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This study was conducted to evaluate the accuracy of snow depth estimation
derived from two reanalysis datasets, ERA5-Land and MERRA-2, across
northwestern Iran, using data from ten selected synoptic meteorological stations
over a 20-year period (2004-2023). Ground-based observational data were
obtained from the Iranian Meteorological Organization, while reanalysis data
were acquired from the NASA repository for MERRA-2 and the Copernicus
Climate Data Store for ERA5-Land. To downscale the outputs of both reanalysis
datasets and reduce systematic bias, the Quantile Mapping (QM) method was
employed. The performance of ERA5-Land and MERRA-2 was statistically
evaluated by comparing their estimated snow depth values with in situ
observations from the synoptic stations on a monthly time scale. Four statistical
indicators Kling Gupta Efficiency (KGE), Taylor diagram metrics, Pearson
correlation coefficient, and Root Mean Square Error (RMSE) were calculated
using the R statistical environment. The results demonstrated that the Quantile
Mapping bias-correction technique provides reliable adjustment for snow-related
parameters and can effectively improve reanalysis accuracy. Overall, the ERA5-
Land dataset showed a higher capability in detecting wintertime snow depth
variations across northwestern Iran compared to MERRA-2. The best
performance of ERA5-Land was observed at the Mahabad, Khoy, Tabriz, Ahar,
Urmia, and Maragheh stations. Furthermore, the analysis revealed a spatial
pattern of uncertainty, with an increase in ERA5-Land snow depth uncertainty
from the western toward the eastern parts of northwestern Iran. These findings
indicate that ERA5-Land provides robust and reliable estimates of snow depth in
winter conditions, particularly over the complex topography of northwestern Iran,
although its accuracy decreases slightly eastward due to localized climatic and
terrain influences.
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EXTENDED ABSTRACT

Introduction

Snow is an important phenomenon in mountainous areas and at high latitudes. Since snow causes
transportation and agricultural problems due to temperature drops, it requires careful investigation. Snow
evaluation without reliable data cannot produce effective and meaningful results. Due to the constraints of
mountainous regions in the construction and maintenance of ground stations and the limited number of
synoptic stations, data coverage is often insufficient. One suitable alternative is the use of reanalysis
datasets, which can provide valuable information for researchers if they have appropriate spatial resolution
and are compatible with the study area. Therefore, the accuracy and effectiveness of these datasets must be
evaluated prior to their application.

Material and Methods

After obtaining monthly data from both reanalysis datasets, the snow depth parameter was converted
from meters to centimeters to ensure consistency. The accuracy of the datasets was initially evaluated using
a Taylor diagram and compared with observational data. For this purpose, 30% of the study stations (three
stations) were selected based on their spatial distribution, climatic variability, distance between stations
(km), and elevation differences. Due to the weak performance of raw snow depth data from both datasets
in the Taylor diagram, the outputs of the two reanalysis datasets were downscaled using the Quantile
Mapping method. In the next step, the downscaled results for the three selected stations were compared
with the raw snow depth values for the same stations. The calculations indicated that the downscaled results
performed better; therefore, subsequent analyses were conducted using downscaled data for all 10 stations.
Considering the geographical location and mountainous topography of the study area, as well as favorable
conditions for snowfall during winter, snow depth analyses were carried out for December, January, and
February. Statistical indices including the Pearson correlation coefficient, Root Mean Square Error
(RMSE), and Kling Gupta Efficiency (KGE) were calculated using the R software to evaluate the seasonal
and spatial variability of snow depth based on ERA5-Land and MERRA-2 reanalysis datasets.
For each station, the Percentage Bias Index (PBIAS) was calculated separately for the outputs of the two
reanalysis datasets for each winter month, and the difference between the two datasets was averaged for
each station. The resulting bias differences were zoned and mapped in a GIS environment for each three-
month period. Finally, to provide a clear visual comparison of snow depth estimates from the two reanalysis
datasets across the 10 stations in northwestern Iran, box plots were generated using R software.

Results and Discussion

According to the Taylor diagram results, downscaling of snow depth data from both reanalysis datasets
is necessary before application. In this study, the ERA5-Land reanalysis dataset performed better than
MERRA-2 in both spatial (station-based) and temporal (seasonal) analyses. Based on the Taylor diagram,
the downscaled outputs from both datasets were used for further snow depth evaluation.

