (Koénig et al., 2001). Liquid water re-
duces the penetration depth of the microwaves from around 20 m in dry conditions to only 13.8
cm with 1% of liquid water content (Rott & Nagler 1994). Active sensors can come with much
higher spatial resolutions than PM sensors, reducing swath (560-500 km) and revisit frequency
(24 days for RADARSAT SAR, 35 days for Envisat ASAR, 11 days for TerraSAR-X; (Konig et
al. 2001; Nghiem & Tsai 2001; Strozzi et al. 2009). Ice layers within refrozen snow bodies can
be recognized by scatterometers such as QuickSCAT (QSCAT) using the Ku band at 13.4
GHz, as shown by Nghiem et al. (2005). Additionally, the beginning of snowmelt can be rec-
ognized because of the liquid water content that appears within the snowpack. This feature is
exploited in combination with optical and PM sensors by Foster et al. (2011) and the same is
reviewed in section 3.2. Table 3.3 gives an overview of the different active microwave sensors
and their characteristics. The interest in analysing the scatterometer data for snow-cover map-
ping has increased in recent years (Foster et al. 2011). However, because the use of active
microwave data for snow-cover detection is limited to the existence of liquid water content,

methods to use these data are excluded from detailed examination.<<

Table 3.3: Characteristics of selected active microwave sensors

ZElimg O_peratlonafl Bands Spatlall re- Swath width  Data acquisition
Sensor since / until solution
ADEOS I/ 1996 /1997 Ku band 50 km 2x 600 km every other day
NSCAT (14.0 GHz)
QuickSCAT/  1999/2009 Ku band 25 km 1800 km daily
Seawinds (13.4 GHz)
ADEOS Il / 2002/ Ku band 25 km 1800 km daily
SeaWinds present (13.4 GHz)
MetOp / 2005/ C band 25 km, 50 km 2x 550 km every other day
ASCAT present (5.25 GHz)
RADARSAT/ 1995/ C band 8m - 100m 45 km - 500 km every 24 days
SAR present (5.3 GHz)
RADARSAT2/ 2007/ C band 3m -100m 20 km - 500 km every 24 days
SAR present (5.4 GHz)
Envisat / 2001/ C band 30m, 150m, 60 km - 100 km, every 35 days
ASAR present (5.3 GHz) 1000m 400 km
JERS 1/SAR 1992/1998 L band 18m 75 km every 44 days
(1.275 GHz)
TerraSAR-X, 2007/ X band 1m, 3m, 18m 10 km, 50 km, every 11 days
TanDEM-X/ present (9.6 GHz) 150 km
SAR
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3.2 Methods to map snow using remotely sensed data

>>The algorithms and methods to map snow parameters from remotely sensed data
vary primarily depending on the sensor type, but may also be influenced by the most prevalent
land cover type, topography and climatic conditions. This section gives an overview of the
most important methods to map snow extent, SD and SWE. It is not possible to include every
single method in a clearly arranged manner, so only the most recent or most commonly ap-
plied and published methods are reviewed. Table 3.4 summarizes the methods discussed in
this review. Additional details such as resolution, accuracy of the product and respective au-

thors who investigated the methods are also included.<<

3.2.1 Discrete methods for snow cover mapping with optical sensors

>>Snowmap is an algorithm that was developed especially for MODIS (Hall et al.,
1995). The MODIS daily, 8-day and monthly snow cover products provided by the National
Snow and Ice Data Center (NSIDC) are based on this algorithm. It uses the reflectance of VIS
and IR radiation to calculate the normalized difference snow index (NDSI):
b4 — be

NDSI = ——,
b, + b,

(1)

where b, and bg refer to MODIS bands 4 (0.54-0.56 ym) and 6 (1.62—1.65 pm), respectively
(Hall et al. 2002). The NDSI was first introduced by Crane & Anderson (1984) for experimental
DMSP data. Dozier (1989) used Landsat bands 2 (0.53—-0.61 ym) and 5 (1.55-1.75 ym) in a

similar study.<<

>>Because band 6 on Aqua MODIS is non-functional, NDSlqua) is calculated using
band 7 (2.10-2.15 pm). The correlation between MODIS bands 6 and 7 over land is high.
However, the reflectance magnitude of band 7 is lower. Additionally, the spatial misregistration
between bands 7 and 4 accounts for 0.3 pixels compared to a misregistration of only 0.1 pixels
for bands 6 to 4 (Salomonson & Appel 2006). Riggs & Hall (2004) confirmed that switching the
bands greatly improved the accuracy for the Aqua MODIS product. The snow patterns from
Terra and Aqua MODIS are now very similar with differences of 0 to 5%. Biggest deviations

are observed in dense forests and low illuminated areas (Riggs & Hall 2004).<<

b, —b,

NDSI - ,
A% " p, +b,
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>>The NDSI is used to automatically distinguish between clouds and snow; while the
reflectance of clouds remains high for MODIS band 6 (7 for Aqua), the reflectance of snow
drops to near zero in this spectral region (Hall et al. 1995). To map snow extent automatically
with NDSI, a threshold value of NDSI >0.4 is used to indicate snow coverage. This value has
been suggested by Hall et al. (1995) after extensive analyses for the USA. Klein & Barnett
(2003) validated daily MODIS snow cover maps and proved that an NDSI value >0.4 indicates
snow covered surfaces. For forested areas, both underestimation and overestimation errors
can occur. To prevent underestimation, the NDSI threshold must be decreased because
forests tend to mask out snow covered ground. Hall et al. (2002) found that NDSI values <0.4
also indicate snow if the normalized difference vegetation index (NDVI) is around 0.1. Snow
tends to lower the NDVI, and an NDVI ~0.1 is therefore an indication of snow covered forests
even if NDSI <0.4 (Hall et al. 2002). To prevent overestimation, the reflectance in MODIS band
4 (Landsat TM band 2) must exceed 10% to be mapped as snow (Klein et al. 1998). This
additional reflectance test is required because dark surfaces such as forests significantly
reduce the reflectance values and therefore cause the denominator of the NDSI equation (1)
to be quite small. Small increases in the VIS wavelengths would lead to NDSI values high
enough to indicate snow (Klein et al. 1998; Hall et al. 2002). The Snowmap algorithm only
works for pixels with at least a 50% snow cover fraction (Hall et al. 2002). Trying to catch
smaller subpixel fractions of snow can lead to the erroneous assignment of bright, snow free
surfaces as snow (Hall et al. 1995). Fractional snow mapping techniques described later in this
section can improve these results (Salomonson & Appel 2004). An additional source of error is
the incorporation of the MODIS cloud mask product MOD35 L2 in the snow cover processing.
These cloud masks tend to overestimate actual cloud coverage, leading to an underestimation
of snow cover (Bormann et al. 2010; Riggs et al. 2006). Despite all these problems, the overall
accuracy of the daily MODIS snow cover product (MOD10A1) reaches 93% for clear-sky
conditions, even though it varies according to the land cover type and snow conditions (Hall &
Riggs 2007). Accuracy is lower for forested areas (~90%) and higher for “nonforest” land cover
(nearly 100%). The transition zone between snow covered and snow-free area is prone to
higher error rates, again (85% accuracy for forest, 95% for “nonforest”) (Hall et al. 2001). The
overall accuracy including all-weather conditions, and if clouds are treated as classification
errors, is lower, reaching 31% for Aqua (MYD10A1) and 45% for Terra (MOD10A1) MODIS
daily products (Gao et al. 2010).<<

>>Rosenthal & Dozier (1996) presented a decision-tree based classification model to
map snow cover and fractional snow cover from Landsat TM data. The method was developed
for Landsat TM 5 scenes taken from 1983 to 1993 in the Sierra Nevada in California, USA.

Within this decision-tree, a large number of threshold and ratio tests (21 terminal nodes for the
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full cloud classification tree) are accomplished to first identify cloud contamination. A second
tree derives snow cover from the TM scenes with an additional 11 terminal nodes. Mainly, dis-
crete threshold tests including TM bands 1, 2, 4 and 5 (Rosenthal & Dozier 1996) are used.
This second tree decides whether a pixel is covered by snow, water or ‘other’ surface types. A
subsequent regression tree estimates fractional snow cover; this step is explained later in sec-
tion 3.2.2. The accuracy of the decision-tree based classification of Landsat TM is similar to
the one achieved with high-resolution aerial photography. A linear relationship between these

snow cover estimates has been detected with a determination coefficient R2 = 0.979.<<

>>Snowcover is an algorithm developed by Fernandes & Zhao (2008) especially for
AVHRR data over the Northern Hemisphere (Zhao and Fernandes, 2009). They used top-of-
atmosphere (TOA) reflectance of AVHRR channels 1 and 2, NDVI, clear-sky surface broad-
band albedo, skin temperature (ST), solar zenith angle (SZA) and a cloud mask for their anal-
ysis. As ground truth, SD measurements were taken from both the Meteorological Service of
Canada (MSC, 67 in situ sites) and the Historical Soviet Daily Snow Depth Version 2 (HSDSD,
260 in situ sites). Initially designed to be used with the 1 km AVHRR imagery, the Snowcover
algorithm was also used to derive snow cover from 5 km AVHRR land grid cells. Three steps
were performed to acquire the final snow cover product: (1) temporal filtering and interpolation
of each grid cell by an adaptive rank filter, (2) normalization of channel 1 to standard acquisi-
tion geometry and (3) snow detection. The temporal stability of each pixel is analysed per year
for this snow detection step. Samples of snow-free and snow covered surface temperature
and NDVI time series are used to define the threshold that will be used for the final snow cover
classification. A pixel is classified as snow only if it is above the threshold for snow-free
ground. The analysis of the whole time series of each pixel allows for the estimation of snow
cover under clouds or cloud shadows as well. A final temperature threshold eliminates mis-

classification during summer and autumn months.<<

>>Snowcover is capable of producing snow cover maps for 90% of the period from
1982 to 2008 over the Western Arctic. The accuracy reaches values of 87% for 50% of the test
sites (Fernandes and Zhao, 2008). Snowcover avails itself of the Single Pixel Aggregate Rat-
ing of Cloudiness (SPARC) routines to discriminate clouds from snow. Within this procedure,
several tests including a brightness temperature test (T-test), a reflectance brightness test (B-
test) and a reflectance test (R-test) are accomplished to derive the likelihood of cloud cover for
each pixel (Khlopenkov and Trishchenko, 2007). The SPARC routine has successfully been
applied to the European Alps using AVHRR data by Husler et al. (2012) with a mean snow
cover classification accuracy of 90%. The need for additional input layers (skin temperature)

limits the adaptability to regions where such data are available on an operational basis.<<
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>>The National Operational Hydrologic Remote Sensing Center (NOHRSC) used
AVHRR data from the National Oceanic and Atmospheric Administration (NOAA) to map snow
extent for North America with the multi-band snow classification algorithm theta. Each pixel of
an input AVHRR scene is treated by theta as a vector quantity consisting of the selected
bands. To map snow cover extent, the National Operational Hydrologic Remote Sensing Cen-
ter (NOHRSC) conducted two individual classifications, both connected to a user-defined ref-
erence vector. First, a three-space vector was initialized using AVHRR bands 3, 4 and 5 to
identify clouds while, as a second step, AVHRR bands 1-4 were used to identify snow and
cloud extent. To construct the final snow cover classification, the results from the first step
must be subtracted from the second step. The success of the theta algorithm depends on the
selected input bands and the reference vector. Assuming that suitable input parameters have
been found, this method is capable of screening both cirrus and cumulus clouds, and besides
that it distinguishes cirrus clouds above snow cover. Mixed pixels, cloud shadow and the pres-
ence of forested areas may influence the effectiveness. Furthermore, the method is not fully

automated because the user must set thresholds for both steps of cloud and cloud/snow clas-

sifications (Maxson et al., 1998).<<

Table 3.4: Overview of reviewed methods and their characteristics

Spatial Temporal Parame-
Sensor(s) Method(s) Author(s) Resolution Resolution Accuracy ters
MODIS Snowmap; Hall etal. 1995, 2002; 500m daily, 8-day, ~95% SC, SCF
NDSI; multi- Riggs and Hall (250m) monthly (clear sky)
spectral 2004,2007; Salomon- 31-45%
enhance- son and Appel 2003, (all weath-
ment; AR- 2006; Klein and Bar- er condi-
SIS; Snow- nett 2003; Parajka et tions)
Frac; Snowl; al. 2010; Sirguey et
Aqua + Ter- al. 2008; Vikhamar
ra compo- and Solberg 2002;
site Wang and Xie 2009a
Landsat NDSI; Deci- Rosenthal and Dozier 30m every 16"  R2=0.979 SC, SCF
sion-trees; 1996; Vikhamar and day
SnowFrac Solberg 2002
AVHRR Snowcover; Fernandes and Zhao 1100m, Daily ~87% (for SC
theta 2008; Maxson et al. 5000m 50% of
1998 test sites)
APOLLO Saunders and Kriebel 1100m Daily Unknown SC
1988, Gesell 1989
Khlopenkov & Trish- 90% for
SPARC chenko 2007, Hisler  1100m, Daily Europe SC
etal. 2012 5000m
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Spatial Temporal Parame-
Sensor(s) Method(s) Author(s) Resolution Resolution Accuracy ters
MERIS+ Supervised Pepe et al. 2005 260m * every three  95-98% SC, SCF
AATSR fuzzy statis- 290m days
tical classifi-
cation
AMSR-E SWEMAP Chang and Rango 25km daily, 5-day, 3.7cm SWE, SD,
2000; Kelly 2009 monthly error SC
SMMR Spectral Foster et al. 1996; 25km daily, 5-day 2.2cm; SWE, SD
gradient Derksen 2008; Chang 1.5cm
(Th18 — etal. 1987 error; R?
Tb37)* ¢ =0.75-0.8
SMM/I Snow Emis- Pulliainen and Hal- 25km daily, 5-day 2.3cm; 1.4 SWE, SD
sion Model- likainen 2011; Goita - 3.3cm;
Based Au- et al. 2003; Derksen 1.5cm
tomatic In- et al. 2003a,b error
version Al-
gorithm
MODIS+ combination Liang et al. 2008; Gao 500m daily ~85% SC
AMSR-E of products etal. 2010
MODIS MODSCAG Painter et al.2009 500m daily SC: 95%, SC, SCF,
Albedo: Albedo,
95% Snow
Grain size grain size
error: 51
um
GOES+ combination Romanov et al. 2000 4km every 30 ~85% SC
SSM/I of products minutes
ATSR-2/ NLRand Solberg and Ander- 0.01° daily compara- SC, SCF
AATSR SCAmod sen 1994; Metsamaki ble to
et al. 2005 MODIS
snowmap
results
MODIS+ ANSA Foster et al. 2011 25km daily better than SC, SWE,
AMSR-E + the single  SD, SCF,
QSCAT base Snowmelt
products

>>Today, NOHRSC uses the Snow Data Assimilation System (SNODAS) with a snow

mass and energy balance model as the major source of information. The snow model runs in

steps of 1 hour and assimilates the estimates of the last 18 hours to produce a 30 arc second

snow cover product. Remotely sensed data are only incorporated to map the boundaries be-

tween snow and snow-free ground for cloud-free pixels (Barrett, 2003).<<
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The AVHRR Processing scheme Over Land, cLoud and Ocean (APOLLO) is one of the
oldest fully automated classification procedures able to derive snow covered surfaces from
remotely sensed data. Developed between 1986 and 1988, the software is still operational at
the German Remote Sensing Data Center (DFD) of the German Aerospace Center (DLR).
APOLLO involves all available spectral channels to detect cloud coverage from AVHRR im-
agery (Saunders and Kriebel, 1988). The initial version of APOLLO has been modified within
the years, adding a routine to discriminate between clouds and snow (Gesell, 1989) and in-

creasing cloud and snow detection accuracy (Kriebel et al., 2003).

APOLLO uses a straightforward classification scheme, starting with calibrated reflec-
tances and brightness temperatures to detect cloud and snow covered surfaces in a first step.
Within this step, up to five tests are applied to the (daytime-) data. Figure 3.6 gives an over-
view of the full daytime algorithm (as adopted from Saunders & Kriebel (1988)). T, in test 1
(Gross cloud check) is the mean Sea Surface Temperature (SST) from 5 days over water
while over land, the initial threshold was defined interactively from the data. In test 2 (Spatial
coherence test), the standard deviation of brightness temperatures within a 3 x 3 pixel window
must not exceed a threshold (0.2° K over water). This test is only applied to water bodies dur-
ing daytime. For test 3 (Dynamic visible threshold test), the threshold is defined automatically
from a 50 x 50 moving window: A cloud-free peak is identified from the histogram of the input
pixels and all pixels with reflections above this peak are considered as cloud covered. Test 4
(NIR / VIS ratio test) uses different thresholds for water and land surfaces again. For clouds,
the ratio will even out close to unity because reflectance is only slightly less in NIR than in VIS
(compare Figure 3.5). Cloud free land reflectance will be greater in NIR than in VIS over vege-
tated regions and even over deserts, causing the ratio in test 4 to be greater than under cloud
covered conditions. Over water, however, an alternative threshold must be used because re-
flectance in VIS is usually much higher than in NIR due to increased backscattering in shorter
wavelengths. The final test (Thin cirrus test) is dependent on the satellite zenith angle (8) and
a lookup table of typical temperature difference values for different atmospheres under clear
sky conditions. Depending on the atmosphere, temperature differences of up to 6° K can be

observed between bands 4 and 5 for cloud covered pixels (Saunders and Kriebel, 1988).

36



Principles of snow cover monitoring using remotely sensed data

APOLLO Daytime cloud detection algorithm
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Figure 3.6: Apollo Daytime cloud detection algorithm

Figure 3.6 only depicts the first cloud detection algorithm. All pixels flagged as clouds
after this procedure will be processed by an additional algorithm to estimate cloud cover frac-
tion from each pixel as well. This algorithm will not be included here because it is of little rele-

vance for the snow detection scheme that follows in the next step:

The APOLLO cloud detection algorithm (Figure 3.6) cannot distinguish between clouds
and snow. Tests 3, 4, and 5 will classify snow covered surfaces as clouds because the spec-
tral properties exploited within these tests are similar for both, clouds and snow (Gesell, 1989).
Therefore, up to 12 additional tests are applied to the results produced from the cloud detec-
tion algorithm. These tests are part of the APOLLO snow and ice extension and illustrated in
Figure 3.7. DVT (Dynamic Visible Threshold), Ratioc1,c2 and T45T (Thin cirrus test) are adopt-
ed from the cloud algorithm (Figure 3.6). The other tests are based on thresholds exploiting
the spectral and thermal differences between clouds and snow and have been developed by
Gesell (1989).
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Figure 3.7: APOLLO Snow detection scheme

Though operational since 1989 the snow and ice extension has never been validated
thoroughly. Initial tests conducted by the author of the extension suggest that the algorithm
shows only few uncertainties in the presence of thin cirrus clouds over water. Additionally, wa-
ter clouds with ice tops may in rare cases be misclassified as snow (Gesell, 1989). A second
algorithm exists that is capable of detecting ice covered surfaces as well. It is not included in
this summary since ice cover is not the subject of the thesis. As a concluding remark it should
be stated that - though the APOLLO routine may seem a bit outdated — the ability to process
AVHRR data from all available satellite generations offers a good tool to process consistent
time series of snow cover data. In contrast to other AVHRR processing schemes, APOLLO
does not need additional input like Snowcover/SPARC. It runs fully automated (in contrast to
theta) and therefore offers a good perspective for the processing of long time series. However,
because the accuracy of the snow cover classification is not known in detail, an accuracy as-

sessment would be required before APOLLO could be utilized.

>>0ne limitation that is common to most of the products mentioned so far is their rela-
tively coarse resolution. A pixel size of 500 m x 500 m may be inapplicable for local or small
scale snow cover analysis or for complex terrain conditions. Sirguey et al. (2008) developed a
method to improve the spatial resolution of MODIS in the context of snow cover mapping. As a
basis, the “Amélioration de la Résolution Spatiale par Injection de Structures” concept (ARSIS)

was used to fuse MODIS channels with different spatial resolutions into one improved snow
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cover product. ARSIS is a multi-scale method that constructs a high resolution for a low-
resolution band from the information given by an additional high-resolution band (Ranchin and
Wald, 2000). Because no panchromatic band is available, the high-resolution band that is the
closest to the respective lower resolution channel was chosen for the transformation (MODIS
b1: b3 and b4; MODIS b2: b5, b6, b7). After the new 250 m MODIS channels were computed,
corrections for the topography and atmosphere were conducted, and a linear constrained un-
mixing was also applied for eight endmembers to produce subpixel snow cover information. As
a result, significantly better snow cover products were generated. Compared to a 15 m Aster
reference image, the overall overestimation of the snow covered area decreased from 4.1% to
1.9%, the mean absolute error decreased by 20% and the global quality index (Q, introduced
by Wang & Bovik (2002) as a universal image quality index) increased by 3%. The number of
endmembers limits the use of the procedure to smaller regions with known land cover circum-
stances. On the other hand, the method is beneficial for environmental or hydrological imple-
mentations in steep terrain, where coarser resolutions may lead to significantly increased mis-

interpretations of snow cover and fractional snow cover (Sirguey et al., 2008).<<

The Interactive Multisensor Snow and IceMapping System (IMS) was initiated in 1997
by NOAA/NESDIS. It includes the longest time series of continuous snow cover extents which
was intended to serve as an input parameter into numerical forecasting at the National Cen-
ters for Environmental Prediction (NCEP). These snow data are also often used as input for
studies about climate change impacts on snow (e.g. ( Brown & Mote 2009; Dahe et al. 2006;
Gutzler & Rosen 1992; Liston & Hiemstra 2011)) and therefore also included in this review.
The earliest datasets range back to 1966 when they were derived through manual construction
based on photographic copies of visible imagery (Robinson et al. 1993; Robinson 1993). In
1972 when the Very High Resolution Radiometer (VHRR) became operational the accuracy of
the weekly digitized snow cover product increased substantially. The quality of the boundary
between snow covered and snow free area did not show too much detail before 1972, making
the product suitable for studies not exceeding the continental scale (Kukla & Robinson 1979).
Between 1972 and 1997, snow and ice charts were still derived manually and on a weekly
basis. The resolution of the weekly maps ranged from 125 to 200 km, depending on the lati-
tude. Only after the initiation of the IMS in 1997, daily snow cover products were made availa-
ble using GIS technology, replacing most of the manual work by automated classification rou-
tines (Helfrich et al., 2007). The data sources utilized for IMS come from optical and passive
microwave sensors (15 separate input sources in total). Geostationary data originating from
Geostationary Operational Environmental Satellites (GOES), METEOSAT, and Geostationary
Meteorological Satellites (GMS) are combined with SSM/I, AVHRR, station data, and addition-

al data layers (vegetation, land cover, elevation) (Ramsay, 1998). The SSM/I data are usually
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only referred to during darkness or cloud coverage. The resolution of IMS snow extent data is
4 km since 2006 (Helfrich et al., 2007).

>>Additional methods exist to map snow cover also from different sensors. (Pepe et
al., 2005), for example, researched the ability to use the two Envisat instruments, the Medium
Resolution Imaging Spectrometer (MERIS) and Advanced Along Track Scanning Radiometer
(AATSR), to monitor snow cover in Alpine regions. SPOT VEGETATION data can be used to
map snow cover, as shown by Lissens et al. (2000), and compared to MODIS, as shown by
Simic et al. (2004). It is not possible to include all these approaches in this summary. For a

detailed description, the reader should refer to the individual authors.<<

3.2.2 Fractional snow cover algorithms

>>Because binary information about snow cover can produce large uncertainties, es-
pecially within hydrologic runoff models, it is desirable to produce fractional snow cover maps
from medium resolution satellite data — in particular, during the accumulation or ablation period
of snow, but also in forested areas such approaches are reasonable (Vikhamar & Solberg
2002; Salomonson & Appel 2004; Salomonson & Appel 2006). Rosenthal & Dozier (1996)
used a regression tree to estimate fractional snow cover from Landsat TM data, and their re-
sults were as accurate as those obtained from aerial photography. Endmember selection or
snow grain size, shape or SWE had no impact on the algorithm. Topography-induced illumina-
tion differences have only little or no effect on the results. In summary, the regression tree
tests whether a pixel in VIS wavelengths reflects more or less radiation than is defined by a
given threshold. If it reflects more, the pixel will be assigned to a higher snow cover fraction.
The contrary is performed for the IR wavelengths; the higher the reflection, the lower the snow

cover fraction will be (Rosenthal & Dozier 1996).<<

>>A supervised fuzzy classification approach was used by Pepe et al. (2005) to esti-
mate fractional snow cover from MERIS data. Based on an interactively chosen training sam-
ple, the probability of a pixel belonging to a respective land cover class is derived. As a result,
a soft classification map for each land cover class is created containing a value that describes
the likelihood of a pixel representing the respective land cover class. Fisher & Pathirana
(1990) showed that such soft classification maps can be used to estimate fractional land cover
information. The approach was not done in the context of snow cover and was arranged for
Landsat 5 data, which is different in spatial and temporal resolution from other sensors usually
consulted to map snow cover. One conclusion, however, was that land cover classes with

well-defined spectral behaviours can be estimated with a comparatively high accuracy (r =
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0.984 for water, r = 0.945 for wetland). Land cover classes with a wide variety of spectral sig-
natures on the other hand provide poor correlations (r = 0.472 for built-up area, r = 0.504 for
open area). Because snow cover is characterized by a very strict spectral behaviour (high re-
flectance with up to 90% in the VIS region, reflectance values near zero in the near IR region;
see Hall & Martinec (1985), Pepe et al. (2005), and Wang et al. (2005)), the fractional snow

cover estimations derived from fuzzy classification results should provide good accuracy.<<

>>Salomonson & Appel (2006) developed a method to retrieve fractional snow cover
information for Aqua MODIS satellite data. The 500 m MODIS snow cover product was used
as the source. To retrieve the snow cover fraction within a MODIS pixel, a concurrent Landsat
scene was used and registered to the same 500 m grid as MODIS. Every Landsat pixel was
then classified as snow or snow-free ground, and the percentage of snow cover within each
MODIS pixel (fractional snow cover) was generated. By comparing multiple such results, a
relationship between fractional snow cover and NDSI was computed depending on the used

satellite:<<

FRA6T =-0.01+1.45*(NDSI), (3)

FRA7U =-0.64+1.91*(NDSI), (4)

>>Here, 6 and 7 refer to the used bands in the calculation of NDSI, while T (Terra) and
U (average of two combined relationships for Aqua) stand for the used satellite. The
performance of these algorithms has been tested using different Landsat 7 ETM+ scenes. The
correlation coefficients were located between 0.88 and 0.94 with a root-mean-square-deviation
(RMSE) between 0.07 and 0.15. Accuracy was similar for both Terra and Aqua MODIS, but
with Terra having some slight advantages that may result from the misregistration of 0.3 pixels
between Aqua MODIS bands 7 and 4. Possible improvements of the method include the use
of land cover and terrain information to adjust equations (3) and (4). Atmospheric correction
may also further improve the accuracy (Salomonson & Appel 2006). The algorithm is included
in the MODIS standard product and provides fractional snow cover in an operational way

depending on the NDSI value of the respective pixel (Solberg et al. 2006).<<

>>Vikhamar & Solberg (2002) focused on the problem of decreased snow cover
detection accuracy in forested areas. A subpixel snow cover mapping technique called
SnowFrac was developed, which is based on a linear spectral mixture model (SnowFor).
SnowFor simulates the pixel reflectance of forests. The signal that reaches the satellite sensor

consists of a function from trees, snow, bare ground and irradiance. Each of these
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components describes a function itself; for example, trees are a function of density, species
and chlorophyll content and bare soil is a function of rock or soil type and vegetation.
Irradiance depends on the satellite position, incidence angle and sensor characteristics. This
results in a large number of variables, but the SnowFor method uses additional inputs to limit
their number. A digital forest cover map and several endmember fractions are estimated by
submodels prior to the run of the SnowFor model. Depending on the predominant tree types, a
general forest reflectance model is adjusted. In the case of this study for Norway, spruce, pine
and birch were the most prevalent tree species. The modelled pixel reflectance thus consists

of the sum of the area proportions occupied by the respective tree type, snow or bare soil.<<

>>The additional submodels mentioned before are BirchMod, ShadMod and
DiffusMod. BirchMod calculates the effective branch area of leafless birch trees as a function
of tree height and also takes into account the solar elevation angle. ShadMod estimates the
cast shadows on the snow cover caused by trees depending on the solar position. DiffusMod
computes the amount of diffuse radiation that is shielded by the tree crowns and therefore
does not reach the sensor. By unmixing the whole SnowFor model, the snow cover fraction
can be estimated once the other variables are known. It was concluded that each additional
submodel continuously improved the results. ShadMod brought the biggest improvements,
increasing R2 from 0.48 to 0.62 for birch forest (Vikhamar & Solberg 2002).<<

>>The MODSCAG (MODIS Snow-Covered Area and Grain size) model was developed
and tested by Painter et al. (2009). It is capable of deriving fractional snow cover, grain size
and snow albedo from MODIS data. A library of modelled snow endmembers is used as the
input together with endmembers for rock, soil, vegetation and lake ice. MODSCAG now
analyses the linear spectral mixtures for each combination of two or more endmembers from
the library. Snow covered area percentage and snow grain size are selected for each pixel
according to the result of the linear spectral mixture analysis and the model that fits best for
each endmember. Snow albedo can finally be determined using the snow cover fraction and
grain size of each pixel as input. Validation was derived using Landsat observations for the
fractional snow cover part while field measurements were available for grain size validation.
Energy balance towers were used to assess the accuracy of the albedo estimates. The RMSE
for fractional snow cover ranges from 1 to 13% with a mean RMSE of 5%. For grain size, the
MODSCAG method constantly overestimates actual snow grain radii by a Mean Absolute
Error (MAE) of 51 um and a mean error of 30 ym (with mean actual snow grain size between
83 and 268 um). For snow albedo, the MAE was 4.2% with a mean error of 3.6% (Painter et
al., 2009).<<
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>>|In the context of the GlobSnow project funded by the European Space Agency
(ESA), fractional snow cover products are generated on a daily, weekly and monthly basis
using Along Track Scanning Radiometer 2 (ATSR-2) and AATSR data (see table 1 for details)
for the complete Northern Hemisphere (Solberg et al. 2011). The Simple Cloud Detection
Algorithm (SCDA) developed by the Finnish Environment Institute (SYKE) is used to recognize
clouds. Once clouds, water bodies and glaciers have been masked out, the snow cover
fraction is calculated using two algorithms, one for mountainous areas (>2- local slope) above
the tree line (Norwegian Linear-Reflectance-to-snow cover algorithm NLR; developed by the
Norwegian Computing Centre) and another for open areas and forested regions (SCAmod;
developed by the SYKE). The NLR algorithm was developed for AVHRR data initially (Solberg
& Andersen 1994). It uses only two endmembers (100% snow cover and 0% snow cover) for
linear spectral unmixing to derive the snow cover fraction. The C-correction method (Meyer et

al., 1993) is used to correct for topographic effects.<<

>>The SCAmod algorithm was designed to be suitable for most optical sensors and
first applied to AVHRR data (see Metsamaki et al. (2005) for details). In the context of
GlobSnow, it uses AATSR/ATSR-2 bands 1 and 4 (see Table 3.1) to derive fractional snow
cover information for non-mountainous regions. Before the algorithm can be applied, a
transmissivity map must be generated that serves as a reference for 100% (dry) snow covered
conditions. Depending on this map, the snow cover fraction for each pixel is calculated by a
semi-empirical reflectance model using reflectance values for wet snow, forest canopy and
snow free ground as input parameters. The accuracy of the fractional snow cover product was
evaluated against MODIS and Landsat snow maps. Good overall agreement was found for
both analyses with GlobSnow overestimating snow cover fraction especially in June. Besides,
discrepancies were recognized at the border of the mountain mask that also forms the border
between the two algorithms (NLR and SCAmod) where a smooth transition of the results was

expected but not always achieved (Solberg et al. 2011).<<

3.2.3 Algorithms to estimate snow cover below clouds

>>Because cloud cover hinders an optical sensor from measuring surface reflectance,
various methods have been developed to estimate ground conditions underneath clouds. For
hydrological models, it is important to have daily gapless information about the snow-cover
extent. Rango (1996) mentioned that there is a definite need to develop techniques for snow-
cover mapping beneath clouds. This is why so many methods have been developed to

interpolate snow extent below cloud cover.<<
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>>Snowl is an algorithm that determines the regional snow line based on the MODIS
snow cover product (Parajka et al., 2010). The mean elevation of all snow covered pixels is
opposed to all snow free pixels. If a clouded pixel lies above the regional snow line, it can be
stated as snow covered. Otherwise, it will be reclassified as snow-free. This method is capable
of decreasing cloud cover in a standard MODIS snow cover product from 60 to 20%. If cloud
cover is too large in proportion to the entire scene, this method will not work properly. The
threshold that is used to determine whether a scene can be processed by Snowl or not
(because of too much cloud cover) determines the accuracy of the final result. This accuracy
ranges from 48.7% to 81.5% depending on the cloud threshold (Parajka et al., 2010).<<

