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Recent advances in the determination of the mass balance of polar ice sheets 
show that the Greenland Ice Sheet is losing mass by near-coastal thinning, 
and that the West Antarctic Ice Sheet, with thickening in the west and 
thinning in the north, is probably thinning overall. The mass imbalance of 
the East Antarctic Ice Sheet is likely to be small, but even its sign cannot 
yet be determined. Large sectors of ice in southeast Greenland, the 
Amundsen Sea Embayment of West Antarctica, and the Antarctic Penin- 
sula are changing quite rapidly as a result of processes not yet understood. 
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The Antarctic and Greenland ice sheets to- 
gether hold 33 million cubic km of ice, rep- 
resenting enough water to raise global sea 
level by 70 m. Annual snowfall on the ice 
sheets is equivalent to 6.5 mm of sea level, so 
that only a small imbalance between snowfall 
and discharge of ice and meltwater into the 
ocean could be a major contributor to 
present-day sea-level rise [-1.8 mm/year 
(1)]. Large variations in sea level over the 
past million years have in fact been con- 
trolled by ice, with rates of sea-level rise at 
least one order of magnitude larger than at 
present during times of rapid deglaciation. 
Consequently, a detailed knowledge and un- 
derstanding of the evolution of polar ice 
sheets is of considerable societal importance, 
and here we review current progress based on 
observations made during the last decade. 

The balance between net accumulation 
and attrition of ice is not the same for the two 
ice sheets, owing to differences in climatic 
regime. Antarctica has a dominant influence 
on its own climate and on the surrounding 
ocean, with cold conditions even during the 
summer and around its northern margins, so 
there is little surface melting, even near the 
coast. Vast floating ice shelves exist around 
much of the periphery of the continent, fed in 
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part by ice discharged from the ice sheet by 
outlet glaciers and ice streams, some pene- 
trating deep into the heart of Antarctica. Ice is 
lost primarily by basal melting and iceberg 
calving from these ice shelves. 

By contrast, Greenland's climate is 
strongly affected by nearby land masses and 
the North Atlantic, with the Gulf Stream to 
the south. The average accumulation rate 
(-30 cm/year) is twice that for Antarctica. 
Summer melting occurs over half of the ice- 
sheet surface, with much of the water flowing 
to the sea. The ice sheet is fringed almost 
completely by coastal mountains through 
which it is drained by many glaciers. Ice is 
lost primarily by surface runoff and iceberg 
calving, except in the north where basal melt- 
ing from small ice shelves is substantial. 

These ice sheets were much larger at the 
last glacial maximum, some 21,000 years 
ago, retreating to their present condition in 
the last few thousand years. Their present 
mass balance depends on this long-term 
trend, determined by past climate and dynam- 
ic history, and on more recent changes in 
climate and ice-sheet dynamics. A major 
challenge of modem glaciology is to separate 
the long-term background signal from more 
recent changes. 

Ice-Sheet Mass Balance 
There are three ways to measure the mass 
balance of an ice sheet: 

(i) The mass budget method, which com- 
pares losses by melting and ice discharge 
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with total net input from snow accumulation. 
Net accumulation is inferred primarily from 
ice-core measurements, with 5% errors for 
large-area averages (2-4). Loss by melting 
is more complex because of meltwater re- 
freezing after draining into near-surface snow 
(5). Melt rates are commonly estimated from 
positive degree-day models (6). Although 
large uncertainties suggest that accurate 
mass-balance determination for an entire ice 
sheet is difficult by the mass budget method, 
it can be achieved for smaller regions by 
measuring ice discharge inland of the ground- 
ing line, an approach made possible by new 
techniques for measuring ice velocities over 
large areas from Global Positioning System 
(GPS) and interferometric synthetic-aperture 
radar (InSAR) data, provided that ice thick- 
ness is known. 

