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Abstract. Our understanding is limited to how transient
changes in glacier response to climate warming will influ-
ence the catchment hydrology in the Arctic and Sub-Arctic.
This understanding is particularly incomplete for flooding
extremes because understanding the frequency of such un-
usual events requires long records of observation not often
available for the Arctic and Sub-Arctic. This study presents
a statistical analysis of trends in the magnitude and timing
of flood extremes and the mean summer discharge in two
sub-arctic catchments, Tarfala and Abisko, in northern Swe-
den. The catchments have different glacier covers (30 % and
1 %, respectively). Statistically significant trends (at the 5 %
level) were identified for both catchments on an annual and
on a seasonal scale (3-months averages) using the Mann-
Kendall trend test. Stationarity of flood records was tested
by analyzing trends in the flood quantiles, using generalized
least squares regression. Hydrologic trends were related to
observed changes in the precipitation and air temperature,
and were correlated with 3-months averaged climate pattern
indices (e.g. North Atlantic oscillation). Both catchments
showed a statistically significant increase in the annual mean
air temperature over the comparison time period of 1985–
2009 (Tarfala and Abiskop<0.01), but did not show signifi-
cant trends in the total precipitation (Tarfalap = 0.91, Abisko
p = 0.44). Despite the similar climate evolution over the stud-
ied period in the two catchments, data showed contrasting
trends in the magnitude and timing of flood peaks and the
mean summer discharge. Hydrologic trends indicated an am-
plification of the streamflow and flood response in the highly
glacierized catchment and a dampening of the response in the
non-glacierized catchment. The glacierized mountain catch-

ment showed a statistically significant increasing trend in the
flood magnitudes (p = 0.04) that is clearly correlated to the
occurrence of extreme precipitation events. It also showed a
significant increase in mean summer discharge (p = 0.0002),
which is significantly correlated to the decrease in glacier
mass balance and the increase in air temperature (p = 0.08).
Conversely, the non-glacierized catchment showed a signifi-
cant decrease in the mean summer discharge (p = 0.01), the
flood magnitudes (p = 0.07) and an insignificant trend to-
wards earlier flood occurrences (p = 0.53). These trends are
explained by a reduction of the winter snow pack due to
higher temperatures in the winter and spring and an increas-
ing soil water storage capacity or catchment storage due to
progressively thawing permafrost.

1 Introduction

Recent studies of land–ocean–atmosphere interactions have
shown that changes in the global climate are markedly in-
fluencing the atmospheric circulation in arctic and sub-arctic
regions with direct influences on terrestrial hydrology (Tren-
berth et al., 2007; Khaliq et al., 2006; Stewart et al., 2005;
Jain and Lall, 2001; Cayan et al., 1999). Regional studies of
climate change in northern Europe, for example, have found
a general increase in the mean annual temperature and an-
nual precipitation (e.g. Moberg et al., 2005; Jansen et al.,
2007; Groisman et al., 2005). There has been a corresponding
general increase in winter and spring flows (Peterson et al.,
2002; Lindstr̈om and Bergstr̈om, 2004; Wilson et al., 2010)
and a general retreat of glaciers in this region (e.g. Jansson
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and Pettersson, 2007; Zemp et al., 2009, Koblet et al., 2010).
Changes in glacier area and volume likely alter the stream-
flow dynamics in the catchment in which they are located
by changing both the amount and timing of water released
during the melt season (e.g. Fountain and Tangborn, 1985;
Röthlisberger and Lang, 1987; Jansson et al., 2003). Thus,
the comparative analysis of trends in streamflow records in
catchments with differing glacier cover is considered a good
indicator to estimate climate-induced shifts in the hydrologi-
cal cycle of these regions.

Although several studies have focused on the hydrologic
effects of climate variability and change, relatively few have
examined the interactions between climate variability and
change, glacier response and the resulting effects on stream-
flow (Moore and Demuth, 2001; Abdul-Aziz and Burn, 2006;
Burn et al., 2010). Among these hydro-climatological stud-
ies there is an emerging body of literature that indicates con-
trasting hydrologic responses in sub-arctic and arctic catch-
ments to climate variability and change that is depending
on the percent glacier cover of a catchment and the glacier
state in response to climate (Fleming and Clarke, 2003 and
references therein). In glacierized catchments streamflow re-
sponse to climate warming is a matter of glacier storage.
Glacier storage and glacial runoff vary on different time
scales in response to climate warming, which can be dis-
tinguished as (i) short-term, (ii) intermediate-term, and (iii)
long-term storage changes (Jansson et al., 2003). In the short-
term and intermediate-term response to increasing tempera-
tures, glacier runoff will increase while the glacier adjusts its
volume to a warmer climate. These storage changes can for
example result in prolonged melt seasons, reduced seasonal
runoff concentrations and increased diurnal discharge fluctu-
ations (Hock et al., 2005). According to Hock et al. (2005),
glacier melt during the short-term response is further am-
plified by positive feedback mechanisms. For example, en-
hanced melt water production occurs due to earlier and more
extensive disappearance of high-albedo glacial snow and firn.
The reduction in firn area and thickness, and greater expo-
sure of low-albedo bare ice will reduce the water retention
capacity, allow greater melt, and potentially increase water
flow over the glacier surface (Hock et al., 2005). For ex-
ample, Braun et al. (2000), Box et al. (2005) and Knudsen
and Hasholt (2003) reported for different glacierized catch-
ments that streamflow reached greater stream discharges dur-
ing years with low snow accumulation that lead to extreme
glacier ice melting. Knudsen and Hasholt (2003) observed
that glacier ablation reached a record high in 1998 in the Mit-
tivakkat glacier catchment in southeast Greenland, despite
the lowest mean temperature recorded. This was attributed to
the combination of low summer precipitation and low snow
coverage on the glacier surface.

In the long-term response of glaciers to climate warm-
ing, flow rates will decrease when the glacier volume is ad-
justing to a new volume-to-area equilibrium or disappear-
ing (e.g. Jansson et al., 2003). Depending on the glacier

covered area of a catchment these differences in glacier
storage can translate into differences in catchment hydro-
logic response. For example, recent studies indicate that re-
gardless of differences in inter-annual streamflow, variability
catchments at low elevation and/or with low glacier cover
show predominantly decreasing streamflow trends (e.g. Dery
et al., 2005; Burn et al., 2010), whereas increasing trends
are found in catchments located at high elevation and/or
with high glacier cover (Casassa et al., 2009). For example,
Hodgkins (2009) found that June through August flows in-
creased by 8 % to 11 % for glacierized basins (more than
10 % glacier cover) in southeastern Alaska, USA and de-
creased by 3 % to 9 % for non-glacierized basins. Similarly,
Fleming and Clarke (2003), Stahl and Moore (2006), Flem-
ing et al. (2006) and Pellicciotti et al. (2010) observed in-
creasing mean monthly summer (July–September) and an-
nual streamflows in recent years in several catchments char-
acterized by a greater glacier-covered area in northwestern
British Columbia, Canada and the European Alps. Decreas-
ing flow rates due to increased glacier wastage have been,
for example, observed in glacierized catchments in south-
ern British Columbia by, among others, Moore and Demuth
(2001) and Stahl and Moore (2006). Together these stud-
ies elucidate the existence of a glacier coverage threshold
that determines the hydrologic response of glacierized catch-
ments to climate change.

Many of the observed increasing trends in summer stream-
flow in catchments with greater glacier cover are connected
to climate variability or changes in climate or both. Most
studies attribute the observed changes in streamflows to in-
creasing trends in air temperature (e.g., Fleming and Clarke,
2003; Birsan et al., 2005). However, much of the observed
variability in historic streamflow trends is also related to
low-frequency climatic forcing and climate pattern indices
such as the North Atlantic oscillation (NAO) or the Pa-
cific decadal oscillation (PDO). For example, Fleming et
al. (2006) and Hodgkins (2009) observed positive glacial
streamflow anomalies in late spring and early summer in
years dominated by the positive phase of the PDO and Arctic
oscillation (AO), which caused higher air temperatures and
increased winter precipitation. Similarly, Birsan et al. (2005)
found high correlations between summer streamflow and the
NAO index of the previous winter season, which caused
increased winter precipitation and subsequently increased
spring and summer melt.

