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INTERRELATION BETWEEN GLACIER
SUMMER MASS BALANCE AND RUNOFF
IN MOUNTAIN RIVER BASINS

ABSTRACT. Measurements of summer mass balance B, made over the period 1946-2016,
on 56 continental glaciers, located in the basins of mountain rivers in 14 countries, were
analysed for the purpose of resolving several tasks: (a) constructing physically based
interrelations between river flow W,_and B; (b) estimating the representativeness of
local measurement of B_for enhancement of hydrological computations and for control
of modelled values W_; and (c) use of time series of B_for the evaluation of norms and
extrema of W__. Results of the study of the outlined problem serve as the basis for making
the transition of local glaciological characteristics to the basin-wide level by using the
relationship between runoff and summer balance of glaciers. It includes also analysis and
conclusions on the spatial and temporal homogeneity of averaging glaciological mass
balance data by the sampling method.
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INTRODUCTION AND OBJECTIVE
OF THE STUDY

According to the definitions in Kotlyakov
(1984), Kotlyakov and Smolyarova (1990),
and Cogley et al. (2011), the summer balance
B.is equal to the change in the glacier’s mass
starting from the time of maximum of snow
accumulation to the end of the ablation pe-
riod. During this interval of time, it is possi-
ble to determine the integral value of B_as a
whole for the season, or for the specific ten
days/months inside the year. As a result of
applying the best methods and techniques
of measurements, the obtained volume of B,

characterizes output of melt water from the
area of a glacier, which is necessary to calcu-
late and forecast the river's runoff formed by
the melting snow and ice.

At present, the continuous measurements
B, with the minimal number N > 10 of
yearly data during 1946-2016 are available
(Dyurgerov and Meier 2005; Fluctuations of
Glaciers Database 2017) on a 56 continental
glaciers, which distributed extremely un-
evenly on the Earth, see Fig. 1. Similar spa-
tio-temporal distributions of annual mass
balance B, for 144 glaciers illustrates Fig.
3a-b, prepared by data from (Mernild et al.
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2013). For this figure, we used decadal aver-
ages of B_ during 1971-2008.

The list of 56 glaciers selected for B_analysis
is given in the Table AT. In this set of data,
the adopted value of N satisfies more or
less to statistical requirements for correct
averaging. Principally, such empirical sample
have to be equal to not less than 15 years.
However, following known rules of statistic
leads to diminishing the size of glacier sam-
ple.In particular,atN_ > 15 it will consist 45
instead of 56 glaciers with long-term asyn-
chronous data of B.. Zemp et al. (2015) con-
cluded, that for climate change assessments
with >30 observation years, the glaciological
dataset currently contains 37 reference gla-
ciers.

There are exist opinion (Dyurgerov and Mei-
er 2005; Zemp et al. 2009; Fluctuations of Gla-
ciers Database 2017, and many others), that
glaciers, included in WGMS mass balance
network are considered a priori as reference
or representative for regional/global mon-
itoring of changes in the annual mass bal-
ance B, and its components (winter B and
summer B_balances) in glacier populations.
Analysis (Kotlyakov et al. 1997; Braithwaite
2009; Fountain 2009; Konovalov 2015; Zemp
et al. 2009) based on the 60-years informa-
tionon B, B and B, at such reference gla-
ciers has revealed the following properties
of the WGMS network for measurements the
glacier mass balance. 1) Selection of the so-
called “representative/benchmark”glaciers is
often basing on the principle of lowest cost
for fieldwork instead of previous analyzing
the spatial distribution of area, altitude-mor-
phological and other characteristics of gla-
ciers in the corresponding population. 2)
Predominance of European data leads to

distortion of global average values of annual
and summer mass balances of glaciers. The
amount of distortion is unknown because
averaging measurements on ‘reference”
glaciers ignores regional accumulation and
ablation patterns. 3) Completeness of the
series and the timing of observations is very
low, due to many omissions.

