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Abstract

Snow and ice play their most important role inniteogen cycle as a barrier to land-
atmosphere and ocean-atmosphere exchanges that etbelwise occur. The inventory of
nitrogen compounds in the polar ice sheets is apmiattely 260 Tg N, dominated by nitrate

in the much larger Antarctic ice sheet. Ice comp ko inform us about the natural variability
of the nitrogen cycle at global and regional scale] about the extent of disturbance in
recent decades. Nitrous oxide concentrations haga about 20% in the last 200 years and
are now almost certainly higher than at any timghanlast 800,000 years. Nitrate
concentrations recorded in Greenland ice rosefagtar 2-3, particularly between the 1950s
and 1980s, reflecting a major change inyN@issions reaching the background atmosphere.
Increases in ice cores drilled at lower latitudas be used to validate or constrain regional
emission inventories. Background ammonium conegiotrs in Greenland ice show no
significant recent trend, although the record ig/veisy, being dominated by spikes of input
from biomass burning events. Neither nitrate momenium shows significant recent trends
in Antarctica, although their natural variations af biogeochemical and atmospheric
chemical interest. Finally it has been found fhfattolysis of nitrate in the snowpack leads to
significant re-emissions of N@hat can strongly impact the regional atmosphesnow

covered areas.

Index terms: ice, nitrate, ammonium, nitrous oxide, trends, ¢ores
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Introduction

In comparison to biologically active terrestriadancean surfaces, ice is not a very dynamic
source or sink of nitrogen compounds. Howeverpitetheless plays an important role as a
significant part of Earth’s surface, and as anigecbf changes in atmospheric composition.
Additionally, there is some interesting chemistsgaciated with N compounds in ice. In this
paper, all these aspects of nitrogen and ice wikddressed. Although the major focus will
be on ice sheets because of their large area, ictheaps and glaciers are also discussed, in

so much as they can provide localised archivessf geposition of N compounds.

The first role of ice and snow in the N cycle isadsarrier between the underlying land or
ocean surface and the atmosphere. Permanentaetsgmainly Antarctica and Greenland)
cover over 10% of the land surface, while seassmaiv (mainly in the northern hemisphere)
covers a maximum of about a further 30% [1]. Anitaximum in spring, Arctic sea ice
covers approximately 5% of the ocean’s surfacelevuantarctic sea ice covers around 6% of
the world’s oceans in austral spring. There isestimited microbial activity near the
surface, especially in warmer, wetter, snow and ldewever, the most obvious implication
is that the biological N exchanges that would ndiyr@ccur must be scaled back to account

for the land and ocean areas that are coveredin and ice.

However, the ice sheets and glaciers do of coasave an input of N compounds from the
atmosphere through wet and dry deposition, andemext section | carry out an annual
budget, and an inventory, of N compounds in permiice sheets. Seasonal snow cover
acts only as a delay for material to reach the dyitig surface when the snow melts.
Changes with time of the deposition of N compoulad$e ice sheets (as determined from
ice cores) can (with care) be used to understamdhhnging regional atmospheric burden of

N compounds and to test estimates of emission @samg a further section such changes,
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both in the recent past and the more distant pesiconsidered, studying both anthropogenic
and natural changes. Finally the chemistry of Mgounds within snow, firn and ice, is
assessed, considering especially processes by wiaghmay be re-released to the

atmosphere.
Nitrogen compounds in snow and ice

Cold, polar ice sheets, in which there is littlenormelting, contain chemicals (including
nitrogen compounds) in two separate phases [e.d-iB3tly, material deposited as aerosol
and directly from the gas phase onto the snow seyfa contained within the snow phase.
Secondly, polar ice contains air bubbles, whichesx@osed as the ice is compressed with
depth. These bubbles contain a sample of alltHidesgases in the atmosphere. The main N
compound contained in the air bubbles is of codkseepresenting 78% of the content of the
atmosphere (and therefore the bubbles). This @sphiat there are around 2.8 X I@ of N
within the polar ice sheets. However, becauseishisally just air that is isolated from the
main part of the atmosphere, it will not be disedstirther. The second N compound in the
air bubbles is BD whose changing concentration, because of itsa®ke greenhouse gas, is

of interest.