Bar graphs were produced for each synoptic station to represent winter snow depth over the 20-year
study period. Among the 10 synoptic stations, Tabriz, Khalkhal, Meshkin Shahr and Urmia stations
representing different elevations, geographical locations, and climatic conditions were selected for detailed
analysis of the winter season.

In January, the correlation coefficient, RMSE and KGE values indicated that snow depth estimates from
the ERA5-Land reanalysis dataset were more accurate than those from MERRA-2. Compared with
MERRA-2, ERA5-Land exhibited lower RMSE values and higher correlation and KGE values. The highest
accuracy of the ERA5-Land dataset was observed at the Tabriz synoptic station. In December, the best
performance of ERA5-Land was recorded at the Urmia station, with a KGE value of 0.9.

The seasonal spatial distribution based on bias differences between the two datasets showed that the
maximum spatial differences in snow depth occurred in January at the Tabriz and Maragheh stations
(central part of the study area) and in February and December at the Ahar station (northern part of the study
area).
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Conclusion

The results showed that the raw outputs of ERA5-Land and MERRA-2 are not suitable for direct snow
depth estimation in northwestern Iran, making downscaling unavoidable prior to application. The findings
confirmed the reliability of the Quantile Mapping (QM) bias-correction method for snow-related variables.
Overall, ERA5-Land demonstrated a higher capability in detecting winter snow depth compared with
MERRA-2, which showed limited reliability except at a few stations and months; therefore, caution is
required when using MERRA-2 data in the study area. ERA5-Land exhibited its best performance at the
Mahabad, Khoy, Ahar, Urmia and Maragheh stations, with KGE values close to unity, whereas the weakest
performance of both datasets occurred at the Sarab station. Temporally, ERA5-Land performed best in
December, while the poorest performance was observed for MERRA-2 in February. The maximum bias
difference between the two reanalysis datasets over the 20-year period reached 542 cm in December, with
the largest spatial bias differences occurring at the Ahar station (December and February) and at the Tabriz
and Maragheh stations (January). The minimum spatial bias difference was detected at the Ardabil station
in January.

In addition, the uncertainty of ERA5-Land snow depth estimates increased from west to east across
northwestern lIran. The results are largely consistent with previous studies reporting the superior
performance of ERA5 over MERRA-2 in mountainous regions, while partially differing from studies
suggesting systematic underestimation or latitude-dependent uncertainty patterns. Overall, this study
provides a robust seasonal-scale assessment of reanalysis-based snow depth over a long-term period (2004—
2023) using a multi-metric evaluation framework.



WYIAY (o AFB ,ln o) o les 10 al> ISSN (Print):2322-1682  ISSN (Online):2383-3076

Il ools 4 pid

\ (e Of bl ¢ L i
=T &.//Z’”ﬁﬁh * , s e L
331 (o s DOI: 10.22067/GEOEH.2025.95012.1604 (g s Al

1 o0litasl b ¢l 8 Jlond 3 oy el 3l 1 B Cpnlad pute 3l
MERRA-2 4 ERAS-Land

“5.6'.& ‘sJ-C ‘*“SP){AO MS}‘?

Ol eyl e sl Gizmo ol5iils  cclosiar| polke 5uSLiild  craub LSl 3> 09,5

oS RITPERPSNIN
ERAB- ool oSyl 50 Lawg Gy Gos omass cdo )l s by asllias oyl allio Gy b

5,90 G b (i (st oSisl V) ol e Jlels ;o MERRA-2 4 Land
olidlgn loslu 5 cowy oius! sosls .ol ouls plul (YYY B Y- - F) Ll V-

oS 295 s MERRA-Z (g5, Lol colos 5l Lloxi sl oL 99 4 bgyye slaosls 5 o]
099, 3 595 de oalo SS90 sluig B wbids (gl aias él )0 ERAS-Land sl

VECFCEIYA edlyo gyl

VEE1 YO 16,5550 sl

VECFBIYA by b

byl @lp Jedossl oL g0 cds s ool (Quantile Mapping) S > cuslS : gouls wlols
9 RMSE 5 oy (Sirad oy sk KOE (sl (slo s, b ol Shas L.

