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ABSTRACT

Snow depth and density were measured at Soviet drifting stations on multiyear Arctic sea ice. Measurements
were made daily at fixed stakes at the weather station and once- or thrice-monthly at 10-m intervals on a line
beginning about 500 m from the station buildings and extending outward an additional 500 or 1000 m. There
were 31 stations, with lifetimes of 1-7 yr. Analyses are performed here for the 37 years 1954-91, during which
time at least one station was always reporting.

Snow depth at the stakes was sometimes higher than on the lines, and sometimes lower, but no systematic
trend of snow depth was detected as a function of distance from the station along the 1000-m lines that would
indicate an influence of the station. To determine the seasonal progression of snow depth for each year at each
station, priority was given to snow lines if available; otherwise the fixed stakes were used, with an offset applied
if necessary.

Theiceismostly free of snow during August. Snow accumulates rapidly in September and October, moderately
in November, very slowly in December and January, then moderately again from February to May. This pattern
is exaggerated in the Greenland—Ellesmere sector, which shows almost no net accumulation from November to
March. The Chukchi region shows a steadier accumulation throughout the autumn, winter, and spring. The
average snow depth of the multiyear ice region reaches a maximum of 34 cm (11 g cm~2) in May. The deepest
snow is just north of Greenland and Ellesmere Island, peaking in early June at more than 40 cm, when the snow
is already melting north of Siberia and Alaska. The average snow density increases with time throughout the
snow accumulation season, averaging 300 kg m~3, with little geographical variation.

Usually only two stations were in operation in any particular year, so there isinsufficient information to obtain
the geographical pattern of interannual variations. Therefore, to represent the geographical and seasonal variation
of snow depth, a two-dimensional quadratic function is fitted to all data for a particular month, irrespective of
year.

Interannual anomalies for each month of each year are obtained relative to the long-term mean snow depth
for the geographical location of the station operating in that particular year. The computed interannual variability
(IAV) of snow depth in May is 6 cm, but this is larger than the true IAV because of inadequate geographical
sampling. Weak negative trends of snow depth are found for all months. The largest trend is for May, the month
of maximum snow depth, a decrease of 8 cm over 37 yr, apparently due to a reduction in accumulation-season
snowfall.
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1. Introduction

The surface waters of the Arctic Ocean and its mar-
ginal seas freeze to form a layer of seaice up to afew
meters in thickness. At the end of winter the ice covers
an area of 14 X 10® km? [Fig. 3.1.45 of Gloersen et al.

Corresponding author address: Stephen G. Warren, Department of
Atmospheric Sciences, Box 351640, Seattle, WA 98195.
E-mail: sgw@atmos.washington.edu

© 1999 American Meteorological Society

(1992)]. In summer the ice melts completely over about
half of this area, leaving a residual 7 X 108 km2 of
multiyear seaice, restricted to the central Arctic Ocean,
that survivesthrough the summer. Snowfall accumulates
on the sea ice during autumn, winter, and spring. The
snow melts rapidly in early summer, leaving puddles on
the ice in many places, and the bare ice subsequently
undergoes further melting at its upper and lower sur-
faces during the summer.

The snow has several important effects on the climate
of the sea-ice region. The large air content of snow
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Fic. 1. Paths of NP drifting stations NP-3 through NP-31. Lower frame shows years of
operation of each drifting station.

causes it to be a poor conductor of heat (Sturm et al.
1997, 1998) and also causes solar photons to undergo
numerous scattering events so that penetration of light
is impeded, resulting in a high albedo (Grenfell and
Maykut 1977). The insulating effect of snow reduces
the rate at which seawater freezes to the bottom of the
ice, whereas the high albedo of snow reduces the rate
of ice melting at the top in summer; the resulting de-
pendence of ice thickness and salinity profiles on the
snow thickness is therefore complex (Maykut and Un-
tersteiner 1971; Ledley 1991). When the snow melts, it
becomes an input of freshwater that affects the salinity
and density structure of the ocean. For all these reasons,
a climatology of snow accumulation, including its geo-
graphical, seasonal, and interannual variations, is need-
ed for climatic analyses and climate modeling.

Many manned stations have been established on the
drifting multiyear ice of the central Arctic to carry out
oceanographic and atmospheric measurements. The
largest program, by far, was the series of 31 ““North

Pole” (NP) drifting stations operated by the Soviet
Union, begun in 1937 and providing continuous cov-
erage from 1954 to 1991. This paper presentsan analysis
of the snow depth measurements at those stations. We
also compare the results to the earlier climatol ogies that
were limited in space and time: a seasonal cycle for 1
yr at U.S. Drifting Station A (Untersteiner 1961) and
an analysis of the first nine NP stations (Loshchilov
1964).

2. Method of analysis
a. Data available

Figure 1 shows the tracks of the NP drifting stations
3-31 during the years 1954-91. The data collected at
these stations are limited to the region of multiyear ice.
Beginning in 1954 there was always at least one op-
erating station, usually two, and occasionally three, at
any onetime (lower panel of Fig. 1). Most of the stations
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FiG. 2. Photographs at station NP-6. (a) Measuring distance along a snow line. (b) Weighing
snow to obtain its density. (Photographs by N. N. Bryazgin, 1957.)

were established on multiyear seaice; five of them were
on ice islands (Crary 1956).

