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ABSTRACT: A time series of monthly mean surface temperatures taken at Svalbard airport, Spitzbergen, for the period
1912-2010 was examined for changes in melt-season length. The annual melt-season length was constructed from daily
temperature estimates based on the monthly data using smoothing splines. We argue that the changes in annual melt-season
length are linked to variability in regional sea surface temperatures, the mean Northern Hemisphere surface temperature
and the North Atlantic Oscillation (NAO) index. A regression model for the melt-season length with these three parameters
as predictors, explained about 40% of the observed variance. The annual mean melt season for the period from 1912 to
2010 was estimated to be 108 days, and the linear trend was 0.17 days/year. The risk of having positive extremes in the
melt season increased with increasing Northern Hemisphere surface temperature and the regional sea surface temperatures.
On the basis of our study of past observations, the 100-year return length of the melt season at Svalbard was predicted
to change from the current 95% confidence interval of 131 (108, 138) days to 175 (109, 242) days with 1°C warming of
both regional sea surface temperature and the mean Northern Hemisphere surface temperature. Copyright © 2011 Royal

Meteorological Society
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1. Introduction

The Arctic, defined as the region north of 60°N, has
undergone a warming trend in the past 100 years that is
twice the global observed warming trend (ACIA, 2005;
IPCC WGI FAR, 2007). The annual mean temperature
has risen 0.09 +0.03°C per decade during the period
between 1875 and 2000 (Polyakov et al., 2002). While
the warming trend has been most pronounced in the win-
ter and spring, all seasons have experienced an increase in
temperature over the past several decades (ACIA, 2005).
However, strong decadal variations are present (Polyakov
et al., 2003). There are also spatial variations. Rigor
et al. (2000) showed that during winter, in the period
1979-1997, there were a warming trend in the Eastern
Arctic and a slight cooling trend in the Western Arctic. In
spring, there is a relatively uniform warming trend in the
Arctic, whereas in summer and autumn we find weaker
and more scattered changes. An exception in the latter
season is a warming trend in the Arctic Pacific. There
are spatio-temporal changes in Arctic snow cover, but on
average the spring snow cover melted 4—7 days earlier
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during the last two decades or so as compared to the two
preceding decades (Foster et al., 2008).

Rather than assessing the risk of an extremely warm
period in the Arctic based on the conventional analysis
of monthly temperature records, the aim of this study
is to take an alternative approach and investigate the
behaviour of the melt-season length at an Arctic station
from 1912 to 2010. Comisio (2003) showed that there
was a positive trend in the Arctic melt season during
the period 1981-2001. He also showed that there was a
considerable spread between different Arctic regions, but
all of them were positive. Internal climate variability in
the Arctic operates on a wide range of time scales, and a
long sampling time is required to obtain a signal-to-noise
ratio with an acceptable level of certainty (Sorteberg and
Kvamstg, 2006). Decadal variations are well within the
internal variability regime and thus the representativeness
of a 20-year period will be associated with a considerable
level of uncertainty. With this background, we will
examine variability and trends over a longer period.
Owing to the sparseness of instrumental data in the
Arctic, we will not examine geographical differences in
this paper.

The physical implications of longer melt periods can
be dramatic. In the marginal ice zone during the summer,
the ice was assumed to have little or no snow cover. A
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typical value of the surface albedo under such circum-
stances is 30% (Hartmann, 1994 (p. 88)). The long-term
(1984-2008) downward shortwave radiation at the sur-
face for July (Hatzianastassiou et al., 2005) shows a value
of 200 Wm™?2 in the area of interest for this research. In
this case, the meltdown of a fully ice-covered surface
implies an extra heat source of 40 Wm~2 into the ocean,
assuming an open water albedo of 10%. The Arctic Ocean
in the summer generally has a sea-ice fraction value of
less than 1. Still, enhanced melting could cause a positive
feedback contribution of approximately 20 Wm~2. Such
an increase in the heat source for the upper ocean can
lead to a delayed occurrence of sea ice in the autumn and
earlier melting during the spring. A substantial increase
in the length of the melting period could thus trigger
the ice albedo feedback, leading to a drastic reduction
in the Arctic sea-ice extent and a regime shift in Arctic
temperatures.

