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  change	
  in	
  surface	
  temperature	
  1901-­‐2012	
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Summary for Policymakers

6

Figure SPM.1 |  (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean 
of 1961−1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression 
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}
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Land-­‐Ocean	
  Temperature	
  Changes	
  

Arc;c	
  temperature	
  amplifica;on	
  1987-­‐2007	
  

The	
  rise	
  in	
  Arc;c	
  near-­‐surface	
  
air	
  temperatures	
  has	
  been	
  
almost	
  twice	
  as	
  large	
  as	
  the	
  
global	
  average	
  in	
  recent	
  
decades—a	
  feature	
  known	
  as	
  
‘Arc0c	
  amplifica0on’.	
  	
  
	
  
Causes:	
  
1.  Increased	
  concentra;ons	
  of	
  

atmospheric	
  GHGs	
  
2.  reduc;ons	
  in	
  snow	
  and	
  sea	
  

ice	
  cover	
  
3.  changes	
  in	
  atmospheric	
  and	
  

oceanic	
  circula;on	
  
4.  changes	
  in	
  	
  cloud	
  cover	
  and	
  

water	
  vapour	
  	
  
	
  

Temperature	
  –	
  Departure	
  from	
  the	
  average	
  
March	
  10,	
  2014	
  

Screen & Simmonds, Nature, 2010  
http://www.columbia.edu/~mhs119/Temperature/T_moreFigs/ 

Arc0c	
  Heat	
  in	
  winter	
  —	
  February	
  2,	
  
2014	
  Temperature	
  Anomaly	
  Hits	
  +	
  6	
  °C	
  
for	
  en0re	
  Arc0c	
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Methane	
  release	
  from	
  the	
  Arc;c	
  	
  

Arc;c	
  methane	
  release	
  is	
  a	
  long-­‐term	
  natural	
  process,	
  that	
  may	
  be	
  increased	
  by	
  
global	
  warming.	
  Large	
  quan;;es	
  of	
  methane	
  are	
  stored	
  in	
  the	
  Arc;c	
  in	
  natural	
  
gas	
  deposits,	
  permafrost,	
  and	
  as	
  submarine	
  clathrates.	
  This	
  release	
  may	
  result	
  in	
  
a	
  posi0ve	
  feedback	
  effect,	
  as	
  methane	
  is	
  itself	
  a	
  powerful	
  greenhouse	
  gas	
  
	
  



The	
   major	
   physical	
   pathways	
   (wind,	
   rivers	
  
and	
   ocean	
   currents)	
   that	
   transport	
  
contaminants	
  to	
  the	
  Arc;c.	
  	
  

Macdonnald	
  et	
  al.,	
  2005	
  

A	
   simplified	
   schema;c	
   diagram	
  
showing	
   how	
   physical	
   pathways	
  
deliver	
   contaminants	
   emiTed	
   from	
  
northern	
   industrial	
   regions	
   to	
   the	
  
Arc;c	
  

Physical	
  transport	
  pathways	
  from	
  industrial	
  regions	
  to	
  the	
  Arc;c	
  	
  



Global	
  dis0lla0on	
  or	
  the	
  grasshopper	
  effect	
  is	
  the	
  geochemical	
  process	
  by	
  which	
  certain	
  chemicals,	
  
most	
  notably	
  persistent	
  organic	
  pollutants	
  (POPs),	
  are	
  transported	
  from	
  warmer	
  to	
  colder	
  regions	
  of	
  
the	
  Earth,	
  par;cularly	
  the	
  Poles	
  and	
  mountain	
  tops.	
  	
  

Global	
  dis;lla;on	
  explains	
  why	
  rela;vely	
  high	
  concentra;ons	
  of	
  POPs	
  have	
  been	
   found	
   in	
   the	
  Arc;c	
  
environment	
   and	
   in	
   the	
   bodies	
   of	
   animals	
   and	
   people	
   who	
   live	
   there,	
   even	
   though	
   most	
   of	
   the	
  
chemicals	
  have	
  not	
  been	
  used	
  in	
  the	
  region	
  in	
  appreciable	
  amounts	
  

Transport	
  of	
  POPs	
  to	
  the	
  Arc;c:	
  the	
  Grasshopper	
  effect	
  



Poten;al	
  consequences	
  for	
  POPs	
  fate	
  with	
  respect	
  to	
  CC	
  	
  

R.	
  Kallenbhorn	
  J.	
  Environ.	
  Monit.,	
  2012	
  

Table 2 Scenario descriptions and expected potential consequences for POPs fate with respect to global climate change; (+ increasing, ! decreasing)

Scenario Environmental consequence POP associated changes Effects on POP levels Supporting references

Sea level rise Increased erosion Increased release of POPs
from secondary sources

+ 6,8,18–20 and 23

Coastal erosion Loss of coastal habitats.
New organisation of human
settlements along coastal
zones

