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ABSTRACT. We recorded the burial times of temperature sensors mounted on a specially constructed
tower to determine snow accumulation during individual storms in the summit caldera of Mount
Wrangell, Alaska, USA, (6288N, 1448W; 4100ma.s.l.) during the accumulation year June 2005 to June
2006. The experiment showed most of the accumulation occurred in episodic large storms, and half of
the total accumulation was delivered in late summer. The timing of individual events correlated well
with storms recorded upwind, at Cordova, the closest Pacific coastal weather station (200 km south-
southeast), although the magnitude of events showed only poor correlation. Hence, snow accumulation
at Mount Wrangell appears to be a reflection of synoptic-scale regional weather systems. The accumu-
lation at Mount Wrangell’s summit (>2.5mw.e.) exceeded the precipitation at Cordova. Although the
direct relationship between accumulation of individual storms at the summit of Mount Wrangell and
precipitation events at Cordova may be unique in the region, it is useful for interpreting ice cores
obtained on Mount Wrangell. This is especially the case here because the high rate of accumulation
allows high time resolution within the core.

1. INTRODUCTION
Mount Wrangell (628N, 1448W; 4317ma.s.l.) is part of the
Wrangell–St Elias Mountains, located along the Gulf of
Alaska (Fig. 1). It is among several mountains in the area
that extend into the dry snow facies (Benson, 1968; Parting-
ton, 1998). Several ice cores have been obtained from this
region to study past climate (Benson, 1984; Holdsworth
and others, 1992; Goto-Azuma and others, 2003; Fisher and
others, 2004; Shiraiwa and others, 2004; Zagorodnov and
others, 2005; Yalcin and others, 2006; Fig. 1). Mount
Wrangell is one of these ice-core sites. The high accumu-
lation rate on Mount Wrangell guarantees an ice core with
thick annual layers. Near the center of the caldera the
averaged annual accumulation rate from 1992 to 2003 was
2.49mw.e. (Yasunari and others, 2007) and we recorded
�3.0mw.e. a–1 from 2004 to 2006. These thick annual
layers make it possible to interpret the ice core with intra-
annual resolution. Yasunari and others (2007) assumed that
parameters such as stable- isotope peaks, tritium peaks or
micro-particle peaks had annual periodicity in the Mount
Wrangell core. They discussed the seasonal variation of dust
fluxes. Studying the exact timing of such events helps to
understand their sources. The seasonal distribution of
snowfall is critical for ice-core interpretation. For example,
Steig and others (1994) pointed out that changes in
precipitation seasonality can change the isotope value of
the ice core without any change in temperature. The ice core
will only record climate information from wet deposition at
the time of the precipitation, which does not necessarily
coincide with mean annual conditions. The timing of events
within an annual layer cannot be determined, as opposed to
the dating of the annual layers themselves. In order to
determine the time when snow was deposited and the
amount, we recorded accumulation from 3 June 2005 to
22 June 2006 at the summit of Mount Wrangell. Although

detailed snow-depth measurements had already been
carried out at more than 30 points on the summit of Mount
Wrangell in 1961 (Benson, 1968) and in 1965 (Wharton,
1966), the period was limited to 2months from July to
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Fig. 1. Map of the Wrangell–St Elias Mountains showing the
location of the measurement site at Mount Wrangell (4100m) and
other ice-core sites and weather stations. The ice-core sites shown
include Northwest Col (5340m), Prospector–Russell Col (5340m)
and King Col (4135m) in Mount Logan, Eclipse Ice Field (3017m)
and Bona–Churchill (4400m).
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August. In our study, half a year of daily accumulation and
the total annual accumulation are covered by the measure-
ments. The measured snow-accumulation history is com-
pared with records from weather stations at the Pacific Coast
(Fig. 1), which lie in the path of storms which affect Mount
Wrangell, and a weather station in interior Alaska that is
located in the mountain’s rain shadow.

