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Abstract

Abstract

New opportunities have emerged for the use of GNSS data to create high-precision
tropospheric delay models because of the development of the Global Navigation
Satellite System (GNSS) and the rapid expansion of ground-based GNSS stations. Such
models retain the advantages of empirical models that do not rely on measured
meteorological parameters, simple modeling, ease of use and excellent accuracy, while
ensuring maximum self-consistency in GNSS applications. Additionally, one of the
most accurate ways to determine tropospheric delays is by using ray-tracing from a
numerical weather model (NWM), and the best data source for evaluating and
comparing ray-tracing delays is the rapidly expanding GNSS data itself. It is crucial to
use the measured data to examine the bias distribution patterns of various models and
methods to create more accurate and precise models.

On the other hand, GNSS has become one of the most promising and fastest
growing methods for precipitable water vapor (PWV) acquisition with its advantages
of low cost, high accuracy, high spatial and temporal resolution, all-weather operation,
and near real-time acquisition. Thanks to the explosive growth of GNSS data, the data
length, global coverage and spatial distribution density of existing GNSS water vapor
products have grown considerably, which brings new challenges to analyze the long-
term spatial and temporal variability of global water vapor. Based on the above
background, this paper focuses on GNSS tropospheric delay modeling and spatial and
temporal analysis of tropospheric delay bias, and the main research contents and results
are as follows:

(1) To address the current situation that the tropospheric zenith delay (ZTD) model
based on GNSS observation data lacks effective quality control means, a set of quality
control methods for ZTD modeling that integrates data volume, grid resolution, and
model stability is proposed, and high spatial resolution GNSS tropospheric data solved
by Nevada Geodetic Laboratory (NGL) are used to select the last decade of German
and surrounding. The method is validated by using high spatial resolution GNSS
tropospheric data interpreted by the Nevada Geodetic Laboratory (NGL) and selected
from 183 stations in Germany and the surrounding region (47°N-55°N, 5°E-15°E) over
the last decade. The experimental results show that the accuracy of the new model
established under this QC method is stable with an average RMSE of 3.4 cm, which is
an average improvement of 42.4%, 35.8%, and 33.3% compared to UNB3m, EGNOS,
and GPT2w+Saas. This quality control method effectively improves the performance
of the ZTD model based on GNSS observation data, and is of reference value for the
study of ZTD modeling based on GNSS data.

(2) For the first time, the accuracy of GPT3, the latest version of the GPT series
models, the most widely used empirical tropospheric delay model today, is evaluated.
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The performance of the GPT3 model was evaluated using GNSS tropospheric data from
over 16,000 stations worldwide over the past 10 years solved by NGL. The
experimental results show that NGL's tropospheric product has the same accuracy as
the IGS product and can be used as a reference for evaluating general tropospheric
models. the global average deviation of the ZTD estimated by GPT3 is -0.99 cm and
the global average root mean square error is 4.41 cm. the accuracy of the model is
correlated with the latitude and elevation height of the stations, and there are significant
seasonal variation characteristics. the global average RR of the north/ The global mean
RMSEs of the easterly gradient estimated by GPT3 are 0.77 mm and 0.73 mm,
respectively, and there is a strong correlation between them.

(3) Precipitable water vapor (PWV) is an important component of the climate
system and plays a key role in the global water and energy cycle. Comparing the global
GNSS PWYV with radio sounding data, temperature anomaly and sea surface elevation
anomaly data in the past two decades, the mean deviation and root mean square error
between GNSS PWV and RS PWV are 0.72 mm and 2.56 mm, respectively, on a global
scale.PWV decreases with increasing latitude, and the rate of decrease slows down at
latitudes greater than 35°, and the standard deviation (STD) reaches a maximum at
latitudes less than 35°. The global mean linear trend is ~0.64 = 0.81 mm/decade and is
closely related to temperature and sea height variations. PWV increases by ~2.075 mm
and ~0.015 mm for each 1°C and 1 mm change, respectively. in addition, PWV data
were analyzed specifically for Antarctica and Greenland in the bipolar region. The
multi-year mean PWV was found to be 5.63 £ 1.67 mm and 7.63 + 1.35 mm for
Antarctica and Greenland, respectively, and the annual standard deviation (STD) of
PWV was 1.60 £ 0.77 mm and 3.44 + 0.92 mm, respectively. in Antarctica and
Greenland, the annual standard deviation of PWV showed a gradual increase from the
land center to the edge; while in Greenland, the PWV mean decreases with increasing
latitude in Greenland, and there is no significant latitudinal correlation in Antarctica.

