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channel displays a pronounced transition-state
resonance at Ec = ~0.6 kcal/mol (20, 23). Liu and
co-workers (14, 30) have investigated the F/F* +
HD reaction in some detail but primarily at
energies considerably above the resonance.
Studies on an earlier set of PESs show that the
resonance is absent in the F* + HD channel (18),
so that the influence of the resonance should be
seen in the energy dependence of the F*/F ratio.

Ultimately, we hope that one will reach a
similarly good degree of agreement between ex-
periment and theory in the investigation of non-
adiabaticity in abstraction reactions of F with
polyatomic targets, such as H2O (31) or CD4 (32).

Our conclusion that at low collision energy
the F* reactivity becomes increasingly more ef-
ficient, relative to the BO-allowed F reaction of
the ground spin-orbit state, agrees well with the-
oretical simulations of similar sophistication for
the homologous Cl/Cl* + H2 reaction (33, 34) but
contrasts with prior experimental work (35, 36).
Future theoretical and experimental study of the
Cl + H2 reaction is necessary to reach a level of
agreement similar to what we have reported
here for the F + D2 reaction.
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Glaciers Dominate Eustatic Sea-Level
Rise in the 21st Century
Mark F. Meier,1* Mark B. Dyurgerov,1,2 Ursula K. Rick,1,3 Shad O’Neel,1,4,5 W. Tad Pfeffer,1,6
Robert S. Anderson,1,5 Suzanne P. Anderson,1,7 Andrey F. Glazovsky8

Ice loss to the sea currently accounts for virtually all of the sea-level rise that is not attributable
to ocean warming, and about 60% of the ice loss is from glaciers and ice caps rather than from the
two ice sheets. The contribution of these smaller glaciers has accelerated over the past decade,
in part due to marked thinning and retreat of marine-terminating glaciers associated with a
dynamic instability that is generally not considered in mass-balance and climate modeling. This
acceleration of glacier melt may cause 0.1 to 0.25 meter of additional sea-level rise by 2100.

Disintegrating glacier ice constitutes a
substantial and accelerating cause of
global sea-level rise. We synthesized

results from a variety of recent ice mass change
studies in an effort to present a more accurate
picture of changes and trends in ice volume and
associated sea-level rise. This synthesis includes
current results that update the Intergovernmental
Panel on Climate Change (IPCC) Fourth Assess-
ment Report (1), stresses the importance of dy-
namic processes in transporting terrestrial ice to
the sea, compares the contributions of glaciers
and ice caps with those from the ice sheets, and
presents new projections of ice mass change to
the end of the 21st century.

We included all glaciers and ice caps
(GIC). We excluded the Greenland and Ant-
arctic ice sheets, but included the GIC that
surround and are peripheral to the great ice
sheets. We focused on present-day behavior
(from about 1996 to 2006) because of its crit-
ical importance to society now and its rele-
vance for runoff and sea-level projections to
the year 2100.

A primary driver of recent ice loss is the
rapid retreat and thinning of marine-terminating
glaciers, which are susceptible to a nonlinear
dynamic instability when their beds are below
sea level. The increased role of this phenome-
non in delivering ice to the ocean during recent

warming has been demonstrated for ice sheet
outlets (2–4) but is also important for many
GIC. This instability can markedly raise the
sensitivity of glaciers to climate change. It is
conventionally assumed that under near–steady
state conditions, the climatically controlled sur-
face balance (inputs by snow and loss through
melt) controls the geometry of an ice mass, and
geometric transitions (changes in thickness) are
forced by changes in surface mass balance. In
contrast, under dynamically forced conditions,
changes in ice velocity are forced instead by
changes in subglacial mechanics, and geometric
transitions are governed by changes in flux
divergence rather than surface balance.
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The whole-glacier continuity equation for
the rate of change of glacier ice mass, M, is