>>A method that combines both Terra MODIS and Aqua MODIS to reduce the impact
of cloud obscuration is presented by Wang & Xie (2009). With their method, only ~2.5 days
are needed to create a cloud-free snow extent from MODIS. The resultant Aqua-Terra
composite achieved an accuracy of 90% when compared with in situ measurements at 20
meteorological stations. On average, the snow cover duration was 9 days higher than that
suggested by the in situ data. This overestimation was due to the compositing technique that
combined several days and therefore produced uncertainties. A second source for the
overestimation may be the imbalance in scale that always exists when point-ground
measurements are compared with pixel sizes of — in this case — 500 m x 500 m. Similar
approaches were undertaken by Wang et al. (2009) and Parajka & Bloschl (2008) to combine

Aqua and Terra MODIS snow cover products.<<

>>Gafurov & Bardossy (2009) interpolated snow cover below clouds using six
successive steps. Their methods are based on the MODIS daily snow cover product, which is
determined using the Snowmap algorithm, described earlier in this thesis. In the first step, the
snow cover products from Terra and Aqua MODIS are combined according to the method of
Wang & Xie (2009). The temporal combination of snow cover information is the second step.
Up to 2 days in the past and 1 day into the future or 1 day in the past and 2 days into the
future are analysed for cloud-free classification results. In the third step, the maximum and
minimum elevations of snow cover are evaluated similar to the method described by Parajka
et al. (2010) earlier in this section. This method was only used for scenes with less than 30%
cloud cover because determination of snow lines can lead to the wrong results if too many
pixels are obscured by clouds. In step four, the snow condition of the four neighbouring pixels
of each cloud covered pixel is analysed. If at least three of them are classified as snow, the
centre pixel will also be classified as snow covered. Step five is similar to step four; here the
eight neighbouring pixels of each cloud covered pixel are analysed. If a pixel is snhow covered

and a direct neighbour is obscured by clouds but has a higher altitude, the cloudy pixel is also
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considered to be snow covered. Qobilov et al. (2001) suggested an alternative implementation
of this step: if a pixel or segment of pixels is cloud covered, the nearest cloud-free pixel with
the same elevation, azimuth and slope angle is used as a replacement. They used this method
for AVHRR-processing only (Qobilov et al., 2000).<<

>>|n step six, the time series of each pixel for the whole snow season is analysed to
determine the start date of snow accumulation and the end date of complete snowmelt. Cloud
covered pixels were then reclassified depending on the results of the time series analysis. The
effects of short intermediate snow fall or melting are not respected. The sixth step
automatically removes all remaining cloud covered pixels and is therefore placed at the end of
the processing chain. To validate the results, several MODIS snow cover products with little
cloud cover were artificially filled with cloud cover from other, more clouded scenes. It was
reasoned that step one, the combination of Terra and Aqua MODIS, produced the highest
improvements. Step four eliminated the smallest amount of cloudy pixels, whereas step six
revised most. The accuracy of steps two to five accounts for 90-96% if they are accomplished
in the given order. The accuracy of step one was not evaluated because it only depends on
the accuracy of the snow classification results. Step six produced the lowest accuracy (78%)

but removed the largest amount of clouds (Gafurov and Bardossy, 2009).<<

3.2.4 Identification of snow cover and SWE with PM sensors

>>PM sensors are capable of mapping the surface beneath clouds and in darkness,
and they are therefore valuable in the context of daily time series analysis. Especially when
clouds are present for many consecutive days, interpolation techniques presented in section
3.2.3 become uncertain. Additionally, PM data can provide useful information on snowpack
properties such as grain size or liquid water content (Rott & Nagler 1995). Various sensors
provide global coverage with PM imagery. Refer to Table 3.2 for a detailed overview. The
drawbacks of these sensors include their coarse resolution, the maximum SD of ~1 m that can
be mapped, difficulties in mapping through precipitating clouds and the inability to map SD
when snow is containing liquid water (Chang & Rango 2000; Kdénig et al. 2001; Josberger &
Mognard 2002).<<

>>Clifford (2010) gives an overview of available PM sensors and methods to map
SWE, which is defined as the mass of water included in the snowpack per area unit. In theory,
the spectral gradient between different microwave channels is used as an indicator for
SWE:<<
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SWE =c¢* Ty — Tharu) ()

>>SWE is given in millimetres, T,sy and Tys7y refer to the horizontally polarized
brightness temperature of 18 GHz and 37 GHz microwave channels and c represents the
slope of the linear fit: 4.8 mm K" (Chang et al. 1987). The brightness temperature at 37 GHz
is prone to volume scattering of the snowpack whereas the frequency of 18 GHz is sensitive to
the underlying surface. Volume scattering is the basic source of information for SWE as long
as the snow is dry and not interspersed with liquid water, which would prevent volume
scattering and lead to absorption of the microwaves (Che et al., 2008; Tait, 1998).<<

>>Not only horizontal but also vertical polarization can be used to retrieve SWE, but as
Armstrong & Brodzik (2001) showed, the vertical polarization overestimates SWE in areas of
desert soil or frozen ground whereas horizontal polarization only underestimates in early
winter. The snow density is presumed to be 300 kg m™, which is a representative estimate for
mature snow in North America, although the density can range from 100 kg m™ for freshly
fallen snow to 500 kg m™ for very old snow (Foster et al. 1996). In a similar way like SWE, the

SD can be derived:<<

SD = 1'59*(Tb18H _Tb37H ) (6)

>>For the snow grain size, constant values of 0.3 and 0.5 mm are assumed. Because
grain size and density are fixed, this method can be ranked as a static model. Foster et al.
(1996) showed that the static algorithm from Chang et al. (1987) underestimates snow mass in

North America by more than 50% for the period from December to March.<<

>>Qther aspects limit the feasibility of SWE and SD retrievals; the snow grain size is an
important factor that influences the PM signal. To achieve higher accuracy with SWE products,
the evolution of the snowpack including its grain size and structure should be incorporated.
Che et al. (2008) confirmed that a grain size of 0.3 mm would result in a coefficient ¢ = 1.59 for
SD estimations (see equation 6). However, a grain size of 0.4 mm would change the
coefficient to ¢ = 0.78 (Che et al., 2008).<<

>>A second point is the handling of vegetation. Not only forest fraction but detailed
information about how vegetation interacts and influences microwave signals is required for
better SWE estimations (Derksen 2008; Clifford 2010). Contrary to crystal size, the snow
crystal shape has little to no influence on SWE and SD estimations from PM sensors, as
shown by Foster et al. (1999). Derksen (2008) described how deep snowpacks with SWE

values greater 120 mm can cause the measurements from the 37 GHz regions to become

46



Principles of snow cover monitoring using remotely sensed data

unreliable. Volume scattering does not increase after this point. Additionally, the 18 GHz
frequency can be influenced by volume scattering itself at SD greater 30 cm (Markus et al.
2006). The 10 GHz frequency can compensate for this problem if available, but the resolution

is usually coarser than in the 18 GHz region (Table 3.2).<<

>>The basis of SWE and SD estimations with PM data is always related to equations
(5) and (6). These formally static approaches have developed during the years, leading to
fundamental improvements. Josberger & Mognard (2002) used air temperature as an
additional input to estimate snow metamorphism. Their method was tested for the Northern
Great Plains in the USA, which are characterized by very flat terrain, only very sparse forested

areas and a large number (285) of climate stations.<<

>>The analysis of Tb19-Tb37 GHz gradient maps showed that the gradient stays near
zero until the first snow occurs on the ground, which causes the gradient to increase. Abrupt
changes in the gradient signal where the difference between the channels falls back to zero
again indicate a warming event with liquid water arrival. These impacts of changing air
temperature induced Josberger & Mognard (2002) to develop a temperature gradient index
(TGI) that describes the grain size metamorphism of snow crystals within a snowpack. This
index is defined as the temperature difference between the bottom and the top of the snow
surface divided through the snow thickness for a whole snow season. The index is then
correlated with the spectral gradient of the snow covered area during the snow season, and
the congruence was found to be quite high because the spectral evolution of the snow covered
area followed that of the TGI. Therefore by including the TGI, SD and SWE can be calculated

from PM data and air temperature measurements.<<

>>Josberger & Mognard (2002) concluded that TGI can be used as an indicator for
snow grain size metamorphism. This conclusion was also used for the first development of the
AMSR-E SWE Algorithm (SWEmap) that is utilized to produce daily, 5-day and monthly global
snow storage index maps (Chang & Rango 2000). Because the vertical structure of a
snowpack can consist of different layers of densities, grain sizes and underlying surface
conditions, the upwelling microwave radiation can vary extremely. This is why a number of
different snowpack profiles have been selected to create a database that can be used with a

multi-layer perceptron (MLP) type artificial neural network.<<

>>Chang & Tsang (1992) describe the idea behind the neural network approach to
map SWE: because the neural network must be trained before using, simulated SWE data are
integrated into the network. The microwave brightness temperature is the only input layer to

the network. One or more hidden layers are used to process the data and there is again only
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one output layer. As a result, the sum of all input signals to a hidden layer is processed by the
sigmoid function. A back-propagation algorithm is used to train the network. This algorithm

compares the results of the process with the training datasets included at the beginning.<<

>>The training of the network is done by calculating different combinations of the three
input parameters: snow crystal size, snow density and SD. Snow temperature is fixed at 265
K, and three additional atmospheric models are included: Mid-latitude winter, sub-Arctic winter
and Arctic winter atmospheres. 720 sets of input—output pairs are generated out of these
variables and used for training of the neural network. SWEmap is then prepared to derive the
SWE estimates. First, the attributes of the respective pixel are gathered, including snow
classes, fractional forest cover, land use, elevation, probability of snow, SWE history and
land—water mask. Second, a number of tests are conducted. A snow probability test
determines whether the occurrence of snow is possible for a respective pixel or not by —
amongst others — analysing snow frequency maps for the last 10 years. A surface temperature
test is added, deciding whether the presence of snow is possible. SWEmap consists of a
number of tests again. First, the surface temperature derived from IR bands or even PM data
are tested, which has a reported accuracy of 1.2—-2.5° C for SSM/I data (Pulliainen et al. 1997).
The AMSR-E imagery is then tested for precipitation followed by a wet snow test. Fractional
forest cover is included in a last step to linearly fit the maximum albedo of a pixel depending
on the forest fraction with values of 0.8 for no forest fraction and 0.2 for 100% forest cover

within a pixel.<<

>>The algorithm for determining SWE from AMSR-E has evolved in recent years.
Because the 18 GHz frequency is affected by volume scattering for deep snowpacks (Derksen
2008), the 10 GHz frequency can be used instead (Kelly 2009). Additionally, the 89 GHz
frequency can be included to map shallow snowpacks in combination with the 23 GHz
frequency from the AMSR-E sensor. Because the 89 GHz region is prone to atmospheric
contamination, additional tests are required to ensure the reliability of the shallow snow
detection (Kelly 2009). Unfortunately, the AMSR-E sensor aboard the Aqua satellite stopped

the acquisition of data on October 4™, 2011.<<

>> Pulliainen & Hallikainen (2001) presented a study to retrieve regional SWE from PM
observations in the Kemijoki drainage area in Finland. An algorithm called the Snow Emission
Model-Based Automatic Inversion Algorithm was used to retrieve SWE, and the results were
compared to conventional spectral and polarization difference procedures. The algorithm was
developed at the Helsinki University of Technology (HUT) and will from now on be called the
HUT algorithm. HUT is an emission model-based iterative algorithm that takes into account the

average SD, density and grain size of snow. The details of the model are described by
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Pulliainen et al. (1999). The emission behaviour of snow is a function of grain size, density and
SWE. The brightness temperature of each pixel is also modelled depending on the forest
fraction to take into account the loss factor of the canopy. Atmospheric transmissivity, soil
emission contribution and the effect of multiple reflections between the soil-snow and snow—
air boundaries are also modelled using additional methods developed by Pulliainen et al.
(1993); Pulliainen et al. (1997), and Ulaby et al. (1981). When compared with independent
experimental data and tower-based experiments, HUT modelled results agreed well with in
situ data. In comparison to SSM/I-derived brightness temperature, the HUT model predictions
showed correlation coefficients of 0.82 for vertically (V) and 0.76 for horizontally (H) polarized
frequencies. Only observations with a daily maximum temperature greater than 0° C were
allowed. If all observations regardless of temperature were analysed, the accuracy decreased
tor=0.79 (V) and r = 0.69 (H).<<

>>Because the emission model was now validated to produce admissible results, HUT
was finally used to retrieve SWE from SSM/I data. Three SSM/I channels were used in a
modified inversion scheme instead of the original method that tried to fit the modelled
brightness temperature into the seven SSM/I channels (this led to unsatisfactory results). The
modified scheme used the differences between the channels and polarizations instead of the
raw SSM/I brightness temperatures (37 GHz (V), 19 GHz (V) and 19 GHz (H) were used) and
also included the snow grain size and the standard deviation of the SSM/I brightness
temperatures (2 K as shown by Hollinger et al. (1990) who verified that SSM/I is a stable and
well-calibrated microwave sensor). The results from the Kemijoki drainage area in Finland for
night-time observations during the winter of 1993-1994 showed that HUT produces
reasonable results (r = 0.93) when compared to in situ data. When calculated for the
midwinter seasons from 1993—-1994 to 1997-1998, the correlation coefficient for HUT was
0.75 (for observations with temperatures less than 0° C) to 0.62 (all midwinter observations)
and therefore better when compared to the results of conventional SWE retrieval methods.
That is why the authors conclude that the performance of the algorithm depends mainly on the
weather conditions and that additional information such as near-surface air temperature could
still improve the results. Data for snow characteristics would also be useful to replace the fixed

values such as snow grain size and snow density (Pulliainen & Hallikainen 2001).<<

>>The HUT model is also incorporated in the GlobSnow project to estimate SWE
values for the complete Northern Hemisphere for the years from 1979 until present. Daily,
weekly and monthly products are generated from SMMR, SSM/I and AMSRE data (Luojus,
Pulliainen, Takala & Lemmetyinen 2010). The method applied for the GlobSnow product is

described by Pulliainen (2006). By combining ground-based observations with spaceborne PM
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data, the accuracy of SWE and SD estimates improves significantly. The analysis of
spaceborne PM data alone is subject to major restrictions as the brightness temperature
saturates at large SD values. The new assimilation technique estimates snow grain size at the
ground-based stations and determines SWE and SD values at these stations while

interpolating (Kriging interpolation) between their locations (Pulliainen 2006).<<

>>Derksen, Walker & Goodison (2003) compared 18 winter seasons of in situ data and
SWE derived from PM instruments in Western Canada. For the years from 1978 to 1996, 5-
day average SWE estimates derived from SSM/l and SMMR have been crosschecked with in
situ data. In regions with small forest cover, the agreement between the different results was
good, whereas in heavily forested areas or at times when the SD exceeded 75 mm, SWE was
systematically underestimated. Interannual performance variability was also observed when
the accuracy of different years was evaluated. Whereas during the winter season of 1991—
1992, the mean bias error (MBE) was only ~5 mm, in the following season the MBE was
nearly 25 mm (Derksen, Walker & Goodison 2003).<<

>>Derksen, Walker, LeDrew, et al. (2003) also presented a method to combine SSM/I
and SMMR data for Central North America to derive an SWE time series. There is only a 6-
week overlap of this time series because the SMMR sensor only operated until August 1987
with SSM/I starting in June 1987. It is desirable to have consistent and comparable time series
of SWE estimations, and this is why this study is focused on the comparison of the two
sensors. SD data from climate stations served as in situ data and have been converted to

SWE using an average snow density described by Brown (2000).<<

>>|n summary, both SMMR- and SSM/I-derived SWE estimates showed a consistent
relative agreement with in situ data with none of the sensors being more accurate than the
other. Both sensors underestimated SWE in heavily forested areas for more than 15 mm.
However, the SMMR sensor was found to underestimate SWE values significantly stronger
than SSM/I. It was demonstrated that SWE magnitudes calculated from SSMR brightness
temperature differ from the ones derived from SSM/I and that this circumstance should be
accounted for in order to evaluate longer time series of SWE metrics (Derksen, Walker,
LeDrew, et al. 2003).<<

3.2.5 Combination of PM and reflective data to map snow cover

>>Because PM data has the capability to estimate snow cover underneath clouds,
advanced combination methods of both PM and optical data are desired (Kénig et al. 2001;

Simic et al. 2004; Liang et al. 2008). Data from optical and thermal sensors alone cannot
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provide cloud-free snow cover information on a daily basis. A combination of these sensors
with PM sensors is therefore most desirable (Romanov et al., 2000) and recommended
(Rango 1996).<<

>>Romanov et al. (2000) presented a system for automated mapping of snow cover for
North America with a combination of VIS and IR data from the GOES and PM data from
SSM/I. As measurements in the medium IR region of the spectrum (MIR) were not available
from geostationary satellites until the launch of GOES-8, attempts to map snow cover from
these sources encountered serious difficulties. Since 1994, the MIR range measurements are
available and have been used in this study to automatically map snow extent for North

America.<<

>>The GOES observations are available every 30 minutes. By compositing these
individual images using the pixel with maximum 11 ym brightness temperature and minimum
MIR, cloud coverage is mitigated. To identify a snow covered pixel, two steps are established
after a water mask is applied to exclude all water bodies from the analysis; the ratio between
the VIS and the MIR channels is calculated, producing a snow index Sl that indicates snow
cover. To eliminate the influence of iced clouds and semi-transparent cirrus clouds, which is
the most challenging problem, an additional temperature threshold is applied. This threshold is
based on the surface temperature forecast of the NCEP regional operational Eta Model.
Because these model estimations can also be erroneous, the threshold is decreased by 10 K.
Additionally, the IR brightness temperature must be lower than 283 K for a pixel to be mapped
as snow. In the second step, all snow-free pixels are now classified either as land or as cloud.
If the IR brightness temperature is lower than 283 K and VIS or MIR reflectance is high (at
least 25% for VIS, 10% for MIR), the pixel is classified as cloud. Otherwise, the pixel is

assumed to be cloud free.<<

>>The compositing of multiple GOES observations per day minimizes cloud coverage
but does not eliminate it. This is why SSM/I-derived snow cover data are used additionally.
The SSM/I snow cover maps are provided by NOAA as an automatically derived product. The
resolution of the SSM/l snow cover dataset is 30 km and is remapped to 4 km GOES
resolution. To prevent false classification near water, all pixels as close as 30 km to water
bodies are excluded. Precipitating clouds can also cause misclassifications and therefore, ‘no
data’ is assumed for SSM/I where such precipitation is acknowledged. In a case where neither

SSM/I nor GOES provides useful results, the previous day’s classification is used.<<

>>For validation, 1,000 climate stations reporting SD from the US cooperative network

are compared to the blended snow cover product for the period from February to April 1999.
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The GOES clear-sky classifications produced the most accurate results with 88% correct
interpretations. The SSM/I snow maps only provide 80%. The blended product of GOES and
SSM/l is 3% better than SSM/I, leading to an overall accuracy of 85% (Romanov et al.,
2000).<<

>>Gao et al. (2010) combined MODIS and AMSR-E and also added an additional
cloud mitigation step by combining Aqua and Terra MODIS prior to AMSR-E fusion (see 3.2.3;
Wang & Xie (2009); Wang et al. (2009)). The overall cloud coverage of the MODIS products
(60.0% for Aqua and 55.0% for Terra MODIS) was reduced to 47.8% by the combination of
both Aqua and Terra MODIS. The 25 km pixels of AMSR-E were downscaled to 500 m. The
SWE values from the original AMSR-E product were then recalculated using the actual
number of snow covered pixels taken from the fused MODIS snow cover product. A linear
distribution of SWE within the snow covered pixels retrieved from MODIS was assumed, and
the original SWE estimations were recomputed using:<<

SWE, = SWE, *2(%), (7)

snow

>>where SWE, represents the new SWE value for the respective 500 m pixel, SWE,
refers to the AMSR-E 25 km SWE value and Ns,ow Stands for the number of snow covered
MODIS pixels within the AMSR-E pixel. The scaling factor 2 is used because SWE data taken
from NSIDC (in this case AE_DySno) is scaled down by the factor 2.<<

>>The accuracy of the combined product was tested for the region of Fairbanks and
Upper Susitna Valley, Alaska, and found to be better than any of the original snow cover
datasets. When compared to in situ data for the period from 1 October 2006 to 30 September
2007, the snow accuracy of the merged snow cover product reached 86% and is therefore
much better than the combined Terra—Aqua MODIS snow cover product (49%) and still slightly
better than the AMSR-E snow accuracy (85%). The accuracy for the no-snow period was also
better for the combined product (95%) when compared to the original datasets (55% for Aqua—
Terra MODIS product, 94% for AMSR-E product). During snow accumulation, the accuracy
increased by 12-16% (compared to AMSR-E), and during melting the increase was 1-38%
(compared to AMSR-E). Even when compared to the blended product of Liang et al. (2008),
who tested the combination of Terra MODIS and AMSR-E for China, the accuracy was higher
(75.4% for Liang et al. (2008); 86.0% for (Gao et al., 2010)).<<

>>The accuracy of SWE estimations did not change significantly during the midwinter

season for the combined product. This is because the 25 km AMSR-E pixels were completely
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filled with snow, and the linear redistribution to 500 m pixels did not have much impact. During
transition periods in autumn and spring, however, the accuracy improved because the snow
cover was thin, patchy and in some cases wet. The final conclusion was that the combined
product of Aqua and Terra MODIS together with AMSR-E can improve snow cover and SWE
estimations and that the product can contribute to hydrological and meteorological modelling
(Gao et al. 2010). Liang et al. (2008) developed a similar method. They concluded that the
combined snow cover products of Terra MODIS and AMSR-E can improve the accuracy of
daily snow cover estimations. Hall et al. (2007) also concluded that the combination of the
MODIS snow cover product with AMSR-E snow estimations will produce a higher accuracy

than any of the original data alone for the Lower Great Lakes region in North America.<<

>>Foster et al. (2011) combined VIS, PM and scatterometer data to produce a single
snow cover dataset containing SWE, snow extent, fractional snow cover, snowpack ripening,
onset of snowmelt and actively melting areas. The algorithm is called ANSA (Air
ForceWeather Agency/NASA Snow Algorithm). MODIS, AMSR-E and QSCAT data were
included to provide daily datasets for the whole Earth. The use of scatterometer data
differentiates between this new product and prior approaches. Some basic facts about how
snow covered areas affect scatterometer observations are presented in section 3.1. The
MODIS snow cover product was the default to estimate snow extent because it provided the
best accuracy under clear-sky conditions. For clouded pixels, AMSR-E was used to derive the
snow extent. SWE was inherited from the AMSR-E SWE product version T08. The 89 GHz
frequency was only included for clear-sky regions to prevent negative effects of atmospheric
contamination. Diurnal amplitude variations of the 37 GHz and 19 GHz frequencies were
analysed to identify the onset of snowmelt. Information about forest fraction was finally
included to improve the PM accuracy. The QSCAT backscatter from the Ku band was used
additionally to determine snowmelt onset and actively melting areas. The accuracy of the
blended ANSA product was better than both MODIS and AMSR-E alone (Foster et al.
2011).<<

3.3 Summary and discussion of presented methods

After an overview about the available methods to map snow cover using remotely
sensed satellite data has now been established it is about time to reconsider the advantages
and drawbacks of the available sensor types and algorithms. This step is important in order to
identify the most suitable set of data and methods for the given task: To be able to analyse

snow cover parameters of Central Asia with both, sufficiently high temporal and high spatial
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resolution of the results. Additionally, the accuracy of the snow cover products should be as

high as possible.

>>The Snowmap algorithm is used to produce MODIS snow cover products at various
temporal and spatial resolutions. Daily, 8-day and monthly products are available and have
been validated by various researchers and for many different parts of the Earth. Klein &
Barnett (2003) compared the MODIS snow cover with in situ snow telemetry (SNOTEL) data
from NOHRSC for the Upper Rio Grande basin. The MODIS product achieved an overall accu-
racy of 94% (with 4.4% omission and 25.5% commission errors). Maurer et al. (2003) com-
pared the MODIS product with station data from the Missouri River basin and the Columbia
River basin. GOES and AVHRR snow cover estimates from NOHRSC were used as well to
evaluate the accuracy of the MODIS product, and it was found that the MODIS snow cover
product was more accurate than the NOHRSC product. Parajka & Bloschl (2006) evaluated
the daily MODIS product for Austria using station data from 754 SD stations. The agreement
of MODIS reached 95% for cloud-free days with the highest error rates in January (15%) and
the lowest error in summer months (1%). Huang et al. (2011) tested the MODIS product for
Northern Xinjiang, China, and again the overall accuracy reached 95% when compared to
ground measurements and Landsat data. Nearly the same result was found by Simic et al.
(2004) for Canada; accuracy was 93% compared to ground-truth data. All these accuracy val-

ues were calculated analysing clear-sky scenes.<<

>>The Snowmap algorithm had similar problems for each analysis. In mountainous re-
gions, snow cover is often underestimated if no digital elevation map (DEM) is used to adjust
for local solar illumination (Dozier & Marks 1987; Konig et al. 2001; Jain et al. 2008; Dozier &
Painter 2004). Jain et al. (2008) therefore prepared an aspect map from a DEM including eight
classes for orientations. However, Parajka & Bldschl (2006) did not observe any significant
influence of the topography on the MODIS snow cover accuracy. A problem that was con-
firmed not only from Parajka & Bléschl (2006) but also from Simic et al. (2004) and Klein &
Barnett (2003) is the lower accuracy during transition periods. In autumn when snow cover
starts to accumulate or during spring when snow cover is melting, the accuracy of the MODIS
product is affected by more fractional snow cover or decreased reflection of the snow surface
due to impurity. Vegetation is the third parameter that may lead to a decreased accuracy of the
MODIS snow cover product. Maurer et al. (2003), Klein & Barnett (2003) Huang et al. (2011),
and Simic et al. (2004) confirmed this behaviour, especially for forested regions. But scrubland
also can influence the accuracy of the MODIS product, as Huang et al. (2011) described. Thin
snow cover can also introduce serious underestimation of actual snow cover with accuracy

values of only 5% for 1 cm 15% for 2 cm, 28% for 3 cm and 56% for 4 cm of SD (Wang et al.
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2008).<< Liang et al. (2008) reported the same. Their study will be reviewed in section 3.4.2
since the study region of Northern Xinjiang lies very close to the Central Asia and is therefore

of special interest.

>>Despite the problems outlined so far, the MODIS snow cover product processed by
the Snowmap algorithm is the most accurate product these days. Only a few alternative prod-
ucts are available in a similar temporal and spatial resolution and for the whole Earth: The
fractional snow cover product facilitated by the GlobSnow project covers the complete North-
ern Hemisphere for the years from 1995 until present. The daily, weekly and monthly snow
maps are derived from ATSR-2 and AATSR data (Table 3.1). Two different algorithms are
utilized for both mountainous and plain terrain. This differentiates between the GlobSnow
product and the MODIS approach. When compared to the MODIS snow cover product, the
agreement was quite high. GlobSnow was overestimating snow cover for mountains during
June. Additionally, the transition zone between the results from the two algorithms is not
smooth in some regions, leading to inaccurate discrepancies in these areas. The cloud detec-
tion (SCDA) does not work for cold and high cloud tops consistently. In some cases, clouds
are mistakenly detected along the border between snow cover and snow-free ground (Solberg
et al. 2010a; Solberg et al. 2010b). The product is freely available and produced every 24
hours in near real time, making GlobSnow an alternative to the MODIS product. The coarser
resolution of 0.01° and the less elaborate cloud detection may limit the usability when com-
pared to MODIS. Validation of the accuracy is required to clarify the advantages and weak-
nesses of the GlobSnow product. The forest transmissivity map that is used as an input by the
SCAmod algorithm is based on the GlobCover land cover map, which does not represent very
dense and very sparse forests correctly. Snow cover fraction for these land cover types, espe-
cially in North America and Siberia, can therefore be underestimated (Solberg et al. 2010b).
The handling of mountainous areas with a unique algorithm may on the other hand yield high-
er accuracy for these regions. Additionally, the use of the SCAmod algorithm for plain terrain
may produce better snow cover results for forested regions than MODIS because the algo-

rithm was initially designed especially for the boreal forest zone (Metsamaki et al., 2005).<<

>>SPOT-4 VEGETATION (VGT) snow maps are available every other day at 1 km
resolution and since 1998. The overall accuracy of this product is 83% as has been tested by
Simic et al. (2004) for Canada. Because the accuracy decreases to 41% for snow covered
forested areas, the product is not suited for regions with extensive forest cover. The algorithm
can be adjusted to the respective region of interest to increase the accuracy, as shown by
Dankers & De Jong (2004). They used the red instead of the green band and changed the
NDSI threshold. However, the original VGT-S1 product should be used with care. The algo-
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rithm (not reviewed in this thesis) is therefore not recommended for use on a global scale but
better suited for regional applications and after prior analysis of the correct thresholds and

band combinations.<<

>>Snow maps derived from AVHRR data are an additional alternative to MODIS.
AVHRR data are available since the early 1980s, providing a long time series of daily observa-
tions.<< Three methods to process snow cover from AVHRR data were reviewed in section
3.2: Snowcover, theta, and APOLLO. >>The accuracy of Snowcover products has been eval-
uated by Fernandes & Zhao (2008) for the Western Arctic and identified as 87% for 50% of the
test sites (67 sites provided by the MSC and 260 sites from the HSDSD 2). The theta algo-
rithm was originally designed for North America (Maxson et al., 1998) but has been success-
fully transferred to Turkey by Akylrek & Sorman (2002). Theta was able to recognize most
clouds and discriminate between clouds and snow, which is often a problem for AVHRR be-
cause of the sparse selection of available bands. The coarser resolution of AVHRR (~1,000 m
compared to 500 m from MODIS) also leads to an increased uncertainty due to mixed pixels
(Maxson et al. 1998). Additionally, the method is not fully automated because some thresholds
must be set manually. When compared to unsupervised classification results using the ltera-
tive Self-Organizing Data Analysis Technique (ISODATA), theta was more accurate for the
eastern part of Turkey (Akylrek and Sorman, 2002).<< APOLLO is able to process data from
all available AVHRR data without any manual interaction or additional input layers. The algo-
rithms were developed in the 1980s, but they have been updated within the years for continu-
ous improvement. The snow and ice extension that was evolved to discriminate between
clouds and snow within the APOLLO scheme has not been investigated for possible systemat-
ic classification errors. Therefore, though on the first look APOLLO seems to be suited for the
processing of long time series of daily snow cover data, an accuracy assessment of the prod-

uct would be necessary in a first step.