(4) Numerical weather models (NWM) are an important data source for space
geodetic techniques. In addition, the Global Navigation Satellite System (GNSS) can
provide many observations to continuously improve and refine the NWM. after
rigorous quality control and data pre-processing, the experiment calculates and
compares the deviation and standard deviation of tropospheric delay for about 7000
NGL GNSS stations in 2020, as well as the ERAS-hour ray-traced tropospheric delay
for the same set of stations. Characteristics in time, space, and correlation with receivers
and antennas show that the NGL ZTD (zenith tropospheric delay) has a positive bias of
about 4 mm relative to the NWM ZTD over most of the globe, with a seasonal amplitude
of bias of about 0-6 mm, and a mean antenna-related bias of about 1.6 mm in the NGL
tropospheric delay.The results can be used to provide, with appropriate uncertainty a
priori value of the tropospheric delay and to assess the applicability of real-time
navigation solutions using NWM.
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Abstract

(5) The accuracy of the tropospheric delay mapping function, which is an
important factor in mapping the zenith tropospheric delay to the direction of radio signal
incidence, directly affects the accuracy of the oblique path through the tropospheric
delay. In view of the lack of wet delay factor correction in the existing mapping function
elevation correction methods of Niell et al. and the current situation that the model
coverage does not include the high-altitude region, two scalable elevation modeling
methods for the tropospheric delay mapping function are proposed, modeling the range
from the surface to 14 km (basically covering the range of conventional man-made
aircraft activities). The model errors of the new models are analyzed and discussed in
terms of their correlation characteristics with latitude, altitude and time. In addition, the
global accuracy of the model is evaluated using the TUW VMF1/VMF3 GNSS site
products for the whole year of 2021 as a reference. The results show that the root-mean-
square error of the oblique meridian delay at 3° altitude angle is less than 5 cm for the
new model at the second order level and above.

Key Words: GNSS, Tropospheric delay, Precipitable water vapor, Ray-tracing,
Modeling
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BIFFEAN N FH Al 2D o

RN TRGAIE I XA 52, @ALH H BYE AR
S BT SR moR AR REIR , J792: 9 A ) SISO B B o0 B
el b ORI S AR R, AR S DURR E BREON AR EAT AR, &S AR
ZHOL R 7 H TR E IR ZRA . UNB RN A & 4] /2 Collins
Langley (1977, 1988) N [ flitt3& [ HIGsR R4 (WAAS) Pk A RS0
EALH (WREDREE, 2017), FLLAAEIRIRE Y 15° S HBER A e At 36 E hrifE R
. HHEl, UNB R UNB1-4. UNB3m il UNB.na (Zhangetal., 2016).
UNB3 A 1058 X IR AL AR R R TUAEE T E1 1R 2208 2 em (BREREE, 2017).
EGNOS #i%4 (MOPS, 1999) Jy UNB3 A fajf i A, HZHHR M7 5 UNB
BRI, HEBH T ARSI EJTE. Kruegeretal. (2004) FFH 28 E E %K
LR H10 (NCEP) $2 it (5B R <A (Numerical Weather Model, NWM)
7 GDAS BN TR IR 43 #5500y 1°x1°0 TropGrid FE7Y, P44 45 5% 8 TropGrid
SRR T A LT EGNOS #2751 1 25%. Boehm et al. (2007) 5 FH R K< 7
ety (ECMWED #2451 NWM 7= iy ERA-40 B 57 [ A ERA AR B2 22 50 15 7Y
GPT (Global Pressure and Temperature) , 155 T 5kg & FIAUE R SR, GPT
RIZESEPRPS3] T ) Z N H . Lietal (2012) FJF NCEP H oM 8dmgar 14



