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Abstract.

This paper presents a comparison of two independent methods of estimating

subseasonal accumulation across the interior of Greenland. These methods, high-
resolution snow pit studies and atmospheric modeling, have differing spatial and temporal
resolution, but both can estimate net accumulation for subseasonal and shorter periods.
The snow pit approach is based on a documented relationship between high-resolution
snow pit profiles of oxygen stable isotope ratio (8'®0) and multiyear Special Sensor
Microwave/Imager (SSM/1} 37-GHz brightness temperature records. Comparison of SSM/I
data to profiles obtained during the 1995 Alfred Wegener Institut North Greenland
Traverse field season shows that 8'0 data from snow in north central Greenland are a
reliable, high-resolution temperature proxy. This enables determination of accumulation
amount, rate, and timing from approximately July 1991 through June 1995 across this 220-
km-long transect of the ice sheet. Precipitation estimates derived from early modeling
based on European Centre for Medium-Range Weather Forecasts data show a similar
average seasonal pattern but a diminished magnitude of accumulation (~56%) for these
sites. The slope of the multiyear T versus & correlation was evaluated for each site on the
basis of the observed and calculated temperature history from the nearby North
Greenland Ice core Project (NGRIP) site automatic weather station. These data should
assist interpretation of the paleoclimatic record in the NGRIP deep core.

1. Introduction

Previous research on stable isotope thermometry conducted
in Greenland demonstrated the similarity of stable isotope
ratio (8'0 and 8D) data from snow pit profiles to multiyear
satellite brightness temperatures [Shuman et al., 1995a, 1998].
Those studies found a strong correspondence between stable
isotope profiles and multiyear, daily averaged brightness tem-
perature records in central Greenland. A distinctive, multi-
peaked temperature cycle observed with the longer-term sat-
ellite temperatures, and confirmed with automatic weather
station (AWS) data, was substantially preserved in the §'%0
and 6D records. The similarity between these two types of
temperature data, despite anomalous events and isotopic dif-
fusion, supported the assertion that accumulation occurs at
many times throughout the year and that isotopic profiles con-
tain a temperature history with subseasonal resolution. Be-
cause of the value of accumulation timing information derived
from this technique, we concluded that additional comparisons
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using this technique should be made. As a further test, this
paper will compare accumulation histories from the snow pits
to results from high-resolution atmospheric modeling. This
paper provides additional analyses and support for the match
point technique.

2. Background

Since the time of the first scientific studies in Greenland
during the early twentieth century, scientists have struggled to
understand climatic conditions on the ice sheet and the factors
controlling them [see, e.g., Loewe, 1936]. In the latter half of
the twentieth century, stable oxygen and hydrogen isotope
ratio data from polar ice sheet sites were utilized as a temper-
ature proxy in support of climate interpretation and recon-
struction [Benson, 1962; Dansgaard, 1964; Dansgaard et al.,
1973; Hammer et al., 1978]. Early successes have led to the
pursuit of more difficult questions as the details on isotopic
sources, transport, delivery, and preservation are now known
to be complex [Epstein and Sharp, 1965; Johnsen, 1977; Kato,
1978; Fisher et al., 1983; Johnsen et al., 1989; Petit et al., 1991;
Charles et al., 1994; Jouzel et al., 1997, Grootes and Stuiver,
1997; White et al., 1997]. However, it is clear that records of
8'80 and 8D from ice sheet locations provide critical evidence
of climate variations [Johnsen, 1977, Hammer et al., 1978,
Dansgaard et al., 1985; Johnsen et al., 1989; Cuffey et al., 1994;
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Figure 1. Illustration of the Alfred Wegener Institut (AWI)
North Greenland Traverse (NGT) route (1993-1995) as well
as the location of the four snow pits (NGT39, NGT41, NGT43,
and NGT45) studied here. The locations of the three Green-
land deep ice core projects referred to in the text are also
identified.

Jouzel et al., 1997]. Recently, diverse investigations into the
mass balance and climatic history of the Greenland ice sheet
(NASA Program for Arctic Regional Climate Assessment
(PARCA) and Alfred Wegener Institut North Greenland Tra-
verse (AWI NGT)) over timescales ranging from years to cen-
turies have utilized 8'®0 and 8D data [Abdalati et al., 1998;
Fischer et al., 1998a, 1998b, 1998¢c]. Despite uncertain knowl-
edge of factors influencing the stable isotope content of snow
and ice [Jouzel et al., 1997; Grootes and Stuiver, 1997] these
records are crucial to understanding this part of the global
climate system.