Snow depth was measured in two ways at the NP
stations. A set of three stakes spaced 25 m apart at three
corners of the weather station, not far from the station
buildings, was measured daily. Snow depth was also
measured at 10-m intervals on aline beginning at least
500 m from the station and extending outward another
500 or 1000 m (Fig. 2a). Two-thirds of the snow lines
were 500 m long; one-third were 1000 m. Snow density
(the average density of avertical column) was measured
every 100 m along the line by weighing a cylinder that

had been pushed vertically down to the snow-ice in-
terface (Fig. 2b). The direction of the snow line was
chosen randomly when a station was established, but
once chosen, subsequent measurements were made
along that same line for the lifetime of the station. The
snow lines were measured once or thrice per month at
each station; a total of 499 measurements during the
years 1954-91. The snow line was marked by perma
nent stakes only at its ends; there were no stakes at the
10-m intervals. Some disturbance of the snow was
caused by walking along the snow line; therefore, each
successive monthly or 10-day snow line was offset about
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Fic. 3. Number of snow lines measured at North Pole drifting
stations (upper number in each grid box), and number of Sever air-
plane landings providing snow depth reports in spring (lower num-
ber).

3 m from, but parallel to, the previous one. Measure-
ments were made on a snow line only when the snow
depth exceeded 5 cm and at least 50% of the area was
covered. In the remainder of this paper we will use
““snow line” or **snow line measurement’” to mean the
entire sequence of 50 or 100 snow depth readings along
a snow line.

A complete description of the snow measurements at
the NP stations is given by Radionov et al. (1996). The
snow depth and snow density data, as well as meteo-
rological data from these stations, are now available on
electronic media from the National Snow and Ice Data
Center (www-nsidc.colorado.edu); this dataset is de-
scribed by Colony et al. (1998). Radiosonde data from
these stations have also been archived, augmenting the
dataset described by Kahl et al. (1992).

When available, we use measurements on the snow
linesin preferenceto those at the stakes, for two reasons:
1) The snow lines cover a long enough track to obtain
a representative distribution of snow depths, passing
through sastrugi, snow dunes, and pressure ridges as
well as level snow. 2) Drifting of snow around the sta-
tion, and reduced albedo due to station activities, can
make the stake measurements unrepresentative of the
surrounding area.

Measurements of snow depth were also made during
the Sever program of airplane landings (Romanov 1996).
(Sever is the Russian word for north.) This program was
carried out from 1959 to 1988, only in spring; most of
the measurements were made in April. Landings were
made not only on the multiyear ice but also on seasonal
seaice dong the Siberian coast in regions not sampled by
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FiG. 4. Snow depth measured at 10-m intervals along two snow
lines at station NP-27. (&) In autumn, early in the accumulation sea-
son. (b) In spring. Here SD means standard deviation.

the drifting NP stations. Snow depth is given by Romanov
not as an area average but instead separately for each of
four categories of snow: snow on prevailing ice of the
landing area, sastrugi, drifts behind ridges, and average of
windward and leeward sides of hummaocks.

Figure 3 shows the geographical distribution of NP
snow line measurements and Sever aircraft landings.

b. Sampling statistics

Examples of snow line measurements are shown in
Fig. 4 for 2 months; October, with thin snow cover early
in the accumulation season, and March, with deeper
snow. For both snow lines the number of measurements
isN = 100, spaced at 10-m intervals. The spatia var-
iability increases as the winter progresses; on both snow
lines the standard deviation (SD) of snow depth is about
one-third of the mean. The deep snow at about one-third
of theway along thelinein March is probably in asnow
dune or in a drift near a pressure ridge.

If we assume that successive 10-m values are inde-
pendent measurements (this assumption is justified be-
low), we can estimate the uncertainty of mean snow
depth as SD/N¥2, which is 0.3 cm in October and 1.0
cm in March for this particular station. Somewhat larger
estimates are obtained by the following method, which
uses data from several 1000-m snow lines. A subset of
size N, is drawn at random from the 100 snow depth
values on an individual snow line, and their depths are
averaged. The difference between this average and the
average of the complete set isthe error dueto inadequate
sampling. The experiment is repeated 20 times for the
same value of N,, and the root-mean-square (rms) error
e isobtained for that value of N, for that snow line. The
rms error is plotted in Fig. 5 as a function of the size
of the subset N,. Because the subsets are compared to
the mean of N = 100 points rather than to the true mean
of an infinite number of points, & drops artificially to
zero at N, = N, but lines of slope —0.5 adequately fit
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Fic. 5. Expected error in the mean of a set of snow depth mea-
surements, as a function of the number of measurements used to
compute the mean. Subsets of 5-50 points on a snow line were se-
lected randomly from the complete set of 100 points; the error is
defined as the difference between the mean of the subset and the
mean of the complete set. This was done for several 1000-m snow
lines at several NP stations; their averages are plotted here.

the first few points, indicating that the depth measure-
ments spaced 10 m apart are independent. We therefore
estimate the expected error for N, = 100 by assuming
e ~ N;v2 and fitting lines of this slope to the values of
e for small N, (N, = 15). Extrapolation of these lines
indicates that the uncertainty in mean snow depth for a
single 100-point snow line is 1.3 cm through the winter
(November—April). It is smaller in autumn and peaks at
1.6 cm in May, the month of deepest snow. For a 50-
point snow line the corresponding uncertainties are 1.8
cm in winter and 2.3 cm in May.