Ṁ ¼ Ṁb þ Ṁh þ ṀL ¼
Z

A

ri ḃdAþ

Z

A

ð−∇qÞridAþ riWTHTðuT − ucÞ

where dots denote differentiation with respect to
time, Ṁ b is the glacier-wide net meteorological
mass balance (the local surface mass balance, ḃ,
integrated over the glacier area, A); Ṁh rep-
resents average thickening or thinning associ-
ated with the local divergence of ice discharge,
q, integrated over the glacier area; and ṀL

represents net mass change due to extension or
retraction of the terminus governed by the bal-
ance between calving at a rate uc and terminus
ice speed, uT, at a terminus of width WT and ice
thickness HT. ri is the density of ice. The
contribution of mass to the sea from a retreating
tidewater glacier (– Ṁ ) is therefore the sum of
ice losses driven by meteorology (Ṁ b), by draw-
down of the ice reservoir due to ice dynamics
(Ṁ h), and by terminus dynamics (ṀL). We re-
port these as mass fluxes in gigatons (Gt) per
year (1 Gt = mass of 1 km3 water = 1/362-mm
sea-level change).

For many marine-terminating outlet and tide-
water glaciers, thinning and hence ice loss as-
sociated with dynamic instability can be
appreciably greater than thinning caused by the
local surface mass balance. Alaska’s Columbia
Glacier provides a useful example. Before the
onset of rapid retreat around 1980, this glacier

maintained a nearly steady-state elevation pro-
file (a robust proxy for a steady-state thickness
profile), for which the positive surface mass
balance, estimated at Ṁ b= 0.37 Gt/year, was
closely balanced by dynamic surface lowering.
During the late 1970s, however, net thinning
began to occur (Ṁ b + Ṁ h = –0.88 Gt/year), por-
tending dynamic retreat (5, 6); about 15 km of
terminus retreat ensued. Columbia Glacier’s dis-
charge has since increased. In 2000 to 2001, the
ice flux through the terminus reached 6.6 Gt/year
even though the surface mass balance was prob-
ably decreasing (7). Arendt et al. (8) have pointed
out the critical role of these effects in the wastage
of other calving glaciers in the western Chugach
Mountains, Alaska. This switch from balance-
controlled to dynamically forced modes must be
understood in comparing global ice-wastage
observations and in predicting future delivery
of glacier ice to the oceans. The time scale for
extracting large volumes of ice from tidewater
glaciers as well as from the margins of the major
ice sheets can be notably shorter than one would
predict from surface mass-balance estimates or
climate-balance modeling.

Other calculations of losses due to changes
in ice dynamics are rare. Studies in the Russian
Arctic (Franz Josef Land, Novaya Zemlya, and
Severnaya Zemlya) over the period from 1952
to 2001 estimate ṀL = –1.3 Gt/year and Ṁ b+
Ṁ h = –3.2 Gt/year (9). Recent studies on the
Devon Island Ice Cap (10) indicate that iceberg
calving caused up to 30% of the mass loss
between 1960 and 1999. These results suggest
that, in areas where tidewater and calving glaciers
occur, the errors in estimating ice loss of GIC
from classic surface observations are likely to be

higher than stated because of the paucity of data
on ice dynamic contributions to volume losses.

Rates of ice mass change (Ṁ ) from 1995 to
2005 (Table 1, Fig. 1, and table S1) show
accelerating rates of mass loss (M̈ > 0) from
almost all glacier inventories. The rates are
indexed to the common year 2006, and the
current accelerations of loss in ice mass (M̈ ) are
obtained by linear regressions of published val-
ues of rate of mass loss versus time, beginning in
2000 or slightly before (figs. S1 to S3). These
rates of ice loss include dynamically forced losses
where known; because these are not known in
many areas, the values reported must be con-
sidered underestimates. For comparison, we also
present recent results from the Greenland and
Antarctic ice sheets in Table 1 and Fig. 2. The rate
of GIC ice loss (±SD) of 402 ± 95 Gt/year
dominates the contributions to sea-level rise
from the various ice masses in 2006 (Table 1),
and the GIC around the Gulf of Alaska contribute
substantially (>100 Gt/year; Fig. 1).

The recent rate of worldwide sea-level rise is
about 3.1 ± 0.7 mm/year; of this, ocean warm-
ing (the steric effect) accounts for about 1.6 ±
0.5 mm/year (1). The results given in Table 1
suggest that glacier and ice sheet wastage cur-
rently generates 1.8 mm/year of sea-level rise,
accounting for slightly more than the remainder
of the nonsteric sea-level change. Our results,
consistent with those in the IPCC Fourth Assess-
ment (1), suggest that GIC contribute about 60%
of the eustatic, new-water component of sea-level
rise (Table 1 and Fig. 2). Our GIC wastage
numbers are slightly greater than those reported
in a recent consensus statement (11) prepared for
the IPCC because the Fourth Assessment reports
on an earlier period (1993 to 2003) and the
acceleration of ice loss is very large (Fig. 1).