However, studies of Woo and Thorne (2008) and Bir-
san et al. (2005) indicate that despite the fact that climate
forcing can impart a strong signal on streamflow response,
not all catchments within the same climate forcing show
the same observed hydrologic response because factors such
as location, topography and storage can overwhelm the cli-
matic influence. On the contrary, temperature and precipita-
tion anomalies caused by climate variability can influence
and change the current flow regime and runoff generation
mechanisms in a catchment, which could impact the nature of
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Fig. 1.Site map showing the Abisko and Tarfala catchments in northern Sweden. Triangles and stars indicate locations of stream gauges and
rain gauges, respectively. Note the different scales of the catchment maps.

extreme flows, such as flood events. For example, increased
winter temperatures can be expected to cause a reduction
of the snowpack before the onset of the spring melt, which
might lead to a decrease in snowmelt-related flood magni-
tudes. This may lead to a greater importance of rainfall-
runoff flood events, especially if changes occur in the magni-
tude or intensity of severe rainfall events (Burn et al., 2010).
Kane et al. (2003) for example found for the Upper Ku-
paruk watershed in Alaska that a few high-intensity precipi-
tation events appear to generate greater runoff volumes (three
times greater) than a large number of low intensity events.
They hypothesized that these minor precipitation events may
be important in priming the watershed for the high magni-
tude events by filling water storages. However, it remains
largely unknown how climate induced transient changes in
the glacier-covered catchment area and the short-term and
intermediate-term glacier storage manifest themselves in the
catchment hydrologic response and flood extremes in sub-
arctic and arctic environments.

With the ongoing and expected reduction in global glacier
volume, there is a need to better understand how changes as-
sociated with the reduction in glacier storage affect glacial
melt water runoff and thereby terrestrial hydrology. Assess-
ment of gradual hydrologic change induced by climate and
change in the causal flood generating mechanisms in the
Arctic and Sub-Arctic is challenging because assessing such
events requires long records of observation not often avail-
able for these regions. The goal of this study is to test the hy-
drologic and meteorologic response of two sub-arctic catch-
ments with differing glacier cover in northern Sweden for
climate induced trends and potential shifts in the runoff gen-
erating mechanisms. For this study the Tarfala catchment
(30 % glacierized), in which the largest of four glaciers,
Storglacïaren, is situated with the longest continuous glacier
mass balance record (since 1946) currently available world-
wide (e.g. Holmlund et al., 2005; Jansson and Pettersson,

2007), and the upper Abisko catchment (1 % glacierized),
which has a continuous 97-yr record of meteorological obser-
vations, were compared. The hypothesis of this study is that
both catchments exhibit similar hydrologic and meteorologic
trends to climate warming. To test this hypothesis, statistical
trends in the magnitude and timing of floods, the flood quan-
tiles, and the mean summer discharge will be assessed using
the Mann-Kendall trend test and generalized least squares
regression. In addition, potential links to climate variability
and climate change will be identified by relating hydrologic
trends to annual and seasonal trends in the minimum, max-
imum and mean temperature, the maximum and total pre-
cipitation and annual and 3-months averaged large-scale cli-
mate teleconnection patterns (e.g. Northern Atlantic oscilla-
tion, Atlantic multidecadal oscillation).

2 Methods

2.1 Site descriptions

This study considers two catchments in northern Sweden:
the upper Abisko (68◦21′36′′ N, 18◦46′48′′ E) and the Tar-
fala (67◦53′56′′ N, 18◦37′57′′ E) (Fig. 1). Both catchments
are characterized by relatively pristine land-use conditions
and minimal human influences. The drainage areas of the
Abisko and Tarfala catchments are 566 km2 and 21.7 km2, re-
spectively. The stream gauging stations are located at 340 m
(Abisko) and 1091 m (Tarfala) above sea level. The elevation
difference (relief) in these mountainous catchments is large
and ranges from 340 to 1800 m a.s.l. in the Abisko catchment
and from 980 to 2100 m a.s.l. in the Tarfala catchment. Veg-
etation is found mainly in the valley bottom of both catch-
ments. A mountain birch forest dominates the valley bot-
tom of the Abisko catchment, while alpine heath dominates
the Tarfala catchment. Both catchments are located in the
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discontinuous permafrost zone. The glacierized area in the
Tarfala and Abisko catchments is 30 % and 1 %, respectively.

Regional climate in northern Sweden is cold and humid.
Annual precipitation amounts are determined by topography
and dominant weather patterns. Thus, mean annual precipi-
tation amounts in the Abisko catchment range from approx-
imately 300 mm yr−1 as recorded at the Abisko Scientific
Research Station (68◦21′ N, 18◦49′ E, 385 m a.s.l.) to over
900 mm yr−1 in the peak areas of the catchment (1913–1990)
(Josefsson, 1990; Alexandersson et al., 1991). In the Tarfala
catchment the mean annual precipitation measured at the Tar-
fala Research Station (67◦55′ N, 18◦37′ E, 1135 m a.s.l.) has
been estimated to be 1997±450 mm, of which approximately
400–600 mm fall between June and August. This annual pre-
cipitation amount represents an estimate based on the win-
ter mass balance of Storglaciären (i.e. the average amount of
precipitation (in m water equivalent) deposited as snow onto
the glacier between mid-September and mid-April) and mea-
surements of liquid precipitation at the Tarfala Research Sta-
tion during the summer season (excluding precipitation mea-
surements on days with a daily average temperature less than
0◦C) for the period 1980–2009. The mean annual air temper-
ature in the Abisko and Tarfala catchment is−0.5± 1.0◦C
(1913–2009) and−3.4± 1.0◦C (1965–2009), respectively.

2.2 Data

2.2.1 Hydrometric data

Our analysis is based on long-term daily precipitation and
temperature data available for the Abisko catchment for the
time period 1913–2009, and daily streamflow data from the
period 1919–2009. Precipitation and temperature data for
the Abisko catchment are available from the Abisko Sci-
entific Research Station and streamflow data are available
from the Swedish Meteorological and Hydrological Institute
(SMHI) (gauge ID 957). Streamflow in the Abisko catch-
ment was not monitored for the period 1956–1985. There
were, however, no changes in the stream gauge location or
the stage-discharge relationship between the time period be-
fore (1919–1956) and after (1985–2009) this period when
monitoring was discontinued. Daily temperature data for the
Tarfala catchment were available from 1965–2009, daily data
of liquid precipitation (available for June through September)
were available for the period 1980–2009, and daily stream-
flow data (available for mid-May through September) were
available for the period 1969–2009. Streamflow, precipita-
tion and temperature data are available through the Tarfala
Research Station (http://tarfalawiki.natgeo.su.se/tarfalawiki/
index.php/MainPage).

2.2.2 Glacier mass balance data

For the Tarfala catchment continuous long-term mass bal-
ance data are available through the TRS for the 2.9 km2 Stor-

glacïaren glacier (65◦55′ N, 18◦35′ E) occupying the south-
western part of the catchment at an elevation range of 1130
to 1700 m a.s.l. Storglaciären is described as a polythermal
glacier with a perennial cold surface layer in the ablation
area (e.g. Pettersson et al., 2003). Time series data of Stor-
glacïaren’s glacier mass balance, including volume and area
estimates and changes, have been published by, among oth-
ers, Holmlund et al. (2005: Fig. 3), Jansson and Pettersson
(2007), and most recently Zemp et al. (2009: Fig. 3) (for the
period 1946–2007) and Koblet et al. (2010). Using defini-
tions by Cogley et al. (2011), estimates of the annual winter
(cw), summer (as), net balance (bn) in m water equivalent
(m w.e.), the equilibrium line altitude (ELA) in m above sea
level, and the accumulation area ratio (AAR) were used in
this study. The mass balance estimates are area specific esti-
mates. According to Koblet et al. (2010), the surface area of
Storglacïaren changed very little over the hydrological obser-
vation period (approximately 4 % since 1969). This change
in area translates into an uncertainty in the annual mass bal-
ance estimates of less than 0.1 m w.e. (Holmlund et al.,
2005).

2.2.3 Climate teleconnection pattern data

The climate in Europe and Fennoscandia is largely influ-
enced by the interannual and interdecadal oscillations in
the atmospheric circulation over the North Atlantic Ocean.
These oscillations are quantitatively described by climate
indices, also called teleconnection pattern indices, which
are calculated from the 700-hPa geopotential heights (e.g.
Climate Diagnostics Bulletin, 2001; Panagiotopolous et
al., 2002; Barnston and Livezey, 1987). For the Atlantic-
European region, Nesterov (2009) listed several important
climate patterns and their indices that control the cyclone
trajectories (storm tracks) over the North Atlantic and, thus,
the temperature and precipitation anomalies over Europe and
Fennoscandia. These indices are the North Atlantic oscil-
lation (NAO) index (Barnston and Livezey, 1987), the east
Atlantic pattern (EA) index, the East Atlantic–western Rus-
sia pattern (EA/WR) index; the Scandinavia pattern (SCA)
index, and the Polar–Eurasia pattern (POL) index (Pana-
giotopoulos et al., 2002; Nesterov, 2009) (Table 1). These cli-
mate pattern indices were selected to evaluate the influence
of climate on the hydrology in the Tarfala and Abisko catch-
ments. In addition to these teleconnection pattern indices,
the Atlantic multidecadal oscillation (AMO) index (Enfield
et al., 2001) was included in the analysis, which is a princi-
pal expression of the sea surface temperature of the Atlantic
Ocean that influences the heat fluxes from the ocean to the at-
mosphere and thus the transport of moist air masses to high-
latitude regions (Enfield et al., 2001).
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Table 1. Summary of climate pattern indices considered in this study and their relationship to temperature and precipitation anomalies in
Northern Europe exemplified for the positive phase of the climate pattern indices. The monthly averaged climate index data were acquired
for the period 1950–2009 from the sources specified below.

