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Abstract

Seasonal heat and mass transfer in the cold snow-accumulation area of Gorshkov Ice Cap (3903
m a.s.l.) on Ushkovsky Volcano is studied on the basis of model simulations to interpret continuous
two-year temperature records from seven thermistors installed in the 27-meter deep borehole.
Precipitation seasonality, relatively high annual accumulation rates, and snow-firn densification are
found to be the principal peculiarities of the process. Only first harmonics of the seasonal temperature
variations were significant and reliably detectable. The amplitude of the surface-temperature fluctua-
tions is inferred to be 16.6°C. The mean annual surface temperature of 1996 is determined as —17.5°C
with a short-term trend about —2.3°C yr~! during the 1996-1998 period. The relative thermal conduc-
tivity of snow and firn /A as a parametric function of porosity ¢ is simultaneously verified with the
parameter ¢ = (.5. The impact of the interaction between the seasonal variations of the surface
temperature and the mass balance rate on the thermal state of the glacier below the active layer is

theoretically estimated as very small.

1. Introduction

Glaciers filling volcanic craters form unique natu-
ral complexes with specific thermal and
hydrodynamic interactions. Comparatively large
depth of the craters and small longitudinal velocities
of the ice make such glaciers especially valuable as
paleoclimatic and volcanic archives. Heat transfer
processes in the seasonal active layer and the ener-
getic capacity of the volcano manifest themselves
through the thermal state and vertical movement
(bottom melting) of the glacier, and determine the age
-depth distribution of ice and ash deposits (Muravyev
and Salamatin, 1989; Salamatin et al., 2000; Shiraiwa
et al., in press).

Seasonal heat and mass transfer processes in the
cold snow-accumulation area on Ushkovsky Volcano
were studied from 1996 to 1998 in the framework of
the Joint Russian-Japanese Cryospheric Research
Project at Kamchatka (Kobayashi ef al., 1997; Shira-
iwa ef al., 1997; 1999a; 1999b). Gorshkov Ice Cap (3903
m a.s.l.) filling the larger summit volcanic crater was
the site of the field observations (Fig. 1) which includ-
ed (1) continucus temperature records from the seven
sensors hanging on one string and set at the initial
depth levels around 1, 2, 4, 5, 8, 10 and 27 m in the 27

Fig. 1. Topographic map of the summit ice cap on Ushkov-
sky Volcano, Kamchatka, with the location of the 27
-meter deep borehole BH-1 used for the seasonal active
layer thermometry in 1996-1998. Solid and dotted con-
tours are for the glacier and bedrock, respectively.
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-meter deep borehole at BH-1 from August 1, 1996 till
June 30, 1998 (Fig. 2); (2) annual measurements of
snow-accumulation stakes; (3) ice-mass balance and
density measurements in pits; and (4) ice-core ana-
lyses.
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Fig. 2. A sketch of the borehole BH-1 with the installed
thermistors moving in the snow-firn near-surface stra-
tum.

The principal goal of this study is to interpret the
observed temperature data obtained from the moving
thermistors by means of model simulations on the
basis of seasonality in precipitation, annual snow
accumulation rates (~0.6 m yr~! in ice equivalent),
and snow-firn densification processes.

2. Mathematical model

A mathematical model and a special algorithm
are developed to simulate seasonal temperature varia-
tions 7 (in °C) in a dry snow-firn near-surface strata
of a glacier.

The boundary value problem is formulated for
the general heat transfer equation in the half-space of
the snow-firn deposits with the .-axis directed down-
ward and depth % counted from the snow surface (Fig.
2).
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Here ¢ is the time, p;, ¢ T), and A;(T) are the density,

heat capacity, and thermal conductivity of pure ice,
respectively; c(h) is the snow-firn porosity; A(c) is the
normalized correcting factor which accounts for the
enhanced thermal resistance of the porous ice struc-
ture; v is the vertical velocity of the snow and firn
relative to the glacier surface. The main model
parameters, their values and definitions used in simu-
lations are compiled in Table 1. Thermophysical
properties of ice are taken after Budd (1969) and
Hobbs (1974). The relative thermal conductivity of
snow and firn A is determined in accordance with
Muravyev and Salamatin (1989) and Salamatin e al.
(2000) after Vostretsov et al. (1984) and Sturm ef al.
(1997). Porosity profile along the borehole is obtained
on the basis of the ice core density measurements of
Shiraiwa et al. (1997).

