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18.1
Altitude-dependent correlation of snow cover duration with alpine
spring phenology
Jing Xie, Mathias Kneubühler, Irene Garonna, Rogier De Jong, and Michael E. Schaepman
Remote Sensing Laboratories, Department of Geography, University of Zurich,
Winterthurerstrasse 190, CH-8057 Zurich (jing.xie@geo.uzh.ch)

Snow cover duration plays a vital role in alpine ecosystems and has a large impact on the alpine spring phenology.
However, our knowledge about the correlation of snow cover duration with alpine spring phenology is still limited, as is the
dependence of this correlation on altitude.
In this study, we used satellite derived parameters such as Snow Cover Duration (SCD), and Start Of Season (SOS,
namely, alpine spring phenology) of natural vegetation for the period of 2003–2014 and over the European Alps. We tested
for the existence of altitude-dependent changes in the correlation between inter-annual differences (Δ) of SCD and SOS of
various natural vegetation types in different climatic sub-regions from 0 to 3000 m above sea level (m a.s.l.).
The results show that both SCD and SOS significantly (p<0.001) change with altitude. Less than 3% of all pixels show a
significant trend (p<0.05) in SCD or SOS over the study period across the entire study area. A considerable amount of
pixels show significant correlation between ΔSCD and ΔSOS (25.3% of total pixels) across the entire study area. The
positive correlation between ΔSCD and ΔSOS reaches high correlation values (R>0.7) at high altitudes (>2000 m a.s.l.),
where predominant vegetation covers are natural grassland (NG) and sparsely vegetated areas (SV). In mid altitudes
(1000-2000 m a.s.l.), where the main vegetation covers are NG and forest (i.e., broad-leaved forest (BF), coniferous forest
(CF), and mixed forest (MF)), ΔSCD is positively correlated with ΔSOS above 600 m a.s.l in the northern Alps (temperate
oceanic climate features), and above 1500 m a.s.l in the southern Alps (mediterranean subtropical climate features). Weak
negative correlations (-0.4<R<0) between ΔSCD and ΔSOS are mainly present over forests (i.e., BF, CF and MF) at low
altitudes (<1000 m a.s.l). It is remarkable that a higher percentage of significant pixels is found in high and mid altitudes
than in low altitudes.
Our findings support the hypothesis that snow cover duration is correlated with alpine spring phenology, and that this
correlation varies between natural vegetation types, climatic sub-regions and altitude. Furthermore, we suggest that i) SCD
shows stronger correlation with alpine spring phenology in high and mid altitudes than in low altitudes, possibly due to
coupling effects of SCD associated with air temperature and underground thermal conditions, and ii) the correlation
differences among sub-regions are more pronounced at mid and low altitudes and tend to disappear toward high altitudes.
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18.2
Understanding the effect of warming temperatures on spring phenology
of trees in the Alps using data from a citizen science program
Daphné Asse1, Christophe Randin1, Isabelle Chuine2, Anne Delestrade3
1
2
3

Université de Lausanne, Department of Ecology and Evolution, Lausanne
CNRS, UMR 5175 Centre d’Ecologie Fonctionnelle et Evolutive (CEFE), DREAM, Montpellier, France
Centre de Recherches sur les Ecosystèmes d’Altitude (CREA), Chamonix Mont-Blanc, France

