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ABSTRACT. Modelling snow and ice melt in drainage basins can significantly improve the forecasting of
hydrological processes at local and regional scales. Melt rates on the surface of the Sygyktinsky Glacier
were measured using an ultrasonic ranger and calculated by the physically based surface energy-balance
(SEB) model with a 30-minute resolution for the period from 7 July to 23 August 2021. Two tempera-
ture-index models, simple (TM) and enhanced (ETM), were tested to calculate melt rates. All models
used 30-minute meteorological data from automatic weather station installed in the central part of the
glacier at the mean equilibrium line altitude (2561 m a.s.l.). The performance of the temperature-index
models was assessed by comparing 30-minute melt rates with the physically based SEB model. The
TM model used air temperature as a predictor, explaining up to 30% of the variability of melt rates.
Meanwhile, the ETM model, taking into account incoming shortwave radiation and albedo besides air
temperature, demonstrated significantly better performance. The model explained up to 90% of vari-
ance in the 30-minute melt rates. The advantages of the enhanced model can be used for future studies
of spatial variability of melt rates on the Kodar glaciers.
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1. Introduction and Osipov, 2023). To understand the physical pro-

cesses controlling the melting rates on the Sygyktinsky
Glacier, one of the largest Kodar glaciers, the surface
energy balance was computed using data collected by
the automatic weather station with high temporal reso-
lution (30 min) during the 2019 and 2020 melt seasons
(Osipov et al., 2021; Osipov and Osipova, 2021). These
studies showed that the largest contribution to ice melt

The glaciers of the Kodar Range (northern
Transbaikalia) located in a remote area of northern
Eurasia are highly sensitive to modern climate change.
Remote sensing studies have shown that these glaciers
had higher rates of shrinkage than elsewhere in Eastern
Siberia (Osipov and Osipova, 2014). Since the end of

the Little Ice Age (mid-19th century) to 2011, the Kodar
glaciers have shrunk by an average of 62%. Moreover,
as has been established by various studies, the highest
rates of ice reduction were observed in the late 20th
and early 21st centuries (Stokes et al., 2013; Osipov
and Osipova, 2015). Accelerated glacier melt is mainly
associated with increasing summer temperatures in
the region (Stokes et al., 2013) and changes in syn-
optic conditions (Osipova and Osipov, 2022; Osipova
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comes from net radiation (86-95%), mainly due to net
shortwave radiation (Osipov and Osipova, 2021; Osipov
and Osipova, 2024). The energy balance model most
accurately describes melt changes with high resolution
and can be considered as a reference when performing
other model assessments.

However, when extrapolating melt rates from the
point to the glacier-wide scale or neighboring glaciers,
it is inevitable to use simplified modelling approaches
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based on parameterization. The simplest models link
melt to air temperature based on a linear relationship
between these quantities (temperature-index or T-index
models). They are widely used for assessment of glacier
summer balances in various regions (Braithwaite, 1981;
Hock, 2003). Testing of the simple T-index model for
the Sygyktinsky Glacier showed that it well reproduce
the mean and total seasonal ablation, but daily vari-
ability is modelled with a significant error (Osipov and
Osipova, 2024). At the same time, the use of empirical
melt coefficients calibrated separately for snow and ice
improves the model accuracy. This indicates the influ-
ence of solar radiation gained by the glacier surface on
the accuracy of temperature-index models (via albedo).
Solar (shortwave) radiation is the main energy balance
component of melting for most glaciers (Osipov and
Osipova, 2021) and therefore it is used to improve sim-
ple temperature models (Hock, 1999; Pellicciotti et al.,
2005).

The main objective of this study was to compare
the performance of two temperature-index models for
estimating ablation on the Sygyktinsky Glacier (Kodar
Range). The first model uses only air temperature
as input (simple model), while the second uses tem-
perature and solar radiation as additional parameters
(enhanced model). Both models were compared with
melt rates computed by the physically based surface
energy balance (SEB) model which used direct mete-
orological measurements on the Sygyktinsky glacier.
High-resolution (30-minute) data were collected during
the melt season (July-August) of 2021 using the auto-
matic weather station.

2. Study area

Sygyktinsky Glacier is one of the largest glaciers
in the Kodar Range (Fig. 1). It is the only transection
glacier located in two river basins, Levaya Sygykta
and Syulban. Accordingly, the glacier consists of two
branches, southern and eastern. The area of the glacier
is 0.83 km?, the length is 2.1 km. The glacier ranges in
elevation from 2300 to 2800 m above sea level (a.s.l.).
The long-term average equilibrium line altitude of the
glacier is 2510 m a.s.l. (Osipov and Osipova, 2019).
Since July 2019, annual glaciological and meteorologi-
cal observations were carried out on the glacier (Osipov
et al., 2021).

3. Measurements on the glacier
3.1. Meteorological measurements

High-resolution meteorological data were used
to calculate the surface energy balance and evaluate
the T-index model parameters. In early July 2021,
two automatic weather stations, WS1 and WS2, were
installed 20 meters apart in the middle part of the
glacier at an elevation of 2561 m a.s.l. (near the long-
term average equilibrium line) (Fig. 1). WS1 measured
air temperature and relative humidity, incoming and
reflected shortwave radiation, and lowering of the gla-
cier surface with using an ultrasonic ranger). The sen-
sors were mounted on a vertical mast drilled into the
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ice. WS2 was installed on a tripod, which was lowered
simultaneously with melting glacier surface. It mea-
sured the following parameters: air temperature and
relative humidity (at levels 0.5 and 2.0 m), wind speed
and direction (at levels 1.0 and 2.0 m), and ice tem-
perature in upper part of the glacier (using a thermis-
tor cable with a distance between sensors of 10 cm).
The gradient measurements of meteorological param-
eters at WS2 were used to calculate turbulent fluxes
in the boundary air-glacier layer. A permanent auto-
matic weather station (WSO) installed on the terminal
moraine near the glacier (2529 m a.s.l.) measured air
temperature, relative humidity, incoming and reflected
shortwave radiation (using two different sensors),
incoming and outgoing longwave radiation, wind speed
and direction, atmospheric pressure, and liquid precip-
itation. The measurement errors for air temperature
and shortwave/longwave radiation were +0.3 °C and
+ 5%, respectively (Osipov et al., 2021). Measurements
at all stations were performed synchronously at a fre-
quency of 30 minutes and archived using autonomous
recorders.

To characterize the reflectivity of glacier surface,
the accumulative albedo was calculated as the ratio of
the sums of reflected and incoming shortwave radia-
tion over a 24-hour time window (van den Broeke et
al., 2004). Using accumulative albedo instead of the
traditional one makes it possible to neutralize poten-
tial errors associated with the incoming shortwave
radiation measurements. Cloud cover analysis was per-
formed using data from the Chara meteorological sta-
tion, the closest to the glacier, located 50 km east of the
glacier (8 measurements per day).

117°24'30"E

117°25'0"E

117°25'30"E

56°51'0"N

56°50'30"N

Fig.1. Location of the Sygyktinsky Glacier (Kodar Range,
northern Transbaikalia) and three automatic weather stations
(WS1, WS2 installed on the glacier itself and base station WSO
on its terminal moraine).
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3.2. Measuring of ablation

At WS1, the glacier surface lowering was mea-
sured continuously (every 30 minutes) from 6 July to
20 August 2021 using an ultrasonic ranger mounted
on a mast. Additionally, several ablation stakes were
installed near the weather station. Measurements were
taken several times per season. The stakes were period-
ically reinstalled due to thawing out. Since the weather
station was located at the long-term mean equilibrium
line the glacier surface was snow cover until 7 August
and exposed ice after that date. Melt was calculated
in water equivalent (w.e.) using the density measure-
ments. Snow density was measured in early July in the
snow pit near the weather station.

4. Surface energy balance model

The energy available for melt (Q_) was calcu-
lated for 30-minute intervals based on meteorological
measurements (calculation method was described in
detail in (Osipov and Osipova, 2021)) as:

Q,=S,+S,, tL, +L  +H+LE+Q +Q, (1)
where S, and S_ are incoming and reflected shortwave
radiation fluxes, L, and L_ are incoming and outgoing
longwave radiation fluxes, H and LE are the turbulent
fluxes of sensible and latent heat, Q,is heat supplied by
rain, and Q_is ground heat flux (into the snow cover
and ice). Afl terms of the equation were taken to be
positive if the heat fluxes were directed toward the sur-
face and negative if directed away from it. All fluxes are
expressed in W m~

The fluxes of incoming and reflected shortwave
radiation, as well as incoming longwave radiation,
were measured directly at the weather stations. The
longwave radiation emitted by the glacier surface was
taken as constant and equal to 315.6 W m2, based on
the assumption that the melting surface has a tempera-
ture of 0 °C and emits as a black body. The fluxes of
sensible and latent heat were calculated from gradi-
ent measurements in the boundary air-glacier layer at
WS2 (air temperature, relative humidity, wind speed,
and atmospheric pressure) using the bulk aerodynamic
approach based on the Monin-Obukhov similarity the-

ory (Wagnon et al., 2003; Molg and Hardy, 2004; Sun
et al.,, 2012; Osipov and Osipova, 2021). Heat input
with liquid precipitation (Q) was calculated according
to (Hock and Holmgren, 2005). To calculate heat loss
due to heat exchange with the glacier (Q,), data from
temperature measurements in a borehole using the
thermistor cable were used.

Melt values calculated by using the energy bal-
ance model are in good agreement with the measure-
ments by ultrasonic ranger and ablation stakes (Fig. 2).
The exception is a short period from 18 to 25 July,
when the melt measured by ultrasonic ranger exceeded
that calculated from the energy balance. However, total
melt values are similar (discrepancy is 92 mm w.e.).
The greatest deviations are observed when the glacier
is covered with snow. This suggests the influence of
snow metamorphism on the change in rate of the gla-
cier surface lowering. Taking into account the errors
associated with measurements of glacier ablation by
using stakes and ultrasonic ranger during short periods
(Miiller and Keeler, 1969; Munro, 1990; Osipov and
Osipova, 2024) the surface energy balance (SEB) was
used to calibrate the temperature-index models.

5. Temperature-index models
5.1. Simple temperature-index model

In the simple (“classical”) temperature-index
model (TM) the melt (M, ) is calculated using the equa-
tion (Pellicciotti et al., 2005):

xT T>Z}

M D D ]:.;now/ice
™ — T < 7;
where DDF_ . is the degree-day factor (coefficient

0

of proportionality between air temperature and melt
rate), different for snow and ice surfaces (mm w.e.
°C! per 30 min time-step), T is the air temperature of
each time-step at the screen level of 2 m (°C), T, is the
threshold temperature above which melt begins (here
T, is 1.0 °C). The DDF values were calibrated separately
for snow (7 July — 7 August) and ice (8-20 August)
time periods. The optimum DDF value is 0.1042 mm
30 min! °C!for and 0.1457 mm 30 min °C! for ice.

(2)
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Fig.2. Comparison of cumulative daily ablation (mm w.e.) measured using ultrasonic ranger, ablation stakes, and calculated
by the surface energy balance (SEB). The dotted line indicates the boundary between snow and ice surfaces.
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5.2. Enhanced temperature-index model

In the enhanced temperature-index model (ETM),
the melt (M) was calculated as the sum of two com-
ponents, temperature and radiation (Pellicciotti et al.,

2005):
TFxT+SRF(1-a)xG T>T,
My :{ 0 T<T}’ 3

where a is albedo, G is incoming shortwave radiation
(W m™), TF is temperature coefficient (mm 30 min™
°C1), SRF is shortwave radiation coefficient (m? mm
W30 min?), T is air temperature at the 2 m screen
level (°C), T, is threshold of temperature equal to 1.0 °C.

Since the model uses two variables, all possible
combinations of them were tested and the one that
shows the greatest efficiency of the model was selected
(see below). It was found that the optimum value of
the TF is 0.016 mm 30 min™ °C™, and of the SRF is
0.0067 m? mm W30 min.

