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Abstract

The article presents a comparative assessment of the snow height (HS) in the
Limited Liability Partnership "North Kazakhstan Agricultural Experimental
Station" using three different approaches of calculation of Snow Cover Fraction
(SCF) with further determination of Snow Water Equivalent (SWE) from the one
hand and in-situ prospective from the other. It was clear that the quadratic formula
of SCF calculation provide better and reliable outcomes with an RMSE 1.36 cm
which is followed by linear (12.06 cm) and exponential approaches (12.86). The
lowest water level was 9 mm, the average level was about 50 mm, and the highest
level was up to 62 mm, according to the SWE map produced by the quadratic
equation while the highest, average and the lowest snow height (HS) have reached
up to 28 cm, 13 cm and 5 cm respectively. Based on the results and the accuracy
obtained, we strongly recommend to use the given methodology in the whole
northern and central regions of Kazakhstan to estimate the amount of snow for the
further hydrological plans and decisions.

Keywords: snow height (HS), snow density (p), snow water equivalent
(SWE), Normalized-Difference Snow Index (NDSI), Snow Cover Fraction (SCF),
Sentinel-2, agriculture, North Kazakhstan

Introduction

The development of methods
for obtaining reliable information
about the snow cover with high
spatial and temporal resolution over
vast areas is of great importance due
to the high natural spatio-temporal
variability of the snow cover and its
rapid directional changes under the
influence of the changing climate
(Armstrong et al.,, 2008). Due to
extreme thermophysical
characteristics, the high variability of
parameters and duration of occurrence
on vast land areas, the snow cover
affects practically all processes of

interaction of the atmosphere with the
underlying surface of temperate and
high latitudes in the cold season
(Varvus. 2007). The effect of climate
warming on snow cover (earlier
snowmelt, shorter period with stable
snow cover) can lead to a serious
impact on natural and anthropogenic
systems. Snow cover in mountainous
regions and on plains, in regions with
a temperate climate, is very sensitive
to temperature fluctuations, therefore
such regions are most likely to suffer
from a possible increase in snow
melting (Popova et al, 2015).



Changes in the regime of snow
accumulation and snow melting affect
water resources (changes in the level
of spring floods, increased potential
for evaporation) and the agriculture
sectors that depend on them (Barnet et
al., 2005)

Natural and climatic conditions
of the North Kazakhstan region are
favorable for the cultivation of
cereals, oilseeds, legumes and forage
crops and, in first of all, food spring
soft wheat with high content gluten,
which is in high demand on world
markets as it has a feature of
improving the baking properties of
flour. In addition to spring wheat,
significant areas are occupied by peas,
lentils, rapeseed, sunflower, flax,
millet and oats (Shur, 2014). Due to
its location the agricultural fields of
the North Kazakhstan region are
irrigated naturally with the help of
rainfall and the moisture that is stored
in the soil derived from the melting of
snow. Therefore, it is crucial to
understand how much snow was
melted in a given area and is there
enough moisture in the soil to obtain
maximum vyield from the agricultural
fields including winter crops.

It is known that with an
increase in the density of the snow
cover, its thermal conductivity also
increases. The (greatest protective
effect for winter crops is provided by
loose, freshly fallen snow, the thermal
conductivity of which is the lowest.
On the contrary, compacted snow
weakly protects winter crops from
freezing. For agriculture, the question
of the effect of snow cover on soil
temperature at the tillering node depth

Study area

of winter crops (3-5 cm) is of
particular interest, since a decrease in
soil temperature at this depth to a
certain limit causes damage to the
tillering node and often leads to
complete death of plants. So, in the
presence of a snow cover from 1 to 5
cm thick, the soil temperature at the
depth of the tillering node turns out to
be 1-3°C higher than the air
temperature  (Ventskevich, 1952).
According to the "Map of the depth of
snow cover", the average thickness of
the snow cover in the northern regions
of Kazakhstan does not exceed 40-70
cm (Richter, 1948).

