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involved in this work are the Institute of Geography at the University of
Copenhagen and NERI, Department of Arctic Environment. The major portion
of fieldwork was carried out at Zackenberg in High Arctic Northeast
Greenland, and is therefore a contribution to the Zackenberg Ecological
Research Operations (ZERO) (further information on ZERO is available from
www.zackenberg.dk). Additional fieldwork was done in collaboration with the
Norwegian Polar Institute (NPI) at Ny-Alesund, Svalbard, and was funded by
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Chapter 1

Introduction

rctic ecosystems are particularly sensitive to disturbances, and are
Atherefore considered to respond rapidly to climatic changes (Reynolds
and Tenhunen, 1996). For these ecosystems, one of the most important
variables is snow cover (Jones et al., 2001;Phoenix and Lee, 2004).

The present work is part of the Zackenberg Ecological Research
Operations- (ZERO) program; which has the objective to provide knowledge
about the response of a pristine High Arctic ecosystem to climatic variability,
through monitoring and research (DPC, 2004). Thus, the overall objective of
this study is to perform analyses of snow cover/snow-precipitation—in relation
to present and possible future impacts on a High Arctic ecosystem; and to the
way snow—ecosystem dynamics will respond to variations and changes in
larger-scale components of the climate system.

The seeds of this work were laid already in August 1997 with the
establishment of an automated digital camera at the eastern slope of the
Zackenberg Mountain at 74.5°N in Northeast Greenland. This rather simple
system, which consists of a standard digital camera in a weatherproof box,
equipped with an electronic timer and a mechanical trigger, has provided daily
images of the Zackenberg Valley since then. In June 2002, additional cameras
with multispectral capability were set up at the same spot on the mountain
side (see back-cover for an image of the current setup). This system of digital
cameras has now turned out to be an integrated part of ZERO, and has acted
as an indispensable source of data for this work.

1.1 Climate change perspectives

According to the latest assessment report from the Intergovernmental Panel
on Climate Change (IPCC), global-mean warming from 1990 to 2100 is
expected to be within a range of 1.4°C to 5.8°C in the case that no measures
are taken to limit greenhouse gas emissions (IPCC, 2001). Recent research
demonstrates that climate sensitivity of different General Circulation Models
(GCMs) ranges as much as between 1.9°C and 11.5°C, and that most models
indicate a sensitivity around 3.4°C (Stainforth et al., 2005). Although the



CHAPTER 1. INTRODUCTION

scatter among the individual circulation models is considerable, there is
consensus that Arctic regions will undergo the greatest warming, particularly
in winter, and that this may be accompanied by increasing precipitation
(ACIA, 2004).

A warming Arctic is expected to alter climate system dynamics including
precipitation patterns (snow cover distribution), snow-melt, and melting of
sea-ice (Johannessen et al., 2004;Weltzin et al., 2003). Snow cover is an
important component of the climate system, and it interacts with other
components of the climate system on hemispheric-, regional-, local-, and
micro-scales (Jones et al., 2001).

The most significant property of snow cover is the high albedo. This
makes its presence/absence important for the surface energy budget,
especially at high latitudes, where snow makes up a major part of the annual
precipitation. Thus, the positive snow/ice-albedo-temperature feedback
mechanism is one of the main reasons why future warming is amplified at high
latitudes in GCM-simulations (ACIA, 2004).

Fig. 1.1 depicts the surface energy balance for three typical Arctic surface
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Fig.1.1. Energy balance diagram—different Arctic surface types. Source: Modified from Harding
etal., 1995.
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types: bog, snow covered, and dry tundra. The figure strongly emphasizes the
effect of snow cover in Arctic environments. Due to the high albedo the net
radiation in the snow covered areas is much lower than in areas with no snow
cover, and as long as the snow cover is present during summer (where the
surface air temperature generally exceeds 0°C) by far the largest part of the
energy at the surface goes to snow-melt. In the snow-free areas, on the
contrary, the evapotranspiration and sensible heat fluxes are much larger in
quantity. This, together with its insulative properties and ability to shield out
solar radiation makes snow cover a key factor in Arctic ecosystems; and
especially in the High Arctic regions, where the extreme climatic conditions
leave only a small time-window for primary production and availability of food
for herbivores, the role of the snow cover is critical (Meltofte, 2002). Thus,
because these ecosystems are particularly sensitive to disturbances they are
considered important as indicators of climate change and are topics of growing
concern and scientific interest.
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Fig. 1.2. Seasonal characteristics of a High Arctic ecosystem based on climate data (1998-
season) from Zackenberg Research Station (74.5°N) in Northeast Greenland—Normalized
Difference Vegetation Index was inferred from AVHRR satellite data provided by the National
Snow and Ice Data Center, Boulder, Colorado, USA.

Fig. 1.2 is a simple sketch of the annual bio-climatic variation in a typical
High Arctic ecosystem, and emphasizes the particular importance of the short
snow-free summer period for the flora and fauna (e.g. vegetative activity and
breeding conditions for shorebirds). However, what a future scenario of this
variation will be is presently uncertain. Because warming is predicted to be
accompanied by an enhanced hydrological cycle, there will be a tendency of
“competition” between earlier snow-melt in spring and increased snow-
precipitation in winter (Jones et al., 2001). Thus far, earlier snow-melt in
spring seems to have been the more efficient of the two, at least from a
circumpolar point of view. Studies based on satellite data (Myneni et al.,
1997;Tucker et al., 2001;Zhou et al., 2001) have shown that in many large
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regions, between 40°N and 70°N, photosynthetic activity of terrestrial
vegetation inferred from Normalized Difference Vegetation Index (NDVI) has
increased over the last couple of decades; and in a recent review of case studies
(Stow et al., 2004) on vegetation and land-cover change in Arctic tundra
systems, an upward trend in photosynthetic activity has been detected also at
latitudes above 70°N (Fig. 1.3). These results are hypothesized to be in
accordance with recent CO.-induced global warming and earlier snow
clearance in spring.

Fig. 1.3. Spatial distribution of “greening”
trend (1982-1999) over tundra north of
60°N during the growing season (June—
September). The map is based on
Normalized Difference Vegetation Index
inferred from 8 km resolution NOAA
AVHRR satellite data. Source: Stow et al.,
2004.

WOE] THEME | JU0] - 1R

However, with the prospect of increased temperatures and increased
winter-snowfall, it may be reasonable also to suggest an increase in the
variability in snow cover conditions with global warming, because: “it is
possible that two competing factors, X and Y, that emerge with climate
change can contribute to the snow cover variations and have a mean
combined effect that is close to zero but, because they are independent of each
other, induce a significant variance” (Jones et al., 2001). One consequence
may be that future scenarios of snow—ecosystem interactions (prolonged vs.
shortened growing season) may differ significantly both in time and space.
Finally, as this study will show, this pattern may be further complexed by
changes in other components in the climate system such as the North Atlantic
Oscillation (NAO) and lake effects due to reductions in sea-ice coverage.

1.2 Aim and contents of the thesis

The overall objective of this work has been briefly introduced in the previous

text. Below is given an explicit definition of the aim and content of the thesis.
The aim of the thesis is to analyze snow—ecosystem relations in a High

Arctic ecosystem in Northeast Greenland through the development and use of

12
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new monitoring techniques based on conventional and multispectral digital
cameras. Furthermore, it is an aim to use the results in local- to large-scale
(i.e. sea-ice- and atmospheric dynamics) climatic analysis; and finally to put
the results in climate change perspective. The thesis is structured around four
main themes:

e The development of a methodology to create time series of snow cover
maps from orthographically rectified digital camera images.

e The development of methodologies to perform surface classification in
a High Arctic environment based on multispectral digital orthophotos;
and the usage of these in an analysis of spatiotemporal variations in
snow- albedo and melt.

e Modeling, and analyzing snow—vegetation relations in a High Arctic
ecosystem using camera-based snow cover- and NDVI-data

e Analyzing the relations between snow-precipitation in a local-scale
High Arctic ecosystem and 1) large scale climate dynamics (the NAO

and sea-ice variations in the Greenland Sea) and 2) snow—ecosystem
effects related to climatic change.

The core part of this work is described in four research papers, which
correspond to each of the above themes in numerical order. This means that
the different themes have been dealt with mainly in the paper-manuscripts
and partly in the synopsis. For easy reference, the papers are named Paper 1, 2,
3, and 4.

1.3 Thesis-structure and presentation of manuscripts

As described above, the thesis consists of four research papers, and a synopsis.
The synopsis has three main objectives: 1) to set the scene for the study in a
geographical/climatological perspective, 2) to act as a supplement providing
background and details, not covered in the manuscripts, and 3) to summarize
the study, and its main results and conclusions. Point 1 and 2 are dealt with in
chapters 2—3, and point 3 in chapter 4. The present work represents research
at both local- and large spatial scales. In the thesis I move from local- to large
scale in order to analyze snow cover variation and its impact on a High Arctic
ecosystem, as well as climatic factors which might affect snow-precipitation.
This spatial variability is utilized in the construction of the thesis-
structure. The leitmotif of the thesis is illustrated in Fig. 1.4: Although the
study includes analysis at different spatial scales, the local ecosystem acts as a

reference point. At the local scale, inter-annual variability of snow cover and

13
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Fig. 1.4. The thesis is
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its impact on the ecosystem is analyzed, and the empirical information
gathered from local-scale analyses is then used to model extended time series
of snow-data (Paper 1—3). This enables me to compare local snow-variation to
larger-scale climatic variables, such as the NAO or sea-ice duration; and then
use linkages, found through comparisons, to discuss impacts from large-scale
climatic changes on the local scale environment (Paper 4). To preserve
structural consistence, the order of both the manuscripts and the chapters in
the synopsis follows this path of going from local- to larger-scale, and back.
The contents of the four manuscripts included in the thesis are described
briefly below. More comprehensive discussions of the results are deferred to

the individual manuscripts and to Chapter 4.

Paper 1. The first manuscript deals with the development of methods to use
oblique digital images taken by an automated digital camera for snow
cover mapping and analysis. In contrast to satellite data with high spatial
resolution, the digital camera images offer both high temporal- and high
spatial resolution. The images are rectified orthographically, and a
normalized snow index utilizing the red, green and blue components of
the images is derived. The method is applied on images from two different
melting seasons (1998 and 1999), and a small case study on snow cover
depletion in the Zackenberg Valley is presented.

Reference:

Hinkler,J, S B Pedersen, M Rasch, B U Hansen, 2002, Automatic snow cover monitoring
at high temporal and spatial resolution, using images taken by a standard digital camera:
International Journal of Remote Sensing, v. 23, p. 4669-4682.

14
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Paper 2. The second manuscript covers a pilot study on using multispectral
digital camera images for surface classification and albedo mapping. The
study was performed at Ny-dlesund, 79°N, Svalbard. As in Paper 1 the
images are rectified orthographically. It is shown that the difference
between visible and near-infrared reflectance (in addition to vegetation
classification) can be used to distinguish between different types of snow.
Based on spectroradiometer measurements, albedo-values characteristic
for different surface types are estimated. A time series of daily surface
albedo-maps are constructed and used for an analysis of the spatial

distribution of snow-melt duration in the Ny-Alesund area.

Reference:

Hinkler,J, J B Orbaek, B U Hansen, 2003, Detection of spatial, temporal, and spectral
surface changes in the Ny-Alesund area 79 degrees N, Svalbard, using a low cost
multispectral camera in combination with spectroradiometer measurements: Physics and
Chemistry of the Earth, v. 28, p. 1229-1239.

Paper 3. The third manuscript deals with snow cover and vegetation
interactions within the research area at Zackenberg in High Arctic
Northeast Greenland. The study is based on the comprehensive amount of
data, which are currently available in form of conventional- and
multispectral images from Zackenberg. To reconstruct snow cover extent,
snow accumulation, and NDVI back to 1988, semi-empirical models
based on meteorological- and camera data are developed. As input, the
models use temperature data and a limited number of satellite data
(SPOT HRV and Landsat TM). The results reveal that, snow-cover-
depletion and total amounts of photosynthetic activity around Zackenberg
show considerable inter-annual variability. A comparison between snow
cover and NDVI distribution reveals that vegetative vigor in the
Zackenberg area primarily is linked to the initiation time of the snow-free

period rather than to temperature.

Reference:
Hinkler,J, B U Hansen, M P Tamstorf, S B Pedersen, 2005, In preparation. Snow—
vegetation relations in a High Arctic ecosystem: Inter-annual variability inferred from new

monitoring- and modeling concepts: To be submitted to Remote Sensing of Environment.

Paper 4. The fourth paper deals with large-scale climatic variability and its
impact on local snow—ecosystem dynamics in Zackenberg. End-of-winter

snow depths are based on sonic snow depth measurements back to 1998

15
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and from 1988-1997 they have been modeled at high accuracy using the
approach described in Paper 3. During 1958-1975 snow depths were
measured manually at Daneborg (21 km to the southeast of Zackenberg).
End-of-winter snow accumulation at large scale is based on precipitation
rates and surface air temperatures from the National Centers of
Environmental Prediction (NCEP) assuming that the precipitation falls as
snow when the air temperature is below 0°C. It is found that the NCEP
based snow accumulation matches the ground based measurements fairly
well, and that snow-precipitation in Northeast Greenland is correlated
significantly to the NAO in one third of the time during 1959—2003.
During 1982-2000, where NAO is decoupled from snow-precipitation in
Northeast Greenland, sea-ice duration within the southern part of the
Greenland Sea is significantly and negatively correlated to snow-
precipitation amounts at Zackenberg. Furthermore, it is found that a
projection of snow-precipitation over the next hundred years derived
from proxy based sea-ice duration in the Southern part of the Greenland
Sea is similar to what is predicted by a high resolution regional climate
model. The snow cover depletion model described in Paper 3 is applied
using future scenarios of temperature and snow-precipitation. Based on
the modeled results, it is hypothesized that, because reduced sea-ice
extent and increased snowfall in the winter is expected to be accompanied
by earlier snow melt in spring and slightly increased summer
temperatures, average summer snow cover (and thereby also summer
ecosystem conditions) around Zackenberg will stay at a near neutral level
during the current century. However, the effects of a warmer and more
humid winter with larger amounts of precipitation may be more
dramatic, especially for herbivores that are susceptible to changed
physical properties of the snow cover, such as ice crusts in the snow pack
etc.

Reference:
Hinkler,J, B U Hansen, M P Tamstorf, H Meltofte, 2005, in preparation. A possible linkage
between sea-ice and snow-precipitation may be crucial for Arctic ecosystems in a warmer

climate: To be submitted to Journal of Climate.



Chapter 2

Geographical settings and climate

Greenland is the largest island in the World (2.2 million km?) and houses
the Greenland Ice Sheet, which is the World’s second largest ice cap, next
to the Antarctic. The maximum altitude of the ice cap is more than 3600 m,
and it covers approximately 80% of the country leaving some 20% around the
coast for the flora and fauna (Cappelen et al., 2001). As a whole the climate in
Greenland is Arctic, meaning that the average temperature for the warmest
month is below 10°C everywhere—except for some deep fjords in the south
that fall into the Subarctic zone, where this temperature limit is just crossed
(Born and Bocher, 2001). However, the differences between north and south
are enormous, i.e. the distance from the southern tip (Cape Farewell, 60°N) to
the northernmost point (Cape Morris Jesup, 83.4°N) is more than 2600 km.
In the northern parts of the ice cap, winter temperatures can drop to below
-70°C and temperatures above 25°C can occur during summer in the coastal
parts of South Greenland. In some years it happens that the southern parts of
Greenland receive more than 3000 mm of precipitation, while desert-like
areas in the north hardly receive any precipitation at all. The majority of the
coastal ice-free area is mountainous, with numerous fjords reaching into the
interior, and many islands scattered directly off the coast. Thus, locally, large
contrasts in the weather can be observed due to complex topography, which
makes the climate vary considerably even over short distances. The northerly
location of the country, the presence of the ice cap, and the cold more or less
ice-filled surrounding sea are the most important factors determining the cold
climate of Greenland (Cappelen et al., 2001).

2.1 Introduction to study areas

An excellent description of the general climate of Greenland is available from
the report by Cappelen et al. (2001), and thus the following will only focus on
areas of specific interest to the present work. The study has its main point of
interest focused around 74.5°N, 20.5°W at Zackenberg in Northeast
Greenland. The Zackenberg Research Area (ZRA) is the site where the major
portion of the fieldwork was carried out, and the area has further acted as an
example of a High Arctic ecosystem to be compared to local- as well as larger
scale climatic variability.

17
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Fig. 2.1. Overview map of the region and the sites of interest. Zackenberg is the main

fieldwork site and is indicated with red. The shaded region (1000 km radius from Zackenberg)

is the area considered for sea-ice analysis. Source: Modified from CAVM Team, 2003.
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Fig. 2.1 sets the geographical scene for the study. Zackenberg and
Daneborg are marked with red, whereas other locations (Ny-Alesund, and the
island of Jan Mayen) contributing with data at local scale are marked using
black types. Because it was used for analysis of sea-ice variation in relation to
snow-precipitation in ZRA, the part of the Greenland Sea confined by a radius
of 1000 km from Zackenberg is highlighted.

To give a visual impression of the climatic diversity in the terrestrial parts
of the region, Fig. 2.1 also provides indications of different bio-climatic zones
with proposed names: (A) Arctic polar desert zone, (B) Northern arctic tundra
zone, (C) Middle arctic tundra zone, (D) Southern arctic tundra zone, and (E)
Arctic shrub-tundra zone (CAVM Team, 2003;Elvebakk, 2000). The position
of Zackenberg in this scheme is discussed in section 2.2 and in Paper 3.

At Ny-Alesund (78.9°N, 11.9°E) Svalbard, a pilot study dealing with
multispectral camera-data for surface classification and albedo mapping was
carried out. In relation to this thesis, this area is thus important from a
methodological- rather than from a climatological point of view. A discussion
of the Ny-Alesund area is therefore deferred to the brief description given in
Paper 2.

From the geographical and climatological perspectives, the region around
Zackenberg (local perspective, Papers 1 and 3), the North Atlantic Oscillation
and sea-ice variations in the Greenland Sea (large scale perspective, Paper 4)
are the most important geographical components of this work. Therefore, the
next two sections (2.2 and 2.3) will deal with ZRA, the North Atlantic

Oscillation, and sea-ice conditions in the Greenland Sea.

2.2 Zackenberg Research Area

Within ZRA, the Zackenberg Research Station forms the platform for the
Zackenberg Ecological Research Operations (ZERO). ZERO was initiated with
reconnaissance in the early 1990’s and the research station together with the
ZERO monitoring program was established in July 1995. Observational data
from ZRA’s Automatic Weather Station (AWS) is thus available from since that
time, whereas longer term meteorological records (since 1958) are available
from the AWS run by the Danish Meteorological Institute at Daneborg, 21 km
to the southeast of Zackenberg. In August 1997 the first automatic digital
camera was set up 500 m above sea level at the eastern site of the Zackenberg
Mountain (Fig. 2.2) to take daily images of the Zackenberg Valley (Paper 1).
Additionally in 2002, a multispectral digital camera (Paper 3) was set up at the

same location, also obtaining daily images. The area covered
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Young Sund

Fig. 2.2. Zackenberg Research Area. The area covered by digital cameras totals 17 km?.

by the cameras totals 17 km2—in Fig. 2.2 it is indicated by a red polygon
(further information on camera extent and resolution of orthophotos is
available in Paper 1 and Appendix 2.2). This area thus forms the basis for main
analysis at local scale in this study.

ZRA is a high relief mountainous landscape, which consists of nearly
horizontal valley floors below altitudes of 200 m, steep slopes between 200
and 800 m and plateaus above 800 m. The area is located in the zone of
continuous permafrost and hosts a large diversity of glacial, periglacial and
coastal landscape features and a great variety of biotopes like fens, heaths, fell
fields, and grasslands. The mean annual air temperature (1996—2003) is
slightly above -10°C, and from early June to early September, the mean daily
temperature generally exceeds 0°C. Due to the huge amounts of sea-ice that
are transported in the East Greenland Current, the distance from the land to
the open sea is large during winter in Northeast Greenland (Cappelen et al.,
2001). This combined with clear weather and strong radiation cooling makes
winters become relatively cold. Thus, at ZRA the average temperature of the
coldest months (December—March) is around -20°C (Table 2.1) and during
short periods it can drop down close to -40°C. In East Greenland the
transition zone from Low to High Arctic is located to the south of
Ittogqortoormiit (Scoresbysund) between 68°N and 70°N (Bliss and
Matveyeva, 1992). The latitude of ZRA (74.5°N) thus indicate a position well
into the High Arctic climate zone (definition: the average temperature of the
warmest month <5°C). However, as ZRA is situated in a coastal domain inside
the Young Sund and Tyroler Fjord fjord-systems, the local climate is not
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Table 2.1. Monthly mean temps. in the Daneborg (D) Zackenberg (Z) region 1988—2004. The
part of the study, which deals mainly with Zackenberg at local scale covers this period of time.

Jan, | Feb. | WMar. | Apr. Ear dun. | Jul | Aug. Bap. | Ocl | Mov, | Dec, | Mean
[T98B (0] 218 | 161 | 215 | 140 | 33 | 24 | 52 | 35 | 1.3 | BE | -163 ] 214 | 94
19800y 207 | 225 | 213 | 124 | 48 | 16 | 53 | 25 | 415 | 123 | -14.3 | -1B.2 | 0.7
19000 2.0 | 168 | 2ee | 136 A2 | 22 | 41 | 42 | 06 | d2.4 | 186 | 164 | 4.6
1991 (O 178 | 187 | 177 |68 52 | 26 | B8 | 48 | 08 | 100 | 155] 194 | B9 |
wez o] 8o -es -5 A58 63 [ 19 [ 43 | 24 [ A3 | B4 [ 114 [ 491 ] 93
1883 0) 232 | 206 | 2156 | -157 | B3 | 06 | 46 | 2B | -2.5 | 1189 | 126 | -20.2 | <103
194 o -208 | 187 | -204 | 112 | 56 1.2 4.4 4.0 08 § 122 | 168 | 189 ) AT
was O a6 | 2oB [ A7e | B0 [ 52 | 18 | 47 | 68 | A7 [ 13| -142 ] 200 | B8

- 206 | 148 | 111 | 53 | 18 | 58 | 45 | 15 | -11.4 | -15.53 | 22.2 | 498
208 | 9.2 [ 30| B3 | 25 | 37 | 56 | 37 | 113 180 | <174 | <101
e [ATS[ A3 &5 [ o8 [ 44 | a6 | 24 [ 66 [ 138 227 [ A7 |
A6y | B0 | 152 | 41 | 1E FEEFEEE B R ET
185 | 214 [ 61| &2 | 18 | 653 | 40 | 20 | @6 | -17.6 | 23.0 | <104
211 | 237 | 198 | &3 | 21 | 40 | 58 | G4 | 63 | 65| 32| B8
20| 227 [ 46| 41 | 26 | 57 | 48 | 05 | 58 | -145] -13.7 | 47
AT0 | 215 | =157 | %8 | 22 | 77T | 66 | 08 | -69 | -12.6 | =237 | 82
229 | 71| 75 | 45 | 25 | 72 | &4 - — — B
229 23T 98] 65 | 06 | A7 24 | -ME8] 124 488 | 237
A | 449 | 78 | 42 | 286 | vy | 68 | 06 | 53 | 414 | 422
B0 | 200 | A3 B4 | 16 | &3 | A4 | A5 | 0.2 | 80 | 483
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Fig. 2.3. Vegetation map of the central part of the Zackenberg Valley. Source: Bay, 1998.
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strictly High Arctic. Since 1988, the average temperature of the warmest
month has varied between 4.2°C (1990) and 7.7°C (2003). Therefore, if a more
specific climatic classification is considered (CAVM Team, 2003), the inter-
annual variation in ZRA’s July-temperatures is within a range representing 2—
3 different bio-climate zones (Fig 2.1), ranging from Northern Arctic- through
Middle Arctic- to Southern Arctic tundra zones (a thorough discussion on the
division of the Arctic into bio-climatic sub-zones is available from Elvebakk,
2000). ZRA thus hosts a relatively large diversity of plant species—currently
152 different species of vascular plants are known to be present in the area
(Bay, 1998;Meltofte, 2002). The vegetation is mainly found in the valley
bottom and on the lower part of the slopes. It is dominated by four major
vegetation types: 1) Fen/Grassland, which is mostly found on organic soils
with high water level (<10 cm below surface), and is dominated by sedges and
grasses. 2) Dwarf-shrub heath is found on minerogen soils with low organic
carbon content and low vegetation density. The dominating species are
Cassiope Tetragona and Dryas Octopetala. 3) Salix Snowbed is dominated by
Salix Arctica and long lasting snow patches 4) Surfaces with little or no
vegetation includes abrassion flats and alluvial deposits and fell-field
vegetation (Bay, 1998). A detailed vegetation map of the Zackenberg Valley is
given in Fig. 2.3.

The total average annual precipitation at Daneborg is 214 mm, and about
80% of this falls as snow (1961-1974) (Ohmura and Reeh, 1991). Similar
values have been found at the AWS at Zackenberg. The end-of-winter snow
depth measured at the Zackenberg AWS on June 1 (1998-2004) has varied
from 0.44 m (2000) to 1.11 m (1999).

2.2.1 Snow

A pure snow cover reflects as much as 80—90 percent of the incoming solar
radiation, whereas a snow-free surface such as bare soil or vegetation may
reflect only 10 to 20 percent. Besides being a strong short-wave (A ~ 0.5 pm)
reflector, snow is a strong emitter of long wave (A ~ 10 um) radiation too. Due
to these radiative properties, and due to a relatively high latent heat of fusion
(i.e., it takes 160 times as much energy to transform one unit of ice to water as
it does to raise the temperature of the same unit of ice 1°C) snow cover
represents a heat sink during melt periods. Consequently, snow generally acts
as an effective cooler. On the other hand, due to its poor heat transfer
characteristics, snow is a great insulator. Therefore, soil surface temperature is
highly dependent on the presence or absence of snow cover (Groisman et al.,

1994).
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Under typical winter conditions, during the polar night in Northeast
Greenland, both the emissive and the insulating properties of the snow pack
are of particular importance. Because of the high emissivity, temperatures can
get very low in the vicinity of the snow-surface, especially under calm and
cloud-free weather conditions. Such situations will be characterized by strong
temperature inversion (Cappelen et al., 2001). However, due to the insulation,
the soil surface organisms (e.g. the vegetation, invertebrates and small
mammals) beneath the snow pack are protected against extremely low
temperatures and thereby resulting frost damage.

During melt-off in the summer, the temperature conditions at the surface
are closely related to the melt energy balance of the snow pack (Gray and Male,
1981). The melt energy balance is formulated as a requirement for
conservation of energy:

(Qsn+Qu+Qn+ Qe+ Qg+ Qp) +Qm=0 (2.1)
where

Qsn = net short wave radiation flux absorbed by the snow

Qm = net long wave radiation flux (Q1incoming+ Q1 emitted) at the snow-air interface
Qn = convective or sensible heat flux from the air at the snow-air interface

Q. = flux of the latent heat (evaporation, sublimation, condensation) at the
snow-air interface

Q¢ = flux of heat from the snow-ground interface by conduction

Q, = flux of heat from rain

Qm = melt energy

As long as the snow pack is present, equation 2.1 will prevail (Qx balances
out other terms in the equation), meaning that energy generally will be used
for melt rather than for raising the temperature in areas in proximity to the
snow pack; the high albedo further contributes to make the snow pack act as
an effective cooling mechanism, also in the summer time.

In the High Arctic, extensive snow-melt prior to the “end-of-winter-
situation” seldomly occurs (e.g. at Zackenberg temperatures are generally
bellow 0°C during September—May, and above 0°C during June—August). This
means that snow-cover-depletion virtually takes place only during the summer
period (June—August). At Zackenberg, heavy snowtall seldomly occurs in the
summer, and therefore, in most cases snow-melt and snow cover depletion can
be calculated considering only the melt balance and not (summer)-
accumulation (Paper 3). However, in practice, it is rarely possible to obtain the
necessary information to derive all terms of energy-input (Qsn, Qm, Qn, Qe, Qs,
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Qp). Therefore, modeling snow melt normally requires a simplification of the
energy balance. One of the most common simplifications is the degree day
model, which uses the sum of temperatures above the melting point (base
temperature) as a “melting potential” (Rango and Martinec, 1995).

From the ecosystem perspective, the areal distribution of the snow cover
is of particular importance (Jones et al., 2001). However, modeling the spatial
distribution of the snow cover during melt-off is complexed by spatial
variations in snow-accumulation amounts and density. These variations are
generally caused by wind-drift, and metamorphosis induced by settling, wind
pressure, melt etc. (comprehensive descriptions regarding formation, physical
properties, and metamorphosis of snow can be found in Gray and Male, 1981).
Consequently, calculating snow cover extent during melt-off requires
knowledge about the spatial distribution of the snow pack’s physical
characteristics. These characteristics are often related to the physical
properties (mainly the prevailing wind direction and topography) of the actual
area in question (Hall and Martinec, 1985;Menoes and Brubaker, 2001). In
this study, the spatial distribution of “snow characteristics” specific for
Zackenberg is taken into consideration using empirically derived snow cover
depletion curves (Paper 3).

At Zackenberg, the snow cover might start to form already in September

and usually it will start to melt by the end of May and will normally melt away
before the end of August (Paper 1). In Northeast Greenland, high wind speeds
and precipitation are usually connected with cyclonic activity over the
Greenland Sea, and maximum winds typically occur in the coastal area,
although katabatic winds from the ice cap and the mountain sides are
sometimes observed in the fjords, where they may raise the temperature
significantly, due to the Foehn effect (Cappelen et al., 2001). In consequence to
these factors, precipitation (snow) events are usually connected with both
increased air temperatures and increased wind speeds. Fig. 2.4 (A) shows that
this also applies to ZRA. Here, the stronger winds are most frequent in the
winter, and are often connected with snowfall and increased temperatures.
Fig. 2.4 (B) shows that wind conditions in ZRA differ significantly from winter
to summer. In the summer (June—August), the prevailing wind direction is
from southeast, whereas north northwesterly winds (katabatic valley winds)
prevail in the winter (October—April). Due to the dominance of strong
northwesterly winds during winter, the snow cover within the Zackenberg
Valley is distributed in a non-uniform manner over the landscape, with large
snow-drifts deposited mainly on south facing slopes; and because there is no
considerable inter-annual variation in the prevailing winter-wind-direction,

the location of the larger snow-drifts is stable from year to year (Soegaard et
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al., 2001). A consequence of this rather stable pattern of snow cover
distribution (in winter) is that also the spatial course of snow-melt at ZRA

during summer is relatively stable from year to year.
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Fig. 2.4. (A) Air temperature, wind speed and snow depth measured at the Automatic
Weather Station at Zackenberg during September 1%, 1998-June 30%, 1999. Major snow
events are usually connected with increasing temperatures and wind speeds. (B) Frequency of
wind directions at the Automatic Weather Station at Zackenberg during summer (June—
August, 1996—2003) and winter (October—May, 1995—2003). Note that figures similar to A
are shown for other seasons, in Appendix 2.1.
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Fig. 2.5. (A) Temperatures (To and T400) at Zackenberg Research Area measured every half
hour near sea level and at 400 m altitude, respectively. The upper part of the figure shows the
difference between Ty and To, revealing whether there is temperature inversion. (B)

Magnitude and occurrence of temperature inversion/”normal periods”, September 2003—

August 2004.

