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Introduction

The environment of Svalbard is heavily dominated by its maritime location and many of the
processes occurring in the region are strongly influenced by the state of the ocean and ice.
It is located close to the major marine inflows and outflows for the Arctic Ocean in an area
where important boundary fluxes (between atmosphere, ocean, and sea-ice) are occurring
[Ellis-Evans and Holmen, 2013]. Long-term monitoring of key arctic ocean gateways have
revealed important changes in the system [Carmack et al., 2016; Onarheim et al., 2014;
Polyakov et al., 2017] and it is important that the Svalbard Integrated Observing System
(SIOS) contributes to those international efforts to monitor and report on decadal change
in the ocean. This has relevance not only to marine processes but also the broader connec-
tions to the atmosphere and glaciological systems.

Many of the marine observations that are made on Svalbard are biased towards summer
and the fall. Due to the intense seasonality in Arctic regions, this bias in observations can
skew our understanding or, at worst, present a misleading picture of rates and processes
that are active in the marine environment. Moored observatories have the capacity to make
year-round measurements of key physical, geochemical and biological properties. In this
report we define an observatory to mean an arrangement of sub-surface instrumentation
mounted in the water column to examine physical, geochemical or biological parameters
over timescales that span at least one season. Sometimes we abbreviate this to just the
word “mooring”.

Datasets from such moored observatories capture processes occurring on sub-hourly to
decadal time-scales [Nilssen et al., 2015] and when combined with complementary data are
very powerful in determining the drivers and impacts of environmental change. Moored
observations also enhance our predictive capabilities by acquiring data that can be used
to support modelling work of the Arctic system - either to provide the essential boundary
conditions to drive the model, or to provide robust in situ data for model calibration and
validation [Cottier et al., 2007; Drysdale, 2017; Sundfiord et al., 2017; Wallace et al., 2013].

Although often regarded as routine monitoring tools, moored observatories have opened up
new frontiers of research. As little as a decade ago, it was not widely appreciated how active
the winter marine ecosystem is. However, important winter observations of zooplankton
migration revealed by acoustic instruments demonstrated that an important component of
the marine ecosystem was active [Berge et al., 2009a] which paved the way for new winter
observations [Berge et al., 2015; Wallace et al., 2010]. The use of moorings in understanding
polar night ecology has gone beyond single site observations on Svalbard and has been
used in a fully pan-Arctic context to understand the response of zooplankton to moonlight
[Last et al., 2016].
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Integration with complementary Earth System parameters is also well supported by moored
observations. For example, glaciological time series, collected throughout the year with
11-day repeat satellite passes require a similarly resolved marine time series with which to
interpret change. Such a combination of data has demonstrated highly significant geophys-
ical correlations that allow us to understand glacier ablation [Luckman et al., 2015]. Marine
observations in Svalbard have also been used to derive decadal records of change. These are
principally linked to the physical system [Pavlov et al., 2013], but also aligned with records of
the benthic ecology [Berge et al., 2009b] and geochemical proxies of environmental change
[Ambrose et al., 2006; Vihtakari et al., 2017].

Current Status of marine observatories

There have been many mooring deployments in Svalbard waters over the last decades and
there exists a rich network of observatories around the Svalbard archipelago and adjacent
shelf seas [Hop et al., in press]. Historically, many were located within the fijord systems and
were operated for just a few years. More recently, both coastal and offshore moorings have
been established as part of more extensive observations networks and many have been
maintained for multiple years providing key insights into interannual variability.

There have been a number of efforts to collate our understanding of long-term data series
[Renaud and Bekkby, 2013] and collating information on marine observing activities through
the Svalbard Science Forum Ocean Flagship [Beszczynska-Moller and Sagen, 2015; Falk et al.,
2016] and community workshops. Importantly, however, two of the moorings presented
herein (outer Kongsfijorden and Isfiorden) are implemented in the Norwegian SIOS Infra-
structure programme SION InfraNOR, which in effect will ensure that these two moorings
will both be coordinated and in operation until 2026.
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Methods

In this first edition of the SESS report, the iIMOP project has focused exclusively on inshore
observatories (within fiords). The work does not include all inshore observatories and does
not consider any of the existing offshore time series observations. The criteria for inclusion
in this report were as follows

e Observatories that are currently deployed in Svalbard fjords

e Observatories that have a minimum of three years of continuous operation

e  Observatories which are likely to be maintained for another 2 years

With these criteria, we were then able to focus on time series that are likely to contribute
to future SESS reports rather than short-term, process-oriented observations. The obser-
vatories that were considered are listed in Table 1.