The objective of this study is to
estimate the snow height (HS), snow
density, NDSI, snow water equivalent
(SWE) and the safety of winter crops
in the third decade of February 2020
in key areas of the North Kazakhstan
region. The snow water equivalent
(SWE) is the depth of water that can
form if all snow cover is completely
melted. It can characterize snow cover
over a specific area or a limited snow
pattern over a corresponding defined
surface area. Snow water equivalent is
the product of snow depth in meters
by the vertically integrated density in
kilograms per cubic meter (Goodison
et al., 1981). Indeed, SWE is needed
to monitor the seasonal changes and
estimate water resources to irrigate
arable lands and agricultural fields.
Surely, manual field works of
measuring SWE can be done, but, in
present days, vast areas are easily and
efficiently monitored automatically
through satellite images and remote
sensing.



The Limited Liability
Partnership "North Kazakhstan
Agricultural Experimental Station" is
located in Shagalaly settlement,

Akkayin district which is in the North
Kazakhstan region (54°17'N,
69°52'E). The features of the study

area include relatively flat relief and
the presence of many lakes on the 72
thousand ha illustrated territory of
which the arable land and agricultural
fields occupy almost 21 thousand ha
(figure 1).

SRTM relief map of the LLP
"North Kazakhstan Agricultural Experimental Station"
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Figure 1. Digital elevation model of The Limited Liability Partnership
"North Kazakhstan Agricultural Experimental Station"

According to the Gismeteo
data, during the field snow survey, the
south-west wind prevailed, the
maximum speed was 13 m/s with an
average value of 6.4 m/s (Gismeteo
data, 2020). The wind direction for
the cold period of 2019-2020 was
also generally characterized by a
predominance of south-southwestern

Research methods

There are several ways of
measuring snow height, density,
Snow Cover Fraction (SCF) and
Snow Water Equivalent (SWE) both,
in-situ and via remotely sensed data.
Snow water equivalent is an important
parameter of cryospheric science

points. The wind direction is
important due to the fact that it affects
the distribution of the thickness of the
snow cover - from the tops of the hills
snow is blown away while in the
depressions - ravines at the foot of the
slopes under the influence of the
winds characteristic of the study area,
it accumulates (Zhitkov).

where snow, water and ice take a
significant role in the climate system
and agriculture.

In-situ snow surveying. Field
snow survey at the key site was
carried out from February 27 to
February 29, 2020. The thickness of



the snow cover was measured at 559 movement in the study area we used

points and the density of snow at 71 our own snowmobile belonging to the
points throughout the territory of LLP scientific and educational center of
"North  Kazakhstan  Agricultural GIS-technologies at S. Seifullin
Experimental Station". Snow Kazakh Agrotechnical  University
thickness was measured with a metal (figure 2). The actual density (p) of
ruler with a 1-mm scale and the snow was calculated from the mass
density of snow was calculated with (m) of measured snow and the
the use of the weight snow gauge VS- measured snow height (HS):

43. For convenient and quick

P= 10xHS'
where p is in kg/m®, HS in m and m in kg.

(1)

Figure 2. Process of measuring snow height with metal ruler and density via
weight snow gauge VS-43 using a snowmobile for convenient and quick
movement

OnHako B TUTEpaType CYIIECTBYET HECKOJIBKO METOJIOB pacyeTa IIOTHOCTH
CHeTa ¢ MUHUMAJIbHBIMU BXOJHBIMU MapameTpaMu. V3 HUX MBI IE€HCTBUTEIHHO
xotenu ObI okazatk Sturm et al. (2010), B KOTOpOM IIPEACTABIICH Pl HEBEPOSTHO
MPOCTHIX B MCTOJIB30BAaHUU (POPMYJ TUIOTHOCTH CHETa, AOCTYMHBIX C MOMOIIBIO
OJIHOTO YpaBHEHHUSI:

P = Po + (Pmax — Po) X (1 — exp(—k; X HS — ky X 7o) (2)
where variables po, pmax, K1, K2 are accessible in table 1; and DOY is a simple day

of the year which starts with -92 on 1 October to -1 on 31 December and from 1 on
1 January till 181 on 30 June.