Sometimes during summer the fjord areas are affected by fog coming in
from the ice filled sea. This leads to a temperature drop, as the mean

temperature of the fog is only slightly above 0°C (Cappelen et al., 2001). Due
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to this and to ice and snow-melting during summer and radiation cooling in
winter, temperature inversions occur frequently in the area; and the highest
temperatures are therefore often registered a few hundred meters above sea
level, where also the effect of sea breezes and foggy conditions are almost
absent (Cappelen et al., 2001). The spatial pattern of snow-melt in a given area
depends on the initial distribution of snow cover as well as the spatial
distribution of melt-energy (mainly surface air temperature and incoming
solar radiation). Within ZRA melt-energy distribution is further complexed by
the high frequency of temperature inversions (Fig. 2.5). Fig. 2.5 shows
temperatures measured at a recently (August 2003) established AWS at 400 m
altitude and at the AWS near sea level. Further, the figure displays occurrence
and magnitude of temperature inversions. It is revealed that the fraction of
time with inversion varies considerably over the year from as low as 10% in
September to 79% in December, and that the absolute value of the lapse rate is
generally higher when inversion occurs than under “normal” conditions.
Sometimes in the winter, the temperature difference between 400 m and sea-
level is remarkably high—in a few cases between 15°C and 20°C. In the
summer, inversion can still be considerable in magnitude (occasionally in the
neighborhood of 10°C), but are however generally more moderate. In June
and July, where major snow melt occurs, inversion prevails in more than 45%
of the time. In relation to the modeling of snow cover depletion (Paper 3) it
was therefore decided not to deal with topographic correction (by including
standard lapse rates) in the calculation of accumulated melt-energy (degree-

days).

2.3 NAO/AO

The North Atlantic Oscillation (NAO) is the name for changes in the difference
between the semi-permanent low pressure system centered near Iceland and a
semi-permanent high pressure system centered near Azores Islands. It is most
prominent during winter and forms a major source of interannual variability
in the atmospheric circulation which is associated with changes in the
westerlies across the North Atlantic (Hurrell, 1995).

When negative pressure anomalies over the Icelandic/Arctic region are
combined with positive pressure anomalies across the subtropical Atlantic, the
NAO is said to be in its positive phase. When this is the case, westerlies
stronger than average are produced across middle latitudes. During winter,
this leads to cold conditions over the northwest Atlantic and Greenland
(further discussed below), warm and moist weather over northwestern
Europe, as well as wet conditions from Iceland through Scandinavia and dry
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conditions over southern Europe. During negative NAO-winters (meaning less
contrast between the Icelandic Low and the Azores High), roughly opposing
conditions prevail (Fig. 2.6).

There is no single way to define the NAO. However, most modern indices
are derived either from the simple difference between southerly and northerly
sea level pressure anomalies in the North Atlantic, or from principal
component analysis on time series of gridded pressure data (Hurrell et al.,
2003).

The most common way to calculate the NAO-index is, however, to use the
former approach on a monthly basis as stated below:

(2.2)

NAO (SLPAZ ~SLP,. ] B (SLPM ~SLP,, J

5. 5

Ice
where

SLP, = Monthly mean sea level pressure at the Azores

SLP,, = Monthly mean sea level pressure at Iceland

SLP,. = Long term mean sea level pressure at the Azores for the month in

question

SLP,, = Long term mean sea level pressure at Iceland for the month in
question

0 ,. = Long term standard deviation of sea level pressure at the Azores for the
month in question

)

month in question

= Long term standard deviation of sea level pressure at Iceland for the

Ice

The first documented observation of the NAO was actually done more
than 200 years ago. In the late 1700's Hans Egede Saabye (a Danish Christian
missionary stationed in Greenland) made the seemingly innocuous,
observation in his diary: “When the winter in Denmark was severe, as we
perceive it, the winter in Greenland in its manner was mild, and conversely”
(Szalai, 2003). The explanation is illustrated in Fig. 2.7. When the Icelandic
Low is deeper than normal (positive NAQO) the Canadian cold vortex is
displaced to the east towards the west coast of Greenland, resulting in a strong
southwesterly flow of mild air from the ocean across Europe. Greenland, on
the contrary, will experience a cold winter isolated from maritime Atlantic
weather with an increased likelihood of polar lows to develop (Cappelen et al.,
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Fig. 2.6. The North Atlantic Oscillation is defined as the difference between the standardized
pressure anomalies of the Icelandic Low and the Azores High, respectively. Source: Modified
from figures by Visbeck (2004).

2001). When the NAO is in its negative phase the Icelandic and Canadian
Lows are weaker and displaced to the west, and under these circumstances
Atlantic cyclones will follow a northward track towards Greenland bringing in
more changeable weather with frequent temperature increases. The reduced
Icelandic low and the relatively higher pressure in the northeastern part of the
North Atlantic will allow cold Arctic air to flow into northwestern Europe
(Cappelen et al., 2001). Approximately 60% of all winters can be characterized
as either statistically significant positive or negative NAO-winters (Cappelen et

al., 2001). The time history of occurrence of the NAO-winters (+/-) over 1900—
2000 is shown in Fig. 2.8.

e — =
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Fig. 2.7. Typical patterns of airflow in the North Atlantic under (A) high and (B) low winter-
North Atlantic Oscillation. Source: Modified from Cappelen et al., 2002.
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Fig. 2.8. The time history of occurrence of the North Atlantic Oscillation regimes (+/-) over
1900—2000. The vertical bars give the number of months in each winter (December—March)
season that the given regime is present. The indicated year corresponds to the January of the
winter season (e.g., 1990 is the winter of 1989—1990). Source: Hurrel, 2003.
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Throughout the literature the oscillating modes of the northern
hemisphere atmospheric circulation are sometimes described in relation to the
NAO and sometimes in relation to the Arctic Oscillation (AO) (Fig 2.9). Thus,
to avoid any confusion the AO is briefly discussed below: Thompson and
Wallace (1998)—who were the first to describe the AO, deriving it from
principal component analysis on sea level pressure data, regard the NAO as a
regional (Atlantic) expression of the AO. Although the AO and the NAO share
many common features, the AO has a northern center of action that covers
more of the Arctic and an additional weaker center in the North Pacific, giving
it a more zonally symmetric appearance (Tremblay, 2001). However,
according to Wallace (2000), the NAO and AO can be viewed as
manifestations of the same basic phenomenon. The time-series of the NAO
and AO are thus also highly correlated. The R-squared of monthly anomalies
of sea level pressure time series of NAO and AO is about 0.6 while seasonal
variations have even higher correlations.

Fig. 2.9. The semi-permanent pressure
systems of the Arctic Oscillation given as the
first Principal Component contour lines of
sea level pressure anomalies, 1947-1997
(red: positive, blue: negative). The Arctic
Oscillation has a northern center of action
that covers more of the Arctic than the North
Atlantic Oscillation and it has an additional
weaker center in the North Pacific, which
gives it a more zonally symmetric
appearance. Source: Deser, 2000.
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The NAO/AO, are the most prominent modes of variability in the
Northern Hemisphere winter climate (Wanner et al., 2001). It is, for instance,
related to surface air temperature; sea surface temperature, storms (frequency
and strength), precipitation, and sea-ice cover. Therefore, a multitude of
studies have been done in the Arctic to clarify the NAO/AO’s influence on
various topics that are part of- or related to climatic variations (Hurrell et al.,

2003).

2.4 Ocean Currents

In the North Atlantic region, the exchange of energy between the Nordic Seas
(Greenland, Iceland, and Norwegian) and the adjacent oceans, ocean currents
are major players. These currents thus affect the regional climate as well as
sea-ice distribution significantly. Therefore, an overview of ocean currents in
the North Atlantic region is given below.

- = Fig. 2.10. Ocean surface

i currents in the North
-y o ey Atlantic region. Modified
b oy from Born and Bécher, 2001.
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The two major—and most important ocean current systems in the Nordic
Seas are the “extensions of the Gulf Stream” and the East Greenland Current
(Fig 2.10). The Gulf Stream originates in the Caribbean and ends in the
northern North Atlantic, and plays a crucial role for the climate in the entire
North Atlantic region (HYCOM Consortium, 2005). For instance, in Norway
and its surrounding ocean areas, mean annual surface air and sea
temperatures are 5-10°C above average for comparable latitudes (Drange,
2001). Due to the Coriolis force, the Gulf Stream branches eastwards, and

forms the North Atlantic/North Atlantic Drift/Norwegian/Spitsbergen
currents. The North Atlantic Current runs northwards from the Grand Banks
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into the Labrador Sea, where it continues as the North Atlantic Drift Current
running northeastwards between Great Britain and Iceland. Here it moves
further into the Nordic Seas along the Norwegian west coast as the Norwegian
Current, and ends by splitting up as the western/eastern Spitsbergen Currents
passing the western and eastern sides of Svalbard, respectively (Spitsbergen is
the largest island of Svalbard). South of Iceland above the western slope of the
Reykjanes ocean ridge, a branch of the North Atlantic current forms the
Irminger Current (HYCOM Consortium, 2005).

The cold East Greenland current flows southward along the eastern coast

of Greenland from the Fram Strait (between Greenland and Svalbard) via the
Greenland Sea and Denmark Strait. It continues around Cape Farewell and a
bit up along the west coast. It is the only major southward flowing surface
ocean current in the Nordic Seas. It transports recirculating Atlantic water,
Arctic Ocean water masses, and huge quantities of sea-ice (see section 2.5)
from the Arctic Ocean. More than 90% of the ice exported from the Arctic
Ocean (Woodgate et al., 1999) flows through the Fram Strait. Next to the
Amazons, this transport represents the World’s largest freshwater flux to the
Oceans (Vinje, 2001;Vinje et al., 2005). The less dense Polar Surface Water
follows the Greenland continental slope toward the Iceland Sea and Denmark
Strait. One part—the Jan Mayen Current is, however, deflected eastward at the
Jan Mayen Fracture Zone, bringing cold polar water and ice towards Jan
Mayen and the eastern rim of the Greenland Sea. However, as the Atlantic mid
Ocean Ridge continues from Iceland across Jan Mayen and further on to the
northeast, it prevents dense and deeper water to continue into the Iceland Sea.
Therefore, the deeper water circulates around the Greenland Sea Gyre!, where
it interacts with the Greenland Sea waters (Rudels et al., 1999). As will be
described in section 2.5 this interaction between the relatively fresh Arctic
water and the warmer more dense saline Atlantic water has a marked

influence on both deep water and sea-ice formation in the Greenland Sea.

2.5 Sea-ice in the Greenland Sea

Regarding this dissertation, sea-ice distribution within the Greenland Sea
plays a central role because, as it is shown in Paper 4, sea-ice might be an

important variable in relation to snow precipitation in Northeast Greenland.

1. According to current knowledge, deep water formation in the northern North Atlantic occurs
only in the Greenland Sea, the Labrador Sea, and sometimes in the Irminger Basin (Pickart et
al., 2003;Vinje et al., 2002). Therefore, the waters of the Greenland Sea Gyre are considered to
play a crucial role in the global thermohaline circulation in the Great Ocean Conveyor Belt
(Vinje et al., 2002).
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The basic definition of sea-ice is: any form of ice found at sea, which
originates from the freezing of sea water. Broadly, it can be described as new
ice, young ice, first-year ice, and old ice. These categories reflect the age of the
ice and include different forms and thicknesses of ice at various stages of
development (World Meteorological Organisation, 1970). To obtain more
detail, each category is divided into a number of subcategories (Appendix 2.3).
In Greenland, sea-ice is further described by its place of origin. Ice which is
created in the Arctic Ocean is called Polar Ice, and ice flowing in the East
Greenland Current is called Storis (“big ice” in Danish). Ice found to the west
of Greenland in the Baffin Bay and the northern part of Davis Strait is called
West Ice (Cappelen et al., 2001).

Virtually all transport of sea-ice into the Greenland Sea goes through the
Fram Strait between Greenland and Svalbard (Fig. 2.11 (A)) from where it
drifts along coast in the East Greenland Current (Cappelen et al., 2001).
Therefore, the formation of Polar Ice in the Arctic Ocean plays a crucial role
for the net balance of the sea-ice concentration in the Greenland Sea. The
major part of the Arctic Ocean is covered by sea-ice throughout the year, and
the two main ice circulation systems here is the Beaufort Gyre and the
Transpolar Drift (Fig. 2.11 (B)). As the ice drifts in the gyre, it follows a
clockwise circulation forced by the surface winds and ocean currents around
the climatological Beaufort High (Vavrus and Harrison, 2003). Data inferred
from drifting buoys (1979—1990) show that Polar Ice often circulates for more
than five years in the gyre before it is incorporated in the Transpolar Drift
where it continues towards the Fram Strait. The ice flow in the gyre
accelerates, so that sea-ice tends to be thickest and most compact in the west
and thinner and less compact in the east. The numbers on the blue lines in the
figure indicate the time (in years) that it takes for the ice to flow to the Fram
Strait from the line-positions, meaning that virtually all ice exported through
Fram Strait are multi-year ice.

Due to the inflow through the Fram Strait, sea-ice distribution and
formation in the Greenland Sea is much more complex and dynamic in nature
than for instance the West Ice, which is mainly formed locally. Throughout the
year, the ice-flux through the Fram Strait typically varies from approximately
0.09 to 0.14 Sv (1 Sv = 1,000,000 m3/s) flowing in a band which may be
several hundred kilometers wide (Martin and Wadhams, 1999). A few hundred
kilometers south of the Fram Strait the Greenland Sea Current accelerates,
causing the Storis ice-drift to spread out (Fig. 2.12). In winter new ice is

rapidly formed between the floes of Polar Ice, causing the composition of the
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Fig. 2.11. (A) Approximate net sea-ice exchange between the Arctic Ocean and the Nordic
Seas. (B) Annual max/min sea-ice extents and sea-ice motion. The numbered blue lines
indicate the time it takes (in years) for the ice at the line-positions to exit the Arctic Basin
through the Fram Strait. (C) Freshwater river-discharge from the major Arctic rivers. Source:
AMAP, 1998.
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TR L T Fig. 2.12. Composite of sea-ice drift derived
T from NOAA AVHRR images, October—
December 1994. The drift velocity vectors are

c shown on a background of sea-ice

{ concentrations derived from SSM/I data (see

= ! Appendix 1). South of the Fram Strait the ice
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ice to be a mixture of Polar Ice and First Year Ice. Initially, the size of a single
floe of Polar Ice may be more than 7000 km2 (about the size of Zealand in
Denmark or 120 times the area of Manhattan Island). However, as the floes
are drifting southwards along the coast they are broken into smaller pieces by
wind, sea swells, and collision with other floes; and around 70°N (the latitude
of Scoresbysund) only a few floes are more than a hundred meters wide. To the
south of this latitude there are major seasonal variations, because of the
spreading and melting of the ice (Cappelen et al., 2001). This means that the
ice-drift in the East Greenland Current forms a major part of the net balance of
the ice-cover in the Greenland Sea, but it also means that it contributes to
highly increase the complexity of the balance, especially in the southern part.

As freshwater freezes already at 0°C and sea-water (with a salinity of
34%o0) freezes around -2°C, the freshwater/salinity balance plays a crucial role
for the formation of sea-ice. The primary freshwater source to the Greenland
Sea is the flux of low saline multi-year sea-ice and liquid freshwater from the
Arctic Ocean going through the Fram Strait (Mysak et al., 1990;Pedersen,
2004). Basically, this source can be divided into two main sub-sources: the
extraction of salt through freezing (Steele and Flato, 2000) and inflow from
major Arctic rivers (Fig 2.11 (C))—the Yenisey, Lena, and Ob, for instance, are
the three largest Arctic rivers, and represent nearly 10% of the global annually
river discharge (Driscoll and Haug, 1998).
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T e Fig. 2.13. Long term average (1958-1997)
conditions of simulated Arctic ice cover. The
color shading shows net freezing rates
(growth due to freezing minus melt), and the
arrows represent the ice drift vectors.
Source: Hilmer et al., 1998.
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Fig. 2.13 reveals that on an annual basis the net freezing rate is negative
(around minus four meters per year in some places) in the Greenland Sea.
Thus, in spite of the large annual export of ice through the Fram Strait, it is
always more or less ice free by the end of summer. However, typically during
winter the central Greenland Sea develops a local cover of pancake ice
(Appendix 2.3), which occupies a tongue-shaped region called Odden
(Danish/Norwegian word for headland) stretching northeast from the East
Greenland Current at approximately 72—75°N (Fig. 2.14). This particular ice
cover forms due to influence from the cold Jan Mayen Current, which diverts
eastwards from the East Greenland Current at these latitudes (Wadhams,
1999). This current is also the south side of the Greenland Sea Gyre. The
Odden ice tongue shows great year to year variations. In a severe season, at the
end of November, Odden extends well east of the Greenwich meridian
(National Geospatial-Intelligence Agency, 2004), and in “milder” seasons it
may hardly develop.

Since ice formation involves an immediate salt flux into the surface water,
the formation of ice in the “Odden area” is important for both the
freshwater/salinity balance in the Greenland Sea Gyre and the region located
south of the ice tongue (Wadhams et al., 2003). Considering this
freshwater/salinity balance, the general picture is that salinification mainly
occurs in the northern parts of Odden towards the center of the Greenland Sea
Gyre, where the pancake-ice is formed; whereas melting (freshening) occurs

mainly near the southeastern edge of the ice tongue. This is due to the fact that
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é‘}——'—’ Greenland Sea Gyre Fig. 2.14. Arctic sea-ice extent in February
1989, inferred from SSM/I satellite passive

microwave brightness temperatures. This

year the Odden ice tongue appeared very
clearly. The thick black line indicates the
median ice edge, and the red circular arrow
indicates the location of the Greenland Sea
Gyre. Source: National Snow and Ice Data
Center, Boulder, Colorado, USA.

Odden ice tongue

the pancakes are blown to the southeast (where they end up melting) by the
cold northwesterly winds that prevail during winter. In addition to the salt-
flux from Odden, the Greenland Sea Gyre also receives a surplus of salt from
the warm West Spitsbergen Current (extension of the Gulf Stream), which

mixes up with the colder East Greenland-Jan Mayen Currents in this area.

Fig. 2.15. Sea-ice distribution February 2,
1989. The rightmost polygon indicates
mapping area of the Odden ice tongue, and
the more or less triangular polygon indicates
the area of special interest (Paper 4) south of
Odden.

Concerning this dissertation the sea-ice distribution (and thereby also the
freshwater-balance, which also affects local ice formation) in the Greenland
Sea south of Odden (Fig. 2.15) is of particular interest, as it might be linked to
winter-precipitation amounts in Northeast Greenland (Paper 4). However, the
fact that the freshwater balance of this area is affected both by the “direct” flux
of multi-year ice from the East Greenland Current and the freeze-melt
processes within the Odden area, complicates the way sea-ice is distributed
here, and should therefore be subjective for further studies.

Due to the large magnitude of the ice-flux through the Fram Strait, it
would be reasonable—at a first estimate, to expect this ice-flux to have
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profound influence on sea-ice distribution in virtually all parts of the
Greenland Sea. This is, however, not the case, and is illustrated below: Fig.
2.16 (A-B) compares annual ice-flux through the Fram Strait to durations of
time with large sea-ice extents in the region south of Odden. Unexpectedly, the
amounts of sea-ice registered in this area do not reflect the annual ice export
through Fram Strait. The two parameters are not correlated at all (R = -0.15)
and neither are they connected in accordance with an eventual lagged
correlation. Regarding teleconnection patterns (NAO/AO) over the period
1982—2000, there doesn’t seem to be any correlation between the NAO and
the ice distribution south of Odden either (R = -0.04) (Fig. 2.16 (C)). As
discussed previously, the pancake ice formed in the northern parts of Odden is
transported southwards by the wind during winter. Apparently, this transport
of ice/fresher water is a major controlling factor regarding sea-ice amounts
south of Odden. Fig. 2.16 (D) shows that the average annual extent of the
Odden ice tongue is highly correlated to the sea-ice amounts registered south
of it (R = 0.73). Thus, to explain sea-ice coverage in this area the variability of
Odden (and thereby the Jan Mayen Current) must be considered rather than
external factors such as teleconnections and/or external ice-flux into the East
Greenland Current. The relation between the extent of Odden and the local
conditions in the Jan Mayen region is further emphasized by findings by
Comiso et al. (2001). They showed the extent of the Odden ice tongue to have a
strong negative correlation with monthly surface air temperatures recorded at
Jan Mayen, which suggests that it is reasonable to use the temperature at Jan
Mayen as a proxy for the extent of Odden (Comiso et al., 2001;Paper 4).

It is, however, important to mention that the sea-ice data (Appendix 1)
dealt with here is limited to the period 1982—-2000. Thus, it is not clear
whether ice extents south of Odden are correlated to e.g. NAO during other
periods of time due to e.g. some decadal or multi-decadal periodicity. For
instance, this seems to be the case for the ice-flux through Fram Strait: Based
on historical observations of the Storis (1820—2002) Schmith and Hansen
(2003) reconstructed the Fram Strait ice export almost two centuries back in
time. Based on a running 19-year window they found the correlation between
ice export and NAO to vary in a nearly oscillating manner over multi-decadal
periods (Fig. 2.17). In accordance with other studies (Mysak et al., 1990)
Schmith and Hansen note that sea-ice anomalies coincide with temperature
and salinity anomalies, and that the Arctic Ocean (and thereby also runoff
from major Arctic rivers) is involved in this multi-decadal variability. They
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Fig. 2.16. (A) Time duration (days counted during December—August) with more than 25%
ice cover in selected area south of Odden ice tongue versus annual ice export through Fram
Strait. (B) Time plot (1982-2000) of the parameters shown in A. (C) Time duration with
extensive sea-ice (as described in A) versus North Atlantic Oscillation. (D) Time duration with
extensive sea-ice (as described in A) versus average annual extent of Odden ice tongue.
Sources: Daily ice extents south of Odden were derived using surface masks based on satellite
SSMR & SSM/I passive microwave brightness temperatures (see Appendix 1 on data types).
Annual Fram Strait ice export is from Schmith and Hansen, 2003, and North Atlantic
Oscillation-data are from NOAA/Climate Prediction Center, 2002.
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Fig.2.17. Ice export through Fram Strait and the North Atlantic Oscillation. (A) Correlation
coefficient between Fram Strait ice export and winter North Atlantic Oscillation-index in a
running 19-year window. The red cross indicates the center of the 1982—2000 window. Dotted
lines indicate the 2 std. dev. uncertainty range. (B) Fram strait ice export against North
Atlantic Oscillation during 1982—2000, which is the period covered by this dissertation with
respect to sea-ice. Sources: NOAA/Climate Prediction Center, 2002 and Schmith and Hansen,

2003.
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found that rather dramatic freshening of the Nordic Sea waters—the so called
Great Salinity Anomalies (GSA’s) generally occur when the ice export through
Fram Strait is high. The latest GSA’s occurred in 1968—1970 and 1980-1982,
respectively, and are claimed to be the most important anomalous climatic
variability in the North Atlantic related to sea-ice (Sanchezgomez et al., 2002).

Therefore, in light of the above, it can be concluded that, if we want to
better understand how larger scale phenomena such as NAO/AO or GSA’s
affect the sea-ice distribution south of Odden ice tongue, then a longer
historical record of sea-ice observations from this particular area must be

considered.

Note: to provide an overview of the sea-ice variation within the Greenland Sea, the CD-ROM,
attached to the back cover, includes a video animation of the daily sea-ice extent in the
Greenland Sea during 1981—2000.
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Chapter 3

Snow—ecosystem relations & future

perspectives

In terms of spatial extent (Fig. 3.1), seasonal snow cover is the largest single
component of the cryosphere (i.e. the frozen part of the Earth's surface).
With a mean winter maximum extent of 47 million square kilometers it
corresponds to almost a third of the Earth's total land surface (NSIDC, 2005).
Thus, due to its influence on energy and moisture budgets, snow cover is an

Fig. 3.1. Week of maximum snow extent
(52,578,000 km2) for the period 1979 to
1995 (image from January 8-14, 1979).
Source: National Snow and Ice Data Center,
University of Colorado, Boulder, USA.

important variable at almost any spatial scale in relation to both climate
change and ecosystem conditions. Especially at high latitudes, in Boreal and
Arctic regions, the role of snow cover is crucial for the ecosystems. What will
be the impact of possible future climatic changes on snow cover and its ecology
is presently still uncertain as it may show significant variability between
different regions (Jones et al., 2001). In the following sections, the importance
of snow cover and its impact on a high latitude ecosystem will be illustrated
mainly by examples from Zackenberg, Northeast Greenland, where it is a most
crucial variable for both flora and fauna (Meltofte, 2002). Furthermore, some
future perspectives for Zackenberg, inferred from this work, will be presented.

3.1 Snow cover, flora, and fauna

As indicated in Chapter 2, the way snow cover affects Arctic ecosystems differs
from summer to winter. Studies on Arctic animals in relation to climatic
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fluctuations show that especially in the winter, the state of the snow cover is
crucial for the larger herbivores, such as muskoxen and caribou (Vibe, 1967).
For instance, around Zackenberg (and in central Northeast Greenland in
general), numerous relics from caribou in the form of antlers can be found in
the terrain. At present time, however, caribou have become extinct in
Northeast Greenland. Their extinction occurred at around the beginning of the
20th century and was most likely related to snow cover conditions. Because of
the relatively humid winters that prevailed in the region at that time (the so
called drift-ice pulsation stage, 1860—1910), increased snow-precipitation and
increased frequency and intensity of thaw events during winter led to ice crust
formation in the snow pack (Vibe, 1967). The consequence was difficulties for
the caribou in getting access to the sparse amounts of food beneath the snow

cover.

3060 = Fig. 3.2. Relation between

the altitudinal terrain-level in

2540 1 Zackenberg Research Area
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u 5 L] .
= * 00 1 grazing and snow cover
o Fy extent on June 10. Source:

301 Meltofte, 2002.
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Although muskoxen are still present in Northeast Greenland, also their
population dynamics have been shown to be particularly sensitive to the
formation of ice crusts (Forchhammer and Boertmann, 1993;Hansen and
Mosbech, 1994). Furthermore, the area which is used by muskoxen in the
summer is related to snow cover extent (Fig. 3.2)—e.g. the altitudinal terrain-
level in Zackenberg Research Area exploited by muskoxen for grazing is
inversely proportional to snow cover extent. This relation is caused by the fact
that snow accumulation increases more at higher altitudes in snow rich years
(Paper 1). Therefore the snow-free (growing) season will start earlier in the
lowland in such years, which gives earlier access to food for herbivores
(Meltofte, 2002).

From a “bird’s perspective”, the presence/absence of snow cover is crucial
for reproduction, e.g. Arctic shorebirds have to acquire resources both for egg-
laying and incubation; and snow-free land is the first precondition to get this
need fulfilled (Meltofte et al., 2005). This is illustrated in Fig. 3.3, which shows
that egg-laying starts later in areas and years with extensive snow cover in
early spring.
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A B Fig. 3.3. First egg dates for

r ] four species of shorebirds in
relation to snow coverage on
June 10 in High Arctic
Greenland. A) Ringed Plover,
B) Turnstone, C) Dunlin, D)
Sanderling.  Black  dots
denote initial clutches, and
grey dots supposed
replacement clutches.
Correlations for all species
are statistically significant

!‘-':""-’-\."-'\."-IW l'ﬂ.l\."--.-'- 13 .':-;ul-.-w---.l-:u'lp: avhm ;'." e wlth p<0.001. Source:
Meltofte, 1985.

As opposite to the winter situation, where vegetated surfaces take
advantage of the insulating properties of the snow cover, deep snow cover is a
disadvantage for the vegetation in summer—except for the fact that melting
snow is a source of water. Hence, the plant communities are largely distributed
according to the snow cover (Bocher, 1933). This is illustrated in Fig 3.4, which
is an idealized sketch of a meso-topographic gradient showing five micro-sites
commonly found in arctic areas. Further information about the plant
communities typically found in these micro-sites is available from the map by
CAVM Team (2003) and from Walker et al. (2002).
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Fig. 3.4. The combination of snow and small-scale topography determines distribution-
patterns of plant communities. Source: CAVM Team, 2003.

Photosynthetic activity is reliant on exposure to sunlight, and thus snow
cover is decisive for the length of the growing season and thereby also for plant
productivity and phenology (Paper 3). Fig. 3.5 shows the effect from snow
cover on flowering for two typical species of Arctic heath vegetation at
Zackenberg (Cassiope tetragona and Dryas spp.). Since flower buds are
produced the previous year (Bliss and Gold, 1999;Sarensen, 1941), the number
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— Fig. 3.5. Relations between
flowering and the previous
year’s snow melt for two
typical species of Arctic
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of flowers counted one year will reflect the snow conditions in the previous
growing season, i.e. the later the snow melt the previous year, the less flowers
the following year.

Regarding photosynthetic activity and respiration (microbial de-
composition in the soil), Fig. 3.6 reveals that generally when a snow cover is
present, the respiration exceeds the photosynthesis (i.e. positive Net
Ecosystem Exhange), and the heath is thus a source of CO.. However during
the snow-free season it is a sink. This emphasizes the importance of taking
snow cover into consideration, when dealing with the carbon balance.
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Fig. 3.6. Temporal variation in Net Ecosystem Exchange and daily mean air temperature at
the heath near Zackenberg climate station in 2003. Source: Rasch and Caning, 2004.

3.2 Future perspectives

A recall of the sketch of annual bio-climatic variation the High Arctic (Fig. 3.7
(A)) and the recently observed changes in the distribution of circumpolar
Normalized Difference Vegetation Index (NDVI) (Fig. 3.7 (B)) emphasizes the
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Fig. 3.7. (A) Seasonal characteristics of a High Arctic ecosystem. (B) Spatial distribution of
“greening” trend (1982-1999) over tundra north of 60°N during the growing season (June—
September). Sources: See Figs. 1.2 and 1.3.

importance of the snow-free season in High Arctic ecosystems. Especially for
vegetative activity, the initiation time of this period is important (Paper 3). In
the light of this and the above examples, one important question regarding the
impact of possible future climatic change on snow cover and the ecology of
High Arctic Northeast Greenland is: How will the snow-free season and its
initiation time be affected by climate change?

Figure 3.8 shows A2 and B2 (IPCC, 2001) scenarios of monthly mean
temperatures for the Zackenberg—Daneborg region in the 2071-2100 normal-
period together with the observed values for 1961—1990 (Dethloff et al.,
2002;Kiilsholm et al., 2003;Rysgaard et al., 2003). The model projects
temperature increases between 6.9°C (A2) and 5.9°C (B2) in January and
0.3°C (A2 and B2) in July. Based on projections of future sea-ice duration,
end-of-winter snow-accumulation at Zackenberg is calculated to increase by
approximately 55% during the current century (Paper 4). Fig. 3.9 illustrates
the expected effects of these scenarios on the snow-free period at Zackenberg
in terms of snow cover depletion and NDVI, modeled on the basis of the

A2 2074.2900 Fig. 3.8. A2 and B2 scenarios (also
used in paper 4) of monthly mean air
temperatures in the Zackenberg—

Daneborg region for the period 2071—
2100 together with the 1961-1990
temperature-climatology.
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Fig. 3.9. Future scenarios and present
state of average snow cover (also
shown in Paper 4) and Normalized
Difference Vegetation Index during
summer at Zackenberg. Thin dashed
grey lines show the observed inter-
annual variability during 1988-2004
(Snow cover- and  Normalized

Difference Vegetation Index modeling is

described in Paper 3).
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methods presented in Paper 3. Temperature-input is based on A2- and B2
scenarios shown in Fig. 3.8 (periods between present time and 2071-2100 are
based on interpolation, see Paper 4).

Because of increasing spring temperatures during the 215t century, snow-
melt will generally start earlier at Zackenberg in the future. This combined
with slightly higher summer temperatures means that spring snow clearance
in large areas with uniform snow distribution will not be delayed, despite the
predicted increase in winter precipitation. However, neither will it occur
earlier—meaning that the combination of increased winter-precipitation and
increased temperatures will have virtually no net effect on snow cover extent
during the early (and for the general flora and fauna most critical) part of the
melting season. However, when the later part of the season is considered, the
situation is different: due to increased winter(snow)-precipitation, larger snow
drifts will be formed in areas characterized by heavy snow deposition (mainly
lee sides of larger features in the landscape); and these areas will thus have a
prolonged melting season (Paper 4).

