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Abstract. The cryosphere is an important component of 1 Introduction
global organic contaminant cycles. Snow is an efficient scav-

enger of atmospheric organic pollutants while a seasonal idel ed th : .
snowpack, sea ice, glaciers and ice caps are contaminaf 'S NOW widely recognized that organic contaminants are

reservoirs on time scales ranging from days to millennia. Im-globally distributed and may pose a severe risk to wildlife
portant physical and chemical processes occurring in the vai2nd human health (AMAP, 2009a). The global transport
ious cryospheric compartments impact contaminant cycling®f contaminants has been well documented and charac-
and fate. A variety of interactions and feedbacks also occuf€"z€d (Wania et al., 1998a; Finizio et al., 1998; Bard,
within the cryospheric system, most of which are suscepti-1299; Wania, 2003; Gouin et al., 2004; Harner et al,

ble to perturbations due to climate change. In this article, we2006: Scheringer, 2009). Contaminants accumulate in po-

review the current state of knowledge regarding the transar regions and mountains, due to global and local cold-

port and processing of organic contaminants in the globaff@PPing, far from their original point of use (Wania and

cryosphere with an emphasis on the role of a changing cliMackay, 1993; Blais et al., 1998; Daly and Wania, 2005;

mate. Given the complexity of contaminant interactions with Wania and Westgate, 2008). The observation of elevated
the cryosphere and limitations on resources and research cgoncentrations of organic contaminants in polar and moun-
pacity, interdisciplinary research and extended collaborationd®/n @réas far from contaminant source regions has led
are essential to close identified knowledge gaps and to im!® much work aimed at characterizing the unique role of

prove our understanding of contaminant fate under a chang="°W and ice in contaminant transport and fatg during the
ing climate. last decade. A number of reviews discuss various aspects

of the cryosphere in contaminant cycling (Wania et al.,
1998b; Herbert et al., 2006), including contaminant interac-
tion with seasonal snowpack (Halsall, 2004), photochemistry
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in snow (Domine and Shepson, 2002; Grannas et al., 2007agnd ice occur in a variety of ways, beginning with scav-
contaminant fate during snowmelt (Meyer and Wania, 2008),enging of atmospheric species by precipitation (Sect. 3.1).
and changing contaminant/environment interactions with cli-Post-depositional processes can then play a role in contam-
mate change (Couillard et al., 2008). While much recentinant fate, via processes such as revolatilization (Sect. 3.2),
work has focused on individual compartments within polar snowmelt (Sect. 3.3), or snowpack photochemical process-
and mountain regions (e.g. snow, sea ice, glaciers) or the iming (Sect. 3.9). Sea ice can entrain contaminants present in
pact of contaminants on ecosystem health, this work has natediment, or uptake contaminants in the seawater which be-
yet been placed in the context of understanding the role otome entrapped with brine in the forming ice. Subsequent
the global cryosphere in contaminant fate. Here we seek tofreezing-out concentrates the brine resulting in the enrich-
synthesize the information available about specific elementsnent of contaminants. Upward percolation of contaminant-
of the cryosphere into a global picture of contaminant fate inenriched brine may also occur into the snowpack overlying
cold environments. the ice. These sea ice processes are described in Sect. 3.5.
The global cryosphere is defined as the part of the Earth’sAdditionally, we refer the reader to associated recent review
surface where water is present in solid form. It thus in- articles discussing the incorporation and chemistry of organ-
cludes sea ice, lake ice, river ice, snow, glaciers, ice caps, icees in environmental ices (McNeill et al., 2012); the role
sheets, ice shelves, and the frozen geosphere (permafrostf ice and snow in halogen activation chemistry (Abbatt et
The cryosphere is present in high latitude, high altitude, bo-al., 2012); and the relationship between snow microstructure
real and mid-latitude (including urban) regions and is a vi- and physical/chemical processes occurring in snow (Bartels-
tal component of the Earth system for several key reasonsRausch et al., 2012).
First, the cryosphere plays a crucial role in the energy bal- Cryospheric environments in polar regions on Earth are
ance of the Earth via two main mechanisms — heat transporntonsidered vital parts of regional ecosystems (McConnell,
and albedo. Ice and snow present in polar regions contribut2006; Slaymaker and Kelly, 2007), and contamination of
to the temperature gradient observed between the equatdhese reservoirs may have significant negative impacts on
and the poles, which drives wind and ocean currents. Botltecosystem health. These negative effects may be influenced
atmospheric and ocean water currents transport heat towaroly climate change, as this will significantly impact the nature
the poles and maintains the temperature balance across tled extent of the cryosphere, in turn affecting cryospheric
Earth. Ice also serves to insulate the ocean surface, prevenprocesses and properties. Arctic sea ice extent is decreas-
ing heat loss from the ocean to the atmosphere, which wouldng at an alarming rate (Perovich, 2011; AMAP, 2011a), and
result in atmospheric warming. Additionally, up to 90 % of glaciers, also now undergoing rapid wastage (Sharp et al.,
incident radiation is reflected by snow and ice, compared ta2011; Hanna et al., 2011), may deliver previously stored con-
the relatively low albedo of open ocean or vegetation. Thustaminants to surrounding ecosystems (Sect. 3.4) (Blais et al.,
the melting of sea ice and snowpack results in a positive feed2001a; Bogdal et al., 2010). Predicting the impact of climate
back cycle due to decreased albedo, increased ocean to atmchange on contaminant fate within the cryosphere presents
sphere heat transfer, and hence further surface warming. Thia great challenge. Not only is pollutant fate controlled by a
positive feedback results in accelerated loss of ice/snow unwide range of physical and chemical properties of contami-
der climate warming conditions (IPCC, 2007). Observationsnants that are strongly temperature dependent, but the nature
show that the pace of ice sheet/ice cap loss is increasing (Seand extent of the cryosphere itself may be highly variable un-
reze et al., 2007), and September 2012 saw the lowest Arctider different climate change scenarios. Contaminant cycles,
seaice extent recorded to date (NOAA, 2012), surpassing thas integrated parts of this complex environmental system of
record-breaking sea ice loss recorded in 2007 (Stroeve et alcold regions, are similarly prone to change as a result of a
2007). changing climate (Macdonald et al., 2000, 2003a, b, 2005;
Additionally, the cryosphere is a critical component of the Hoffmann et al., 2012; Guglielmo et al., 2012). This review
global water cycle. Ice sheets hold nearly 75 % of the world’'soffers a perspective on the interactions between contaminants
freshwater (IPCC, 2007), and regional variations in moun-and the various cryospheric compartments at a range of lati-
tain snowpack, glaciers or small ice caps will play an im- tudes and considers the potential impacts of climate-change
portant role in freshwater availability. Finally, it has been in each compartment.
shown that snow and ice can play an important role in atmo-
spheric chemistry processes (Grannas et al., 2007a), serving
as a source of reactive species to the atmosphere as well @ Current policy and monitoring efforts
an active surface upon which chemical reactions may take
place. The importance of the cryosphere in the context of organic
With respect to organic contaminants (specifically per-contaminants and other hazardous chemicals is addressed at
sistent organic pollutants), cryospheric compartments mayhe international level through various treaties, agreements
serve as reservoirs or may play a role in the active cy-and programs. In many cases these policies recognize the
cling of contaminants. Interaction of contaminants with snow uniqueness of polar or alpine regions where the cryosphere
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plays a key role in the cycling and fate of toxic chemicals ing POPs in air and human milk/blood was completed in
and ultimately their delivery to the food chain, including hu- 2009 and recognized the importance of the cryosphere on
mans. As new contaminants are included in reduction efforts|evels and trends of POPs in air, their cycling between the
changing policies and monitoring priorities will in part dic- cryosphere and air, and re-release of previously trapped
tate the measurement and process studies undertaken by tROPs from snow/ice due to climate change. The report
scientific community. Looking to the future, we can foresee also emphasized that monitoring data need to be integrated
the need for political engagement to address changes to thes@th multi-media models and emissions information to dis-
once-pristine regions that are associated with climate changinguish changes that are due to regulatory actions from
and increased human activity including transport/shipping,changes associated with historical releases and chemical cy-
industrial development, and mining of resources. cling (UNEP, 2009).

The Stockholm Convention on persistent organic pollu- The POPs Protocol of the Convention on Long-Range
tants (POPs) came into force in 2004 and is the largest interTransboundary Air Pollution (CLRTAP), established in 1998
national convention on POPs. Contaminants that have relalUNECE, 1998), is complementary to the Stockholm Con-
tively long environmental lifetimes, that become widely geo- vention but addresses the concerns of countries within the
graphically distributed, and that have bioaccumulative prop-United Nations Economic Commission for Europe region.
erties with adverse health impacts to humans or the ecosyddnder the CLRTAP, monitoring is carried out through the
tem can be considered for inclusion. Parties to the convenEuropean Monitoring and Evaluation Programme and work
tion are required to then take measures to eliminate or reducen emissions, transport, and fate modeling is carried out
the use and release of POPs into the environment. Such athrough The Meteorological Synthesizing Centre — East and
tion has led to measureable environmental concentration deseveral working groups, namely the Task Force on Mea-
creases in, for example, polychlorinated biphenyls (PCBs)surements and Modeling, the Task Force on Integrated As-
polybrominated diphenylethers (PBDES), hexachlorocyclo-sessment and Modeling and the Task Force on Hemispheric
hexane isomers (HCHs) and dichlorodiphenyltrichloroethanelransport of Air Pollutants. The 2010 POPs Assessment
(DDT) (UNEP, 2012). Table 1 details the current Stock- Report of the Task Force on Hemispheric Transport of
holm Convention targets, along with references to litera-Air Pollutants included monitoring results for POPs in the
ture describing the key physical-chemical properties of theseryosphere and the important role of this compartment in
pollutants where available. In many cases, data are availmodeling the fate and transport of POPs, including the de-
able which allow for the derivation of internally consis- livery of POPs to the food chain (UNECE, 2010).
tent, environmentally-relevant physical-chemical properties The Arctic Monitoring and Assessment Programme
at different temperatures, including cryospherically-relevant(AMAP) is an international organization of circumpolar
temperatures. However, for a number of chemicals, no thereountries established in 1991. POPs are one of several pri-
modynamically consistent physical-chemical properties areority issues of AMAP. Results of Arctic monitoring and re-
available in the literature. Mackay et al. (2006) summarizesearch are integrated in assessment reports to inform on the
measured physical-chemical properties with temperaturestatus of the Arctic environment. The latest assessment on
dependent parameters wherever available. For some chenrROPs was published in 2009 (AMAP, 2009a) and a special
icals, the entropy of fusion and enthalpies of vaporization,report on “The Greenland Ice Sheet in a Changing Climate”
sublimation and fusion are provided, which would allow for (AMAP, 2009b) was prepared. The Canadian Northern Con-
the derivation of subcooled liquid properties and some tem-+taminants Program (NCP), which reports through AMAP,
perature dependent physical-chemical properties. This refhas been operating since the late 1980s. Some of the early
erence also includes typical half-lives of pollutants for air, work under NCP synthesized a wide variety of data collected
water, soil, sediment and biota where available. Toxicolog-by various Arctic programs into five reviews dealing with
ical measures of individual contaminants are more difficult sources, occurrence, and pathways of contaminants (Barrie
to quantify, however. Acute effects are often quantified byet al., 1992); marine ecosystem contamination (Muir et al.,
LDs5o (the dose at which 50 % of a population experiences1992); terrestrial ecosystem contamination (Thomas et al.,
a lethal effect), however most POPs are of concern due td992); freshwater contamination (Lockhart et al., 1992); and
the potential effects of chronic exposure. These effects areisks/benefits of northern diets (Kinloch et al., 1992).
often harder to quantify, and the potential synergistic effect The Antarctic Treaty entered into force in 1961. The pur-
of a variety of pollutants acting in concert is an area of in- pose of the treaty is to protect the Antarctic environment
creasing concern. The review of Escher and Hermens (2002yom negative anthropogenic influence. Among other pro-
discusses mechanistic aspects of ecotoxicology and ecotoxtective measures that have been adopted under this treaty,
cological risk assessment. the Protocol on Environmental Protection, adopted in 1991,

A key component of the Stockholm Convention is the commits Parties to the comprehensive protection of the
Global Monitoring Plan (GMP) which addresses the needsAntarctic environment and prohibits all activities relating to
of Article 16 of the Convention, dealing with measuring Antarctic mineral resources, except for scientific research.
its effectiveness. The first global monitoring report target- The Scientific Committee on Antarctic Research has recently
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Table 1.Stockholm Convention Persistent Organic Pollutants, Uses, and References for Key Chemical Properties Relevant to the Cryosphere.

Reference for thermodynamically consistent

Reference for measured physical-chemical properties,

Original 12 POPs of Stockholm Convention Use physical-chemical properties* from Mackay et al. 2006° and others
Aldrin* Pesticide Shen and Wania (2005) -
Chlordane* Pesticide Shen and Wania (2005) -
DDT® Pesticide Shen and Wania (2005) -
Dieldrin® Pesticide Shen and Wania (2005) -
Endrin® Pesticide Shen and Wania (2005) -
Heptachlor® Pesticide Shen and Wania (2005) -
Hexachlorobenzene™* Pesticide and Industrial Chemical Shen and Wania (2005) -
Mirex* Pesticide Volume IV, Chapter 18, 3927-3929¢

Polychlorined biphenyls™®
Polychlorinated dibenzo-p-dioxins®
Polychlorinated dibenzofurans®

Industrial Chemical
By-products
By-products

Li et al. (2003); Schenker et al. (2005)
Aberg et al. (2008)
Aberg et al. (2008)

Volume II, Chapter 8, 2063—2166°
Volume 11, Chapter 9, 2167-2257 ¢

Toxaphene® Pesticide Volume 1V, Chapter 18, 3975-3979°¢
Newly Listed POPs

Chlordecone® Pesticide - -

a-Endosulfan® Pesticide Shen and Wania (2005)

B-Endosulfan® Pesticide Shen and Wania (2005)

Heptabromodiphenyl ether
Hexabromodiphenyl ether
Pentabromodiphenyl ether
Tetrabromodiphenyl ether

Hexabromobiphenyl”

o hexachlorocyclohexane

f hexachlorocyclohexane

v hexachlorocyclohexane (lindane)
Pentachlorobenzene™®

Perfluorooctane sulfonic acid, its salts and
perfluorooctane sulfonyl fluoride

Industrial Chemical

Industrial Chemical
Pesticide and Byproduct

Pesticide and Industrial
Chemical and Byproduct
Industrial Chemical

Wania and Dugani. (2003)
Wania and Dugani. (2003)
Wania and Dugani. (2003)
Wania and Dugani (2003)

Xiao and Wania. (2004)

Shen and Wania (2005)

Volume 111, Chapter 10, 2401-2462 (PBDEs)®
Volume I11, Chapter 10, 24502452 (hepta)®
Volume 111, Chapter 10, 2442—2449 (hexa)®
Volume I1I, Chapter 10, 2430—-2441 (penta)®
Volume III, Chapter 10, 2422-2429 (tetra)®
Volume I, Chapter 4, p. 889

Stock et al. (2004)
Krusic et al. (2005)
Lei et al. (2004)
Goss et al. (2006)

Chemicals Proposed for Inclusion

Chlorinated naphthalenes
Hexabromocyclododecanes
Hexachlorobutadiene
Pentachlorophenol

Short-chained chlorinated paraffins

Industrial Chemical
Industrial Chemical
Industrial Chemical
Pesticide and Industrial Chemical
Industrial Chemical

Volume I, Chapter 4, 842—-874°

Volume II, Chapter 5, 1119-1120°
Volume I11, Chapter 14, 2922-2929¢

2 Annex A species: convention parties must take measures to eliminate the production and use of the chemicals listed under Annex A. Specific exemptions for use or production are
listed in the Annex and apply only to Parties that register for them.
b Annex B species: convention parties must take measures to restrict the production and use of the chemicals listed under Annex B in light of any applicable acceptable purposes
and/or specific exemptions listed in the Annex.
¢ Annex C species: convention parties must take measures to reduce the unintentional releases of chemicals listed under Annex C with the goal of continuing minimization and,

where feasible, ultimate elimination.