New POP sources to be
expected

+ 6,12,18,20,21 and 37

Change of the atmospheric
composition

Increased CO2 levels,
chemical composition,
particulates

Changes in the global and
regional transport pathways

+ 18,20,38,58,80 and 105

Increasing regional weather
variability

Increased average
precipitation rates

Changes in the global and
regional transport pathways

+ 18,20,21,38 and 80

Increased incidents of
extreme weather events
including forest fires

Flooding and storm events Increased release of POPs
from secondary sources

+ 16,18,20,65–67,70,82,84 and
85

Ambient temperature rise in
the oceans

Introduction of non-native
species

Introduction of new
sources, increased
evaporation, enhanced
biotransformation

" 6,16,18–20,22,60,88–90 and
111

Reduced sea ice coverage in
the Polar Regions

Significant temperature rise
in the Arctic ocean due to
change in albedo properties

Increased POP evaporation
from open surfaces (sea–
land)

+ 6,8,18–23 and 114

Reduced permafrost in
polar/sub-polar and high
altitude regions

Increased erosion
consequences for biosphere
and human infrastructures

Increased POP mobility,
evaporation forms open
surfaces (sea–/fresh water–
land interaction)

+ 18–20,22 and 69

Changes in ocean current
patterns

Water mass movement
change with considerable
consequences for layer
mixing and migrating
marine species

Change in POP mobility
and distribution

" 6,8,9,11,18,36 and 60

Reduced ground/fresh water
levels in temperate/tropic

Access to drinking water
resources. Expanding desert
belt in Africa and Asia

Storage reservoir of
previously deposited POPs
will serve as secondary
sources

! 13,18,110 and 118

Continuous reduction of
tropic rain forest along the
equatorial regions

Reduced ground and fresh
water resources, biodiversity
changes

Reduced POP storage
capacity in the global
vegetation

" 6,18 and 110

Access to agricultural
resources

Reduced agriculture areas in
tropic and temperate
regions, increased
possibilities in boreal and
sub-Polar/Arctic regions

Reduced application
potential in temperate/
tropic regions

! 6,18–22,110 and 113

Increased application
potential in the boreal and
sub-Polar Regions

+

Biodiversity Changes in the regional
composition of the
biosphere

Regional specific changes in
transport, distribution and
accumulation processes

" 18,20,36,48,88–90,106,110
and 111

Desertification Global restructuring of
vegetation zones

Remobilisation of POPs.
Strong impact on new
emerging secondary sources

+ 6,18 and 105

Increased global human
population

Increased pollution
potential

Introduction of new
sources, including urban
sources in former pristine
background regions

+ 6,18–20,105,113 and 114

Drinking water access Increased global population
requires more drinking
water resources

Reduced ground water level
(leads to arid locations/
deserts). Surface water
exploitation with
consequences for drinking
water quality in the case of
insufficient cleaning/
hygienic capacity

+ 18,20 and 118

Acidification Changes in the composition
and fitness of benthic low
trophic level organisms with
significant consequences for
the marine and fresh water
food web composition

New species will be
introduced with
consequences for
biomagnification and
uptake processes for POPs
along the marine food webs

" 18–20,53,54 and 114

2864 | J. Environ. Monit., 2012, 14, 2854–2869 This journal is ª The Royal Society of Chemistry 2012
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Bioaccumula0on	
   refers	
  to	
  the	
  accumula;on	
  
of	
   substances,	
   such	
   as	
   pes;cides,	
   or	
   other	
  
organic	
  chemicals	
  in	
  an	
  organism	
  

Biomagnifica0on	
   (bioamplifica;on	
   or	
  
biological	
   magnifica;on),	
   occurs	
   when	
   the	
  
concentra;on	
  of	
  a	
  substance	
  in	
  an	
  organism	
  
exceeds	
   the	
   background	
   concentra0on	
   of	
  
the	
  substance	
  in	
  its	
  diet	
  

Bioaccumula;on	
  and	
  biomagnifica;on	
  of	
  organics	
  in	
  Arc;c	
  



Bioaccumula;on	
  and	
  biomagnifica;on	
  of	
  organics	
  in	
  Arc;c	
  



AMAP,	
  2011	
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Summary	
  of	
  for	
  selected	
  ;me	
  series	
  from	
  Canada,	
  West	
  Greenland,	
  East	
  Greenland	
  and	
  the	
  European	
  Arc;c.	
  	
  

Hg	
  trend	
  in	
  different	
  mammals	
  and	
  birds	
  from	
  1970s	
  to	
  2010	
  	
  



3.2. a-Endosulfan in the Arctic air

Perhaps because a-endosulfan is more abundant
then b-endosulfan in technical endosulfan, the con-
centrations of b-endosulfan in arctic air are much
lower than those of a-endosulfan. Thus only a-
endosulfan has been detected in arctic air (Hung,
personal communication). A time trend of a-endo-
sulfan air concentration at Alert between 1987 and
1997, compiled from several sources (Patton et al.,
1991; Halsall et al., 1998; Hung et al., 2002), shows
this to be one of the few OCPs that is still increasing
in arctic air (Fig. 7). The data for emissions of a-
endosulfan (Fig. 7) show a large variance with a

generally increasing trend at least up until the late
1990s. Canadian arctic air similarly exhibits scatter
but the few available data are not inconsistent with the
emission data, suggesting the atmosphere to be the
important transporting medium.