>>\While for large scale analyses of snow covered areas the resolution of 500 m (or
1,000 m for AVHRR and VGT) is sufficient, it may be too coarse for local investigations. In
such cases, the ARSIS concept can be used to increase the resolution of MODIS to 250 m as
shown by Sirguey et al. (2008). The resultant snow cover product was more accurate than the
500 m product with the mean absolute error decreased by 20%. Because a large number of
endmembers are needed for unmixing, this procedure can only be applied on a local scale due
to increased computing time. However, the ARSIS concept is a good alternative for steep ter-

rain where the 500 m product may be disturbed by serious misinterpretations.<<

>>In summary, it can be stated that the MODIS snow cover product should be pre-

ferred where available. The accuracy of AVHRR is constantly lower, often underestimating
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snow covered areas seriously (Molotch and Margulis, 2008). Lower resolution and the smaller
selection of available spectral channels are the main reasons for this fact. The lesser geo-
location accuracy of AVHRR (1,000 m) when compared to MODIS (250 m) adds to this cir-
cumstance (Butt and Bilal, 2011). The GlobSnow product may serve as an alternative for
MODIS. The coarser resolution, simple cloud detection and the lack of an intensive evaluation
for different regions and snow cover conditions of GlobSnow still put the MODIS product
ahead. The IMS daily snow cover maps have a coarser resolution (4 km). Although PM, sta-
tion data and atmospheric models are used to generate cloud free data, errors can be intro-
duced, especially in the ablation phase and for thin, cloud covered snowpacks (Helfrich et al.,
2007). Frei & Lee (2010) compared the MODIS snow extent to the IMS snow cover product

and found that MODIS consistently achieved better accuracy.<<

>>The decision tree based classification of Landsat data is an example of high resolu-
tion snow products. Because Landsat observations are only available every 16 days and the
thresholds can require much manual work to adjust for a new region of interest, this method is
not intended to be used operationally. Once correctly adjusted, the accuracy of the decision
tree is very good (R2 = 0.979; Rosenthal & Dozier (1996)). This makes Landsat snow cover

maps an ideal ground truth source for medium resolution products.<<

>>Mixed pixels of snow covered and snow free ground are often a source of over- or
underestimation of actual snow cover from medium resolution data. Algorithms to estimate the
snow cover fractions from Landsat (Rosenthal & Dozier 1996), MERIS (Pepe et al., 2005) and
MODIS (Salomonson & Appel 2004; Salomonson & Appel 2006) were reviewed in section
3.2.2. All these approaches lead to higher accuracy of snow cover classification results. They
usually require additional input data such as land cover maps (Salomonson & Appel 2006) or
even detailed information about the composition of forests including different tree types and
density (Vikhamar & Solberg 2002). If such ancillary data are available, fractional snow cover
algorithms can add to the accuracy of snow cover products. Hydrologic models such as
snowmelt runoff simulations can benefit from fractional snow cover information in particular
(Bales et al. 2008). On the other hand, computing time and data volume are most likely to in-

crease during these calculations.<<

>>Methods to estimate snow cover below clouds are presented in section 3.2.3. Unlike
the products derived from PM sensors, these methods use the combination of multiple acquisi-
tions (Wang & Xie 2009), neighbourhood analysis (Gafurov and Bardossy, 2009) or terrain-
dependent rules (Parajka et al., 2010) to mitigate the impact of cloud cover. Additionally, a
seasonal filter can be applied to eliminate even the final cloud proportion (Gafurov and

Bardossy, 2009). The quality of these methods varies. The combination of different observa-
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tions yields the best accuracy because the snow cover classification is produced from the ac-
tual Earth observations and not modelled like that from the other methods. The combination of
Terra and Aqua MODIS allows for cloud free observations every 2.5 days, whereas without
this step, 8 days are required to acquire the same result (Wang & Xie 2009). Snowl is an algo-
rithm that estimates snow cover below clouds according to the terrain elevation of cloud-free
pixels. The accuracy depends on prior defined thresholds and ranges from 48.7% for a pro-

gressive approach to 95.0% for a conservative approach (Parajka et al., 2010).<<

>>For observations made from the reflective part of the spectrum, clouds turn out to be
the most inhibiting factor regarding accuracy and reliability of the results. There are two major
reasons for this problem: First, clouds obscure the surface and do not allow for surface condi-
tion estimations from optical sensors. This limits the capability of snow cover detection algo-
rithms and can cause high errors of omission, depending on the size of the cloud covered area
and the number of consecutive days the surface was obscured. Especially at the beginning
and the end of the snow season, when conditions can change dramatically within few days,
false interpretations of snow cover can occur. The second problem is linked to the likelihood of
confusion between clouds and snow. Because the spectral signature of clouds and snow is
similar especially for the VIS part of the spectrum, these confusions cannot be foreclosed. The
use of additional wavelengths from the IR region can mitigate the misclassification of clouds
but still, misinterpretation can occur between clouds and snow. Land cover constitutes an ad-
ditional error source of snow mapping with optical sensors. Water bodies and lake ice can in-
duce false snow cover recognition. Forested regions, however, turned out to be the most inhib-
iting land cover class. Depending on the density of the forests and to some degree also de-
pending on the tree types, the underlying snow cover is obscured by the canopy and cannot
be estimated from space. Forests also tend to prevent the surface from direct sun insolation,
conserving the enclosed snow from melting longer than the snow from the neighbouring unob-
structed areas. Both facts tend to underestimate the actual snow extent. The low reflection of
dark forests such as spruce can cause the NDSI to reach values similar to snow. This can lead
to overestimation of snow extent if no threshold for VIS bandwidths is included. Terrain condi-
tions such as elevation, slope and aspect account for a third error source. In mountainous re-
gions, different illumination effects can occur depending on both satellite and solar zenith an-
gle. Snow distribution may also vary according to local wind regimes, leading to snow free
areas in the direct neighbourhood of snow accumulation zones. The use of a DEM can help to

minimize these problems.<<

>>PM data can be used to calculate SD and SWE with high temporal resolution and for

the whole Earth. Their ability to record data during darkness and cloud cover makes them a
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valuable tool in snow cover mapping. Derksen et al. (2003) presented a method to combine
SMMR and SSM/I, which was problematic because acquisition periods of the sensors only
overlapped for a short time (6 weeks). Algorithms to map SWE with AMSR-E ensure a gapless
time series from 1978 till present. Because the individual sensors operate at different frequen-
cies, resolutions and overpasses, the change between different sensors must be handled with
care. The first methods to map SWE and SD used a static model with fixed values for snow
density (300 kg m™) and snow crystal size (0.3—0.5 mm). Only frequencies around 18 GHz as
background and 37 GHz as scattering signal were incorporated, which created serious uncer-
tainties (Clifford, 2010). These algorithms have developed over time, leading to version TO8 of
AMSR-E as the latest product. By including 89 GHz for shallow snow detection and 10 GHz for
SWE greater than 120 mm, the accuracy was improved. An additional test for snow tempera-
ture and information about the forest fraction of each pixel is also applied (Foster et al.
2011).<<

>>The GlobSnow SWE product is generated from SMMR, SSM/I and AMSR-E data
and provides daily, weekly and monthly datasets from 1979 till present. The method used to
derive SWE was chosen after testing several possible algorithms, including the AMSR-E
standard algorithm (Kelly et al. 2003), the algorithm of Chang et al. (1987) and the methods
from Derksen, Walker & Goodison (2003) and Derksen, Walker, LeDrew, et al. (2003). It was
found that the algorithm of Pulliainen (2006) worked best when applied to the whole Northern
Hemisphere. The Pulliainen algorithm (HUT) induced an RMSE of 43.2 mm for Eurasia, 29.8
mm for Finland and 24—77 mm for Canada (Luojus, et al. 2010). When the algorithms were
compared against each other, the latest version of the AMSR-E operational SWE algorithm
was not yet developed. Because this new version now includes methods for improved SWE
detection under shallow and deep snowpack conditions, the comparison may have led to a
different conclusion. However, since AMSR-E stopped acquiring data on October 4™ 2011,

SWE products after this date will again have to rely on SSM/I data.<<

>>SWE and SD estimates derived from PM data are subject to various restrictions. The
coarse resolution can introduce large uncertainties due to mixed pixel effects. Water bodies
limit the significance of the product, as observed by Dong et al. (2005). Volume scattering of
snowpacks saturates at SWE values greater than 120 mm (Derksen 2008) to 150 mm (Luojus,
Pulliainen, Takala & Lemmetyinen 2010), leading to major underestimations of SWE for deep-
er snowpacks. Finally, forest cover can reduce the accuracy of SWE and SD estimations. Val-
idation of these SWE and SD values is also a problem. To assess the accuracy correctly, at
least nine point measurements would be required for a 1° by 1° grid. An analysis for the

Northern Great Plains gave proof that single-point measurements used as ground truth can
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imply error rates as high as 22 cm for SD. Using ten test sites instead of only one, the error
was reduced to 7 cm (Chang et al. 2005). Because dense station networks measuring SD are
not available for the whole Earth, validation of SWE and SD derived from coarse resolution PM
data may not be possible without extensive field campaigns. In some studies (e.g. Derksen
(2008) with more than 25 km spacing between test sites; (Kelly 2009) with only ~250 test sites
scattered over the whole Earth), this problem could not be solved. Kelly (2009) reported RMSE
values between 17 and 23 cm for SD, Derksen (2008) RMSE values of 27-35 mm for SWE,
both derived from AMSR-E. The combination of observations from different sensor types is
suggested by several authors (e.g. Konig et al. (2001); Simic et al. (2004); Foster et al. (2011);
Liang et al. (2008)) as it can utilize the benefits of the respective sensors. Their individual
drawbacks can often be mitigated at the same time. Liang et al. (2008) combined MODIS and
AMSRE and found that the overall accuracy of this blended product was much higher (75.4%)
than for the Terra MODIS daily snow cover product alone (33.7% for all-weather conditions if
clouds were treated as error). Similar results were found by Gao et al. (2010), who calculated
even 86% overall accuracy for the blended MODIS-AMSR-E product, whereas the combina-
tion of only Aqua and Terra MODIS only yielded 49% accuracy. Foster et al. (2011) blended
MODIS, AMSR-E and QSCAT data to produce a daily dataset of snow extent, SWE, snow
cover fraction and information about snowmelt on a global scale. The authors again concluded
that the combined dataset was more accurate than MODIS, AMSR-E or QSCAT alone.<<

It must be noted here, however, that the interpretation of cloud covered pixels as erro-
neous classification results is somehow controversial: If clouds are present, the obscured pix-
els may be interpreted as missing data instead. When calculating parameters like SCD, SCS,
or SCM (equations 8 to 11 in section 3.4.2), data gaps will, however, lead to errors in these
parameters. It is therefore — and with special respect to the presented thesis — a valid state-
ment to count data gaps caused by cloud coverage as potential error sources, although the

classification result itself is correct.

>>Existing spaceborne sensors do not have the capability to derive the whole band-
width of snow cover parameters from a single platform on their own. This is why the National
Aeronautics and Space Administration (NASA) accomplished the Cold Land Processes Field
Experiment (CLPX) from winter 2002 to spring 2003 (NSIDC, 2013). Field data and airborne
and spaceborne remotely sensed data were collected for the same regions. Multispectral, hy-
perspectral, passive and active microwave data have been acquired and can be accessed
from the website of NSIDC (http://nsidc.org/data/clpx). These data serve as a basis for future
algorithms and validations. Different algorithms and products are presented and discussed. It

depends on the region and research subject which of the methods should be preferred. In ret-
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rospect, it seems that snow cover products blended from reflective, PM and maybe even scat-
terometer data are the best choice. The accuracy is higher than for the individual products and
the bandwidth of the available snow cover characteristics that can be determined is broader. In
fact, these are conclusive arguments, and because the development of the combined algo-
rithms has advanced during the recent years, they seem appropriate. However, the coarse
resolution of the PM datasets can limit the usefulness of derived and combined products.
Molotch & Margulis (2008) confirmed that PM data are not suited to small scale analysis of
SWE. The coarse resolution generalizes SWE in mountainous regions and can attenuate the
SWE variations. Additional input data such as forest fraction maps and information about wa-
ter bodies are needed. Additionally, the validation of blended snow products can be problemat-

ic depending on the region and availability of in situ data.<<

>>The 10 GHz frequency is not facilitated by the SSM/I sensor while the 89 GHz region
was not included for the SMMR sensor. It depends on the location whether these frequencies
are recommended or not. The 10 GHz data for example is not necessarily needed when SWE
will not exceed 120-150 mm. However, the decision on which sensor to choose when relying
on PM data should be easy. For the years before 1987, SMMR was the only available data
source. From 1987 to 2002, SSM/I was the only sensor to measure the Earth’s surface in the
PM region and after 2002, AMSR-E should be preferred because it provides a larger band-
width of frequencies than SSM/I. A comparison between different SWE retrieval algorithms
derived in 2009 suggested that the method developed by Pulliainen (2006) fits best on a global
scale (Luojus, Pulliainen, Takala, Derksen, et al. 2010). Because the latest version of the
AMSR-E SWE algorithm (Kelly 2009) was not included in this comparison, it cannot be as-
sured that this assessment still applies. Further analyses are required here. For optical sen-
sors, MODIS seems to be the best choice as it provides the highest resolution and accuracy
among the available sensors. For the years before 2000, AVHRR should be used, which has
been available since 1978. Methods to map snow extent from AVHRR have been developed
by various researchers, and the data are freely available. VGT (since 1998) or ATSR (since
1991 for ATSR-1) data may be an alternative, but they cover a shorter time span and cannot
be accessed for free easily. The Snowcover algorithm developed by Fernandes & Zhao (2008)
can be applied to the AVHRR data. Results have been demonstrated to be quite accurate, but
the algorithm needs additional input data such as ST. The theta algorithm (Maxson et al.,
1998) may also be used, but it requires manual intervention. APOLLO runs automatically and
without any additional input but the quality of the snow cover products has never been sys-
tematically assessed.<<
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Snow mapping algorithms for active microwave sensors have not been considered in
the overview because, as stated in section 3.1, they are limited by several severe restrictions.
In a study accomplished by Tedesco & Miller (2007), optical, active and passive microwave
snow extent data were compared. The results from the active sensors stood out due to the
highest uncertainties (forests with less than 30% tree density as an exception). Active micro-

wave data will not further be attended during the presented thesis.

3.4 Existing Snow Cover Studies

Because snow cover is such an influencing parameter, many studies have been con-
ducted throughout the world addressing aspects like SCD, SCS, SCM, or the Snow Cover
Index (SCI), which was introduced by Wang & Xie (2009). It is neither useful nor is it possible
to reflect all of these studies here. Many very small scale analyses of snow cover parameters
deal with problems and methods specifically designed for a single mountain range or river
catchment not related to the region of Central Asia. Examples include the studies of Bales et
al. (2008) about fractional snow cover monitoring in the Colorado and Rio Grande basins,
Bormann et al. (2012) introducing a regional snow detection algorithm suited especially for
Australia, or Salminen et al. (2009) describing the challenges of monitoring snow cover in the
boreal forest zone. There are, however, several small and large scale studies that are relevant
in some respects. They will be reflected in this section, starting with the large to global scale

analyses.

3.4.1 Large scale snow cover studies

Impacts of climate change on snow cover have been analysed by Gutzler & Rosen
(1992), Groisman et al. (1994a), Groisman et al. (2006), Brown (2000), Brown & Mote (2009),
Frei & Robinson (1999), Liston & Hiemstra (2011), and Ye et al. (1998) — to name only a se-
lection. The study regions range from hemispherical to continental scale while the spatial reso-
lution of the analysed remote sensing data is usually relatively coarse (100-200 km, depending
on the latitude and used snow cover product). Some studies rely on data from snow stations
(e.g. Ye et al. (1998)) while others incorporate snow cover estimates from climate models (e.g.
Liston & Hiemstra (2011)). The aim of such large scale studies is often the identification of
regions with changing snow cover characteristics due to a changing climate and the derivation
of trends. A long time series of continuous observations is therefore required to ensure sophis-

ticated and reliable results.
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The study of Ye et al. (1998) about spatial snow cover parameters in Russia is based
on SD station data from the HSDSD collection (Armstrong 1999). Daily SD information for the
years from 1936 to 1983 were analysed to find possible trends of changing snow cover char-
acteristics. The authors identified increasing snow depth in latitudes above 60° N and decreas-
ing snow depth south of 60° N. On average, the increase in the North more than compensates
the decrease in the South, leading to an overall increase of 0.5% to 1.0% of global water ac-
cumulation on land (Ye et al. 1998). Because only 119 SD stations were available for the pro-
cessed years the results reflect a very coarse overview of Russian snow cover changes. Addi-

tionally, the development after 1983 is unknown.

Bulygina et al. (2011) analysed the same region (Russia) using station data but the au-
thors also processed remotely sensed data to calculate trends in snow cover characteristics.
The weekly snow cover extent provided by NOAA NESDIS was chosen for this study. This
data is available since 1972 (actually since 1966 but with a few gaps that hinder from steady
trend calculations) and has a spatial resolution between ~125 km and ~200 km — depending
on the latitude (Robinson et al. 1993). The authors found similar snow patterns as Ye et al.
(1998) but concluded that since the early 1990s, the decrease of snow cover extent has
ceased. This result could not be obtained in the study of Ye et al. (1998) because the time
series of station data only lasted until 1983. Bulygina et al. (2011) also stated that — with the
European part of Russia as an exception — snow cover increased over most of Russia. This
development stands in clear contrast to Canada and Alaska where snow extent and duration
have decreased by 18% (Alaska) since 1966 (Callaghan et al., 2011).

The reason for the contrary snow cover development in Russia is the decrease of Arc-
tic ice cover during summer, leading to increased water vapour in the polar atmosphere at the
beginning of the cold season and consequently to more precipitation in northern Russia and
Siberia. The effect was described by Groisman & Soja (2009): Ice extent of the Arctic Ocean is
reducing since the 1970s, changing regional albedo and influencing cold season heat fluxes
“dramatically”, as it was described by Groisman & Soja (2009). As a result, more water vapour
is available in early winter season, leading to an increased snow accumulation in parts of Rus-
sia. As the reduction of warm season ice cover extent for the Arctic Ocean is predicted to con-
tinue (Serreze et al., 2007), the increase of early winter snow accumulation may also persist

through the future.

A connection between northern snow cover extent during summer/autumn and weather
conditions of the upcoming winter is generally accepted by researchers (Kerr, 2003): Exten-
sive Eurasian snow cover can serve as an indicator for colder surface temperature in the next

winter season especially in the US (Cohen & Saito 2003). The changing snow cover especially
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in Eurasia provokes feedbacks in the North Atlantic and Arctic Oscillation (NAO and AO). Early
Eurasian snow cover onset during autumn causes weaker polar vortex in the stratosphere,
positive feedback on pressures/heights in the Arctic troposphere, and negative pres-
sures/heights in mid-latitudes troposphere (Saito et al., 2001). A detailed description of atmos-
pheric feedbacks caused by anomalous snow cover characteristics goes beyond the scope of
the presented thesis. The short excursion was meant to affirm the relevance of snow cover
monitoring and to emphasize the possible long range consequences and interactions, chang-

ing snow cover extents may have with regards to the global climate.

Brown & Mote (2009) used the same snow cover data from NOAA NESDIS as
Bulygina et al. (2011) to derive possible trends of Northern Hemisphere snow coverage. Data
from climate stations in Canada, monthly snow cover and SWE estimates from climate models
(CMIP3 from the World Climate Research Programme, see Meehl et al. (2007)) were also in-
cluded in this study. The results depict a very complex response of snow cover to a changing
climate: SCD and SWE are most sensitive to temperature increases in low elevated regions
with a maritime winter climate. The more continental areas are not as sensitive and potential
changes in snow cover characteristics pass off slower. In mountainous regions, local factors
such as slope, aspect, vegetation, or snow transport through wind are an important part of the
possible future development. Increased SWE and decreased SCD are likely to occur in drier
mountain regions. Brown & Mote (2009) derived future snow cover trends as calculated from
remotely sensed data during autumn, spring, and full season. Central Asia does not appear to
be as sensitive towards temperature increase as e.g. the west coast of Canada or Scandina-
via. There is, however, a small band of sensitive area between 40° N and 45° N that stretches
from the Caspian Sea eastwards until it reaches the Balkhash Sea and the border to China.

The south-eastern mountains ranges also fall into this region.

To conclude chapter 3.4.1, the study of Groisman et al. (2006) will be reflected in a few
sentences: Data from 1,811 climate stations provided by the Russian Institute for Hydromete-
orological Information (RIHMI) were analysed and compared to the NOAA snow cover product
derived from remotely sensed data (Robinson et al. 1993). The aim of this study was to inves-
tigate snow cover, frozen and unfrozen ground between 1936 and 2004 with respect to the
influence of climate change. The results agree with those from the earlier reviewed studies:
Increase of SCD for northern Russia, decrease of SCD especially in spring for parts of Siberia
and the former Soviet Union, and slowdown of declining trends during the last decade of the

20" century.
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The overall conclusion that can be drawn from the reviewed large scale studies while
taking into consideration the scope of the presented study about snow cover changes in Cen-
tral Asia is the fact that climate change is affecting the entire Northern Hemisphere. Mutual
feedbacks between NAO/AO and hemispherical snow coverage exist, suggesting that the cur-
rently observed changes in snow cover characteristics will persist in the future. The conse-
quences for Central Asia may be that SCD increases in northern Kazakhstan at the transition
to Siberia while it is suggested to decrease in the more southern regions, where snow cover-
age is more sensitive to the increasing temperature. The coarse resolution of large scale anal-
yses, however, hinders from detailed assessments on a regional scale or for mountains. As
stated by WMO & GCOS (2011), the minimum resolution of snow cover datasets should meet
1 km in flat areas and 100 m in complex terrain. Once it was managed to produce an inventory
of daily snow cover data at such resolutions and for a long enough time series, extensive con-

clusions on regional snow cover responses to a changing climate will be possible.

3.4.2 Small scale snow cover studies

On a more regional scale, Khan & Holko (2009) presented a study about snow cover
characteristics in the Aral Sea Basin, which consists of the catchments of Amu Darya and Syr
Darya rivers. Figure 3.8 shows positions and extents of these river catchments which nearly
entirely fall inside the region of Central Asia. Only small upstream parts of Amu Darya River
fall within the frontiers of Afghanistan and Pakistan. Therefore, the study of Khan & Holko
(2009) is of major interest even though the main focus was put on the relation between snow
cover and river runoff. SWE and snow depth data from climate models (ERA-40 ECMWF,
NCEP/DOE and JRA-25) were used for the study and combined with the snow extent derived
from remotely sensed data. The satellite data has a spatial resolution of ~25 km and is availa-
ble on a weekly basis from NSIDC (Armstrong & Brodzik 2005). Aims of the study were the
investigation of long-term snow cover trends and the comparison between snow cover and

river runoff trends.
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Figure 3.8: Overview of hydrological catchments of Central Asia

It had turned out that all reanalysis data inherited from the climate models underesti-
mate the actual snow cover conditions especially in the mountainous regions above 1,000 m
elevation. The trends of SWE within the basin range from -0.04 to -0.57 mm/year. Snow cover
extents provided by NSIDC are characterized by strong inter-annual variability but are still
marked with a significantly decreasing trend of -56.5 km?*year between 1971 and 2006,
merged for the whole Aral Sea Basin. In contrast, runoff in Amu Darya and Syr Darya Rivers
followed a positive trend within the same time span. The authors suggest that water from ac-
celerated glacier melting contributes to this contrary development (Khan & Holko 2009). The
25 km snow extent data is an alternative source for the biased results: The resolution may be
too coarse to estimate the snow cover status in mountainous regions correctly. As already
described by Dozier (1989), severe problems can occur while analysing snow coverage in
mountainous terrain — especially if fixed thresholds for e.g. NDSI are used for classification.
The 25 km satellite adds to the effect: The resolutions of MODIS (5600 m) and even Landsat
(30 m) may be too coarse to derive mountain snow cover status correctly (Rittger et al., 2012).
Thus, how can 25 km data produce reliable results? Against this background it's no wonder

that uncertainties emerged within the presented study.
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Several studies about snow cover in China have been published in recent years, in-
cluding some from Northern Xinjiang which borders Kazakhstan, Kyrgyzstan and Tajikistan
and is therefore of interest for the presented thesis: Liang et al. (2008) investigated the quality
of the MODIS daily snow cover product MOD10A1 (Hall et al. 2002) by comparing it with in
situ snow depth measurements from climate stations. The obtained overall accuracy of the
MODIS snow cover product was 98.5%. Only one station which is located in an urban area
stood out due to a significantly reduced snow mapping accuracy (77.8%). Another effect that
was investigated is the influence of snow depth on the classification accuracy. Klein & Barnett
(2003) already reported that the Snowmap algorithm used to classify the snow (see section
3.2.1) in MOD10A1 is subject to (considerable) underestimation of actual snow cover if the SD
falls below (0.5 cm) 3.5 cm. In the study of Liang et al. (2008) MOD10A1 does not detect any
snow below SD of 0.5 cm, which agrees to Klein & Barnett (2003). The snow mapping accura-
cy at SD between 1 and 2 cm is 45.2% - 76.2%, increases to 94.3% at SD of 3 cm, and reach-
es 98.6 — 99.6% above SD of 4 cm. If SD increases further to more than 40 cm, snow mapping
accuracy peaks at 100% (Liang et al. 2008). An important aspect described by the authors is
the effect of cloud coverage on the MOD10A1 product. Because clouds accumulated especial-
ly during the snow season they severely limited the snow cover detection. The use of the 8-
day composite MODIS snow cover product MOD10A2 helped to reduce this problem, but
some cloud covered pixels even persisted here. Another drawback of MOD10A2 also men-
tioned by the authors is the fact that only the maximum snow cover extent during the 8 days of

observation will be represented in the product (Hall et al. 2001).

Another promising study about new methods to analyse snow cover variability in
Northern Xinjiang, China, was published by Wang & Xie (2009). The authors chose the Tian
Shan Mountains at the border between China, Kyrgyzstan, and Kazakhstan to calculate pa-
rameters like SCD (equation 8), snow cover onset date (SCOD, equation 9), snow cover melt-

ing date (SCMD, equation 10), and the new introduced SCI (equation 11):

N

SCD =) (D, -Dy), 8)
i=0

SCOD =D -SCD", (9)

SCMD = D + SCD', (10)
P

SCI =) A*SCD, , (11)

i=0
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where N is ne number of days per hydrological year while D;; and D;, refer to the beginning
and ending dates of the year, respectively. SCD’ is the snow cover duration before (after) a
fixed date (December 1% in the case of this study) in equation 9 (10). A is the pixel size, P the

number of pixels, and SCD; is snow cover duration for pixel i.

As data basis, the authors used a combination of MOD10A1 and MYD10A1 between
2000 and 2006. The products from Aqua and Terra platforms were combined to reduce cloud
coverage after 2002 (since Aqua was only operational from July 4™, 2002, Table 3.1). Addi-
tional temporal combinations of multiple days further reduced (but not completely eliminated)
cloud cover percentage. A comparison between station and satellite derived parameters of
SCD, SCOD (from now on abbreviated SCS — Snow Cover Start), and SCMD (from now on
abbreviated SCM — Snow Cover Melt) revealed that station- and MODIS-SCD agree well
(90%). SCS and SCM were shifted for ~1 week forward and backward, respectively. Transient
snowfall events are responsible for these shifts as the authors declare. The SCI is promoted
as an ideal variable to describe the impact of snow on a hydrological entity: Consisting only of
one single number to describe SCD and snow extent within e.g. a hydrological catchment, it
can serve as a tool for easy analysis of inter-annual snow cover variability. The comparison of
the 6 hydrological years that were processed during the study revealed that the season of
2001-2002 had the most snow from the 6 year time series. 2005-2006 constituted the mini-
mum (Wang & Xie 2009).

3.4.3 Conclusions: Transferability of the findings to Central Asia

The presented selection of already conducted snow cover studies includes different
scales, data basics, methods, and objectives. The findings from the large scale snow cover
studies in section 3.4.1 are quite generalized when examining the conditions of Central Asia.
Statements comprise a moderate sensitivity of Central Asian snow cover to an increasing
temperature (Brown & Mote 2009). While snow cover and SD are projected to increase in
northern Russia, the trend points towards decreased snow coverage especially in spring sea-
sons for the remaining Northern Hemisphere. AO/NAQ are affecting snowfall characteristics in
Eurasia. Driven by changed sea ice duration and extent, these pressure patterns lead to more
snowfall especially in Siberian early winter season. It is difficult to estimate the effect on Cen-
tral Asia: the region is located at the transition to Siberia, leading to possible increases of snow
cover in the most northern part of the area. The Mountains to the South and Southeast are
difficult to evaluate due to the complex terrain. Typical resolutions of 25 km per pixel and more
cannot produce reliable results for these regions, which are most important in terms of fresh-

water generation.
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Small scale studies about snow cover characteristics in Central Asia are rare. The few
examples presented in section 3.4.2 either rely on improper data sources (Khan & Holko 2009)
or investigate regions outside of Central Asia. The general statements made by the authors
are that snow coverage is variable in terms of extent and duration. The overall trend between
1971 and 2006 — at least for the Aral Sea basin — appears to be negative when derived from
coarse resolution snow cover data. In northwestern China, 2001-2002 was richest in snow
coverage between 2000 and 2006 as analysed by Wang & Xie (2009). 2005-2006 had least
snow in this study that relied on the MODIS 500m daily snow cover products MOD10A1 and
MYD10A1. These findings may be helpful when processing the respective years from neigh-
bouring Kazakhstan and Kyrgyzstan. The accuracy of MOD10A1 and MYD10A1 was as-
sessed by Liang et al. (2008) and found to be above average for north-western China. For
Central Asian regions with similar land cover, these findings may as well apply to. However,
because a detailed analysis of the snow cover characteristics of whole Central Asia has never

been derived until now, the selection of transferable results is sparse.
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4. Data Sources

The following subsections will include details about the data sources that were used for
the analysis of snow cover characteristics in Central Asia. The review of available snow map-
ping methods in section 3.2 provided insight into the variety of possible data sources. Those
suited best for the aims of the thesis were subsequently selected: MODIS snow cover prod-
ucts processed by the Snowmap algorithm for the years after 2000 and AVHRR data before
2000. Because no operational snow cover product from AVHRR is available, the snow maps
will be processed using the APOLLO scheme. Unfortunately, the accuracy of this algorithm
has not been assessed systematically. Therefore, Landsat data will be used as source for ac-
curacy assessment. Shuttle Radar Topography Mission (SRTM) will be utilized as a digital
elevation model in order to reduce cloud coverage according to the methods reviewed in sec-
tion 3.2.3 and finally, in situ data from hydrological and climate stations is involved into the
analysis of results and accuracy as well. The following sections will outline the details of all

these data sources.