For these chemicals, references are given which allow for the derivation of internally consistent environmentally-relevant physical-chemical properties at different temperatures,
including cryospherically-relevant temperatures.
€ For these chemicals, no thermodynamically consistent physical-chemical properties are available in the literature. Mackay et al. (2006) report measured physical-chemical
properties, including entropy of fusion and enthalpies, which should allow for the derivation of temperature dependent physical-chemical properties. This reference also includes
typical half-lives of pollutants for air, water, soil, sediment and biota where available.

published a thorough report on Antarctic Climate Changetion, ISCAR provides research and scientific expertise in the
(ACCE, 2009), which highlights changes to the cryosphereofficial bodies of the Alpine Convention.
A number of global and regional long-term monitoring
The sensitivity of alpine regions to organic contaminantsefforts have been established within the above mentioned
is dealt with through a variety of regional and multinational treaties, agreements and programs to measure long-term
programs, including the International Commission for the changes in contaminant levels. With the list of contaminants
Protection of the Alps and the Alpine Convention and the expanding, future research and monitoring efforts will need
International Scientific Committee on Research in the Alpsto consider the cycling and fate of chemically diverse ana-
(ISCAR). The Alpine Convention is an agreement within lytes. This will present sampling and analytical challenges.
the law of nations for the overall protection and the sustain-Process studies are critical to understanding the local, re-
able development of the Alps, including pollution preven- gional and global fate of historic and emerging contaminants.
tion, which came into force in 1995 and is signed by Austria, In Sect. 3, we discuss in more specific terms these processes
France, Germany, Italy, Liechtenstein, Switzerland, Sloveniaand the role of the global cryosphere in contaminant trans-
and the EU. As defined in its mission statement, the Inter-port, dynamics and variability.
national Scientific Committee on Research in the Alps (IS-
CAR) promotes international cooperation in Alpine research.
In 2000, ISCAR was recognized by the Alpine Conference as
an official observer of the Alpine Convention. In this func-

of this continent.
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3 Impacts of the cryosphere on contaminant fate ice crystals (riming) (Pruppacher and Klett, 1978). Nucle-
ation scavenging occurs when contaminants are incorpo-
Once emitted to the atmosphere, organic contaminants carated into the snowflake as part of the ice-forming nucleus
undergo a variety of physical, chemical and biological pro-or as part of the cloud condensation nuclei that nucleate
cesses that in combination determine their fate in the envisupercooled water droplets. Particle-scavenging may occur
ronment. Initially, semi-volatile organic contaminants reach during the riming process, or as a snowflake falls through
high latitudes predominantly via long-range atmosphericthe atmosphere, acting in essence as a particle filter (Wa-
transport (LRAT), which has an associated time of transportia et al., 1998b). Gas-phase species may also partition di-
of a week or less. For contaminants that have low air-waterectly to the snowflake surface through adsorption processes
partition coefficients (log Ky < —2), ocean transport may (Bartels-Rausch, 2012). The enhanced partitioning of gas-
play a significant role (e.g., Wania, 2003). Ocean transporiphase chemicals to the snow surface at cold temperatures,
requires a longer time (years to decades) and therefore excombined with the large surface areas of snowflakes, results
hibits a considerable lag in the delivery to polar regions, butin snow being an excellent scavenger of semi-volatile organic
with time, and especially once the emissions have been corechemicals from the atmospheric gas phase (Lei and Wania,
trolled, this route may become the dominant transport path2004; Domine et al., 2007a). The distribution of contami-
way (e.g., in the case of beta-hexachlorocyclohexane; Li ehants in the atmosphere (whether gas phase, particle bound,
al., 2002). When the sea water enters ice-covered region®r associated with atmospheric aqueous phases), will be de-
organic contaminants become protected from photolysis bytermined by the physicochemical properties of the chemical
low ambient light levels, and from microbial degradation by and is strongly temperature dependent.
uniformly cold water (P@ko et al., 2012) with the result that Organic contaminants have been measured in freshly
they may persist long enough to transport to even the mostallen snow collected in different parts of the world, in-
remote locations. cluding at an urban site in Europe (Czuczwa et al., 1988),
LRAT is the main mechanism that results in the ob- in mid-latitude mountains (McConnell et al., 1998; Zabik
served global distribution of contaminants (Peterle, 1969;and Seiber, 1993), in the Arctic (Herbert et al., 2005a, b),
Peel, 1975; Risebrough et al., 1976; Tanabe et al., 1983and in Antarctica (Cincinelli et al., 2005). Lab-based stud-
Oehme and Mano, 1983; Oehme, 1991; Barrie et al., 1992ies have measured the sorption of organic contaminants to
1997, 1998) and numerous partitioning processes can occwenow and ice (Hoff et al., 1995; Roth et al., 2004; Domine
along these atmospheric transport routes. Long-term atmoet al., 2007a), models have been developed for estimating
spheric monitoring provides a critical activity to estimate snow-air partition coefficients (Roth et al., 2004), and scav-
spatial and temporal trends, and also to identify the man-enging ratios have been determined for a number of volatile
ner in which climate change may affect atmospheric trans-and semi-volatile organic compounds (Franz and Eisenreich,
port. In both Arctic and Antarctic regions long-term atmo- 1998; Starokozhev et al., 2009). The mechanism and degree
spheric monitoring programs are presently established (Su atf contaminant scavenging varies for different chemicals and
al., 2008; Hung et al., 2010; Ma et al., 2011; Kallenborn etat different temperatures, as shown for polycyclic aromatic
al., 2013). Specifically, in the Arctic, legacy POPs have beerhydrocarbons (PAHs) and PCBs via calculations for vapor
monitored for the past two decades, whereas in the Antarcand particle scavenging ratios (Wania et al., 1999a; Lei and
tic similar monitoring has been initiated more recently, com- Wania, 2004).
mencing in 2007 (Kallenborn et al., 2013). Incorporation in  Organic contaminants may also enter snowpack by dry
snowpack and ice creates temporary reservoirs of contamigaseous deposition and dry particle deposition (Fig. 2). The
nants, but as melting of the reservoirs progresses, redistriburelative importance of these different scavenging and depo-
tion occurs. The wide variety of processes that contribute tcsition pathways has been investigated via modeling (Daly
contaminant cycling and fate are summarized in Fig. 1, andand Wania, 2004; Stocker et al., 2007) and varies signif-

discussed in further detail in Sects. 3.1-3.9. icantly between specific contaminants, depending on their
physicochemical properties. Carrera et al. (2001) used field

3.1 The role of snowfall in contaminant delivery to data to show that the importance of snowfall in delivering
surfaces — contaminant scavenging by snow contaminants to remote alpine regions varied significantly

between mountain regions in Europe. In a separate study,
Snow precipitation is a crucial first-step in the delivery of measurements showed that two thirds of the total deposi-
contaminants from the atmosphere to Earth’s surface and ition of polychlorinated dibenzg-dioxins and dibenzofu-
plays an important role in the transport and ultimate distri-rans (PCDD/Fs) to a Northern Swedish watershed occurred
bution of organic contaminants in cold environments. Thereduring months with average temperatures below freezing,
are several processes that incorporate organic contaminantgith highest values observed during months with snowfall
infonto snow (Fig. 2). Snow forms by the condensation of (Bergknut et al., 2011). It should be noted that in the case of
water vapor onto an ice-forming nucleus or when super-water-soluble organic species, snow scavenging is actually
cooled water droplets freeze onto the surface of growingless efficient than rain scavenging (Lei and Wania, 2004). By
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Fig. 1. Schematic diagram illustrating the various elements of and interactions occurring in the cryosphere that impact contaminant cycling
and fate. LRAT (long-range atmospheric transport) is primarily responsible for the global distribution of contaminants, but the various
exchanges represented here play important roles in cycling and redistribution of contaminants.

measuring pesticides in both summer rain and winter snowsnowfall in affecting the transport behavior and distribution
fall, Mast et al. (2007) showed that the total annual wet de-of organic contaminants in the environment depends heavily
position of the relatively water-soluble pesticides, atrazine,on chemical properties of the contaminant and geographic lo-
carbaryl, and dacthal in the Rocky Mountains wa85 % cation (which affects temperature, snow physical properties
from rain. and partitioning processes).

The degree to which contaminants are delivered from the Because snow can serve as an efficient scavenger for
atmosphere to the Earth’s surfaces by falling snow dependsemi-volatile organic contaminants, this mechanism of con-
not only on the contaminant concentrations in the falling taminant delivery to the surface is susceptible to changes
snow (a function of scavenging efficiency) but also on thedue to climate change. Changing temperatures will affect
amount of snow that falls. Blais et al. (1998) showed thatthe adsorption equilibria of contaminants on snow crystals,
the increasing amounts of contaminant deposition along amr the gas-particle distribution of a species in the atmo-
elevational gradient in western Canada was due to both insphere (which in turn could affect the uptake mechanism to
creasing contaminant concentrations in snow with elevatiora snow/ice crystal). In addition to changing the partitioning
(due to the temperature effect) and increasing amounts oéquilibria of contaminants between gas phase and snow and
snowfall with elevation. Annual precipitation trends along ice, changing temperature could influence contaminants in
elevational gradients vary significantly in different mountain snow via a change in the extent or amount of snow precipi-
systems (Wania and Westgate, 2008), which partly explaingation (Macdonald et al., 2003a, b; Stocker et al., 2007). The
why contaminant concentration trends in mountains vary. Inintergovernmental Panel on Climate Change (IPCC, 2007)
a different type of spatial comparison, Usenko et al. (2007)projected that precipitation in a changing climate will differ
evaluated contaminant fluxes and lake sediment contaminardonsiderably around the globe with increasing (e.g. 40 % in-
loads at two lakes on the west and east side of the Continentalrease from mean) and decreasing (e.g. 20 % reduction from
Divide in Colorado, US. They found that differences in sedi- mean) trends occurring in different regions. In regions with
ment contaminant fluxes in these two lakes could be partiallyincreased snow precipitation, deposition of organic contam-
explained by differences in the snow flux and load of the con-inants from air to surface media would increase; and in re-
taminants on either side of the divide. Stocker et al. (2007)gions with and during times of low or no precipitation, or-
used a multimedia box model to investigate the influence ofganic contaminants can be atmospherically transported more
snow and ice on the global fate of seven specific contami-effectively (UNEP/AMAP, 2011). However, there is a lack
nants with varying physicochemical properties. They foundof direct observational evidence of the effect of changing
that in low latitudes, snow acts as a transfer medium, allow-temperatures due to climate change on organic contaminant
ing for atmospheric uptake with subsequent release to watetransport and fate. Changes in partitioning equilibria, snow
or soil during snowmelt. In high latitudes, snow and ice actphysical properties, and changes to the timing and nature of
as a barrier to deposition of contaminants to water, soil andsnow metamorphism, aging, and compaction would all be in-
vegetation. For example, in a model including snow and ice fluenced by climate change and could play a role in contam-
the mass of chemicals in soil in high latitudes was found toinant behavior in snow. This is certainly an area for future
be between 27 % and 97 % of the mass found in soil wherresearch and monitoring endeavors.
no snow or ice cover was present in the model. Both model-
ing and measurement studies indicate that the importance of
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Fig. 2. Top illustration shows the various processes involved in organic contaminant partitioning to snow during deposition, including ad-
sorption to the surface of the crystal, absorption into the disordered interface on the surface of the snow crystal, uptake into the solid-ice
matrix or incorporation with the ice-forming nucleus or from particles present as a droplet freezes. Incorporation of contaminants may also
occur by both vapor and particle scavenging. Middle illustration shows the various processes involved in cycling organic contaminants within
a deposited snowpack, including deposition and revolatilization, wind-pumping (ventilation), photochemical reaction, and movement with
meltwater. Bottom illustration shows two snowmelt scenarios, comparing a snowmelt process over soil typical of Arctic environments (left)
where permafrost is present and in temperate environments (right) where hydraulic barriers are more prevalent and bottom-melt occurs due
to the supply of heat from underlying ground. Figure adapted from Meyer and Wania (2008) and Herbert et al. (2006).
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3.2 The exchange of organic chemicals between concentration. The dimensionless bulk snow/air partition co-
snowpack and the atmosphere by wind ventilation efficient Ksa can be calculated using:

