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The response of grounded ice sheets to a changing climate
critically influences possible future changes in sea level. Recent
satellite surveys over southern Greenland show little overall
elevation change at higher elevations, but large spatial variabil-
ity' ™. Using satellite studies alone, it is not possible to determine
the geophysical processes responsible for the observed elevation
changes and to decide if recent rates of change exceed the natural
variability. Here we derive changes in ice-sheet elevation in
southern Greenland, for the years 1978-88, using a physically
based model of firn densification* and records of annual snow
accumulation reconstructed from 12 ice cores at high elevation.
Our patterns of accumulation-driven elevation change agree
closely with contemporaneous satellite measurements of ice-
sheet elevation change, and we therefore attribute the changes
observed in 1978—88 to variability in snow accumulation. Similar
analyses of longer ice-core records show that in this decade the
Greenland ice sheet exhibited typical variability at high eleva-
tions, well within the long-term natural variability. Our results
indicate that a better understanding of ice-sheet mass changes will
require long-term measurements of both surface elevation and
snow accumulation.

The previously reported, 1978—88 elevation-change estimates for
the southern Greenland ice sheet', derived from analysis of Seasat
(6 July to 10 October 1978) and Geosat-Exact Repeat Mission
(8 November 1986 to 7 November 1988) satellite radar altimeter
data, were improved recently by adding data from the Geosat-
Geodetic Mission (1 April 1985 to 30 September 1986). The updated
analysis® included twice as many elevation-change measurements
and expanded the spatial coverage by 50%. In addition, a precise
global-ocean reference network created from four years of Topex/
Poseidon altimeter data was used to obtain improved corrections
for altimeter radial orbit errors and measurement system biases. The
updated elevation-change map includes about 90% of the area
above the 2,000-m elevation contour south of 72.1° N (maximum
latitude of Seasat/Geosat) and about 75% of the area west of the
elevation divide between 1,700-2,000m (Fig. 1). Effectively no
coverage is available below 1,700 m because of the poor quality
and limited quantity of the radar altimeter data near the ice-sheet
edge’. The rate of elevation change (dH/dt) varies spatially from —24
to +24 cmyr ' over distances as small as 200km (note the strong
dH/dt gradient around 66°N and the abrupt transition from
positive to negative change at the elevation divide).
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Between 1997 and 1999, ice cores that penetrated at least to a
depth corresponding to 1978 were collected at ten locations around
the southern ice sheet. All cores were analysed for a number of
seasonally varying chemical species (hydrogen peroxide, calcium,
ammonium, nitrate ions) using a continuous ice-core melter
analysis system®. Two additional seasonally varying constituents,
insoluble dust concentration and stable water-isotope ratios, were
measured using discrete samples. In combination with field mea-
surements of snow density, these multi-parameter glacio-chemical
records were used to determine records of net annual snow
accumulation at each site. Because of spatial variability in snow
accumulation’, multiple cores were collected at four locations
to identify regional-scale versus local-scale accumulation
components®’. Discrete measurements of hydrogen peroxide from
a core drilled in 1988 were used to develop a record of annual
accumulation at Dye 3 (65.2°N, 43.9°W)' and a 1778-1989
accumulation record was developed at Crete (71.1°N, 37.3°W) by
combining published accumulation records'""*.

The density of near-surface firn layers increases with depth and,
in response to changing snow accumulation rates and temperature,
this increase with depth also varies with time. To derive changing
ice-sheet elevation from measured time series of snow accumula-
tion, we used a model that predicts the evolution of the density—
depth profile by solving coupled heat- and mass-transfer equations
using a one-dimensional, lagrangian scheme, referenced to pressure
coordinates’. The constitutive relationship for snow was calcu-
lated using rate equations for the various sintering mechanisms
important in snow compaction'>'. The initial depth profiles of
temperature and density were obtained from steady-state calcula-
tions at the mean temperature, mean accumulation rate and mean
surface density. Boundary conditions include the temperature of the
ice at depth, and surface histories of temperature", accumulation
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Figure 1 Accumulation-derived and radar-altimetry-derived 1978-88 ice-sheet
elevation change. Shown are the approximate locations of the elevation divide (stars), the
2,000-m elevation contour (dots) and the ice-core sites (circles). The radar dH/dt values
are shown in 50 x 50 km cells (adapted from ref. 5).
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rate and density. Mean surface density was derived from the ice-core
data using the zero-depth intercept of a polynomial fit to the
measured density—depth profile. Densification rates for the upper
two metres were also derived from the measured density profiles
rather than from sintering rate equations (at shallow depths the
effects of vapour transport, seasonal temperature variations and re-
working by wind are important although these were not explicitly
included in the sintering model). The annual temperature cycle and
surface density (uppermost 1 m) in Greenland change little from
year to year. Earlier calculations* show that elevation changes
resulting from these intra-annual variations are small compared
with those resulting from inter-annual variations in snow
accumulation.