Climate index Temperature (positive phase) Precipitation (positive phase) Data source and references

Atlantic multidecadal
oscillation (AMO) – above-average temperatures

across Scandinavia especially
during the summer

– above-average precipitation
across northern Europe and
Fennoscandia

http://www.esrl.noaa.gov/psd/data/
correlation/amon.us.data
Enfield et al. (2001); Arguez et
al. (2009); Sutton and Hodson (2005)

East Atlantic/Western
Russia (EA/WR)

– below-average tempera-
tures across northeastern
Fennoscandia

– above-average precipitation
across northern Fennoscandia

http://www.cpc.ncep.noaa.gov/data/
teledoc/eawruss.shtml
Barnston and Livezey et al. (1987); Ar-
guez et al. (2009)

East Atlantic (EA) – no clear effect – above-average precipitation
across northern Europe and
Fennoscandia

http://www.cpc.ncep.noaa.gov/data/
teledoc/ea.shtml
Panagiotopoulos et al. (2002); Nes-
terov (2009)

North Atlantic
oscillation (NAO)

– above-average temperatures
across Fennoscandia

– above-average winter pre-
cipitation and below-average
summer precipitation across
Fennoscandia

http://www.cpc.ncep.noaa.gov/data/
teledoc/nao.shtml
Panagiotopoulos et al. (2002); Nes-
terov (2009)

Polar/Eurasia (POL) – no clear effect – above-average precipitation
across polar regions north of
Fennoscandia

http://www.cpc.ncep.noaa.gov/data/
teledoc/poleur.shtml
Panagiotopoulos et al. (2002)

Scandinavia pattern
(SCAND)

– above-average temperatures
across Fennoscandia

– below-average precipitation
across Fennoscandia

http://www.cpc.ncep.noaa.gov/data/
teledoc/scand.shtml
Panagiotopoulos et al. (2002)

2.3 Statistical methods

2.3.1 Trend statistics and correlations

The nonparametric Mann-Kendall (MK) trend test (Kendall,
1975; Helsel and Hirsch, 1992; Douglas et al., 2000) was
used to investigate trends in the time series data available for
both catchments. The test is based on the assumption that
time series data are independent and identically distributed
and not auto-correlated (Helsel and Hirsch, 1992; Douglas
et al., 2000). The MK trend test determines whether a time
series exhibits a monotonic trend without specifying whether
the trend is linear or nonlinear.

For each catchment the MK trend test was performed to
assess the degree of non-stationarity in the annual series and
series for 3-month seasons (i.e., December through February
[DJF] defines winter; March through May [MAM] defines
spring; June through August [JJA] defines summer; Septem-
ber through November [SON] defines autumn) temperature
and precipitation data. For the annual and months groupings,
the length of each time series corresponded to the number of
years of data available. For all groupings, trends in the mini-
mum, mean, and maximum temperature values, and the total
and maximum precipitation values were determined. In ad-
dition trends in the maximum daily flow (flood magnitude),
the date of maximum daily flow (flood occurrence), and the

mean summer flows were assessed for both catchments using
the MK trend test. The date of flood occurrence is denoted by
the day of the year (DOY). For each data set the MK trend
test was performed with a significance level of 5 % (2-sided).
In addition, linear regressions were fit to the time series data
to determine approximate rates of change. In this study trends
were estimated for the maximum record period available for
each catchment as well as for overlapping time windows to
allow direct comparison of the observed trends between the
two catchments. Trends were also estimated for the com-
mon time windows for which observations from both catch-
ments were available covering the period 1965–2009 for tem-
perature records, 1980–2009 for precipitation records and
1985–2009 for discharge records. In addition, trends were
estimated for the 1985–2009 period representing the longest
record period possible for which temperature, precipitation
and discharge data from both catchments were available.

To identify whether flood events in each catchment were
predominantly associated with precipitation events or high
temperature periods (and subsequent snowmelt), the flood
DOY was compared to the DOY of the daily annual max-
imum precipitation and the mean daily air temperature for
each record year. In addition, the flood DOY was compared
to the median DOY of a 3-day period with maximum ob-
served daily precipitation amounts and mean air tempera-
tures.
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Table 2.Summary of the Mann-Kendall (MK) trend test statistics of annual and seasonal temperature and precipitation trends for the common
time period of 1985–2009 for the Tarfala and Abisko catchments. Trend significance of the MK trend test is indicated by the 2-sidedp-value
and trends significant at the 5 % level are highlighted in bold. Linear change rates and the type of change (i.e., increasing (positive values),
decreasing (negative values)) were estimated from the slope of a linear regression fitted to the data.

Temperature Precipitation

Tarfala Tarfala

Analysis period MK trend test Linear change rate MK trend test Linear change rate
(2-sidedp-value) (◦C decade−1) (2-sidedp-value) (mm decade−1)

min mean max min mean max max total max total

Annual 0.18 <0.01 <0.01 1.60 0.96 1.16
MAM 0.16 0.28 0.43 1.34 0.63 0.57
JJA 0.32 <0.01 <0.01 −0.42 0.72 1.16 0.29 0.91 5.76 4.72
SON 0.82 0.15 <0.01 0.43 0.68 1.48
DJF 0.06 <0.01 0.12 2.65 1.41 0.80

Abisko Abisko

Annual 0.47 <0.01 0.91 0.95 0.67 0.10 0.09 0.44 3.55 9.18
MAM 0.98 0.20 0.07 −0.94 0.65 0.99 0.70 0.76 0.56 1.65
JJA 0.10 0.05 0.90 0.61 0.52 0.10 0.15 0.09 4.02 18.75
SON 0.37 0.39 0.19 0.77 0.36 0.56 0.56 0.98 0.33 −1.37
DJF 0.48 0.69 0.09 1.34 0.52 0.83 0.35 0.47 −1.61 −13.51

For each catchment a joint analysis of climate pattern in-
dices (Table 1), flood records and the mean summer (JJA)
discharge was performed. Pairwise correlations between the
logarithms of the maximum annual discharge, the day of the
flood peaks, the mean summer discharge and seasonally (3-
months averages over the winter, spring and summer season)
and annually (12-months) averaged climate pattern indices
were calculated. In addition, for the Tarfala catchment flood
records and the mean summer discharge were correlated to
cw, as, andbn of Storglacïaren. This analysis sought to as-
sess both the response of the catchment hydrology to climate
and the effect of glaciers on long-term streamflow variations
in each catchment.

2.3.2 Flood frequency analysis

The extreme value type I distribution, also known as the
Gumbel distribution, was fit to all flood peaks for both the
Tarfala and Abisko catchments using the maximum likeli-
hood method (Gumbel, 1958; Jenkinson, 1969). This was
done to estimate the exceedance probability of a certain flood
event based on the full flood record. Model adequacy of the
fitted distribution was tested with a probability plot correla-
tion test (Vogel, 1987). In order to explore how the annual
flood extremes have varied over time, flood quantiles (com-
puted from the 1969–2009 record) were tested for stationar-
ity by estimating trends in the time-varying probability of ex-
ceedance of selected flood percentiles using a 10-yr moving
window. The key flood percentiles considered are the 50th,
90th, 95th, and 99th percentiles of the data computed with

the Gumbel distribution from the full 45-yr record. These
percentiles correspond to floods with return periods of 2, 10,
20, and 100 yr, respectively. The time-varying, moving win-
dow probability of exceedance of each key percentile is esti-
mated by fitting the Gumbel distribution to all flood records
within the moving window. For these 10-yr moving window
estimates model adequacy of the fitted Gumbel distribution
was likewise tested using the probability plot correlation test
(Vogel, 1987). Finally, trends in these key flood percentiles
versus calendar year were estimated by fitting a generalized
least squares regression using a maximum likelihood estima-
tor. An autoregressive polynomial of the ARMA(2,0) struc-
ture is fit to the errors in the GLS model to account for the
autocorrelation in the residuals of the time-varying, moving
window flood percentiles (Fox and Hartnagel, 1979). Auto-
correlation in the time-varying, moving window flood per-
centiles was estimated using the Durbin-Watson test (Durbin
and Watson, 1950). A general pattern of the autocorrelation
and partial autocorrelation functions in the shape of a sinu-
soidal decay with two spikes (one positive, the other nega-
tive) is suggestive of an AR2 process, which means that only
an autoregressive model is fit to the data (Chatfield, 1989).

