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ABSTRACT

Introduction

One of the important environmental components that is strongly influenced by
topographic factors is the snow line altitude. This phenological measure has a high
impact on other environmental components such as climatic, hydrological, water
resources, biological (plant and animal) parameters, etc. The snow line altitude has an
impact on the water regime and base flow of the main river, the temperature regime of
the downstream lands, and even the radiation balance of the region. The snow line is
the boundary between snow-covered and snow-free lands, and can be examined and
estimated in daily, monthly, annual, and multi-year time intervals. Monthly and annual
changes in the snow line altitude indicate the temporal changes in snow cover and the
duration of snowfall. Analyzing the changes in the snow line simultaneously with the
extent of the snow cover, in addition to knowing the snow cover elevation levels in
each month, reveals the effect of snow cover changes on the snow line in each month.
By simultaneously using snow cover telemetry data and digital elevation model, it is
possible to analyze the snow cover status in elevation bands and snow line altitude
changes at different time scales. This study was conducted with the aim of analyzing
the phenological snow line altitude in the northwestern part of Iran at different monthly,
seasonal and annual time scales.

Methodology

In this study, MODIS daily snow products called MOD10A1 and MYD10A1 were
used to analyze the phenological snow line altitude. The data were downloaded from
the NASA website and were adjusted daily from 2003 to 2020 in the database. First, a
threshold of at least 0.1 was used to convert snow cover to binary (presence and
absence
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of snow cover). With data fusion and integration algorithms, spatial neighborhood filtering and temporal filtering
reduced the effect of cloudiness. Data from the Japan Aerospace Exploration Agency were also used for the Digital
Elevation Model (DEM). Then, the snow line altitude was estimated in two ways: 1) the zero-degree Celsius isotherm
using LST data and 2) for each cell in the raster grid, whether there was snow cover or whether LST was zero or below
zero degrees Celsius; monthly, seasonal, annual and long-term, and area maps were prepared and drawn.

Results and Discussion

The snow line altitude pattern in January was at its maximum phase in both algorithms used in this study, and this
phenological parameter of snow in the Northwest Territory reached 1729 meters based on the first algorithm. According
to the second algorithm, a negative temperature anomaly combined with snowfall has led to the advancement of the
snow line to lower altitudes and the snow line altitude has reached 1974 meters. The maximum snow line altitude phase
in January has occurred towards lower altitude levels compared to other months of the year in both algorithms. The
lowest Snow Line Altitude (SLA) in the northwestern part of Iran in both algorithms is related to the months of January,
December and February respectively, which is the result of the snow line spreading to lower altitude belts. According
to the first method, the maximum advancement of the snow line altitude has occurred from August to September and
according to the second method, the maximum advancement of the snow line altitude has occurred from October to
November. The Snow Line (SL) is extended to lower altitude belts in the winter season and in the first and second
methods, it has been shifted to altitude levels of 1894 and 2230 meters in the maximum phase due to a significant drop
in ambient temperature and the presence of suitable conditions for the maximum expansion of snow cover, respectively.
Based on the summer snow line pattern, the snow line altitude is in the minimum phase and in the first and second
methods, it has been shifted to altitude levels of 3425 and 4805 meters, respectively, due to air warming and subsequent
snow melting and a sharp drop in snow cover levels.

Conclusions

Considering the evidence and climatic realities of the studied area, the second algorithm, in which the presence of snow
cover along with zero or below zero degrees Celsius ground surface temperature is used, can be more efficient and
suitable for use in estimating the snow line altitude compared to the first algorithm. According to the first and second
algorithms, the snow line altitude was in the maximum phase in January and in the minimum phase in July and August.
The increase in air temperature, snow melting and a sharp decrease in the snow cover extent in July and August caused
the regression of this phenological snow characteristic to an altitude level of 4811 meters (Sabalan Mountains). In the
second algorithm, the maximum advance of the snow line altitude occurred from October to November by 1374 meters
towards lower altitude classes. The snow line altitude in winter (maximum phase) was moved to an altitude level of
2230 meters according to the second algorithm and to an altitude level of 4805 meters in the summer pattern (minimum
phase). According to the second algorithm, the years 2011 and 2010 had the lowest and highest snow line altitudes with
an altitude of 3408 meters and 3692 meters, respectively. Analysis of the long-term pattern (2003-2020) showed that
the maximum snow line altitude occurred at an altitude of 4811 meters from June 20 to September 21, and its minimum
at an altitude of 1922 meters on January 19.
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Figure (2): Average snowline height in Northwestern Iran in different months of the year (First method)
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Table (1): Changes in snowline height in Northwestern Iran in monthly time period (First method)
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Figure (3): Average snowline height in Northwestern Iran in different seasons of the year (First method)