3.3. DDT in the Arctic air

Fig. 8 shows that global emissions of
P

DDT and
their concentration in arctic air (Alert, Canada)
between 1985 and 2000 are correlated (r2=0.54).
Likewise, the down-core profile of DDT in sediment
core slices from a lake on Devon Island, Nunavut,
Canada (Fig. 9) follows reasonably well the global
DDT emissions due to the use in agriculture strongly
suggesting that rapid atmospheric LRT has been the
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Fig. 6. Arithmetic annual mean concentrations of a- (shaded bars)

and h-HCH (blank bars) in the Arctic air (Alert station, pg/m3)

(Patton et al., 1991; Halsall et al., 1998; Hung et al., 2002; Li et al.,

2002).
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Perhaps because a-endosulfan is more abundant
then b-endosulfan in technical endosulfan, the con-
centrations of b-endosulfan in arctic air are much
lower than those of a-endosulfan. Thus only a-
endosulfan has been detected in arctic air (Hung,
personal communication). A time trend of a-endo-
sulfan air concentration at Alert between 1987 and
1997, compiled from several sources (Patton et al.,
1991; Halsall et al., 1998; Hung et al., 2002), shows
this to be one of the few OCPs that is still increasing
in arctic air (Fig. 7). The data for emissions of a-
endosulfan (Fig. 7) show a large variance with a

generally increasing trend at least up until the late
1990s. Canadian arctic air similarly exhibits scatter
but the few available data are not inconsistent with the
emission data, suggesting the atmosphere to be the
important transporting medium.
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regions are lower than those at remote sites, like the
Arctic Ocean (Fig. 12, filled squares).

Although the data in Fig. 12 span a 10 year period
and have been collected from a wide range in
longitudes, they clearly illustrate the general increase
in a-HCH in cool, northern waters with exceptionally
high values under the pack ice of the Canada Basin.

The increase of a-HCH northward into the Arctic
Ocean cannot be explained solely by water trans-
portation since that would produce dilution of surface
waters away from the prominent sources off India and
Asia. An environmental concentrating process, here
solvent switching, must be brought in. Partitioning
favours water—perhaps 95% or more of the a-HCH
partitions from the air into the water beneath it. After
application, a-HCH became quickly distributed by the
atmosphere (solvent variation), reaching the arctic
atmosphere in days or weeks. Along the way, a-HCH
exchanged between air and rain and air and seawater
(solvent switching), gradually becoming more or less
distributed according to its partition coefficient
between these two solvents. Henry’s law constant
(HLC) for a-HCH decreases appreciably with water
temperature (Macdonald et al., 2000; Sahsuvar et al.,
2003), implying that a gradient in ocean surface

temperature would eventually lead to an enrichment in
cold water simply through hemispheric thermody-
namic forcing. In this case, we can consider Henry’s
Law to provide the means to make dcold con-
densationT happen. Given the long emission history
(Fig. 1) a-HCH has relentlessly built a large reservoir
in the frigid surface waters of the Arctic Ocean.
However, to achieve such high concentrations in
waters under the permanent pack but lower concen-
trations in shelf waters despite the fact that temper-
atures are cold for both requires something other than
thermodynamic forcing. The simplest explanation
relies on kinetics and the fact that the release of a-
HCH has been a transient. Ice cover in the Arctic’s
interior ocean hampers exchange making the system
slower to load and unload. By the time we had any
regular series of data for this ocean, the emissions/
atmospheric concentrations had passed the maximum
and what we likely witnessed was a faster drawdown
of marginal seas than the interior ocean where the
relict inventories were still locked at the surface by ice
cover, stratification and long residence times for the
water (Macdonald et al., 1997a). The reduction of sea-
ice cover during the past 40 years, especially in the
marginal seas (Macdonald et al., 2003), likely
enhanced the rate at which shelf water established
equilibrium with the decreasing a-HCH concentra-
tions in air. The dominant loss process for the
inventory of a-HCH accumulated under the pack ice
was proposed by Macdonald et al. (2000) to be
outflow through the Canadian Archipelago. Shen et
al. (2004) have perhaps written the last chapter of the
a-HCH story. In 2000–2001 they observed anoma-
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eastern coast—an observation they ascribed to revo-
latilization of HCH through warming of water that
originated as Archipelago outflow.
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anism to deliver b-HCH to the Arctic Ocean. Never-
theless, b-HCH has arrived there eventually, after a
delay, via ocean currents through Bering Strait (Li et
al., 2002). The crucial physical difference between b-
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Research, Überlandstrasse 129, CH-8600 Dübendorf,
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After atmospheric deposition and storage in the ice, glaciers
are temporary reservoirs of persistent organic pollutants (POPs).
Recently, the hypothesis that melting glaciers represent
secondary sources of these pollutants has been introduced
by investigationsof thehistorical trendofPOPs inadatedsediment
core from the proglacial Alpine Lake Oberaar. Here, the
hypothesis is further confirmed by the comparison of sediment
data gathered from two Alpine lakes with a glaciated and a
nonglaciatedhydrologicalcatchment.Thetwolakes(LakeEngstlen
and Lake Stein in the Bernese Alps in Switzerland) are
situated only 8 km apart at similar altitude and in the same
meteorological catchment. In the nonglacial lake sediment of
Lake Engstlen, PCBs and DDT (polychlorinated biphenyls and
dichlorodiphenyl trichloroethane) levels culminated with the
historic usage of these chemicals some 30-50 years ago. In
the glacial Lake Stein, this peak was followed by a reincrease
in the 1990s, which goes along with the accelerated melting
of the adjacent glacier. This study confirms the hypothesis of
glaciers being a secondary source of these pollutants and is in
accordance with the earlier findings in Lake Oberaar.

