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Summary

This study investigates the variations of precipitable water vapor (PWV) in Iran using data from the
COSMIC satellite mission’s radio occultation (RO) events and radiosonde observations over the period
2007-2019. PWV plays a crucial role in atmospheric energy transfer, the water cycle, and climate
variability, making its accurate monitoring essential for meteorological and climatic studies. Currently,
PWYV is measured through ground-based systems like radiosondes, sun photometers, and microwave
radiometers, as well as space-based methods such as GNSS RO, MODIS, and AIRS. While radiosondes
provide reliable reference data due to their high accuracy, they suffer from limitations such as sparse
spatial coverage and low temporal resolution. In contrast, space-based techniques like COSMIC offer a
global coverage and high vertical resolution without being affected by clouds or precipitation, making
them particularly valuable in regions with limited ground-based infrastructure. This study utilized 2,398
COSMIC RO events within a 150-kilometer radius of 12 radiosonde stations distributed across Iran,
spanning latitudes of 24°N to 41°N and longitudes of 43°E to 64°E. Radiosonde data were preprocessed
to remove outliers based on predefined criteria, such as excessive altitude differences between consecutive
pressure levels or insufficient vertical layers. PWV values were calculated from both datasets using
numerical integration of atmospheric parameters, and statistical metrics like RMSE and MAE were
employed to evaluate the agreement between the two sources.

Results indicate that COSMIC-derived PWV generally follows similar trends to radiosonde
measurements, but the level of agreement varies across stations. Southern stations like Ahwaz and Bandar
Abbas, characterized by humid climates, exhibited higher PWV values and greater discrepancies
compared to northern and central stations. The RMSE values ranged from 4.69 mm (Kermanshah) to 7.92
mm (Ahwaz), with an overall mean RMSE of 5.65 mm. Similarly, MAE values varied between 3.72 mm
(Kermanshah) and 6.30 mm (Ahwaz), yielding an average MAE of 4.48 mm. Correlation analysis
revealed positive relationships between the two datasets, but regression slopes were consistently below 1,
indicating that radiosonde measurements tend to underestimate PWV at higher values and overestimate
it at lower values compared to COSMIC. The intercepts of the regression equations were positive across
all stations, further confirming this trend. Spatially, southern stations demonstrated higher errors, likely
due to the complex moisture patterns and high humidity levels in these regions. Despite these
discrepancies, the findings suggest that COSMIC-derived PWV can serve as a reliable alternative or
supplement to radiosonde measurements, especially in regions lacking sufficient ground-based
observational networks. This research highlights the potential of COSMIC data to enhance numerical
weather prediction (NWP) and climate studies in underserved areas, while also emphasizing the need for
further investigation into the factors influencing the accuracy of COSMIC PWYV retrievals under varying
atmospheric conditions. Future studies should be focused on improving retrieval algorithms and
integrating multi-source data to refine PWV estimation accuracy, particularly in challenging
environments like Iran. This work provides a foundation for advancing atmospheric research and
operational meteorology in regions with limited access to traditional ground-based data.

Keywords: Precipitable Water Vapor, COSMIC, Radiosonde, GNSS Radio Occultation, Space Geodesy,
Earth Atmosphere.

Cite this article: Tayfehrostami, A., & Amerian, Y. (2025). Analysis of Tropospheric Precipitable Water Vapor Variations Using GNSS
Radio Occultation Data and Radiosonde Observations (Case Study: Iran). Journal of the Earth and Space Physics,
51(2), 499-516. DOIL: http//doi.org/10.22059/jesphys.2025.396147.1007694

E-mail: (1) a.tayfehrostami@email.kntu.ac.ir

© Authors Retain the Copyright and Full Publishing Rights.
Publisher: University of Tehran Press. Print ISSN: 253

2538-371X
DOI: http//doi.org/10.22059/jesphys.2025.396147.1007694 Online ISSN: 2538

-3906



https://jesphys.ut.ac.ir/journal/editorial.board?edbc=7560&lang=en#edb7560
mailto:a.tayfehrostami@email.kntu.ac.ir
https://jesphys.ut.ac.ir/article_102944.html
https://creativecommons.org/licenses/by-nc/4.0/
https://jesphys.ut.ac.ir/journal/editorial.board?edbc=7560&lang=en#edb7560
mailto:amerian@kntu.ac.ir
mailto:amerian@kntu.ac.ir
https://orcid.org/0000-0002-8218-5891
https://orcid.org/0000-0003-4854-3402

L g o) 0 3 %

http://jesphys.ut.ac.ir e & iyl  Flid

BYS —F48 foio N FrF Ol oF oylad DY )93

(223 Als) ol sl iz

95l sl laesls 3l eslizul b (g gamdys g5,k ol e Ol s Jus

(blﬁ‘ (SO0 asdlao) "uj“ﬁ"J olaalie 9 @Lé"' ‘5ﬁj\3 6‘°J|)’°L° ‘_5‘.&43‘.4\..»

gy, vine ) - a R

obyole ol | (oot atslb (5]
Ol eolyg (owslopdll praiasled o oKl ((g)ld padd wdige 008l ((j3555 09,5 N
amerian@kntu.ac.ir :Jgwwo sk g8 bl

(VE/SIYR 1M1 Ll VE-FIOIY 2 ls o ey VE-ENR 100 Sl VF-FINNY il )

oS>

5 COSMIC wlolo (o903l (slizs] slmodls 1 oslimwl b ol pl caliseo 3blio 3 (PWV) 4 5,b o Jbu lpis g 4 dalllas ol
dulio > COSMIC jl Jols PWV polie cds Jbj,l ¢ yimgh ol Bam 555y 0 YA LYoV Jloj ojh (b Sgwgsdly claalie
SyoslS VO gleds )3 COSMIC slas ) YYAA 5wl (ol 0wl calises (slaolKius] )3 Uos lie pusd 5 Sowerdly 2 po sloodly b
Sgwgrdly saoals b polie &l puss oS COSMIC I Jols PWV p0lis a8 ol ol gols .l o ooliiiw] Sgwasaly olSiws] VY
Al 5 (RMSE) Sl oiSiluoty bugio (MAE) (3las (sl S5k sl Slitie il ol 5 Shbsl oljzn Ll o8 o JUi
b olisle S olStun] g las ity yio o YAY L plyy RMSE b jlaal o8] .0 duslxe jio Lo VXY 5 050 FFA 2505 il ey
ool V3l a8 WaolKiug] ST 55 aes)S) b ud a5 ol LS Stuen Juloo als olis 1y s oy a8 gio Lo 52 L sl RMSE
plos 5 Cuteo e 1 yoys el 2 0gMe cawl COSMIC I oS YU p3lie ,3 Wgwandly jl Jols PWV jslie a8 canl o) ,Siby o
=l 4 4 b .0yl COSMIC jolie 4y Cuni (09 yidin 4 Jolod Sowaudly (sl g,S03lil PWV 0l yolis )5 a8 ol slis Yoles
& Ay odly oyl €85 liee Lol wiyls 1) e (sloodls w8l sblie ;> PWV 5l (63,915 Lyl culils COSMIC (slaosls cosal cowday

dlee (B 30l g ddhate (sl (63)50 (i)l Wojl g Canl e ilises Lalyd g 2ldlie Cunbe

O 93 o 2lad (650653 GNSS ‘5{%31) sl ‘435“%3]) LOSMIC cgui oyl g‘ Ji= :64‘:}‘5 el

Aoddne L\

SB s SR s ) s 555 Sl sl
Sloylsabe Aol o g3l Glist| laslis ;) usle L2
Global Navigation Satellite Systems ) slg= (55U
Ol b )13 5 p a8 ewad «((Radio Occultation
5 SCIAMACHY +&ws «(MODIS) L g0 ¢SS5
G S eIl 4 536 35 (AIRS) (g 503 Ogole tomin
sis)sTar slaosls (Jle Olyea dzea PWV
5315 0T w0l & b gy 1o Y 52mes MODIS b 5
b e L3153 b 5 (St Gl 53 o8 ook 5 55, Jsb
OLSer 5 5558 Y08 (Dyg 5 ¢S 5) dad e &1