5.3. Evaluation of temperature-index
models

The performance of both temperature-index
models was assessed by calculating the efficiency crite-
rion R? (Nash and Sutcliffe, 1970):

n 2
R2 :1_ Zf:I(M”' _Mml)

> -1,
where M is the reference melt rate (according to the
energy balance), M_is the modelled melt rate (accord-
ing to the temperature-index model), M_is the mean
value of the reference melt rate, and n is the number of
time-steps (here each time-step is 30 minutes).

(4)

6. Results
6.1. Melt and its links to albedo,
temperature, and energy fluxes

Figure 3 shows 30 min melt rates calculated
using the energy balance over the period from 7 July to
23 August, as well as albedo and air temperature. Melt
rates range from O to 6.6 mm (at 11:00 on 7 August)
with mean value of 0.67 mm. In July, the daytime (max-
imum) melt rates increased from 3.7 mm to 4.7 mm,
while in August they decreased from 6.6 mm to 1.7
mm. Periods of lower rates (<2 mm) lasted 2-3 days
were observed in July (23-25) and August (1-3, 8-10,
and 19-20). Increased melt rates (>4 mm) occurred in
July (26-27 and 29-30), as well as on 11-15 August.

Over the observation period, albedo varied from
0.03 to 0.97 with mean value of 0.47 =0.22. Two dif-
ferent albedo regimes, associated with the change of
physical conditions on the surface at the weather sta-
tion site (from snow to ice), were observed. From 7 July
to 7 August (snow surface) the albedo was high and less
variable (mean value is 0.57, coefficient of variation
is 0.29), while 8-23 August (ice surface) it was lower
and more variable (mean value is 0.21, coefficient of
variation is 0.52). Strong variability of albedo is caused
by the influence of snow metamorphism and its gradual
contamination with detrital material coming from the
surrounding slopes during the melt season (see decreas-
ing trend of albedo with slope of —0.13 per 10 days
in Fig. 3a), as well as by summer snowfalls (see pro-
nounced peaks of albedo in Fig. 3a).

Air temperature clearly reflects both diurnal and
synoptic (5-10 days) variability (Fig. 3b). In general,
melt rates increase with decreasing albedo and increas-
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Fig.3. 30-minute melt rates calculated by the energy balance for the period 7 July — 23 August 2021 compared with values

of albedo (a) and air temperature (b).
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ing air temperature. However, the relationship between
30 min melt values and air temperature is rather
weak, but statistically significant (R?=0.25, n=2304,
p<0.001).

Figure 4 shows the diurnal cycle of melt rates
computed from the energy balance and averaged for
the observation period, compared with incoming short-
wave radiation and air temperature. The melt rate
increases sharply from 5 a.m. to 11 a.m. (maximum
of daily melt is 1.9 mm 30 min?), and then decreases
sharply to 6 p.m. In the evening and at night, melt does
not exceed 0.2 mm 30 min!, despite air temperatures
above 4 ° C. It is obvious that the diurnal cycle of melt
is more consistent with shortwave (solar) radiation (a
more pronounced daytime peak) than with air tempera-
ture, the diurnal cycle of which is smoother.

The mean values of energy fluxes, their con-
tribution to snow/ice melt and correlations with air
temperature are presented in Table 1. The net short-
wave radiation is the primary source of melting energy
(93%). The net longwave radiation of the glacier sur-
face is negative, therefore the net radiation, on aver-
age, provides up to 87% of energy for melt. Sensible
and latent turbulent heat fluxes are minor and together
account for 12%. Heat coming from liquid precipitation
accounted for less than 2%. The relationships between
air temperature and most of energy sources are statis-
tically significant, but not very strong (Table 1). The
closest relationship is observed between air tempera-
ture and incoming and reflected shortwave radiation
(R2=0.36-0.38). However, the relationship of tempera-
ture with longwave radiation and turbulent fluxes is
very weak. The relationship between air temperature
and melt energy is quite moderate (R?2=0.22).

6.2. Evaluation of performance of
temperature-index models

The performance characteristics of two tempera-
ture-index models compared to the reference melt rates
calculated by the physically based surface energy bal-
ance (SEB) are listed in Table 2 and shown graphically
in Figure 5. The simple model (TM) rather roughly char-
acterizes the glacier ablation. At the same time, the use
of shortwave radiation in the enhanced model (ETM)
significantly improves the accuracy of melt modelling
(the root mean square error is three times smaller). The
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TM model slightly overestimates the mean and total
melt and poorly reproduces its diurnal variations. At
the same time, the ETM model slightly underestimates
the mean melt rate and total ablation, but reproduces
diurnal variations of melt very well.

Both temperature-index models best simulate
the melting of the glacier’s ice surface (Table 3). This
is especially true for the ETM model, which takes into
account the radiation factor more accurately. The TM
model using different DDF for snow and ice accounts
for shortwave radiation rather roughly (through the dif-
ferent albedo values for snow and ice), while the ETM
model directly includes solar radiation factor. Overall,
the ETM model explains approximately 90% of the melt
rate variations calculated by the energy balance, while
the performance of the TM model does not exceed 30%.
The high efficiency of the ETM model makes it well
suited for use in the ablation zone of Kodar glaciers.
The average ice melt rate, compared to snow, was 10%
and 6% higher in the TM and ETM models, respectively.
However, at the weather station site, the total snow
melt exceeded the ice melt by 1.8-1.9 times due to the
longer period of snow cover compared to exposed ice
(32 and 13 days, respectively).

Figure 6 shows diurnal cycles of melt rates cal-
culated by two T-index models in comparison with the
reference melt values. It is clear that the TM model esti-
mates well the daily average melt, but poorly repro-
duces the diurnal cycle. On average, it underestimates
daytime melt (by 48% of the reference values) and
significantly overestimates nighttime melt (by 460%).
This is due to the temporal variability of melt rates,
which is not accounted for by the model. In contrast to
the TM, the ETM model reproduces the diurnal cycle
of melt very well, although the maximum melt is also
slightly underestimated (90% of the reference value).

Melt rates are influenced by the cloudiness.
Figure 7 shows the 30-minute melting rates under dif-
ferent cloud cover conditions. For example, 23-24 July
occurred overcast conditions (daytime cloud cover was
100%), while July 26-27 were sunny (0-25% cloud
cover). It is evident that under cloudy conditions, the
ETM model underestimates ablation (30% of the refer-
ence value), while the TM model slightly overestimates
it (111%). Conversely, under clear-sky conditions, the
ETM model slightly overestimates ablation (107%),
while the TM greatly underestimates it (64%). In gen-
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Fig.4. Diurnal cycle of melt rate calculated by the energy balance compared with incoming shortwave radiation S, (a) and
air temperature (b). Data averaged for the period 7 July — 23 August 2021.
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Fig.5. Comparison of 30-min melt rates (mm w.e.) calculated by the energy balance (SEB), simple (TM) and enhanced (ETM)

temperature-index models.

eral, with increasing of cloud cover (above 65%) the
TM model tends to overestimate ablation, while the
ETM, conversely, to underestimate it.

6.3. Sensitivity of model parameters

To assess the sensitivity of parameters, we
changed DDF, TF, and SRF relative to the optimum
value in 10% increments. One of the parameters was
varied (DDF snow or DDF ice, TF or SRF), while the
other remained at its optimum value. Figure 8a shows
the effect of DDF parameter on the TM model perfor-
mance. It is evident that the model is approximately
equally sensitive to DDF of snow and ice, although the
sensitivity is slightly higher for DDF ice. Total seasonal
melt is most sensitive to changes in DDF snow (Fig. 8b).
This is explained by the longer duration of snow cover
compared to exposed ice.

The sensitivity of the ETM model is shown in
Figure 9. It can be seen that the radiation parameter
SRF is most sensitive.
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Fig.6. Comparison of averaged diurnal cycles of 30-min
melt rate (mm w.e.) calculated by the energy balance (SEB),
simple (TM), and enhanced (ETM) temperature-index models.

0

Table 1. Mean values of 30-minute energy fluxes* on the glacier surface, their contribution to melt and relationship with air
temperature for the period from 7 July to 20 August 2021 (n=2304)

Parameter Value (W m2) | Contribution to melt (%) | Relationship with temperature
(R?)
Incoming shortwave radiation (S, ) 143.5 177. 8 0.38
Reflected shortwave radiation (S_ ) -68.1 -84.4 0.36
Incoming longwave radiation (L, ) 310.3 384.5 0.09
Outgoing longwave radiation (L) -315.6 -391.1 -
Net shortwave radiation (S__) 75.4 93.4 0.28
Net longwave radiation (L) -5.3 -6.6 0.09
Net radiation (R ) 70.0 86.7 0.22
Sensible-heat flux (H) 5.1 6.3 0.01
Latent-heat flux (LE) 4.5 5.6 0.00
Turbulent heat fluxes (H+LE) 9.6 11.9 0.00
Energy supplied by rain (Q ) 1.3 1.6 0.01
Ground heat flux (Qg) -0.34 -0.4 -
Energy available for melt (Q_) -80.7 -100.0 0.22

Note: * Energy fluxes directed toward the surface have positive values, while those away from the surface negative.
Statistically significant relationships (p <0.05) are highlighted in bold.
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Fig.7. Comparison of 30-min melt rates (mm w.e.) calculated by the energy balance (SEB), simple (TM), and enhanced
(ETM) temperature-index models under different cloud conditions for the period 20-30 July 2021. Total cloud cover (%) data are

from the nearest meteorological station Chara.

7. Discussion

The study conducted on the Sygyktinsky Glacier
found a significant but moderate positive relationship
between 30-minute values of air temperature and melt
rates (R2=0.25). This is consistent with the previous
results obtained from the daily average data (Osipov
and Osipova, 2024). This finding significantly limits
the use of simple temperature-index models for simu-
lations of melt on the Kodar glaciers. A possible expla-
nation for relatively weak relationship between air
temperature and melt is the low contribution of main
energy fluxes to air temperature, which is expressed
by rather weak correlations between these parameters.
Temperature is most closely related to shortwave radi-
ation, however, the radiation factor explains no more
than 40% of temperature variability. It is believed that
longwave radiation, together with the sensible heat flux
(% of the total melt energy), strongly depend on the air
temperature above the glacier and determine the phys-
ical mechanism for the relationship between melt and
air temperature (Ohmura, 2001). However, our stud-
ies on the Sygyktinsky Glacier shown no relationship
between high-resolution air temperature and longwave
radiation (R?=0.09) and turbulent fluxes (R>=0.01).
The weakening of the link between temperature and
longwave radiation may be due to the influence of the
moisture content of the glacier-air layer on the relative
emissivity of the atmosphere (Ebrahimi and Marshall,
2015). On the other hand, turbulent heat exchange on
the glacier is largely controlled not by temperature, but
by wind speed (Osipov and Osipova, 2021). The sum-
mer period here is characterized by extremely low wind
speeds, due to the predominance of low-gradient baric
fields (Osipova and Osipov, 2022).

030 — a

0.25 —

0.20 —

R2
|

0.15 —

—— show
— ice

0.10 —

0.05 IS L N B B B B

-60 -40 -20 0 20 40 60
DDF change %

140 — b

120 —

100 —

Total melt (%)

o]
o
|

at T T T T T T ]

-60 -40 -20 0 20 40 60
DDF change %

Fig.8. Sensitivity of the TM model to degree-day factors
(DDF) for snow and ice expressed as efficiency criterion R?
(a) and relative change of total seasonal melt (b). The DDF
change step is 10%.

Table 2. Performance characteristics of temperature-index models TM and ETM compared to the energy balance model

(SEB) calculated for the period 7 July — 23 August 2021.

Model Total melt Mean melt Standard deviation RMSE R?
(mm w.e.) (mm w.e. 30 min™) (mm w.e. 30 min™)
SEB 1533 0.67 0.96 - -
™ 1646 0.71 0.42 0.82 0.26
ETM 1423 0.62 0.96 0.27 0.92
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Table 3. Melt parameters and efficiency criterion (R?) of two temperature-index models (in comparison with the energy
balance model) calculated separately for snow and ice at the weather station site.

