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Abstract—Solar irradiance is the most important factor which determines the thermal conditions of
mountain glaciers. We use trigonometric formulae to calculate direct solar radiation incoming on any
arbitrary oriented surface under the condition of absence of the atmosphere. Shading effect from the
surrounding relief can also be evaluated rather precisely. Nevertheless, in order to obtain correct results, 
it is necessary to take into account atmospheric transmissivity, diffuse radiation, and influence of
cloudiness. The paper presents a model for calculation of shortwave radiation, utilizing up-to-date data
on the atmospheric composition and schemes for parameterization of the atmospheric transmissivity,
which have never been implemented in glaciological applications before. Validation of the model was
carried out using observational data on the global radiation on two weather stations established on
Karabatkak glacier (Inner Tien Shan).
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1. IN TRO DUC TION

Wa ter re sources of moun tain and piedmont ter ri to ries are de pend ent on gla cial meltwaters, es pe cially in
arid re gions. For in stance, in the in ter nal re gions of the Tien Shan the an nual amount of pre cip i ta tion equals 
300–400 mm/year. There fore, gla ciers con trib ute cru cially to river run off [3]. Pre dic tion of avail able wa ter
re sources, es pe cially in long per spec tive un der cli ma tic change, is im pos si ble with out re li able es ti mates of
moun tain gla ciers dy nam ics us ing ap pli ca tion of ap pro pri ate math e mat i cal mod els. The start ing point in
elab o ra tion of a math e mat i cal model of dy nam ics of a moun tain gla cier is cal cu la tion of sur face mass bal -
ance.  The dis charge part of the bal ance, sur face melt ing, is de ter mined by the amount of avail able en ergy.
In con trast to in come part of the bal ance, ac cu mu la tion, ab la tion can be well for mal ized from the ba sic
phys i cal prin ci ples. In ten sity of the main source of en ergy re quired for sur face melt ing, shortwave ra di a tion 
[8], can be cal cu lated bas ing on well-known trig o no met ric ex pres sions, which de ter mine the Sun po si tion
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in the sky and ori en ta tion in space of a sec tion of the moun tain gla cier, as well as by tak ing into ac count at -
ten u at ing factors: molecular scat ter ing, ab sorp tion by wa ter va por and aero sols, etc. To cal cu late the lat ter
(for cal cu la tion, in fact, the transmissivity of the at mo sphere), math e mat i cal mod els of vary ing de grees of
com plex ity are used. Parametrization of ra di a tion pro cesses is fa cil i tated by two cir cum stances: the in -
crease in the to tal amount and avail abil ity of data on the state of the at mo sphere and the pos si bil i ties for the
cal i bra tion and val i da tion of ra di a tion mod els on the data of au to matic weather sta tions es tab lished di rectly
on the moun tain gla ciers.

In the ra di a tion mod els that are used as com po nents of mod ern sur face mass bal ance mod els or, more
broadly, dy namic mod els of moun tain gla ciers, sim pli fied ap proaches to parameterize the transmissivity of
the at mo sphere and to es ti mate the ra tio of di rect and dif fuse ra di a tion are mainly im ple mented [4, 6, 7, 16]. 
At the same time, doz ens of ra di a tion mod els ex ist al low ing more ac cu rate cal cu la tion of ra di a tion fluxes
com pared to ap proaches used in tra di tional glaciological mod els, and, more im por tantly, prompt im ple -
men ta tion of the lat est data on changes in the com po si tion of the at mo sphere [11, 13, 14]. Ap plying these
mod els could sig nif i cantly in crease the ac cu racy of pre dic tions of the state of moun tain gla ci ation, its sen si -
tiv ity to vari a tions in the com po si tion of the at mo sphere, be cause the cor re spond ing changes can be di rectly 
em bed ded into the model. The aim of this study was to re vise crit i cally some of the key al go rithms for cal -
cu lat ing ra di a tion fluxes in glaciological mod els and to im prove their re li abil ity. 

All mathematical surface mass balance models based on the energy balance approach [5, 6, 16, 18] (the
alternative approach is the temperature index method [20]), require calculation of the net radiation on the sur-
face of a glacier. For this purpose, one needs to estimate the global (direct and diffuse) radiation incoming
on the arbitrary oriented glacial surface, longwave incoming and outgoing radiation, to consider influence
of cloudiness, shading effect from the surrounding relief, changes in surface albedo, presence of debris
cover etc. Global radiation makes maximum contribution in formation of conditions favorable to surface
melting of a glacier. At the same time, it can be most realistically formulated in terms of a mathematical
model (in contrast to, for instance, the turbulent heat exchange of a glacier with the atmospheric or internal
and avalanche feeding). The following main factors determine the most significant changes of direct and
diffuse radiation fluxes: the height of the Sun (or, equivalently, the mass of the atmosphere in the direction
of the Sun), transmissivity of the atmosphere, cloudiness, duration of sunshine [1]. 

