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Analysis of mass-balance data monitoring of the Djankuat Glacier has demonstrated that the severe de-
glaciation over the past 20 years is associated with the ablation anomaly. We have analyzed the main components
of the heat balance during the ablation seasons of 2007—2015 on the basis of meteorological measurements. The
quantitative estimates of the accuracy of calculating turbulent heat fluxes using different methods have been
presented. It has been revealed that the ‘eddy covariance’ technique can be used as a reference method. The as-
sessment of the temporal variability of the basic components of heat balance has been carried out. The bulk
formulas method seems to be the most accurate among other methods. The contribution of various factors to
the formation of the melt layer has been estimated: the fraction of the radiation balance is 50—-80 %, and that of
turbulent heat exchange is 20—40 %. It has been found for the first time for a Caucasus glacier that turbulent
heat-moisture exchange plays a more significant role in the formation of the heat balance than it had been previ-
ously. Partly, this can be explained by transformation of the heat balance structure associated with climate change.

Glacio-climatology, Djankuat Glacier, glacier heat balance, turbulent flux

INTRODUCTION

The Djankuat Glacier is one of the objects of the
World Glacier Monitoring Service WGMS (http://
wgms.ch/) and is considered to be representative of
Central Caucasus (Fig. 1) [Golubev et al., 1978]. An-
nual observations over the mass-balance components
have been conducted there since 1969. Since the be-
ginning of the 215 century, the mass balance of the
Djankuat Glacier has been negative, with a statisti-
cally significant trend noted. For example, over the
recent 15 years, the mean value of the mass balance
has been —500 (+25) mm of the water equivalent,
with the value of the standard deviation of the mass
balance (o), calculated for the entire series of obser-
vations, being 350 mm for its module, i.e., the mean
value of the mass balance for the period of 2000-2015
goes beyond the limits of natural variability. It can be
seen from Fig. 2, b that intensive ablation is the main
cause of the glacier’s degradation in the 21 century.
The accumulated layer became reduced by approxi-
mately 160 mm (Fig. 2, @), and the value of the anom-
aly did not go beyond the limits of natural variability
(in 1967-2015 || = 200 mm).

The equation of the heat balance of the glacial
surface is the main equation in most of the algorithms
of evaluating ablation of mountain glaciers. On many
glaciers represented in the database of WGMS
(http://wgms.ch/latest-glacier-mass-balance-data),
complete meteorological measurements are made,
with which the components of the heat balance equa-
tion are evaluated, allowing the researchers finally to

calculate the melting layer, comparing the calculated
values with the ablation measurement data. In some
studies, evaluations are made exclusively on the basis
of the observation data, and only certain parameters
(for example, resistance factors in formulae for calcu-
lating turbulent heat and moisture fluxes) are deter-
mined empirically [ Voloshina, 2001; Molg and Hardy,
2004; Cullen et al., 2007; Molg et al., 2008]. Other re-
searchers take efforts to parametrize the fluxes of di-
rect and dissipated radiation and the level of glacier
surface roughness, considering the microrelief specif-
ics [Hock and Holmgren, 2005; MacDougall and Flow-
ers, 2011]; dissipated radiation, albedo depending on
temperature and intervals between snowstorms in the
season of ablation, etc. [Munro, 1989; Anslow et al.,
2008].

An extensive program of meteorological and hyd-
rological observations was carried out at the station-
ary base of the Djankuat Glacier in the 1970s [ Voloshi-
na, 2001]. In 2007, there emerged a possibility of mak-
ing measurements using modern meteorological
equipment, which allowed highly discreet series of
meteorological data relating to the Djankuat Glacier
to be obtained. In this study, accuracy of calculations
of turbulent heat exchange is assessed on the basis of
the Djankuat Glacier measurement data by different
methods. The contribution of all the components of
the heat balance is evaluated, and attempts are made
physically to interpret the mechanisms of intense gla-
cier melting observed over the recent decades.
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Fig. 1. A schematic map illustrating the geographic
position of the Djankuat Glacier:

a — Central Caucasus (the satellite image provided by Scanex
Engineering and Technology Center); b — the Elbrus area (the
satellite image provided by Scanex Engineering and Technology
Center); ¢ — the Djankuat Glacier in the upper part of the Adyl-
Suu Valley; 7 — positions of the surveying rods; 2 — the meteo-
rological site in altitudinal-morphological zone IV of the glacier.
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Fig. 2. The time course of the accumulation AA, (7) and ablation AA; anomalies (3) on the Djankuat Glacier
and of respective anomalies of winter precipitation AP (2) and of summer temperature AT (4) at the Terskol
meteorological station compared to the mean values of the period of 1967-2015.

a — the correlation coefficient is significant and is equal to 0.7; b — the correlation coefficient is significant and is equal to 0.64;

dashed lines — zero anomalies of accumulation and ablation.

THE DATA AND METHODS OF INVESTIGATION

Description of glaciological and meteorological
measurements

The geographic position of the Djankuat Glacier
is shown in Fig. 1. The glacier is referred to valley-
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type glaciers characteristic of Central Caucasus and
has stepwise morphology. The orthogonal area of the
Djankuat Glacier is 2.688 km?, and its physical area is
2.93 km?2. The mean surface slope is 23° (on average
15—-16° on the glacier tongue, 25-27° in the area of
the central icefalls, and 7-8° on the Djantugan Pla-
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teau). The glacier facing is mostly north-north-west-
ern; the glacier is situated in the altitudinal belt at
the altitude of 2700-3700 m. The glacier length in
the direction of the main ice flow from the Djantugan
Plateau is 3.1 km, its width varies from 500 m on the
glacier tongue to 1.5 km in the middle altitudinal-
morphological zones. The hosting relief of the glacier,
the Greater Caucasus Mountain Range and the Kur-
mychi Spur, is characterized by alpine rock shapes
and the heights of 3800—-4100 m.