The other problem of using initial data on B_
(Dyurgerov and Meier 2005; Fluctuations of
Glaciers Database 2017) for regional/global
averaging is their significant asynchrony. Ta-
ble 1 illustrates the asynchrony of B_ yearly
data in ten-year periods during 1946-2015.

Currently, the vast majority of glaciological
publications contain climatic, physical and
dynamic characteristics on the regime of
individual glaciers having local spatial and
temporal distribution. The peculiarity of
calculations and forecasts of runoff at the
scale of mountain watersheds is the necessity
of estimating the annual/seasonal volume
of melt water W_=W__ +W_formed on the
total area of F.. river basin, above the outlet
hydrologic station. Here W__ "is the volume
of snowmelt and W_ - is glacier runoff. In
models (e.g. Borovikova et al. 1972; Rets et
al. 2011, 2017,2018; WaSiM Model 2015) for
rivers of snow-glacial type, the catchment
area presented as a set of elementary sites ha-
ving known plane and altitude coordinates,
parameters of exposure and slope of the
surface. The total volume of water formed at
all elementary sites is using to transform it
into a flow hydrograph. In order to assess the
quality of modeled W, we may use the initial
measurements of ablation/summer mass
balance. Similar assessment the modeled
values of W__can be performed by comparing
the measured runoff and calculated one on

Table 1. Density of WGMS network for spatial and temporal averaging of total data on B,

Ten-year time intervals
Index
1946-55 | 1956-65 | 1966-75 | 1976-85 | 1986-95 | 1996-2005 | 2006-2015
M 20 109 293 337 381 304 219
M, % 34 18.5 49.7 57.1 64.6 515 371

M —is actual number of measurements B_for ten-years, M, % — is percentage of M from possible
maximum M, =N_*10, where N, is total number of selected glaciers in the each decade, i.e. 56 in
our case.
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the basis of application the equation of
the annual water balance (Konovalov 2014;
Konovalov 2015; Konovalov and Pimankina
2016).

The objectives of our research are the fol-
lowing. a) To understand how suitable cur-
rent B, data in (Dyurgerov and Meier 2005;
Fluctuations of Glaciers Database 2017) for
statistically substantiated spatial and tempo-
ral averaging. It means that our assessment
concerns only existence or absence of data
and not of their quality. The last one charac-
teristic needs rigorous analysis for each case,
but not fulfilled yet, and one may discover
not compatible data of B_for the same gla-
cier in different sources. (b) To study physi-
cally based relationships between W, and
B, for simplified verification of modelled val-
ues Obeas' ¢) To use time series B. to charac-
terize the norms and extremes of W, d) To
verify the possibility of spatial extrapolation
of B, data, obtained on glaciers, which have
been considered as representative/refer-
ence in the WGMS network.

STUDY REGION, OBJECTS AND METHODS
The regions of and subjects for the present

study are continental glaciers of the Earth,
contained in the system of WGMS - World

Glaciers Monitoring Service (Dyurgerov and
Meier 2005; Fluctuations of Glaciers Data-
base 2017). Several glaciers suitable for our
analysis are in the Table 2. Their number is
mainly limited of extremely rare or inaccessi-
ble hydrological information at runoff mea-
surement stations, have located near the
glaciers with B, B, and B, data. Information
on the runoff for the rivers of snow-glacial
type are taken from the special glaciolog-
ical editions and hydrological reference
books such as the following: Glacier Aktru
1987: Bodo 2000; Dahlke et al. 2012; Glacier
Djankuat 1978; Escher-Vetter and Reinwarth
1994; Kamnyanskiy 2001; Krimmel 2000;
USGS Alaska Water Science Center; Vilesov
and Uvarov 2001. At selecting the time inter-
val for averaging the runoff and B_data, took
into account the interannual distribution of
runoff at the hydrological stations near the
glaciers. A typical example of such distri-
bution presented in Fig. 2. Source of data is
Escher-Vetter and Reinwarth (1994).

High level correlation dependences Q:f(BS),
presented in the Table 2, serve as a basis for
obtaining empirical functions of distribution
for Q and B, building links between statis-
tical probability (Prob) of flow and summer
mass balance, and ultimately assessing the
probability of extreme flow values.