An increase in melt-season length has several impor-
tant consequences, such as a reduction in the permafrost
(ACIA, 2005; Hinzman et al., 2005; IPCC WG2 FAR,
2007) and a lengthening of the growing season, result-
ing in changes in vegetation and ecology (Smith et al.,
2004; Loeng et al., 2005). With these expected and ongo-
ing changes (Serreze et al., 2009), the whole appearance
of the Arctic will be altered. Permafrost, for instance, is
recognized as solid ground for construction, but warming
will make construction and infrastructure more vulnera-
ble IPCC WG2, 2001; ACIA, 2005). Moreover, coastal
erosion will be a growing problem as rising sea levels and
reductions in sea ice allow higher storm surges to reach
the shore. However, there might be consequences that
could be beneficial to parts of the region as well. One of
the positive impacts of early Arctic melt is the opening up
of the Northern Sea Route, or the Northeast Passage, for
ship transportation (Johannessen and Pettersson, 2008). It
will also offer greater access to gas, oil, seabed mineral
resources as well as the possibility of expanded commer-
cial fishing. This has lead to increased human activity
and interest in the area and there is a growing aware-
ness of the strategic importance and nature of this unique
region. This background furnishes ample motivation for
the study of changes in the melt-season length.

The aim of this study is to develop and test a robust
methodology for investigating trends and variations in
melt-season length. Extreme value theory models are
used to estimate the risk of an extremely long melt
season, which are highly relevant to global warming
impact in the Arctic. We focus here on large-scale
physical parameters that can be well represented in global
climate models (GCMs). Many regional- and fine-scale
quantities might provide additional physically relevant
information, but these are associated with a higher level
of uncertainty in GCM simulations (Sorteberg et al.,
2005).

A brief summary of the paper is as follows. The
physical mechanisms behind the variations in melt-season
length are discussed in Section 2, while the data are
presented in Section 3. The methodology behind the
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reconstruction of the melt season and temporal variation
is described in Section 4. The modelling of mean melt-
season length is given in Section 5, and a risk assessment
is given in Section 6. Conclusions are presented in
Section 7.

2. Physical processes

We used the atmospheric energy budget equation as a
framework for discussing parameters that can represent
the physical processes in our statistical models. Low-
level energy variations are closely related to low-level
temperature variations. In this work, we assumed that
the temperature was well correlated with melt-season
length (this is discussed further in Section 4). The local
energy budget equation of an atmospheric column of unit
horizontal area can be written as

0AEg

o =—V-Fygp+Ry4+LP+SH

ey
Where Ag is the atmospheric energy in the column, R4
is the net radiative heating of the atmospheric column,
LP is the heating of the atmospheric column by latent
heat release during precipitation, SH is the sensible
heat transfer from the surface to the atmosphere and
(=V - Fyqg) is the horizontal divergence of energy in
the column by the atmospheric circulation. From the
definition of Ag it follows that
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where p is pressure, ps is surface pressure, c, is the
specific heat of dry air at constant pressure (1005.7 J K~!
kg™!), T is temperature, k is kinetic energy, L is latent
heat of evaporation (2.501-106 J kg™'), ¢ is specific
humidity, g is the gravitational acceleration (9.81 ms~—2)
and @ is the geopotential. The sum of the first two terms
in the parentheses of Equation (2) is called the dry static
energy, while the sum of the first three terms is called
the moist static energy.

The long-term average of the storage term in the Arctic
region is small (~25 Wm~2) but positive in the summer
season (Serreze et al., 2007). The interannual and decadal
variability of the storage term is nearly an order of
magnitude smaller than the seasonal variation. A more
detailed analysis of the Arctic energy budget is available
in Serreze et al. (2007).

The poleward heat transport tends to be dominated
by the synoptic part of the flow but still has significant
contributions from the mean meridional circulation and
the quasi-stationary eddies (Hartmann, 1994 (Ch.6)). On
the basis of wintertime data, Seierstad et al. (2007) have
shown that there is a substantial degree of correlation
between synoptic storminess and large-scale flow indices.
To our knowledge, very few studies have explored sum-
mertime synoptic activity, except for Mesquita (2006)
and Serreze et al. (2000). Mesquita (2006) has shown
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that there is some indication that teleconnection indices
based on NCEP data (Wallace and Gutzler, 1981; Barn-
ston and Livezey, 1987) are linked to summer storminess
in the North Atlantic and Nordic Seas. In our statistical
model (Sections 5 and 6), we thus let large-scale circula-
tion indices represent the effect of atmospheric transport
or advection.

Low frequent changes in the wind pattern may also
drastically affect the sea-ice conditions and, in turn, the
low-level temperatures (through SH and LP) (Smedsrud
et al., 2008). Belchansky et al. (2004) have shown that
the winter Arctic Oscillation (AO) index is correlated
with sea-ice extent in the following summer. After a high-
index AO winter (January—March), they found that the
spring melt tended to be earlier and the autumn freezing
tended to be later, leading to a longer melt season. The
connection was strongest for the Siberian Arctic region
and was caused by cyclonic activity and associated ice
drift anomalies during a high phase of the AO index.
The winter AO index, or a similar leading mode, can
therefore also be a candidate for a sea-ice proxy and thus
represents the effect of SH and LP in our framework.

