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ABSTRACT

The accuracy of tropospheric delay corrections for the global navigation satellite system (GNSS) depends on the quality of the

tropospheric model. The empirical tropospheric models used in GNSS processing include the Saastamoinen, global pressure

and temperature (GPT), and global mapping function (GMF). In the present study, we estimate precise point positioning
(PPP) zenith total delay (ZTD) using GPT, GPT2, and GPT3 empirical models, and then compare the results. To verify the PPP
ZTD obtained from the GPT model, we compared it with the international GNSS service (IGS) ZTD products. The root mean
square (RMS) value at the DAEJ station was estimated to be 4.97 mm. This is close to the accuracy of the IGS ZTD, which is
about 4 mm. As a result, it is suggested that the PPP ZTD estimated in this study is reliable. In addition, we confirmed that
there is a bias of 0.33 mm, 0.26 mm, and 0.49 mm between the GPT and other models at the DAE], MIZU, and DARW stations,
respectively. On the other hand, no bias was observed between the GPT2 and GPT3 models, except for at DARW, and their

ZTD values were in good agreement.
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1. INTRODUCTION
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L“E] %’%E]J_ 1T} (Bevis et al. 1992). =4 GNSS A{H] A=+
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7| & o] A1 €] zenith total delay (ZTD) /ﬂ‘g & AL} =5k
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A2]A Center for Orbit Determination in Europe (CODE), B]=+
Jet Propulsion Laboratory (JPL), -5-3 European Space Agency
(ESA), 29|21 Universidad Politécnica de Catalufia (UPC), 1]
11 %3 Wuhan University (WHU) S3} 78 GNSS E-A1AE] o]
MEHEER 7|&7] hFH ZTD AREES Al FTict.
tiFel 93t £ AAFS Yyt o= ZTDE &
ZTDE A3 7AZ A (zenith hydrostatic delay, ZHD)3} 14 &5
& 2] (zenith wet delay, ZWD) S 2 }o]Zct ZHDE: tfj7]
¢H(atmospheric pressure)#} £ of o5 Eebz|1l, ZWDE H
B =7 (partial water vapour pressure)d} L Eof wel &
2}2]7] wigol th7] 47 FARGE Fa3tt (Tang et
al. 2013, Ding & Chen 2020). GNSS 7|&ZoA]l= MET4 ==
MET4A%} 2 7)14) &4 & AR5t dollA] 23] tf7]
g SHT 5 ok v Z1eatitt 714 e

e
.]

e @

/\O =
Q) B ALgsle] 7] wipEAE
(Lagler et al. 2013).

7] i 4E S 4 e tHEHQ AP Edo] HiR
Global Pressure and Temperature (GPT)o|t}. GPT @& B6hm
et al. (2007)e] oJsf a1Qto] HRA Y, XI7HA] 2|44 02 By
o] 7§41 =it} A= GPT, GPT2, GPT2w 12 1 GPT3 &L
do] gltt. GPT2we 2% HAET 579 - 253
5 o] vy rt S7HE A elolle GPT29f AQ] Zfol7} ¢
th. GPT3& GPT2wo| Yo|E Mo JHF7| 71442
AlE](European Center for Medium-Range Weather Forcasts,
ECMWF) ReAnalyis (ERA)-Interim g]o]E]E 7|Hto 2 7juts] Q)
t}. GPT3of& 5% 7JAL=(East gradient)@} B2 7JALE (North
gradient) oj7s# 47} 27} 9]t} (Landskron & Bohm 2018).

Bohm et al. (2007) 7Hst Bl & AF45H= Al GNSS &=
= 227 Mo Al (very long baseline interferometry) 241
ol i mYo] GPT 28 Abg-S Ak ul glc 2o
i B e Rl 3 B sk Holel GPT3 &
dlo] oro] & & 17 Q)ch (Ding & Chen 2020, Yang et al. 2021,
Huang et al. 2023). 213t} A& t}2 GPT @52 GNSS PPP
o H83S ) th5A 21D F5]2] xfole} olo] Tigt B4
ST A7 sots] ojgic

wEbA] 2 AollAl= GPT, GPT2, GPT3 EdlloflA] ol oy
7] o745 o] 8-alA] 7 ZTDE F45}aL ofofl thgh &4