2SS B o PWV) 53 556 T 5l Ol e s
| (ol DIk 5 55 R e ST Jsl
S 55l 5 Cands 58> S s 5 Sl oplpl ST o
Shozwe) Sl Hlay 5 5 oYL Caanl 1 Ol Lk ol
YYF Olomal g G pla V0 YF (Ll pl 5 5 5aT
5 5L YO OLKr 5 5 YV OIS 5 s
Slaylpl o b i,y ol Jb s (YWY Ol
SIS s & 35055 2 s PWV (6,851l (g 1 sikises
(2 5 s slaalle (lsh e V':'“;J Awd 93 &

5 SAb) s e g b (Lgm ol Jeld ey sl )

DOI: http//doi.org/10.22059/jesphys.2025.396147.1007694 .0VF —¥AR (V)0 chdd 5 s b dloxo )yl 106390 dslllas) Nowedly clialie

ol o8l ol il duawle 1yl

a.tayfehrostami@email kntu.ac.ir (V) :4obL],

DOI: http//doi.org/10.22059/jesphys.2025.396147.1007694



mailto:a.tayfehrostami@email.kntu.ac.ir
https://jesphys.ut.ac.ir/article_102944.html
https://creativecommons.org/licenses/by-nc/4.0/
mailto:amerian@kntu.ac.ir
mailto:amerian@kntu.ac.ir

B+ 0l ole 5 gty Adsll s 31 03Ul b 8 ey 3 5553 ST 5l Sl oo

Sltalin b 0T mmls 53 8 o3linul Calides Gbls )3 ST

A duslae (gloyl gale
le o gldd 595l i sl By Gl gladle o
slina b o 595,50k slaelKins 3 GNSS RO
bl Lol Ol daeylale s,
Llos S a3 1y Las 51 PWV mjs 5 omlidlse
N0 O Ker 5 5 VAV O Kes 5 S 5)
S5y 4 o b ogy ol (YA O 5 K15
GNSS RO Jls Ol gea . djls (gadaze L) je g
5 Sl @Bkl s (VL Sy ¢lyls
38w A Ak s A Shies 0T e Lol
OLEar 5 98 (Y0 A OLISKn 5 W T Y1) uT)
St el pesde (YA OLKea 5 eSSy YA
(Bl Camd e 4y 9 ol Sle ) ol Glodalin
&2 GNSS RO ¢l plis 3,1 St o 31 L St
Ll 5 o Ol ule 53 PWV (¢ Sojlul
S O S Sl (63,0l (g Cakies
Sladlas (YWY 0L en 5 oK YV 0L, es
(e L3l e bl 53 & Wlesls Olis 3ds (g LT
GNSS 5 o psly sl otaTowse PWV sl
ot dr ek Vospde (Sl Dl

>

Son 5 fader § 350 (RMSE) o Sile oo
Slandllas 55 (YA Ol 5 K05 58) Lyls +/4 YL
LCOSMIC-2 &y ) 5ols 31 Juol PWV 253 duylin 4,
V0 53 GNSS  swj loKaw! 31 Jwol= PWV
25 & Sl ol 4>, GNSS LSLM&“%‘ & e skS
s Bl I ol o SSle i esls Ol 0T
YoY) 5 YeYe Jlo 53 COSMIC-2 (slaesls 51 GNSS
3 0d) Sl osg e e YA/A 5 e de YOV L Ll
PWV i oslizal go 5Ll ! S (YYE O
bl 53 & ol I GNSS RO Siltalics I fuol>
5 Bsmgsly il slelam! slaw S Ol ke
T slrosls & ow zws (63,050 53 5 ol rf GNSS
oo glacysgdoe b (o mbaw 53 Oy e Jog

ool gn Sladllae 3 5 3 O Kn % 4 Ll g5 o cusl

NP OS5 a5 YO OLSer 5 o Y01
K15 YV OLIKan 5 5,505 ¥V Ol 5 &Kl
Capgele lolsale 3Ll ¢ mman (Y00 A O, Kn
4 )56 (Landsat) cad 5 (Sentinel-3) Y- fizi.
Slesgdos 3 2 53 g ge OT Sl polie LG
S35 el s Yo Gloj SS& 015 L 5 S8 mms
3515 (Ko 23155 S 25 5 535 50T Slaesls & LT
e By ol ol b LY YE O 5 bl
235,55k ety 5 L sl Lile (5 (5 S o1
C3o3 3 dsdoe iy ((Sanl S wis e
Cand g ST Sl plle Sl S s ol Sl
QL YL S35 sy basw sty gy opl b ayls
3050 g e 6l 6 pime p o 1) Olsieas Olimes

(A OLSan 5 K8 5,8 o )5 oslinal
T P B A 9 WE P RN NN PR N P00
SRl ane g 5 oy 03 Jlsl 4 PWV aler
VA¥ a3 53 45 g g3l .33 8 il (ke ol ga
o3 (6,801l (gl 1l (s S jme Olulislgn bow g
Ao a3 85 a4 e e Dlelis )l s Cusby 5 Lt
ool e 41900 aas s Ko 50 5 Ol <8 L
S5 PWV 5,57 5 sl (ol sl s, 51 (S %l
6 L s S H3a g0l (slaesls
s la sy amlzel 6l o o Ol g ol sb
oslezul 5,40 (Remote Sensing) ;g5 31 iowiw Libs
55 (Y O 5 ST al) wm s
5 GNSS Wile g slac,sls L seh Lol ol
2 (oS Bl gly AR gl b slaedianin
5 Ol IS Gl olas Olsea fin o e S
Wl ol bl odd = has b gy ol (i leld
Sl )l Caeal Oloman W gl 51 oslamnl iy
a4 (Y19) 0L 5 &Kty Lo g (glandllae (Jlis
Loy Jdow Gl Lswgsly, Sde gY¥sb (slaesls
S sl Ol g s Sl sl )3 PWV Ol i
o)l died 3yl el Sllas 3 s Sl ol

)l}u Q\ﬂ?ﬁ GL_{‘))\ 6‘]» "U}”‘}'.'.b‘) 6‘.&03‘5 )\ u&.&)};



404

361

32°4

28’4

VFeF Ol of o yled Y 0)3:‘\.&9}&}&{}; oY

GIF 5 Sl Clsee Slelis,l 5 5kl
LAY ol Joolsd LY sans Laosls 4 yamme ol s oo
Slaesls 5 odd A g ¢ L5 gn ool 4 iy el YF
S 5 oS8 o Olajlo Gy b Sl Olgzr sl 55 0T
ol 5 BT Sleas Gk 51 (NOAA) K T
esls I3 zws s https://www.ncei.noaa.gov
(Y OHKes § o) L8 o0

23 @8l3 L g3l o] 1Y (slaosls I candllan opl o
48 gazes ol odd oslizel PWV 5,57, (gl 0l
35 oWl Slasee 1 Ol Lampsly slesls
a3 PV L I a5 YF L e (sla 5 0 05 guons
a3 PP L 3,5 4 FY Lol ae sladsb 5 Jls
adlansygo Sljosbepl posdhe s, S o sty B34
SR JKa il % YN G Y Jle
O 1y Ol il 53 Ligw sl sbol&Kansl S5
Slrolaw) ) Slasein ) Jpdor (piomen a3 o0
el S ey e B I YR G
L35 550 Slalllas 3L 5315 (6 %S (slaesls holi:mil
g 438 Sy g Sltalin 3l 4 o] a3 11
.aﬁrw