In the pa per, we con sider the ra di a tion model adapted for the moun tain gla cier and pres ent re sults of
sim u la tion of di rect and dif fuse ra di a tion on Karabatkak gla cier (north ern macro-slope of the Terskey
Ala-Too moun tain ridge, In ner Tien Shan). The choice of this par tic u lar gla cier is ex plained by the fact that
ob ser va tions of the sur face mass bal ance com po nents have been con ducted here dur ing sev eral de cades.
Observations were in ter rupted for sev eral years at the end of the 20th–beginning of the 21st cen tu ries (as
on most of the gla ciers of the for mer USSR). Model prog nos tic cal cu la tions of the moun tain gla ci ation
evolution in the Tien Shan re quire pre lim i nary model cal i bra tion and val i da tion, there fore, it is im por tant to 
use his tor i cal ob ser va tion re cords. An other rea son for choos ing Karabatkak is that two au to matic weather
sta tions (AWS) are in stalled in the ab la tion zone of the gla cier (Fig. 1). Data from these AWS were very
help ful for model tun ing.

The study consists of two parts. In the first part (this paper) we consider the issues of shortwave
simulation. In the second part we shall study simulation of the longwave radiation and net radiation (radia-
tion balance).

2. ALGORYTHMS
OF THE GLOBAL RA DI A TION CAL CU LA TION

Fol low ing the works [13, 14], we can for mu late global ra di a tion ES at the sur face of the Earth and un der
con di tion of ab sence of the cloud cover as the sum

E E E ES dir dif dif= + +
~

(1)

where Edir is di rect ra di a tion; Edif is dif fuse ra di a tion; 
~
E

dif
 is mul ti ple re flected dif fuse ra di a tion.

Trig o no met ric ex pres sions link ing the po si tion of the Sun and irradiance on the top of the at mo sphere
and at the sur face of the Earth are de scribed in de tail, for in stance, in the clas si cal mono graph [12]. There -
fore, listed be low are only key ex pres sions, which are nec es sary for un der stand ing com pu ta tional al go -
rithms.

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 46   No. 8  2021

496 RYBAK et al.



2.1. Direct Radiation

Ac cord ing to the model of Iqbal [12], which, in turn, is based on the se ries of ear lier stud ies, di rect so lar
ra di a tion Edir, in com ing on the hor i zon tal plane in the ab sence of clouds can be es ti mated as

E SR t t t t t tdir R g n w a o= 0 (cos )q (2)

where S  is the so lar con stant; R0 is cor rect ing co ef fi cient ac count ing for el lip tici ty of the Earth’s or bit:

R0 100010 0034221 0001280 0000719 2= + + +. . cos . sin . cosG G G + 0000077 2. sin G (3)
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Fig. 1. The region of the research is Inner Tien Shan: (a) Karabatkak glacier is located on the northern slope of the Terskey
Ala-Too mountain ridge; outlined in the inset by the red frame, is the region of the research; the arrow indicates the location 
of the AERONET Issyk Kul station; the satellite image of Karabatkak glacier (b; isolines are drawn every 20 m); the red
triangles indicate locations of the automatic weather stations AWS1 and AWS2.



where G = -2 1 365p( )/d n  is day an gle in ra di ans; dn is the day of the year. Other co ef fi cients in (2) are
responsible for at ten u at ing of the so lar ra di a tion in the at mo sphere: as a re sult of Ray leigh scat ter ing (tR),
scat ter ing and absorbtion by aero sols (ta), ozone (to), ni tro gen di ox ide (tn), uni formly mixed gases (tg), wa -
ter va por (tw); q is the so lar ze nith an gle:

q j d j d w= +arccos(sin sin cos cos cos ) (4)

where j  is geographical latitude; d is declination of the Sun; w  is hour angle of the Sun. Comparison of seve-
ral methods of parameterization of direct shortwave radiation showed that the Iqbal model, despite the fact
that it was proposed more than 30 years ago, is very effective in terms of ability to reproduce the actual
values of shortwave radiation at the Earth’s surface [19]. The efficiency of the Iqbal model is determined
apparently by parameterization of attenuating coefficients in (2). 