(ii) Measurements of elevation change 
over time, which are translated into mea- 
surements of volume change by including 
estimates of the vertical motion of under- 
lying ground associated with isostatic re- 
bound or tectonics. Satellite radar altime- 
ters (Seasat, Geosat, and European Remote 
Sensing Satellites ERS-1 and -2) have been 
used to infer elevation change rates over 
Greenland and Antarctica since 1978 (7, 8). 
Coverage is limited to the interior regions 
of the ice sheets, where surface slopes are 
low. Aircraft altimeters were used exten- 
sively over Greenland in the 1990s (9). 
Launch of NASA's Ice, Cloud, and Land 
Elevation Satellite (ICESat), with a laser 
altimeter and orbit coverage to 86?S, and 
the European Cryosat, with a small-foot- 
print radar altimeter extending to 88?S, will 
increase measurement accuracy and extend 
surveys to the interior regions and to the 
ice-sheet margins, where remote sensing 
measurements are most challenging and 
thickness changes are most pronounced. 

(iii) Weighing of the ice sheets. NASA's 
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Gravity Recovery and Climate Experiment 
(GRACE) satellite mission will provide 
gravity-change measurements, which, com- 
bined with ICESat data, could yield esti- 
mates of the mass balance of the Antarctic 
Ice Sheet equivalent to a sea-level change 
of 0.2 mm/year, and may enable the sepa- 
ration of the long-term viscous response of 
the crust from its present-day elastic re- 
sponse (10, 11). 

Each method addresses a 
complementary aspect of the tI ; 
determination of ice-sheet mass 
balance. This review concen- 
trates on new results from the 
first two methods. 

the southeast but also predominates in the 
northwest. Both quadrants of the ice sheet 
further inland also show thinning over the 
past few decades, as indicated by the mass 
budget analysis (15) and comparison with 
surveys conducted in the 1950s (19). The 
average rate of thinning in the southeast sec- 
tor is 30 cm/year over an area of 34,000 km2 
between the 2000-m contour and the north- 

Greenland 

During the 1990s, a series of 
measurements by NASA's Pro- 
gram for Arctic Regional Cli- 
mate Assessment showed high- 
er elevation parts of the ice 
sheet to be broadly in balance, 
with appreciable thinning nearer 
the coast (12). Although the 
higher elevation region taken as 
a whole is in balance to within 
1 cm/year thickening/thinning 
rate, smaller areas within the re- 
gion are thickening or thinning 
at rates up to 30 cm/year, pri- 
marily because of temporal 
variability in snow-accumula- 
tion rates (13). These results are 
based on repeated airborne laser 
altimeter and satellite radar al- 
timeter surveys (7, 9, 14) and 
on the mass budget method ap- 
plied to the region above -2000 
m elevation (15) and to individ- 
ual glacier catchment basins 
(16, 17) (Fig. 1). 

In contrast to overall balance f:: 
at higher elevations, the coastal i 
regions thinned rapidly between 
the 1993-94 and 1998-99 air- 
craft laser altimeter surveys, with 
thinning concentrated along 
channels occupied by the outlet 
glaciers. A conservative ice loss 
estimate of 50 km3/year was in- Fig. 1. Estimated ice thickening rates in Greenland, based on 
ferred from the survey, sufficient calculations (15) and direct measurement of changes in surface 
to raise sea level by 0.13 mm/ 19). The mass budget estimates for each studied sector are 

year (9). The rapid thinning of Estimates from elevation changes are color-coded along lase 

many outlet glaciers (up to sever- (narrow) and along a surveyed traverse in the north (broa 
al meters per year) is greater than estimates refer to 1993-94 to 1998-99, the surveyed travel 

al meters per year) is greaster d 1995, and the mass budget to approximately 1970-1995. 
can be explained by increased 
melting associated with recently 
warm summers (14) after a cool period in the south ridge. Snow accumulation rates are the 
1970s and 1980s (18). Consequently, the ob- highest in Greenland, and outlet glaciers are 
served coastal thinning appears to represent very active, poorly documented, but likely to 
dynamic glacier behavior rather than an ephem- accommodate a rapid mass turnover. 
eral surface response to atmospheric warming. Most Greenland glaciers are tidewater 