3 Results

3.1 Temperature and precipitation trends

The most prevalent trends found in the Abisko and Tar-
fala catchment data for the comparison period of 1985–2009
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Fig. 2. Time series of annual and seasonal air temperatures (◦C) for (a) Tarfala and(b) Abisko catchments. The maximum, mean and
minimum annual and seasonal temperatures are indicated by a filled diamond, open circle and filled triangle respectively. Black lines indicate
linear regressions versus time. Linear change rates and MK trend statistics are presented in Tables 2 and 3.

comprise a significant increase in the mean annual and mean
summer (JJA) air temperature, respectively (Table 2, Fig. 2).
In this period, the mean annual air temperature increased
at a rate of 0.67◦C decade−1 and 0.96◦C decade−1 in the
Abisko and Tarfala catchments, respectively (Table 2). When
comparing temperature trends in the Abisko and Tarfala
catchments for the maximum record available for the Tar-
fala catchment (1965–2009), trends towards higher mean an-
nual and seasonal air temperatures were persistently found
in both catchments (Tables 2, 3 and 4). During this pe-
riod the annual mean air temperature increased at a simi-
lar rate of 0.46◦C decade−1 and 0.54◦C decade−1 respec-
tively in the Abisko and Tarfala catchment (Tables 3 and

4). In both catchments, winter (DJF) saw the largest while
summer (JJA) saw the smallest mean temperature rise (Ta-
bles 3 and 4). During the 1965–2009 period spring warm-
ing has increased at a similar rate in both catchments. How-
ever, in the Tarfala catchment the mean autumn (SON) tem-
perature was increasing at a greater rate (0.56◦C decade−1)
than the spring temperature (0.45◦C decade−1) (Tables 2, 3
and 4). The MK trend test performed for the full tempera-
ture record available for the Abisko catchment (1913–2009)
show significant (p < 0.05) increasing trends in the mean
and maximum spring (MAM) temperature, and a significant
decrease in the daily temperature range observed during sum-
mer (JJA), which can be attributed to a significant increase in
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Table 3. Mann-Kendall (MK) trend test statistics on the maximum available time series data of annual and seasonal precipitation (1980–
2009) and temperature (1965–2009) for the Tarfala catchment. Trend significance of the MK trend test is indicated by the 2-sidedp-value
and trends significant at the 5 % level are highlighted in bold. Linear change rates and the type of change (i.e., increasing (positive values),
decreasing (negative values)) were estimated from the slope of a linear regression fitted to the data.

Temperature (1965–2009) Precipitation (1980–2009)

Time period MK trend test Linear change rate MK trend test Linear change rate
(p-value) (◦C decade−1) (p-value) (mm decade−1)

min mean max min mean max max total max total

Annual 0.04 <0.01 0.04 0.93 0.54 0.31
MAM 0.61 0.01 0.06 0.17 0.45 0.56
JJA 0.52 0.01 0.03 0.13 0.28 0.31 0.32 0.56 4.31 21.03
SON 0.04 <0.01 0.02 0.82 0.56 0.47
DJF <0.01 <0.01 0.02 1.74 0.82 0.43

Table 4. Mann-Kendall (MK) trend test statistics on the maximum available time series data of annual and seasonal precipitation and
temperature data (1913–2009) (upper table). The lower table shows MK trend statistics for time periods where both temperature (1965–
2009) and precipitation data (1980–2009) from the Abisko and Tarfala catchment were available. Trend significance of the MK trend test is
indicated by the 2-sidedp-value and trends significant at the 5 % level are highlighted in bold. Linear change rates and the type of change
(i.e., increasing (positive values), decreasing (negative values)) were estimated from the slope of a linear regression fitted to the data.

Temperature Precipitation

Long-term trend (1913–2009) Long-term trend (1913–2009)

Analysis period MK trend test Linear change rate MK trend test Linear change rate
(2-sidedp-value) (◦C decade−1) (2-sidedp-value) (mm decade−1)

min mean max min mean max max total max total

Annual 0.87 0.01 0.02 0.02 0.09 −0.14 0.64 0.01 0.35 4.70
MAM 0.11 0.01 0.02 0.08 0.15 0.23 0.13 0.67 −0.17 0.07
JJA <0.01 0.40 0.02 0.20 0.03 −0.13 0.38 0.21 0.49 1.80
SON 0.74 0.10 0.14 0.05 0.08 0.07 0.81 0.52 −0.02 0.94
DJF 0.27 0.37 0.36 0.19 0.08 0.04 0.15 0.06 0.22 1.70

Longest overlapping time period Longest overlapping time period
(1965–2009) (1980–2009)

Annual 0.13 <0.01 0.38 0.63 0.46 −0.16 0.87 0.95 0.16 −5.59
MAM 0.59 0.01 0.08 −0.16 0.47 0.55 0.63 0.45 0.46 3.22
JJA 0.04 0.04 0.38 −0.34 0.26 −0.16 0.83 0.94 0.25 −2.14
SON 0.23 <0.01 0.16 0.42 0.34 0.25 0.91 0.89 −0.91 0.36
DJF 0.03 0.02 0.28 1.18 0.76 0.24 0.02 0.15 −2.73 −10.37

the minimum summer temperature and a significant decrease
in the maximum summer temperature (Table 4). During this
period, spring saw the largest (0.15◦C decade−1) and sum-
mer the smallest (0.03◦C decade−1) mean temperature rise
in the Abisko catchment.

Over the comparison period of 1985–2009 both Abisko
and Tarfala showed no significant trends in the annual
and seasonal, total and maximum precipitation data. When
comparing precipitation trends in the Abisko and Tarfala
catchment for the maximum record available for the Tarfala
catchment (1980–2009), no clear trends in the annual or sea-
sonal maximum and total precipitation amounts were found,

with exception of a significant decrease in the maximum win-
ter (DJF) precipitation in the Abisko catchment, which de-
creased at a rate of 10.4 mm decade−1 since 1980 (p = 0.02)
(Table 4). The annual precipitation in the Abisko catch-
ment showed, however, a significant (p = 0.01) increasing
trend over the full record period of 1913–2009 (Fig. 3, Ta-
ble 4). The largest contributor to this increase in the to-
tal annual precipitation was the winter (DJF) precipitation,
which increased since 1913 at a rate of 1.7 mm decade−1

(p = 0.06). In contrast, the maximum and total precipitation
of the spring, summer and autumn seasons remained rela-
tively constant over the 97-yr record period (Table 4). In
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Table 5.P -values of non-stationarity test on selected percentiles (50th, 90th, 95th, 98th, and 99th) of the annual maximum discharge data
of the Tarfala and Abisko catchments. The percentiles were estimated by performing a moving window analysis with a 10-yr window. Non-
stationarity was estimated at a significance level of 5 % by performing a trend analysis on the quantiles using a generalized least squares
regression model. 2-sidedp-values smaller than 0.05 and highlighted in bold indicate that the selected quantiles exhibited non-stationarity.

Tarfala Abisko

Annual Exceedance Return period of Long-term Common time period Long-term Common time period
probability flood (years) (1969–2009) (1985–2009) (1919–2009) (1985–2009)

0.5 2 <0.01 <0.01 0.02 <0.01
0.1 10 <0.01 <0.01 0.02 <0.01
0.05 20 <0.01 <0.01 0.01 <0.01
0.02 50 <0.01 <0.01 <0.01 <0.01
0.01 100 <0.01 <0.01 <0.01 <0.01

Fig. 3. Time series of annual and seasonal maximum and total precipitation amounts (mm) for the Tarfala (open squares) and Abisko (filled
diamonds) catchment. The top left graph shows the number of days with precipitation for the summer (JJA) season. Black lines indicate
linear regressions versus time. Linear change rates and MK trend statistics for the long-term record periods and common time windows are
presented in Tables 2 and 3.
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Fig. 4. Statistical characteristics of the Tarfala and Abisko discharge.(a), (d) Time series of mean summer (JJA) discharge;(b), (e) time
series of the annual maximum discharge (floods); and(c), (f) time series of the flood occurrence date of annual maximum flood events in the
Tarfala and Abisko catchments, respectively. The solid lines represent linear trends over the full record period in each catchment. The dashed
lines represent linear trends for the common time period 1985–2009 for which discharge records were available in both catchments.

addition, the variability in extreme precipitation and the mag-
nitude of outliers (“extremes of extremes”) has increased in
both catchments over each record period. An extreme pre-
cipitation event in the Abisko catchment in 1915 equaled
39.7 mm d−1. Since that time, the number of years per decade
with precipitation amounts exceeding 25 mm d−1 has dou-
bled in the Abisko catchment. Similarly, precipitation ex-
tremes in the Tarfala catchment have risen from 42 mm d−1

in 1980 to 81 mm d−1 in 2004. However, in contrast to the
changes in precipitation magnitude in both catchments, the
summer precipitation frequency (i.e. number of precipita-
tion days in JJA) remained unchanged in both catchments
(Fig. 3).