Francis and Hunter (2007) showed that regional sea
surface temperatures (SST) can explain up to 20%
(depending on accumulation time) of the variance in
winter sea-ice extent in the Barents Sea. This is close
to Svalbard and strongly suggests regional SSTs to be a
potentially important factor and proxy for surface fluxes.
In their study of the impact of atmospheric variables on
Arctic summer sea-ice extent, Francis and Hunter (2006)
also found low-level winds to be an explanatory factor.
They pointed out that the AO index could account for the
low-level wind effect. This strengthens the candidateship
for the AO- or NAO-index to represent the effect of the
atmospheric flow variations.

In simple radiation balance models, R4 can be directly
linked to the global mean temperature (i.e. Ramanathan
et al., 1989). When allowing a time-dependent radiative
forcing in such models, it is readily shown that the
temperature response can be linearly related to the forcing

Greenland

9
éﬂ

Iceland

" | Svalbard Airport

(i.e. Hartmann, 1994; Schwartz, 2007). The global mean
temperature could thus represent the bulk thermodynamic
changes due to long-term variations and changes in the
radiative forcing. Alexeev et al. (2005) have shown that
Arctic amplification is inherently linked to mean global
forcing. On the basis of this, we assumed that global or
hemispheric mean temperature changes can represent the
effect of radiative forcing (R,4) on the local temperature
conditions.

3. Data

In this paper, the homogenized time series of monthly
mean observed surface temperature for the period from
1912 to 2010 at Svalbard airport, Spitzbergen, were used
(Nordli and Kohler, 2004; Nordli, 2010). Svalbard airport
is located in the Arctic, according to all possible defini-
tions given in the ACIA (2005). This time series is a com-
posite of several adjusted shorter series of measurements
at a few nearby sites. All the shorter time series have
been adjusted (Nordli and Kohler, 2004; Nordli, 2010)
so that they are valid for the current Svalbard airport
weather station (78°150'N, 15°280’E, 28 m a.s.l.), which
was established in 1975 (location indicated in Figure 1).
This location is several kilometres away from Longyear-
byen, where most of the infrastructural development has
taken place during the last decades. Only a few modest
changes in surface properties have taken place near the
station. The minor actions taken to keep the homogene-
ity of the time series are described in Nordli (2010). The
daily time series from 1975 to 2006 is also available and
was used for validation purposes; however, daily data are
not available for the period prior to 1975.

The homogenized Svalbard airport series is one of
only a few long-term (>65 yr) and continuous instrumen-
tal temperature series from the high Arctic (Przybylak,
2003). The border of the Arctic ice sheet is the region
where the projected largest changes in melt season are
expected based on the IPCC WG1 FAR (2007). Svalbard

Spitzbergen

0°E

Figure 1. Geographic map of the Atlantic Arctic sector showing the location of Svalbard airport.
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airport is in Spitsbergen, which is located close to the
sea-ice border and should thus be a representative loca-
tion that was utilized to investigate the trends in the
melt-season length.

The Northern Hemispheric mean monthly 2-m air tem-
perature anomalies (from the 1961-1990 mean) Had-
CRUT3v were also used and can be downloaded from the
website  http://www.cru.uea.ac.uk/cru/data/temperature/
(Jones et al., 1999). This dataset is one of many avail-
able global hemispheric temperature datasets, the prop-
erties of which do not differ greatly (IPCC WG1 FAR,
2007). Monthly mean SST anomalies averaged over the
region 0°—30°E and 66°—74°N were provided from the
HadISST1 dataset (Rayner et al., 2003).

We let large-scale atmospheric indices represent the
effect of the atmospheric circulation. Two sets of indices
that cover the full period of our temperature record
were investigated. One was provided by Casty et al.
(2007). We explored the first three principal components
of combined monthly geopotential height, including:
500 hPa, surface temperature and precipitation fields.
The principal components were based on reconstructed
gridded monthly data taken since 1766 for all seasons in
Europe (30°—80°N, 50 °W-40°E). For more details, see
Casty et al. (2007). The subsequent analysis showed that
only one of the three principal components was relevant
in our case, namely the NAO-like second principal
component.