c. Influence of the station

Drifting of snow around station buildings can cause
deviations from the natural snow accumulation patterns.
If the snow lines are affected, we would expect to find
a systematic decrease of snow depth with distance from
the station. To search for such a trend, we formed 10-
point (100-m) averages for each 500-m and 1000-m
snow line and examined the 499 plots of 5 or 10 points
each (onefor each snow line). No significant trendswere
found that persisted from 1 month to the next. Averaging
al snow lines of each NP station point-by-point also
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Fic. 6. Snow depth as a function of distance along a snow line,
average of all 1000-m snow lines at all NP stations, and averaged
over 100-m intervals. Each snow line starts several hundred meters
from the station buildings and continues from this zero point directly
outward for 1000 m.

failed to provide evidence for an influence of the station;
nor does the grand average of all stations (Fig. 6). We
conclude that the starting points of snow lines were far
enough from the station buildings to escape their influ-
ence on wind drifting. This is also to be expected, be-
cause the buildings at the NP stations were mostly small,
no higher than many of the pressure ridges.

d. Snhow stakes versus snow lines

Snow depth measurements at stakes are available for
some months when snow lines were not measured, so we
would like to use them if they can be areliable proxy for
the missing snow line data. Figure 7 compares the average
snow depth on each snow line with the depth at the stakes
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20

0 20 40 60 80

Depth on Snowlines {cm)

FiG. 7. Average snow depth on each snow line, compared to average
snow depth at stakes at the weather station on the 5 days surrounding
the day that the snow line was measured. Horizontal bars are averages
of al points in 10-cm bins of snow line depth.
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Fic. 8. Selection of data to be used for snow depth climatology. The example shown is the
last 4 yr of station NP-22. Large solid dots are means of individual monthly snow lines. Small
dots are means of three stakes measured daily. Open diamonds are 5-day means of stake values,
centered on the time of the snow line measurement. Large open octagons are our choices of data
to be used. Values at 5-day intervals are then obtained by interpolating between the choices in
months when the choices are more than 5 days apart.

on the 5 days surrounding the day that the line was mea-
sured. There is more scatter in the stake values because
each is an average of only 15 points, whereas each snow
line value is an average of 50 or 100 points. To look for
an overal bhias, groups of stake data in Fig. 7 were av-
eraged within 10-cm bins of depth as measured on the
lines. These averages, shown as the horizontal barsin Fig.
7, show atendency to be biased low by afew centimeters,
but the difference is small enough that we have decided
to use stake data when needed, with an offset applied if
necessary as discussed below.

e. Data selection

The seasonal progression of snow depth was exam-
ined individually for each NP station in each year of
operation, considering both stake data and snow line
data. From these data, which are available at somewhat

irregular intervals and with some gaps, especially over
summer, we constructed an estimate of the snow depth
at 5-day intervals throughout the operating life of the
station, which was usually 2-3 yr. Priority was given
to snow line data if available. Figure 8 illustrates the
procedure, using the example of the station NP-22, in
operation from 1974 to 1982. The figure shows only the
last 4 yr of its operation. Large solid dots indicate the
snow line measurements, which were made monthly at
this station, usually on the 20th of each month. The
daily snow stake data are shown as small dots; 5-day
means of the stakes, centered on the day of the snow
line measurement, are shown as the diamonds. The dif-
ference between the last simultaneous snow stake and
snow line values is used as an indication of whether an
offset needs to be applied when snow line dataterminate
and we have to make a connection to the continuing
stake record.
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Our choices of data values are indicated by the large
octagons; we then interpolate between them at 5-day
intervals to create a dataset that is uniformly sampled
intime, to be used for the climatol ogical analysesbel ow.
Our ““snow depth year”” begins on 1 August. Our ratio-
nale for the choices in Fig. 8 is as follows. Every snow
line is a choice; these are always our preferred data.
They begin in September or October of each of these
4 yr. We use data from the stakes in August and Sep-
tember 1978, then transition to the October snow line.
Snow lines are chosen through the winter and spring of
1979 until they terminate in April. In this year there
was a huge difference between snow depth at the stakes
and snow depth on the lines (that is why we chose this
year for illustration; cf. Fig. 7). The stakes were ap-
parently located in a drift. We determine the offset in
April as 28 cm but reduce this offset somewhat as the
snow melts. We subtract the offset from the stake data
of May, June, and July, to obtain the values indicated
by the large open octagons. These octagons are our
estimate of what the snow line would have recorded had
it been measured.

A small amount of snow was recorded at the stakes
in early August 1979, dropping to zero on 10 August,
after which there are no measurements for the next
month because of an absence of snow. We therefore
insert zeros into the dataset until the stake record re-
sumes in September. A transition is made from the
stakes on 10 September to the first snow line on 20
September. Snow lines are chosen until 20 April 1980,
the last measurement before the summer break. Because
the stakes are in good agreement with the lines for the
previous 2 months, our choice subsequently follows the
stakes from late April through the rapid snowmelt until
the snow disappears in early July. Zeros are inserted
through the summer until the record begins again in
September.