H1E i

BRI IR AR 1GGtrop, SKIRRIDIZEARE LT UNB RAIEA ., 48
M, IGGtrop 5 AYA% W REPE K, BN AE . Lagler et al. (2013) 4%}
GPT/GMF LAY 22 AL R IE A IR SR A ET oo, 57 7 & s i
A GPT2. GPT2 A4 I T )i & 5 = ) ECMWF ERA-Interim F 43 #7545, LA 5°x5°
(RIS IR R 77 WL AR B KRR A LT e 5248 Schuler (2014)
%F TropGrid 7 (I FH AR TropGrid2, HTARASAEIR ML RE. RAIBCT
PSR S e RTINS0 A 3R S50 i 2 o8 224 . Boehm et al. (2014) GPT2 A4 1)
A GPT2w #5484, AH L GPT2 B AU 3G I 1 7K VRS s 2R A0 RSP 40
IEAME Ry B R R 4 1°x1°, Lietal. (2015) A T F&AK IGGtrop FE K 7Y
FE, £ ZTD A KM XK T IGGtrop 5 8L 4> #F 28 T & 57 1
IGGTrop_ni(=l, 2, 3)AY, HrHCAY e ik 44 350 20k B 1 5 OR R BRI 1 B2 &
. Yaoetal (2015) &4 T IABAMILER S, R T —MEFEA ITG, ITG
KR TR FEMBR AL, RAEE. SJE. MBCFAEE (Tm) FKTEAE
IREZHL, PSR REH ITG BRI Tt GPT2 Ml TropGrid2 S AR 14 e -
Landskron 1 B6hm(2018)#EH T GPT RFIMHHT A GPT3, HATH 75 VMF3
FIER b A1 ¢ 2%, BUS T 5 GPT2w (5°x5°)AHEIIZE B, 11 GPT3 (1°x1°)f14h
RIS IF T GPT2w (1°x1°) )45 5 . Lietal. (2021) &F ECMWE #£4t[) 10 £/
I ERAS @57 1 ok ()2 3R E AR S IGPT . IGPT 42 7 &R AR
55 RERFEERE S U ENRZETT AL, FEEA T I AR EoE
PIEE R ERIE, 5 GPT3 B, IGPT Bt T 1.8%A1 22.4%. Zhou et al.
(2022) FIH 10 4= (2011-2020 £) HFHIMEF 5 5 (2016-2020 ) /N ERAS
Fotrds, &5 T PORF M RZEEEA WTM, SRR (L 1583 AMr e Ik ()
RIBRATIEIR WS BB RE B LA SRS H, N5 I8 T BB AN
B . WTM BEAAH LG T GPT3 BB MU Rk SO B35 o, s
BRI BRI K P A P e R 0dE iR 3] 12.8 mm A1 14.71 mm.

55 = 2RONFET GNSS WIS HE AR Y L X FSAR Y 15 58 — SRR B K ) [X S AE
FIX AR B RERJEORYE T GNSS A ZTD, R T8 R RIAK
HAN R BE B B A b, REAS R ORAR R RIEN. H T GNSS I HE . &
4% (2013) FIH 2000-2006 4F 299 4™ IGS bR E B, @ T —FHi 4
BRI Z R IR AR o AR 7 ¥ N 7 B T 24 Ao FH 4 R = R B, 7S
(i) 24 i 5320 P8 s DA P 1 — P 22 T R 500 B3 = eR B S BT I G - iR Y
RIS D, RS, FEAE . ERNIZE (2016) FETREZAR 223 4~ GNSS
DN 54 g ST PR KR X 38k ) ZTD & 564578 SHAtrop, SHAtrop K 4 -+
AE R A = A BRI ZTD BRI, DL 2.50x20%% W Ak 2 25011 %% (] 48
b, BEANCASS B 5 Bea Bk 0T A ZTD (s 2284k St 45 SR8 B SHAtrop
RS ZTD 72+ [H X 381) RMSE N 3.4cm, fit-T EGNOS. UNB3m. GPT2
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GNSS Xt 2= SE 3B i 22 I 25 R 3 A S AR AL T