We explored the future effect of ice wastage
for two scenarios in Table 1: (i) The present
acceleration of mass loss remains constant (M̈=
present value; figs. S1 to S3), and (ii) the
present rate of mass loss remains constant (Ṁ=
present value; M̈ = 0). The surface mass-balance
contribution to estimates of mass loss would pre-
sumably be more accurate if linked to atmo-
spheric models incorporating changes in CO2

emissions, but our emphasis is on dynamic
changes to the glacier mass budget. We included
only observed and documented dynamic changes
in our assessment, and made no attempt to
include changes that may be initiated by ice-
ocean interaction in the near future. We note that
dynamic adjustments can be rapid and may turn
on and off asynchronously, as demonstrated in
Alaska (12) and Greenland (3); one should also
assume that with further warming these dynamic
changes will likely accelerate. These extrapola-
tions suggest that the GIC contribution will ex-
ceed or equal that of either ice sheet throughout at
least the first half of this century, and perhaps all
of this century, and will deplete at most 35% of
the available GIC volume, taken here as 250 ×
103 km3 water equivalent (13, 14), by 2100.

Table 1. Present-day rate of ice mass loss (Ṁ), its projected rate of change (M̈) and rates of sea-
level rise (SLR). The Ṁ includes surface mass balance, as well as dynamic effects where known. For
Greenland and Antarctica, we used published results, as in (4), but we subtracted GIC mass balances
[–26 to –50 Gt/year (13), depending on gravity signal leakage pattern] from the Greenland gravity
results to avoid double counting the GIC ice losses. We did not make this adjustment for the
Antarctic because the known major changes in the Antarctic Peninsula are not necessarily reflected
in the gravity results.

Ṁ
in 2006
Gt/year

M̈
in 2006
Gt/year2

SLR rate
in 2006
mm/year

Total
SLR to 2050

mm

Total SLR
to 2100
mm

Glaciers and ice caps
Assuming current acceleration –402 ± 95 –11.9 ± 5.6 1.1 ± .24 81 ± 43 240 ± 128
Assuming no acceleration –402 ± 95 0.0 1.1 ± .24 49 ± 12 104 ± 25

Greenland Ice Sheet
Assuming current acceleration –182 ± 34 –16.2 ± 6.3 0.5 ± 0.1 65 ± 28 245 ± 106
Assuming no acceleration –182 ± 34 0 0.5 ± 0.1 22 ± 4 47 ± 8

West Antarctic Ice Sheet
Assuming current acceleration –117 ± 15 –7.3 ± 3? 0.32 ± 0.04 34 ± 15? 120 ± 50?
Assuming no acceleration –117 ± 15 0 0.32 ± 0.04 14 ± 2 30 ± 4

East Antarctic Ice Sheet
Assuming current acceleration 56 ± 26 3.4 ± 2? –0.15 ± 0.07 –16 ± 12? –56 ± 40?
Assuming no acceleration 56 ± 26 0 –0.15 ± 0.07 –7 ± 3 15 ± 7

Global total
Assuming current acceleration –645 ± 170 –32 ± 10? 1.8 ± 0.5 160 ± 65? 560 ± 230?
Assuming no acceleration –645 ± 170 0 1.8 ± 0.5 78 ± 21 167 ± 44
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These projections appear to be larger than those
suggested by the IPCC (1), much larger than
suggested by some authors [e.g., (15)], but in
close agreement with other recent work (16). At
the very least, our projections indicate that future
sea-level rise may be larger than anticipated and
that the component due to GIC will continue to
be substantial.