Once snow has been deposited to Earth’s surface, it is b){(SA: KinSShp, @)

no means a static sink for atmospheric contaminant loadswhere SSA is the specific snow surface ared Kgrl), p
The porous nature of snow as well as the extent of the globajs the density of the snow (kgnd) and Kja (m) is calcu-
area that is permanently or seasonally covered by snow proated as in Eq. (1). Compared to subarctic snow, arctic snow
vides for a substantial exchange of organic chemicals beysually exhibits higher densities and specific surface areas
tween snow and the overlying atmosphere (Fig. 2) (Wania e{Domine et al., 2007b, 2012), shallower depths (Sturm et al.,
al., 1998b; Halsall, 2004), which may even affect global at- 1995), and lower permeability (Albert and Shultz, 2002), and
mospheric chemistry (Domine and Shepson, 2002; Grannag exposed to higher wind speeds (Canadian Wind Energy
et al., 2007a). Emission of chemicals from the snowpack toatlas, 2003) as well as lower temperatures (Taillandier et al.,
the atmosphere may be driven thermodynamically by a l0s$006). The latter results in a generally much higkep in
of storage capacity in aging snow with diminishing surface Arctic snow compared to subarctic snow. Roth et al. (2004)
area (Cabanes et al., 2003; Bartels-Rausch, 2012) and pogreasuredk|a values for numerous organic chemicals and
sibly higher temperature, and kinetically by wind ventilation provided a linear free energy relationship that can be used
(Colbeck, 1989; Clarke and Waddington, 1991; Albert andto estimate the chemical partitioning into the gas phase for
Shultz, 2002; Albert et al., 2002). Such loss has been obnumerous organics. Domine et al. (2007a) compared their
served empirically in the field (Herbert et al., 2005b; Finizio experimental results for phenanthrene adsorption to snow to
et al., 2006; Burniston et al., 2007) and also reproduced bythe value calculated using the Roth et al. (2004) method and
simulation models (Daly and Wania, 2004; Hansen et al.,found reasonable agreement. Combining their experimental
2006, Stocker et al., 2007). Even semi-volatile organic con-results with calculations, Domine et al. (2007a) determined
taminants such as tri- and tetrachlorinated PCBs as well aghat due to combined effects of temperature and snow SSA,
three- and four-ring PAHs can volatilize from the snow in jn a subarctic snowpack 93% of phenanthrene would re-
notable amounts (Meyer and Wania, 2011b). In such casegain in the atmospheric boundary layer with 7 % taken up by
wind ventilation efficiently removes gaseous substance frOI’nsnowpack' while in the presence of an Arctic Snowpack 22 %
the snow pore space (interstitial air), while the associatechf phenanthrene would be present in the atmospheric bound-
chemical loss in the interstitial air is rapidly compensated for ary layer with 78 % taken up by snowpack adsorption pro-
by desorption from snow grain surfaces, in order to maintaincesses. As such, Arctic snowpack could cause large seasonal
partitioning equilibrium (Meyer and Wania, 2011b). variations in gas phase phenanthrene concentrations due to
The gaseous mass transfer between snow and the atm@nowpack build up and melt; however, subarctic snowpack
sphere is in most cases limited by transport of the chemiwould have little influence on boundary layer phenanthrene
cal within the interstitial air. The more a chemical partitions concentrations. Similarly, Taillandier et al. (2006) concluded
into the interstitial air, the larger is its potential for exchange that subarctic snowpacks would take up less PCB-28 than
with the atmosphere (Meyer and Wania, 2011b). Chemicalsarctic snowpack. Specifically, only 6% of PCB-28 would
in dry snow are either present as gases in the interstitial airexist in the boundary layer over an Arctic snowpack, whereas
or sorbed to snow grain surfaces and particulate matter. Imearly 71 % of PCB-28 would be in the atmospheric bound-
dry and clean snow, prevalent in subarctic and arctic regiongyry layer over a subarctic snowpack. This was also confirmed
during winter, only the interstitial air and snow grain sur- in a case study by Meyer and Wania (2011b) which revealed
faces are important for mass transport (Meyer and Waniathat PCB-28 would experience a net release from a subarctic
2011b). The distribution between those two phases dependsnowpack, whereas in the Arctic net deposition would occur.
on the chemical’s partitioning properties, snowpack proper-More recently, Domine et al. (2012) found that the Barrow,
ties and temperature. Langmuir-type surface adsorption hagjaska snowpack would trap most of both PCB-180 (a rel-
been used to successfully describe the interaction of a varietytively low volatility compound, with 7 chlorine atoms) and
of gases with frozen water surfaces, although deviations capCB-28 (a high volatility compound, with 3 chlorine atoms),
occur (see Bartels-Rausch et al., 2012 for a detailed discusjue to the low temperature and high surface area available.
sion). Roth et al. (2004) proposed use of a sorption coeffi-Roth et al. (2004) discuss that temporal and spatial snow vari-
cient to quantify semi-volatile organic compound interaction apjlity as well as the influence of particles needs to be inves-
with snow. This temperature-dependent equilibrium sorptiontigated in order to derive more general statements on sorption
coefficient to the snow grain surface from the gas ptiage  properties of snow, however.
[m] can be expressed as: In previous studies that describe snow-atmosphere ex-
Kia = C1/Ca 1) change of contaminants, the chemical flux has been calcu-
’ lated as the product of the concentration difference between
where C; [molm~2] is the chemical concentration at the the air above the snow and the snow interstitial air, and an
snow grain surface an@a [molm~3] is the interstitial air ~ overall mass transfer coefficient (MTC). The MTC term is

Atmos. Chem. Phys., 13, 3278305 2013 www.atmos-chem-phys.net/13/3271/2013/



A. M. Grannas et al.: Global cryosphere in the fate of organic contaminants 3279

most appropriately used to describe contaminant mass transtal air chemical concentrations may not represent the true,
port between the snowpack and the atmospheric layer adjdecal concentration at a given point in a snowpack.
cent to the snowpack surface. To adequately describe mass
transfer into the atmospheric boundary layer, additionally3.3 The role of seasonal snowmelt in modifying organic
requires taking into account atmospheric eddy diffusivity contaminant behavior in watersheds
(which is a function of atmospheric stability). Both MTC
and atmospheric stability can be highly variable and are asSnow (and associated contaminants) can experience vari-
sociated with relatively high uncertainty. For example, eddyous processes once deposited to the surface. As discussed in
diffusivities can be much lower in Arctic regions (compared Sect. 3.2, contaminants may re-volatilize to the atmosphere
to mid-latitude regions) due to often weak and intermit- after deposition. However, contaminants that remain associ-
tent turbulence observed under stable atmospheric conditionsted with the snowpack can be subsequently released upon
(Guimbaud et al., 2002). In some studies the MTC was set asnowmelt. In all but the most extreme environments, seasonal
a constant (Wania, 1997; Halsall, 2004; Herbert et al., 2006 snowmelt occurs, and this can significantly impact the local
Stocker et al., 2007), whereas in other studies it was treatednd regional hydrology, nutrient cycles and contaminant fate.
as a wind speed-dependent variable (Daly and Wania, 2004or much of the Arctic and at lower elevations in alpine re-
Hansen et al., 2006). Such parameterizations should be aons, the snow melts completely by the end of summer (e.g.
propriate when investigating chemical exchange processeArmstrong, 2001), but warming is leading to a shortening of
over time periods of weeks or months. However, the descripthe snow season (Olsen et al., 2011 and references therein;
tion of processes occurring on shorter time scales, such as tHeerksen and Brown, 2012).
diurnal chemical exchange induced by photolytic reactions, The snowmelt process is influenced by many factors in-
requires a more precise parameterization. Albert and Shultzluding air temperature, insolation, topography, snowpack
(2002), Albert and Hawley (2002) and Albert et al. (2002) depth, presence of ground frost/permafrost, and rainfall
filled some of the associated knowledge gap by investigatevents. The resulting discharge can include both “new wa-
ing chemical transport within snow induced by wind ventila- ter” (which originates from snowmelt and spring rainfall) and
tion. Wind ventilation was found to substantially enhance the“old water” (which originates from groundwater and soil wa-
snow-atmosphere exchange and can cause advective chentér), and serves to transport not only dissolved species, but
cal transport even at snow depths of several meters (Albert edlso particulate materials. In many regions with an extended
al., 2002). The intensity of wind ventilation depends on the seasonal snowpack, snowmelt is characterized by a relatively
wind speed, snow permeability and snow surface roughnesguick onset and fast melt period (called the spring “freshet”)
features. Wind ventilation in snow is caused by pressure varithat can deliver concentrated pulses of contaminants to sur-
ations induced by wind turbulence and “form drag” pressurerounding soils and waters with potentially serious impacts on
around show surface roughness features (Albert and Hawecosystem health.
ley, 2002). For example, at Summit, Greenland, snow surface There is field evidence of contaminant amplification dur-
roughness features that are more pronounced in winter thaimg snowmelt. Lafrerire et al. (2006) noted that organic
summer can notably increase the rate of chemical transport icontaminant concentrations in early melt water from a re-
snow, assuming similar wind conditions (Albert and Hawley, mote alpine area were much higher than in the snowpack,
2002). and even the more hydrophobic compounds were highly con-
Snow permeability strongly influences snow-atmospherecentrated in melt water. Bergknut et al. (2011) noted that as
exchange, and depends mainly on snow layering and snownuch as 71 % of the annual export of PCBs and 79 % of
microstructure (Bartels-Rausch, 2012). Although snow den-+that of the PCDD/Fs from a Boreal catchment in Northern
sity has been commonly applied in the past to estimate perSweden occurred during the snowmelt induced spring flood,
meability, it only correlates poorly in terms of air transmissi- a percentage exceeding considerably the contribution that
bility (Albert et al., 2000). Permeability in a seasonal snow- the spring freshet makes to the annual flow of water (52 %
pack can change by two orders of magnitude over the coursto 66 %). The higher percentage for the contaminant export
of the winter (Domine et al., 2008). Snow permeability can was attributed to significant amounts of melt water reaching
also vary by almost one order of magnitude between differenstreams through overland flow. Comparing snowmelt run-
snow layers within one snowpack (Albert et al., 2000). off in an urban area during two subsequent years, Meyer et
It is also important to note that artificial ventilation of al. (2011a) observed higher peak concentrations of the pesti-
snowpack can be induced by certain chemical measureeides chlorothalonil angt-HCH in stream water in the year
ment techniques. Measurement methods that rely on pumpwhen the snowpack was thicker and when a higher propor-
ing of interstitial air from the snowpack for chemical analy- tion of run-off occurred by overland flow rather than sub-
sis/detection often require flow rates on the order of liters persurface flow. PAH transport in this urban watershed during
minute, which causes advection-dominated flow and mix-snowmelt was found to correlate strongly with run-off rates,
ing of concentrations of analyte from various depths in thewhich in turn were controlled by the intensity of melting
snowpack (Albert et al., 2002). As such, measured intersti{Meyer et al., 2011a). Concentrations of PAHs during high
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Table 2. Types of snowpack elution behavior observed in the laboratory. Release profiles based on experimental data; example contaminants
that follow these elution profiles are also listed.

Type Timing of release Release profile ~ Contaminant characteristics Examples
1 early during melt M water soluble atrazine, chlorothalonil, short
chain PFCAs

2 at the end of melt [ strongly sorbing to particulate 4 to 5 ring PAHs, PCBs, semiflu-
matter (PM) or snow grain sur- orinated alkanes
faces

3 late during melt m somewhat water soluble and atlong chain PFCAs, chlorpyrifos
the same time high affinity for
snow grain surfaces

4 early during melt and at partially dissolved in the aque- lindane, fluorene

the end of melting ous melt water phase and par-

tially sorbed to PM

5 in the middle of the melt ||||H|H|H||||I sorption to snow grain surface intermediate chain PFCAs