The 1980-81 accumulation year was processed in a
manner similar to the preceding year. The following
summer of 1981 was unusual in that sufficient snow fell
during summer that there was always some snow at the
stakes. At the end of the record, in February and March
1982, the snow stakes are biased high. Therefore, after
the last snow line on 20 March we apply an offset to
the subsequent stake data.

The station was decommissioned in April 1982. For
some NP stations the record of snow depth continues
through the melt in June but does not resume in the
autumn. In those cases we cannot assume that a lack of
measurements in the summer means no snow. We there-
fore insert zeros through the summer only if the record
resumes at the same station in autumn.

3. Snow cover climatology

With reference to Fig. 3, it would be desirable to
describe the seasonal cycle and interannual variations
of snow depth in each of the 18 grid boxes occupied
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by the drifting stations. Such a complete description
would require about 8000 snow lines total (18 boxes X
37 yr X 12 months). Since typically only two drifting
stations were operating at any time, such a complete
climatic description is not possible. A total of only 499
snow lines were measured. When the augmentation of
the record by snow stakes is considered, as well as the
inferred zeros in summer, we have the equivalent of
about 800 snow lines. Thisis sufficient to obtain (a) the
multiyear average seasonal and geographical variation
and (b) the interannual variations of the Arctic mean
snow depth, but not (c) the geographical pattern of in-
terannual variations.

a. Geographical variation of snow depth

To obtain the average geographical pattern of snow
depth for a month, we use all measurements from all
NP stations made in that month, irrespective of year. In
a single year there are usually only two stations re-
porting, but by using datafrom all 37 yr, we obtain good
geographical coverage across the central Arctic in each
month. A two-dimensional quadratic function with six
unknown coefficients, defined in Table 1, is fitted by a
least squares procedure to the values of snow depth
produced by the method described in section 2e. The
six 5-day values in a month are averaged to obtain a
single value representative of midmonth at each station.
There were on average two stations reporting in each
of 37 yr, so the number of independent data values is
about 70, which is sufficient for a robust determination
of the six coefficients. However, higher-order fits are
not justified. We found cubic fitsto be unreliable in that
they were sensitive to inclusion or exclusion of single
stations. The coefficients of the quadratic fits are given
in Table 1.

The quadratic fits for each month are plotted in Fig.
9. The snow accumulates rapidly in the autumn north
of Canada and Greenland, but then during winter the
Alaskan and Siberian sectors catch up, so that in Feb-
ruary the depth is rather uniform across the Arctic at
30 cm. In spring the snow accumulation resumes north
of Canada and Greenland, so that the geographical pat-
tern for May resembles that for November. The regional
differences are greatest in June, as the snow declines
rapidly from May to June north of Alaska and Siberia
whileit is still accumulating at the higher latitudes near
Greenland. This regional variation during June is also
seen in surface temperatures derived from satellite mea-
surements in the thermal infrared: above freezing in the
Beaufort Sea but still below freezing at higher latitudes
[plate 1 of Comiso and Kwok (1996)]. In July the snow
is melting everywhere. Snow is usually absent during
the second half of July and all of August. The small
values in the August map are averages of many zeros
together with a few summer snowfall events.

Although the individual measurements show large
scatter about the smooth quadratic fit (e in Table 1), the
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TaBLE 1. Coefficients for the two-dimensional quadratic fit to snow depth. A rectangular grid is defined with origin at the North Pole,
positive x axis along 0°, positive y axis along 90°E. Units of x and y are degrees of arc. Snow depth H (cm) isgiven by H = H, + Ax +
By + Cxy + Dx? + Ey?, where H, is the fitted snow depth at the North Pole. The rms error of the fit (in cm) is given as . Also given are
the slopes F of the trend lines (Fig. 18) in cm yr—1, and their uncertainty (o). Interannual variability (IAV) is the std dev of the snow depth

anomalies (e.g., of the pointsin Fig. 17).

Month  H, A B C D E e F e IAV
Aug 4.64 0.3100 —0.6350 —0.0655 0.0059 —0.0005 46 -0.01 0.05 33
Sept 15.81 0.2119 ~1.0292 —0.0868 —0.0177 -0.0723 7.8 -0.03 0.06 38
Oct 22.66 0.3594 —1.3483 —0.1063 0.0051 —0.0577 8.0 —0.08 0.06 40
Nov 25.57 0.1496 —1.4643 —0.1409 —0.0079 —0.0258 7.9 -0.05 0.07 43
Dec 26.67 —0.1876 ~1.4229 -0.1413 —0.0316 —0.0029 8.2 —0.06 0.07 48
Jan 28.01 0.1270 -1.1833 -0.1164 —0.0051 0.0243 76 —0.06 0.07 46
Feb 30.28 0.1056 —0.5908 —0.0263 —0.0049 0.0044 7.9 —0.06 0.08 55
Mar 33.89 0.5486 —0.1996 0.0280 0.0216 —0.0176 9.4 -0.04 0.10 6.2
Apr 36.80 0.4046 —0.4005 0.0256 0.0024 —0.0641 9.4 —0.09 0.09 6.1
May 36.93 0.0214 -1.1795 -0.1076 —0.0244 —0.0142 10.6 -0.21 0.09 6.3
Jun 36.59 0.7021 —1.4819 -0.1195 —0.0009 —0.0603 14.1 -0.16 0.12 8.1
Jul 11.02 0.3008 —1.2501 —0.0811 —0.0043 —0.0959 95 0.02 0.10 6.7

similarity of the patterns from one month to the next,
as well as the steady gradual evolution of the patterns,
argues for their validity.