3. Methodology

This study utilizes high-resolution stable isotope profiles
(3-cm incremental samples or ~15-20 samples per year
[Schwager, 1999]) taken at four sites along the 1995 AWI NGT
route (see Figure 1). These profiles are “matched” to multi-
year, passive microwave brightness temperature (7z) records
from the pixels covering each site. These Tz data are obtained
from one of several passive microwave sensors that have been
gathering data over the polar regions more or less continuously
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Table 1. AWI NGT Snow Pit Data®
Depth, Latitude, Longitude, Elevation,

Pit Name m °N W m Date
NGT39 2 76.66 46.48 2733 June 20, 1995
NGT41 2 76.24 44.49 2858  June 26, 1995
NGT43 2 75.66 42.98 2921 June 29, 1995
NGT45 2 75.00 42.00 2947  July 6, 1995

*The 1995 summer season pit profiles are courtesy of researchers on
the North Greenland Traverse of the Alfred Wegener Institut (AWI
NGT), Bremerhaven, Germany. GPS instruments determined pit lo-
cations and elevations.

since 1978. The T data are converted to an estimate of ab-
solute temperature by short-term AWS data from the North
Greenland Ice Core Project site (NGRIP, ~15 km from
NGTH45). The use of the match point technique allows (1) the
subseasonal variation of the isotope record in the near-surface
snow to be temporally constrained, (2) the slope of the T
versus 8 correlation to be evaluated, (3) in situ measurement of
the amount and timing of accumulation for subseasonal to
annual periods, and (4) independent validation of accumula-
tion estimates derived from atmospheric models (mass input P
from Chen et al. [1997]). A specific goal of this project was a
month-by-month assessment of the precipitation amounts es-
timated by the model for interior ice sheet locations in order to
assess the tremendous potential of this type of accumulation
data. An additional goal was to derive information regarding
the T versus 6 relationship. These combined results should
encourage application of this approach at other ice sheet lo-
cations where satellitc passive microwave observations can
provide a record for detailed comparison to stable isotope
profiles.

3.1. Stable Isotope Data

The in situ basis of this study is a series of high-resolution
880 records from snow pits [Schwager, 1999]. They were ob-
tained during June and July 1995 along an ~220-km traverse
route north-northwest of the current NGRIP deep core site
(see Table 1 and Figure 1). The pit data included high-
resolution sampling for stable oxygen isotopes and strati-
graphic interpretation. The snow pits were dug in “clean” areas
to a depth of ~2 m and were sampled at 3-cm resolution using
standard field procedures for isotopes. The samples were an-
alyzed at the AWI isotope laboratory with uncertainties of
better than *+0.5%o0 relative to standard mean ocean water
(SMOW).

To aid comparison to the T data, the §'0 profiles are
presented as if they represent a time series of 8 values even
though they actually represent discrete snowfall events that are
subject to reworking, diffusion, and diagenesis during and for
some time after burial. Although diffusion is known to change
isotopic values contained in snow and ice [Dansgaard et al.,
1973; Johnsen, 1977; Whillans and Grootes, 1985; Sommerfeld et
al., 1991; Friedman et al., 1991, Johnsen et al., 1999, 2000], in
this study, no attempt has been made to adjust these isotope
values for diffusion effects. At the moment, there is no precise
way to account for diffusion, especially in the absence of de-
tailed physical snowpack data, although efforts are being made
[Shuman et al., 1995a).

Figure 2 illustrates the generally consistent relationship be-
tween each adjacent pit’s isotope stratigraphy during the early
1990s. The temporal correlation between the profiles is indi-
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Figure 2. Comparison of four high-resolution NGT 8'®0
profiles that form the basis of this paper. The general strati-
graphic relationships are indicated by tie lines indicating the
approximate times of the more negative isotope winter periods.

cated relatively by the lines between their respective winter
periods. The depth of any given temporal horizon roughly
indicates the amount of accumulation, with a deeper horizon
indicating relatively higher accumulation. In general, the
NGT39 pit appears to have the highest accumulation, followed
by the nearly equivalent NGT45 and NGT41 sites, with NGT43
having the lowest accumulation overall. Density data were
available only from core sites in this area [Schwager, 1999], so
determination of water-equivalent accumulation values is less
precise.

3.2. Passive Microwave Data

The passive microwave data used for comparison to the
isotope profiles were extracted from the National Snow and Ice
Data Center (NSIDC), 1992] CD-ROM:s. Daily averaged, 37-
GHz, vertical polarization (V), brightness temperatures (7 5)
from the Special Sensor Microwave/Imager (SSM/I-F11) for
the 25 X 25 km grid cell covering each NGT site were compiled
to document the multiyear “temperature” trend for the site.
Brightness temperature data from the 37-GHz V (0.81 cm
wavelength) channel begin in December 1991 and extend to
the present day. The measurement accuracy of the SSM/I 37-
GHz V channel is =2 K [Hollinger et al., 1990].

The relationship of T to physical temperature is described
by the Rayleigh-Jeans approximation [Hall and Martinec,
1985]. Satellite T is primarily a function of the physical tem-
perature of the near-surface snow (7") multiplied by its emis-
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sivity (¢) (or Tg ~ T X ). Atmospheric effects on brightness
temperature are ignored because of the low temperatures and
limited water vapor content found in this area [Maslanik et al.,
1989]. For dry snow, emissivity is controlled primarily by radi-
ative scattering from the ice grains over a skin depth of a meter
or so for the 37-GHz channels but is dominated by the top
20-30 cm [Rott et al., 1993]. This depth is roughly equivalent to
that of the diurnal temperature cycle [4lley et al., 1990]. Over-
all, the emissivity of the snow and ice is controlled primarily by
grain size [Chang et al., 1976; Armstrong et al., 1993], which
tends to vary over an annual period [Benson, 1962], although
layering and other factors also contribute.