2ol 14 gk AT
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2. DATA DESCRIPTION
T QI AYelA HEEE GPT AF 9] thFH ZTD
FAE sl Ml 9] IGS 7= A58t Fig. 1= DAEJ,
MIZU, 18] 31 DARW 7]2=-2] 9]x] ®3Lo[tt. Al 3] 7]&=to]|
= Z}7Z} Trimble NetR93} Septentrio PolaRx5 4=417]7} A 2] =]
9131, %714l QhelLt T43-L Table 13} 2}, A%o] A H
712458 WA 3.0x ©]A4re] Receiver Independent Exchange
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Fig. 1. The distribution of three GNSS stations (DAEJ, MIZU, and DARW).

Table 1. GNSS station configurations.

Site name Receiver type
DAE] TRIMBLE NETR9
MIZU  SEPT POLARX5

DARW  SEPT POLARX5

Antenna type
TRM59800.00 SCIS
SEPCHOKE_B3E6 NONE
JAVRINGANT_DM NONE

Format (RINEX) #5321 A g5k Qlct. o] w}elejli= GPS,
GLONASS, Galileo, BeiDou, 18] 31 QZSS 3H 3+=2+8 7} 37|
3Egkeof qlok o] g RINEX 9492 IGS t|o]&] AllE|(https:/
cddis.nasa.gov/archive/gnss/data)of| 4] th&2 & & 4= Qlt} TS
GNSS PPP ztaxelol] Bagh SIE7IE, QA2 oxb, 27t
AA S AEEL 5o 2Ea] A 1A (GeoForschungsZentrum
Potsdam, GFZ)ol|A] #||&5}= Rapid AFEES AFESITH GFZ
Rapid AF2&2 B g I2Hol e Fd QA=<
3}

A A2 A

178 GNSS At A 2ol A thRdd & &
g 3ol o3 2A}= o] F T BEXE o]-&5lA] ¢
AAZ = QAT th7d o2k 2 FHsAY A4S o]
234 Axkslokut skt (Niell 1996).

QukA 02 GNSS thid ALt 24sks AL 4] 1)}
o] 13E 4= Ut} (Davis et al. 1985).

AT (e) = ATF - mfy, (€) + ATZ - mf,, (¢) (1)

71X AT} AT, = 22} 2478 aF 2122 (zenith hydrostatic
delay)T} A HF5F 48221 (zenith wet delay)S o]k}, mf,
(9 mf, (& 77 AZA AT} 48212 0] AMH(mapping
function)o]™, & oA &= AMYSE4E global mapping
function (GMF)-2 A5} (Bohm et al. 2006). 12 31 &= 441

719k 9172l A & Al = 9143 9] YZH(elevation angle)o|th.



Table 2. Processing strategy for GNSS PPP.
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Item Models / Methods

Estimator Extended Kalman filter (EKF) smoother

Observations Un-differenced ionosphere-free linear combination
GPSL1C/L2W
GLONASS L1C/L2C (*L2P)

Signals Galileo L1C (*L1P, *L1X) /L5Q (*L5X)
BeiDou L1C (*L1P, *L1I)/L7I (*L7D)
QZSS L1C/L5Q (*L5P, *L5X)

Elevation cutoff 70

Sampling rate 300 sec

Satellite orbit and clock GFZ rapid products

Phase center offset igs20.atx

Phase center variation igs20.atx

Inter-system biases

Phase wind-up

Solid tide, ocean tide, pole tide
Receiver clock

Ionospheric error
Tropospheric error

Mapping function GMF
Atmospheric pressure loading
Ambiguity

Processing mode Static

Float solution

Estimated as white noise, GPS as a reference

Wu et al. (1993) & nominal yaw-steering mode
International Earth Rotation Service Conventions 2010
Random walk model

Eliminated

ZTD estimation with GPT, GPT2, and GPT3

Vienna mapping function data center products

A22]1& Saastamoinen EEH-& o|- 854 A A4k 4= Q)
o Al (2)2} 7t} (Davis et al. 1985).
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PPPO] & @22 %10 2 2851t} B3] o] AL i SX|/5%F
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= GNSS PPP 7§ o] &5l WA GRAdZFS 43t