Glacier thinning is most pronounced in glaciers flowing directly into the ocean with 

m 
:el 
c 

er 
d). 
rse 

little or no floating section, but in the north, 
slowly moving colder glaciers flow into ice 
shelves. Earlier mass-balance studies found a 
largely positive mass budget for these gla- 
ciers, due to low iceberg discharge, but this 
becomes negative when pronounced melting 
from beneath the ice shelves is fully taken 
into account (16). Although the melting of 
floating sections does not raise sea level, the 

high rates of bottom melting in- 
ferred for the floating sections 
imply that a small increase in 
thermal forcing from the ocean 
could rapidly initiate their de- 
mise, which may in turn allow 
more rapid discharge from the 
outlet glaciers and more nega- 
tive mass balance for the ice 
sheet. Several observations sug- 
gest large recent changes in 
both the North Atlantic and the 
Arctic (20, 21), which may have 
increased bottom melt rates. 

But this does not explain the 
simultaneous thinning of almost 
all surveyed glaciers, with and 
without ice shelves. One possi- 
bility is increased basal lubrica- 
tion associated with the avail- 

'. g| ~ ability of additional surface 
meltwater reaching the glacier 
bed via crevasses and moulins 
(22). This plausible mechanism 
for rapid, wide-scale dynamic 
response to atmospheric warm- 
ing would imply even greater 
thinning during the very warm 
period in the 1930s to 1960s 
(18), which might indeed ex- 
plain the widespread marginal 
retreat in southern Greenland 
ending in the 1950s, inferred 
from historical records (23). 

Antarctica 
Recent advances in our under- 
standing of the mass balance of 
the Greenland Ice Sheet were 
made possible by technical ad- 
vances in remote sensing (par- 

1,:. . ticularly laser altimetry, radar 

lass budget altimetry, InSAR, and GPS), 
levation (9, comparative ease of access and 
olor-coded. logistics, geographical location 
flight lines within satellite coverage, and 
* The laser small ice-sheet area. Antarctica 
. to 1954- is a harder nut to crack because 

it is far larger, more remote, and 
not well covered by existing key 

satellites. Consequently, accurate mass bud- 
get estimates have been made for limited 
regions, and elevation changes have been 
directly measured only for gently sloping 
parts of the ice sheet north of 81.5?S. 

Using few estimates of ice flux through 
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Fig. 2. Location of 33 Antarctic glaciers (Table 1) overlaid on a map of calculated ice-sheet 
balance velocity (54). Catchment basin boundaries are black, grounding lines are red, and ice 
shelves are gray. Abbreviations for glaciers: Pine Island (PIG), Thwaites (THW), Smith (SMI), 
Kohler (KOH), DeVicq (DVQ), Land (LAN), Whillans (WHI), A-F (A-F), Byrd (BYR), Mulock (MUL), 
David (DAV), feeding eastern Cook Ice Shelf (COO), Ninnis (NIN), Mertz (MER), Totten (TOT), 
Denman (DEN), Scott (SCO), Lambert/Mellor/Fisher (LAM), Rayner (RAY), Shirase (SHI), Jutul- 
straumen (JUT), Stancomb-Wills (STA), Bailey (BAI), Slessor (SLE), Recovery (REC), Support-Force 
(SUF), Foundation (FOU), Institute (INS), Rutford (RUT), Carlson (CAR), and Evans (EVA). 

gates near the margin and snow accumulation, a 
positive mass budget of 42 to 436 km3/year had 
earlier been estimated for Antarctica, suggest- 
ing that Antarctica was not contributing to sea- 
level rise (24). Improved estimates of snow 
accumulation rates (3, 4), a digital elevation 
model of Antarctica (25), a compilation of 
thickness data (26), and a radar mosaic (27) 
have since been published. InSAR has been 
used to measure glacier velocities (28-30) and 
to map grounding-line positions (where ice de- 
taches from the bed and becomes afloat), often 
found to be tens of km away from previously 
assumed positions (Fig. 2). Ice thickness, the 
least well-constrained mass budget parameter, 
is inferred primarily from hydrostatic equilibri- 
um near the grounding line. 