Due to the limited net effect on snow cover in the summer, vegetative
activity (NDVI) around Zackenberg do not seem to be dramatically altered
over the next 100 years (Fig. 3.9). Considering Fig. 3.7 (B) and the rather
limited increase in summer temperatures, this may indicate, that in terms of
NDVI Zackenberg may remain in the grey category on the figure during the
next ten decades. In the winter however, significantly higher temperatures and
increased precipitation amounts are expected (ACIA, 2004). It therefore seems
reasonable to assume that for High Arctic ecosystems in Northeast Greenland
the most dramatic effects of future climatic changes should be addressed to
changes in the winter conditions (i.e. increased frequency of thaw—freeze
events and thereby increased ice crust formation), rather than to changes in
the summer conditions. In this context, one question of particular interest
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might be: will the muskoxen in Northeast Greenland suffer the same faith over
the next hundred years as did the caribou a hundred years ago?
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Chapter 4

Concluding remarks

he aim of this thesis was to analyze snow—ecosystem relations in a High
Arctic ecosystem in Northeast Greenland through the development and
use of new monitoring techniques based on conventional- and multispectral
digital cameras. Furthermore, it was an aim to use the results in local- to large-
scale (i.e. sea-ice- and atmospheric dynamics) climatic analysis; and finally to
put the results in climate change perspective. The study has been structured

around four main themes:

e The development of a methodology to create time series of snow cover
maps from orthographically rectified digital camera images.

e The development of methodologies to perform surface classification in
a High Arctic environment based on multispectral digital orthophotos;
and the usage of these in an analysis of spatiotemporal variations in
snow- albedo and melt.

e Modeling, and analyzing snow-vegetation relations in a High Arctic
ecosystem using camera-based snow cover- and Normalized Difference
Vegetation Index-data

e Analyzing the relations between snow-precipitation in a local-scale
High Arctic ecosystem and 1) large scale climate dynamics (the North
Atlantic Oscillation (NAO) and sea-ice variations in the Greenland Sea)

and 2) snow—ecosystem effects related to climatic change.

These four points have been dealt with mainly in the manuscripts and
partly in the synopsis. The first two points mostly focus on methodological
development, whereas the latter two are primarily result-oriented. To provide

an overview, the main results and conclusions are summarized below.

4.1 Snow cover maps from digital camera images

Since 1998 digital camera images covering an area of 17 km? have been taken

automatically on a daily basis from the eastern slope of the Zackenberg
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Mountain. The usage of these images for snow cover mapping required the
development of methods to obtain areal consistency in the images; and to
detect snow-pixels in images obtained under varying conditions of
illumination. To solve these tasks the images were firstly transformed into
digital orthophotos at 10 m spatial resolution, and secondly, a normalized
index (RGBNDSI) inspired by the Normalized Difference Snow Index (NDSI)
was developed. This index is based on the Red, Green, and Blue components in
the digital images.

Because they are obtained from 500 m altitudinal level at a distance of
less than 10 km, and because they are insensitive to cloud cover above the
altitude of the camera, the digital images offer both high spatial- and high
temporal resolutions. This is a property, which cannot be achieved with
satellite data, which suffer from the dilemma that temporal- and spatial
resolution generally is inversely related.

The method has contributed to give a more detailed picture of snow cover
depletion in the Zackenberg Research Area (ZRA) in form of snow cover
depletion curves based on frequent observations of the snow cover. The shape
of these curves is mainly related to the end-of-winter snow accumulation and

the temperature variation during the melting season.

4.2 Multispectral digital camera images, Svalbard

In the summer 2002, a pilot study on using a Tetracam inc. multispectral
digital camera in a High Arctic environment was performed at Ny-Alesund,
Svalbard. The introduction of this type of camera was an improvement
(relative to conventional digital cameras) in relation to analysis of multiple
surface types. The study showed that the normalized difference between visible
and near-infrared reflectance can be used not only to classify vegetation, but
also to distinguish between different types of snow (fresh, water saturated, and
refrozen). Characteristic albedo values for different surface types were found
from field measurements with spectroradiometer. Combining these
measurements with multispectral orthophotos enabled the development of a
methodology to create daily albedo maps for the Ny-Alesund area. Based on
the time series of albedo maps the duration of snow-melt was found for each
pixel in the orthophotos. This duration was found to vary from around 10 days
in areas close to the Ny-Alesund settlement to more than two months in areas
with heavy snow deposition or icings. Finally, as the methodology makes it

possible to include the spatial distribution of both snow water equivalents (if
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observations of snow-density are included) and albedo, it could be useful in

future studies of hydrology and surface energy balance.

4.3 Monitoring and modeling snow—vegetation relations

The prevailing wind-direction in ZRA was found to be fairly constant from
winter to winter; and thus also snow cover distribution in ZRA is similar in
different years. Therefore, when derived as a function of melt-energy, a given
snow cover depletion curve from ZRA will correspond to one, and only one
end-of-winter snow accumulation. This made it possible to use digital
orthophotos (obtained in six different melting seasons) to derive a data set,
which reflects spatial patterns of snow cover depletion corresponding to
different end-of-winter snow accumulations. On the basis of this data set, a
semi-empirical modeling approach was developed to retrospectively
reconstruct snow cover depletion, and snow accumulation for the period
1988-2004. The model was derived assuming that the energy available for
snow melt can be expressed as the accumulation of daily mean temperatures
higher than a base value. From observations of air temperature and snow melt,
this value was determined to -2°C. Because of the high frequency of
temperature inversions in ZRA, it was concluded that (based on present
knowledge of the area’s temperature variation) model-accuracy cannot be
improved by including topographic correction (using standard lapse rates) in
the calculation of melt-energy. The modeled results reveal extensive inter-
annual variability in both snow-precipitation amounts and snow cover
extent—the accumulation has varied from less than 40 ¢cm in some years to
more than a meter in others, and the date with 50% snow coverage has varied
as much as one month.

In the Arctic, vegetative activity is highly reliant on the presence/absence
of snow cover. The establishment of a multispectral camera at Zackenberg
gave the opportunity to analyze the relation between snow cover extent and
vegetative activity (NDVI) within ZRA. The results indicated that snow cover is
by far the most important parameter affecting vegetative activity in ZRA, both
with respect to timing and total amount of photosynthetic activity. This
enabled the usage of snow cover- and NDVI maps to interpolate a semi-
empirical data set describing NDVI during green-up, as a function of snow
cover and time. On the basis of this data set and the modeled snow cover, also
NDVI-curves were modeled retrospectively back to 1988. Because snow cover
varies extensively within ZRA, also vegetative activity varies considerably from

year to year. The growing season in ZRA has varied with about four weeks
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(minimum: 57 days in 1994, maximum: 89 days, 1996), and the time of
maximum NDVT has varied with 20 days: from July 17 in 2004 to August 7 in
1994, whereas the mean date is July 27. The total amount of photosynthetic
activity over the entire the growing season is about twice as high in growing
seasons with minimum snow cover as in the seasons with the most extensive
SNOW COVer.

ZRA represents a relatively high diversity of plant-species, and in relation
to summer temperatures it may be classified as representing three bio-climatic
sub-zones (Northern arctic tundra zone, Middle arctic tundra zone, and
Southern arctic tundra zone). This makes it reasonable to assume that some
species might be adapted better to the local climate in some years, while other
species might be in other years. However, there is no correlation between
summer temperatures and magnitude of maximum NDVI in ZRA, and there is
only a relatively limited influence from temperature on the timing of the peak
vegetative activity. It was therefore concluded that the balance between
summer temperatures and winter precipitation (snow cover depletion rate)
may be the key parameter to predict future vegetation status in High Arctic
areas like ZRA.

4.4 Climate, sea-ice, snow, and effects on the ecosystem
Over the middle and high latitudes of the Northern Hemisphere the most

prominent and recurrent pattern of atmospheric variability is the NAO. In the
present work snow-precipitation over the North Atlantic region was derived
using NCEP reanalysis precipitation rates and air temperatures in
1.904°x1.875° latitude-longitude grid-cells. A running correlation analysis
between the NAO and modeled snow-precipitation, using running 19-year
periods, showed that end-of-winter snow accumulation in the Zackenberg
region was correlated significantly to the NAO in one third of the time during
1959—2003. However, for the period 1982—2000, where the correlation was
insignificant, there was a significant negative correlation between 1) sea-ice
duration in the southern Greenland Sea and 2) snow-precipitation around
Zackenberg. To get a more detailed picture, correlations between sea-ice
duration in different sectors of the Greenland Sea and snow-precipitation
around Zackenberg were calculated. This led to the identification of a “center
of action” (the area with optimum correlation between sea-ice variability and
terrestrial snow-precipitation), which is situated approximately 500 km north
of Iceland between Greenland and the island of Jan Mayen. Sea-ice dynamics

around the “center of action” are complex, and are presently not fully
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understood. The complexity of ice-conditions in this region is due to several
factors: inflow from external sources of ice (ice transported in the East
Greenland Current, originating from the Arctic Ocean), freshwater/salinity
balance, surface temperatures, and ocean currents. Due to the freezing of the
cold water in the Jan Mayen Current (a branch of the East Greenland Current,
passing around the southern edge of the Greenland Sea Gyre), a noteworthy
feature called Odden ice tongue develops more or less significantly in different
winters. It was shown that the variability in the extent of Odden is closely
related to the sea-ice variation around the “center of action”, and that the sea-
ice duration in the region is largely reflected in the surface air temperatures
recorded at the island of Jan Mayen. It was therefore assumed that future
scenarios of the surface air temperatures at Jan Mayen can be used as a proxy
for the average sea-ice duration in the region in the future. For the period
2071-2100, the average end-of-winter snow accumulation at Zackenberg was
calculated on the basis of the relation found between sea-ice duration and
terrestrial snow-precipitation. Due to decreasing amounts of sea-ice, the result
was an increase (relative to the present conditions) of 56% in winter snow-
precipitation (from 68 cm to 106 cm). This corresponds well to what is
predicted by a high resolution (50 km) regional climate model. It was thus
concluded that sea-ice variability might play an important role in relation to
snow-precipitation amounts in Northeast Greenland. The correlation analyses
do not in them selves support a causal relation relationship between sea-ice
duration and snow precipitation. However, the strikingly high correlations and
the match in orders of magnitude between sea-ice based- and climate modeled
snow-precipitation call for further research.

Over the 215 century, at high latitudes, GCMs predict the tendency of
winter-warming to be particularly pronounced. At a first estimate, it seems
reasonable to suggest that higher temperatures generally would lead to a
longer growing (snow-free) season in terrestrial ecosystems. However, based
on climate change scenarios (including sea-ice—snow-precipitation relations),
it was shown that both temperatures and snow-precipitation can be expected
to increase over the 215t century at rates, which makes the balance between
melt-energy and average summer snow cover extent stay at a nearly constant
level in Northeast Greenland. Due to increased spring temperatures the snow
cover will start to deplete earlier, and the rather limited temperature increase
in summer temperatures leaves out near neutral conditions for flora and fauna
in the summer months (June—August). However, in some areas characterized

by heavy snow deposition, the melting season will be prolonged. In these areas
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the plant species composition may be changed in the direction of snow-bed
communities.

Thus, it was concluded that the most dramatic consequences of a warmer
climate on High Arctic ecosystems in Northeast Greenland will be related to
changed conditions in the winter, where the most dramatic temperature
increases are expected to occur. Due to increased frequency of icings and
freeze-thaw events (which leads the formation of ice crusts in the snow pack);
significantly warmer and more humid winters may be fatal for herbivores like

lemmings and muskoxen.
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Appendix 1

Data description

Location

Data-type

Description

Zackenberg

Conventional  Digital

Camera Images (CDCIs)

The conventional digital camera is a Kodak DCs0
(single CCD) with a resolution of 756x504 pixels.
The CCD is coated with a color array (checkerboard-
style) of red, green and blue photosites. Thus each
photosite on the CCD is sensitive to only one color.
Interpolation algorithms creating the missing R, G
and B values are applied before a bitmap image is
created.

Multispectral ~ Digital

Camera Images

(MDCIs)

The multispectral camera is a Tetracam inc. single-
CCD camera with a resolution of 1200x1024 pixels
and a color filter array (checkerboard-style) applied
to it. As for the CDCI-camera, each pixel on the
CCD is sensitive to only one color. After color
reconstruction (demosaicing processing using raw
pixel data), the green, red, and near infrared (G, R,
NIR) spectral bands approximately cover the
following wavelength intervals: 520-570 nm (G),
600—690 nm (R), and 750—850 nm (NIR).

Conventional Reflex

Camera Images

In 1997 reconnaissance for camera-establishment
on the eastern slope of the Zackenberg Mountain
was performed. In relation to this, three images
were taken in the 1997 melting season at 1997-06-
13, 1997-06-23, and 1997-06-30. As for the CDCIs
snow mapping, from these images, was performed
using orthographic rectification and the RGBNDSI-
algorithm (Paper 1).

Satellite data with high

spatial resolution

1. Landsat Thematic Mapper (TM)/Enhanced
(ETM+) and 2.
Probatoire pour I'Observation de la Terre (SPOT)
High Resolution Visible (HRV).

Thematic Mapper Systéme

Landsat TM/ETM+: The TM-sensors record
energy in seven spectral channels in the visible,
reflective (near) infrared, and thermal-infrared
regions of the spectrum. Wavelength-intervals of
the spectral channels are: ch.1: 450-520 nm, ch.2:
520-600 nm, ch.3: 630—690 nm, ch.4: 760—900
nm, ch.5: 1,550-1,750 nm, ch.7: 2,080-2,350 nm,
ch.6: 10,400-12,500 nm.

The spatial resolution is 30x30 m for the six
reflective bands, and for the thermal band (ch.6) it
is 120x120 m.
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The Landsat satellites orbit the Earth in Sun-
synchronous near-polar orbits at an altitude of 705
km altitude. The temporal resolution (repetitive
coverage) is 16 days, however, due to the polar
orbit, it is slightly better at high latitudes, because
overlap between satellite-scanning tracks will occur
in areas close to the poles.

SPOT HRYV: The HRV sensors operate in the
visible and near infrared parts of the spectrum in
three spectral bands: ch.1: 500-590 nm, ch.2: 610-
680 nm, ch.3: 790-890 nm. Like Landsat, the
SPOT-satellites orbit the Earth in Sun-synchronous
near-polar orbits—the altitude is 832 km, and the
spatial resolution is 20x20 m at nadir (when the
sensors are viewing directly below the spacecraft);
in panchromatic mode the spatial resolution is
10x10 m. If the HRV instruments were only capable
of nadir viewing the temporal resolution would be
26 days. However, through commands from the
ground stations, it is possible to point the mirrors to
off-nadir view angles. This can increase the
temporal resolution to as good as about five days,
but of course with decreased spatial resolution.

A more comprehensive description of the TM and
SPOT systems can be found in (Jensen, 1996).

Atmospheric correction:

In connection with this work, TM and SPOT data
were atmospherically corrected with the ATCOR2
algorithm (Richter, 1996).

tion

Satellite data  with

coarse spatial resolu-

Normalized Difference Vegetation Index NDVI in
Fig. 1.1 is derived from bi-weekly maximum-
composites based on AVHRR Polar Pathfinder data
with 1.25 km spatial resolution (Scambos et al.,
2000). The Pathfinder data are provided by the
National Snow and Ice Data Center (NSIDC),
Boulder, Colorado, USA, and are derived from
Advanced Very High Resolution Radiometer
(AVHRR) satellite data from the National Oceanic
and Atmospheric Administration (NOAA). NDVI
are calculated using AVHRR ch.1: 580-680 nm
(visible) and ch.2: 725-1,050 nm (near infrared):
(ch.2—ch.1)/( ch.2—ch.1)

The 1.25 km pathfinder data are thoroughly
documented at http://nsidc.org/data/docs/daac/
nsidcoo65_avhrr_1.25km.gd.html

Air temperatures

Since July 1995, air temperatures have been
recorded hourly at the main Automatic Weather
Station (AWS) at Zackenberg. The sensor is placed 2
m above the surface, and the position of the AWS is
about 30 m above sea-level. In August 2003 an
additional AWS was established approximately 400
m above sea level, also measuring at 2 m above the
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terrain. A technical description of the temperature
sensors can be found in (Misissueqqaarnerit, 1995).

Measured snow depths

Snow depths have been measured automatically
with a sonic range sensor at the main AWS since
August 1997. With sound it measures the distance
between the sensor head and the snow-surface. The
decreasing/increasing distance between the surface
and the sensor head during accumulation/melt can
then easily be converted to snow-depths.

Wind speed and wind

direction.

Wind speed and direction have been measured
since July 1995 at 2 m/7.5 m and 7.5 m above the
terrain, respectively. Tecniqal descriptions of the
sensors can be found in (Misissueqqaarnerit, 1995).

Field measurements of
Normalized Difference
Vegetation Index

(NDVI)

Since 1999 NDVT has been measured regularly in 26
different plots, which represent the 4 main types of
vegetation present in the Zackenberg Valley
(Cassiope, Dryas, Salix, and Eriophorum). The
measurements were performed using a Skye 110
instrument with a 660—730 nm sensor. The sensor
measures RVI which is defined: near infrared / red.

NDVI is defined: (near infrared — red) / (near
infrared + red).

Thus, NDVI = (1 — RVI) / (1 + RVI).

Further information about the Skye sensors are
available at: http://www.skyeinstruments.com/

2Channel.htm.

Daneborg

Air temperatures

Daily mean air temperatures for the period 1988—
1998, and monthly means for 1958-1999 were
provided by the Danish Meteorological Institute.

The weather station is situated 44 m above sea level.

The monthly data are part of the data set used in
Cappelen et al, (2001), and is available from
http://www.dmi.dk/dmi/troo-18-data_files.zip.
The report is available from
http://www.dmi.dk/dmi/troo-18.pdf.

Measured snow depths

Snow depths have been measured at Daneborg
during 1958-1975. The monthly means and maxima
are available from Cappelen et al.,, (2001), see
description above.

Jan Mayen

Air temperatures

Air temperatures from Jan Mayen were provided by
the Norwegian Meteorological Institute—Det
Norske (DNMI).
Observations are recorded 2 m above the terrain,

Meteorologiske Institut

and the weather station is located 10 m above sea
level.
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Ny-Alesund Multispectral Digital | Properties of the RDCIs obtained at Ny-Alesund,
Svalbard May 22—August 14, 2002 are equivalent to
what is described above for MDCIs taken at
Zackenberg.

Camera Images
(MDCIs)

Spectral surface Spectral field data were collected during May—
reflectance August, 2002. Measurements were performed with
a Fieldspec FR spectroradiometer (analytical
spectral devices) measuring from 350 to 2500 nm.
It consists of three built-in separate spectrometers.
The first one measures from 350 to 1000 nm using
a 512 element photodiode array, and has a spectral
resolution of about 3 nm. The second and third ones
are of scanning types and measure from 900 to
1850 nm and 1700 to 2500 nm, respectively
sampling every 2 nm, with a spectral resolution of
about 10 +11 nm. Results presented here primarily
use data from the first spectrometer covering the
visible/near-infrared (VNIR) wavelength range
from 350 to 1050 nm. The optical detector (which
simply consists of the bare optical fiber with an
adapter limiting the field of view to 18) was fastened
to a standard camera tripod to avoid movements
during the less than one-second integration time of
the measurement, and measurements were
acquired 50 cm above the surface of interest. The
spectral albedo was determined as the ratio of
incident solar radiation reflected from the surface
target and the incident radiation reflected from a
calibrated white reference Spectralon plate (about
30x30 cm). Both the spectroradiometer and the
reference Spectralon were calibrated at the optical
calibration lab in Ny-Alesund to “NIST traceable
reference lamps and spectralons”.

Greenland Sea Satellite-based  sea-ice | Daily sea-ice concentrations (1981-2000) are
extracted from the surface maps that comes along

with the 5 km AVHRR Polar Pathfinder data
(Fowler et al., 2000), that are available the NSIDC
at http://nsidc.org/data/nsidc-0066.html. The ice
concentrations are derived from the 25 km spatial

concentrations

resolution Scanning Multichannel Microwave
Radiometer (SMMR) (before 1987) and Special
Sensor Microwave/Imager (SSM/I) (1987 and after)
using the NASA Team algorithm (Cavalieri, 2005).
This algorithm is designed to provide a consistent
time series of sea ice concentrations (the fraction of
ocean area covered by sea ice) spanning the

coverage of several passive microwave instruments.
Main sources of error:

Errors in the derived sea ice concentrations arise
from several sources. In order of importance, these
are 1) the inability of the algorithm to discriminate
among more than two radiometrically different sea
ice types, 2) seasonal variations in sea ice
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emissivity, 3) non-seasonal variations in sea ice
emissivity, and 4) weather effects at concentrations
greater than about 15%, and 5) random and

systematic instrument error.

A comprehensive description of the algorithm and
sources of error can be obtained from (Cavalieri,
2005).

North Atlantic | NCEP reanalysis data: | Daily values (1958-2003) of surface level
region surface air tempera- temperature and precipitation rates modeled in
1.904°x1.875° latitude-longitude grid-cells were
from NCEP reanalysis project at the NOAA-CIRES

Climate Diagnostics Center. The data used in this

tures & precipitation
rates
study is obtained in pure ASCII form through

http://www.cru.uea.ac.uk/cru/data/ncep/.

Comprehensive descriptions of the NCEP re-
analysis forecasting models can be found through

http://www.cdc.noaa.gov/cdc/reanalysis/
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Additional figures & tables

A.2.1 Snow wind and temperature at Zackenberg 1997—2002
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A.2.2 Change of spatial resolution with distance—conventional digital
orthophotos based on oblique images taken with a Kodak DC50

APPENDIX 2. ADDITIONAL FIGURES & TABLES
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A.2.3 Sea-ice types

Subtype

Description

New ice
(thickness

<10 cm)

Frazil ice

Fine spicules or plates of ice, suspended in water.

Grease ice

A later stage of freezing than frazil ice when the crystals have
coagulated to form a soupy layer on the surface. Grease ice reflects
little light, giving the surface a matt appearance.

Slush

Snow which is saturated and mixed with water on land or ice
surfaces, or as a viscous floating mass in water after heavy snowfall.

Shuga

An accumulation of spongy white lumps, a few centimeters across;
they are formed from grease ice or slush and sometimes from
anchor ice rising to the surface.

Nilas

A thin elastic crust of ice, easily bending on waves and swell and
under pressure, thrusting in a pattern of interlocking “fingers”
(finger rafting). Has a matt surface and is up to 10 cm in thickness.
May be subdivided into dark nilas and light nilas.

Pancake ice

Predominantly circular pieces of ice from 30 cm—3 m in diameter,
and up to 10 c¢m in thickness (unrafted), with raised rims due to the
pieces striking against one another. It may be formed on a slight
swell from grease ice, shuga or slush or as the result of the breaking
of ice rind, nilas or, under severe conditions of swell or waves, of

grey ice.

Young ice
(10 ecm <
thickness
<30cm

Grey ice

Young ice 10—15 cm thick. Less elastic than nilas and breaks on
swell. Usually rafts under pressure.

Grey-white ice

Young ice 15—30 cm thick. Under pressure more likely to ridge than
to raft.

First-year

Thin first-year or

30-70 cm thick

ice white ice

Medium first-year | 70-120 cm thick

ice

Thickﬁrst-year ice More than 120 em thick

Old ice Second-year ice Old ice which has survived only one summer's melt. Because it is
thicker and less dense than first-year ice, it stands higher out of the
water. In contrast to multi-year ice, summer melting produces a
regular pattern of puddles. Bare patches and puddles are usually
greenish-blue.

Multi-year ice Old ice up to 3 m or more thick which has survived at least two
summers' melt. Hummocks (hillocks of broken ice that have been
forced up by pressure) even smoother than in second-year ice, and
the ice is almost salt-free. Color, where bare, is usually blue. Melt
pattern consists of large interconnecting irregular puddles and a
well-developed drainage system.

Fast ice Various Sea-ice which forms and remains fast along the coast, where it is

attached to the shore, to an ice wall, to an ice front, between shoals
or grounded icebergs. Vertical fluctuations may be observed during
changes of sea-level. Fast ice may be formed in situ from sea water
or by freezing of pack ice of any age to the shore, and it may extend
a few meters or several hundred kilometers from the coast. Fast ice
may be more than one year old and may then be prefixed with the
appropriate age category (old, second-year, or multi-year).

World Meteorological Organization. WMO sea-ice nomenclature, terminology, codes and

tllustrated glossary. [259]. 1970. Geneva, World meteorological Organization.
WMO/OMM/BMO. Ref Type: Serial (Book,Monograph)
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A.3.1 Extended abstract—ACIA Symposium, Reykjavik, Iceland, 2004

Linkage between sen-ice distribufion and snow-precipitation may considerably affect
terrestrial ecosystems in future High Arctic climates

Jergen Hinkler, Birger 1. Honsen, Mikkel P. Tamstorl & Hans Meltofie

Ml stk s addnesses and emanl:

11 Crer Voddgade 111

University of Copenhagen, Iestitme of Geography
DE-135) Copenhingen K. Denmark

21 PO Box 358
Wational Enviranmenial Rescarch Insistuee. Depariment of Arclic Enviranment
Dk -4000 Foskikle, Denmark

E-masl: jhidzeogr kucdk

1. Introdecrien

The Intergovernmental Panel on Climate Change (IPCCYs Thind Assessmesi Report (TAR) (2001) gives
projections for global-meean warming, from 1990 1o 2100 within a mnge of 147 @0 580 m the case bat no
measmes ane aken o lmil climate change. Forther, nesearch demonsirates tsat based on this assumpbon., a global-
muan bemperatane merase arcand 370 by the end af the 21% century 5 the moest kely; and thal prababalities of
glodal-mean warnng valoes an boh the high and low cmds of tee TAR snge [ 1490 580 are very low (Wigley
amdl Raper, 2001} General Circulation Maodels (GOM) predicn global warmming o be mes) prosouseed at high
Intitudess, especinlly doring winter time when temperanire increases of up 0 6°C ean be expectad by the end of the
2| ceniary | Hodbey Cemire, Max Planck Instinse of Metearnlogy b

Arclic ecosystems are strongly imfluenced by smow cover and iemperature, and may be expected 0 be markedly
altered by climate change (Phoenix and Lee, 2004 Stone e al., 2002: Weller, 1998). Besides increases in winber
tlemperatures @ the Arctic, decreases msea-ice exlent are expected o occur comespomdimply {Jobamnessen et al,
2004, which may significantly influence the regional climate. Here we prisent an emparical analdyss from
Tarthwast Greenland. which shows that reducied amosnts of sea-ice mthe regaon will most ikely bead 1o imoneased
snow-presipiation, Dae 1o o dhoner seow-free season this might have consequences Tor High Arctie ecosvsiems
thart 1 n firsa estimase are unexpecied ina fure wamaer climane,

2, Methnds and Analysis

We hove calculated end-ofowinter snow-precipitation smounts ot two different seales - bocal and reggonal, using
two diferent modeling approaches The first approach, which is used a2 local scale (covering 12 years: | %8204,
encopl 100 exploited data From Zackenberz Restarch Area (ZRA), Morheast GreenBamd (745N, 21.67W)
alszmed during the melting season (June-August). 10 is based an s cover maps derived Trom remcdely sgmsed
imeige data, melr encrgy inferned from daily mean air wimperstures, aod messured snow depifs, The imape data
Tvpes are digital snbophalos covering approximarely 17 ki’ (Hinkler e al, 20025 and high resclution satellite
imeages | Landsar Themaric Mapper (Th) & SPOT High Kesoluticn Visiblie (HEV 1), Daily sesn iemperatires ane
from amtoenaiic weather seations ot Zackenherg and Daneborg (located 23 km spanthenst of Fackenberg). The second
modeling approach is used at regional scale and deals with relstive hamidity and temperniure (Liston and Starm.
195E) during winter time {Octoher-hay). It simply assumes thal ssow-precipitation falls when the air bemperaione
i= below freezing and the relative humidity is greater than 80%. For this purpos: we wsed daily values (air
temperature and relative bundiy )y durmg 1981-2000 ol a 257257 lat-long-grid-cedl from the Natonal Centre for
Enwiraimental Prediction {NCEP) reanalysis progect, The spatial coverage of the pnd-cell is sppoosimately 2 10H
k' (Fig. 1h The keast-sgusnes A reveals that the kel ssow-preciplation 81 Zackenbeng is significantly corelated
with what is modeled ai 0 mach langer seale, However, it also reveals that local snow-precipitaiion in some winlers
can differ significantly from regional precipitntion. This & probably beconse the aren is characrerized by srong
topography, which complicaies the kacal wind patierns and thereby also precipilntion disiribution.
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LTRELIE e Il DA I L i P |
3 & B0 OERD TR B S0 53T 13

B chepit MCEP rid-call (o
Fim b ilen Lovorion & iy dichenberg Remareh dooa (e oror, The rectugubir area indfoned iy whle Ueer cormesmoaate i dae
ZETe QT favalong gead celd rZ0 W e eam Mee DET seanatisis e ke invtader miy Aockrikvre Mersarel devan SARAL (R
Nlacdeloa! samrw dondie” FRUD vevass darire s A NCEP ek onil D areatioed o Sackeaierg, 08N

T analyee the relation between dumntion of perinds with exiensive sea-ice within the Greenfamd Sea and snow-
precipitation at Zackenberg we amalyred more than B sca-ice maps derived from 550U passive microwayve
salellite dota (Fowler e al, 20000 We divided the Groemland Se into 4 main regsons based an dinzelson lrom
FRAL and each of them was Tudher disaded inta 5 sub-regions based on distince from ZRA (Fige 20, For each
sigaon [Decembr-Augos), and each of thi 20 repdons, the thivg-durstoon (aumber of days with sea-ice pereentage
above g cortain thresheld) was caleulaned and compared fo the end-af-winter snow accumuolation at ZEA, To
valilste piar resules we calculited comebaicn-costficients berwesi snow secamilation and sea-ice extent wsing end-
af-winder snow accumilations ealenfared from batk of the above mentioned approaches. The commefation hetween
sen-ice exient within the Greenland Sea and sneaw sccumulmion aroand ZRA is visualired spatinily in Fig. 2. All of
the regions show an inverse refaticnship between extensive sesice durmiin and snew accumulaisan {the mone sea-
ice the lesser the snonw nocumalation and vice yersa). amd the further one goes 1o the south amd southeast the higher
the cormelatson. This patiern sems o be evident (see the ables in Fig 23 no matier whach of the smow modeling
agiproaches applicd. The lghess corrglatbon cecurs i the S5E megion whin ce-data up 1l a distasce of 750 kn
from ZRA sne mcluded, This leads us s tse concusson that a “eenier of acoon™, which highly influences winger-
precipiamtion smosnis in Nonbeasy Greenland is centered within this region — arcund 500 ke north of loeland
hetween Cereendand and the: Island of Jan Mayen

I, Discmssdnmiperspectives

With ihe prospect of decreasing sca-ice off Marntheast Greenland in the foture. this stady shows that more snows
precipitmlion can be expected on B, Since hoviled snows cover amd large spow free areas boday = an importani
preconddim lar the High Arctie “disen”™ ol Momh aml Nortbeas Greenland, imoreased simow cover im combanation
with Iscreased Trequesey of thaw evemits will aler the comditions i e direction of present-day Low Arstie
Southeast Greenbend. For flors and s this would mesn nereased vegetmson conves an prcsgnily barven kowlands,
but alzo difficalties for herhivares froen bemimings o susk oowen due 10 mefiing snow gnd rabn o winier resaliing in
ice erust formniion. IF summer semperatures, & predicied, do not incrense nolesworthy, the heavier snow pack moy
delny spring smow clearanes in High Arctic Greenland, ns opposite to the prediceed prokingation of the prowing
season in most of the Arctic. This will delay the reproductive phenology and therebsy the success of many species
ranging from planis o shorehinds (Melodte 20023 IF on the conmry. summer temperatures do morense
signilbcamly, the High Arctic tandra and desert may trnsliorm inko Low Arctic usdm, lavang the High Arctic
haltal caly &4 an alpine zood in moankincs areas {Mehodbe o al, D003 )

A the timg of writing there are soifl guestions v need 10 be clarified, Thus, more rescanch has 1o be done m onder
e expluin what mechanioms petually affect the ses-ice distribaion within the regions of high correlation,
Teleconmection parierns sach as the Arctic and Monh Atlantie Cscillations { AC snd MAC do nod seem 1o explain
ice cover varations in these regions very well, and nefther does modeled sea-ice fluxes thmough the From Serail
{5chmith and Hanzen. 20603), However, as the seasice distribuiian in the Greenland Sea is influenced by both local
ive formatian and a large ice-flux from the Arctic Ccean ingo the East Greenland Cumrent, 51 cannot be generalized
at o larger scale. Thenzfore, B might be that sea-ice Formation and distribation in the soulbern Gromland Sea shoahl
i ackdressed b olbwer (mone Jocal) Gctars ssch as the se called Odden ice lompue phimnmenon [Wadbkams, [99%)
amdior aEnoapherc-oosan merkdions. n this comnection &g, the posation of the e alpe plays & crocial robe in e
Formatios of polar loaws (Basmmssen ¢ al., 1992),
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Sea-ice and snow accumulation modelling in High Arctic Greenland