The modelled change in vertical separation between the surface
and the 4-MPa pressure level overburden (deep enough to lie within
incompressible ice) defines the elevation change caused by varia-
tions in density*. The actual elevation change observed at any
location is the sum of this component and the change in the local
ice-equivalent-thickness (defined as the total mass of ice occupying
a unit area of bedrock, divided by the density of pore-free ice).
Because the divergence of the ice flow field at each core site is
unknown, we cannot directly calculate the change in ice-equivalent
thickness over the time period spanned by the ice core records.
However, on the assumption that the ice-flow divergence is constant
during this period, an estimate for the higher-frequency changes in
ice-equivalent thickness can be obtained using the measured accu-
mulation rates and added to the elevation changes predicted by the
density model. We refer to the resulting time series as the ‘elevation
anomaly’ at each site. These will be superimposed upon any secular
trend in elevation change caused by long-term mass imbalance.
Both the observed and accumulation-derived elevation changes at
the twelve locations where annual accumulation data are available
over the 10-year period are listed in Table 1 and shown in Fig. 1.
To facilitate comparison with the radar-derived observations,
1978-88 accumulation-driven elevation change (dH/dt) is
expressed in cmyr .

We investigated the sensitivity in the calculation of accumula-
tion-derived estimates of ice-sheet elevation change to several
sources of error. To examine the sensitivity to errors in the
constitutive equation for snow, strain rates in the densification
model were artificially increased and decreased by a factor of ten®. To
determine the sensitivity of our results to fluctuations in accumula-
tion rate before the beginning of the ice-core records, we used an
ensemble of six plausible ~50-year accumulation-rate histories
having the same mean and inter-annual variance as the observed
record in Monte-Carlo simulations. Similarly, we investigated the
effects of short-scale (tens of metres) spatial variations of accumu-
lation rate by adding noise to the measured time series and
repeating these calculations for an ensemble of such records. The
variance of the local noise component was obtained from closely

Table 1 Ice-core accumulation-derived and radar-based estimates of mean
dH/dt from 1978 to 1988

Site latitude (°N), Initial year in 1978—1988 1978—1988
longitude (°W) accumulation Accumulation Radar*
record dH/dt (cm yr™") dH/dt cm yr™")
72.3, 38.0 (Summit) 1950 -1.1(+2.9) -0.1(+1.5)
71.1, 37.3 (Crete) 1778 -0.7 (£4.2) -1.9(x1.5)
71.9,47.5 1974 -1.9(+2.1) -8.0 (x1.5)
714,472 1974 -1.1 (2.0 5.1 (£2.1)
69.8, 35.0 1976 -3.8(*1.5) -6.2 (+1.5)
69.2, 43.0 1977 +5.8 (+1.6) +4.5 (+1.7)
69.0, 45.0 1977 +6.9 (£2.3) -22.3(x1.7)
66.4, 46.2 (Dye 2) 1900 +12.7 (£2.3) +14.9 (+1.6)
66.0, 44.5 1976 +4.8 (£1.2) +4.7 (=1.6)
65.2, 43.9 (Dye 3) 1931 -10.3 (+2.3) -8.6 (x1.8)
63.8, 45.0 1978 -0.4 (+2.0) +3.7 (+1.6)
63.1,44.8 1978 -3.2 (*x2.0) -2.3(x1.8)

Error limits show the 65% confidence interval.
*Includes subtraction of 0.5 cm yr™" uplift from long-term isostatic rebound.
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spaced ice cores at four of the ice-core sites®”. Note that kilometre-
scale topography may also influence accumulation, although gen-
erally at multi-decadal to century, rather than annual, timescales.
The 65% confidence intervals in Table 1 indicate the combined
contribution from all these sources of error. Sensitivity to the
accumulation history before the start of the core decreases rapidly
with time under the relatively warm conditions found in
Greenland*. Many of the core records extended to 1974 and earlier
(Table 1) and for these sites, short-scale spatial variability in
accumulation during the 1978—88 period provided the largest
contribution to the combined uncertainties. At the six sites
with shorter accumulation records, approximately half of the
total uncertainty was the result of unknown accumulation before
the start of the core record. If the previous accumulation were
markedly different than during the core-based observation
period, this would affect the results at sites with relatively short
accumulation records.