Table 1. The set of variables of snow classes for the equation 2

Snow class Po Prmax K1 Ko




Alpine 223,7 597,5 0,12 0,38

Maritime 257,8 597,9 0,10 0,38
Steppe 233,2 594,0 0,16 0,31
Tundra 2425 363,0 0,29 0,49

Taiga 217,0 217,0 0 0

In order to determine the snow water equivalent (SWE) a simple formula
was used:

SWE = p X HS, (3)
where SWE is in kg/m? = mm (H,0), p in kg/m? and HS in m.

Remote sensing and GIS instruments. To calculate the snow height (HS) and
snow water equivalent (SWE) from Normalized-Difference Snow Index (NDSI)
we used multispectral satellite image of Sentinel-2 under the name:
S2A _MSIL1C 20200212T063001 _NO0209 R077_T42UWE and applied the

overall data processing flow (figure 3).
Snow depth

Sentinel-2 —rz Quadratic function 7 SFC map
image map N

“ Exponential function

Figure 3. Flow chart for data processing methods

The NDSI is based on the difference in absorption of radiation by snow in
the visible and infrared regions of the spectrum. Therefore, the algorithm is
applicable only in the daytime; in the evening or at night, pixels covered with ice
will not be detected (Hyung-Sup et al., 2017). The NDSI index is calculated as the
ratio of the difference to the sum of the reflectance of radiation with a wavelength
of 560 nm (Band 3) and 1610 nm (Band 11) of Sentinel-2:

_ BBy,
NDSI = B:+B____, 4)

where Bs is the Green reflectance band and Bi; is SWIR band of Sentinel-2. Once
the Normalized-Difference Snow Index is calculated we can define the area
covered by snow having pixel values higher than 0,4.

The most crucial aspect in snow height estimation remotely is the calculation
of Snow Cover Fraction (SCF) within each pixel of the image. It demonstrates the
share of snow-covered area in the pixel and it varies between 0 and 1 (0% - 100%).
There are three existing SCF estimation equations from NDSI in the literature:

1. linear function (Salomonson et al., 2004)

SCF=a+ b x NDSI, 5)
where a and b are constants which are equal to -0,69 and 1,91 respectively.
2. quadratic function (Barton et al., 2000)



SCF=a+b X NDSI+ c X NDSI, (6)
where a, b and ¢ are optimized constants equal to 0,18, 0,37 and 0,255

respectively.

3. exponential function (Lin et al., 2012)

SCF=a+ b x e™VP5 (7

where a, b and c are equal to -0,41, 0,571 and 1,068 respectively.
During the estimation of snow height (HS) Romanov et al. (2004) have
found that there is a high correlation between SCF and HS as the snow height
increased with raising Snow Cover Fraction. From this observation they have

proposed the following equation:

HS = ens.’-’-‘l’.’F—b _ l,

(8)

where a and b are constants which are equal to 0,33 and 0 respectively.
The snow height was calculated with equation (7) and (8); then they were
validated by in-situ snow surveying results. Furthermore, we estimated the SWE

using equation (3).
Results and discussion

figure 4 represents the Normalized-
Difference Snow Index (NDSI) and
Snow Cover Fraction (SCF) generated
using the linear, quadratic and
exponential equations described in
section 2(b). There was no need to
mask the NDSI map as 99% of the
study area was covered by snow due
to the climatic conditions of the
Northern Kazakhstan and the DOY

when the image was taken. It is
clearly visible that the linear and
exponential equations provide nearly
analogous results while the quadratic
equation show relatively low snow
fraction values. However, there are
not any noticeable differences in the
pattern of three SCF maps.
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Figure 4. Normalized-Difference Snow Index (NDSI) and Snow Cover Fraction
(SCF) maps (a) linear, (b) quadratic, (c) exponential equations

Furthermore, the snow height maps
were generated using the formula (8)
for each SCF equation: linear
equation HS, quadratic equation HS
and exponential equation HS (figure
5). As the snow depth for each image
was estimated using the same
equation, the variations are more

noticeable. For the HS maps based on
the linear and exponential formulas,
the maximum snow height was
estimated to be about 45 cm while the
maximum snow height in the case of
the quadratic equation was just about
28 cm.
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Figure 5. Snow height (HS) maps generated using (a) linear, (b) quadratic, (c)
exponential equations of SCF