decreasing during the melt

flow conditions were as much as two orders of magnitudePFCAs in an urban creek, which dipped during the spring
higher than during low flow. Because of the 10 times higherfreshet (Meyer et al., 2011b), in contrast to the behavior of
run-off, PAH transport in the river during the spring freshet long chain PFCAs mentioned above.
was three orders of magnitude higher than during normal Snow can contribute to contaminant amplification not only
flow (Meyer et al., 2011a). Also the flow of long chain perflu- at the watershed scale, but also on the scale of the snow-
orocarboxylic acids (PFCASs), believed to be largely particle- pack itself (Meyer and Wania, 2008). It had been established
bound, had peak concentrations during the period of maxifor quite some time that early melt water fractions are en-
mum snowmelt run-off, likely due to the mobilization of con- riched in inorganic ions (Johannessen and Henriksen, 1978;
taminated particles under high flow conditions (Meyer et al., Tsiouris et al., 1985). Mechanistically, this is explained by a
2011b). melt water front percolating down a snowpack and dissolv-
Incidentally, dilution of compounds by the high run-off oc- ing the ions that have been excluded from the ice matrix and
curring during snowmelt is also possible, mostly for com- are present within a liquid-like layer at the snow grain sur-
pounds that do not have primarily atmospheric origin. Non-face (see also Bartels-Rausch, 2012). When late melt water
atmospheric watershed sources may become diluted by meforms and percolates through the snowpack, most of the ions
water containing low concentrations of such contaminants, ahave already been eluted. Table 2 describes various types of
least as long as these are not particle bound and the remolsnowpack elution behavior observed experimentally, and the
lization of solids counteracts this dilution effect. An exam- types of contaminants most likely to exhibit a particular re-
ple of this phenomenon is the concentrations of short chairlease profile. Similar to the early release of ions in melting
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snow, Type 1 (Table 2) release was observed for water sol- A peculiar release behavior with maximum melt water
uble organic contaminants during studies involving artifi- concentration in the middle of the melt period (Type 5, Ta-
cially generated and contaminated homogeneous snow thdtle 2) was observed for intermediate chain length PFCAs
was subjected to controlled melt conditions (8etiorf and  (Plassmann et al., 2011). This release profile could only be
Herrmann, 1987; Meyer et al., 2006, 2009a). In fact, elu-explained by assuming that the strength of sorption of the
tion curves of water soluble organics, which are estimatedcompounds to the snow grain surface is declining during the
to partition predominantly=90 %) to the liquid water phase snowmelt period, for reasons that are currently still unclear,
present in a melting snowpack, closely resembled electricabut may be related to the changing ionic composition of the
conductivity measurements in the melt water (Meyer et al.,melt water (Plassmann et al., 2011). Also the release of mer-
2009a, b). Because of the larger molecular size of organicury from a melting snowpack was found to be influenced
contaminants, exclusion from the ice matrix can be assumedy the ionic strength of the water used to make the artificial
to be even more complete than that of inorganic ions (Kam-snow (Mann et al., 2011).
merer and Lee, 1969). In laboratory experiments, the first All five types of elution behavior observed experimen-
quarter of the melt water contained as much as three quatally (Table 2) could be reproduced with a snowpack melt
ters of the total load of water soluble chemicals, such as thenodel that simulates the sequential melting of several hori-
pesticide atrazine. The first melt water fraction had concenzontal snow layers and the resulting downward percolation
trations in excess of five times the average snow concentraef melt water (Meyer and Wania, 2011a; Plassmann et al.,
tion (Meyer et al., 2009a). Preferential enrichment of water2011). The model assumes equilibrium partitioning between
soluble organic contaminants was also observed in the fieldthe various snowpack phases (snow grain surface, particulate
as Lafrengre et al. (2006) noted the strongest enrichment inmatter, melt water, air-filled pore space), suggesting that ther-
early melt water samples for HCHs. modynamic considerations are sufficient to explain the differ-
The opposite behavior was observed for particle-bound orences in the elution behavior of different chemicals (Meyer
ganic substances in controlled melting experiments, and i&nd Wania, 2011a).
shown as Type 2 release in Table 2. Because snow, in par- Both laboratory experiments and model calculations have
ticular if it has undergone repeated freeze-thaw cycles, oftebeen used to explore what snowpack and melt characteristics
acts as a particle filter, particle-sorbed substances are retainddhve the largest influence on the contaminant enrichment in
in the melting snowpack to be released only at the very endnelt water (Meyer et al., 2009b, Meyer and Wania, 2011a).
of the melt. Examples of contaminants behaving this wayThe early elution of water soluble compounds (Type 1, Ta-
are the larger PAHs (Meyer et al., 2009a), the longer chairble 2) was found to be most pronounced in deep and aged
semifluorinated alkanes used in skiwaxes (Plassmann et alsnowpack that is melting rapidly, while it is attenuated in
2010), and mercury (Mann et al., 2011). layered snow with hydraulic barriers and in snowpacks that
Particle sorption is not the only reason for contaminant en-are subject to bottom melt (Meyer et al., 2009b, Meyer and
richment in late melt water fractions. A late release (Type 3,Wania, 2011a) (see Fig. 2 for an illustration of two different
Table 2) is also observed for somewhat water soluble submelt scenarios). The filtering of particles by the snow, and
stances that sorb strongly to the snow grain surface, but intherefore release via Type 2 elution (Table 2) was enhanced
stead of being released only at the very end of the melt pein dense snow consisting of fine and facetted snow grains as
riod, concentrations in the melt water tend to gradually in- well as by the formation of dirt cones (Meyer et al., 2009b).
crease in a late stage of melting when the snow surface area The contaminant enrichment in melt water observed at the
and thus the snow’s sorptive capacity is diminishing and dis-base of the snowpack may be reflected to different extents in
appearing. Such behavior has been observed for long chaitihe timing of concentration peaks in the receiving water bod-
PFCAs (Plassmann et al., 2011) and is predicted for pestiies. In the case of the water soluble contaminants that peak
cides such as chlorpyrifos (Meyer and Wania, 2011a). early during snowmelt the concentration observed in receiv-
Some substances’ sorption behavior is such that they areng waters depends on the extent of ground infiltration and
only partially particle-sorbed in snow. Their release from surface run-off, as was illustrated by the case of the pesticide
melting snow is then characterized by an early elution of thechlorothalonil in an urban stream discussed earlier (Meyer
fraction dissolved in water and a second late peak associet al., 2011a). The enrichment of particle-bound substances
ated with the release of particles from the snowpack (Typein the late melt water fractions is likely of little relevance
4, Table 2). Which one of these peaks dominates not onlyfor the timing of concentration peaks of such substances in
depends on the contaminant’s partitioning properties, but ighe receiving rivers, because it is overwhelmed by the high
also strongly dependent on snowpack properties, such as thgarticle loads caused by high run-off rates during snowmelt.
particle content (Meyer et al., 2009a, b; Meyer and Wania,In other words, highest water concentrations for such sub-
2011a). For example, in snow with very low particle con- stances would likely occur during the period of highest run-
tent, even quite hydrophobic contaminants can be enrichedff. In cases where melt water directly enters water bodies,
in early melt water fractions (Lafredie et al., 2006). such as occurs during glacial melt or when snow on ice cov-
ered lakes and oceans is melting, the timing of release from
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the snowpack base may be more relevant in understandingacity of the watershed, namely the fraction of the contam-
the timing of concentration peaks in the water. inant input that finds its way into the water compartment
Snow cover is not an efficient storage reservoir for all (Bergknut et al., 2011). In addition to contaminant properties
organic species. As discussed in section 3.2, more volatilesuch as partitioning behavior and degradability, many water-
substances are readily lost by evaporation back to the atmashed properties will influence this retention capacity, includ-
sphere. Some contaminants may also be degraded within thag relief, soil properties, and meteorological and hydrologi-
snow, as discussed in Sect. 3.9. Despite high thermodynamical characteristics. Watershed retention will almost certainly
forcing, contaminants may not be able to escape the snowbe subject to high temporal variability on a number of time
pack in locations where freezing rain has sealed the surfacescales, and thus will impact the extent and timing of concen-
an occurrence which appears more frequently in a warmingration peaks and thereby also toxicity. The melt of a sea-
climate (e.g., Post et al., 2009), and in these special casesonal snow cover causes highest contaminant loads to occur
a higher proportion of the contaminant may enter the wa-in early spring, when organisms are at a particularly vulnera-
ter cycle during the freshet. Generally, only the photochem-ble stage of development. One particular motivation for seek-
ically stable and less volatile organic contaminants will still ing to understand the role of a seasonal snow cover in con-
be present to a large extent in a seasonal snow cover at thaminant amplification is to achieve the ability to anticipate
onset of melt. Empirically, it has not yet been establishedhow climate change may impact aquatic organism exposure
whether the annually averaged watershed retention of thes® contaminants (Macdonald et al., 2003a). Whereas rising
organic contaminants is enhanced or diminished through théemperatures may only slightly modify contaminant behav-
presence of a seasonal snow cover. However, we may suier in a watershed, small temperature changes can precipi-
mise that contaminant retention in a watershed experienctate large changes in the characteristics of a seasonal snow
ing highly episodic run-off with very high, albeit short run- cover (e.g. duration, depth, surface ice cover) and its melt
off rate maxima is lower than in a watershed where run-off (e.g. rate of melting). In other words, changes in contami-
occurs more uniformly. There are two reasons for this: (i) nant pathways consequent to the melting of seasonal snow
Whereas run-off conditions that favor infiltration to soils are cover create a greater vulnerability to change than is the case
expected to increase contaminant retention within the wain warmer regions.
tershed, in particular for compounds sorbing to soil organic
matter, overland flow is less likely to be “filtered” by passage 3.4 Fate of contaminants in melting glaciers
through the ground. Snowmelt generates high run-off during
times when the ground is often still frozen and thus largely Similar to Arctic environments, the scavenging and depo-
impermeable, resulting in a higher portion of run-off occur- sition of atmospherically transported POPs by snow plays
ring on the surface than below the ground. (ii) Very high run- an important role delivering POPs to alpine environments
off rates as may occur during snowmelt result in greatly en-(Finizio et al., 2006; Vighi, 2006; Thies et al., 2007; Kang et
hanced potential for solid phase transport and thus in the moal., 2009; Wang et al., 2010; Bogdal et al., 2010). High alti-
bility of particle-sorbed substances. Overall, we may there-tude environments, which are believed to be particularly sus-
fore expect that not only are the maximum water concentraceptible to rapid climate change, provide cryospheric reser-
tions higher in the presence of a seasonal snowpack, but seirs of POPs (Blais et al., 2001b; Batterbee et al. 2009;
are the annually averaged water concentrations. ExceptionSchmid et al., 2011). Blais et al. (2001a) have shown that a
may be urban watersheds that experience intense rain evenggacier-fed tributary was the dominant source of most POPs
that resemble those during the spring freshet (Zhao and Grayp a subalpine lake in the Canadian Rocky Mountains. They
1999). have also found that at least 10 % of the glacier-melt dis-
The likelihood of detrimental effects of contaminants on charging into this lake originated from the ice that was de-
aguatic species depends on the contaminants’ toxicity, itposited during 1950-1970, a period with greater contami-
concentration, and the period of exposure. Not only is thenation by organochlorines (Blais et al., 2001b). The authors
long-term average concentration in water relevant in this conwarned that enhanced glacial melt due to climate change may
text, but also the short-term concentration variability, espe-increase the release of contaminants to freshwater. Melting
cially as it relates to seasonal biological cycles. Specifically,mountain glaciers have become a local secondary source for
fluctuating concentrations can be more toxic than averagd’OPs (Blais et al., 1998; AMAP, 2005; Bogdal et al., 2009);
concentrations (Ashauer et al., 2011). The specific timingmeasurements of a large range of POPSs, including PCBs,
of concentration peaks is crucial, namely whether they co-PCDD/Fs and organochlorine pesticides, revealed a remark-
incide with time periods of particular organism susceptibility able re-increase of sediment concentrations in pro-glacial
or food uptake. Water concentrations strongly depend on dakes directly fed by melt water from rapidly melting adja-
contaminant’s input to a watershed, i.e. either the use anaent glaciers (Fig. 3). A comparison between sediment trends
emission of the contaminant within the watershed or the ratén vicinal Swiss Alpine lakes confirmed that sediment con-
of atmospheric deposition to watershed surfaces. Howeverentrations are increasing in glacier-fed lakes closely follow-
water concentrations will also depend on the retention caing the movement of the glacier front (Fig. 3a and b), while
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Fig. 3. Annual input fluxes of PCBs and DDTs (left y-axes) into sediment in three Swiss Alpine lakes inc(adlithg pro-glacial Lake
Oberaar(b) the pro-glacial Lake Stein, an@) the non-glacial Lake Engstlen. For pro-glacial lakes (lakes immediately in front of or just
beyond the limits of a glacier that are formed by or derived from glacier ice), the annual movement of the adjacent glacier is provided (right
y-axes) with a positive value corresponding to a glacier growth and a negative value to a glacier retreat. Note that the values for PCBs in
Lake Oberaar have been multiplied by three to fit to the y-axis scale. Figure adapted from Bogdal et al. (2009) and Schmid et al. (2011).

in non-glacial lakes concentrations are following a decreasthe global cryosphere, as part of the freshwater cycle, and
ing trend expected by emission reduction measures taken possibly for the movement of contaminants contained within
few decades ago (Fig. 3c) (Schmid et al., 2011). or deposited upon the ice (Pfirman et al., 1995; Lange and
Coupling of a dynamic chemical fate model for PCBs, Pfirman, 1998). Simulations of contaminant transport by ice
DDTs, and PCDD/Fs based on historical use and emissioriPavlov, 2007) have specifically investigated the potential for
scenarios for these POPs with a transient glacial ice flowcontaminants located in the vicinity of river-mouths of ma-
model enabled further confirmation of this glacier hypoth- jor rivers flowing into the Arctic Ocean, the Bering Strait, the
esis and provided insight into the interconnection betweernWhite Sea on the northwest coast of Russia, and in the Faroe-
contaminant-, glacier-, and climate-dynamics (Bogdal et al.,Shetland Channel to be transported elsewhere over a period
2010). It could be shown that since the 1990s, climate changef 15 yr. The model results support the concept that contam-
has resulted in an acceleration of the release of POPs storédated sediments from the East Siberian rivers (Melnikov et
in Alpine glaciers. A steady-state climate would also have re-al., 2003) may be transported with the ice into the Central
sulted in a release of contaminants but at a much slower ratéArctic Ocean over a period of several years, eventually reach-
Due to climate warming, POPs are released earlier and moring the marginal ice zones (MIZ) of the Western Arctic and
concentrated by glacial melt water. The release of chemithe Barents Sea (Gustafsson et al., 2005) where they are re-
cals may be further boosted if glacier melting continues toleased when the ice melts. Changes in the locations of ice
accelerate in the future. Between 1999 and 2008, the Swiskrmation and melting, and in the types and amounts of ice
glaciers lost about 12 % of their ice volume, whereas the exinduced by climate change, therefore, may have the capacity
traordinarily warm summer of 2003 caused a volume loss ofto alter the export of contaminants from the Arctic. Although
3.5% (Farinatti et al., 2009). we have reasonable estimates of the volumetric transport of
Locally the release of POPs during the glacial melting seasea ice, the transport of particles contained within sea ice, and
son may represent a relevant source of toxic compounds tsome contaminant loads carried by that ice (Macdonald et
sensitive mountain ecosystems and may affect biota. Meltingl., 2005), the magnitude of this transport pathway for most
glaciers have also been hypothesized as a source for the coROPs remains poorly quantified. The dramatic change in ice
tinuing exposure to DDT of Aglie penguins from the West- climate (Stroeve et al., 2007, 2012) which has already wit-

ern Antarctic Peninsula (Geisz et al., 2008). nessed the replacement of almost half of the multi-year ice
with seasonal ice, means that much of the sea ice no longer

3.5 Contaminant occurrence and processing in the functions as multi_-year accumulgtor and transporte_r. Instead,
sea-ice snowpack and sea-ice whatever contaminant load the ice accumulates, either from

atmospheric deposition or sediment resuspension is returned

. . . to the ocean surface within the same year.
Relatively few studies have examined the occurrence of or- y

ganic contaminants in the sea-ice system, largely due to lo-

gistical difficulties such as gaining access at the right time3-5-1  The effect of sea-ice formation processes and brine

of the year. However, given the extensive areas covered by rejection on contaminants

sea-ice and the dynamic nature by which organic contami-

nants can associate with and accumulate in snow and ice arfeigure 4 illustrates the processes associated with sea-ice for-
be transported and/or released during periods of melt (semation and growth in the Arctic over a winter season. The
Sect. 3.3) sea ice studies are warranted. The transport of sebehavior of organic contaminants associated with these pro-
ice across the Arctic Ocean is an important process withincesses, including the growth of sea-ice during fall/winter and
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percolate into the sea-ice or be flushed into meltwater ponds. These
dynamic processes concentrate and flush contaminants from segig. 5. Time-series of HCB (top) and andy-HCH (bottom) con-
sonal, first-year ice, which is the dominant sea-ice in a warmingcentrations in snow and air measured in the Amundsen Gulf, Cana-
Avrctic. dian Arctic (April-June 2008). The vertical lines approximately de-
note the period when average air temperatures were at or above
0°C. HCB and HCH concentrations in air are shown on the sec-