Table 2= thF# ZTDE F317] $I3F A4 s} &
dE58 7|&st Aot AkZ A o AHE- =
GPS, GLONASS, Galileo, BeiDou, 18] 1 QZSSo|t}. &, 7|&=
oA AR = BE 9 o] BEAE AT S ZTD
& 457 HsliAE HtEA| olFRuts TSR} o3|tk
B 9l lo|A] GPSE LICQ}F L2W, GLONASS: LICS} L2CE Af
25191t} GLONASS®| L2C TEALE7} §lE 7490l diAl 4
2P A5 AHE-S TSI £417] AlRA HE Al Fshe
15 Ef¢olu TEALET} Aolslr] wfiZel thAl] 415 At
23} I a7} 9tk Galileo= LICQ}F L5QE $4149] A1
1997, LICY} = 7S LIP B LIXE AIL3lE =
o}, T3 L5Q7L §lE A-%olls thAlAS & L5XE o] 8%
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& 7dAt=(gradient) mi7fH 4=0F A 24 S et olnf ARE

Sl ARSI B L GMFE AF23LT, 274403 GPT, GPT2,
GPT3 Bdoflx Fojzl tf7] 75 o] g8l X% ZTDE
AMEZiTY,

GNSS e 245 % 84
‘kinematic’, ‘dynamic’ .
ZTD 342 $11A AFH 0.2 ‘static’ W AFE G o] A1
oHE AEES 242 915 static’ PHL ALg ST

3.1 GPT Model

GPT B&& ECMWF 404 z{314] B]o]E](ERA-40)2] e
I 25of gt YRE o]gallA] =]zl Aolt} (Uppala et al.
2005). A oll= ERA-ISE 2R 7} Al S H 5L, 2ol o=
=0 i3t X7} ERA-Interim©. 2 £5+ Al 351 9} oA
S G 2200 gk f Wit RIS AT 9% - HE
AZSIAFE (15°x15%) 0]l Tt 34 2] (19994 9UHE] 20024 8Y)
€ 7IRteR qhet. &, 7k ARl sl Fatsrol A2 o
-2 5ol tieh o Hak 3670 E AFEEIch olof tigk FAIA
A2 A Q) e

doy — 28
T(C) = A() + A X cos (m . T[) (3)
AZIAM riE 71 MR ST 250la, doye AT
“(day of year)& oJu|3he}. A= b grolaL, IZF XH A ¢

S al
AF g0 doy?h 9% 2191 190 2890l o] STk (Niel
1996).

3.2 GPT2 Model
Lagler et al. (2013)-& GPT¢} GMFE 745l ZgsE S 94

olEg BeljlE wEe GPT22a WHAAUCH 158 ERA-
Interim Ao 4] & 10 (2001d~201013) ] & 8 7]9F
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& dlo|8 & AFEsIith 12|31 4 Earth Topography Five
Minute Grid (ETOPO5) &o]&} 7217 ¢1 5°x5° Zzlof| A AHE
SRS (el THEE HEel Ao} €17k 7% (annual amplitude)
ol A¥} B, 18] 11 ¥hr)¥ R Z(semi-annual amplitude)Ql A,2}

£ 3 AHAUCE Al W o] 83N GPT2 WiAM4-E ALK
1t} (Zhu et al. 2022).

B,
A
e

(t) = Ay + A, X (doy 2)+Bx'<doy 2)
T = Ao T A X COS\3g5 95 <7 ) T B1 X S (365 25 =T