Table 2. Studied glaciers and correlation between runoff Q and summer mass balance B_

State Glacier name Fow | Fu 7| Fy2 | N a a il a 5

1 2 3 4

Kyrgyzstan Abramova 555|261 470 21 | 080 | 084 | 0.84 | 0.89

Austria Vernagtferner 1141 93 | 816 | 31 | 082|091 092|091
Russia Djankuat 8.0 3.1 | 388 6 0.80 | 0.87 | 0.95
Russia Maly Aktru 360 | 25 | 69 7 | 056 | 085 | 085

Kazakhstan | Centralny Tyuksu | 21.0 | 29 | 137 | 22 | 036 | 022 | 031 | 0.22

USA Wolverine 313 | 180 | 575 | 37 | 022 | 025 | 026 | 0.27

Sweden Stor 196 | 3.1 1591 16 | 015 | 0.15 | 015 | 0.12

Definition of symbols: R’ is coefficient of determination; F, _is area of basin above site of runoff
measurement, km’; F, 1is area of reference glacier, km? f 2 = F /1/F, in %. Hence, value F 2
reflects significance of reference glacier in a area of basin; N is nimber of measurement years; Q. is
average of Q(VI-VIll) as f(B), Q, is average of Q(VI-IX) as f(B), Q, is average of Q(VI-X) as f(B), Q, is
average of Q(V-X) as f(B S) V=X are the months May throuigh October.
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Calculations of probabilities Q and B, (em-
pirical non-exceedance X>><i) were done by
the method from (Alexeev 1971):

) m(x,)—0.25
(x)=—"=——
PRYI=TN Y05

where mix.)=1,2 .. N - the sequence

numbers of the values x after their arrange-
ment in descending order.

Besides the determing empirical functions
of distribution Q and B, there included
selection of the most appropriate type of
standard function of probability distribu-
tion (see parameter Freq B_in the Table
3). The computer program in (Oosterbaan
1994) used for that purpose.

RESULTS AND DISCUSSION

In principle, the process of runoff forma-
tion from the glacier area and from the
not glaciated surface measured on a point,
located near the terminus of the glacier,
includes such closely related character-
istics as the intensity of melting, air tem-
perature, solar radiation, clouds, and water
vapor pressure in the air. This fact serves as
a justification for the search for correlation

Q=f(B,), which turned out to be quite suc-
cessful on the example of four glaciers from
seven in the Table 2. Variation in the coeffi-
cientR* for Q =f(B ) in the other three cases
need further study, and they may be due to
inaccuracies in determining the flow and/
or summer balance B, of glaciers, which
was corrected (e.g. Dyurgerov and Meier
2005; Fluctuations of Glaciers Database
2017) and turned out to be not compatible
in different sources of data.

Examples of subsequent use of depen-
dencies Q = f(B) on the Vernagtferner
and Abramova glaciers, used to obtain
equations Prob=f(B), Freq Bs=f(B), Prob
Y,=Y,=f(Prob B), are presented in the table
3. Here Prob is statistical probability, and
Freq B_ is the equation of the chosen stan-
dard function of probability distribution.

Forcing the line of dependences Prob Y =Y,
= f(Prob B) through the origin of the coor-
dinate axes in order to estimate the influ-
ence of the runoff from the non-glacial part
of the basin leads to a slight decrease in the
determination coefficient R% In this case,
the values of R? for the glaciers Abramova
and Hintereisferner in the order Y +Y,, as

Table 3. Formulas for calculating the distribution functions of the mass balance B,