B (RA2F4E, 2019). Chen et al. (2020) M4 NGL st $s 2 5 @,
1527 SHAtrop 7 H ] 78 ek A A 120 25 DX 35040 ik 2k 5 50X 30N AN v 1) SR P
@577 SHAtrop 9 EAR SHAtropE. SHAtropE fEXT ZTD #H4THLE 5 x L& 5%
ZUGHERAT R A, DAL ZTD AriEE, SLIegs KR, 1Ei%AHEHE
IZIR R, ATCANER PPP WCSGH 5 o AR IR XL 2 R T AR IR BT (1) e VIR,
FAAE LA 18] FUA 1

(1) 2T GNSS VLR ZTD A8Y i T2 050, H A 1 J0 B i) A
SRR . SRR AR A i 1] () GNSS $icdls, AR 1T GNSS I3k (4346 J LT
A FUEE HLAE A BRVE B AR AN 50 o Mt R 3 . HUA S BE I L % X 43 %
R T AT S bR, TR RO, A A BN R S A )
EBTTEA R BIRE . WA, A REBITVESSR A T A AL = A R 2
WAL, AR AL BTN P 2 504 B DA B FH P A8 FH B PR 48 (D 2 H 3 A7 R P 40
&, E—PRATBRIEROIT I ZTD S5 R RAE, FIERA S AHAT (I (8] 4 B R AR A
TSR IR RL T — 20 K e v b ZBU g U 1 T it

(2) GPT RHERINE NN FH ) 2 W EREIR B 2 —, —HIRSZ GNSS
S 1. BUERIH BT (2020 4£), GPT KA O H #2758 0UMN, 2
VUARA R Ay 44~ GPT3 (AT =484 58 GPT. GPT2. GPT2w) (Landskron and
Béhm, 2018). #HILT GPT2w, GPT3 #7341 b5 [y B AR 77 [m) defs B 7 /1 i R
S8 HRALK, MIENHRIXT GPT3 T 5 IR ITAER DK BR B 3E T VA . 8 &
HR I LA 7B GPT3 N H T GNSS HIRS BE R/ L S AR5 A1 AT L4 Bk GNSS
P AT REFNMERZ% .

1.2.2  XHRERRGT R AR IER

WL 555 bR 0 (10 1 B AE T4 R T 190 (R I 2 2B IR 5T 3 A T IR 48 4
IR R AR, RIEA & EA e ks, HAR FAGR 7 RAEE Sk
FILLBIOC &, BEE & RN CRETPRD, HEUEE 1 R TR 1) 1F 1 2Rk 4
sin(e) ™ (Niell, 2000).

FE] /0 T LS pR B R B B R AP IR, B ok B B AR U 284
Hopfield (Hopfield, 1969) 5 F-$2H T WL s& B IME S IR 45 T — A WS ok £t
Y, SR HAE B B AE . Saastamoinen (1972) Black & Einser (1984) F1
MOPS (1999) LA IEH ek 2 1EH) s H0 AR RS T 2085 17 il S iRy 250 1) 187 s T
R, AU 7 WS R EU B A  Marini (1972) 1 UK 70 30k 36 54 W 5t eR 2
HIE R BRI R . EILIERE E, Chao (1974) 1 UK /152 3B AR AER
WL PR B R By T2 . BEJS Davis et al. (1985) JF & H =%/ CAF-2.2,
Herring (1992) it 1 AN =1% 5> A AN =% 53 N i si 50 MTT. H It
YR A R ke T A B SE A S B NMF (Niell, 1996) IMF (Niell, 2001)
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H1E ik

PLE VMF &4 (Bohm et al., 2006; Landskron and Bohm, 2018) % H L E
=T, RANAE T REW T EIEFEUEA A