A\ Rudiosonde stations Q
200 km
1

s 48° 52° 56° 60° o4
Ol sl s 33 gm0l (selSan] a0l ) K

S Able 53 oh9a £ b opl Al GOL S s
Iy (6 Comtl (Cl i (oo a8 2 sy
dt:)t’(tﬂ u;.h_g‘}i A.Lq:- J‘ cb‘ﬁ\ BE) m Sldlas
GPS Radio I Jel> PWV 3591 5 S35 (YHYY)
PSRy ‘) Q‘J,:\ B &.AJ GPS L 4.“..3'\.5.» BE) Occultation
Lobosls ol awslie Jl ol Lo ilesls 30 pwy
3)9 9 &:M)K 6;& Q‘}aﬁﬂb v\.;}wﬁ.)b Sldalie
)\}@;;)yﬁf‘sﬁwéu&;ﬁuml
lesls 51 6,80 0 Lol tagh 45 .Cwl w8
\3 Y' ~V ‘;Lﬂj ojl.f ).} .ﬁ}»ﬂﬁ)b C)LG)M?\ 9 COSMIC
O‘_)f.‘ ;,0.]&5:.4 &Lﬁ DL PWV J@J oy 4: ‘Y'\ﬂ
Oty Dladllas oSS s JIS ) ol 0wl
25 Bl gt GhelSanl s blas )y 4
5)‘3_)1’.@ (Yl.: J.:_Ju.n o_}L}m) PWV Calises ﬁéuﬁ
oy sl glaosls jleslinnl Sl LU 5, (Coda
Q:;r.a\fé 3 o) Slaesls 4w mws WL ble s
ol @b Sl Skt il e o 6l (6
ST Jbu slresls ags Gl as Ol 5o Ll 55 o axlllas
350 Seed SResls s b b Able 55 43 5L
e s Shae 3 g G b ol 53,8 15 eslizal
—osls Ayl 3 ;3 WRE Jue dSle | 98 c;l} S (S

osliiwl 3y 90 sl gy g laesls ¥

W g 93]y Sildaline N

Lted glaylpl 5 b K I (glae sazme Lo g 51,
S Jl 53 high o b La8 L G b S S
S bbbl S (e e o) s YL s
3 s 5 (olidl g (laesls 5 a8 oo &S o3l
(VI O 5 o) Lins o @151 555 e J 5
;p%}uﬂ‘ﬁw‘,m‘m Libe gl e

LSJUQ@ C}h.w DL "U}"“’}‘.’."‘) .b.w}'; LAJI.&‘)L)_ ﬁl.w 9



oy Qb ale 5 ooty Adg o /s 31 030kl b 6 g3y 35 503k ST 5l Ol e Julos

K g3y laelKay] laseie N Jgde

() gl (42 3) 2l prd sb (a53) 2Bl pr 2 2 ool ol
et £7YA YA A 8
244 04,17 A Leie
VYot 0) ¥ Yo, A ole
\rq £V\0 Yiro oLl S

Voo 8 0V ¥Y,00 Olgino!
144 04,Y Y A1 L
Yo EATT ¥y yY 3l
VYA 08 YA ¥\ 4 s
\WEA 0141 ¥ Yo ol s
VEAS oY Y481 e
VYV AN Y461 Olaal
Ve 011 YV Y s

SIUTC slajs,y «doy) JLWJ.)J‘Q&\:M#‘M(&J:
A oS S gy A B ap 3503 (S (Do 5T
OLSer 5 wsl) Sl Mab o b a5 5 Aes
Syt |y s ($3508 Sla 1oy ok g g5l (YA VY
Las o SIUTC Yy goviy glacebls js 4l
Slas bl sn slag Soluil Jals 63508 bbs s o)
gl s (RH) (gos Cusby o(T) Glae slos «(P) o
ool el LES Calties 2 glau 53 (H) il 55
o 3 st SIS L Olg e 1) PWV ldis

dloee (335 5 sba bala d b 53 cwlidlpr s sl

nS
WYV =ijp' qdP )
g Ps
- ")
L2 —(I-¢)e
e=06.112exp _17.67T, (¥)
T,+243.15

ol ST b slas,s T, KL PV L Ly, 5
ooty b ey 518 Sles g 6k g 51y Sldalia
dols b hlos bl o YL 3 L Prtail mse
2 e SAS ey boens Sosby g (Sl S
€ sl 58 doly b ) o 53 LS Py 96;)1:5

Oyl 33 Lgw gy r\>’ laosls ( ajls  dul 3 4
w8 s Sy gleesls Olyea 5 luld o)l 5,
D) oM (1) 1l Codm Solewlons L) 3 51 5 0kl
(V) sl e STV Sl i (Jlgme 5L o 93
Yoo 5l i Jise e Hlid cbj: o dols
sl (1) (Y Y Ol 5 Ogm) il JISSL S
P 3 paS g galy slaesls 53 g w36 slaY S
oS B 53 e dal olg slaesls gLl (F) sy
O 5 O gw) bl o elaw 51 5VL e glS7 9
G Yo 5Lad b 53) Cush) alaw 4t (8) 5 4(YYY
6 51 OT 53 48) dal pP-¥O I zaS (JKl 5Ka YO
0T Jhmsl sl 5 sgemnns (i) oSKibe i ja
Tl (V) dolas (g2 Jute 51 s ol o7 (it

VXY OS5 o g5le) Sl ol
f(p.doy)=

a

! + )

a, + -
(1+exp(— $—4 jj
a3

aj.cos(zﬁ(doy_%))j

365.25
QLQ,SEMVL;@GUU}ICJT):E‘QTJJJ

T e s edilatnly (a3 o @) 3 i 2 55



\f~fok_«:bde)stM O)j)d.&}w}&{):é A f

P32 o2 5 ST D) sots o 1y (Sledls SN puams
Sla fly 5 candllae pl s dias e &l oud
Ol pl dibte 55y » COSMIC &y galo ol 5313 5 e
ol Sl ol eslizel YON4 B YOV Slej a3L o
A s 53 slein i B L Ypene b s 5
Lied S sla b, WetPrf gls oy, 45,8
cohe 4 S b s b Gl Ll Sl S
Oyl Hlastl a1y Wledds SLOgys s V00 i)
s bl @l (T 0L 5 L) W18
5l Jel= PWV Ll , COSMIC I |fol= PWV
S skS V0 Aol 55 RO slus ) YYAA (el g 551
Wiy S b Gl eSS L g g3l slas L
ey gl gleesls awlas gl Lds bl
28 B s pesdle (hgw sl Sldalie L GNSS
65 ST sosba s Bl 55 Gl Gl (G5 alo
Sy g8 Olej & b 8 15 eslizal 3550 (535030
Olej & Cand ol Y 050 s STl o gl la
Gk Slaslas L iy )15 Lse gl wled O
ol Lswgsly s ROSIMalie o Sl 5 S
OLEr 5 o) Llodds Ol b Gla iash

a3 oo Ol 1RO (glaslust y o3 gdoee ¥ S5 (Y4 YF

Vor 55 COSMIC L oy slisst] glaslas, Y K

L so3ly slacule (6 e skS

035 S & ¢l 558 Uly b s ST by lid
Tyt 5 lad P ecSias glon a0 O e S5

.m:l;dﬁqusbl)l{r;?‘i«bjﬁ&bs

Sloylsale sladilbole o g5y Glis) glaslis, Y-Y

S s b
3 gy (il sl sloipale Sodalin Sbls
FORMOSAT-3 ¢ L 0t 3 <5 (COSMIC) il
b S g gl Sy sele ) 5 e Sl
b GNSS g3l slistl &S 4l (6 la!
o5l gar wa) 2 r&w szl A
5 55 GNSS & I oslizul L (59> (slaosls
e 51 ST 0l 4 eS5s5 5 G sleesls Cudly
25 Ol e COSMIC s &1y o) sor Citlies
Jos GNSS gty slistl (gim glacs yguls ol
(olBlgn glaos 55 1) sl el 5 3 S
S 2588 s Gl o) 3 (ool Dlllae
sl COSMIC  ujgle glas,sbws o S
AP Dopen S s s Dlalie ar g L6
o Wl s 5B Glele opl Al s L;),T@? 5T3)
&S Olg Calies Ll ys 1y el Yo YO
03728 Ul g hb g 5 Vb s Jsw Laesls
(NWP) 132 a5 (348 (2 iy 2 5 03 (g2l oot A5
5> COSMIC (slaesls i aslizal ¢adly 53 i3S L
S abln j3 0594 dlga 88 Srote e swdie
9 e J:JQU (g Syl wlidlan w glaesls
O 5 oiT) Cbls by so iy O35 5 g 5 L5
ol 55 5L OT Sl slie S8 el ol LY YY
5 GNSS laolKans] & 0l 51 dle bl 43 0T I
L painia Sga el oS Wl ol
Gl gy sl 4 byje WetPrf ols b,
5 Jdos S e Gub 5l ases ssba GNSS (g 50,
(CDAAC)  COSMIC Slaosls iy T