Abramova Glacier Vernagtferner Glacier
Prob B/ Prob Y +Y,= R ProbB_/ ProbY +Y,= R
Freq B, =f(Prob BS); &) Freq B, f(Prob BS) )
Y, =089 Prob B, + Y, =092B+39;
Prob B, = +550=131 | 077 | ProbB,=-005 A=112 08
0058, +137.1 |—— "~ B, +126.0 VR
R?=0.97 2= V8o FIob B+ R=098 2= UI3 8430
+7.6; A=15.3 0.72 A=10.6 086
FreaBs= 1y _086PiobB + Freq B, = Y, =095B+25;
=1/{1+ 6o aciag’ | 074 =1/{1+ 00 0.90
+exp(A B+B)} e +exp(A B +B)} e
E=0.750
A= -0.00246 Y =0.85ProbB_+ Y,=094B+29;
4 s — - 4 s !
B=46 +7.5;A=15.2 072\ A 82:'259]E3002 A=9.6 089

Definition of symbols: B_is summer mass balance, mm; Prob B_is BS statistical probability by

formula (1), in

%; Freq B is integral function of distribution, %; R? is coefficient of determi nation;

Y, is equation to calculate Prob Q(un-Aug) as function of Prob B, Y, is equation to calculate Prob
Q(Jun-Sep) as function of Prob B, Y, is equation to calculate Prob Q(Jun-Oct) s function of Prob
B, Y,is equation to calculate Prob Q(May-Oct) as function of Prob B , Als RMS error of calculating

ProbY Y, in%
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in Table 3, are as follows: 0.78 (13.4), 0.70
(15.8),0.73 (14.7),0.70 (15.7) and 0.85 (11.3),
0.86 (10.8), 0.90 (9.1), 0.89 (9.7); the number
in parentheses are the rms error of calcula-
tion Prob Y, =Y, in%.

As an analogue of the glacial flow W o TS
also possible to use other known charac-
teristics: data on the annual mass balance
B, AAR, relationships between areas of ac-
cumulation and the entire glacier, and ELA,
altitudinal boundary of equality between
accumulation and ablation at the end of
the ablation period. Annual information on
the listed variables (except ELA) for 1971-
2008 is contained in the work of Mernild et
al. (2013). For glaciers in Table 3 it was not
found to be useful to replace W, with B..

Spatial and temporal homogeneity of av-
eraging mass balance data by sampling
method

It is known, that the modern network of
measurements of glacier mass balance
components (B, B, B)) includes several
hundred objects (Dyurgerov and Meier
2005; Mernild et al. 2013; Zemp et al. 2015).
Along with the diverse using of local time
series on individual glaciers, the averaging
of B, and B_is widely used on regional and
global scales. For example, at averaging B_
over 10, 15, or 30 years during 1940- 2016

in the sample remains unsynchronized
spatial data only on consequently 56, 45,
and 37 glaciers out of the total number
of those in the WGMS network. Table 1
and Tables A1-2 present data density for
decadal averaging of B_for 56 glaciers and
composition of the used sample. In addi-
tion to these, Tables 4-5 characterize the
number of RGI 6 regions, where data of B,
are available for spatio-temporal averaging.
After processing such information, Zemp
et al. (2015) have determined decade-aver-
age B_ values for 19 regions of RGI 6 (RG
Consortium 2017).

As can be seen, the completeness and syn-
chronicity of the time series B_ and B, pre-
sented in Fig. 1, 3, Tables 1, 4-5 and Tables
A1-2, raise great doubts about the statisti-
cal validity of regional and global averages
of B, and B_. Accordingly, this is reflected in
the findings on the impact of these char-
acteristics on the associated other natural
processes, for example, relation to the cli-
mate change, changing the level of the
ocean, etc.

Hydrological justification of the represen-
tativeness O, B,

Given the way in which was formed an
empirical sample of 56 glaciers (see para-
graph Introduction and Objectives of the

Table 4. Density of RGI 6 regions for spatial averaging of total data on B,

ind Ten-year time intervals
ndex
1941-50 | 1951-60 | 1961-70 | 1971-80 | 1981-90 | 1991-2000 | 2001-10
M 3 7 10 15 17 16 16
M, % 15.8 36.8 526 789 89.5 84.2 84.2

M —is actual number of RGI 6 regions, M, % — is percentage of M from possible maximum of RGI 6
regions, i.e. 19 in our case.