] P 2 T WSt R Bt 9 AT D e LR D . TR RS N (1996) TEERNT
MRAAT, ST 5R1RZE KB AR R 1 S ST 5 e 1 BE R 4L
FEHE BRI T 60 BORH I FL 38 B B T S O E ST pR R (P54, 1998) . i
KEFFBRE 5 UNB H) Langley i1 7 UNBabe WL o5 %5, $2 5 7 L35 X 38 GNSS
SENIAGEE (Guo and Langley, 2003) . S5 (20060 N H JUAJ7iE R H 7 —Fh
HrORALE R IR B B A, AR B AR T 691 AT HUIRF AT CFA-2.2 5 Niell #H
RS RE . =il €& (2012) $Et 17— P U RECH R ITE, KLU K
R A NMF ()5 22 520 KMRAE 1% 76 45

DA 5 S 1) W et R 5O R R 0 2 IR S S S R B #2575 Niell (2000)
W TH— AN ET NWM 2808 BE WL s B 8 IMF,  SE3 T WS eR 1
FEREE. T EERFERE F, Boehm and Schuh (2004) ZS7 1 41 4% e 5 2R %
(VMF), 3k 7 IMF fEIRAEIR 77 [ 1 — 285 fR . Bohm etal. (2006) it 1 1
BT Z 4By sk %0 1 (VMFL), ‘B0 92 B T 8 R B i 5 ok %
(Landskron and Bohm, 2018). 44870 F5 B2, K VMF1 IS8 LABkIETT 3 e 2
IR, Boehm etal. (2006) it &5 BRI K%L (GMF) BiA, T
SER TR 2L, Boehmeetal. (2009) Wit 1 T4k VMF1 #%%Y, Landskron A BShm
(2018) #EH T VMF3, ‘EiEER T VMF1 FHEL 250 b F ¢ 1E5FE & A 301
VIR, TEAE R FE B R A% B R M T S 4R 1B R AR o JE I A A A [
) NWM, —LEHUAHEH T VMFI/VMF3 & RA, 4 UNB-VMF1 (Urquhart
and Santos, 2011). GFZ-VMF1 (Zuset al.,2015) #l GFZ-VMF3. It#4, Zhangetal.
(2021) it 7 TMF BERY, 2 A5 RO 2 R T 7 [ml A0 LART R T [m) 2 TR A AE
—ANf. Zhouetal. (2021) HEH T —Fh ik 0T = B bR HGR BT %, B
PRI /N — LA A SO, 30 7 R o ke R K0 4 38 4 b 7 A I R
¥, HLL BRI, R L VME R AR 1 WL i 3 E 4 s
THRUERE L, AFRATSRAAAE AT I .

(1) BRZAG SRR E ik T4 73 i R 2500 T Hh Bk T
BH A ER R TR AL 5, DA % R B BT H AR L. Niell (1996) B 5GIE
T PR B AR IE R T, R HA VMF1 F1 VMF3 (Boehm and Schuh, 2004;
Landskron and Bohm, 2018) /. F/5 Qu etal. (2022) #5H] T Niell J7ikhE €
REAFAEERE, DRSO A B, SO TE AR W d i A 5t 240
SRTZ 7 1EAN Niell 7732 —FEAUN &R 77 22188 5 531047, HsiAR e B 0-5 km,
PR R B R AT . AR, T BB AR AE 6-8 km A2 A AR E P AR
PG, 22 T2 A7 75 005 A55 P2 v TOUHRONS 22 (PSR P o 72 DL N SE i 2 kAT
ARV BN R T IR S T ) BRI OB ) 5 DL SE IR SR o) £ 3 B AR
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GNSS Xt 2= SE 3B i 22 I 25 R 3 A S AR AL T