Note that the method of Iqbal (so called model C [11]) of calculation of transmissivity of the atmosphere 
is implemented in other models, but using other parameterizing equations for the coefficients tR, ta, to, tn, tg,
and tw. The Iqbal model sets a kind of scheme for calculating transmissivity, and individual coefficients are
determined based on the analysis of an increasing array of observational data. In our study, these coeffi-
cients are calculated in accordance with the REST model (Reference Evaluation of Solar Transmittance)
[11]. The form of parameterizing equations in the REST model allows using the optimum way to assimilate
the data of observations of the atmosphere composition, which were not fully available in the beginning of
1980s. Used as input variables in the REST model (see Table 1 in [11]), are the atmospheric pressure p,
contents of water vapor w, ozone uo and nitrogen dioxide un in the unit atmospheric column, extinction
coefficient b and zenith angle of the Sun q (4).

The extinction co ef fi cient b is de rived from the Ang strom law:

t l bl a( ) = - (5)

where t l( ) is aero sol op ti cal depth on the wave length l; a is Ang strom ex po nent. Aero sol op ti cal depth 
t l( ) on the wave length 500 nm (t500) is most of ten used to char ac ter ize aero sol at ten u a tion of ra di a tion in
the at mo sphere. Mean monthly val ues of t500 and a and their mean square er rors for the range 440–870 nm
were cal cu lated for the pe riod 2007–2016 at Issyk Kul sta tion (42°3 ¢7  N, 76°5 ¢8  E, 1650 m above sea level).
The sta tion is lo cated rel a tively close to Karabatkak gla cier (Fig. 1). The data are free avail able at the site of 
Aero sol Ro botic Net work (AERONET, https://aeronet.gsfc.nasa.gov). Data on the at mo spheric wa ter va -
por con tent w are also avail able there (Ta ble 1). The extinction co ef fi cient b ap par ently var ies dur ing the
year in broad lim its, re main ing, how ever, rel a tively low due to the low con tent of im pu ri ties. Shown for
com par i son in lines ¢b  and ¢¢b , are val ues for stations Dakka (Ban gla desh) and Dushanbe (Tajikistan), which 
are on av er age an or der of mag ni tude higher than on Issyk Kul sta tion. Since the Dushanbe sta tion is lo -
cated in nat u ral con di tions sim i lar to Issyk Kul sta tion, the rea sons for the higher val ues of the ex tinc tion
co ef fi cients can be en tirely at trib uted to the anthropogenic im pact.

Mean monthly values of ozone content (in Dobson units) during the period of 1997–2005 in the latitudi- 
nal belt 40°–45° N were taken from [9]. Nitrogen dioxide concentration in the troposphere depends to the
great extent from the degree of anthropogenic pollution. In accordance to [11], we assume the constant
value in the unit atmospheric column (both troposphere and stratosphere) un = 1.5 ́  10–4 atm-cm, which is
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Ta ble 1. Mean annual data on the at mo spheric pa ram e ters and cor re spond ing mean square er rors at the Issyk Kul
sta tion

Param- 
eter

Jan-
uary

Feb-  
ruary March April May June July Au gust

Sep -
tem ber

Oc-
tober

No -
vem ber

De cem -
ber

t500

st

a
sa

b
¢b
¢¢b

w
sw

0.116
0.059
1.48
0.032
0.042
0.130
0.437
0.41
0.16

0.119
0.073
1.31
0.036
0.048
0.127
0.428
0.39
0.16

0.157
0.105
0.94
0.046
0.082
0.239
0.390
0.53
0.16

0.228
0.241
0.80
0.048
0.131
0.267
0.384
0.70
0.20

0.113
0.068
1.10
0.035
0.053
0.304
0.384
0.99
0.26

0.114
0.064
1.28
0.041
0.047
0.351
0.327
1.26
0.28

0.137
0.073
1.43
0.036
0.051
0.375
0.183
1.42
0.23

0.141
0.088
1.27
0.035
0.058
0.400
0.152
1.33
0.31

0.136
0.077
1.21
0.040
0.059
0.375
0.259
1.07
0.24

0.105
0.065
1.22
0.042
0.045
0.314
0.346
0.83
0.25

0.091
0.056
1.41
0.037
0.034
0.145
0.339
0.59
0.20

0.088
0.048
1.56
0.031
0.030
0.127
0.437
0.42
0.16

Explanations are given in the text.



typical for the clean atmosphere. Mean monthly values of the atmospheric pressure (necessary for
calculation of the Rayleigh scattering) are taken from observations on the AWS.

The sur face of the gla cier is ar bi trary ori ented in space. This cir cum stance should be taken into ac count
for cal cu la tion of di rect ra di a tion, there fore, in stead of the ze nith an gle q in (3) it is nec es sary to use an gle Q
be tween the nor mal to the plane and di rec tion to the Sun [2].