Model Mean melt Total melt R?
(mm w.e. 30 min™) (mm w.e.)
snow ice snow ice snow ice
SEB 0.65 0.69 1001 532 - -
™ 0.69 0.76 1062 584 0.25 0.28
ETM 0.61 0.64 930 494 0.92 0.92

Approximately 90% of the melt energy of the
glacier comes from the net radiation, primarily its
shortwave component. Therefore, the introduction of
radiation parameters into temperature-index models
can significantly improve their accuracy. The enhanced
model presented in this paper, in addition to tempera-
ture, also takes into account incoming shortwave radia-
tion and albedo and explains up to 90% of the melt rate
variability, which is three times better than the effi-
ciency of simple (“classical”) T-index model (not more
than 30%). The obtained estimates are in good agree-
ment with data from other glaciated regions. For exam-
ple, on the d’Arolla Glacier (Switzerland), the enhanced
temperature-index model with two additional param-
eters (shortwave radiation and albedo) explained up
to 95% of the melt rate variability (Pellicciotti et al.,
2005).

The simple T-index model provides a good esti-
mate of the daily average melt, but it poorly reproduces
the diurnal melt cycle. This is because the model does
not take into account the temporal variability of the
DDF. For example, studies on the Storglacidren gla-
cier (Sweden) shown that these coefficients are sub-
ject to distinct diurnal cycles, with values fluctuating
between 0 and 15 mm day! °C! (Hock, 1999). With
a constant DDF, the melting rate is overestimated at
night and underestimated during the daytime, that is,
the diurnal amplitudes of the melt rate are significantly
underestimated (Fig. 6). Unlike the simple T-index
models (Ohmura, 2001; Hock, 2003), the ETM model
allows simulating melt changes with a much better
temporal resolution (on the diurnal scale). In addition,
this model much more accurately takes into account
changes in surface albedo, which is an important melt-
ing factor that requires consideration in temperature
models (Lang and Braun, 1990). The simple T-index

model accounts for albedo rather crudely using the
melting coefficients calculated separately for snow and
ice (Osipov and Osipova, 2024). However, the model
completely ignores albedo changes associated with
snow metamorphism and summer snowfalls, as well as
contamination of the glacier surface by material trans-
ported from mountain slopes. Our study on the glacier
showed that such albedo variability occurs during the
summer season.

In addition to the shortwave radiation compo-
nent, air temperature variability also has an advective
origin. For example, this study confirmed the previ-
ous finding that the air temperature changes on the
Sygyktinsky Glacier show a periodicity of 3 to 12 days
(Osipov et al., 2021). These changes are obviously
caused by multi-scale atmospheric (mainly synop-
tic) variability in the lower troposphere. Accordingly,
changes in weather types should influence the rela-
tive contribution of different energy sources to snow/
ice melt and the variability of DDF (Lang and Braun,
1990). Therefore, the use of additional synoptic param-
eters in temperature-index models should contribute
to improving the efficiency of melt modelling of Kodar
glaciers.

8. Conclusion

A comparative analysis of two temperature-in-
dex models was conducted for the 2021 melt season
on the Sygyktinsky Glacier (Kodar Range, northern
Transbaikalia). The models were calibrated and tested
using the 30-minute melt rates calculated for a sin-
gle glacier point by using the physically based energy
balance from meteorological data. The measurements
were conducted using three automatic weather stations
installed on the glacier (2561 m a.s.l.) and terminal
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Fig.9. Sensitivity of the ETM model (efficiency criterion R?) to TF (a) and SRF (b) values. The change step of both parameters is 10%.
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moraine (2529 a.s.l.). In addition, ablation was mea-
sured at the weather station site by using the ultrasonic
ranger with a 30-minute resolution and ablation stakes.
A comparison of the measured melt values with those
calculated using the energy balance showed good agree-
ment. An assessment of the energy balance components
during the ablation period revealed that the net short-
wave radiation makes the largest energy contribution
to melt (93%). Correlation analysis revealed a statisti-
cally significant but weak relationship between air tem-
perature and melt rates (R2=0.25), which is explained
by the insignificant contribution of energy fluxes to air
temperature variability (up to 40%). The simple (“clas-
sical”) temperature-index model (TM), using air tem-
perature as a parameter, explains no more than 30% of
the 30 min melt variability. Moreover, the model tends
to overestimate nighttime and underestimate daytime
melt. The enhanced temperature-index model (ETM),
which takes into account air temperature, incoming
shortwave radiation, and albedo, demonstrated the best
performance in calculating the melt rates and explained
approximately 90% of their variability. Unlike the TM,
the ETM model reproduces the diurnal cycle of melting
well. Inclusion of additional temperature-independent
parameters (shortwave radiation and albedo) in the
model significantly improves its efficiency and tempo-
ral resolution. The enhanced model can be used for spa-
tial modelling of melt on the Kodar glaciers, as well as
on other inland glaciers with a significant contribution
of shortwave radiation to melt.
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MoaenupoBaHue TafAHUA C
MCNOAb30OBaHHEM NMPOCTOU U YAYULUEHHOM
TeMmnepaTtypHoO-UHAEKCHbIX MOAEAEH:
TecTupoBaHue Anf CbIrbIKTHHCKOro
AepAHMKa, XxpebeTt Koaap (3abaMkanbe,
Poccun)

Ocurmos 2.10.1*", Ocumnosa O.I1.12

T TumHosoeuyeckuti uHcmumym CO PAH, ys1. Yiau-Bamopckas, 3, Hpkymck, 664033, Poccus
2 BiHcmumym eeoepaguu um. B.B. Couasst CO PAH, yn. Ynan-Bamopckaa, 1, Hpkymck, 664033, Poccua

AHHOTAILIUS. MogenuipoBaHue TasgHUsA CHera U Jib[ja B PeYHbIX OacceiiHax MO3BOJIsET CYIIECTBEHHO
YJIyYIIUTh IPOTHO3MPOBaHKe r'ApOJIOTHYeCKUX IIPOL[eCcCOB B JIOKAJIbHOM U perHOoHaJIbHOM MaciTabax.
CKkopocCTh TasgHUs Ha moBepXHOCTH CHITBIKTUHCKOro JieqHuka (xpebet Komap, ceBepHoe 3abaiikaibe)
ObLIa M3MepeHa yJIbTPa3ByKOBBIM JAaTUYMKOM, a TakXe paccurMTaHa Ha OCHOBe (pr3nyecKd 000CHOBAaHHOM
MoJeJii IOBEPXHOCTHOI0 3HepreTuyeckoro 6ananca (SEB) ¢ 30-MUHYTHBIM pa3pelieHreM 3a Mepuoj ¢
7 utons no 23 aBrycra 2021 r. [y pacyeTa TasHUA ObUIM IPOTECTUPOBaHHI JiBe T-MHIeKCHbIE MOJAEIH,
npoctasi (TM) u ycoBepieHcTBoBaHHas (ETM). Bce moaesnu ncnoJib3oBaiu JaHHble 30-MUHYTHBIX MeTe-
OPOJIOTUYECKUX M3MEPEeHUN C MOMOIIbI0 aBTOMAaTUYeCKON MeTeOCTaHI[UM, YCTAaHOBJIEHHON B cpedHeil
YacTH JIe[JHMKA Ha BBICOTE MHOTOJIETHel rpaHulbl nutanus (2561 m). SddekTuBHOCTh T-UHAEKCHBIX
MozeJieli Obljla OolleHeHa C MOMOIIbI0 cpaBHeHUA 30-MUHYTHBIX CKOPOCTEN TasHUA ¢ pU3niecku 060CHO-
BaHHOU Mogesbio SEB. Mogens TM ucnosib3yeT B KauecTBe IpeJUKTOpa TeMIepaTypy Bo3ayxa o0bsc-
HAeT 10 30% n3MeHYMBOCTU TasgHUA. B To ke BpeMsa mogeab ETM, yunTeiBaolias KpoMe TeMIepaTypel
TakXe NpUXOAANyI0 KODOTKOBOJIHOBYIO pafualyio U ajab0eno, moKasaaa HaMHOIO JIy4yiyo 3 GeKTrB-
HOCTb 1 00bsAcHUIA A0 90% W3MEeHYMBOCTH B 3TAJIOHHON CKOPOCTH TasAHWA JefHUKa. [IpenMyniecTBa
yCOBepIIEHCTBOBAaHHOI MOZEJIN [T03BOJIAIOT KUCIOJIb30BaTh ee B AaJIbHeHIeM NpU IIPOCTPaHCTBEHHOM
MOJieJIMPOBaHNU TasgHUA JeAHUKoB Kogapa.

Kitiouegsie ciioga: xpebet Konap, CHITBIKTUHCKUMH JIEJHUK, TasgHUe, IOBEPXHOCTHBIN dHepreTUYecKuii OajaHc,
T-uHIEeKCHAs MoJesTb, KOPOTKOBOJTHOBAs pajivialus, ajab0eo

Ja nutupoBanua: Ocunos 2.10., Ocunosa O.I1. MoaenupoBaHue TasHUA € UCIOJIb30BaHNEM NPOCTOHN U YJIy4IIeHHOU TeMIle-
PaTypHO-UHIEKCHBIX MOZeJIeil: TecTupoBaHue A1 ChIrBIKTUHCKOrO JieJHUKa, xpebet Komap (3abaiikasse, Poccus) // Limnology
and Freshwater Biology. 2025. - Ne 5. - C. 1158-1177. DOI: 10.31951/2658-3518-2025-A-5-1158

1. BBeAeH“e AMU HauOOJIbIIE CKOpPOCTH COKpall€HUA OJIeJEHEHUA

Habmogaanch B KoHie XX u Havaste XXI B. (Stokes et al.,

Jlenrmky xpe6ra Kozap (ceseproe 3abatikasibe) 2013; Osipov and Osipova, 2015). YckopeHue TasHUA

pacrojio)keHHble B TPYIHOJOCTYIIHOM palioHe ceBep-
Holl EBpasun ABJIAIOTCA OYeHb YyBCTBUTEJIbHBIMU
K COBpPeMEeHHBHIM KJIMMaTHYeCKUM K3MeHEeHUIM.
JlucTannyonHele uccjeOBaHUA IOKasajy, 4TO 3THU
JleAHVKU nUMesiy 60Jiee BBICOKHE CKOPOCTH COKpallleHus
[I0 CpaBHEHHUIO C APYIUMH JlefHUKaMu B BocTouHOI
Cubupu (Osipov and Osipova, 2014). C KOHI]a MaJIoro
JnenHuKoBoro nepuoja (cepeauna XIX seka) qo 2011 r.
neqHuxu Kogapa cokpatuiuch B cpegHeM Ha 62%. ITpu
3TOM, Kak ObLJIO YCTAHOBJIEHO Pa3HBIMH HCCJIeOBaHU-

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: eduard@lin.irk.ru (9.10. Ocunos)

INocmynuwna: 20 asrycra 2025; IIpunama: 03 okta6ps 2025;
Ony6tukoadana online: 31 okta6psa 2025

1168

JIEJHUKOB, B OCHOBHOM, CBS3bIBA€TCS C ITOBBIIIEHHEM
JIETHEW TeMrepaTyphl B perrioHe (Stokes et al., 2013),
U3MeHeHHeM CHHomTHYeckux ycioBuii (Osipova and
Osipov, 2022; Ocunosa u Ocunos, 2023). [{yis noHU-
MaHUS (U3NYECKUX MPOIECCOB, KOHTPOJIUPYIOIINX
CKOPOCTh TasHUA Ha OJJHOM M3 KPYMHEHNIINX JIeJHUKOB
Kopapa (CeIrBIKTUHCKOM) B TeUeHUEe ABYX JIETHUX Ce30-
HOB 2019-2020 IT. ¢ IOMOIIBI0 aBTOMAaTHUYECKOI MeTe-
OCTaHUUM OBLTM TPOBEEHBI WCCIENOBAaHUS TOBEPX-
HOCTHOT'O TeIUIOBOro OajiaHca JieJHWKAa C BBICOKHUM

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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(30 MuHyT) BpeMeHHBIM pa3pelieHueM (Ocunos u Jp.,
2021; Osipov and Osipova, 2021). OTu uccaeqoBaHUA
IoKa3aJjii, YTO HauOoJIbIINI BKJIa[ B TasgHUe JieJHUKa
(86-95%) BHOCUT pagUallMOHHBIN OajiaHC, TJIABHBIM
06pa3oM 3a cueT KOPOTKOBOJIHOBOM pajguanuu (Osipov
and Osipova, 2021; Ocumnos u Ocumnoa, 2024). MojeJb
TelIoBOro 6ajaHca JieAHUKOBOM ITOBEPXHOCTH Haubo-
Jlee TOYHO OIHKCHIBaeT M3MEHEeHUs TasHUA C BBICOKUM
paspellleHHeM U MOXeT paccMaTpUBaTbCA B KayecTBe
STQJIOHHOM IIPU BHINOJIHEHUU JAPYTUX MOJIeJIbHBIX
OIIEHOK.