The values suggested for the GIC contribu-
tion to rising sea-level in future years might be
questioned because they do not consider the loss
of glacier area. Most previous models of GIC
discharge begin with a fixed “reservoir” of GIC
ice that decreases in area and volume as global
warming progresses. Indeed, many of the
smallest glaciers are likely to vanish during the
21st century. However, (i) most of the GIC area
on Earth is accounted for by a relatively few
large glaciers (such as subpolar ice caps) that
will not shrink appreciably in area during the
21st century; and (ii) cold glaciers in the polar
regions, which do not now produce runoff to the
ocean, will warm to the point where appreciable
runoff to the sea can be expected.

Using a global size distribution of glaciers
combined with volume, area, and thickness scal-
ing (17, 18), we found that more than half of the
ice volume in GIC is contained in ice masses that
are individually >4000 km2, with mean thick-
nesses of ≈300 m (19). The current average
global thinning rate of all GIC is about 0.55 m
(ice equivalent)/year and is increasing at about
0.0164 m/year2 (Table 1). Total projected thin-

ning by the year 2100 is only 50 and 120 m for
steady and accelerating wastage scenarios, re-
spectively. Although this is heartening, the
median area of 34 “benchmark glaciers,” which
have time series of glacier mass balance since the
1960s, is only 4.18 km2, corresponding to amean
thickness of a few tens of meters (~60 m). Thus
many of these will likely disappear along with
their valuable long-term records.

Our estimates include many possible errors,
including measurement errors and area uncer-
tainties, which are difficult to quantify but are
likely only a few percent of the global totals.
Our neglect of warming of polar firn and
subsequent runoff, and of both mass balance–
altitude feedback and ill-understood dynamic
instabilities, leads to underestimation of sea-
level rise. Neglecting area losses and ignoring
the density change correction for ice removed
from below sea-level produce small overesti-
mates. Total errors (Table 1) do not significantly
affect our conclusions.

To improve our understanding of the ice melt
contribution to sea level, we must recognize that
the GIC, not the big ice sheets, are most im-
portant today, and will continue to be important
throughout this century. Complex processes driv-
ing the behavior of glaciers need better char-
acterization. With the growing emergence of
dynamically forced thinning and retreat as a
dominant mass-loss process on both calving gla-
ciers and ice sheet outlets, rates of volume change
have become very nonsteady. Studies of retreat-

ing tidewater glaciers, completed and under way,
are very helpful in understanding the analogous
phenomenon at ice sheet outlet streams. The GIC
around the edges of the big ice sheets, with total
area estimated to be more than 200 × 103 km2,
require detailed examination. Spatial extrapola-
tion to obtain regional averages from representa-
tive samples, as well as temporal extrapolation to
predict future behavior, requires better knowl-
edge of statistical distributions of glacier area and
volume. Glacier volume scales nonlinearly with
area, thus global grids (e.g., 1° by 1°) must be
applied with great care to avoid dividing glacier
areas into pieces that do not scale correctly for
thickness (20).

Ice wastage contributions to sea-level rise
will likely continue to increase in the future as
warming of cold polar and subpolar glaciers
continues and dynamically forced responses
continue to occur. Our results suggest a sea-
level rise of about 0.1 to 0.25 m in this century
due to GIC wastage alone. This range can be
compared with the IPCC projection total sea-
level rise (all sources) of about 0.2 to 0.5 m
depending on the emission scenario (the full
effects of changes in ice sheet flow are not
included). Although large ice masses may
surpass the glacier contribution to sea-level rise
in the distant future, the GIC contribution is
important now and will be for the remainder of
this century.
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The Southern Ocean Biological
Response to Aeolian Iron Deposition
Nicolas Cassar,1* Michael L. Bender,1 Bruce A. Barnett,1 Songmiao Fan,2
Walter J. Moxim,2 Hiram Levy II,2 Bronte Tilbrook3

Biogeochemical rate processes in the Southern Ocean have an important impact on the global
environment. Here, we summarize an extensive set of published and new data that establishes the
pattern of gross primary production and net community production over large areas of the
Southern Ocean. We compare these rates with model estimates of dissolved iron that is added to
surface waters by aerosols. This comparison shows that net community production, which is
comparable to export production, is proportional to modeled input of soluble iron in aerosols. Our
results strengthen the evidence that the addition of aerosol iron fertilizes export production in the
Southern Ocean. The data also show that aerosol iron input particularly enhances gross primary
production over the large area of the Southern Ocean downwind of dry continental areas.