16 J! sl &y S (i 5 i il 55 o 21 5 4 s Jo ) b o 51 5o gl Sl ¥ i
ool Gl ol 5V ol sl Gom a5 et 5] S 2les Sline a4 S Slael g Sl (2B Sl g 4 50 S
b anslio ;0 5l Jad ;0 508, elas )l (Sl a5 (6 9k 4 sl 00ls (69, 5l (Gom 4 Liwsls Jad 5l 508y gl )] (69 plny (2 s
el e haome slos (2alS b Lo o Wil oo godge cnl Sl ol @Bl (5108 5ol (ol Glojl 5 (o 4 5o VYOA dga> sty
@ Qliney Jad 5l YL ol Dl Bk 5508y )] g9y (riden (Sl (e o Bl Sllllas gy o S il g S,

el 008l Gl gldllas aigy 1o hedp S als QT &5 A g s slos Lol cow 4 oy B b

(Jsl oh93) (ad Sloj o3l jo oyl ! @5 Jlouls 15 5 p0d y gl )| Wl i (Y) Jgur

Table (2): Changes in snowline height in Northwestern Iran in seasonal time period (First method)
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Figure (4): Average snowline height in Northwestern Iran in annual time period (First method)
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Table (3): Changes in snowline height in Northwestern Iran in annual time period (First method)
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Figure (5): Average snowline height in Northwestern Iran in long-term period (2003-2020) (First method)
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Figure (6): Snowline height distribution in Northwestern Iran (Jan) Figure (7): Snowline height distribution in Northwestern Iran (Feb)
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Figure (9): Snowline height distribution in northwest Iran (April)

(092) lnl @8 Jlob 53 5 podp gLl (ST (1) S
Figure (11): Snowline height distribution in northwest Iran (Jun)
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Figure (13): Snowline height distribution in northwest Iran (Aug)
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Figure (8): Snowline height distribution in northwest Iran (March)
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Figure (10): Snowline height distribution in northwest Iran (May)
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Figure (12): Snowline height distribution in northwest Iran (Jul)
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Figure (15): Snowline height distribution in northwest Iran (Oct)  Figure (14): Snowline height distribution in northwest Iran (Sep)
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Figure (17): Snowline height distribution in northwest Iran (Dec) Figure (16): Snowline height distribution in northwest Iran (Nov)
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Figure (18): Average snowline height in northwest Iran in different months of the year (Second method)
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Table (4): Changes in snowline height in northwest Iran in monthly time period (Second method)
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Figure (20): Snowline height distribution in northwest Iran (summer) Figure (19): Snowline height distribution in northwest Iran (winter)
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Figure (22): Snowline height distribution in northwest Iran (autumn) Figure (21): Snowline height distribution in northwest Iran (spring)
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Figure (23): Average snowline height in northwest Iran in different seasons of the year (Second method)
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Table (5): Changes in snowline height in northwest Iran in seasonal time period (Second method)
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Figure (24): Average snowline height in northwest Iran in annual time period (Second method)
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Figure (25): Average snowline height in Sabalan and Sahand mountain ranges in annual time period
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Table (6): Changes in snowline height in northwest Iran in the annual time frame (Second Method)
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Figure (26): Average snow line height in northwest Iran in the long term (2003-2020) (Second Method)

S 35 Az

loliio ;31551 51,5 upolo 535,90 slmosls oSy (il ) Jlads ;5 (SLA) 5 ey elis )| Sy5elsad Sl peeis Sagly ol 5
Kolood VL dmosls 5ails g ples] sl 5K b (oS ol 1 GBS A ooy g Syl Yoo B Yo ¥ (g bl ol o calisie ol
£ 555 s 4355 10 ol olisd LaST L] (gloools 31 35 (DEM) glis) sosi, e el s plosil oo ¥l 5 olsd
st Jlod 90l 10 B Su5leid bl cnlg Al I8 aniinn 51 50 gl nl o et slital By, 95 58 50 slly )0 5
S Sd 0929) P93 gy bl e blie )3 109 oo @b e WY 05, 4 (sl (B9)) (gmdes 4250 oo Sloden Lzl
RSy 4 e By i b ply aled e JlogT (Al mgands 4253 5io 5 b sao 55 (LST) (e i slad 45
s