Mountain regions are particularly exposed to climate change and temperature. In the Alps increased twice faster than in the
northern hemisphere during the 20th century (Moisselin et al., 2002; Beniston, 2004; Rebetez & Reinhard, 2008). As an
immediate response, spring phenological phases of plant species such as budburst and flowering, have tended to occur
earlier (Defila & Clot, 2005).
In 2004, the CREA (Centre de Recherches sur les Ecosystèmes d’Altitude, Chamonix, France) initiated the citizen science
program Phenoclim, which aims at assessing the long-term effects of climate changes on plant phenology over the entire
French Alps. Sixty sites with phenological observations were equipped with temperature stations across a large elevational
gradient.
Here we used phenological records for five tree species (birch, ash, hazel, spruce and larch) combined with measurements
or projections of temperature. We first tested the effects of geographic and topo-climatic factors on the timing of spring
phenological phases. We then tested the hypothesis that a lack of chilling temperature during winter delayed dormancy
release and subsequently spring phenological phases. Our data are currently being used to calibrate process-based
phenological models to test to which extent soil temperature (Schenker et al., 2014) and photoperiod affect the timing of
spring phenological phases.
We found that growing degree-days was the best predictor of the timing of spring phenological phases, with a significant
contribution of chilling. Our results also suggest that spring phenological phases were consistently delayed at low elevation
by a lack of chilling in fall during warm years for the three deciduous species.
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18.3
Changes in the risk of spring frost damage to grapevine due to climate
change in Switzerland
Michael Meier1/2, Annelie Holzkaemper1/2 & Jürg Fuhrer1/2
University of Bern, Oeschger Centre for Climate Change Research, Falkenplatz 16, 3012 Bern, Switzerland
(Corresponding author : michael.meier@students.unibe.ch)
2
Agroscope, Climate & Air Pollution Group, Reckenholzstrasse 191, 8046 Zürich, Switzerland

1

Risk for spring frost damages to grapevine is in general changing with a changing climate. While increasing temperatures
generally decrease the risk of frost occurance, they also lead to an acceleration of phenological development. This leads to
a shift in the stage of budburst - during which the plant is particulary sensitive to frost damage - into a period of the year
when the probabilty of frost occurance ist still high. Increasing temperature variability can add to this increase in the risk for
spring frost damage. Therefore, although controversially at first thought, there could be a danger of increasing freezing
injuries in spring.
Focusing on grapevines in the canton Valais, changes in frost risk due to climate change are modelled for two stations (i.e.
Aigle/AIG and Sion/SIO). Climate projections are based upon GCM-RCM model chains from the EU-FP6 project
ENSEMBLES (http://www.ensembles-eu.org/) and on the IPCC A1B emission scenario. Regarding budburst, two main
model types are used to describe grapevine phenology: Forcing models and chilling-and-forcing models. In the former type,
only forcing units with respect to temperature are summed up, starting at the same day every year. The latter type on the
other hand allows for an ever changing starting point regarding forcing units accumulation, depending on when a certain
threshold for the accumulation of chilling units is reached. Finally, the four indicators of frost risk are applied in combination
with the 12 phenology models and 16 GCM-RCM model chains to estimate changes in frost risk for each station. Thus,
covering a time span from the year 1951 to 2050 and solely focusing on the grapevine variety Chasselas, 1536 model runs
are executed. The trend regarding the change of frost risk is, amongst others, calculated by conducting a linear regression.
The significance of the trends is evaluated with a Mann-Kendall test.
Results show that out of the 1536 runs, 63 runs predict a significantly increasing frost risk, while 100 runs predict a
significant decrease in the risk for frost damages, both at a significance level of 5%. Thus, most model runs (i.e. 1373 runs)
result in insignificant trends. An analysis of variance (ANOVA) over all 1536 runs identifies the greatest sources of
uncertainty of frost risk change prediction: While GCM-RCM model chains expain 47.9% of total variance, phenology
models account 13.2% of total variance. If calculated for AIG and SIO idividually, GCM-RCM model chains accounts for
58.4% and 63.0% of total variance, respectively. Phenology models on the other hand explain 16.6% and 13.2% of total
variance for AIG and SIO, respectively. The amount of total variance explaned by the frost indices is, for the ANOVA for
each station as well as for the combined ANOVA, 1.5% or smaller. These results allow for further analysis of the different
factors, driving the trend for frost risk.
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Figure 1. Density distribution and corresponding boxplots of trend according linear regression, for Aigle (AIG) and Sion (SIO).
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18.4
Seasonal changes in hydrogen isotope fractionation between algal lipid
biomarkers and lake surface water correspond to lipid production rates
S. Nemiah Ladd1, Nathalie Dubois1, Carsten Schubert1
1

EAWAG, Department of Surface Waters Research and Management, Seestrasse 79, CH-6047, Kastanienbaum