The reason for demonstrating the relationship of the §'30
data to the SSM/I T values instead of directly to observed air
temperature is simple. The number of AWS temperature sen-
sors on the Greenland and Antarctic ice sheets is quite limited,
and their period of record is usually short and/or intermittent
[Shuman et al., 2000]. However, T ; data are available more or
less continuously since late 1978, and the coverage region of
the current SSM/I sensor includes all of Greenland and all but
~3° of latitude at the South Pole [NSIDC, 1992; Hollinger et al.,
1990]. Therefore snow pit and shallow ice core stable isotope
records can be usefully compared to T records to determine
accumulation timing even if they lack short-term AWS tem-
perature (T,) records for calibration. As demonstrated in
section 3.3, AWS T, data can be used to calibrate, with some
limitations, a much longer passive microwave record for a site,
using emissivity modeling. It must be mentioned that Tj
records are strongly influenced by the presence of liquid water
in the near-surface snow [Abdalati and Steffen, 1997, Zwally
and Fiegles, 1994]. Consequently, isotope profiles can be best
compared to T records at sites where melt events are rare or
nonexistent.

3.3. Calibrated Brightness Temperatures

As first described by Shuman et al. [1995b], 37-GHz V
brightness temperature (T) data can be related to near-
surface AWS air temperatures (see Figure 3). The 37-GHz V
data are used for this technique because they provide the best
correlation of the available long-term passive microwave chan-
nels with the AWS mean daily air temperature data [Shuman
et al., 1995b]. Some difficulties in the utilization of this tech-
nique were documented by Shuman et al. [1998] for central
Greenland. Those problems were specifically related to tem-
poral variations in near-surface emissivity due to hoar forma-
tion [Shuman and Alley, 1993; Shuman et al., 1993; Abdalati
and Steffen, 1998] and to the extrapolation of an approximate
emissivity cycle prior to the period supported by AWS data.
Additional difficulties for this effort were presented by the
temporal separation of AWS temperature observations from
the time period represented by the isotope profiles and the
physical separation of the NGRIP AWS from the most distant
site (NGT39).

Conversion of the SSM/I T, data for each NGT site to
near-surface air temperature (7) values was achieved
through the use of an empirically derived emissivity function
which is based on the Rayleigh-Jeans approximation (see sec-
tion 3.2 and Shuman et al. [1995b]). Basically, short-term AWS
temperatures (T ,) are substituted in place of the near-surface
snow temperatures, ratioed with temporally equivalent Tp»
data, and used to generate an approximate emissivity (g) time
series. A sinusoid is then fitted to the approximate emissivity
data (T ,/Tg) using Igor® software to define a modeled emis-
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Illustration of the calculated air temperature (7) record generated using the observed daily

averaged AWS air temperature (T ,) record from the NGRIP AWS and SSM/I 37-GHz V brightness
temperature (7T 5) data from the NGTA4S site. The T data are generated using modeled emissivity cycles to
calibrate the T time series (see technique of Shuman et al. [1995b]). There is close association of the 7' data
to the overall T, trend in 1997-1998, despite short-term air temperature variations.

sivity cycle during the period when both 7' and T, data are
available. The emissivity sinusoid is then used to “calibrate”
the Ty data into an estimated near-surface air temperature
(T¢) record that corresponds closely to the trend in 7, (for
further discussion of the technique, including error analyses,
see Shuman et al. [1995b, 2000]. In this study, it was assumed
that the emissivity cycle was temporally stable to allow tem-
perature history development. Figure 3 illustrates how this
approach was used to calibrate the SSM/I 37-GHz V T data
for the NGT4S site using data from the nearby NGRIP AWS
(available at http://cires.colorado.edu/steffen/gc-net.html)
[Steffen et al., 1996].

As documented by Shuman et al. [1998], the modeled emis-
sivity cycle is not always stable. This appears to be the case here
as the NGRIP T record diverges significantly from a com-
posite temperature record at the Greenland Ice Sheet Project
(GISP) 2 or “Summit” site (~300 km away) prior to the sum-
mer of 1992 [Shuman et al., 2000]. Following the summer of
1992, the composite T record for NGRIP appears generally
similar to the Summit record with reduced difference statistics.
Examination of the 7' trend (Figure 3) during the AWS over-
lap period suggests these calibrated data are less sensitive to
short-term, high-frequency fluctuations in temperature which
is due to the reduced sensitivity of the Tz data [Shuman et al.,
1995b]. It is also important to note that the AWS record is
temporally separated from the snow pit records by more than
2 years (see Figure 3) and is spatially separated from the
farthest NGT site by hundreds of kilometers (see Figure 1).
Unfortunately, there is no other way to generate a daily near-
surface temperature history for these sites. In any event, it is
important to keep in mind that the temperature data have a
degree of uncertainty.