2.2. Dif fuse Ra di a tion

For pur pose of math e mat i cal mod el ing, in the ma jor ity of cases, dif fuse ra di a tion is con sid ered iso tro -
pic, though in re al ity its greater part falls from the cloud less sky from the di rec tion of the Sun. An iso tro pic
model, strictly speak ing, is fully con sis tent only in over cast con di tions [2]. Nev er the less, an iso tro pic
model is em ployed be cause of the lack of ob ser va tions. In this study, dif fuse ra di a tion un der the con di tion
of ab sence of clouds is cal cu lated in ac cor dance with the ap proach for mu lated in the model MRM, ver sion
6.1 [13], tak ing into ac count sky view fac tor fs and re flec tion from the sur round ing re lief Et [7]:

E f SR t t t t f t t Edif s g n w aa a as R t= - +0
0 505 1(cos ) ( . ) ( ).q (6)

where taa = ta/tas is the attenuation of the solar radiation due to absorption by aerosols; tas is attenuation due
scattering by aerosols (Mie scattering):

t m SSAas R= -exp( ).t (7)

In (7) SSA is sin gle-scattering albedo; t t=
500

 is monthly mean of aero sol op ti cal depth at the Issyk Kul
sta tion (Ta ble 1); mR is mass of the at mo sphere, parametrized in ac cor dance with [11]:

m p
R

= + -( / . )[cos . /( . ). .101325 0 48353 96 7410 095846 1 7q q q 54 1] .- (8)

The term (0.5fa)0.5 de fines the shares of the Ray leigh and aero sol scatterings, which reach sur face of the
Earth. In the ideal case this term equals to 0.5, though in re al ity the flux of dif fuse ra di a tion in the di rec tion
of the sur face of the Earth is greater com pared to the flux in the op po site di rec tion and de pends solely on
the so lar al ti tude h = 90° – q:

fa = - ´ + +-8 10 00117 055 2h h. . . (9)

In this study, the tuned pa ram e ter SSA var ies within the lim its 0.65–1.0 [15]. Re flec tion from the sur -
round ing re lief Et is cal cu lated in ac cor dance with [7]:

E f Et t s S= -a ( )1 (10)

where a t  is the sur face albedo. Ap par ently, to es ti mate Et it is nec es sary to cal cu late ES with out this term
and next to make ap pro pri ate cor rec tion.

Ra di a tion in a cloud less sky due to a sin gle re flec tion from the Earth’s sur face and sub se quent mo lec u lar 
(Ray leigh) and aero sol scat ter ing, 

~
E

dif
, is small com pared with Edif [14]. Nev er the less, to ac cu rately cal cu -

late in com ing ra di a tion, es pe cially over fresh snow with high albedo, it is rea son able to take into ac count
this com po nent:

~
( )[ / ( )]E E Edif dir dif g s g s= + -a a a a1 (11)

where a s  is the cloudless sky albedo; ag is surface albedo. In the current study, ag = 0.8 for the snow-
covered surface, a g = 0.3 for clear ice; a a as R a= + ; aR = 0.0685 is the albedo of Rayleigh scattering, 
a a  = 0.16(1 – ta) is the albedo of scattering by aerosols [14]. 

2.3. Im pact of Clouds

Prob a bly, the most dif fi cult term for parameterization in sur face mass bal ance mod el ing and, at the same 
time, the most un cer tain is the cloud fac tor [8, 21]. Clouds influence radiation fluxes in dif fer ent ways. De -
pending on the type of clouds and the height of the Sun, a cloud layer can ei ther be al most trans par ent for
the di rect so lar ra di a tion, or block ra di a tion com pletely [1]. On the one hand, ob ser va tions of cloud i ness
(types of clouds, cloud amount) are car ried out at me te o ro log i cal sta tions clos est to the gla cier, and their re -
sults can be used to cal cu late past or cur rent val ues of the sur face mass bal ance. Note that quan ti fi ca tion of
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cloud i ness is of ten not ob jec tive. In deed, only two states can be un equiv o cally de fined: the com pletely
cloud less sky and the over cast sky. In ter me di ate states will in ev i ta bly be ap prox i mate. The com mon ap -
proach to es ti mat ing the amount of clouds in ret ro spec tive cal cu la tions is to eval u ate the ra tio be tween the
the o ret i cal ra di a tion at the top of the at mo sphere, cor rected for its cal cu lated trans par ency, and the ra di a tion 
mea sured at the near est me te o ro log i cal sta tion [16]. Ap par ently, in this case the ac cu racy of de fin ing of
cloud i ness will be higher. How ever, even this ap proach has draw backs: in ten si fi ca tion of the so lar ra di a tion 
flux by a cloud layer is widely known [24, 25].