The hydrogen isotope composition (2H/1H) of biomarkers produced by algae is strongly influenced by the 2H/1H ratio of the
water in which the organism grew. 2H/1H ratios of algal biomarkers preserved in lake sediments are thus a useful tool for
reconstructing past changes in lake water isotope values, which can be used to infer hydroclimate changes. However, a
number of variables can influence the magnitude of hydrogen isotope fractionation between algal lipids and their source
water in laboratory cultures, particularly factors relating to growth rates. Quantifying the natural extent of these changes in
field settings and identifying their causes is essential for robust application of 2H/1H ratios of algal lipids as
paleohydroclimate proxies, yet these remain poorly constrained.
This work targets the effect of nutrient availability and variable growth rates on 2H/1H fractionation in algal biomarkers
through a comparative study between two central Swiss lakes: eutrophic Greifensee and oligotrophic Vierwaldstättersee.
Suspended particles from surface water were collected at six time points throughout the spring and summer of 2015, and
hydrogen isotope values of short chain saturated and unsaturated fatty acids were measured. We paired these
measurements with in situ incubations conducted with NaH13CO3, which were used to calculate the production rate of short
chain fatty acids in lake surface water. We demonstrate that as algal productivity increased from April to June, the
magnitude of 2H/1H fractionation in Greifensee increased by as much as 140 ‰ for individual fatty acids. Fractionation also
increased with increasing productivity for fatty acids in Vierwaldstättersee, but the magnitude of the effect was smaller than
in Greifensee. We attribute these changes to relatively greater contributions of highly depleted H from NADPH in
photosystem I as temperature and light availability increased. Larger changes in 2H/1H fractionation in Greifensee than in
Vierwaldstättersee may indicate a greater capacity for more productive systems to rapidly increase photosynthesis in
response to warmer temperatures and more sunlight.
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19.1
Ground deformation in the Greater Zurich Area from differential SAR
interferometry
Andrea Manconi1, Benedetta Dini & Simon Loew
1

Swiss Federal Institute of Technology, Department of Earth Sciences, Zurich, Switzerland (andrea.manconi@erdw.ethz.ch)

Space borne Differential Synthetic Aperture Radar Interferometry (DInSAR) is a consolidated remote sensing method used
for the analysis of surface deformation at regional scales. Nowadays, archived multi-temporal satellite acquisitions allows
generating time series of ground deformation spanning periods as long as 20 years. Moreover, the advent of new satellite
missions, such as the ESA Sentinel-1, will increase our capability to identify and monitor surface displacements over space
and time. Advanced DInSAR methods have been developed in the last decade to derive ground velocity maps and
displacement time series. Among several, the Small Baseline Subset (SBAS) technique combines sets of interferograms
with small orbital separation (baseline) and short revisiting time to reduce the temporal decorrelation and maximize the
number of coherent SAR targets. SBAS has proven to be suitable in different scenarios, with accuracies of 1 mm/year for
mean surface velocities and 5 mm for displacement measurements.
In this work, we present surface velocity maps
and displacement time series obtained in the
Greater Zurich Area (GZA) by processing the
ASAR Envisat data acquired from two different
satellite orbits (ascending and descending) in
the 2002-2010 time period. The SAR data was
processed by leveraging a new service
released within the ESA GRID-based
operational environment, i.e. the unsupervised
parallel implementation of the SBAS algorithm.
The main advantage of this approach is that
users with different backgrounds, more
interested in the analysis of the surface
deformation than in the details of the SAR
data processing, can apply a reliable and
validated state of the art algorithm without
downloading large amounts of input data, nor
owning costly processing hardware, or
learning specific software. Despite a general
overall stability, our results show interesting
deformation patterns in the GZA. Here we
illustrate the technique and show examples
relevant to a known landslide in the Limmat
valley, subsidence located in the vicinity of the
Zurich and Zug lakes, as well as deformation
patterns likely related to anthropic activities.