The radar dH/dt values reported in Table 1 are the average of all
elevation-change measurements within a circular area centred at the
ice-core location. A nominal radius of 20 km was used for ten of the
core locations, whereas a radius of 30 km was used at two core
locations (Summit and Dye 3) where insufficient data were available
within the nominal radius. Each set of data was edited by excluding
elevation differences greater than two standard deviations from the
primary gaussian distribution. The 65% confidence intervals
include the combined contribution of random measurement error
and estimates of the uncertainties in various corrections applied to
the elevation data (isostatic uplift, inter-satellite bias, orbit-error
corrections, and environmental corrections)'”.

Comparisons between the accumulation-derived and radar-
altimeter elevation-change estimates (see Supplementary Informa-
tion) indicate that the large majority of the measured change in
ice-sheet elevation in southern Greenland from 1978 to 1988 is the
result of temporal variability in snow accumulation. The accumula-
tion-derived elevation change gives the same general pattern of
strong thickening to the west of the elevation divide and thinning to
the east. We note the excellent match in the strong radar dH/dt
gradient across the ice divide from Dye 2 (66.4° N, 46.2° W) to Dye 3
(65.2°N, 43.9°W). The notable exception is in the western region
along the 2,000-m contour between 69°N and 72°N where the
accumulation-derived elevation change is generally smaller than the
radar-based observations. A significant difference was also found
in this area in a comparison between 1978-88 radar dH/dt and
1993-98 laser dH/dt results'® with no corresponding change in
accumulation rate between the two time periods. Previous model-
ling and analysis of the Seasat and Geosat altimeter waveforms
demonstrated that there was a significant temporal change in the
geophysical characteristics of the near-surface snow in this par-
ticular area of the ice sheet. Indeed, an unusually large number of
melt events were found in the 69.0°N, 45.0°W core at depths
corresponding to 1977 and 1978, with relatively few melt events
in the early to mid-1980s. No such anomalous melt features were
observed in the nearby 69.2°N, 43.0°W core where there is good

Table 2 Ice core accumulation-derived estimates of the standard deviation
in decadal ice-sheet elevation change (dH/dt) over the specified time
ranges

Site name Latitude (°N), Time range Standard deviation in

longitude (°W) decadal-scale dH/dt
emyr™)

Humboldt 78.5,56.8 1690-1994 2.4

Nasa U 73.8,49.5 1690-1994 41

Summit 72.3,38.0 1950-1998 2.0

Crete 71.1,37.3 1778-1982 3.7

Milcent 70.3,45.0 1177-1966 8.4

Dye2 66.4, 46.2 1900-1998 12.7

Dye3 65.2, 43.9 1931-1987 9.4

1978-88 dH/dt values for Summit, Crete, Dye 2, and Dye 3 are given in Table 1.
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agreement between the radar and accumulation dH/dt estimates.
These observations indicate that a large melt layer existed in 1977
and 1978 which resulted in a different radar signature at the snow—
air interface than in subsequent years. This caused Geosat-Seasat
dH/dt estimates to be biased towards excess thinning and/or
reduced thickening in that region over the 10-year period.

To put these accumulation-derived changes in ice-sheet elevation
in historical perspective, we derived estimates of dH/dt over longer
time periods using previously published®'®"> and new records of
annual accumulation. From the annual dH/dt time series, decadal
dH/dt (cm yr_l) values were computed. Standard deviations in
decadal dH/dt (Table 2) range from 2.0cmyr 'at the Summit
location in central Greenland to 12.7 cmyr ' at the southern Dye
2 site. Comparisons of the historical range of decadal dH/dt
(Table 2) with the 1978—88 accumulation-derived and radar-
based measurements (Table 1) indicate that recently observed
changes in ice-sheet elevation above ~2,000-m elevation are typical.
Because snow accumulation at Dye 2 is highly cyclic, even the
marked increase in annual accumulation from 1978 to 1988 that has
led to the recent large increase in ice-sheet elevation in that region is
not unusual over the last century.

