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Partitioning Recent Greenland

Mass Loss

Michiel van den Broeke,* Jonathan Bamber,? Janneke Ettema,” Eric Rignot,>* Ernst Schrama,®
Willem Jan van de Berg,* Erik van Meijgaard,® Isabella Velicogna,®* Bert Wouters>®

Mass budget calculations, validated with satellite gravity observations [from the Gravity Recovery
and Climate Experiment (GRACE) satellites], enable us to quantify the individual components of
recent Greenland mass loss. The total 2000—2008 mass loss of ~1500 gigatons, equivalent to

0.46 millimeters per year of global sea level rise, is equally split between surface processes (runoff and
precipitation) and ice dynamics. Without the moderating effects of increased snowfall and refreezing,
post-1996 Greenland ice sheet mass losses would have been 100% higher. Since 2006, high summer
melt rates have increased Greenland ice sheet mass loss to 273 gigatons per year (0.75 millimeters
per year of equivalent sea level rise). The seasonal cycle in surface mass balance fully accounts for
detrended GRACE mass variations, confirming insignificant subannual variation in ice sheet discharge.

from the Greenland ice sheet (GrlS) has
recently accelerated (/—3) after atmospher-
ic warming and increased runoff (4, 5) and
increased ice discharge through the acceleration
of outlet glaciers in the west (6, 7) and east (§—11).
Recently reported GrIS mass balance (/2) varies
from near-balance (/3) to modest mass losses [47
to 97 gigatons (Gt) year '] (I4) in the 1990s,
increasing to a mass loss of 267 + 38 Gt year ' in
2007 (15). These mass losses are equivalent to a
global sea level rise (SLR) of 0.13 to 0.74 mm
year ' or 4 to 23% of the SLR of 3.1 + 0.7 mm
year ' reported for the period 1993-2005 (16).
Here we present consistent 2003-2008 GrIS
mass loss rates produced by two fully inde-
pendent methods: The mass budget method,
which quantifies the individual components of
ice sheet mass balance [surface mass balance
(SMB) and ice discharge (D)], is validated with
data from the Gravity Recovery and Climate
Experiment (GRACE) satellites, which observe
ice sheet mass anomalies by repeat satellite gra-
vimetry. This combination of results enables us

There are strong indications that mass loss
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to resolve the individual components of recent
GrlS mass loss in space and time.

For SMB, we used the monthly output of a
51-year climate simulation (1958-2008) with
the Regional Atmospheric Climate Model
(RACMO2/GR) at high horizontal resolution
(~11 km) (fig. S1). The modeled SMB from
RACMO?2/GR agrees very well with in situ
observations [N = 265, correlation coefficient
(r) = 0.95], without need for post-calibration

(17). For D, we used ice flux data from 38
glacier drainage basins (15), covering 90% of
the ice sheet (fig. S2), corrected for SMB be-
tween flux gate and grounding line and updated
to include 2008. To compare SMB-D with
GRACE requires the calculation of cumulative
SMB-D anomalies. The temporal evolution of
the cumulative SMB-D anomaly was evaluated
using monthly GRACE mass changes (/8). The
spatial distribution of GrIS mass changes was
compared to a regionally distributed GRACE
solution (79), updated to include 2008. For more
details on data and methods, see the supporting
online material.

Figure 1 compares the time series of the cu-
mulative SMB-D anomaly with GRACE data
(18) in the epoch during which both are available
(2003-2008). The high correlation (» = 0.99)
between the two fully independent time series and
the similarity in trends support the consistency of
the mass balance reconstruction. A linear regres-
sion on the SMB-D time series yields a 2003—
2008 GrIS mass loss rate of 237 + 20 Gt year .

A potential source of error is that the
GRACE signal includes the seasonal cycles of
supraglacial/englacial water storage and ice dis-
charge (20-22). Because only a single discharge
data point per year is available, we assume slow-
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Fig. 1. Cumulative SMB-
D anomaly (2003—2008)
and comparison with
GRACE data (18). Short
horizontal lines indicate
GRACE uncertainty, dashed
lines the linear trends.
GRACE values are not ab-
solute numbers, and the
curve has been vertically
shifted for clarity. The scat-
ter plot in the inset shows a
direct linear regression be-
tween the monthly GRACE
values as a function of the
cumulative SMB-D anoma-
ly, together with the linear
regression coefficients.
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ly changing ice flow without a seasonal cycle.
The difference between the detrended GRACE
and SMB time series, which represents these
effects, shows no significant seasonal cycle. We
confirm, therefore, that the influence of seasonal
modulation of ice velocity on the ice sheet mass
balance is insignificant (2, 7).