34. Atmospheric Modeling

Polar accumulation estimates derived from the modeling of
climate analysis data have the advantage of a synoptic view and
explicit temporal control [Bromwich et al., 1998, 1993]. An-

other advantage is that the risks of field data acquisition are
effectively eliminated. However, model output requires valida-
tion by independent means to ensure confidence, and in situ
accumulation data are necessary to do this. There are spatial
scale issues to consider, as comparing results from a model grid
cell, even at the best available resolution, to a snow pit or an ice
core record is not an exact match [McConnell et al., 2000]. This
problem may be exaggerated by the location of the field site
within a grid cell; this problem can also affect calibration of T g
grid data using a single AWS. Temporal differences are also
likely, as field data on accumulation cannot be dated as con-
fidently as a model. However, by tailoring the model output
interval to the spatial and temporal coverage of a series of
snow pits, as is the case here, these types of accumulation data
should be closely compatible.

The accumulation output utilized here is derived from an
evolving series of modeling efforts that have been extensively
intercompared for Greenland [Bromwich et al., 1998]. The data
examined in this effort are derived from the Chen-Bromwich
model [Chen et al., 1997, which is based on 12-hourly Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWEF) operational analyses. The grid pixels are ~50 km
on a side, and the data utilized here cover the time period 1991
through 1995. The dynamic precipitation retrieval method
used by these models to calculate mass input (P) are discussed
thoroughly by Bromwich et al. [1998] and Chen et al. [1997]. (It
is important to note that the ECMWF fields suggest that evap-
oration/sublimation (E) is small and is consequently assumed
to be inconsequential by the modeling approach. As a result, in
the model context, precipitation equals accumulation.) Valida-
tion efforts presented by Bromwich et al. [1998, Table 2] indi-
cate that Chen-Bromwich-modeled interannual accumulation
values are ~50% of the observed accumulation in the high
interior of Greenland. These results are similar to those of
McConnell et al. [2000], which show a similar magnitude prob-
lem for annual accumulation estimates. Improvements to the
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modeling approach are discussed by Bromwich et al. [this is-
sue]. This paper will focus on comparisons of intra-annual
accumulation from both field and modeling data but will also
compare annual values as presented in more typical accumu-
lation maps [Bales et al., 2001].

4. Results

As in the studies near the GISP 2 (now Summit) site (see
Figure 1), this paper is based on match points made using a
qualitative, point-pairing procedure between the microwave
Ty records and the 8'®0 profiles. Primarily, similarities in the
shapes of the trends guide selection of the match points. Ba-
sically, this involves examining temporally equivalent portions
of the two records and making the assumption that the major
peaks (maxima), valleys (minima), or intermediate inflexions
represent equivalent events in both records. It should be noted
that rapid isotopic diffusion or extremely low or strongly sea-
sonal accumulation would hinder this approach but that these
issues were not observed here.

The temporally equivalent daily average 37-GHz V T
record was directly compared to the corresponding isotope
record from each NGT site (see Figure 4). In Figure 4, note
that variability in the accumulation rate prevents a one-to-one
correspondence between the time axis of the Tz records and
the depth axis of the 8'80 records. This series of plots shows
that the multipeaked temperature cycle observed in the passive
microwave record is generally preserved in each snow pit’s
isotope record. The resulting paired data (depth and associ-
ated 8'®0 value from the isotope profile as well as the date and
calibrated brightness temperature (7); see Table 2) provide
the basis for the following analyses. Identification of the 15 to
18 match points in each comparison was facilitated by previous
knowledge of the approximate accumulation rate in this area
from Ohmura and Reeh [1991].

The trend comparison of T, and 8'%0 values for these pits
shows that the top 2 m of snow corresponds to about four
annual cycles. Figure 4 also suggests that equivalent primary
and secondary maxima and minima can be found in both proxy
temperature records. This suggests that the stable isotope
records contained in the pits are derived from snow that has
been accumulating at many times, and therefore at different
temperatures, throughout the year. It should be noted that
although the technique determines a specific match point date
for a specific depth in the snow pit, there is a degree of tem-
poral uncertainty associated with these correlations that is dif-
ficult to quantify. In addition, it becomes increasingly difficult
to match subtle features at deeper (and consequently older)
depths along the isotope profiles. This reduces temporal
resolution of accumulation in the oldest portion of the study
period.

The match point comparisons illustrated in Figure 4 reveal a
few periods of anomalous isotopic values in the profiles. These
can be identified by distinct differences in the brightness tem-
perature and isotope trend patterns. An example exists at
match points NGT41-3 and NGT41-4 where the main summer
peak appears cooler than a subsequent isotope maximum. In
addition, the profile in the vicinity of match point NGT43-10
suggests that very little accumulation occurred at this location
during the winter of 1993-1994. Differential snow accumula-
tion patterns over short distances may account for some of
these anomalies, and how well any single profile represents an
area is a concern (see Figure 2). Despite this, it appears that
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the T5 and 8'®0 records tend to preserve a primary peak and
trough as well as a secondary peak in the fall or early winter in
most years. More aggressive analysis and mathematical inter-
polation could produce other match point pairs but may intro-
duce additional noise to the data [see Shuman et al., 1998,
Figure 7].

4.1.