Periodic temperature variations are imposed at
the air-snow interface

D=+ 55| Aucos[ 2424 ]
k=1 (1]

+ By sm[z'kit]] 2)

where (T, is the mean annual temperature, A, and
B,, k = 12,..., are the amplitudes of the harmonic
oscillations, 4 is the period (one year).

It is assumed that 7 —><7), as h—oo, and the
limiting periodic solution is searched for ¢{—co.

The principal point here is that, due to the
seasonality in precipitation, the vertical velocity v of
the snow and firn deposits also varies periodically
with time, and in accordance with Salamatin (1991)
and Salamatin et @f. (2000) it can be presented as:

p=t=2 L0 (11— g+ e)1-0)),
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The latter equation takes into account the effects of
the snow-firn compressibility and the ice cap defor-
mation. The following denotations are used: & and {b)
are the current and mean annual mass balance (accu-
mulation rates) of ice on the glacier surface, respec-
tively; ¢; is the mean porosity of the annual snow
layer; @ and e are the relative ice melt rate at the
glacier bottom and the relative vertical compression
rate of the ice, respectively, normalized by <{&); h is
the ice-cap thickness; ¢ is the normalized distance
from the glacier (crater) bottom in ice equivalent. All
environmental parameters are presented in Table 1
after Matsuoka et al. (1999), Shiraiwa ef al. (1999b)
and Salamatin et a/. (2000). Mass balance fluctuations
are expressed, similarly to Eq. (2), as

% I= VZS?[U/@ cos[zﬁit]ﬁ- Vksn[z—t]] (4)

where U, and V, are the normalized amplitudes of the
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Table 1. Main model parameters
Meaning of parameters Denotations Basic values and formulas
Thermophysical properties of glacier ice:

Ice density Oi 918 kg-m™2

Specific heat capacity coil(T) Cooll+ a( T +30)],
cpo=1.89 kJ-(kg-°C)-?,
a.=0.0037°C!

Thermal conductivity ALT) A 1—ax T +30)]
A=2.55 W-(m-°C)~!,
,=0.0039°C-!

Relative thermal conductivity of Ale) all—c)/(a+c),

snow and firn* ax=05

Porosity c cse” ™"

Environmental conditions:

¢cs=0.5, y=0.03 m~!

Ice cap thickness ho 185 m
Relative melt rate /] 0.1
Relative rate of vertical e —0.6
compression
Mean annual surface temperature (T -175C
Mean annual mass balance <H 0.61 m-yr!
Seasonal oscillations of climate characteristics:
Surface-temperature amplitudes* A, 15.7°C
B —54°C
Mass-balance relative amplitudes Uy 0.34
W 0.28
U 0.49
Ve 0.26
*) Best-fit values deduced in this paper
mass balance seasonal fluctuations. o
As shown below, the interaction between the ose a
Z?iiicg—t%mperature and mass—balan_ce vanatlor.ls § on \ / \

y Egs. (2) and (4), even for N = 1, results in - N y N A
additional high-frequency harmonics in the tempera- gw_ |/ L /1 Z
ture field 7 determined by Eq. (1). o) /

096 - - . r . r - - r T r r
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Time, day

Measurements of snow-accumulation stakes, N
observations in pits, ice core data, and ash markers of 29 H - 1 r
historical eruptions allowed us to reliably estimate the £ T
annual mass balance rate <4) =~ 0.6 m yr! of ice g i
averaged over 28 years (Shiraiwa et al., 1997). The c i
seasonal variations of the accumulation rate have also f
3% 173

been deduced from the stratigraphic features of the
1994-1998 firn deposits and monthly precipitation data
observed at Kluchi, a nearby meteorological station at
the foot slope of the Ushkovsky Volcano. As a result,
normalized histogram of the monthly mass-balance
fluctuations is presented in Fig. 3a. It is periodically
extrapolated over the two-year period of the continu-
ous borehole-temperature measurements from
August 1, 1996 till June 30, 1998. Hereinafter the
starting date is the initial moment (zero time) of the
time scale in our considerations. Thick and thin solid
lines in Fig. 3a are the harmonic expansions of the
mass balance oscillations in accordance with Eq. (4)
for N = 1 and 2. They are referred further as cases

Time, day

Fig. 3. (a) The normalized histogram of the mass balance

monthly fluctuations periodically extrapolated over the
two-year period of the continuous borehole-tempera-
ture measurements from August 1, 1996 till June 30,
1998. The starting date is the initial moment (zero time)
of the time scale. Thick and thin solid lines are the
harmonic expansions of the mass balance oscillations in
accordance with Eq. (4) for N = 1 and 2 (see also Table
1). (b) The downward movement of the first upper
sensor fixed in firn. The trajectories are predicted on
the basis of Eqgs. (3), (4) at <4> =~ 0.61 m yr~*, The thick
and thin lines correspond to N =1 and 2 in Eq. (4),
respectively.
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I and II, respectively.