The rate of organic matter export from the
surface waters of the Southern Ocean has
an important impact on distributed prop-

erties of the environment. First, it influences
the residual nutrient burden of waters that flow
northward in the subsurface to supply nutrients
to much of the extrapolar ocean (1). Second,
carbon export removes CO2 from surface wa-
ters, thereby influencing the atmospheric CO2

concentration over both glacial-interglacial
and anthropogenic time scales. There is com-
pelling evidence that iron supply from a num-
ber of sources (such as coastal sediments,
aerosols, upwelling, ice melting, and enhanced
mixing over high topography) influences rates
of both gross production and carbon export by
Southern Ocean ecosystems. Ocean color data,
for example, show that biomass is elevated
downwind of aeolian iron sources, and extra-
ordinary “patch” experiments have shown that
iron addition enhances primary production

and new production in several representative
regions (2).

To understand the potential for aeolian iron
fertilization, we compared a large number of net
community production (NCP) measurements
in the Southern Ocean (3, 4) to a modeled Fe
deposition (5). NCP and gross primary produc-
tion (GPP) are calculated as the production rates
required to maintain the observed biological O2

supersaturation (derived from O2/Ar) and O2

triple-isotope anomaly against equilibration by
gas exchange (parameterized in terms of wind
speed) (6). NCP from O2 is the stoichiometri-
cally equivalent rate of organic carbon produc-
tion in excess of respiration; it approximates
carbon export from the mixed layer. Our data set
establishes the pattern of this fundamental rate
process in the Southern Ocean at a scale here-
tofore accessed only for chlorophyll, which re-
flects biomass. We implemented these methods
with samples of water from the upper-ocean
mixed layer. Samples were collected by us or
collaborators on cruises of opportunity and
returned to the laboratory for analysis; in this
way, it was possible to assemble a very large
data set.

Our approach to determining NCP and GPP
has distinct attributes and limitations. The meth-
od accesses production over times on the order
of 1 week, corresponding to the mixed-layer
depth divided by the piston velocity. We as-

sumed steady-state mixed-layer depth and pro-
ductivity (clearly a simplification). We ignored
exchange between the mixed-layer and underly-
ing waters. The analysis of Wang et al. (7) sug-
gests that, in the Polar Front Zone and the
Subantarctic Zone, this process is of minor im-
portance in the summer and in the spring. When
the flux of O2 is into the ocean, we report nega-
tive values of NCP. Although we refer to the air-
sea biological O2 flux as NCP, we were unable
to determine whether negative values reflect net
heterotrophy in the mixed layer or upwelling of
O2-undersaturated waters.

Figure 1 shows summer NCP values superim-
posed on Southern Ocean properties (8). Most
of the Southern Ocean can be considered a
high-nutrient low-chlorophyll region, with the
caveat that the area north of the Antarctic Polar
Front (APF) is depleted in silicate during sum-
mertime. The strong westerlies around the
Antarctic continent drive a northward Ekman
transport of nutrient-rich circumpolar deep wa-
ters that upwell south of the APF. From the
south, the Antarctic Zone lies between the
Southern Boundary of the Antarctic circumpolar
current and the APF, the Polar Frontal Zone
stretches from the APF to the Subantarctic
Front, and the Subantarctic Zone extends from
the Subantarctic Front to the Subtropical Front.
The Subtropical Front is the boundary between
the warm and salty subtropical waters and the
relatively cooler and fresher waters of the South-
ern Ocean. The summertime chlorophyll distri-
bution is shown by the background colors of the
map (Fig. 1).

We observed that, in general, NCP rises toward
the north (Figs. 1 and 2), with considerable spa-
tial heterogeneity. Visual inspection, along with
the statistical analysis of Reuer et al. (4), shows
that NCP is weakly correlated with climatolog-
ical satellite chlorophyll estimates. Our results
also show higher NCP and GPP in the spring
than in the summer over most of the Southern
Ocean (9) (Fig. 2). Our approach underestimates
NCP in upwelling areas, where mixing to the
surface of O2-depleted waters lowers the bio-
logical O2 supersaturation. For this reason, the
apparent poleward decrease in NCP could par-
tially be driven by upwelling of upper circum-
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