4.1 AVHRR LAC Level 1B Data

Basic characteristics of NOAA/AVHRR data were described in section 3.1 (Figure 3.3
and Table 3.1). AVHRR sensors observe the Earth’s surface since 1978 from sun-
synchronous orbits. Numerous sensors were brought to space since that time when TIROS-N
was launched and started an unprecedented and still ongoing time series of daily earth obser-
vation data. Although similar in band widths and amount of available spectral channels, the
configuration of the sensors constantly changed, following the technical improvement. Table
4.1 includes a detailed overview of available AVHRR sensors and their differences. The deci-
sion to choose AVHRR as data source before 2000 was easy to make: AVHRR constitutes the
only time series of daily medium resolution data that is available for Central Asia. With MODIS
being operational since early 2000, the switch to the higher resolution and accuracy is manda-

tory.
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Table 4.1: Spectral band widths (um) and operational phases of AVHRR sensors

NOAA-6,-8, NOAA-7,-9, NOAA-15,-16,
iz Dllrizkes -10 11,-12,-14,** -17,-18,-19
1(VIS) 0.55-0.90 0.58-0.68 0.58-0.68 0.58-0.68
2 (NIR) 0.725-1.10 0.725-1.10 0.725-1.10 0.725-1.00
3A (MIR) - - - 1.58-1.64
3B (MIR) 3.55-3.93 3.55-3.93 3.55-3.93 3.55-3.93
4 (TIR) 10.50-11.50 10.50-11.50 10.30-11.30 10.30-11.30
5 (TIR) ] ] 11.50-12.50 11.50-12.50

Operational  05/1978 - 01/1980  06/1979 - 09/1991  08/1981 - 10/2002  10/1998 - present

* VIS: Visible spectrum; NIR: Near infrared; MIR: Medium infrared; TIR: Thermal infrared.
** NOAA-13 never became operational due to a spacecraft power supply malfunction after
launch. All information taken from (NOAA/NESDIS, 1998, 2009).

For the region of Central Asia, AVHRR Local Area Coverage (LAC) data have been
acquired from the Comprehensive Large Array-data Stewardship System (CLASS) of NOAA
(http://www.class.noaa.gov). LAC was used because High Resolution Picture Transmission
(HRPT) data was not disposable for Central Asia. The difference between LAC and HRPT is
that HRPT is transmitted to the receiving station in real-time while LAC is recorded on board of
the satellite and transferred later. The maximum LAC record length per orbit accounts for ten
minutes. The resolution of 1.1 km (nadir) can degrade towards 6.5 km at maximum off-nadir
areas. All available LAC data before August 31st, 2000 have been selected for the region from
34° N to 56° N and 45° E to 89° E. Although operational since 1998, data from NOAA-15
(NOAA-K) was not available for download from CLASS. The format of the obtained datasets is
Level 1B, meaning that the data has been quality controlled and information about Earth loca-
tion (Ground Control Points; GCPs) and calibration is included, but not applied to the raw data
(NOAA/NESDIS, 1998). The unit of the pixel values is digital counts.

The number of obtained Level 1B scenes is ~ 27,000. However, because of the LAC
specific transmission procedure without any operational ground station within the receiving
range, the amount of available scenes varies from year to year. Figure 4.1 depicts the amount
of AVHRR scenes per year and clearly demonstrates that data availability is poor during the
1980s, though the absolute numbers from Figure 4.1 may pretend the opposite: 750 scenes
for e.g. 1985 may seem enough to ensure daily coverage of the area of interest. This number,
however, includes all available scenes from the CLASS archive, comprising night scenes as
well as damaged/biased data and scenes with only very few scan lines falling within the study
region. Additionally, one overpass is not enough to cover the complete area, meaning that
especially for the years between 1985 and 1990, full coverage is not available for every day of

the year.
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Figure 4.1: Number of available NOAA/AVHRR datasets per year

Unfortunately, AVHRR data before 1985 is not available for Central Asia and the data
from 1985 contains mostly unusable observations from NOAA-9. The aim to extend the gener-
ated time series of daily snow cover data to the longest possible period therefore merges into
1986. The amount of data is still limited for the early years between 1986 and 1992. Possible
reasons and consequences that emerge from this circumstance will be presented in section 6.
Since all available AVHRR scenes have been acquired from the archive, no alternative exists

to extend the data sources any further.

4.2 MODIS daily snow cover products MOD10A1 and MYD10A1

As described in section 3.2.1, the MODIS snow cover products processed by the
Snowmap algorithm should be preferred as data source where available due to their high ac-
curacy. Eight MODIS tiles are required to cover Central Asia entirely as it is demonstrated in
Figure 4.2. To be able to derive SCD, SCS, and SCM it is essential to rely on daily snow cover
data. The MODIS daily snow cover products MOD10A1 (from Terra MODIS) and MYD10A1
(from Aqua MODIS) provided by NSIDC are the ideal source for this task. MOD10A1 and
MYD10A1 are operational, thematic products. Information about pixel values and their respec-
tive classes is included in Table 4.2. The number of acquired scenes nearly reaches 66,000,
including all days from August 31, 2000 until January 16", 2013.
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Figure 4.2: MODIS tile coverage for Central Asia

Table 4.2: Class values of MOD10A1 and MYD10A1 products

Pixel value Land cover class Pixel value Land cover class
0 data missing 50 cloud obscured
1 no decision 100 snow covered lake ice
11 darkness, terminator, or polar 200 snow covered land
25 snow-free land 254 detector saturated
37 lake or inland water 255 fill
39 open water

Some observations are missing between 2000 and 2013 as it is summarized in Table
4.3. After 2002, the missing observations occur on different dates so that Aqua and Terra
MODIS complement one another. That is not the case for the years 2000 to 2002 where only
Terra MODIS is available. To fill the gap in the year 2000 (October 28™), the observation prior
to the missing date was used. In 2001, 18 observations are missing beginning with June 15",
2001 and ending with July 2", 2001. Fortunately, this time span falls within the summer sea-
son where snow cover dynamic is minimal. For 2002, Terra observations from March 20" to
March 28" are missing. Because Aqua was only operational from July 4™ on the tiles from
2001 and 2002 cannot be replaced like it was possible after 2002. The missing observations

from 2001 and 2002 were therefore treated as 100% cloud covered.
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Table 4.3: Dates of missing MODIS observations per year (days of year)

2000 2001 2002 2003 2004 2005 2006
Aqua - - 256; 257 132; 170; 334 - - -
Terra 301 166-183 079-087; 105  032; 351-358 050 - 235

2007 2008 2009 2010 2011 2012 2013
Aqua 336 - - - - - -
Terra - 355-358 - - - - -

4.3 SRTM data

SRTM data was collected from a space shuttle in February 2000, using C-band and X-
band radar. The aim of this mission was to produce a near-global topography dataset span-
ning from 60° N to 60° S in a 1 arc second resolution (Rabus et al., 2003). The performance
requirements (maximum vertical error: 16 m for 90% of the data; maximum geolocation error:
15 m for 90% of the data) were met and often exceeded by a factor of 2 (Rodriguez et al.,
2005). The elevation information contained in the SRTM data is utilized to estimate snow cov-
er below clouds as introduced in section 3.2.3. The data was obtained from the CGIAR-CSI
SRTM 90 m Database (Jarvis et al. 2008), where it is freely available. Figure 1.2, Figure 2.3,

and Figure 2.6 also contain SRTM data as an input source for the illustration of elevation.

4.4 Landsat

Because detailed accuracy information about the APOLLO snow cover product is not
available, a suitable data source for intercomparison and accuracy assessment is required.
Level 1 data from Landsat Thematic Mapper (TM) 5 and Enhanced TM (ETM+) 7 have been
acquired for this task from the U.S. Geological Survey (USGS). The Landsat program started
in 1972, providing high resolution remote sensing data for the whole globe. Eight satellites
have been launched until today (with Landsat 6 failing to achieve its orbit) with the recently
started (February 2013) Landsat 8 mission (Landsat Data Continuity Mission; LDCM) constitut-
ing the latest version of the program (USGS, 2012).

The use of high resolution Landsat data is common practice in validating medium reso-
lution snow cover products. This technique was also used to assess the absolute accuracy of
the MODIS snow cover products (Hall & Riggs 2007). Figure 3.3 in section 3.1 already re-
ferred to some of the available spectral bandwidths of Landsat. A detailed overview is included
in Table 4.4.
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Table 4.4: Landsat spectral channels and resolution

Band Landsat 4, 5 Landsat 7
1 - blue 0,45-0,52 um-30m 0,45-0,52um-30m
2 - green 0,52-0,60 ym-30m 0,53-0,61 um-30m
3 -red 0,63-0,69 um-30m 0,63-0,69 um-30m
4 - NIR 0,76 - 0,90 yum-30m 0,78-0,90 yum-30 m
5-MIR 1,55-1,75um-30 m 1,55-1,75um-30 m
6 - MIR 2,08-2,35um-30m 2,09-2,35um-30m
7-TIR 10,4-12,5um-120m 10,4-12,5um-60 m
8 - PAN - 0,52-0,90 um-15m

Table 4.5: Landsat scenes acquired for the accuracy assessment

Nr. Scene Name Path/Row Date Snow cover (%)
1 LT51470311998259BIK00 147/031 16.09.1998 41.39
2 LT51500321999027XXX02 150/032 27.01.1999 43.23
3 LT51510311998319AAA01 151/031 15.11.1998 27.18
4 LT51440251998142ULMO0O0 144/025 22.05.1998 29.83
5 LT51510321998319AAA01 151/032 15.11.1998 7.19
6 LT51520331999105XXX02 152/033 15.04.1999 85.6
7 LT51520331999217AAA02 152/033 05.08.1999 17.95
8 LT51530311999016XXX02 153/031 16.01.1999 71.09
9 LT51540301999023XXX02 154/030 23.01.1999 38.15

10 LT51510301996298XXX01 151/030 24.10.1996 8.06

11 LT51490351999116AAA01 149/035 26.04.1999 67.13

12 LT51510341999114XXX02 151/034 24.04.1999 88.95

13 LT51510351999114XXX02 151/035 24.04.1999 70.96

14  LT51530311998141XXX01 153/031 21.05.1998 17.91

15 LT51550291999030AAA02 155/029 30.01.1999 44.49

16  LT51550291999078AAA02 155/029 19.02.1999 25.18

17  LT51460291998140ULMO0O 146/029 20.05.1998 16.25

18 LT51520341999057AAA02 152/034 26.02.1999 65.83

19  LE71560282000064SGS00 156/028 04.03.2000 38.67

20 LE71560272000064SGS00 156/027 04.03.2000 86.88

21  LE71560262000064SGS00 156/026 04.03.2000 89.41

22  LE71560252000064SGS00 156/025 04.03.2000 84.01

23  LE71560242000064SGS00 156/024 04.03.2000 87.13

Landsat faces a few drawbacks when used for accuracy assessment of snow cover
products: The visible bands tend to saturate quickly over snow covered surfaces (NASA,
2006). Providing a resolution of 30 m, Landsat is reported to be an imperfect source for vali-

dating medium resolution snow cover products due to classification errors for mixed pixels
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(Rittger et al., 2012). The saturation problem is solved exerting a manual inspection and cor-
rection of possible classification errors. Mixed pixels, however, may still cause uncertainties in
the transition zone between snow covered and snow free regions. A list of all 23 acquired

Landsat scenes is presented in Table 4.5.

4.5 In situ data

In situ data is only sparsely available for Central Asia. This problem was already ad-
dressed to in section 2.1. The Historical Soviet Daily Snow Depth Version 2 (HSDSD) product
is one example for a generally very promising data source: Snow depth was recorded on a
daily basis for 284 stations throughout the former Soviet Union between 1881 and 1995
(Armstrong 1999). On a second view, however, several problems occur while working with the
data: The instruments used to measure snow depth include snow measuring rods and visual
observations, both subject to uncertainties. Besides, some stations especially in the former
Soviet States of Central Asia did not continue operation after the collapse of the Soviet Union.
Figure 4.3 illustrates the location of all snow depth stations that fall within Central Asia. The
density is low (only 43 stations for ~4,000,000 km?) and only 38 stations operated until 1995 —
some of them with considerable data gaps. However, because the HSDSD data constitute the
only source of snow stations for Central Asia, they are included in the accuracy assessment of
the APOLLO snow products.
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Figure 4.3: Location of Historical Soviet Daily Snow Depth (HSDSD) stations
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A field trip was organized to support the snow cover processing. On December 6",
2010 and between December 12" and December 15", 2010, snow depth was recorded by an
independent contractor along a route through Kazakhstan: The trip started near Almaty and
progressed northwards, surrounding Lake Balkhash and leading to the Capital city of Kazakh-
stan: Astana. Snow cover status was recorded for more than 170 locations along the ~1,150
km transect according to a field protocol that was prepared especially for this task. The struc-
ture of this protocol is included in Figure 4.4. Elevation, snow depth, temperature, cloud cover
conditions, snow cover fraction, and land cover type were the basic elements of the survey.
The data are exploited to assess the accuracy of the cloud reduction scheme which is de-

scribed later in section 5.2.

1) Point ID: S- 2)LAT:__°_ ' *N 3)LON: __ °_ ' “E
. 5) Date:
4) Elevation {m): m )
6) Time (Q/A/J):
7) Snow covered (Y/N): 8) Snow depth (cm):
8) Snow cover fraction (%): % 10) Cloud covered (Y/N):
11) Air temp. (°C): , °C 12) GPS point number:

13) Land cover (1-5):

0: Completely snow covered 1: Grass, 2: Shrub, 3: Mixed, 4: Forest, 5: Bare soil

14) Photo numbers: (N) (E) (S) (W)

Figure 4.4: Field protocol for snow cover in Central Asia

The European Climate Assessment & Dataset Project (ECA&D) provides snow depth
measurements from 1094 climate stations (as of July 2012. In the meantime, additional sta-
tions were added for Russia). These data are available for Europe and parts of Russia, only.
Information taken from these station data are used to assess the accuracy of snow cover
products within the framework of a transferability study in Europe, where the same processing
steps were applied to as in Central Asia. This procedure allows for an indirect accuracy as-

sessment of the results for Central Asia, where no station data is available.
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5. Methods

In this section, the methods that were applied to the data sources to process and ana-
lyse snow cover characteristics of Central Asia will be described. Many of these methods were
already introduced in section 3.2. The sections are ordered chronologically according to the
time series, beginning with the processing of AVHRR data. Some of the figures and descrip-
tions about the applied methods have already been published in International Journal of Re-
mote Sensing (Dietz et al., 2013). Comments will be included for content that is adopted from

this publication.

5.1 AVHRR processing

APOLLO was chosen to process daily snow cover information from AVHRR Level 1B
data because it is operational at the German Remote Sensing Data Center (DFD) of the Ger-
man Aerospace Center (DLR) since more than 15 years, processing cloud information for daily
Normalized Difference Vegetation Index (NDVI), Sea Surface Temperature (SST), and Land
Surface Temperature (LST) products for Europe from AVHRR HRPT data (Dech et al., 1997;
Dech et al. 1998; Kriebel et al. 2003; Tungalagsaikhan et al. 2003). Other schemes like
SPARC or Clouds from AVHRR (CLAVR) require additional input parameters like skin temper-
ature, surface type maps, and monthly surface climatological fields (Husler et al., 2012;
Khlopenkov and Trishchenko, 2007; Stowe et al., 1998). Details about APOLLO were already
described in section 3.2, including the algorithms for cloud cover detection (Figure 3.6) and

snow detection (Figure 3.7).

In a first step and before APOLLO can be applied to the AVHRR data obtained from
CLASS, the configuration of the original APOLLO settings must be changed. The initial system
settings were designed specifically for Europe, involving HRPT data format instead of LAC.
Preprocessing, which relies on the TeraScan software (http://www.seaspace.com/) requires
different parameters for both formats (LAC command for LAC format, HRPTIN command for
HRPT format).

The workflow for this thesis continues with the calibration of digital counts from the
AVHRR data, producing top of atmosphere (TOA) reflectance of channels 1 and 2 as well as
brightness temperatures of channels 4 and 5. The TeraScan software ensures sophisticated
calculation of these parameters, including regularly updated calibration coefficients for all

AVHRR channels. The continuous post-launch calibration is required to ensure that all spuri-
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ous trends are removed from the data (NOAA/NESDIS, 1998). Channel 3 is calibrated to sim-
ple radiances using TeraScan since APOLLO requires the reflective part of channel 3 as input.
This parameter is most useful for separating snow and clouds (Dozier 1989) and is calculated
within the APOLLO software package from channel 3 radiances and channel 4 temperatures
(Gesell, 1989).

Table 5.1: Snow mask values after APOLLO utilization

Pixel va- Land cover Pixel va- Land cover
lue class lue class
0 partially cloudy sea 14 cloud-free snow pixel over land
1 totally cloudy sea 16 partially cloudy ice pixel over sea
2 partially cloudy land 17 totally cloudy ice pixel over sea
3 totally cloudy land 18 partially cloudy ice pixel over land
4 partially cloudy pixel in the sun- 19 totally cloudy ice pixel over land
glint
5 totally cloudy pixel in the sunglint 20 partially cloudy snow on ice pixel
area over sea
6 partially cloudy snow pixel over 21 totally cloudy snow on ice pixel
land over sea
7 totally cloudy snow pixel over 24 cloud-free ice pixel over sea
land
8 cloud-free sea 26 cloud-free ice pixel over land
28 cloud-free snow on ice pixel over
10 cloud-free land sea
12 cloud-free pixel in the sunglint 31 sun below/above 5 degrees ele-
area, sunglint pixel vation (day/night)

After calibration is accomplished, the APOLLO algorithms to detect cloud covered pix-
els (Figure 3.6) are conducted, followed by the snow and ice detection scheme (Figure 3.7).
The result is a thematic product with classes according to Table 5.1. The pixel values from
Table 5.1 are recoded in order to conform to the MODIS daily snow cover product specifica-
tions from Table 4.2. The recoding scheme is included in Table 5.2. This step is required to

compare or combine both products.

Table 5.2: Recoding scheme for APOLLO snhow masks

Pixel value(s) from APOLLO New pixel value conforming to MOD10A1
0;1;2;3;4;5;7;12; 16; 17 50
18; 19; 20; 21; 31 50
24; 26 100
8 37
10 25
6; 14; 28 200
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Once recoded to MODIS snow cover product pixel values, the APOLLO products are
converted to georeferenced GeoTiff format using geolocation information from APOLLO (pro-
cessed using GCPs and an internal watermask to compensate possible pixel shifts). The
georeferenced format is a prerequisite in order to build daily or multi-temporal composites.

After georeferencing, the snow product is defined as “Post-Processing Level 1” or PPL1. It will

be referred to as PPL1 for the rest of the presented study.
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Figure 5.1: Example of APOLLO snow product for March 4th, 2000 (NOAA-14)

The PPL1 can now be considered the same level as the MODIS daily snow cover
products, though the accuracy of APOLLO is still unknown. That is why in a typical study, an
accuracy assessment of the obtained results would follow at this point. This procedure is
slightly changed for the presented thesis for one reason: The processing of the snow products
is not yet finished. Several post-processing steps, affecting both PPL1 and MODIS data, will
be applied to the snow products to remove cloud coverage. An accuracy assessment will then
be accomplished for all processed snow cover products, including also the APOLLO products
prepared during AVHRR processing. The results from this accuracy assessment will be in-

cluded in sections 6.1 and 6.3.
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Figure 5.1 is an example for an APOLLO PPL1 product based on an AVHRR scene
from NOAA-14 (March 4™, 2000). The difference between snow covered pixels and clouds is
difficult to identify from the northern parts of Figure 5.1 “A”, which is depicted in the band com-
bination 1 — 2 — 3 (Red — NIR — MIR). The classification, however, readily distinguishes be-

tween clouds and snow Figure 5.1 “B”.

5.2 Cloud reduction in AVHRR and MODIS snow data

The biggest problem for analyzing daily snow cover time series is cloud coverage.
Clear sky conditions are rare, especially in the winter season. Figure 5.2 displays the total
number of cloud covered observations in the MOD10A1 product for the hydrological year
2000/2001 (September 1%, 2000 through August 31%, 2001). 200 cloud covered days or more
are not an exception in northern Kazakhstan or the southeastern mountain ranges. The calcu-
lation of e.g. SCD is impossible relying only on the original MOD10A1 source. Large uncertain-
ties would arise with more than 50% data gaps in the time series. Additionally, most of the
cloud coverage is concentrated on winter and spring months, as can be learned from Figure
5.3 (adopted from Dietz et al. (2013)). In this figure, mean cloud cover percentage for each
month of MOD10A1 is depicted between 2000 and 2011 for three selected MODIS tiles (see

Figure 4.2 for information about tile location).

The overall mean cloud cover percentage in MOD10A1 varies from 58% for tile h21v03
(northwestern tile) over 40% for tile h22v04 (center tile) down to 29% for tile h23v05 (south-
eastern tile). Maximum cloud coverage is concentrated during winter and spring months, sig-
nificantly limiting the ability to map the exact number of snow covered days. Against this back-
ground, methods to reduce cloud coverage as introduced in section 3.2.3 become necessary.
The aim is to completely remove all cloud covered pixels from the time series. Some of the
methods from section 3.2.3 cannot fulfill this task when applied solitary. The combination of
Aqua and Terra MODIS as described by Wang & Xie (2009) e.g. only results in an improved
product if either Aqua or Terra MODIS observed the surface under cloud free conditions on a
respective day. If clouds persisted during both observations this method will fail. The same is
true for temporal combinations comprising several days. If the surface remains cloud covered
for multiple days, this method will again fail to estimate the actual snow cover conditions on
the surface. Such scenarios do not appear too unlikely while reconsidering Figure 5.2 and
Figure 5.3 (adopted from Dietz et al. (2013)).
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Therefore, a combination of several methods to reduce cloud coverage from the time
series is applied to the APOLLO PPL1 and MODIS snow cover products. Similar approaches
were followed by Gafurov & Bardossy (2009), Wang et al. (2009) or Parajka & Bloéschl (2008).
These authors applied temporal, spatial, and sensor combinations to MODIS snow cover
products to reduce cloud coverage. For the presented thesis, a combination of four successive

steps will be implemented. A workflow of these steps is included in Figure 5.4.

[ ENVI/IDL Cloud reduction scheme

INPUT: APOLLO Daily Snow Cover Product / MOD10A1 / MYD10A1 datasets

v

STEP1 Daily Mosaics, Combination of available observations per day STEP1
STEP2 Temporal Combination involving three successive days STEP2

v

STEP3 SRTM Snowline Detection for scenes with < 30% cloud coverage STEP3

v

STEP4 Temporal Filter Involving Full Hydrological Year STEP4

v

OUTPUT: Cloud free daily snow cover products

\ J

Figure 5.4: ENVVI/IDL cloud reduction scheme

Because detailed information about the applied steps is already contained in section
3.2.3, instructions about these steps will be condensed to a minimum at this point: First, all
available snow cover products for each specific day will be combined. These combined snow
masks are further processed by a temporal filter, merging cloud cover pixels over three suc-
cessive days (one day prior and one day after the currently processed day). The result from
the temporal filter is then committed to the SRTM snowline detection if total cloud cover per-
centage of the snow mask does not exceed 30% (otherwise, the scene will automatically be
transferred to the last step). After snowline detection is applied, the cloud-reduced daily snow
cover product is defined as “Post-Processing Level 2” or PPL2. In this stage, the product is still
retraceable back to its original observation date (£ 1 day). Finally, a second temporal filter in-
volving the full hydrological year is applied to the time series, combining scenes until the first

scene with a cloud free surface flag is reached.
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Figure 5.5: Workflow example for an application of the cloud reduction scheme

Figure 5.5 illustrates the workflow of the cloud reduction scheme in a more figurative
way, relying on MODIS as input data source. Cloud contamination is reduced step by step.
The input data sets contain 52% (MOD10A1) and 72% (MYD10A1) cloud covered pixels, ren-
dering them quite useless when it comes to the quantitative analysis of snow cover. Step 1
(daily mosaics) already reduces the cloud cover fraction to 48%. Since this step is based on
actual satellite observation data (acquired during different day times), the accuracy of the
combined product is not afflicted with additional uncertainties. Step 2 (temporal combination)
further reduces the cloud coverage to now 36%. This step affects the accuracy of the product
especially during fall or spring, where snow covered areas are most dynamic and can change
rapidly from one day to another. The snowline detection (step 3) only clears 1% of cloud cov-
erage from the presented example. This rate is comparably low but the method is included
since it produces reliable results (step 3 is only applied to scenes with less than 30% cloud

coverage. In Figure 5.5, the input scene contains more than 30% cloud covered pixels but is
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processed by the Snowl algorithm anyway due to illustration purposes). Step 4 removes the
last 35% of clouds. In the presented example, most cloud covered pixels during this step are
cleared based on the day prior to the processed file: The result from the snowl algorithm for
January 30™. Though Figure 5.5 only illustrates the cloud reduction scheme for a MODIS ex-
ample it must be underlined here that the procedure is applied to AVHRR data in exactly the
same manner. Resolution and number of input data sets vary, but the algorithms behind the

cloud reduction stay the same.

The cloud reduction scheme is implemented in the ENVI/IDL software environment, al-
lowing automated processing of the time series. No user interaction is required between input
and output of data. All available MOD10A1 and MYD10A1 as well as all APOLLO PPL1 snow
maps containing pixels with solar elevations of more than 10° are processed by the cloud re-
duction scheme. The resulting, completely cloud-free daily snow cover datasets from APOLLO
are defined as “Post-Processing Level 3” or PPL3 and will be referred to using this abbrevia-
tion for the rest of the thesis. The cloud reduction scheme must be designed to handle large
amounts of data. 27.000 AVHRR and 66.000 MODIS datasets require post-processing. This
amount of data is unique when it comes to the calculation of medium resolution snow cover
time series. The size of the study region (~ 4.000.000 km?) and the period (more than 26

years) explain the need for such an input data extent.

5.3 Calculation of snow cover parameters

As indicated in section 1, the snow cover parameters SCD, SCS, and SCM are desired
results for the presented thesis. The aim is to prepare these parameters for each year of the
time series. The equations used to derive the parameters (equations 8 to 10) have been de-
fined in section 3.4.2, referring to a study published by Wang & Xie (2009). All prepared prod-
ucts are based on hydrological years, beginning with September 1% of a given year and ending

with August 31% of the following year.

SCD is a relatively stable and uncritical parameter. Consisting of the total number of
snow covered days per year SCD is only depending on the accuracy of the underlying snow
cover product. This is not necessarily the case for SCS and SCM. These parameters are
based on the number of snow covered days before and after a fixed date. This date was set to
December 1% in the original study by Wang & Xie (2009) but changed to January 15" for the
presented thesis because maximum snow cover extent occurred around this date. However,

the fact that only the sum of snow covered days before or after this date is calculated does not
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consider intermediate snow cover events. If snowfall occurs e.g. on December 10" of a given
year, snow cover may persist for one week before an abrupt temperature increase may lead to
extensive snow cover melt. If snow cover returns two weeks later and remains through Janu-
ary, the SCS is calculated from the total number of snow covered days before January 15",
leading to a biased result as illustrated in Figure 5.6. In this example, SCS results in Decem-
ber 24" because SCD before January 15" is 22 days. Trying to catch transient snow events is
a challenging problem because such events can occur in various dimensions and quantities.
Therefore, a justified question may be why to calculate SCS and SCM using equations 9 and
10 at all. This question will be addressed to in the discussion since there are significant rea-

sons for the derivation of SCS and especially SCM.
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Figure 5.6: lllustration of biased SCS calculation

SCD, SCS, and SCM are calculated for all years from 1985 through 2012. Additionally,
SCS is also calculated for 2012/2013 since at the time of writing, January 15" of 2013 had
already passed. The results are given in sections 6.2.1 to 6.2.3. Besides single year parame-
ters, mean conditions are also calculated for ten year time spans. Additional products like
standard deviations of SCD, SCS, and SCM are derived as well, allowing for an identification

of stable and more variable regions.

Another parameter suggested by Wang & Xie (2009) is also prepared for the presented
thesis: the SCI (see equation 11). The potential usefulness of this parameter for describing
snow cover conditions of a hydrological entity has been addressed to in section 3.4.2. The SCI
was initially designed to be calculated from SCD, only. For the presented thesis, two additional
SCI results are introduced: Early Season SCI (SClgs) and Late Season SCI (SCl.s). These
products will conform to the respective time periods of SCS and SCM instead of SCD and will

be calculated according to equations on and Equation:
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P
SClgs = D A*SCS, (12)

i=0

SCl 4 = ZP:A*SCMi (13)
i=0
SCles and SCl s are assumed to provide additional information about the water cycle of a hy-
drological year: They divide the SCI into two phases: The generation of water within a year
(SClgs) and the release of water after snow melt (SCl.s) — though the validity of these new
parameters is still unknown. The application to hydrological catchments of Central Asia and
the analysis of the obtained results will reveal the usefulness of the SCI parameters. Results

are given in 6.2.4.

5.4 Accuracy assessment of APOLLO snow products

The accuracy of the APOLLO snow cover classification is unknown as already men-
tioned in section 3.2.1. To assess the accuracy, two approaches are followed: First, a compar-
ison between APOLLO PPL1, PPL3, and Landsat derived snow maps is accomplished. The
high resolution snow maps from Landsat already served as ground truth data for several snow
cover studies (Hall & Riggs 2007; Huang et al. 2011; Harrison & Lucas 1989) and have con-
firmed their usefulness. A second approach refers to the snow depth station data from
HSDSD, introduced in section 4.5. Though the density of these stations is low, they can be
considered independent from cloud coverage and therefore suitable to assess the classifica-

tion accuracy of the APOLLO snow products.

5.4.1 Using Landsat and MODIS to assess APOLLO snow product
accuracy

The snow covered area of Landsat scenes 1 to 18 (see Table 4.5) was derived using a
semi-automated classification procedure: The NDSI (see equation 1 in section 3.2.1), which is
a good indicator for snow occurrence (Crane and Anderson, 1984) was calculated from Land-
sat bands 2 and 5 (Table 4.4). Snow cover was assumed for all pixels with NDSI greater 0.4
following an earlier approach by Huang et al. (2011). Chokmani et al. (2010) followed a similar
approach, adopting a modified version of the snowmap algorithm (which relies on the NDSI,

see section 3.2.1) to map snow cover from Landsat. Hisler et al. (2012) also used Landsat
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observation to assess the accuracy of AVHRR snow cover products for Europe. For the pre-
sented thesis, each scene was controlled manually and corrected where water bodies, lake ice
or cloud cover caused classification errors. The subsequent Landsat snow cover maps were
resampled to fit the resolution of the AVHRR data before a comparison between both data

sets allowed for detailed accuracy assessment.