Every year, mass-balance works are carried out
at the glaciological camp of the Moscow State Uni-
versity located on the Djankuat Glacier, including
measurements of the maximum thickness of the snow
cover before the beginning of the ablation season
with the accuracy of 3-7 % (depending on the num-
ber of the snow measuring points), density of the
snow cover in the base snow pits, and the layer of
snow and ice melting measured by surveying rods in
the period from the last ten days of May through the
last ten days of September [ Popoovnin, 1989]. The ave-
rage accuracy of assessing daily ablation by surveyor
rods is 7 %, and that of seasonal melting is 3 % [ Golu-
bevetal., 1978].

Meteorological measurements are conducted
from mid-June to mid-September, covering the great-
er part of the ablation season. In some years, due to
severe weather conditions or due to a tense political
situation in the region, the period of observations pro-

ves to be much shorter. In this study, meteorological
data are used, obtained by the authors on the Djan-
kuat Glacier in the ablation seasons of 2007—-2015
(Table 1). Their brief description is provided below.

1. The main meteorological observations includ-
ed measurements of the air temperature, relative hu-
midity, wind velocity and direction at the level of 2 m
above the glacier surface; actinometric measurements
at the level of 1 m above the glacier surface, and mea-
surements of the glacier surface level. The measure-
ments were made in the automatic mode using re-
spective gauges (Table 1), which were connected to
the CPU of the CAMPBELL automatic meteorologi-
cal station (AMS).

2. The DAVIS automatic gradient mast (AGM)
included 4 temperature and humidity and 4 wind
gauges mounted at the levels of 0.25, 0.5, 1.0 and
2.0 m above the glacier surface. These measurements
were conducted only in 2015 in order to obtain pro-
files of temperature, relative humidity and wind ve-
locity in the near-surface atmospheric layer, required
for assessing the turbulent flows of heat and moisture
by the Monin—Obukhov method.

3. Measurements of pulsations of three compo-
nents of the wind velocity and air temperature were
made, using a three-component ultrasonic anemom-
eter GILL WindMaster, in order to assess turbulent
heat exchange between the glacier and the atmosphe-
re by a direct method.

Table 1. Types and accuracy of meteorological measurements made on the Djankuat Glacier in 2007—-2015

Accuracy of measured values (by module)
- Components | . ) _ Measure-
Equipment Tempera-| Relative | Wind velo- | of radiation Dlstan?e to| Period of observations**| ment rate/
ture, °C |humidity, % | city, m/s balance*, |'¢¢ ;Iur ace frequency
W /m? , M
VAISALA MT300 0.2 5 _ B B 15.06.07-30.09.07 (107)
) 17.06.08-30.09.08 (105)
01.07.09-30.09.09 (91)
CAMPBELL - - 0.5-2.0 - - 09.07.10-29.0910 (82) | s .
10.07.12-05.08.12 (26)
KEEP&ZONNEN 1 - - - 15 - 07.07.13-09.09.13 (64)
19.06.14-30.09.14 (103)
SONIC RANGER - - - - 0.04-0.06 | 07 07.15-04.09 15 (59)
DAVIS AGM*** 0.4 10 0.5-2.0 — - 05.07.15-15.08.15 (41) | 15 minutes
05.08.10-13.08.10 (9)
Assmann—Fuss GM**** 0.2 5 0.1-0.5 - - 12.07.12-15.07.12 30 minutes
21.07.12-25.07.12 (9)
12.07.13-03.08.13
GILL acoustic anemo- 09.08.13-16.08.13
meter 0.05-0.10 - 0.01-0.05 - - 26.08.13-06.09.13 (42) 10 Hz
30.06.14-30.07.14 (30)

* Fluxes of incoming and reflected shortwave radiation, fluxes of longwave radiation from the atmosphere and the glacier

surface.

** Indicated in brackets is the number of days when measurements were made.

*** An automatic gradient mast (AGM), with mounted temperature and humidity and wind gauges DAVIS, the
measurements were made at the levels of 0.25, 0.5, 1 and 2 m above the glacier surface.

#xxk A gradient mast (GM) equipped with Assmann psychrometers and Fuss anemometers; the measurements were made at

the levels of 0.25, 0.5, 1 and 2 m above the glacier surface.
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The methods of calculating the components
of the heat balance

Analysis of the equation of the heat balance and
its reduction. In general terms, the equation of the gla-
cier’s heat balance is written as follows:
oT,  oh
Chygp

o Py
+H+LE—QD+Phq+th. @)

cip;h =(sWm—sw*) (LW —Lw " )+

Here T), is the temperature of the ice layer (K)
with thickness & (m); ¢; — heat capacity of ice,
J/(kg-K); p; — ice density, kg/m3; L, — specific heat of
ice melting—freezing, J/kg; components of the radia-
tion balance (W/m?): SW~ — incoming shortwave
(solar) radiation, SW* — reflected shortwave radia-
tion, LW* — upward longwave radiation flux (from the
glacier surface), LW~ — downward longwave radiation
flux (from the atmosphere); sensible heat turbulent