L o . ondary y-axes. The average daily air temperature fluctuated around
the desalination of seasonal sea-ice is also illustrated and igoc from mid-May onwards with a corresponding reduction in the

based largely on observations conducted as part of the Cangnowpack depth and cover and occurrence of melt-ponds on the sea-
dian Circumpolar Flaw Lead (CFL) system study. This studyice surface by late May. When air temperatures-afeC, concen-

was conducted in the eastern Beaufort Sea and Amundsetnations of HCB and HCHs are generally lower in the snow (exclud-
Gulf in the Canadian Arctic, including a detailed examina- ing fresh snowfall) and the air concentrations are on average higher
tion of the behavior of-andy-HCH in sea-ice (Pgko et al., than when air temperature was0°C, indicating exchange between
2010a, b, 2011a). The sea-ice snowpack is typically shallowthe snowpack and the atmosphere. Data from Codling et al. (2012).
(<1 m) and usually is comprised of a windblown hardpack,

interspersed with, or overlying, layers of large, weathered

snow crystals (e.g. depth hoar) with a surface dominated bl., 2011a). While SSA would be the best parameter to use in
ice pressure ridges and wind-shaped sastrugi. With the onsghis type of study, only density measurements were available
of spring, snowmelt can give rise to meltwater ponds whichduring this particular field campaign, and as such served as a
cover substantial areas of the sea ice. Short term observgroxy for SSA. Regular measurements of the sea ice snow-
tions of POPs in the sea-ice snowpack revealed a significarpack conducted over the late winter and into spring (March
loss ofa-andy-HCH (by ~40 %) via re-volatilization when to June) revealed significant inverse relationships between
windy conditions were encountered on the sea ice. This waghemical concentrations in snow and snow density for hex-
attributed to the reduction of snow SSA, which in turn leadsachlorobenzene (HCB) and the lower chlorinated PCB con-
to increased snow density and reduced capacity for the snoweners (Codling et al., 2012). A weaker relationship was ap-
to hold sorbed chemicals, occurring over relatively short timeparent fore-and y-HCH andcis- andtrans-chlordane, and
periods & 24 h) following fresh snowfall events (Bko et  no relationship was observed for PBDEs (congeners 47, 99
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and 100) and &-Cyo PFCAs. In this case, snow density was i Jew ice

used as a surrogate for SSA, where samples of snow withgn 9% - S ,

higher density are assumed to have lower SSA (see Legag-I’:- B2 | YR old ice

neux et al., 2002) based on the observations of the differ-gl 95 1 i S
ent snow types encountered during the CFL campaign. In- & o: | i
terestingly, for the longer chain PFCAs(&Ci4) a signif- o1 | ' | . . | . * .
icant positive relationship was apparent with snow density 0 50 100 150 200 250 300 350 400
(r>=0.3-0.7, =5 to 10,p < 0.05) indicating their accumu- o

lation or enrichment within higher density snow (with pre- 012 1 ¥

sumably lower SSA). However, the particle-bound fraction 3 M;; | ¢ AEgyearice old ice

of these chemicals is likely to be significant (although this % b0 \.{'é 2 © Mean £ S
fraction was not analyzed separately) and the older, higher £ oo | ’o"f};"*’ri,,—c':tf*l.—'i__g.
density snow may also effectively retain particulate matter, ~ °-°; 1 | '

particularly following partial melt and water loss, which may ° 50 10 150 200 250 300 350 400
account for the increase in concentrations. These relation-
ships with density and hence SSA indicate the degree to
which a chemical is vapor-sorbed to the snow crystals. Re-
ductions in SSA are likely to result in evaporative loss of
the more volatile chemicals, whereas lower volatility chemi-

New ice

First year ice Old ice

AMean+ SE

Ice salinity (ppt)
&

cals (e.g. PBDEs and PFCAs — the latter present in the snow l: e & Ko i a
in their anionic form) will be retained within the snowpack, . A i
especially if the compound has a significant particle-bound g e - il 4t

fraction. Figure 5 presents a time-series of contaminant con-
centrations (HCBg-andy -HCH) measured in the sea-ice
snowpack of the Amundsen Gulf from late April to early Fig. 6. Dependence af-HCH (top) andy-HCH (middle) concen-
June. The average daily air temperature fluctuated arountfations and ice salinity (bottom) on sea ice thickness (adapted from
0°C from mid-May onwards, resulting in a notable reduc- Puko et al., 2010a). Both HCH isomers decreased exponentially
tion in the snowpack depth and cover, with the occurrence Of/yith increasing sea icg thickness following the sea ice desa!ina—
melt-ponds on the sea-ice surface by late May. By early Junet,'or_‘ curve. T_he co_rrelanong observed b_etwee_n H_CH_concentratlons,
ice-cover in the Amundsen Gulf had decreased<t40 %, sallr_uty and ice thl_ckn_ess imply that brine rejection is also accom-
compared to~98 % prior to May. When air temperatures panied by HCH rejection.
are> 0 °C, concentrations of HCB and HCHSs are generally
lower in the snow (excluding fresh snowfall) and the air con-
centrations are on average higher than when air temperature Concentrations of both HCH isomers decreased exponen-
was < 0°C, indicating the dynamic nature of chemical ex- tially with increasing sea ice thickness following the sea ice
change between the snowpack and the atmosphere. desalination curve (Fig. 6). The correlations observed be-
What we know of the behavior of organic contaminants tween HCH concentrations, salinity and ice thickness imply
in the sea-ice (see Fig. 4) is based largely on the work ofthat brine rejection is also accompanied by HCH rejection
Pwueko et al. (2010a, b) who examinadandy -HCH in sea-  which, in turn, will yield elevated concentrations of these
sonal and first year ice during the CFL campaign. As sea-chemicals in the brine-channels within the ice and in the
water freezes, salts can be excluded from the bulk ice in eneath-ice seawater during periods when brine exits in the
process known as “brine rejection”, forming a highly vari- sea ice. HCH levels in the brine in the winter were approx-
able sea ice matrix consisting of ice crystals and inclusiongmately 13 times higher than in bulk ice due to the freezing
of brine and air (Bartels-Rausch, 2012). However, little wasout effect as new ice forms, reaching £0.3 ng L1 for «-
known previously about the behavior of contaminants dur-HCH, and 0.42+0.01 ng L= for y-HCH. These concentra-
ing this freezing process. Bko et al. (2010a, b) showed that tions represent some of the highest HCH concentrations mea-
HCH was generally associated with the brine fraction of seasured in the Arctic marine environment, exceeding under-ice
ice, but as much as 40 % could remain within the ice crys-water concentrations by a factor of3 in the spring (April—
tal matrix until the final stages of melt. HCH concentrations May) (Pwtko et al., 2010a, b). In spring, (i.e. from mid-April
were found to be higher in younger ice that contained brineto mid-May) HCH concentrations in ice brine were found
(brine salinity>>> 50 ppt). The concentrations of both HCH to decrease gradually with time as the brine volume frac-
isomers and their vertical distributions in the ice were highly tion increased (due to melting of the ice crystal matrix) and
dependent on the initial entrapment of brine in young ice andthe brine salinity decreased @Eo et al., 2010b). There-
the subsequent desalination process. fore HCH concentrations in newly-forming sea ice depend
primarily on the initial sea water concentration, the rate of

Ice thickness (cm)
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the snow by diffusion out of the shallow “slush” layer, which
maintains a brine volume fraction 5% (see P&ko et al.,
2011a). The extent to which snow can affect HCH levels in
seaice (and presumably other contaminants that possess sim-
ilar physicochemical properties) is significantly smaller, and
may be restricted to a short period in spring when the ice
warms enough for its brine volume fraction to exceed 5 %.
Further research is needed to determine whether this behav-
ior applies to other contaminants, particularly some of the

20 emerging POPs like the PFCAs, which are present in sea-
10 water and hence will be entrained in newly forming sea-ice
and also deposited to the surface of the ice with successive
0 L L L L L 1 L '] L L L L L L L L

snowfall events.

R SR A S A notable summer field investigation in the MIZ of the
MRS L A A A Barents Sea examined PCBs in ice (multi-year ice), snow
and beneath-ice seawater as well as the micro-environments
EF of ice-interstitial water and ice-rafted particulate matter
051 (Gustafsson et al., 2005; Sobek et al., 2006). PCB concen-
0.495 +0.004 Ice Breakup

trations, however, were found to be relatively low (e.g. PCB-
52 in snow and seawater was observed in the range of 0.1—
0.3pg 1), with little evidence of contaminant enrichment

in the various sea-ice sub-compartments, like the ice-melt
water ponds. However, this field campaign was conducted
during the warmer months of July and August when substan-
tial freeze-thaw activity and melting had occurred, and when
considerable time had elapsed to allow atmosphere-surface
water gas exchange.

In the last decade the proportion of older, multiyear ice
(> 2yr old) in the Arctic Ocean has diminished markedly
(e.g.> 4 % decrease from 2005 to 2008) with a correspond-
ing increase in younger ice<(1 yr old) (Kwok et al., 2009;

Fig. 7. Average air concentrations (top) and enantiomer fractionsStroeVe et.al., 2_012)' Diminishing p_erennlal seaicein fav_or
(bottom) at Resolute Bay before and after the seasonal ice melt(,)]c annual Ice W'I_l affect the dY”am"?S of organic cont§m|-
Jantunen et al. (2008). During winter/spring ice coveragelCH  Nnants in the sea-ice system, with a widespread predominance
in the air had a racemic composition (i.e. EF = 0.5) but with the lossOf the ice-brine enrichment pathway affecting the exposure of
of ice cover in spring, the concentrations in the air rose considerablyice-associated organisms such as ice algae in the spring. The
from the winter values, and the EF changed towards the signaturentrainment of waterborne contaminants within seasonal sea-
of the surrounding waters Reported errors represent 1 standard déee and their subsequent possible enrichment in ice-brine pro-
viation based on method uncertainties. Picture modified accordingsides a mechanism resulting in the concentrated re-release of
to AMAP (2011b). contaminants to marine waters. The presence of ice-brine in
younger ice also allows greater interaction of contaminants
between the snowpack and the ice, with potential for down-
ice formation (HCH accumulation) and desalination (concur-ward migration or percolation from the snowpack into the
rent HCH rejection) until the combination of declining atmo- ice, once brine levels increase with the onset of spring; again,
spheric temperature and increasing insulation by a thickeningroviding a direct contaminant pathway to ice-associated or-
ice cover permit the ice to cool sufficiently for its brine vol- ganisms, which sit at the base of the marine food web. An
ume fraction to drop below 5% (the fraction below which additional concern is that contaminants stored in the winter
there is little brine movement within the ice). In the winter, snowpack over ice will in turn yield relatively contaminated
most of the ice column exhibits a brine volume fraction be- melt water which will collect in melt ponds and accumulate
low 59%; throughout this time the accumulating HCH con- as a buoyant layer under melting ice resulting in exposure
centrations at the bottom of the ice will become locked asfor ice-associated biota at a biologically-important time of
the ice grows, thereby initially reflecting the HCH concen- the year.
tration of the water beneath the ice. Following the first snow-
falls on newly formed ice, upward migration of brine from
the surface of the ice will affect levels of salt and HCHSs in

0.482 +0.010
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3.5.2 The effect of sea-ice on contaminants in the (—)a-HCH, which can be separated on a chiral-phase chro-
atmosphere matography column. Importantly, enantiomers have the same
physical-chemical properties, so transport processes in the
In a warming Arctic, summer sea-ice has experienced signif-environment or abiotic reactions do not discriminate between
icant retreat in the past three decades with decreasing ard¢he enantiomers (Bidleman and Falconer, 1999). In contrast,
coverage, reduced growth after summer, delayed fall freezemetabolic processes such as microbial activity may selec-
up with a lengthened melt season, decrease in ice thickneds/ely deplete one enantiomer over the other. Enantiomer
over the central Arctic Ocean and a shift from a multi-year fractions (EFs) (i.e. EF =§)/[(+)+(-)]) are commonly used
ice cover to ice less than a year old (Stroeve et al., 2007to depict enantioselective processes and hence are used to
2012; Steele et al., 2008; Lindsay et al., 2009; Perovichdiscriminate between environmental sources and compart-
2011). More open water enhances solar heat input resultments where enantioseletecive degradation may have oc-
ing in a warming upper ocean with greater ice melt (Per-curred. An EF value of 0.5 represents a racemic mixture i.e.
ovich, 2011). Changes in ice coverage and temperature inthe (+) and ) forms are in equal proportions. This is usu-
crease in the upper ocean have significant implications for thelly the case for fresh, technical formulations of a pesticide.
exchange of contaminants between air and ocean. ContambBeviations of EF from 0.5 represent a “weathered” signal.
nants that have accumulated in the sea-ice may be releaséddeasurements of the enantiomeric compositioreéfiCH
during melt, and those stored in sea water may volatilize toin air and surface seawater in Arctic Canada (Jantunen et al.,
the atmosphere when the Arctic Ocean opens. On the othe2008; Wong et al., 2011) show that more open water is al-
hand, open water may receive more input of contaminantdowing for volatilization from the ocean reservoir. Both Jan-
via atmospheric deposition. The net amount and direction otunen et al. (2008) and Wong et al. (2011) showed that during
contaminant flux between air and water depends on the fuwinter/spring ice coverage;-HCH in the air had a racemic
gacity gradient between air and water and the partitioningcomposition (i.e. EF=0.5) but with the loss of ice cover in
properties of the compound, which are temperature depenspring, the concentrations in the air rose considerably from
dent. Studies have shown that sea-ice is an effective barrigthe winter values, and the EF changed towards the signature
for air-ocean exchange of contaminants (Jantunen and Bidlesf the surrounding waters (Fig. 7). Changes in EF upon ice
man, 1996). During an expedition in June—August 2004,breakup allow non-racemie-HCH in sea water to volatilize
Gioia et al. (2008) performed coupled air and water concen-and mix with nearly racemic atmosphetieHCH advected
tration measurements from which they inferred that deposiby long-range transport, providing strong evidence of sea-
tion dominates over volatilization for PCBs in the Arctic re- sonal “re-emission” oftx-HCH from an ice-free ocean sur-
gion. However, near the MIZ (78-7®), their calculations face.
show higher net deposition of PCBs because of higher PCB Putko et al. (2011b) evaluated the evolution of the
air concentrations. It is uncertain whether this was becaus&ICH inventory in the Beaufort Sea and found that between
melting ice margins were a source of PCBs to the atmospher&986 and 1993, the inventories increased due to loading via
or whether more complex ice-water-atmosphere interaction®cean currents, while gas exchange, river inflow and ice ex-
were occurring (e.g. coupled to phytoplankton activity). Re- port were negligiblex-HCH input/output routes. Degrada-
cent studies have predicted net deposition of HCB into thetion processes could explain the decrease in obsert¢@GH
Arctic Ocean (Su et al., 2006; Lohmann et al., 2009; Wong etconcentrations between 1993 and 2007 and they anticipate
al., 2011) and exchange directions varieddeandy -HCH, that the majority ofx-HCH could be degraded in the Beau-
2,4-dibromoanisole (DBA) and 2,4,6-tribromoanisole (TBA) fort Sea by 2020.
by season and locations (Wong et al., 2011). Concentrations of many organic contaminants in the Arc-
Significant reductions in ice cover in late summer, as ob-tic atmosphere during the past ten years have varied region-
served over the western Arctic Ocean in recent years, willally but are generally trending downward (Hung et al., 2010).
lead to increased evaporation of semi-volatile contaminantAn exception to this is HCB, a former pesticide and still
formerly trapped below the sea iee HCH and other volatile  an unintended byproduct of various industrial chemical pro-
POPs (e.g. HCB) are sensitive to this temperature effect (e.gcesses. Increases in HCB concentrations in the atmosphere
Li et al., 2004). Measurements made as early as 1993 (Jarhave been observed since 2003 at the Zeppelin (Svalbard)
tunen and Bidleman, 1996) showed that atmospheric declinemountain research station (Fig. 8). A similar increasing trend
in «-HCH, due to curtailment of technical-HCH use by China in HCB was also observed at the Canadian High Arctic sta-
and India (e.g. Li and Macdonald, 2005), resulted in a revertion of Alert (Wang et al., 2010). Overall, the downward
sal of the air-sea flux direction of HCHs from net deposi- trends of organochlorine concentrations in air are due to the
tion in the 1980s to net volatilization in the 1990s. Insight reduction of use/production of these compounds. However,
into air-surface exchange over the Arctic Ocean has beeit is currently unclear what has caused the change in the
gained by examining the enantiomers of chiral organochlo-downward trend of HCB concentrations in air since 2003
rine pesticides (e.g. Jantunen et al., 2008). For examplenear Zeppelin. Becker et al. (2012) discuss the recent up-
a-HCH exists as two enantiomeric formst)x-HCH and  turn in HCB concentrations and consider several hypotheses
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Fig. 8. Temporal trend for hexachlorobenzene (HCB) in air at Zeppelin, Norway during the monitoring period 1993-2012. Data obtained
from http://www.nilu.no/projects/ccc/onlinedata/pops/index.hfftle trend and seasonal cycles were developed using the Digital Filtration
Technique described in detail in Nakazawa et al. (1997).