Figure 1. Surface velocity map (top) and displacement
time series (A-D) computed over the Greater Zurich
Area by exploiting the Parallel SBAS technique in the
ESA-GRID environment. 37 Envisat ASAR images
(track 487, ascending orbit) acquired between 2003
and 2010 were processed exploiting the Parallel
SBAS approach. Selected time series show (A)
displacement due to slope movement in Bergdietikon,
(B) subsidence in the Hardbruecke-Gleisfeld area,
Zurich city, (C) and (D) subsidence on the coastal
area of the Zug and (D) Zurich lakes, respectively.
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19.2
Comparison of riverine habitat dynamic cycles conditioned by
hydrological regimes under different anthropogenic pressure
Gillian Milani1, Diego Tonolla2, Christopher Robinson3, Mathias Kneubühler1, Michael Doering2, Michael Schaepman1
Department of Geography, Remote Sensing Laboratories, University of Zurich, Winterthurerstrasse 190, Zurich,
Switzerland (gillian.milani@geo.uzh.ch)
2
Institute of Integrative Ecology, Zurich University of Applied Sciences ZHAW, Wädenswil, Switzerland
3
EAWAG, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland

1

Riverine environments are among the most valuable natural environments providing unique ecosystem services and high
biodiversity despite their very small terrestrial coverage (Ward et al., 2002). Riverine environments of alpine and sub-alpine
rivers in Switzerland and elsewhere are highly impacted by the control of hydrological regime due to the hydropower
industry (Person, 2013). Since riverine environments are valuable directly and indirectly for cultural, economical and
ecological purposes, it is required to decrease the current impact of the hydropower industry and find an optimum between
the ecosystem services provided by the natural environment and economic and industrial services provided by the
hydropower plants. It is therefore necessary to quantify the different processes happening in natural and anthropogenically
impacted riverine environments (Winemiller et al., 2010).
In this context, we quantify the dynamic of land cover composition around the river channel of the Sense river, being close
to a natural state, and along two reaches of the Sarine river, one under residual water conditions and the other one under
hydro-peaking conditions. The classification approach used has been presented at the SGM 2015 in Basel. The method of
2015 has proved to be useful under variation of sensor properties and seasonality. Adaptations to the method have been
carried out to face image mis-registration, variation of sensor types, acquisition conditions and image properties.
Registration of images taken by different sensors operated on UAVs has been realized by the use of mutual information,
applying an algorithm usually used in medical imagery (Pluim et al., 2003).
Here, we extract the land cover composition of multiple datasets and analyse the fraction of each land cover, their temporal
changes and the main cycles of land cover changes among time and space (Figure 1).