ﬂuxH:cppkE;—T (W, /m?) and latent heat turbulent
z

flux LE :pkg—q (W/m?) (where T — temperature, g —
Z

mass fraction of water vapor, measured at the levels
z=0.25,0.5,1,2 m (Table 1); £ — coefficient of turbu-
lent heat exchange, m?/s; ¢, — heat capacity of air,
J/(kg-K); p — air density, kg/m?; L — specific heat of
evaporation/condensation, J/kg; E — rate of evapora-

T.
tion/condensation, kg/(m?s)); Q,, :ﬁk»& — heat

0¢ ' o¢
flux due to molecular diffusion in the glacier mass
(T; — ice temperature at different depths & m; &, — co-
efficient of heat capacity of ice, W /(m-K)); Py, — heat
flux due to liquid precipitation, W/m? F;, — heat
brought by waterflows formed on the glacier sur-
face, W /m?2.

Applying equation (1) to the Djankuat Glacier
(and to most glaciers of Northern Caucasus), certain
reductions may be made. In summer, the temperature
stratification of warm glaciers of the temperate lati-
tudes is, as a rule, close to indifferent, with its value in
the ice mass assumed to be invariant and close to 0 °C
[Kotlyakov, 1994]. Therefore, the first term in equa-
tion (1) and the value Q) may be neglected. We can
evaluate the heat flux from liquid precipitation:

B, =pC,ATh,

where p — water density, kg/m?; C,, — its heat capacity
(4220 J /kg); AT — difference of temperatures between
arain drop and ice, °C.

Let us assume that 10 mm of liquid precipitation
fell on the glacier during a day, and the temperature
pf the raindrops at the moment of touching the ice
was equal to the mean surface air temperature for the
ablation season (7 °C). Then the daily heat flux from
the 10-mm layer of liquid precipitation will be ap-
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proximately 0.3 mJ/m?2, or about 1 % of the entire en-
ergy of daily melting. The contribution of this value
may be significant only in case of extreme rainfall in
the melting season (more than 50 mm per day) ob-
served at these altitudes approximately once every
ten years. Similar evaluations of the heat flux with
rain Py, and water flows Fj, (about 2 % of the sum
of the radiation balance [Poggi, 1977; Voloshina, 2001;
MacDougall and Flowers, 2011]. Based on this, in the
problem of daily and seasonal assessments of the com-
ponents of the heat balance, the values Py, and Fy,
may be neglected. '
Finally, equation (1) may be reduced to the fol-
lowing:
Lipi@z(suﬂ—SW-)+(LW+—Lw-)+H+LE. 2)
ot
Introducing the value of albedo A=SW~ / SWT,
equation (2) may be written as:

LipiZ—IZ:SW+(1—A)+(LW+—LW‘)+H+LE. 3)

If we indicate the value Lipi% as Q,,.; (the

quantity of heat required for ice melting), and expres-
sion SW*(1 — A) — (LW* — LW") — as R (radiation
balance), equation (3) may be written in the general
form:

Qmell‘ =R+H+LE (4)

The components of equation (4) were evaluated
by many researchers [ Ohmura, 2001; Hock, 2003;
Molg and Hardy, 2004; Molg et al., 2008; Wheler et al.,
2014]. In most cases, the radiation balance R (50—
85 %) makes the maximum contribution, followed by
turbulent heat exchange H (10-50 %). The flux of
heat produced during condensation of water vapor on
the glacier surface proves to be least significant; yet,
its contribution is sizable (2—10 %).

At the stationary gauging station of the Djankuat
Glacier, the components of the radiation balance are
measured with modern radiometers KEEP&ZON-
NEN rather precisely (Table 1). However, additional
errors occur due to deviation of the position of the
radiometers from the horizontal level on the melting
ice surface and due to moisture condensing on the
gauges’ working surfaces. Therefore, during proces-
sion of the data, about 10 % of the measured values
have to be discarded, and the final accuracy of the
measurements of radiation fluxes is taken to be equal
to 25 W /m?.

Consider the main methods of evaluating turbu-
lent heat and water exchange between the glacier and
the atmosphere, which were used in this study. It is to
be noted that the differentials used in determining
the fluxes are replaced with the end differences due to
inevitable spatial-temporal discreteness of measure-
ments.



EVALUATION OF THE COMPONENTS OF THE HEAT BALANCE OF THE DJANKUAT GLACIER (CENTRAL CAUCASUS)

The heat balance method is based on analysis of
the terms of equation (4). The value of radiation bal-
ance R is known from the measurements. The quan-
tity of heat spent on ice melting Q,,,,; during a certain
time span (hours, days) is evaluated as the product of
multiplication of the melted ice layer Ak measured
with the Sonic Ranger by the value L;p;. To evaluate
turbulent heat fluxes and quantities of heat on evapo-
ration, let us introduce the Bowen ratio:

J_H AT
LE LAg
which is determined by the measured vertical tempera-
ture gradients and by the mass fraction of water vapor
over ice. In case of the absence of gradient measure-
ments, the difference is evaluated between the air tem-
perature measured at the level of 2 m above ice and the
temperature in the layer of air directly adjacent to the
glacial surface (the viscous laminar sublayer), which
under conditions of ablation is taken to be equal to 0 °C.
In the same way, the water vapor gradient is evaluated:
it is measured at the level of 2 m, while in the viscous
laminar sublayer it corresponds to the state of satura-
tion at the temperature 0 °C (in the case of the condi-
tions of the Djankuat Glacier, it is equal to 5.6 GPa).
Using the Bowen ratio, we can determine turbulent
fluxes of heat and water vapor from transformed equa-
tion (4):
1E=2er Ry g,
Bo+1

In case of technical problems with the Sonic
Ranger, we used an empirical formula, which allowed
calculation of the ice melting layer 4 by meteorologi-
cal parameters [ Rets et al., 2011]

h_R+H+LE
— 7

In this case, the turbulent fluxes of heat and wa-
ter vapor were calculated by the ratios proposed in
[ Kuzmin, 1961]:

H = (oy + Byux)(Ty, — T),

LE = (0 + Bouy)(ey — €p).