for this behavior. Revolatilization from previously contam-  As part of a critical review on the implication of global cli-
inated soils and vegetation may influence atmospheric conmate change for human exposure to organic contaminants in
centrations (Bailey, 2001; Barber et al., 2005), as well as thehe Arctic, Armitage et al. (2011) examined the sensitivity of
presence of HCB impurities in currently used pesticides. Thethe accumulation of organic contaminants in the Arctic as a
fungicides, chlorothalonil and quintozene, and the arachnitesult of sea-ice cover reduction/elimination. An increase in
cide, tetradifon, have been shown to contain HCB as impu-primary productivity in aquatic systems, related to changes
rities (Gouin et al., 2008). Besides the possible use of HCB-n sea-ice cover and nutrient availability, would affect the
contaminated pesticides, these increases may be related todéstribution of organic contaminants between the freely dis-
reduction in sea ice cover on the west coast of Spitshergersolved phase and the particle-bound fraction. While the for-
where Zeppelin is located, which has become ice free in thener drives pelagic food web exposure and is available for
past 6—7 yr. The reduced ice cover in Fram Strait is a consevolatilization to the atmosphere, the latter would enhance
quence of the significantly increased inflow of warm, surfacedeposition to the sediments and deep ocean. Their calcula-
North-Atlantic water (Slubowska-Wodengen, 2007; Nilsen tions showed that the freely dissolved fraction would only
etal., 2008). Although dramatic ice retreat has been observethcrease for very hydrophobic contaminants with unrealistic
in other parts of the Arctic, a permanently ice-free state attemperature-dependencies and temperature increases in the
8C° N is unique. Ma et al. (2011) further analyzed the time water column. However, the magnitude of change is uncer-
series of POPs in Arctic air measured at Zeppelin and Alert tatain. Although salinity would affect organic chemical solu-
reveal evidence of remobilization of POPs trapped in Arctic bility and partitioning properties, the magnitude of changes
environmental sinks (ice/snow, land and water) due to Arcticin salinity linked to climate change (e.g. melting ice/snow)
warming and sea ice retreat. They hypothesized that the oveare unlikely to affect such properties to a great extent as
all downward trends observed in measured atmospheric POPompared to other changes. Their study concluded that hu-
concentrations caused by decreasing emissions, changing loaan behavioral change could be potentially more influential
cations of sources and environmental degradation may havi exposure than changes to the physical environment.
masked any climate change influence on atmospheric POPs.

By statistically removing the declining time trends, the un- 3.6 Preservation of contaminant deposition records in
derlying residuals showed increasing tendencies when Arctic ice cores

sea-ice retreat sped up (Stroeve et al., 2007). The statistical

detrending and correlation analysis of Ma et al. (2011) werejn persistently cold climates, snow will continue to accumu-
almost entirely performed using summertime datasets in Oriate and at higher depths form firn as it is compressed by
der to minimize the effects of low-latitude emissions and seatne snow above. During this time, interstitial air between
sonality in the data (since Arctic ice melt is most significant snow grains can be exchanged with the atmosphere above
and POPs input from southerly sources is lowest in summer)he snowpack, until the pores eventually close off and air is
They found that concentrations of most POPs were positivelyrapped. As pressure increases, firm is eventually compressed
correlated with summer surface air temperatures and neganto ice, and this ice (and the air trapped within) can serve
tively correlated with sea-ice extent from 2000 to 2009, atag an invaluable record of past atmospheric composition. In
significance levels of 90 % or more. geographic locations where snow is converted to firn, and
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eventual permanent ice, it is possible to examine contamiof relative contaminant accumulation history. Ice/firn cores
nant records preserved in ice cores. Anthropogenic organitaken in the Norwegian and Canadian Arctic provide infor-
contaminants have been measured in ice cores collected imation on geographical differences in sources and contami-
a variety of locations including Svalbard, Norway (Isaks- nant transport patterns. The valuable time-series provided by
son et al., 2003; Ruggirello et al., 2010; Hermanson et al. firn and ice cores could complement air monitoring efforts in
2010); Colle Gnifetti in the Swiss/Italian Alps (Gabrieli et the Arctic and elsewhere, particularly with respect to newer,
al., 2010); Mt. Everest (Wang et al., 2008); Lys Glacier, Italy emerging contaminants for which longer term measurements
(Villa et al., 2006) and Ellesmere Island, Canada (Gregor ein air are lacking. Coordination of coring efforts and the ty-
al., 1995). Using literature-reported data, Wang et al. (2010)ing together of different field programs (polar regions and
found correlations between climate variation patterns (in-alpine) may provide a useful endeavor for global monitor-
cluding the EI Nino-Southern Oscillation, the Siberia High ing efforts under UNEP. We note that accelerating climate
pattern and the North Atlantic Oscillation) and deposition change introduces a certain urgency in recovering these sorts
of DDT and HCH in ice cores from Mt. Everest (the Ti- of ice records given the ongoing wide-scale demise of small
betan Plateau), Mt. Muztagata (in the eastern Pamirs) and theontinental glaciers (e.g. Meier et al., 2007).

Rocky Mountains in North America. These associations sug-

gest linkages between climate variations and organic contam3-7  Transport of contaminants by biota (biovectors)

inant distribution. It is difficult to segregate the relative extent ) ) ]

of the influence of climate change from emission changes orpi0t@ that undergo seasonal migrations into the cryosphere,
the deposition of contaminants to ice and firn cores, but the®" that forage widely within the cryosphere and then con-
records clearly show that deposition at given sites is a prodY€rge at special locations, have the capacity to provide an
uct of both the strength of emissions and other factors (winds€fficiént means to transport contaminants that bioaccumu-
temperatures, secondary sources) that are strongly affectd@te or biomagnify (Wania, 1998; Blais et al., 2007; Roosens
by climate variability and climate change. As emissions de-€t @, 2007; Corsolini et al., 2007). The cryosphere con-

crease, the secondary sources grow in relative importancins large and varied populations (100000s-1000000s of
and these are strongly controlled by climate. birds, fish and mammals) that are seasonal, or exhibit mi-

Utilization of fim and ice cores in the Arctic is pro- gratory behavior, or exhibit life cycles that include conver-

viding insight into the recent<decade) and longer-term 9€nce into dense colqnies or special Iocatigns. Animals have
(multi-decadal) accumulation history of POPs and other or-2dapted these behaviors partly because winter precludes ac-
ganic contaminants (e.g. currently used pesticides, bromiliVities like foraging or nesting, and partly because seasonal
nated flame retardants, PFCAs) (Young et al. 2007: Herice cover controls access to Iogatlons favored fqr fo.raglng.
manson et al, 2005, 2010; Ruggirello et al, 2010; Meyer etThe exgmple of recent dramatic change occurring in Arc-
al., 2012). Contaminant accumulation in ice is unlikely to {iC S€&-ice cover (e.g., Stroeve et al., 2007, 2012), with 2012

provide accurate depositional fluxes for a given year due’®V achieving the lowest ice cover on record, brings with it

to the post-depositional processes that can occur, such a{ge inescapable conclusion that migratory behavior, foraging

revolatilization, degradation, deposition of POP-bearing par-2"d régions of convergence will be at the vanguard of change.

ticles to snow by wind pumping, or movement with percolat- Indeed, ocean climate change may even lead to the establish-

ing meltwater. For example, Jaffrezo et al. (1994) measured &'€nt of néw migratory behaviors and pathways (€.g., Nielsen
35-90 % decrease in certain PAH compounds over the coursgt @l 2012). .

of 4yr in a Greenland snowpit, likely due to chemical degra- ' terms of regional or global contaminant mass balances,
dation. In order to reconstruct past atmospheric pollution and?OVectors tend to be quantitatively small (Wania, 1998). For
climate from Alpine ice cores, glaciers having negligible in- €<@mple, Zhang et al. (2001) estimated that sockeye salmon
fluence by percolating meltwater need to be selected becaugd'nually transporte-1 kg of monomethyl mercury (MeHg)
meltwater disturbs the annual layer structure. However, dudrom the Pacific Ocean to rivers in Bristol Bay, Alaska. This
to recent climate warming it becomes more and more diffi-Mass would be approximately equivalent to MeHg held in

cult to find unaffected cold glaciers, particularly in temperate € tor?]zSOOm of the North Pacific Ocean over an area of
mountain regions. Eichler et al. (2001) drilled an ice core ~20knT (based on MeHg measurements by Sunderland et

from the accumulation area of the glacier Grenzgletschef-» 2007). Likewise Kiimmel et al. (2003) estimated that

(Swiss Alps) at 4200 ma.s.l. and analyzed inorganic tracerst Million adult sockeye salmon could transper. 16 kg of

A significant deviation of the Cl-to-Na'-ratio from the ex- PCB, which is comparable to the amount of PCB contained

pected seawater ratio of 1.16 provided evidence for the trang" the top 100 m of shelf water for an area of about 108km

port of soluble chemical species with the percolating meltwa-C" the amount of PCB transported by the flow into the Arc-
ter moving within this glacier. Today, the relevance of per- ti¢ Ocean through Bering Strait in about two days (based on
colating meltwater for the conservation of organic contam-PCB measurements for Arctic Ocean surface waters by Car-

inants within temperate ice is hardly known. Nonetheless,120 and Gustafsson, 2011).
the few existing studies do provide an excellent assessment
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The above comparisons do, however, provide a strongpther on the advantage of containment by permafrost (ACIA,
caution in terms of the potential importance of biovectors 2005). Waste handling in the form of sewage lagoons, dump-
in exposing special ecosystems to toxic chemicals. For exsites at military installations and solid waste dumps in small
ample, in an extreme case where salmon converged on acommunities and industrial installations (i.e., oil-drilling
Alaskan lake in numbers exceeding 20000 spawners pesumps) continues to the present (Macdonald et al., 2005).
km?, Krimmel et al. (2003) showed that PCB depositional Waste disposal in landfills and dumpsites is a potential lo-
fluxes to sediments exceeded 3700 ncfiyr—1, or about 8  cal source of POPs and has received significant attention
times the loadings inferred for atmospheric deposition. Sim-in the case of PCBs associated with the distant early warn-
ilarly, Evenset et al. (2007a) found that organochlorine con-ing sites (“DEW-line”) across Arctic Canada (e.g., Brown
taminants delivered by birds to a remote arctic lake on Bealet al., 2009). Recently, PBDEs have been measured in soils
Island (Barents Sea) were equivalent to 30 times the atmoaround dumpsites in Cambridge Bay and Igaluit in Arctic
spheric delivery mechanism. In other locations, authors pointCanada. Concentrations in landfill soils were, in some cases,
to soil concentrations for PCBs and pesticides that are 1®ver 100-fold higher than concentrations measured in back-
to 100 times those at sites not influenced by migratory an-ground soils, thereby presenting a significant local source
imals (e.g., Roosens et al., 2007; Cabrerizo et al., 2012)of these persistent chemicals (Danon-Schaffer et al., 2008).
Perhaps more importantly, the contaminant loadings associPermafrost thawing would result in enhanced transport of
ated with biovectors lead to pervasive biological exposureleachates and associated contaminants away from these sites,
within the affected freshwater ecosystems (Gregory-Eavespromoting input to aquatic systems in close proximity to
2007; Evenset et al., 2007a). The leading species engagingiajor Arctic communities. In Canada, climate change has
in migratory behavior in the cryosphere include fish, ma- been considered during the development/approval of waste-
rine mammals, and birds with the latter providing the best-containment infrastructures for the past ten years (AMAP,
known examples for the Arctic (Evenset et al., 2004, 2007a,2011).