These snow depth values apply only to the snow on
multiyear ice and on ice that formed in refreezing leads
in early autumn before much snow had fallen. Snow
depth is less on new ice that forms in leads opening
during winter within the multiyear ice pack; such new
ice occupies about 1% of the area of the central Arctic
during the 9 months September—May [Fig. 13 of Thorn-
dike et al. (1975)]. However, the snow depth on the new
ice rapidly catches up because drifting snow accumu-
lates on the lower-lying surface of the new ice. Figure
1 of Loshchilov (1964) shows the accumulation of snow
on young ice that formed in January, when the multiyear
ice already had 28 cm of snow. Three months later the
snow depths at the two locations were equal. Loshchi-
lov’s result may apply only to narrow regions of thin
ice bounded by thick ice; data are not available to do
a thorough study of this question.

Ice in the marginal seas does not form until October
or November, after the heavy snowfalls of September,
so the snow depth is lessin all seasons. Measurements
made on some 500-m lines, 100-300 km from the Si-
berian coast, were analyzed by Radionov et al. (1996,
section 6b). They obtained the average snow depth on
ice in these marginal seas as 7 cm at the beginning of
winter, 16 cm in January, and 23 cm in April and May.

In all months the greatest snow depth is north of
Greenland. This may partly be the result of collection
of drift snow by the numerous well-developed pressure
ridges in this area, as discussed by Radionov et al.
(1996) and also observed by Hanson (1980) in the Beau-
fort Sea.

These geographical patterns are also borne out by the
calculations of moisture transport in the atmosphere by
Overland and Turet (1994).

b. Snow density and snow water equivalent

Two-dimensional quadratic functions were also fitted
to the snow density measurements for each month. Fig-

ure 10 shows the snow density for May, the month of
maximum snow depth. The density exhibits little geo-
graphical variation across the Arctic. However, it does
vary seasonally. The average snow density for the Arctic
Ocean (Fig. 11) is only 250 kg m=3 in September but
increases with settling and wind packing during autumn
and winter to 320 kg m~2 in May. The highest density
isthat of the residual melting snow in July. Similar snow
densities are found on Antarctic sea ice (Sturm et al.
1998; Jeffries et al. 1997; Massom et al. 1998).

The snow water equivalent (SWE) was usually com-
puted by personnel at each station by multiplying the
snow depth and density they measured simultaneously
on a snow line, and is given in the station’s dataset. If
SWE was not given, we converted the snow depth to
SWE using the measured density for that date if avail-
able. If density was not available for that date, we used
the Arctic-mean density for that month from Fig. 11. If
density was measured for part of the same year at the
station, an offset was computed from the Arctic Ocean—
mean density to be used for that station. We plotted the
time series of SWE for each station and made choices
asin Fig. 8 and then performed two-dimensional qua-
dratic fits just as for snow depth. These are shown in
Fig. 12; the coefficients are listed in Table 2. At the
peak of the seasonal cycle, the Arctic Ocean average
SWE is 11.0 g cm=2 (or 11 cm of liquid-equivalent

depth).

c. Comparisons to precipitation estimates

The average SWE of 11.0 g cm~2 observed on mul-
tiyear ice in mid-May (Fig. 12) represents 9 months of
solid precipitation (the sum of snowfall, frost deposition
and rime deposition, minus sublimation), minus an un-
known quantity of snowfall that waslost by drifting into
leads and melting there. According to an analysis of
meteorological data from the NP drifting stations by
Lindsay (1998, Fig. 7), winter sublimation is exceeded
by frost deposition; during the 7 months October—A pril
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FiG. 9. Mean snow depth for 1954-91 on multiyear sea ice at drifting stations for each month, in cm of geometric depth. A two-dimensional
quadratic function was fitted to all the data available for each month, irrespective of year. Coefficients for the fits are given in Table 1.
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Fic. 10. Mean snow density for the month of May, in kg m=3. A
two-dimensional quadratic function was fitted to all the available data
for May, irrespective of year (1954-91).

a net deposition of frost is estimated to contribute 0.5
g cm~2; which is, 5% of the total snow accumulation.
[Improved estimates of the winter sublimation might be
obtained by applying models of blowing snow, such as
those of Pomeroy et al. (1997) and Liston and Sturm
(1998).]

Colony et al.’s (1997) analysis of precipitation mea-
surements from the NP stations (their Fig. 3) shows for
the 9 months mid-August to mid-May a total of 9.3 g
cm-2 of snowfall (and 0.6 g cm~2 of rain in August—
September), implying that the precipitation gauges un-
derestimated the snow precipitation by about 20%. Such
discrepancies have often been found when comparing
snow accumulation to measured precipitation, particu-
larly at windy locations. Colony et al. estimated atotal
precipitation (liquid plus solid) of 4.8 g cm~2 for the
three summer months mid-May to mid-August. Summer
precipitation measurements may be more accurate be-
cause alarger fraction of the precipitation israin. If we
just add the summer precipitation (4.8) and August—
September rain (0.6) to the September—May accumu-
lation (11.0), we obtain 16.4 g cm~2 of annual precip-
itation. This value is surprisingly similar to the average
annual precipitation of 18.4 g cm~2 estimated for Ant-
arctica (Giovinetto et al. 1992).