OpaHako Ipu dKCTPANoOJIANUN TasgHUA U3 OJHOU
TOYKH JIeJHUKA Ha BCIO €ro IOBepXHOCTb UJIU COCeqHIe
JleAHVKHN Hen30eXHO NMPUXOAUTCA UCNOJIb30BaTh yIIPO-
IeHHble MOJiesIbHble NMOAXOABl Ha OCHOBE IlapaMeTpH-
3anuu. HauboJsiee npocThle MOAEIN CBA3BIBAIOT TasgHUeE
¢ TeMIlepaTypol BO3Ayxa Ha OCHOBe JINHEWHOH 3aBHUCH-
MOCTU MeXAy 3TUMU BeJIMYMHaMu (TeMrepaTypHO-UH-
JekcHble wau T-mHAaekcHble mopenu). OHU MIKMPOKO
HCINOJIb3YIOTCA NpU OlLleHKe JIeTHero OasjiaHca JieJHU-
KOB B pa3jinyHbIX pernoHax (Braithwaite, 1981; Hock,
2003). TectupoBaHue mpocThix T-MHAEKCHBIX MOJiesiel
Ha CBITBIKTUHCKOM JIeJHUKe [TI0Ka3aJIo, YTO 3TU MOAesIn
XOPpOIIO BOCIIPOU3BOAAT CPEIHIO U CyMMapHYlo abJis-
L0, OJJHAKO MeXCYyTOUYHble KoJieOaHHsA BOCIIPOH3BO-
IATCSA cO 3HAUUTEJIbHOM omnbkon (Ocumnos u OcUmosa,
2024). IIpu >TOoM wuCHOJIb30BaHUE KO3(PODUIHEHTOB
TasHWA pa3jIMyYHBIX AJIA CHera W JibJa yJIydlllaeT TOY-
HOCTb MOJeJId. DTO FOBOPUT O BJIMAHUM N3MEHUYHBO-
CTH IOTJIOIIEeHNA/0TpaXxeH!s COJTHeYHOH pagualnuy Ha
MIOBEPXHOCTH JieAHUKa (depe3 anbbe0) HA TOYHOCTb
TeMmnepaTypHeix Mogeseil. KopoTkoBosHoBas (coJ-
HeyHas) paAuauus ABJAeTCA IJIaBHOM BSHepreTuye-
CKOH cocTaBJiAoniell TasHUA OOJIBIIMHCTBA JIeJHUKOB
(Osipov and Osipova, 2021) 1 MO3TOMY UCIOJIb3YETCs
JUIA yJIydllleHus IPOCThIX TeMIepaTypHBIX Mofesei
(Hock, 1999; Pellicciotti et al., 2005).

OCHOBHOI I1eJ1bi0 AJaHHOI paboThHl OBLJT CpaBHU-
TeJIbHBIN aHaIu3 3(pGeKTUBHOCTU ABYX TUIIOB TeMIlepa-
TYPHBIX MoJieJiel A1 OlleHKU ab1Any ChIrBIKTUHCKOIO
nepquuka (xpeber Kopap). IlepBelii TuUnm Mopesei
HCIOJIb3yeT B KaueCTBe UCXOAHBIX JaHHBIX TOJIBKO TeM-
nepaTypy Bosayxa (mpocras MofeJb), a BTOPOH — TeM-
neparypy U COJIHEUHYI0 pajHaliio KaK AONOJIHUTEJIb-
HBIM1 mapaMeTp (yJjyulleHHas Mojessb). Obe mopdenu
CPaBHMBAJINCh C TasgHNEM, PaCCYMTAHHBIM C IOMOIIBIO
(usnyeckn 0OOCHOBAHHON MOJeJM IOBEPXHOCTHOI'O
SHepreTHyeckoro OajiaHca, UCIOJIb3YIOllell Hermocpen-
CTBEHHBIE MeTeOopoJIorMiyeckre Hu3MepeHUs Ha Jied-
Huke. ®dakTuyeckude OaHHbBle BbICOKOro (30-MHHYT-
HOro) paspellleHNsA ObLIN NoIy4eHbl Ha CBIIBIKTUHCKOM
JeJHUKe B ce30H abisanuu (uroab-asrycr) 2021 r. ¢
IIOMOILbI0 aBTOMAaTUYeCKOM MeTeOCTaHIINU.

2. PailoH uccAepOBaHUM

CBITBIKTUHCKUH JIeTHUK — OAUH U3 KPyIHeMNInX
nexuukos xpebta Kogap (Puc. 1). 3To eqUHCTBEHHBIN
JIeTHUK [epeMETHOro THUIla, PacloJIOKeHHBIN cpa3y B
ABYX peuHbIx OacceliHax — JleBoii ChITbIKTH U CioibbaHa.
CoOTBETCTBEHHO, JIEQHUK COCTOUT U3 [BYX BeTBel,
I0XKHOM M BocTouHOM. Ilnomans jgenHuka 0.83 kM2,
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anuHa 2,1 kM. JlegHuk pacrosioxkeH Ha BoicoTe 2300-
2800 M Hang ypoBHeM MopsA. CpegHsAs MHOTOJIETHAA
BBEICOTA TpaHMUIbl MUTAHUA JieqHUKa cocTasyAeT 2510
M Haja ypoBHeM Mops (Osipov and Osipova, 2019). C
niosia 2019 r. Ha JeAHUKe MNPOBOAATCA peryJiapHbIe
IJIALKMOJIOTYecKre U MeTeopoJjiornueckue HaOJiofe-
Hud (Ocunos u Ap., 2021).

3. UamepeHua Ha AeAHUKe
3.1. MeTteoponoruueckKkue UaMmepeHus

JnA  oleHKuM [OapaMeTpoB TeMmIepaTypHOU
MoJesy, a Takxe JIA MOJeJNpOBaHUA dHepreruue-
ckoro OaJjiaHca JieJHMKA MCII0JIb30BajICh METeopOoJIo-
ruyeckre JaHHble BBICOKOrO paspelleHus. B Hauase
nrois1 2021 r. B cpefHel yacTu JJeJHIKa Ha BeicoTe 2560
M (cpenHsAsA MHOTrOJIETHAA BBICOTA I'PAHULBI NUTAHUA)
Ha pacctogHuu 20 M ApyT OT Apyra ObLIA yCTaHOBJIEHB
IIBe aBTOMaTudeckue MereoctaHiuu — WS1 u WS2
(Puc. 1). WS1 uamepssa: TeMnepaTypy U OTHOCUTEJIb-
HYIO BJIQXXHOCTh BO3JyXa, IPUXOJAILIYI0 U OTPaXeHHYI0
KOPOTKOBOJIHOBYI0 pajJuallvio, a TakXke BBICOTY Jief-
HUKOBOU TOBEPXHOCTU (YJIbTPAa3BYKOBBIM HATUUKOM).
JlaTunku ObUIM yCTaHOBJIEHB Ha BEPTUKAJIbHON MauTe,
3abypeHHoO!1 B Jjien. WS2 Oblia ycTaHOBJIEeHa Ha Tpe-
HoOre, KOTopas OIlycKaJlach CUHXPOHHO C IIOHIXeHHeM
[IOBEPXHOCTH JIeJHHUKA B mpoljecce TaaHUA. OHa U3Me-
psiia ciefyole apaMeTpsl: TeMIepaTypy U OTHOCH-
TeJIbHYIO BJIAXKHOCTb Bo3ayxa (Ha ypoBHsx 0.5 u 2.0 m),
CKOPOCTh 1 HamnpasJieHue Betpa (Ha ypoBHsax 1.0 u 2.0
M), TeMIepaTypy BepxHell yacTu JieJHMKa (TEPMOKOCO
C paccTosHUAMHU MexAy AaTtumkamu 10 cm). JlaHHBIE
rpaJieHTHBIX M3MepeHuil MeTeonapaMeTpoB Ha WS2
HCIIOJIb30BaJIMCh AJIA pacyeTa TypOyJIeHTHBIX IIOTOKOB
B [IpUJIEJHUKOBOM cJioe. Ha koHe4HoI1 MopeHe BOIM3U
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Puc.1. Pacnosnoxennie CHIBIKTUHCKOTO JleqHUKA (XxpebeT
Kopap, ceBepHoe 3abaiikajbe) 1 Tpex aBTOMaTUYeCKUX MeTe-
ocraniui (WS1, WS2 Ha seguuke u 6a3oBoi craHiuu WSO
Ha KOHEYHOU MOpeHe).
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Kpas JiegHUKa paboTasia nocrosiHHas (6a3oBas) aBTO-
MaTtuueckasa Mereoctannua (WS0), kotopasa nsmepsna:
TeMnepaTypy ¥ OTHOCUTEJIbHYIO BJIQKHOCTb BO3JyXa,
MIPUXOJANIYI0 U OTPaXXeHHYI0 KOPOTKOBOJIHOBYIO paau-
auuoo (OByMs pasHBIMU JaTYMKaMH), IPUXOAALIYI0 U
U3JIy4aeMyIo JJIMHHOBOJHOBYIO paAualnio, CKOPOCTb U
HaIlpaBJieHHe BeTpa, aTMochepHOe NaBJieHHe U XKUIK1e
ocanku. IlorpemHocTy U3MepeHUs TeMmnepaTyphl BO3-
JyXa, KOPOTKOBOJIHOBOII/JJINHHOBOJIHOBOY paauanuu
COCTaBUJIM, cOOTBeTcTBeHHO, *0,3°C u *5% (Ocurmos
u ap., 2021). ViaMepeHus: Ha BCeX CTAHIMAX BBHINOJIHA-
JIMCh CHHXPOHHO € YacToToi 30 MUHYT U apXUBHUpOBa-
JICH C TIOMOIIbI0 aBTOHOMHBIX PErCTPaTOPOB.

J7A xapaKTepuCTHUKU OTpaxaroliell CI0COOHO-
CTHU JIEAHUKOBOY IIOBEPXHOCTH HCIIOJIb30BaJIOCh aKKy-
MyJIATUBHOe ajib0efo, pacCiuTaHHOe KaK OTHOIIeHHe
CyMM OTpak€eHHOM U MOCTyHaloIlell KOpOTKOBOJIHOBOM
paguanuyu B 24-4acOBOM BpeMeHHOM OKHe (van den
Broeke et al., 2004). Hcnosib30BaHNE AKKyMYJIATHUB-
HoOro ajapbe0 BMeCTO TPagyLIMOHHOIO NT03BOJIAeT Hell-
TpaJIM30BaTh BO3MOXHEIE OMINOKH, CBA3aHHbIE C U3Me-
peHreM KOpOTKOBOJIHOBOM paauanuu. Ilpyu ananuse
o61a4HOCTU OBLIM WCHOJIb30BaHbl JaHHBIE OJrpKanen
K JIeIHUKY MeTeocTaHI[uu Yapa, pacnosioxxeHHoi B 50
KM K BOCTOKY OT JieHUKA (8 1M3MepeHUil B CyTKHU).