Ay jredp )] slargy slaardi Gulul » g9o9e (nl dwyioo e VAVE 08, 4 5 e el g 0ol Sl Sleldyl 4 5 ped
oS Sleli )l o3,8 opi jo plisels g adlhle el (5,5 55 b Slelis)| (A58 5 (e i SplnsS 5> (26 Jlod
dibie o) Slelis)l g Jlod )3 Elo SeLS g €130 3 Eloligd lelas )| iogiz )3 sald 5 dadar Jozr (SLuwdsS 035 35 0 ) (lack
Sloole plo & Cod agil5 55 508 £las )] aeiny 518 010 JISOT Sgeis) hoaud g pedalS VIS o5 00 2 ¢ sl slaolSa Jals
slajly Sk 4 hedy pehaw (58 g Sl 6l Lulid Gog delas gl sl et S8l o 4 (B9 90 2 )0 Jlo
Loy i a5 &0 psly (B9, 99 0 5 (2 Jlod aigy 45 BLA) jad s el ) (a8 ol ol Sl oy (o8|
Slr Py 99 (nl e aBloo Joml (ol Slodn oS 4 5508 (BS Jol> &5 Sl )6 g peliss ygils (slaols 4
Lo smo o Lt 1) CemsST Bk 4 a5l 51 Sigad Bl slagyen 5 B iy b (o2L) 4138 550 Gl3dl 5 550 eyl 05T
@ SawsS1 )3 5 pedp i1 gl Gog) (bl 2 &5 gk 4 sl (Saales 5 dillae (V1 0) (lograns 5 (SLS (g9 ,auS Aogh
=)l slasls Bk 4 By Sugeled bl cnl S ol £9d50 (nl yoo e FAVY @ pgd (B9) b 2 g e TYAY
(shil s ez o el Gl (28 Jled 55 by 0 S ST (1alS 5 By S (e sled (alil s 4 i SBs8
35555 Sl By e 5 Pl Sl 0355 ol b 5 42l 1,5 a8 5 45 s b o slmolo 40 508 £l (55
Bl 9 rin dion p9d Py bl 2 9 el S & CensST 5 50 )] 9 ptm i eJsl GR9) el 2 il
VIVE Sgu 093 (B9, by 29 e PV (lime & ol (b9, 09 55080 el 503 Gl & Sasl 0003 &) prelys (Ggm 4 18T 51 5 508
ol 0uedS Sl (ol slaan oS )b a4 ey Jabd 13 (SL) jyecdy Cawl sl bl 50mly (o)) slajls B)bo 4y e

39



VFF Ol s oFO o yle VY Loy 465}5}5)}&}55}).\:&

\f.f uL».m.o) AN .O)Lo.»f:a AY 099 ‘5)5193)}09.:)5).»&

b 5 oo slos alaxdle LB il s 4y e YYYe g VARY el )l slasl 5 ay o )5 ay aiien 5 50 pgo 5 Jol (b9, 59 9
g |y bl sloaslass 5 @i o J8 el By ity sl iy el bl JUi) b atitiny (35S sl i Ll
Py 0> 5 ALBlS )8 aneS 518 )0 SG3elend adlie cnl El )l e alinsls (oSN bl (Blie 55 015 0 lars S ) 2 3590
Tolaw b 28l g Bp 0gd ol Jlis 4 g lse Gl S o 0 2o FASD 5 TIYD eli)f slanih (g5m 0w @ p90 5 s
addie cnl gl cnyiian g e YWAY el I LV VY Lo 5o 5508y bl cn eS ool oy, bl 2 el oals Jie 508
S VA £l L Y1) o opgd by line 2 a5 el o 5o ol sl o Soolo e YYYB glis)| LY VY Lo jo sl