In the summer there is significant evaporation. Esti-
mates made by Badgley (1966), Maykut and Unter-
steiner (1971), Radionov et al. (1996), and Lindsay
(1998) are listed in Table 3. The values of Maykut and
Untersteiner (1971) were also used by Maykut (1982);
they are based on those of Fletcher (1965). The values
of Lindsay (1998) were derived from daily atmospheric
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Fic. 11. Multiyear (1954-91) mean snow density for each month
(large solid dots). All available density measurements for each month
are used, irrespective of year and geographical location. Error bars
indicate one standard deviation. Values of Loshchilov (1964) based
on measurements at stations NP-2 through NP-9 are shown for com-
parison as the dashed line.

measurements at the NP drifting stations, so we take
them to be the most reliable.

Subtracting Lindsay’s summer evaporation (E) of 3.4
g cm~2 from the annual precipitation (P), we obtain P
— E =13 gcm2yr* Thisestimate of P — E can be
compared to the transport of water vapor through the
atmosphere. A network of radiosonde stations surround-
ing the Arctic was used by Peixoto and Oort (1992, p.
305) to determine the flux of water vapor into the Arctic.
A net convergence of 11.7 g cm~2 yr—* was estimated
for the area north of 70°N for the years 1963-73. Their
estimate was updated by Overland and Turet (1994),
who obtained 14.3 g cm=2 yr=* for the 25 yr 1965-89.
A similar analysis by Serreze et al. (1995a) for the 20-
yr period 1971-91 obtained 16.3 g cm=2 yr—*. Our es-
timated 13 g cm-2yr-*for P — E at the drifting stations
is within the range of these estimates. Exact agreement
cannot be expected because the multiyear ice occupies
only half of the area north of 70°N.

d. Annual cycles of snow depth

Figures 13 and 14 show annual cycles of snow depth
and SWE. The **Arctic Ocean mean’’ isjust an average
of al the complete annual cycles (August—July) mea-
sured at the NP stations. The beginning and ending snow
depth years of a station are often not included because
their annual cycles are incomplete. There is arapid ac-
cumulation of snow in autumn, very little accumulation
in December and January, then a slow steady increase
of depth in spring to a maximum in May. This pattern
was shown earlier by Untersteiner (1961) and Hanson
(1980) in the Beaufort Sea. Hanson measured accu-
mulation of 5 cm SWE month=* in September—Octaober,
1 cm month~* in November—March, and 2 cm month-*
in April. September is always found to be the month of
greatest snowfall, corresponding to the maximum con-
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Fic. 12. Mean snow water equivalent (SWE) for 1954-91 on multiyear ice at drifting stations for each month, in cm of liquid eguivalent
depth. A 2D quadratic function was fitted to al the data available for each month, irrespective of year. Coefficients for the fits are given in
Table 2.



JUNE 1999 WARREN ET AL. 1825
TABLE 2. Same as Table 1 but for snow water equivalent

Month Ho A B C D E & F or IAV
August 1.08 0.0712 —0.1450 —0.0155 0.0014 —0.0000 11 —0.001 0.012 0.8
September 3.84 0.0393 —0.2107 —0.0182 —0.0053 —0.0190 2.0 —0.003 0.016 1.0
October 6.24 0.1158 —0.2803 —0.0215 0.0015 —0.0176 2.3 —0.005 0.021 14
November 7.54 0.0567 —0.3201 —0.0284 —0.0032 —0.0129 2.4 —0.000 0.023 1.5
December 8.00 —0.0540 —0.3650 —0.0362 —0.0112 —0.0035 25 —0.003 0.024 15
January 8.37 —0.0270 —0.3400 —0.0319 —0.0056 —0.0005 25 —0.005 0.024 1.6
February 9.43 0.0058 —0.1309 0.0017 —0.0021 —0.0072 2.6 —0.007 0.028 18
March 10.74 0.1618 0.0276 0.0213 0.0076 —0.0125 3.1 0.007 0.032 2.1
April 11.67 0.0841 —0.1328 0.0081 —0.0003 —0.0301 3.2 —0.013 0.032 2.1
May 11.80 —0.0043 —0.4284 —0.0380 —0.0071 —0.0063 35 —0.047 0.033 2.2
June 12.48 0.2084 —0.5739 —0.0468 —0.0023 —0.0253 4.9 —0.030 0.044 29
July 4.01 0.0970 —0.4930 —0.0333 —0.0026 —0.0343 35 0.008 0.037 2.4

vergence of atmospheric water vapor in that month [Fig.
4 of Serreze et al. (19953a)].

The melting of Arctic snow cover at a particular lo-
cation in a particular year often occurs more rapidly
than over the full month (mid-June to mid-July) shown
in Fig. 13. But in different years the melting occurs at
different times during this period, so the multiyear av-
erage shows this less rapid decline that is rarely ob-
served in individual years.

