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Abstract

Tropospheric delay is an important error source for GNSS navigation and positioning, and there
are many methods to estimate the zenith tropospheric delay (ZTD). As the latest generation of
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reanalysis products released by ECMWF, ERAS5 can provide meteorological data with high spatial
and temporal resolution covering the whole world, based on which high-precision ZTD can be es-
timated. However, there are still few related studies on the accuracy evaluation of ERA5 tropos-
pheric delay products. This paper takes the high-precision IGS tropospheric delay product as a
reference, and evaluates its accuracy on the basis of programming the ERAS5 tropospheric delay
estimation. The experimental results show that compared with the GPT2w-1S model and the
GPT3-1S model, the ZTD product estimated from the ERA5 meteorological data has higher accu-
racy, and the root-mean-square deviation is increased by 27.53 mm and 27.50 mm, respectively.
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1. 518§

HLHGE AR SR LI X E R, 252 2RSS I 52 ), ;= A6 2 ZEIR ZTD (Zenith Total Delay) [1]-
ZTD {E N PR B RS R i — Fh  BR 2200, TR 200 Hk AT BOE, AMIA 22 5 GNSS S E Ak
FE1 H ). Hopfield #5741l Saastamoinen A% 7 f2& H Fif LA 5 H X2 2B 1R e B [2] [3], (HAZFRF5E
MR ZSEFREG, X PR RE F T 22 B0 X X 2 IR . RSl < % S 50R
R T EORE R TR B U . AT, B RS TR O ECMWE AT S8 AR ERR ﬂ%
For AT FOR R S ERAS ZEE bR BN HEST, 5 E—A0" 5 ERA-Interim #HEL, ERAS ZER[A] 737 2 HA
TERIETE, M 6hIEF] T 1he SKAKMREE[A]HR H —FhEE T F A Bk ERAS BRI 2 2B IR THE 7
%, AT — AP 5k ERA-interim [T E &5 R BT X L AT, 45 KW ERAS TR E LK
ERA-Interim B 32T . ZFR (51 T AR BRI TR, FIH ERAS THEA R E R ZTD (1512,
Wy, FIA ERAS FEIUM AR B FR n AU SClllE H T X 20t 7T

B H ATXF ERAS Xt )2 (E IR 7= kg FE AN A S e A7 /b HL 22 BT 90 A2 3k A7 () SRS 72 ) 1) LR 2
R, ASCHEFRH ERAS G H G Z GEIR ZTD FIFEAt ., 50 #R A 1«1 #f GPT2w_1 + Saastamoinen.
GPT3_1 + Saastamoinen (LA GPT2w-1S. GPT3-1S F£/R)fE 51 ZTD 47 b 4T, 575N ERAS ZRIE
XoF It 2 G AR U R ) B AR S

2. ﬁ;llugLfEG{ETl'fj—if
2.1. &TF Saastamoinen R FHEM T

Saastamoinen # AL 2E 5ETF Shell 5E 4, ) K ITEE = bR BUR T AR B B0 AT P Z R 0 B ~r[3]. M
o FRHRE 10 km NS — 2, W FREZE )Y 6.5°C/km; MAHARE 10 km THESR] 70 km 4L E T X 8] A
B 5, WERN—AMEEM[6]. Saastamoinen FBFHHE AR

71D = 0.002277 “ (0 05+ 1255] )
f ((p, h) T
7.5T-273.15
e=rh6.11x10 T 2
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f (¢,h)=1-0.00266cos 2¢ —0.00028h (3)

A, TONMNREE(K), P Oy 5E(hPa), e Ayl /KiE (hPa), rh AMHAHXEEE. f (o h) AhEk
B SR E IR RMEIE, o NS4, h yillsimfekm). A3, ERSRZSH(T. P, e)n]
H1 ERAS TR 70t BORHR St BRI 20 #F 5 8 I L 1) GPT2wi/3 BERLfiESK o

2.2. ERA5 &% %5 Saastamoinen &R AR B IE IR &

ERAS5 2 R - BR S Fildl o0 ECMWE B & A (1 — 20 A 7= i (F 7 o] AL https://cds.climate.
copernicus.eu/{E: M F#K), K355~ 0.25%0.25", T HSPEEN 37 )2, LT ERA-Interim #Ek}, 3+
BAER R HEE B THRKIET, M 6hi2mE] T Lh. T ERAS B T2 mE— N 47 km K4, %
P LR ARAEE 7], H ERAS RERIRMEREIE, TR HEAR MR Z IR R, B AR
BT HEA T EOR ERAS T EXIZE B 4 7 AT« X T 102 LU R ) ERAS 8, FI RS B 15
JTERBOMNZ AEIR ZTD, , 35 A\ Saastamoinen BB THELTHZ DL EXNAE EIR ZTD, (ML ERAB-S
FoR), WAAFRBXRZEIR, BN RS R 2 . BARTHE R

n-1
ZTD, =10"°[Ndh =10 (N, + N, ) (h; —h;)/2 4
0.002277x P,
ZTD, =——— = (5)
f <(/)v htop)
N:kl(P_e).FE.’_E (6)
T T T
qgP
- ~ 7
¢ (0.622+0.378q) )