The match point data from Table 2 and the resulting 7'
versus 8'80 plot (see Figure 5) illustrate how isotope values
compare to (calculated) near-surface air temperatures. The T’
versus 8 slopes for the four sites range from 0.31 to 0.26. These
values are substantially lower than the modern spatial gradient
slope of 0.67 [Johnsen et al., 1989] and are also lower than the
value of 0.50 derived from analyses of the GISP 2 8'®0 and
borehole temperature records [Cuffey et al., 1992, 1994]. The
slope of the regression line through all data points, 0.28 =
0.094, is lower than the values (0.46 = 0.075 and 0.39 = 0.111)
reported for the Summit site using the same technique (Shu-
man et al. [1995a] and Shuman et al. [1998], respectively). It is
not statistically distinguishable from the second value, how-
ever. (All the * values reported here are for the 95% confi-
dence limit.) Some possible reasons for the variability in slope
values will be discussed below.

The T, versus 80 trend in the data for all four sites
(Figure 5) is fairly consistent, but outliers exist for some match
points in several of the pits. These outliers are probably related
to snow derived from distant sources of water vapor, complex
isotope fractionation that is not simply temperature driven, in
situ diffusion during diagenesis, or even drifting of geograph-
ically distant accumulation into the area [Newell and Zhu,
1994; Charles et al., 1994; Jouzel et al., 1997]. The periods of
anomalous accumulation seen in the general trend compari-
sons may also be related to these points. The use of the T
record derived from the NGRIP AWS may also be a factor
for the more distant pits. Of course, another possibility is
the existence of errors in the application of the match point
technique.

Isotope Temperature Relationship

4.2. Water-Equivalent Isotope Profiles and Accumulation
Data

Quantitative information on accumulation amount and tim-
ing can be derived using the match point data and density-
corrected (water-equivalent) 8'%0 profiles. Because density
data were not available for each individual snow pit profile, a
high-resolution density profile from the top 2 m of the NGT42
core (between NGT41 and NGT43 and not presented here)
was used as the best available data for all four sites. This may
also introduce some error into the accumulation histories for
the four sites. The resulting water-equivalent depth data for
the match points from the Figure 4 trend comparisons are
listed in Table 2.

The amount of accumulation for each time interval defined
by a pair of match point data can be calculated from the
water-equivalent depth profile. The match point dates from the
Ty record define the number of days over which the corre-
sponding amount of water-equivalent snow has accumulated
and monthly averages were then calculated based on these
periods. To minimize introducing bias to the averages, all ac-
cumulation amounts from match point time intervals <30 days
were merged with the preceding interval. These results are
presented as a time series of monthly average accumulation
rates (see Figure 6a) to aid comparison to the model results
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Figure 4. Comparison of SSM/I 37-GHz V brightness temperature data (daily average in kelvins) with the
stable isotope record from each of the four 2-m pits (parts per mil in meters). Match points are indicated by
tie lines and are numbered sequentially for each snow pit (see Table 2). The comparison of these two proxy
temperature records is qualitative and is based on similarities in trend shape. This allows dates to be assigned
to specific pit depths and allows accumulation per interval to be determined [see Shuman et al., 1995a, 1998].

that are calculated as month-by-month values (see Figure 6b)
from the 12-hourly ECMWF atmospheric data. For consis-
tency, the resulting monthly values from both sources are plot-
ted at the interval midpoint date in Figure 6. (Note that the
accumulation data reflect only the net amount over any inter-
val because these time periods must include periods with and
without mass input as well as, possibly, periods of mass loss or
redistribution. Gardner et al. [1987] discuss this process rate
problem.)

The rate of accumulation determined by the match point
technique clearly varies throughout the year at all four sites

(Figure 6a). The range in water-equivalent accumulation rate
is from a minimum value of ~6.87 to ~47.37 mm/month with
a mean of ~15.85 mm/month. All four sites have generally
similar distributions. The lowest monthly accumulation rates
(<10 mm/month) tend to occur in the late fall or early winter
months. The highest monthly accumulation rates (>20 mm/
month) tend to occur in the summer or early fall months. The
highest monthly value is derived from a relatively short interval
(36 days). The highest accumulation points also occur at the
shallowest depths in NGT41, NGT43, and NGT45 and may be
due to reduced diffusion and diagenesis as compared to deeper
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Figure 4. (continued)

parts of the profiles. Longer intervals, more common in the
older and deeper portions, tend to have lower monthly accu-
mulation rates for the reasons suggested above. The mean time
interval from this application of the match point technique,
~93 days, is slightly longer than in the previous studies.

The rate of accumulation determined by the Chen-
Bromwich model also varies throughout the year at all four
sites (Figure 6b). These data suggest a strong bimodal distri-
bution to accumulation across the 50-km grid cells in this area.
The accumulation rate ranges from a minimum value of ~1.39
to ~32.37 mm/month with a mean of ~8.59 mm/month. The
lowest monthly accumulation rates (<10 mm/month) tend to
occur in the late fall or early winter months and appear to be
more common for the more southerly sites. The highest
monthly accumulation rates (>>20 mm/month) tend to occur in

the summer or early fall months and are more common at the
NGT39 site than for sites farther to the south.