3.2. UamepeHue abrauum

Ha cranuun WS1 noHmxeHve IOBEPXHOCTH Jiel-
HUKa HU3Mepsloch HelpephiBHO (dacTtoTta 30 MUHYT)
C TOMOIIbI0 YJIbTPA3BYKOBOTO [JaT4YMKa, YCTaHOB-
JIeHHOro Ha MauTe ¢ 6 umwouA no 20 aerycra 2021 r.
JlomosTHUTENIBHO PSAZIOM C MeTeOoCTaHIMell ycTaHaB-
JMBasiUCch abJIAIMOHHBIE peliKu. M3MepeHus mo pemi-
KaM MpOBOJAWUIMCH HECKOJbKO pa3 3a ce30H. M3-3a
BBITAMBAHUSA pelku MepuoguyuecKy NepeycTaHaBJIHUBa-
nuck. MeTeocTaHI[UsA HaXoAWJIach Ha YPOBHe cpefHel
MHOTOJIETHEN TpaHULIBl MUTaHUsA, [O3TOMY IOBEpPX-
HOCTh JIeHHUKA OblJIa CHEXHOM [0 7 aBrycra u Jieds-
HOM mocJie 5TOM JAaThl. AGJAIUA paccUUThIBajach Kak
BOJHBIM SKBHUBaJIeHT (B.3.) TasAHUA CHera W JbJa C
MOMOII[BI0 JaHHBIX U3MepeHus IUIOTHOCTU. [1710THOCTh
CHera usMepsijiach B Iypde psaoM ¢ MeTeoCTaHI1el B
HavaJjie UIoJis.

4. Moaenb 3HepreTuueckoro 6ananca
NOBEPXHOCTH

DHepreTU4eCcKuil SKBUBaJIeHT TasHuA (Q ) pac-
cunThiBasicsa Ay 30-MUHYTHBIX UHTEpPBAJIOB IO JaH-
HBIM METEOPOJIOTUYECKHUX u3MepeHUul (rmogpobHas
MeTOJuKa pacuéra npuBefeHa B pabore (Osipov and
Osipova, 2021) xak:

Q,=8, S, + L, tL, TH+LE+Q +Q, (1)
rge S, U S — TOTOKM NMPUXOJANIEN W OTPaXEeHHOMN
KOPOTKOBOJIHOBOM pajguauuy, L, v L - IOTOKM Tpu-
xXofsAmed W U3JlydaeMOl NOBEpPXHOCTbIO JJIMHHOBOJI-
HoBou pamuauuu, H u LE — TypOyJjieHTHblE TOTOKU
ABHOTO U CKPBITOTO TeIa, Q. — TerIo, mocTymnawiuee
C XHUAKUMH OcajKaMu, Q, — IO/OBEPXHOCTHBII IIOTOK
TeIlJla. Bce 4ieHB ypaBHeHUA NPUHUMAJINCh IIOJIOXKU-
TeJIbHBIMU, eCJIY TeIJIOBble MOTOKU ObLIM HallpaBJjieHbl
K [IOBEPXHOCTU U OTpULIATeJIbHBIMU eCJI HalpaBJieHbl
OT Hee. Bce MOTOKM BhIpakeHbI B BT/M?.

[ToToku mpuxoAAlIell U OTPaXEHHOU KOPOTKO-
BOJIHOBOHM pajuialny, a TakXke MPUXOZAMEeHN AJTUHHO-
BOJIHOBON pajualuy H3MepsIuch HelocpeACTBEHHO
Ha MeTeocTaHUUAX. M3syyaemas jieJHUKOBON IOBEpPX-
HOCTbI0 [AJIMHHOBOJIHOBaA pajuanusa Obljla NpHUHATA
IOCTOSIHHOM M paBHOH 315,6 BT/M2, ncxods ux mpep-
[IOJIOXKEHUS O TOM, YTO Talollass NOBEPXHOCTb HMMeeT
TemnepaTtypy 0 °C u u3jydyaeT Kak aOCOJIIOTHO YepHoOe
Tesio. [IoTokM SIBHOTO M CKpPHITOrO TeIlla OBUIM pac-
CUMTaHbI 10 JaHHBIM I'PaIUEHTHBIX U3MepeHull B Ipu-
JIeAHUKOBOM cJjioe Bo3fyxa Ha WS2 (temnepartypa u
OTHOCHTeJIbHAsA BJIAXHOCTb BO3[yXa, CKOPOCThb BETpa,
armocdepHoe AaBJieHHe) C KUCIOJIb30BaHWEM a’poju-
HaMHU4YeCcKoro IoJgx0/ja, OCHOBAaHHOI'0 Ha TEOpUU I0JI0-
6us Monuna-O6yxoBa (Wagnon et al., 2003; Molg and
Hardy, 2004; Sun et al., 2012; Osipov and Osipova,
2021). TocTynuienue Temia ¢ XuAKuMu ocaaxkamu (Q,)
paccuuTsiBanocsk corsiacHo (Hock and Holmgren, 2005).
JnAa pacuera norepu Telsia Ha TeIJIOOOMeH C JieJHU-
koM (Q,) GbLIM KICTIO/Ib30BAHBI JAHHBIE TeMIIEPATyPHBIX
“3MepeHUH B CKBaXHHe (C MTOMOIIBI0 TEPMOKOCHI).

3HaueHUA TasfHUSA, pacCUYMTaHHBle IO MOZEsH
SHepreTHU4ecKoro 6ajaHca XOpoIo COrJIacyloTcsA ¢ JaH-
HBIMU yJIbTPa3ByKOBOr'0O AaT4YuKa U abJIAMIOHHBIX peeK
(Puc. 2). UckiroueHre COCTABJIAET KOPOTKUU MEPUOL
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Puc.2. CpaBHeHUe KyMYJIATUBHOU CyTOYHOU abAnuy (MM B.3.), U3MePeHHOI ¢ IIOMOIIbI0 YIbTPa3ByKOBOI'O AaTuyuKa, abJisi-
LIIOHHBIX PeeK U pacCYMTaHHOTOo M0 MoJesiu 3HepreTudeckoro 6aiaHca (SEB). ITyHKTHpHON JIHUeH IToKa3aHa rpaHulla Mexay

CHEeXHOMU U JieJTHO! NTOBEPXHOCTAMHU.
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18-25 urons, Korga TasgHUe U3MepeHHOoe yJIbTPa3BYyKo-
BBIM [aTYMKOM IIpEeBHIIAJIO TasHUEe pacCYuTaHHOEe II0
sHepreTuyeckoMy Oasiancy. OHaKo cyMMapHbIe 3Ha-
yeHUsA TasHUA OJIM3KU MeXxJy coboil (pacxoxieHue
92 MM B.3.). HauboJipIiie OTKJIOHeHHA HaOJII0qaloTCs
B TO BpeMs Korja JIeJHUK IOKPHIT CHeroM. JTO Ipef-
noJsiaraeT BJMsAHNEe MeTaMop(du3Ma CHEXXHOI'O [TIOKpOBa
Ha K3MeHeHHe CKOPOCTH IOHMXeHHUsA IOBEepXHOCTHU
JleqHVKa. YUUTHIBAA NIOIPElIHOCTU CBA3AHHEIE C HU3Me-
peHueM abJiAnMM JIeJHUKA C MCIO0JIb30BaHHEM peeK U
yJIbTPa3ByKOBOI'O JAajibHOMepa B TeuyeHHe KOPOTKUX
nepuogoB (Miiller and Keeler, 1969; Munro, 1990;
OcurmnoB u Ocunosa, 2024) s KaJIuOpPOBKU TeMIlepa-
TYPHBIX MojieJieli ObljIa UCIOJIb30BaHa MOAeJsIb II0BepX-
HOCTHOTO 3HepreTuyeckoro 6anaHca (SEB).

5. TemnepartypHblie MOAEAU
5.1. Mpocraa TemneparypHasa MOAEAb

B mpocroit («kiyiaccuueckoii») T-uUHOEKCHOMN
mogenu (TM) tasHMe (MTM) BBIYMCJIAETCSA C IOMOIIBIO
ypaBHeHus (Pellicciotti et al., 2005):

DDF, xT T>T

_ snowlice
™ ?
0 T<T

rae DDF, . — TeMmnepaTypHbiil KO3bQUINEeHT TasHNA
cHera u jbaa (Mm/ °C 30 muH), T — TemnepaTypa BO3-
nyxa Ha yposHe 2 M (°C), T, — moporosas Temneparypa
BO3/lyXa, MPU KOTOPOI HauMHaeTcs TasgHue (B JaHHOM
pa6ote T, pasHo 1,0 °C). Koappuuuents: DDF Gblin
OTKaJIMOpPOBaHHI OTHEJIbHO AJ1A cHera (7 uiosiA — 7 aBry-
cra) u spaa (8-20 aerycra). Haubonee ontumMasibHble
sHauenuss DDF gis cuera 0.1042 mM/°C 30 MuH, Ajs
apaa 0.1457 mm/°C 30 MUH.

(2)

5.2. YAyuwieHHana TemnepatypHas MoAeAb

B ynyumeHnHoi1 TemmnepaTypHoii mofenu (ETM)
tasare (M) PacCuMThIBAJIOCh KaK CyMMa JBYX
KOMIIOHEHTOB — TeMIlepaTypHOTO U PpaJUalliOHHOTO
(Pellicciotti et al., 2005):

TFxT+SRF(1-a)xG T>T

0 T<T

rae a — anpbeno, G — npuxoaAias KOPOTKOBOJIHOBAA
paguarua (Br/m?), TF — TemmnepatypHbiii ko3¢ duriu-
edt (Mm/°C 30 muH), SRF — xo3dduieHT KOPOTKO-
BOJIHOBOTO u3iiyueHusa (M? MM /Bt 30 muH), T — Tem-
neparypa Boszyxa Ha yposHe 2 M (°C), T, — moporosoe
3HauyeHUe TeMmeparypsl paBHoe 1,0 °C.

[TockoyIbKy MOJeJsib MCIOJIb3YeT ABe IepeMeH-
Hble, ObLJIM NPOBEpPEHbl BCe BO3MOXHBIE MX KOMOWHa-
Uy ¥ BeIOpaHa Takas, KoTopas AaeT HauOOJIbILYIO
adpdexTuBHOCTh Mofenu (cM. Huxke). Belsio HalifjeHo,
YTO ONTHMMaJlbHOe 3HaueHue napaMmerpa TF paBHO
0.016 mm/°C 30 muH, a napamerpa SRF 0.0067 M? MM
/BTt 30 MuH.

My = (3

5.3. OueHka TemnepaTtypHbIX MOAEAeH

[1pon3BOOUTEIBHOCTh OOOMX TeMIlepaTypHbBIX
MozeJiell olleHMBajach MyTeM pacyeTa KpPUTEpUs
abdextuBHOocTU R? (Nash and Sutcliffe, 1970):
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R2=1- z:lzl(M"i _‘A{mi)z ,
2 (M =M,y

rae M, STajIoHHOe TasgHue ([0 JHepreTuye-
ckomy OamaHcy), M - mofnenupyemoe TasHue (110
T-UHIEKCHON MOJesN), Mﬂ— cpenHee 3HaveHUe 3Ta-
JIOHHOTO TasHUA, N — YUCJIO BpEMEeHHBIX Maros (31ech
KaXIpIl1 BpeMeHHOM mar paBeH 30 MUHyTaM).

(4

6. Pesyabrarbl
6.1. TanHMue M ero cBA3M ¢ anbbepo,
TemMmneparypou U NoToKamMu 3Hepruv

Ha PucyHke 3 mokasaHbl 3HauyeHUs CKOPOCTU
TasgHWS, paCCUYMTAHHBIE C IIOMOIIBI0 SHEPreTUYecKoro
6asiaHca 3a 30-MUHYTHbIe UHTepPBaJIbI 3a nepuoy c 7.07
mo 23.08, a Takxe anpbeqo U TeMrmeparypa Bo3qyXa.
Tasnue Bappuposasio ot 0 go 6.6 mm (B 11:00 7 aBry-
cra) co cpenHuM 3HavyeHueM 0.67 Mm. B urose ckopo-
CTU OHEeBHOro (MakCUMAaJjbHOI0) TasHUA YBeJIN4NBa-
Jauchk ¢ 3.7 MM A0 4.7 MM, a B aBryCTe YMEHBIIAINCh C
6.6 MM 0 1.7 mM. Ileprofisl HU3KOM CKOPOCTU TasAHUA
(<2 MM) DpoAOIKUTESIBHOCTBIO 2-3 NHA HabJonda-
auchk 23-25 oA, 1-3, 8-10 u 19-20 asrycra. Ilepuogast
BBICOKON cKopocTu TasgHus (>4 mMm) Obutn 26-27 u
29-30 uronid, a Takxke 11-15 aBrycra.