Shrked olitln gloolSianl b ond 5,51, by Gae dumlio gt R I3l # e
o)) s s,y a5 ol las Slasles 28,5 alnil ailale gloy el ,3 s) o8l cpalad poe
ERAS Land b 5l o3l ol livabl b Gy i gl QM) S )l cuilSs MERRA-2
bavalie o 5 0500 pliwe; Jad o 1) lpl g dled 0 By Gos arsis oUly ERAS5-Land
oL as oly e mls oyl YL cds MERRA-2 Lol oSOl slaosls Sl oyt les

it 48l e g anngsl ol iy g oblge olSinyl o ERAS Land Ll sk
G o & ) e et ailaie 8 5 LA L ols oL b ailanals | o ,Shoe

g o0 03938 ERAS Land w5 oGl OBy Bos slaosls comlad poe 50 1 oyl

doddo

U rey 6551 SO 5 S3edenes B3z n S HE sbar T YL SBiL 5 sanle SlaShy S 4 S
Sl s Jled cdad by slogy ol o (Muelchi, Rossler, Schwanbeck, Weingartner & Martius, 2021) »,1a5

6LQ4)Y 9 Ga.u.'a (_ngJL?L?u df uaé (I\/IEIer & Stroeve, 2022) O)‘b ;m) w 6[&05....» 9 l&w}f‘ ‘f‘"‘b‘ 5 ‘59.».‘2*..».0

Email: salahi@uma.ac.ir JUED SINCOPYRET PO XCITS iy


salahi@uma.ac.ir
http://orcid.org/0000-0003-4826-6185
http://orcid.org/0000-0001-9607-4132
https://doi.org/10.22067/GEOEH.2025.95012.1604

2L g (o
e Jloss 53 o0 Julowi 3y By o Cnlad pue 3]

s

Shukla et ) aas co il 33l 1) odbow £43g Jloxal g o Ggas galyz 5 6l T (sl (sl (S35 S5« oodls &y
.(al., 2022

S Sasls i solii] 5 iy o ooliilsn sbrolKiyl jl suiis slans slaosls Leld  sie) lanlis
Wy (Sloj by SIS g boltim] S8 (FusSTn o 4 (Jl cnl b 99 00 Jlod 4 B o b)) Slp e @lie
Sla S5y 3555 5 phite Gl 4 5 5Tl (e Woold ¢l o yo 5 HidsS (> 15 03234 (3blio 51 (5o 0
Syl 6l JsB B eoss CollE b o sSile slabs, 51 6mSo e esycn! 5 (LI, Yang & Li, 2022) a6y (S b
200 oo O 9T} 5 (ns syl Blsieas Lol sleesls le ol 50 o I 4 (55500 B b L e sl el
Xiao, Che & Dal, ) wladl alie Sldllas ;o slos s 00,5 31 glo Jlo jo g auS oo ] o) slrosls pES 0055
(2020

sl el ebde 31 (Bahrami, Fathzadeh, Zaree Chahooki & Taghizadeh Mehrjerdi, 2016) ,Ken o (ool pe
Al VA0 5 oS e by, boalais Ve Jold aiged laools 2s)S cyn ) B Gos G 2T 2 55855055
Jelod g wal 3)ly ae aSLB )0 g gl e Ve gl)l (098 Joe STl 6 es8 90955 Sl el o9 Solenns
iz 5 Blyy 5 a5l Glisn slapliio b (ol ) Jota & g 5.5 aeiie |y By 5o 0SS e e el <l
ol Hlas 1y o Slae o in o YO° g9 b Juw g ol oduzmiw MAE g RMSE L o o 8o ol 1,8 diges slaools |
ap3 e ol | aaiy3a (EalS s Gy Bes S)sT 5 B et (6l cenlin oliie Sl Coanl aazsly
G eT Ll 0,5 gz wily slarliemsS o 1, SliwnsS sblis 58 Gy iyl eesss (Daloz etal., 2020) o), San ¢ 58lls
Shoolinl b (Slez (olide 10 B ()l e a5 010 Lt T (gus gl 30,5 (o2 W 3 5 g I 0T (Lot
I, StdsS bl o baosls ol 559 seins ol cnl 45 wanl alia Loy MERRAMERRA-2 1y ERA-Interim (slassls
e o lad
bl Slelis | s G Jobes 0T g5lo e 51, ERABY § MERRA2 slaosls b3, 4 s (Babaetal., 2021) ) San 5 LL
ol Slaslie jleolatwl b Jaw gla>g,5 5 b plosl (o] Jlo YY) Y1 BN Slej 350 40 igh opl wuisls,
5,5loc ERAS s MERRA-2  Jow 50 ;0 oS ols ylis ol . aus,8 b5l MODIS Gy idgy coluw g By glay | il
;9 MERRAZ2 L aislie 0 ERAS & Slae ( IS jeboay caslo ‘51 sl 28T 6l By yibg Comdg adeiilh jo ol
el 039 g (15150 50 ulbol @i e Glolie