R, k. =77.604 K/hPa, k, = 64.79 K/hPa, ks = 377,600 K*/hPa, N N KIS Ha%, n il b
77 ERAS HHR S AR SZEL, Pop NIZAEAE, hopy HTZEREE, HRKESES LS5A(1)—H.

ERAS HEi% R 2, &SGR B 1w BEAFEZERE, SR, SR> IS ERAS Uik M s
A, NSEEE SRS, FITEH ERAS Hd i 18 75 5 HAf DL Ab 22

1) WA S SRR AL G — . ERAS K HAS B R i AE At [ B4, 72 TS ROk F ey UTC
if. GNSS Wt R K /e =R RS, 1 ERAS Bl KA A R F R B, fEAFRIsE bR 55
B AT SR g —, BARIESE 8],

2) SERREARE AL G — S, AR I i AL bR 4k B B A Bl R U AN R A, S 3o 2 1k A B P A
Jiik, AR TUASKE W TR R P2 4TIk o5 = R X LS R S 509]

3) X ) R RS HUIAT W YE NS, 1325547 B AR S RS

4) XS SRR BT % S A R AT R A, SR AL E S AR — B m ST &R A
FERTI S RS HL

5) BB R IR RS HARN A R (8) E (7) B AT 43 B i & (AR 2 1R ZTD.

EREFEIE MATLAB #8416 E 58

2.3. EF GPT2w/3 HER R BEIR 43

Bohm &5 7E GPT2 #5 8 ffy Lithy b3 1 A INA S 3503 B AN K VR e 3 ELBR B RS2 40, 57 T GPT2w
(Global Pressure and Temperature 2 wet)f74[10]; Landskron 253 i p4dk it 56 %0 VMF3, $2 HH —Flor 1) &
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T AR 250 GPT3 [11]. GPT2w/3 FERLE TR APy Ah 2 18] 73 B (M RIS . IR KR
AR SMBCF 2 IR BESE RS HL, 9 H AT AT IARARRS BRGSO R SR e I i . A i 5
BARSH RN

doy . doy
b= cos 2 sin 2
ArA (365.25 ”j+ B, (365.25 ”j

+A cos( doy 47rj+ B, sin( doy 47z]
365.25 365.25

£, doy NERH, A NIRSEETEME, AR B ASZSEIERIRIE, A B, N’
FZHNEFFIRIE. & 1 8 EiR 2 FohiiE i IR B SRR B

®)

Table 1. Comparison of GPT2w/3 model parameters
= 1. GPT2w/3 RIS KT LL

R A R NS Wt 25
GPT2w dmjd/Lat/Lon/H P/T/dT/Tm/e/ah/aw/la/undu
GPT3 dmjd/Lat/Lon/H P/T/dT/Tm/e/ah/aw/la/undu/Gn_h/

Ge_h/Gn_w/Ge_w

7 1, (Lat, Lon, H)Z3 5l il 2844 FE R Kb &, dmjd Ak g B year 9443, doy NAERH,
ah YT MRS R, aw DVIRMUN R la /KRR BT, undu N RHUKHERIZERE, Gn_h Jyiitfiat 71k
BhIE, Ge_h NUMAE JIZMEIE, Gn_w NIBILEAE, Ge w NEBHRME.

A 0 A1 B 8 B B A B P DU AR I, L SR S RO AT R, SR It v R A Y

M SRS
T=T'+dT xdh
P =P’'xexp ~9, xdM x dh
R, xT ><(1+ 0.6077q)
@ ©)
(0.622+0.378q)
, (1OOPJM
e=e'x| —
P'

ZAF, (T, P, ) alAMASE. JE. KKE; (T, P, e)7 5 N sUE & Mk A s K
Rl AR KEE; dT RIEE TR dh A sl SN S B &EZE; g, NEMEE, —RIUE
4 9.80665 m/s?; dM SRR SEH KL, HUE Y 28.965 x 10 % kg/mol; Rg il 4% ¥, HUE A 8.3143
J(K-mol); q NELIE; A N/KIK FRERET o ¥ mFESUE 5 YA I A R S H0 A7 U2 P i e T 15 2130
vhi B IRIS %538, 454 Saastamoinen B:i%Y, Bid[#d ZTD.