A preliminary comparison of APOLLO and Landsat snow maps already revealed that
the transition zone between snow covered and snow free area is prone to considerably higher
error rates than the more distant area. This behaviour may be caused by the relatively coarse
resolution of AVHRR, introducing classification uncertainties for regions with mixed pixels. The
geolocation accuracy of AVHRR is a second error source, usually varying between 1-2 pixels
when processed by APOLLO (Tungalagsaikhan et al., 2003). Given the pixel size of more than
1,000 m, a shift of 2 AVHRR pixels affects more than 65 Landsat pixels. Therefore, buffer
zones are added around the border between snow covered and snow free area in the Landsat
scenes. These buffers range 2,000 m in both directions — inside and outside the snow covered
area. This procedure was selected to conduct a refined analysis of possible errors. To reveal
possible systematic differences between MODIS and APOLLO snow products, the snow maps
are compared for the period between February 2000 and April 2000. This step is not directly
considered to be part of the accuracy assessment because the MODIS snow cover data faces
several inaccuracies itself (as indicated in section 3.2.1). The comparison is intended to give
information about the agreement between both products without stating which product is more
or less accurate. Projection and resolution of the MODIS data is adjusted to be consistent with
the APOLLO results. Beginning with February 2000, the snow cover products from MODIS
and AVHRR are compared in intervals of five days. This gap was chosen because the tem-
poral interpolation step used to generate the PPL3 products can comprise up to two days be-
fore or after the respective calendar date. Involving these days would eventually lead to a bi-
ased weighting of the results. Cloud covered pixels in the MOD10A1 and PPL1 data were

treated as data gaps.

The agreement between Landsat, MODIS, APOLLO PPL1, and PPL3 snow maps is
investigated additionally for the North-South transect of five Landsat 7 ETM+ scenes from
March 4th, 2000 (Landsat scenes 19 to 23 from Table 4.5). Fortunately, these five Landsat
scenes are almost cloud free, cover a distance of more than 850 km, and contain the transition
zone between snow free and snow covered surface. Furthermore, not only AVHRR (NOAA-
14) but also MODIS (Terra) was operational on March 4th, 2000, allowing for the comparison
of both products with the independent Landsat source. The results of the comparisons are

given in section 6.1
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5.4.2 Comparison of snow depth station data with the APOLLO snow
product

The HSDSD data introduced in section 4.5 are often exploited for long-term climate
studies on a continental scale (e.g. Fallot et al. (1997); Ye et al. (1998); Peings & Douville
(2009)). Although station density from HSDSD data is low (Figure 4.3) and the time series of
daily observations only runs until 1995, the snow depth information that is contained within the
data can be exploited to assess the accuracy of the APOLLO PPL3 snow products. For this
purpose, the point data is converted to a raster with the same resolution and projection as the
APOLLO products. The snow depth information from the station data (in cm) is transferred to
the raster value. This allows for a detailed analysis of possible differences between station and
remote sensing data: If errors occur, they are suggested to be related with the snow depth as
it was reported by Liang et al. (2008) and Klein & Barnett (2003) for the operational MODIS
snow products (see section 3.4.2). However: The comparison of point data with medium reso-
lution raster data faces a few drawbacks. The difference in scale is one possible error source,
since the point measurement represents only one small spot within a grid cell of more than 1
km? (in the case of AVHRR) as already described by Derksen, Walker & Goodison (2003). It is
known that a grid cell containing more than 50% of snow will be classified as snow covered
area within e.g. the MOD10A1 product (Hall et al. 2002). Thus it is possible that station data
and snow cover product disagree although they are both correct if treated separately. Another
problem observed by Parajka et al. (2010) is the general positioning of stations: For Austria
the authors found that most stations are situated within mountain valleys while only very few
stations are located on mountain tops or on steep mountain ridges. The same is true for
Central Asia: Elevations of HSDSD stations operational until 1995 do not exceed 850 m, totally
neglecting the mountainous regions of the south-eastern region of Central Asia. Results of the
comparison between APOLLO PPL3 and HSDSD are given in section 6.1.

5.5 Indirect accuracy assessment of cloud free snow products

The reliability of the methods to reduce cloud coverage from the APOLLO and the op-
erational MODIS snow products is an important aspect. Because several steps are applied to
the input data (Figure 5.4 in section 5.2), possible errors may propagate through the time se-
ries as each step is built upon another. Assessing the accuracy of the applied methods to re-
duce cloud coverage is therefore a necessary, but yet challenging task: In most cases it is not
possible to use remotely sensed data like e.g. Landsat because clouds are present in these

sources as well. Snow data from climate stations is not available for Central Asia in sufficient
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amount and quality as described in sections 2.1 and 4.5. It is, however, possible to derive an

indirect accuracy assessment of the produced, cloud free snow cover data:

The accuracy of each step applied to the input data (Figure 5.4) is known from already
conducted studies as reviewed in section 3.2.3. During the application of the cloud reduction
scheme, the number of pixels processed by each step is therefore recorded to an accuracy
table. This procedure allows the calculation of the theoretical accuracy of the final results, pro-

vided that the values from the referred studies also apply to the region of Central Asia.

Another indirect accuracy assessment is accomplished within the framework of the
presented thesis: in Europe, comprehensive station data including information about snow
depth is available for numerous locations. Therefore, a transferability study is derived, applying
a similar cloud reduction scheme to eleven years of MODIS snow cover time series for whole
Europe. The study was published in the “Remote Sensing” Journal under the title: European
Snow Cover Characteristics between 2000 and 2011 Derived from Improved MODIS Daily
Snow Cover Products (Dietz et al., 2012b). The ECA&D provides daily snow depth station
data on their web page (ECA&D, 2012), 896 of which fell into the study area (Klein Tank et al.,
2002). Figure 5.7 shows the distribution of these stations (source of Figure 5.7: Dietz, Wohner,
et al. (2012)). SCD is calculated for all stations by summarizing days with snow depth > Ocm
and then compared to the SCD derived from the cloud-free MODIS PPL3 time series. Because
station data only represents the snow cover status at one point within a MODIS or AVHRR
pixel, uncertainties are adhered to the applied method. The problem was already addressed to

in section 5.4.2. Results from the transferability study will be presented in section 6.3.
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Figure 5.7: Location of ECA&D climate stations (adopted from Dietz, Wohner, et al. (2012))
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5.6 Accuracy assessment using field trip data

As already outlined in section 4.5, a field trip was organized within the framework of the
CAWa project to support the snow cover processing in December 2010. Snow cover status
was recorded at 170 locations along the route. This data source had the potential to estimate
the accuracy of the cloud reduction scheme but unfortunately, cloud coverage was relatively
low during the time of the field trip. Figure 5.8 illustrates the position of all waypoints with red

points referring to cloud free conditions and green points pointing to cloud covered surface.
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Figure 5.8: Location of waypoints and cloud cover conditions during the field trip

Figure 5.8 “A” represents the original cloud cover conditions in MOD10A1 during De-
cember 6", 2010 while Figure 5.8 “B” includes the PPL3 product of the same date. The snow
cover status that was recorded during the field trip is compared to the calculated snow cover
status after the cloud reduction scheme has been applied. Only the green points (total number:
20) can be used to assess the accuracy of the cloud reduction scheme. Therefore, the result
from this assessment can be considered more or less irrelevant. Anyhow, since these way-
points constitute a quite reliable data source, the findings from this analysis are included in
section 6.3. They form only a small brick in the set of accuracy assessments derived for the

presented thesis.
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6. Results and discussion

All results from the previously described methods are presented and discussed in this
section. The time series of the daily snow cover data processed for these results is huge: Be-
ginning with 1986, parameters like SCD, SCS, SCM, and SCI are produced. In theory, snow
cover information could be presented for each day between September 1%, 1986 and January
15™ 2013 (~ 9,600 raster products). These single day results may be useful for certain appli-
cations but are excluded from section 6. The amount of datasets is too huge to include them
here. Therefore, mean conditions, standard deviations, and results aggregated among hydro-
logical and topographical entities are provided within this thesis. The amount of results is still
exceptionally large. To include all results within this section in full resolution would still go be-
yond the scope of the initial intention: To give a distinct overview about Central Asian snow
cover conditions. Within section 6, these results will be represented in a more condensed way,
combining multiple years of snow cover parameters in only one figure. Some of the presented
results have already been published in “International Journal of Remote Sensing” under the
titte Snow-cover variability in Central Asia between 2000 and 2011 derived from improved
MODIS daily snow-cover products (Dietz et al., 2013). Only the results from the MODIS time
series between 2000 and 2011 are included in this publication. Another manuscript titled Pro-
cessing of daily snow cover products from NOAA-AVHRR data for Central Asia using APOLLO
was submitted to “Remote Sensing of Environment” in early 2013. The comments that were
received during the review process have proven to be most useful and have in parts also
found their way to the presented thesis. Details are included in section 6.1. The presented
results also contain an outlook of possible applications and future research opportunities (sec-
tion 6.4). This outlook is far from being complete but it should help to estimate the potential
benefit that is facilitated by developing and maintaining the processing chain that was initiated

within the very thesis.

6.1 APOLLO snow cover product and accuracy

After the recoding of all processed AVHRR scenes according to Table 5.2 has been
accomplished, a time series of snow cover products is made available that is comparable to
the operational MODIS daily snow cover products MOD10A1 and MYD10A1 (except spatial
resolution and accuracy). Only those AVHRR scenes have been processed that include at
least one pixel with solar elevation > 10° since the APOLLO snow detection scheme only

works during daytime. Therefore, not all acquired scenes (Figure 4.1) were exploited to pre-
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pare snow cover products. In Figure 6.1, the number of processed AVHRR scenes per year is
depicted. The percentage of night scenes reaches 52% in 1990 but usually stays below 30%.
In 1994, an onboard calibration system on NOAA-11 failed and a motor current increased,
causing jitter in the observations (Huang et al. 2003). Therefore, data from NOAA-11 after
September 1994 cannot be processed by APOLLO without serious faults. The respective

scenes are flagged as “damaged scenes” in Figure 6.1.
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Figure 6.1: Number of processed AVHRR scenes per year

~ 20,300 of the originally available ~ 27,000 AVHRR datasets (75%) have been pro-
cessed by APOLLO for the presented thesis. The amount of scenes in 1986 is comparably low
because the hydrological year, which is used as a basis for the upcoming analyses, starts on
September 1%, 1986. Therefore, only 122 days of this year had to be processed. Figure 6.1
gives an overview about the total number of available scenes per year but the spatial distribu-
tion of (cloud-free) observations remains unknown. Unlike the MODIS daily snow cover prod-
ucts that are available on a daily basis, AVHRR overpasses are only archived irregularly espe-
cially in early years. While for the MODIS product only cloud coverage limits the amount of
clear-sky observations (see Figure 5.2 for a typical pattern), the AVHRR data are confined by
both, cloud coverage and missing observations. Each year in the time series between 1986
and 2000 is unique with respect to the number and pattern of clear-sky observations. Figure
6.2 and Figure 6.3 contain a summary of the amount of clear-sky observations in the AVHRR
time series for each year between 1986 and 1999. 1986 in Figure 6.2 differs from the other
years since this year starts in September, therefore containing only 4 months of data. The con-
trast is stretched to a different intensity for this year (ranging from 0 to 266 instead of a maxi-

mum of 800) in order to be able to compare 1986 with the other years.
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Figure 6.2 and Figure 6.3 illustrate the difference in data availability between the years.
Before 1991, clear-sky observations are rare. The North stands out due to an extremely low
amount of useable data. Figure 5.2 already suggested that this area is affected by more in-
tense cloud coverage than the southern parts. The combination of cloud cover and the sparse
number of observations poses an additional challenge. The problem affects most products
presented in section 6.2, blurring the validity of early year results. Since all available AVHRR
scenes have been acquired from the NOAA archive, an alternative data source for the data
gaps does not exist. Therefore, the results presented in the next sections can be considered
the most substantial and extensive that are feasible from a technical and methodological point
of view. Figure 6.2 and Figure 6.3 contain the number of clear-sky observations per year,
which must not be confused with the total number of observations. Compared to the MODIS
clear-sky data availability, the year between 1991 and 1998 can be considered as equal. In
southern Uzbekistan and Turkmenistan, the number of useful AVHRR scenes even exceeds
the amount of the MODIS source. 1999 and 1990 contain slightly less cloud-free observations.
A sharp edge between only few observations in the North and plenty scenes in the South is
noticeable in several years (1989, 1995, 1996, 1998, 1999). The shape of this pattern appears
questionable, since it does not always follow the satellite track of ascending and descending
orbits. Possible reasons for the data gaps in the North and the patterns in Figure 6.2 and

Figure 6.3 will be discussed at the end of section 6.1.
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An example for the original APOLLO PPL1 product was already included in section 5.1
(Figure 5.1). In Figure 6.4, the recoded APOLLO PPL1 product is opposed to the MOD10A1
product of the same date (March 4™, 2000). The cloud patterns of the two products differ sig-
nificantly. The reason for this difference may emerge from the different observation times of
the satellites (NOAA-14 and Terra). Cloud free snow cover patterns are, however, compara-
ble. The APOLLO product seems to misinterpret the ice covered water bodies of Lake Bal-
khash and Lake Alakol (most eastern water body in Figure 6.4) as cloud covered (Figure 6.4
“A”) while the MODIS product recognizes ice (Figure 6.4 “B”). Problems with water bodies are
common for both, AVHRR- and MODIS-derived snow maps. This issue will be discussed in

section 6.3 as it affects both sensors likewise.
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Figure 6.4: APOLLO and MODIS snow products of March 4th, 2000
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The accuracy of the APOLLO PPL1 and PPL3 products is assessed using Landsat
scenes from different regions, years and seasons (see Table 4.5). The workflow starts with the
snow cover classification of appropriate Landsat scenes. Cloud free scenes with a balanced
ratio between snow covered and snow free area are desirable because they allow for a de-
tailed assessment of the snow mapping accuracy along the border between snow covered and
snow free area — a region that is prone to higher error rates. Reasons for higher errors at the
snow border include the relatively coarse resolution of AVHRR (or also MODIS) and the occur-
rence of patchy snow fields, introducing regions with diverse snow cover fractions and there-
fore causing over- or underestimation of snow (Jain et al., 2008). More details about fractional

snow cover were already described in section 3.2.2.
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After snow cover classification, the resolution of the Landsat datasets is adapted to
AVHRR in order to be able to compare both products on a pixel basis. APOLLO PPL1, PPL3,
and Landsat snow products of the same date are then opposed to each other to estimate the
agreement between the sources. The transition zone between snow covered and snow free
land is treated separately: A buffer zone of 2 km is added to both sides of the snow border.
This allows for a detailed analysis of classification errors within the transition zone. Figure 6.5
and Figure 6.6 illustrate the procedure, depicting the original Landsat scenes (true-colour
composite 3-2-1) in the left columns, APOLLO PPL3 of the same date and region in the cen-
tre, and the results from the comparison between both products in the right columns. The
APOLLO PPL1 product before applying the cloud reduction scheme is also compared to
Landsat using the same approach as in Figure 6.5 and Figure 6.6, even though there is no
figure included in this section due to clarity. The procedure is conducted for Landsat scenes 1
through 18 from Table 4.5, always comprising comparisons of PPL1 and PPL3 APOLLO snow

products.

The results from the comparison between Landsat and the APOLLO snow cover prod-
ucts are combined in two confusion matrixes: Table 6.1 and Table 6.2. The use of confusion
matrixes is widely accepted in the remote sensing community and considered to be the stand-
ard approach in the accuracy assessment of thematic products (Congalton, 1991; Foody,
2002). The sampling design that was chosen for the accuracy assessment of the presented
thesis is simple: Instead of analysing a number of randomly or deliberately distributed sample
points, all available pixels are evaluated. This approach may raise the question whether such
sample design is representative for all assessed classes. In the case of the presented thesis
with only two eminent classes (snow covered and snow free area) and a mean snow cover
percentage of ~ 43% in the Landsat scenes used for accuracy assessment (see Table 4.5),
these two classes are equally distributed. Therefore, choosing an assessment of all available
pixels will not distort the results. The Water/Ice class in Table 6.1 and Table 6.2 is only includ-
ed for the sake of completeness. This class is prone to considerably high error rates due to the
fact that outdated water masks are used for the thematic snow cover products. More details

about this problem will be included in section 6.3.

The 2 km buffer zones around the snow border are represented in the fields with grey
hachure in Table 6.1 and Table 6.2. It is clearly visible that the accuracy within these zones is
lower than outside for both products: PPL1 and PPL3. Overestimation of actual snow cover is
only 2.65% outside, but 22.59% inside the buffer zone for PPL1. For snow-free land, only
1.14% overestimation is observed outside the buffer zone, while inside, the rate increases to

30.71%. In PPL3, overestimation of snow cover is higher than for the PPL1 product (7.35%
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compared to 2.65% outside, 30.18% compared to 22.59% inside the buffer zone). Underesti-

mation, however, decreases significantly when compared to PPL1 (underestimation of snow in
PPL1: 46.45% outside, 58.17% inside buffer zone; PPL3: 3.39% outside, 26.64% inside buffer

zone).

Table 6.1: Confusion matrix of Landsat and APOLLO PPL1 snow product

Landsat reference maps

Snow Land Snow <2km Land <2km Water/lce Clouds Total Users Acc.

Snow 56417 1531 57948 0.973
Land 2671 222905 266 225842 0.986
Snow < 2km 42100 12279 54379 0.774
Land < 2km 22289 50292 72581 0.692
Water/Ice 401 142 543 0.261
Clouds 48925 29713 58288 44883 181809 N/A
Total 108013 254550 122677 107454 408 0 593102

Prod. Acc. 0.522 0.875 0.343 0.468 0.348 N/A
Overall Accuracy: 62.69% Clear-sky Accuracy: 90.40%

Khat: 0.52 Clear-sky Khat: 0.84
Table 6.2: Confusion matrix of Landsat and APOLLO PPL3 snow product
Landsat reference maps
Snow Land Snow<2km Land<2km Water/lce Total Users Acc.

Snow 142067 11268 153335 0.926
Land 4978 261705 630 267313 0.979
Snow < 2km 96355 41636 137991 0.698
Land < 2km 34973 70045 105018 0.666
Water/Ice 1223 814 2037 0.399
Total 147045 274196 131328 111681 1444 665694

Prod. Acc. 0.966  0.954 0.733 0.627 0.563

Overall Accuracy: 85.77%

Khat: 0.80

One problem in Table 6.1 is the handling of the extensive cloud coverage which is

leading to the severe underestimation of snow coverage. Clouds reduce the accuracy of the

APOLLO snow products considerably when treated as classification errors (overall accuracy:

62.69%). Clouds are, however, not necessarily errors. If clouds are present during an AVHRR

overpass but are missing during the Landsat overpass, the suggested error in the confusion

matrix is not valid. The uncertainty in cloud handling is difficult to overcome. It is known — also

from the operational MODIS products — that clouds and snow are prone to confusions (see
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section 3.2.1). However, an estimation of these confusions remains a challenging task even
when examining classification results manually. That is why besides overall accuracy, clear-
sky accuracy is included in Table 6.1. This value is calculated using only the cloud free pixels
from the confusion matrix. The same approach was used to estimate the accuracy of the op-
erational MODIS snow cover products (e.g. in Wang et al. (2008)). The clear-sky accuracy of
90.4% is only marginally less than the MODIS accuracy of ~93% (Hall & Riggs 2007). After the
cloud reduction procedure (Figure 5.4) has been applied to the APOLLO data, the accuracy
decreases by around 4.7% (Table 6.2).

Based on the clear-sky accuracy of PPL1 (90.40%) and the overall accuracy of PPL3
(85.77%), the accuracy of all snow cover pixels added since PPL1 is determined to account for
82.50%. This value also constitutes the accuracy of the post-processing steps to produce

cloud free daily snow cover datasets outlined in the cloud reduction scheme (Figure 5.4).

The results from Table 6.1 and Table 6.2 depict a generalized view of the accuracy as-
sessment since the analyses from 18 Landsat scenes, comprising different seasons, terrain
conditions, and snow cover fractions are combined to only two single tables. The comparison
between Landsat and APOLLO snow products can, however, reveal more details. Figure 6.5
and Figure 6.6 demonstrate two additional findings: The snow cover mapping accuracy de-
pends on the snow cover percentage of the area. Furthermore, a geolocation shift of up to two

pixels influences overall accuracy, but not the aggregated sum of the snow covered area.

Figure 6.7 contains information about the correlation between snow cover fraction and
snow mapping accuracy of the APOLLO PPL3 product. The accuracy of 10x10 (~100 km?)
pixel boxes is analyzed and opposed to the snow cover fraction in Figure 6.7. Buffer zones are
not considered in this assessment. The accuracy increases nearly linearly with increasing
snow cover percentage, reaching ~95% for areas with 100% snow coverage. The reason for
the negative outliers in this region is that though the 10x10 pixel boxes are 100% snow cov-
ered in Landsat, the box itself may be positioned at the border to snow free land. A shift of only

two AVHRR pixels results in the deviations observed at the right edge of Figure 6.7.
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Figure 6.7: Scatterplot of snow cover mapping accuracy compared to snow cover fraction

The impact of the sometimes inaccurate geolocation within the APOLLO snow product
is investigated by comparing the snow covered area extent from Landsat with the extent from
PPL3. Figure 6.5 “i”, Figure 6.6 “c” and f already suggest that in some observations, a shift of
few pixels causes underestimation at one snow-border and overestimation at the opposite
snow-border. An analysis of this behavior revealed that these values partially compensate
each other, with overestimation of actual snow cover usually prevailing. Although overall accu-
racy for the investigated Landsat scenes is only 85.77%, the snow cover extent of PPL3 ac-
cords with Landsat by 95.55%. The remaining 4.45% add up to the average overestimation of

the snow covered area extent from APOLLO PPLS3.

The accuracy of the APOLLO snow product is similar to the modified version of SPARC
for the European Alps (Husler et al., 2012) with a reported clear-sky accuracy of 90%. A draw-
back of APOLLO suggested by Khlopenkov & Trishchenko (2007) is the comparably high de-
mand on computational resources. This problem was, however, not observed during the pro-
cessing for the presented thesis (average computational time from Level 1B to APOLLO PPL3:
12 minutes using a Solaris 10 XEN-VM on a SUN FIRE V490 platform with 4 SPARC CPUs
and a standard Intel Xeon X5650 workstation with 12GB RAM for post-processing. 20,300

scenes therefore accounted for ~ 170 days of computational time).
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Figure 6.8: Agreement between MOD10A1 and APOLLO PPL1 and PPL3

As described in section 5.4.1, MOD10A1 and APOLLO snow cover products were
compared for every fifth day after February 2™, 2000 and for the full area of Central Asia. The
time series only runs until April 7" because snow coverage rapidly depleted afterwards, allow-
ing for no estimation of snow mapping agreement. Figure 6.8 contains the results of the com-
parison: The agreement for the PPL1 data varies between 80% and 99% (mean: 90.3%) while
for PPL3, the mean agreement is 93.8% and never falls below 90%. This is not only the case
for winter scenes during February but also during spring time where the snow cover extent is
much more variable (as shown by the snow cover plot in Figure 6.8). Cloud cover percentage
of PPL1 data is also included in Figure 6.8: Values of 80% and more are not an exception dur-
ing winter and spring months and confirm the need for the cloud reduction scheme applied in
this thesis. It is also eye-catching that the agreement between MOD10A1 and PPL1 decreases
noticeably with increasing cloud coverage (e.g. 08.03.00 or 24.03.00 in Figure 6.8). The fact
that this relation does not exist for the MOD10A1 - PPL3 comparison indicates that the post-
processing steps from the cloud reduction scheme not only remove data gaps caused by cloud
coverage, but also improve the overall agreement between the products. Since the MODIS
snow cover datasets are accepted as high-quality products, the cloud reduction scheme can

be interpreted as an improvement for the snow cover delineation from AVHRR data.
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Figure 6.9: Comparison between Landsat (A,B), APOLLO PPL1 (C), PPL3 (D), and MOD10A1
(E)

The comparison with a Landsat transect from March 4th, 2000 is illustrated in Figure
6.9 with the Landsat true-color mosaic in Figure 6.9 “A” and Landsat snow cover classification
in Figure 6.9 “B”. The subsequent images depict the results from the comparisons with APOL-
LO PPL1 (Figure 6.9 “C”), APOLLO PPL3 (Figure 6.9 “D”), and the MOD10A1 mosaic (Figure
6.9 “E”) from the same day. Table 6.3 to 6.5 contain the confusion matrixes of Landsat and the
respective snow cover product from Figure 6.9. Cloud patterns are different between
MOD10A1 (Figure 6.9 “E”) and APOLLO PPL1 (Figure 6.9 “C”) with observation time at 9:31
UTC for AVHRR and 5:05 UTC for MOD10A1 (both times refer to the beginning of the obser-

vation; Study region local time zone: UTC +6h). Observation time of the most southern Land-
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sat scene (path 156, row 28) is 3:04 UTC. The pattern of the Cirrus cloud in this scene is
clearly visible in the MOD10A1 product, too, ensuring that this cloud cover classification is

correct.

The transition zone between snow covered and snow free land is a common error
source for both sensors. This is apparent in Figure 6.9 “D” and Figure 6.9 “E”. The lake in the
upper half of the scene is covered by clouds in the MOD10A1 product, hindering from the
evaluation of this region. In APOLLO PPLA1, the lake is classified as cloud cover. Because
cloud coverage is persistent in the APOLLO products for more than two days before and after
March 4™, 2000, the post-processing step 3 (SRTM snow line definition) is applied to the PPL1
data. This step does not consider the existence of a lake surface at this position, therefore

classifying the cloud covered pixels as snow free.

Table 6.3: Confusion matrix of Landsat 7 transect and APOLLO PPL1
Landsat reference map

- Snow Land Water/lce Clouds Total Users Acc.
é Snow 89384 791 290 0 90465 0.988
g Land 827 11172 54 0 12053 0.926
= Water/ice 1532 33 487 0 2052 0.237
% Clouds 65703 12825 1233 0 79761 N/A
— Total 157446 24821 2064 0 184331
& Prod. Acc. | 0.567 0.450 0.235 0
Overall accuracy: 54.81% Clear-sky accuracy: 96.62%

Table 6.4: Confusion matrix of Landsat 7 transect and APOLLO PPL3
Landsat reference map

Snow Land Water/lce Clouds Total Users Acc.
% Snow 161289 4619 464 0 166372 0.969
© Land 1361 19928 685 0 21974 0.906
;' Water/ice 1980 95 777 0 2852 0.272
g Clouds 0 0 0 0 0 N/A
“ Total 164630 24642 1926 0 191198
& Prod. Acc. 0.979 0.808 0.403 0

Overall accuracy: 95.18%
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Table 6.5: Confusion matrix of Landsat 7 transect and MOD10A1
Landsat reference map

Snow Land Water/lce Clouds Total Users Acc.

§ Snow 70128 1094 6 0 71228 0.984
®  Land 8 10876 76 0 10960 0.992
b Water/Ice 42 1 36 0 79 0.455
© Clouds 83966 11903 1623 0 97492 N/A
8 Total 154144 23874 1741 0 179759
=  Prod. Acc. 0.454 0.455 0.020 0

Overall accuracy: 45.08% Clear-sky accuracy: 98.50%

The clear-sky accuracy of the MOD10A1 product with 98.5% is slightly higher than the
clear-sky accuracy of APOLLO PPL1 (96.6%). Removing the clouds from the APOLLO data
only marginally decreases the accuracy to 95.2% for this transect. These values confirm the
results from Figure 6.7: Regions with continuous snow coverage are classified with around
95% accuracy. Lakes can cause uncertainties in the classification result, though this is only
true for dynamic water bodies with variable extents. Lake Tengiz from Figure 6.9 is one of
those highly variable, shallow water bodies that partially dry out in summer months and obtain

most of their inflow from snow melt in spring season (Aladin and Plotnikov, 1993).

The last part of the APOLLO snow cover product validation comprises the comparison
with the snow depth station data from HSDSD. Details about this dataset were presented in
section 4.5 while the approach to compare both products was included in section 5.4.2. Be-
cause SCD and SCS from APOLLO are missing for 1994 and HSDSD data records stop in
1995, only the years 1986 to 1993 can be evaluated. Table 6.6 depicts the results from the
comparison. The deviation (in days) between station and remote sensing derived SCD are
represented in clusters of 5 days to ensure a clearly arranged overview. The number of sta-
tions that provide a complete and therefore useable time series of daily measurements varies
between 32 in 1986 and 19 in 1990. This number constitutes an inadequate amount of in situ
data, given the vast size of the study region. Figure 6.10 illustrates the mean difference be-
tween APOLLO PPL3 and HSDSD SCD per year. The results from the comparison show that
APOLLO generally overestimates the SCD at more stations than it underestimates. Mean de-
viations stay below 30 days with largest errors in 1987. Due to the small amount of available
stations, the results from this comparison can only be considered as a supplementary exten-

sion of the accuracy assessment.
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Table 6.6: Result of the comparison between HSDSD and APOLLO PPL3; Number of stations,
mean deviation (in days), mean overestimation, and mean underestimation of SCD
are included. Deviations are aggregated to clusters of + 5 days.
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Figure 6.10: Mean difference between HSDSD and APOLLO PPL3 snow cover product per
year
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Some critical points concerning the AVHRR processing must be reflected that were in
parts also noticed during the review process of the APOLLO snow mapping manuscript sub-
mitted to “Remote Sensing of Environment”. The accuracy assessment is concentrated on
snow maps originating from NOAA-14. The question may arise why the selection of analysed
Landsat scenes was not enlarged to cover additional NOAA satellites as well. The answer is
simple: There are no Landsat scenes available for years before 1996 that meet the require-
ments: Low cloud cover while snow coverage is present. A second point is that the channel
configuration of AVHRR changed from generation 2 (NOAA-7, -9, -11, -12, -14) to 3 (NOAA-15
and afterwards). Channel 3A was introduced with NOAA-15, providing measurements in the
MIR region of the spectrum around 1.61 uym (see Table 4.1) instead of the channel 3B (collect-
ing data at ~ 3.7 ym). The new configuration does not affect the snow cover delineation since
the reflective part of channel 3B is calculated within APOLLO. This calculation is just not
needed after the introduction of AVHRR generation 3, so APOLLO omits this step. Additionally
and because data from NOAA-15 was not available anyway, data from generation 3 satellites
are not included in the presented thesis. All data incorporated in this study are therefore pro-

cessed relying on the measurements from the same spectrum.