5 LZea e zws s (www.cosmic.ucar.edu)



ava 0l ole 5 gty Adsll s 31 03Ul b 8 ey 3 5553 ST 5l Sl oo

AT s 4 6 p by e glalls 5 b,
ol & e (T Sl Gllas p o JEs (36 1SS
2 e b LG e g 250 o0 e e o ST PWY
Aoty (oS o gle 0 SV gl T JBs
S0yt PWV dse b a5d fits pe Slo b se e

Wl )

g
PWV =| —dP v)
0 g

g «(Specific Humidity) ¢% 5 Cusb,y g YU aaly 5
spdea g YAV () Sl L) e 1S ke
ISl SISl 5858 158 5L26 P g (a5
SN SEERE RN T T R R S
g A A S 4 DT O g e 4y s oo e
b @B Ope 5 3 e PWV S 558
BT P B e P
Ol W)l s ka Jsba ke el sl sl
5 oS o (.5\,:» s 93 ool osle a5 345
OF & choly phais mhow Olaa b (36 5 55T per
S GlaN )35 0 PWV (5L, b 5lan, CL&S)I
Jse b gl oo g (Sl ol 55 P2 91 slajlid oy
D gd g 03ls
PWV = J‘ZZO L4 (z)p, (z Wz W)
P (2) 5 A3 0 QLS 12 g &) 53 059 Susby g (2)
A b ol z gl 53 Db e slpr JB
s LB 0y JVL B e el Y (3L ol
25 Slbslae 4 Ll 5 PWV g 3 0l s 08 o0
D3 Jodd 0058 0 Ol LS
N _

Py =—é IMRACZE —é;qh,,.Ap
)
ol 03 eps Cagby sl b ey Cu by Kol
denloes (V0 dolre 51 aY VL 3055 Cusby 5 4Y
g st
= Gt

p,i >
Sledbl COSMIC o jygale WetPrf  (sls Ly,

SED)

Jo 5 sbas (Tonization) s I 51 &S ol o5 L

(ol 526 OT Sl a8 51 56 STy 50 s

)y &b 5l (Refractivity) g b owsls jesls

OT Ju 5 Po) S a0 S Ll oT) b 4

YA OLSn 5 &K15) 35 o Lo e (@) 55550
P e

N =K, x— K, x—— 4K x—— ()
Z,T z, 7 " Z,T
K1=77.643K/hPa o 5 s

K3=71.2952K/hPa 5 K2=3.75463x10°K*hPa
Zad 5K b 0yt 920 O pod &S died oL
5l s oS g oS5 als S 2
035 ol o Sl 31 oliS prmasl | 5 (ol kit
SO Gl 55 ol Sae Zyy 5 Zy ki a3
oS Slelis,yl s il doly 5l 3¢S ST/ 0 b
(©) dslns ¢ (5 0oy JEPWV e JSA GV |
ST o Olejan Hsba 1) - PWV 5 s l5 oo
Ll o GNSS (g g3l sl el slacs,So il
Cosby 5 olis s Wile g a2l SL5L sl
(IDVar)  umeSs 355 hgy Lsd  esliul
Sledbl 5 Slaalie S5 Gy S oSl
Saesls as gazs 31 &S Cowl (Background) as i
AS o el p dleds 2l el ECMWE o iy
BL s By ol (YO O 5 $KED)
wr wb GleasaS & b 5l DI S fetes

)|
I[e]=(h(x) =) (04 F) (h(x)-")+
(x—xb)B’l (x—xb)

e/t tans o Ol 1y Slalie 15 510 () dslas s

*

)iy e DI X (il (s 2) sdalia
Uos &b,,r.a S il LS S B oF O ¢t
)i OBl 5 sdalie Kles (Sldalin ol ,
Candg b oS ol Sldalie 51 (65,57 5 A(x) 5 tlizun
L Ll oo 239 4maS dlis 355 o0 r\:;.;‘x S
OLSan 5 K15 358 o o ssad 1SS 1 eslizal

5 b lis T ang bbby s iz 53 (YA



VFeF Ol of o yled Y BJJAGWJw}&{}}

Lol sbe,

SR

GM.’@ 45‘)‘ ‘)

"'):.r.:feb" ‘°}.’J

| ol 03l QL:G oslazu! J)}A

S oLl Y

5 s

el e

e

e

............................................ -
I
I
I
I
I
I
I
m
e !
N |
A\ |
a —
W |
I
A |
|
I
I
I
I
I
|
““““““““““““““““““““““ !
5 3
| I
P “
L “
,.wu I
| o |
| o I
| 4 “
9 Sl I
e xR I
= 2 | —
R =z ||
| A |
| I
| I
| I
| I
| I
| I
| I
| I
| I
| I
L J

et 9 gy Lk

andllas ol g a8 4 e By IS ool sl .\"JS..‘&



a+y B ol6 5 oty Adsll s 31 03Ul b 8 3y 3 5553 ST 5l Sl oo

sdalie o3ls ale 33y g Eed (Seren 3 5
Olgiol Glaal el 55 o5 J 53 04d
SN el @b s st Slleg s s oliile S
ool 53 PWV slie 548 o ois COSMIC
Rl gl o) 457 Sl 5 glize atals (glyls Cabies
Sl bl o Ol Caltie Bl 3 ¢ y2e cadil Loyl
PWV s slis e pls yds dile g g (sbool&asl 5 (Jlie
ol a3 i S gy edias0lis o o3 5V lasas
Glosls S (slls Lol 31 (& ¢ opmimar Cusl
Sl (& 535S ol s s pde Joa &S dzs
Olje 35 Solis K3 a5 b6 &S5 sl o S
3385 ol Caltes (laoleny] ;3 PWV islie bl g
G5 aia s Sl i Olualy w5k ool & 5
35 odalie Ol 5 o 1)

S 5 Sl gl 1 e esls g 53 on) delie
Gloosls S 545 ol Oluebl b cl 4 8 &)y
b s Olej 5 Condge Olon @ b e 0l as Lo
A Gelse Sl 6 WIS e 2 s S J-
L s wsulp slalast (5,851l sla sy s sl
© dwlio ol asl Slle g3 5, So3lul Sds 45 Syl
SIPWV lasy T Oluabl bl b uS 0 oSS L
W g 530y slaesls b awslie 3 1) COSMIC &y gule
5 S bl bledd 4B 8 5 s e Olgien oS
24 led s 1y o8l 2 55 Szl sl Ol e
Wl 58 I3 s 3550 e sl

5 ol PWV slie OoMastl s (g,m & IS
\Y 55 1, COSMIC Cujsale 5 dgugsly (slaesls
S byl ed ol odas oo 0L Ol ) 6 gan 3031 oKt
Ol 5 dzes (6, S o3Il Eay 93 o ol ol Ol e
.A;.‘Su.a‘.Alj.éba:b@;»}s&i\w&é\j;&h&l{)’)l
G 5 O sn 355 o odaliie La,yls god 53 48 sbilen
S 53 el Soglite e slaolKins! s D
(13 515 e e £V 0 63 goee 5> BN (Lol
odys Gloj sbaadl (& p 03 3 e 5 B Sl s Lol