Introduction
Persistent organic pollutants (POPs) represent environmental
contaminants of particular concern because they can seri-
ously threaten human health and the environment and are

concurrently recalcitrant to degradation, accumulate in
human and animal tissue, biomagnify along food chains,
and undergo long-range atmospheric transport (1-3). POPs
emitted in large amounts in populated areas are transported
to mountain areas and deposited by precipitation and
condensation (4). An unexpected increase of environmental
pollution by POPs, such as polychlorinated biphenyls (PCBs)
and dichlorodiphenyl trichloroethane (DDT), has recently
been reported in a study investigating temporal trends of
POPs in the proglacial Lake Oberaar, Switzerland, which is
directly fed by meltwater from the adjacent Oberaar Glacier
(5). Historical input fluxes of PCBs as well as DDT and its
main transformation products (dichlorodiphenyl dichloro-
ethane (DDD) and dichlorodiphenyl dichloroethene (DDE))
were reconstructed based on the analysis of these compounds
in a dated sediment core. Hence, a first apex of input occurred
in the 1970s, corresponding to widespread and extensive
contemporary usage of these chemicals. However, after a
decline as a consequence of bans and phasing out, a sharp
reincrease of input of POPs into Lake Oberaar has been
observed since the late 1990s, which was accompanied with
accelerated retreat of the adjacent glacier. In contrast,
temporal trends of POPs observed in previous studies in
sediments of Swiss lowland lakes revealed steadily decreasing
levels since the 1970s (6-8). The most likely rationale for
these diverging findings is conveyed in the “glacier hypoth-
esis”, claiming melting glaciers to represent a secondary
source of POPs that were previously deposited to and
incorporated into glaciers and are now released back to the
environment due to the accelerated melting of glaciers
induced by global warming (5, 9-12).

The major uncertainty of this hypothesis to date consisted
in the constraint to refer to low-altitude lakes as a comparison
to Lake Oberaar, as no data about high-Alpine but nonglacial
lakes in that region were available. Besides climate conditions,
low-altitude lakes represent several characteristics distinctly
differing from high-Alpine lakes, in particular their location
in highly urbanized areas with direct anthropogenic input,
for example, of effluents from wastewater treatment plants.
Additionally, in the study about Lake Oberaar, sediment
material reaching only until 2005 was available and the three
reference studies for temporal trends of environmental
contaminants in Switzerland covered only the period until
2004 (6), 1998 (8), and 1994 (7).

The present study is aimed at further corroborating the
“glacier hypothesis” by comparing temporal trends of PCBs
and DDT in recently sampled sediment cores taken from
two high-Alpine lakes with different catchment characteristics
and resulting water supply, but from comparable regions
and altitudes. These lakes, Lake Stein and Lake Engstlen, are
both located in the Bernese Alps in central Switzerland. Due
to similar altitude (approximately 1900 m above sea level
(asl)) and short linear distance of 8 km between the two
lakes, atmospheric exposure is supposed to be very similar.
Just as Lake Oberaar (5), Lake Stein is a proglacial lake mainly
fed by meltwater from the Stein Glacier, which has melted
significantly since the 1980s. In contrast, Lake Engstlen
represents a nonglacial Alpine lake fed mostly by surface
runoff and karstic inflows. Its topographic catchment, as
indicated in Table 1, might thus not coincide with the real
area of origin of Lake Engstlen waters, as karst hydrology is
rather complex. Nevertheless, the bulk of the particles are
expected to be derived from the topographic watershed, as
the main contribution comes from runoff in the East of the
lake and as potential external karst-water inflows are heavily
filtered. Hence, the temporal trends of levels of POPs recorded
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secondary sources of these pollutants has been introduced
by investigationsof thehistorical trendofPOPs inadatedsediment
core from the proglacial Alpine Lake Oberaar. Here, the
hypothesis is further confirmed by the comparison of sediment
data gathered from two Alpine lakes with a glaciated and a
nonglaciatedhydrologicalcatchment.Thetwolakes(LakeEngstlen
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situated only 8 km apart at similar altitude and in the same
meteorological catchment. In the nonglacial lake sediment of
Lake Engstlen, PCBs and DDT (polychlorinated biphenyls and
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the glacial Lake Stein, this peak was followed by a reincrease
in the 1990s, which goes along with the accelerated melting
of the adjacent glacier. This study confirms the hypothesis of
glaciers being a secondary source of these pollutants and is in
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emitted in large amounts in populated areas are transported
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runoff and karstic inflows. Its topographic catchment, as
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In this study, the hypothesis that melting Alpine glaciers may
represent a secondary source of persistent organic chemicals
is investigated. To this end, a dated sediment core from a glacier-
fed lake (Lake Oberaar, Switzerland) was analyzed for a wide
range of persistent organic pollutants, organochlorine
pesticides, and synthetic musk fragrances. Input fluxes of all
organochlorines increased in the 1950s, peaked in the
1960s-1970s, and decreased again to low levels in the
1980s-1990s. This observation reflects the emission history of
these compounds and technical improvements and regulations
leading to reduced emissions some decades ago. The input of
synthetic musks remained at a high level in the 1950s-1990s,
which is consistent with their relatively constant production
throughout the second half of the 20th century. Since the late
1990s, input of all compound classes into the high-Alpine
Lake Oberaar has increased sharply. Currently, input fluxes of
organochlorines are similar to or even higher than in the
1960s-1970s. This second peak supports the hypothesis that
there is a relevant release of persistent organic chemicals from
melting Alpine glaciers. Considering ongoing global warming
and accelerated massive glacier melting predicted for the future,
our study indicates the potential for dire environmental
impacts due to pollutants delivered into pristine mountainous
areas.