3a mnepuop HaOiofeHUil anasbeqo BapbUpPO-
BaJjio ot 0.03 o 0.97 (cpenHee 3HaueHue 0.47 +0.22).
Ha6momanmocy ABa pexuma anbbelo CBA3aHHBIX CO
CMEHO! CHEXHOU NMOBEPXHOCTU Ha JIe[sHYI0 B palioHe
MeTeoctaHuuu. C 7 uioJis 1o 7 aerycra (cHer) anpbeno
OBLJIO BBIIIIE 1 MeHee U3MeHYUBHIM (cpefHee 3HaUeHNe
0.57, xoadppunuent Bapuaruu 0.29), a ¢ 8 no 23 aBry-
cra (J1en) anbbeio 6bUIO HIKe U Gosiee BapuabesIbHBIM
(cpenuee 3Hauenuwe 0.21, ko03dPuULUMEHT Bapualuu
0.52). CunpHaA HU3MEHUYUBOCTH ajibOeqo Ha JieqHHKE
o0ycjioBjieHa BjiMAHNEM MeTaMopdusMa cHera U ero
IIOCTEeNIeHHBIM 3arps3HeHueM O00JIOMOYHBIM MaTepua-
JIOM NOCTYyNaloUM C OKPYXAaloUIUX TOPHBIX CKJIOHOB
B TeueHUe JjieTa (CM. TpeHJ yMeHbIeHUs ajibbeso C
rpaauenTom —0.13/10 aneit Ha Puc. 3a), a Takxe jerT-
HUMM CcHeromnajamu (CM. BbIpaXeHHBbIe MUKW aabbeno
Ha Puc. 3a).

TemnepaTypa Bo3fyxa OTYETJIMBO OTpaxaeT Kak
CyTOYHYI0, TaK U cuUHoOITU4YecKyto (5-10 gHeit) usMeHn-
ynBocTh (Puc. 36). B niesiom, ¢ ymeHbIleHreM ayibbeo
1 TOBBIIEHWEM TeMIlepaTyphl Bo3Ayxa Habsromaercsa
yBeJInueHUe CKOpocTU TasgHuA. [Ipu 3ToM cBA3b MexAy
30-MMHYTHBIMU 3HAUYeHUAMM TasgHUA U TeMIlepaTyphl
BO3[yXa JOBOJIbHO cjabas, HO CTaTUCTUYEeCKHU 3HA4U-
mas (R2=0.25, n=2304, p<0.001).

Ha PucyHke 4 noka3zaH ocpeJHEHHBIU CyTOYHBIN
I[VKJI TaAHUA 110 S9Hepro6asaHCOBO MOAeJsIy 3a Nepruoj
Ha6JTI0JleHnii B CpaBHEHUH C IPUXOLsAIIel KOPOTKOBOJI-
HOBOU pajualideil U TeMneparypou Bo3ayxa. B cyTou-
HOM I[YIKJIe CKOPOCTb TasHUA Pe3KO YBeJIWYHBAETCH C
5 mo 11 yacoB (MakCUMyM CpeJHETO CyTOYHOTrO Tasi-
Hua 1,9 Mm), a 3aTeM pe3Ko cHUXkaetcs 10 18 yacos.
B BeuepHee 1 HOYHOe BpeMsA TasHHEe He IIPeBHIIIAeT
0.2 mM/30MuH, X0TA TeMrepaTrypa Bo3ayxa Beiiie 4°C.
CyTOYHBIN HUKJ TasgHUA B OOJIBIIEN CTeleHu corJia-
cyeTcs ¢ COJIHEUHOM paauanueil (6osiee BrIpaKeHHBIN
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Puc.3. 30-MuHyTHBIE 3HaYeHUsA CKOPOCTH TasHUA paccYMTaHHbIe C IOMOIIbI0 SHepreTuyeckoro 6asnaHca (3B) 3a nepuon 7
niosiAg — 23 aBrycra 2021 r. B cpaBHeHUHU €O 3HaYeHUAMHU ajibbesio (a) u TeMrepaTypsl Bo3ayxa (6).

JHEBHOHM MWK), YeM C TeMIepaTypoi, CyTOYHBIA XOJ
KOTOPOM 6oJiee criiaxeH.

CpenHue 3HaueHUA IIOTOKOB 3HEPruy, BKJIAJ
Pa3HbIX KCTOYHHUKOB TeIla B TasHHE U CBA3b C
TeMIlepaTypoil Bo3ayxa IMpuBefleHsl B Tabmaune 1.
KopoTkoBOJIHOBBIH GajlaHC SBJIAETCS OCHOBHBIM UCTOY-
HUKOM O3Hepruu TasHusa (93%). J[JIMHHOBOJIHOBBIN
faJiaHC JIeJHUKOBOI IOBEPXHOCTH OBLJI OTpUIlATEh-
HBIM, I[IO3TOMY paJUallOHHBIN OajlaHc, B cpedHeM,
dHepreTuyeckn obecneyuBan 87% TtasHusA. fIBHoe u

CKpbITOe TypOyJIeHTHOE TEeILIO ABJIAITCA BTOPOCTeleH-
HBIMU HCTOYHHKAMU SHepruu TasHUsA U BMecTe COCTaB-
a1 12%. Ha Tensio, nocTynaiee ¢ XKUAKAMU aTMOC-
depHBIMI OCajiKkaMu, IPUXOAUIIOCh MeHee 2%. CBA3U
TeMIepaTyphbl Bo3Ayxa ¢ OOJIBIIMHCTBOM >HepreTuye-
CKUX KUCTOYHUKOB TasgHUSA CTAaTUCTHUeCKU 3HaulMBble,
HO He oueHb cubHBIe (Tabsuma 1). Haubosiee TecHas
CBA3b HaOJIIofaeTcs MeXxy TeMnepaTypoi U IOTOKaMu
MPUXOAAIIEN U OTPaKeHHOU KOPOTKOBOJIHOBOU pajiui-
auu (R?=0.36-0.38). OgHako CBS3b TeMIIEPATYPHl C

Ta6suna 1. CpegHue 3HaueHusA 30-MUHYTHBIX 3HAaYEHUI IOTOKOB SHEPTUU* Ha JIEJHUKOBOM MOBEPXHOCTH, UX BKJIAJ B Tasi-
HUe U CBSI3b C TEMIIepaTypol Bo3ayxa 3a mepuof 7.07-20.08.2021 r. (n=2304)

IMTapameTp 3uauenue (Br/m?) | Briiag B Tasauue (%) |Cesa3s ¢ Temneparypoii (R?)

I[IpuxopAmas KOPOTKOBOJIHOBAsA paauanus (S, ) 143.5 177.8 0.38

OTpaxeHHas KOPOTKOBOJIHOBaA paauanus (S ) —68.1 -84.4 0.36

[puxonAmas AIMHHOBOIHOBasA paauanysA (L, ) 310.3 384.5 0.09
Hcxopsimas JIMHHOBOIHOBaA paquanus (L, ) —315.6 -391.1 -

KopoTkoBosiHOBHI# GaaHc (S, ) 75.4 93.4 0.28

JnvHHOBOJIHOBBIN Ganawc (L) —-5.3 -6.6 0.09

Paguanyonnsiit 6ananc (R ) 70.0 86.7 0.22

ABHoe Temno (H) 5.1 6.3 0.01

Ckpeitoe Teruio (LE) 4.5 5.6 0.00

TypOysienTHbIe noToku Teria (H+LE) 9.6 11.9 0.00

Terwio, NpUHOCUMOE XKUAKUMU OCaKaMU (Qr) 1.3 1.6 0.01
Temnsi006MeH ¢ Jie THUKOM (Qg) —0.34 -0.4 -

TensoBoli sKBUBAJIEHT TasgHus (Q ) —80.7 -100.0 0.22

IIpumeuanue: * [IoTOKY, IPUHOCAIINE TEIJIO K JIEJHUKOBOH [TOBEPXHOCTH, UMEIOT IOJIOKUTEJIbHbIe 3HaUYeHUs, a OTBOJA-
II11e TeIJIo OT Hee — oTpuljaTtesbHble. CTaTucTHYecKu 3HaurMble cBA3U (p < 0.05) BbiAesIeHbl XXUPHBIM.
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Puc.4. CyTOYHBIN IUKJI CKOPOCTU TasgHUA PACCUUTAHHOIO C IIOMOIIBI0 SHEpreThyeckoro H6ajgaHca B CpPaBHEHUHN C IPUXOJis-
el KOPOTKOBOJIHOBOM pafuanuei S, (a) u TemnepaTypor Boayxa (6). JlaHHbIE OCPEAHEHHbIE 3a IEPUOZ, 7 nioJiA — 23 aBrycra

2021 r.

JJIMHHOBOJIHOBOH paAuanyen u TypOyjIeHTHBIMHU II0TO-
KaMy O4eHb cj1abo BblpaxkeHa. CBA3b TeMmIepaTyphl C
SHepreTMyeckUM OajlaHCOM IIOBEPXHOCTU JieAHHKa
TaKXe JOBOJIbHO yMepeHHas (R2=0.22).

6.2. OueHKa NPOU3BOAUTEABHOCTH
T-UHAEKCHBIX MOAEAeN

B Tabnune 2 nmokasaHbl XapaKTepUCTUKU 3P dek-
TUBHOCTU ABYX T-MHJEKCHBIX MoJiesiell B CpaBHEHUU C
ATAJIOHHOU 3HepreTuveckoil Monesbio TasgHus (SEB).
I'padpuueckn 510 mnokaszaHo Ha Pucynke 5. IIpoctas
T-ungekcHas mogesnb (TM) moBoJsibHO rpybo XapakTe-
pU3yeT CKOpoCThb abyAnuu jefHuUKa. B To ke Bpems
HCIIOJIb30BaHe KOPOTKOBOJIHOBOI pagualuu B yJIyd-
meHHON T-uHpekcHoui mopenu (ETM) cymecTBeHHO
MIOBBINIAET TOYHOCTh MOJIe/IMPOBaHUA TaAHUA (cpeaHAA
KBagpaTuveckas omwubka MeHblle B 3 pa3a). Mozesb
TM HeMHOI'0 3aBHIIIAET CPEOHIOI U CyMMapHYI
abJALMI0 U IJIOXO BOCIPOM3BOAUT CyTOYHEIE KoJieba-
HUA cKopocTy TasHuA. B To xe Bpemsa mopens ETM
HEMHOT'0 3aHIXXaeT CPeJHIOI0 CKOPOCThb TasHUA U CyM-
MapHYyI0 a0JALNI0, OAHAKO 0YeHb XOPOIIO BOCIIPOH3BO-
JUT CyTOYHBIe KoyiebaHusA TagHUA.

HamnyuymuMm o6pazom obe TeMilepaTypHble
MOJIeJI¥ BOCIIPOU3BOJAT TasgHUe JeAHON T0BEPXHOCTU
nexuuka (Tabnuma 3). OcobeHHO 3TO XapaKTepHO JJis
mopenu ETM, yuuteiBamwoeil paguanuoHHbN hakTop
6oJiee TouHO. Hcnosib3oBaHue KO3DOUITNEHTOB TasAHUA
Pa3JIMYHBIX AJIA CHera U Jibaa B mogenu TM y4uTh-

BaeT paJualMoHHbIN dakTop (uepe3 ajibbesi0 cHera u
JpAa) JoBoJIbHO rpy6o, a B moAenu ETM cosHeuHas
paguanyisa HemoCpeACTBEHHO BKJIIOYEHA B MofeJb. B
niesiom Mozesib ETM o0bsicHsAeT 0k0J10 90% n3MeHeHUH
CKOPOCTU TasHUsA, PACCYUTAHHOIO MO 30-MHUHYTHBHIM
WHTEpBajlaM C IOMOIIBI0 MOJEJIM 3HepreTUu4ecKoro
basaHca, B TO BpeMA Kak Mofesb TM oObACHAeT JIUIIb
okoJyi0 30%. Crtosp BbICOKasA 3G(EKTUBHOCTh MOJEIU
ETM pesaeT ee mpakTU4eCcKd UAeaJIbHOMN JJIS UCIOJIb-
30BaHUA B 30He absAnuu jeaHukoB Kopapa. Cpennsas
CKOPOCTb TasHHA JibJa N[O CPaBHEHUIO CO CHEroM B
mozenu TM 6b11a Ha 10% Ooubiie, a B Moaenu ETM Ha
6% OoJibiie. OAHAKO B TOYKE M3MEPEHUsA CyMMapHOe
TasHUe CHera IpeBhlaio TasHue JjbAa B 1.8-1.9 pas
3a cueT OoJiee MPOJI0JIKUTEIFHOIO MEPUOA 3aIeTaHusA
CHEXHOI'0 IOKPOBa IO CPaBHEHUI) C OTKPHITBIM JIbIOM
(32 u 13 gHeli, COOTBETCTBEHHO).