It is ob vi ous that in prog nos tic cal cu la tions such ap proach is im pos si ble and it is nec es sary to im ple ment 
one or an other sim pli fied scheme. Be sides, it is not rea son able to link a parameterizing scheme ei ther to pe -
cu liar i ties of a spe cific place (e.g., a moun tain sys tem or an area within such sys tem) or to a spe cific type of
clouds. In this study, we em ployed a sim ple scheme, which re sem bles to some ex tent an ap proach sug -
gested in [17, 23]. This ap proach sup poses link ing cloud i ness to daily pre cip i ta tion amount. Im ple men ta -
tion of this ap proach will ob vi ously dis tort real in stant data, nev er the less, av er ag ing over long pe riod,
which is crit i cally im por tant for mass-balance cal cu la tions, al lows obtaining results that are sat is fac to rily
com pa ra ble with ob ser va tions, as dem on strated be low. 

So, the to tal ra di a tion in the pres ence of cloud i ness is cal cu lated sim i larly to the case of a cloud less at -
mo sphere:

E nE E ES
cl

dir dif
cl

dif
cl= + +

~
(12)

where n is cloud i ness from 0 to 1; Edir is de fined in (2); E
dif

cl  is ra di a tion at sin gle scat ter ing in the cloudy at -

mo sphere:

E f T E k T E E Edif
cl

S cl dif cl dir dif t= + - + +[ * ( )( )] .1 (13)

In (13) k*  is the em pir i cal co ef fi cient de pend ent on geo graph ical lat i tude (k* = 0.33 at 40° N [22]); Tcl is
attenuation of the dif fuse ra di a tion by a cloud layer [14]:

T n n mcl R COD= - + -1 exp( ) (14)

where mR is the at mo spheric mass of the Ray leigh scat ter ing (8); COD is cloud op ti cal depth [13]. For mal -
iza tion and eval u a tion of the lat ter pa ram e ter is rather com pli cated [13], that is why it is rea son able to con -
sider it as a tun able one.

Sim i larly to (11), mul ti ple scat ter ing can be for mu lated as
~

( )[ / ( )]E E Edif
cl

dir
cl

dif
cl

g cs g cs= + -a a a a1 (15)

where a cs  is albedo of the cloudy sky,

a a a acs R a c= + + (16)

where a c  = 0.01653 is albedo of clouds [22]; a
R

 and a a  are defined above; Et is calculated similarly to (10) 
with replacement of the components taking into account cloudiness.

3. DATA

In order to compare simulation results with observations, we used in this study records of the automatic
weather stations (AWS, Fig. 1) manufactured by Climantec Inc. (Japan) established on the glacier on the
elevations of 3420 m (AWS1) and 3460 m (AWS2) above sea level. Global radiation on these AWS was
measured by pyranometers CM3 manufactured by Kipp and Zonen (The Netherlands). Observations on the
AWS1 started in July, 2017, on the AWS2, in August, 2018 and have been performed until present. Radiation 
has been measured with the 5-minute interval and was followed by hourly averaging. A small measurement 
interval with subsequent averaging allows avoiding sharp jumps in the measured radiation values, especially
in the morning and evening hours, when the Sun is already (still) above the horizon, but the surrounding
mountains obstruct direct radiation. In addition, short time interval allows more accurate capturing of times
of the radiation maxima. 

The nearest weather stations conducting observations of cloudiness, Kyzyl Suu and Tien Shan, are
located approximately at the same distance (about 40 km) from the glacier. The Karabatkak glacier is sepa-
rated from the AWS Kumtor by the Terskey Ala-Too mountain ridge, therefore, it is more reasonable to use 
the data from the Kyzyl Suu weather station. We analyzed a record of the regular observations for the time
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period from October 1, 2016 to September 30, 2018 (two hydrological years). This time segment has mini-
mum number of gaps in the whole available record of 2005–2020 freely available at the site www.rp5.ru.
Subsequently, the data were daily averaged and collated with the daily precipitation record for the same
time period. Daily precipitation sums were measured using the Tretyakov pluviometer at the weather
station of the Tien Shan High Mountain Scientific Center in Chon-Kyzyl Suu (Fig. 1). We considered data
of the cold (October–March) and warm (April–September) periods separately. Besides, precipitation
events were ranged according to the intensity (Table 2).

In the Ta ble 2 “any pre cip i ta tion” de note pre cip i ta tion events, re gard less of their amount.  It is ob vi ous
that av er age cloudiness differs between the warm and the cold pe ri ods and slightly changes dependently
on daily pre cip i ta tion amount. Im ple men ta tion of the sim ple scheme de scribed above al lowed link ing
cloud i ness to the ac tual, and in the case of prog nos tic cal cu la tions, to the model gen er ated pre cip i ta tion
amount [23].