The other curves in Fig. 13 are values for three par-
ticular locations in the Arctic with contrasting seasonal
cycles, the valuesfor each month taken from the contour
plotsin Fig. 9. The cycle in the Chukchi Sea at 75°N,
180° is similar to that of the Arctic Ocean mean. At
85°N, 90°W near Ellesmere Island the Arctic-mean pat-
tern just described is exaggerated, with no net accu-
mulation at al from December to March, and a sub-
stantial increase in spring that is not seen elsewhere.
Finally, north of Siberia at 85°N, 90°E there is a rather
steady rate of accumulation through the autumn and
winter. The corresponding plots for SWE are shown in
Fig. 14.

Figure 15 compares our Arctic-mean seasonal cycle
to two earlier published records. The record for drifting
station A (Untersteiner 1961) is for a single seasonal
cycle at a single station, showing the typically rapid
snowmelt seen at individual sites as mentioned earlier.
The curve from Loshchilov (1964) is a direct prede-
cessor to our work; he analyzed the data for NP stations
2-9. Loshchilov's seasonal cycle was reproduced in
Vowinckel and Orvig's (1970) review article, so it is
probably the one most used by climate model ersto date.

Our climatology updates that of Loshchilov with an ad-
ditional 28 yr of data. There are a few other measure-
ments of snow depth from non-Soviet drifting stations
and ship-based ice camps (Hanson 1965; Maykut and
Perovich 1985), but none with full seasonal cycles that
can be compared with the analyses here. However, the
full year of snow depth measurements in the Beaufort
Sea from the experiment on Surface Heat and Energy
Balance of the Arctic (Randall et al. 1998) should soon
be available for comparison with our maps.

e. Local variations in snow depth: Sastrugi,
ridges, and hummocks

The snow line measurements at the NP stations did
not explicitly relate snow depth to microtopography.
This was, however, attempted by Romanov (1996) at
his aircraft landing sites. He distinguished three types
of microtopography. Sastrugi are erosional features that
align with the wind direction; they can form on alevel
ice surface. Ridges are formed when neighboring ice
floes converge and collide. Hummocks are rounded ice
bumps, the eroded remnants of old ridges.

Most of the landings occurred in April. Figure 16
shows the result of fitting two-dimensional quadratics
to Romanov’s snow depth distributions for April. Be-
cause the geographical sampling of the landings was
very uneven (concentrating on the coastal shipping
route), we first averaged all data within the grid boxes
defined in Fig. 3 and then fitted quadratic functions to
these grid-box averages. The average snow depths are
higher in sastrugi (23 cm) and behind pressure ridges

TABLE 3. Estimates of evaporation from the Arctic Ocean (g cm~2). Conversion from latent heat flux to mass flux was done using the
latent heat of sublimation for May and Sep and the latent heat of evaporation for Jun—Aug.

Author May June July August September Total
Badgley (1966) 0.63 0.93 0.50 0.07 0.32 2.45
Maykut and Untersteiner (1971) 0.68 1.17 1.07 1.10 0.57 4.59
Radionov et a. (1996)
Method a 0.57 1.01 0.92 0.57 0.41 3.48
Method b 0.9 1.3 1.0 0.3 0.4 3.9
Method ¢ 0.8 1.4 11 0.7 0.3 4.3
Lindsay (1998) 0.60 1.06 0.67 0.69 0.35 3.37
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Fic. 13. Seasonal cycles of snow depth on multiyear Arctic sea
ice. The mean of all NP stations that sampled complete years (Aug—
Jul) is shown, as well as the seasonal cycles at three locations (values
taken from Fig. 9).

(22 cm) than on the ice of the landing area (16 cm) as
expected, but it is puzzling that the snow should be so
much deeper around hummocks (45 c¢m) than behind
ridges.

The geographical patterns are also puzzling. Because
some of the variation in average snow depth across the
Arctic seen in Fig. 9 is probably due to different areal
coverages of sastrugi, ridges, and hummocks, onewould
expect the geographical gradients of snow within these
classifications to be smaller than those of Fig. 9. How-
ever, thisis not the case. The snow depth behind ridges
appears to decrease toward Canada, while the height of
snow around hummaocks increases. These strange pat-
terns cause us to question the representativeness of the
measurements made at the aircraft landing sites. We
favor the measurements made at the NP stations that
were conducted more systematically; they are used ex-
clusively everywhere in this paper except for this one
figure.

f. Interannual variations and trends

We define the ““anomaly’” of snow depth in a partic-
ular month of a particular year as the snow depth mea-
sured at the NP station operating in that year, minus the
multiyear average snow depth for the latitude and lon-
gitude of the station (which can be obtained from the
contour plots in Fig. 9). If only one NP station was
reporting, we allow its anomaly to represent the entire
Arctic for that month. If more than one station was
operating in that year their anomalies are averaged. The
anomalies for May, the month of maximum snow depth,
are plotted in Fig. 17, together with the least squares
trend line. The trend for May is —0.2 cm yr—1.

Our only estimate of the interannual variability (IAV)
of the Arctic Ocean mean is the standard deviation of
these anomalies. For May it is 6.3 cm. However, it
should be noted that this value exceeds the true 1AV
because it is obtained from measurements at only afew
(typically 2) locations so is to some extent recording
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Fic. 14. Same as Fig. 13 but for snow water equivalent.

regional anomalies that are accompanied by unsampled
anomalies of opposite sign in other regions in the same
month.