We further plotted the snow
level correlation recorded by the ruler
in-situ and estimated by the snow
height maps (figure 6) with a root-
mean-square error (RMSE) of 12,06
cm for linear equations, 1,31 c¢cm for
quadratic equations, and 12,82 cm for
exponential equations. In the linear
equation, due to the SCF’s negative
representation the snow height often

has a negative value in some
instances. The snow height value is
usually small in the quadratic function
since the variables were
underestimated at the SCF level
calculation. However, the data tends
to be much more ambiguous in the
exponential method compared to the
other two cases.
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Overall, after statistical
evidence, we decided to calculate the
ultimate Snow Water Equivalent
(SWE) using the HS map generated
using the quadratic function of SCF
calculation. For that calculation
equation (3) was implemented with
the average measured snow density
(Pavg= 216 kg/m3) multiplied by the
snow height (HS) from the quadratic
equation (figure 7). From the map it is
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Figure 6. Validation of each calculated HS maps with (a) linear, (b) quadratic and
(c) componential equations by comparing with the actual measured HS values

clearly visible that the southwest wind
affected the accumulation of more
snow behind the objects in the
opposite northeast side due to the
swirl and in the low elevated areas.
Moreover, the low-lying northern part
of the LLP "North Kazakhstan
Agricultural Experimental Station"
territory kept relatively more snow
while the southern agricultural fields
had at least 1 cm less snow cover.
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Figure 7. Calculated Snow Water Equivalent (SWE) in the study area in kg/m? =
mm

In this research, a simple
Sentinel-2 multispectral image was
introduced to the suggested SCF
calculation formula using NDSI and 3
distinct snow height (HS) maps were
created from the calculated SCF.
Despite the fact that NDSI has a
strong SCF correlation, there are
several variables that influence both
SCF and NDSI. Furthermore, the

Conclusion

In order to -calculate snow
height using remotely sensed images
and NDSI we implemented three
existing approaches of Snow Cover
Fraction calculations to data from the
LLP "North Kazakhstan Agricultural
Experimental Station" and results
were compared as an initial step
towards creating an optimization to
measure the snow depth on the study
area. Calculated snow height was

formula of each method implemented
is tailored for research areas other
than Northern Kazakhstan region.
Moreover, it should be noted that in
the metropolitan, built areas the snow
disappears because of the snow
removal even if there is a measured
in-situ snow height (HS) thus, there
can be an error.

validated by the actual measured in-
situ snow height. The better outcomes
were recorded from the quadratic
formula, followed by the linear and
exponential calculations with RSMEs:
1,31 cm, 12,06 cm, and 12,86 cm,
respectively. In the HS map generated
by a quadratic equation, the lowest
snow level was mostly observed in
the settlements and built-up areas and
reached 4-5 cm while the deepest



snow cover was in the northern part of
the study area, where the elevation
was lowest according to the SRTM
DEM and the snow level there
reached 28 cm. The average snow
height in the agricultural fields
reached 20 cm which is more than
safe for the winter crops as even 3-5
cm snow can warm the seeds for 1-
3°C compared to the air temperature
and this amount of snow when

moisture to the soil, thereby making
the soil highly fertile. According to
the generated SWE map, the lowest
water level was 9 mm, average around
50 mm and the highest 62 mm. To
conclude, we can firmly state that the
quadratic equation of SCF calculation
fits the best at least the Northern
Kazakhstan region and it provides a
great opportunity to generate reliable
SWE maps.

melted, could provide sufficient
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CALCULATION OF SNOW HEIGHT (HS) AND SNOW WATER
EQUIVALENT (SWE) AT KEY POINTS OF THE NORTHERN
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Summary