This work indicates substantial losses or 
balance for large areas such as Pine Island, 
Thwaites, Lambert, Totten, and Jutulstraumen 
glaciers (Table 1) previously thought to be 
gaining mass (24), and large gains for the Ross 
ice streams in West Antarctica (31) previously 
thought to have been losing mass (32). The 12 
surveyed East Antarctic glaciers not draining 
into a major ice shelf, and the eight glaciers 
draining into the Filchner/Ronner Ice Shelves, 
appear to be close to balance (Table 1). Large 

uncertainties remain for areas south of 81.5?S 
(e.g., Byrd Glacier), forcing reliance on old 
airborne topographic surveys where ice thick- 
ness is poorly known, and InSAR coverage is 
incomplete. No satellite coverage exists for the 
Support-Force ice stream and several Transant- 
arctic Mountains glaciers. The divide between 
Foundation and Support-Force ice streams is 
poorly constrained by available data (4). As a 
result, we cannot yet reliably estimate ice-sheet 
mass balance in East Antarctica. 

Much of West Antarctica is a "marine ice 
sheet" with its bed well below sea level, 
prompting concerns over its stability in a warm- 
ing climate (33). This region has received more 
attention over the past 20 years, particularly the 
Siple Coast ice streams flowing into the Ross 
Ice Shelf (34). These ice streams are unusual in 
that they have low surface slopes and therefore 
low forces driving their motion seaward. This is 
possible because their beds are lubricated by 
muddy sediments (35), but it means that quite 
small changes in the distribution and thermal 
state of basal water can have large impacts on 
ice velocity. Indeed, the main reason for the 
positive balance of this region is the stoppage of 
ice stream C about 150 years ago and the 
ongoing slowing of Whillans ice stream (31). 

In contrast, the sector draining West Ant- 
arctica into the Amundsen Sea Embayment 
(ASE) has a negative imbalance of double 
this rate, as judged by mass budget estimates 
(36-38), elevation changes (8, 39, 40), and 
measured grounding-line retreat (36). In 
contrast to Whillans' deceleration rate of 5 m 
year-2, Pine Island Glacier is accelerating by 
45 m year-2 and Thwaites Glacier is widen- 
ing by several kilometers per year (38). The 
rapid evolution of ice in this sector is not 
limited to these two large glaciers: Smith, 
Kohler, DeVicq, and Land glaciers contribute 
even more to the negative imbalance (Table 
1), and Smith Glacier is thinning twice as 
rapidly as Thwaites Glacier (41). 

The inferred ice loss of 72 + 12 km3/year 
from the sector between Pine Island and Land 
glaciers (Table 1) is consistent with an ice loss 
of 67 ? 13 km3/year estimated from radar 
altimetry between Pine Island and Kohler gla- 
ciers (39). Overall, the West Antarctic Ice Sheet 
appears to be losing at least 48 + 14 km3/year 
(Table 1, which excludes sectors north of 
Evans/Pine Island and between Kohler, De- 
Vicq, and Land glaciers that are thinning ac- 
cording to radar altimetry) and as much as 76 + 
15 km3/year [(39), which excludes Foundation, 
Institute, half of C, and A/Whillans ice streams 
that are gaining 11 km3/year in Table 1]. This 
total loss is sufficient to raise sea level by about 
0.16 + 0.05 mm/year. Continued acceleration 
in the ASE could lead to a substantially more 
negative mass balance. 

The ice shelves in the ASE have very high 
basal melt rates, in the range of 10 to 40 
m/year near the grounding line (42). These 
values are consistent with high thermal forc- 
ing from the ocean caused by intrusion of 
warm Circumpolar Deep Water across the 
continental shelf. Progressively warmer 
ocean conditions are suggested by recent data 
(43), with an associated increase in basal 
meltwater production of 50 km3/year in re- 
cent decades. Rapid ice-shelf thinning ob- 
served with radar altimetry (39)-up to 4 
m/year on the ice shelves fed by Kohler and 
Smith glaciers (Fig. 2)-confirms that the ice 
shelves in the ASE are changing rapidly, 
possibly in reaction to a warmer ocean. 