Figure 1. Example of land cover classifcation at varying seasons using different imagery. These classifications are then analysed to extract
the dynamics of the riverine environment.
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Summarized for each type of hydrological regime, the results show the differences in the land cover dynamics under
various anthropogenic pressures. The quantification of the habitat dynamic through remote sensing allows an exhaustive
consideration of the reach area. The main result of the study is the capability to get a robust estimate of the land cover
dynamic, applicable also in ambiguous situation, i.e., where the anthropogenic pressure level is not clear. Management of
hydropower plants can be supported by this study to help reaching a quantified target of health for the riverine environment.
The challenge to quantify the dynamic of riverine environment is thus on the way to be solved.
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19.3
Erosion changes throughout glacial cycles contribute to the magma
production by continental unloading and associated volcanic activity
Pietro Sternai1, Luca Caricchi1, Sébastien Castelltort1
1
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Observed peaks of igneous activity worldwide during the current interglacial (e.g., Huybers and Langmuir, 2009) suggest
that climate oscillations affect the melting of the Earth’s interior. A deglacial-triggering hypothesis (Hardarson and Fitton,
1991), according to which continental unloading owing to the melting of ice-caps during the transition to interglacials leads
to enhanced magma production, is currently the most accredited explanation for this correspondence. The impact of climate
oscillations on magma production, however, has been evaluated regardless of surface erosion although the density of
upper crustal rocks and sediments exceeds that of ice by approximately three times. Such a density difference implies that
the melting of 1 km of ice leads to the same increase of basalt production as the removal ~0.3 km of upper crustal rocks by
erosion, provided that such unloading occurs during similar time intervals.
We use datasets relating to the evolution of erosion rates (e.g., Hallet et al., 1996; Herman et al., 2013) to calibrate
numerical models of surface erosion processes and evaluate the relative dynamic contributions of erosion and ice building/
melting to continental loading/unloading during a 100 ka glacial-interglacial climate oscillation. Assuming that the Earth
possess a linear rheology, a time invariant geothermal gradient and negligible deviatoric stresses at depth, variations of the
melt production at any given depth due to surface ice building/melting and erosion can be inferred from modelled loading/
unloading histories beneath an eroding ice sheet responding to such a climate signal.
Our numerical experiments are capable of linking self-consistently short- and long-term observational constraints and
suggest that the observed rates of glacial erosion imply comparable contributions to the magma production by continental
unloading from ice melting during the deglaciation and surface erosion.
Degassing associated with mantle melting injects chemically and physically active gases and aerosol particles into the
atmosphere, which affect climate and weather changes (Cole-Dai, 2010). The decompression of volatile saturated magmas
also drives gas exsolution, which increases the probability of eruption and degassing events to occur as well as the amount
of volatiles potentially released in the atmosphere (Jellinek and De Paolo, 2003). While many other physical and biological
feedbacks in the ocean are certainly involved,
our results suggest that erosion may play a
role as important as that of ice building/
melting in controlling the emissions of
greenhouse gases from the solid Earth
across continental domains. Although the
forcing of climate oscillations on submarine
volcanisms is debated (Olive et al., 2015),
sea-level rise following continental ice melting
seems able to reduce the magma production
of mid oceanic ridges (Crowley et al., 2015),
in turn buffering the increased subaerial
volcanic and degassing activity owing to
continental unloading by the deglaciation
(e.g., Huybers and Langmuir, 2009). Such a
buffering mechanism, however, does not
apply to continental unloading by erosion
because loading by sediment deposition in
the ocean is unlikely to occur atop of oceanic
ridge. Therefore continental erosion may
have greater net effects than ice building/
melting on the CO2 outflux and magma
production from the solid Earth.
Figure 1. Schematic representation of the proposed feedback between surface and deep processes. Building and melting of erosive
continental glaciers and ice-sheets throughout climate cycles control the redistribution of ice, water and rock masses across the Earth’s
surface and affect the magma production by mantle decompression melting. In turn, the eruption of magma at the Earth’s surface affects
the atmospheric greenhouse gas budget and feedbacks on climate and weather.
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19.4
Monitoring run-off, accumulation and infiltration in the arid Ennedi
mountains (Northern Chad), using remote sensing
Marie-Louise Vogt1, Daniel Käser1, Daniel Hunkeler1, François Zwahlen1, Philip Brunner1
1
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The aim of this investigation is to quantify surface water (run-off, accumulation and infiltration) and recharge dynamics
occurring in the Ennedi range, Northern Chad. Despite the high aridity of the region, groundwater outcropping in the Ennedi