Here u,, T,, e, are the wind velocity, the temper-
ature and the partial pressure of the water vapor at
the height of 2 m above the glacier surface: T}, is the
temperature of the glacier surface taken to be equal to
0 °C under conditions of ablation; e is the corre-
sponding value of the saturation pressure, equal to
6.1 GPa; oy = 3.37, By = 1.83, a, = 0.7, B, = 0.38 are
empirical coeflicients considering the contribution of
thermal convection and the turbulent exchange
above the ice and snow surface. Hereinafter the used
application of the heat balance method is stated as
‘the Kuzmin method’ [ Kuzmin, 1961].

The Monin—Obukhov method is one of the most
advanced methods in geophysical hydrodynamics, in

particular, in atmospheric physics, and is based on di-
mensional analysis [Monin and Yaglom, 1965]. The
essence of the method consists in strict expression of
the turbulent fluxes of heat, moisture and impulse
through universal dimensionless functions, first of all
depending on temperature stratification. This me-
thod works on condition of horizontal homogeneity
of the underlying surface, in supposition of stationa-
rity of meteorological conditions during a given pe-
riod of time (in our case, 15 minutes), as well as of
stability of turbulent flows by height in the near-sur-
face layer. The latter condition allows constant scales
for the friction velocity u, , temperature T, and spe-
cific humidity ¢, to be introduced, which are then
used for developing dimensionless functions:

u*:\/i, T;:_ " y 4=~ E . (5)
[o) chpu Kpu,

Here 1 is the wind friction stress, N/m? k is the
Karman constant, equal to 0.4; the remaining vari-
ables and constants are determined above. In addi-
tion to these dimensionless parameters, parameter of
flotation p=g/T (g is acceleration due to gravity) is
an important value determining intensity of turbu-
lent heat exchange.

Dimensionless vertical profiles of the wind ve-
locity u/u,, temperature T/T, and specific humidity
q/q, inthe near-surface layer of air, determining tur-
bulent air fluxes, are described by universal functions
/, dependent on the dimensionless variable z/L, where
z — the height above the glacier surface, and Ly;q is
the so-called scale of the Monin—Obukhov length,
which is the only combination of the above men-
tioned parameters u,, T, , B:

Ly =
MO K2BT*

The asymptomatic behavior of universal func-
tions at indifferent, extremely stable or extremely un-
stable stratification has been studied rather thor-
oughly [ Monin and Yaglom, 1965; Zilitinkevich, 1970]
and is written as follows:

ln(z/L)+% with z/L>0,

In((z/L])

0.25+1.2(z/L) *  with

with -0.07<z/L<0, (6)

2/L<~0.07.

Positive values of the argument z/Ly;q cor-
respond to stable stratification, the interval —0.07 <
< z/Lyo < 0 corresponds to indifferent stratification,
the values of z/Ly;5 < —0.07 correspond to unstable
stratification (thermal convection regime). Above the
glacier surface, stable stratification prevails in sum-
mer; therefore, in most cases f zln[ij+£. We

Mo /) Lmo
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took the level of ice roughness to be constant (consi-
dering relative inhomogeneity of the ice surface near
the measurement point), equal to 0.01 m, and the
fluxes of heat and water vapor were calculated every
15 minutes, in accordance with the above:

LE=Lpu,q,. )

The problem of calculating the fluxes consisted
in the search for the scales of velocity u,, tempera-
ture T, and humidity g, . In [Zilitinkevich, 1970] the
principle of calculating u,, T,, g, for an arbitrary
number of measurement levels is presented, which we
used:

H=c,puT.,

N, N, N,
Nazanf(zn/l‘)_zanzf(zn/L>
n=1 n=1 n=l

*

N3 D 3 )

Here a,, a, and f, are determined depending on
the flux of which physical substance is recovered:
a, = T, ,a= Tfor turbulent heat flux; a, = ¢g,,a=¢q
for the turbulent flux of water vapor; N, — the number
of measurement levels; f/ — the universal function de-
termined by ratios (6).

Combining the equations for u, and T, (5) and
one of the equations for the universal function (6)
(dependence on stratification), we obtain a system of
three Tpex equations with three unknown variables —
u,, T, , L. Solving transcendent equations for u, and
T, by the method of selecting the root, we find all the
unknown variables, and for the obtained value of L
we calculate the value of ¢, . Then it will not be diffi-
cult to calculate the turbulent fluxes of heat and wa-
ter vapor by formulae (7).

The aerodynamic method. In the general form, the
formulae for calculating turbulent fluxes and heat and
water vapor in the framework of the aerodynamic
method are presented as

H=c,kp(Ty, — Tp), LE = Lkp(q, — qy).