Py

e)lisl 5 (bl Gl XY
S Jeols PWV lasysT, ol adlas opl o
PWV a0 slaesls i aslizul | COSMIC Sldalie
b g jlae 95 .l ods S5l Wsw sl » e
Gl sl ke 5 RMSE) Sl o Silaaly
S ol ok w5 L8 4 oLyl el sl (MAE)

e A S

N
RMSE = \/%Z(PWVRO ~PWV ) ()

i=l

N
MAE :%Z‘JPWVRO —PWV 4] (ayY)
i=I

SN Jole 55000 ST e PWVRo VU Luls, 5o
)*JUZJL uT HbBw PWVgs «COSMIC  (slasius,
laosls sl Ny Lswssly glacsle 51 fol>

sl 93 ) G S 2

Cow g s Y

PWV jislie L5k s o 5 e 55 e caddllas (o 5o
4l Oods ol DIl ol 53 skaze (slosls mlio |
Cussele laslds, 1 PWV sl 05,57 s
L g 30y SAT ol (6 20 LS VO gl 5> COSMIC
oo T G 4 PWV (las, 5T 5 b uolie cpl .l O !
Sa Y Lk e aslzel 5 anglie disu g3l
Sldalin S 53 8 sy dliw Jdsa 8
Gealad 51 g S35 oL 551 5 da e (kg 0] Gl L
sl pl posdhe sl w8 8§ g S 5 Sl
P UK cl Ssline Calibes (glaolKau! 53 Laslas
S Jeol PWV islie Slo slags pm amglin gl
53 1y COSMIC ujgele (slaosls 5 gmssly
a3 o OLES Ol 1 L gw 3231y (e (glaoSinun

@8 Sypo YL YV Sljojl 53 awlis ol
g3l 58 oo odalie lajlssad 53 a5 sb0les .l
ST 53 COSMIC 5 Lywysly 51 Jwol= PWV
Lol S o JWs 1y polie Sl ek sla S oS
b sk Lol 55 Lol Sslize LT Glbait O e



VFeF Ol of o yled Y U})a\.&j}&g}&}:ﬁ O+A

Bandar Abbas RS Site

Ahwaz RS Site

50 50 : :
N [=PWV from RS —PWYV from COSMIC]| [=PWV from RS —PWV from COSMIC]
'\
—40 - N 4 40
£ ' \ £
g I £30
=30 | B
; ; 20
&0l A
20 0
10 ‘ 0 | | | ‘
2017 2018 2008 2010 2012 2014 2016 2018
Time [yr] Time [yr]
30 Isfahan RS Site 30 Birjand RS Site
‘ ‘ [~ PWV from RS —PWV from COSMIC| [=PWV from RS —PWV from COSMIC]
20 E20
E E
> >
----- z
£10 210
0 I I ‘ 0 | . | ‘
2008 2010 2012 2014 2016 2018 2008 2010 2012 2014 2016 2018
Time [yr] Time [yr]
20 Kermanshah RS Site Kerman RS Site
1 30F

[= PWV from RS —PWV from COSMIC]

[= PWV from RS —PWV from COSMIC]

'E20 E
E g
> >
z
Z10 z
0 ‘ ‘ ‘ 0 ‘ ‘
2008 2010 2012 2014 2016 2018 2008 2010 2012 2014 2016 2018
Time [yr] Time [yr]
0 Shiraz RS Site Mashhad RS Site
‘ ‘ [=PWV from RS —PWV from COSMIC| 30 ‘ ‘

[= PWYV from RS —PWYV from COSMIC]

0 ‘ ‘ ‘ o ‘ ‘ ] ‘
2008 2010 2012 2014 2016 2018 2008 2010 2012 2014 2016 2018
Time [yr] Time [yr]
30 Tehran RS Site 0 Tabriz RS Site
‘ ‘ [~ PWV from RS —PWV from COSMIC]| | ‘ [= PWV from RS —PWYV from COSMIC|
E20 E20
E E
z z
4 10 z 10

ol ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ J
2008 2010 2012 2014 2016 2018 2008 2010 2012 2014 2016 2018
Time [yr] Time [yr]
S0 Zahedan RS Site 55 Yazd RS Site
‘ = PWV from RS —PWV from COSMIC| ‘ [~ PWV from RS —PWV from COSMIC]
40
E B20- .
£30 £
e >
20
z 215 8
10 —
e L.
0 g - 10 I L | I
2008 2010 2012 2014 2016 2018 2008 2009 2010 2011 2012 2013
Time [yr] Time [yr]

L g3l gacole s COSMIC o) sals glaslas 51 Jol= PWV Lo oo £ K3



5+

Bandar Abbas RS Site

:

El
E o . L [ 1
: I
Q
=]
2
&-10
a

-20"

2017 2018 2019

Time [yr]
20 Isfahan RS Site

o

Difference [mm]
(=]

-10
204 x & b N
$ O DN 00 © SRS
S & & DD Q0
AN M PANEPANEPANGINIEN NN AN SN
Time [yr]
Kermanshah RS Site
*
EIO
£
3
2 0
=4
<&
=110
a
-20"
WIS T TS N N TN T T ST SX. SN SN
S N N N N P N N RN N NN
R N MR R P
Time [yr]
Shiraz RS Site
?
Bl
E 10
8
20
5
E=3
a
e > 6 ®
o O O YO o SEEO
S & & O DY
I s S M A M M M N
Time [yr]
Tehran RS Site
*
EIO
£
3
2 0
=4
,“Q_)
=10
a
29 5 L 0
RN X SRS
S & & OIS
R A AR N PP
Time [yr]
30 Zahedan RS Site
E‘ZU
E
> 10
Q
g
50
=
a-10
20’L\ ’)a ) o A
o 9 Q N W ) v > S 9
S & & O DL
I I I MR PN PR P

Time [yr]

0l ole 5 gty Adsll s 31 03Ul b 8 ey 3 5553 ST 5l Sl oo

Ahwaz RS Site

!

B
g
— 0
o
Q
=
5
£-20
ja}
04 5 & O
O 0 X 0O > > S O O
W@ AVQQ AVQQ »\9\ S q/@ q/@ '&\ ”9\ "9\ ORI ﬂ/Q\ q/@,
Time [yr]
2 Birjand RS Site
Y
)
E 10
(]
20
5
=0T
@]
204 R
$ O O X 0O > S O O
S & & DRI
I R I I A M M S M A
Time [yr]
2 Kerman RS Site
=10
)
o 0
Q
=]
g—lO
=
a-20
30!
A S 9 Q W > G ) © A S 9 Q
S & & DD
R I S S S N N I I N N
Time [yr]
20 Mashhad RS Site
g 10
ik
o
2 0
5
Z.5
a
-20‘/\ - N
D N> OO N> H e NN BN
S & & DI S
R S M M N I M M M RN
Time [yr]
Tabriz RS Site
10
)
g 5
g o0
5
E -5
a
-10
|
Q R N R I T T N . R TN
S & IO
S S S ST S SSS SSS
Time [yr]
Yazd RS Site
4
g2
£ I
o 0
2
S -2
=
@)
-6
|
2008 2009 2010 2011 2012 2013
Time [yr]

Ol L g ganly Calise sel&an! ;3 COSMIC L g g5l glaesls O,:,PWV slie sl Sley (5w 0 JS&»

Sl e Towsa PWV sl B sl se
b el PWV slie (g3 90e 52 sCOSMIC

Qﬁf}bdawcﬁuﬁv&b@umb&yﬁ:b

5 ol PWV slie Seas slals pe 7 IS
12 1y COSMIC (slaosls g & g g3l slacs S oIkl

SR> e QLS Ol ) pul e 53 S gew 501 oSy VY



I
n

s
=

L8
h

3]

PWY from RS [mm]
A

=

b
=

S
wn

PWY from RS [mm] PWYV from RS [mm]

PWYV from RS [mm]

[
=

—_
wn

w

J—
-
=

5%
[==]

=)
wn

3]
=

VFeF Ol of o yled Y U})c\.&é}w}&{};

Sl “"c;‘ﬁ’g'ﬂ‘&:‘.g;"’.“‘]“.‘)