Little is known about the mass balance of 
the mountain glaciers in the Antarctic Penin- 
sula, which, although representing only 7% 
of Antarctica's area, receives a quarter of its 
accumulation and holds enough ice to raise 
sea level by a third of a meter (44). These 
glaciers are distinct from most others in Ant- 
arctica; they are much smaller and are subject 
to different climate conditions, including ex- 
tensive surface melting in the summer. The 
peninsula's proximity to the ocean and low 
latitude make it the most likely part of Ant- 
arctica to show signs of climate change (33). 
Indeed, the Antarctic Peninsula has experi- 
enced a vigorous regional warming of 2? to 
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3?C in the last 50 years (45), with associated 

thinning, enhanced melting, and rapid disin- 

tegration of its ice shelves (46, 47). Although 
the collapse of floating ice shelves has no 
effect on sea level, it could have a profound 
influence on ocean circulation, climate, and 
the dynamics of tributary glaciers. 

On the basis of observational evidence 

(48-50) and theory (51), it has been argued 
that ice-shelf retreat has little effect on glaciers 
that flow into ice shelves, refuting earlier sug- 
gestions that the removal of ice shelves would 
allow faster rates of ice discharge along those 

glaciers (52). The rapid loss of ice shelves from 
the Antarctic Peninsula provides an opportunity 
to test these predictions. In western Palmer 

Land, no ice-flow changes were observed after 
the demise of the Wordie Ice Shelf (48), but in 
eastern Graham Land, in the 4 years since the 

breakup of parts of the Larsen Ice Shelf, tribu- 

tary glaciers accelerated by as much as a factor 
of 3 (53). These modem observations shed new 

light on the possibility of eustatic sea-level 

change caused by ice-shelf retreat, whether 
caused by regional atmospheric warming in the 
Antarctic Peninsula or possibly by ocean warm- 

ing in the ASE. If the ice shelves do buttress 
their tributary glaciers and substantially modu- 
late their flow, sea-level change in a warming 
climate could be far greater than currently pre- 
dicted for Antarctica. 

The Future 

Although the past two decades have seen 

major advances in our characterization of 

large areas of Greenland and Antarctica, pri- 
marily because of the widespread application 
of remote-sensing techniques, it is still not 

possible to determine even the sign of ice- 
sheet mass balance in East Antarctica until 
new data are collected. West Antarctica ex- 
hibits a bimodal behavior, with thickening in 
the west and more rapid thinning to the north, 
but is probably losing mass overall at a rate 
sufficient to raise sea level by almost 0.2 

mm/year. The Greenland Ice Sheet is losing 
mass at a rate sufficient to raise sea level by 
at least 0.13 mm/year because of rapid near- 
coastal thinning. Appropriate observations 
must be continued to determine whether this 
is part of a long-term trend. The upcoming 
ICESat and Cryosat satellite missions, in 
combination with GRACE, will yield mass- 
balance estimates for all of Greenland and 
most of Antarctica and will include coverage 
of more steeply sloping coastal regions. Un- 

derstanding of these observations, however, 
will require widespread InSAR and ice thick- 
ness surveys complemented by targeted in 
situ measurements. 

Perhaps the most important finding of the 

past 20 years has been the rapidity with which 
substantial changes can occur on polar ice 
sheets. As measurements become more precise 
and more widespread, it is becoming increas- 

ingly apparent that change on relatively short 
time scales is commonplace: stoppage of huge 
glaciers, acceleration of others, appreciable 
thickening and far more rapid thinning of large 
sectors of ice sheet, rapid breakup of vast areas 
of ice shelf and acceleration of tributary gla- 
ciers, surface melt-induced acceleration of ice- 
sheet flow, and vigorous bottom melting near 

grounding lines. These observations run 
counter to much of the accepted wisdom re- 

garding ice sheets, which, lacking modem ob- 
servational capabilities, was largely based on 

"steady-state" assumptions. Of particular im- 

portance, in light of recent warming in the 
Antarctic Peninsula and the progressive demise 
of its ice shelves, is to determine how this will 
affect glacier discharge rates and sea-level rise, 
with obvious implications for predicting the 
evolution of larger sectors of the Antarctic Ice 