Gos 35l aiusley MFPANEL  owliosis aSiui aewgs L (Zhao, Chen, Shahzad, Xia & Lin, 2024) .)|,Ke 4 5
Sy 5 symge aih iy slooSig, & e gy ol 918 Gl LaT gl aasas plal 35 sy I, Yl 505 b By
3,ls
Gos o Jled il s9,50ke yiagsol, slaosls 5l esliul b (He et al., 2024) o)), ISan 5 oo (MAE = +/\YA s RMSE = +/ Y%)
e y2) ol ol grslie 285 L) T adlidgagy o s8Il 55 (e s Jsbo 5o 1) Jlod a5l po & 59, 2 4li9, By
Oyt Canlys 5 (ol piiie s 5los VIOY B FNVA (s 4S (RMSE) Slaspo (uSilos aiy, sllas g +/ VY b +/5  Soian
S Saibgn b (sl b ST e Jad JS7 501y By Bes (Lab

1- Modern-Era Retrospective analysis for Research and Applications, Version 2
2- ECMWF Reanalysis version 5



Wy Vo0 5l o) oyleds N0 o o laummo &l pbolis 9 Ll yas dy 2

Iy olp! Jleis j0 By 3es aig, (Naghizadeh, Rasouly, Sari Sarraf, Jahanbakhsh & Babaian, 2019) | ,Ses g ol; o5
Sen’s 5 Mann—-Kendall < ;ol,LU slay505] 9 ERA Interim ase.; ECMWE slaosls L Y+V0 b VAA+ slaJlo b
Ol 3Tl (0958 (sl liw! 10 o554 i ls (5 loline LilS &g, ¢ sblie iy aS ols lis o Judo 1055, ) Slope
GRS o i i &S Jo )0 gy s pire alsi 5 ST sloole (o (555 50 5l jo s B Bes Sl Ols s B0
Aol lid s Seie el wigyae ladigy duo o AF 5l s g 00,8 4y o |

Silwads G NDSI (a3l g A cavad polai  Slawe slacsls 5l solaiul L (Asefi & Fathzadeh, 2022) ooljcis 4 ol
PCAL la Sy als wizpo 2l |) o Slos (e (fgian (sras aSd wisls (lad g wiilop o S 055> 50 B (Bee
L (Asefi, Fathzadeh, Taghizadeh-Mehrjardi & Zare Chahooki, 2023) 1,5 e § il wslsl ,o i e Joe Sgupe
RMSE~3.97 R?=0.95) wiols ul38l 5 nKaiix jbas |y By o 0,90 cds (S vi,65) 5 oylactin 10, cpilo wuS 5
.cm

oK VY Slaslive s ECMWE slaosls 5l eolaiw! L (Haji Mohammadi & Hajivand, 2023) &g >l> g (sdesxe >l
9> s, lubl g 4 jeuw g Glye 5l ld JElols lis ol . w6,S w1y JLegd )5 GlagSIl (Y1 F=Y - 0) liwjes 4o
<l s (Majidi Karhroudi, Sabetghadam & Gharaylou, 2024) ) )Ken ¢ (699,2,5 (sours .aiils baolas ) jo Lol i
S kail wo S ol MERRA-2 slaosls LYY+ —VAA« 0,00 by 52 5 095,5 Lo wigles slaald o By Ges
5,10 gl 4 Cnd gyt ST B 6Bk o oLl (Bye g Lo ol L g 09 Hlaline Wy g AVl (6 dy e