AR LI ) 0] 7L

(2) WA R . DA BB B R R B A i By =5
RECAWORT AL LIS 23 73 238 AN T I A% o AR 20 55 N (2014) I 9E
DNk ) AP TR 20 km 5038 i@ FEAE 100 m, X2 IER & LR 2 5 .
PLH RGN &) 32 1 VMF1 #% (Boehm and Schuh, 2004) A, HO# 72 M
7T GAMIT J% Bernese STV EN1 4 844 (Dachetal., 2015; Herring et al., 2015),
SR HEAR N 2.5°%2°, X —pHFRAE /8 FilEid 200 kme VMF R Ihi
A VMF3 ## (Landskron and Bohm, 2018) 73 #2211 1°x1°, 1M HXF M
IEEBS ISR 100 kmo  BJCE BRI 2 43 3 26 1) /N EGER T A BB R
BRI S 43 #8%, LL ECMWFE HEGH—fU ERAS A, ARG HEEREA
0.25°%0.25°, IN[E]Zr#EZ09 1 /e o AR ERAS 1F NS 261 Bif A 7] A4S 2]
S o PR IR BR B . IR AR 3 HE AR IR R S R K (A% X S [ It 2 1
INEHE A 7 AH, an AT AR A 2t T2 AR A B A T A% 53 1 2 1) Bl S R KR R SR T Tl 22—

1.2.3 GNSS XS AR ER

K (PWV), 18H A=K NBEA TR, RIENME -HEMEKTZE L
121 5% T BT A AR T A ) e LA TP ) KR Bk NS /K IR & . (Cassel and Thapa,
2005; Li and Long, 2020; Zhang and Yao, 2020). SR PWV R 58 KSARF K
AE 5%, (HEAERIFES I RN RKRE GBI =AEELD, 0= 2400
Wy DTk 7O B AR R T, A A BRAK AN BE IR M A% R AR
(Bevis et al., 1992; Wallace and Hobbs, 2006; Vey et al., 2010; Smith and Arkin, 2015).

W F KRR T VAR I A R A B B SRR AN R AT DLy =28 38—
FNMFARM, X —RI7iEE D R HRMAZ, B4R i
RS KB TE. ARFIEFIHEE GNSS; 55 O B8, AFs LEE
S BB EE ST T . GNSS #EE R TR B /AR AN 5 =N i
Bl ATPIREI N EEOMIN &, X AHE TGS AL E EAR], MEE =380 i
B AL R R U HE A L, K 25 o0 I 3 [R) A a8 — B0 Bodls 4 iy
ZEf¥) (Desser and Davis, 2010; Zhang et al., 2013). X135 FIEE B A 41Kk
M 7 A e B MO s [R5 A0 A ARG T 0504 HeHs [R] 4 00 D0 =0l s A7
PR ETHL X, B M B s a2 AT EEIK (Liuetal., 2015; Sherwood etal., 2010).

a8 TARGES AR . KRR AT DL s () 7 P28 S5 A0 34, AR D B,
HHE GNSS B2 AE A 1 LR AR AT FE KGRI Z — . Askne I
Norius (1987) #ESH T ZWD il PWV —FH 2 AR ER 2R, % ZWD 5 PWV
BRAREAR, A A HIE GNSS KT HE. Bevisetal. (1992) HXGEH T
GNSS AR HIMES, FF VA28 7 A FH GNSS MR S KV 7 VA R 2
GNSS KRBT, B EHEIREGEAE L) ZWD, tH5E ZWD 15— 52 M ZTD



H1E ik

H1 4385 ZHD . ££ GNSS JE AN 1, il WA I A rh 3R EL ZHD, X1 BT~ ZHD
AR AR 2 24 ZWD W, BEIMTIS % PWV KEE, GNSSPWV [ 8 i 3 7 B
15k B ) SEI R % S 8. Saastamoinen (1972) W70 7 FI R LR G S 5015
ZHD H771EH3 H Saastamoinen %!, 4h, Hopfield BEAUF1 Black #5802 11
5 ZHD R AY XY oA ZHD RS FE BRI B =K ) (TE R S5E, 2019;
Yang et al. 2021).