Plotslike Fig. 17 were madefor all months. The AV,
slopes of trend lines, and uncertainties in the slopes are
al given in Table 1. The corresponding values for SWE
are given in Table 2. The slopes of the trend lines, to-
gether with their uncertainties, are shown in Fig. 18.
Thetrend issignificant at the 2o level only for the month
of May, but adecrease in snow depth from 1954 to 1991
is seen in all months except July. The trends are largest
in the months of deepest snow.

The decline of snow depth in all months but July may
be explained by a decline in winter precipitation. Anal-
ysis of the precipitation measurements at the NP stations
by Radionov et al. (1996) indeed shows trends from
1954 to 1991 of —0.5 mm SWE yr-* for September—
June precipitation and +0.2 mm SWE yr-* for July—
August precipitation. The trend in annual precipitation
is therefore negative. Serreze et al. (1995b) found no
significant trend in annual import of atmospheric water
vapor during the 17 years 1974-91, but again it applies
to the entire latitude zone 70°-90°N, only half of which
is occupied by the multiyear ice. The large decline in
snow depth in the month of May might also partly be
explained by an earlier onset of melting due to climatic
warming. Analysis of trends in surface air temperatures

1 1 L 1 L Il ] i
— Loshchilov —
NP Stations 1950-1962

Untersteiner
Drifting Station A, 1957 - 1958
~ 85°N 150'W

Snow Depth (cm)

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul

Fic. 15. Mean seasonal cycle of snow depth on multiyear Arctic
sea ice (from Fig. 13), compared to earlier published reports using
smaller datasets.
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I{ Height of Snow on Prevailing Ice of the Landing Area, April.
H Mean = 16 cm (entire area); 18 cm (central Arctic)

(b) Height of Sastrugi on Prevailing Ice of the Landing Area, April.
ean = 23 cm (entire area); 26 cm (central Arctic)

eight of Snow Accumulations on Drifts Behind Ridges, April.
ean = 22 cm (entire area); 25 cm (central Arctic)

Average Height of Snow on Windward and Lee Sides of
ummocks, April.
lean = 45 cm (entire area,

Fic. 16. Snow depth measured at aircraft landing sites of the Sever program (Romanov 1996)
in Apr, the month with the most measurements. Average depth is given for snow (a) on the
prevailing ice type of the landing area, (b) in sastrugi, (c) in drifts behind ridges, and (d) on the
sides of hummocks. The region of the Arctic covered by the aircraft landings (‘‘entire area”’) is
greater than that covered by the drifting stations (*‘central Arctic’’); mean snow depth for each

is given in the legends.
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Fic. 17. Interannual variation of snow depth in May, the month of
greatest depth. For each year, the snow depth measured at a drifting
station in May was compared to the value in Fig. 9 for the location
of the station on the day of measurement. The *‘anomaly” isthe value
for a particular May, minus the multiyear average for May at that
location. Each plotted point is the average of the anomalies for all
the drifting stations reporting in that year. The digit plotted is the
number of stations. The line is a least squares fit to the points.

measured at the NP stations (Martin et al. 1997) shows
no significant trend on annual average but alarge warm-
ing in the month of May (0.08 K yr—*) for the 30 yr
1961-90. However, only one of the 73 spring seasons
recorded at the NP stations (NP-28, 1987) shows any
indication of snowmelt beginning before June. Wethere-
fore cannot attribute the decline in May’s snow depth
to earlier onset of melt; it must instead be due to reduced
snowfall.

We have not identified acause for the decreasing trend
of snowfall. Passive microwave observations of the Arc-
tic Ocean over the period 1979-96, which can distin-
guish cold snow from water and wet snow (Smith 1998),
indicate that the date of freeze-up in early September
has been delayed in recent years. If a greater fraction
of the September precipitation now falls as rain rather
than snow, this could explain part of the reduced snow
accumulation. However, reduced contributions to the
seasonal snowfall also occur in October, April, and May,
as shown in Fig. 18. The decline in snow accumulation
may be related in some (as yet undetermined) way to
the ** Arctic Oscillation index’’ of sealevel pressuredif-
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Fic. 18. Slopes of trend lines fitted to interannual anomalies of
snow depth from 1954 to 1991, such as that shown for May in Fig.
17. The error bars indicate one std dev.

ferences between the Arctic and the neighboring North
Atlantic and North Pacific (Thompson and Wallace
1998). This index was steady from 1900 to 1970 but
then increased during 1970-1990, corresponding to a
decline in sealevel pressurein the central Arctic (Walsh
et a. 1996).

4. Conclusions

Systematic measurements of snow depth and density
over 37 yr at the Soviet drifting stations have provided
the most comprehensive dataset of Arctic Ocean snow
cover now available for climatic studies. The last sta-
tion, NP-31, was decommissioned in 1991, so data of
this type are no longer being collected. Satellite remote
sensing can be used for subsequent years to monitor the
date of disappearance of snow (e.g., Robinson et al.
1992), but there is no remote-sensing method that can
infer snow depth accurately during the accumulation
season. The continuous climatic record of accurate basic
measurements, obtained by numerous dedicated scien-
tists and technicians over many years, is a valuable leg-
acy of the Soviet Union's consistent commitment to
meteorological data collection and monitoring of the
Arctic environment.
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