A principal result is GrIS annual mass balance
SMB-D (fig. S3 and eq. S1). Since 2000, GrIS
mass balance has been persistently negative, caused
by a simultaneous decrease in SMB and an increase
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Fig. 2. Cumulative anomalies of the three main
ice sheet mass budgets. (A) Mass balance and its
components SMB and D (eq. S1). Before 1996, D
and hence SMB-D, are poorly constrained and
therefore not shown. (B) SMB and its components
precipitation, runoff, and sublimation (eq. 52). (C)
Liquid water balance and its main components rain,

melt, refreezing, retention, and runoff (eq. S3).
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in D. In total, the GrIS lost 1492 Gt between 2000
and 2008, or 166 Gt year ', equivalent to 0.46 mm
year ' of global SLR. Mass loss rate increased to
273 Gt year ' in the period 2006-2008, equiva-
lent to 0.75 mm year ' of global SLR.

An important feature in fig. S3 is the large
interannual variability of SMB, which may change
by up to 400 Gt year ' between consecutive years
(standard deviation 107 Gt year "). Apart from
the uncertainties involved in estimating mass
balance components, this offers a partial expla-
nation for the wide range of recently reported
values of GrIS mass balance (/2) and emphasizes
the need for long-term observations.

The three main budgets that determine GrIS
mass balance are ice sheet mass balance, SMB,
and liquid water balance (egs. S1 to S3). Our
results show that both mass balance components,
SMB and D (eq. S1), contributed equally to the
post-1996 cumulative GrlIS mass loss (Fig. 2A).
Previous results (/5) showed that discharge
anomalies contributed 61% to recent GrIS mass
loss; the shift to 50% can be fully explained by
the larger interannual variability and the stronger
downward trend in our updated SMB time series
as compared to earlier estimates (/7).

A quadratic decrease (7 = 0.97) explains the
20002008 cumulative mass anomaly better than
a linear fit (+* = 0.90). Equation S1 implies that
when SMB-D is negative but constant in time,
ice sheet mass will decrease linearly in time. If,
however, SMB-D decreases linearly in time, as
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has been approximately the case since 2000 (fig.
S3), ice sheet mass is indeed expected to decrease
quadratically in time.

The surface effects are further partitioned in
Fig. 2B, detailing the contributions of the SMB
components precipitation, sublimation, and runoff
(eq. S2). Before 1996, decadal precipitation varia-
bility fully explained SMB anomalies. Between
1996 and 2004, large positive (~800 Gt) runoft
and precipitation anomalies developed simulta-
neously. Because these approximately cancelled
each other out, the SMB anomaly remained small
during this period. After 2004, the cumulative pre-
cipitation anomaly no longer increased, but runoff
remained high, resulting in an acceleration of GrlS
mass loss, which was also detected by GRACE (3).

To further partition the runoft anomaly, Fig. 2C
shows the main components of the liquid water
balance: rain, melt, refreezing, and retention (eq.
S3). After regional atmospheric warming (4, 5), a
cumulative meltwater anomaly of ~1900 Gt de-
veloped between 1996 and 2008, to which in-
creased rainfall added another ~200 Gt. Only ~70%
(1500 Gt) of this excess liquid water left the ice
sheet as runoff, the remainder (~600 Gt) being
refrozen in the fim layer. Since 1996, this refreez-
ing anomaly has released ~2.0 x 10*° J of energy
into the GrlS firn layer. Assuming the firn layer
to be 100 m thick, to have an average density of
600 kg m >, and to cover 90% of the ice sheet
surface, this is sufficient to heat up the entire fim
column by 1 K. However, the refreezing anomaly

Fig. 3. Distribution of 2003—
2008 mass changes across the
ice sheet. The period (2003—
2008) was chosen to coincide
with the GRACE and lceSAT
epochs. Numbers indicate
basin-integrated mass loss
rates due to SMB and D (in
Gt year ™). Numbers in the
0  lower right corner represent
the values for the whole ice
sheet, indicating the dominant
surface contribution to GrlS
mass loss during 2003—2008.
Colors represent the rate of
surface mass change.

N

kg m2 yr!

100

-800
-1000

-1200

-1400

D: +94 Gt yr!
SMB: -144 Gt yr!

-1600

13 NOVEMBER 2009

985



REPORTS

986

is not equally distributed over the GrlS, but concen-
trated in the lower accumulation zone. Our model
data suggest that over the period 1990-2008, the
first 15 m of the firn column in these areas has
locally warmed by 5° to >10°. From Fig. 2, B and
C, we conclude that, without the moderating ef-
fects of increased precipitation and refreezing, the
post-1996 cumulative mass anomaly and associ-
ated SLR from the GrIS would have been 100%
greater than actually observed.

The results also shed light on the relative
timing of changes in surface conditions and ice
dynamics. In central Greenland, enhanced sur-
face melting started around 1996, several years
before marine-terminating glaciers started to ac-
celerate and retreat in the west (~1998) (6, 7)
and east (~2002) (2, 8, 10). In south Greenland,
enhanced melting started in the early 1990s, but
dynamic thinning was already active south of
Helheim glacier in southeast Greenland (23, 24).