As in the framework of the method temperature
T and water quantity g are measured at two levels
(2 m above and near the glacier surface), the only un-
known variable is the turbulent heat exchange factor
k, which is usually determined as follows:

2
K .
b= (wi,),
(ln(z2 /2, ))
where z,— parameter of surface roughness, which var-
ies for different glaciers from 0.5 to 3 mm, in our case,
z, = 1 mm; f(Ri,) — the function of the Richardson
volume number, considering stratification in the near-
surface layer of the Earth’s atmosphere:

(1-5Ri,)’, wi, & dT/dz
(1-16Ri, )" T (cu/dz)*

Ri, >0,

f(Rib): Ri, <0
) b ’
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The method of turbulent pulsations (the direct
method) presupposes measuring pulsations of three
components of the wind velocity (vertical and two
horizontal components) ', v', @', temperature T’,
specific humidity ¢’ in the layer of constant fluxes
(the near-surface layer) by using highly sensitive
acoustic anemometers, based on the Doppler effect.
The fluxes of heat and of water vapor are calculated
also by covariances between them:

H=c,p, ©'T', LE=p,Lw'q'.

(It is possible to read about the calculation technique
in more detail in, for example, [Kaimal and Gairon,
1991; Andreas et al., 2005].)

The optimal rate of measurements corresponds
to the frequency of the lowest pulsations in the atmo-
sphere and constitutes 10—20 Hz. The time of avera-
ging the obtained data is selected in such a way as to
ensure statistical stability of the results [ Kaimal and
Gairon, 1991]. As shown by special studies published
back in [Volkov, 1968], the optimal averaging time is
30 minutes.

RESULTS AND DISCUSSION

Evaluating the methods for calculating ablation

Direct measurements of ice melting with Sonic
Ranger, which allowed estimation of the value Q,,,;, in
equation (3), in combination with rather precise mea-
surements of the radiation balance R, enabled us to
select an optimal method for calculating turbulent
fluxes. In other words, the daily sum of the radiation
balance R in equation (4) was set by the measurement
data and remained invariable, while the values H and
LE varied depending on the method of calculation
used. The final calculated value of the ice melting
layer was compared to the measured value. In order
to exclude random errors, noise and statistical over-
shoots, pentade (five days’) evaluations were made.

Consider the results of comparing the methods
used shown in Fig. 3. It can be seen that the accuracy
of evaluating the ablation layer much depends on the
choice of the method of calculating turbulent heat
fluxes. The determination factor R* demonstrates the
accuracy of approximation of the obtained linear de-
pendences. However, the accuracy of the methods
themselves should be assessed by the obtained regres-
sion equations, which for all the four methods look
like the function Y = kX + b. It is noteworthy that for
all the cases the value b, characterizing systematic
overestimation of the melting layer, was 0.10—0.16 m
over 5 days. We can assume the error to be related to
possible underestimation of the flux of reflected ra-
diation in a specific point of measurement: the albe-
do of an elementary glacier site with the area of
100 x 100 m, selected in the ablation zone, is a rather
variable value, and, as the measurements showed,
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Fig. 3. Dissipation diagrams for comparing the measured thickness of the five days’ ablation layer H, with
the calculated value based on the heat balance equation (3) using different plans of calculating turbulent

heat exchange:

a — the method of aerodynamic formulae (H,); b — the Kuzmin method (Hy); ¢ — the Monin—Obukhov method (Hy,); d — the direct
method (H ). Dashed lines — bisecting lines corresponding to ideal matching of the measured values with the calculated ones.

may vary from 0.2 to 0.4. Another cause of overesti-
mation of the total melting layer compared to the
measured one may be an assumption that the tem-
perature on the glacier surface and in the roughness
layer are equal (0 °C). In reality, this value may be
higher than 0 °C, as the glacier surface is a mixture of
melting ice with small fragments of moraine material
and water. In this situation, the temperature gradient
in the near-surface air layer will prove to be less, and
hence, the real value of the turbulent heat flux will be
somewhat less than the measured value.

Coefficient % in the considered linear relations
between the calculated and measured melting layers
varies from 0.7 to 1.6. For the method of turbulent
pulsations, its value is 1 (Fig. 3, d). This means that
the calculation of the turbulent flux on the basis of
the data obtained with the acoustic anemometer
GILL may be considered as model calculation. The
operational margin of this method is related only to
general overestimation of the melting layer (see
the above). The Monin—Obukhov method (Fig. 3, ¢)
proved to be the least accurate one: its application to
assessment of the turbulent heat flux resulted in over-
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Fig. 4. Comparison of the mean daily values of tur-
bulent heat fluxes H, calculated for July 2014 by the
following methods:

1 — the method of turbulent pulsations, 2 — the Monin—Obuk-

hov method, 3 — the Kuzmin method, 4 — the method of aero-
dynamic formulae.
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estimation of the calculated five days’ layer of melting
compared to the measured one by a factor of 2-2.5,
i.e. by 100-150 %. The Kuzmin method was not very
successful, either, for which maximum (compared to
the other methods) variance of errors is characteris-
tic, which determined the lowest determination fac-
tor (0.44). On average, this method underestimates
the flux values by 30 % (Fig. 3, ). The method of
aerodynamic formulae proved to be the most success-
ful one: the mean error without systematic overesti-
mation was 10 %.