Some aspects about the APOLLO snow cover processing and accuracy assessment
deserve further discussion: Though it was initially intended to process a continuous time series
of daily snow cover data since 1986, several problems occurred that could not completely be
solved: Only ~ 75% (20,300) of the acquired AVHRR scenes could be processed (see Figure
6.1). The remaining ~ 25% were night-time observations or damaged scenes. Therefore, the
total number of valid AVHRR overpasses stays below 900 per year before 1991. For 1991,
where 1,500 raw scenes were available, only 48% could be processed due to an extensive
amount of invalid observations. Thus, the years before 1992 are characterized by data gaps
especially in the northern parts of Kazakhstan. The area will be marked in red in the snow
cover product section 6.2 (Figure 6.11, Figure 6.23, and Figure 6.34). Figure 6.2 and Figure
6.3 illustrate that the availability of clear-sky observations differs significantly between single
years and regions: Southern Uzbekistan and Turkmenistan stand out due to considerably
more data than the northern parts of Kazakhstan and the mountainous regions. The cloud pat-
tern in the MODIS data (Figure 5.2) already suggested this behavior, but the magnitude of
data gaps especially in the years before 1992 exceeds the cloud-induced gaps in the MODIS
products considerably. Many observations are missing from the data archive. It appears that
the reason for the relatively low number of available AVHRR scenes arises from the fact that
overpasses for these regions have never been stored in an archive. No AVHRR receiving sta-
tion was operational for Central Asia during that time and the LAC data for northern Kazakh-

stan, from which only 10 minutes can be stored aboard the satellite, was perhaps of less inter-
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est to the providers of the data archives than e.g. the regions at the border to Afghanistan or
China, where sufficient data is available. If facing the choice between northern Kazakhstan
and Russia on the one hand and Afghanistan, Pakistan, and India on the other hand, the deci-
sion may have been made in favor of the southern region more often. In 1994, the malfunction
of NOAA-11 caused a loss of data after September, hindering a processing of snow cover da-
ta. Therefore, SCD and SCS cannot be produced for the hydrological year 1994/1995 while
only SCM is unaffected. Although NOAA-12 was operational since 1991, no data is available
from this sensor. The reason may be a similar as for the years before 1991 but unfortunately,

no information about the true circumstances are provided.

Despite all the existing data gaps, snow cover time series were successfully produced
for Central Asia. The accuracy of these snow cover data sets (APOLLO PPL1) is assessed
comparing the AVHRR with Landsat snow maps. Cloud covered pixels cause a huge underes-
timation of snow (Table 6.1). It is not absolutely clear whether this underestimation arises from
classification errors or true clouds that may have been present during the observation time of
the respective NOAA satellite (which is different than for the Landsat satellite). It is therefore
difficult to estimate the actual accuracy. If cloud covered pixels are excluded from the assess-
ment, the clear-sky accuracy reaches 90.4% - only marginally less than the clear-sky accuracy
of the MODIS daily snow cover products MOD10A1 (~ 94%). The problem that clouds consid-
erably limit the ability to map snow cover on a daily basis becomes obvious from the statistics
in Table 6.1 and Table 6.2. The same is true for the operational MODIS products: Up to 70%
of the pixels are contaminated by clouds during January (Figure 5.3), while mean cloud cover
percentage can reach more than 50% for north-western Kazakhstan (Figure 5.2). It is impossi-
ble to estimate the number of snow covered days per year from these input data — especially
due to the fact that cloud coverage concentrates on winter and spring months (Figure 5.3).
This was also stated in section 5.2. Table 6.3 and 6.5 show the same: Huge underestimation
of snow coverage due to clouds in both products: APOLLO PPL1 and MOD10A1. The cloud
reduction scheme (Figure 5.4) was therefore established to estimate the snow cover status
below all cloud covered pixels of the time series. Every snow cover product from both sensors
— AVHRR and MODIS - was processed with the cloud reduction scheme, providing daily,

cloud-free snow cover information for whole Central Asia.

The accuracy of the cloud reduction scheme is difficult to assess for Central Asia be-
cause in situ data is only sparsely available for the years before 1995. Fortunately, AVHRR
was operational (with data gaps in the North) during this time, making a comparison possible.
In situ data from climate stations is generally a good source for daily snow cover information

because it is independent from cloud coverage. Thus, the available station data from HSDSD
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was exploited for accuracy assessment though number and time span of measurements is
relatively small. The comparison between APOLLO PPL3 and the few HSDSD station data
revealed that the mean deviation of SCD accounts for 5 — 18 days. The number of useable
stations, however, varied between 19 and 32. Given the size of ~ 4,000,000 km?, 32 stations
(where none is present in the higher mountain regions) is negligible. Results from this compar-
ison are included for the sake of completeness only. The results from the prepared snow cover

parameters will be discussed in the following sub chapters of section 6.

6.2 Snow cover parameters for Central Asia

Snow cover parameters include SCD, SCS, SCM, and SCI. They are derived for each
hydrological year between 1986/1987 and 2011/2012 (with SCS also for 2012/2013) and con-
stitute the basis for the subsequent discussions. The cloud free daily snow cover products
APOLLO PPL3 and the reprocessed MOD10A1/MYD10A1 time series were used as data
sources for equations 8 to 11 (section 3.4.2). Unfortunately, snow cover parameters for the
hydrological year of 1994/1995 are incomplete because of the missing AVHRR data between
September 1994 and January 1995. This affects all derived parameters. Additionally, numer-
ous observations for the years from 1986 to 1992 are missing for the northern part of Central
Asia (see Figure 6.2 and Figure 6.3). These data gaps do not affect the mountainous regions
in the South nor the hydrological catchments of Amu Darya, Syr Darya, or Lake Balkhash. The
following subsections will illustrate each snow cover parameter individually, comprising mean
results as well as overviews of each respective year. The results from the MODIS time series
(2000 to 2011) have been published within International Journal of Remote Sensing (Dietz et
al., 2013). Some of the figures and findings from this publication also found their way to the
presented thesis, though the results here comprise a longer time series. An indirect accuracy
assessment was also accomplished and published within this article. The results are included
in section 6.3. At the end of section 6, an outlook comprising several possible applications of
the presented results and findings is added. This outlook provides an insight into the many
different opportunities that are given by facilitating the presented results, though it is still far
from being complete. Snow cover parameters in medium resolution and derived from daily
data offer a wide choice of possible applications on local, regional, and even continental

scales. The discussion of each parameter is appended directly to the respective sub-sections.
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6.2.1 Snow Cover Duration

SCD was calculated using equation 8 from section 3.4.2 for each hydrological year
from 1986/1987 to 2011/2012. 26 single data sets of SCD were prepared for the presented
thesis. They are included in Figure 6.11, Figure 6.12, and Figure 6.13. The effect of the mal-
function of NOAA-11 in 1994 is clearly visible in Figure 6.12. Based on the single SCD results,
10-year average SCDs are calculated for each decade, beginning with 1986/1987 to
1998/1999 (excluding 1994/1995) and ending with 2002/2003 to 2011/2012. These 10-year
averages can be used to analyse single season SCD in comparison to the mean conditions as

will be shown in section 6.4.
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Additionally, the 10-year averages can be utilized as input parameters for trend calcula-
tions. The northern regions with missing observation are excluded from such analyses for the
first 6 years as well as 1994/1995. Two examples for 10-year averages are illustrated in Figure
6.14 (1992/1993 to 2001/2002) and Figure 6.15 (2002/2003 to 2011/2012). An example for a

trend calculation of SCD will be presented in section 6.4.
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Figure 6.14: Mean SCD for the years 1992/1993 to 2001/2002

Profile lines are prepared in Figure 6.14 and Figure 6.15, transecting the mountainous
regions in the South-east (profile line 2) as well as the plains in Turkmenistan, Uzbekistan, and
Kazakhstan (profile line 1). The same profile lines will be provided for additional results in the
upcoming sections, allowing an easy comparison of changes between snow cover parameters

of different years or decades.

116



Results and discussion

50°0'0"E 60°0'0"E 70°0'0'E 80°0'0'E
Mean SCD (2002/2003 - 2011/2012)
= =z
=] =]
£ [ 2
2 2
= =
5 =]
2 B
g g
km ——— National border
0 250 500 750 1.000
50°00°E 60°00°E 70°0'0'E 80°0'0'E
4 Snow cover duration for profile line 1 _— Snow cover duration for profile line 2
Z 140 A Z 250 Tian|Shan Algy Range
o &
< 120 = =
S < 200
& 100 2 |A
b g |
'?j 80 M-l 2 150 H Hr
g 60 g ] \ |
K 8 100 “f1 |
= . e A i | ('
Z 2 \ Al ey \ \
“C) £ 50- L e ! 4 #,.' |
20 7] T | [ !
Fergana Valley
D e e e e YR D I PP S SO . . W ISR — 8
540°N 45?0 °N 355°N 465°N 41.5°N 37.0°N
Latitude Latitude

Figure 6.15: Mean SCD for the years 2002/2003 to 2011/2012 (modified from Dietz et al.
(2013)).

The mean SCDs and single year SCDs are the first results for the presented thesis.
They give a comprehensive overview of Central Asian snow cover conditions for 26 years,
which is a unique data set with regards to the provided resolution and amount of utilized input
data. The profile lines indicate a clear dependence between SCD and both latitude and eleva-

tion.

The variability of SCD can be analysed by calculating the standard deviation of SCD
over a given time span. Figure 6.16 and 6.17 give examples for the standard deviation of SCD
between 1992/1993 and 2001/2002 and between 2002/2003 and 2011/2012, respectively
(equal time spans as SCD in Figure 6.14 and 6.15). Profile lines 1 and 2 are again included in
these figures, allowing comparisons with e.g. Figure 6.14 and 6.15. The highest standard de-

viation exists in the mountainous regions of Pamir and southern Tian Shan mountains.
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Figure 6.16: Standard Deviation of SCD between 1992/1993 and 2001/2002

The areas around the Aral Sea or the small lake in the East of the Caspian Sea
(~45°0’0"N, 54°0°'0” E) seem highly variable, too. Regions in the direct proximity of variable
water bodies must be treated carefully as already mentioned in section 6.1. SCD is character-
ized by high variability especially in the central parts of the study area (~ 43° N to 49° N) and
in some of the mountainous regions. The exact locations of pixels with high variability are visi-
ble from Figure 6.16 and 6.17. The variability in the central regions was not as pronounced
between 1992/1993 and 2001/2002 suggesting that possible changes in snow cover charac-
teristics slowly started after 2002/2003. The region with high variability in SCD expanded es-
pecially towards the South, while in the North the spatial extent of unstable snow cover condi-
tions nearly stayed the same between 1992/1993 and 2011/2012. Maximum Standard Devia-
tion also increased after 2001/2002, suggesting that the intensity of SCD variability also in-

creased since the beginning of the third millennium.
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Figure 6.17: Standard Deviation of SCD between 2002/2003 and 2011/2012

Maps of SCD are useful for giving a basic overview about the prevailing snow cover
characteristics but against the background of hydrological applications, a catchment-based
chart of seasonal SCD is desirable. Therefore, the mean SCD per sub-catchment (Figure 2.2)
and year is extracted from the single SCD results. This was accomplished by calculating the
mean SCD based on all pixels falling within the area of a sub-catchment. The total number of
sub-catchments accounts for 39. These catchments are aggregated into three categories: Up-
stream-, Intermediate-, and Downstream-catchments as already highlighted in section 2.1 and
Table 2.1, which contains an overview of all entities and their respective affiliations. Figure
6.18 includes the mean SCD per sub-catchment category and year, subdivided into the three

major catchments of Amu Darya, Syr Darya, and Lake Balkhash:
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Figure 6.18: SCD for Upstream-, Intermediate-, and Downstream catchments

The vertical axes refer to the mean SCD (in days) while the horizontal axes represent
the respective year. Years 1986 to 1991 may be biased for the downstream sub-catchments of
Syr Darya River because AVHRR data before 1992 is partially missing for these regions. Val-
ues for 1994 are averaged from 1993 and 1995 for all charts in order to avoid data gaps in the
time series. However, since SCD can develop very variable even between consecutive years,
the results for 1994 should be treated carefully. Figure 6.19 illustrates the mean SCD per
mountain catchment for three different time spans: 1986 to 1993, 1994 (actually not 1994 but
the mean from 1993 and 1995) to 2003, and 2004 to 2011. This figure allows for an estimation
of snow cover development on a sub-catchment scale. The difference between Figure 6.18
and Figure 6.19 is that in Figure 6.18, multiple catchments are aggregated to a single variable
for each year. In Figure 6.19, time is aggregated but the spatial entity is conserved. Depending

on the research question, both illustrations contain useful information.
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Figure 6.18 and 6.19 are based on a sub-catchment scale. The catchments constitute

closed hydrological entities but differ in size, elevation range, and aspect (see Figure 2.2 and

Table 2.1). To identify the effect of changing elevation or aspect on SCD, two additional anal-

yses were derived: Figure 6.20 depicts the SCD per year and elevation zone:
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Data for 1994 was again averaged from 1993 and 1995 to avoid data gaps in the time
series. Results for elevation zone 0 m - 1,000 m and the years 1986 to 1991 in Figure 6.20 are
prone to considerable underestimation of SCD due to the missing data in northern Kazakh-

stan.
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Figure 6.21: SCD as a function of elevation for three different periods

SCD as a function of elevation was also calculated based on the mean SCD for three
different periods: 1986-1993, 1994-2002, and 2003-2011. The results from this analysis are
illustrated in Figure 6.21. The relatively high variability in SCD for elevation zones above 6,000
m may evolve from the fact that only very few pixels are present in these regions. For AVHRR,
only 414 pixels are situated in elevations above 6,000 m (MODIS: 894). This affects all anal-
yses based on elevation (Figure 6.20 as well as Figure 6.21). The trough-like feature between
~3,800 and 4,600 m is eye-catching. SCD increases linearly below and above this zone. Pos-
sible reasons for the unusual behaviour within this elevation zone (which will also be present

for further results presented in the very section) will be discussed in section 6.2.5.

Slope orientation is another important factor with regards to SCD. This was already
discussed in section 2.2. Therefore, SCD is also analysed as a function of slope orientation.
Again, different elevation zones are introduced to allow for a distinct differentiation of possible
effects originating from elevation. The result of this computation is given in Figure 6.22 and
Table 6.7. Only regions above 1,000 m elevation are considered since pixels located in the flat
plains may — though characterized by a certain slope orientation — distort the results. The rea-
son is that in the plains, the latitude of a location has more influence on the SCD than the to-

pography. This was already illustrated in Figure 6.15, profile line 1.
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Figure 6.22: Mean SCD as a function of slope orientation and elevation

Table 6.7: Mean SCD per elevation zone and slope aspect (days)

Aspect 1000 to 2000 m 2000 to 3000 m 3000 to 4000 m >4000 m
1°-45° 91.1 142.7 180.5 189.8
46°-90° 93.1 145.0 186.6 196.5
91°-135° 85.9 137.0 182.0 199.2
136°-180° 85.5 1254 163.3 189.2
181°-225° 92.0 124.9 159.3 176.8
226°-270° 92.8 130.7 164.8 178.6
271°-315° 91.5 135.5 172.3 183.1
316°-360° 93.8 137.9 171.0 184.1
Mean 90.7 134.9 172.5 187.1
StDev. 3.0 6.9 9.2 7.5

The SCD on southern slopes (136°-180°, 181°-225°, 226°-270° in Figure 6.22) is con-
sistently shorter than on northern slopes. This result corresponds to the suggestions given by
Severskiy et al. (2000b). The difference is greater in higher elevations (~23 days difference in
SCD between northern and southern slopes for elevations above 4,000 m in contrast to only
~8 days between 1,000 m and 2,000 m elevation). The standard deviation of SCD for the dif-
ferent elevation zones is only included in Table 6.7. It equals between 3 days for the lowest

elevations and 9 days for the zone between 3,000 and 4,000 m.
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6.2.2 Snow Cover Start

Snow cover start (SCS) is calculated using equation 9 in section 3.4.2 for each hydro-
logical year from 1986/1987 to 2012/2013. Settings for the presented processing are de-
scribed in section 5.3. The results comprise similar products as for SCD in section 6.2.1. Sin-
gle SCS maps are included in Figure 6.23, 6.24, and 6.25.
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Figure 6.24: SCS for hydrological years 1993/1994 to 2002/2003 (in parts adopted from Dietz

et al. (2013))
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Figure 6.25: SCS for hydrological years 2003/2004 to 2012/2013 (in parts adopted from Dietz

et al. (2013))
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SCS results contain one more season (2012/2013) than SCD, SCM, and SCI. At the
time of writing (and processing), the hydrological year of 2012/2013 was not completely fin-
ished, preventing from calculations of the latter parameters. Like SCD in section 6.2.1 so does
SCS appear rather variable between single years. The mean SCS (Figure 6.26 for mean SCS
between 1992/1993 and 2001/2002, Figure 6.27 for mean SCS between 2002/2003 and
2012/2013) is therefore better suited to describe the typical snow cover conditions during early

SNOw season.
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Figure 6.26: Mean SCS for the years 1992/1993 to 2001/2002
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Figure 6.27: Mean SCS for the years 2002/2003 to 2012/2013

Profile lines 1 and 2 are again included in Figure 6.27. They follow the same paths as

the respective lines in the SCD results and show similar patterns with a latitudinal dependence

of SCS for the plains (profile line 1) and a strong influence of topography in mountainous re-

gions (profile line 2). Snow cover starts during November in the northern plains of Kazakhstan

(~54° N), extending southwards by around five days delay per degree latitude. The variability

of SCS is again illustrated by calculating the standard deviation of SCS. The results are in-
cluded in Figure 6.28 (1992/1993 to 2001/2002) and Figure 6.29 (2002/2003 to 2012/2013).
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Figure 6.28: Standard Deviation of SCS between 1992/1993 and 2001/2002

The patterns of SCS standard deviation in Figure 6.29 are similar to the ones from the
SCD standard deviation (Figure 6.17): Regions with high variability in SCD often show the
same behaviour in SCS: This is true for the area northeast of the Caspian Sea as well as the
small band between ~45 and 49°N, stretching from the Caspian Sea in the West to the Lake
Balkhash in the East. Mountainous regions appear variable, too: Pamir and Tian Shan contain
several patches with very high inter-annual SCS variability. Figure 6.30 illustrates the SCS per
year and elevation zone (similar to SCD in Figure 6.20): Even the highest zones are affected
by relatively high deviations in some years. Possible reasons for this behaviour will be dis-

cussed in section 6.2.5.
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Figure 6.29: Standard Deviation of SCS between 2002/2003 and 2012/2013
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When aggregated to longer time periods, a development towards earlier SCS becomes
visible from the time series as depicted in Figure 6.31. The periods conform to those from Fig-
ure 6.21 (1986-1993 and 1994-2002; 2003-2011 is extended for the SCS variable to 2003-
2012). It is clearly visible that snow cover starts 15 to 20 days earlier between 2003 and 2012
than it did between 1986 and 1992. The results for years before 1992 are again uncertain for
lower elevation zones due to data gaps in northern Kazakhstan. 1994 was interpolated from
1993 and 1995 for all products presented in section 6.2.2. Additionally, zones above 6,000 m
are only represented by ~900 pixels (~180 km?), introducing uncertainties as already men-
tioned in section 6.2.1. The influence of slope orientation on mean SCS is illustrated in Figure
6.32 and Table 6.8: Snow cover on slopes with orientations towards northern directions starts
earlier (~7 days between 2,000 m and 3,000 m, 8 days between 3,000 m and 4,000 m, 5 days
above 4,000 m elevation). Between 1,000 m and 2,000 m elevation, SCS begins ~3 days later
only for slopes with eastern and south-eastern orientation (91-180°). The variability of mean

SCS is low (max. 3.4 days standard deviation for the zone between 3,000 and 4,000 m).
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Figure 6.31: SCS as a function of elevation for three different periods

131



Results and discussion

N OV-____;L_st-----
316°-360°

271°-3157/ Bec. 20th

Jan.15th

226° - 27oo‘*-..,_.___.

181° _ 225° 1360 _ 180°

—1000m - 2000m =—>2000m -3000m =——>3000m -4000m =——>4000m

Positive deviation from mean SCS Negative deviation from mean SCS

Figure 6.32: Mean SCS as a function of slope orientation and elevation

Table 6.8: Mean SCS per elevation zone and slope aspect (calendar day)

Aspect 1000 to 2000 m 2000 to 3000 m 3000 to 4000 m >4000 m
1°-45° 345,2 327,5 315,6 317,5
46°-90° 345,3 327,5 314,1 316,1
91°-135° 348,5 331,2 316,0 315,6
136°-180° 348,3 335,3 322,6 318,7
181°-225° 345,5 3351 323,9 323,2
226°-270° 3451 333,2 3221 322,6
271°-315° 3454 331,3 319,0 320,0
316°-360° 344,3 329,8 318,7 319,0
Mean 346,0 331,4 319,0 319,1
StDev. (days) 1,4 29 3,4 2,6
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Similar to Figure 6.19 in section 6.2.1, Figure 6.33 depicts the mean SCS as aggregat-
ed to three time spans (1986-1993, 1994-2003, 2004-2012) for the mountain catchments of
Amu Darya, Syr Darya, and Lake Balkhash drainage basins. SCS in many of the sub-

catchments developed towards earlier dates within the last 26 years. This development stands

in contrast to the results from Figure 6.19, where SCD did not change significantly between

the observed time spans. Earlier SCS and constant SCD suggest that SCM will also occur

earlier. Section 6.2.3 will determine whether this assumption actually applies.
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6.2.3 Snow Cover Melt

Snow cover melt is calculated according to equation 10 and the settings described in
section 5.3 for each hydrological year between 1986 and 2011.Figure 6.34, 6.35, and 6.36
represent the SCM results for these years. Results for years before 1992 in northern Kazakh-
stan are uncertain again because of missing observations. The year 1994/1995, however,
does not show any of the erroneous patterns already accustomed to from the SCD and SCS
results (Figure 6.12, Figure 6.24). The reason is that only data between September 1994 and
December 1994 are missing. Since SCM is calculated from January 15" of a hydrological year

on, the data gaps caused by the malfunction of NOAA-11 do not affect the SCM result.
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Mean SCM is provided for the periods from 1992/1993 to 2001/2002 (Figure 6.37) and
from 2002/2003 to 2011/2012 (Figure 6.38), again including profile lines 1 and 2. Standard
Deviation of SCM is illustrated for the same periods in Figure 6.39 and Figure 6.40.
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Figure 6.38: Mean SCM for the years 2002/2003 to 2011/2012

As for SCD and SCS, the influence of the topography is also investigated for SCM.
Figure 6.41 depicts the SCM per year and elevation zone. Year to year variability is less pro-
nounced than for the respective SCS results in Figure 6.30 but some outliers are recognizable
from both graphs, like e.g. the late SCS in 2010/2011 that coincides with an early SCM in
2010/2011. Such agreements between SCS and SCM, however, are no common rule consid-

ering the whole time series. Sections 6.2.5 and 6.4 will explore this question in more detail.
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Figure 6.39: Standard Deviation of SCM between 1992/1993 and 2001/2002

The SCM as a function of elevation is illustrated in Figure 6.42 for the same periods as
SCD in Figure 6.21 and SCS in Figure 6.31. Snow cover melts up to 12 days earlier during the
period between 2003/2004 and 2011/2012 than during 1994/1995 to 2002/2003 while eleva-

tion zones above ~1,500 m are more affected than lower regions.
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Figure 6.40: Standard Deviation of SCM between 2002/2003 and 2011/2012
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Figure 6.42: SCM as a function of elevation for three different periods

The impact of slope orientation on SCM is depicted in Figure 6.43 and Table 6.9.

North- and north-east facing slopes stand out due to later SCM as it was expected. The eleva-

tion zone between 1,000 m and 2,000 m constitutes an exception from this rule: here, south-

eastern slopes feature earliest SCM dates. The deviations from mean SCM in this zone are,

however, very small (+ 2 days). Variability is again greatest in the zone between 3,000 and
4,000 m.
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Figure 6.43: Mean SCM as a function of slope orientation and elevation

Table 6.9: Mean SCM per elevation zone and slope aspect (calendar day)

Aspect 1000 to 2000 m 2000 to 3000 m 3000 to 4000 m >4000 m
1°-45° 70.1 103.5 128.9 140.7
46°-90° 71.8 105.6 133.7 146.1
91°-135° 67.8 101.1 131.1 148.5
136°-180° 67.2 93.7 118.8 141.3
181°-225° 70.8 93.1 116.2 133.5
226°-270° 71.2 97.1 120.1 134.7
271°-315° 70.3 100.2 124.8 136.4
316°-360° 71.8 101.1 122.9 136.5
Mean 70.1 99.4 124.6 139.7
StDev. (days) 1.6 4.2 5.8 5.1
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Figure 6.44: Mean SCM per mountain catchment and time span

As in sections 6.2.1 and 6.2.2, mean SCM per mountain catchment and time span is
also illustrated here in Figure 6.44. The SCM between 2004 and 2011 occurs earlier in many
catchments, as already suggested after investigating mean SCD and SCS in Figure 6.19 and
Figure 6.33. Since SCD did not change significantly and SCS started at earlier dates for many
catchments, an earlier SCM was assumed as well. Taken together, the shift towards earlier
SCS and SCM is an important finding with regards to the hydrological cycle of Central Asia.
Possible consequences will be addressed to in the discussion. Not all sub-catchments in Fig-
ure 6.44 are characterized by an earlier SCM: Some regions like Toktogul reservoir (21) or
Lake Balkhash (39) do not show any change. Lake Karakul (3) and Issyk Kul (39) even indi-
cate a delayed SCM. These sub-catchments all contain large water bodies (in comparison to
the total catchment size) that may have an effect on the snow mapping accuracy. This issue
will also be discussed in section 6.3.
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6.2.4 Snow Cover Index

SCI, SClgs, and SCI s were calculated according to equations 11, on, and Equation for
all (sub-)catchments already listed in Figure 2.2 and all hydrological years from 1986/1987 to
2011/2012. SClgs was also derived for 2012/2013. While the SCI is originally only based on
the SCD of a hydrological entity, SClgs and SCl_s are derived from SCS and SCM, respective-
ly. Results are available for each sub-catchment but were aggregated into three categories for
section 6.2.4:. Downstream-, Intermediate-, and Upstream-catchments — as noted in section
2.1. Figure 6.45, Figure 6.46, and Figure 6.47 represent SClgs, SCl s, and SCI, normalized to
mean SCI values for the full time series. lllustrating absolute values would compromise the
clarity of the figures because values can reach few thousands to several million — always de-
pending on the size of a specific catchment. Additionally, the unit of the SCI (km? days) is un-

common and difficult to rank.
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Figure 6.45: SClgs (% of mean) per sub-catchment and year
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6.2.5 Discussion of snow cover parameters in Central Asia

The analysis of the current status of snow cover characteristics of Central Asia (second
aim of the thesis) is made possible by calculating the snow cover parameters (SCD, SCS,
SCM, SCI) presented in this thesis (section 6.2). These results are worth a more detailed dis-
cussion: SCD is characterized by high variability especially in the central parts of the study
area (~ 43° N to 49° N) and in some of the mountainous regions. The exact locations of pixels
with high variability are visible from Figure 6.17, that depicts the standard deviation of SCD
between 2002/2003 and 2011/2012. The variability in the central regions was not as pro-
nounced between 1992/1993 and 2001/2002 (Figure 6.16), suggesting that possible changes
in snow cover characteristics slowly started after 2002/2003. SCS and SCM show variable
patterns here, too. These central regions have also been identified by Brown & Mote (2009) to
be most sensitive with respect to possible climate changes. This does not automatically impli-
cate that climate change is responsible for a probably lasting change towards longer or shorter
SCD. Yet, the findings from Brown & Mote (2009) can be interpreted in a different way: A small
band of higher sensitivity between 40° N and 45° N marks a region where only small changes
in precipitation or temperature may have severe impacts on the SCD. Mean SCS falls within
December for this region (see Figure 6.27) while mean SCM usually occurs between February
and March (see Figure 6.38). Figure 2.4, that depicts the mean surface temperature of each
month, clearly shows that mean surface temperature in these months (March in particular) is
around freezing point. If weather changes towards warmer temperatures, SCD is immediately
affected. Precipitation is also a possible source of the high variability because the central re-
gions of the study area are characterized by the lowest precipitation amounts of whole Central
Asia especially during autumn and winter seasons (see Figure 2.1). If precipitation is absent,
SCS will occur later, directly affecting SCD, as well. Barnett et al. (2005), however, stated in
an article published by Nature in 2005, that for regions where the hydrology is dominated by
winter snow accumulation (as Central Asia), changes in temperature will have a bigger impact

on the on the water management than changes in precipitation.

The high variability in some of the mountainous regions may arise from another fact
that is illuminated in Figure 6.48. Figure 6.48 “A” depicts the topography of the region while
Figure 6.48 “B” contains the standard deviation of SCD for the same subset of the Central
Asian mountains. Pixels with more than 45 days standard deviation are highlighted as poly-
gons with red hachure and opposed to the topography of the surrounding area. Details only
become visible in the close up views “a” and “b” of Figure 6.48 where the colour ramp has
been stretched in a different contrast. The small valleys enclosed by higher mountain ranges

are often characterized by the highest variability in SCD. Figure 6.49 represents a 3D-view of
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the Naryn River Valley which is also depicted in Figure 6.48 “a”. The 3D-view visualizes the
situation in more detail. It is clearly visible that regions with highest standard deviation of SCD
are located in the upstream part of Naryn River Valley as well as a valley identified as Bal-
gart/Small Naryn — a tributary to Naryn River. At this point, a citation taken from Severskiy et

al. (2000b) is included in the discussion:

“The important factors influencing a distribution of snow cover in moun-
tains are the slope aspect, steepness, character of vegetation, wind snow
drift. [...] Depending on the actual combinations of the local factors, any of
them can be considered as the most important one. So, in the regions
with low snow conditions the sharp contrasts in snow distribution because
of differences in aspect are typical. In regions with high snow conditions
these contrasts become smooth and a dominant factor of an uneven dis-

tribution of snow cover is wind or character of vegetation.”
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Figure 6.48: Regions with highest standard deviation of SCD (B) compared to topography (B)
and details for Tian Shan (a) and Pamir (b)
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The high variability of SCD does not argue for factors like slope aspect or steepness of
the terrain because these factors are stable and do not change between the years. Land cover
consists of bare area and herbaceous vegetation (see Figure 2.5) and is thus also not consid-
ered to change significantly between two seasons. Therefore, the factor that is most likely ac-
countable for the high variability is wind. Mountain winds are often directed along the valleys
(Severskiy, 1996), redistributing the snow from the surrounding ridges or slopes. Once snow
has been transported to the bottom of a valley the SCS is set and SCD begins. In other words:
The date of the wind transport is responsible for the beginning of the snow season. This date
is much more variable than the beginning of the winter season. It is, however, not possible to
prove the validity of the established assumption within the framework of the presented thesis
due to the lack of detailed wind information from the study region. It is also noticeable that not
all valleys stick out due to high SCD variability. Figure 6.48, Figure 6.17, and Figure 6.16 con-
tain valleys with much lower standard deviation of SCD as well, allowing to classify them as
wind or precipitation driven snow regimes, respectively. Such a classification could depend on
a threshold like it was applied in Figure 6.48 and Figure 6.49 (more than 45 days standard
deviation could form the class “wind driven”, while below the regime may be defined as “pre-
cipitation driven”). This classification may be used to define which valleys constitute stable

snow cover conditions when planning to construct new reservoirs or hydropower stations.
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Figure 6.49: 3D-view of detail “a” from Figure 6.48
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The mean SCD, SCS, and SCM are illustrated in Figure 6.14 and Figure 6.15, Figure
6.26 and Figure 6.27, Figure 6.37 and Figure 6.38. These figures include profile lines repre-
senting the snow cover conditions along a latitudinal transect through the plains of Turkmeni-
stan, Uzbekistan, and Kazakhstan (profile lines 1) as well as the conditions within mountain-
ous terrain (profile lines 2). The mean SCD for the plains is comparable to the result from the
large scale snow cover study from Brown & Mote (2009): SCD of up to 140 days per hydrolog-
ical year for most northern regions, constantly decreasing while moving southwards. The
mountainous regions cannot be compared due to the coarse resolution of the global SCD

product presented by Brown & Mote (2009).