To mimic the spatial distribution of GrIS mass
loss during the GRACE and ICESat (Ice, Cloud,
and Land Elevation Satellite) operational period,
we performed a linear regression on 2003-2008
cumulative anomalies of D and SMB components,
integrated over five major drainage basins (north,
northeast, southeast, southwest, and northwest;
fig. S2). The contributions from D and SMB to
the basin-integrated mass change are given as num-
bers in Fig. 3, whereas the contributions from in-
dividual SMB components are listed in table S1.

In the north and northeast, which are regions
with low accumulation and hence low rates of ice
discharge, the discharge anomaly is small, and
above-normal runoff dominated 2003-2008 mass
loss. In the southwest, the ablation area is relatively
large, with few marine-terminating glaciers; here,
meltwater production and ice flow strongly interact
(20-22), and increased discharge also contributed
to the mass loss. In the northwest, which harbors
numerous tidewater glaciers, mass loss is equally
distributed between surface processes and ice dis-
charge. In these four basins, surface mass losses
represent increased runoff, moderated by above-
normal snowfall (table S1).

The greatest 20032008 basin mass loss, rep-
resenting about half of the ice sheet total, is found
in the very wet southeast. Here, ice discharge dom-
inates the signal. This is the only basin where the
trend in the cumulative precipitation anomaly is
negative, after anomalously high snowfall in this
region from September 2002 to April 2003 (25),
just at the onset of the GRACE period. As aresult,
the surface mass loss in the southeast is equally
split between above-normal runoff and below-
normal precipitation (table S1). Without the pre-
cipitation anomaly, the 20032008 mass loss rate
in the southeast would have been ~20% smaller.

The colors in Fig. 3 represent surface mass
loss rate (2003—2008). Because surface mass loss
is dominated by runoff; it is heavily concentrated
in the ablation zone of the ice sheet, roughly
below 2000 m above sea level (asl). Surface mass
loss rates range from 200 to 600 kg m ? year ' in
the northern and western ablation zones, and lo-

cally exceed 600 kg m 2 year ! in the southeast,
owing to the effect of decreased precipitation.
Assuming (conservatively) the surface mass loss
to occur at the density of ice (910 kg m™>), they
account for >60 cm year ' of surface lowering
locally in the southeast and 20 to 60 cm year '
elsewhere in the GrIS ablation zone. This explains
part of the 20032008 thinning pattern as observed
by the IceSAT and ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) sat-
ellites (26, 27), noting that the strong thinning of
the fastest-flowing parts of many outlet glaciers,
up to several meters per year, remains dominated
by dynamic processes. Figure 3 resembles the spa-
tial GrIS mass loss pattern observed by GRACE
(19), with mass losses concentrated in the south-
east, northwest, and southwest at elevations below
2000 m asl.

The good agreement between mass budget cal-
culations and the GRACE data enables us to make
a detailed interpretation of the GRACE signal in
terms of its individual components. Examining
the period with well-constrained discharge data
(19962008, fig. S4), we see that the ice sheet—
integrated GRACE signal primarily consists of (i)
the slowly changing ice discharge anomaly, (ii) the
asymmetric yet regular sawtooth shape of the sea-
sonal runoff anomaly, and (iii) noise from precipi-
tation variability on monthly to decadal time scales.
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CD4* Regulatory T Cells Control Ty17
Responses in a Stat3-Dependent Manner

Ashutosh Chaudhry,? Dipayan Rudra,*? Piper Treuting,® Robert M. Samstein,*

Yugiong Liang,* Arnold Kas,? Alexander Y. Rudensky
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Distinct classes of protective immunity are guided by activation of STAT transcription factor family
members in response to environmental cues. CD4* regulatory T cells (Treqs) SUppress excessive
immune responses, and their deficiency results in a lethal, multi-organ autoimmune syndrome
characterized by T helper 1 (Ty1) and T helper 2 (Ty2) CD4* T cell-dominated lesions. Here we
show that pathogenic Ty17 responses in mice are also restrained by Treq,. This suppression was lost
upon Teq4-specific ablation of Stat3, a transcription factor critical for T,17 differentiation, and
resulted in the development of a fatal intestinal inflammation. These findings suggest that T,eqs
adapt to their environment by engaging distinct effector response—specific suppression modalities
upon activation of STAT proteins that direct the corresponding class of the immune response.

fense against different classes of patho-
gens by activation of a particular type of
immune response. Intracellular pathogens in-

The vertebrate immune system affords de-

duce protective Ty1 responses, whereas parasit-
ic helminthes induce Ty2 cytokine production.
In contrast, pathogenic yeast, fungi, and extra-
cellular bacteria elicit highly inflammatory Ty;17
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