Introduction
Global warming is one of the major global issues at present,
implying many social, economic, environmental, and health-
related impacts (1). Glaciers, which cover large parts of the
Polar regions and also mountainous areas such as the Alps,
represent the largest reservoir of fresh water on Earth and
are predicted to undergo massive melting in the future (1).
Glacial ice may contain significant amounts of chemicals
deposited in earlier times that have been stored in the deeper

layers of the ice during the last decades. Accelerated glacier
ablation may result in a substantial release of chemicals from
this kind of reservoir. Of particular concern are persistent,
bioaccumulative, and toxic organohalogens, which are
ubiquitous environmental pollutants occurring even in
remote areas, where they have never been produced or used
(2). Hence, pristine ecosystems may be affected by the delayed
release of environmental contaminants whose emissions
were high in the past (2-5).

The aim of this study is to investigate the hypothesis of
a possible release of legacy pollutants from melting Alpine
glaciers and to assess the relevance of this process. For a
wide range of contaminants, we reconstructed a concentra-
tion time series using a dated sediment core from the high-
Alpine Lake Oberaar, Switzerland, which is mainly fed by
meltwater from rapidly receding glaciers (6, 7). Target
compounds include several persistent organic chemicals such
as polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs), polychlorinated biphenyls (PCBs), polychlori-
nated naphthalenes (PCNs), as well as dichlorodiphenyl
trichloroethane (DDT) and its main transformation products
(dichlorodiphenyl dichloroethene DDE and dichlorodiphenyl
dichloroethane DDD). Additional organochlorine pesticides
or their transformation products (hexachlorobenzene HCB,
γ-hexachlorocyclohexane γ-HCH, dieldrin, and heptachlor
epoxide HPEX), as well as the poorly studied synthetic nitro
and polycyclic musk fragrances were also measured. An
accurate and reliable sediment dating method (6), long time
period covered (1953-2006), and comprehensive selection
of organohalogens for which environmental pollution is
currently expected to be declining (2-4, 8) provide a unique
opportunity to investigate the “delayed release hypothesis”.

Materials and Methods
Sampling Site. Figure 1 shows the location of Lake Oberaar
and three low-altitude lakes in Switzerland, which will be
discussed for comparison later in this study. Two sediment
cores (OAR06-1 and OAR06-2) from Lake Oberaar were
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† ETH Zurich.
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§ Swiss Federal Institute of Aquatic Science and Technology.

FIGURE 1. Map of the Lake Oberaar area and location of three
low-altitude lakes in Switzerland discussed in this study. For
Lake Oberaar (Oberaarsee), the Oberaar Glacier (Oberaargletscher)
and time trend of the glacier length are plotted. Sampling site of
the sediment cores is indicated on the map (S). Reproduced by
permission of swisstopo (BA091480).
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In this study, the hypothesis that melting Alpine glaciers may
represent a secondary source of persistent organic chemicals
is investigated. To this end, a dated sediment core from a glacier-
fed lake (Lake Oberaar, Switzerland) was analyzed for a wide
range of persistent organic pollutants, organochlorine
pesticides, and synthetic musk fragrances. Input fluxes of all
organochlorines increased in the 1950s, peaked in the
1960s-1970s, and decreased again to low levels in the
1980s-1990s. This observation reflects the emission history of
these compounds and technical improvements and regulations
leading to reduced emissions some decades ago. The input of
synthetic musks remained at a high level in the 1950s-1990s,
which is consistent with their relatively constant production
throughout the second half of the 20th century. Since the late
1990s, input of all compound classes into the high-Alpine
Lake Oberaar has increased sharply. Currently, input fluxes of
organochlorines are similar to or even higher than in the
1960s-1970s. This second peak supports the hypothesis that
there is a relevant release of persistent organic chemicals from
melting Alpine glaciers. Considering ongoing global warming
and accelerated massive glacier melting predicted for the future,
our study indicates the potential for dire environmental
impacts due to pollutants delivered into pristine mountainous
areas.