Table 1: Summary of the four observatories that collected temperature data for this report. Precise
distribution and the instrumentation on each mooring is documented within the cited literature.

Location Latitude* Longitude* Institution and point of
contact
Isflorden 2005** | 78°03.64'N |013°31.44'E |205 UNIS
Ragnheid Skogseth
Kongsfiorden (inner) | 2014 78.94°N 12.01°E 193 ESSO-NCAOR
Divya David T

Kongsfjorden (outer) | 2002 78°57.75"N 1011°48.30'E | 230 SAMS/UIT

Finlo Cottier/Daniel
Vogedes

Rijpfiorden 2006 | 80° 18.08' N |022°17.44'E |236 UiT/SAMS

Daniel Vogedes/Finlo
Cottier

* Positions are approximate as over the course of many years of deployment the moorings will have
been in slightly different positions. Nevertheless, the positions are sufficiently similar to make realistic
assessments of interannual change.

** No deployment between Feb. 2008 and Sep. 2010
*** No deployment between Sep. 2008 and Sep. 2009
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Data processing was identical for each time series. Each data provider was responsible for
sensor calibration and quality control of the data. Accuracy of the temperature data is typ-
ically better than 0.1°C. The data were collected from multiple temperature sensors, fixed
to a vertical mooring line that extended from the seabed to within typically 20 m from the
surface. The sensors had varying vertical spacing on the mooring line, but generally were
more closely spaced in the upper 100 m, for example [Cottier et al., 2005]. These data were
interpolated on to a regular grid of 10m vertical resolution and 6-hour time resolution.
Temperature data at each point in time were reduced to a single depth-average value.
Water within the fjord can be warmed by either local heating through surface heat fluxes
or advection into the flord of warmer waters. It is anticipated that in summer months the
local surface heating is limited to the upper 50m due to the formation of surface freshwater
layers and a well-developed pycnocline [Cottier et al., 2005]. To quantify the impact on water
temperature through local heating the depth-averaged temperature was calculated for a)
the full water column and b) the water column deeper than 50 m. The following metrics
were then derived from each time series:

Monthly mean temperature: A single value representing the depth mean for each calendar
month.

Maximum mean temperature: A single annual value representing the mean value for the
months which climatologically show the warmest depth-mean temperatures (September/
October/November).

Warmest 5-day temperature: An annual value for the warmest depth-mean temperature
recorded across a series of 5-day periods.

Minimum mean temperature: A single annual value representing the mean value for the
months which climatologically show the coldest depth-mean temperatures (March/April/
May).

Coldest 5-day temperature: An annual value for the warmest depth-mean temperature

recorded across a series of 5-day periods. In many cases, this equates to the mean freezing
point of the water and is not a unique value in the time series.

Note that we do not make reference to the terms ‘summer’ and ‘winter’ as these are a)

generally defined inconsistently and b) the climatological extremes do not coincide with the
perception of summer and winter being warmest, and coldest respectively.
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Results

Analysis showed that there was rather little difference between metrics derived from the full
water column and derived from waters 50m and deeper. For consistency, we just report the
data from 50m and deeper. Key metrics were then represented as time series with simple
linear regression analysis and are shown in Figure 1.
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Figure 1: Time series of depth-averaged water column temperature (50m > bottom) at four locations
in Svalbard: Kongsfjorden outer and inner basins, Isflorden and Rijpfiorden. Each location data
comprises three panels. Upper panel (blue line) monthly temperature values, middle panel (red
markers) is warmest months (Sept/Oct/Nov) mean (square) and the peak temperature values in the
season (triangle), lower panel (blue markers) is coldest months (March/April/May) mean (square) and
the minimum temperature values in the season (triangle). Data series longer than 9 years are fitted

with a simple linear regression model.
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The key observation from these time series is the increase in water temperature (both the
maximum and minimum temperatures) observed consistently for the west-facing fjords of
Isflorden and Kongsfijorden. The current rate of increase is of the order 1°C per decade.
Perhaps most significantly we see consistent warming trend during the coldest months
(March/April/May) In contrast, the temperatures (annually, warmest and coldest period) in
Rijpfiorden show no increase and very little variation over a decade of observations.