We obtained similar results with a more standard NAO
index introduced by Li and Wang (2003) based on stan-
dardized difference in zonal mean pressure between 65 °N
and 35°N in the North Atlantic sector. Index data down-
loaded from http://www.lasg.ac.cn/staff/ljp/data-NAM-
SAM-NAO/NAO.htm (Li and Wang, 2003), show that
this index is a more optimal representation of the spatial
temporal variability associated with the NAO concern-
ing explained fraction of variance, correlation strength

and area size of correlation patterns. The last issue is of
particular concern in this case as Spitzbergen is on the
margin of the correlation patterns of some of the point-
based indices. The area of the chosen index is large and
covers well the region of interest here. In the follow-
ing, we only show results obtained with this index. More
detailsare given in (Li and Wang, 2003).

4. Reconstruction of melt-season time series
and temperature variations

Here, we define the length of the melt season, t, as the
accumulated number of days when the daily surface tem-
perature 7 > 0 °C and add the constraint that 7 must be
greater than 0°C for four days or more in a row to con-
tribute to 7. To obtain daily values of surface temperature
based on monthly time series (to estimate 7), smoothing
splines were introduced (de Boor, 1978). Other meth-
ods are available (Epstein, 1991), but the smoothing
spline is preferred because the harmonic fit suggested
by Epstein (1991) involves the estimation of 12 param-
eters, while only 1 is required for smoothing splines.
One way to estimate the smoothing parameter is to use
degrees of freedom, a4y (Green and Silverman, 1993).
The results of the smoothing spline method adapted for
monthly values were compared with daily observations
for 2006, as shown in Figure 2. The daily observations
were expectedly noisier than the reconstructed daily val-
ues. The smoothing parameter a;r = 15 was estimated
by minimising the difference between the observed and
reconstructed t for the Svalbard airport between 1976
and 2006. It should also be mentioned that the best fit
between these estimates was obtained with the additional
constraint that 7 > 0 °C in four days or more in a row
to contribute to 7.

The reconstructed and observed annual t at Svalbard
airport is shown in Figure 3(a) for the full period. The

—— Monthly mean
--- Daily mean
—— Estimated daily climatology
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Figure 2. Dashed line: Observed daily evolution of temperature at Svalbard Lufthavn in 2006. Solid grey line: Estimated daily values for the
same period, with the application of smoothing splines (see text). Black solid line segments: Observationally based monthly mean temperature
for 2006.
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Figure 3. (a) Black solid line: Time series of the melt-season length,
7, estimated from monthly temperature records at Svalbard Airport,
Spitzbergen. Red solid line: Observed t using daily data from Sval-
bard Airport for the period 1976-2006. Blue solid line: Segmented
regression. Green dashed line: Nonlinear trend with Lowess. Grey
dashed line: Linear trend. (b) Monthly temperature variations at Sval-
bard airport. (¢) The time series of annual mean temperature at Svalbard
airport.

mean melt-season duration for the period from 1912 to
2010 was estimated to be 108 days, and the linear trend
was 0.17 4 0.04 days/year. The estimated trends in this
section are given with a 95% confidence interval. These
results are in accordance with Rigor ef al. (2000), who
reported that the marginal ice zone has around 100 days
of melt-season duration. This result is also in agree-
ment with findings in Markus et al. (2009) and Kaufman
et al. (2009). The estimated trend was quite similar to
the change in growth season over the same period (IPCC
WG1 FAR, 2007), which was between 1 and 3 days per
decade depending on the location in the Arctic. However,
there was a large decadal variation. A fitted segmented

Copyright © 2011 Royal Meteorological Society

linear regression (Muggeo, 2003) gives a growing trend
in t for the period 1912—-1929 (0.95 & 0.46 days/year),
a decreasing trend for the period 1930-1985 (—0.09 £
0.08 days/year) and a new increasing trend for the period
1986-2010 (1.11 £ 0.28 days/year). Note that the break-
ing points were determined by the segmentation algo-
rithm. There was good agreement between the segmented
linear trend and the nonlinear lowess (Cleveland, 1979,
1981) (Figure 3(a)). A paired two-sample ¢-test with a
removed linear trend over the period 1976-2006 indi-
cates that there was not a significant difference between
the observed and reconstructed t. For the period from
1976 to 2006, the development of the estimated annual
T adequately resembled the observations, with a few
exceptions (Figure 3(a)). Figure 3(b) shows the seasonal
temperature cycle at Svalbard airport for each year in the
record. It is evident that the melting intervals occurred
more frequently in the fall towards the end of the
record.

The assumption that the processes governing the mean
local atmospheric energy budget (and temperature) can
also be tied to the melt-season length rests upon the exis-
tence of a close link between annual/seasonal temperature
and annual/seasonal melt-season length. As T was con-
structed from temperatures at the warmest part of the
year, it is not obvious that it is directly related to the
mean temperature over that period. There is, for exam-
ple, a possibility that the melt season is short with a
higher than normal mean temperature. This implies that
the cold part of the period would be anomalously warm,
but not higher than 0°C. The link between melt-season
length and temperature is briefly examined in the follow-
ing section.