3.2 Mean discharge and hydrologic extremes

3.2.1 Trends

The Tarfala showed a significant (p = 0.0002) increasing
trend in the mean summer (JJA) discharge corresponding to
an increase of approximately 0.9 m3 s−1 decade−1 over the
comparison period (1985–2009) (Fig. 4a). In addition, the
maximum annual discharge events of Tarfala have shown
a significant increasing trend (p = 0.04) over this period
at a rate of approximately 3.0 m3 s−1 decade−1 (Fig. 4b).
Both trends were also significant for the maximum available
record period of 1969–2009. The median flood recorded for
the comparison period was 11.4 m3 s−1. Maximum annual
discharge values ranged between 6.6 m3 s−1 and 23.4 m3 s−1

for the 1985–2009 record period. The majority of floods oc-
curred in mid-to-late summer (Fig. 4c) after the beginning of
July (DOY = 190) with a median date of the annual flood of
July 26 (DOY = 207). The occurrences of the annual floods
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Fig. 5. Top graphs: Plots of annual maximum discharge for (a) Tarfala and (b) Abisko catchments versus quantiles of fitted Gumbel dis-
tribution. Bottom graphs: Trends in the 2-yr, 10-yr, 20-yr, and 100-yr return periods (50th, 90th, 95th, and 99th percentile) of the annual
maximum flood for the(a) Tarfala and(b) Abisko catchments. Flood records were tested for stationarity by fitting a generalized least squares
regression to 10-yr moving window estimated flood quantiles versus calendar year and determining the significance of the regression slope
at a significance level of 5 %. The solid lines indicate linear trends in the flood records. Dashed lines represent the percentiles estimated from
the full record.

showed a decreasing (not significant) trend over the 1985–
2009 period and an increasing albeit not significant trend for
the full record period (Fig. 4c).

The flood magnitudes and the mean summer discharge
in the Abisko catchment showed a statistically not signifi-
cant, decreasing trend (p = 0.07) and a statistically signif-
icant decreasing trend (p = 0.01) over the comparison pe-
riod from 1985–2009, respectively (Figs. 4d and 4e). The
rates of decrease in mean summer discharge and flood
magnitudes are approximately−11.7 m3 s−1 decade−1 and
−6.2 m3 s−1 decade−1, respectively for this period. Both the
maximum annual discharge events and the mean summer
discharge showed insignificant decreasing trends for the full
record period (1919–2009). Maximum annual discharge val-
ues varied between 75.3 m3 s−1 and 174.1 m3 s−1 with a me-
dian of 122 m3 s−1. The occurrences of annual maximum dis-
charge events showed a decreasing, insignificant trend (p =

0.53) over the comparison period at a rate of 1.8 d decade−1.
The median date of the annual flood in Abisko is 16 June

(DOY = 167), with early March to early August as the range
of dates for the comparison period (Fig. 4f). However, as in-
dicated in Fig. 4f, in Abisko the majority of flood peaks occur
in the first half of the summer snowmelt season before mid-
July (DOY = 195). Over the long-term period of 1919–2009,
the flood timing of Abisko is significantly (p = 0.01) shifting
towards earlier flood occurrences in the spring and summer
melt period at a rate of 2 days in 12 yr, which is similar to the
rate observed for the comparison period.

3.2.2 Flood frequency analysis

The Gumbel distribution provided a good fit for both catch-
ments based on a probability plot correlation test (Tarfala:
r = 0.98, Abisko:r = 0.99) (Vogel, 1987). The test for sta-
tionarity in the flood quantiles revealed that the Tarfala catch-
ment exhibits a significant increasing trend (p < 0.01) in
the 2-yr, 10-yr, 20-yr, and 100-yr flood quantile. The lowest
probability plot correlation test statistic reached for the 10-yr
moving window estimates wasr = 0.94 andr = 0.90 for the
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Tarfala and Abisko catchments, respectively. Assuming a sig-
nificance level of 1 %, the lower critical value of the PPCC
test statistic forn = 10 values isr = 0.863 (Vogel, 1987).
Thus, for all 10-yr moving window estimates, the Gumbel
distribution provided a good fit. The estimated 100-yr flood
for Tarfala is 26.8 m3 s−1 based on the 41-yr record. How-
ever, during the past 10 yr, the frequency of exceedance of
the entire flood distribution moved towards lower exceedance
probabilities (Fig. 5a). Five of the seven flood peaks with ex-
ceedance probabilities of 20 % or less occurred during the
last decade.

The values of the 2-yr, 10-yr, 20-yr, and 100-yr flood
quantiles for the Abisko show significant decreasing trends
(p <0.01) over the full record period (Fig. 5b, Table 5).
The estimated 100-yr flood for Abisko based on the en-
tire 93-yr (1919–2009) record is 246.5 m3 s−1. The re-
sults of the moving window analysis indicate that dur-
ing the 1919–1955 period, the estimated 100-yr flood
showed a greater variability and moved towards lower
exceedance probabilities compared to the long-term estimate
of 246.5 m3 s−1 (Fig. 5b). Since 1985, however, the entire
flood distribution moved towards higher exceedance prob-
abilities as confirmed by the significant decreasing trend
(p <0.01) (Table 5). This means that flood events with a re-
turn period of approximately 20–30 yr (values exceeded with
a probability of 4–5 %) over the entire record were essen-
tially a 100-yr flood (flow values exceeded with a probability
of 1 %) during the past decade.

3.3 Climatic controls on flood events

3.3.1 Temperature and precipitation

Table 6 summarizes the percentage of years when the an-
nual 1-day maximum and/or annual 3-day maximum for the
total precipitation and mean temperature coincided with the
observed flood peak for the year. Fifty percent of the flood
events that occurred between 1985–2009 in the Tarfala catch-
ment coincided with the annual 1-day maximum precipita-
tion and only 14 % coincided with the annual 1-day maxi-
mum temperature (Table 6). It should be noted that for three
years, the annual 1-day maximum precipitation coincided
with the DOY of the annual 1-day maximum temperature.
Similar results were observed when considering the annual
3-day maximum for precipitation and temperature. The ma-
jority of the flood events coincided with the median day of
occurrence of the maximum annual total precipitation ob-
served over three consecutive days.

For Abisko, the occurrence of floods coincided with the
annual 1-day maximum precipitation in 16 % and with the
annual 1-day maximum temperature in 16 % of the 25 flood
events that occurred in the comparison period of 1985–2009
(Table 6). Thus, floods in Abisko coincided equal times with
the maximum annual temperature events and with the maxi-
mum annual precipitation events, though neither explained

Table 6. Frequency that the DOY of the annual 1-day maximum
precipitation (MAP), the annual 3-day maximum total precipitation
(3 day-MP), the 1-day mean air temperature (MAT), and the annual
3-day mean air temperature (3 day-MT) were coincident with the
maximum annual flood event. The results are shown for the com-
parison period of 1985–2009.

MAP 3 day-MP MAT 3 day-MT N

Tarfala 50 % 50 % 14 % 9 % 22
Abisko 16 % 16 % 12 % 12 % 25

N – Number of years available for this analysis.

Fig. 6. Dominant hydrometeorologic and hydrologic processes af-
fecting the annual discharge and generation of extreme flood peaks
in the Tarfala and Abisko catchments.

the majority of the annual maximum floods. Again, three
flood events occurred on the same day as the annual 1-
day maximum precipitation and temperature. However, this
changes when considering the annual 3-day discharge max-
ima. The flood occurrences coincided with the annual 3-day
maximum precipitation in 16 % and with the annual 3-day
average maximum temperature in 12 % of the 25 flood events
considered. Again, neither explained the majority of the an-
nual maximum floods.

3.3.2 Climate teleconnections

The logarithm of the annual maximum discharge for the Tar-
fala catchment showed a significant positive correlation to
the summer average (JJA) and annual average of the AMO
index (Table 7). These correlations suggest that (in a lin-
ear response sense) one should expect larger floods in years
with higher sea surface temperatures over the North Atlantic.
This likely predicts higher summer temperatures, precipita-
tion amounts and runoff in these areas (Table 1). The timing
of flood occurrences in the Tarfala catchment was not signif-
icantly correlated with any of the climate indices considered
(Table 7). Mean summer (JJA) discharge in the Tarfala catch-
ment, however, had a significant positive correlation with the
annual average of the AMO index and 3-months averages of
the winter, spring and summer season (Table 7). In addition,
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Table 7.Correlations between seasonal (3-months averaged) and annual (12-months averaged) anomalies of climate teleconnection patterns
and annual maximum flood peaks [log(flood)], flood occurrence day (DOY), and mean summer discharge (QJJA), for the Tarfala and Abisko
catchments and the winter (cw), summer (as), net balance (bn), equilibrium line altitude (ELA), and accumulation area ratio (AAR) estimates
of Storglacïaren within the Tarfala catchment. The results are shown for the comparison period of 1985–2009. Correlations that are significant
at the 5 % significance level for a 2-sided test are highlighted in bold.