As schematically shown in Fig. 2, seven thermis-
tors were installed in the borehole BH-1 at the initial
depth levels of 1, 2 4, 5, 8, 10, and 27 meters. Only the
first one was fixed in the firn and reached the depth of
3.15 m by the end of the experiment. Its downward
movement predicted on the basis of Egs. (3) and (4) is
depicted in Fig. 3b by the thick and thin lines for the
cases I and II, respectively. The two variants of the
trajectory are rather similar and come to the 3.15
meter depth at <b) =~ 0.61 m yr~!. The latter value of
the mass balance rate is very close to its above long
-term estimate and is used in all simulations below.
All other sensors hung freely on the same string and
temporal variations of their depths were the obvious
shifted replications of those of the first one.

Six original daily-temperature records after
eliminating linear trends are plotted in Fig. 4 and can
easily be distinguished due to the high-frequency noise
induced by the measuring equipment. Numbers of the
thermistors in the downward direction are given in
circles. The last (seventh) sensor at the bottom of the
borehole did not reveal any noticeable seasonal
changes in temperature. Climatic instability of the
surface-temperature variations and non-uniform
increase in the depth of the sensors locations manifest
themselves not only through the general non-periodic
trends in the recorded signals but also distort their
phase lags and damp their amplitudes with time. To
determine the resulting short-term temporal changes
in harmonic expansions of the temperature-time
series, the measurement data are subjected to the
multi-factor (harmonic) analysis and each tempera-
ture record T..(t) is presented in the following form:

Telt)=Tot ct+ 33 | (As+ anteos 2621+
(Bh+[‘?:et)sm[2k7r ]] 5)

The best-fit values of the parameters in Eq. (5)
are given in Table 2. As it can easily be seen, only first
harmonics are significant and reliably detectable. The
amplitudes of double-frequency oscillations are 10
times less and comparable with the level of the noise
(standard deviation g).

Temperature,’C

'
25 5218 118 158 193 238 279 318 358 398 43 478 518 558 599 633 678
Time, day

Fig. 4. Comparison of the best-fit smooth theoretical pre-
dictions with the six original daily-temperature records
without linear trends easily distinguished due to the
high-frequency noise induced by the measuring equip-
ment. Numbers of the thermistors in the downward
direction are given in circles.

4. Model simulations

To interpret the above quantitative data inferred
from experimental measurements we have to separate
the original climatic input from the impact caused by
the non-uniform increase in the depths of the thermis-
tor locations. With this aim, we directly simulated the
sensor temperatures, using the model (1)-(4) at N =1
and model parameters given in Table 1. The ampli-
tudes of the surface-temperature fluctuations A, and
B, in Eq. (2) and the relative thermal conductivity of

Table 2. Parameters of the harmonic analysis of the registered temperature signals

Parameters 1 5 3 Senjors 5 3 7

T,, °C —15.41 —15.14 —15.12 —15.25 —15.57 —15.63 —14.61
G, Coyr™? —-2.19 —-1.93 —1.24 —0.55 —0.25 —-0.18 0.00
A, °C 7.36 433 0.83 -0.32 —0.45 —0.35 0.008
a, ‘C-yr! —1.58 —1.02 —0.86 —0.31 —0.086 | —0.085 —0.01
B, C 3.06 3.62 2.87 1.15 0.13 ] —0.087 0.004
B, Coyr! 0.84 0.33 —0.27 —0.025 0.11 0.20 —0.006
A, °C 0.62 0.41 0.069 | —0.055 —0.032| —0.014 0.001
B, C 0.14 0.27 0.26 0.11 | —0.0025| —0.0065 0.002
o, °C 0.82 0.47 0.36 0.24 0.10 0.12 0.01
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snow and firn /A(c) (the parameter z in Table 1) were
adjusted to minimize the standard deviation between
the model predictions and experimental measure-
ments after subtracting the linear trends. The best-fit
smooth theoretical predictions are compared in Fig. 4
with original temperature signals. The discrepancy
for the four upper sensors has actually the same order
of magnitude as the level of the experimental noise
and does not exceed 2¢. This reliably constrains the
surface temperature oscillations with accuracy of
about =1°C. However, in spite of the obviously close
amplitudes, a noticeable difference in phases between
the simulated and measured temperature records for
the two lower sensors results in much higher devia-
tions. The latter disagreement may be attributed to
some additional irregularities in the sensor motions
caused by random anomalies in precipitation.