Introduction
Global warming is one of the major global issues at present,
implying many social, economic, environmental, and health-
related impacts (1). Glaciers, which cover large parts of the
Polar regions and also mountainous areas such as the Alps,
represent the largest reservoir of fresh water on Earth and
are predicted to undergo massive melting in the future (1).
Glacial ice may contain significant amounts of chemicals
deposited in earlier times that have been stored in the deeper

layers of the ice during the last decades. Accelerated glacier
ablation may result in a substantial release of chemicals from
this kind of reservoir. Of particular concern are persistent,
bioaccumulative, and toxic organohalogens, which are
ubiquitous environmental pollutants occurring even in
remote areas, where they have never been produced or used
(2). Hence, pristine ecosystems may be affected by the delayed
release of environmental contaminants whose emissions
were high in the past (2-5).

The aim of this study is to investigate the hypothesis of
a possible release of legacy pollutants from melting Alpine
glaciers and to assess the relevance of this process. For a
wide range of contaminants, we reconstructed a concentra-
tion time series using a dated sediment core from the high-
Alpine Lake Oberaar, Switzerland, which is mainly fed by
meltwater from rapidly receding glaciers (6, 7). Target
compounds include several persistent organic chemicals such
as polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs), polychlorinated biphenyls (PCBs), polychlori-
nated naphthalenes (PCNs), as well as dichlorodiphenyl
trichloroethane (DDT) and its main transformation products
(dichlorodiphenyl dichloroethene DDE and dichlorodiphenyl
dichloroethane DDD). Additional organochlorine pesticides
or their transformation products (hexachlorobenzene HCB,
γ-hexachlorocyclohexane γ-HCH, dieldrin, and heptachlor
epoxide HPEX), as well as the poorly studied synthetic nitro
and polycyclic musk fragrances were also measured. An
accurate and reliable sediment dating method (6), long time
period covered (1953-2006), and comprehensive selection
of organohalogens for which environmental pollution is
currently expected to be declining (2-4, 8) provide a unique
opportunity to investigate the “delayed release hypothesis”.

Materials and Methods
Sampling Site. Figure 1 shows the location of Lake Oberaar
and three low-altitude lakes in Switzerland, which will be
discussed for comparison later in this study. Two sediment
cores (OAR06-1 and OAR06-2) from Lake Oberaar were
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FIGURE 1. Map of the Lake Oberaar area and location of three
low-altitude lakes in Switzerland discussed in this study. For
Lake Oberaar (Oberaarsee), the Oberaar Glacier (Oberaargletscher)
and time trend of the glacier length are plotted. Sampling site of
the sediment cores is indicated on the map (S). Reproduced by
permission of swisstopo (BA091480).
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the melted ice core samples and the accumulated snow (concentration ! snow
depth ! density).

3. Results and discussion

3.1. Concentrations and variations

3.1.1. Perfluoroalkyl substances
PFAS concentrations in all firn core sections between 1996 and

2008 were in the low ng L"1 range. Of the determined PFASs, 12 of
18 examined PFASs (PFOS, PFBA, PFPA, PFHxA, PFHpA, PFOA, PFNA,
PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA) were above the MDL
(Table SI 6). The majority of the PFCAs were the following com-
pounds, where their proportion of the total PFAS concentrations are
included in parentheses: PFBA 0.34e1.83 ng L"1 (26e63%); PFOA
0.20e0.63 ng L"1 (11e33%); PFNA <MQLe0.31 ng L"1 (0e15%);
PFDA <MQLe0.31 ng L"1 (0e15%). PFOS was detected but concen-
tration levels were below the MQL. Total PFAS concentrations by
depth and the relative proportions of individual PFASs are illus-
trated in Fig. 1.

PFCA concentrations in the Colle Gnifetti firn core are up to one
order of magnitude higher than concentrations reported in ice core
samples across the Canadian Arctic (Young et al., 2007). PFAS
concentrations in precipitation from rural or urban regions in
Europe and North America were up to two orders of magnitude
higher than those at Colle Gniffetti (Dreyer et al., 2010; Kwok et al.,
2010; Scott et al., 2006). As expected, firn core concentrations at
high altitudes were lower than reported concentrations close to
urban regions.