Shad ing ef fect from the sur round ing re lief was eval u ated in ac cor dance with a widely used al go rithm
[10]. In over all, im ple men ta tion of this al go rithm yields re al is tic re sults, though the use of a smoothed dig i -
tal el e va tion model leads to neg li gi ble dis tor tions of the cal cu lated ra di a tion fluxes (dis cussed in Sec tion 4). 
The same al go rithm was used for cal cu la tion of the sky view fac tor fs. The dig i tal el e va tion model with the
spa tial res o lu tion of 25 m was pro vided by the Wa ter Prob lems and Hydropower In sti tute of the Na tional
Acad emy of Sci ences of the Kyrgyz Re pub lic.

4. RE SULTS AND DISSCUSSION

To val i date the cor rect op er a tion of the ra di a tion model, cal cu lated val ues of the to tal ra di a tion were
com pared with the AWS data. For more ac cu rate com par i son, the in ter val of cal cu la tions was the same as
the in ter val of mea sure ments. Lo cal time was cor rected us ing lon gi tude of the gla cier and solv ing the time
equa tion [12].

Ac cu rate com par i son of the re sults for the par tic u lar dates has sense only in two cases: when it is pos -
si ble to unequivocally de ter mine that on that day the sky was cloud less (or, at least, in the time pe riod of
max i mum in so la tion (Figs. 2a, 2c, and 2e) or over cast (Figs. 2b, 2d, and 2f ). Note that the con tri bu tion to
the global ra di a tion of the cal cu lated val ues of E

dif
, which are of ten ig nored in glaciological mod els, in a

cloud less sky (11) and E
dif

cl  in an over cast sky (15) is 2–6% and 32–34%.

We must fo cus on some dis crep an cies be tween the ob served and cal cu lated global ra di a tion data. Ap -
par ently, the over es ti ma tion of the cal cu lated val ues in the morn ing hours hap pens be cause the spa tial step
in the em ployed dig i tal el e va tion model is 25 m, which nat u rally leads to smooth ing of the re lief and the
dis ap pear ance of some small-scale de tails that in re al ity cre ate shad ing on the gla cier sur face. Be sides,
shad ing is cal cu lated for the en tire 25 ́  25 m cell, and the au to matic weather sta tion is de scribed as a point
in the cell, which is also a source of un cer tainty about en ter ing or leav ing the shadow area.

In the model, we use cloud i ness av er aged over eight daily stan dard mea sure ments, there fore, in crease of 
cloud i ness be tween terms and, as a re sult, abrupt de crease of global so lar ra di a tion, can not be re pro duced
by the model (Fig. 2c, 13:00–15:00). In the over cast case, di rect ra di a tion is ab sent, and the global ra di a tion 
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Ta ble 2. Mean an nual cloud i ness dur ing the days with dif fer ent amount of pre cip i ta tion at the me te o ro log i cal sta tion 
Kyzyl Suu from Oc to ber 1, 2016 to Sep tem ber 30, 2018 and the val ues used in the cal cu la tions

Pe riod No pre cip i ta tion Any pre cip i ta tion £5 mm/day >5 mm/day >10 mm/day

Whole year 4.8 7.7 7.6 8.3 8.5

Con trol ex per i ments

Cold pe riod
Warm pe riod

5.4
4.2

8.1
7.5

7.7
7.5

9.0
7.7

10.0
7.7

Cor rected val ues used in cal cu la tions

Whole year 3.8 – 5.0 6.0 7.7



con sists of dif fuse ra di a tion only. Mea sured dif fuse ra di a tion is com pa ra ble with sim u lated fig ures tak ing
into ac count its scat ter in the lim its of ±s (s is a root-mean-square er ror, see Ta ble 1).

To tal at ten u a tion of the di rect so lar ra di a tion in ac cor dance with equa tion (2) de pends on the so lar ze nith 
an gle, as well as on the an nual vari abil ity of the at mo spheric pres sure, tur bid ity fac tor, wa ter va por con tent, 
etc. An nual vari abil ity of those at ten u at ing fac tors and the prod ucts of all fac tors are col lected in Ta ble 3.
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Fig. 2. Measured and modelled values of the global radiation and modelled components of the global radiation (à, c, e) in the
clear sky conditions and (b, d, f) in the overcast conditions. (a) December 16, 2018; (b) January 16, 2018; (c) June 18, 2019;
(d) February 19, 2020; (e) October 9, 2017; (f) March 7, 2020. Radiation fluxes: (1) is direct; (2) is diffuse; (3) is global; (4) is
multiple reflected; (5) is reflected by the relief; (6) is  measured global. The dot lines indicate maximum and minimum values
of the modelled global radiation.