Overall, Figure 6 illustrates the relative abilities of the two
techniques to resolve subseasonal accumulation. There are
clearly differences in magnitude and timing between them. The
snow pit approach has lower temporal resolution than the
atmospheric modeling approach (~3-month versus 1-month
averages). This difference in time resolution is especially ap-
parent in the relatively smoother field results from the older,
deeper snow. In addition, temporal control on the match
points is less precise deeper in the snowpack. The atmospheric
modeling results are relatively more consistent in magnitude at
each site but are substantially lower overall than the field data
(see Figure 6). Resolving these differences would be beneficial;
however, at the moment these two techniques represent the
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Table 2. Data on Profile Match Points From Four AWI NGT Snow Pits?

Match Point Match Point SSM/I Calculated 81%0, Water Equivalent
ID Date Temperature, K o0 Depth, cm
Pit NGT39
Surface June 20, 1995 262.56 ~279 0
39-18 May 15, 1995 254.82 —-31.0 3.88
39-17 Feb. 8, 1995 222.74 —44.0 8.49
39-16 Nov. 11, 1994 246.20 —-339 11.75
39-15 Aug. 28, 1994 249.82 —-32.4 16.63
39-14 July 12, 1994 265.61 -28.0 19.66
39-13 May 29, 1994 257.73 -30.1 22.78
39-12 March 29, 1994 226.90 -38.1 26.32
39-11 Oct. 12, 1993 250.92 -329 30.88
39-10 Aug. 21, 1993 251.25 -32.7 33.48
39-9 June 20, 1993 268.97 -26.7 38.12
39-8 May 25, 1993 259.68 -30.7 42.33
39-7 Jan. 20, 1993 227.56 —44.9 45.80
39-6 Oct. 17, 1992 257.75 —-32.2 50.24
39-5 Sept. 6, 1992 250.86 —33.0 52.59
39-4 July 18, 1992 263.59 -315 56.24
39-3 June 23, 1992 258.64 —32.6 57.87
39-2 Feb. 8, 1992 220.40 —40.2 62.00
39-1 July 31, 1991 259.63 -335 66.33
Pit NGT41
Surface June 26, 1995 257.09 -355 0
41-16 May 16, 1995 249.28 -30.5 3.42
41-15 Feb. 9, 1995 216.23 —40.9 8.7
41-14 Nov. 11, 1994 237.92 -36.7 11.21
41-13 Nowv. 1, 1994 224.64 -39.5 12.40
41-12 Sept. 14, 1994 247.96 —33.6 16.51
41-11 Aug. 3, 1994 247.11 -323 18.51
41-10 July 11, 1994 261.71 -289 21.43
41-9 Jan. 30, 1994 219.25 -39.7 2753
41-8 Oct. 12, 1993 246.82 -329 30.42
41-7 Aug. 20, 1993 247.50 —-33.6 32.29
41-6 June 24, 1993 264.10 -294 36.37
41-5 Jan. 20, 1993 218.47 —44.6 42.82
41-4 Oct. 2, 1992 250.49 -26.3 47.67
41-3 June 24, 1992 253.77 -329 54.44
41-2 Feb. 6, 1992 211.82 —41.6 60.24
41-1 July 11, 1991 257.79 -29.5 66.51
Pit NGT43
Surface June 29, 1995 257.79 -32.7 0
43-15 May 16, 1995 248.68 -27.8 2.69
43-14 Feb. 7, 1995 215.59 —48.3 8.13
43-13 Sept. 26, 1994 235.84 -355 14.47
43-12 Aug. 14, 1994 256.23 -30.8 19.35
43-11 July 11, 1994 261.23 -30.8 21.97
43-10 Dec. 18, 1993 214.82 -37.1 26.66
43-9 Aug. 31, 1993 242.38 -323 29.62
43-8 June 24, 1993 260.54 -32.0 31.74
43-7 March 21, 1993 222.15 —44.6 37.11
43-6 Dec. 18, 1992 220.17 —44.7 40.10
43-5 July 23, 1992 257.32 —344 46.96
43-4 April 7, 1992 215.47 -41.7 53.40
43-3 Nov. 28, 1991 216.02 —40.4 57.32
43-2 Sept. 3, 1991 230.02 —35.2 61.18
43-1 July 13, 1991 256.22 —31.8 64.12

best available approaches capable of estimating subseasonal
accumulation (see Bromwich et al. [this issue] for improve-
ments to the atmospheric modeling technique).