TARFALA ABISKO

Discharge Glacier mass balance Discharge

log(flood) DOY QJJA cw as bn ELA AAR log(flood) DOY QJJA

DJF NAO −0.21 −0.05 −0.07 0.42 −0.21 0.44 −0.31 0.37 0.17 0.03 0.30
EA −0.23 −0.17 0.17 0.16 −0.01 0.11 −0.08 0.14 −0.44 −0.27 0.00
EA/WR −0.04 0.02 −0.18 0.60 −0.04 0.43 −0.36 0.46 −0.08 0.02 0.39
SCAND −0.04 0.18 −0.01 −0.57 0.22 −0.55 0.46 −0.55 −0.31 0.08 −0.49
POL −0.07 0.19 −0.20 0.32 −0.27 0.41 −0.40 0.40 0.20 0.30 0.11
AMO 0.37 −0.17 0.58 −0.19 0.32 −0.37 0.48 −0.33 0.00 0.16 −0.32

MAM NAO −0.33 −0.26 −0.15 0.22 −0.20 0.30 −0.29 0.30 0.01 −0.10 0.24
EA 0.22 0.05 0.21 −0.15 0.16 −0.22 0.19 −0.14 −0.24 −0.38 −0.23
EA/WR 0.25 −0.11 0.18 −0.09 −0.21 0.09 −0.09 0.09 −0.04 −0.32 0.05
SCAND −0.37 −0.07 −0.21 −0.19 0.12 −0.21 0.15 −0.22 −0.17 −0.05 −0.09
POL −0.09 0.13 −0.24 0.17 −0.12 0.20 −0.23 0.16 −0.14 −0.24 0.22
AMO 0.39 0.16 0.50 −0.16 0.33 −0.35 0.45 −0.35 0.08 0.13 −0.19

JJA NAO −0.15 0.05 −0.25 0.15 0.26 −0.09 −0.15 0.07 0.01 −0.24 0.08
EA 0.16 −0.18 0.34 −0.39 0.21 −0.42 0.44 −0.38 −0.34 −0.21 −0.38
EA/WR −0.23 −0.17 −0.29 −0.16 −0.10 −0.03 −0.02 −0.11 −0.23 −0.23 −0.20
SCAND −0.38 0.12 −0.14 0.14 0.28 −0.12 0.10 −0.06 −0.04 −0.18 −0.08
POL −0.07 −0.29 −0.18 0.16 −0.12 0.19 −0.26 0.27 0.13 −0.19 0.04
AMO 0.54 0.15 0.59 −0.12 0.13 −0.18 0.30 −0.19 0.17 0.09 −0.22

Annual NAO −0.02 0.26 −0.05 0.51 −0.11 0.43 0.40 −0.24 0.15 0.17 0.42
EA 0.22 −0.09 0.41 −0.04 0.04 −0.06 −0.44 0.36 −0.18 −0.33 −0.19
EA/WR −0.30 −0.09 −0.20 0.25 0.05 0.13 0.16 −0.09 −0.08 0.07 0.27
SCAND −0.29 −0.04 −0.18 −0.18 0.12 −0.21 −0.28 0.20 −0.17 0.04 −0.18
POL −0.17 0.06 0.02 0.25 −0.11 0.25 0.26 −0.33 0.28 0.18 0.35
AMO 0.44 −0.04 0.66 −0.26 0.23 −0.35 0.45 −0.25 −0.09 0.06 −0.33

Table 8. Summary of trends observed in the Swedish Tarfala and Abisko catchments. Streamflow dynamics and flood events in northern
landscapes are typically driven by either snowmelt (thermally driven) in the spring or the occurrence of precipitation events during the late
summer and autumn.

Basin Basin Glacier Mean annual Annual Flood Flood QJJA Hydrologic
area cover air temperature precipitation magnitude timing effect

Tarfala 21.7 km2 30 % Increase n.s. Increase n.s. Increase Amplified∗

Abisko 566 km2 1 % Increase Increase1, n.s.2 -n.s. Decrease1, -n.s.2 Decrease Dampened∗∗

1 – for period 1913–2009;2 – for period 1985–2009; n.s. means the process did not exhibit a statistically significant trend at the 5 % level, although the trend was negative
(decrease) for the Abisko catchment (–);∗ Increasing trend in the flood magnitudes and summer discharge;∗∗ Decrease in the mean summer discharge and flood magnitudes
and trend towards earlier flood occurrences.

the mean summer (JJA) discharge in the Tarfala catchment
had a significant positive correlation with the annual aver-
age of the EA index (Table 7). The positive phase of the EA
index is associated with negative height anomalies east of
Newfoundland that lead to above normal temperatures in Eu-
ropean Russia but above normal precipitation across northern

Fennoscandia (Table 1). This likely predicts greater summer
precipitation and runoff amounts in the Tarfala catchment.

For the Abisko catchment, the logarithms of the maxi-
mum annual flood events were negatively correlated with the
winter (DJF) EA index (Table 7). The negative phase of the
EA index is associated with an intensification of the merid-
ional circulation that leads to a negative temperature anomaly
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Table 9. Correlations between the annual winter (cw), summer (as), net balance (bn), equilibrium line altitude (ELA), and accumulation
area ratio (AAR) estimates of Storglaciären and the annual maximum flood peaks (log(flood)), flood occurrences (DOY), and mean summer
discharge (QJJA) for the Tarfala catchment for the comparison period 1985–2009. Correlations that are significant at the 5 % significance
level for a 2-sided test are indicated in bold.

cw as bn ELA AAR log(flood) DOY QJJA

cw 1 −0.39 0.83 −0.76 0.82 −0.24 0.09 −0.24
as 1 −0.84 0.72 −0.67 0.23 0.22 0.23
bn 1 −0.89 0.89 −0.28 −0.08 −0.28
ELA 1 −0.95 0.34 0.06 0.40
AAR 1 −0.28 −0.01 −0.28
log (flood) 1 0.26 0.67
DOY 1 0.16
QJJA 1

or below average temperatures and above normal precipi-
tation over northern Europe (Table 1). Thus, in the Abisko
catchment one should expect larger floods in summers fol-
lowing winters with the EA index in the negative phase. Pre-
dominance of the EA index in the negative phase during the
winter season likely predicts greater precipitation amounts
and thus greater snow accumulation in the Abisko catchment.
The timing of flood occurrences in the Abisko catchment
showed a significant negative correlation with the spring
(MAM) average of the EA index (Table 7). The mean sum-
mer discharge in the Abisko catchment showed a significant
negative correlation with the winter (DJF) SCAND index,
the summer EA index and significant positive correlations
to the annual average of the NAO and POL index (Table 7).
The negative phase of both the EA and the SCAND index
cause negative height pressure anomalies over northern Eu-
rope and Fennoscandia that lead to lower temperatures and
above normal precipitation (Table 1). Similarly, the positive
phase of both the NAO and the POL index are characterized
by above normal precipitation and above normal winter and
spring temperatures in Fennoscandia, which likely signify
greater precipitation and runoff amounts in Abisko during
the summer season.

4 Discussion

4.1 Regional precipitation and temperature trends

Figure 6 provides a visual summary of the hydrometeoro-
logic and hydrologic processes in these two basins. Char-
acteristics of the two catchments and the results of criti-
cal statistical trend tests are summarized in Table 8. The
data show that there is a clear increase in the annual mean
temperature in both catchments over the respective com-
mon and long-term time periods associated largely to sta-
tistically significant increases of spring temperatures in the
Abisko catchment and of winter temperatures in the Tarfala
catchment (Figs. 2 and 3, Tables 2, 3 and 4). With the ex-
ception of the winter period, trends in the annual and sea-

sonal minimum temperature were not statistically significant
in either catchment. The slope of the mean annual temper-
ature rise in the Abisko catchment over the 1913–2009 pe-
riod agrees with evidence that Arctic air temperature has
been rising at an average rate of 0.09 decade−1 since 1875
(Table 3) (Polyakov et al., 2003; Trenberth et al., 2007).
The long-term (1913–2009) seasonal temperature trends ob-
served at the Abisko Scientific Research Station are in gen-
eral agreement with the results of Jones et al. (1999), Serreze
et al. (2000) and Polyakov et al. (2003) who observed the
smallest warming trend in summer (JJA) (0.05◦C decade−1;
Abisko: 0.03◦C decade−1) and the largest warming trend
during the winter and spring (DJF, MAM) (0.13 and 0.12◦C
decade−1, respectively; Abisko: 0.08 and 0.15◦C decade−1,
respectively) within the 55–85◦ N zonal band. The rise in
mean annual temperature that was recorded in both catch-
ments since 1985 (0.67 and 0.96◦C decade−1 for the Abisko
and Tarfala catchment, respectively) is consistent with mean
annual temperature trends reported for Scandinavia and the
Baltic Sea area by Callghan et al. (2010) and Lehman et
al. (2011). In addition, there is a diurnal asymmetry in the
warming in the Tarfala catchment comprised of a rise in min-
imum temperature at a rate three times the rate of the in-
crease in the maximum temperature. This trend is consistent
with observations by Karl et al. (1993) and Rusticucci and
Barrucand (2004) of large parts of the northern and south-
ern hemisphere landmass. In contrast there was an increase
in minimum temperature (for all seasons) and a decrease in
the maximum summer temperature in the Abisko catchment
(Tables 2, 3 and 4).