The inorganic N compounds found in the snow phas@iérate and ammonium. Nitrate
(NO3) is present in polar ice at concentrations typydaétween 10-100Qg kg (0.2-15

uM), and ammonium (Ni) at typically 0.5-30Qug kg* (0.03-20uM). The lower
concentrations within this range for both compouastypically seen in central Antarctica,
and the causes of the wide range of concentratwihbe considered later. It is likely that
some dissolved organic nitrogen (DON) compoundpeesent in polar ice, but there are no

guantitative data in the literature [3].



Estimates of the total inventory ot®, NO;, and NH", and of the annual budget of the two
snow-phase chemicals, in the Greenland and Antaodisheets are shown in Table 1 and 2.
In order to make these approximate estimatesptaéuolume and annual snow
accumulation rate (in ice equivalent) are useds dissumed that the air bubbles occupy 10%
(at ambient pressure, roughly estimated from tleemalation-weighted mean altitude of
each ice sheet) of the ice volume. This is folldig an approximate estimate of the
concentration in recent snow in each of GreenlartblAntarctica, and of the average
concentration in the ice sheet (taking accounttti@aice sheets each contain a mixture of
interglacial and glacial ice). For this exercise,attempt to make a formal areal weighting
(for which there anyway may be insufficient data lbeen made: for that reason, the budget

and inventory estimates should be considered atecarndy to within about 30%.

Because of its much greater volume, Antarcticaaiostthe larger mass of N compounds in
its inventory. Nitrate is the dominant compouneach case. The total inventory in the ice
sheets (of around 260 Tg N) is of course very sp@tipared to the inventories in soils and
oceans, and is of the same order of magnitudeeaarthual turnover of N between the
atmosphere and land or the atmosphere and oceaijlarly the annual budget of N
compounds deposited onto the ice sheets (Tabke@ry small, of order 0.1% of the total

global deposition of nitrate and ammonium from @bt@osphere.
Natural sources and sinks of N compounds foundersheets

N2O is a well-mixed trace gas in the atmosphere, wiifetime of about 120 years. As
discussed in earlier papers [5], pre-industriaksesi are mainly biological, resulting from

nitrification and denitrification in soils and tleeean. Additional anthropogenic sources are



discussed in the next sectionp,Nis removed mainly by chemistry occurring in the

stratosphere.

Nitrate is a member of the oxidised nitrogen fanolychemical species (often written as
NOy). It can be present in the gas phase as £#N@ in aerosol as HN@r as nitrate salts.
It is formed directly by oxidation of N&ither directly, or via B{Os or the NQ radical, and is
lost mainly by photolysis, by reaction with OH doyldeposition. However, because there
are many interconversions between,Npecies, while nitrate is the member of Nkat can
be archived in ice, it is perhaps more useful toktlabout the sources of NOThe natural
sources of NQare terrestrial (including ammonia oxidation, bass burning and soil
exhalation), plus lightning production of NO, an@guction in the stratosphere [6, 7];
however, there is no clear understanding of thergxo which each of these sources has

contributed to the input of nitrate to each potar sheet.

Ammonium salts archived in polar ice sheets froeimmtustrial times derived from emissions
of ammonia from both terrestrial and marine souf6e8], largely of biological origin.
Ammonia is easily entrained into aerosol and readpd. It is therefore generally assumed
that the most important emission source for Greghtmow is the terrestrial systems of
North America, while sources to Antarctica are galhg assumed to be in the surrounding

Southern Ocean.