Bandar Abbas R§ Site

y=0.74x+ 6.90
.
’
V'
-,
”
’
”~
r'd
-

’

e i
10 20 30 44

PWY from COSMIC |mm|
Isfahan RS Site

y=0.43x +5.77

5 10 5 20 25

PWY from COSMIC |mm|
Kermanshah RS Site

y=0.44x + 5.77

5 10 15 20
PWY from COSMIC |mm|
Shiraz RS Site

y=0.51x +5.55

5 10 15 20 25
PWY from COSMIC |mm|

25

30

40

40

40

=
V [mm]

207

10

40

V [mm]|

O\

jiL:; &S Sl o o3l i led oLi:.wil,a Sy b

Ahwaz RS Site
L ]

40 .
. ¥y=047x+9.13 e .
g
§3(J
& -
m -
= <
S 20 7
bl [
> ? ﬁ- oo
= ® ® ::.o .
o, e
0 i ' i
0 10 20 30 40
PWY from COSMIC |mm|
Birjand RS Site
25
T20-
E  y-027x+57
o)
¥ 15 o .
§ ® Yy e P ®
o e F 4 o‘o: > —.
2 ot
P S Nhs
]
..
L] [}
0

0 5 10 15
PWY from COSMIC [mm]
Kerman RS Site

30
—25-
E -
! =0.49x + 4.13
Eﬁ 20-
L ]

g 15 ° .'o ~*
E= o' o % ': %
; 10 o
o . ®

54

0 '

0 10
PWY from COSMIC [mm]
Mashhad RS Site
30-
y = 0.56x + 5.98
Fhe |
g .
wn 20 ”
&~ f .
'

g .
J:: L ]
N °
=
&

0 i i i

0 10 20 30

PWY from COSMIC |mm|

40

40

V [mm]

40

V [mm]

208

10



a1y 0l ol6 5 iy 4l /ove 51 03Ul b & 33 55531 ST 5l Sl oo

Tehran RS Site

30-
7 y=0.51x +6.11 40
E25 T .
0 - E
= 20 30 E
g >
=]
£ 0%
Z 10,
z
5 10
0 i '
0 10 20 30
PWY from COSMIC |mm|
Zahedan RS Site
40-
—_ 40
g  y=037x+6.23
Eso _
7] £
= 30 H
: Lo g
& - 0Z
-
g
10
0 i '
0 10 20 30 40

PWY from COSMIC |mm|

Tabriz RS Site

30-
— v =0.67x +4.63 . 40
g25- .
g S _
@20 30 B
o gpal 'F

(1 Y
s 15 * -
& * 9 cotg ®, 0%
gl() o% Py &0
& ° (X &
80 o e 10
57 . o
5 B
5 10 15 20 25 30
PWY from COSMIC |mm|

24 Yazd RS Site

2 40
) ¥y=029x+ 11,72
820
@ 0E
%8 - E
E - >
= - WF
z

14-
= 10

12- *

12 14 16 18 20 22 24
PWY from COSMIC |mm|

Ol X ges g3l il glaol&as) 53 COSMIC 5 w553l 31 Jol= PWV slis 0 Sies slajlosas 1 K

5 ool PWVslia e gas 457 Sl ol oiasolis o7
blae polae 31 S YU slas 55 Wsw gl
plos 35 St lde 31 o 48 ¢pl o gdhe .uwl COSMIC
s oo OLE (55 )3 VWYY B 5,0 5 F/9F 51 SOV sles
B 3ly Sl S o3Ikl ¢ PWV ol pislie s o5
A,ls COSMIC slie 4 Cond O3 i 4 Ll
SleMbl 5 g 5 bt Ol bI s bl SasT,
r.AIJé ) e 83 o L;,\f,'u Ol o)lyd ooge
(ool i (658 Sl odiaslis oS SaST, S
AU edasilis Wig e sk SaST, & J- o
G S o3Il gl (g Lol b dile) Calises ol ge
Jader 5o oL il 5 (L) 50 50 15 sl |
5 Wgmgsly 5l ol PWV (glaosls o duslio ¥
0L MAE 5 RMSE (sla,las I sslizul L COSMIC

el ol 03l

03 Sl esie B byl I &S, boles
Je bl Sus1, oK el S
losls o Cie g;:w.u ol sOlis ()j:..ﬂjf) L
6&9&.@\ 33 Gi:w o) Ol Lol el & 9
olie bl s Bls (65T ol o glie Caliea
Loty s 1y Sl gl S jasis 0Kl PWV
et il ey Bl 53 S e a5 O
5 etiasilis 8T CeoVU Bwd (V) O g 55 Lo
3 gdoes L sluas Lol ol o:\:@ﬁjawgfw

el
o i D& 31 5 5 U Sl nl ot 3 ¢ blis )3
o 9 Saesls S Bl ediasolis (+/FA) S
1y o o (Sman /Y by oSl
oS Wola| ST 55 0 g $ 5 bast i das s Ol

(UAL&JH\N BE] WAAdY “\:‘?j:-fjéj,’. BE] AR )‘) ol ) J‘



VFeF Ol of o yled Y a)jzc\.‘é.é}w}&{}:é oY

COSMIC ;5 & 50 330, Slitaline 3 Jol= PWV Jlos (6 ole] alin .Y g

)J.;f OK;-“-;‘
Oldal; S5 Ol By s | At | b S | Ol S | Olghal | L Slsal
ke g 231,
RMSE

A £,0Y 0,YA A oY 0,44 ¢4

oFA | £ oAY | vy | vay

(mm)

g00 | &Yy | eYr | YEA | ger | was | orvy

gy AL it 0,0V N MAE (mm)

Lol ;5 MAE 5 RMSE &l &5 &gy 4o
oYU (Sien [asls 53 ) & das o DLt (el
3 by L3l ol 5 53 bl cdiyls KousS b
odalie MAE §RMSE (s (6 i oo S ol (ki 50
Jlji i 5l Sl ediasilss Ll g o S ssh
o) Sk Lgy copmman il oSl ol 55 lalks
3,05 D1 5 oo L3 e b la s s
b ety 5 5lsal dle s oSyl &7 (55 bay
4 o St gl bopes wosbie 5 8 ol
LIy oo opl s oo Ol Jlad 5 555 0 glaoKan!
3 able nl s asby S i (S 51 AL
Casby Ll 555 6,8 05100 iy 93 8 ey gdoes
Cysot MAE 5 RMSE slie v S )5 sl Y

Sl ol 0als OLES ‘jlgﬁ

40"

36°

32

28°

o Radiosonde stations

24° 200 km
1

a4 48° 52° 56° 60° 64°
COSMIC MAF. (mm)
| ,
3 4 5 6 7 8
)

40°

361

3274

28"

247

Caleien oty 53 ot Ol jn o7 as oo OS5 s
VAY L s RMSE U jleal o) ool &oglize
st Ol jae o tdes ¢ i Jao /Y4 L ol y MAE 5 ze L
S S - T FRR T SR VNN A
53 AL g s e 9 YL sk, b adlate
5 Ao ks B9 L L RMSE L oliile 8 ol ¢ blis
Ol 1y Uas Ol e o 2S¢ 2o oo YVY L I LMAE
ol osesls &80 O e Gl edas(lis &S das
ol 53 RMSE Sile o IS sbay .ol oas
530> MAE :55ls 5 e Joo 050 350> Laolaw
Jol PWV slis das s Ol &7 ol 2o Lo F/FA
Al Ll e I e 6 s sl L COSMIC
BB 4 sl ble )3 digwgsly cbaesls oS b

Azes GNSS L L g g3l ‘_;u,,\/g* S 69[5 iy

QO Radiosonde stations|

200 km
—
a4’ 48° 52° 56° 64°
COSMIC RMSF. (mm)
3 4 5 6 7 8

()