Calculation of the snow height (HS) in the LLP "North Kazakhstan
Agricultural Experimental Station™ was conducted using Normalized-Difference
Snow Index (NDSI) from multispectral images of Sentinel-2 satellite and three
existing approaches of Snow Cover Fraction (SCF) calculations. The calculated
snow height was validated by the actual measured in-situ snow cover data from
February 27 to February 29, 2020. The better outcomes were recorded from the
quadratic formula of SCF calculation, followed by the linear and exponential
equations with RSMEs: 1,31 cm, 12,06 cm, and 12,86 cm, respectively. In the HS


https://www.gismeteo.ru/diary/57712/2020/2/

map generated by a quadratic equation, the lowest snow level was mostly observed
in the settlements and built-up areas and reached 4-5 cm while the deepest snow
cover was in the northern part of the study area, where the elevation was lowest
according to the SRTM DEM and the snow level there reached 28 cm. According
to the SWE map generated from the quadratic equation, the lowest water level
accounted for 9 mm, average level was around 50 mm and the highest level made
up to 62 mm. So, we conclude that the SCF quadratic equation for HS estimation
fits the best at least the Northern Kazakhstan region and it provides a great
opportunity to generate reliable SWE maps.
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OTBIPBII COJTYCTIK KABAKCTAH OBJIBICBIHBIH 3EPTTEY
ANMAFBIHIATBI KAP BUIKTITTH (HS) Y)KOHE KAP CYBIHBIH
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Tyiingeme

«Conryctiyk Kazakcran aysinmapyalbUiblK ToKipuOe cranimsichy KILIC-
JIe Kap KaMBUIFBICHIHBIH OWIKTITH ecenTey YiniH «Sentinel-2» >kacaHasl xep
CEpIriHIH MYJbTHCHEKTPI CypeTTepl KOJJAHBIBUIN, Kap *KaMbUIFbICHIHBIH YJIECIH
(SCF) ecenrteymin yum Tocimne Herizaenren Normalized-Difference Snow Index
(NDSI) konnanbuiasl. KapablH KadbIHIBIFBIH €CENTEYAIH dKaHaMa 9/1iC HOTHXKeepl
2020 >xpuabiH 27 akmaHbiHAH 29 aknaHbIHA JCHIHT1 YaKbIT apajbIFbIHIA JKEePIIiH
Kap >KaMBUIFBICBIHBIH HAKTBI OJIIIEHTCH ACPEKTEPIMEH CaIbICTHIPBLIBII, PACTaIIb.
En xakcel HoTmkenep SCF ecenrteyiHiH KBaApaTThIK (POpMyiacblHaH, COJIaH KElH
CBI3BIKTBIK JKOHE OJKCIMOHEHITMANIBIK TeHjaeynepineH anbiHabel. RSME  kateci
corikiciame: 1,31 cm, 12,06 cm xome 12,86 cm Oombin ecenrenmi. KBampar
TEHJIEY 1l KOJIJIaHbIN skacanFrad HS kapraceiHIa Kap >KaMbUIFBICHIHBIH €H TOMEHT1
JIeHrell HEeT131HeH el MeKeHIepAe OalKanapl )KoHe 4-5 CM-Te KETTi, all €H TEePEH
Kap KaMbUIFBICHI 28 cm-re neiin »kerim, SRTM IIPK OGoiiplHIIa 3epTTeNeTiH
ayJlaHHbIH TEHI3 JCHTCWIHEH €H TOMEH OOJIaThIH COJITYCTIK Oeirinme OaiKamiabl.
KBaaparteik gopmyna Herizinge xkacanran SWE kaprtacel OOWBIHINIA CYIBIH €H
TOMEHT1 AeHreii 9 MM, opramackl 50 MM 11amMachIHIa, ajl €H KOFapbICKl 62 MM-Te



neiiH sxeTkeH. Ocputaiiia, 613 Kap *KaMbUIFBICHIH ecenTey yiniH kBaapaTTelK SCF,
kem nerenjie Conrycrik Kasakcran oOJIBICH YIITIH €H KoJaibl xkoHe ceHiMal SWE
KapTajapblH acayFa KepeMeT MYMKIHAIK OepeTiH omiC JereH KOPBITBHIHIbIFa
KeJeMis.