Ice core records: anthropogenic change isON

Because of its long atmospheric lifetime (~120 ggarthanges in }0 measured in
Greenland or Antarctic ice cores can be considireepresent changes in emissions (or

sinks) at global scale. Nitrate and ammonium, withich shorter lifetimes against



deposition, must be considered of regional interith each ice core representing changes

in particular source areas.

After carbon dioxide (Cg) and methane (CH nitrous oxide (NO) is the next most
important long-lived anthropogenic greenhouse dialso acts as an ozone-depleting
substance in the stratosphere [9], and is curréimdynost important one. Routine
atmospheric measurements were started only in relegades, so our knowledge of the
increase of BO in the atmosphere comes mainly from polar icesoThey show thatJ®
was relatively steady at 260-270 ppbv for the tast millennia until about 1850. Since
1850 there has been an increase to about 320 pjthva steeper rate of rise since 1950 (Fig.
1). The increase is consistent with enhanced @ns$rom fertilised agricultural lands. A
recent isotopic study, using Antarctic firn air gdes along with archived air samples from
Cape Grim in Tasmania, also confirms this assessfh@h The isotopic measurements are
consistent with the suggestion that the mechanfsemlzanced BD emissions from saill,

resulting from fertiliser use, is through activatiof nitrification processes.

Ice core chemical records

Ammonium is mainly deposited as aerosol, whileatércan be deposited as aerosol and as
nitric acid adsorbed directly from the gas phage @e surfaces. Concentrations can depend
on emissions, but also on transport strength atidyag's, strength of deposition en route,

and on the efficiency of deposition at the ice cite. The use of concentration profiles from
ice with time as indicators of changing emissianplicitly assumes that all other factors,
while undoubtedly showing significant variabilityave not exhibited a trend. This is
probably a reasonable assumption in the relatis&llgle climate conditions of the last
century, but is unlikely to be true when comparmvgr much longer timescales, such as

between glacial and interglacial conditions [1Additionally, while tracers such as
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ammonium are irreversibly deposited to the snoviaser nitrate can be re-emitted from the
snow either by re-evaporation of nitric acid, aiotigh photolysis. This really affects mainly
sites in central Antarctica with very low snow acuuation, and will be discussed later, but
for now, it prohibits us from assessing trendsmmssions using data from strongly affected

sites.
Ice core records: anthropogenic change in nitrate

First, considering nitrate and starting with Aratecords. Several records covering the last
century have been published from both Greenlandtendearby Canadian Arctic [e.g. 12,
13-15]. All records show an increase in conceiunaduring the 28 century, with the
strongest slope from ~1950-1980 (examples fromhramtd central Greenland are shown in
Fig. 2). Nitrate peaked and started to turn oveh@1990s. Later authors describe a small
increasing trend from 1890-1920, followed by aldlidecrease before the main trend
commences [15]. Peak values in the 1980s werealpiabout 75-100% higher than the
baseline, suggesting, if other factors remaineck@um up to two-fold increase in NOx
emissions. The increase is consistent with thenagtd trends in emissions, assuming that
Greenland sees a mixture of North American and $tamasourcesA'®N of NO;™ decreased
significantly in parallel to the increase in nigdi6], although it is not yet clear how this can
be used to interpret the main source of the nitrateease. In the Yukon in western Canada,
an ice core record [17] also shows an approximaidlehg in nitrate concentration between
1950 and 1980: here the emissions are assumeditorbé&urasia. Ice core records have
also been obtained from Svalbard [14, 18], furthest: these show an increase in nitrate,
particularly during the period 1960-1990. Howe\vbe records are very noisy and suffer
from disturbance due to the percolation of meltwede it is hard to quantify the observed
change. Finally a record from Severnaya Zemlagehrof Russia at 95°E [19], shows a
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rapid increase in nitrate concentration in the E&dlowed by a slower decline, and appears
to be more closely related to regional emissiond@f from the Siberian Arctic. Taken
together all these records indicate that the Amticosphere is strongly affected by
anthropogenic N@emissions originating further south, in line withderstanding gained

from studies of Arctic Haze [e.g. 20].