It is important to note that the simulated temper-
ature field in the borehole is periodic in time and
consists of the following components:

T(ht)= Y‘O(h)+,¢§2_..[Ak(h)COS[z%T“t] +
Bu(hysin2224]]. 6)

The non-periodic term 7; counted from the mean
annual surface temperature (73> and the total ampli-
tudes of the harmonic oscillations (A2 + B)"Y%, k = 1,
2, are plotted in Fig. 5a versus depth 4.

As could be expected, the first harmonic domi-
nates in the temperature variations, and its ampli-
tudes at different depths practically coincide with
those (see dots in Fig. 5a) deduced from the experi-
mental measurements on average, at ¢ = 1 yr in Eq.
(4) (Table 2). The standard deviation is about 0.2°C.
Thus, based on the comparison presented in Figs. 4
and 5a, we come to the principal conclusion that the
detected temporal changes in amplitudes of the exper-
imental records should mainly be attributed to the
downward movement of the sensors and the climatic
trends in the amplitudes of the harmonic oscillations
are not distinguishable.

Another peculiarity of the heat transfer process
revealed in the model simulations is the appearance of
the non-zero double-frequency harmonic (&£ = 2) in
the temperature variations and the difference between
the mean surface temperature <{75»> and the mean
temperatures in snow and firn deposits 7;. Both
effects are linked to the interaction of the surface
temperature seasonal variations with those of the
mass balance rate and are illustrated by Fig. 5b. In our
case these variations do not differ much in phase
(Table 1). Hence, a larger fraction of snow is ac-
cumulated in relatively warmer periods, and the mean
snow temperatures are higher in the interior of the
glacier than on its surface. Although the theoretical
predictions show that the temperature excess and the
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Fig. 5. (a) Comparison of the measured (dots) and simulat-
ed (solid line) amplitudes of the dominant first harmonic
in the seasonal temperature variations plotted against
depth. (b) The simulated mean temperature excess
{curves 1) and the amplitude of the second harmonic
(curve 2) of the seasonal temperature variations in snow
-firn deposits versus depth. The thick and thin lines
correspond to N = 1 and 2 in Eq. (4), respectively.

second harmonic are too small to be detectable in the
particular experiments they are important for general
understanding of the nature of the temperature condi-
tions imposed on the glacier on annual basis. All our
conclusions do not change if a more detailed expan-
sion of the mass-balance fluctuations is used. For
example, in case [I for N = 2 in Eq. (4) the only but
small difference can be found in estimates of 7, (com-
pare thick and thin curves 1 in Fig. 5b).

Due to the rapid increase in the mean snow tem-
perature within the upper 3-4 meters of the near
-surface snow deposits, the simulated signal of the
first sensor has a linear trend in temperature varia-
tions ¢ = 0.1°C yr~'. Although this is within the
accuracy limits of the data processing, the actual
short-term rate of the climatic decrease in annual
temperature on the ice-cap surface should be the
difference between the above value and what is found
in the readings of the first sensor in Table 2. Totally
the estimate of the rate of the annual surface tempera-
ture decrease during the 1996-1998 period is about
—2.3C yr.,

Special series of computational experiments are
performed to test the sensitivity of the model simula-
tions to the relative thermal conductivity of snow and
firn A(c), that is to the parameter a in Table 1. The
values of @ range from 0.4 to 0.6 for the +1°C limits of
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changes in the amplitude of the surface temperature
variations to maintain the same agreement between
the measured and simulated amplitudes of the sea-
sonal temperature oscillations in snow-firn deposits
as shown in Fig. 5a. This result confirms the previous
estimates given by Salamatin et al. (2000).

5. Conclusion

A mathematical model is developed to simulate
the seasonal temperature variations in the near-sur-
face snow-firn stratum of an ice cap in cold snow
accumulation areas at high altitudes. The model is
applied to interpret the continuous temperature
records obtained during the 1996-1998 period from the
sensors non-uniformly moving in the 27-meter deep
borehole BH-1 drilled in the center of the Gorshkov
Ice Cap on the summit of Ushkovsky Volcano at
Kamchatka. The amplitude of the surface-snow tem-
perature oscillations and the short-term linear cli-
matic trend are deduced. Thermal conductivity of the
snow-firn deposits as a function of the porosity is
constrained by the data of the field studies.
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