Tyitinai ce3nep: kapabiH KaublHABIFbL (HS), KapAblH THFBIBABIFEL (P), Kap
cybiabiH dkBUBaNieHTI (SWE), Normalized-Difference Snow Index (NDSI), xap
xambUIFBICBIHBIH, (pakiusicel (SCF), Sentinel-2, aybun mapyarmsuisiesl, COATYCTIK
KazakcraH.
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BBIYUCJEHUE BHICOTBI CHET A (HS) U SKBUBAJIEHTA CHEXKHOH
BOJIbI (SWE) HA KITFOYEBBIX TOUKAX CEBEPHO-
KA3AXCTAHCKOM OBJIACTH 11O CITY THUKOBBIM CHUMKAM
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Pe3rome

Pacuet BoIcOTHI cHexHOTO MOKpoBa (HS) B TOO «CeBepo-Kazaxcranckas
CENIbCKOXO3SIICTBEHHAs] OMBITHAsl CTAHIMSD TPOBOJWICS C HCIHOIb30BAHUEM
Normalized-Difference Snow Index (NDSI) mo MyJbTHCIEKTpaJbHBIM CHHUMKAM
cytHuka Sentinel-2 u Tpex CyliecTBYrOIMX MOIXOM0B pacyeTa JIOJIH CHEXHOTO
nokpoBa. PacueTHas BbICOTa CHEXHOIO IMOKPOBa ObllIa MOATBEPKIeHA (PaKTUUECKU
W3MEPECHHBIMU JIAaHHBIMU O CHEXKHOM TOKpoBe Ha Mecte ¢ 27 1o 29 despans 2020
r. Jlyumme pe3ynabTaThl OBUIM TIOJYYEHBI C TOMOIIBIO KBAAPATHON (POPMYIIBI
pacuera SCF, 3a KOTOpO# cien0oBaiM JIMHEHHBIE U SKCIIOHEHIIMAIbHbBIE YPaBHEHUS
¢ RSME: 1,31 cm, 12,06 cm u 12,86 cm coorBerctBeHHo. Ha kaprte HS,
MOCTPOCHHON C TMOMOIIBI0 KBAJPaTHOTO YypaBHEHWS, CaMblii HHU3KHH ypOBEHBb
CHE)KHOTO MOKpPOBa B OCHOBHOM HAOJIOAAJICSl B HACETICHHBIX MyHKTAX U JOCTUTAI
4-5 cM, B TO BpeMs, KaKk camblii rITyOOKHWN CHEXHbBIA MOKPOB ObUI B CEBEPHOU
YaCcTU HMCCIEAYEeMOW TEpPUTOPHH, TIE BHICOTA HAJ YpPOBHEM MOps Oblna camas
Huskas no LIMP SRTM, a ypoBens cHera B Helt nocturain 28 cM. CorjaacHo Kaprte



SWE, cocraBieHHON U3 KBaJpaTHOTO ypaBHEHMS, CAMbI HU3KUW YPOBEHb BOJIbI
COCTaBJIST 9 MM, CpelHUM ypOBEHb AOCTHTan OKoiao 50 MM, a caMmblil BBICOKUU
ypoBeHb - 62 MM. TakuM oOpa3om, MBI 3aKIIOYaeM, YTO KBaJpaTHOE YpaBHEHHE
SCF nnst onenku HS nydimre Bcero moaxoawT, 1Mo KpaiHer mepe, 1 CeBepo-
KazaxcTtanckoit o0mactT ¥ JaeT MPEKPACHYI0 BO3MOXXHOCTH [IJISI CO3MaHUS
HaJe)KHBIX KapT SWE.

KiroueBble ¢j10Ba: BbICOTa CHEeXHOTO TIokpoBa (HS), mioTHOCTh cHera (p),
BoaHbIN skBuBajeHT cHera (SWE), Normalized-Difference Snow Index (NDSI),
nonst cuexHoro mnokpoa (SCF), Sentinel-2, cenbckoe xossiicTBo, CeBepHBIit
KazaxcraH.