Jargen Hinkler
Iistitute of Geography, University of Copenhiagen, Demnark

Birger LI Hansen
Institute of Geograply, Uiniversity of Copenbagen, Denmark

Mikkel Tamstort
Agctic Department. Mational Environmental Rescarch [nstifute (MERT), Denmark

ABSTRACT: Snow cover and sea-ice affect surface mdigtion energy balance, and sea-ice affects
both energy exchange berween the anmoesphere and the ccean water, and aimospleric circulation.
Therefore these factors play major rodes in the global clomate system, Based on remote sensing af
different scales the inter-annual snow accumulation at Zackenberg in Morheast Greenlond (74,5
“M) was analvzed and compared to the regional sea-ice extent. Since 1998 the mognitude of the
apew' cover in the valley Zackeshergdalen has been monitored with a digiial camera mounted inoa
weatherprool box on a mountainside approximately 430 m above the valley Moor, The camera
nutomatically obtains doily imoges of the valley producing o fime series of imoges with both kigh
spatial and temporal resolution. These oblique  images  were  geemetrically  rectified  into
orthophotos. An algorithin - fed Green Blive Momalized Difference Snow Index (ROGEMDS1) was
wsed o identify spow pixels comverting the orthophotos inte snow maps, By combining these data
with measures of snow depth and femperature 1 model to calculate local snow cover extend- and
accumulation was developed. The model was used feratively together with high-resolution satellive
data {Landsat TM & SPOT HEY) 10 create a Td-vear retrospective analysis on these parameters,
The analvsis reveals that due to various initial snow sccumulations, and various temperature
regimes during the different meliing seasons, the course of the comresponding snow cover depletion
curves varies from vear 1o yvear, Thus, o owas Found thar the mean date with 30 % 0w cover o
Zackenberg is arcund June 207, deviating with more than +- 2 weeks. Modelled snow
accumulations were compared to regional sea-ice extent {inferred from 3 km resoliion MOAA
AVHRE data) duwring  January-bay  [OER-20040. A significam  corelation  between  snow
accumulation a1 Fackenberg and sea-ice coverage ESE of Zackenbery was found — the lesser the
number of days with hoge amounts of sea-ice the larger the snow accumulation, This relationship
indicates thai if global warming becomes more prominent in the future {resulting in smatler
aneounts of sea-ice within the Greenland Sea), then larger amounts of anow can be expecied in
High Arctic Morthesstern Greenlond,

L AINTRODUCTION Snow  and  (seadice  coverage are  key

parameters in controlling the climate, both ot
Polar Regions are extremely wvulnerable o local, regional, and global scales. Smow cover
climate change, as they are marginal for the distributiem  determimes  the  length of the
disiribution for many species, Furthermore, growing season in the High Arctic, which is
Global Circulation Maodels (GCMs) predice inbegral in the production of carbon dioxide
that arctic areas are the ones on Earth that will and methane (Soegaard et al., 2000) Dee 1o
experience the highest rates of tempersture  their high albedo snow and ice surfices affects

increase during this century (Jergensen ef al., the surface energy balpnce dromatically; and

b1 ). These areas therefore play a crucial role they interact with the atmespheric circulation,

in uniderstanding climate change relaied sanes. e, Kwok and Bothrock { 19989 Cownd that the
50

81
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Figure 1. Fackenberzdalen stody area with indication of the area coversd by the digital camera (17 k) The
diszance from the camera to the cirgular cdge of the polvgen iz ko

Morth  Adlantic Cscillation (WAGT and  the
trunsport of sea jce between Svalbard ond
Greentand are cosrelated, and more recently
Cavalier (2002) found a very high correlation
between this jce flux and the mmospheric
planetary wave | phase. Recent studies have
suggestod that Mortheast Greenland during a
general global warming will experience higher
winter femperntures ond more  precipiation
(IPCC, 1998) This might bead to shosier
summiers due o oa probonged snowmell with
implications - for  the  present  habatats and
animals in the region (Melwofte, 2002). Serrexe
et al. {2002 present a synthesis of recent
chamge  in the  northem  high-letineds
environment. They document higher winter
and spring temperatures on the  porthemn
contimants  with 8 prooounced  downwand
tendency in sea-ice extent,

This snesdy successfully relates regional sca-ice
extent b oa refrospective mier-annual analysis
of the magnitude of snow accumulation ae
fackenberg  in High  Arctic Mortheass
Greenland. The paper  further presenis a
methadelogy 10 caleolate mlers and inr-
anaual  spow distribution and - accomulation
within  the Zackenberg siudy  arca. This
methedology combines emperture data and

82

al

vemodely  smpeed  image  dats (satelline and

digital  comera) t0 compute  smow cover
cxient’accumulation  in differeni melting
SEAS{HIS.

2ETUDY AREAS

Al fieldwork wos corned out st Znckenberg
Ecological Research Station (74.5 "N, <21 "E)
in Mortheas: Greenland  (Figure 1) The
Fackenberg research area 15 a high reliel
moumtainous landscape consisting of nearly
horizontal valley floors, steep slopes between
200 and B mabove sea level, and plateaus
pbove 800 m. 1t s bocated o the zone of
contineous  permofrost and  hosts o large
diversity of glacial, periglacial and coastal
landscape features and a3 greal variety of
hiotopes like fens, hepths, fellficld plateaus,

and grasstands. Moetcorological daia from
Lackenberg indicate a mean  anmual  air
temiperature  of  approximately =10 *C)

However from early Jung to early Seplember,
the mean daily femperature generally exceeds
0°C {Melofic and Rasch, 1998; Rasch, 19040).

A sub-extent of the Greenland Sea covering
approximately 300000 km' of sea-waterfice
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Frgume 2. T sub-extend (withm white rectanglep of
the Cireenlored %en used for sea-ice annlysis,

wis selected For mapping of regional sea-ice
coveraze [Figure ), and a tine sames (1982-
200 of the sea-ace content within this area
wis infermed from 5 kmo resolution MOAA
AVHRR satellite data {Fowler et al., 20007,

3. METHODOLOGICAL  APPROACH,
FIELDWORE, AND DATA
Singe ID9E snow cover  extent  n

Lackenbergdalen (dalen = “the valley™) has
been monitored  vsing an autematic digital
cameri. The camera 15 situated o the slope of

100
a0
ag
7O
G0
50
40
a0
20
10

Srow cover axtant (%)

Zackenberg Mountam approximately 450 m
above the valley tloor, takimg one image every
day wvear rousd. The oblique images from the
camers were rectified info digial onhophotes
w1 m ospatinl resolution using o sofiware
package calied Cvihe (Have, 1999 A fime
series  of  digial snow  cover maps  of
Zuckenherpdalen was then extrcted from the
arthophotos using the RGENDS-plgomthm by
Hinkler et al. (2062}, To use these data for a
retrospective analysis of smow coverage and
snow  accumulpin i dackenberg a sem-
cmpirical model was developed 1o caleulate
these paramelars i vears prior o 1998, The
msbel 15 based on the following assumption; IF
snow cover distribution in o given basin is
similar from year o year, the depletion of
s covensd arens during the meliing season
mainly depends on two factors; firstly the
initial amount {depth) of snow before the
snow-melt starts, and secondly: the amount of
energy available for snow mell during the
melting sepson.

The comcept of the model is (for eacl day in
the melting season} o “pick out™ smow cover
percentnges {within the aren covered by the
digital camera - see Figure 1) from an
miterpolated  dataser  [imerpolation  metld:
Krigingl  which  halds  all  possible
combinations of: (1) spow cover percentage
(23 energy wmpul for snow melt {given as
pecumulated degree days), (3) il snow
gocumulation. and then produce a snow cover

103

Snow conver eaent (%)

Figure 3. Visualization of the dataset contzining mfeemation shout snow cover depletion at Zackenberg in
relation i the energy available for snowmelt {expressed as pccumulnbed degree doys) and insial snow
necumulation, The thick corves display mepsured snow cover exient during [9%8, 1959, 2000, and 2002

mlting seasons,
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depletion corve, The dataset was intepolated
from dotn recorded during the 1998, (96
2000, and 2002 melting seasons (dec 1o
anowlall within the meliing season the year
2001 was considered anomalous, and thus i
was ol included in the dataset), Figure 3 = n
visualization of the dafaset: the surface which
15 spunned out between the thick black curves
coniping all values of spow cover percemtages in
the entire dataset — interpolated as well as
memsured, amd the curves themselves llustirate
snow . cover percentages derived  from the
digital camcra images.

The temperature data (accumulated degree
diys caleulated from daily means) and snow
depths (means for June 17} contpined i the
dataset are from the Zackenberg automatic
weal e station,

To derive modelled =now cover depletion o
Programme wis wWritlen o extract snow cover
data from the database. Provided that the
il smow depth at the begmning of the
melting season, and the accumulated degree
days for any given date(s) in the season are
given, the programme finds the snow cover
percenioge{s) that maiches thistihese date(slk
therchy a spow  cover depletion curve s
produced (Figure 7).

Prior t0 1996 temperature datn  from  the
automatic weather station at Zackenberg are
not available. For these vears temperaune data
recordesd al Daneborg (situted 23 km from
Fackenberg) has served as input data tor the
mdol. Before 1998 no digital camera images
are available and there were o measurements
of snow depths ot Zackenberg, Thus, the only
source of image-data from Zackenberg with
high spatial resolution 5 a limited nombser {14)
of Lambsat TM amd SPOT HEY  stellite
images with the oldest images dating back
from 988 (Table 1) By running the model
semtively with differem values of inital snow
depth, =now cover depletion curves matching
snow cover perceniages inferred from satellite
data were derived For the 1988-1996 meling
seasons. During the 1997 melting season, three
images of fackenbergdalen were  acquired
with a standard reflex camera (Mikon F300.
Thiese irrl.ﬂg,t::i WETE |:|r||1|_1gr.1.pl1'i|.:a||:.' recliled,
converted to snow maps, and then wsed for
medelling with the same nerative approach as
for the satellive daa,

et

Tabhe 1. Dates with availahle watellite data.

Year | Landsat THM SPOT HRY
1984 0707 (h-2%
9we | 0617 (7-16
19494 . -
1991 0-23 -
1992 | = | D606, 07-17, 0B-17
1993 (F7-31h L
1994 a7-17 -
1995 | DA-25, 07-27 (-
19496 07-15 z

Initead smow depths (found dertively: 98-
1997 ond  measured;  19985-2000F  were
compared 1o the regional sea-ice content ESE
of Zackenberg (Figure 23, It was found ihat a
repsonable way to compare snow accumulation
at Lackenberg 1o the presence of sea-ice in the
Greenland Sea was 1o caleulate the number of
doy= during January-August with more than o
certain amount of ice cover (150,000 km®) for
cach year. The regional sea-ice content was
cialculated froan @ time  sevies (19R2-2000)
consisting of nearly 7K 5 km resolution
surface maps produced by National Smow and
lee Data Center, Colesado, USA. These maps
are part of the AVHEE Polor Pothfinder
Twice-Daily 5 km EASE-Grid Composite
dataset (Fowler at al, 2K, The data have
been  infermad  from the MNOAA  AVHRR
safellite sensors and contam 20 pixel-classes of
sed-ice, where each class depends on ice
percentage and vype (multi- or st vear)

4. RESULTS AMD DISCLUSSION

This stwdy shows thaet snow accumulpion’
anow cover extent al FZackenberg has varied a
areal deal during the kavest 14 years, and that
this variation is significantly related to the
presence of sea-ice in the Greenland Sea ESE
of Zackenberg {Figure 2),
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Fackenberg, Armows imdicate 509 snow coverage,
and the date ar which this cocurs on averags.

Saa ice axtent in mapping areafum?)

o 1-5']
Day af the year

2

Figure 5. YWamabality in sea-soe coverape in the
Greenland Sea ESE of fackenberg during [982-
20D,

4.1 Suewe disreibaetion and accwmdation o
Lurckenberg

Figure 7 shows modelled snow cover depletion
curves during the melting seasons [ 982-2002
for the area covered by the digital camera.
Mote thar in 19821087 and 1990 there were
mo Landsat TR or SPOT data available, Thus,
for these years, the initinl spow depths that
were wsed for modelling are estimates based
on knowledge about sea-ice conditions, These
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Figure 6. Belation betwesn sea-ice an the Greenland
Bea amed the snew sccumualation ot Zackenberg. (n)
Regression line, which have been used i model
initial o depibs during 1982- 1987, (b) Variation
alf apow accumulation and presence ol sea-ioe
through time (1588 20000

curves therefore must be ooked at owith
criticism. For most of the vears it was possible
to make the modelled curves match measured
qnow cover percentages fairly well. However,
there are some exceptions, which can be duee fo
several factors: for instance, the mismatch in
2000 15 obwicusly due to additional snowfall
within the meling season, For vears prior o
19946, temperaturgs measured a1 Dancborg,
which is  sitwated 23 km  away  from
Lackenberg were wsed as input o the model,
Thess temperatures are nob necessarily o
perfect substitute for  the  Zackenberg
temiperatures. Linder some circumstances there
s mo positive comelation  between air
temperature and incoming solar radiation. In
such situations the air temperature s pol a
comsastent reffection of energy available for
snowmelt; for example, if the air femperature
is below freczing, and the sky is clear, the
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barge amount of ncoming solar madution can
raise the lemperature of the snow pack o
above s meliing point. Finally, as the model
assumes snow distnbution in Zackenbergdalen
oy be similar every year, a winfer with non-
typical wind conditions can make the snow
distribution take an unusual course, which will
make the masdel fil

The modelled resulis on snow cover depletion
slecws that the length of the meliing peried at
Fackenberg vares a lof Trom vear 0 year,
Figure 4 displays the vamability m =now cover
depletion within the study arca. and it can be
observed that the dawe with 3% snow
covernge vanes with more than o month and
that the mean date is around June 20",

4.2 Swow geommistion o Sackenberg o
redprion fo foe coverage in the Greenlond Sea

The amount of =sea-ice within the selected
mapping area {(Figure 21 like the snow
accumulation o1 Fackenberg, shows  greal
variahility {Figure 5% from vear to year,
Interestingly, a comparative analysis of the
EASE-grid time series of surface maps and
madelled snow accumulation af Zackenberg
revieals a significant comelation between snow-
precipitation and aumber of days with large
amounds of sesice, This s shown m Figure 6
that disploys o linear it between days with
move than 150000 km® of sea-ice and the
modelled il snow depahs @1 fackenberg
during T988-Z000 {except 1990, where snow
cover data wene not avaikable from satellite
images). Even though the vear 1997 seems fo
be an owtlier, 3% of the vanonce con be
explained by the lineor i IF this year is
removed, B-squared raises i 083,

The result indicates that spow accumulstion al
Zackenberg is  inversely  proportional o
regional sca-ice csteni. Thus, in case of a
future climate with incressing temperatusres
ond less sep-ice, this study supports suggested
sgenarios by the IPCC with more  spow-
precipitation in the High Arcoe. Due o the
high correlatson the hnear relationship given in
Figure 6 wis used fo calculate initinl snow
accumtlation (June 173 at Zackenberg during
19821987 and 0 190 Together with the
peeumulaied temperstures from the melting
seasons these spow depths were used o model
aiw cpyer depletion curves for
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Zackenbergdalen (Figure 7)., A high accuracy
in modellmg snow distibution i this way
implics (of course) that the link between
presence of sea-ice and precipitatiion Found
during this study are significant over maore
than 14 years. However, if this is the case they
reflect a very inferesting covariance between
climatic parameters ab different scales.

S COMCLUSIONS AMD PERSPECTIVES

This study  has demonstraced  methods o
describe  the  variabiling of two  importan
climatic  parsmeters  (snow-precipitation and
sea-ice]) at small and larger scale, respectively,
The analysis of these two sets of information
reveals @ sigmificant comelation between sea-
ice-extent and  spowfall in High  Arctic
Mortheast Greenland — longer presence of sen
ice leads to less swow  accumulation, and
shorter  presence  leads o larger  sow
accumulation. This is interesting in relation o
future climate change as soveral siudies as well
ws the majority of GUMs predict less sea-ice
and incrensing precipitnotion in High  Arnctic
Greenland — this study is in concordance with
these  suggestions.  Methodologieally,  the
meethod presented here to model spow cover
distribution could be of interest at other
research locations in the Mormh Atlant:e, and
the data produced would be of great value in
further understanding climatic chonges in the
Fo i
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Detection of spatial, temporal, and spectral surface changes in

the Ny-Alesund area 79° N, Svalbard, using a low cost
multispectral camera in combination with spectroradiometer
measurements.
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Intreduction

This waork 55 4 pilot stady on wsing # low cost 3 filter chunnel™ spectral digital comera for
monitoring spatictempoeral changes in surface reflectance during the melting season in the Ny -
Alesund area 79° M, Svalbard. The study is based on images taken af regular time intervals,
raciation daia obiained by a Fieldspece FR specirosadiometer. and aolar sadiation data measared
at the Sverdnep Station in Ny-Alesund,

The Study

During the period 2305 2002 — 3008 2002 a Teracam multispectral digital camera was mstallid
474 metres above sea bevel ot the Zeppelin Mountain Research Station ., approximately 2 km
fraen the Ny-Alesund settlement. The camera has been taking an image automatically every day
arnoon {and at H-minate mtervals ona single day), making up a tme seres of spectral imagery
ot high resolution — in both spoce and time. The aim of the study is to use thess images for
surface classification and change detection. These results can then be used for further model ling
in comnection with surface energy  balance  stiidses, In order w0 make this possible a
comprehensive work of calibration experiments are being performed

Datn to b wsed for the expenments have been collected during two field campaigns — one in
mid May before extensivie snowrselt began, and one at the end of June/beginming of July. where
large vegetated areas and bare-soil areas were free of snow., The first campseign was iniliated as
1 testing phase, where the comera was set up and adjusted to the prevailing light conditions. and
the first measurements of spectral reflectance for snow/fGce, and gravel were perfonmned.
Addinonally, a nomber of peographical positicens  swere measured at different  bocations
throwghout the terraim, using GPS, These data are going to be used for orthopraphic rectification
of the images (Hinkler et al. 2002). An orthographic image has the same scale throughout the
whole imsage, which ensures correct estimatsons of the size of the different susface tvpes. During
the second campaign, the spectral properties of addiional surface types (vegetation, dark
organie matter, and woter) were messured. Furthermore, surfoce reflectance was tested for
diffesent view angles using both the spectroradiometer and the camera.

Al the e of writmg, umage data have been compared o icoming global radiatzon, solar
azimuth angle and messurements of spectrol reflechion tor snow (Winther et al. 195949,

Figure | is an example of a spectral image of the My-Alesund area, and it is created 85 a false
cobowr composite from the red(By, greeniG) and wear mfrased(R) clansels of the camera -
stmilar o e Landsat TM ch. 2, 3, and 4, The bnghiness of a given imape = or Digatal Mumbers
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Figure 1. Fake colour composite of The My-Alesand area obrained from the automatic speciral digiral
camera Drsting] surlzce tvpes that have boen spectrally mnvestiggied sne imdscaled m the image.

(DM} are wery sensifive o the amount of incoming selar radiation as well as the angalar
directvom o the Sun {solar axmuth), These relationships are fllustraded for red and sear infcered
in figures 2inb). The figures show the avernge DM s for snow and vegedstion at 10 minute time
indervals during a period of 26 howrs {286 - 29/6). The figures reveal that image brightness is
comzlated w0 the ghobal radiation and thar the comelation 5 mest sigmificant al visihle
wavelengths, The camerss orientation 15 almost directly to the norh, Consequently, when
sunlight comes from morthern dinsctions during the night, image data become unssable for
caloulation of values related 1o the physical properties of the diffesent surface types. This is doue
10 streys of light reflected directly ino the camer lens. Therefore it i important 1o emphasize
that the cameras orientation st be in the direction away from the Sun at copture time, In
figures Xc,d) the relation betwoen global solar radiation, ved. and near infrared DN's,
respectively s shown (diee 10 azimuth problems, data obtaimed dunng the dme around mednight
have been excluded), Figures 2(c.40) also ilhestrates that the cameras response 15 very sensitive (o
the adjuestmient of the camerus diaphragm aceording o the present light conditions. Duning this
stady it has been attenrpied 1o adjust the diaphragm fo cover light comditions varying finin
bright clear skies o overcast conditions, To aveid suration on clear days, the diphrygm has
be=en set at a relatively high level. Thus, on days with limited amounts of sunlight, images will
b relatively dark, which reduces the dynamic range of the given image significantly, From the
ﬁmm:s. il &an |'.Iv|.: |1|'.|u_'r1.'¢|.| thar al the current |.1i.a|'!|||ru5_.;,rn-£-¢llli:||g,',x ruqu.in_'h R Hfhi}--'im
wm™ global radiation in order to be able to obtain different calibrations for different surface
types (fitted data range: 400 wm™ and up).

I Figure 3 daily valses (M5 — e} of the cameras red channel for the snow remon are plodted
agninst global radiation measwered at the recording fime, A visual examination of the mmages

90
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Figure L. Image DNs bar different surlace typesin relation o glebal radsatson.

shows that at low levels of incident sodor radiation it is possible to distinguish clouds from snow
and at kigher levels it is possibbe 10 separate new and old snow,

A clossificotion  fest

130 including four different
160 gurface  Ivpes  was
pertormed, The test 15

140 bascd on red and near
120 infrared DN's selected
= fraem & time spam (286,
s 100 PO:0-16:00)  with
E an relatively uniform
& radintive  conditions,
o0 Figure 4 shows that for

) this fime  span  the
different surface tvpes

. AN b easily

] separabed, however if

g 100 200 300 400 500 BO0O 7O 300 | data are obfained wisder
Fobalradalion, YWim? e vuf:lu-inu

conditions the picture

Flpure 5. Camera D05 (red channel, snear regien) plotted ngainst phobal gLLs more ':':'mi_ﬂ"-'*md-
rudiativn, hased on daily images captured during the perod 2005 — WA To  solve  this  1ask
further work muest be
put in the development

o1
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Figure 4, Mearinfrared and red channels ploited
against exch other For different susface types,

4

i -H‘_\_‘”_“‘_”—\_\__f—“-\_\_,l-uﬂu—ﬂ\q_,_-’-\—u—"#\_

<14 SN

ity A
— L'-—.—'—--_,.-"\.\__,.-'\-.l_r!"'\-\_lh"\-\

=T -1 1 1 T

g ¢ 2 3 % § 2

Torm o then cay

Figure 8, MDY E-irdex for different sarface bvpes,
derived firom image data obsained 280062003,

of the necessary calibration moutine,

The Normabized Difference Vegetation
Index (MDWI) is the most commonly used
pemabe sensing-based index for detection of
the greenness of vegetation (amount  of

chlorophyll  and  development  of  cz2ll-
structure in plamis). The index is defined:
: MR - REDY
NDVI = ————
MR + RETY

The walues of the madex ranpe between -1
and 1. Walues above approximately (01
vsaally fdicate that a cemain amount of
chlorophyll is present, Snow has o weaker
reflectance ot neannfrared wavelengihs than
at wisthle wavelengths, Therefore  snow-
M ||£|.|ﬁ.|l:|.' % well belivw 2er F"lgﬂ.ﬂ: ]
indicates that data have the potential for
menitoring  greenness during the growing
seasin, aid that snow and vegelation can be
easily scparuted from gravel and dark
arganic matier, using this imdex.

Ciravel and dark organic matter have NDWI
vilues of the same order of magnitude and
can dittigult to separate using the WDV To
solve this other methods based on absofute
D-values et be antrodece:d.

Final Remarks

The Tetracam spectral digital camera offers
the possibifity 10 momitor spectral surface
changes ot high temporal and  spatial
resolution,  bowewver  some techmical
difficultios negarding the sbjustment of the

cameras diaphrugm and sstomatic exposure fime have to be solved. Fusther work must be put
into developing calibration routines based on solar radiation data; and a compechensive analyvsis
of apectral imsge data versus spectroeadiometer data stll needs 1o be performed.
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INT. 1. REMOTE SENSING. 2002, vor, 23, o, 21, 46694682 mia..,l-.u.w

Automatic snow cover monitoring at high temporal and spatial
resolution, using images taken by a standard digital camera

J. HINKLER*. 5. B. PEDERSEN, M. RASCH and B. U. HANSEM
Institute of Geography, University of Copenhagen, ster Veldgade 10,
13530 Copenhagen K, Denmark

Absteact,  The inter- and intra-annual snow cover distribution in the Zackenberg.
dilen valley, north-east Greenland, wus monitored vsing mmages from a digital
camerit, The Digital Camern ITmages (DCIs) provide—in contrast to saiellite
images— datw with a high temporal and spatial resolution at low cost, The digital
camery, positoned on a rock SMIm above sea level [asl), antomatically takes
obhligue photographs of the villey, To oltain the pecessary area consistency for
mapping purpesss, the DO are transformed into digital orhophotos Snow
cover mapping is performed using these orthophetos Tnoorder 1o suppres errors
due to lumination effects, a normalized index based on red, green and blue
[RGB wvalues was developed, The index can be used as an analogue 1o the
Mormalized Difference Snow Index ( NDE1), commonky used in combination with
Landsat Thematic Mapper {TM ) images. During the melt-off season, o maximum
of 10-15 Landsar TM passes oocur over the Zackenberg area. For the 1999 melt-
off season only three cloud-free TM images were usable for snow-mapping while
46 DCEs were suitable For this purpose Analysz of 1998 and 1999 data shows
that the snow cover in Zackenberpdalen decreases pradually dunng the melt-off
season, The resulting depletion curves hiave a "laterally reversed S-shaped form,
which depends on the initial amount of snow inthe arew, the emperatune during
the meli-off season and altitudinal fevel.

1. Introduction

Snow cover s a very important component of the Earth’s climate system (HBrun
et wl. 1994, 1t is a key component of the global hydrological cycle, as it is the largest
contributor to rivers over major portions of the middle and high latitudes. Water
derived from snow melt 15 being vsed for generation of hydropower, Hence, the
gquantitative estimation of the extent of snow cover is of prime importance (o
hydrologists and managers of water resources (Sogaard and Thomsen 1988, Swami
and Brivio 1996). Furthermore, smow cover highly affects the living conditions for
plants and animals {(Gray and Male 1981, Hall et af. 1990, Pliss and Mozzoni 1994,
For instance, snow cover is considered 1o be a very important [sctor affecting musk
ox mortality, reproduction and distribution in Arctic environments {Hansen and
Mosbech 1994), Thus, an increasing cffort has been put into snow mapping at
different scales during the last decades,
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Traditionally, determination of snow cover has been based on point measure-
ments. However, such measurements will not always detect significanl areal snow
cover variations (Gray and Male 1951), Especially over larger arcas, satellite remotc
sensing techniques have improved the possibility of data acquisition at regular
intervals. However, over o small area, the availability of satellite data of sulliciently
high resolution in space and time is still limited. The snow cover monitoring discussed
in this paper was carried out as a part of Zackenberp Ecological Research Operation
{ £ERDY, Sackenberg Station ( 747307 M; 217007 W ) in north-cast Greenland {figure 1),

The snow cover depletion of the Zackenberg area has previously been investigated
using high resolution satellite data [ Landsat Thematic Mapper {TM) and Systéme
Probatoire pour FObservation de la Terre (5POT) High Resolution Visual [HEV )]
{Tamstor? 1997 ). Howewver, a great deal of the ressarch in the area depends on a
description of the snow cover, which is more detailed than that which can be achieved
by various high resolution satellite sensors.

The purpose of this study therefore is to develop a low cost technigue (o produce
high resolution snow cover maps of the Zackenbergdalen valley {fgune 1] and use
these for & case study of snow cover depletion in a High Arclic ecosystemn.

To be able 1o wse a low cost standard digital camera for avtomated snow cover
monitoring a simple mechanical device was developed. The device consists of an
automatic trigger controlled by an electronic timer. and the energy supply is from a
12V rechargeable battery and a solar panel. The svstem requires energy only when
the images are capturcd; this, together with a flash memory card, ensures that the
images have to be collected only at the end of the melt-off season. All of the

e i
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Figure 1. A Landsat TM3 satellite image superimposad on the DEM of the Zackenberg
area, The area where the snow cover 1s mapped from the DCIs are within the red
polyson. The site where the digital camera is located s indicated by the black cross,
and the research station is situated a1 the blue tower,
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equipment {including the camera) is sheltered in & waterproofed box with a small
window {figure 2). To reduce the probahility of riming inside the box, the moisture
content is kept at a low level by absorbent material within the box,

The system is placed on & rock approximately 300 m above the valley, taking
ahligue photographs of Zackenbergdalen once every day at solar noon. The pictures
are 24 bit red. preen and blue (RGB) images and. to suppress illumination effects,
the speciral information represented by the BGB values was used o develop a
normalized snow index, A computer program for ransformation of the digital images
intir orthophotos alse was developed in cooperation with the Institute of Planning,
Surveying Section, the Techmical University of Denmark (Have 1999),

2. Theory and methods
2L Epectral reflectance of snow

The difference of reflective propertics between snow and other surfaces is normally
quite large, making if possible to distinguish snow from other surface types { Winther
and Hall 1999}, In figure 3a) it can be observed that the meflectance of vegetation
and bare soil is relatively low in the visible (VIS) part of the electromagnetic
spectrum, while it is high for snow covered surfaces, In contrast (o vegetation and
bare soil, the reflectance of snow decreases rapidly in the near- and mid-infrared
(MWIR and MIRE) parts of the spectrum (Duguay and LeDrew 1991 ).

The reflectance of snow can vary considerably, depending on several factors. As
the snow ages, the reflectance gencrally decreases [figure 3(00]. In NIR and MIR the
decrease is mainly due to grain size growth, while in Y15 it 1s mostly due to a higher
concentration of impurities in the snow pack. Furthermore, snow 1o a cerlain exlent
can be regarded as transparent Tor short wavelengths, Therefore the reflectance will
decrease in VIS and NIR for snow thicknesses less than 20-30cm { Dozier 1989,
Winther 1993, Winther and Hall 1994,

2.2, DMgital Camerg Images { DCIs)
The camera obtaining the DCIs is a Kodak DOCS0 digital camera containing a
charge coupled device (CCDY) with a dimension of 756 « 504 pisels. It is coated with

Figure 2, The awtomatizal digital camena in the protection box,
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Figure 3 fo) Beflectance of wegetation, bare soil and snow (medified from Dogueay and
LeDrew 1991 ). (b} Reflectance of fresh and old snow {modified from Hall and Muartinec
1955),

a colour array of red, green and blue photosites. Thus each photosite on the CCD
i% sensitive o only one colowr.

When the image is captured, wavelengths larger than 0.7 gm are excluded by a
prefilter, This prefilter is vsed because the CCD s very sensitive to infrared (1R)
light ( Kodak, personal communication 1998}, In order to obtain the maximum
amount of information and increase the sharpness of the images according o the
nature of the human eve, the green filters outnumber the blue and red at & ratio of
o Lo ome.

In order to compress and store the image. a specially designed algorithm. Run
Adaptive Differential Compression (RADC), is applicd. After the images have been
transferred to a computer they must be decompressed. Because cach photosite is
sensilive 1o only one colour, interpolalion algorithms creating the ‘missing” red. preen
and Blue values are applied (Kodak 1998). Then the final result comes in the lorm
of a 24 bit bitmap image.

2.3, Orthophotos

When the images are captured by the camera. they are created as a central
projection of the object space. The central projection introduces some displacements,
which makes it impossible to messure the size of objects represented in the images.
These displacements can be removed by performing a differential rectification of the
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images. The outcome of such a dilferential rectilication is known as an orthophoto-
graph or orthophoto,

An orthophoto is basically an orthogonal projection of the objects in an mage.
Thus, all pixels in an erthophoto will cover exactly the same area on the objectplane.
This [act makes orthophotos very suitable for messuring the size of objects repres-
ented in the images,

To create orthophotos from the images a gital Elevation Model (DEM) is
required. Furthermore, the relation between the ground coordinate system and the
image coordinate system must be known. A DEM can be created by a number of
different methods, However, 1t is never an exact representation of the surface, and
due to this fact errors will arise in the orthophoto.