OB 5 (o ragh L gedge cul bl |) 50 el p iy 5 (058 i 4 e YPAY )1 L VN Jlo g
Gs8lans o (i ()53l 5 lsmman cusl anils lalllas aigy o 1y (hsad i gk g8 (ol Vo) e Jlo alis aiixe a5 (VF4Y)
Pl ol ameS s e FIVe (3, Lol pe Yo bl cassSTAN 59, 501y 5mcdy eli)) aiy Jgl (g, sl Yo o Y=Y Y oooni,
2 e TV el 515 00 Suielesd jually cnl anin poo B9y 50 as oo Olis e VAV 08, L o TY Ll gl VY 5,
VAL ply g5 VA 595 50 5o VATY (gelis )l 515 50 ) dineS 5 55008 ¥ b ol ot Y B alo 3 Yo b ol o2 Ve sl
(2 Oy ddlaie (Glae g (conldl Saled 4 4295 b o S 4 gl SladiBl Gull (S ek 4 Eesl oud Bol> (g3

9 e soleidan) Jgl oy, b amslie 10 (o) gbams (wgmdis 4200 sa0 15 L yho sled L plen (o938 9929) 90 pia 565l

References

Asghari Saraskanrood, S., sadeghi, A. and molanouro, E. (2023). Investigation of changes in snow cover and
surface temperature with topographic component of elevation Case study (Urmia Lake
catchment). Hydrogeomorphology, 10(34), 75-53. doi: 10.22034/hyd.2022.51719.1639.

Azizi, G., Rahimi, M., Mohammadi, H. & Khoshakhlagh, F. (2017). Spatio-temporal variations of snow cover
in the southern slope of central Alborz. Physical Geography Research, 49(3), 381-393. doi:
10.22059/jphgr.2017.217393.1006943.

Bahrami, M., Fathzadeh, A., Zaree Chahooki, M. A. & Taghizadeh Mehrjerdi, R. (2016). Scale Effect
Geomorphometric Parameters of Spatial Pattern of Snow Depth. Hydrogeomorphology, 3(6), 95-113.

Balk B, Elder, K. (2000). Combining binary decision tree and geostatistical methods to estimate snow
distribution in a mountain  watershed. @ Water  Resources  Research, 36(1), 13-26.
https://doi:10.1029/1999WR900251.

Barnett, T. P., Adam, J. C., & Lettenmaier, D. P. (2005). Potential impact of a warming climate on water
availability in snow-dominated regions. Nature 438, 303—309.

Beniston, M., Farinotti, D., Stoffel, M., Andreassen, L.M., Coppola, E., Eckert, N., Fantini, A., Giacona, F.,
Hauck, C., Huss, M., Huwald, H., Lehning, M., Lopez-Moreno, J.-I., Magnusson, J., Marty, C., Moran-
Tejéda, E., Morin, S., Naaim, M., Provenzale, A., Rabatel, A., Six, D., Stotter, J., Strasser, U., Terzago, S., &
Vincent, C. (2018). The European Mountain cryosphere: a review of its current state, trends, and future
challenges. Cryosphere 12, 759-794.

Bormann, K. J., Brown, R. D., Derksen, C., & Painter, T. H. (2018). Estimating snow-cover trends from space.
Nat. Clim. Chang. 8, 924-928.

Brown, R., & Armstrong, R. L. (2010). Snow-cover data measurement, products and sources in snow and
climate. In Physical Processes, Surface Energy Exchange and Modeling, Armstrong RL, Brun E(eds).
Cambridge University Press: Cambridge, UK.

Chen, X., Liang, S., Cao, Y., He, T., & Wang, D. (2015). Observed contrast changes in snow cover phenology
in northern middle and high latitudes from 2001-2014. Sci Rep 5, 16820 (2015).
https://doi.org/10.1038/srep16820.

40



RULSER IS e yod y g4l SO 390988 (6ol

Dietz, A., Conrad, C., Kuenzer, C., Gesell, G., & Dech, S. (2014). Identifying changing snow cover
characteristics in central Asia between 1986 and 2014 from remote sensing data, Remote Sensing, 6(12),
12752- 12775.

Foster J. L., Hall D. K., Chang, A. T. C., Rango, A., Wergin, W., & Erbe, E. (1999). Effects of snow crystal
shape on the scattering of passive microwave radiation. Geoscience & Remote Sensing IEEE Transactions on
Selected Topics, 37(2), 1165-1168. https://doi:10.1109/36.752235.