Table 1. Mass budget of 33 Antarctic glaciers that include 25 of the 30 largest ice producers. In each 
row, snow accumulation (3) minus grounding-line outflow [(30, 31, 38, 42), except FOU, BAI, RAY, 
COO, and MUL from this study] yields net balance. The uncertainty in accumulation is assumed to 
be 5%, which may be an underestimate. Accumulation values in parentheses (4) are not used to 
calculate net balance; they seem to overestimate accumulation in East Antarctica, possibly because 
of a more computerized interpolation of the data. In regions where the two accumulation numbers 
differ most (e.g., BYR, DEN, TOT, DAV), the uncertainty in accumulation is likely to be higher than 
5%. The uncertainty in outflow is dominated by uncertainties of 100 m in ice thickness derived from 
hydrostatic equilibrium, and of a few tens of meters from radio echo sounding data (PIG, A/WHI, 
B-F) (26, 37). Ice thickness deduced from hydrostatic equilibrium uses surface elevation near the 
grounding line and a conversion factor taking account of different seawater and ice densities. 
Grounding-line positions are from InSAR, except those of INS, REC, RAY, MUL, and BYR, which are 
from hydrostatic equilibrium. Ice velocity measurements for A/WHI, C-F, INS, FOU, BAI, SLE, REC, 
COO, LAM, RAY, STA, BYR, and MUL are from Radarsat-1; for other glaciers, tandem measurements 
from ERS-1 and -2 are shown (PIG/THW data collected in 2000). 

Glacier 

PIG 
THW 
SMI 
KOH 
DVQ 
LAN 

Amundsen subtotal 
A/WHI 
C 
D 
E 
F 

Ross subtotal 
EVA 
CAR 
RUT 
INS 
FOU 

Weddell subtotal 
West Antarctica total 
BAI 
SLE 
REC 

Weddell subtotal 
DAV 
COO 
NIN 
MER 
TOT 
DEN 
SCO 
LAM 
RAY 
SHI 
JUT 
STA 

25?W to 165?E subtotal 
BYR 
MUL 

Ross subtotal 
East Antarctica total 

1,6 

1 

2, 
1,i 

1, 
5,! 

A , ? ~Outflow Accumulation 
Area (km2) ccumulato (km3/ 

(km3/year) year) 

162,300 74.2 (70.5) 82.6 + 4 
164,800 57.6 (61.3) 80.1 ? 8 
16,500 6.5 (5.9) 19.3 ? 2 
10,200 2.7 (3.0) 9.9 + 1 
16,000 4.7 (4.9) 18.8 + 2 
12,800 3.9(5.1) 11.1 1 

382,600 150 (151) 222 + 9 
235,200 37.5 (32.9) 33.0 + 1 
153,400 22.8 (21.7) 0.5 + 0 
140,300 20.6 (20.7) 16.7 ? 0 
175,200 27.9 (23.1) 26.6 + 1 

16,800 2.7 (3.0) 1.6 ? 0 
720,900 111 (101) 78 + 1 
108,400 45.2 (45.7) 50.6 + 3 

9,100 2.9 (4.0) 2.6 + 0 
52,600 18.1 (20.6) 17.6 + 1 

166,900 25.5 (30.2) 26.0 ? 2 
221,600 28.0 (26.6) 31.7 + 3 
558,600 120 (127) 128 + 5 
562,100 (75%) 381 (379) 429 ? 10 

66,700 7.6 (7.5) 7.9 + 1 
499,200 33.0 (36.7) 31.6 + 2 
964,300 43.8 (52.7) 39.6 ? 3 
530,200 84 (97) 79 + 4 
214,300 13.7 (19.5) 15.6 + 1 
107,900 20.0 (21.9) 19.8 + 1 
170,800 25.5 (24.0) 21.9 + 2 
82,600 21.2 (21.2) 19.1 ? 2 

537,900 62.0 (75.6) 69.6 + 4 
186,300 32.5 (46.4) 31.9 ? 2 
29,500 9.4(14.2) 9.2 ? 1 