3.1.2. Polybrominated diphenyl ethers
All of the investigated eight PBDEs were observed in the 10 m

firn core from Colle Gnifetti, where their concentrations and pro-
portions of the total PBDE concentration vary with depth (Fig. 2,
Table SI 7). BDE 47 (concentration: n.d.e2.61 ng L"1, proportions:
0e100%), BDE 99 (<MQLe4.54 ng L"1, 0e100%) and BDE 100 (n.d.e
0.74 ng L"1, 0e17%) were detected most frequently and with the
highest concentrations of the group. The higher-brominated BDE
153 (n.d.e0.46 ng L"1; 0e6%), BDE 154 (n.d.e0.32 ng L"1, 0e4%), and
BDE 183 (n.d.e<MQL; 0%)were only detected in a few samples. BDE
209 (n.d.e2.85 ng L"1, 0e97%) was detected above theMQL in three
samples, in four samples it was above the MDL (>0.33 ng L"1) but
below the MQL (<1.1 ng L"1).

The predominance of BDE 99 and BDE 47 is similar to other
studies of European Alpine snowpack. BDE 47 tends to predominate

in air samples while precipitation is partly characterized by higher
BDE 99 concentrations (Arellano et al., 2011; Möller et al., 2011; Ter
Schure and Larsson, 2002). The elevated firn core concentrations
for 1997, 1998 and 2002 were up to two orders of magnitude higher
than those reported in snowpack from the Tatra Mountains,
Slovakia (1683e2634 m a.s.l.; Arellano et al., 2011), rainwater at
Lake Maggiore, Italy (Mariani et al., 2008) or rainwater in Sweden
(Ter Schure and Larsson, 2002). After excluding these few high
peaks, the concentrations of the remaining years are comparable to
reported European PBDE concentrations. Several previous studies
observed high BDE 209 concentrations in precipitation (Mariani
et al., 2008; Offenthaler et al., 2009), but due to high MQL for
BDE 209 in this studywe do not have enough data for a comparison.

3.2. Atmospheric deposition rates

In order to obtain an approximation of the actual atmospheric
deposition to the Alpine region, we calculated average contaminant
deposition as described the method section. However, concentra-
tions of persistent organic pollutants are influenced by several post-
depositional effects such as volatilization and degradation of com-
pounds, dissolution of substances in meltwater or wind scour of
deposited snow (Daly andWania, 2004;Wania,1997). Colle Gnifetti
air temperatures during the investigated periodwere almost always
below 0 #C and the borehole temperatures ranged from "12.5 #C
to "13.5 #C, minimizing the risk of snow melt and meltwater
percolation. The well-preserved chemical and isotopic profiles and
the presence of few visible ice lenses in the core confirm the lack of
melt. Conditionswithmean annual temperatures below0 #C reduce
the degradation of persistent organic compounds and affect the re-
volatilization of PBDEs and PFASs. However, temperature affects re-
volatilization even at low temperatures and may influence BDE 47,
BDE 99 and BDE 100 concentrations (Bossi et al., 2008). Colle Gni-
fetti is also susceptible to wind erosion, which may enhance the re-
volatilization of lighter PBDEs (Meyer et al., 2012). Wind erosion
predominantly removes the winter snow leading to a low annual
net accumulation rate preserving only 7e41% of the originally
deposited snow on the mountain (Schwikowski et al., 2004). The
pollution signal trapped in the net Colle Gnifetti accumulation
represents non-winter deposition. The enhanced atmospheric
mixing during the summer results in increased trace species
deposition (Eichler et al., 2004), and we assume that this relation-
ship applied to PFAS and PBDE deposition. Thus the derived depo-
sition is assumed to reflect annual deposition. However, all of these
aspects enhance the uncertainty of atmospheric deposition

Fig. 1. Depth profiles of concentrations (ng L"1) and proportions (%) of the most frequently detected PFASs. The orange line depicts the d18O ratio, used as a proxy for dating. PFASs
(PFOS, PFTrDA, PFTeDA) below the MQL are not included.
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As PFBA vapor pressure is higher than that of PFOA or other long-
chain PFAAs, the atmospheric transport efficiency in the gas-
phase to higher altitudes may be enhanced (Kaiser et al., 2005;
Steele et al., 2002). If PFBA only originates from direct local emis-
sions, we would expect a correlation with sulfate or ammonia, a
tracer for aerosol-rich air masses. However, PFBA does not correlate
with sulfate or ammonia, suggesting that it is not only influenced
by local sources.

The voluntary phase-out and replacement of PFOS may explain
the low concentrations (<MQL) observed in Colle Gnifetti firn.
Ahrens et al. (2010) suggested that in contrast to PFCAs, PFOS
deposition in high altitude European Alpine lakes (1649e2448 m
a.s.l.) is mainly related to the atmospheric degradation of low
concentration volatile precursors and not from direct emissions of
PFOS to the atmosphere. Low PFOS concentrations on Colle Gnifetti
may also result from the different atmospheric transport behavior
of directly-emitted PFSAs compared to PFCAs, due to their different
gaseparticle partitioning and particle size-distribution. PFSAs were
reported to be almost 100% absorbed to particles whereas PFCAs
showed different partitioning behavior regarding their chain-
length (Vierke et al., 2011). Furthermore, PFSAs tend to absorb to
larger particles than PFCAs (Dreyer et al., 2011). Wet or dry depo-
sition may effectively remove particles before they reach altitudes
above 4000 m.