Precipitation is another critical variable in flood genera-
tion. The Tarfala catchment did not show significant increas-
ing or decreasing trends in the total and maximum summer
precipitation. For the Abisko catchment a significant decreas-
ing trend in the winter precipitation was found for the com-
parison period 1985–2009. In addition, the long-term record
(1913–2009) showed a significant increase in annual pre-
cipitation. Although the frequency of precipitation events
remained unchanged in both catchments over a long-term
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period (Fig. 3), the variability and magnitude of extreme pre-
cipitation events were increasing. These trends are consistent
with findings reported by Busuioc et al. (2001), Callaghan et
al. (2010) and Birsan et al. (2005), who hypothesize changes
in the large-scale circulation patterns, increased moisture
transport to arctic regions and the lack of adequate rain gauge
coverage to capture the large spatial variability of precipita-
tion as potential reasons for the inconsistent trends.

4.2 Shifting hydrology and hydrological extremes

Although both catchments demonstrated similar precipita-
tion and temperature trends over the common time periods,
we found contrasting trends in the mean summer discharge,
as well as the flood magnitude and flood timing between
the Abisko and Tarfala catchments. The Tarfala catchment
showed a statistically significant increase in the mean sum-
mer discharge and the magnitude of flood peaks, and an in-
significant decrease in the flood occurrences over the com-
parison period of 1985–2009 (Fig. 3). Flood peaks showed
a significant correlation to the mean summer discharge. This
is suggesting that generally wetter conditions in the catch-
ment either due to above-normal precipitation amounts or
due to increased glacier melt could increase the disposition of
high-magnitude flood events. Wetter conditions were found
in years with above-normal sea surface temperatures across
the North Atlantic (indicated by a significant correlation to
the AMO index (Table 7)) and a more negative glacier net
balance. In addition, mean summer discharge in the Tarfala
catchment showed a significant correlation (r= 0.4) with the
ELA of Storglacïaren (Table 8). This is suggesting that runoff
generation is increased in years with a higher ELA, which
corresponds to a more negativebn and a lower AAR (Ta-
ble 8). Together these relationships suggest the following
mechanistic changes in the Tarfala catchment. The observed
decreasing trend in Storglaciären’s net balance since 1985 is
associated with a decreasing trend in the glaciers AAR. As
indicated by the significant correlation between ELA and the
mean summer discharge (Table 8), this could potentially in-
crease melt water production due to earlier and more exten-
sive disappearance of high-albedo glacial snow and firn. The
reduction in firn-covered surface area and firn pack thick-
ness, and greater exposure of low-albedo bare ice is likely
reducing the water retention capacity, allowing greater melt,
and potentially increasing the volume and peak flows of wa-
ter over the glacier surface (Hock et al., 2005). Similar link-
ages between air temperature, variations in thecw, as, and
streamflow trends have been observed by Fleming and Clarke
(2003), Huss et al. (2008), and Pellicciotti et al. (2010) in
catchments with considerable (>10 %) glacier cover, which
are supporting our results.

Trends in air temperature alone cannot explain the ob-
served trends in the magnitude and timing of flood peaks in
the Tarfala catchment, because 50 % of the flood events coin-
cided with the annual 1-day maximum precipitation and only

14 % coincided with the annual 1-day maximum tempera-
ture (Table 6). The temperature-induced decrease in the net
balance of Storglaciären and the associated increased melt
water contribution could represent an important precursor
for an increased flood generation in the Tarfala catchment
by increasing streamflow and providing fast runoff pathways
when glacial snow/firn cover is low. However, the high co-
incidence between flood events and the maximum annual
precipitation suggests that large precipitation events, espe-
cially when occurring late in the summer season when the
catchment snow cover is removed, could be the primary rea-
son for the observed amplification of flood extremes. This
is also supported by the observed increase in extreme pre-
cipitation during the last decade. In addition, we found that
a low AAR and negative glacier net balance in the Tarfala
catchment occurred predominantly in years with the seasonal
summer EA index in the positive phase, which is character-
ized by above-average precipitation over Scandinavia (Ta-
ble 7). Together, these results indicate the increasing impor-
tance of rainfall for flood generation. These findings are con-
sistent with studies from Kane et al. (2003) and Cunderlik
and Ouarda (2009). Kane et al. (2003) showed in the Upper
Kuparuk River, Alaska that rainfall-generated runoff events
produce flood magnitudes that can exceed by a factor of
three of those generated by snowmelt. They concluded that
the likelihood of major rainfall-generated floods is especially
prevalent in catchments with limited soil storage and steep
topography. However, catchment size and the orientation of
the catchment to predominant weather patterns are also im-
portant factors (Kane et al., 2003). Similarly, Cunderlik and
Ouarda (2009) reported that the importance of rainfall floods
has been increasing across continental arctic and sub-arctic
Canada during the past three decades, while magnitudes of
snowmelt floods showed significant negative trends.

In contrast to the hydrologic amplification observed in the
Tarfala catchment, the Abisko catchment showed significant
decreasing trends in the mean summer discharge and in the
magnitude of flood peaks (significant at 10 % level) suggest-
ing changes in the catchment hydrology that diminish flood
intensities. In addition, the Abisko catchment showed a neg-
ative trend in the timing of flood peaks, which is signifi-
cant for the long-term record period, implying that the oc-
currence of floods is shifting toward the earlier part of the
year. The mean summer discharge and flood magnitudes in
the Abisko catchment showed significant correlations to the
annual NAO index and the EA index of the previous win-
ter season (Table 7). Because both the NAO index and the
EA index are reliable indicators of large-scale moisture and
energy flow into northern Europe, it is possible that winter
precipitation and the build-up of the winter snow pack sub-
sequently affect streamflow dynamics in the spring and sum-
mer melt season. These results agree with results of previous
studies from non-glacierized, permafrost dominated catch-
ments in Fennoscandia (Korhonen and Kuusisto, 2010; Wil-
son et al., 2010), Sub-Arctic Canada (Carey and Woo, 2001;
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Dery and Wood, 2005; Abdul-Aziz and Burn, 2006; Cunder-
lik and Ouarda, 2009; Khaliq et al., 2009, Burn et al., 2010),
and Alaska (Woo and Thorne, 2008; Brabets and Walvoord,
2009; Hodgkins, 2009) which discuss a similar range of ex-
planations for the observed trends. Burn et al. (2010) hypoth-
esized that the decreasing trend in flood magnitudes and oc-
currences is the results of increased winter and spring tem-
peratures that lead to greater losses of the snowpack before
the onset of spring melt. Meteorological records from the
Abisko catchment indicate a significant increase in the winter
and spring air temperature and a negative, albeit insignificant
(p = 0.35), trend in winter precipitation, which could result
in similar reductions in the spring snow pack and an exten-
sion of the snow-free summer melt period (Table 4).

On the other hand, higher temperatures can result in in-
creased permafrost thawing; that can lead to increased re-
tention capacity of unfrozen ground and increased subsur-
face flow through the active layer that could potentially
have a dampening effect on peak flows (Lyon et al., 2009,
2010). Indeed, several studies across sub-arctic Sweden
have documented accelerated permafrost thawing. Malmer et
al. (2005) reported that areas of ponds have increased while
areas with dry palsa tops have decreased. For the Abisko
catchment,Åkerman and Johansson (2008) documented in-
creases in active layer thickness in nine lowland mires with
discontinuous permafrost between 1978 and 2006, and esti-
mated an average permafrost thawing rate of 0.7–1.3 cm yr−1

based on those data. This progressive increase in active layer
thickness is likely to cause increased water flow via subsur-
face flow pathways as indicated by the negative trend in mean
summer discharge in the Abisko catchment. Similar indica-
tors of a progressive increase in catchment storage have been
documented by means of a greater annual discharge (Lind-
ström and Bergstr̈om, 2004), increased total organic carbon
(TOC) export rates to lakes (Kokfelt et al., 2009), and in-
creased dissolved inorganic carbon (DIC) exports to streams
(Lyon et al., 2010).