doy
365.25

+4, x (d"y4)+3x-( 4)(4)
2 X c08 |zt 4T , X sin T

3.3 GPT3 Model

GPT3 Bl o]
7]1}6‘}1—1 ool:o] ;:L_%l—g

=4

=90l GPT20l4 st Qi dele
of gick. GPT3 BEle 2], 7|4, 7% <
T EHOR AT 4 ok S EB .
GPT3 Y& 5°x5°0} I'x1°9] A7} Hlo] 6 & Al st AA =
Wolth, GPT3L: o]l RHlel GPT26k il HASIAIEE, 1x1°2]
A2k - Abg3le] B Lhe kg A3k 9t (Landskron
& Bohm 2018). 71231 o] RRE L2, ok, S50kt 22 7]
4 BolEl S AFSHE A ol 5 $5719] BRLE(T,) 2 A
AVSFEE] AHEE 4 Lk B el GPT3 BEe] 1'x1°9] 4
2} lolel S AL L) B3 BAEAE S e GPT2
of e 4 @F AHgRiTh

oo TR o
b |

4. RESULTS AND ANALYSIS

4.1 TEMPERATURE AND PRESSURE CHANGES

59 2D 7% Hehso]
So} Ik olck. AW A BAE
3l WA 20241 QI7F DAES 7|04 2] 2 3
71eree WAISIIT) Fig 2= 20244 DOYE 1

=

T
=
=

Z] GPT, GPT2, 18|31 GPT3 R o]&sllA] AFE5 4 &
o 259} 7| ik AJAIE S Holfal Qlot. &5 ¥ig)
o} th7]9 Wish= 77} Figs. 2abollA] & 4= Qlth. Fig. 2a0]| A
FoM mabd AR Ao 2 mr]E 7S GPT, GPT2, GPT3
Sdol A Z4zh AMES Wi =0\t Fig 2204 & 4= 9ol
BA5S dY Ho-257F DOY 2004 504 Atole]l 2 &3tE,
DOY 2100]14] 230 Atololl ZHg-E Ho|a §lct. 53] GPT2¢}
GPT, 18] 3 GPT3¢} GPT Rdl 7+ W £x o] Huj| jo|= 7zt
7} 2159} 275 2 LRt}

DAE] 7] &=+9] tj7]ete-& oF 995 d Eul A7 hectopascal,
hPa)ol|A] 1013 hPa WoflA] 3/do] =™, Fig 2a0] Hat 25 /3}
I zol= vifE= A Bl GPT2¢} GPT, 18] 12 GPT3
o} GPT B& 7+ th7|h 5 9] Zofj Xfo]&= 712} 7.2 hPa3l} 7.6 hPa
ot}

TESF GPT29} GPT3 BRlofA] 242} 4k Hd 259} tf7]
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(a) Temperature changes

(b) Pressure changes

Fig. 2. Temperature and pressure changes calculated using different GPT
models at the DAEJ station in 2024. obtained (a) Temperature changes,
(b) Pressure changes. The solid red, blue, and green lines indicate the GPT,
GPT2, and GPT3 models, respectively.

ot o 7 xpol7} 2|t 0459} 11 hPaZ & TEl 7o 2 2}o]
7Hales & 4 Sl

4.2 PPP ZTD Results

—~

ARH BHQl GPTRRY AHE B e=oh thv1ee g
2 GNSS PPP A2 ejo] 2 §3lo] ZTD ghe 4HE31%ich B
x4

sl5ict. 18] a1 PPPE S5 ZTD 3te] S-S S5l IGSollA] #|
35h= ZTD AF2-E3} v asleich IGSol| 555 GNSS 7|8+
£9] ZTD AFEEL to|elAlE (https:/cddis.nasa.gov/archive/
gnss/products/troposphere/zpd/)ol|A] Th-2 & 5}9ich

Fig. 32 IGS ZTD AF2-E3} PPPERE] 90]7l ZTD A|AHL
3l Bojza Qlr}. Fig. 3ol whehal Az} 5-ou) Ao 7}
7} IGS ZTD$} PPP ZTDE ¢ju|3tch. Table 30 LFERA Z1x]&,

gl

—~



Fig. 3. The time series of ZTD derived from IGS products and PPP solution
at the DAEJ station during DOY 306-336 in 2024.

Table 3. The mean and RMS values of the ZTD difference from GPT2-GPT,
GPT3-GPT, and GPT3-GPT2 models.