Ol &g g3l selBas) ;s MAE () s RMSE I &5 (v g




a1y B ol6 5 gty Al s 31 03Ul b 8 ey 3 5555 ST 5l S oo

Uast O s o i ¢ jto oo #/¥0 U ol yMAE 5 e oo
o) G el Lol 3 5 AL Wl e S sl ol |
(e 53 LB (g s Dl m s Vb Zusb ) L adlate
MAE ;5 ;e o $/58 Ll , RMSE L oliile S o&es!
&S sl Ol 1y as Ol g S e Ja YAVY L il
Wl oS 2l 53 0313 mte 33 o e Gl skianOLES
Gbla 53 & plesds 5 5l dile g ol
4 e (5 2 sl Togos iyl L3 b e 5 p 8
fdsn ol Aisls Ol Jes 5 65 e slaelSny]
o2l 02 by SR iy (S 51 6 W15 o
Loyl 3 55 6,8 0510 sy 55 p Sy s gdome 5 GbLs
ALY by

5 COSMIC (slaesls (o Siuan oo piomen
e Stmap (ol ST 53 4 513 QL L g 051,
35 St ol Olsn Lol 3,05 59 5 0315 o o
35 g B 5 dost ol ol S glize Caliee (laoSny
S ol ol odiasilis & 35 ) S Lol ST
Y p3lie 55 Lgugsly 5| Jols PWV ske byes
copl posde .l COSMIC blze pslie 1 S
53 48 s e Olis SVslas ples 3 e Tl o 0
@ bl W gty slag,So3lul PWV ol slis
o) s Lyls COSMIC jislis & S 0390 ey
F/PA (MAE) Glhe sl - S0ka 457 55 0Li5 Jhass
YIFP ebL s e de 0/90 L i RMSE ¢ e
(Y1) Gl ple 5 b a6l ol el sy 2o o
oo 0/Y 550 RMSE 5 o Lo ¥/¥ bl 5lie &S
Llos S 3,18 wej GPS 5 GPS RO awslis 5 |
b o3l pegdle Lol Zagn ys Ll wl L:wbr.a
Ol sty Ly 53305 laesls b awslie 55 5a3 (ool
s GPS L (g bl bl a7 ol o3 g s
3l

COSMIC (slaosls 45" sls oLt anlllae ol ¢ IS sbas
PPWV 3,575 (sl pine aie &S5 Ol sy Ll 5 oo
030l 5y 50 cn (L0315 4 3 gdoen g s b bl

b%f:\:dwww..ﬁﬂf)\}

&S dmis S

GlST A Jaa PWV Dl i 385 &S50 5 (o
3 ool Dl i 5 (6551 ks s 53 ST Jail 5 0T
Soslizal b candlan ol 53l lsy 5 5 oYL Coenl
5 COSMIC (glo,lgale Glalu o sl slissl glaosls
Calisee bl 55 PWV Ol ik i s g3y Sltalice
Jos 5 e 2052 YA LYV Gl o5 (b Ol
58 Qb et ol (Jeol Coda ol 4 1 3
Gloslasy 51 Jols PWV slie Oliabl coLls
e 9 K g g3l & Wesls b awslas 55 COSMIC
Olyea a3 pl oy ol (glaolany 53 ast Ol s
C.é) e i sladde g 55 bl (alf eSS
@ﬁjsuaslsA{Jjbuwjxw:l{&btﬁ):ﬁlé\)l}a
Wl 0 s = oe GNSS (glaoi 18 5 & v 315 e
oKl VY Jols andllas ol 55 e3lizul 3550 (glaosls
03 &S Loy Oyl Calises bl s Bl Lipassly
5 s 4, FY B YF LSl ae sla s e 03 s
Lol 0S|y 5,4 am,3 FF B FY Ll s slad b
Cumsele omsly listl sl YFA I opioan
el (g lST VO glas 3 COSMIC
3 Sl Gada ) s Wesls cpl i oslatul W g 5l
SolaT (slaslnn 3l oslinal b e g 315 glaosls L S
Lds b3, MAE s RMSE

PWV jislie &8 sls 0l 2y ol 51 Jols il
Sk sl S LaolKaw| ST 53 COSMIC I fuol>
Oljee Lol (a8 o JUis Wswgnly slrosls L elin
(S ssba .l Dgline Calibes bl s LT (UL
o o /70 550> Lol olas 53 RMSE 5L
ol b dlos e Jus F/FA 550> MAE 55l
s (sl LCOSMIC (glaosls &8 ias o OL3S 5lie
Sloosls JoSe b o Bolr Olsisn Wl S840
S by 86 S asl @ble s Wsw el
Lt GNSS U o g 5531 (oo

V/AY L 0, RMSE U sl ol bl o o



VFeF Ol of o)Ll Y 0)3:‘W3w55.<{}:§ oV Y

)ﬂ‘)l.{} 4.52..,4‘,& Lg‘j’ S50 kf\'i-))‘ M‘)L:Jj Sl
Sl slal Olyea L5 gl o) Aok o
32 225 Sty SLadbe 3 g e 53 0T Dlalllas
sy ng:ajtgl;aos\:@))vbuwf,u)leébtnjsvﬁlj

gl Cjk.a S S esls

e

Anthes, R. A. (2011). Exploring Earth’s
atmosphere with radio occultation:
Contributions to weather, climate and space
weather. Atmospheric Measurement
Techniques, 4(6), 1077-1103.
https://doi.org/10.5194/AMT-4-1077-2011

Anthes, R. A., Bernhardt, P. A., Chen, Y.,
Cucurull, L., Dymond, K. F., Ector, D., Healy,
S. B., Ho, S.-P., Hunt, D. C., Kuo, Y.-H., &
others. (2008). The COSMIC/FORMOSAT-3
mission: Early results. Bulletin of the American
Meteorological Society, 89(3), 313-334.

Anthes, R., Sjoberg, J., Feng, X., & Syndergaard,
S. (2022). Comparison of COSMIC and
COSMIC-2 Radio Occultation Refractivity and
Bending Angle Uncertainties in August 2006
and 2021.  Atmosphere, 13(5), 790.
https://doi.org/10.3390/atmos 13050790

Bock, O., & Nuret, M. (2009). Verification of
NWP model analyses and radiosonde humidity
data with GPS precipitable water vapor
estimates during AMMA. Weather and
Forecasting, 24(4), 1085-1101.

Fonseca, Y. B., Alexander, P., de la Torre, A.,
Hierro, R., LLamedo, P., & Calori, A. (2018).
Comparison between GNSS ground-based and
GPS radio occultation precipitable water
observations over ocean-dominated regions.
Atmospheric Research, 209, 115-122.

Gong, S., Hagan, D. F. T., Wu, X., & Wang, G.
(2018). Spatio-temporal ~ analysis of
precipitable water vapour over northwest
China utilizing MERSI/FY-3A products.
International Journal of Remote Sensing,
39(10), 3094-3110.
https://doi.org/10.1080/01431161.2018.14372
98

Haji-Aghajany, S., Amerian, Y., Verhagen, S.,
Rohm, W., & Schuh, H. (2021). The effect of
function-based and voxel-based tropospheric
tomography techniques on the GNSS
positioning accuracy. Journal of Geodesy,
95(7), 1-17. https://doi.org/10.1007/S00190-
021-01528-2/METRICS

Ho, S. P., Peng, L., Mears, C., & Anthes, R. A.
(2018). Comparison of global observations and
trends of total precipitable water derived from

o Sy ) 51 S il 5153 050
VU slis 55 Lgw sl 3l Jeols PWV slis &7 ol
el Cowday @Lﬁ 4 4> b .l COSMIC I S
23 PWV I (63,57 » @11 &bls COSMIC (glaesls
o) 83 Ol Lol clils 1y e slaesls A6 zblie

WJ:NJ@‘\JJ)&@\P @)ﬁ‘\{whabb

microwave radiometers and COSMIC radio
occultation from 2006 to 2013. Atmospheric
Chemistry and Physics, 18(1), 259-274.
https://doi.org/10.5194/ACP-18-259-2018

Izanlou, S., Haji-Aghajany, S., & Amerian, Y.
(2024). Enhanced Troposphere Tomography:
Integration of GNSS and Remote Sensing Data
With Optimal Vertical Constraints. [EEE
Journal of Selected Topics in Applied Earth
Observations and Remote Sensing, 17, 3701—
3714.
https://doi.org/10.1109/JSTARS.2024.335488
4

Jacob, D. (2001). The role of water vapour in the
atmosphere. A short overview from a climate
modeller’s point of view. Physics and
Chemistry of the Earth, Part A: Solid Earth and
Geodesy, 26(6-8), 523-527.