Altogether our results suggest that the effect of climate
warming on the arctic and sub-arctic hydrologic system can
fundamentally change the hydrologic responses of those sys-
tems (Fig. 6 and Table 9). Our observations indicate that sub-
arctic mountain catchments can experience an amplified re-
sponse to climate forcing relative to that found for lower al-
titudes. In the glacierized Tarfala catchment, trends in hy-
drological extremes (floods) indicate that this catchment is
becoming more efficient in transmitting water to its outlet.
This can be attributed in large parts to the negative trends
in the net balance and associated reduction in snow cover
and firn volume and, thus, water retention capacity (Hock
et al., 2005). Conversely, in the Abisko catchment, research
has shown that the mean soil depth and soil water storage
capacity is increasing with the melting of permafrost; as a
result the annual maximum discharge events and stream-
flow exhibit a generally decreasing trend likely due to the
dampening effect of increased sub-surface catchment stor-

age. In addition, the decreases in mean summer discharge
and flood magnitudes in the Abisko catchment are likely
the result of earlier snowmelt, as indicated by the decreas-
ing trend in flood occurrences associate with warming cli-
mate and thawing permafrost. We suggest that the increase in
mean summer discharge in the glacierized Tarfala catchment
is due to higher temperatures promoting enhanced melt wa-
ter production due to earlier and more extensive disappear-
ance of high-albedo glacial snow, earlier melt of the catch-
ment snow cover, and increased summer precipitation (posi-
tive but insignificant trend), which could promote wetter con-
ditions and increased connectivity of hydrologic flow path-
ways within the catchment. On the other hand, the increase
in flood magnitudes of Tarfala is likely due to the increase
in extreme precipitation events in conjunction with catch-
ment properties that promote fast runoff such as low glacial
snow and firn cover, high antecedent wetness in years with
above-normal precipitation and increased mean streamflow
due to increased glacier melt. However, does glacier pres-
ence matter for the observed trends in flooding extremes?
Based on our results we conclude that for flood extremes it
appears that glacier presence and particularly the amount of
glacier melt in response to climatic forcing play a key role
in runoff production in mountain catchments. However, the
potential role of changes in the snow cover characteristics
should to be examined in more depth. A reduction in the sea-
sonal snow cover in non-glacierized catchments would po-
tentially lead to a decrease in streamflow from these catch-
ments due to the reduced precipitation input, while the same
reduction in a glacierized catchment would potentially leave
the glacier ice exposed for a longer time, thus resulting in
a short term increase in streamflow until depletion of the
glacier mass reaches the critical stage after which streamflow
will decrease (Jansson et al., 2003).

5 Conclusions

Despite the similarity in precipitation and temperature
trends, the 30 % and 1 % glacierized Tarfala and Abisko
catchments in sub-arctic northern Sweden exhibited funda-
mentally different trends in the mean summer discharge, and
in the flood magnitude and timing. The glacierized Tarfala
catchment showed a statistically significant increase in the
mean summer discharge and the magnitude of flood peaks,
and progressively earlier flood occurrences (not significant);
the non-glacierized Abisko catchment showed a significant
decrease in the mean summer discharge and in the flood mag-
nitudes at the 10 % level and a insignificant trend towards
earlier flood occurrences during the past three decades. Cor-
relation analyses of hydrologic trends in the Tarfala catch-
ment with glacier mass balance data and climate pattern in-
dices show statistically significant relationships for both the
flood peaks and the mean summer discharge with the win-
ter balance of Storglaciären and the Atlantic multidecadal
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oscillation. These relationships suggest that climatic forcing
(e.g. reduction in snow cover) on the glacier net balance in
the Tarfala catchment affect the streamflow dynamics in the
summer melt season. The increase in flood magnitudes, how-
ever, is clearly correlated to an increase in extreme precipi-
tation events in conjunction with catchment properties that
promote fast runoff, such as low glacial snow and firn cover,
high antecedent wetness in years with above-normal pre-
cipitation and increased mean streamflow due to increased
glacier melt. Conversely, the decreasing trends observed in
the non-glacierized Abisko catchment in combination with
the precipitation and temperature trends point towards a re-
duction of the winter snow pack due to higher temperatures
and an increasing sub-surface storage capacity or catchment
storage due to progressively thawing permafrost. Together
these results show that similar climate forcing can cause fun-
damentally different responses of hydrologic systems in the
Arctic and Sub-Arctic.
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son, L., and Zemp, M.: Glossary of Glacier Mass Balance and
Related Terms. IHP-VII Technical Documents in Hydrology No.
86, IACS Contribution No. 2, UNESCO-IHP, Paris, 2011.

Cunderlik, J. M. and Ouarda, T.: Trends in the timing and magnitude
of floods in Canada, J. Hydrol., 375, 471–480, 2009.

Dery, S. J. and Wood, E. F.: Decreasing river discharge
in northern Canada, Geophys. Res. Lett., 32, L10401,
doi:10.1029/2005GL022845, 2005.

Dery, S. J., Stieglitz, M., McKenna, E. C., and Wood, E.
F.:Characteristics and Trends of River Discharge into Hudson,
James, and Ungava Bays, 1964–2000, J. Climate, 18, 2540–
2557, 2005.

Douglas, E. M., Vogel, R. M., and Kroll, C. N.: Trends in floods
and low flows in the United States: impact of spatial correlation,
J. Hydrol., 240, 90–105, 2000.

Durbin, J. and Watson, G. S.: Testing for serial correlation in Least
squares regression, I, Biometrika 37, 409–428, 1950.

Enfield, D. B., Mestas-Nunez, A. M., and Trimble, P. J.: The At-
lantic Multidecadal Oscillation and its relationship to precipita-
tion and river flows in the continental U.S., Geophys. Res. Lett.,
28, 2077–2080, 2001.

Fleming, S. W. and Clarke, G. K. C.: Glacial control of water re-
sources and related environmental responses to climatic warm-
ing: empirical analysis using historical streamflow data from
Northwestern Canada, Can. Water Res. J., 28, 69–86, 2003.

Fleming, S. W., Moore, R. D., and Clarke, G. K. C.: Glacier-
mediated streamflow teleconnections to the Arctic Oscillation,
Int. J. Climatol., 26, 619–636, 2006.

Fountain, A. G. and Tangborn, W. V.: The effect of glaciers on
streamflow variations, Water Resour. Res., 21, 579–586, 1985.

www.hydrol-earth-syst-sci.net/16/2123/2012/ Hydrol. Earth Syst. Sci., 16, 2123–2141, 2012

http://dx.doi.org/10.1029/2009GL042064
http://www.cdc.noaa.gov
http://dx.doi.org/10.1029/2005GL022845


2140 H. E. Dahlke et al.: Contrasting trends in floods for two sub-arctic catchments

Fox, J. and Hartnagel. T. F.: Changing Social Roles and Female
Crime in Canada: A Time Series Analysis. Can. Rev. Sociol. An-
thr., 16, 96–104, 1979.

Groisman, P. Y., Knight, R. W., Easterling, D. R., Karl, T. R.,
Hegerl, G. C., and Razuvaev, V. N.: Trends in intense precipi-
tation in the climate record, J. Clim. 18, 1326–1350, 2005.

Gumbel, E. J.: Statistics of extremes, New York, Columbia Univer-
sity Press, 375 pp., 1958.

Helsel, D. R., and Hirsch, R. M.: Statistical Methods in Water Re-
sources, Elsevier, New York, USA, 522 pp., 1992.

Hock, R., Jansson, P., and Braun, L.: Modelling the response of
mountain glacier discharge to climate warming, In: Huber, U.
M., Reasoner, M. A., and Bugmann, H. (eds): Global Change and
Mountain Regions – A State of Knowledge Overview. Springer,
Dordrecht, The Netherlands, 243–252, 2005.

Hodgkins, G. A.: Streamflow changes in Alaska between the cool
phase (1947–1976) and the warm phase (1977–2006) of the Pa-
cific Decadal Oscillation: The influence of glaciers, Water Re-
sour. Res. 45, doi: 10.1029/2008WR007575, 2009.

Holmlund, P., Jansson, P., and Pettersson, R.: A re-analysis of the
58 year mass-balance record of Storglaciären, Sweden, Ann.
Glaciol., 42, 389–394, 2005.

Huss, M., Farinotti, D., Bauder, A., and Funk, M.: Modelling runoff
from highly glacierized alpine drainage basins in a changing cli-
mate, Hydrol. Process., 22, 3888–3902, 2008.

Jain, S. and Lall, U.: Floods in a changing climate: Does the past
represent the future?, Water Resour. Res., 37, 3193–3205, 2001.

Jansen, E., Overpeck, J., Briffa, K. R., Duplessy, J.-C., Joos, F.,
Masson-Delmotte, V., Olago, D., Otto-Bliesner, B., Peltier, W.
R., Rahmstorf, S., Ramesh, R., Raynaud, D., Rind, D., Solom-
ina, O., Villalba, R., and Zhang, D.: Palaeoclimate, in Cli-
mate Change 2007: The Physical Science Basis, Contribution
of Working Group I to the Fourth Assessment Report of the In-
tergovernmental Panel on Climate Change, edited by: Solomon,
S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B.,
Tignor, M., and Mille, H. L., 433–497, Cambridge Univ. Press,
Cambridge, UK, 2007.

Jansson, P. and Pettersson, R.: Spatial and Temporal Characteristics
of a Long Mass Balance Record, Storglaciären, Sweden, Arct.
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