b; Michelutti et al., 2008, 2009; Foster et al., 2011) and Although far more remote from highly-industrialized
Antarctic (Corsolini et al., 2007; Roosens et al., 2007; Nie countries than Arctic regions, the Antarctic also receives
et al., 2012). Although these migrations have the potential inPOPs (Tanabe et al., 1983; Bargagli, 2008). Large interna-
some cases to deliver contaminants from temperate and troptional research stations along the Antarctic coast have been
cal regions into polar regions, the more significant process inidentified as significant local POP contamination sources
volves redistribution within polar regions. Specifically, birds (Risebrough et al., 1990; Choi et al., 2008), but strict han-
feed from surrounding productive ocean areas (e.g., polynyadling protocols for waste in Antarctica minimize this source.
or open waters), and rear their young in colonies that mayAs in the case of the Arctic, potential challenges may be ex-
include over 20000 individuals. The ponds or lakes assopected from contaminant reservoirs contained in or by ice
ciated with these colonies are on one hand provided withand snow (secondary sources) and the release of these con-
enhanced nutrients making them Arctic oases, while on theaminants due to permafrost and ice cover reduction (Curtosi
other hand they are contaminated with biomagnifying indus-et al., 2007; Mayewski et al., 2009; Aronson et al., 2011).
trial organochlorine compounds at rates that far exceed the

atmospheric delivery. 3.9 Photodegradation of contaminants in ice and snow
3.8 Mobilization of contaminants due to thawing While the physical processing of contaminants in ice/snow is
permafrost critical in determining their cryospheric fate, field and labo-

ratory investigations have unambiguously demonstrated that

Human activities in remote cold regions lead to the produc-organic compounds can undergo chemical changes in ice or
tion of waste and the release of anthropogenic contaminantsnow (Kin and Holoubek, 2002; Grannas et al., 2007a; Mc-
into surrounding ecosystems. The Arctic regions are moreNeill et al., 2012; Bartels-Rausch et al., 2012). Subsequent
vulnerable than those in Antarctica to such sources given theelease of the products may significantly impact the composi-
resident populations and the location of industry, especiallytion and chemistry of the overlying atmosphere or the aquatic
in the Eurasian north (AMAP, 1998), and in terms of extrac- environment.
tion of resources from the continental shelves (e.g., oil and The primary chemical transformations occurring in
gas recovery). Given the lack of these sorts of sources irice/snow can either be photochemically or thermally initi-
Antarctica, and that most industrial/agricultural sources areated. Compounds that absorb solar radiation may undi+go
in the Northern Hemisphere, Antarctic biosystems are con+ect photochemical reaction. If the compounds do not absorb
sidered minimally impacted by primary sources of contami- solar radiation they may still react with other species present
nants. Today, regulations under the Antarctic Treaty preventn snow and ice via secondarindirect) photochemical pro-
industrial and some tourist-related activities on the continentcesses. It has been shown thatH, nitrate, and organic ma-

For many Arctic settlements in regions of permafrost, his-terials are efficient photosensitizers in sunlit snow and ice
torical containment of wastes has depended in one way or an(see for example Jacobi et al.,, 2006; Ram and Anastasio,
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2009; Beine et al., 2012). Dark reactions of organic com-ronmentally hazardous photoproducts, which may later be
pounds may also occur, but typically only with the most introduced into the environment via melting or evapora-
chemically reactive substances such as radicals (e.g. OH), dion processes. Studies have been reported for species such
reactive oxygen species (e.gz)O as halogenated aromatic compounds (e.g., chlorobenzenes,
The likelihood and course of a photochemical reactionchlorophenols, PCBs) (i&h et al., 2000a, b, 2001; &hova
depends on many factors, including the optical, photophys-et al., 2003b; Literak et al., 2003; Dolinova et al., 2006;
ical, and chemical properties of the chromophores (light-Matykiewiczova et al., 2007b), nitroaromatic compounds
absorbing species); the optical and phase properties of théDubowski and Hoffmann, 2000), or organophosphorus com-
host matrix (ice/snow); the presence of potential photosenpounds (Weber et al., 2009). However, these experiments em-
sitizers; and temperature (Grannas et al., 2007a and refeployed frozen aqueous solutions as ice mimics with relatively
ences therein; Kahan and Donaldson, 2007; Ram and Anashigh initial reactant concentrations (L0 ug kg'1); contami-
tasio, 2009; Kahan and Donaldson, 2010; Kahan et al., 2010pant concentrations in natural snow are considerably lower —
Heger et al., 2011; Kurkdvet al., 2011). We are far from a on the order of 10 ng kgt or less (Grannas et al., 2007a).
comprehensive understanding of snow photochemistry, due It has been shown that reaction mechanisms in snow/ice
to a variety of difficulties associated with preparing adequatecan be significantly different than what would occur in a
snow and ice mimics in a controlled laboratory setting. Thesdiquid aqueous sample. Photolysis of frozen solutions of
challenges are discussed in further detail below. haloarenes at or below7°C gave predominately reduc-
One phenomenon that has been hypothesized to play ative dehalogenation and coupling products, instead of pho-
important role in snow and ice chemistry (for both photo- tosolvolysis products, which are formed in irradiated lig-
chemical and thermal reactions) is the freeze-concentratiomid aqueous solutions (Kh et al., 2000a, 2001; Khow et
effect. Freezing of agueous solutions of organic compoundsl., 2003b) (Fig. 9). Predominant formation of the coupling
results in substantial increased local concentrations of solutegroducts has been shown to be related to the freeze concen-
at the ice/air interface and in micropockets within the bulk tration effect (Heger et al., 2005) and efficient diffusion of
ice (Heger et al., 2005). This process can impact both theeactive intermediates (Ruzicka et al., 2005). The specific
mechanisms of reaction and the rate of reaction. For exameourse of the reaction is then related to the fact that water
ple, in areas of high solute concentration rates of bimoleculamolecules of ice do not act as nucleophilesgd\a et al.,
reactions can be enhanced (Grannas et al., 2007b) and rea2003b). When chlorophenols and hydrogen peroxide (as a
tion mechanisms may change due to increased probability ofource of the OH radicals upon photolysis) or inorganic ni-
coupling reactions over solvolysis @&htowa et al., 2003b). trates (a source of NOQand OH radicals) are irradiated in
Reactions are also feasible within the bulk ice as well as afrozen aqueous solutions, oxidation/nitration reactions com-
interfaces (Ruzicka et al., 2005). Species may also deposit opete with the photolysis (Kino\a et al., 2003a; Matykiewic-
an ice surface from the gas phase, which leads gradually taova et al., 2007b). In contrast, some compounds, such as 4-
the formation of a monomolecular layer (Heger et al., 2011;nitrophenol (Dubowski and Hoffmann, 2000), were found to
Kurkova et al., 2011; Ray et al., 2011). The recent review ofgive the same photoproducts in both liquid and frozen sam-
McNeill et al. (2012) describes in more detail the molecular- ples. In cases where different products are produced due to
level aspects of organic solutes and their chemistry in envichemistry in snow/ice, it will be important to assess their
ronmental ices. toxicity and bioaccumulation potentials, as these may be
The incorporation of organics into snow and ice may in- quite different than the products formed from gas phase or
fluence their photochemical fate, as the absorption spectraqueous (liquid) chemistry. For example, the toxic effects of
of chromophores in liquid water do not necessarily coincidechlorobiphenyldiols formed upon the photolysis of 2- and 4-
with those of the same substances in/on ice. This is becausghlorophenol in frozen aqueous solutions were evaluated us-
of specific substance—ice or substance—substance interactioimsy a bacterial luminescence test and in vitro biomarker as-
that may occur infon ice (Heger andél, 2007) or altered say for dioxin-like effects, and compared to those manifested
acid/base properties caused by the freezing process (Heger ey product formation in the liquid aqueous solutions (dihy-
al., 2006). For example, the spectra of simple aromatic comdroxybenzenes) (Blaha et al., 2004). Contrary to the aqueous
pounds, such as phenol derivatives (Matykiewiczova et al.solutions, the irradiated ice samples elicited significant in-
2007b) or benzene (Kahan and Donaldson, 2010), exhibituctions of dioxin-like effects. The authors concluded that
bathochromic shifts to wavelengths that overlap with thosethe photochemistry can have an unexpected impact to pris-
of solar radiation reaching the Earth’s surface, making thetine polar regions, when organic contaminants are present in
likelihood of photochemical degradation in environmentally ice/snow as trace constituents.
relevant frozen matrices greater. Low concentrations of snow contaminants and the com-
Laboratory studies have raised the question of whetheplexity of the system are great challenges to those who want
potential chromophoric organic contaminants, deposited irnto study the physical and chemical processes occurring in
polar snowpacks or adsorbed on ice crystals in the atmonatural snow. Investigations of ice surface/air exchange and
sphere and exposed to solar irradiation, can produce enviphotochemical processes of hydrophobic organic compounds
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~ X hy O sufficient amounts of hydrogen peroxide (a photochemical
Ry J RO (photosolvolysis) OH radical source) are present in snow, photoinduced oxida-
H0 () tion processes could surpass both photoreductive dechlorina-
X -.. y N tion _and evaporative Io_ssefs of PCBs as the major sink in a
RL — . RrE x M R@ (dehalogenation) sunlit snowpack (Matykiewiczova et al., 2007a).
Z ice Z Z While the majority of reported studies have been con-
J R{jx ducted in laboratory settings, several studies conducted in the
‘ field also point to the potential importance of photochemi-
R R R R cal degradation of contaminants in/on snow and ice surfaces.
x@—@ + Q_@ (coupling) Klan et al. (20_03) demonstrated that several aromatic car-
bonyl, chloro, nitro and hydroxyl compounds underwent very
X =Cl, Br x efficient sunlight-induced chemical reaction in experiments
[H] = a hydrogen atom donor conducted using ice samples prepared from clean water, but

Fig. 9. Comparison of photochemistry of haloarenes in water and'rradl"jltGd in natural sunlight in Svalbard, Arctic Norway.

frozen aqueous solutions, illustrating the different mechanisms and N€ Observed photoproducts could pose a high toxicologi-
products that occur in liquid water and ice. cal risk to biota if they entered the environment. Rowland et

al. (2011) studied the photochemical degradation of several

organochlorine compounds via both direct photodegradation

as well as photosensitizer induced reaction during field ex-
have been carried out using ice grains (artificial “snow”) periments conducted in Barrow, Alaska in 2008. Interest-
(Matykiewiczova et al., 2007a; Heger et al., 2011; Kurkova ingly, samples made using snow collected from the Barrow
et al., 2011; Ray et al., 2011). This snow is produced byarea showed the greatest reactivity (when compared to sev-
a shock-freezing preparation technique either as pure snowral control experiments), and the authors hypothesized that
(which is then exposed to vapors of an organic compound), onatural organic matter present in the snowpack could be an
as contaminated snow prepared directly from the correspondmportant photosensitizer for environmental photochemical
ing aqueous solutions (Matykiewiczova et al., 2007a; Hegerreactions in snow/ice. This result is in agreement with the
etal., 2011; Kurkova et al., 2011; Ray et al., 2011). The spe+ecent report of Beine et al. (2012) which indicates that chro-
cific surface coverage of artificial snow grains by hydropho- mophoric dissolved organic matter is the dominant source of
bic organic compounds has been estimated with the help of aeactive OH radicals in Barrow area snow, ice and frost flow-
photofragmentation process (Heger et al., 2011; Kurkova etrs.
al., 2011) or ozonation reaction (Ray et al., 2011). Aremark- Controlled laboratory studies relying on experimental ice
able and unexpected increase in the apparent ozonation rateimics are often confronted with challenges such as instru-
of 1,1-diphenylethylene at the air—ice interface with decreas-mental limits of detection and sample size or extraction vol-
ing temperature was reported recently (Ray et al., 2013). lume limits which preclude the use of samples made using
was suggested that an increase of the number of surface renvironmentally relevant concentrations. It has been argued
active sites, and possibly higher ozone uptake coefficientby Guzman et al. (2007) that although natural and labora-
are responsible for the apparent rate acceleration. Even itory ices certainly differ in many ways, the important com-
the case of ice surface loadings which correspond to subponentis the “molecular domains sensed by the solutes them-
monolayer coverages, some organic compounds tend to selbelves, rather than the macroscopic/mesoscopic ice textures
associate on the ice/snow surface (Kahan and Donaldsognd morphologies perceived by observers...”. They argue
2007, 2010; Heger et al., 2011; Kurkova et al., 2011). Therethat in both cases (lab-generated and natural samples) the
fore, intramolecular as well as intermolecular (substance-local concentrations in the microscopic ice domains where
substance or substance—gaseous reactant) chemical proceses chemistry occurs are greatly elevated relative to the bulk
are likely to occur on the ice surfaces. (melted) solute concentration due to the freeze concentra-

A laboratory study of the photochemical behavior of tion effect, and as such, ice mimics are relevant substitutes

POPs, such as PCBs, in artificial snow at environmentallyfor environmentally-formed snow/ice. On the other hand,
relevant concentrations enabled simultaneous monitoring ofhe generation of ice mimics in the laboratory (typically ob-
their photochemical changes and volatilization fluxes fromtained by freezing liquid water samples containing the tar-
the solid matrix (Matykiewiczova et al., 2007a). Reductive get solute for study and perhaps also relevant photosensi-
dehalogenation (Fig. 9), as the major degradation pathwaytizers) certainly do not reproduce the typical environmental
competed with a desorption process responsible for the consnow crystal formation mechanism (except perhaps for rim-
taminant loss from snow. It has been estimated that the lifeing, as described in Sect. 3.1). Few reactivity studies have
time of PCBs in snow under solar radiation-825°C, con-  been made on ice condensed from the gas phase, which is
nected exclusively to this process, is 1-2 orders of magnitudéow most natural snow forms. While it is easier to make ice
longer than that in surface water. However, in cases wheref a given bulk composition by freezing liquid water than by
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condensing vapor, techniques have been proposed to maka® field-based studies investigating contaminant fate consider
snow by condensing water vapor (Loewe et al., 2011). Ad-not only the physicochemical properties of the contaminants,
ditionally, the potential physical and chemical interactions but also the physical nature and evolution of a snowpack over
of solutes in liquid-like/disordered interfaces with particulate the timescale of the process being studied.
matter co-located in these domains have not been addressed.Another comparison can be made at the large scale be-
For example, particulate organic matter could serve as a phaween sea ice produced in the Arctic Ocean and in the South-
tosensitizer, could impact the air/surface partitioning of so-ern Ocean. For the former, the ice generally accretes by freez-
lutes via sorption, or could shield solutes from photochem-ing at the bottom while a relatively small snow load is accu-
ical reaction due to light screening effects. Although thesemulated at the top of the ice due to the desert-like condi-
effects could significantly impact snow photochemistry pro- tions of the Arctic (e.g. Serreze et al., 2006). For much of
cesses, none of these have been evaluated in laboratory-basth@ Arctic’s ice these large-scale circumstances allow us to
studies. As discussed initially in Grannas et al. (2007a), thenfer generality from the relatively few detailed studies of
community still lacks a comprehensive understanding of thecontaminants in ice reviewed above. In the Southern Ocean,
incorporation of impurities into environmental snow and ice, sea ice initially forms in much the same way, accreting new
and their chemical morphology at both macroscopic and mi-ice at the bottom. However, a substantially larger snow load-
croscopic scales. This currently serves as a barrier to théng favors flooding of the sea ice with seawater, which then
potential extrapolation of laboratory experimental results tofreezes together with the snowpack to form layers at the top
the environmental realm. Given the chemical complexity of of the ice (Lange et al., 1990). We know nothing about how
snow/ice in the environment, and the various ways in whichthe flooding of snow-covered ice affects contaminant distri-
species may be incorporated into the snow/ice matrix, it will butions and the subsequent entry of these contaminants into
be a challenging, but vitally important, effort to elucidate the marine ecosystems. It is, however, clear that general conclu-
various chemical mechanisms at play at the molecular level.sions based on studies of un-flooded sea ice cannot be ex-
tended to ice that has been flooded. Within the Arctic Ocean
3.10 Comparison of contaminant/cryosphere itself, sea-ice flooding is known to occur in coastal regions
interactions in different environments prone to storm surges (Carmack and Macdonald, 2008).