Ta ble 3. Cal cu lated val ues of the transmissivity coefficients ta and tw and the prod ucts (P t ) of all in the true

mid day of 15th day of ev ery month, their max i mum (maxP t ) and min i mum (minP t ) val ues

Param-
eter

Jan-
uary

Feb- 
ruary March April May June July Au gust Sep -

tem ber
Oc-

tober
No -

vem ber
De -

cem ber

ta

tw

P t

maxP t

minP t

0.965
0.859
0.725
0.736
0.718

0.959
0.855
0.753
0.796
0.740

0.932
0.880
0.748
0.783
0.718

0.894
0.899
0.730
0.756
0.708

0.956
0.919
0.786
0.802
0.772

0.960
0.930
0.788
0.801
0.778

0.957
0.935
0.782
0.796
0.769

0.951
0.932
0.772
0.791
0.755

0.951
0.922
0.762
0.781
0.746

0.962
0.909
0.755
0.770
0.742

0.971
0.997
0.738
0.749
0.731

0.975
0.861
0.724
0.731
0.720

P t  is the prod uct of all co ef fi cients at tR = 0.932, to = 0.979, tn = 0.998, tg = 0.988.



Shown in the ta ble, are max i mum and min i mum val ues, which were cal cu lated form the sam ple root-mean-
square er rors (s t , s a , and s w ). Re sul tant scat ter of transmissivity does not ap par ently ex ceed 10%.

Pre cip i ta tion events are mostly ob served in the re gion in the sec ond half of the year, from July to No -
vem ber. Max i mum am pli tudes of the global ra di a tion also fall on this pe riod (Figs. 3a and 3b). Note that the 
graph of the cal cu lated ra di a tion is smoothed, the peaks of the max i mum val ues are cut off. It can be ex -
plained by em ploy ment of the fixed cloud i ness. Since the num ber of the con sec u tive days with out pre cip i -
ta tion is greater than the days with pre cip i ta tion, the cut off from above oc curs more of ten than from be low.
Min ima in cal cu lated ra di a tion of ten ex ceed ac tual ones, be cause min i mum cloud i ness in the model is also
lim ited.

In or der to cal cu late melt ing rate in the model of sur face mass bal ance, it is crit i cally im por tant to eval u -
ate quan tity of in com ing so lar ra di a tion in the warm pe riod of the year. There fore, in this study com par i son
of the mod el ling re sults and the mea sure ments is lim ited by the pe riod from April to Sep tem ber (10-day
period sums are shown in Fig. 4, and monthly ones, in Ta ble 4). Mea sure ments on the AWS1 were con -
ducted dur ing two warm pe ri ods in 2018 and 2019, on the AWS2, only dur ing the year of 2019 (2020 data
has not yet passed qual ity con trol).

The larg est dis crep an cies be tween the model and ac tual amounts of ra di a tion are ob served in July–Sep -
tem ber with the max i mum in Au gust. Per haps, this hap pens be cause dur ing this pe riod the real cloud i ness
de vi ates most from the av er age, which, ac cord ingly, de ter mines the dif fer ence be tween the sim u la tion re -
sults and ob ser va tions: the model over es ti mates ra di a tion val ues. How ever, pos i tive and neg a tive de vi a -
tions even tu ally com pen sate each other, smooth ing the re sult ing de vi a tions at the end of the ab la tion pe -
riod, which ul ti mately mat ters for cal cu lat ing to tal ab la tion. 

Af ter re cal cu la tion of the ab so lute dif fer ence be tween the mod elled and mea sured ra di a tion into the
equiv a lent of the melted layer of ice and tak ing into ac count the con ven tional ice albedo of 0.3 and the spe -
cific heat of fu sion of 334 kJ/kg, we ob tain the up per es ti mate of the er ror in de ter min ing the ab la tion value
in the cur rent year. Since the bal ance of the longwave ra di a tion, the layer of melted sea sonal snow, albedo
evo lu tion, and other fac tors are not taken into ac count, we mean the up per bound ary of the es ti mates. In
2018, in the altitudinal range of 3400–3500 m, the av er age sur face melt ing de ter mined from mea sure ments
on ab la tion stakes, was 3100 mm. Thus, on AWS1, the max i mum er ror value for the en tire ab la tion sea son
was about 9%. A sim i lar es ti mate for 2019 gives a value of about 13% for AWS1 and about 1% for AWS2.