Considering that the scale between the ground coordinate system and the
image coordinate system (the Tocal length of the camera lens) i known, the relation
between the two coordimate systems can be determined from six parameters
(X ¥ge Zne (e P ). The first three parameters state the position of the camera in
the ground coordinate svstem and the last three parameters describe the orientation
of the CODY image plane relative to the ground coordinate system. The precision of
these parameters will, of course. influence the accuracy of the orthophoto, In the
case that the computation of the orthophotos is based on several images in a time-
series (where the coordinates for the projection centre are equal for all images). the
error introduced from these parameters will be consistent. This means that using
arthophotos for measuring objects over a large ares regquires:

# that the coordinates [or the projection centre are precise:;
# that the DEM has been developed with high precision: and
+ that the image has a high resolution,

Finally, the camera calibration must be determined. Errors are introduced by
the lenses and the camera isell. However, by determining the camera calibration
these errors can be corrected (Have 1999),

When creating the orthophotos, the pixel values are caleulated by interpolation
based on the pixel values from the original images. A number of metheds exisis, eg.
nearest neighbour, bilinear and bicubic. While the nearest neighbour and the hilinear
methods use the closest und the four closest pixels, respectively, to interpolate pixel
vilues in the orthophotos, the bicubic method uses thel 6 closest pixels. Additionally
the bicubic method also takes into account the gradient of the intensities of the 16
closest pixels | Press e al, 1992, Of the three methods mentioned the bicubic method
has led to the best results, and thus this method was vsed here.

24, RGB Normalized Difference Snow fndex  RGBNDST )

e to the fact that the camera is located 500m above sea level (asl), many of
the digital images are usable even though they are obtained on days with cloudy
conditions. However, the illumination of the pictures differs from image (o image.
Under partial cloud cover the area will be non-homogeneous! v illuminasted, and on
days where the skv is clear the images are brighter than under cloudy conditions.
Therelfore, automatic snow cover detection from a large senes of orthophotos cannot
be performed by simply introducing a threshold value in order to determine whether
or mot @ given pixel can be classificd as snow. Consequently it was necessary to
develop the RGE Normalized Difference Snow Index (RGENDSL. The index is
empirically derived, bul fundamentally it is based on the same principles as the
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Mormalized Difference Snow Index (NDSH) wsed for Landsat ThM images, For TM
data the NDS1 is given by

NDEI - ‘I‘M&lmll T .-rh'l] Heamd 5 {I r
TM a2 + Th s

where TMp, a2, TM g, as represent W15 and MIR, respectively {Dozier 1959),

As shown in figure 3a), snow reflectance is very high in VIS and extremely low
in MIR. Conseguently, snow covered surfaces become very significant compared (o
ather surfaces when the NIDSI s applied. The MIR part of the spectrum cannot be
represemied directly by the RGB values, as they are a reflection of Y15 In the
RGBMDSI, MIR therefore is replaced by a fictitious band, which is related to MIR,
The new index is defined as:

RGB M iRH.-qil“:ul.tul

RGENDSI =
% RGB+MIR

(2}

Heplacemenn

where RGB={R + G 4 B)/3.

The challenge in the development of the BRGEMDS] was to find a method to
caleulate the hctiticus MIR replacement. The first step was (o empirically evaloate
an expression that led to extraordinary low brightness values lor high RGB values
(snow), This was done by assuming that the MIR replacement can be expressed by
an inverse power function of RGE intensities [equation (5],

In order to optimize the level of detail in the images, the camera automatically
adjusts the sensitivity of the CCD sensor system relative to the total amount of
brightness in the images. Conseguently, in images with a high mean RGH value, low
reflectunce surfaces will appear darker than in images with a low mean RGB value
and vice versa. Thus, the next step in the process was to find an expression which
i proportional to the overall level of brightness in @ given orthophoto, and use this
a5 o threshold function © [eguation (417, that indircctly determines whether RGB
values im an orthophoto are at a relatively high (or low) level. Under most crcum-
stances © can be expressed directly as a function of the mean RGBE value of the
arthophoto as the number of pixels with high brightness values normally is propor-
tional to this value, However, where a large amount of the image is darkened due
to, for example, a partial cloud cover, the number of pisels with high brightness will
be underestimated if © is celated only to the mean RGB value of the orthophoto.
Therefore, the amount of brightness in the orthophotao is expressed by the mean
value of a recalculated orthophoto, which empirically bas been determined os:

B.'i

HGHHigh = ﬁ '

G (3
Ba
Mormally the term o is close to 1 Tor “snow pixels’ however, in the case of

darkening due to clowds, the blue component s higher than the red component, and
in such cuses an orthophoto which is recaleulated vsing eguation (3) will therelore
have a higher mean RGB value than the original orthophoto.

The function t was cvaluated empirically, determining the optimum value of 1
when caleulating snow cover extents in mmages with high and low overall levels of
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brightness, respectively. This evaluation was performed using a careful visual exam-
imation of the images in question. It was found that automatic determination of ©
led to results of high accuracy when the following inear relationship was used:

T=lm':ﬂ':RGHHllh'?rhuu+'5] (4]

where @ and & are empirically derived constants, specific for the particular camera.
{For the DC30 wsed in 1999, ¢ and b were found to be —00125 and 1.2875,

respectively.)
Lising the relationships mentioned above the MIR replacement is defined as;
™-RGB
M iRH.-:p‘Imm-!nl: = RGB:‘“ (5]

where RGE,,, =the maximum RGB value in the digital orthophoto.
Figure 4 shows that shadow effects from clouds can be compensated for, if the
ROGENDED 15 applied.

3. Case study Zackenberg
310 Stwdy area

The Zackenberg study arca 15 located in a high rehel mountainous environment
in the High Arctic zone in part of north-east Greenland. The landscape consists of
nearly horizontal valley Apors below 200m asl, steep slopes between 200-800m asl
and plateaus above 800 m asl. The main objective of the research taking place in the
ackenberg area 15 o focus on processes in the wndra landscapes below 200 m asl.
The arca is located in the zone of continuous permalrost and hosts a large diversily
of glacial, periglacial and coasta] landscape features and o greatl varety of biotopes
such as fens, heaths, fell-field platcaus and grasslands. Meteorological data from
Zackenberg [1996-99) indicate an annual precipitation of approximately 200 mm,
mainly as snow, and a mean annual air temperature of approximately — 10°C. The
period of frequent temperatures above 0°C starts in late May or carly June and
ends around September. From September to May the dominant wind direction is
from the north, cavsing snowdrifts on slopes facing south.

The rescarch at Zackenberg mainly focuses on processes in the catchment of the
river Zackenbergelven. The entire catchment covers approximately 514km?, and
the majority of the scientific work takes place in the lower parl of (he valley
{approximatel v 50km?) (Meltofte and Thing [997. Meltofte and Rasch 1998,
Rasch 1999],

3.2 Swow cover detection in the Zackenberg area

The process of snow detection from the DCIs is outhined in fizure 5 The first
step in the process was (o ransform the DCIs into orthophotos, This operation of
pep-referencing pixels in the DCIs is very sensitive 1o a number of potential errors.
The factors of greatest importance are the aceuracy of the image orientation relative
to the ground coordinate system (the outer orentation) and the accuracy of the
DEM. The actual DEM covers an area of 1001 km = 8.5 km. and the cell siee is
190m = 10m. It is based on measurement of contour lines in a stereo model from two
acrial photographs, The amount of uncertainty gencrated through this operation
mainly depends on the outer orientation of the two images used, the interval between
the contour lines, the photo scale and the skills of the operator {Kraus 1993).
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Figure 4. An BOENDSE image versus the orthophow from which it was created. The varving
illumination in the original image is due to shadow effects from partial clowd cover.
It can ke observed that chese illumination effects can be compensated Tor by applyving
the RGEMNDSL The original image was taken on 15 June 1999,

Due 1o the size of the study area and the resolution of the images, the most
imporiant source of error in this project is the owter erientation of the camera. For
the outer orientation, ground control points ideally must be equally spread through-
oul the images, To determine these points only features of a considerable size
idepending on the distance from the camera) that differ significantly from their
surroundings were used.

The position of the control points was found by intersection from two known
coordinates. Compared to the accuracy of the identification of the control points
within the images the accuracy of this lechoigue is high, and the largest part of the
uncertaint y therelfore is related o the identification of the control points in the images,

The computation of the orthophotos was based on a relatively low number (not
more than 10} of ground control points (GCPs). However, using these few points, it
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Figure 5. The steps used m the creation of snow cover depletion curves from the DCls:
I. creating the arthophotog 2. performing snow mapping using the RGANDSL and
I caleulating snow cover extent for different dates, and creating a snow depletion curve,

has been possible to make the control points fit the rectification model { Ducholm
19849 ) with an rms (incamera pixels) of 00235 and 00013 i 1998 and 1999, respoctively.
From the GCPs the model calculates the position of the camera. This position is
modelled with an accuracy (relative to the Kknown position) in all directions of less
than 10m for both years, In the actual situation, where only a few control points
have heen measured in the field, it 15 a great advantage that the camera is fixed at
its position during the entire melt-off season. This 15 due (o the fact that if all the
GOPs can be determined in just one image, it is possible to use them. also for
rectification of images where they cannet be recognized. To eliminate errors that are
due Lo the existence of arcas invisible 1o the camera, these areas were calculated in
concurrence with the orthophotos, and they were excluded rom the caleulations of
the spow cover, The river running throongh the valley was also excluded from the
calculations (figure 6), hecavse the reflectance properties of water surfaces are difficult
tor deal with in oblique images. Furthermore, bright surfaces in the river bed are not
necessarly snow but might be wefloes, icings. etc.

The final computation of the snow cover extent from the orthophotos was
performed  awtomatically on both the 1998 and 1999 image series using the
RGANDSL, with the empirically determined cut-ofl value of 0.6, The application to
perform this operation on a whole image-series was programmed using the Chips
Scripting Language (CSL) (CDT 2000). To create the regions of interest and exclude
the arcas mentioned above, small applications were programmed also using C3L.
The regions were generated as ESRI shp-hles by these applications and the DEM.
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‘The tolal sres af region A, 11,
ond O caguals 168 kn®

Figure . The three regons A, B and C and the areas excluded from caleslations of the snow
cover fareas invisibbe for the camera and Zackenbergelven) are shown The location
of the research stution is indicated by the white cross.

4. Results and discussion

A careful visual examination of the snow maps and the orthophotos has shown
that the RGENDSI leads to convincing results, when perfforming automatic snow
detection on a large series of digital orthophotos. The snow maps produced wers
used to produce snow cover depletion curves as shown in figure 7, Those for 1999
are based on 46 images, while those for 1998 are based on only 17 images. The fewer
images in 1998 is due (o bad weather conditions and technical problems, especially
it the beginning of the season, Due to the smaller number of images. potential errors
in one single image will have a larger influence on the 1998 depletion curves than
on the 1999 curves. The 1998 depletion curves, therefore, must be treated more
critically than those for 1999, The depletion curves were produced for the following
regions, all located at a distance less than 7km within the field of view of the camera:
A, 0-50m asl; B, 50-100m asl; O, = 100 m asl; and “All regions” (regions A, B and
C) (figure 6).

Becawse the accuracy of the orthophotos decreases with the distance from the
camerd, the Tkm limitation was chosen in order to represent the largest area that
can be mapped rom the orthophotos with high resolution. Region A represents the
flat and rather homogenecus part of the valley, and the B and C regions represent
more heterogengous mountainous zones of inermediate and high altitudinal level,
respectively.

For mountainows regions @ gradual decrease in the snow cover is typical due to
irregular deposition of snow, which results in variable snow depths. The pradual
decrease of the snow cover results in “laterally reversed S-shaped” depletion curves
{Hall and Martinec 19850 Figure 7 shows that this is also the case for the Zackenberg
arca. How pronounced the S-shape of the depletion curve is, depends on the initial
amount of snow and the temperature during the meli-off season.

For both 1998 and 1999, the snow cover is almost 100% at the beginning of the
mel-ol season. However, in 1998 the initial snow cover depletion rate was higher
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than im 1999, resulting in a steeper depletion curve at the beginning of the season.
Mevertheless, in 1999 the decrease from B0% (o 20%% happened in approximately 14
days, while in 1998 the same decrcase in the snow cover took almost four wecks
[figunz Tia)]. Thus, the S-shape of the depletion curves is more pronounced in 1999
than in 19498, This is due (o the combination of a greater initial snow depth (lgure 8)
and higher temperatures (figure 91 in 1999 Furthermore, the greater initial amount
of snow in 1999, has led to the fact that the day with 30"% snow cover occurred one
week later in 1999 than in 1998, From figure 7(b) and () it can be observed that the
spow cover exlent decreases at a higher rate in the valley than in the mountainous
regions, resulting in a less pronounced S-shape of the depletion curves at higher
altitudes, This is due to the fact that in the more irregular mountainous landscape
large and deep snowdnifts evolve, which reduces snow cover depletion, while in the
valley the disappearance of the snow cover i more abrupt due to a2 more uniform
distribution of the snow cover thickness. Furthermore, because of the temperature
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Figure & Snow depth measurad al the research station in 1998 and 1999, respeciively,
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Figure 9. Sum of positive C in the 1998 and 1999 meli-off scasons. The temperatures are
measured at the research station, which is located approximately 3m asl
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lapse rate, the snow mell s progeessing from the valley Qoor to the hgher altitudes
{Hall and Martinec [985).

5. Conclusions

Using DCls transformed inte orthophotos has opened the possibility of per-
forming snow cover mapping with high temporal and spatial resolution over small
areas at @ very low cost. The temporal resolution of the DCIs is far bevond that
which can be achieved with high resolution satellites, This is illustrated by the 1999
time series, where 46 imapes are usable for snow mapping purposes. To obtain a
high temporal resolution, the DCls must of course be taken reguently. However,
the large number of usable images is also due to the fact that the RGEMDS] makes
it possible to compensate for varving illumination within and between different
images,

Sonow cover mapping in Zackenbergdalen uwsing the RGBNDSI on the ortho-
photos has led to convincing results. The snow depletion curves from 1995 and 1999
show that the snow cover depletion in Zackenbergdalen is characterized by a gradual
decrease in the snow cover resulling in “laterally reversed S-shaped” depletion curves.
The S-shape of the depletion curves is controlled by the initial amount of snow and
the temperature in the period of snow melt

During the melt-off sepson, the snow cover decreases at a higher rate in the
valley than at higher altitudinal levels, and thus the snow cover depletion curves
turn out to have a more linear shape with increasing altitude.
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Detection of spatial, temporal, and spectral surface changes
in the Ny-Alesund area 79° N, Svalbard, using a low cost
multispectral camera in combination
with spectroradiometer measurements
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Ahstract

Changes in surface reflection af the arctie tundra ot My-Akesund, Svalhard (7% ™) were monitored duning the melting season
2002 wsimg o low eost mubispectral digital camera with spectral channels similar o channels 2, 1, and 4 of the Lamdsat Thematic
Mapper salellie sensor. The comera was placed 474 m above sea kevel al the Zeppelin Mountan Ressarch Station and was pro-
pramined 10 1ake an image automatically every day atsolar noen. To achieve ansal consistency in the images (which i pecessarny fog
mapging purposesh the images were peometrically rectified into multsspectral digical onhophaios, In contrast e satellite images with
high spatial resolution the orthophotos provide daia with high spatinl eod high temporal resofution a8 low cosi. The study arca
covers appragimitiely 2 km® and when free of snow, i mainly consists of typacal high arctic tundra with patchy vegesation and hare.
suil m betwesn. The spectral imformation in the imapges wis used 1o divide the rectibed images mlo maps representing dilferent
aurface classs {including three subckasses of spow), By combining classafied image data and ground measurements of speciral
surface refoctance, o methadalegy 10 produce daily mups of surfaes afbedo was developed, The method takes inte account the effeci
of decrensing snovw-albedo with ageing snow pack, and the very rapid decrense of albedo when the snow pack is shallow £< 1 em)
which is due o mfluence from the undedying ground. The tme senes of modelled albedo-maps shows that e soow mell period
{when tse albedo decreases From BI0G 10 20060 vares Trom Jess than Wb days moareas pear the coagt or in the Ny-Alesund settlement
till meore than 70 days in aveas with large snow or iee accomulations. For the entirg study area the mean length of the 2002 mzliing
period was 28,3 davs with a standard deviation of 15,1 days. Finally, the duration of the snowmeh season ai o loention where it has
been measwrsl routinedy since 1980, was caboulated 10 23 days, which is very close to what is the avernge for the las) two decades.
B MK Elsevier Led. All nghis resersed.

Keprordy Bemote sensng; Oriboplsoio; Mutispeoiml: Soow; Albedo; Rellectance; Arncoc Svalbard; My-Adesund; Digical; Comern

1. Introduction

Surloge albedo s ome of the most eritical varables
affeciing the Earth's climate, Due 1o an extensive snow
cover, surface albedo is normally high in arctic regions.
However, in the short melting season, surfaces in these
regions show o significant natural varability o reflec-
tance, both with respect 1o s spectral variation, and in

" Corresponding author, Tel.: +4533-32-41 63,
- enlebrensess jld pecgr Kok (1 Hinkkr), orhakiimpolar. o
(1R, 83rbaek ), Dahipeopr Kiedk (B L Haiksen),
! Tel.: +47- 70402 200003621,
= Tel.: 4535522509,

1474-T00%S - soe [ront mater © 2483 Eleeveer Lod, Al rghils reservd
ik DL RIDE G e, 3003 06 032G

time and space. It is important o monitor and wnder-
stand this natural variability, before using surface alb-
edor Tor energy- amd waler balance medelling, ccologscal
madelling of biophysical parameters and elimaie change
rescarch. In arctic arcas the surface albedo drops from
arcund B0% under fully snow coversd conditions to bare
ground levels {10-2050) within two to four weeks, and
the date when the tundra Becomses snaw-lree vares from
carly June Gl mid July {e.g. Hinkler ct al., 32; Winther
ct al., 1999} Thus, the changing spectral characteristics
of the surfuce during meli-off combined with the rapid
decreaze i albedo call Tor coutious use of remole sens-
ing-derived albedo, and a need Tor data recorded ai
frequent fime intervals, Sutellite remote-zensed data
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hiave been wsed in a wide variely of arctic studies for
Almost three decades. For example, they have been used
in snow and ghacier studies by Jncohsen ot al. (19931, and
surface energy- amd waler balance by Soegaard et al.
(20005, Multspecteal satellite data from arclic areas
have also been used to monitor and model the spatio-
temporal variation of biophysical parameters such as
length of growing season (e Tamstorl, 20000, veaela-
tion cover frsction {e.g, Jacobsen and Hansan, 1996),
leal area index and biomass production (e, Hansen,
1931 ). However, at smaller scales image data with high
sputttanl resolution wre required to produce o detwiled
pecture of the spatial vamation of surface reflection
within a given area. This need cannot be fulfilled by
using high resolution satellite dats like Landsai The-
matic Mapper (T or Systéme Probatoire pour 1'Ohb-
servation de la Terre (SPOT)L Ths 15 due 1o the Gt that
the temporal resolution of these satellite aysiems is oo
poor too acquire images of the same arca Trequently.
Furthermore, satellite images are sensitive Lo cloud
cover and data with high spatal resolution are olten
ey,

~ This study was carried out in the arca around Ny-
Alesund 79° M, Svalbard and had two main purposes.
The first purpose was o develop and sel up a low cost
syslem o produce a0 time senes of orthographically
rectified multispectral images of the study area (Figs. |
and 4y offering both high spatial and temporal resolu-

1130 Bt
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tion. The second purpose was 10 combine these images
with field measurements of surface reflectance in ender
o compute a time series of daily albedo-maps and then
use these for caleulation and deseription of the spatial
varihility of snowmelt-duration within the study area,
Furthermore it was an aim to reveal peculiar albedo
Fratures that are connected to different regimes of snow
melt and different surface types,

The system producing the multispeciral digital or-
thophotos (MIDOs) consisis of a Tedracam multispociral
three channelled (green (G). red (R}, near infrared
(NIR W digital camera {MDC), and a specially developed
soliware package—Ortho (Have, 19950, The cameara was
placed at the Zeppelin Mountain Station at 474 m above
sed level facing Ny-Alesund/Kongsfjorden taking daily
oblique images of the Ny-Alesund area (Fig. 41, Every
image recorded wnder Farr weather conditions from this
time series were orthographically rectified. Grround truih
measurements for calibration and verification of surface
reflectance were performed with a Fieldspoe FR spociro-
radiometer. _

The study area (which includes the My-Alesund set-
tlement] is limited by the feld of view of the camera and
the coastline along Kengsfjorden (Fig. 1), and it covers
approximately 2 km®, When free of snow, the surface in
the area roughly consists of tepcal ligh arctic tundra
with paichy vegetation and bare-soillgravel in berwesn.
In a few spois some particularly dark surfaces. that

b 1

DMWHEF?'!‘EHWMA@

Fig. 1. Map of Kengslorden aren, Svafbard, The snidy arca (the arek eoserad by e mulispeacival dighal cameral is beadicanesd by che black polygos
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are remnants from a former coal mining activity, are
present.

L Speciral properties of different surfoce (vpes
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In redation 1o remaote sensing, natural surfaces cin
roughly be divided o four major different categories
bare-soil, vegetation, water and snowfice, The spectral
reflectance of bare-soil increases generally with wave-
length, and 15 afected by the soil texiure, moisture, and
presende of organm maller, A coarse, wel and organeg
soil has @ lower reflectance than a dey clay soil,

Vegetated surfaces have three distinct wavelengih
determined segments of reflectance. These can be char-
pctenzed a3 low reflectance in the visible (300-700 wm)
IVISY part of the spectram due 1o chlorophyll absorm-
tkon, high reflectance in the near infrared (00— 1200 )
(MWIR) part of the spectrum caused by cell structure and
leanl area. Inomid infraresd (12002500 nm) vepetation has
medium reflectance due 1o water absorption. The spec-
tral reflectance of vegeiation has a sirong dependence of
senson as owell as age and vegetation-type. The reflec-
tunce of witer 10 VIS 1= a littke higher than for vegetu-
ton and dug o very hgh absorplon, it declines 1o
almaost zere at higher wavelengtha, The level of reflec-
tance depends of depth and load of suspended material.
Shallow water with suspended material has a high re-
Nectance, while deep clear water his a very low reflec-
L,

The surface types of major interest in connection with
this study are the snow coversd surfaces. Snow is a
miatrix of og gramns, air, and water and often contans
mpurities fike dust and planl matenals, The optical
propertics of the snow pack in VIS and NIR depend on
grain size distribution, ihickness of the snow pack, oc-
currence of impurities and liguid water content (Warren,
1982), The reflectance Mrom a fresh snow pack remaims
high in VI3, while a distinct drop occurs in NIR (Fig, 2)
and fAnally it drops to below 109 in the mid-infrared
region. The change from fresh to metamorphosed clean
snow [which 15 due to crvstal growth and increass of
liquid water content) cawses a reflectance decrease, es-
pecially at longer wavelengths, A further decrease in
reflectance at wavelengths from S00-700 nm indicates
that meroscopse dust and other small partckes may
cover the snow surlace, while macrascopic and visible
dirt on the snow give a further decrease, mostly in the
visible range (40700 nm}. Thinning of the snow cuuses
o sgmifcant decrease morefbectance, as the underlyving
ground ssems 1o become visible at a snow thickness of
approgimately 10 cm and less {Wiscombe and Warren,
LBib).

Clowds highly increase the amount of diffuse ruda-
teon relative o the amount of direct radiaton incadent
om @ surface, and they also alier the spectral distribution

Reflaciancs (%)
2
'

10—

Fig. 2. Reflectance curves For seven dillerent sarfaee types (smow, okl
sniwwy, ice, waler, gravel, green vegetation, and dark sarfaces-- remnan:
from former coul deposits). All of the mea=sarements were performed
using & Freld=pes FR spectrormdiometer. The numbers given in pa-
renthesises arg values of numencally micprated broad baml albado,

of the radiation reaching the surface, since they absorh
4 higher portion of infrared than wvisible radiation.
Thus, a relatively high portion of visible radiation
reiches the surface under cloudy condiions, Work by
Winther et al. { 19%%) has shown that the combined elfect
of these factors can make the integrated broad band
albedo increase with ap to 794 in the case of a change
from clear sky to 1S overcast conditions,

A metamorphosed  snow refllects radmtion aniso-
tropically (Igbal, 1983), the sensor derived albeda
strongly depends on the geometry between the sun. the
senisor and the surface segment {pixell. The reflectunce
of snow increases with illuminaton angle, especially for
larger grains, because snow has a tendency 1o be
strongly forward-scattering in MIR (Dhozier, 1989, The
inerease moalbedo can be as kigh as 25% and the largest
amizotropy 15 seen for metamaorphosed snow o men-
surements Facing the sun,

As mentioned, reflectance of snow decreases in the
NIR part of the spectrum. When attempting to divide
snow inbe subclasses this decrease becomes of significant
imporiance. As snow ages or mebls, the grain size in-
creases, and cspecially in NIR snow refleciance is sen-
sifive to grain size. This means that the relative
proportion between YIS and NIR is larger for old snow
tham for Tresh snow, making it possible 1o separate Nresh
and metamorphosed snow, The normalized difference
anowviiee index (MDSIT) (De Abreau and LeDrew, 1997)
i5 given by
NDSII VIS — NIR

VIS + NIR' w
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where VIS {3E0-680 nm) and NIR (7251100 pm) are
integraied reflectance values. The index ranges from <1
to |, with smow and kce viluwes expected between O and 1.
The larger the index, the more matamaorphosed the snow
contained in the pixel in guestion. In this study the
MIDEI is used to distinguish between fresh and water
safurated snow, and it was calcubated using ruw R and
MIE pixel values,

3. Image data and fieldl measuremenis
H Mudrispectral digital comera foges

The MDC is a Tetracam inc. single-CCTF camera
with a resolution of 12000= 1024 pixels and a colour filter
array wpphed to il Thus each pixel on the CCD s
aensitive 10 only one colour, After colouwr reconatruction
{demospicing processing wsing ruw  pixel data), the
green, red, and near infrared (G, B, NIR ) spectral bands
approsimstely cover the following wavelength intervals:
FET0 nom (Gip, B00-690 nm (R, and TH-8500 nm
{MIR) {sce Table 1).

The camera was sct up inside the Zeppehin Mountain
Research Station at 474 m above sea level facing a north
o northegasterly  direction towards the Ny-Alesund
settbernent and Kongsfjorden (Fig, 4). The cameras in-
ternal alarm clock was programmed to trigger the
cumery and tuke a piciure out through the window once
a day during the period Moy 22-Aunguest 14, In order (o
abiain optimom light-conditions dunng  image-expo-
sure, the time of caplure was sct to be at selar noon. At
thist timie of day the intensity of solar irrndution is at its
masimum, and further, as the camera s poanted almest
directly to the NMorth {the same direction as the propa-
gation of solar rays at noon) prohlems duee o backlight
amnd saturation can be avoaded more easilv, o addition
Lo the dotly images a dinmal Bme serses was recorded
I mtim intervals at June 28- 39,

This was done to investigate the cameras sensitivity fo
the zolar azimuth angle. During the entire recording
pertod, the local weather has varied with pertods of fair
weather conditions, periods with both high and low
cloud cover, and pericds with foggy conditions, Data
were therefore recorded under a large number of dif-
ferent solar lluminations, Fig. 30A-(00 iflustrate the
MIDCE responze wnd dynamic range Gn B oand MIRT a1
different levels of solar illumination and at different

Tabk: T

azimuth angles, Fig. 3(A) and (B} reveal that image
brighiness is comrelated to the global radiation and thai
the correlation is most significent at visible wavelengihs.
Mote, around midnight the Sen’s position 15 1o the
nworth, meaning that the solar rays propagate almost
directly toward the camera lens. This explaing the
abrupt increase in pixel values at that time of day. The
MDCs responss 15 very sensilive 10 the adjustment of is
diaphragm, Durng this study i has been atlempiad 1o
adjust the diaphragm 1o cover light conditions varying
from bright clear skies to overcast conditions. To avoid
saturation on clear davs, the dinphragm wis set at o
relatively high level, Thus, umder overcast conditions,
imazes were relatively dark, reducing the dynamic range
ol a given image significantly. In Fig. 3C) and {3} the
relution between global solar radiation. and the B, and
MIR paxel values 35 shown (due (o aemuth problems,
data recorded during the time around midnight were
cxcluded). From the fgures, it can be observed that ai
the current diaphragm-settings a minimum of 250 and
400 Wm (for B and NIR, respectively) is required 1o
be able to discrimimate two spectrally very different
surface tvpes without ambiguity (snow and vegetation)
on the basis of a single spectiral channel. Thercfore (see
Section 4.2), surface classificutton was baszed partly on
relative  proporlions  between  speciral  bands, The
changing weather conditions combined with the MDCs
high sensitivity 1o different illuminations has limited the
number of images from the daly tme series usable for
surface classification 1o 19 out of a total of 83,

A2 Fleld measurenenis

Spectral field data were collected during two feld
campazigns—the first one took place in med May before
cxiensive snowmeli began, and the second one at the end
aof June/beginning of July. where large vepetated areps
and barg-soil areas were free of smow. Measurements
weng performed using a Fieldspec FR spectroradiomener
{amalytical spectral devices) measuring from 330 1o 2500
mm. It consists of three buili-in separate specirometers.
The first one measures from 350 10 1K nm using a 512
element photodiode array, and has a speciral resolution
af about 3 nm. The second and third omes are of scan-
ning types and measare from 900 1o 1850 nm and 700
to 2500 nm, respectively sampling every 2 om, with a
spectral resolution of about 10211 nm. Results pre-
sented here primarily ose dara from the first spectro-

The spectral chapnes of the Tetrscam mulrspecival camera, the SPOT high resalution vistbke (HRV | &l the Landsat T sateflile sensoms

M (nm} SPOT (HEY) (nm) Land=at TA (nmi)
ireen SHLAT Chopmel 1: 50005590 Channel 2: 520 400
Red SO -G0 Chanmel 2: I0-630 Channel 3: 630650
Mear imlrarnd TEO-250 Chanmel 3; TA0-8590 Chamnel 4: 7H01-A00
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Fig. 3. Pixel values (snow nnd vegelazion) from the deornal (June 28-29) tinse series of malispeciral comeern imapes. (A, B) shows camera response
{pinel wulwesh in & and MIR and gobal mdation daring the day. (C. D) shows & and MNIR pisel values (period 21200:04:040 excluded| ploited against

ghobal radiztion

meter coverng the visibba'near-inlrared (VMNIR] wave-
length range from 350 10 1030 nm. The optical detector
{which simply consists of the bare opfical fibre with an
adapier limiting the fickd of view to 187 was fastensd (o
a standard Gmera tripod oo avor! movements during
the less than one-second integration time of the mea-
surement, and measurementis were acquired 30 cm above
the surfwce of interest. The speciral albedo was deter-
mamed @z the rato of incident solar radiation reflected
from the surface target and the incident radiation re-
flected from a calibrated white reference Spectralon
plite (about 30 cm = 30 cm). Both the specirorpdiometer
amid the reference Spectralon were calibrated at the op-
tical calibration lab in My-Alesund 1o “NIST traceable
reference lamps and spectralons™.