The annual mean temperature 75 in the period from
1912 to 2010 was —6.0°C. A segmented regression
analysis (Muggeo, 2003) showed a significant trend of
0.22° £ 0.11 °C/year for the period 1912—-1931, —0.04 £+
0.03°Cl/year in the period 1932-1978, and 0.12 &+
0.05 °Cl/year for the period 1979-2010. There are many
similarities between these data and the time evolution
of t (Figure 3(a) and (c)). The breaking points occurred
roughly at the same time, and the empirical correlation
was computed to be 0.734. Przybylak (2003 (p. 63-81))
has shown that the Arctic winter temperature has a higher
variability than the summer temperature over a wide
range of scales. This is presumably due to more vigor-
ous atmospheric dynamics during winter and the damping
effect of the energy-consuming melt process in summer.
This strongly suggests that the winter period should be
omitted when exploring the behaviour of the melting
period length and processes explaining its variability.

Thus, the temperature for the warm season (AMIJAS)
was extracted together with the respective estimated melt-
season length, 7°. The difference between 7 and t°
is that T was based on annual observations, while t°
was based on data from the warm season only. It was
found that the empirical correlation between the mean
summer temperature 7¢ and t* was 0.800. To illustrate
the connection between temperatures and melt-season

Int. J. Climatol. (2011)
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Figure 4. Scatterplot (a) between annual surface temperatures at Svalbard airport and melt-season length t. The straight line is the linear
regression line. (b) Same as in (a), but between the mean surface temperature and melt-season length 7* in the warm season (AMIJJAS). This
figure is available in colour online at wileyonlinelibrary.com/journal/joc

length for the whole year and warm season, two scatter
plots of the two variables are included in Figure 4(a)
and (b). As indicated by the empirical correlation above,
we found a close correspondence between the melt season
and temperature, particularly for the summer.

The melt-season lengths T and 7° were not significantly
different. When examining the date of the first and last
annual event with T} 44, > 0°C, we found that the
longest melt seasons mostly had contributions from warm
days that occurred later than normal in the year. The only
exception was the melt-season peak in 2006, which was
caused by an early spring heat spell. Thus, we conclude
that the positive trend in melt-season length t is mainly
caused by an increased frequency of warm periods in the
fall (September and October). Therefore, the melt season
T was used in the rest of the study to avoid missing any

Copyright © 2011 Royal Meteorological Society

warm periods that might have occurred outside of the
summer months.

5. Mean melt-season variability

To obtain indications of which processes affect the
melt-season change at Svalbard, we employed a linear
regression model where T was linearly related to the set of
predictors that were discussed in Section 2. In Section 2, a
discussion of the local energy balance provided variables
that may have had an impact on the temperature and
therefore also on .

On the basis of the discussion in Section 2, we repre-
sented the impact of the large-scale flow variations using
the NAO index from Li and Wang (2003). The radiative

Int. J. Climatol. (2011)
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Figure 5. The time series of 7. Black solid line: Observationally based. Red solid line: Modelled t (Equation (2)). Blue: Modelled 7 in 3
sub-periods separately. Blue dashed line (1912—1929), blue dotted line (1930—1985), and blue dash-dotted line (1986—2010).

forcing R, was represented by the Northern Hemisphere
temperature anomaly, and as a third predictor, we used
the annual regional SST anomaly in the Norwegian Sea
to represent the effect of surface properties. The relevant
regression model then becomes

T=a+ BT + BNAO® + B3NAOY + B4SST + ¢
e~ N(0,0,) (3)

Where t© is the length of the melt period, T,,, is
the annual Northern Hemispheric temperature anomaly,
NAO® and NAOY are the mean summer (JJA) and pre-
ceeding winter (DJFM) NAO indices, respectively. SST
is the annual SST anomaly in the Norwegian Sea. The
parameters were estimated to be (with a 95% confidence
interval): @« = 105.4 +£2.7, B = 142+£84, 8, =37+
3.6, 3=0.0%£1.1, B4 = 16.0 £ 6.3, and o, = 9.3. The
proportion of the total variance of t, as explained by a
linear relationship, was estimated to be R? = 0.401.
Dominance analysis (Budescu, 1993; Azen and Bude-
scu, 2006) showed that the order of dominance (ranging
from most important to least important) is SST, Tgnp,
NAO® and NAO™. We interpret the impact of SST here
to be connected with the negative correlation between
sea-ice extent anomalies and SST anomalies found in this
region (Bengtsson ef al., 2004; Sorteberg and Kvingedal,
2006; Francis and Hunter, 2007). A rise in regional SST
has a direct effect on surface air temperature and 7, but
the indirect effect by exposing Arctic air-masses to larger
areas of open waters will contribute significantly as well.
As NAO can be seen as the Atlantic manifestation of the
hemispheric AO, this finding is supported in Belchansky
et al. (2004) as they reported a link between strong win-
tertime AO and longer melt seasons the following sum-
mer. The t-values predicted by Equation (3) are shown
in Figure 5(a). The low-frequent variability in 7 was
nicely explained by the model. When t was smoothed
by the lowess method (Cleveland, 1981, 1979), the pro-
portion of the total variance of T explained by a linear