Kishore, P., Venkat Ratnam, M., Namboothiri, S.
P., Velicogna, 1., Basha, G., Jiang, J. H,
Igarashi, K., Rao, S. V. B., & Sivakumar, V.
(2011). Global (50°S—50°N) distribution of
water vapor observed by COSMIC GPS RO:
Comparison with GPS radiosonde, NCEP,
ERA-Interim, and JRA-25 reanalysis data sets.
Journal of Atmospheric and Solar-Terrestrial
Physics, 73(13), 1849-1860.
https://doi.org/10.1016/J.JASTP.2011.04.017

Kursinski, E. R., Hajj, G. A., Schofield, J. T.,
Linfield, R. P., & Hardy, K. R. (1997).
Observing Earth’s atmosphere with radio
occultation measurements using the Global
Positioning System. Journal of Geophysical
Research: Atmospheres, 102(D19), 23429-
23465. https://doi.org/10.1029/97JD01569

Li, X., Dick, G., Ge, M., Heise, S., Wickert, J., &
Bender, M. (2014). Real-time GPS sensing of
atmospheric water vapor: Precise point
positioning with orbit, clock, and phase delay
corrections. Geophysical Research Letters,
41(10), 3615-3621.

Lien, T. Y., Yeh, T. K., Wang, C. S., Xu, Y., Jiang,
N, & Yang, S. C. (2024). Accuracy
verification of the precipitable water vapor
derived from COSMIC-2 radio occultation
using ground-based GNSS. Advances in Space
Research, 73(9), 4597-4607.



818 Qb ale 5 ooty Adg o /s 31 030kl b 6 g3y 35 503k ST 5l Ol e Julos

https://doi.org/10.1016/J.ASR.2024.01.041

Liu, Z., Li, M., Zhong, W., & Wong, M. S. (2013).
An approach to evaluate the absolute accuracy
of WVR water vapor measurements inferred
from multiple water vapor techniques. Journal
of Geodynamics, 72, 86—94.

Mateus, P., Mendes, V. B., & Pires, C. A. L.
(2022). Global Empirical Models for
Tropopause Height Determination. Remote
Sensing, 14(17), 4303.
https://doi.org/10.3390/rs14174303

Mears, C. A., Wang, J., Smith, D., & Wentz, F. J.
(2015). Intercomparison of total precipitable
water measurements made by satellite-borne
microwave radiometers and ground-based GPS
instruments. Journal of Geophysical Research,
120(6), 2492-2504.
https://doi.org/10.1002/2014JD022694

Meng, X., Cheng, J., & Liang, S. (2017).
Estimating land surface temperature from Feng
Yun-3C/MERSI data using a new land surface
emissivity scheme. Remote Sensing, 9(12),
1247.

Mohammadi Ahoei, M. A., & Sam-Khaniani, A.
(2024). Using the multivariate linear regression
method to model the 2-meter air temperature
from MODIS sensor data. Journal of the Earth
and Space  Physics, 50(3), 803-821.
https://doi.org/10.22059/JESPHYS.2024.3767
89.1007609

Rahimi, H., Asgari, J., & Nafisi, V. (2023). The
effect of data sources on calculating mean
temperature and integrated water vapor in Iran.
Meteorological Applications, 30(6), e2167.
https://doi.org/10.1002/met.2167

SamKhaniani, A. (2023). Evaluation of GPS RO
derived precipitable water vapor against
ground-based GPS observations over Iran.
Iranian Journal of Geophysics, 16(4), 85-100.
doi: 10.30499/ij2.2022.343984.1426

Sam-Khaniani, A., & Naeijian, R. (2024).
Comparison of tropospheric delay models
using ground based GPS ZTD values in the
atmosphere of Iran. Journal of the Earth and
Space Physics, 50(1), 23-36.
https://doi.org/10.22059/JESPHYS.2023.3538
97.1007493

Sharifi, M. A., Azadi, M., & Khaniani, A. S.
(2016). Numerical simulation of rainfall with
assimilation of conventional and GPS
observations over north of Iran. Annals of
Geophysics, 59(3). https://doi.org/10.4401/ag-
6919

Shi-Jie, F., Zang, J.-F., Peng, X.-Y., Su-Qin, W.,
Yan-Xiong, L., & Ke-Fei, Z. (2016).
Validation of atmospheric water vapor derived
from ship-borne GPS measurements in the
Chinese Bohai Sea. TAO: Terrestrial,
Atmospheric and Oceanic Sciences, 27(2), 2.

Shi, J., Xu, C., Guo, J., & Gao, Y. (2014). Real-

time GPS precise point positioning-based
precipitable water vapor estimation for rainfall
monitoring and forecasting. /EEE Transactions
on Geoscience and Remote Sensing, 53(6),
3452-3459.

Sun, P., Wu, S., Zhang, K., Wan, M., & Wang, R.
(2021). A new global grid-based weighted
mean temperature model considering vertical
nonlinear variation. Atmospheric Measurement
Techniques, 14(3), 2529-2542.
https://doi.org/10.5194/amt-14-2529-2021

Sun, Y., Yang, F., Liu, M., Li, Z., Gong, X., &
Wang, Y. (2023). Evaluation of the weighted
mean temperature over China using multiple
reanalysis data and radiosonde. Atmospheric
Research, 285, 106664.
https://doi.org/10.1016/j.atmosres.2023.10666
4

Wang, J., Zhang, L., Dai, A., Van Hove, T., & Van
Baelen, J. (2007). A near-global, 2-hourly data
set of atmospheric precipitable water from
ground-based GPS measurements. Journal of
Geophysical Research: Atmospheres,
112(D11).

Wang, X., Zhang, K., Wu, S., Fan, S., & Cheng, Y.
(2016).  Water  vapor-weighted = mean
temperature and its impact on the
determination of precipitable water vapor and
its linear trend. Journal of Geophysical
Research, 121(2), 833-852.
https://doi.org/10.1002/2015JD024181

Ward, D. M., Kursinski, E. R., Otarola, A. C.,
Stovern, M., McGhee, J., Young, A,
Hainsworth, J., Hagen, J., Sisk, W., & Reed, H.
(2017). Retrieval of water vapor using ground-
based observations from a prototype
ATOMMS active cm-and mm-wavelength
occultation instrument. Atmospheric
Measurement Techniques Discussions, 1-36.

Wick, G. A., Kuo, Y.-H., Ralph, F. M., Wee, T.-
K., & Neiman, P. J. (2008). Intercomparison of
integrated water vapor retrievals from SSM/I
and COSMIC. Geophysical Research Letters,
35(21).

Xia, P., Ye, S., Chen, B., Chen, D., & Xu, K.
(2020). Improving the weighted mean
temperature model: A case study using nine
year (2007-2015) radiosonde and COSMIC
data in Hong Kong. Meteorological
Applications, 27(1), el864.
https://doi.org/10.1002/met. 1864

Yao, Y., Shan, L., & Zhao, Q. (2017). Establishing
a method of short-term rainfall forecasting
based on GNSS-derived PWV and its
application. Scientific Reports, 7(1), 12465.
https://doi.org/10.1038/s41598-017-12593-z

Zhang, Q., Ye, J., Zhang, S., & Han, F. (2018).
Precipitable water vapor retrieval and analysis
by multiple data sources: Ground-based GNSS,
radio occultation, radiosonde, microwave



VFeF Ol of o yled Y %3:&&33&9}&}}

satellite, and NWP reanalysis data. Journal of
Sensors, 2018(1), 3428303.
https://doi.org/10.1155/2018/3428303

Zhang, T., Wen, J., der Velde, R., Meng, X., Li, Z.,
Liu, Y., & Liu, R. (2008). Estimation of the
total atmospheric water vapor content and land
surface temperature based on AATSR thermal
data. Sensors, 8(3), 1832—1845.

o\Ss