Table 5. Density of decades for temporal averaging of B, at 19 regions of RGI 6

Numbers of RGI 6 regions

Index
112 3 4|56 7]8]9

10 [TV 12 (13 14(15] 16 |17 [18]19

M 6|27 2]6|2]5]3]5

71431412147 |5]4]|6

M % |86 |29]100]29]|86|29|71|43]|71

100 | 57 [ 43| 57|29 |57 (100 | 71|57 |86

M~ is actual number of decades in RGI 6 regions, M, % — is percentage of M from possible
maximum of decades with B, datain RGI 6 regions, i.e. 7 in our case.
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research), it is evident that such a scanty
sample cannot be representative regard-
ing population of 215,547 (RGI Consortium
2017) continental glaciers on Earth. How-
ever, an estimate of the spatial representa-
tiveness of the summer mass balance mea-
sured on individual glaciers is of interest for
the rationalization of methods for calculat-
ing and forecasting the flow of rivers fed by
snow and ice melt.

The solution of this problem, obtained with
the example of river basins in the Pamir-
Alai and Central Caucasus (see Table 6), is
based on an assessment of the effect of
using local measurements of B_as one of
the main or additional arguments in the
equations of multiple linear regression
for calculation of the runoff for June-Sep-
tember and June-August. In this case we
adopted model of river runoff W_, as a re-
gression function of precipitation P and air
temperature T, i.e. W, _=f(P. T), where both
arguments cover the certain characteristic
intervals of time. In this combination of in-
dependent variables the seasonal air tem-
perature is considered as the index of the
thawed component of the river flow. The
regression analysis also includes calculat-
ing, by means of Alekseev’s method (1971),
the relative contributions & of independent
variablesT, P and B. for describing W, vari-
ance for VI-VIII, VI-IX, and IV-IX (June-Au-
gust, June-September, and April-Septem-

ber) seasons. The expression in order to
estimate ¢ for the independent variable no
1 has the general form:

_ .2 2 2 2 2
51_’?)1/(’?)1+’?)2+r03 ( )

where 7”021 —is the square of paired correla-
tion between the given function, labelled
as 0, and independent variable no 1. And
so on for the next variable in the numerator
of (2) and the rest of the parameters 0.

Multi-year mass balance measurements,
available on the Abramova and Dzhankuat
reference glaciers (Dyurgerov and Meier
2005; Fluctuations of Glaciers Database
2017; Kamnyanskiy 2001), were used for
modeling seasonal runoff W,__in river ba-
sins of the Pamir-Alai and Central Caucasus,
respectively. Local measurements of B_on
these glaciers might be considered repre-
sentative at the basin scale, if it is true that
B, as an additional independent variable
provides an increase in the coefficient of
multiple linear correlation for equation
WbaS:f(P, T). And also, if B, can be used in-
stead of T in the equation W,_=f(P, T) for a
certain basin.

After performing numerical experiments
it is found out, that only in one catchment
(the Akbura River) of six in the Pamir-Alai,
the empirical equations W, _=f(P, T) for cal-
culating the river runoff for IV-IX, VI-IX and

Table 6. Glaciation in some watersheds of Pamir-Alai (P-A) and Central Caucasus (CC)

River basin Outlet point Fooo km? 6FgI=Fg‘/Fbas, % R1/R2
Isfara (P-A) Tashkurgan 1560 83 0.78/0.73
Sokh (P-A) Sarykanda 2480 10.2 0.91/0.79
Shahimardan (P-A) Djidalik 1180 40 0.70/0.69
Isfayram-1 (P-A) Uchkorgon 2200 4.6 0.72/0.56
Isfayram-2 (P-A) Lyangar 697 14.6 0.76/0.60
Akbura (P-A) Papan 2200 50 0.82/0.83
Baksan-1 (CC) Zayukovo 2100 6.7 061/0.39
Baksan-2 (CC) Tegenekly 210 27.1 0.58/0.73

R1 — coefficient of correlation for equation W, =f(P. T), R2 - the same parameter after using Bs

instead of T in equation for W,

29 GES 01[2019
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VI-VIII included data of the summer mass
balance B, on the Abramova glacier, locat-
ed outside the Akbura basin. Here we used
the next time averaging for the indepen-
dent variables P, T, measured at meteoro-
logical stations: P(X-IV), T(VI-VIII).