Copyright © 2011 Royal Meteorological Society

relationship increases, confirming that the model agree-
ably explains the low-frequency changes in . However,
extreme events, and to some degree interannual high-
frequency variability, were not well explained. A closer
inspection of the parameter distribution in some of the
extreme years shows in general that extremely high/low
T values are not caused by extreme values in one of the
parameters, but is rather a result of a combination of
more moderate parameter values. This illustrates that the
melt-season length is a quantity that integrates many pro-
cesses. Atmospheric thermal effects throughout the year,
the preceding winter circulation, its mechanical forcing of
the sea ice, surface fluxes and short-term cloud-radiative
effects are processes at play. Thus, a far more complex
model with detailed model input is required to simulate
the short-term fluctuations.

6. Risk of extremely long melt seasons

As stated in the introduction, it is of vital importance
to evaluate the risk of extremely long melt seasons.
The average melt season at Svalbard was 108 days
over the 1912-2010 period. The highest value observed
was 155 days (in 2006). Since the model presented in
Equation (2) explained the gross development of T over
the record, we tested the predictors as covariates in an
extreme value model. The covariates in the model, which
added significant contribution, were SST and T,,;. A
likelihood ratio test (Coles, 2001; Coelho et al., 2008)
was used in the testing.

Extreme events were defined as excesses above a high
given threshold. The excesses can be modelled using
the generalized Pareto distribution (GPD) (Coles, 2001).
The threshold approach has been previously applied to
tropical and extratropical climate data (Naveau et al.,
2005; Nogaj et al., 2006; Coelho et al., 2008).

In the asymptotic limit for sufficiently large thresholds
u, the distribution of excesses z = t — u conditional on

Int. J. Climatol. (2011)
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T > u can be shown to approximate the GPD function

1
Pr(Z§z|Z>O)=H(z)=1—(1+%) 5§ @

which is defined for z > 0 for £ >0 and 0 <z < -¢

for £ < 0, where o > 0 is the scale parameter and &
is the shape parameter of the distribution. The scale
parameter o provides an estimate of the variability of
the excesses. High values of o have a higher variability
of extremes. The shape parameter & provides information
about the tail shape of the distribution of excesses. With
covariates it is possible to identify factors that have
an influence on the shape and scale parameters (Coles,
2001; Coelho et al., 2008). For a broader introduction to
extreme value theory (EVT), refer Coles (2001).

An exponential link function was used to ensure that
positive values of the scale parameter were obtained.
The shape and scale parameters were estimated using
maximum likelihood. The exponential link model is
defined as

log 0 =00+ 01T, +028SST
§=25%

o)
(6)

Where £ and o are the shape and scale parameters in
Equation (4). Because the data were not stationary, a
time-varying threshold was applied. A smoothed non-
parametric quantile regression (Koenker, 2005) with SST
and T,,, as covariates was used to estimate the thresh-
old. Following Coles (2001 (p. 83—-90)) for the choice in
threshold where the asymptotic assumption of the Pareto
distribution is valid, the & parameter should in theory be
constant, while the o parameter changes according to the
formula

oy =0y + é(u - MO) (7)
where u and uo are two different thresholds with u >
ug (Coles, 2001 (p. 83)). In Figure 6(a) and (b), the
variability in £ and o are given as a function of the
quantile threshold. The £ parameter was fairly stable up
to the 0.70 quantile, and the o parameter decreased as
expected because & < 0.

Generally, a threshold that is too low will violate the
asymptotic assumptions of the GPD leading to a bias. On
the other hand, a threshold that is too high will generate
few excesses, leading to high variance. For the Svalbard
airport time series, the threshold was set to be the 0.70
quantile as a compromise between bias and few excesses.
This also seems reasonable in view of Figure 6.