3. BIERESHEEIEM IR
3.1. HiER
ASCEF A E X 5 AN FEJE T IGS H0 i GNSS Mli¥E(URUM, LHAZ. JFNG. HKSL. TWTF) 2021
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Figure 1. GNSS station distribution
& 1. GNSS Uik 5376

3.2. ¥EEITMNiEHR

IGS/ZTD = fkE ., e/, & 2w e b A RS B e i Sl B [12], IR A S A
IGS/ZTD H¥MEMENEAE, HTRIGHA KRS .. K W2 (bias) A1 /5 R 1% 2 (RMSE)E Ak B P-4 45
br, HHEARN:

n

bias=>"(ZTD, - ZTD/)/n
' (10)
RMSE = \/Z(ZTDi ~zTD;)’ /n

EF, n AREARASL, thib n=2365; ZTD, A IGS/ZTD HAH; ZTD, MNfAfifE ZTD.,
4, KWERSHh

FIFHRG SCA BT 725 WIfR 245 5] ERAS-S. GPT2w-1S & GPT3-1S 3 FizbiR AL ZTD {H,
FHLAERE B 1GS X E IR F= iS5, HE R uE 2 frs.

I 2 FIEH, SR ER A E RIS EAE R RS, B F EE P EAEFH 200
A, SR BOEA T E 2, AR S brts il . 3 AR At , ERAS-S 7 (3 2 4EIR 5 1GS/ZTD
FAEAR A — 3, B R HARE AE IR B I (A RALRFAE, GPT2w-1S 5 GPT3-1S A8 Xt |2
FEIRMZ LT E A, R 2 MOEERIRE S KB, HiZ 2 Fiothin BB RS ZTD BN, 5
IGS/ZTD FEAEAFAERLR 7 5t
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Figure 2. ZTD values of three tropospheric delay models at each station
2. FWuh 3 FMIPRBLEREER ZTD (&

3 & W, ANFEMEEFTS W2 bias 5 RMSE fFEZE R, BN S, KEllui ERA5S-S 1)
fwZ bias 57 ZE RMSE ¥/ T H B PR . NS IE 0 Hr S AR R ZTD KSR, 45 &l
vk bias f1 RMSE TH& 4558, Wik 2 fis.
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Figure 3. Different model deviations and root mean square errors at each station
3. BN ERBRESHHRIRE
Table 2. Three model accuracy evaluation indicators
= 2. 3 MR BUE BTN 4R R
ERA5-S/mm GPT2w-1S/mm GPT3-1S/mm
Wk
bias RMSE bias RMSE bias RMSE
HKSL -12.42 25.80 45.79 68.23 45.84 68.35
JFNG 5.33 9.69 51.37 82.42 51.38 82.42
LHAZ -3.30 13.31 —-7.65 20.52 —7.63 20.36
TWTF —40.24 57.50 24.95 55.05 24.94 54.94
URUM —4.92 9.07 3.29 26.84 3.32 26.84
min —40.24 9.07 —7.65 20.52 -7.63 20.36
max 5.33 57.50 51.37 82.42 51.38 82.42
mean -11.11 23.08 23.55 50.61 23.57 50.58

M 2 WTE Y, ERAB-S R[4k % bias £ AAE M 5.33 mm, 48 ~-11.11 mm. MLLT GPT2w-1S
i bias % AAE 51.37 mm. ~F¥{H 23.55 mm; GPT3-1S #i7#Y bias £ Af 51.38. “FIYME 23.57 mm, HH
FBERIRTE o [ B 3 AP A () RMSE w] 41, ERAS-S #74 ) RMSE #4184 23.08 mm, % T GPT2w-1S
B RMSE J{H 50.61 mm.GPT3-1S #% %! RMSE {8 50.58 mm, H: RMSE 43 il § 27.53 mm ¢ 27.50
mm, FEFH ERAS-S BAITHE AR FXHAZE LEIR ZTD KR 3 Pl B ookt i Bt =i
5. &5i8

BT 2411 ERAS S It 2 2E IR 7= fioA FE VPAN IR AH SR 7T D B O o AR SCE T 2021 4E A4 (1) i) 25 4y
HER) ERAS SR TR, FIH 4 EF07k45 4 Saastamoinen BRI %, ERAB-S #iRL, i H X2
SEIR ZTD, @il ik 2 Fis) ZTD SHTREFE X L, 36IE T ERAB-S f: R B W ks %, RIH %
K ERAS AR 47 R T3 i /2 R IR B o RIS KA 78 X 38k, BB RIS R, 43471 ERAB 3REX ZTD Ji A
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E&UH

B R HARE} - FE 4 100 H (41901225 52064005); 5 M K24 22 k2 5 35 AR 50 A= B0 S e 22 s 7 15 20

H (5t A #F CXJID[2014]002).
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