Figure 4 is an example of comparing mean daily
values of turbulent heat fluxes calculated by using all
the methods mentioned in 2014. All the schematics,
except for the Monin—Obukhov method, reproduce
the day-from-day variation of the turbulent heat ex-
change quite well. Maximum errors are noted for days
with little clouds, and on the days with fohns, when
the conditions of stationarity are essentially dis-
turbed.
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Shown in Fig. 5 are examples of day-to-day vari-
ation of the heat balance components in morphologi-
cal zone IV of the Djankuat Glacier, which were cal-
culated by the method of aerodynamic formulae,
which proved to be most precise. In all the selected
cases, 3—7 days’ periodicity is observed in the tempo-
ral variability of the heat balance components, cor-
responding to the period of meteorological variability,
which under conditions of the alpine region of Cauca-
sus is primarily manifested in the situation of cloudi-
ness, and hence, of the radiation balance. In the year
with significant repeatability of days with little
clouds (for example, in 2014), the correlation coeffi-
cient between the mean daily quantities of heat spent
on melting and the radiation balance was —0.94
(Fig. 5, d), whereas under conditions of the cloudiest
season of ablation (2008), it was only —0.6. In the re-
maining years, the correlation coefficient varied from
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Fig. 5. The time course of the heat balance components on the Djankuat Glacier in the active ablation

period (July—August).

a—2007,b— 2008, ¢ — 2013, d — 2014; 7 — radiation balance; 2 — quantity of heat spent on ice melting; 3 — turbulent heat exchange;

4 — quantity of heat spent on evaporation.
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Table 2. Mean daily meteorological values on the Djankuat Glacier in 2007—-2015,
averaged for the ablation season (July—August)
Main meteorological parameters
L " 9 Melting charac-

_ .~ | Relative hu- | Wind velocity Radiation balance components*, W,/m teristicst*

Year | Air temperature T, °C N o g
midity F, % U,m/s

mean | min | max| mean |min| mean |max SwW* SW- LWt LW M, W/m? | H mm
2007 (8.0 (£2.6)| 0.4 | 13566 (£19)| 13 [3.8 (£1.7)] 8.4 | 247 (£99) |68 (£39)|280 (£27) |314 (£3)|-302 (x130)| —3960
2008 (8.1 (£2.1)| 23 | 139 |72 (+15)| 24 4.2 (+1.8)] 9.3 | 237 (£105) |88 (£58)| 291 (+26) | 315 (4)| 276 (+105) | —2840
2009 6.0 (2.5) ~0.5 | 14.2 |76 (£13)| 36 |3.8 (£1.7)] 9.0 | 225 (£88) |71 (+48)| 286 (+29) | 313 (£8) | -234 (+110)| 2740
2010 8.3 (+2.2)| 2.9 | 15.2 |68 (£14)| 31 |4.2 (£1.3)| 8.5 | 265 (£84) |43 (£15)|293 (+21)|317 (+5)|-300 (+100) | 3300
2012 |7.7 (£2.0)| 1.7 | 152 |71 (¥15)| 31 3.9 (+1.6) 7.9 | 267 (£104) |57 (+25)| 290 (+19) |323 (£3) |-290 (+117)| 3550
2013 [5.0 (£2.2) ~0.7 | 10.7 |77 (£12)| 40 |3.5 (£2.0)[10.5| 225 (£98) |53 (£30)| 300 (+22)|325 (+4)|-235 (£121)| 2420
2014 |7.6 (£2.1)| 2.4 | 14.7 |67 (£16)| 18 |3.6 (+1.6)] 8.3 | 274 (£111) |47 (+18)| 306 (+£18) |293 (£6) | -308 (+133)| ~3710
2015 8.8 (+2.8)| ~0.1|17.9 |65 (£17)| 15 |4.0 (+1.8)| 8.9 | 308 (£78) |75 (+22)|357 (+10)|332 (£5) | -322 (+120)| ~3754
Miaan 7.5 (£23)| 1.1 | 144 |70 (£17)] 25 [3.9 (£1.7)| 8.9 | 231 (£94) |63 (£25)| 300 (£10) |317 (+5)| 283 (+116)| ~3276
value

N o te. Shown in brackets are standard deviations of the respective values.
* SW* — incoming shortwave (solar) radiation; SW- — reflected shortwave radiation; LW* — longwave (thermal) radiation of

the atmosphere; LW~ — longwave radiation of the glacier surface.

** M — mean daily heat spent on ice melting; H — total yearly ablation.

—0.65 to —0.81. Less variable relation is observed be-
tween the quantities of heat spent on melting and
turbulent heat exchange: the rated correlation coefli-
cient varies in the range of —0.74...—0.85. The statisti-
cally significant relation between the value of the
heat flux due to condensation of water vapor on the
glacier surface and the quantities of heat spent on
melting was found only for 2008 to constitute —0.64.

The mean values of the radiation balance compo-
nents and of the respective meteorological values in
the period of 2007—2015 are shown in Table 2. On the
Djankuat Glacier, the wind velocity is characterized
by the lowest year-to-year and day-to-day variability:
year-to-year variability does not exceed 1 m/s. This
stability is explained by the prevalence of the glacial
wind, which blows in the ablation zone of the Djan-
kuat Glacier in 80 % cases. Relative humidity (about
10 %) is characterized by comparatively low year-to-
year variability, although day-to-day variability of
this value may be significant (its minimum values
during fohns reach 13—18 %). The air temperature at
the level of 2 m above the glacier surface is more va-
riable: on average for the season of ablation, it is
+7.5 °C; however, the mean-square deviation reaches
2.3 °C. Year-to-year variability is closely connected
with variability of incoming shortwave radiation, and
hence with the quantity of heat spent on melting
(Table 2).