2. OBSERVATION SITE
Mount Wrangell has a broad summit area of >35 km2 above
4000m altitude and is dominated by a large, 4 km� 6 km,
ice-filled summit caldera with post-caldera craters along its
rim (Fig. 2). We observed the snow-accumulation rate at the
center of the caldera, where an ice core was drilled to 216m
in 2004 and shallow ice cores were drilled in 2005 and
2006. The ice depth in the summit caldera is thought to
exceed 900m, but a definite bottom has not yet been
detected (Clarke and others, 1989; Benson and others,
2007). The altitude of the core site is 4100m. Glacio-
logically, the summit region is in the dry-snow facies. No
significant melting occurs throughout the year. The 10m

deep temperatures at the Summit Caldera were –20�0.58C
in the 1960s and in 1976 (Benson and Motyka, 1978), and
–18.98C in a more recent study (Shiraiwa and others, 2004).

Annual accumulation rates are known at three points in
the summit caldera from ice-core data. Figure 2 shows the
locations and their annual accumulation rates. The dating of
a tephra layer from the 1992 Mount Spurr eruption allowed
a determination of average annual accumulation of
2.49mw.e. (1992–2003) at the 2003 core site, which is
located 0.7 km north-northwest from our study site (Yasunari
and others, 2007). The same tephra layer was found at
52.6m depth in the 2004 core, which results in an averaged
accumulation rate of 2.66mw.e. (1992–2004) at the 2004
core site. Another 44m long core was drilled in 1982 near
the north rim of the summit caldera (Benson, 1984). This
core was dated using the �-activity peak from nuclear tests
in 1963 and annual-layer counting of stable-isotope ratios
(C. Benson, unpublished data); the average accumulation
rate was 0.85mw.e. (1951–82). We also obtained a shallow
surface core close to this site in 2006. The accumulation rate
was 0.8–1.0mw.e. (2005–06) according to annual-layer
counting by stable-isotope ratio. The lower accumulation
rate near the north rim seems to be caused by wind erosion,
because of its exposed location in a pass. Aeolian surface
features were evident at that site, whereas the surface was
smooth at the center of the caldera. The accumulation
measurements in this study were carried out at the 2004
core site, where accumulation rate was the highest. The
effect of wind erosion is thought to be small at the site.

3. METHODS

3.1. Accumulation
In June 2005 we constructed a metal tower instrumented
with temperature sensors so snow accumulation could be
measured by noting the time when snow burial suppressed

Fig. 2. Topographic map of the summit caldera, Mount Wrangell. The tower site and other two ice-core sites are shown with their average
annual accumulation rates. Date of photogrammetry: 27 August 1975; contour interval: 10m.

Table 1. Annual precipitation of weather stations in south central
Alaska

Site Annual precipitation*

mm

Gulkana 290
Yakutat 4074
Valdez 1712
Cordova 2445

*US National Climate Data Center 30 year normal (1971–2000); Alaska
Climate Summaries, http://www.wrcc.dri.edu/summary/climsmak.html
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the diurnal temperature cycle. The conventional method of
using an acoustic sounder to measure the distance between
the snow surface and the sensor above the surface is un-
suitable at Mount Wrangell because rime ice would disturb
the sensor. A further problem is that rime ice and stormy
weather at the summit may destroy the tower. To reduce the
risk of collapse, only 5m of the tower was left exposed
above the snow surface in June 2005 (Fig. 3a). Although this
was less than the expected annual accumulation of 6–7m
snow, it still covered most of the annual accumulation.
Thirty-two sets of copper–constantan thermocouples were
mounted on the tower at intervals of 0.15m, starting at
0.24m above the 3 June snow surface. We recorded hourly
temperatures with a CR-10X (Campbell Scientific Inc.) data
logger and a multiplexer (AM16/32, Campbell Scientific
Inc.). An internal sensor of the data logger measured the
reference temperature for the thermocouples. The data
logger and multiplexer were kept in an insulated box. The
accuracy of each temperature measurement is within
�1.58C. The temperature time series showed large variations
in daily temperatures until they were buried by snow
accumulation, which allowed the dates of burial to be
determined. The detectable snow-height change by this
method is 0.15m, and its time resolution is 1 day, because
the suppression of the daily temperature cycle can only be
detected within about 1 day. We also mounted an avalanche
beacon (Ortovox, F-1 focus) at the middle of the tower, with
additional batteries to help, in case of complete burial, to
find the tower in the following year (Fig. 3a). We recovered
the data in June 2006. At the time, the top of the tower was
buried by 1.5m of snow (Fig. 3b). To convert from snow
depth to water-equivalent depth, we measured a density
profile using a snow pit and ice cores to a depth of 8.3m
near the tower’s location in June 2006.