were proved to be of modern origin (Vogt et al., 2013), indicating that recharge is currently taking place. The renewable
character of the aquifer has great significance for the region, which otherwise relies on the fossil Nubian Sandstone Aquifer
System (NSAS), one of the most important aquifer systems of Northern Africa.
The rainy season takes place from July to September with only about 10 days of rain. Precipitation is characterized as low
frequency-low duration-high intensity rainfalls with a high spatial variability. Surface run-off is high and water is rapidly
conveyed in localized accumulation zones, where eventually infiltration will occur. Focused rather than diffuse infiltration is
therefore the main recharge process. Only a few field-based climatic data (precipitation, air temperature, evapotranspiration,
incoming solar radiation, wind speed, etc.) and surface run-off measurements are available. Remote sensing is the only
available data, but is also subject to some restrictions, namely the need of a relatively high temporal and spatial resolution
which allows to evidence the natural variability occurring before, during and after the rainy season at the scale of a wadi
(generally less than 100 m width). Nevertheless, remote sensing can provide spatially distributed information on
precipitation, evapotranspiration and flow accumulation at the surface, which are used as a base for recharge estimation.
Infiltration rates and recharge are estimated through a water balance which uses the parameters extracted by satellite
images. 17 free of clouds LandSat8OLI images (spatial resolution 30 m, temporal resolution 16 days) were selected in
order to cover the entire rainy season of 2014 (testing year) for the area under investigation. Surface water/soil moisture
was detected by using Normalized Difference Water Index (NDWI). Vegetation growth and shrinking during the season is
well identified using Normalized Difference Vegetation Index (NDVI). A full R-code workflow was developed in order to
automatically process the images for evapotranspiration estimation, based on the determination of surface albedo (Da Silva
et al., 2016), land surface temperature (Du et al., 2015), evaporative fraction (Roerink et al., 2000) and finally daily
evapotranspiration (Parodi, 2002). Air temperature data was retrieved from Global TempSIM (version 1.0). Rainfall
estimates were extracted from the Famine Early Warning System (FEWS-NET, spatial resolution 1200 m, temporal
resolution 10 days).
In 2014, precipitations were detected from 20th of July to 31st of August. In good agreement with the field observation of
previous authors, higher precipitations are occurring at the southern front of the Ennedi massif (200-300 mm), while
northern slopes receive 60-100 mm (western side) and less than 60 mm (eastern side). The temporal analysis of the
LandSat images and NDWI index shows that water is rapidly conveyed in specific accumulation zones which correspond to,
from older to younger, the Precambrian basement, the Silurian and Middle Devonian platforms (towards the south), and the
Mourdi Carboniferous depression (towards the north). In such locations, despite the intense evapotranspiration, water
remains visible for 1-2 months after the end of the rainy season, clearly indicating that groundwater exfiltration occurs. Such
information is highly complementary to the limited amount of hydrogeological observations and will be integrated in a 3D
geological model currently under construction. This model will better represent the hydrogeological connection of the
Paleozoic sequence outcropping in the Ennedi and the Paleo-Mesozoic sequence composing the Nubian Sandstone
Aquifer System of Northern Chad.
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P 18.1
Landslide Hazard Assessment in the Himalayas (Nepal and Bhutan)
based on Earth-Observation Data
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The Himalayan range is a high-risk area; natural hazards can cause damages, destructions, injuries and deaths at any time
(SDC, 2009). Landslides, rockfalls, floods and earthquakes cause numerous deaths each year and destroy villages, access
roads and other important infrastructures. As the Himalayas is located in a tectonically active zone, landslides and rockfalls
triggered the earthquakes represent one of the most dangerous hazards. More than 3000 landslide, for example, were
triggered by the earthquake of April and May 2015 (BGS, 2015).
The hazard assessment represents one of the most important action in the disaster risk management strategy. Because a
lack of diffuse field data (i.e. diffuse landslide mapping), landslide hazard map are not available for vast regions of the
Himalayas.
Based on satellite EO data valuable information to perform landslide hazard map for two areas in Nepal (Lukla region) and
Bhutan (Chomolhari/Paro region) were collected. Landslide hazard maps were performed based on geomorphological and
quantitative (InSAR analysis) approach through a compilation of a landslide inventory map at regional scale by means of
satellite photo-interpretation and the assessment of the state of activity of mapped phenomena based on surface
displacement rates quantified from differential SAR interferometry. Regarding Lukla region, the 7.5% of the area (total of
724 km2) is affected by landslides. The 40% of mapped landslides were classified as active. The 6% of the Chomolhari area
(total of 620 km2) is affected by landslides; 45% of them were classified as active. Rockslide represents for both region the
most of the mapped landslide
The landside hazard assessment over large regions based on EO products represents an important aspect for the disaster