sl 5 639w ST 4o oys8 g9 Ll o (Khoshakhlagh, Haji Mohammadi & Koshky, 2024) 1,8 ¢ g5 joe5
QS el sy JLa8eS 5 gt iy Glajen s 318 Glid bl 5 oSl (slaosls 5505 ], ol Jloct
Mirmousavi & Heidari Monfared, ) o ,ais (6,022 § (§5m90 yoo - el 05,5 85 Jlowds Camw 0 |y (250> )b, 5 ,Lid auulls
20,8 gy ousl Yo g ERAS (glaools L1, (Y YY=VAAY) ol ul e Jleds o By ey Sloj— olSKe &l sy (2024
sl Bl Gl o3 g olad Senog> ol ddlaie 0 By ibgy ol lis mls

ERAS =il sleosls o ,Slee (Majidi Karhroudi, Gharaylou & Sabetghadam, 2024) ,Se 3 (699,2,5 (gauzeo
Olis bl oS duslie ! Glooslo L Y+ Y- —VAAY 0,00 b ool oy Jlad By Ges (pess ,o |, MERRA-2
5 oldls> oye il8l LERADS Cosxhad pus (pizman 000 sl yd 4y CUEIMERRA-2 o (pascig)d 4y il ERAS ol
el alanly oLl (5oe 4 Base MERRA-2 ;0 a5 Jl> )0 gl oo yion glas )

e 5 ol e sl adlaie (al 5 B Gee 38 bl olnl @ dled po Bl 5L ol mlie coeal g azsi L
sosls gl 03K lsieas MERRA-2 s ERAS-Land .l ool sbeools ! sla Lo jo .cl pdG,ISS1 5 )g 00
B3 iz oy (S 355 b SlnsS lia 1o o] slatel okl 5 25 1 Jlo il 1lazs 5 15 4 3,90 MK
Slalllas g 0392 35 poe )b g Led ozmen (b psite p ALBAT Sla gl 5l lodes (23w 08 Sgw 5l ol alr b3
Cudgaze ol ogdle .ol oalls ploxl jiaS Lad wlide 1o Slio) B Bos 3,90 sl Wools cpl o Slas aim) jo andas
5% ohod B sbadlie silu e 5 Gl )o Jelodsl sbeosls o Slas JLdod 998 o0 o (S Slolin] (S il

1- European Centre for Medium-Range Weather Forecasts



Ble g (e
e Jlos 53 00l Sl 31 O 2 Boe Cpabad pus 2L 5,
B Yo F oy00 b olias) b wliio ,o MERRA-2 s ERAS-LaNd (slaosls slojen ls,) 35505 b gl o
B oleie sl caalllas ol o a0 oo )] sz 5 LB (slacs 15 ol nl e Jlads o8] Vo (sloosls 5l (5550 e kg VoYY
Judxi 5 slaosls s puizman ol a8 5 IS 4 jgmeollias! 5 ailale &y 504 Quantile Mapping (s )Ll s, daosls #Mlal 4
S el opdle 00,8 Dbl glawslie 5 (S5 jsba R Lae 3 PBIAS 5 (5l jloges KGE a3lis i oozl L
slod 4 Gaizs ol ailyglys slaaiz Soo 5l walize sloolliv] jo laJae o Sloe aunlio jsliteas Lad glaa> slajloges

YA

ML&Q&),&M
g Flods az 0 Fo U YFP SLélas oo oo oogaome o aS conl lpl Gy Jled g ol o adlas 550 ddhais

Bgdisa of lmlydl g (B laulydl (sl il e ol g conl a8 3 )13 (3,5 a0 FA L FF Ll slash
O JS8) el ooy solaal ol pl oy Jlods aalate jo &8ly (V Jouz) couin oSiusl Vel iandllas o) 5o

Ol oyt Jled woes cwlidlen gl oldl e Coxdge ) Jgua
Table 1. Geographic locations of synoptic meteorological stations in northwestern Iran