In contrast to Greenland, data from Antarcticdy@lgh showing considerable year-to-year
noise, show no significant trend over thd'2@ntury [e.g. 21, 22] (Fig. 2). Antarctica is yer
distant from major industrial or urbanised areasl, this result suggests that nitrate over the

Southern Ocean and Antarctica is still largely atunal origin.

Nitrate trends have been measured at high altglai2ers and ice caps in mid-latitudes,
representing more regional sources (see Table 8 $ammary of the main sites outside
Greenland and Antarctica that are discussed irptqper). For such ice cores sites, very high
altitude is a prerequisite in order to avoid siguaint melting. For the European Alps, a
number of studies have derived nitrate recordsrmoyé¢he last century [23, 24]. A
comprehensive and more recent study was carriedtd@ol du Dome, at 4250 m asl in the
French Alps [25] (Fig. 2). The very high snow amedation rate (~ 3 m water
equivalent/year) meant that it was possible to idknsummer and winter snow layers
separately. The authors concluded that the surmpet is influenced mainly by emissions
from within 1000 km of the site, while the winteput comes from a wider area comparable
to the size of Europe. They found that there reehtan approximately 5-fold increase in
summer nitrate concentration over the last centuith the strongest rate of increase
between 1960 and 1980, in agreement with at lessestimate [26] of emissions from
France, Italy, Switzerland and Spain (WE4 natioi)r winter, although concentrations are
lower, the increase over the century is still adad between 1950 and 1990, levelling off in
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the last decade of the ®@entury. This seemed to be consistent with immgrestimates of
emissions changes from all of Europe [27]. Thersemvalues imply, in contrast to some
emissions inventories, that N@®missions from the WE4 nations had not stabilefeer

1990. Using the anthropogenic emissions invergarel the background pre-industrial
concentration of nitrate it was possible to estarthe natural emissions from both the WE4

countries and Europe as a whole.

At the northwestern end of the Tibetan Plateawra bas been collected at 7010 m asl at
Mount Muztagata [28] (Fig. 2). NfOconcentrations increased by a factor ~2 , mainly
between about 1980 and 2000. The atmosphericdlmgests that the main sources to this
site are from the west, and the increase appeassstent with the inventory trends in
regional emissions from central and southwest fsaani-circle of countries from Pakistan to
Kazakhstan). At the eastern end of the Himalay®ssituation is less clear: nitrate
concentrations have increased significantly oveemédecades compared to their 1000-year
background at Dasuopu (7000 m above sea level) [2@}the data resolution is insufficient
to give a clear timing or magnitude of any increadéthe nearby East Rongbuk Glacier, the
increase is less clear [30]. New records extenititigthe 21 century, after the strongest
period of industrialisation in the surrounding pas (India, China), are certainly required.
Finally in Asia, an ice core further north, at Beia in the Siberian Altai (4062 m asl) shows
a convincing increase (factor close to 2) betwkEas0 and 1980 [31], although this sits on a
very noisy background. For this core, as for sofrithe other non-polar ice cores where the
combination of latitude and altitude is not su#igi to ensure cold summers, care must be
taken in interpreting trends, because the highgmtage of melt layers in the core indicates

that some percolation of water (and hence ionid)l@auld have occurred.

Ice core records: anthropogenic change in ammonium
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For ammonium, there is no clear recent trend ire@end [32], although this would have to
be discerned from a noisy background, that is Igrdee to the dominance of biomass
burning spikes in the record [e.g. 33]. By spitithe annual snowfall into approximately
monthly slices, it appears as if an upward trendesil950 can be observed in the
winter/spring concentrations [32], when Greenlageissa greater proportion of airmasses
from Eurasia [34], but not in the summer, when asses are most frequently from North
America. The lack of an increase has to be treaiétle cautiously, not only because of the
noisy signal, but also because the conversion ofi@mna to aerosol, and therefore its
deposition efficiency, both en route and in Greed|awill have altered as sulfate and nitrate
have increased. Nonetheless, at face value,ubggests that Greenland in summer (which
dominates the annual budget) is still seeing amomorirom undisturbed (northern) North
American ecosystems [32] or from marine sourcessudprisingly, ammonium

concentrations in Antarctic snow show no anthropag&end.