Halabian, A., & Solhi, S. (2020). Snow-cover and Land Surface Temperature investigation, related to the
Elevation as a Topographic Factor in the Central Alborz Mountain. Quantitative Geomorphological
Research, 9(2), 227-249. doi: 10.22034/gmpj.2020.118243.

Hammond, J. C., Saavedra, F. A., & Kampf, S. K. (2018). Global snow zone maps and trends in snow
persistence 2001-2016. Int. J. Climatol. 38, 4369-4383.

Hantel, M., Maurer, C., & Mayer, D. (2012). The snowline climate of the Alps 1961-2010. Theoretical and
Applied Climatology, 110, 517-537. Doi: 10.1007/s00704-012-0688-9.

Harshburger, B., Humes, K., Waldon, V., Blandford, T., Moore, B., & Dezzani, R. (2010). Spatial
interpolation of snow water equivalency using surface observations and remotely sensed images of snow-
covered areas. Hydrological Processes, 24, 1285-1295.

Huss, M., Bookhagen, B., Huggel, C., Jacobsen, D., Bradley, R.S., Clague, J.J., Vuille, M., Buytaert, W.,
Cayan, D.R., Greenwood, G., Mark, B.G., Milner, A.M., Weingartner, R., & Winder, M. (2017). Toward
mountains without permanent SNOW and ice. Earth’s Future 5, 418-435.
https://doi.org/10.1016/j.rse.2006.09.035.

Immerzeel, W., Droogers, P., Jong, S., & Bierkens, M. (2009). Large-scale monitoring of snow cover and
runoff simulation in Himalayan River basins using remote sensing; Remote Sensing of Environment, 113, 40-
49.

Jin, X., Ke, C.,, Xu, Y., & Li, X. (2014). Spatial and temporal variations of snow cover in the Loess Plateau,
China. International Journal of Climatology. 35(8), 1721-1731. DOI: 10.1002/joc.4086.

Kashani, A., Salahi, B., Halabian, A. H, & Zeinali, B. (2022). Spatio-temporal variations of snow-covered
days in the northwest of Iran using remote sensing data. Journal of RS and GIS for Natural Resources, 15(1),
94-117.

Ke, C., & Liu, X. (2014). MODIS-observed spatial and temporal variation in snow cover in Xinjiang, China.
Climate Research, 59, 15-26.

Keikhosravi Kiany, M.S., & Masoodian, S.A. (2021). Climatology of snow cover accumulation and melting
in Iran  using  MODIS data. Physical Geography Research, 53(1), 109-121.
doi:10.22059/jphgr.2021.290500.1007446.

Kohler, T., Wehrli, A., & Jurek, M. (2014). Mountains and climate change: A global concern. In: Centre for
Development and Environment (CDE) (Ed.), Sustainable Mountain Development Series. Swiss Agency for
Development and Cooperation (SDC) and Geographica Bernensia, Bern, Switzerland (136 pp).

Krajci, P., Holko, L., Perdigao, R. A. P., & Parajka, J. (2014). Estimation of regional snowline elevation
(RSLE) from MODIS images for seasonally snow covered mountains basins. Journal of Hydrology, 519,
1769-1778.

Li, D., Wrzesien, M. L., Durand, M., Adam, J., & Lettenmaier, D. P. (2017). How much runoff originates as
snow in the western United States, and how will that change in the future? Geophys. Res. Lett. 44, 6163—
6172.

Minder, J.R., Durran, D.R., & Roe, G.H. (2011). Mesoscale controls on the mountainside snow line. Journal
of the Atmospheric Sciences, 48, 2107-2127. doi: 10.1175/JAS-D-10-05006.1.

Mirmousavi, S. H, & Saboor, L. (2014). Monitoring the changes of snow cover by using MODIS sensing
images at North West of Iran. Geography and development, 12(35), 181-199. Sid.
https://sid.ir/paper/77373/en.

Mohammadi Ahmadmahmoudi, P. & Khoorani, A. (2019). Snow Cover Changes of Zagros Range in 2001-
2016 Using Daily Data of MODIS. Journal of the Earth and Space Physics, 45(2), 355-371. doi:
10.22059/jesphys.2019.256133.1006997.