. . ) elis | Ltlon olSis] ‘
ez e sl Jib (ET\)/ éti ; ot Vet jbl ical e
Latitude Longitude evatio Province eteorofogica Row
(m) Station
38.38 47.68 1560.6 A e 1
_ Meshgin shahr
=
38.22 48.33 13352 ER- Jsf 2
< Ardabil
37.61 4854 1797.4 Jel= 3
Khalkhal
38.56 45 1103.4 - § S 4
g Khoy
¥ < dag,l
37.66 45.06 1328 238 +29) 5
9, < Uromiye
\ o .
36.75 45.72 1351.8 K = sblee 6
Mahabad
38.43 47.07 1391 ! 7
- Ahar
.S L.
38.12 46.24 1361 28 F 8
53 < Tabriz
N
37.93 47.53 1682 3 < =l 9
Y 8 Sarab
37.35 46.15 1344 4l 10

Maraghe




e VFed lr o oplods N8 wl o shawzo &l yblo 5 Ldl i a4y i

45°0'0"E _ 55°00"E__ 65°0'0"E

N
Al
Z
=)
=)
z S
£ N 4
- A
g
=)
-
z
z LS
- o
(=] w
=N  — T
g
[
Lag}

ol N '7"?"‘;; (%
R,

e Al-Ahar

P, } | < e

N~ % o su-Sarab
ey 2 i - d alkhal
Legend 118

Agag ) Aabiys ¢ m
L ot Uromiye = : N
REo ! 4%} ja-Maraghe
{ @ Station
Ol s Jad -
Northwest Tran akati o o g\
oLt e 0 SHa-MahabaUF
Topography ¥ f
(A s
Elevation (m)

4 118-885
B 885 - 1,470
B 1,470 - 1,877

B 1,877 -2,355 0 45 90 180 270 360

2,355 - 4,534 e y Km
44°0'0"E  45°00"E  46°0'0"E  47°0'0"E  48°0'0"E  49°0'0"E

38°0'0"N

-

37°0'0"N

36°0'0"N

aslllas 350 dilaie Ldlanr Cosdge =) S5
Fig. 1. Geographical location of the study area

gy 9 dlge

> olrl e Jled o @y coiin S g ol Ve (sl (ol s ) ails; B Bos slaoosls 2aghy cnl 5o
Saeads 890 Ol 4 blad 0525 b w05 33 (WwWwLirimo.ir) o)l cwlislse Lol 51 (Y« F-Y YY) als ¥+ 5,90
Jelos o ial38l gl oS slaoslo b all Ve 650 aolSoins! > 5 30 Wosls 09y a8l g o0ls 3925 pas Jdo 4y (alu ¥+)
Gos abbbe (1 Sleo polie d(lins) Juad 5l jolws g 4,98 ygili olo ¥) ailale olide jo b, cde a4y e 0l oolasl
99 0, 5kee 59Uy 5 dnnlio sl gom o5 )3 03,5 dulne (1 ooz )3 00 53 (Gadem oSl 1 +) ol y2 (sl S
Loy dslllas 0,90 slaolKiws] sl alale Jloj wbie 1o By Gas s> slacsls MERRA 2 g ERAS Land |l 5L oL
loools iz 5 WS 165 (sles )b SIERAS Land 4 by o slaools (ailale (1 55le) 0y )5 5l 5553 ool oL g0
solawl ERAS-Land o5 sbvesls 5l e idgh cpl o 030,533 TLub ol 51 MERRA 2 oo 51 5L 0,90 By Ges
Slasin a8 o Jos 5385 Dy alex 5l Sis mhaw gla o (6l 5 alBlO ERAD 4 coed (6 5V S8 g0 a5 0l
el oo &S1N(Y) Jgaz j0 Judowi sl ools oL g0 8

1- https://cds.climate.copernicus.eu/datasets/reanalysis-era5-land?tab=overview
2- https://disc.gsfc.nasa.gov/datasets?keywords=MERRA-2&page=1


http://www.irimo.ir/
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-land?tab=overview%20%20%20%20%20%20
https://disc.gsfc.nasa.gov/datasets?keywords=MERRA-2&page=1

B os 00l ol 8 Dlaseie duglis -V Jouo

Table 2- Comparison of technical specifications of snow depth databases
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Fig. 2. Taylor diagram of representative stations in northwestern Iran for validating raw snow depth outputs from
two reanalysis datasets
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Fig. 6. Boxplot of the performance of reanalysis datasets in winter based on the KGE metric for stations in
northwestern Iran during the period 20042023
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