As it seen from the Table 7, measurements
of B, on the Abramova glacier we may
consider as basin-wide representative for
calculating of seasonal runoff in the neigh-
boring Akbura watershed by equation
Whbas=f(P, T, B).

For estimating basin-wide applicability of
the B_ frequency distributions obtained on
the Abramova reference glacier (see Ta-
ble 3), we used again W___data for the six
Pamir-Alay river basins. After correlation
analysis as of all basins, the highest R? coef-
ficient between frequensies of W___and B,
for VI-IX and VI-VIll was in the Sokh river ba-
sin. There, the empirical equation for com-
puting cumulative frequency distribution
of Wbas(VI-VIIl) by the corresponding of B.
data at the Abramova Glacier has coeffi-
cient of correlation, equal to 0.66. After that,
for transition from the obtained frequency
distribution value to the runoff data we
should use equation W,__(VI-VIIl) =f(Freq
W__(VI-VII), obtained earlier for the Sokh
river basin. Consequently, this analysis also
confirms limited basin-wide applicability of
the B_frequency distributions obtained on
the Abramova reference glacier.

CONCLUSION
1. Research of the outlined problem, illus-

trated by the Tables 1-7 and Appendix A,
(available at https://ges.rgo.ru) serves as

the basis for the practically important tran-
sition from the local to the regional level
of glaciological asessments by means of
using the relationship between runoff and
summer balance of glaciers. In this case, as
repeatedly shown, the contribution of B
in the formation of the river flow and, ac-
cordingly, the correlation Q=f(B) become
weaker as the relative area of the glaciation
decreases above the site of runoff mea-
surement. However, it is still possible to use
parameters (mean, extremums, coefficient
of variation, etc.) of empirical functions of
spatial and temporal distributions of B_and
Prob B, regardless of flow data and data
from the World Glaciers Monitoring Ser-
vice. The possible source of getting wide
spread information about B_is its determi-
nation (Davaze et al. 2018) as a function of
the surface albedo of a glacier, measured
by remote sensing at the end of ablation
season.

2. The investigation has shown that the
correlation coefficient between the total
summer mass balance, characterizing the
glacier’s water output, and the river runoff
W, . at the hydrological outlet site for the
time intervals: June-August, June-Septem-
ber, June-October, and May-October varies
in a wide range: from 0.97 to 0.39 (Table 1).
Study and understanding of this is still in-
sufficient.

3. The hydrological representativeness of a
glacier is a new characteristic, of practical
importance for basin-wide tasks of hydrol-
ogy and glaciology. For its evaluation, we
propose to replace the seasonal air tem-
peratures with the summer mass balance
of glaciers B_or to include B_in the multi-

Table 7. Parameters of equations for calculating seasonal runoff W,__in the Akbura

river basin
Months | Mean W, , m*/s | Equation for calculatingW, | R* | rmse | 6P | 6T | 6B,
IV-1X 324 18.1-0.012B +5.77T+0.035P | 0.70 | 3.0 | 041021038
VI-IX 387 23.8-0016B+7.30T+0.038P | 067 | 39 |035|0.17|048
VI-VIII 443 27.2-0.012B +8.95T+0.044P | 067 | 48 |033|0.16| 051

Definition of symbols: R? — coefficient of deternination, rmse — root mean square error of
calculated W, _inm’/s;5F.6 1,6 B~ are consequntly relative contributions of precipitation P, air
temeperature T, and B, for describing W, variance.
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ple regression equations for calculating the
runoff of rivers fed by melting of snow and
ice. This method can be recommended for
at least of some glaciers in the existing net-
work of the WGMS (World Glacier Monitor-
ing Service).
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