In the European Alps, three different records showpward trend in ammonium
concentration, mainly between about 1950 and 198035]. As with the nitrate signal, the
record from Col du Dome has been split into segsams the main increase (factor 3) is in
summer, when the concentrations are also high&stouragingly, concentrations estimated
from combining emissions estimates with a multiteg&nospheric dispersion model were
consistent with atmospheric concentrations estichbyeinverting the ice core values [35]:

this gives some confidence to uncertain emissistimates.

In Asia, large increasing trends in ammonium cotreg¢ions are observed at Mount
Muztagata (~factor 3 increase, 1960-1990) [28]t Basmgbuk Glacier (~factor 2, 1950-
1980) [36], and Belukha (factor 1.6, 1950-1980lcfekd by plateau) [31]. Modelling work
is needed to separate out the influence of higmessons from that of increased
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concentrations of sulfate and nitrate that maynadéige gaseous Nfileading to greater NA
deposition. It is also suggested that a part®iticrease may arise from the strengthening of
natural ammonia emissions from plants and soilstduecreasing temperature [36]. Still, it
seems likely that a large part of each increaselaged to increased agricultural emissions,
and that these ice core trends can be used toraompborly-known emission estimates for

the regions influencing these core sites.

An unusual trend has been observed in ammoniumeodrations in an ice core from the
Bolivian Alps (lllimani). The year to year variatis [37] have been calibrated against
temperature anomalies in the Amazon Basin (mostagses at lllimani track back over the
Amazon): a remarkably good correlation was fouttlis was used to propose that
ammonium in this ice core could be used as a pfaxiemperature across the Amazon Basin
further back in time. Ammonium increased by aletdactor 3 from 1700 to 2000 (Fig. 3),
which was then interpreted as an Amazon Basin asa®f about 0.6°C over this period. The
authors [37] suggest that the mechanism for therobd relationship is that higher
temperatures lead to greater emissions of fbéin soils, and from vegetation through
changes in the temperature-dependent canopy coatpmnpoint. This is intriguing but
surprising, as the calibration requires that a ibtease in temperature leads to a factor 3
increase in ammonia emissions. Further work igrfeneeded, as this is an important result
that challenges current understanding, and yetotfe potential for a rather precise

temperature proxy.

The long perspective —Q

The Antarctic ice core record extends back 800y@&&0s (800 ka). pD has been measured
on several long cores: there can be artefact i§88¢sin which a very high scatter is

observed at some depths. This is believed to bearither chemical or biological [39]
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production in the ice. Although the exact causertds/et been proven, it is possible to filter
out the scattered data by excluding measurememtsifre with a high dust concentration (it
is expected that higher levels of both chemicallaiotbgical material are present in such
ice), and to confirm that the filter works by compg different ice cores [5]. Because of this
need to exclude some parts of the core, the rasardt yet complete throughout the last 800
ka, but the general relationship between climateNy® concentration is now clear (Fig. 5).
N,O tends to be high during warmer periods: typicad® ppbv during colder times, and 280
ppbv during warmer periods (Fig. 4) [5]. It is iorpant to note that, until the 'ﬁ@:entury,

the concentration had never risen above 300 ppls/now above 320 ppbv.