Measurements were done on representative snow and
e surfaces ws owell as typeal vegetation, bare-soilf
gravel, and parcticularly dark suefaces of formear coal
deposits (characienstics of spectral veflectance for dif-
ferent surface types are displaved in Fig. 2). Spectral
reflectance mewsurements of the sekected surfaces (snow,
icatwirter saturated snow, gravel, and vegetation} were
performed at weakly intervals,

To be ahle 1w rectify image data orthographically, 16
ground control points {GCPs) were measured at visually
significant spots in the My-Alesund arca (Fig. 4) using
globul positioning system {GPS)

4. Methods
4.1 Creading madiispeeiral oigital ardhophoroas

When the images are caplured by the camera, they
are created a5 o central projection of the object space
{the real world) te the image plane (the COCDechip in the
camera). The central projection introduces displice-
ments, which makes it impossible to measure the size of
objects represented in the images, These displacements
cin be removed by performing a differential rectification
of the images. The outcome of such a rectification 15
known as an orthophotograph or orhophoto. An or-
thophoto is busically an onhogonal projection of the
objects in an mage, and thos, all pixels inan orthophoto
will all cover areas of equal size on the abject plane,
However, due to lens distortion, ervors will anse in the
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Fig. 4, Meghododogical skerch of the sieps wsad in the proceduse of tramsformaing obligee mage daia mio clissiied serfice types and fumther imio s
figll timnie series of nlbedosmaps. Ground controd peims (GCPs) used For geometric rectificaison ore indicaied with white cresses. On the classified map
=in surfave bvpes exist: snow (whiteh, water saturated snow (bloe), relfrozen snow (light blue), vegetation igreen) dark surfzoes (dark brown), and

gravel, e, {brown).

orthophoto if distortion coofficients are not mcluded in
the rectification procedure. An exuct cimera calibration
{Duiehodm, 19801 therefore was parformed in coopari-
tion with: the Technical University of Denmark (DTUL

To ereate the MDOs, the relation between the ground
coordinate system and the mage coordinate system
must be known. When performing orthographic rectifi-
cation wsing the software Chrtho, this relationfiransfor-
mation model is found wsing a digital elevation model
{DEM} and a number of ground control points (GCPs )
In thes study arthographs: rectfication wis hased on the
I GOPa collecied during the field carmpaigns and a

126

2k m resolution DEM provided by the Norweman Polar
Institute (NP In order o improve the spatl resolu-
ton of the MDDk, the DEM was resampled 1o 4 m
resolution. An example of an obligue mulispeciral
digital image versus the corresponcding MDO s allus-
trated in Fig. 4,

4.2 Classifving smaltispecrral digiral orthopliois e
different surface vpes

The G, B, and MIE pixed values Mrom the b DO were
used o classify the soudy area into maps representing six
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different suefice fypes: fresh snow, water saturated
snow, metamorphosed/retrozen snow, vegetation, very
durk surfaces eg former coal deposits, and gravelin-
termediate reflective areas such as buildings, efe.

420 Classifving sow

Az stated above, snow 3 divided mio three distinct
subclasses, However, in the first place all snow-paxels are
azlected wsing two empinically determined thresholds—
bath based on spectral reflective properties of gravel. In
this study gravel is represented by the mean {raw pixel)
vitlug (in the imuge being progessed) of the air strip
sitwated in the upper lefit comer of the MD0Os, The first
step in the process of classifying snow involves two
criteria:

NDSIH > 108 - NDSllgy and 6 > 08 Gonas
(2)

where & refers to aw grean channel pisel values,

T order 1o divide snow into subclasses the Tollowing
routine was introduced: The first step of the routine
woncerns the classification of water suturated snow. This
clazs =imply conssts of pikels with an empincally de-
termined WDSI threshold greater than 0033, The clas-
sification of Metamorphosedirefrozen smow involves a
throughput {in chronclogical order) of the whole time
series of clussified surfoce maps (al this stage mclading
two snow-classes: fresh snow and water saturated snow )
Druring the throughpat it is checked whether pixels that
are classified as fresh snow in the current surface map
previously have been classified as waler saturated snow.
IT this is the case, the given paxel will be assgned 1o the
class of metamorphosedirelromen smow.

22 Classifving vegpetation, very dark sarfoces, and
sraveliinrermediane reflective arvas

Due to the strong reflectivity of green vepetation in
MIE, o pixel simply can be classifed as vegetation o s
valug in MIR s lirge relative (oo value in VIS, For the
Tetracam MIDC it was empirscally determined that
pixels containing vepetation have a MNIE to O (raw pixel
vithues) ratio larger than 1.1,

Very dark surfuces are characterized by having a very
low reflectance in all pans of the shomwave-spectrum.
Thus, all pixels that are sor vegetation (G significanily
higher thun NIR) and have an average GEMNIE valus
[fF + &+ NIR)/3] significantly bower than gravel are
asgigned 1o this class, Thus, o classily this surface pype
the following two selection criterin were introduced:

G > 1.1-NIR and
G+ R+ NIR)/3] < 08 [(G+ R+ NIR) Iy (3

where &, £, and NIR are raw pixel values i the red,
green and near infrared channalz, respactively,

Finally, if a pixel does not belong to any of the above
mentioned classes, it is classified as gruvelfintermediate
reflective arews,

4,3 Derviving daily wiaps of Troad band olbedo

The totul shortwave albedo hos boen meazured rou-
tinely ar the Norwegian Palar Institute research station
in My-Aldesund since 1980 on the same tundra location
{location | in Fig. &) Eppley P5FP Pyranometers and
during the past 10 years Kipp and Lonen Pyvranometers
model Ch11 have been used, annually cahbrated on sie
with reference o the station Absolute Cavity Pyrhelio-
meter. These measurcments show that the albedo nor-
mally remains above 30% until late Muy. Thereaficr, u
rapid decrease inoalbedo oocurs wntil albedo levels cor-
reaponding o snow-lree tundra are reached (Winther gl
al., 1999} Basically. this decrease in albhedo is related io
two main factors—firstly, when the snow cover is thick
encugh not 1o be affected by the underlving groumd, the
decreaze in albeda = due o snow melt and metamer-
phosis (increasing grain size), this albedo decrease oc-
curs less rapidly than when the albedo is affected by the
underlving ground. Secondly, at shallow snow depths
(=10 gem), snow-plbedo stars o pel influenced by the
ground, and at this stage the albedo decreases very
rapidly, as the snow pack s thinning and is getiing in-
crepsingly transparent. By combining this knowledge
with the clasafied surface-maps and Hebd meazeraments
of surface reflectance, @ method to cabeulaie @ time series
of albedo-maps was developed. Using this methoed an
albedo-map of the My-Alesund arca was derived for
each day i the entire melting senson,

Fig. 3 shows measured and caloulated broad band
albedo for a number of different surface types (snow, ioe!
water saturated snow, vepetation, and gravel). Fur-
thermore two  different albedo  decrease cosfhoents
(0.80d% dav—" and 0,36 day~") are visualized in the
figure, These coefficients are used o caleulate albedo
decrease for fresh and oldermetamorphosed snow, ne-
spectively (when not affected by the underlving ground).
All caleulation routines mcluded m the process of de-
rwing albedo-maps, and all rouwtines wsed for image
classification during this study was programmed in chips
seripting kanguage (C5L), which is an integral part of the
Copenhagen Image Processing System (CHIPS) devel-
oped at the Institute of Geography, University of Co-
penhagen (COT. 2002) Below is given a sysiematic
descipiion of the derivation ol the albedo-cakoulation
routing: During the melting seuson, spectral surface re-
Mectance was measured for the siy surface classes. The
apeciral measurements were numerically mtegrated io
broad band albedo. In the first place a time series con-
sisting of 1% albedo-maps (derved from the classified
MDY was created. Dunng this process each surlace
tvpe were assigned a particular albedo valee based on
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108 = PR, surface-maps were chocked by a careflul viswal inspec-
TR e S tion, and critical pixels (pixels that have boon saturated
B e one or mere tmes during the recording period) were
a0 — 'Y S W, e | J P 1

: t.."'k.i:ll,:ll.‘lﬂl.'l fromm =tatiatical caloulations, .
. Fig. 6 presents a number of selected sites where data
Gloge = 280N parday Sape have been extracted from the calculated albedo-maps
4 and Fig, & presents the change in albedo for these sites

L e
i ] 124 A 1EQ
DOy of the year

Fig. 3. Measured and modelled values of albedo ar differens daies.
Measured daia are from the MPEs reserch stntion and from speciral
ichd  mweasumement=. Albedo  decreas: coeflicents  [Tmesh smow:
-0EM ey and melamarphssad anow: =057 Hday b ane ako
indbcated.

the numerically integrated valwes created from the field
data: fresh snow: B, water saturated snow 33%.
metamorphosedirefrozen snow: 55%., vepetation: 15%,
very dark surfaces: 3%, and gravelfimarmadiate reflec-
tive areas: 23%%. Howewer, as discussed above: when the
snow pack ages during the melting season. snow-albedo
decrepszes with time; therefore snow-pixels in the 19
albedo-mups were recaloulated wsng the above men-
toned decrease Factors for fresh and metamorpliosed
apow. The outcome of this procedure then is [9 new
albedo-maps that are adjusied wath respect 1o the age of
the snow pack, The fnal step in cakoulating the tms
sxpies was to Gl the caps of dates with missing allbado-
maps. This was done wsing simple lincar interpolation
between pixels with equal peographical coordinates in
the adjusted albedo-mups. The final output then come as
a complete fime senes consisting of daily albedo-maps
for the whole recording period/melting season (a skeich
of the whole process from capturing the images to the
production of daily albedo-mups 1s outlined in Fig. 4).

5, Resulis and analvsis

In order Lo venly the accuracy of the denved albado-
maps, cabeulated and measured values of albedo were
comparcd lor the snow site where surface reflectance was
measured regulacly during'between the ficld campaigns;
and for the permanent albedo monitormg station (Fig
31, It can be observed that there 35 a good match between
the caleulated and the measured values. However, a high
overall accuracy of the culoulated resulis—spatially as
will as temporully, requires, of course, that the classifi-
cation of the MDOk s correct. Therelfore, all classified
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through time, These data, reflect that in the Ny-Alesund
areq, the time it takes for the albedo (o decrease from its
maximum around 80% 1l it reaches bare ground levels
varies 4 lot 1t 15 also interesting to note that increases
alter a first devrense 0 albedo have occurred for a
number of pixels corresponding to 14% of the areas with
snow cover. At site 2 for example, surface runofl makes
the smow pack water saturated (lowering the albedo) and
dry outfrelresang processes makes the albedo incrense
afterwards, Al site 7, the albedo decreases rapidiy down
to 3407, and thereafter it increases again until it
reaches S0-600% before a new and last decrease. This
phenomena 15 due to the presence of “nuded sce™ which 15
am ice body being formed by the refreering of perennial
ground water fiow with snow sccumalation on top of
it {Lefauconnier, 2003, personal communication), the
spring &= located in an old mine named the Ester Mine
amd the mam recharge of the sub-permalrost ground-
waler aquitar is the nearby Yesire Lovénbreen placier
{Huldorsen and Heim, 1999} When snowmelt 5 about to
end (at this location by the beginning of July) the surface
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Fig. . Map deplaying the spatial distribution of the duralion of the
srirwmell wathan the #ody area Soven selectid it mles arg inlicaticd
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consisis of oo made of a circular crystals overlapped by a
layer of superimposed “dirty ice” and water saturated
snow, making the albedo drop 1o around 35%, When the
spw has disappeared, meltng stars al the penipheary of
the crystals {especially with clear sky), and the drying of
the surface and the increase of its roughness kead o oan
mrease of the backscuttering and of the albedo,

Al the measurement site (close 1o the MPIs research
station—bocatnon no. | an Fig, 6), the snowmelt season,
defined as the pericd when albedo decreases from above
B0 will it reaches bare ground bevel (<2001 has varied
between 13 days in 1995 1o 30 days in 1986, with an av-
erage of 23 days (Winther et al,, F99%9), Fig. 6 shows the
spatial distribution of the length of snowmelt period in

X Fokler a2 @l Phvsies and L“Iwhﬁl'tfrh' Earry 28 LR | 220 J250 1237
1) =
Caltulahed alsado al — i
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e
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the My-Alesund area (2002), The map was derived by
running a throughput on the calculated albedo-manps,
wheere the frst day in the melting period is defined as the
first day where the albedo geis below 80F4, and the last
day 15 defined as the day where it reaches its end value
(vegetation, gravel, or dark “crust”). At the stution, the
denved snowmell perod fasis I3 days, indicating that
with respect to the keneth of the sncwmelt season, the year
M2 was very close to average. For the entite study area
the wverape bength of the 2002 melting season s 28,3 days
with a standard devaation of 15,1 doys {Fig, 71, However,
from Fig, & it can also be observed that, spatially the
length of the melting period varnes a lot; from 0 days in
arens where the snow 15 removed by human activity o
between 70 and S0 davs inareas with largs secumulations
ol v e g, Further, it can be observed that the smow
cover generally disappears most rapidly in areas close io
the coast and neecby the Ny-Alesund setilement.

i =
e e .191“1“_!3&,‘ I
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area = 8.3 days
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Filg. 7. The daisebubon af the digration of the meiing percsd (@igh
temparal mniervals) shown as percentages of the stdy anea.

Fig. K. Modelled surfuce albede ot selected vest sites dummng ke melting
sensom. Mumbers in parenthesises (in Jegend ) indicaie the modelled
duration of snowmelt at the selecied sites.

In Fig. 7 the distribution of the lengih of the meling
sepson is given as percentage of the siudy area. The
destribuiion was divided mmto 8 sepments: O-10 days
(representing 12.6% of the area), 11-20 davs (31.0%),
30 days (6,750, 3130 days (23.004), 41-50 days
{25.2%), 5160 days (0U02G), G1-T0 days {0.7H), and 70-
f days (6% The hgure describes o bimodal distri-
bution indicating that during the melting season bare
ground surfaces within the study aren become free of
anow in two main steps. The first step occurs carly in the
melting season before the 2ih day and the second oc-
curs in the lust part of the season betwesn the 3th and
the 30ih day, Dunng the st step the magority of areas
becoming snow-free are situated close 1o the coastimear
the My-Alesund settlernent. indicating relatively shallow
snow depths in these areas and possibly a higher con-
sentration of impuorities in the snow pack. Further, 10 15
likely that areas located close io the coast are subjected
to meore drift and less accumulation. The second step
primanly mcludes arcas situated closer to the Zeppelin
Mountaim leading to the conclusion that a kg amount
of the snow-precipitation i doffing towards these areas
forming a thicker snow pack. After around 50 davs al-
most all of the snowlice cover has disappeared except al
one location situated in the central part of the study
ares, where @ reservoir of snowlice still s prasent afier
more than &0 days, and first afier 80 days the arca is
L free of snow and ice. Finally, areas that are
charscterized by an intermediate melting period (20-30
daws) only represent o relatively small fraction of the
study area and though most of them are situated nearhy
the coast/My-Alesund-setibement they generally seem fo
be almost stochasticully distributed. This could mdicate
that they are small depressions with a slightly larger
smow accumulation than the adjacent areas.
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O, Conclasion amd perspectives

During the snowmelt season the surface albedo in the
My-Alesund area decreases continucusly (starting at
%) uniil bare ground levels are reached when the
tundra becomes free of snow. By utilizing knowledge of
the spectrul properties of different surface types and
spectral ground  measurementz i combination with
spectral dmage data: it was possible 1o develop a new
method 1o give a detailed picture of this process. By
using orthographic rectificution on multispeciral camera
images, 4 sel of geosoded mmage data with high spatal
and remporal resolution was produced. The temporal
resolution of these image data is significantly betier than
what can be obtwined from high spatial resolution =ai-
ellite remote sensng data. Due o varying weather
compditions during the recording paricdd the number of
images suitable for surface classification was limited to
1% out of a total of 5. However this number of images is
still high when compared to the fact that eg. the
Landsat TM/ETM (Thematic Mapper/Enhanced The-
meatic Mupper) satellite sensors overpasses the same area
only a couple of times per month. The enhographically
rectificd multispectral mmapges were transformed o
maps representing different surface classes. These clas-
sified surface maps and the values of albedo measured in
the ficld have made us able 10 create a methodology io
produce & complete time senes of daily albedo maps.
The Time serwes covering the D02 mabling season reveals
that duration of swow melt-ofl i the Ny-Alesund wrea
varies much in space and time. [t seems that the tundra
becomes free of snow in two main steps—one early in
the season and one Tate i the zenzon. Mostly, this cin b
expained by different snow accumulations (smallast
near e coast and largest close to the mountainside).
However, duee to the presence of so called naled ice at
one specific site, the duration of we'snow coverage lasts
significantly longer there than at all ather sites. Al some
sites during mel-off, the surface albedo increases and is
fodlowed by an afterwards decrease. This phenomenon is
due to the presence of the naled ke, surface runofl, and
small accumulations of water, which lead (o the for-
mation of ice from refrozen water or water saturated
snow packs with relatively low surface albedo. Diry-out
and weathering of the ice crust lead Lo the afterwards
imeresse 0 albedo,

This great variahility. combined with the fact that
My-Alesund offers unique facilitics for research/moni-
toring in the Arctic, favours the idea of future use of the
technigue discussad o this paper i bong term ¢nviron-
mental changs monitonng programs in the area.

Furthermore, time serics of daily albedo-maps could
contribute to improve studics of surface energy balance
modelling. In that context the My-Alesund aren could
serve a5 representative for a typical coastal area i the
region,
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Finalty, if modelled lemgths of the meling period
were combined with temperature data, the spatial dis-
tribution of snow cover thickness could be represented
in Form of degree days (ransformed inlo snow watar
equivabenis), These daia then could be wsed in hvdro-
logical projects, e.g. estimation of the size water reser-
voirs represented by the snow cover,
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Note: to provide an overview of the albedo variation during melt-off, the CD-ROM, attached to
the back cover, includes a video animation of surface albedo during the melting season in Ny-

Alesund, 2002.
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Snow-vegetation relations in a High Arctic
ecosystem: Inter-annual variability inferred from

new monitoring- and modeling concepts

J. HINKLER, B. U. HANSEN, M. P. TAMSTOREF, S. B. PEDERSEN

Abstract. For High Arctic ecosystems, snow is one of the most important climatic factors—
affecting both length of the growing season, and primary plant production. To perform a
retrospective analysis of inter-annual variability in snow distribution/amount and vegetative
activity in a High Arctic ecosystem, these factors were investigated for the Zackenberg valley at
74.5°N in Northeast Greenland. The analysis was based on recently introduced techniques that
utilize conventional and multispectral digital camera images accompanied by Landsat
TM/ETM+ and SPOT HRYV satellite data. Since 1998 (and since 2002 multispectral) digital
cameras have been installed on the Zackenberg mountain side 500 m above the valley floor
taking daily images of the valley automatically. These images were transformed into digital
orthophotos, which were further used to derive surface maps for snow cover and Normalized
Difference Vegetation Index (NDVI) analysis. The comprehensive amount of information
represented by the snow cover- and NDVI maps was used to develop semi-empirical modeling
approaches to calculate end-of-winter snow accumulation, snow-cover-depletion, and net
vegetative activity (snow-free NDVI) during melt-off. These approaches are applicable if 1) at
least one satellite image (or air photo) with high spatial resolution and 2) daily temperature
means during the melting season are available. Currently, it has been possible to procure usable
satellite data back to 1988 (except for the year 1990). Due to different end-of-winter snow
accumulations, and different temperature distributions during melt-off, snow-cover-depletion
around Zackenberg shows considerable inter-annual variability. A comparison between snow
cover and NDVI distribution reveals that vegetative vigor in the Zackenberg area primarily is
linked to the initiation time of the snow-free period rather than temperature. This indicates that
in some Arctic regions increases in winter (snow)-precipitation might be as—or even more
crucial for the ecosystem, than the increased temperatures projected by the majority of Global

Circulation Models.

1. Introduction

Arctic ecosystems are particularly sensitive to disturbances, and are therefore
considered to respond rapidly to climatic changes (Reynolds and Tenhunen,
1996). Changes in vegetative distribution and activity in the Arctic are
therefore important indicators of changes in the global climate.

Studies based on satellite data (Myneni et al., 1997;Tucker et al,
2001;Zhou et al., 2001) have shown that in many large regions, between 40°N
and 70°N, photosynthetic activity of terrestrial vegetation inferred from
Normalized Difference Vegetation Index (NDVI), has increased over the last
couple of decades. These results are hypothesized to be in accordance with
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recent CO.-induced global warming, indicating that bio-climatic zones
generally have moved northwards. The regions exhibiting the greatest increase
lie at the higher latitudes (45°N-70°N), where the snow has disappeared
earlier in spring time. In a recent review of case studies on vegetation and
land-cover change in Arctic tundra systems (Stow et al., 2004), an upward
trend in photosynthetic activity also at latitudes beyond 70°N is similarly
detected. However, at these latitudes and especially in the High Arctic climate
zone, analyses of NDVI (e.g. NDVI-temperature relations) get complicated by
the presence of snow cover, because the snow cover prevents the initiation of
the growing season until it disappears from vegetated areas. Thus, to get a
better and more detailed picture of the influence from snow cover on
vegetative activity in the Arctic, there is a call for monitoring snow—NDVI
relations at different spatial scales.

Most commonly, NDVI and snow observations at scales larger than plot-
scales are inferred from satellite or from aircraft (Hope et al., 2004). However,
these methods suffer from the dilemma that temporal- and spatial resolution
generally is inversely related. Satellite sensors with high-spatial-resolution (30
m or better), such as the Landsat Thematic Mapper (TM) or Systéme
Probatoire pour 1'Observation de la Terre (SPOT) High Resolution Visible
(HRV) have poor temporal resolutions of about two weeks (slightly better at
high latitudes due to their polar orbits), and the images are often
contaminated by cloud cover. On the contrary, high-temporal resolution
systems with daily coverage, such as the Advanced Very High Resolution
Radiometer (AVHRR) from the National Oceanic and Atmospheric
Administration (NOAA) have poor spatial resolutions, typically at kilometer-
scales; and measurements from aircraft are so costly that high temporal
resolution cannot be financed through the funding available for most research
projects. At local to intermediate scales, NDVI-observations from high latitude
locations cannot be generalized from satellite data with high temporal/coarse
spatial resolution; because each pixel contain several surface types, including
snow (which has negative NDVI). Such data may therefore give an obfuscated
picture of the state of the vegetation within the area in question, whereas high-
spatial-resolution-data may lack the information necessary to describe the
course of NDVI-curves through time.

The objective of this study is: 1) to develop a local-scale- (220 km?2)
method for analyzing snow cover and NDVI at Zackenberg in high Artic
Northeast Greenland, which is based on Conventional- and Multispectral
Digital Camera Images (CDCIs & MDCIs); and which works at both high
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spatial- and high temporal resolution. 2) to use the comprehensive amount of
data represented by the CDCIs and MDCIs to derive a semi-empirical model
for calculation of snow cover extent and NDVI in years prior to the camera-
installation; and to use this model for an inter-annual analysis of snow cover—
NDVI relations in the Zackenberg Research Area (ZRA), retrospectively—with
daily temperatures and a limited number of high-resolution satellite images as

the only input-parameters.

2. Study area

ZRA is situated at 74.5°N, 21.6°W (Fig. 1) in Northeast Greenland. It is a high
relief mountainous landscape, which consists of nearly horizontal valley floors
below altitudes of 200 m, steep slopes between 200 and 800 m and plateaus
above 800 m. ZRA is located in the zone of continuous permafrost and hosts a
large diversity of glacial, periglacial and coastal landscape features and a great
variety of biotopes like fens, heaths, fell fields, and grasslands. Continuous
meteorological observations in ZRA were initiated by the Zackenberg
Ecological Research Operations (ZERO) in July 1995, and indicate a mean
annual air temperature (1996—2003) slightly above -10°C. From early June to
early September, the mean daily temperature generally exceeds 0°C. Longer
term meteorological data are available from the Automatic Weather Station
(AWS) at Daneborg situated 21 km southeast of ZRA. At Daneborg the 30-year
mean annual air temperature (1961-1990) is -10.3°C (Cappelen et al., 2001).
According to a general climate classification (Orvig, 1970), the location of ZRA
is well into the High Arctic climate zone (definition: the average temperature
of the warmest month <5°C). However, as ZRA is situated in a coastal domain
inside the Young Sund and Tyroler Fjord fjord-systems, the local climate is not
strictly High Arctic. Since 1988 (this study deals with the period 1988-2004),
the average temperature of the warmest month has varied between 4.2°C
(1990) and 7.7°C (2003). Thus, if a more specific climatic classification is
considered (CAVM Team, 2003), the inter-annual variation in ZRA’s July-
temperatures is within a range representing 2—3 different bio-climate zones—
Northern arctic tundra zone, Middle arctic tundra zone, Southern arctic
tundra zone (Elvebakk, 2000). ZRA therefore hosts a relatively large diversity
of plant communities—currently 152 different species of vascular plants are
known to be present in the area (Bay, 1998;Meltofte, 2002).

The total average annual precipitation at Daneborg is 214 mm, and about 80%
of this falls as snow (1961-1974) (Ohmura and Reeh, 1991). Similar values
have been found at the AWS at Zackenberg. The end-of-winter snow depth
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Fig. 1. The Zackenberg Research Area.

measured at the Zackenberg AWS on June 1 (1998-2004) has varied from
0.44 m (2000) to 1.11 m (1999). Due to the dominance of strong winds from
the NW-NE during winter, the snow cover in Zackenbergdalen is distributed
unevenly over the landscape, with large snow deposited mainly on south facing
slopes. The location of the larger snow-drifts is stable from year to year
(Soegaard et al., 2001).

3. Materials and methods

The most comprehensive amount of data available for snow cover and
vegetation analysis in ZRA is the CD- and MDCIs. CDCIs of the Zackenberg
Valley have been obtained automatically year round on a daily basis since
August 1997, and MDCIs have been obtained during June—August since June
2002 to monitor NDVI during the growing season. The NDVI is defined:

NIR - RED
NDVI = —————, (1)
NIR + RED

where

NIR = reflectance in the near infrared part of the spectrum

RED = reflectance in the red part of the spectrum
Due to the multispectral camera’s higher power consumption, the MDCIs

are only obtained in the summer-period, i.e. when the cameras can be

inspected regularly, and when powering through solar panels is possible.
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The large number of CDCIs opens the possibility of deriving a detailed
description of summer snow-cover-depletion in ZRA, at both high spatial and
temporal resolution. This combined with temperature data and measured
snow depths (daily temperature means and end-of-winter snow depths
measured at the AWS in ZRA) was used to derive a semi-empirical model for
calculation of snow-cover-depletion curves in years prior to camera-
installation. A snow-cover-depletion curve can be calculated if daily mean air
temperatures from the melting season are available in combination with at
least one of two other parameters: 1) snow coverage known for at least one day
in the season or 2) the end-of-winter snow accumulation (snow depth on June
1). Like the CDCIs were used to describe snow-cover-depletion within ZRA, a
detailed description of vegetative activity (NDVI) within ZRA was inferred
from the MDClIs and used for derivation of another semi-empirical approach
for retrospective NDVI-modeling. In this case the input parameters are
derived from the modeled snow cover data, day number, temperature data,
and field measurements of NDVI.

3.1 Data
Input- as well as output data for both the snow-cover-depletion- and NDVI

models are summarized in Table 1.

Table 1. In- and output data in the study.
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3.1.1 Digital camera images

The digital cameras are installed in weatherproof boxes at the side of
Zackenberg Mountain at approximately 500 m above sea level, which is
around 470 m above the altitude of the AWS (Fig. 1). CDCISs are captured once
a day at solar noon (13:20 UTC), and MDCIs daily at the same time of the day
in 2002 and bi-daily (13:20 and 14:20 UTC) in 2003—-2004. To be able to
quantify snow cover extents and NDVI, the oblique images were transformed
into digital orthophotos (Dueholm, 1989;Have, 1999;Hinkler et al., 2002)
covering approximately 17 km2 (Figs. 1 and 2).

Fig. 2. Conventional- and Multispectral Digital Camera Images (CDCIs and MDCIs) are

combined and transformed to form an orthographical snow-NDVI-map. The images in the
figure were captured June 18, 2004.

Snow pixels were identified from the CDCI-orthophotos using an
algorithm—Red Green Blue Normalized Difference Snow Index (RGBNDSI) by
Hinkler et al. (2002), which utilizes the R, G, and B components of the digital
images to compensate for varying illumination caused by shadow effects from
clouds and general day to day differences in incoming solar radiation. The
concept of the RGBNDSI is inspired by the Normalized Difference Snow Index
(NDSI) discussed in section 3.1.3 on satellite data. In contrast to Landsat TM
data the CDCIs do not contain information from the mid-infrared- (MIR) but
only from the visible (VIS) part of the spectrum—in the RGBNDSI, MIR-
reflectance is therefore replaced by an artificial component derived from RGB-

values:
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VIS - MIR

RGBNDSI = replacement
GENDSL= Vis ) MR @)

replacement

The derivation of the RGBNDSI is described in Hinkler et al. (2002).

The conventional digital camera is a Kodak DC50 with a resolution of
756x504 pixels. The Charge Coupled Device (CCD) is coated with a color array
of red, green and blue photosites, and thus each photosite on it is sensitive to
only one color. Therefore interpolation algorithms creating the missing R, G
and B values are applied before a bitmap image is created. The multispectral
camera is a Tetracam inc. single-CCD camera, which was used previously for
surface and albedo-classification in the Ny-Alesund Area, 79°N, Svalbard
(Hinkler et al., 2003). The CCD has a resolution of 1200x1024 pixels and has a
color filter array applied to it, meaning that each pixel on the CCD is sensitive
to only one color. After color reconstruction (demosaicing processing using
raw pixel data), the Green, Red and Near Infrared (G, R, NIR) spectral bands
approximately cover: 520—570 nm (G), 600—690 nm (R), and 750-850 nm
(NIR) (see also Table 2). NDVI-maps were derived from the raw pixel values of
the NIR and R spectral bands.

3.1.2 Meteorological data

Meteorological data (listed in column 3 and 4 in Table 1) are air temperatures
measured 2 m above the surface at the AWSs at Zackenberg and Daneborg,
respectively, and snow depths measured at the AWS at Zackenberg. As the
Zackenberg Research Station was not established before the end of summer
1995, air temperatures covering melting seasons prior to 1996 had to be

substituted by data from Daneborg. To verify whether this is reasonable, a
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comparison between Accumulated Degree Days (ADD) at the two locations
was done. Due to technical problems with the AWS at Daneborg in recent
years it was possible to do the comparison only for the 1997-1998 melting
seasons (Fig. 3). However, as the relation between the two is close to a 1:1 line
during the major part of the melting season (ADD < 200), a direct substitution

was assessed as most reasonable.

3.1.3 Satellite data

Currently, it has been possible to procure cloud-free satellite data with high
spatial resolution (Landsat TM, and SPOT HRV) from the melting seasons
back to 1988 (see Table 1 and Fig. 7 for number and temporal coverage). The
TM data cover both the visible, NIR and mid-infrared part of the spectrum
(see Table 2), whereas the HRV cover the visible and NIR parts. Thus, for snow
mapping based on TM-data the Normalized Difference Snow Index (NDSI)
was applied (Dozier, 1989). The index is given as:

™ -™
NDSI _ band2 band5
TMbandZ + TMbandS (3)

As the HRV-data do not cover mid-infrared wavelengths, the RGBNDSI
by Hinkler et al. (2002) was applied for snow mapping on these data with
channel 3 (NIR), channel 2 (R), and channel 1 (G), and as substitutes for R, G,
and B, respectively. From a careful visual inspection and from the fact that on
cloud-free images, snow is relatively easy to distinguish from other surface

types it was concluded that this method is of high accuracy.

MDC inm}] SPOT (HRV} (nm) Landsat T {nm} Table 2. Spectral channels
Graen 520-570 | Channe! 1; 5005490 Charmiel 2: 520600 f Iti tral ¢ e v
Red 600-690 | Channel 2 610-680 | Channel 3 630690 of muiispectratcamera vs.
Mear infrared | 7S0-850 | Channal 3: TO0-880 Charviel 4: TE0-300 satellite sensors.
Mid-infrarad _— | — Charmel & 1850=-1750

3.1.4 Field measurements of NDVI

Since 1999 NDVI has been measured regularly in 26 different plots, which
represent the 4 main types of vegetation present in ZRA (Cassiope, Dryas,
Salix, and Eriophorum). The measurements were performed using a Skye 110
instrument with a 660—730 nm sensor. The Day Of the Year (DOY) at which
NDVI-maximum occurs (DOY-Max-NDVI) calculated as the average peaking-
time for all these plots correspond well to the DOY-Max-NDVI calculated from
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the MDCI-data in the years 2002—2004, which is calculated as the average of
all snow-free pixels. It was therefore assumed that the 26 plots reflect the

temporal NDVI-variation of the entire vegetation-cover at ZRA fairly well.