Table 3 demonstrates sums of the components of
the radiation balance in the period of maximum abla-
tion. Maximum values of incoming shortwave radia-
tion and of the radiation balance as such are demon-
strated in 2009 and in 2013. As shown in Table 2,
negative anomalies of temperature averaged for the
period correspond to this period. An interesting ex-

ception is the year of 2008, characterized by the min-
imum sum of the radiation balance (13.2 mJ,/m?),
with the air temperature being +8.1 °C, which is
higher than the mean annual value by 0.6 °C. This is
connected with the role of meteorological processes
in formation of the temperature regime: the cyclonic
character of the weather in the ablation season of
2008 accounted for the high repeatability of cloudy
days and frequent advection of warm air from tropical
latitudes. Significant variability of albedo is noted for
the observation point within the ablation zone: with
the mean value of 23 %, the mean seasonal values vary
from 18 to 32 %. Evaluation of the spatial-temporal
variability of albedo, related to snowfalls of different
intensity in the beginning and end periods of the ab-
lation season [ Voloshina, 2001], as well as evaluation
of the precipitated atmospheric aerosol [Lim et al.,
2017], are important issues of the heat balance prob-
lems of glaciology. Measurements in one point ana-
lyzed in this study have a physical meaning; however,
they do not fully demonstrate the flux of reflected
radiation.

Table 3 and Fig. 6, a demonstrate year-to-year
variability of the structure of the heat balance of the
Djankuat Glacier. Maximum values of the ablation
layer even on the basis of such a small sample are not
always related to the mean air temperature. Two
types of distribution of the contribution of different
factors are identified. The first type is characterized
by the dominant role of the radiation balance (up to
70-80 %), while the second type is related to the
commensurable contribution of the radiation balance
to ice melting (50—65 %) and the turbulent heat flux
(30—-40 %). This type is always found against the
background of the positive temperature anomaly in

45



PA. TOROPOV ET AL.

Table 3. Total components of the heat balance (m]/m?) on the Djankuat Glacier
in the period of the highest ablation in 2007-2015
Year SwW+ SW- o LW~ A, % R H LE Qo 0 it
2007 26.1 49 24.6 27.3 19 185(57-71) |11.3(35)| 2.6(8) | —324 | —262
2008 21.8 7.1 26.0 27.5 32 13.2 (48-58) |11.2(41)| 3.0(11) | —274 | 239
2009 20.2 47 26.1 27.3 23 143 (58-71) | 7.6 (31) | 29(12) | —248 | —202
2010 22.5 4.0 25.6 27.4 18 16.7 (54-65) | 11.5(37)| 3.0 (10) -31.2 -25.8
2012 22.9 49 25.1 27.9 21 152 (51-60) |11.5(39)| 3.0 (10) | —297 | —25.2
2013 20.7 4.9 26.2 279 24 14.1(61-70) | 6.2(27) | 29(12) | -232 -20.2
2014 24.2 45 26.4 25.3 19 20.8(73-78) | 51(18) | 26(9) | 285 | 266
2015 26.6 6.4 28.9 26.7 2% 224 (69-80) | 7.4(23) | 27(8) | -325 | —279
Mean value|  23.1 5.2 26.1 27.2 23 169 (59-69) | 9.0 (31) | 28(10) | —287 | 245

Note. A — glacier surface albedo, R — radiation balance (shown in brackets is its contribution to melting in accordance with

the calculations (the first value) and on the basis of measurements (the second value), %); H, LE — turbulent fluxes of heat and
moisture, respectively (shown in brackets are their contributions to melting in accordance with the calculations, %); Q,,.;, — cal-
culated quantity of heat spent on melting; QY,,;, — quantity of heat spent on melting obtained on the basis of measurement data.
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Fig. 6. The structure of the heat balance of the Djankuat Glacier:

a — on average for the periods of intense ablation in 2007-2015 (7 — mean daily air temperature, 2 — contribution of the radiation
balance, 3 — contribution of the turbulent heat flux, 4 — contribution of the condensation heat); b — the daily course of the heat
balance components averaged for all the ablation seasons (5 — radiation balance, 6 — turbulent heat flux, 7 — heat of condensation
deposited on the glacier surface, 8 — quantity of heat spent on ice melting according to measurements, 9 — calculated quantity of

heat spent on ice melting).

the period of active ablation, while the former type
may be observed both amid an anomalously warm
season (2007, 2015) and amid an anomalously cold
season (2009, 2013). This is explained by the fact that
the contribution of the radiation factor to ice melting
is primarily determined by incoming shortwave radi-
ation, which depends on cloudiness. The high fraction
of the turbulent heat flux is recorded in those years
when the air temperature is consistently higher than
average; therefore, the temperature gradient in the
near-surface layer of air is higher than average. Such
a situation may be observed under any meteorologi-
cal conditions.