Statistics
Site Diff. (mm)

MEAN RMS

GPT2 - GPT 0.33 0.40

DAE] GPT3-GPT 0.33 0.41
GPT3-GPT2 0.00 0.06

GPT2 - GPT 0.26 0.35

MIZU GPT3-GPT 0.26 0.36
GPT3-GPT2 0.00 0.08

GPT2 - GPT 0.49 0.69

DARW GPT3-GPT 0.33 0.50
GPT3-GPT2 -0.16 0.35

B oI JLof| 4] AFE3E DAEJ 7|&29] PPP ZTD ZHe IGS ZTDS}
H|wsto] 1 Zjolof gt B3-S -0.14 mm 18] 3 root mean
square (RMS) 758 4.97 mm9ich. IGS ZTD2] A& L= 4 mm 4~
Fo2 dedx QJcHhttps://www.igs.org/products). PPP ZTDo]|
ofall 45 $ASE 1GS ZTD2] Bz o) g AT 4-50]
o webd £ elq 28 PPP ZTD7} 41213 9k $29)
ot

Fig. 4= A2 t}2 GPT RWES(GPT, GPT2, GPT3)S ©]&3
Al 4% ZTD AAY S vebd ZAolot. Fig. 33} 5Ys}A PPP
ZTD $4& 943l 2+ GPT, GPT2, GPT3 EL oA A§/d uf7}
W45 AFEolITh R THE BYS] ofs) 2AH 21D e
Fig. 40f| 2 A, o AM, Jeja =M HHo = 2718
3T}, 712] 3 GPT29} GPT3 Rl 2 B g Ak ZTDZHS 2H24]
2] o] Fg FEE 918 22} +50 mmsk +100 mme] WY
(bias) ZF& F715193th. Figs. 4a-c= Z1zF DAEJ, MIZU, 18|11
DARW 7|&=tof|A] AF&% PPP ZTDE UERd A olH, GPT Zd
2ol YT AL Kol 9tk

NZ THE BEES o] galA AHET ZTD 5o Aol &
A5}7] 915 GPT29}F GPT, GPT39} GPT, 1] GPT32} GPT2
& 74] ZTD g 2ol & 242} Al4slSlaL, A AEE Fig. 5ol U
ERAC} Fig. 5a9] a)-c)= DAEJ 7]&Zo]4] GPT29} GPT, GPT3
©} GPT, 1] GPT3¢} GPT2 2 7ke] ZTD po]2 7z} e}
W Aolt}. sek7|7F E9F GPT29} GPTE] ZTD ZFS +3 mm W)
oflA] zpol7} QAT T3 GPT3eE GPTE] xpol&= ¢4 GPT2¢}
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(a) DAEJ

(b) MIZU

(c) DARW

Fig. 4. ZTD time series obtained from different GPT models. (a) DAEJ, (b)
MIZU, and (c) DARW.

GPT2] z}o]e} w9 FARE A& & 4= Qlth. 18|31 Fig. 5a9] ¢)
oAl & 4 9150 GPT39} GPT2 & ZTD kel xbo]7} ¢l
£ Ao 2 Yelth Fig. 5bs MIZU 7|&=oAe] el 7+ ZTD
Zk 2lolE vebd Zlo]w, Fig. 5a2] DAE] 7] &=te] Z3te} o $-
FARE E3-& 29It} Fig. Sc @Hbtol $x]gk DARW 7]&
o] AalE Hojzu 9Jk. DARWOA GPT29} GPT, GPT39}
GPT 5@l 7k 2pol= A &= 3Lo] 7| &3t fASEAI R, GPT32k
GPT2: P -0.16 mmE 2 HFE ZHS Koot

Table 38 A 3L 7]%=(DAEJ, MIZU, DARW)¢] Zu}2 2 g
g2 2d 7ho] AR 3He yERd Rolct DAE]T 7=t
A= GPT2¢} GPT, GPT39} GPT 2@l 7hof| ek 0,33 mme] Hak
(bias)= = 532 B MIZU 7]&=o]| A= DAEIS}E fALSH
Al A2 o2 F 2l 7ho] oF 0.26 mme] HEFA o] YERCE vt
o DAEJS} MIZU 7] &3o||A] GPT32} GPT2 Rl x| 2 T3ty
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Fig. 5. Time series of ZTD difference obtained in Fig. 2. (a) DAEJ, (b) MIZU,
and (c) DARW.