3.2 Model derivation

Ideally, modeling of any physical or biophysical parameter requires knowledge
about all factors affecting it. However, due to the complexity of nature, this
will rarely be possible. When considering snow cover and vegetation, local
factors such as the specific climatic regime (temperature, exposure to solar
radiation, wind etc.) and the terrain’s topographic characteristics are
particularly complex to deal with. In this study, the impact from ZRA’s local
characteristics on snow cover and vegetative activity is “mirrored” by a
comprehensive amount of digital camera data obtained in different
melting/growing seasons. The main concept of both the snow-cover-depletion-
and the NDVI models is to compare this information to the primary factors
(amount of precipitation, melt-energy/temperature, access to sunlight etc.)
influencing the model-output (snow coverage and NDVI); and then use it to
derive general data sets that represent output values corresponding to any
real-world situation in ZRA. The curvatures in Fig. 4 (A) and Fig. 4 (B—green-

up) is a visualization of these data sets.

3.2.1 Snow-cover-depletion model

A snow-cover-depletion curve (SCDC) describes the seasonal decline in snow
covered fraction as a function of time or cumulative melt energy (ME)
(Menoes and Brubaker, 2001), which is expressed as ADD in this study. The
objective of the snow-cover-depletion model is to derive an ME-based SCDC
for the melting season, and then transform it to a time-based SCDC, which can
be compared directly to e.g. time-based NDVI-curves. The advantage of the
ME-based SCDC is that, if the spatial snow distribution (due to a prevailing
wind direction during winter and location-specific topography) is assumed to
be constant from year to year; then there is one, and only one, ME-based
SCDC that corresponds to a specific end-of-winter snow accumulation. On the
other hand, for any end-of-winter snow accumulation there is an infinite
amount of time-based SCDCs (because there is an infinite amount of ways in
which ME can vary with time). However, the one time-based SCDC which is
unique for a particular melting season can be derived from a known ME-based
SCDC, provided that the accumulated ME is known on a continuous (in this
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Fig. 4. Conceptual description of (A) snow cover- and (B) NDVI models. In B, snow cover* is
defined as the average snow cover percentage (calculated from output of A) for the green-up
period. Late snow meltt represents an artificial “extreme- year” with “low-NDVI/high snow

cover”.

study, daily) basis through the melting season; and provided that no snowfall
has occurred within the melting season.

Because the prevailing wind-direction (NNW) in ZRA is fairly constant
from winter to winter, snow cover distribution in the area is assumed to be
similar in different years. The basic concept of the model is thus to find the
ME-based SCDC that corresponds to the end-of-winter snow depth for the
actual year in question. To be able to do this, snow cover data represented by
the CDCIs were used to interpolate a data set containing ME-based SCDCs
corresponding to any end-of-winter snow accumulation at ZRA (Fig. 4 (A)).
The data set is based on CDCI-data recorded during 1998—2000 and 2002-
2004 and was interpolated with the Kriging method (Stein, 1999). The 2001-
season was omitted due to heavy snowfall within the melting season—an
event, which has only been observed once (June 15-16, 2001) since the
Zackenberg Research Station was established in 1995. If the end-of winter
snow accumulation is known for a given season, then its corresponding ME-
based SCDC can be extracted directly from the data set. However, if it is not, it

has to be found iteratively using at (least one) snow cover observation(s) from
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the season in question. In practice this means that the model works by
selecting snow cover percentages that match combinations of melt-energy and
end-of-winter snow accumulation. This is done for each day in the melting
season. The advantage of the model is that, if the end-of-winter snow
accumulation is not known (in this study this concerns years prior to 1998) it
can be found iteratively together with its corresponding depletion curve
(provided that the ADD are available on a daily basis; and that snow coverage
(here interpreted from satellite data) is known for at least one day in the
melting season).

As high spatial resolution satellite data (SPOT HRV & Landsat TM) are
available back to 1988 it was therefore possible also to derive snow-cover-
depletion curves for the period 1988-1997, where no camera-data were
available. Typically one or two cloud-free satellite images were available per
melting season.

For calculation of ADD, a base-temperature below 0°C was applied. This
is because the CDCIs reveal snow-melt to occur within ZRA also when the
daily mean temperature is below the freezing point. An analysis based on snow
depth and temperature data obtained at the AWS at Zackenberg suggests -2°C

as a plausible value for the base-temperature (Fig. 5).

Fig. 5. Snow melt (day-to-day differences in
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=

|.]|.J|.]|.].|]|.J|.]|.1|.]|.|

snow depth) vs. daily mean temperatures
measured at the Automatic Weather Station
(AWS) at Zackenberg.
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du
=

Fig. 5 shows that above -2°C there is a clear trend of increasing snow melt
with increasing temperatures, and that the trend-line intersects the point
(-2°C, o0 cm - day"). Below -2°C there is no up- or downward trend. The
majority of the observations below -2°C are at the “o cm - day*-line”,
indicating that most of the time there is no snowfall. However, the fact that the

trend-line is below the “0 cm - day'-line”, indicate a net snow accumulation
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during winter. The figure is based on all snow- and temperature observations
recorded at the AWS within the period August 1997—August 2004, where the
daily mean air temperature was between -10 and 10°C.

Due to the presence of permafrost in the Zackenberg Valley, which leads
to poor drainage conditions and a water saturated snow pack, snow density

during melt-off is generally high. Field measurements indicate mean densities
around 500 kg - m™ (Larsen and Karlsen, 2003). The slope of the trend-line
(0.66 cm - °C" - day™) thus indicates average snow-melt (degree-day factor)
around 3.3 mm water equivalent - day™. A wide range of degree-day factor for

snow melt (0.7-9.2 mm - °C™ - day ™) has been reported in the literature.

However, the majority of the reported values of degree-day factor range

between 3 and 5 mm - °C™ - day ' (Lehr et al., 2005). This suggests that ZRA is

placed in a “normal regime” of snow melt.

3.2.2 NDVI model

As opposite to the snow-cover-depletion model which is based solely on the
approach of selecting output-data from an empirically derived data set, the
NDVI model is based on a combination of 1) this approach (Fig. 4 (B)—green-
up), and 2) a simple curve-fitting approach (Fig. 4 (B)—green-down). An
additional input-parameter required for model application is DOY-Max-
NDVI—at this DOY, calculation of NDVI changes from the first to the second
approach.

The “green-up-part” of the NDVI model is based on the assumption that
during “green-up-time”, (NDVI) is substantially related to snow cover extent
(because virtually, photosynthetic activity occurs only in snow-free areas).
Therefore, the input-parameters for this part of the model are: 1) the average
snow-cover-percentage for the green-up period (derived from the output of the
snow-cover-depletion model), and 2) time (expressed as DOY). The year 1999
had the most extensive snow-precipitation amount ever recorded in ZRA,
while the year 2000 together with the two latest years (2003 and 2004) had
some of the lowest. Regarding the snow-cover-depletion model this is an
advantage, as the interpolated data set thereby covers a wide spectrum of
depletion curves. When considering the NDVI-model the situation is different:
Unfortunately, MDCIs were not obtained before 2002. Therefore an artificial
representation of NDVI in extreme “snow-years” had to be constructed. This
representation is denoted late snow meltt in Fig. 4 (B), and is calculated solely
on the basis of pixels (2004-data) with DOY-Max-NDVI between 215 and 220
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(August 2—August 7)—according to field observations, the year 1999 had
maximum NDVI at DOY 218. The disadvantage of the late snow meltt-
approach is that NDVI-values might be biased from the fact that areas
characterized by late snow melt are dominated by specific vegetation types
(e.g. Salix Arctica) (Bay, 1998). However, as there is currently no other options
for an “extreme-year’-representation, the late snow meltt-approach is
considered as the best possible approximation.

ifm.u.-um-nnw.m:mmn -{jggﬁﬁ:%]-z:sr[_ﬂﬁ"::;nugggg“J Fig. 6. Fit of multiple
Ra’ = 0.91 p < 0.01 regression  between 1)
Time of Max-NDVI, 2)
DOY where major (>18%)

snow coverage ends, and

3) the average
temperature within the

period with minor (<18%)

Tirree of Mam: NDAVT
fday ol the year)
P Bl
=5

Snow cover.

Analyses from ZRA (Meltofte, 2002) on e.g. Dryas integrifolia show that
DOY-Max-NDVI is highly correlated to the DOY at which the major part of the
snow cover has disappeared. Major snow coverage is considered to end when
the snow cover percentage gets below 18%—this is because field measurements
from ZRA shows that green-up starts at an approximate NDVI-value of about
0.18—and the NDVI/snow maps from the 2002-2004 seasons (see Fig. 7)
indicate that “18% snow cover” and “NDVI = 0.18” occur at around the same
DOY + a few days, in most cases. Generally, late snow melt delays DOY-Max-
NDVI, however, to a certain degree the vegetation is able to compensate for
late snow melt by increased plant-production-rate (Meltofte, 2002).
Furthermore, vegetative growth is related to temperature; therefore it is
assumed that DOY-Max-NDVI can be calculated on the basis of 1) the date at
which the period with major snow cover (>18%) ends (End-DOYmajor), and 2)
the average air temperature within the period with minor (<18%) snow cover
(Avg-Tempuminor). A multiple regression-fit with DOY-Max-NDVTI acting as the
dependent variable, is shown in Fig. 6. The adjusted R-squared of multiple
determination (R,%) is 0.91 (p<0.01). The average residual value is 1.21 days,
and residuals never exceed 2 days. Between DOY-Max-NDVI and End-
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DOYmajor and Avg-Tempminor the R-squared is 0.86 (p<o0.05) and 0.61
(0.05<p<0.10), respectively. Between the two independents (End-DOYmajor
and Avg-Tempuminor) there is no correlation (R-squared = 0.35, p>>0.10). This
leads to the conclusion that snow coverage is the most important parameter
affecting the time of peak vegetative activity, and that the influence from
temperature is less significant but is still of some importance. The “green-
down-part” of the NDVI model assumes that green-down is related primarily
to decreasing solar zenith angle (which is related to DOY). Furthermore, it is
assumed that vegetative activity stops when the temperature gets below 0°C.
Therefore, the green-down-curve is basically calculated as the equation stated
in Fig. 4 (B), but is adjusted in accordance with the above assumptions: Firstly,
an offset is introduced so that the curve will take its starting point at the
maximum NDVI-value (which is calculated through the green-up-procedure).
Secondly, if more than 3 successive days with temperatures below 0°C occur
before the NDVI goes below 0.18 (see above section), the time scale of the
green-down-period will be changed, meaning that this part of the NDVI-curve
is “compressed in time” and will intersect 0.18, when continuous frost

commences. Modeled NDVI-curves are displayed in Fig. 7.
4. Results

4.1 Snow

Fig. 7 shows that the inter-annual snow cover (and NDVI) variation in ZRA
during 1988-2004 is considerable with average snow cover extent in the
green-up period ranging from 15% in 1989 to 62% in 1994. Previous studies
from ZRA (Meltofte, 2002) and the general monitoring programs at
Zackenberg have decided to use the date with 50% snow cover as a point in
time, which is generally used for inter-annual comparisons of the snow cover
and factors related to it. One quantitative example of the variation is that the
date with 50% snow cover varies with more than a month—the mean date is
June 21 (DOY 172), whereas max- and minimum has occurred at July 9 (DOY
190, 1994) and June 6 (DOY 156, 1989), respectively. Based on the iterative
modeling approach (described in section 3.2.1) end-of-winter snow depths,
corresponding to the snow-accumulations at the AWS, were calculated (Table
3). The results reveal that the variation in winter-precipitation in ZRA can vary
with orders of magnitude, from almost none in 1989 till more than a meter in
the years 1994 and 1999. Over the last 16 years, the data indicate no significant

time-trend in winter-precipitation.
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Fig. 7. Modeled snow-cover-depletion- and NDVI curves (1988-2004), displayed together

with camera- and satellite observations. The toned down curves illustrates all years, other

than the actual year in question. Due to heavy snowfall within the melting season in 2001, the

depletion curve starts later in this year.
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Table 3. Snow depths (in cm) at June 1 at the Zackenberg AWS—measured (1998—2004) and
modeled iteratively (1988-1997).

1986 1969 | 1991 1992|1993 1994| 1995] 1996) 1997 1998 | 1999 | 2000 | 2001 | 2002 2003 | 2004
43 | 6 | 90 | 64 | 91 | 111 | 42 [ 40 | 85 | V6 | 111 ] 44 | 55 | 87 | 45 [ &0

Snow cover depletion curves at ZRA generally tend to have a reversely S-
shaped form. This indicates an uneven snow distribution, which is typical for
mountainous areas, due to wind-drift and a marked topographic relief (Hall
and Martinec, 1985). The steepest part of the depletion curves represents
snow-depletion during the time where extensive areas, with uniform snow
deposition, become free of snow. The slope of this part of the curve reflects the
temperature/energy-input-flux during melt-off. This means that large slope-
variations may indicate a different prevailing climatic regime (Menoes and
Brubaker, 2001). Significant slope-deviations have occurred in ZRA a couple of
times—e.g. the slopes were weaker than normal in 1992 and 1998, indicating

temperatures markedly lower than normal.

4.2 NDVI

Evidently, vegetative activity is linked to the presence/absence of snow cover.
Fig. 7 gives a visual impression of this linkage. The NDVI-curves in the figure
show the average NDVI of snow-free areas in ZRA (represented as the snow-
free area covered by the CDCI- and MDClIs) for each day in the growing
season. Due to a shortening of the growing season in areas with long lasting
snow coverage, both the average length of the growing season and the average
NDVI are reduced in years with extensive snow cover. Furthermore, as snow
cover delays the initiation-time of the growing season, the time of NDVI-
optimum is also delayed, in the case of a large snow cover extent—even though
that some plant species are able to partly compensate for this (Meltofte, 2002).
The inter-annual variability in NDVI and length of growing season is described
for ZRA in Table 4.

The table shows that on average the length of the growing season in ZRA
is 72.6 days; and that it varies with approximately + 2 weeks (minimum: 57
days in 1994, maximum: 89 days, 1996).

DOY-Max-NDVI varies with 20 days: from 199 (July 17) in 2004 to 219
(August 7) in 1994, and the mean DOY is 207.8 (=July 27). The standard
deviation for DOY-Max-NDVI is 6.2 days, whereas for the initiation-time of
the growing season it is 10 days. This indicates that the vegetation is able to

partly compensate for late snow-melt by increased plant-productivity.
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Table 4. NDVI and growing season in ZRA. ISfNDVI—the integrated snow-free NDVI, is
defined as the daily average of snow-free pixels multiplied by the snow-free fraction of the

area accumulated over an entire growing season.

Yigar Stari tima of Time af Enc tima of Lemgth of Max-MDVI | 1SIMDY]
grewing season nax-MOV] growing seasen | growing seasen
DO [ Deate) DO {Diate) DOY {Data) Days
1928 167 (Jun. 18] 203 (Jul 21} 2584 (Sep 10} 1) .50 3zar
1938 167 {Jun 18] 206 [Jul 25) 242 (Aug 30) 75 0.50 2506
1881 186 {Jul.C:5) 208 [Jul. 27) 250 [Sep .07} i 0.40 1870
19532 ATE {Jun24) 214 (Aug,01) 2580 [Sep O6) T4 0,46 24.23
1953 190 {Jul o) 215 (Aug.0a) 251 (Sep 08) &1 0,38 17.0%
1854 192 {Jul. 11} 219 (Aug.07) 249 [Sep.05) 57 0.6 14.06
1958 16T {Jun 16) 202 (Jul.21) 280 (Sep.07) B3 0.48 31140
1996 167 (A 18] 203 Lul £1) 256 [Hep. 12} ik .50 337
1887 186 [Jul.04} 210 [Jul.28) 252 [Sep.0d) &7 0.41 20.85
1550 18T | Jul 0] 292 (Jul.31) 245 [Sep.08) 2 0.40 1682
1958 1949 {Jul 10} 218 (Aug, D8} 252 (Sep, 09) &1 0.28 17.28
2000 167 (Jun.15) 204 [Jul.22) 241 (Aug.28) T4 0.50 278
2001 84 {Jul. 03} 2065 [ Jul.24) 249 [Sep 0G) G5 0.38 15888
2002 182 (Jul o1y 206 (Jul 25) 252 |Sep OA) T 0.42 22.35
2003 AT {dun 200 20 GJul.20) 255 (Sep 12) B4 .45 2533
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1780 .8 2806 L6 044 24.40
5t.dav, Sit.claw, Si.dav St.dav, Stdev.  |[Stdav
oo 6.2 4y 0.8 0s .49

The integrated snow-free NDVI (referred to in Table 4 as ISINDVI) is
defined as the daily average of snow-free pixels multiplied by the snow-free
fraction of the area accumulated over an entire growing season. Thus, it
reflects the total amount of photosynthetic activity that has been going on
during the season, which is further related to the net primary plant production
(Stow et al., 2004;Vourlitis et al., 2000). The ISEINDVI varies from below 20 in
years with extensive snow coverage to well above 30 in years with limited snow
cover (minimum: 14.1 in 1994, maximum: 33.7, 1996).

Maximum NDVI-values ranges from as low as 0.36 to 0.50 in years with
extensive- and minor snow cover, respectively. Note that as these values are
calculated as the average of all snow-free pixels, they do not reflect the peak
vegetative vigor that can be found in the area, but reflects the total net peak
vegetative activity in snow-free areas.

From Fig. 7 it can be observed that on average the growing season in ZRA
started approximately at DOY 170 in 2004. However, the actual situation is (of
course) more complex as some areas become snow-free sooner than others.
This is illustrated by Fig. 8, which shows the variation of 4 NDVI-subdivisions
through the melting/growing season. In the early part of the green-up period,
the snow-free areas are a mixture of NDVI-classes, whereas in the later part,
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the class of high NDVI-values (>0.40) predominates. At the initiation of the
season, large areas become free of snow, and thus, NDVI-values belonging to
[0.00sNDVI<0.18] are the most numerous, but are rapidly decreased in
number as they are transformed into the higher classes. However, the situation
still gets complexed by continuous melt-off (continuous “supply” of low NDVI-
values). The green-down period is characterized by the transition of NDVI-
values from the higher- to the lower NDVI-classes.

5. Discussion

5.1 Snow

When modeling depletion of snow cover, the spatial distribution of snow-
deposition, snow density, and melt-energy (basically temperature and net
radiation budgets) can be extremely complex. This study deals with these
parameters by including “an empirical fingerprint of the spatial snow-melt-
behavior in ZRA” using daily digital images. The accuracy of this methodology
depends on, firstly, that the “fingerprint” reflects variations in real-world snow
cover distribution sufficiently well, and secondly, whether the input
parameters are representative for the area in question. In most cases the
modeled snow coverage fits values inferred from satellite- and camera images
well (Fig. 7.). However, in a few cases there are deviations of more than a
couple of days (e.g. 1992 and 1995). In this study there are basically two main
sources of error: 1) In the case of snowfall within the melting period (as in the
year 2001), the “fingerprint-approach” breaks down, and 2) if the Daneborg-
temperatures deviates significantly from ZRA-temperatures. Most likely this
would occur in years where Daneborg is affected more by fog coming in from
the sea than ZRA. Finally, a third source of error is that air temperatures may
not necessarily reflect the melt-energy budget in a similar way in different
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years, e.g. the net radiative budget at the surface may differ between days with

equal temperatures due to different cloud cover etc.

5.2 NDVI

5.2.1 NDVI-characteristics as specific for this study

Numerous sources of satellite data are available for analyses of intra-seasonal
ecological variables in remote areas. Due to their high temporal resolution
(daily images), the NOAA AVHRR is among the most widely used systems for
analyses where short-interval time series are required. In contrast to AVHRR
data, the CDCI/MDCI-method has the advantage that it combines both high
spatial- and high temporal resolution. This gives the opportunity to do
analyses at high temporal resolution with high precision also within the spatial
domain, and to give an as precise as possible reflection of the amount of
phytomass present within the study area by masking out snow-pixels. Thus, it
is important to be aware that this study’s output-NDVI-curves (Fig. 7) are not
directly comparable to NDVI-curves based on data with coarse spatial
resolution like e.g. the AVHRR.

NDVI-analyses based on AVHRR-data obtained over arctic tundra e.g.
(Hope et al., 2003;Jia et al., 2004;0echel et al., 2000) generally shows NDVI
curves to be more or less symmetric (bell-shaped), whereas the curves
presented here tend to be steepest during green-up. This difference is most
likely related to the fact that, when only snow-free areas are considered, the
dampening effect from an eventual snow cover (negative NDVI-values) is
removed, i.e. in AVHRR-data each pixel may contain various surface types,
including snow. However, it is important to stress that during the growing
season, new pixels melts free of snow continuously as long as a snow cover is
present, meaning that day to day differences in average NDVI do not refer to
the same area. Therefore, when “average snow-free NDVI” is referred to in this
study; it should not be mistaken as the NDVI of areas that has been snow-free
during the entire growing season—but as a measure of the stage of total

greenness present within snow-free areas at the actual day in question.

5.2.2 Climatic aspects

Snow cover is found to be a dominating climatic parameter affecting NDVI,
both with respect to timing and overall magnitude. This is not surprising, since
the snow cover virtually blocks incoming Photosynthetic Active Radiation
(PAR) (Belzile et al., 2001). More surprising is it that no correlation was found
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between the magnitude of maximum NDVI measured in the field and air
temperatures measured at the AWS (neither between the current nor between
the previous year’s temperatures). However, when it comes to the timing of
maximum NDVI the influence from air temperature is of some significance
(see section 3.2.2). In consequence to this, the NDVI-model does not consider
temperature (except for the information that comes indirectly from the
modeled snow cover) for derivation of absolute NDVI-values, but consider
them only in calculating the timing of the peak-value. In the light of this, some
general considerations about NDVI-temperature relations, both within and
outside ZRA, requires further discussion.

Studies of NDVI-biomass relationships within single arctic vegetation
types (Hope et al., 1993;Jacobsen and Hansen, 1999) have concluded that
biomass is only one of several factors (Leaf Area Index, soil water content etc.)
influencing the NDVI. However, Walker et al. (2003) point out that when
viewed over broad regions and across major changes in vegetation biomass,
there is a clear relationship between temperature, biomass, and NDVI on
mesic zonal sites. Due to its limited size (about 17 km?2), the part of ZRA
covered by the cameras may hardly represent such a “broad region”; but
because of the large diversity in plant-species, and because the area is at the
boundary between climatic regimes, it might be reasonable to suggest that
some species are better adapted to the local climate in some years, while other
species are in others. Despite this, field measurements of NDVI (average NDVI
of 26 plots) do not reveal any correlation between average summer
temperatures (measured 2 m above ground at the AWS during the period with
minor snow cover) and maximum NDVI-values.

The explanation may be that since germination- and growth capabilities
for arctic species are often related to the climatic conditions in the previous
year (Bliss and Gold, 1999), both snow cover and temperature conditions in
the previous growing season (together with the conditions in the current
growing season) may influence the magnitude of NDVI.

A second explanation might be inferred from the Summer Warmth Index
(SWI) used e.g. by Walker et al. (2003), which is defined as the sum of mean
monthly temperatures greater than 0°C. Based on temperature- and NDVI
measurements from 12 different locations with an SWI ranging as much as
28°C (9°C-37°C), Walker et al. showed that maximum NDVT is significantly
correlated to the SWI. In ZRA, the average SWI (1988-2004) is 12°C with min-
and maximum values of 8°C and 16°C, respectively. However, the relation
found by Walker et al., shows that the SWI-range for ZRA corresponds to a
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variation in maximum NDVI-values ranging from 0.39—0.42, which is to small
a range to be detected with significant accuracy by the spectral sensor (the

instrument used in this study is a handheld Skye 110, 660—730 nm sensor).

5.3 Climate change perspectives

Findings from this study suggest that, under the present climatic conditions,
ISINDVI differs by as much as a factor of two between growing seasons with
extensive and limited snow cover, respectively. It is therefore concluded that
for High Arctic ecosystems like ZRA, snow cover is by far the most important
climatic parameter affecting vegetative activity. The majority of General
Circulation Models (GCMs) predict climatic effects of global change to be most
pronounced in the Arctic, and that increases in temperature and precipitation
will be particularly pronounced during winter in these regions (ACIA, 2004).
As the timing of the snow-free period i.e. the growing season is basically
determined by the balance between end-of-winter snow accumulation and the
melt energy available for snow melt (i.e. summer temperatures), future
scenarios for vegetative activity in present High Arctic regions may differ
significantly:

If summer temperatures, as predicted, do not increase noteworthy, the
heavier snow pack may (as opposite to the predicted prolongation of the
growing season in most of the Arctic) prevent spring snow clearance in some
High Arctic regions to occur earlier (Hinkler et al., 2005). If on the contrary,
summer temperatures do increase significantly, the High Arctic tundra and
desert may transform into Low Arctic tundra, leaving the High Arctic habitat

only as an alpine zone in mountainous areas (Meltofte et al., 2003).

6. Conclusions
The new methodology (based on digital camera images) presented in this
study enable us to analyze snow—NDVI biomass relations at high
spatiotemporal accuracy, and to mask out snow cover from NDVI data.
Measured and modeled snow cover- and NDVI data demonstrate that
snow cover under present climatic conditions is by far the most important
parameter affecting vegetative activity in ZRA, both with respect to timing and
total amount of photosynthetic activity (ISINDVI).
In spite of the fact that ZRA represents a relatively high diversity of plant-
species (meaning that some species might be adapted better to the local
climate in some years, while other species might be in other years) there is no

correlation between summer temperatures and magnitude of maximum NDVI
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in ZRA. On the contrary, there are some correlation between temperature and
the timing of maximum NDVI, when considered in combination with snow
cover.

The lack of correlation between NDVI-magnitude and summer
temperatures in ZRA may be due to the fact that the inter-annual variability in
SWI is not sufficiently high to cause detectable year to year differences—
differences may rather be due to other factors—primarily snow cover
variations and maybe other factors (limited accuracy of the spectral
measurements or relations between current- and previous year’s
temperatures).

As snow cover is the major factor affecting NDVI in ZRA, it may be a more
important parameter to take into account when predicting future scenarios of
vegetation status in High Arctic areas than temperature—e.g. in Arctic areas
most GCMs predict increased winter precipitation and only a limited increase
in summer temperatures, and therefore, increased temperatures may not
necessarily lead to reduced snow cover.

Consequently the balance between summer temperatures and winter
precipitation (snow cover depletion rate) may be the key parameter to predict

future vegetation status in High Arctic areas.
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A possible linkage between sea-ice concentrations and
snow-precipitation may be crucial for Arctic ecosystems

in a warmer climate

Jorgen Hinkler, Birger U. Hansen, Mikkel P. Tamstorf & Hans Meltofte

Abstract. Snow cover and sea-ice are major players in the climate system. Because of the high
albedo the surface energy balance is dramatically affected by the presence/absence of snow and
ice; and due to its insulative properties and ability to shield out solar radiation, snow cover is
crucial for terrestrial ecosystems—especially in the High Arctic, where the snow-free season is
short. As the global temperatures increase, sea-ice cover is expected to decrease
correspondingly, which, due to expanded areas of open water, may affect both the energy budget
and the hydrological cycle (including snow-precipitation). The present study compares snow-
precipitation over Northeast Greenland to inter-annual variations in: large scale atmospheric
circulation (North Atlantic Oscillation (NAO)) and sea-ice concentrations within the Greenland
Sea. During 1959—2003, the snow-precipitation was correlated with the NAO one third of the
time, according to a 19-year running correlation analysis. During 1982—2000, where this
correlation was insignificant, the “snow-precipitation vs. sea-ice correlation” was significant at
1% level; and the “center of action” (the area with optimum correlation) was located
approximately 500 km north of Iceland. Proxy based future sea-ice conditions combined with a
simple linear relation between sea-ice duration and snow-precipitation show increases in snow-
precipitation similar to what is calculated in a high resolution climate model. These increases
might prevent prolongation of the snow-free season, which (unexpectedly in a warmer climate)
will leave the ecosystem close to present average conditions during melt-off. The results of the
present study are not sufficient to support a causal relationship between sea-ice duration and
snow-precipitation. However, the strikingly high correlations and the match in orders of
magnitude between sea-ice based- and climate modeled snow-precipitation call for further

research.

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC)’s Third Assessment
Report (2001) gives projections for global-mean warming from 1990 to 2100
within a range of 1.4 K to 5.8 K, if no measures are taken to limit greenhouse
gas emissions. Recent research (Stainforth et al., 2005) demonstrates that
climate sensitivity of different General Circulation Models (GCMs) ranges as
much as between 1.9 K and 11.5 K. However, the vast majority of GCMs
indicate a sensitivity around 3.4 K and predict global warming to be most
pronounced at high latitudes, especially during winter. Thus, in the Arctic
increases of around 6 K can be expected by the end of the 21t century (ACIA,
2004;IPCC, 2001), which is almost twice the 3.4 K global average, predicted
by most GCMs.
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Global warming will lead to increased evaporation and in turn to
increased precipitation, which may have major implications for snow cover
distribution at high latitudes, where snow makes up a major part of the annual
precipitation budget (ACIA, 2004;Jones et al., 2001). In terms of spatial
extent seasonal snow cover is the largest single component of the cryosphere,
and with a mean winter maximum extent of 47 million square kilometers it
corresponds to almost a third of the Earth's total land surface (NSIDC, 2005).
Thus, one of the most important feedback mechanisms in climate change, at
virtually any spatial scale, is the snow cover-albedo-temperature feedback (e.g.
Groisman et al., 1994;Harding et al., 1995); which leads to enhanced warming,
due to decreased snow cover (lower surface albedo). Furthermore— because of
its insulative properties (e.g. protecting vegetation during winter) and ability
to prevent solar radiation from reaching the surface (e.g. reducing
photosynthetic activity in the summer), the presence/absence of snow cover is
crucial, especially for terrestrial ecosystems in Arctic areas (Jones et al.,
2001;Phoenix and Lee, 2004;Stone et al.,, 2002;Weller, 1998). These
ecosystems are therefore considered important as indicators of climate change
and are topics of great scientific interest. In the High Arctic, the response of
terrestrial ecosystems to climate change is expected to be particularly
pronounced, because only during a short period of the year, most plants,
invertebrates, birds, and mammals are able to reproduce.

Due to the pronounced warming at high latitudes, the duration of snow
cover is generally expected to decrease over the course of this century (IPCC,
2001). However, the length of the snow-free period relies on the balance
between precipitation amounts and melt rate. If snow-precipitation patterns
and amounts change, the spatial distribution and depth of snow cover will
change correspondingly. Consequently, the rate of decrease in extent will
differ from location to location, and in some parts of the Arctic the extent and
duration may even increase (Frei et al., 2003).

A change in general snow-precipitation rates- and distribution patterns
naturally requires changes in the atmospheric circulation at synoptic scales,
such as the North Atlantic Oscillation (NAO) and/or in the hydrological cycle.
From middle to high latitudes in the northern hemisphere, the NAO (Hurrell,
1995) is the most prominent weather pattern and explains the major inter-
annual variability of the atmospheric circulation in the North Atlantic region
(Bromwich et al., 1999). It is most pronounced during winter and is related to
changes in both temperature, storminess, sea-ice distribution, and
precipitation patterns (Hurrell et al., 2003;Johannessen et al., 2004).
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The connection between NAO and precipitation over the western and
southwestern parts of Greenland is thoroughly documented in the literature
(e.g. Appenzeller et al., 1998;Bromwich et al., 1999;Hurrell, 1995), whereas for
High Arctic Northeast Greenland (where this study has its main focus),
information on this topic is limited.

One factor which may significantly impact the hydrological cycle in the
Arctic would be reductions in sea-ice coverage, which are predicted to occur
during the current century (ACIA, 2004). Expanded ice-free areas in the
Nordic Seas would allow greater evaporation from the ocean surface, and
result in larger moisture transport onto coastal areas and larger amounts of
precipitation.