Table 4 shows a comparison of results obtained
in this study with the data provided by other authors
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on the mountain glaciers of the temperate climatic
zone [Poggi, 1977; Takeuchi et al., 1999; Ohmura,
2001; Voloshina, 2001]. The prevailing role of the ra-
diation balance is typical of glaciers in the range of
altitudes 2200-3200 m above sea level, while for the
glaciers located at the altitudinal levels below
1000 m, the contribution of the turbulent heat ex-
change (due to greater difference between the tem-
perature of the glacier surface and of the near-surface
air, compared to the mountainous regions) is no less
important. Generally, it is typical of the glaciation of
Central Caucasus, by the example of the Garabashi
Glacier and the Djankuat Glacier, that the contribu-
tion of the radiation component to ice melting is 70—
80 %, that of the turbulent heat flux is 20-30 %,
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Table 4. The mean contribution of the main components of the heat balance and melting
of glaciers at temperate latitudes (Q,,,;;) compared to the Djankuat Glacier

Glacier Height, m R H LE Queit A Source
Kesselwandferner (Alps) 3240 54 62 -8 -100 -8 [Ohmura, 2001]
Ewigshneefeld (Alps) 3366 93 9 —4 -98 0 Ibid.
Aletsgletsher (Alps) 2220 71 21 8 -100 0 »
Medvezhiy (Pamir) 3050 95 5 -3 -97 3 [ Voloshina, 2001]
Maliy Aktru (Altay) 2340 82 15 -100 0 Ibid.
Marukh (Caucasus) 2910 98 1 1 -100 -1 »
Garabashi (Caucasus) 3500 82 18 -9 -91 -9 »
Djankuat (Caucasus) 2950 69 31 10 -100 -10 This study
Ampere glacier (Kerguelen Island) 550 58 25 16 -99 -1 [Poggi, 1977]
Moreno (Andes) 480 47 50 1 -98 -2 [Takeuchi et al., 1999]
Tyndall (Andes) 620 60 34 -99 -1 Ibid.

Note. R — radiation balance; H — turbulent heat exchange; LE — heat equivalent of condensation (with the “+” sign) and

«_»

quantity of heat spent on evaporation (with the

sign); A — disparity between Q,,., and R + H + LE, arising to measurement er-

rors and underestimation of values Qp, Py, Fj, in equation (1). Maximum disparity A was obtained by the authors for the Djankuat
Glacier. The cause of the disparity is consistent overestimation of the turbulent heat flux (see the above), related to underestima-
tion of the temperature of the ice surface due to the presence of liquid water and of moraine fragments.

whereas the value of LE may be both positive and
negative (on the Garabashi Glacier the quantities of
heat spent on melting prevail, while on the Djankuat
Glacier, the condensation heat seems to prevail). The
data on the Marukh Glacier are rather difficult to be
interpreted: absolute prevalence of the radiation ba-
lance (98 %) should be stressed, which is not com-
mented in [ Voloshina, 20071]. 1t is likely that such an
unusual structure of the heat balance is related to the
prevalence of daily measurements and to the insuffi-
cient size of the sample.

Figure 6, b shows the daily course of the heat
balance components averaged for the period of obser-
vation on the Djankuat Glacier. In the night hours,
ice melting is fully determined by turbulent heat ex-
change, which is especially high in the case of fohns.
This is a well-known effect, the so-called ‘katabatic
contribution’, which is described, for example, in
[Broeke, 1997]. The calculation methods essentially
overestimate the quantities of heat spent on ice mel-
ting in the day hours. The possible causes of this ef-
fect are considered above.

CONCLUSIONS

Analysis of the data of mass-balance observa-
tions conducted on the Djankuat Glacier in the peri-
od of 1969-2015 has shown that intense degradation
of the glacier over the recent 20 years is mostly re-
lated to ablation anomalies, and hence to the specific
features of the meteorological regime in the summer
season.

Based on the results of meteorological measure-
ments, the main components of the heat balance have
been calculated for the ablation season from 2007 to
2015. Quantifications of the accuracy of calculating

the turbulent heat fluxes by different methods on the
basis of comparison with the measured ablation layer
have been obtained. It has been demonstrated that
the direct pulsation method, based on measurements
made with a three-component acoustic anemometer
may be used as a model method. Among the calcula-
tion methods of evaluating turbulent heat exchange,
the method of aerodynamic formulae is the most pre-
cise one: the error module does not exceed 10 %.

Temporal variability of the main components of
the heat balance and of the contribution of different
factors to formation of the melting layer has been
evaluated: the contribution of the radiation balance is
50-80 %, and that of the turbulent heat exchange is
20-40 %. Such a result has been obtained first for the
glaciers of Caucasus: the data published in | Voloshina,
2001] testify to the much smaller role of the turbu-
lent heat- and moisture exchange in the 60—80s of
the 20t? century (not more than 20 %). In addition to
differences in the techniques and timelines of mea-
surements, the variations revealed may be related to
the change in the structure of the heat balance over
the recent 15—-20 years. In particular, statistically sig-
nificant increase in the air temperature in the summer
season could entail increase in the turbulent heat ex-
change between glaciers and the near-surface air. The
growth of the temperature in the troposphere due to
the Clausius—Clapeyron relation could cause the in-
crease in the moisture concentration, which resulted
in the increase of the flux of water from the atmo-
sphere to the glacier surface and hence to the growth
of the condensation heat.

Considering the IPCC scenarios, in accordance
with which global warming will continue in the 215
century (http://www.ipcc.ch/report/graphics/index.
php), we may suppose the energy of turbulent heat
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fluxes to the mountainous glaciers of Caucasus to in-
crease. In addition, the rise of temperature and mois-
ture content of the troposphere will result in the in-
crease of the downward flux of longwave radiation
over glacial regions, shown, in particular, in [ Philipo-
na, 2012; Toropov et al., 2016] and will contribute to
the growth of summer ablation.

The study has been conducted with the financial
support of RFBR (projects # 17-05-00771 and 15-05-
00599).
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