Data accessibility

The data that forms the basis of the figures in this report is available at the Norwegian
Infrastructure for Research Data (NIRD).

Discussion

The monthly temperature values (upper panel) for each location show a classic annual tem-
perature cycle. The metrics for the coldest and warmest months provide a robust measure
of the maximum and minimum temperature values for each year. It is apparent that data
from the west-facing fiords (Kongsfjorden and Isfjorden) show a different response during
the record period than the north-facing fiord (Rijpfiorden). The warmer water temperatures
in the west-facing flords can be attributed to both warming of the offshore West Spits-
bergen Current and the regional wind stress [Pavlov et al., 2013]. In the longer records of
Kongsfiorden and Isflorden we see some evidence for sub-decadal cycling within the time
series, but the clear trend is one of increasing water temperature at a rate of the order 1-2
°C per decade. We note a similar sub-decadal variation (particularly in Kongsfjorden) for the
coldest temperatures, suggesting a degree of correlation between successive warm and cold
periods. Similarly, a clear warming trend is noted in the coldest periods at a rate of order
1-1.5 °C per decade. The clear implication of this warming is that there are now fewer years
experiencing temperatures close to freezing point for the full water column - limiting the
formation of sea ice. This change has been noted in satellite observations of sea ice cover
over approximately the same period [Muckenhuber et al., 2016].

The major difference between the mooring sites are the data from Rijpfijorden. Whilst the
annual temperature cycle is clear, there is no significant increase in either the warmest or
coldest temperatures. In particular, the coldest depth-averaged temperatures are always
at or close to the freezing point such that the ice cover in Rijpflorden is still able to form
annually [Wallace et al., 2010]. In the last three years in Rijpfjorden there has been a small
increase in the warmest temperatures which may be linked to the increased presence of
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Atlantic Water offshore [Polyakov et al., 2017] which may become more prevalent on the
northern Barents Sea shelf [Lind et al., 2018]. Nevertheless, whilst the offshore changes in
water temperature are increasingly well-documented, it will take more years of observation
to show any robust trend in Rijpfjorden.

Future perspectives

In this report, we have only considered a subset of the inshore observatories and not con-
sidered the offshore time series at all. Future iterations of this report will look to provide
a more consistent treatment of the data in terms of archiving, calibration and analysis.
Further, many of these time series have records of ocean salinity — an important parameter
in determining the timing and extent of ocean inflows to the coastal regions. Salinity will be
another parameter to consider in future reports of interannual change.

A number of observatories have been used for investigating multiple, coupled parameters
[D'Angelo et al., 2018; Venkatesan et al., 2016; Wallace et al., 2010], and data from observa-
tories have been linked to non-marine systems, e.g. glacial dynamics [Luckman et al., 2015].
Future research opportunities exist by linking the existing time series of the fjord properties
recorded by observatories with other marine time series around the archipelago [Renaud and
Bekkby, 2013]. It is likely that we will see either immediate or lagged responses of the marine
ecosystem to the observed trends in oceanic temperatures. Awareness of, and accessibility
to, the marine time series data is critical for stimulating the research interactions between
other Earth System Science groups operating in Svalbard. There are clear links to be made
between marine, terrestrial, glacial and atmospheric processes. Cross-disciplinary investi-
gations of the data series need to be supported.

In terms of developing the observation system, communication and coordination between
the many groups operating marine observatories around Svalbard is of primary concern.
Recent workshops have recognised that there is still a requirement to establish a coopera-
tive group of mooring operators by which data can be identified and secured and planning
can be coordinated to ensure that the Svalbard research community benefits from the best
possible arrangement and access to infrastructure. It is often the case that a level of coordi-
nation and integration of data collection yields a more valuable insight into the system than
single, stand-alone efforts. As a first step, a full audit of the mooring activity around Svalbard
is required. One of the objectives of the IMOP project was to initiate a coordinating role for
collating existing temperature data from marine observatories to produce consistent data
series focused on ocean temperatures for inclusion in the first SESS report.

Looking ahead, it is clear that maintaining time series beyond the lifetime of research project
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funding is a challenge. Where resource exists to do this (for example through infrastructure
funding) it must be applied with due consideration for the existing longevity of a time series,
utility of data and logistical constraints to ensure continued monitoring.
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