The annual accumulation values derived from the snow pit
data show excellent agreement with the accumulation map for
Greenland compiled by Bales et al. [2001]. The mean annual
accumulation at the four NGT sites is ~17.6 cm/yr (see Figure
7). This is considerably more than the 10.6 cm/yr mean annual
accumulation calculated for the four sites from the atmo-
spheric modeling. In addition, the atmospheric modeling sug-

gests that there is a strong gradient in the accumulation across
this area (see Figure 7), whereas the snow pit values and
regional accumulation maps do not. If the pit values are taken
as accurate for the 1991 to 1995 time period, then the modeling
achieves no better than 88% of the observed accumulation.
The NGT snow pit accumulation values are also closely equiv-
alent to the rates (<20 cm/fyr) documented across this area
during the 1950s by Benson [1962]. One possibility is that the
model grid cells actually represent higher and drier locations
even though they geographically cover the snow pit sites; an-
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Table 2. (continued)
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Match Point Match Point SSM/I Calculated 880, Water Equivalent
ID Date Temperature, K Yoo Depth, cm
Pit NGT45
Surface July 6, 1995 260.47 —-274 0
45-17 April 9, 1995 235.91 —41.0 4.56
45-16 Jan. 31, 1995 221.61 —433 6.59
45-15 Nov. 8, 1994 240.21 -35.1 11.16
45-14 Nov. 2, 1994 229.52 —36.9 13.59
45-13 Oct. 3, 1994 248.94 -33.3 16.76
45-12 July 6, 1994 264.26 —-30.6 20.79
45-11 Jan. 28, 1994 220.73 —43.7 28.27
45-10 Oct. 2, 1993 239.35 —36.7 32.40
45-9 June 24, 1993 264.70 -28.9 37.70
45-8 March 5, 1993 224.85 —44.3 42.54
45-7 Jan. 20, 1993 222.78 —44.8 44.44
45-6 Oct. 30, 1992 243.96 -353 47.68
45-5 Sept. 16, 1992 244.92 —34.2 50.06
45-4 July 23, 1992 261.47 -31.9 53.40
45-3 April 8, 1992 220.22 —41.1 57.32
45-2 Feb. 7, 1992 215.82 —41.3 59.44
45-1 Oct. 16, 1991 225.26 -38.1 63.12

*Match points were determined as illustrated in Figures 4a—4d and described by Shuman et al. [1995a, 1998]. SSM/I calculated temperatures
were calculated as described by Shuman et al. [1995b, 1998]. Water-equivalent depths were derived from each snow pit profile and from NGT42

density data.

other possibility is that the modeling results are not sensitive to
a real aspect of the atmospheric system.

As a final aspect of this study, the relative timing of accu-
mulation across this 220-km-long region was assessed. To do
this, the mean monthly accumulation rate values for both data
sets for all four sites were combined and plotted relative to the
monthly interval midpoint date over an arbitrary year (see
Figure 8). As first shown by Shuman et al. [1995a, Figure 6],
these data illustrate in a relative sense the overall timing of
accumulation for a generalized “year” at the site. This analysis
is intended to partially compensate for the spatial resolution

differences between the snow pit and model data and should
be considered as just an illustration. Overall, this analysis is
generally consistent with previous results showing a tendency
for accumulation to peak during the summer and the fall in the
interior of Greenland [see Bromwich et al., 1998, Figure 11]. It
is important to recognize that these generalized monthly aver-
age results show a “smoothed” version of temporally variable
and generally short-term meteorological phenomena (note the
variability in Figure 6) and they do not represent a true accu-
mulation time series. This visualization approach is considered
useful for interpreting the seasonality of accumulation neces-
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Figure 5. Scatterplot of the pairs of calculated air temperature (T) and 8'%0 values for the match points
from each NGT pit profile (see Table 2). The regression line defines the slope of the T versus & relationship,
~(.28, for this data set. The regression line slope values presented here are significantly different from the
slope value (0.46; 0.39) published by Shumar et al. [1995a, 1998].
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(a) The accumulation time series (mm/month) estimated by the match point technique for the July

1991 to June 1995 time period for each snow pit location. This technique indicates a strong seasonal cycle in
accumulation. Note the reduced temporal resolution compared to the model results and the larger peaks in
the most recent summer season. (b) The accumulation time series (mm/month) estimated by the atmospheric
model for each month of the July 1991 to June 1995 time period for each snow pit location. The trends show
that this technique predicts a strong seasonal cycle in accumulation that diminishes from the northern site
(NGT39) to the southern site (NGT45). Note the variable peak heights and the double peak that occurs

approximately each summer season.

sary for inverting an ice core record [Steig et al., 1994]. The
percentage values in Figure 8 indicate the degree of agreement
between the two techniques for each month of the arbitrary
year. This again assumes that the snow pit observations repre-
sent reality.

5. Discussion

The research presented here is consistent with previous ef-
forts [Shuman et al., 1995a, 1998]. It confirms that 8'®O profiles
and T trends have temporally equivalent primary and second-
ary features that correspond over a number of years in this
area. This result confirms that these latter two records preserve

the known annual and subannual variations in temperature for
this site. As a result, it appears that in this region, 5'%0 is a
reliable temperature indicator and that it is preserved in a
series of accumulation events that occur frequently throughout
the year. This enables, at least over recent multiyear periods,
the use of 8'0 as an indicator of paleotemperature for the
NGRIP region. Further work will be necessary to know if this
multiyear calibration applies to the deeper portions of the
NGRIP ice core.