3.2. Weather-station data
We used data from the weather stations Gulkana, Yakutat,
Valdez and Cordova for comparison. All weather-station
data used in this paper are from the US National Weather
Service. The four stations we selected are the closest weather

stations to Mount Wrangell. Table 1 shows their mean
annual precipitation. Gulkana has much less precipitation
than the three coastal stations because it is located in the
precipitation shadow of the coastal mountains and the
Wrangell–St Elias Mountains.

4. RESULTS
We obtained snow-height data from 3 June 2005 to 22 June
2006 (Fig. 4a). The thermocouples at 0.54, 2.79, 3.84 and
4.59m above the initial snow surface had stopped working
before they were buried by snow, but all others had
sufficiently long records to determine the snow burial date.
Total snow accumulation in the period was 6.48m and the
top of tower was buried by snow on 8 December 2005. Using
the measured density profile, 6.48m snow corresponded to
2.75mw.e. The exact day of snow burial could be deter-
mined for 70% of the total accumulation. In mid-August
2005, the snow height temporarily decreased. This was due
to snow compaction caused by melting. At that time,
thermocouples that had been buried recorded an increase
of snow temperature to the melting point. In addition, we
found ice lenses at the corresponding depth when digging

Fig. 3. Pictures of the accumulation measurement tower at the
summit caldera of Mount Wrangell: (a) after installing the tower in
June 2005; and (b) after 1 year of measurements in June 2006.

Fig. 4. Time-series data of accumulation at Mount Wrangell and
precipitation at four weather stations in south central Alaska.
(a) Snow height from 3 June 2005 to 22 June 2006 at the summit
of Mount Wrangell. The top of the tower became buried on
8 December 2005. The dashed line shows the estimated value
between burial of the tower and the snow surface of 22 June 2006,
which was 6.48m above the snow surface of 3 June 2005.
(b) Cumulative accumulation at Mount Wrangell (thick black curve)
and cumulative precipitation at four weather stations (Gulkana: thin
black curve; Yakutat: thin gray curve; Valdez: thin black curve;
Cordova: thick gray curve) in south central Alaska, from 3 June
2005 to 22 June 2006. See Figure 1 for the locations, and Table 1 for
the annual precipitation rate. The values are expressed as a per-
centage of the total amount during the time period.
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out the tower for data recovery, and in the ice core there was
a 10mm thick granular snow layer and two 2mm thick ice
lenses. This was the only event for which we found any sur-
face lowering that exceeded the 0.15m detection threshold.

Figure 4b shows cumulative accumulation at Mount
Wrangell and cumulative precipitation at the four weather
stations. At Mount Wrangell, 50% of the annual accumu-
lation was observed in 2months from the end of July to the
end of September. Weather-station data at Cordova show a
similar cumulative precipitation pattern. Despite the closer
location of Gulkana, the fraction of the annual precipitation
received from June to early August is much higher than at
Mount Wrangell. Valdez and Yakutat data show a more
gradual seasonal increase than Cordova. Both places had
lower relative autumn precipitation and higher relative
winter precipitation than Cordova and Mount Wrangell.