These widely distributed accumulation measurements and
computed elevation anomalies demonstrate that altimetry-derived
estimates of ice-sheet thickening and thinning from 1978—88 over
much of the southern Greenland ice sheet above ~2,000-m eleva-
tion are consistent with elevation changes caused by temporal
variability in snow accumulation. The ice-core accumulation mea-
surements reported here do not address the significance of observed
elevation change at lower elevations’. Analyses of longer accumula-
tion records indicate that the decadal-scale changes in ice-sheet
elevation that occurred during 1978—88 are typical over the last few
centuries and well within the natural variability of accumulation-
driven elevation change. It is clear that decadal-scale variability in
snow accumulation has the potential to mask longer-period changes
in surface elevation associated with ice-sheet dynamics. This sug-
gests that accurate detection of any long-term mass imbalance of the
ice sheets and assessment of likely causes will require multi-decadal
time series of surface elevation in conjunction with widely distrib-
uted ice-core-derived accumulation measurements collected over
the time period of interest. (I
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The availability and toxicity of trace metals in fresh water are
known to be regulated by the complexation of free metal ions with
dissolved organic matter'”. The potential role of inorganic
sulphides in binding trace metals has been largely ignored because
of the reduced persistence of sulphides in these oxic waters.
However, nanomolar concentrations of copper and zinc sulphides
have been observed in four rivers in Connecticut and Maryland*’.
Here we report dissolved (< 0.2 pm particle diameter) sulphide
concentrations ranging up to 600 nM, with more than 90% being
complexed by copper, iron and zinc. These complexes account for
up to 20% of the total dissolved Fe and Zn and 45% of the total
dissolved Cu. Fourier transform mass spectrometry reveals that
these complexes are not simple M(HS)* protonated species®’ but
are higher-order unprotonated clusters (M;S;, M,S¢, M,S,), simi-
lar to those found in laboratory solutions®*'’ and bio-inorganic
molecules'. These extended structures have high stability
constants®'® and are resistant to oxidation and dissociation'*"?,
which may help control the toxicity of these and other less
abundant, but more toxic, trace metals, such as silver, cadmium
and mercury.

We found the total dissolved sulphide (DSt) concentrations and
metal sulphide speciation in river waters to be strongly correlated
with the extent of watershed development. DSy, defined as T Fe
sulphides + Cu sulphides + Zn sulphides + other soft class B metal
sulphides (Ag, Cd, Hg, Pb) + HS™ + S + S° was found in
concentrations ranging between 20 and 580nM (Table 1). High
DSt (> 200nM) was found in rivers that drained urbanized areas
that received inputs of treated sewage effluent. In these rivers, the
metal sulphide speciation, as determined by electrochemical
analysis*>'*!"*, consisted of metal sulphide complexes in the
following order of concentration abundance: Fe sulphides
(X FeS + FeSH") >> Zn sulphides > Cu sulphides > (polysulphides).
Polysulphides (Si3), which are partly oxidized sulphide species that
are reduced by Cr(11), were only electrochemically measured'® in low
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is less than 100%). Models for the additional oligonucleotide, GTP molecules and Mg**
ions, have been fitted into electron density maps and refinement of these oligo—Mn*"—
polymerase and oligo—~GTP—Mg—Mn—polymerase complexes against their data sets,
imposing strict threefold NCS constraints, resulted in models with R factors of 23.7 and
21.4%, respectively, and good stereochemistry (Table 1).

Figures

Unless otherwise stated figures were drawn using BOBSCRIPT
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circulation, heat transport and mixing
from hydrographic data
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Nature 408, 453—457 (2000).

In this first paragraph of this paper, the uncertainty on the net
deep-water production rates in the North Atlantic Ocean was
given incorrectly. The correct value should have been (15 * 2) x
10°m’s™. U
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altimetry surveys of the southern Greenland ice sheet reported
by Krabill et al. (1999) were erroneously described as satellite-
based. O
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The Genbank accession number for the annotated sequence given in
this paper was typeset incorrectly. The correct accession number is
AE005174. O

NATURE |VOL 410 |8 MARCH 2001 | www.nature.com