Ha PucyHke 6 mokasaHO CpaBHEHHE CYTOYHBIX
I[UKJIOB TeMIIEPAaTyPHBIX MOJiesieil C 3TaJIOHHBIM Tasi-
HueM. BupHo, uto Mozesnib TM XOpOIIO OLIEHUBAET
cpegHee CyTOYHOe TasHWE, HO IJIOXO BOCIPOU3BOAUT
CyTOYHBI ITMKJI TasgHUs. B cpenHem, oHa HefooIle-
HUBaeT AHeBHoe TasHHe (Ha 48% OT 3TaJIOHHOIrO) U
CUJIBHO TiepeorieHuBaeT HouHoe (Ha 460%). OueBuIHO
3TO CBS3aHO C BPEMEHHOU U3MeHYUBOCThI0 K03hdUIIM-
€HTOB TasAHU:A, KOTOpasA COBCEM He YUUTHIBAeTCA MoJe-
Jb10. B otiauune ot mozenn TM mopgens ETM oueHb
XOPOIIIO BOCIPOU3BOAUT CYTOYHBIN XOJ TasHUS, XOTs
MaKcHMaJIbHOe TasHNe TaKXe HEMHOI'0 HeOOIleHMBa-
etcs (90% OT 3TaJIOHHOTO).
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Puc.5. CpaBHeHue 30-MUHYTHBIX CKOpPOCTell TasgHUA (MM B.3.) paCcCUMTAHHBIX C IIOMOIIbI0 SHepreTuyeckoro 6aaanca (3b),

npoctoii (TM) u ynyumenHott (ETM) T-uHaeKCHBIX MoAesIei.
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Ta6suna 2. Xapakrepuctuku ddpdexrusHoctu T-uHAekcHbx Moaesnelt TM u ETM B cpaBHeHUM ¢ MOJEJIbI0 SHepreTHuieckoro
6asatca (SEB) paccunranHsle 3a nepuoj 7 utoJis — 23 asrycra 2021 r.

Mogens | CymmapHoe TasHue |CpenHee 3HaueHUe TasHUs | CraHaapTHOe OTKJIOHeHMe | Cpenusaa kBaapatu- | R?
(MM B.3.) (MM B.3./30 MUH) (MM B.3./30 MUH) yeckas omubka
SEB 1533 0.67 0.96 - -
™ 1646 0.71 0.42 0.82 0.26
ETM 1423 0.62 0.96 0.27 0.92

Ha uvHTeHCUBHOCTH TasgHUA BJIUsET Takou (ak-
TOp Kak obisiayHocTh. Ha PucyHke 7 mokasaHBl 3Ha-
yeHusa 30-MUHYTHOTO TasHUSA NPU Pa3HBIX YCJIOBUAX
obueii obsauHoctu. Hanpumep, 23-24 wutosia Obuiu
nacMypHbIMU JHAMHU (06J1a4YHOCTh B JHEBHOE BpeMs
cocraBasana 100%), a 26-27 U0 COJHEYHBIMU
(obsmaunocTe 0-25%). BugHo, 4TO B 06JIaYHBIX YCJIO-
Busix Mojiennb ETM 3anmxkaet a6ssanuio (30% oT aHep-
reTU4ecKor Mojesu), a Mojesib TM HeMHOro 3aBhI-
maet ee (111%). B 6e3061auHBIX yCIOBUSAX, HA00OPOT,
mojesib ETM HeMHoro 3aBbimaeT abssmnuio (107%), a
momenb TM cuiabHO 3aHmXkaeT ee (64%). B menoM, ¢
yBemueHUeM 00611eil o6s1auHOoCTH (BhIlIE 65%) MOeJIb
TM nMeeT TeHEHIMIO 3aBHINIATh AOJIAIMIO, a MOAEIb
ETM, Hao60pOT, 3aHNXATh ee.

6.3. OueHKa YYBCTBUTEAbLHOCTH
napameTpoB T-HHAEKCHbIX MoAenen

JIUIA OLeHKHM 4YyBCTBHUTEJIBHOCTU MBI MEHAINU
napametpbl DDF, TF u SRF oTHOCUTEJIbHO ONTUMaJIb-
HOro 3HauyeHus c warom 10%. [Ipu 5ToM 0MH U3 napa-
MeTpoB uamenssics (DDF cuera unu DDF npga, TF viu
SRF), a fgpyroii coxpaHsy CBOe ONTUMAaJbHOE 3Haye-
Hue. Ha Pucynke 8a mokazaHo BiMsHUe HU3MeHEHUIl
napamerpa DDF Ha npousBoauTesibHOCTh Moaenu TM.
BuaHO, 4yTO MOAEsb NMPUMEPHO OAWHAKOBO 4YyBCTBU-
TeJibHA K 3HaueHusAM DDF cHera u sipaa, xoTs ajis DDF
JIbJ]Ja 4yBCTBUTEJIBHOCTb HEMHOro Bbillle. CyMMapHoOe
TasgHMe HauboJiee YyBCTBUTEJBHO K u3MeHeHHi0 DDF
cHera (Puc. 86). OTo oObsAcHseTcs Gojiee MPOLOIIKU-

TeJIbHBIM II€pHOJIOM 3ajleraHus CHEXHOro IOKpoBa IO
CPaBHEHMIO C OTKPBITHIM JIbAOM.

UyscTBUTEIBHOCTE MoAean ETM mokazaHa Ha
Pucynke 9. BujHo, uro HauboJiee UyBCTBUTEJIbHBIM
IlapamMeTpoM HaHHOU MoAesu sBJAeTCA pagualnyoH-
Hbill mapameTtp SRF.
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Puc.6. CpaBHeHHE OCpDEJHEHHBIX CYTOYHBIX ILIMKJIOB
30-MHHYTHOI CKOpPOCTU TasHUA (MM B.3.) PacCUMTAHHBIX C
ToMoIIbi0 3HepreTudeckoro GanaHca (3B), mpoctoii (TM) u
yayumerHHol (ETM) TeMrniepaTypHbIX MofeJiei.
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Puc.7. CpaBHeHue 30-MUHYTHBIX CKOpPOCTel TasgHUA (MM B.3.) paCcCUMTAHHBIX C IIOMOIIbI0 SHepreTuyeckoro 6aaanca (3b),
npoctoii (TM) u yiyumenHoi (ETM) T-unaekcHBIX MofieJieil MpU pa3HbIX yCJI0BUAX obJ1auHocTU 3a nepuof 20-30 urosia 2021 r.
Jlannsle 1o obmieit obauHocTy (%) Ha Girpkarimell MeTeoctaHnuu Yapa.
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Ta6smna 3. [MapameTpsl TasHUA U kputepuil s3¢dextuBHocTH (R?) TeMnepaTypHBIX MojeJieil (B CpaBHEHHH C MO/IEJIbIO
SHepreTHyeckoro 6ajiaHca) pacCUUTaHHBIE OTJEJIBHO AJIA CHera U JIbJ]a B TOUKE METEOCTaHIIUU.

Moaeiinb

CpeaHee 3HaYeHUE TasgHUA

(MM/30 MuH)

CymMMapHoe TasHue (MM)

dddexTuBHOCTH R?

CHer

Jen

CHEer

Jen

CHer

Jen

SEB
™
ETM

0.65
0.69
0.61

0.69
0.76
0.64

1001
1062
930

532
584
494

0.25
0.92

0.28
0.92

7. 06¢cy)xpeHue pe3ynLTaToB

HccneqoBanuA npoBeeHHble HA CBITBIKTUHCKOM
JIeTHUKE TIOKA3hIBAIOT HAJMYMe YMEPEeHHOW CTaTu-
CTUYECKU 3HAYMMOHN TOJIOKUTEIIBHOU CBS3U MEXAY
30-MUHYTHBIMH 3HAUYEHUSMU TeMIepaTyphl BO3IyXa U
CKOPOCThIO TasiHUsA cHera u Jibja (R2=0.25), uTo corJia-
CyeTcs ¢ pe3yJibTaTaMH MOJTyYeHHBIMU PaHee Ha OCHOBE
CpeJIHUX CYyTOYHBIX JaHHbX (Ocumno u Ocunosa, 2024).
OTO CyIIeCTBEHHO OTPAHUYMBAET HMCIOJIb30BAHUE IPO-
CTHIX TEeMIIepAaTyPHBIX MOJEJIeH NP MOJeIMPOBaHUU
TasgHua JegHuKoB Kogapa. Bo3MOXHBIM OOBbsACHEHUEM
OTHOCUTEJIBHO ¢JIaboll CBA3M MeXAy TeMIlepaTypoi
BO3/lyXa U TasgHUEM SBJIAETCA B II€JIOM HEBBICOKUU
BKJIAJ] OCHOBHBIX JHEPreTHYECKUX TMOTOKOB TasHUS B
TeMIIepaTypy BO3yXa, YTO BBIPAXAETCSA JIOBOJIBHO CJIa-
OBIMM KOPPEJANUAMU MeXAy STHMH IapaMeTpaMu.
HauGoJsiee TecHO TeMneparypa CBsi3aHa C KOPOTKOBOJI-
HOBOM pajauanueil, OJHAaKO paaualuoOHHBIN (akTop
o0bscHseT He 6Gosiee 40% TeMIlepaTypHON HU3MeHYU-
BocTtu. CUMTaeTcsA, YTO AJIMHHOBOJIHOBOE W3JTyvYeHUe
BMeCTe C sIBHBIM TeIlJIOBHIM ITOTOKOM (% Bcell sHepruu
TasgHWA) CHUJIBHO 3aBUCAT OT TeMIEepaTyphl BO3yXa
HaJl JIEAHUKOM W ONpPeNeJiIioT (PU3nYecKuii mexa-
HU3M CBS3U MEXy TasHUEM C TeMIIepaTypou Bo3qyXa
(Ohmura, 2001). OgHaKo HaIIM MCCJIEJOBAHUSA IIOKa-
3aJI1 OTCYTCTBUE CBSI3U MEX]Y TeMIlIepaTypoi BO3ayxa
U IJIMHHOBOJIHOBOU paauarueil (R2=0.09) u TypOy-
neHTHBIMU moTokamu (R?=0.01) Ha CHIIBIKTHCKOM
nepuuke. OcnablieHne CBA3W MeXAy TeMIepaTrypod u
JJMHHOBOJIHOBOM paauanueldl MOXeT ObITh 00yCJIOB-
JIEHO BJIMSHUEM BJIArOCOAEPXKAHUS TMPUJIEHUKOBOTO
CJIOA BO3JyXa Ha OTHOCUTEJIbHYIO U3JTyYaTeJIbHYIO
coco6HocTh atmocdepnl (Ebrahimi and Marshall,
2015). C ppyroii cTOpOHB TypOyJE€HTHBII TeIlJIo0-
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Puc.8. YyscTBUTEBHOCT MOJeau TM K Temmeparyp-
HBIM K03 dunuentam Tasguus (DDF) cHera u jipa BEIpaXXeH-
Hasd B Bujie Kpurtepus sa¢dextusHocTy R? (a) 1 oTHOCHTEJIB-
HOTO M3MEHEHUs CYMMAapHOIO ce30HHOro TasHusa (6). Illar
n3MeHeHus DDF 10%.
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Puc.9. UysctBurensHocTh Mogeu ETM (kputepuii abdextrBHocTH R?) K 3HaueHusM TF (a) u SRF (6). Illar nameHeHus

oboux napametpos 10%.