Figure 5 shows daily accumulation at Mount Wrangell
that exceeded the detection threshold, and daily precipi-
tation at the four weather stations. When Mount Wrangell

had detectable snow-accumulation events, the weather
stations also show precipitation events. This correspondence
is particularly clear for Cordova and Valdez.

5. DISCUSSION
We compared precipitation events at Cordova and accumu-
lation events at Mount Wrangell. Each continuous precipi-
tation or accumulation event was regarded as one storm
event. Some events which occurred with a 1day interval
between them at Mount Wrangell were counted as single
events for comparison, because corresponding events at
Cordova were continuous. From 3 June to 8 December
2005, there were 34 storm events at Cordova and 14 of these
occurred simultaneously with storm events at Mount
Wrangell (Fig. 5). Figure 6 shows a histogram of precipi-
tation events at Cordova. Most of the storm events with
<20mm precipitation had no corresponding accumulation
event large enough to exceed the detection threshold on
Mount Wrangell. However, all of the storm events with
>70mm precipitation corresponded with recorded storm
events on Mount Wrangell. Figure 7 shows a scatter plot of
precipitation at Cordova and accumulation at Mount
Wrangell for each corresponding storm event. The data
show a positive dependency, but poor linear correlation
(r ¼ 0.29); it is therefore difficult to estimate the amount of
accumulation during individual storms on Mount Wrangell
from Cordova precipitation. To evaluate the relationship for
longer periods, we compared annual accumulation time
series from ice-core datasets from 1992 to 2002 (Yasunari
and others, 2007) with annual precipitation time series at
Cordova. Yasunari and others (2007) dated the ice core using
five seasonal peaks in multi-parameters such as dust peaks in
early spring, tritium maxima in late spring, stable-isotope
ratio maxima in summer, tritium minima in autumn and
stable-isotope minima in winter. Because each seasonal
peak had some error in matching it to a calendar date, five
patterns of annual accumulation time series, each dividing
the seasonal peaks, were examined for monthly annual
precipitation data. The correlations are shown in Figure 8.

Fig. 5. Daily snow-accumulation rate at Mount Wrangell and daily precipitation rate at four weather stations in south central Alaska. Daily
data at Mount Wrangell are unknown after 8 December. The coincident events on Mount Wrangell and Cordova are shown as black bars.

Fig. 6. Histograms of Cordova storm events from 3 June to
8 December 2005. The hatched bars show precipitation events
that have no corresponding Mount Wrangell accumulation events.
The black bars show precipitation events which occurred simul-
taneously with Mount Wrangell accumulation events. Accumu-
lation events at Mount Wrangell always occurred simultaneously
with Cordova precipitation events.
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The best correlation is a combination of annual accumula-
tions determined by early-spring peaks and annual precipi-
tation divided by August precipitation, which has a
correlation coefficient of 0.57. The correlation coefficients
vary widely and there is a time lag of several months for the
best correlation in each ice-core dataset. If there is a simple
linear relation between the two sites, the best correlation
should appear with no time lags. It appears that complica-
tions in the correlations make it difficult to estimate the
amount of accumulation at the summit of Mount Wrangell
from Cordova precipitation data on an interannual scale.
The errors in dating ice cores are still too large to enable
direct comparison with calendar dates. Also, the relation-
ship between a lower coastal site and the summit of Mount
Wrangell may have interannual variation; Dettinger and
others (2004) showed that storms during a La Niña winter
tend to bring heavier precipitation at higher altitudes in the
Sierra Nevada, California, USA.