] ¢¥kou] RMS ZF= 2z} 0.06 mme} 0.08 mmE 2 U] ¥ct.
DARW 7|&=ol|l A= S50l #12|3 DAEIS MIZUSH= 2E]
GPT3¢} GPT2 2l 7hof| oF 016 mme] x}o|7} itk aaju},
ol2|gk Xfo] &= ul-- 2t} GPT39 GPT2 Rl =dl g 9 &
A $18 Fzke] Esh, Azt SR D 3 vjESo) 2
7} o]Q]ofl= 7 &) §-AFs}} (Landskron & Bshm 2018).

Fig. 6:& GPT3 RE 2 HE| AF&% ZTD} Saastamoinen 7]
2 24 tf7] ufrfH4- 2 RE] 4AREE ZTDE] 2lol & AJAIER
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T
GPT3 - SAAST.

AZTD (mm)

311 316 321 326 331
DOY, 2024

Fig. 6. ZTD difference between GPT3 and Saastamoinen model at the
DAE] station.

UeRd Aolck GPT3 R&-S A}E6HR] b= 749 Saastamoinen
mele] Qe o2 W LEo} gyl 77t AN 15k
9} 1013.25 hPaZ A}85}19iTh. Fig. 62 DAEJ 7|20l o] =
EE7E ZTD xpol & o|ulgtt. DAE] 7| &=l A= GPT3%}
Saastamoinen 2@7F ZTD7} HHdA o2 °F 0.63 mm HEFE =
Ao 2 vepdch ZTD 2folof tfgt RMS ZHE 0.67 mm=E HakE
Tt FARICE ZTD ek GPT3 B2 HE A4 of 7] uizf
1349} Saastamoinen E@ofA] A% Tt 7|2 ujriRigke] 2}o]
7191 9 5 et

2 A7 ERE o2 FPH GPT EdollA] A/d== ti7]

mi7H = AU o R ZTD g0l e ks wAAId
[e)

pul puid

5. CONCLUSIONS

B o= A=A melel GPT, GPT2, 18| 1 GPT3 &
& PPP ZTD 3} AF&ol| o] &slo] M= H|a BA519ict HA]
GPT, GPT2, GPT3 el 2 H g AAEE oy ujrfuse] &x
oF th7 19 EA5I% AL, DAET 914 7|80 8 YTt 25
2|t oF 2.7, 7|22 F o ¢F 7.6 hPao] x}o]7} Q13T

=3} GPT 2@ 0]£3F PPP ZTD 7ke] A=< 93l IGS ZTD
ArEE T} 8| 2519} DAE] 7| 3-8 RMS FFo] 4.97 mmE 23]
HS1a1, o] A2 IGS ZTDE| H=Ql 4 mme} w2 FAlste] &2
Aol A 4% PPP ZTD7} 4123 7igt 390 S A AI5HAT

A2 T2 A7le] 2ES o] 83l PPP ZTDE AFESII AL, 2t
Sdo] j7fH 4 o] 8314 4FE3SEPPP ZTD 3H& A2 2} H]
WSkt AxkA © 2 DAE], MIZU, 18] 21 DARW 7| &ZofA]=
GPT29} GPT, GPT3&} GPT 2@ 71e] 0.33 mme} 0.26 mme] H
o] Uehd A& E13ict. 12|31 DAEJS} MIZUo|A1 &= GPT3
o} GPT2 B& 7holl &= HaFo] UepR] ¢FQkal, ZTD ke 2o 7k
St viHo| DARWOlAM &= GPT39} GPT2 ¥ Thofl= -0.16
mm HeFo] YeFaL, o] Zh- uff-e- ujH|3k Folt,

£ A7+ GNSS PPP Zk5 A 2] Alo]| thFH ZTD 48 ¢
Abgshs A3 mEllQl GPT, GPT2, 183 GPT3 2dl 71
o|& H|A EAF on, GNSS thFH Ao =0
Ao 2 st

et

i)

o
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