953,700 54.3 (56.0) 57.5 ? 2 
104,000 12.0 (11.0) 11.6 + 1 
196,700 16.9 (17.1) 15.1 + 2 
122,500 13.0(16.7) 13.4 + 1 
99,900 14.8 (17.1) 16.6 + 2 

806,100 295 (341) 301 + 7 
070,400 44.7 (60.3) 23.6 ? 2 
115,000 8.2 (7.6) 6.8 + 1 
185,400 53 (68) 30 + 2 
521.700 (55%) 433 (505) 411 8 

Net 
(km3/year) 

-8 
-23 
-13 
-7 

-14 
-7 

-72 ? 12 
+5 
+22 
+4 
+1 
+1 
+33 6 

-5 
+0 
+0 
-1 
-4 

-9 8 
-48 ? 14 

-0 
+1 
+4 

+5 6 
-2 
-0 
+4 
+2 
-8 
+1 
+0 
-3 
+0 
+2 
-0 
-2 

-6 + 16 
+21 
+1 

+23 4 
+22 ? 23 
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The presence of snow greatly perturbs the composition of near-surface 
polar air, and the higher concentrations of hydroxyl radicals (OH) observed 
result in a greater oxidative capacity of the lower atmosphere. Emissions 
of nitrogen oxides, nitrous acid, light aldehydes, acetone, and molecular 
halogens have also been detected. Photolysis of nitrate ions contained in 
the snow appears to play an important role in creating these perturba- 
tions. OH formed in the snowpack can oxidize organic matter and halide 
ions in the snow, producing carbonyl compounds and halogens that are 
released to the atmosphere or incorporated into snow crystals. These 
reactions modify the composition of the snow, of the interstitial air, and 
of the overlying atmosphere. Reconstructing the composition of past 
atmospheres from ice-core analyses may therefore require complex cor- 
rections and modeling for reactive species. 

The presence of snow greatly perturbs the composition of near-surface 
polar air, and the higher concentrations of hydroxyl radicals (OH) observed 
result in a greater oxidative capacity of the lower atmosphere. Emissions 
of nitrogen oxides, nitrous acid, light aldehydes, acetone, and molecular 
halogens have also been detected. Photolysis of nitrate ions contained in 
the snow appears to play an important role in creating these perturba- 
tions. OH formed in the snowpack can oxidize organic matter and halide 
ions in the snow, producing carbonyl compounds and halogens that are 
released to the atmosphere or incorporated into snow crystals. These 
reactions modify the composition of the snow, of the interstitial air, and 
of the overlying atmosphere. Reconstructing the composition of past 
atmospheres from ice-core analyses may therefore require complex cor- 
rections and modeling for reactive species. 

Snow can cover up to 50% of landmasses in 
the Northern Hemisphere (1). It forms a po- 
rous medium that remains permeable to gases 
over depths of several meters (2). The snow- 
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pack-the annually accumulated snow at 
high latitudes or altitudes-therefore offers a 
large internal surface for interactions with 
atmospheric gases. 

Evidence for such interactions, and their 
impact on atmospheric chemistry, was found 
in the mid-1980s, when it was shown that at 
high latitudes, ozone could be destroyed 
completely at altitudes up to 1 km over large 
areas (3). Reactions of halogen species in the 
snowpack and on aerosol surfaces had to be 
invoked to explain this observation, which 
could not be understood on the basis of gas- 
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Evidence for such interactions, and their 
impact on atmospheric chemistry, was found 
in the mid-1980s, when it was shown that at 
high latitudes, ozone could be destroyed 
completely at altitudes up to 1 km over large 
areas (3). Reactions of halogen species in the 
snowpack and on aerosol surfaces had to be 
invoked to explain this observation, which 
could not be understood on the basis of gas- 

phase chemistry alone (4-8). Similarly, the 
rapid oxidation of lower atmospheric gas- 
phase elemental mercury (Hg) to reactive 
gas-phase and particulate-phase Hg (9-10) 
could only be explained once snowpack and/ 
or sea-ice processes were invoked. 

A detailed understanding of snow-atmo- 
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