The change in snowmelt characteristics is of particular interest for hydrological applica-
tions such as the management of reservoirs and runoff, as already stated in section 2.1.
Siegfried et al. (2011) underlined that a shift towards earlier snowmelt in mountainous terrain
is most likely to occur due to climate change and that such a shift would have severe impacts
on the runoff regimes of Amu Darya and Syr Darya Rivers. The results presented in section
6.2.3 proof that this shift actually already took place within the last 26 years: In Figure 6.42, the
difference between mean SCM from 1994/1995 to 2002/2003 and mean SCM from 2003/2004
to 2011/2012 reaches up to 12 days. Elevation zones above ~1,500 m are affected by this
shift while regions situated at lower altitudes stay stable with regards to SCM. In Figure 6.44,
earlier SCM can be identified for most upstream sub-catchments of Amu Darya and Syr Darya
rivers. This shift in SCM in the upstream catchments potentially influences water availability in
the whole study region. Since climate change with increasing temperatures will continue to
affect the area (increase of +0.26 to +0.4°C per decade is predicted for mountainous regions
(Nogués-Bravo et al., 2007)), the observed shift in SCM is most likely to prolong and intensify
throughout the future (as also suggested by Kim et al. (2012)). The projected increase in popu-
lation with the likewise increasing water demand combines to a tensed situation that puts seri-
ous challenges to future water management authorities. At this point, the statement of Glantz
(2005) should be recalled that the long-term survival of Central Asia is strongly depending on

the flow of Amu Darya and Syr Darya Rivers.

Results from the SCS processing point towards earlier dates of snow cover onset since
the beginning of the time series (Figure 6.31 and Figure 6.33), confirming the suggestions of
Mokhov et al. (2006). This affects all elevation zones in equal measure. The high variability of
SCS in the mountainous regions was already addressed to. The general trend towards earlier
SCS in the upstream mountain regions is visible from Figure 6.33: Most sub-catchments are
characterized by earlier snow cover onset today when compared to the situation between

1986 and 1992. An unfortunate implication that is directly connected to an earlier SCS will be
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illustrated in the very passage: An earlier SCS does not necessarily have a direct influence on
the hydrology of the study region. The growing period has already passed in November and
the water that is stored within the fresh snow packs will only be released in the upcoming
spring and summer months. Therefore, an earlier SCS is of little direct use for water manage-
ment. It may affect the herders of livestock since earlier snow cover onset will force them to
return the animals to their stables and feed them with forage prepared during the growing sea-
son. Such small scale implications are not the objective of the thesis. However, since SCS and
SCM add to the most common snow cover parameter SCD, changes towards earlier snowmelt
will be compensated by earlier SCS. Figure 6.19 confirms that upstream SCD only varied
marginally during the last 26 years. This implicates that a shift towards earlier SCM — which is
most prevalent for runoff generation — may be concealed when referring to SCD as the most
prominent snow cover parameter. This also becomes obvious from Figure 6.21: SCD in this
figure remains constant for elevation zones below 3,600 m and even increases above this alti-
tude. When considering only SCD, the most significant development towards earlier SCM may
be overlooked. It is therefore of major importance to adhere to all snow cover parameters —
SCS, SCM, and SCD - and to establish these parameters as the standard data sets for future

snow cover studies.

Many results are presented referring to the snow cover parameters as a function of to-
pography. The elevation plays an important role with regards to onset, duration, and melt of
snow. This was already mentioned in section 2.2. Figure 6.21, Figure 6.30, and Figure 6.41
depict the mean snow cover parameters per elevation zone. On average, SCD increases by 4-
5 days per 100 m of elevation. Between ~3,700 m and ~4,400 m elevation, a trough-like shape
appears in SCS, SCM, and SCD that is rather eye-catching. SCD remains nearly constant in
this 700 m wide zone. The reason for this behaviour, however, reveals itself only on a second
view. Figure 6.50 illustrates the topography of southern Central Asia, highlighting the elevation
zone between 3,700 m and 4,400 m in a red shade. The Pamir Mountains in the South-East of
the region comprise a large proportion of this elevation zone. Contrary to Kyrgyzstan, where
this zone is situated on the ridges and mountain tops, the area is best described as a valley-
like feature, surrounded by higher mountain ranges and peaks in Tajikistan. The Murghab Riv-
er, running from South-East to North-West into the Sarez Lake, and the Alitchur River, running
from East to West and into the Yashikul Lake constitute the centres of these valleys. At this
point, Figure 6.48 should be reviewed, referring to regions with high variability of SCD. To-
gether with Figure 6.50 it may give an answer to the question why snow cover parameters
depict a trough-like shape between 3,700 m and 4,400 m: The topography of the region pre-
vents from stable snow cover conditions. The high mountain ridges are most likely gathering

most of the precipitation while the enclosed valleys only receive snow through wind transport
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from the surrounding ranges, which is not a stable feature. Therefore, mean snow cover pa-

rameters fall behind what would usually be expected when only examining the linear increase

of SCD while moving uphill.

45°0'0°N

Elevation {m)

40°00'N

Karakul o 1500 3000 4500 6000 7495

30°00°E 60°00°E 90°00°E
———  National border - S-.._,__ gt Ty &
N water body Russia

= Elevation zone between 2
3700 m and 4400 m

N 2
cKmA B
0 125 250 2

70°00°E 75°00°E

Data Sources
Administrative Information: @ ESRI 2010, DLR 2010  Water bodies: @ DLR 2012 Elevation Data: @ SRTM (http:/isrtm.csi.cgiar.org)

Figure 6.50: Elevation zone between 3,700 m and 4,400 m

Slope orientation of the mountain ranges is another factor influencing snow cover pa-
rameters. Figure 6.22, Figure 6.32, and Figure 6.43 illustrate the effect in 45° steps, moving
clockwise from 0° to 360°. As expected, snow cover remains longer on north and north-east
facing slopes than on southern slopes. It was already stated in section 2.2 that the heat input
generated by solar insolation can reach nearly three times higher values for southern than for
northern slopes. This leads to a difference in SCD of up to 20 days for elevation zones above
3,000 m, up to 8 days earlier SCS, and up to 15 days later SCM — depending on the elevation
zone under investigation. Usually, higher altitude is directly linked with earlier SCS, later SCM,
and therefore, longer SCD. SCS constitutes a slight exception from this rule: Above 3,000 m,

the elevation has no impact on the beginning of the snow season.

The analysis of snow cover parameters according to elevation zones may appear con-
troversial on a first glance: The mountainous region stretches for more than 10° latitude and
16° longitude. If such a huge area is generalized, climatic variability between potentially differ-

ent climate zones cannot be considered. This argument would definitely be correct for the
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plains of northern Central Asia, as mean temperature and precipitation change according to
latitude and longitude. Figure 2.1 (precipitation) and Figure 2.4 (temperature) demonstrate
these characteristics. These figures, however, also illustrate that precipitation and temperature
in the mountainous regions do not follow the geographical position on the Earth’s surface, but
they rather change in accordance with the alternating topography. Severskiy et al. (2000b)
confirmed that increasing altitude within mountainous regions plays a major role for the distri-
bution of snow. Local differences may still occur but since the presented results are aggregat-
ed over time and among elevation zones between one hundred and several hundred meters,
the local variability is omitted. This is also a question of clarity: Providing individual results for
smaller entities is possible, but it is unfeasible to illustrate the snow cover characteristics and
development for each single pixel (just to exaggerate the example), even though the present-

ed datasets would suffice to do so.

6.3 Results from the accuracy assessments

One approach to assess the accuracy of the prepared snow cover products was de-
rived comparing the snow cover status as taken from the cloud-free MODIS product with the
field trip data recorded in Kazakhstan between December 6™ and 12", 2010 (Figure 5.8) that
was already presented in section 4.5 and 5.6. Unfortunately, only 20 points from the field trip
data can be used for the accuracy assessment of the cloud reduction scheme because clear
sky was present during the remaining observations. Clouds were removed from all 20 points
during the application of the cloud reduction scheme. As a result, 4 of these 20 points as-
sumed a wrong snow cover status. Overestimation of actual snow cover occurred in all those
cases. According to this, the accuracy of the cloud-free daily snow cover product adds up to
only 80%. However, since only very few field data with cloud cover were available, the results

from this assessment must be interpreted with care.

Additional accuracy details of the APOLLO snow cover products were already present-
ed in section 6.1. The comparisons between AVHRR and snow cover products from MODIS or
Landsat are a direct and very common way of assessing the accuracy. Similar approaches
were followed by many other researchers (e.g. Hisler et al. (2012), Chokmani et al. (2010), or
Jain et al. (2008)) but unfortunately, a direct accuracy assessment of the cloud-free snow cov-
er data prepared for the presented thesis is not possible as explained in section 5.5. In section
6.1, the accuracy of the PPL3 products was assessed comparing the cloud-free snow product
with Landsat. This only worked for Landsat scenes with very few cloud covered pixels - which

are rare for winter and springs seasons. Therefore, an indirect accuracy assessment was de-
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rived, using the theoretical precision of each applied step to reduce the cloud coverage as the
basis for the calculation. During the application of the cloud reduction scheme (Figure 5.4),
each cloud covered pixel will be processed by one of the successive steps. The accuracy of
each method is known from earlier studies (see section 3.2.3). Therefore, tracking the amount
of processed pixels and the respective method that was applied to the pixel, a theoretical ac-
curacy of each pixel can be calculated. As a result, each pixel within the final, cloud-free snow
cover dataset will have a distinct accuracy that depends on the processing step applied to the
pixel. By calculating the mean from all pixels within a single scene and furthermore, a whole
year, the accuracy can be derived. This was done for the presented thesis. Figure 6.51 in-
cludes examples for three MODIS tiles (see Figure 4.2 for an overview of tile location) and two
years: 2004/2005 and 2010/2011.
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Figure 6.51: Indirect accuracy assessment of cloud-free snow cover data (adopted from Dietz
et al. (2013))

The percentage of cloud-free pixels in the original snow cover product (MOD10A1) is
given by the white bars: Cloud cover fraction is smallest during summer months for all MODIS
tiles. The next bar following below the cloud-free data fraction is the percentage of pixels that
was successfully processed applying the combination of MOD10A1 and MYD10A1. The accu-
racy of these pixels is only marginally less than of the original (MOD10A1) data because of the
lower precision of MYD10A1 (~0 to 5%, see Riggs & Hall (2004)). The temporal combination is
referred to with the next bar that is represented in a light grey shade: This step is character-
ized by again lower accuracy than the original data (~90%), which means that the overall ac-
curacy of the final product is altered for each pixel processed by this step. According to Figure
5.4, the snow line detection follows after the temporal combination. This step is missing in Fig-
ure 6.51 for a reason: The percentage of processed pixels is generally very low for this step

(<2%), affecting the legibility of the figure if included as an additional bar. This does, however,
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not imply that the method was omitted: It is applied to all pixels with remaining cloud coverage
after the temporal combination. Only after snow line detection, the last cloud reduction step —
the seasonal filter — is conducted, which is included in Figure 6.51 as the dark grey bar at the
bottom of each graph. Accuracy is lowest for this step (~80%), meaning that each pixel pro-
cessed by this last step will reduce the overall accuracy of the final product considerably. It is
visible from Figure 6.51 that the proportion of applied methods differs for each MODIS tile and

year.

The mean accuracy is calculated from all processed years and also shows small varia-
bility: The most north-western region (MODIS tile h21v03) is generally characterized by higher
cloud coverage, therefore requiring more pixels to be processed by the cloud-reduction
scheme. Overall accuracy (as calculated from the indirect accuracy assessment) reaches
89.5% here. In the south-eastern area (MODIS tile h23v05), cloud coverage is consistently
lower and therefore, overall accuracy is higher than in the North-west: It accounts for 91.6%.
These values only apply to the MODIS time series from 2000 onwards. Because the accuracy
of the APOLLO snow cover product (PPL1) is lower than for MOD10A1/MYD10A1, the accu-
racy of the cloud-free PPL3 data is also reduced. It reaches between 84.2% and 86.5%, with

lower values in the northern regions again.

It is not possible to estimate whether over- or underestimation is dominating in the error
statistics since only the basic accuracy of each step is known, but not how the occurring errors
will be distributed. Station data of snow cover duration would be required to conduct a refined
analysis. This is not possible for Central Asia. The transferability study that was already
brought up in section 5.5 revealed some additional details about possible error distributions.
Figure 6.52 and Figure 6.53 compare SCD, SCS, and SCM derived from cloud-free MODIS
snow cover time series with SCD, SCS, and SCM from the ECA&D snow depth stations. As a
result of this comparison, overestimation, underestimation, and absolute deviation of snow
cover parameters can be estimated. 87% of all investigated pixels were affected by less than
36 days deviation in SCD, SCS, or SCM (10% were affected by error rates between 37 and 72
days, 3% by more than 72 days). Figure 6.52 and Figure 6.53 also show that overestimation of
the parameters is usually prevailing (overestimation of SCM in this case stands for a mislead-
ingly later assumed SCM date than in reality). The spatial distribution of emerging errors is,
however, not recognizable from Figure 6.52 or Figure 6.53. Thus, an additional analysis was
conducted, contrasting deviations in SCD with station latitude and longitude. The ECA&D
snow depth stations are distributed between ~ 40° N and 70°N, 3° E and 19° E, but they are

not equally distributed. This fact is also visible from Figure 5.7.

155



Results and discussion

40%

= < =SCD Overestimation +ss20ee- SCD Underestimation —<=— QOverall SCD
35%

<\
30% \
25% \

20%

15%

10%

Percentage of affected pixels

5%

0%

0-9 10-19 20-29 30-39 4049 5059 6069 7079 80-89 90-99

Deviation from station SCD (days)
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The differences between MODIS- and station-derived SCD along longitudinal and lati-

tudinal axes are illustrated in Figure 6.54 and Figure 6.55 (black crosses stand for single year,

red crosses for 11-year mean deviations). The longitude does not seem to affect the accuracy

of the SCD results too much. For the latitude, however, the error increases continuously while
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moving northwards. The stations north of ~58° N in Figure 6.55 are located in Norway. Here,
mean differences between MODIS and station-SCD reach considerable higher values than
south of 58°N. Again, overestimation of actual SCD is the prevailing error in both, Figure 6.54
and Figure 6.55. These findings accord with those from Central Asia (see Figure 6.10). The
accuracy assessment for Europe — though based on 896 stations — may again be affected by
several influences: The stations are not equally distributed over the study area (Figure 5.7).
Concentration of stations is highest in the Netherlands, followed by Norway, and Germany.
Norway is problematic for several reasons: Polar night is affecting the region, leading to long-
term data gaps north of ~ 61° N. The number of continuously missing observations due to po-
lar night reaches more than 100 in most northern Norway. Because sensor combination, tem-
poral interpolation, and snowline detection (steps 1, 2, and 3 from the cloud reduction scheme)
cannot help to estimate snow cover status during this period, the last step with the lowest ac-
curacy is used to process huge amounts of pixels. Figure 6.55 proves that deviations between
station- and MODIS-derived SCD differ most in northern latitudes. This is not a problem in
Central Asia because polar night is not an issue there. A second problem is the relatively high
forest cover fraction of Norway’s land cover. 27% of the area is covered by forests (Lindstad,
2002), which is 15 times more than the 1.8% of Central Asia (Klein et al. 2012). Because for-
ested areas tend to affect the snow mapping accuracy (see e.g. Hall et al. (2001) and section
3.2.1), it can be assumed that the classification accuracies of MOD10A1, MYD10A1, and
APOLLO PPL1 in Central Asia are higher than in Norway, automatically leading to a higher
accuracy of the post-processed cloud-free snow cover products (because this is based on the

underlying accuracy of the basic snow cover products).

Some uncertainties remain that should be discussed at this point, though some of them
were already shortly addressed to during the presentation of the snow cover parameters: One
problem may arise from the fact that only 414 AVHRR pixels (894 MODIS pixels) are situated
in elevations above 6,000 m. This amount is very low, compared to the remaining elevation
zones (5,000 m to 6,000 m: 28,600; 4,000 m to 5,000 m: 153,900; 3,000 m to 4,000 m:
242,600; 2,000 m to 3,000 m: 261,700; 1,000 m to 2,000 m: 607,000; 0 m to 1,000m:
7,616,400; all numbers referring to MODIS pixel scale). It is important to emphasize that re-
sults from e.g. Figure 6.21, Figure 6.30, and Figure 6.41 should be interpreted with care for
regions above 6,000 m elevation. The abnormal swaying of the plots especially above ~ 6,800
m may arise from the relatively sparse data basis (only 37 MODIS pixels and 18 AVHRR pix-
els are situated above 6,800 m). Another problem is linked to the pre-processing of the snow
cover products — both from AVHRR and MODIS: The classification scheme of APOLLO relies
on an internal water mask to detect cloud-free pixels from AVHRR scenes (see Figure 3.7:

reflectance test of channel 1 and 2 for land and sea surface, respectively). This implies that
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the underlying water mask is up to date. The same is true for the Snowmap algorithm produc-
ing the MOD10A1 and MYD10A1 snow cover products: It relies on an internal water mask
(USGS 1 km land/water mask from 1996) for cloud detection within the MOD35 product, which
is then used as a basis for the snow cover classification (Riggs et al. 2006; Hall et al. 2001;
Ackerman et al. 2006). The high variability of water bodies in Central Asia is a well-known sit-
uation documented by various researchers (Klein et al. 2012; Micklin 2007; Aladin & Plotnikov
1993). The majority of Central Asian lakes experienced a continuous areal decrease since
1975 (Bai et al., 2011). This results in classification uncertainties for areas that were formerly
covered by water but have dried out since the generation of the static APOLLO or MODIS wa-
ter masks. Figure 6.56 compares the APOLLO, MODIS, and 2009 real water body extents
(2009 taken from Klein et al. (2012)) against each other. The difference is obvious. Because
the area of the Aral Sea decreased considerably during the last decades, classification results
from within the erroneous water masks are not reliable. This affects both APOLLO and MODIS

products.

Another problem is connected to the spectral channels provided by the AVHRR sen-
sors: There are only five spectral channels available. Even if every other aspect is ignored
(geolocation problem, calibration issues, data gaps), the fact that AVHRR channel 1 (VIS:
0.580 — 0.680 um) has a spectral bandwidth five times as big as the respective MODIS band-
width (0.545 — 0.565 pm) and channel 3A (MIR: 1.580 — 1.640 ym) is still twice as broad com-
pared to MODIS (1.628 — 1.652 ym) makes clear that an NDSI derived from AVHRR will never
be as accurate as the MODIS counterpart. This is something that should always be kept in

mind when analysing AVHRR data.

The geolocation uncertainty of AVHRR is a third error source. This was already men-
tioned in section 6.1 and will be discussed in more detail with regards to the ability of the pre-
sented snow cover parameters to map glaciated/permanently snow covered areas (which is

not possible for Central Asia using AVHRR data) in section 6.4.
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Figure 6.56: Water body extent of APOLLO and MODIS water masks as well
as the true water body extent from 2009

Issues that are often discussed when combining and analysing remotely sensed data
from different sensors with different resolutions are scaling/rescaling/resampling, mixed pixel
handling, resolution variances between the sensors, and error estimation connected to these
topics. The transformation from raw orbit to map projection is a necessary evil, introducing
possible errors to the satellite data (Khan et al., 1995). Before addressing these problems, one
of the primary objectives of the presented thesis should be recalled and kept in mind: To iden-
tify the snow cover characteristics of Central Asia — including SCD, SCS, and SCM —, analyse
their developments, and estimate possible future impacts. The identification of SCD, SCS, and
SCM requires daily and cloud-free data: a fundamental prerequisite that is not up for debate.
There is often a trade-off between temporal and spatial resolution but in the presented thesis,
the temporal resolution was already carved in stone from the outset. The question is therefore
not, whether to prefer one or the other data source but what impact the medium resolution of
1.1 km (AVHRR) or 500 m (MODIS) might have on the final results. Furthermore: Will the
switch between AVHRR and MODIS in the year 2000 introduce additional uncertainty due to
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the changed sensor resolution? Section 6.1 included a paragraph dealing with the higher error
rates in PPL1 (and PPL3) AVHRR snow cover products in the transition zone between snow
covered and snow free land. Hall et al. (2002) attested that the Snowmap algorithm used to
map snow cover for the operational MODIS product only recognizes snow covered areas with
at least 50% snow cover fraction. If transferred to the MODIS pixel size of ~ 0.250 km?, 50%
would mean that at least 0.125 km? of snow covered area are required for a MODIS pixel to be
flagged as snow. On the AVHRR scale (pixel size ~ 1.210 km?), around 0.6 km? of the area
must be snow covered, if assumed that the 50% fraction is also valid for the APOLLO product
(which has not been confirmed so far but appears most likely after accomplishing the accuracy
assessment in section 6.1). In general, the over- and underestimations of snow cover will even
out — given the vast size of the area and the long time span of the time series. The 50% rule
will work in both ways, meaning that a MODIS pixel with only 0.126 km? snow cover will be
classified as snow, overestimating the actual snow cover by nearly 50% while in a pixle only
covered with 49% of snow, underestimation will occur. This may affect the accuracy of single
day results, but level off in the long term. For narrow mountain ridges, however, the difference
in pixel size may contribute to an enduring and continuous misinterpretation of true snow cover
conditions in AVHRR data when compared to MODIS. If the ridge is too narrow to take more
than 50% of the pixel, snow cover that is present on the top of the rigde will not be recognized
by the algorithm. Results from sections 6.2.1 to 6.2.3 have demonstrated that elevation plays a
significant role for SCD, SCS, and SCM. If an arbitrary elevation range covers less than 50%
of an AVHRR pixel, the snow above this elevation and within this pixel will not be recognized
after the snow line has passed this elevation. For MODIS, the smaller pixel size automatically
leads to a refined snow cover detection: Snow covered ridges too small for AVHRR (e.g.
during summer months when valleys are snow-free) may be visible for MODIS’ Snowmap
algorithm, leading to a systematically longer SCD estimation with earlier SCS and later SCM. It
is not possible to quantify this effect without exaggerated effort. Section 6.4 will include an
outlook on glacier monitoring with MODIS and AVHRR data, constituting a distinct limitaiton of

AVHRR’s coraser resolution.

Another problem that was also addressed to in section 5.3 is the possibly biased repre-
sentation of SCS and SCM. The example given in Figure 5.6 explains why a straight-forward
solution of the problem is not possible because it would always involve another threshold that
would inevitably lead to errors. In my view, the main problem is not the approach of calculating
SCS and SCM, but the denomination in “Snow Cover Start/Snow Cover Melt” and the intention
to provide one single date for these parameters. This simply does not exist in nature. Transient
snow fall with interim snow melt events are a wide spread and common occurrence. The sug-

gestion arising from the presented thesis is therefore to define these two parameters as “Early
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Season Snow Cover Duration” (ESSCD or SCDgs), and “Late Season Snow Cover Duration”
(LSSCD or SCD,s) — similar to the proposed SCles and SCl,s in section 6.2.4. The significance
of these parameters is emphasized at various locations - especially when it comes to hydro-
logical applications. Therefore, renaming the variables would reduce the weak spot that is of-
ten criticized by scientists (e.g. during the review processes of publications like Dietz, Wohner,
et al. (2012) and Dietz et al. (2013)).

One important question has in parts already been answered during the previous dis-
cussions but can be extended by a few more aspects: Are there any improvements that could
be applied to existing snow mapping algorithms to increase their accuracy? The answer is:
Yes, there are. One important aspect has just been mentioned: The static water mask that is
included in the processing chain should be replaced with a dynamic one. This water mask
could be automatically generated from observations prior to the actually processed snow sce-
ne — e.g. comprising one month of reflectances from the NIR. A method to derive water bodies
dynamically was presented by Fichtelmann & Borg (2012). This or a similar algorithm may find
its way to the operational MODIS and APOLLO methods, replacing the outdated static water
masks and all the errors that they cause. Many improvements may come into one’s mind when
reflecting the APOLLO classification scheme, that appears outdated when compared to newer
methods presented in section 3.2. One reason why APOLLO was chosen among the available
algorithms was the independence from ancillary data such as precipitation and temperature
data. If it was possible to apply a method like SPARC without any additional input data, the
results would most likely be more accurate than those from APOLLO. Research is needed to
test whether a combination of e.g. theta and SPARC is feasible, where theta will replace the T-
test involving surface temperature in SPARC by a three-space vector of AVHRR channels 3,
4, and 5. The drawback of theta is that a reference vector must be selected manually. This
step could be accomplished automatically, depending on the results of the SPARC tests pro-
cessed before. The scores from the two SPARC tests (B- and R-test) can be used to identify
some surfaces that are snow covered without any doubt. These areas may serve as reference
for those pixels where the classification needs additional information, involving theta and the
reference vector derived from the previously defined snow covered pixels. This is, however,

just an untested theory.
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6.4. Snow cover development and its influence on transboundary
water management

Transboundary water management is an important topic in Central Asia and a direct
application opportunity of the obtained snow cover results, as the snow cover has an immedi-
ate impact on the surface runoff and water availability in Central Asia. Section 2.1 already in-
cluded some statements about the transboundary water issues that are prevailing among the
states of Central Asia. Water scarcity is often portrayed to be a possible trigger for serious
future conflicts, not to mention “water wars” (as entitled in a book by Younger (2012)). Though
the author states that real “water wars” have not yet evolved, a statement of Uzbekistan’s
President Islam Karimov given during an official speech in Astana, Kazakhstan on September
7" 2012 suggests that this auspicious status is dangling on a string: Within this speech, he
threatened Kyrgyzstan and Tajikistan that on-going efforts to establish new hydroelectric pow-
er stations upstream of Amu Darya and Syr Darya Rivers could lead to war (Lillis, 2012).
(Sehring and Giese, 2011) also reported that many small scale violent incidents already oc-
curred, often connected to the access to water resources. The geopolitical situation in Central
Asia is absolutely not the topic of the presented thesis, but with the objective of the CAWa
project to “avoid water conflicts and stabilize the region substantially” (http://www.cawa-
project.net/page/9) in mind it is clear that new findings about potential water resource devel-
opments will contribute to this sublime aim. Changed snow cover characteristics - with the shift
of up to 12 days towards earlier SCM being one maijor finding — may pose a challenge difficult
to overcome in future water management, especially if the development towards earlier
snowmelt proceeds into the future. A figure of the Amu Darya hydrograph at the border of Uz-
bekistan taken from a publication of Jalilov et al. (2011) will illustrate the relationship: Figure
6.57 depicts the runoff of Amu Darya River as it enters the territory of Uzbekistan. The natural
runoff (white line entitled “no Rogun Dam”) is compared to the situation with the Rogun Dam —
a dam intended to be used for hydropower generation at the Vakhsh River - operating (black
dotted line). The red line was added to highlight the theoretical effect of earlier snowmelt on
the natural runoff: The peak of the annual flow would shift towards an earlier date, which would
clearly influence the runoff regime of Vakhsh, and therefore Amu Darya River. Thus, even with
an operating Rogun Dam and a correspondent reservoir on site, earlier snowmelt may cause
the reservoir to exceed its capacity before the water is needed downstream. The consequence
could be that the reservoir must be opened in order to prevent possible damage to the struc-
ture, leading to a loss of the most valuable water resource and possibly even flooding events
of downstream areas. At the end of the season, the water would then be missing for irrigation
(indicated by the blue plot in Figure 6.57). The example of Rogun Dam is just a theoretical

demonstration of what could happen due to changed SCM. There are, as mentioned in section
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2.1, more than 290 reservoirs in Central Asia and many of them could face similar challenges
in the future. Rogun Dam, however, was one of the causes that led to the most provocative
comments of Islam Karimov in 2012 about an armed conflict with the upstream countries of

Kyrgyzstan and Tajikistan.
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Figure 6.57: Amu Darya hydrograph at the border to Uzbekistan. Modified from the original
source of (Jalilov et al., 2011)

(Barnett et al., 2005) summarized the problem on a global scale, being a perfect match
for the situation in Central Asia as well: The reservoirs currently operational in the region are
not sufficient to adapt to a shift in snow melt and the connected shift in peak runoff. According
to the authors, the change in snow cover characteristics may considerably affect the long-term
development and water security in Central Asia, as the region’s water availability is strongly
snow-dominated. (Messner, 2009) emphasizes that the lack of flexibility towards an adaption
to changing water contingents may constitute the biggest risk. The influences of climate
change on snow cover characteristics in Central Asian Mountains may therefore directly influ-

ence the geopolitical stability of the region.
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6.5. Outlook on possible applications

Many different products are presented in section 6. Some of them — like mean SCD,
SCS, or SCM - can stand for their own while others — like single year results - can be exploited
to derive additional information about the snow cover characteristics of Central Asia. Going too
much into detail about these applications is beyond the scope of the presented thesis. Some
examples will be presented in this section that should encourage scientists to dig deeper into

the material:

The first example is the derivation of trend analyses. SCD, SCS, and SCM are sug-
gested to change due to climate change as it was reported from various studies also referred
to in sections 3.4.1 and 2.1. To identify regions with ongoing changes — be it towards more or
less snow — a trend analysis of the time series can be accomplished. For the presented exam-
ple, the least-squares linear trend for each pixel within the study region is calculated. Because
of the different pixel sizes of MODIS and AVHRR, the resolution of the MODIS snow cover
datasets is resampled to be in accordance with the AVHRR cell size. “Nearest Neighbor” is
chosen as resampling method as it has been applied successfully for comparative studies be-
tween MODIS and AVHRR, before (e.g. Chrysoulakis et al., 2008; Hadjimitsis et al., 2011;
Fensholt and Sandholt, 2005). “Nearest Neighbor’ can produce subpixel geometric disconti-
nuities (Wolfe et al., 1998) but it is operated comparatively fast (Moreno and Melia, 1994),

which is an invaluable advantage when processing huge amounts of data.

The trend analysis is applied to 5-year average SCD maps that were generated prior to
the processing to reduce the impact of the single year results that are characterized by con-
siderable variability. Because data before 1992 is missing for northern Kazakhstan, the analy-
sis was only performed for hydrological years after 1991/1992. Figure 6.58 depicts the result of
the linear trend analysis: High Mountain and most northern regions are characterized by posi-
tive trends while the plains are affected by a decrease of SCD. Figure 6.59 contrasts the SCD
trend with elevation and confirms the above statement: Regions below 1,200 m elevation show
negative SCD trends while the trend is positive for elevation zones above 1,200 m. The trend
towards increased SCD even increases with increasing elevation: +0.1 days of SCD per 200
m between 1992/1993 and 2011/2012. The region above 6,000 m is again prone to uncertain-

ties because only few pixels are located in these altitudes.
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Some features of the trend map in Figure 6.58 appear questionable: The effect of the
different and outdated water masks for APOLLO and MODIS is clearly visible in some of the
results. Figure 6.58, depicting the linear trend of SCD from 1992 to 2012, shows a strong neg-
ative trend for Lake Zaysan in eastern Kazakhstan (see also Figure 1.2 for information about
the exact location of the lake). The origin of this trend is linked to the different water masks
behind APOLLO and Snowmap: Lake Zaysan is not included as a water body in the APOLLO
water mask. Therefore, pixels falling within the area of the lake may be classified as snow, e.g.
while the lake is covered by ice (and snow). The MODIS water mask contains Lake Zaysan,
thus preventing the MOD10A1 and MYD10A1 products from classifying pixels as snow. Con-
sequently, SCD before the year 2000 may reach much higher values than after 2000, when
SCD for the area of Lake Zaysan will always stay zero. The opposite effect can be observed
for the Aral Sea region: This lake was much bigger at the beginning of the AVHRR missions,
when also the water masks for the APOLLO routines were generated. The effect of the high
variability of the Aral Sea on the classification can again be observed in Figure 6.58: The linear
trend of pixels falling within the dried out area of the APOLLO water mask (light grey area in
Figure 6.56) is characterized by a positive value for SCD — contrary to the surrounding areas
where a negative trend is identified. The different extents of the APOLLO and MODIS water
masks exactly retrace the shape of this trend feature. This is the reason why water bodies are
excluded from the thesis. They cannot be trusted because they are not updated frequently

enough.