ZWD #4559 PWV [ B R A BT 38358 B T, ForE i M4 ELFER2 10 GNSS
i PWV KRGS . Beivs et al. (1992) XFIbSEHUIX 13 ANERZSIIGY 2 5 09 Bk it
753, KL HERIRE Ts AINACF A AL BB AH G, #8725 T Tm-Ts 2%
PER RN Tm A5 T, Bevis etal. (1994) 15 VR BUE RSB EREL T KA
B S 48 H1Z 077515 Tm BIAEXT IR Z /N T 1%, Yao etal. (2012) R4 2005-
2009 F 135 NTRLRHER T B EE, BAL T — AN A BRI 35 1 A A
GMWT, ZAA 55 B N AL B AN [ RIATERE Tme 2 )5, Yaoetal. (2013) JF
RTHE ALK Tm B GTm-II, SRS COSMIC (Constellation
Observing System for Meteorology, Ionosphere, and Climate) £i#EAHE, HIHHHR
RN 40K M 5.1K. 2014 £, Yaoetal (2014) #t—5% GTm-1I J+ %~ GTm-
T AR, RS AL T BRI A T 25%. 54h, Bohm et al. (2015) $2H 13
T ERA-Interim (4 1) GPT2w #5814 A7E E— AR EFE 7 Tm 244
Yaoetal. (2018) $&tH, Tm MHERBINZ BIARL M N EES, —S32E01TF
AR A A N2 . Tm &8, FFREUS T EUFHI R (Ding, 2018; Long et al.,
2021). Zhu et al. (2021) {5 #1228 P 28 SR M2 R A% AR 2 1) JE) BRPE D e, 4R T
FORE R . SR, XL 22 W 28 B AEE B 1 B R BRME, B, HEARSH
TERHIN S ARefEE Tm A H 4L, T H R SRR BT 4555 . Zhu et al. (2022)
FIFH ECMWEF ST ERAS F A #ds, 857 7 A [E 3 X 1K) Tm #25! CTm-FNN
B SRR SHICR, FHEA TGRSR B4 N 4% (FNND Hi% .
I CTm-FNN SR NG 1 =4 b5 4 3 BHAUVNE, BIRT3RTS Tm fE.
ERAS F1 2019 S LIRS EHR IR, 2R T RIR2Z 38 3.54 K
A 4.72 Ko PAERT GNSS KSR T IRSR K JER W] T GNSS C&E A 1k
NEFRE) PWV SRITE 2 —, BEEIA GNSS Mxk Ffe#g FAES, GNSS
AKIREE NI G, X AH4F DU 1] R AT DA

(D IRRSAS . kS RE i S 3R DL ROR R IRGE 1) GNSS PWV TR 7 76
T P EAL G T M A 5 B 7 T AN SR 1 X, X AEAS48 F GNSS PWV 4>
I X3k R KPR AR A 34 DA K 2 B) 43 A SRR PR O AT BE . 0BT S vEA GNSS
PWV 7E W5 A% X 35 (145 BT, #FF0 GNSS PWV [FJIs 25 B8 AL HFAE 7T LA AR T 93 B [X 2k
BE R AT RS B DL S 2= S T TR 3R R A 1 255

(2) BIA 2T GNSSPWV [HFAl TAFE = B /MEFE X T, PR
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GNSS Xt 2= SE 3B i 22 I 25 R 3 A S AR AL T

WA, MELAHT XIS ATRHE . NGL 5375 B 2 7= il 5 S s SR 7
HUERABALHSE ZHD RN, 7S ECHE 7 PWV RINECT- 2R 55 2
B, PRIk i DA R s P AT PP A 42 Bk GNSS PWV A EE U AT RE . i
EEMRBCRAE PWV I EA2AE, i PWV EERARALRFE, X+ ER K
PRARAG S RBERL TS 71 3790 B AU S BLAT B B RHE O E AN IS

13 AMMRARSEHEHE

BT UL KR B RHAL R R TS 38 S AR RS iR 50 A R F T BIIR 73 #r
Lo R TCAFAE B el L, ATTEE 7 ARSI DT AN 7E H b, e Ahd gy
1A SR T P A T T S

131 #MEBFR

ARSI FTE BRANR

(1) GNSS Xtz 2B 1R 7= il Be 8 S s = FE R nT 7K (PWVD, 5 2 T4
PFRA S B RAEIZAT UL AE I (A R AR 3, AR P, (Hig GNSS &4
R B B T VAR R R s AR R AT B AR I AR 2 — o (ERR o = W A )
FEFIZFE I, GNSS ME T4 ik (RTINS &f THREBMRMTSA. £4
BRRUEE b CRETNE PR S A% G 7 IEAFAE R 2 B X 380D VR4l GNSS PWV HIFE
73 HT GNSS PWV (173 [8] 73 A R AIF DL S A AR (a3, T R mT B K B 23 A8 4k
RGBS A A B L