During cold glacial periods, climate is dominatgdabmillennial scale dynamic, with
Greenland showing very rapid jumps in temperatranégaard-Oeschger (D-O) events) that
are accompanied by sharp jumps in methane contientraAntarctica shows subdued out-
of-phase climate changes that are paralleled hy €13, changes. pO [40] also changes on
millennial scales, but with a dynamic differenteither CH or CG:: N,O does increase
across most D-O events, but its increase is tylgisatoother, and begins during the D-O
cold phase, when methane is still low. Naturakses of NO are nitrification and
denitrification, with an estimated ratio of about #r soils and oceanic emissions [41]. The
changes in D on glacial and millennial scales are therefolleetsed to arise from marine
and/or low-latitude terrestrial changes. Isotafata [42] suggest that the ratio of marine to
terrestrial production has not changed much idake33 ka, which includes the last glacial
termination. This implies that both sources inseshin strength by ~40% across the

termination.

The long perspective — nitrate
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Over the last 800 ka, nitrate in central Antaratee varies very strongly (factor 5 higher in
Last Glacial Maximum (LGM), 21 ka ago, comparegtesent). However, it shows a very
strong correlation with the concentration of catai[L1] (Fig. 5). In central Antarctica,
nitrate is very readily lost from the ice (see laection), and it appears that high dust
(represented by calcium) concentrations help toilga it. Thus, the glacial-interglacial
changes do not, unfortunately, hold any informafibout sources of nitrate, but rather
indicate the role of dust in stabilising the depsx$initrate. Even where dust concentrations
are low, the residual variability at sites in cah#kntarctica seems to be controlled by the
snow accumulation rate, with greater preservatibemthe accumulation rate is a little
higher. This offers the possibility to use nitratean aid to estimating past snowfall rates
[43]. One should expect to be able to use nittateentrations in coastal regions of
Antarctica (where snow accumulation is higher),ardimate conditions close to those of
today (ie the Holocene period, last 11 ka) to usided changes in the past sources of nitrate
to Antarctica. One hope has been that we migintlabout past input of nitrate from the
stratosphere [44]. However, the discovery (usimgsurements of isotopes of O and N in
nitrate) that much of the nitrate deposited in talasntarctica may be recycled after
emission from snow in central Antarctica [45] sugigehat even this will be challenging.
Although nitrate is routinely measured in Antargtie cores, its interpretation in terms of

sources remains speculative and challenging.

Interpretation is also difficult in Greenland: thkacial atmosphere there was also subject to
hugely increased concentrations of dust, whicHikety to have radically altered the
deposition processes for nitrate. Having said thistate is rare in having very similar
average concentrations in the LGM and the Holoceln@nges can be seen [46] at the glacial

termination, but they are tiny compared to the ¥astorial changes in all other chemical
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content. Nitrate does show clear annual cyclesateused as a component of the layer-
counted dating of Greenland ice cores. There bar h widespread paradigm in the solar-
terrestrial physics community that large spikesitfite concentration in ice cores could be
used to define the statistics of occurrence ofrsmargetic particle (SEP) events [47].
However, it has now been clearly shown that thisoisthe case [48]: most of the spikes are

due to the passage of biomass burning plumes @isduwnder ammonium).

In summary, nitrate is routinely measured in iceeso The difficulties in interpreting its
concentrations have been recognised for a long tanethe study of processes over the last
two decades has mainly raised additional questidssa result, there is still little
understanding of the natural sources of nitrathédce sheets, or of their change over time.
Improved modelling of all the confounding factossurgently required to improve this

situation, as there is undoubtedly important infation about natural NClied up in the data.

The long perspective — ammonium

In Greenland ice, ammonium appears to be primdehwed from terrestrial emissions. In
the recent past (during the Holocene period), imaidant features of Greenland records are
sharp spikes, typically just one snowfall widehafh ammonium concentration that have
been firmly associated with biomass burning [33, 3de identification rests on the co-
deposition of a number of chemicals that are alheated to biomass burning: organic acids
such as formic [49] and in more recent analyse®tineing marker, black carbon, and the
biomass burning marker, vanillic acid [48]. Beaatise appearance of an ammonium spike
in Greenland requires both a biomass burning esedttransport of the plume to Greenland,
identification of individual events is not usefalpwever, if assumptions about average

climate can be made, it might be possible to tthekoverall frequency of biomass burning
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events through at least the Holocene period [B§:has not been attempted thus far

however.