3.4. Sources of PBDEs

The analyzed PBDEs may have originated from primary sources
such as emissions from manufacturing processes, waste-related
facilities, or from the release of PBDE-containing products to the
atmosphere (Watanabe, 2003; Weinberg et al., 2011a,b). In 2003,
Directive 2003/11/EC (European Union, 2003) banned using or
producing pentaBDE and octaBDE mixtures in Europe. The ban
included BDE 209 in 2008, which is outside the investigated period.
The predominance of BDE 47 and BDE 99 is typical for technical
pentaBDE mixtures. However, these compounds can also originate
from secondary sources such as the debromination of BDE 209
(Schenker et al., 2008b) and/or condensation and re-volatilization
processes at lower altitudes. BDE 209 is strongly influenced by
direct sources, while lower brominated BDEs are influenced by a
combination of primary and secondary sources (Gouin et al., 2006).

We used sulfate and ammonium as tracers for aerosol-rich air
masses influenced by anthropogenic activates to obtain a rough
estimate of the potential origin of PBDEs. We did not observe any
correlations between BDE 99 and BDE 47 with sulfate and ammo-
nium (p > 0.1). This lack of correlation suggests that PBDEs do not
primarily originate from aerosol-rich air masses from source re-
gions. Due to the limited dataset, we did not perform correlation
analyses for the remaining PBDEs. Belis et al. (2009) reported PBDE
concentrations in humus, soil and spruce needles from different
locations and altitudes in the European Alps. The highest PBDE
loads were observed in Italy. During the summer, re-volatilization
from humus and soil in lower altitudes and cold condensation in
higher altitudes may be other PBDEs sources in high alpine regions
and may explain the observed elevated concentrations of BDE 47
and BDE 99 in the present study (Gouin et al., 2006; Wania and
Westgate, 2008). Increasing concentrations with altitude were
recently observed for all PBDEs except for BDE 209 in the Tatra
Mountains, Slovakia (1683e2634 m a.s.l.) (Arellano et al., 2011).

3.5. Temporal variations

Despite recent efforts to reduce PFASs in the environment, we
only observe a slight decrease in PFOA concentrations in the firn.
We detected PFUnDA in samples after 2002. PFBA, one substitute

for longer chain PFCAs, increased during the same time period.
PFCA concentrations in the snow are strongly influenced by
changing weather conditions and the snow accumulation. How-
ever, we observed a significant change in PFAS proportions
(Figure SI 1) over the studied time period. PFBA proportions (Fig. 3)
increased significantly (p < 0.01) in the most recent years and are
responsible for the overall increase in the total estimate of the 5-
year depositional averages. This corroborates recent atmospheric
measurements where PFBA was the most abundant PFCA (Ahrens
et al., 2012). PFHpA (p < 0.01), and PFOA proportions decreased
(p < 0.001) during this period probably as result of recent re-
placements of C8-PFASs by their short-chain analogs (Renner,
2006). Long-term atmospheric deposition data is limited, and
recent European temporal trend studies for >C8 PFCAs from biota
samples reported different trends for the period after 2000 (Ahrens
et al., 2011; Kratzer et al., 2011). Short chain PFASs are less bio-
accumulative, thus the shift to shorter chain PFASs cannot be
observed in temporal trend studies conducted in biota. Therefore
data regarding temporal trends of <C8 PFCAs are limited.

The PBDE concentrations and proportions did not indicate any
significant trend due to both elevated concentrations in three
samples and missing data from concentrations below the quanti-
fication limit (Table SI 4). Due to this data variability, we cannot
confirm a decline in PBDE concentrations after their regulation.
Recent studies of temporal trends of PBDEs in different matrixes
also show no clear trends (Bogdal et al., 2008; Hermanson et al.,
2010; Kohler et al., 2008; Meyer et al., 2012; Schuster et al., 2010,
2011). These various archives and long-term measurements were
influenced by factors such as diverse sources or post-depositional
effects that may explain some of the differences observed be-
tween the results.

4. Conclusions

The results of this first study of PFASs and PBDEs in a firn core
from the European Alps demonstrate the occurrence, accumulation
and recent changes of these persistent organic pollutants in Alpine
regions. We did not observe trends in PBDEs, but PFAS changed
from PFOA to a PFBA dominated composition. The persistence of
PFASs and PBDEs has implications for water resources; as they are
likely to be remobilized in glacial meltwater and eventually reach
drinking water supplies. Future analyses of natural archives
and long-term monitoring programs will demonstrate if govern-
mental regulations and voluntary activities by industry will lead to
a reduction of persistent organic pollutants in the alpine
environment.

Fig. 3. Annual proportion (%) changes of PFBA and PFOA from 1997 to 2007. Trend line:
linear regression. Error bars: combined method uncertainty.
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Figure SPM.7 |  CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081−2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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