Various interactions between contaminants and the

cryosphere have been described in Sects. 3.1-3.9. Each

cryospheric compartment plays a unique role in influencing? Knowledge gaps and research needs

contaminant transport and fate. It should be noted that

these interactions may be very different depending on thelhere are currently several knowledge gaps and research

environment. For examp|e’ as discussed in Halsall (2004)peeds that limit our understanding of contaminant fate and

snow-atmosphere chemical exchange will in large part bethe potential impact of climate change on contaminant trans-

controlled by the evolution of SSA. The physical processesPortand processing. These include challenges related to field,

controlling SSA will be quite different in, for example, the laboratory and modeling studies. Adequate consideration of

high Arctic as compared to warmer sub-arctic areas. In the¢hese issues will require interdisciplinary studies at a variety

Arctic, low precipitation amounts and frequent windstorms Of scales, from molecular level processes to global transport

during winter result in the surface snow being shaped bystudies.

repeated wind events, rather than numerous fresh snowfall

events. This results in a hard wind-packed snow, with the4.1 Experimental challenges

surface dominated by sastrugi, with relatively shallow depth.

In contrast, sub-arctic snow tends to exhibit lower densityAs discussed in Sect. 3.9, creating appropriate snow and ice

and SSA, higher depths, higher permeability and is exposednimics in the laboratory environment can be challenging.

to lower wind speeds and higher temperatures. Thes&Ve do not have a clear understanding of how the method of

variables will certainly affect snow-atmosphere transfer, assample generation might impact the location of contaminants

discussed in Sect. 3.2. or photosensitizers within the snow or ice sample, and how
An additional factor influenced by the local environment is in turn the observed reactivity or partitioning equilibria ob-

the snowmelt process. As discussed in Sect. 3.3, the springserved in a laboratory experiment might be influenced by the

time contaminant “pulse” observed in receiving waters de-sample preparation method. Efforts should be made to con-

pends in part on the extent of ground infiltration and sur-duct laboratory experiments on snow mimics created from

face run-off. Additionally, the early elution of water soluble condensing water vapor, rather than freezing of liquid solu-

compounds was found to be most pronounced in deep antions. No studies have quantitatively addressed the role of or-

aged snowpack that is melting rapidly, while it is attenuatedganic or mineral particles within/on ice under controlled lab-

in layered snow with hydraulic barriers and in snowpacksoratory conditions, even though these surfaces likely play an

that are subject to bottom melt. Thus, it is crucial that labimportant role in contaminant reactivity in environmentally
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relevant ices. The development of adequate sample preparéactors contributing to within-region variability. Given the
tion techniques is a non-trivial issue for experimentalists.  variety of laboratory-based studies investigating the chemical
Another great challenge of studying contaminant fate indegradation of contaminants in snow and ice, it would be in-
the cryosphere is the very large heterogeneity of snow andormative to identify the observed products in environmental
ice on both a spatial and temporal scale and how this mayamples. This would help verify the validity of laboratory-
impact contaminant fate. Laboratory experiments on contambased experiments and determine quantitatively the impor-
inant behavior in melting snow have proven useful in gainingtance of these reactions in the environmental setting.
important mechanistic insights and in facilitating a quantita- Gas-patrticle partitioning is an additional factor affecting
tive description of contaminant fate during snowmelt. Otherthe behavior of organic compounds in cold environments.
contaminant fate processes related to the cryosphere may essessment of snow/ice concentrations of contaminants and
amenable to similar approaches relying on a set of highlytheir association with the particle phase is difficult. Snow
controlled and reproducible experimental conditions within and ice samples must be melted prior to analysis, and this
a cold room. Examples include: will likely result in a redistribution of dissolved and particle-
phase contaminants (Wania et al., 1999b). As such, quanti-
tative assessments of dissolved and particle-phase contam-
inants in snow and ice should be interpreted with caution.
Hageman et al. (2010) quantified spatial and temporal vari-
— Air-snow exchange of contaminants and its dependencébility in contaminant concentrations in snowpack samples;
on snow permeability and wind conditions, however, more studies designed to assess the various sources
of variability in snow and ice samples are needed and this is
- MOblllty, reaCtiVity, and potential for redistribution of best done with |0ng-term and high-reso|ution 5amp|e anal-
contaminants in firn and glacier ice, in particular during ysjs. Unfortunately, the ability to conduct such large scale
time periods of seasonal melting, monitoring efforts is hampered by the large sample sizes
typically required for snow/ice analysis and the careful and
time-consuming sample preparation and analysis process.
Thus, the development of analytical techniques that can in-
Ultimately, comprehensive field experiments, like those ini- crease sensitivity and decrease interferences would allow for
tiated for HCH by Pako et al. (20114, b) should incorporate smaller sample sizes and open the door to higher spatial and
a more complete set of fate processes affecting contaminantemporal resolution studies.
in a snowpack or in sea ice simultaneously and may become
feasible (i.e. experiments that investigate the interaction be4.2 Validation and improvement of models
tween contaminant reactions, redistribution and loss by melt
water or brine, and in the vapor phase, and how these interacAlthough contaminant pulses resulting from spring snowmelt
tions are governed by snowpack/ice characteristics, chemicdiave been predicted from modeling and lab studies (reviewed
properties, and meteorological conditions). Another possibil-in Meyer and Wania, 2008) and observed in the field in a
ity is a hybrid approach, where environmental snow/ice samfew cases (Lafregre et al., 2006; Bizzotto et al., 2009a;
ples are transferred to a cold-room to conduct experimentdleyer et al., 2011a, b), more field studies are needed to de-
under controlled and reproducible conditions, thereby avoidtermine how common and how important this phenomenon
ing the question to what extent artificial snow/ice samples arg@s. For example, we need to better understand how differ-
representative of the real environment. ent environmental conditions affect snowmelt-induced con-
Assessment of spatial and temporal trends of contaminantsaminant pulses, especially by comparing field and modeling
in snow and ice is complicated by post-depositional changesesults. We also need to identify the types of mountain and
in the snow concentrations, sampling access, potential conpolar systems and locations in the world that might be most
tamination from local emissions (e.g. field station operationsprone to snowmelt-induced contaminant pulses. Moreover,
in remote polar locations), and analytical challenges relatednore studies need to be conducted to determine the like-
to detecting low-levels of contaminants and potential con-lihood and degree to which snowmelt-induced contaminant
tamination or losses due to sample processing. It has beepulses are causing biological impacts (i.e. extension of the
suggested that the wide range of reported concentrations afiork by Bizzotto et al., 2009b) and to identify which aquatic
organic contaminants in snow can be partly attributed to posterganisms might be most affected. These types of studies will
depositional processes. Revolatilization of organochlorinegequire increasing collaboration between chemists and ecol-
has been shown to take place in response to increases wygists/ecotoxicologists. Additionally, the importance of con-
show density and decreases in snow surface area (Blais et ataminant exposure via snowmelt should be compared to that
1998; Herbert et al., 2005b; Finizio et al., 2006; Burniston etarising from other sources of contaminant exposure. Simi-
al., 2007). Seasonal snowmelt (Gustafsson et al., 2005) ankrly, more field and modeling studies need to be conducted
chemical degradation (Hoyau et al., 1996) are also importanto determine the degree to which the release of contaminants

— Contaminant fate during sea ice formation, growth and
melting, including the fate of contaminants from snow-
packs accumulating and melting on top of ice,

— Photochemical, microbial and other transformation pro-
cesses of contaminants in snow.
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from melting glaciers may cause biological impacts. It will project overwintered the Canadian Coast Guard icebreaker
be important to differentiate contaminant releases due to thémundsernn the Beaufort Sea providing facilities and time
melting of seasonal snowpack versus those due to climatéo conduct a variety of contaminant measurements on snow,
change induced glacier melt. Likewise, it will be important to ice, water and biota (e.g., Bkp et al., 2010a, b; Codling et
understand if contaminants in polar marine systems predomal., 2012). However, these opportunities are rare and require
inantly come from melting glaciers, sea ice, sea snowpack oexpensive commitments in logistics. Because the scientific
directly from the atmosphere. community currently faces increasingly limited resources, it
One advance that will aid in modeling efforts is the Eu- is crucial that we effectively communicate key research pri-
ropean Space Agency Cryosat-2 mission. Cryosat-2 warities and work collaboratively to make efficient use of the
launched in 2010 with the goal of monitoring changes in theavailable opportunities and field research platforms. Addi-
thickness and extent of polar ice. Recent reports indicate thationally, the contaminant research community does work at
Cryosat is delivering an unprecedented view of the seasona variety of scales, from experiments aimed at a molecular-
growth and retreat of sea ice across the Arctic, as well as infevel understanding of chemical degradation to modeling of
formation on the thickness of the Greenland ice sheet, accuatmospheric transport at the global scale. Interdisciplinary
rate to within 10—-20 cm (Parrinello et al., 2012). This infor- collaboration and communication is critical to link the vari-
mation will be a critical component in models that attempt ous individual studies done at multiple scales in a meaningful
to quantify the role of melting sea ice/glaciers on contam-and accurate manner.
inant fate. A better understanding of the overall fate of the Opportunities should be sought to extend collaboration be-
cryosphere is of great importance for modeling the potentialtween the science community and the people who live in cold
fate of contaminants contained within various cryosphericregions. One immediate benefit is the potential to engage lo-
compartments. cal communities in monitoring activities, which otherwise
While modeling should continue and increasingly be usedcould be prohibitively expensive. Collaboration then leads to
to understand the role of the cryosphere in contaminant fatdetter monitoring design by incorporating local knowledge,
processes, input values still need improvement. In particuand better communication between scientists and local com-
lar, snow-air and snow-ice partition coefficients need to bemunities. The scientific community should also actively en-
measured for a larger set of chemicals than currently availgage policymakers and industry. Energy development activ-
able (Hoff et al. 1995; Roth et al. 2004). Although estima- ities are expanding in polar regions and new transportation
tion methods for these partition coefficients exist (Roth etroutes will open as sea ice retreats, both of which will im-
al., 2004), they may not be appropriate for more compli- pact contaminant sources. It will be critical to actively en-
cated chemicals such as current-use pesticides and some gége the parties making and enforcing regulatory decisions
the semi-volatile emerging contaminants. Additionally, many or industrial practices, in efforts to reduce the introduction of
equilibrium estimation methods result in bulk sorption pa- contaminants into sensitive polar ecosystems.
rameters, but give little detail about the actual mechanism
of uptake. For example, quantification of contaminant inter-
actions with particulate matter in snow would aid not only 5 Conclusion
modelers, but also those interested in potential chemical in-
teractions that may occur when organic materials act as phofhe cryosphere has the capacity to significantly impact the

tosensitizers. local, regional and global cycling of contaminants. Field, lab-
oratory, and modeling studies have shown that snow and ice
4.3 Logistics and community coordination are crucial components of the Earth system that can influence

the fate of contaminants, through both uptake and release
For many of the POPs, we have few or no reliable ocearmechanisms. Chemical processes occurring in snow and ice
data collected as depth profiles or along transects from shelfnay also impact contaminant fate, in some cases generat-
to basin interior locations. These sorts of profiles are cru-ing products potentially more toxic or more bioaccumulative
cial to obtain an accurate assessment of contaminant distrthan the original contaminant. The scientific community has
bution, storage by the upper ocean and the state of equilibmade much progress in elucidating the mechanisms of con-
rium between ocean and atmosphere. Presently, there are fel@minant transport and redistribution within the cryosphere,
ice-breakers capable of doing such work (requirements inand how these may be impacted by a changing climate.
clude ice capability plus clean laboratory and sampling facili- The effects of climate change are becoming more pro-
ties plus ancillary geochemical/instrumental profiling). Somenounced in the cryosphere, evidenced for example by un-
Arctic countries (USA, Canada) face the issue of aging ice-precedented declines in sea ice extent. Climate-induced
breakers that will require years to bring replacements on linechanges to the cryosphere will certainly impact the fate
(NRC, 2011). Recently there have been opportunities to col-of contaminants, altering atmospheric and oceanic transport
lect appropriate, year-round data at field camps from whichand releasing previously trapped contaminants from melting
contaminant processes can be inferred. For example, the CFice and glaciers. There remain many unanswered questions
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regarding the impact of climate change on cryospheric conLRAT:

taminant cycles. For example, recent winter warming anoma-

lies in the Arctic are resulting in rapid temporary thawing M
events resulting in partial melt of the winter snowpack and
the exposure of the underlying tundra vegetation (e.g. Olsen

et al., 2011; Callaghan et al., 2011). This is often followed Ncp:

by the subsequent formation of sheet-ice once temperatures

decline again. The ecological implications of these events orPAH:

terrestrial flora and fauna are the subject of ecological re-

search (e.g. Bokhorst et al., 2011) but the release and fate dtB

contaminants from the seasonal snowpack and their potentie}_l,
impact as additional stressors during these types of event are
currently unknown.

The greening of the Arctic will likely impact air/surface
exchanges, may increase forest/tundra fire frequency, and

could lead to remobilization of contaminants associated withPFCA:

plant and soil carbon. In addition to climate change impacts,

the expanding development of the Arctic may have a large fuP
ture impact on organic contaminant levels and trends within
the region, as energy resource exploration expands and wa-

terways open to shipping traffic. Contaminants interact withTga:

the cryosphere in varied and complex ways, involving the in-

terplay of biological, chemical, and physical processes. Al-UNECE:

though these are often studied as isolated processes, it is cru-
cial to develop an interdisciplinary picture of contaminant
cycling, which will require effective communication across U
multiple disciplines.
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NEP:

: Global cryosphere in the fate of organic contaminants

Long-range atmospheric transport
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Polycyclic Aromatic Hydrocarbon

DE: Polybrominated diphenylether

CB: Polychlorinated biphenyl

Polychlorinated dibenzg-dioxins and diben-
zofurans
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P: Persistent Organic Pollutant
Specific Surface Area (snow)
2,4,6-tribromoanisole

United Nations Economic Commission for Eu-
rope

United Nations Environment Programme
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