Of course, linking amount of precipitation to the cloudiness will be limited to a specific geographical
region. We assume that this is not a big problem. One way or another, a number of climatic and other
regularities will determine the peculiarities of the dynamics of mountain glaciers. Within the framework of

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 46   No. 8   2021 

PARAMETERIZATION OF SHORTWAVE SO LAR RA DI A TION IN GLACIOLOGICAL 503

Fig. 3. (a; 1) Mea sured and (2) mod elled daily amount of the global ra di a tion at the AWS1 in the hydrologic year from
October 1,  2018 to Sep tem ber 30, 2019. (b) Daily amounts of pre cip i ta tion at the Chon-Kyzyl Suu weather sta tion dur -
ing the same pe riod.



the unified approach, these peculiarities will determine the way of tuning the adjustable parameters of the
mathematical model. Probably, it would be reasonable to calculate the attenuation of the radiation flux in
the cloud layer based on the total water content in the clouds. Such an approach would of course be a
rational solution if the purpose of the calculations were to determine the current melting rate on the surface
of a mountain glacier, and data on the water content of clouds were available in one or another form. The
purpose of this study was to elaborate a model focused on long-term prognostic calculations. From our
point of view, we can hardly rely on the predictions of global or regional climatic modeling of cloudiness
characteristics. The parameterization of cloudiness, as, in fact, the most powerful regulator of radiation
fluxes, should be quite simple and base on quite obvious regional connections and relationships.

5. CON CLU SIONS 

Cor rect cal cu la tion of the in com ing shortwave ra di a tion is crit i cally im por tant for elab o ra tion of an en -
ergy bal ance model of the sur face mass bal ance of moun tain gla ciers. Ex isting mod els of ten ig nore, for ex -
am ple, mul ti ple re flec tions be tween the Earth’s sur face or re flec tion from the sur round ing ter rain. When
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Fig. 4. (1) Modelled and (2) measured cumulative 10-day period amounts of global radiation (a) from April 1 to Septem-
ber 30, 2018 at the AWS1, from April 1 to September 30, 2019 (b) at the AWS1 and (c) AWS2 and (3) corresponding root-
mean-square errors D.



clouds are ab sent or neg li gi ble, di rect ra di a tion dom i nates, and these pro cesses are rel a tively in sig nif i cant.
How ever, un der over cast con di tions, di rect ra di a tion is sub stan tially weak ened or even ab sent, and these
sources play a sig nif i cant role in the struc ture of dif fuse ra di a tion. It also seems to be a cer tain sim pli fi ca -
tion to in tro duce a fixed ra tio be tween di rect and dif fuse ra di a tion. In cal cu la tions of at mo spheric
transmissivity, parameterization equa tions are of ten based on out dated or in com plete data on the com po si -
tion of the at mo sphere. All these rea sons mo ti vated us to crit i cally re vise com pu ta tional al go rithms in this
study. We im ple mented al go rithms de vel oped ear lier, which have never been used in glaciological ap pli ca -
tions. Parameterization of cloud i ness is the most chal leng ing task. Since prog nos tic cal cu la tions re quire
sim ple schemes with out ex ces sive de tail ing con cern ing the type and layer of clouds, we re lied on an ob vi -
ous cir cum stance: on the day when pre cip i ta tion falls, the cloud i ness is on av er age higher than in the ab -
sence of the lat ter.

The re sults of sim u la tions were com pared with ob ser va tions of the global ra di a tion in 2017–2020 on
two AMS in stalled on Karabatkak gla cier. It was shown that the model with sche matic cloud de scrip tion
sat is fac to rily re pro duces ob ser va tional data, in clud ing the warm half of the year, dur ing the ab la tion sea -
son. Un for tu nately, the lim ited scope of the pa per did not al low us to in clude a com par i son of the re sults ob -
tained with ref er ence multilinear cal cu la tions. We plan to do this in the fu ture.
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Ta ble 4. Modeled and observed (Obs.) values of the monthly amounts of global ra di a tion (MJ/m2), rel a tive
deviations of the model val ues from ob served ones (Rel.) and equiv a lent of the dif fer ence be tween modelled
and observed values in millimeters of the layer of the melted ice (Equ.)

Pa ram e ter April May June July Au gust Sep tem ber April–  
Sep tem ber

AWS1, 2018

Model
Obs.
Rel.
Equ.

484.5   
514.3   
–5.8%

–89.2   

559.2
556.3
0.5%
8.7

520.7
486.2
7.1%
103.3

504.9
454.4
11.1%
151.2

478.9
425.8
12.5%
159.0

356.8
372.6
–4.2%
–47.3

2904.0
2809.0
3.4%
284.4

AWS1, 2019

Model
Obs.
Rel.
Equ.

495.0
478.7
3.4%
34.2

538.0
567.6
–5.2%
–62.0

523.0
481.6
8.6%
123.9

519.0
472.0
10.0%
98.5

447.8
376.8
18.8%
148.8

369.2
353.1
4.6%
33.7

2892.1
2729.9
5.9%
339.9

AWS2, 2019

Model
Obs.
Rel.
Equ.

485.3
470.8
3.1%
30.4

510.3
569.8

–10.4%
–124.7

489.4
507.3
–3.5%
–37.5

484.5
514.4
–5.8%
–62.7

415.8
337.7
23.1%
163.7

373.5
373.6

<–0.1%
–0.2

2758.9
2773.5
–0.5%
–30.6
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