At the summit of Mount Wrangell, snow accumulation
was highest from late summer to autumn during the year
from June 2005 to June 2006 (Fig. 4b). The seasonal
accumulation pattern observed at the summit of Mount
Wrangell is similar to the seasonal precipitation pattern at
Cordova during the same year. The 2005/06 year seems to
have a normal seasonal precipitation distribution at Cordo-
va. Figure 9 shows the net 30 year average of the monthly
precipitation fraction from June 1972 to May 2005 in
Cordova and the fraction from June 2005 to May 2006.
Although monthly fractions were different from January to
May, higher precipitation from late summer to autumn
(August to October) is common. It is therefore reasonable to
assume that the normal precipitation pattern at Mount
Wrangell also follows this pattern.

Our records indicate that some of the accumulation
occurs during large episodic events. We detected 17 such
events at the summit of Mount Wrangell between June and
December 2005, 7 of which produced >0.45m of snow
accumulation (Fig. 5). This suggests that Mount Wrangell ice
cores largely reflect high-precipitation events by large
storms. Such seasonality in accumulation rate or episodic
accumulation events would occur at other ice-core sites
such as those shown in Figure 1. Similar studies would
greatly aid ice-core interpretation at the other sites by
demonstrating the timing of what is actually being recorded
in the ice core.

In a previous study that relates snow accumulation at
Mount Logan to local climate, Rupper and others (2004)
demonstrated that only winters in a high-accumulation year

have a robust connection with atmospheric circulation. The
observed year at Mount Wrangell is an average accumu-
lation year. However, there still appears to be a simple
relationship between snow accumulation at Mount Wran-
gell and precipitation at Cordova. We speculate that most of
the precipitation at Mount Wrangell is preserved after
deposition without significant wind erosion, which might
not be the case in a col location such as Mount Logan or the
1982 core site on Mount Wrangell. The direct relationship
between accumulation on a mountain and precipitation at a
sea-level weather station, lying upwind during storms, may
be characteristic of Mount Wrangell only. Snow accumu-
lation at Mount Wrangell seems to reflect regional weather
systems at a synoptic scale rather than local convective
activity which might be expected for a mountain site.

6. CONCLUSIONS
We conducted an experiment to determine snow accumu-
lation during individual storms in the summit caldera of
Mount Wrangell. The method using temperature sensors was

Fig. 7. Scatter plot of coincidence storm events at Cordova and
Mount Wrangell. The gray line is the regression line of the plot.

Fig. 8. Correlation coefficients between five patterns of annual
accumulation time series at Mount Wrangell (1992–2002) and
annual precipitation time series at Cordova (1992–98, 2000–02).
The Cordova data were examined for monthly lagged time series
from January to August in the following year.

Fig. 9. Comparison of monthly precipitation in the observation year
(June 2005 to May 2006) with the 30 year average at Cordova. The
error bars show standard deviations. The monthly values are
expressed as percentages of the annual precipitation for each year.
The net 30 year average is calculated with the data from June 1972
to May 2005. The data of 1985, 1990 and 1999 were excluded
because there are some missing values in the original precipitation
record.
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simple and effective in a harsh environment. The main
accumulation season at the summit of Mount Wrangell is
from late summer to autumn. In our observation period from
June 2005 to June 2006, we found that 50% of annual
accumulation occurred in late summer to autumn. This
seasonal accumulation pattern was similar to the precipi-
tation pattern of Cordova, which is one of the closest Pacific
coastal weather stations to Mount Wrangell. Most of the
accumulation events seemed to originate from storms that
also caused relatively high precipitation in Cordova. A
meaningful interpretation of the Mount Wrangell ice core
will need to consider the seasonality and episodic nature of
the accumulation. The experiment described in this paper
demonstrates that individual storms at the summit of Mount
Wrangell could be matched with individual storms recorded
at sea level for half a year. Results suggest that snow
accumulation at Mount Wrangell reflects synoptic-scale,
regional weather systems rather than localized convective
activity. Such an accumulation measurement has not been
made before; it gives new data for the analysis of pit and
core studies at various places in the extensive and complex
summit region of Mount Wrangell.
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