On longer timescales, ammonium in Greenland showstaresting pattern with highest
values during the Younger Dryas (YD) cold periodtthccurred during the last glacial
termination [32, 50]. One interpretation is tHa ammonium increased due to increased
biogenic emissions from North America, as the loees retreated and gave way to
vegetation. The YD was a return to cold conditiasith stronger transport and lower snow
accumulation rates, so that the still-high emissioxwould be registered as a higher
deposition flux in Greenland. If correct, this i@bsuggest that strong vegetation emissions

were already happening well before the completiain® termination.

In Antarctica, ammonium concentrations are muckhelothian in Greenland, except very near
to seabird (including penguin) colonies (elevatedoentrations are observed only within a
few km of such colonies [51]). They are also umlisumong measured chemicals in that the
concentration recorded over a full glacial cycléwo cores [52] is inversely proportional to
the snow accumulation rate, such that the fluxnmsoat constant. Only non-sea-salt sulfate
shows a similarly flat flux over such major climatafts. The interpretation is that both
ammonium and non-sea-salt sulfate are derived mamne biological activity and that this
was rather constant with time in the productioraaftthe Southern Ocean that affects

Antarctic ice cores.

Snow as a source of N@ the atmosphere

It has been shown that snowpacks are a strongesotifdQ, to the atmosphere [53-55]. The
mechanism has been shown to be photolysis of @itnathe snow. The strength of the

source is perhaps not surprising because it camden that the inventory per unit area of
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nitrate in the top few cm (photic zone) of snowgakmuch higher than the inventory per
unit area for the lowest km of the troposphereweheer, for NQ to be released it must be

available at the surface of snow crystals, notgeapwithin them: this is evidently the case.

The photochemistry of snow (of which nitrate phgsid is only one example) has been
reviewed thoroughly and | will not repeat that nnitiehere [55]. However, the effects of
nitrate photolysis have been observed particukstrigngly at South Pole, where the very
shallow boundary layer leads to concentrations ©fds$ high as 500 pptv [56], and to a
highly oxidising environment, with high OH, and omoproduction. Even the more modest
concentrations of NOseen at coastal Antarctic stations seem to bertied by snowpack
emissions during at least the summer months [Biitfate photolysis should be a significant
source of NQ emissions at any snow covered site (including sonwea ice and seasonal
snow at mid latitudes). It is unlikely to be arsfgcant source at global scale [55] but could
be a major influence on boundary layer chemistmgitote regions where N@vould

otherwise be at low concentration.

Conclusions

This review has shown that snow can be a signifilcaral source of NQaffecting
atmospheric chemistry in a shallow but importamh slbove the surface. However the most
important role of snow and ice must remain itsuafice as a cap on exchanges that would

otherwise occur, and this should be remembered wiatelling such exchanges.

The other major role of ice is that it providesptlgh ice core records, archives of past
change in deposition of the two main compoundstatand ammonium, and of the long-
lived greenhouse gas,®. The rise of nitrous oxide in the last two cesiis clearly seen,

while the rise in nitrate at various sites aroumel globe (but not yet Antarctica) should allow
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some validation of otherwise poorly known emissiorentories. An increase in ammonium
is not yet as clearly imprinted at high latitud€3are must be taken in interpreting trends,
where transport and chemical form may also hawsedtwith time. There may be good
scope for work of this sort at further sites toikhte more regional emissions, but modelling

is most likely required to interpret the findingdly and correctly.

Finally over long time periods, the change yONlow in cold periods) gives clues about
large scale changes in terrestrial and marine @mniss Nitrate is very hard to interpret over
long time periods, but ammonium may provide a helpbnstraint on the timing of increased
terrestrial influence from North America coming adithe last glacial period, and on the
(apparently small) change in marine emissions ahamum in the relevant part of the

Southern Ocean over glacial cycles.
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Table 1. Estimate of total inventory of N compoumdghe Greenland and Antarctic ice

sheets. See text for further details of the calonhs. The uncertainty for nitrate and

ammonium is large, mainly because of the difficatyestimating a depth and spatially-

averaged concentration from relatively sparse nreasents.