1175



Ocunos 3.10., Ocunosa O.[1. / Limnology and Freshwater Biology 2025 (5): 1158-1177

O6MeH Ha CHIIBIKTUHCKOM JiefHHKe B 3HA4YUTeJIbHOH
Mepe KOHTPOJIMpyeTcs He TeMIlepaTypoll, a CKOPOCThIO
Betpa (Osipov and Osipova, 2021). JleTHUil mepuon
Ha JIe[JHUKe XapaKTepusyeTcs He3HauuTeJIbHBIMU CKO-
poCTAMM BeTpa, 4YTO OOBbsACHAeTcA IpeobsagaHueM
MaJjiorpagueHTHoro 6apudeckoro mossa (Osipova and
Osipov, 2022).

Okosio 90% sHepruu TasgHUA CBHITBIKTUHCKOTO
JleAHVKA NPUXOAUTCA Ha paJUalVOHHBIN OajlaHc U
IJIaBHBIM 00pa3oM, KOPOTKOBOJIHOBYIO paAualHIo.
ITosToMy BBeJieHHe pagualliOHHBIX TapaMeTPOB B TeM-
neparypHble MOZesId TasgHUA CYILIeCTBeHHO yJIydllaeT
WX TOYHOCTh. YJIydllleHHasA MoJeJsib NpefcTaBjieHHasA
B JJaHHOK paboTe NOMHMO TeMIlepaTyphl yUWTHIBaeT
TakXke IPUXOIAILIYI0 KOPOTKOBOJIHOBYIO pajuarus
u anpbeno m oO0bAcCHAET 0K0JI0 90% H3MEHUYMBOCTU
CKOPOCTH TasHUsA, YTO B 3 pas3a MpeBblllaeT 3HaUYeHU:A
3ddeKTUBHOCTU Kjaccuyeckol T-mHOeKCHOH MopeIn
(oxosio 30%). IlosyueHHBle oueHKU 3h(PeKTUBHO-
ctu yayuimieHHoit mofenu (ETM) xopomio corniacy-
I0TCA C JaHHBIMU U3 JPYTUX JIeAHUKOBBIX PaliOHOB.
Hanpuwmep, Ha sieqnuke a’Aposuia (LIBefinapus) yayd-
meHHasa T-uHAaekcHas MoAesb C ABYMs AONOJIHUTEJIb-
HBIMU IlapaMeTpaMu (KOPOTKOBOJIHOBAs paauaius u
anpbeno) obbsacHUIA 10 95% N3MEeHUYUBOCTHA CKOPOCTHU
tasguua (Pellicciotti et al., 2005).

ITpocrasa T-uHAexkcHasA Mojejb XOPOIIO OIleHU-
BaeT cpeAHee CyTOYHOe TasfHMe, OJHAKO OHa IJIOXO
BOCIIPOU3BOJUT CYTOYHBII I[UKJI TAAHUSA. OTO OOBACHA-
eTca TeM, YTO MpocTas MoAesb He YUMThIBaeT M3MeH-
YHMBOCTh TeMIlepaTypHOro koaddunueHta TasgHUA
BO BpeMeHM. Hampumep, ncciieioBaHusa Ha Jie[JHUKe
CropraacuapeH (IIIBerus) mokasasnu, 4To 3TU Ko3pdu-
LMeHTHl IOABePXXeHb! OTYETJIMBBIM CYTOYHBIM IIMKJIaM,
IIpY 3TOM B TedeHHe CYTOK WX 3HaueHMA MOTyT KoJe-
6atbcsa ot 0 mo 15 mm/cytku °C (Hock, 1999). Ipu
IIOCTOSAHHOM KO3} @uIieHTe CKOPOCTh TasHWA 3aBHI-
maeTcs B HOYHOe BpeMs U 3aHWXaeTcsA B JHEBHOe, TO
eCTh CyTOYHBIe aMIUIMTYAbl CKOPOCTH TasHUA cylle-
CcTBeHHO 3aHmxaiTca (Puc. 6). B oTimune oT NpoCTHIX
T-uHaexkcHbx Mogesneii (Ohmura, 2001; Hock, 2003)
monens ETM mnosBoJigdeT MoAerpoBaTh U3MEHEHUs
TasgHUA ¢ ropaszio 0ojiee BBLICOKMM BpeMeHHBIM paspe-
meHueM (B Macmtabe cyTouHoro nuksa). Kpome toro,
3Ta MoJesb HaAaMHOIO TOYHee YUYUThIBaeT U3MeHeHU:
anb0ej0 JIeHUKOBOI IIOBEPXHOCTH, KOTOPOEe SBJIA-
eTcd BaXHBIM (akTopoM TasgHUA TpeOymoIUM ydeTa
B TemnepaTypHbiXx Mojesiax (Lang and Braun, 1990).
IIpoctas T-uHAOeKkcHasas Mojesb Y4YUThIBaeT ajbbedo
JIOBOJIBHO I'py00 € MOMOIIBI0 KO3hUIEeHTOB TasgHUA
paccuuThiBaeMbIX OTJeJIbHO 1A cHera U jibAa (Ocumnos
u Ocunosa, 2024). [Ipu 5TOM B IPOCTOI MO/IeId COBep-
IIeHHO He YYWTHIBAlOTCA U3MeHeHUs ajbOelo CBA3aH-
Hble ¢ MeTaMOpdU3MOM CHera M JIETHUMU CHerorna-
JaMH, a TaKxe 3arpsA3HeHHeM CHEeXHOU MOBepXHOCTHU
MaTepHajIoM IIOCTYNAIOIMUM € TOPHBIX CKJIOHOB Ha Jief-
HuK. Hamuy ucciefqoBaHus Ha JleqHUKe MOKa3aid, 9TO
Takas M3MEHUYMBOCTh ajib0e/l0 MMeeT MeCTO B JIeTHUH
Nepuo.

M3MeHYMBOCTL TeMIlepaTyphl BO3[lyXa KpoMe
paanaIioHHON COCTaBJIAIIIEN NMeeT TakKe U aJBeK-
TUBHYI0 KOMIIOHeHTy. Hampumep, AaHHOe uccjeAoBa-
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HHe TOATBEPANJIO BBIBOJ O TOM, YTO Ha CBITBIKTUHCKOM
JIeJHUKEe OTYETJIUBO MPOCJIeXUBAIOTCA U3MEHEeHUs TeM-
mepaTyphl BO3/IyXa C MepruoANYHOCThIO OT 3 f10 12 nHel
(OcumoB u Ap., 2021). DT U3MeHeHUs, OYEBUIHO,
obycJioBlIeHb pa3HOMacHITaOHBIMU aTMochepHBIMU
nponeccaMud (CMHONTUYECKUMM) B HIKHEH Tporoc-
(¢epe. CoOTBETCTBEHHO, U3MEHYUBOCTb TUIIOB IOTOJbI
JIOJDKHA BJIVIATH HAa OTHOCUTEJIBHBIN BKJIa] pa3HbIX KOM-
MIOHEHTOB dHepreTHUyYeckoro 6ajaHca B TasHUE U Bapu-
abeJlbHOCTh TeMIepaTrypHbiX Koadouiuentos (Lang
and Braun, 1990). [ToaToMy, MCTIOJIb30BAHUE JOMOJTHU-
TeJIbHbIX CUHONTHYECKUX MapaMeTpoB B T-MHAEKCHBIX
MoJeJifAX JJOJDKHO CIIOCOOCTBOBATh yiiyuilieHNnio s dex-
TUBHOCTU MO/JIeJTUPOBAHUSA TasAHUSA JIeJHUKA.

8. 3akniouenue

Bell mpoBefleH CpaBHUTEJIBHBIA aHaJU3 JBYX
TeMIlepaTypHBIX MoJiejleli TasHUA CHera W JipAa Ha
ChITBIKTUHCKOM JieqHuke (xpeber Komap) 3a ce3oH
absamuu 2021 r. Mopenu ObUIM OTKaJIMOpPOBaHBI U
MpOTECTUPOBAaHbl € Mnomouiplo 30-MUHYTHOrO Tas-
HHfA, PacCUMTAHHOIO MAJA ONHON TOYKU JIeJHUKA C
nmoMoInbpio ¢pusnvecku 0O60CHOBAHHON MOJesN 3Hep-
retuyeckoro OajiaHca Ha OCHOBe IIPAMBIX MeTeopo-
Jlornyeckux usMepeHuil. MamepeHus MpOBOOUIINCH C
MOMOIIbI0 3-X aBTOMAaTUYeCKUX MeTeOCTaHIUil ycTa-
HOBJIEHHBIX Ha JieJHMKe U KOHe4YHOU MopeHe. Kpome
TOro, abJIAIUA U3Mepsaach C IMOMOIIBI0 YJIbTPa3By-
KOBOTr'0 JaTyvKa IMOHWXEHUs MIOBEPXHOCTU JIeJHUKA C
30-MUHYTHBIM paspelieHreM. CpaBHeHUE U3MePEeHHBIX
3HaueHN! abJIALMY C pAaCCYMTAaHHBIMU 10 MO/JIeJT SHep-
reTuueckoro GajiaHca Mokas3ajo UX XOPOIIYI corJja-
coBaHHOCTb. OIjeHKa KOMIIOHEHTOB 3HepreTh4eckoro
faJjiaHca JieHUKa B Iepuoj abJAluu NoKasaja, 4To
HauOOJIBIINII BKJIA[ B TasgHHE BHOCUT OajiaHC KOpOT-
KOBOJIHOBOM paguanuu (93%). KoppensaiuoHHBIN
aHaJIM3 T0Ka3aJl HaJu4he CTAaTUCTUYECKH 3HA4YMMOM,
HO cj1abol CBsA3U MeXIy TeMIepaTypoyll U TasHUeM
(R2=0.25), uTo 00BACHAETCA HE3HAUUTEJIbHBIM BKJIa-
JIOM COCTaBJIAKIINX 3HEepreTUyeckKoro dajgaHca B TeM-
nepaTypHy uaMeHUUBOCTh (o 40%). Kiaccuueckas
TeMmiepaTypHas Monens (TM), ucnoss3ylomas TeMie-
paTypy Bo3ZlyXa B KauecTBe IapaMeTpa OObACHSAET He
6osee 30% u3mMeHunBOCTU abuAuu. IIpu 3TOM Mozesb
vMeeT TeHIEHIMI0 IIepeolleHMBaTh HOYHOE TasHUe
W HeJOoOLIeHUBATh [JHEBHOe TasgHWe. YJIyullleHHas
T-ungexcHas mogesnb (ETM), yuuThiBatomias TeMnepa-
Typy, IPUXOZAAIIYI0 KOPOTKOBOJIHOBYIO pagvalyiio U
anpbeno mokaszaja HawiIydmyio 3G@eKTUBHOCTb IMpU
pacdeTe CKOpPOCTU TasHUA U 00bscHUIa oKoJio 90%
ero u3MeHuYuBOCTU. B oTinuue ot moaenu TM mozaesb
ETM xopomio BOCIPOWU3BOJUT CYTOUYHBIN XOJI TasgHUA.
BrutoueHue B T-UHAEKCHYI0 MOZEJib JONOJIHUTEJIbHBIX
napaMeTpoOB He 3aBUCALIUX OT TeMrepaTypsl (KOPOTKO-
BOJIHOBas paauauusa U anpbef0) Cyl[eCTBEHHO YJIyu-
maer ee 3(pPEeKTUBHOCTL M BpeMEHHOE pa3pelleHue.
YydimeHHas MOJieJIb MOXeT ObITh HCIIOJIb30BaHA IJIs
MPOCTPAHCTBEHHOI'0 MO/JIeTMPOBaHUsA abiaALUM JeJHU-
koB Kopapa, a Takxe Apyrux JieQHUKOB pacCIOJIOKEeH-
HBIX BHYTPU KOHTUHEHTA CO 3HAYUTEJIbHBIM BKJIa[OM
KOPOTKOBOJIHOBOI pagualyu B TasgHUe.
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