41



VFF Ol s oFO o yle VY Loy 465}5}5)}&}55}).\:&

\f.f Qm) AgA .O)Lm.‘:: AY 099 ‘5)9.‘93)9‘093)3).\.»&

Mote, P. W, Li, S., Lettenmaier, D.P., Xiao, M., & Engel, R. (2018). Dramatic declines in snowpack in the
western US. Climate and Atmospheric Science 1, 2. DOI: 10.1038/s41612-018-0012-1.

Notarnicola, C. (2020). Hotspots of snow cover changes in global mountain regions over 2000-2018, Remote
Sensing of Environment, 243, 111781. https://doi.org/10.1016/j.rse.2020.111781.

Pepin, N., Bradley, R. S., Diaz, H. F., Baraer, M., Caceres, E. B., Forsythe, N., Fowler, H., Greenwood, G.,
Hashmi, M. Z., Liu, X. D., Miller, J. R., Ning, L., Ohmura, A., Palazzi, E., Rangwala, 1., Schéner, W.,
Severskiy, 1., Shahgedanova, M., Wang, M.B., Williamson, S. N., & Yang, D. Q. (2015). Elevation-dependent
warming in mountain regions of the world. Nat. Clim. Chang. 5, 424-430.

Pu, Z., & Xu, L. (2009). MODIS/Terra observed snow cover over the Tibet Plateau: distribution, variation
and possible connection with the East Asian Summer Monsoon, 97, 265-278.

Ramage, J. M., & Isacks, B. L. (2003). Interannual variations of snowmelt and refreeze timing in southeast
Alaskan icefields, USA. Journal of Glaciology, 49,102—116.

Salahi. B., Halabian. A., Zeinali, B., & Kashani, A. (2024). Analyzing the relationship between snow cover
and physiographic factors in the Northwestern mountainous area of Iran, Quantitative Geomorphological
Research, 13(2), 195-218. doi: 10.22034/gmpj.2024.456313.1501.

Shahzeidi, S. (2023). Investigating the Relationship between Geomorphological Components (Elevation,
Slope and Aspect) and the Maximum Snow-Cover Duration in Talesh Mountains. Geography and
Development, 21(73), 166-198. doi: 10.22111/gdij.2023.44795.3497.

She, J., Zhang, Y., Li, X., & Chen, Y. (2014). Changes in snow and glacier cover in an arid watershed of the
western Kunlun Mountains using multisource remote-sensing data, International journal of remote sensing,
35, 234-252.

Simpson, J. J., Stitt, J. R., & Sienko, M. (1998). Improved estimates of the areal extent of snow cover from
AVHRR data, Journal of Hydrology, 204, 1-23.

Stocker T., Qin D. H., Plattner, G. K., & et al. (2014). Climate Theoretical and Applied Climatology Change,

2013: The Physical Science Basis. Cambridge and New York: Cambridge University Press.

Takaku, J., Tadono, T., & Tsutsui, K. (2014). Generation of high-resolution global DSM from ALOS PRISM,
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, XL-
4,243-248, ISPRS.

Udnaes, H., Alfnes, C. E., & Andreassen, L. M. (2007). Improving runoff modeling using satellite-derived
snow cover area. Nord. Hydrol. 38, 21-32.

Yang, J., Zhao, Z., Ni, J., Ren, L., & Wang, Q. (2012). Temporal and spatial analysis of changes in snow
cover in western Sichuan based on MODIS images. Journal of Earth Sciences, 55, 1329- 1335.

Yang, Q., Song, K., Hao, X., Shengbo, C., & Bingxue, Z. (2018). An assessment of snow cover duration
variability among three basins of Songhua River in Northeast China using binary decision tree. Chin. Geogr.
Sci. 28, 946-956. https://doi.org/10.1007/s11769-018-1004-0.

Zeynali, B., Ghale, E. & Safari, S. (2021). Extraction of snow-covered area of Sabalan Mountain using
Landsat satellite images by object-oriented classification method. Hydrogeomorphology, 8(26), 97-79. doi:
10.22034/hyd.2021.43548.1566.

Zhang, H., Zhang, F., Zhang, G., Che, T., Yan, W., Ye, M., & Ma, N. (2019). Ground-based evaluation of
MODIS snow cover product V6 across China: Implications for the selection of NDSI threshold, Science of
the Total Environment, 651, 2712-2726.

42