The direct contribution of observed sea-ice variability to precipitation
over Greenland has not yet been subject for investigation. However, previous
studies (Weatherly, 2004) based on GCM-runs, using observed sea-ice
concentrations, derived from passive-microwave satellite imagery, as surface
boundary conditions, reveals that increased precipitation along the Antarctic
coastal areas may be associated with reduced ice concentrations. Other studies
(Bromwich et al., 1998;Wu et al., 1996) based on present day climatic
conditions in GCMs also indicate significant precipitation-increases over
coastal Antarctica in the case of reduced sea-ice coverage.

The present study has its main point of interest focused around
Zackenberg Research Station (ZRS) at 74.5°N, 20.5°W in High Arctic
Northeast Greenland (Fig. 1 (C)). ZRS forms the platform for the Zackenberg
Ecological Research Operations (ZERO), and was established in July 1995.
ZERO aims to provide knowledge on a pristine High Arctic ecosystem and its
response to climatic variations, and thus includes continuous monitoring of
bio- as well as climatological parameters. At ZRS snow cover and snow depths
(Fig. 1(B)) have been measured continuously since August 1997; and on the
basis of high spatial resolution digital imagery (Hinkler et al., 2002) end-of-
winter snow accumulation was reconstructed back to 1988 at high accuracy
(section 2.2.1).

To put the observed (and the high accuracy modeled) snow data from ZRS
into a more generalized climatological framework, this study aims to analyze
snow-precipitation variability in High Arctic Northeast Greenland, its relation
to the NAO and to variations in sea-ice concentrations in the Greenland Sea,
and finally to briefly discuss some possible implications for High Arctic
ecosystems in a future warmer climate with higher precipitation- and melt
rates.
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2. Materials and methods

2.1 Data

The study includes data at various spatial scales and resolutions, ranging from
point measurements of snow depths and daily mean temperatures at ZRS
(74.5°N), Daneborg (74.3°N), and the island of Jan Mayen (71.0°N) through
ortho-rectified digital camera images of the local snow cover extent in the
Zackenberg valley (Hinkler et al., 2002), satellite data with high spatial
resolution (Landsat Thematic Mapper (TM) and Systéme Probatoire pour
I'Observation de la Terre High Resolution Visible (SPOT HRYV)), sea-ice
concentrations from Scanning Multichannel Microwave Radiometer (SMMR)
and Special Sensor Microwave/Imager (SSM/I) passive-microwave satellite
imagery, precipitation rates and air temperatures from the National Centers
for Environmental Prediction (NCEP) reanalysis project to monthly indices of
the NAO, and finally, climate change-scenarios of future monthly mean air
temperature and precipitation in the East Greenland region. All data are

summarized in Table 1.

2.2 End-of-winter snow accumulation

2.2.1 Locally at ZRS/Daneborg

Since August 1997, snow depths have been measured automatically every third
hour (averaged to daily means in this study), using a sonic snow depth sensor.
Additionally (also since 1997), an automated digital camera has been installed
at the Zackenberg mountain to take daily pictures of the snow cover in the
Zackenberg valley. The images were transformed into digital orthophotos and
were then used for snow cover mapping (Hinkler et al., 2002).

Based on a semi-empirical modeling approach (Hinkler et al., 2003;
Paper 3), end-of-winter snow accumulation and summer-snow-cover-
depletion in the years 1988-1997 were reconstructed: The model utilized for
reconstruction was derived assuming that, for any end-of-winter snow
accumulation there exists a unique relation—between the spatial progress of
snow cover depletion and melt-energy accumulated over the melting season—
which is specific for the study area (it is thus assumed that any particular
study area has its own unique physical characteristics). The daily snow cover
maps were used to construct snow cover depletion curves for seven different
melting seasons (1998-2004). These data were then combined with
temperature data and measured snow depths to derive a data set from which
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Fig. 1. (A) Total end-of-winter accumulated snow water equivalents (1998-1999, October—
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May) calculated based on NCEP precipitation rates in 1.904°x1.875° lat.-long. grid-cells over
the North Atlantic region. The grid-cell containing Zackenberg Research Station (ZRS) is
marked with white. (B) Daily accumulated NCEP snow water equivalents
([1997-1998]-[2002-2003] winter seasons) together with corresponding snow depths
measured at ZRS. (C) Location of the Zackenberg/Daneborg-area (red ellipse). The
rectangular area indicated by white lines corresponds to the NCEP 1.904°x1.875° lat.-long.
grid-cell (13,650 km?2), which includes ZRS and Daneborg. (D) Measured/reconstructed end-
of-winter snow depths at Zackenberg/Daneborg versus the NCEP end-of-winter accumulated
snow water equivalents from the grid-cell shown in C. (E) Time series (1959—2003) of NCEP
end-of-winter (May 315!) accumulated snow water equivalents in the grid-cell containing ZRS
together with measured/reconstructed maximum snow depths at Daneborg (1959-1975) and
Zackenberg (1988-2003), respectively. The dashed line indicate the trend in NCEP based
snow-precipitation over 1959—2003.

end-of-winter snow accumulation and summer-snow-cover depletion can be
found iteratively for any melting season if: 1) the snow cover extent in the
study area is known for (at least) one day in the melting season and if 2) daily
temperature data are available. Thus, the method is applicable if one satellite-
or aerial photo with high spatial resolution and daily temperatures from the
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melting season are available (if the end-of-winter snow accumulation is
known, only the daily mean air temperatures are required to derive a snow
cover depletion curve). Currently, it has been possible to procure usable
satellite data (Landsat TM and SPOT HRV) back to 1988, whereas air
temperatures from before 1995 (when ZRS was established) are available from
the Danish Meteorological Institute’s (DMI) automatic weather station at
Daneborg 21 km southeast of Zackenberg.

At Daneborg measurements of snow depth were initiated in 1958, but
were stopped in 1975 (Cappelen et al., 2001). These data as well as
measured/reconstructed end-of-winter snow depths from ZRS are displayed
in Fig. 1(E).

2.2.2 Regional to large scale in the North Atlantic region

End-of-winter snow accumulation at larger scale was inferred from the NCEP
reanalysis data (CDC, 2003) in 1.904°x1.875° lat.-long. grid-cells, covering
latitudes: 0°—90° and longitudes: -90°—90° (Fig. 1(A)). The NCEP data utilized
are daily precipitation rates and daily mean air temperatures from the period
1958—2003 (Harris, 2004). For each year (Octoberyey. year—MaYyear in quest.) the
total accumulated amount of precipitation falling on days with mean air
temperature below freezing represents the end-of-winter snow accumulation
in Snow Water Equivalents (SWE). At the highest latitudes, where virtually no
snow-melt occurs during winter, the end-of-winter SWE will be proportional
to the end-of-winter snow depth. End-of-winter SWE during 1959—2003 for
the grid-cell containing ZRS/Daneborg is displayed in Fig. 1(E).

2.3 NAO vs. snow-precipitation

NAO data were obtained from the NOAA Climate Prediction Center (CPC,
2004). To investigate how inter-annual variations in snow-precipitation and
NAO are correlated in the North Atlantic region, spatially as well as over time,
the correlation between accumulated snow-precipitation and winter
(December-January-February) NAO-index was calculated over the period
1959—2003 (where e.g. 1959 refers to the 1958—1959 winter season). The
calculation was done for each NCEP 1.904°x1.875° lat.-long. grid-cell, and the
time series were split into 27 sub-periods—or 19-year running windows (1959—
1977, 1960-1978, .., 1985-2003). To give a better spatial impression, the
results were afterwards interpolated and projected into azimuthal equal-area
maps. Resulting correlation maps for each 19-year window are shown in Fig. 2.

In order to put ZRS/Northeast Greenland into this framework, the running
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Fig. 2. Running correlation (1959—2003) between accumulated snow-precipitation and the
North Atlantic Oscillation (NAO), spatially visualized for the North Atlantic region in 19-year
windows. Densely shaded areas represent significant correlation between NAO and snow-
precipitation. The years given with smaller types on the individual correlation-maps indicate
the “center-year” in each 19-year window. The graph in the lower left part of the figure shows
the running correlation between NCEP based end-of-winter snow water equivalents in the
Zackenberg/Daneborg region and the winter NAO-index. The correlation map right to the

graph shows the correlation over all 45 seasons.

correlation values for the grid-cell containing ZRS are plotted in the lower left

part of the figure.

2.4 Sea-ice vs. snow-precipitation

Sea-ice mapping is based on a 20-year time series (1981-2000) of gridded sea-
ice concentrations (covering 19 winter seasons). Ice concentrations were
derived from 25-km resolution SMMR and the SSM/I brightness temperature
satellite imagery. The data were provided by the National Snow and Ice Data
Center (NSIDC), Boulder, CO, USA, and was (in this study) obtained as part of
the 5-km EASE-Grid composite data set (Fowler et al., 2000). In this version,
the resulting 5-km data is over-sampled from the 25-km SMMR and SSM/I
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Fig. 3. Spatial distribution of the correlation between (1) end-of-winter snow accumulation
within the Zackenberg region (NCEP 1.904°x1.875° lat.-long. grid-cell covering 13,650 km?
(see Fig. 1), and (2) sea-ice duration (the number of days during September—August with sea-
ice concentration above a critical threshold). The Greenland Sea is divided into four sectors
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based on direction from the Zackenberg Research Station (ZRS): NNE, NE, SE, SSE, and each
sector is subdivided into five sub-sectors based on distance from ZRS: 0—100 km, 0—250 km,
0—-500 km, 0—750 km, and 0—1000 km (note that a smaller sub-sector is always included in a
larger sub-sector). The tables to the left display R2-coefficients of least squares fits between
end-of-winter snow accumulation, 1982—2000 and sea-ice duration within the individual sub-
regions. The graphs in the rightmost part of the figure both concern the 750 km SSE sub-sector
which is the sub-sector that shows the maximum correlation between sea-ice duration and
snow precipitation. The upper graph shows a least squares fit between sea-ice duration and
the Zackenberg (NCEP grid-cell) snow accumulation (if 1987 is included R2=0.40). The lower
graph demonstrates that 24.4% 1is the concentration-threshold that gives the best linear

correlation for this particular region.

data. Because coastal areas have a jagged appearance, a 5 km land mask is
applied, and the nearest appropriate sea-ice concentration is used.

To compare inter-annual variations in sea-ice concentration within the
Greenland Sea to the end-of-winter snow accumulation in the Zackenberg
region, the Greenland Sea was divided into four main sectors based on
direction, and 20 sub-sectors (five in each main sector) based on distance from
ZRS, respectively (Fig. 3). The correlation (1982—2000) between yearly sea-ice
duration and Zackenberg end-of-winter snow accumulation was then
calculated for each sub-sector. Sea-ice duration is defined as the number of
days during Decemberprev. year—AUgUStyear in quest. With sea-ice percentage above a
certain threshold. This threshold is defined as the sea-ice percentage giving the
maximum correlation between sea-ice duration and end-of-winter snow
accumulation, and was found iteratively by testing thresholds from 0-100% in

steps by 0.1 (Fig. 3).

2.5 Climate change scenarios vs. sea-ice and snow cover
Modeled monthly mean temperatures and precipitation for two normal-
periods 1961—1990 (control scenario) and 2071—2100 (A2- and B2-scenarios,
according to the IPCC) were provided by the Danish Meteorological Institute
(DMI). The model (Dethloff et al., 2002;Kiilsholm et al., 2003;Rysgaard et al.,
2003) is a regional climate model covering East Greenland and the Greenland
Sea and has a spatial resolution of 50 km.

Typically during winter, the central Greenland Sea develops a local cover
of pancake ice (World Meteorological Organisation, 1970), which occupies a
tongue-shaped region called Odden (Fig. 4(A)). During winter, where
northwesterly winds prevail in this region, the pancakes are blown to the
southeast (Wadhams, 1999), which makes it reasonable to assume that some

inter-annual co-variation may exist between the extent of the Odden ice
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Fig. 4. (A) Sea-ice distribution around Greenland at February 2"9, 1989 with indications (red
polygons) of the Odden ice tongue mapping area and the region (750 km SSE), which shows
maximum correlation between sea-ice duration and snow-precipitation at Zackenberg. (B)
Sea-ice duration in 750 km SSE-region vs. accumulated monthly mean surface air
temperatures at the Island of Jan Mayen within the freezing-period. (C) Conceptual
description of- and results from the sea-ice based method used to derive future scenarios of
summer snow-cover depletion in the Zackenberg area. * The freezing period is defined as the
period, which includes the first- and the last month with average temperature below 0°C, and
all months in between.

tongue and the ice-extent in the region to the south of it (SSE-region Figs. 3

and 4(A)). Furthermore, Comiso et al. (2001) showed the extent of the Odden
ice tongue to have a strong negative correlation (R = -0.74) with monthly
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-

freezing period*, sea-ice duration in the 750 km SSE-region (see also Figs. 3 and 4), and
average annual extent of the Odden ice tongue. Note that in order to display the co-variation
more clearly, sea-ice data are multiplied by -1. *The freezing period is defined as the period,
which includes the first- and the last month with average temperature below 0°C, and all

months in between.

surface air temperatures recorded at the Island of Jan Mayen (Fig. 1(C)),
which further makes it reasonable to assume that winter air temperatures at
Jan Mayen can be used as a proxy for the extents of the Odden ice tongue and
similarly for the neighboring SSE-region. Fig. 5 shows the inter-annual
variation over 19 winters (where e.g. 1982 represents the 1981-1982 winter
season) of winter surface air temperatures at Jan Mayen, annual extent of the
Odden ice tongue, and sea-ice duration in the SSE-region. The figure reveals
that the three parameters (as expected) vary in a relatively similar manner (the
correlation between annual extent of Odden and sea-ice duration in the 750
km SSE region is 0.73 and between the 750 km SSE sea-ice duration and the
Jan Mayen air temperatures it is -0.72).

Thus, in the present study, proxy values of future sea-ice duration in the
750 km SSE region (which shows maximum correlation between sea-ice
duration and snow-precipitaion) is based on future scenarios of air
temperatures at Jan Mayen (Fig. 4(B)). Furthermore, based on the assumption
that sea-ice duration in the 750 km SSE region reflects end-of-winter snow
accumulation in the Zackenberg/Daneborg region, the linear relation shown in
Fig. 3, were used to derive future scenarios of the end-of-winter snow
accumulation at ZRS.

Both East Greenland and the Island of Jan Mayen are characterized by
strongly varying topography. The spatial resolution (50 km) of the topography
included in the climate model is not sufficiently detailed to reflect the local
topographic variation. Therefore observed temperatures may differ
significantly from the control scenario. To adjust the scenarios to the observed

temperatures, monthly correction coefficients were derived for
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Zackenberg/Daneborg and Jan Mayen. The correction coefficients were
calculated as the observed monthly means divided by the corresponding
monthly means from the control scenario (using absolute temperatures in K).
Since ZRS was not established before 1995, the observed temperatures
representing Zackenberg during 1961—-1990 are from Daneborg.

The snow cover depletion model for Zackenberg requires daily
temperature input (as accumulated degree days). Thus, to derive future
scenarios of daily temperatures at ZRS, daily anomalies were calculated by
subtracting average observed daily means (1988-2004,
Zackenberg/Daneborg) from the mean monthly temperatures (1961-1990-
normal, Daneborg). These anomalies were then added to the monthly means
from the A2 and B2-scenarios (2071—-2100). Mean monthly temperatures for
the 2011-2040 and 2041—-2070 normal periods were found using simple linear
interpolation between the 1961—1990 and 2071—2100 normal periods, and the
average daily values for these periods were derived as described for 2071—
2100.

Finally, future summer snow-cover depletion at Zackenberg was
calculated using the snow-cover-depletion model (discussed in section 2.2.1)
in conjunction with daily temperatures inferred from the A2 and B2 scenario

data (the resulting snow cover depletion curves are shown in Fig. 4(C)).

3. Results and discussion

3.1 End-of-winter snow accumulation

Snow-precipitation in the Zackenberg/Daneborg region shows high inter-
annual variability. According to NCEP-data (Fig. 1(E)) the end-of-winter SWE
has varied as much as from below 100 mm to almost 700 mm (in 1960 and
1987), since 1959; and viewed over the entire period (1959—2003) there has
been a significant (p<0.006, according to a Mann-Kendall trend test) positive
trend in snow-precipitation of approximately 32 mm SWE per decade (Fig.
1(E)).

Generally, the variability in NCEP based SWE corresponds well with
ground based snow depth data from ZRS and Daneborg (R2 = 0.69 and 0.60,
respectively, see Fig. 1(D—E)). The amount of scatter, which however is
revealed by the least-squares-fits, may be caused by several different factors
such as uncertainties in the NCEP analysis/forecast system, snow-drift/melt,
complexity in local wind patterns and precipitation distribution (which is

likely, because the region is characterized by strong topography), and the fact
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that a 13,650 km?2 grid-cell may represent several different climatic conditions
(e.g. Daneborg is exposed almost directly to the Greenland Sea, whereas
Zackenberg is situated inside the fjord system, which may also explain the
difference in the slopes of the linear fits in Fig. 1(D)). Finally, the fixed 0°C-
threshold applied in the present study may be too simple for distinguishing
between liquid and solid precipitation (e.g Forland and Hanssen-Bauer,
2003).

Particularly striking for the NCEP based end-of-winter SWE is the
exceptionally high values in the years 1960 and 1987. Unfortunately, no
comparison to ground truth was possible for 1987, since no ground based
measurements are available for that year. However, the 1960-observations
from Daneborg (Fig. 1(E)) may suggest that even though this year had some of
the highest amounts of snow-precipitation ever recorded, the NCEP-reanalysis
might over-estimate precipitation-rates in extreme situations (such as in 1960
and 1987). Furthermore, the fact that the number of ground-stations is limited
in the region might also increase uncertainty in the reanalysis data. Finally,
concerning NCEP precipitation in general, Reid et al. (2001) showed that
(over Europe) NCEP based precipitation is less reliable than e.g. air
temperature, when compared to station based data. Annually, the
precipitation correlations on a daily basis varied considerably: 0.37-0.68 and
0.30-0.61 for Central and Eastern England and 0.47-0.81 for Italy. For the

air temperature the correlation coefficients were within the range: 0.96—0.98.

3.2 NAO vs. snow-precipitation

Fig. 2 depicts the results of the running correlation analysis. The correlation
maps indicate that in the northern North Atlantic, the correlation between
NAO and snow-precipitation varies considerably in time and space. In
northwestern Europe and to the south and southwest of Greenland the
correlation remains significant at all times during the entire period (1959—
2003), but in the northernmost part of the region (the areas within and
around the Arctic Ocean, the Greenland, Barents, and Kara Seas) snow-
precipitation variability seems to get decoupled from the NAO from time to
time. Off the East Greenland coast, snow-precipitation in major parts of the
Greenland Sea and over Iceland is steadily correlated to the NAO, whereas the
coastal areas, including Zackenberg/Daneborg, are decoupled in about two
thirds of the time. This may suggest that, during these periods, snow-
precipitation over the coastal areas may be governed by something else or

simply occur stochastically. However, nine out of 27 time-windows (“center
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years” 1970—1978, see graph specifically for Zackenberg/Daneborg in Fig. 2),
shows significant correlation, also in the coastal areas. The reason for this is
presently not known, and should be subject for further investigation.
Hypothetically it may be addressed to shifts between phases where more or
less continental/coastal climatic regimes predominate. These shifts could then
be further addressed to multi-decadal oscillations in the large scale
atmospheric circulation. Multi-decadal oscillations in climate data, ranging
from global temperature to sea-ice distribution and its connection to weather
patterns at synoptic scale such as the NAO has been reported by several
authors, e.g.: Oscillations in global temperature proxy records over five
centuries (Mann et al., 1995), global temperature anomaly data in relation to
both the NAO and the El Nino-Southern Oscillation (Mann and Park, 1994),
air-sea interactions in the North Pacific (Latif and Barnett, 1994), and sea-ice
export through the Fram Strait vs. the NAO (Jung and Hilmer, 2001;Schmith
and Hansen, 2003).

3.3 Sea-ice vs. snow-precipitation

The analysis includes sea-ice data covering the period 1982-2000, in which
snow-precipitation at Zackenberg/Daneborg was not correlated significantly to
the NAO. Over this period of time, a significant correlation between sea-ice
duration in certain regions of the Greenland Sea and snow-precipitation in the
Zackenberg/Daneborg region was found. In Fig. 3 the R2-coefficients are
visualized spatially, and also shown in tabular format. Observations from
Daneborg, 1960 (which had precipitation similar to 1987) indicate that the
NCEP-reanalysis might over-estimate precipitation-rates in extreme situations
(see section 3.1). Thus, in the calculation of the correlation coefficients
visualized in the map (upper table in Fig. 3) the year 1987 was left out.
However, it should be noted that the highest R2-coefficients appear in the
same sub-sectors, whether the year 1987 is included or not.

All of the regions show an inverse relationship between sea-ice duration
and snow accumulation (the more sea-ice the lesser snow accumulation and
vice versa). The further one goes to the south and southeast the higher the
correlation. Most likely this is because precipitation over Northeast Greenland
is usually connected with cyclonic activity over the Greenland Sea (Cappelen et
al., 2001), and the warmest and most humid air masses are coming from the
south. The highest (and clearly significant, p<0.01) correlations are found to
the southeast of ZRS, and reach maximum in the SSE region, when ice-data up
till a distance of 750 km from ZRS are included. This may indicate a “center of
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action” to be centered within this region around 500 km north of Iceland
between Greenland and the island of Jan Mayen.

Production and distribution of sea-ice in the Arctic region is generally
complex and difficult to understand, because it is linked to several factors such
as temperature, freshwater balance (salinity), and atmospheric- and oceanic
circulation dynamics. As the latter factor (e.g. sea-ice flow through the Fram
Strait) plays a dominating role within the Greenland Sea, this area is in
particular complex (Martin and Wadhams, 1999;Wadhams, 1995;Wadhams
and Comiso, 1999). Whether variability in sea-ice distribution within the
regions of high correlation can be addressed to larger-scale climate dynamics,
is still unclear. The NAO do not seem to explain ice cover variations in these
regions very well over longer time spans, and neither does modeled sea-ice
fluxes into the Greenland Sea through the Fram Strait (Schmith and Hansen,
2003). Therefore, it may be reasonable to suggest that as the sea-ice
distribution in the Greenland Sea is influenced by both local ice formation and
a large ice-flux from the Arctic Ocean into the East Greenland Current, it
cannot be generalized at a larger scale. Contrarily, it might be more reasonable
to suggest that sea-ice variability in the southern Greenland Sea may be
stronger related to other (more local) factors such as surface air
temperatures/variability of the Odden ice tongue (see also section 2.5).

Because the sea-ice duration is correlated to air temperature, the present
study does not support a causal relationship between sea-ice duration and
snow-precipitation: It may be possible that the air temperature controls both
sea-ice duration and precipitation amounts; furthermore, for the North
Atlantic as a whole, approximately 60% of all winters can be characterized as
either statistically significant positive or negative NAO-winters (Cappelen et
al., 2001). This means that in situations where variability in the large-scale
atmospheric circulation cannot be explained by the NAO, precipitation
(temperature and humidity) might be explained by other large scale
atmospheric circulation phenomena.

However; the lack of correlation (in 1982—2000) between NAO and snow-
precipitation, the high correlation between sea-ice duration and snow-
precipitation within the same period, the fact that the NAO generally plays a
dominating role in the North Atlantic region, the fact that more extensive
areas of open water during winter is likely to increase atmospheric moisture
content, and finally previous studies (e.g. Weatherly, 2004) on sea-ice vs.
Antarctic precipitation all together makes it reasonable to assume that sea-ice
duration plays a key role for the snow-precipitation budget in East Greenland.
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3.4 Climate change perspectives

Fig. 4 gives a conceptual description of how findings of the present study were
used to derive projections of future end-of-winter snow accumulation and
summer snow-cover depletion at Zackenberg (see section 2.5)—the results are

stated in Table 2 and in form of snow cover depletion curves in Fig. 4.

EadcEmirtns arowm T o XL s Table 2. Modeled end-of-
msumelitlon AHBE | Socwema® ARET | dndw cowid ARED | s osver ARBE . .
£m tuy o tha pear duy ol S yuar duy of the peae winter snow accumulations
EE 14 I|I-'|_.-2 L1 15 Lbard | 1EV L]
L] AAUAE iy S0 [T ey | o pa el gt ZRS and dates which are
AT 1AM iy TATE | TRAME Lhirookiod) | THHAGE (1ul 141758
T IS My T TR e | SRR el jmportant and descriptive for

snow cover depletion.

Whether it is reasonable to use sea-ice duration in the 750 km SSE
region/winter air temperature at Jan Mayen as proxy for future snow
precipitation amounts at ZRS is presently still a question with no definitive
answer. However, to give some verification, future end-of-winter snow
accumulation based on sea-ice duration was compared to winter precipitation
data from the modeled A2- and B2 scenarios provided by DMI. Both the sea-
ice based approach and the A2- and B2 precipitation-scenarios reveal similar
increases in snow-precipitation over the 21t century at ZRS. For 2071-2100,
the A2- and B2 precipitation-scenarios show an increase of 62% and 51%,
respectively (assuming that precipitation falls as snow in months with mean
air temperature bellow 0°C). This corresponds to end-of-winter snow
accumulations at ZRS of 110 ecm (A2) and 103 cm (B2), respectively, as
compared to 68 cm at present. Under both A2- and B2 conditions, the sea-ice
based approach suggests 106 ¢cm (Table 2). It cannot be excluded, however,
that this match in orders of magnitude is coincidental. It is (nevertheless)
concluded that the result is so striking that further research should be done;
e.g. by testing the direct contribution of sea-ice variability to Arctic
precipitation in climate models.

In Fig. 4(C) future summer-snow-cover-depletion curves for the
Zackenberg area are shown for both the A2- and B2-scenarios, and represent
the average conditions in four different periods: present time, and three
modeled future scenarios (2011—2040, 2041—2070, 2071—2100). To give an
impression of the current inter-annual snow-cover variability at Zackenberg,
Fig. 4(C) also displays observed snow-cover depletion curves for the years
1999 and 2000, respectively. These years are representative for the most

extreme snow cover conditions observed in the area, since ZRS was
established.
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Both scenarios (A2 and B2) show that because of increasing spring
temperatures during the 215 century, snow-melt is expected to start earlier in
the future (Table 2). This combined with slightly higher summer temperatures
means that spring snow clearance in large areas with uniform snow
distribution will not be delayed on average, despite the predicted increase in
winter precipitation. Neither will it occur earlier—meaning that the
combination of increased winter-precipitation and increased temperatures
will have virtually no net effect on snow cover extent during the early (and for
the general flora and fauna most critical) part of the melting season. However,
when the later part of the season is considered, the situation is different: due
to increased winter (snow)-precipitation, larger snow drifts will be formed in
areas characterized by heavy snow deposition (mainly lee sides of larger
features in the landscape); and these areas will thus have a prolonged melting
season of about 2—3 weeks. Furthermore, with the prospect of increased inter-
annual variability in precipitation (Jones et al., 2001) it is likely that the
frequency of very late seasons, with reduced or no reproduction in different
plants and animals, may also increase.

For Arctic ecosystems, snow cover plays almost as an important role as
temperature in shaping life conditions for flora and fauna (Callaghan et al.,
2005). This is particularly so for High Arctic Greenland, which has a relatively
continental climate due to the dense polar drift ice in the Greenland Sea. The
increasing snow-precipitation is likely to alter living conditions in the direction
of present-day low Arctic Southeast Greenland (Meltofte et al., 2003;Rysgaard
et al,, 2003). In some regions this means up to a doubling of snow-
precipitation, increased frequency and intensity of thaw events during winter
and more humid and cyclonic summer weather too. For flora and fauna, this
would mean increased vegetation cover on presently barren lowlands, but also
difficulties for herbivores from lemmings to muskoxen due to melting snow
and rain in winter resulting in ice crust formation (Forchhammer and
Boertmann, 1993;Hansen and Mosbech, 1994). Opposite to the predicted
prolongation of the growing season in most of the Arctic (Callaghan et al.,
2005), a zero net change in early snow-melt will not alter the onset of e.g.
growth and reproduction in plants in these areas (Meltofte, 2002), but the
increased water supply from melting snow and summer precipitation is likely
to increase plant growth on presently mesic and dry tundra. However, in snow
accumulation areas, where snow-melt will be later (Fig. 4(C)) in most years,
the reproductive phenology and thereby the success of many species ranging
from plants to shorebirds may be delayed or even excluded (Callaghan et al.,
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2005;Meltofte, 2002). Furthermore, in these areas the productivity of the
vegetation will be reduced, and the plant species composition is likely to

change in the direction of snow-bed communities.

4. Conclusions/summary

Over the last four decades the end-of-winter snow accumulation in the
Zackenberg/Daneborg region has varied considerably, from below 100 mm
SWE to almost 700 mm, according to NCEP-data. However, ground based
measurements of snow depth indicate that the NCEP-reanalysis might over-
estimate snow-precipitation-rates in extreme situations. The precipitation
data, which cover more than 40 years, show a significant trend (32 mm SWE
per decade) towards increased snow-precipitation. This might indicate that
general increases in winter-precipitation, which is predicted in climate models,
over Northeast Greenland might already have started to occur.

The influence from the NAO on snow-precipitation within the
Zackenberg/Daneborg region seems to vary over time. In contrast to e.g.
Western Europe and certain areas in West Greenland (where snow-
precipitation is closely correlated to the NAO), snow-precipitation over the
coastal areas of Northeast Greenland seems to be significantly correlated to
the NAO in some periods, and in some periods not. During the period covered
by the present study (27 running 19-year periods with “center years” 1968—
1994), the Zackenberg/Daneborg snow-precipitation was correlated
significantly to the NAO in a third of the time (“center-year” periods 1970—
1978). In accordance with previous climate-studies, this coupling/decoupling
to the NAO is hypothesized to be due to decadal/multi-decadal oscillations in
the climate system.

Snow-precipitation at Zackenberg/Daneborg was found to be significantly
correlated to sea-ice duration in the southern Greenland Sea (SE and SSE to
Zackenberg) during 1982—2000. Although this period of time represents
insignificant correlation between snow-precipitation and the NAO, the high
correlation between snow-precipitation and sea-ice duration does not in itself
support the idea of a causal relationship between sea-ice duration and snow-
precipitation. Because sea-ice duration is correlated to surface air temperature
in the region it cannot be disregarded as an option that the air temperature
(which may be controlled by some other large scale atmospheric circulation
phenomena than the NAO) may control both sea-ice duration and
precipitation. However, the fact that more extensive areas of open water
should naturally be expected to increase atmospheric moisture content, the
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results from this study and previous studies on sea-ice variation and its
contribution to Antarctic precipitation makes it reasonable to suggest that sea-
ice duration may play a key role for the snow-precipitation budget in
Northeast Greenland.

In the present study it is thus hypothesized that snow-precipitation at
Zackenberg may be linked to sea-ice variations in the southern Greenland Sea.
It was concluded that air temperatures at the island of Jan Mayen is a
reasonable proxy for sea-ice duration in this region. Therefore, to give some
verification of a possible sea-ice—snow-precipitation linkage, projections of the
Jan Mayen winter temperatures during the 21 century were used to derive
scenarios of future sea-ice duration in the southern Greenland Sea/end-of-
winter snow accumulation at Zackenberg. Because sea-ice based end-of-winter
snow accumulation turned out to correspond strikingly well with snow
precipitation amounts calculated in a regional climate model, further research
on the topic is strongly recommended. On average, end-of-winter snow
accumulations at Zackenberg are projected to increase from 68 cm at present
to 106 cm by the end of the current century. When tested in a local snow cover
depletion model, the combination of increased temperature/melt rate and
increased snow-precipitation seems to leave summer-snow cover depletion
close to status quo, however 2—3 weeks delayed in areas with pronounced
snow-accumulation. From the ecosystem perspective a zero net change in early
snowmelt may hardly affect the onset of e.g. vegetative growth and
reproduction. However increased melt-water and summer precipitation might
increase plant growth in some areas; and in areas affected by larger snow
accumulation the success of many species may be delayed or even excluded.
Furthermore, the prospect of increased climatic variability may also increase
the frequency of seasons with late snowmelt in the future. Finally, increased
snow-precipitation combined with a higher frequency of thaw/freeze events
during winter may cause difficulties for mammalian herbivores, due to the

formation of ice crusts.
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