More importantly to PARCA, water-equivalent accumula-
tion data can be derived from the match point data. This
details the intra-annual and annual accumulation history for
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Figure 7. Comparison of the overall magnitudes of the two accumulation measurement techniques for the
four NGT sites. The snow pit values are similar in magnitude to published values for this area [Bales et al.,
2001]; however, the modeling results are significantly lower.

this region from mid-1991 to mid-1995. The in situ data are
consistent with atmospheric modeling results in terms of sub-
seasonal timing but confirm that the magnitude of the modeled
precipitation is too low. These snow pit results are comparable
to regional analyses of annual accumulation over the past half
century as well as to model studies [Benson, 1962; Ohmura and
Reeh, 1991; Ohmura et al., 1996, 1999; Bales et al., 2001].

It should be noted that the match point technique depends
on a number of assumptions. First, this approach assumes that
all the significant maxima and minima identified in the isotope
record are associated temporally with meteorological phenom-
ena that are represented in the brightness temperature record.
This assumption is unlikely to be absolutely true and necessar-

ily controls, to some extent, the selection of match points.
Specifically, not all “events” in the brightness temperature
record have an associated isotope feature, and snow from an
event must “accumulate” to provide a match point. This is
especially true during periods of low or distinctly intermittent
accumulation such as are likely during the winter months.
However, it is highly probable that the significant peaks and
valleys observed in the AWS and T, records have accumula-
tion associated with them, possibly within a few days [Stef-
fensen, 1985]. Second, even using high-resolution sampling
with 3-cm increments, it is likely that there is some diffusion of
isotope values through time and therefore the 8'*O record
presented here imperfectly represents the actual signal from
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Figure 8.

Illustration of the average accumulation cycle for an arbitrary year from the two accumulation

measurement techniques for the four NGT sites. Averaging each site’s multiyear record of accumulation
significantly reduces variability. The modeled values are again lower, but both techniques suggest that
accumulation occurs primarily in two pulses during the summer and fall across this region.
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the original accumulating snow [Grootes and Stuiver, 1997].
Depositional processes act to “homogenize” the near-surface
snow through the microscale redistribution of snow grains and
water vapor. The ability of the sampling “increment” to cap-
ture a specific event that can be matched also plays a role. Note
the increased spacing of match points as depth increases in
Figure 4 as well as the time period defined by the match points’
increases in length. Third, the available density profile was not
from each specific snow pit location and is likely to have some
error associated with its use. This means the water-equivalent
accumulation data are likely to be less precise than is desirable.
This may contribute somewhat to the variability in this portion
of the analysis (see Figure 6a).

As a result of these problems it is likely that the results
determined by the match point technique are not absolutely
correct in terms of timing or mass input and therefore the
accumulation data should be considered to be estimates with a
degree of uncertainty associated with them. Expressed as a
percentage, individual values may be in error by 10-20%.
Although each concern may be true for any single point in
the analysis, it is unlikely that these problems cause a sys-
tematic bias to the data, and therefore the overall analysis and
its results are still valid. Also, it should be noted that the results
presented here are consistent with other annual accumulation
estimates, and this suggests that the match point method is
a reliable means of investigating the snowpack in central
Greenland.

As noted above, the T versus 8 regression line slopes from
the previous studies [Shuman et al., 1995a, 1998] were higher
than the slopes found in this study. One possible explanation of
this result is that the slope is generally related to the accumu-
lation across the central Greenland area. Although not pub-
lished by Shuman et al. [1995a, 1998], the multiyear averages
for the pits studied were 23.0 and 19.7 cm/yr, compared to 17.6
cm/yr in this study. The regression slope for all points declined
from 0.46-0.39 in the first two studies to 0.28 in this study. In
other words, lower accumulation may be associated with a
lower T versus 8 regression slope. The relative consistency of
the slope values with relative accumulation within the NGT
sites suggests that this result is real (see Figures 5 and 7).
However, this may simply be due to greater diffusion occurring
as accumulation decreases (snow remains near the snow-air
interface longer as it takes more time for a layer to reach a
given depth). Another possibility is that there are differences
in the source, transport, or fractionation of water vapor that
give rise to the observed changes in slope between the GISP 2
or Summit site and the AWI sites near NGRIP. The possibility
that the T versus 8 regression is sensitive to accumulation and
different from the modern spatial gradient (0.67) and recent
paleoslope (0.5) values causes concern over how to derive the
isotope-temperature relationship for the NGRIP ice core (see
further discussion of this problem by Cuffey and Clow [1997]
and Jouzel et al. [1997]).

6. Conclusions

Using independent analysis techniques, accumulation histo-
ries for specific ice sheet locations for common time periods
have been investigated. Despite significant differences in mag-
nitude (model averages ~56% of observed) and to a lesser
extent, timing, these results support the conclusion that accu-
mulation in this area occurs at many times throughout the year
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and occurs primarily in two pulses during the summer and fall.
The seasonal variation in accumulation generally defined here
may improve inversion of the NGRIP ice core’s paleoclimate
record. Application of this approach at other polar ice sheet
sites may allow the distribution and timing of accumulation to
be estimated with confidence as well as allowing the assess-
ment of the general reliability of isotope thermometry over
multiyear periods. The Chen-Bromwich modeling technique,
and further variants, may also benefit from these additional
validation efforts, allowing confident use of modeling results in
areas that cannot be assessed by field techniques.
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