The parameters in Equations (5) and (6) were esti-
mated to be ¢ = 7.51 (4.97, 11.33), ¢°* = 1.90 (0.63,
5.68), €2 =1.51 (0.69, 3.29) and & = —0.12 (—0.36,
0.13) by the maximum likelihood method. The 95%
confidence interval of &, shows that the excesses can
have an unbounded distribution (cf. the domain of def-
inition for Equation (4)). However, the evidence for &
being negative is reasonably strong because most of the
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domain of &) is negative. The probability and quan-
tile plot were constructed as diagnostic model checks
(Figure 7(b) and (c)) (cf. Coles, 2001 (p. 37)). These
figures show few departures from the diagonal, thus lend-
ing support to the fitted model.

The excesses are shown in Figure 7(a). The excesses
were approximately uniformly distributed in time. Excep-
tions included the melt seasons in 2006, 2000, and 1957,
which stood out as extremely high excesses. The event in
1957 shows that there is a chance of having an extreme
long melt season, despite lower values of 7,, and a
moderately positive SST (0.3 °C).

As shown in Sorteberg and Kvamstg (2006), there
is a far larger spread in projected Arctic warming than
projected global (or hemispheric) warming. We therefore
concentrate here on the excesses’ dependency on Tj,y.
Figure 8(a) shows a scatter plot of the excesses and
the Tg,, together with the median (solid line) and
the upper/lower quartiles (dashed lines) of the GPD
with the estimated shape and scale parameters. The
increased variability in excesses can be noted for larger
Tgnn. The T,y values utilized were deviations from the
1961-1990 mean. The mean threshold u for this period
was estimated to be 111.2 days. The highest value of
the threshold was 121.6 days for 2006. As noted in
the formulation of Equation (4), the maximum upper
bound of an excess was given as z = = —Z if £ < 0.
Assuming the estimated values of o and & given above,
the theoretical maximum upper bound of the excesses
was estimated to be n = 64.5, resulting in an upper
limit of 7,,,, = 175.7. This was obtained by summation
of the maximum upper limit of the excess and the
mean of the 1961-1990 time varying threshold. The
95% confidence interval for & indicates that there is a
chance that £ > 0, in which case n may be exceeded.
Therefore, the 100-year return level was investigated
to check the risk of a long melt season with higher
Tgn, (Figure 8(b)) and regional SST. A return level is
a certain level of 7 that is expected to be exceeded once
in a given period. The 95% confidence interval of the
return level was calculated based on the delta method
(Coles, 2001 (p. 33)). Keeping SST constant to 0°C,
the confidence interval increased with T, due to the
relatively high value of o} in the exponential link model
(Equation (5)). We found that the 100-year return level
increased with higher values of annual Tg,,, making the
risk of large t higher from 131 (108, 138) days when
Tonn = 0°C to 140 (122, 158) days when Tg,, = 0.5°C.
The plot was extended up to T,,, = 1.0°C, which is a
temperature increase that is expected to take place this
century (IPCC WGI1 FAR, 2007). The 100-year return
level was 153 (98, 206) days for this case, an increase
of 22 days from Tg,, = 0°C. A similar increase was
obtained by an additional warming of the regional SST.
More specifically, for Tg,, = SST = 1.0°C, the 100-year
return level was 175 (109, 242) days. For T,,, = 1.0°C,
SST = 2.0°C, the 100-year return level raised to 210
(76, 343) days.
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Figure 6. (a) Variation of the shape parameter &, and (b) the scale parameter o for different choices of quantiles in a locally fitted polynomial
quantile regression model.

7. Summary and discussion

The annual melt-season length 7 has been computed
on the basis of reconstructed daily temperature values
at the Svalbard airport from 1912 to 2010. With seg-
mented linear trend analysis, a positive trend in the
period 1912-1929 (0.95 & 0.46 days/year), a slightly
decreasing trend in the period 1930-1985 (—0.09 £
0.08 days/year) and a new increasing trend in the period
1986-2010 (1.11 £ 0.28 days/year) was found, demon-
strating large decadal variation. Use of a linear regression
model with the annual Northern Hemispheric temperature
anomaly (7g,;), annual regional SST anomaly (SST) and
the seasonal NAO index (Li and Wang, 2003) as predic-
tors explained 40% of the variance. SST and T,,; were
the most important factors in explaining changes in 7.
These were followed in importance by the summer NAO
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index and the preceding winter NAO index. A model
for extreme values of t using GPD was used to assess
the risk of extremely long melt seasons. SST and Ty,
turned out to be the only useful covariates, and the vari-
ability of long melt seasons increased with higher 7,
and SST. The 100-year return level of v changed from
131 (108, 138) days for T,,;, = 0°C and SST = 0°C to
153 (98, 206) days for T,,; = 1°C and SST =0°C. In
the case T,,;, = 1°Cand SST = 1°C, the 100-year return
level of t raised to 175 (109, 242) days. However, the
results with Tg,, > 0.5°C must be interpreted with cau-
tion, due to potential extrapolation errors. Nevertheless,
these results indicate that large changes in the melt-season
length might occur with a one-degree warming in global
temperature and regional SST. The relative strength of
individual physical mechanisms might change, but this
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Figure 7. (a) Melt-season length excesses with the 70% time varying