Greenland 2.8E6 km® 2.5E18kgice 2.8E14 m® air
Mean concn Inventory (with large +)

N.O 260 ppbv 0.1 TgN

NOs 60ug kg* 30 Tg N TOTAL

NH.," 7 ug kg* 10 Tg N 40 Tg N

Antarctica 25.4E6 km® 2.2E19kgice 25E15m3air

N2O 260 ppbv 0.7 TgN

NOs 40pg kgt 200 Tg N TOTAL

NH," 1ug kgt 20 Tg N 220 TgN

Table 2. Estimate of annual budget of N compounas the atmosphere to the Greenland

and Antarctic ice sheets. See text for furtheaitket The uncertainties are rather large,
mainly because of the difficulty of making a pre@pon-weighted spatial average from

sparse data.

Greenland 520 Gt a™tice

Mean concn Deposition (with large )
NO3 120ug kg™ 0.015TgN & TOTAL
NH.," 7 ug kg* 0.003TgN & 0.02TgN
Antarctica 2288 Gt a™ice
NO3z 40pg kg* 0.02TgN & TOTAL
NH.," 1pg kg* 0.002 TgN & 0.02TgN &
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Table 3. Major ice core locations discussed ia ffaper, excluding Greenland and

Antarctica.

Site Lat/° Long/° Altitude / m asl| Region

Eclipse Icefield 60.51N 139.47W| 3017 Yukon, west€anada
Svalbard cores ~79N ~15W High Arctic

Col du Dome 45.84N 6.84E 4250 Europe/Alps
Severnaya Zemlaya 81.52N 94.82E 760 Siberian Arctic
Mt Muztagata 38.28N 75.1E 7010 Central Asia
Dasuopu 28.38N 85.72E 7200 Tibet/S Asia
East Rongbuk 27.98N 86.92E 6450 Tibet/S Asia
Belukha 49.81N 86.58E 4062 Siberia

limani 16.62S 67.7TW 6300 Andes/Bolivia
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Figure 1. NO evolution over the last 2000 and 200 years. |€3rare from the Law Dome
ice core and firn [58], triangles are annual avesagom South Pole (courtesy of NOAA, see

http://www.esrl.noaa.gov/gmd/ccgg/iadv/). Thisrsupdate of a figure in [59].

Figure 2. Nitrate in recent decades at various siieom the top: Greenland sites B16
(dashed red, 73.94°N, 37.63°W) and B21 (solid l80e00°N, 41.14°W) [13]; Col du Déme
(summer values, 5 year running mean) in the Frégh [25]; Mount Muztagata, central
Asia (5 year running mean) [28]; Law Dome (red @a566.78°S, 112.82°E) [21] and Siple

Dome (blue solid, 81.65°S, 148.81°W) [22], Antazat{both 5 year running means).

Figure 3. Ammonium concentration in the lllimanre®ver the last 1600 years. The authors
[37] interpreted the rise since 1700 as being duermodest temperature rise across the

Amazon Basin, leading to increased ammonium enmissio

Figure 4. NO evolution over a glacial cycle. The figure shawsomposite spline (1000 year
cutoff) of NbO and CQ concentration from different polar ice cores ower last 135 ka [40],
along with an estimate of temperature (differemoenfaverage for last millennium) from

Dome C, Antarctica [60].

Figure 5. Concentrations of,® [5], nitrate and non-sea-salt calcium (nss Candicator of
terrestrial dust) [43] over the last 800 ka in Breme C (Antarctica) ice core. Also shown is
the deuteriumdD) record, representing the temperature signalgatba core. For pO, only

the data without any potential artefact are shown.
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