The patterns of the linear SCD trend between 1992/1993 and 2011/2012 confirm the
suggestions from large scale snow cover studies: Positive SCD trends in most northern re-
gions (like e.g. in Brown & Mote (2009) or Fallot et al. (1997)) as well as in mountainous re-
gions above an altitude of ~ 1,500 m. The negative SCD trend that can be observed in the
central area again confirms what was proposed by Brown & Mote (2009) and Groisman et al.
(2006). The intensity of the derived negative trend in Figure 6.58 even nearly agrees (x1 day)
to the values of Brown & Mote (2009), suggesting that the results for the mountainous regions
will also apply. This implies that though the significance of the derived linear trend is low, the
results are still on the right track. There is, however, one aspect that may influence the validity
of the trend estimation in the mountains: The geolocation uncertainty of AVHRR may compro-
mise the accuracy of the SCD results for mountain ranges. This effect may also influence
trend calculations for these regions, entailing misleadingly positive trends. It must be noted
that the significance of the presented trends is generally low. The high inter-annual variability

of SCD (even within the 5-year means) and the comparatively short time series of only 19
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years may be some of the reasons. The geolocation uncertainty is certainly the most influenc-
ing factor especially in mountainous regions, as SCD can change significantly within very short
distances. Shifts of only few pixels already compromise the trend analysis when applied on a
per pixel basis. Since the presented trends are only included as an outlook, a detailed analysis

of the occurrent uncertainty is omitted.

A second possible application of the processed snow cover products is the analysis of
connections between snow and river runoff. Snow cover information has proven to be useful in
predicting river runoff before (see studies of Butt & Bilal (2011), Bales et al. (2008), and
Bloschl et al. (1991)). The SCI constitutes a promising parameter for this purpose since it
gives a comprehensive overview of snow cover characteristics for a whole catchment in just

one variable.
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Figure 6.60 and Figure 6.61 compare the water content of Amu Darya and Syr Darya
Rivers (in % of mean km?®) with the SCI of the upstream catchments (refer to Figure 2.2 and
Figure 3.8 for details about upstream catchment locations). Water content information was

taken from the CAWater-info project page (CAWater-Info, 2013), a project that aims to provide
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information about water and environmental issues for Central Asia. While SCI and water con-
tent seem to be more or less independent for Amu Darya River (r = 0.05), the correlation for

Syr Darya is significantly higher (r=0.48).

Results from the SCI calculations are included for early season (SClgs), late season
(SCl.s) and full season (SCI) in section 6.2.4 (Figure 6.45 to Figure 6.47). Because the SCI
comprises SCD and snow cover extent both in one parameter, the results can serve as a quick
overview about the character of a certain snow season (e.g. “snow rich”, or “snow meagre”).
The variability is usually greatest for the downstream catchments, which is perceptible by the
oscillating behaviour of the respective charts. Upstream catchments generally deviate no more
than 20% from mean SCI conditions (though extreme events like Syr Darya upstream SClgs in
1987 with 50% higher SCI than under normal conditions can occur). Early season SCI values
are characterized by the highest variability among the different SCI classes for upstream, in-
termediate, and downstream catchments. Again, this is a hint that SCS is generally more un-
stable than SCM, which is constant particularly in the upstream regions (Figure 6.46). A possi-
ble application involving the SCI is presented here: SCI and water content of major rivers in
Central Asia correlate with each other — especially in the case of Syr Darya River. For some
years, patterns from Amu Darya also agree with the SCI of the upstream catchments (Figure
6.60), but correlation is much higher (r=0.48 compared to r=0.05) for Syr Darya River (Figure
6.61). This is a promising result since the SCI can be calculated at any time within a hydrologi-
cal year. It is thinkable that information about SCI can be used to predict the water content of
e.g. Syr Darya River for the upcoming growing season. Such forecast could be used for the
management of reservoirs, irrigation channels, and hydropower generation. If for example a
water scarce season is beginning to show in early spring, water management authorities could
decide to cut not so productive irrigated areas from water supply or restrict electric power sup-
ply to energy intensive industries. Such a decision could be made early enough for the farmers
to change the crop type or for the industry to switch to a different shift operation. These are, of
course, only suggestions. Before such applications could become operational, more research
would be required. However, since water scarcity will intensify in the future, more research is
necessary involving all possible fields of water generation — with snow cover constituting no
exception. The reason why Amu Darya does not correlate with SCI throughout the time series
may be that melt water contribution from glaciers plays a significantly larger role in this catch-
ment (Ososkova et al., 2000). This was also indicated in section 2.1. Another unknown pa-
rameter is the extent in which artificial reservoirs contribute to the water content of the investi-
gated rivers. The unusually large deviation between Syr Darya SCI and water content in
2007/2008 (Figure 6.61) may be the direct result of an exceptionally cold winter in this season

which led to an increased water consumption for hydropower generation (Libert et al., 2008). If
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such an exceptional weather event occurs out-of-band, the SCI can take unusually large val-
ues due to the fact that the cold temperatures prevent the snow from melting, leading to longer
SCD. Therefore, the SCI should never be used as a sole and universal forecast for runoff, but

as an indicator used in combination with additional information sources.

Another example for a possible application of the presented results is the mapping and
observation of glaciated/permanently snow covered areas. Medium resolution sensors such as
AVHRR or MODIS are usually not suited to map glaciers because the resolution is too coarse.
During the realization of the transferability study for Europe (Dietz et al., 2012b) it turned out
that larger glaciers can be recognized by MODIS: The size of the Aletsch Glacier in the Euro-
pean Alps is between 81.7 km? to 86.7 km? (Holzhauser et al. 2005; Kelly et al. 2004). The
size of this glacier was also derived using the MODIS SCD results (all pixels with mean SCD
of 365 days over a 10 year time span are suggested to be glaciated) and the size of the
Aletsch Glacier was calculated as 87 km?, which is in good agreement to the real extent.
Therefore, the same approach can possibly be followed for Central Asia. The mountains of the
study region are split in nine different zones in order to be able to assess possible develop-
ments in certain regions. Figure 6.62 illustrates these zones, which have been numbered from
1 to 9 to facilitate the upcoming analyses. The number of pixels with 365 snow covered days
per hydrological year and glacier zone is now extracted from the time series. As a result, nine
charts (one for each zone) are generated, containing the areal extent of permanently snow
covered pixels. These charts are depicted in Figure 6.63, Figure 6.64, and Figure 6.65. The
single plots are normalized to the mean number of permanently snow covered pixels between
2001/2002 and 2011/2012 to allow for a convenient comparison among the glacier zones.
1994 is again missing from the time series due to gaps in the AVHRR data. Figure 6.63 to
Figure 6.65 clearly show that for years prior to the MODIS operational phase, statements
about glacier extent appear to be all but impossible. Reasons for this behaviour were in parts
already discussed in section 6.3. The following paragraph will contain a more detailed analysis

of occurring problems.
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Figure 6.65: Permanently snow covered pixels for glacier zones 7 to 9

Trying to map glaciers with AVHRR and MODIS reveals an apparent limitation of the
processed time series: AVHRR snow cover products derived with APOLLO are generally not
suited to map glaciers/permanently snow covered areas in Central Asia (see Figure 6.63 to
Figure 6.65). The MODIS data beginning with the hydrological year 2000/2001 may constitute
a useful tool to map larger, coherent glaciers (as it was also shown by Dietz, Wohner, et al.
(2012) for Europe), but AVHRR definitely lacks this capability, which may arise from two rea-
sons: The pixel size of AVHRR is too coarse. Glaciers are often stretched along valleys, build-
ing narrow, tubular features. Permanently snow covered mountain tops or ridges are often
narrow, too. The pixel size of 1.1 km may be too coarse to catch these snow covered regions
— at least at each day during the hydrological year. A few misses already reduce the SCD in
an extent too big that the pixel cannot be interpreted as permanently snow covered. This prob-

lem was already discussed in section 6.3 and it was also stated there that MODIS’ 500 m
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resolution may detect considerably more snow covered pixels in mountainous terrain. Compar-
ing both data sources and trying to combine them will inevitably produce biased results. An-
other problem is again the sometimes inaccurate geolocation of +1-2 pixels of AVHRR data
(Tungalagsaikhan et al., 2003). Given that a snow covered pixel on a narrow mountain ridge
was correctly classified as snow covered from APOLLO, then a shift of 2 pixels in only very
few summer time observations would prevent the final SCD product to reach 365 days. This
problem does not exist for the MODIS time series since here, the geolocation accuracy is not
an issue. Unfortunately, it is impossible to accomplish a manual adjustment of the AVHRR
data. The number of datasets is too huge (~20,300) for this task. The geolocation uncertainty
is, however, not a serious problem for most hydrological applications — given that the scale of
the respective catchment is not too small. If the SCD of one pixel is underestimated by a few
days, the neighbouring pixels will most likely be overestimated for this shortage. Errors will
even out, producing correct results on a catchment/elevation zone/SCI scale — yet another
reason why the SCI is a promising parameter. A comparison between APOLLO PPL3 and
Landsat snow maps in section 6.1 confirmed that though the overall accuracy of the PPL3
data only reaches ~ 85.7%, the areal extent between Landsat and PPL3 snow maps agrees
by 95,5%. Figure 6.63 to 6.65 illustrate that some of the glaciated regions show a more or less
constant areal fraction of permanently snow covered pixels for the MODIS time series: Glacier
zones 1 (Pamir), 4 (Khan Tengri/Jengish Chokusu), and 5 (Tian Shan/Akshiirak) only deviate
slightly around the 100% margin. This suggests that MODIS may be capable of identifying
permanently snow covered regions in these zones. Glacier zones 8 (Ala Archa East) and 9
(Ugam Range) are examples for the contrary: Here, an identification of glaciated pixel is not
even possible with MODIS’ 500m pixel size. A promising approach exists to map snow cover
with MODIS at 250 m resolution, possibly improving the capability to detect even narrower
snow covered areas (Notarnicola et al., 2013a, 2013b). This algorithm, however, is not in an

operational stage at the moment and requires a lot of additional input data.

Another potential application that is made available by providing the presented snow
cover parameters is the analysis of single snow cover seasons with respect to mean condi-
tions. The SCD of each specific year can be compared with the 5-year, 10-year, or the full time
series average to identify regions with abnormal snow conditions. This can be a helpful tool
when analysing possible effects of especially harsh or mild winter seasons. In Figure 6.66, the
SCD of 2011/2012 is compared to the mean SCD between 2002/2003 and 2011/2012. The
exceptionally long SCD for large regions of Central Asia in this season is eye-catching. Values
of up to two months above average can be identified for parts of Kazakhstan, Uzbekistan, and
the border area between Kyrgyzstan and Tajikistan. A newsletter article from April 2012 con-

firms that the season 2011/2012 stood out due to the harshest winter with longest snow cover
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since 1968 (lgoe, 2012), which finally also caused the death of 25,000 livestock in Kyrgyzstan.
Figure 6.66 illustrates that in Kyrgyzstan - especially in the western and south-western regions
- SCD was up to 60 days longer than normal (see also profile line 2 north and south of Ferga-
na Valley). This accords with what was reported in the article. Comparisons between single
seasons and mean conditions are possible for all snow cover parameters including SCS,
SCM, SCD, and even SCI. Many of such examples were included in the publication about
snow cover variability in Central Asia derived from improved MODIS snow cover data (Dietz et
al., 2013). They are not depicted here because Figure 6.66 should already suffice to clarify
what opportunities are offered once a complete time series of snow cover parameters be-

comes available.

In the presented example, 2011/2012 SCD was also selected because it is the most up
to date season and therefore of augmented interest. The question is: Can information provided
by remotely sensed data help to prevent/mitigate such consequences as the livestock loss in
this season in the future? Is it possible to develop an early warning system that recognized
such situations early enough for the herders to react? The answer is possibly: Not directly. A
long term weather forecast would perhaps be more useful but even then, details about spring
time SCM are difficult to foretell during autumn. Anyhow, the presented results can help in a
different way: Figure 6.66 gives a clear inventory of SCD deviations. The same could easily be
provided for SCS and SCM. This information may serve as the basis for refund-
ing/reimbursement of affected herders/farmers. Given the government would install a compen-
sation fund for those herders that suffered most, Figure 6.66 could serve as a tool to identify
the locations where the help is needed most urgently. If the farmers had an insurance, the
insurance company may also resort to products like Figure 6.66 to assess whether a petitioner
is eligible to make an application for reimbursement or not. Again, these are just suggestions
about possible utilizations of the presented results. More research would be needed to prove
the connection between livestock mortality and SCD deviations before such products could be

used in the future.
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Figure 6.66: Deviation of 2011/2012 SCD from mean SCD between 2002/2003 and 2011/2012

An additional outlook is the possible application of the established processing chain to
different regions. The transferability study for Europe already demonstrated that the cloud re-
duction scheme can be applied to regions outside of Central Asia as well (Dietz et al., 2012b).
The configuration, development, testing, and improvement of the processing environment are
most unappreciative tasks since they require a good deal of time. This effort is usually not re-
flected in publications because only the results are of interest for the scientific community.
However, once the system is running it is possible to extent the study region to any dimension.
Figure 6.67 is an example of what is possible once a system is established and running. 55
MODIS tiles were acquired for 12 years of daily data, including both, Terra and Aqua plat-
forms. Around 441,000 single tiles have been processed to produce Figure 6.67 — a unique
view on Eurasian snow cover conditions that has never been presented in this resolution (500
m). The results from the transferability study (Dietz et al., 2012b) and from the presented the-
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sis and the publication about Central Asian snow cover variability (Dietz et al., 2013) were
stitched together with the remaining parts of Eurasia to create a continuous overview of the
mean SCD from eleven years of observation. Figure 6.67 is depicted in an orthographic pro-
jection that is centred on Central Asia (Longitude of centre: 65° E; Latitude of centre: 46° N).
Though not illustrated here it is clear that SCS, SCM, and SCI may also be derived from the
time series, allowing analyses on any scale from local, over regional, to continental. Figure
6.67 has the potential to serve as the basis for many future studies, comprising hydrological,
geographical, climatological, and cryospherical backgrounds. With the modified APOLLO pro-
cessing chain also at hand, it would be possible to extend the time series of daily, cloud-free,
medium resolution snow cover data back to at least mid-1980s (in some regions even late
1970s, always depending on the available data archive), relying on AVHRR LAC or HRPT

data.
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Figure 6.67: Mean Snow Cover Duration (2000/2001 to 2010/2011) for Eurasia
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The time-consuming development of the applied processing chains was already men-
tioned in this section. Some background about the development of the applied processing
chains will now be illuminated, before possible transferability opportunities are discussed: It

was clear from the early beginning on that the establishment of a time series of daily snow
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cover data in medium resolution, for an area of 4,000,000 km? and for 26 years would be a
most challenging task. Many studies exist based on the exploitation of MODIS data: Vegeta-
tion, biomass, SST, LST, land cover, forest fires, sea ice - the list could be extended over sev-
eral lines. The intention of the presented thesis was never to enqueue in a collection of studies
all relying on the same, somehow convenient MODIS source. These data come in a regular
grid, are available each day, have been pre-processed and georeferenced to constitute a high
quality data source that is ready to use for most applications. Processing AVHRR LAC Level
1B data has not much in common with the analysis of MODIS data. Those familiar with the
subject don’'t need any further explanation but unfortunately, knowledge and experience in
dealing with raw AVHRR data is not very widespread, leading to potential misunderstandings
and false expectations. The accuracy of AVHRR-derived parameters will never meet the
MODIS-quality. Reasons for this circumstance were already explained in this section. The way
from raw L1B data to the PPL3 snow cover product presented in the very thesis is long:
APOLLO was initially not set to process LAC data. Many modifications had to be done and
tested, followed by many updates and improvements. The results finally came in a binary data
format without georeferencing being applied to the data. Post-processing routines were devel-
oped to be able to construct geo-lookup-tables for each single scene, consuming a lot of de-
velopment and processing time. It is easy to look at figures like Figure 6.5 or Figure 6.6 and
point to the obvious pixel shift in the APOLLO PPL3 product. The question may arise why
these shifts have not been corrected during post-processing or why there was no atmospheric
correction applied to the AVHRR data. The answer is simple: It was just impossible to accom-
plish all these tasks. The presented time series is unique with regards to the resolution, length,
and coverage. It is the longest time span that was possible to establish — for the region and
beyond. Till the date of writing, no similar study was ever heard of. Hence, the established
processing chain should be used for different study regions as well. Figure 6.67 is a good ex-
ample of what is possible when referring to the cloud reduction scheme (Figure 5.4). Full Eur-
asia comprising more than 440,000 MODIS snow cover product files was processed for this
figure. Mean SCD between 2000/2001 and 2010/2011 is illustrated, putting Central Asia in
relation to the rest of the continent. Many potential future studies could evolve from this map:
The effects of large scale weather anomalies on SCD, detailed inventories of snow induced
albedo-fluctuations of the Earth’s surface, accompanied by the effects on the radiation budget,
or small scale studies of single hydrological catchments. Most of Russia’s runoff regime is
snowmelt dominated (Barnett et al. 2005). Studies of single year snow cover characteristics in
comparison with river runoff data may produce interesting results. Furthermore, and if North
America is also added, the connection between snow cover parameters on both continents

could be studied on a medium resolution data basis. Some additional aspects were already
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mentioned: Further research on hydrological implications including runoff and water manage-
ment, decision support for the distribution of water for irrigation, and early warming potential in
years where the SCI is extraordinary low in upstream drainage basins. Few concrete applica-
tions have already evolved since the beginning of the study in 2010: The results from the
transferability study in Europe (Dietz et al., 2012b) have been requested and incorporated for
the creation of an avalanches hazard map for Europe (ESPON Natural hazard maps update,
2012). Additionally, a project for “Assessing Climate impacts on the Quantity and quality of
Water” (ACQWA) showed increased interest in the snow cover time series derived from
AVHRR data for Kyrgyzstan, which are planned to be used for the validation of climate and
hydrological models (Acqwa 2013; Dedieu, personal communication). Finally, snow cover in-
formation processed for the presented thesis are also of interest for improving runoff models
for Chon Kemin Valley, Kyrgyzstan within the framework of a PhD thesis accomplished at the
University of Bern, Switzerland (Sorg, personal communication), relying basically on a publica-
tion by Huss et al. (2008).

The results presented in this thesis offer plenty of additional application opportunities
not extended in detail within this outlook: The influence of the observed snowmelt shift (Figure
6.42) on forest health is one aspect that could be investigated in the future: It was reported by
Trujillo et al. (2012) that earlier snowmelt resulted in increased tree mortality and reduced
maximum NDVI for elevation zones between 1,700 m and 2,600 m in the Western US. Accord-
ing to the authors, such implications are common for mid-latitude mountain regions around the
globe. Schlaepfer et al. (2012) state that shifts in snowmelt conditions within snow dominated
precipitation regimes may substantially affect the water balance of the area. Similar conse-
qguences can be expected for Central Asia, as well. Another research field is the effect of SCS,
SCM, and SCD on general NDVI and Biomass values in a given ecosystem. Peng et al. (2010)
already pointed to the positive effect of snow cover (and snow depth) on vegetation growth.
Grippa et al. (2005) confirmed that snow variability has a significant impact on summer NDVI
in central Siberia (~ 65°N) — which is located just north of the study regions of the presented
thesis. It would be possible to analyse the correlation between snow cover and biomass for
Central Asia by combining the presented results with estimates about vegetation net primary
productivity, relying e.g. on the study of Eisfelder et al. (2012) for Kazakhstan. With the outlook
of Figure 6.67 in mind it is clear that the already mentioned application examples can be ap-
plied to any given region. Changes in snow cover characteristics have effects on regions out-
side of Central Asia, too. Many countries like Norway or Switzerland depend on melt water for
electric power production (Vikhamar & Solberg 2003; Beniston 1997; Cherry et al. 2005).
Snow cover changes on a sub-catchment scale could be analysed using the processing chain

that was developed within the presented thesis. The connection between Eurasian SCS and
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snow cover parameters in North America (as reported by Cohen & Saito (2003) and Saito et

al. (2001)) could be investigated relying on Figure 6.67 as well.

There is, however, one very important aspect, affecting all presented results but those
referring to hydrological applications in particular: Although SCD, SCS, SCM, and SCI can be
calculated for any given spatial or temporal entity, all these parameters can by definition never
include information about the snow depth/SWE. The snow depth may range from 5 cm to 50
cm — the satellite will only discriminate between 1: snow, and 0: no snow (metaphorically
speaking). For some applications, this limitation is not an eminent issue. When evaluating the
radiation budget of the Earth’s surface for example, the albedo of snow covered areas is the
same for deep and shallow snow (With some exceptions of course: if snow depth is not suffi-
cient to cover the full ground, the albedo will decrease. Additionally, if exceptionally deep snow
melts, its albedo will decrease because refractory black carbon/soot will accumulate in the
upper snow layer during the melt process, reducing the reflectance of the snow surface
(Ramanathan and Carmichael, 2008; Sterle et al., 2013)). When analysing the effects of cli-
mate change on snow cover parameters, most of them can also be examined without
knowledge about the depth of the snowpack (though it would be very interesting to have this
additional parameter, of course). As soon as statements about hydrological implications are
formulated, it should always be kept in mind that information about the water content of the
snowpack is not available from optical sensors. Section 3.2 gave a comprehensive overview
about the topic and also introduced to passive microwave sensors as a possible source to
estimate SWE — along with all the restrictions that are connected with this sensor type. These
data are not suited to analyse snow cover conditions in the mountainous regions, which makes

them useless for the analysis of Central Asian water issues.

One aspect that was included in the introduction and aims of the presented thesis but
not discussed in detail is the orientation towards the GCOS target requirements regarding
snow cover product’s temporal (daily) and spatial (1 km, 100m in complex terrain) resolution.
The benefits of snow cover products fulfilling these requirements are described as follows by
GCOS (WMO and GCOS, 2011):

o ‘“Better estimate of planetary albedo
¢ Indicator of changes in precipitation and temperature regimes
e Assessment and improvement of regional and global climate-model performance

e Provision of a key indicator of climate change in cold seasons/regions
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e Assessment of changes in seasonally-frozen ground”

When going through these points with the results presented in the thesis at hand, those
items referring to a more regional scale can thoroughly be approved: The daily data allows for
a distinct designation of SCS, SCM, and SCD. Changes of only several days become visible
while analysing the time series. The shift of 12 days towards earlier SCM (Figure 6.42) may
have been ignored or underestimated using 8-day composites of snow cover extents. There-
fore, daily estimations of snow cover are an invaluable data source worth the processing effort
undertaken within this thesis. The required spatial resolution is justified as well, the very
thought of the complex snow cover conditions in the mountainous regions in mind. It would be
impossible to determine the particular characteristics of variable snow cover conditions in e.g.
the narrow mountain valleys (see Figure 6.48 and Figure 6.50) using coarse resolution (e.g. 25
km pixel size) data. Additionally, analyses on a catchment- and especially sub-catchment-
scale are made available that would have been prevented using coarse resolution snow cover
data. These data can be used as an indicator for precipitation and/or temperature changes
only because the temporal and spatial resolutions are high enough (though in the mountains
an even higher resolution is desirable). The third point from the list — assessment and im-
provement of climate model performance — can also be stated as confirmed — keeping the
results of SCD in mind: Durations taken from Brown & Mote (2009) coincide with results ob-
tained in the thesis. A band of higher sensitivity between 40°N and 45°N in this study is super-
imposable with the band of negative SCD trends (Figure 6.58), though a more detailed analy-
sis is still needed to assure validity. The obtained results from the mountainous regions could
help to improve climate models for complex terrain. This comprises also point four: Provision
of a key indicator of climate change: SCD and SCM change for a reason. This reason is defi-
nitely linked to changed temperature and/or precipitation characteristics (especially in moun-
tainous terrain). The fact that snow melts earlier above ~1,500 m is a clear indicator for in-
creased temperatures, also confirming the assumptions of Nogués-Bravo et al. (2007) and
Diaz et al. (2003). However, only by providing medium resolution, daily and cloud-free snow
cover time series for more than 25 years, the exact locations, elevation zones, and extents of
changes are made visible. This may be of particular value for the decision makers in place:
The effects of a changing climate on water availability have in parts been made visible on a
medium resolution. Future developments are foreseeable, allowing for decisions to be made
now — and be it only for the conclusion that additional research is required to create more con-

fidence.
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7. Conclusions

Four research questions have been expressed at the beginning of the presented the-
sis: Which snow mapping techniques for remotely sensed data exist? How are the snow cover
conditions in Central Asia characterized? How did these conditions develop within the last 26
years and under the influence of climate change? And finally: How may the future of Central
Asian snow cover characteristics look like (accompanied by which effects on the region’s hy-

drology)? All these questions were investigated during the realization of the presented thesis.

A review about available snow mapping techniques has been accomplished, examining
approaches, potentials, and limitations of different sensor types, revealing that observations
made from medium resolution optical remote sensing sensors are best suited to meet the
study demands. Accordingly, 27,000 AVHRR scenes and 66,000 MODIS snow cover products
were acquired and processed (while only ~20,300 AVHRR scenes and all MODIS products
were utilized for the study) for the years between 1986 and 2013, including pre-processing of
the raw AVHRR L1B data and post-processing of the complete time series of daily data to re-
move cloud coverage. Based on these cloud-free snow cover data, parameters like Snow
Cover Duration, Snow Cover Start, Snow Cover Melt, and Snow Cover Index are presented
both for single years and also longer time spans. These results are provided for the full ~
4,000,000 km? as areal datasets as well as in an aggregated form, divided among elevation
zones or river catchments. Taken all together, the results for Central Asia draw an unambigu-
ous picture of how changes in temperature and precipitation regimes affect snow cover char-
acteristics in an area that is highly depending on snow as a major source of fresh water: In the
plains of Central Asia, snow cover duration is longest (~ 140 days per year) for the most
northern parts of Kazakhstan. Long term changes that can be identified from the time series
prepared within the presented thesis point towards an increase of Snow Cover Duration in this
region, primarily triggered by earlier snow cover onset. The central parts of the study area are
characterized by shorter Snow Cover Duration which continuously reduces with decreasing
latitude. In these regions, the trend is characterized by a negative sign, suggesting that Snow
Cover Duration will most likely further decrease in the future between 40°N and 45°N. In the
mountains of Central Asia, Snow Cover Duration increased above an altitude of ~ 3,600 m
while it remained stable below. Snow Cover Melt occurs up to 12 days earlier above ~1,500 m
and Snow Cover Start begins earlier in all elevation zones (with largest shifts in altitudes be-
tween ~4,000 m and 5,200 m). Snow remains up to 20 days longer on north-facing slopes
(depending on the elevation) when compared to south- and south-west facing slopes. This

behaviour is the direct result of the different solar insulation characteristics which vary accord-
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ing to slope direction and steepness of the terrain. The variability of Snow Cover is investigat-
ed by analysing the standard deviation of the parameters. Highest variability is identified for
the central plains as well as in valleys within the mountainous terrain. In the central regions,
snow cover conditions are unstable and can differ significantly between single years, leading
to the high variability in this area. In the mountains, the high standard deviation of Snow Cover
Duration appears questionable on a first glance as the temperature stays way below freezing
point during winter and early spring season. A closer investigation reveals that the regions with
most variable Snow Cover Duration are located within valleys surrounded by high mountain
ridges. Although no in situ information about wind speed or direction is available, it can be
suggested that wind transport of snow is the major cause for the high variability: Parameters
like land cover, slope, aspect, or temperature do not change significantly enough to explain

standard deviations of 50 days or more.

The changed snow cover characteristics of earlier Snow Cover Start and earlier Snow
Cover Melt constitute most considerable results of the thesis and are the direct consequence
of increased temperatures in the mountainous regions. The shift towards earlier Snow Cover
Melt may have wide-ranging effects on the ecosystem as it influences the water balance of the
whole region. Earlier release of the water that is stored within the snowpack directly leads to a
shift of the runoff regime. This poses a serious challenge to the future water management au-
thorities as this development will most likely consolidate and even aggravate, following a pro-
ceeding change in climate conditions — temperature increase in particular. Shifts in Snow Cov-
er Melt will affect the snow melt dominated hydrology, influencing reservoir and irrigation man-
agement. Already existing transboundary water issues will most likely be exacerbated by this
development, as well. As the population grows, more water is consumed for irrigation and hy-
dropower generation. Export of energy to foreign countries will also extend in the future. Moni-
toring of actual snow cover conditions therefore emerges to be of particular importance as it
may allow for the forecast of forthcoming runoff water amounts. Comparisons between the
Snow Cover Index and water content of major river catchments demonstrate that correlations

exist for some rivers. Further studies in this direction appear worthwhile.

New parameters like Early Season and Late Season Snow Cover Index and new de-
nominations of Snow Cover Start/Snow Cover Melt as Early/Late Season Snow Cover Dura-
tion are proposed, whose scientific benefit is still to be proven. Against the background of the
presented thesis and the experiences from the in parts already published results, these

new/renamed parameters appear promising and expedient.

Other possible applications of the prepared snow cover information are presented. Sin-

gle year snow cover parameters may be compared to the mean (normal) conditions, identify-
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ing regions with exceptionally long or short, early or late snow cover on the ground. Such
analyses can help to recognize areas where the deviations from mean conditions may have
effects on vegetation, which is influenced by Snow Cover Duration and the date of Snow Cov-
er Melt. The application of the developed processing schemes to different regions is another
possibility. The scheme is in an operational status, allowing for fast and efficient post-

processing of snow cover data all over the globe.

Limitations do exist caused by the relatively coarse resolution of AVHRR (1.1 km), hin-
dering from precise mapping of glaciated areas and/or permanently snow covered regions.
The geolocation uncertainty of 2 pixels adds to the problem, constituting conclusions on a pixel
basis a difficult task. The aggregation of the obtained results on a sub-catchment scale elimi-
nates this problem, as the pixel-wise uncertainty can be compensated. Additional problems
exist due to the static and often outdated water masks that form essential components within
the snow detection algorithms. Because water body extents in Central Asia partially varied
considerably over the last 26 years, snow cover detection for these dynamic water bodies
does not produce reliable results. A possible future improvement of snow detection algorithms

therefore includes the use of dynamically updated water masks instead of static versions.

The presented results, comprising time series of daily, cloud-free, medium resolution
snow cover data from 26 years are unique with regards to the spatial and temporal resolution.
Chances are that the approach followed within the presented thesis will be adopted for differ-
ent regions throughout the world since they offer, for the first time, insight in long term snow
cover changes on a sub-catchment scale. Regions with snow dominated hydrology are distrib-
uted north of 45° N all around the globe (except Central and Western Europe), legitimating

similar studies as presented within the very thesis.
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