risk reduction not only in the whole Himalayan region but also in other mountain areas in absence of detailed landslide
inventory maps.
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Optical imagery is routinely acquired from airborne and space-borne platforms to produce accurate orthophotos and digital
surface models. In engineering geology applications, these products are crucial to investigate morphological features at
regional and local scales, as well as to understand their relationship with the surrounding geological and tectonic
environment. Moreover, repeated acquisitions of such imagery over the same area can be leveraged to identify changes
over time due to natural phenomena (e.g. erosion, faulting, mass wasting, etc.) and/or anthropic activities. Recently, a
photogrammetric technique named Digital Image Correlation (DIC, known also as sub-pixel-offset or feature-tracking) has
been successfully applied to several digital image sources (optical, multispectral, thermal, and radar) in order to identify and
measure surface displacements over large areas.
In this work, we present the results obtained by applying the DIC approach to orthophotos generated from airborne optical
imagery acquired over the Cuolm Da Vi DSGSD area (Grisons, CH) in 1999, 2003, 2010, 2013, and 2015. In this area,
large surface deformations caused by the landslide activity are well-known and clearly identified from repeated field surveys
and traditional in situ monitoring. We show that the results obtained from the application of DIC to multitemporal
acquisitions are in good agreement with the available independent displacement data, and with engineering geological and
geomorphic mapping of features. Moreover, our results highlight the development of a local deformation on the western part
of the unstable slope during the period 1999-2015. On 14 March 2016, a rock fall of about 200.000 m3 occurred in this
area and threatened the Val Strem and some infrastructures. Thus, the information gained from DIC on Cuolm Da Vi is
valuable not only to understand the long-term evolution of the rock slope, but also to infer impending hazards.
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Figure 1. Surface deformation in the North-South direction revealed by applying the DIC approach to a pair of ortophotos acquired on 1999
and 2015.
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Tracking of seasonal to millennial variability of biogeochemical proxies
in varved lake sediments using hyperspectral imaging
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Varved lake sediments are high-resolution archives for past environmental and climate conditions. Potentially, they can
serve as continuous records for seasonally resolved proxies over several millennia (Zolitschka et al. 2015). Different studies
use, among other proxies, concentrations of sedimentary photopigments for paleo-temperature reconstructions. However, it
is already challenging to obtain well-calibrated records with annual resolutions and even more so with seasonal resolutions.
Most laboratory methods used for the analysis of lake sediments require physical subsampling, which is expensive and
time-consuming (Reuss et al. 2005). Furthermore, many of these methods are destructive in the process and require large
amounts of sampling material. This limits the temporal sampling resolution especially for very low sediment accumulation
rates.
To address these issues we explore visual to near infrared hyperspectral imaging (VNIR HSI) as a non-destructive method
to analyse lake sediments based on their reflectance spectra. In contrast to other scanning methods like x-ray fluorescence
(XRF), VNIR reflectance spectrometry distinguishes between biogeochemical substances rather than single elements.
Among others Rein & Sirocko (2002) have shown that reflectance spectrometry detects relative concentrations of
sedimentary photopigments (e.g. chlorins, carotenoids) and clay minerals.
In this study, we use VNIR HSI to infer ecological proxy data from reflectance spectra of varved lake sediments.
Hyperspectral imaging permits the measurement of an entire sediment core in a single run at high spatial (30x30µm/pixel)
and spectral resolutions (~2.8nm) within the VNIR spectrum (400-1000nm). This allows the analysis of data time series and
spatial mapping of sedimentary substances (e.g. chlorophylls / bacteriochlorophylls and diagenetic products as well as
charcoal and clays) at sub-varve (i.e. seasonal) resolution.
Calibration of diagnostic spectral absorption bands (i.e. relative concentrations) with absolute concentrations as derived
from high-performance-liquid-chromatography (HPLC) is possible with an uncertainty of 10-14% (Butz et al. 2015). This
results in high-resolution datasets of absolute sedimentary pigment concentrations suitable for the analysis of seasonal
pigment variability. Pigments may be used as proxies for lake productivity (i.e. chlorophylls) and meromixis (i.e.
bacteriochlorophylls). Additionally, HSI can potentially detect and spatially map other key sediment facies, such as
lithogenic input (e.g. clays) and fire events in the catchment (e.g. charcoal).
We demonstrate this method on varved lake sediments from northern Poland and Switzerland showing the distributions of
lithogenic content and calibrated concentrations of sedimentary pigments. In combination with high-resolution XRF data, we
trace cycles of green algae, anoxygenic phototrophic bacteria, endogenic calcite and lithogenic content for individual varves
and for millennial periods.
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