threshold. (b) Probability plot where the x-axis is the rank of the

excesses divided by the total number of excesses. The y-axis denotes

the cumulative distribution of the standardized excesses. (c) Quantile

plot where the logarithms of the excesses are along the x-axis and

standardized excesses are along the y-axis. This figure is available in
colour online at wileyonlinelibrary.com/journal/joc

may nevertheless indicate how 7 develops in a future
climate.

As mentioned in Section 1, the homogenized monthly
time series at Svalbard airport (Nordli and Kohler, 2004,
2010) was used to reconstruct daily temperature values
in the period from 1912 to 2006. The time series was
reconstructed from several shorter series of measurements
at a few nearby sites. This composite could potentially
have errors caused by the adjustment of many series.
This is especially true for the period from 1912 to 1920,
when there was a dramatic increase in annual mean
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temperature. Comparisons with ice core data showed that
the winters in that period might have been warmer than
indicated by the Svalbard airport time series (Kohler
et al., 2003), implying that the first years of the record
may not be trusted to the same degree. When the
years 1912—-1920 were excluded, our main conclusions
remained the same. Changes in the instrumentation and
vegetation could also have had an influence on the
temperature record (Peterson et al., 1998).

One of the major problems with analysing the climate
of the high Arctic is the absence of long-lasting datasets
(Przybylak, 2003). The time series for Svalbard airport
is one of the longest available. A new gridded dataset
for the Arctic in the period 1900—2000 was recently
presented by Kuzmina ef al. (2008), and the methods
used in our study can be expanded to this gridded dataset.
Preliminary tests with gridded daily 10-m temperatures
from ERA-40 reanalysis data (Kéllberg et al., 2004) for
the period 1958-2001 indicates this (not shown). For
some regions, such as the North Atlantic sector, there
was a strong positive correlation with 7T,,;, while this
correlation was weaker and even negative in other regions
(e.g. south of Greenland). However, the ERA-40 data
were for a short period (43 years), and the results are,
therefore, statistically less significant. This also addresses
the need to explore other predictors that can be used in
statistical modelling of the melt season.

The alternative method of GPD, a block design
approach that utilizes a general extreme value (GEV) dis-
tribution, could also be applied to the data. For annual
observations of t, decades could be thought of as a block
size. However, with only ten observations, the blocks are
normally not considered large enough. Larger blocks (e.g.
a few decades) would imply that already small sample
sizes of estimation for GEV parameters are even more
reduced. Therefore, the peak-over-threshold approach is
preferred. However, there is an issue as to how high the
threshold should be. According to IPCC WGI1 (2001),
extremes should be accounted for events higher than the
90th or lower than the 10th quantile. In this study, the
70th quantile was chosen. The time series of t was short,
and the asymptotic assumption of the EVT model requires
a lower choice of threshold, compared to that suggested
by the IPCC WG1 (2001). Because t is a seasonal vari-
able, a high threshold like the 90th quantile will result
in few excesses. Tests with higher thresholds (e.g. 80th
and 90th quantile) showed that the T,,; in general still
influenced the variability of the extremes. However, the
shape of the GPD distribution changed from negative to
positive, making it difficult to estimate a theoretical upper
limit of the excesses. The probability and quantile plots
(Figure 7) also showed larger deviations from linearity
with higher thresholds. Another issue is that T is not
stationary in time. This makes it necessary to fit a time-
varying threshold, as introduced earlier in Coelho et al.
(2008). A nonlinear quantile regression (Koenker, 2005)
has been introduced as a simple method for estimation
of the threshold, with the potential to be used in gridded
datasets. Another approach is to detrend 7 in time and
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Figure 8. (a) Scatter plot of the excesses and Northern Hemisphere mean temperature anomalies (7). Solid line: Median. Dashed lines: Upper

and lower quartiles of the GPD distribution using the estimated scale and shape parameters in Equations (4) and (5). (b) The return level of

100-year events (y-axis) and Ty, (x-axis). The 95% confidence level (shaded area) was calculated based on the delta method (Coles, 2001
(p- 33)).

use a constant threshold. This was tested in the present
research, but yielded no changes to our main conclusions.
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