(2) GPT RFMRL R )12 AR ERA KRR E IR R 2 —, HRHr
FRAS GPT3 B 1 AT b FE AN AR 5 m) o 52 9 I HH 240, B 2018 4R A tHE LUK,
W JCAH DRI 00 FORE BRI T VPl . NGL BT A 1 GNSS A ERX I 2 1B IR 77
A VTAY GPT3 ALK E M £S5 . VTP GPT3 B A BRAE B LA K M ks T
[ A BR AR T A TR GPT3 B8 A S E N E.

(3) JHI 5 216 7 N BB R ASABE B A SR O JAE 2 A 3 e 0% B KRR Hi AR AL
To 2k FLIE R SR I I B SE B4R, SR RO 2 2B IR S HER (0 vk —
GNSS J7 i Ae0% ULAE TR I ARSI S AR 56 2R . 1 R SR A B L J2 48
iR, R T PG AS R A BUEOR SRS RS FE o %R R A HE R IR R AR 1 5
AL J2 B3R 2 8] ) 22 53 OB KON & 3R A BE S 3R L R AB LS B
oF T TR B GHL 2 A AR AR TR b 8 AN A B R B R B B o

(4) F&T GNSS VLR ) ZTD AR @ 0t 2 (B A R B 2R 0, Ha
PEHHE TR K H GNSS, AEig i KAEERIELE GNSS MR A . AR 2 R0
W TR AR R A oy LA B AR R G T 52 Il (1) AN 38 50 0 AT 52 i RS BRI 4 T v T oAy
PR AR T B 1R — BRI E . WS 2RI A AR e FE 5 ¥ o
ST VER T 5 S Ak L I ATL AT A T GNSS ¥ (1) A ks A
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HATEE$8 RS E A

(5) BRI R BORRE AL Z R TE S A BAE -5 A7 A B R, oK
JEEARRGE TR Z R IR MR . AL TIRTH R, b
AT ORF R ST R K I T AP ST T PR 2R o e A S i P AR R R AR TS
B HARAET AL BT RN RSN AT an il sh AR 5 R A
HEE X

132 MIRABESZRH

A NEE, SETZMEZNEFNT:

B8, k. N TAXHIMARE RSB, B85 7 EEIR#AR LA
GNSS /KRB E N A FRIARFIFNR REia%s, FaH T A aiat AR 8, 45
T AR N NG5 22

B, MR E R IR EA . AEHENA T GNSS XHE IR ) HE AR
TS SRR, AL R TR B R RN e B, BB N 4R T S RIB R T VT
R AER ), a4 1 B KIRRE T AR B S48 T Hi R GNSS
MR IKIR I, N JE S Fdett 7 2%

=%, GNSS ] [F/KI 2R ARBEANRIPNEAHr: B850
IGRA2 M BKIRT (RS) Fdi NS, $2HL 7 GNSSPWV 5 RSPWV M R4 1%
ZE, AT TR ZEBEIE SAR I A A RRAE, PG T NGL F= i TSk 55 =30
X} AN AN AE B 22 ) GNSS PWV [AEFI5ME . bt 22 FAE PR Ab S 5 R AiF 10
7T 8L AT AT 8 28 =020 0T Ak GNSS PWV IR 25 0 AT RFIEIEAT T 2
MM, 55 TR S i A T e A e B AT T LB, THR T PWV AR XS
AR R

S0, BT GNSS Fdl i 2 e IR R AL S5 m 2 b . ARE N RSN
PAANER Y, 56— ki — 34 GNSS 3 5 238t 18] 73 2 B0 i =
LEIRF VAL T GPT RIVEMMAILNTLERA GPT3 WIFEE, FHoir 1A
o0 R T i A e | e S = R T = T TE SO Y =S IS e/ Qi TN
GNSS FIHF2R3B F 2020 SELE4ERZ) 7000 4 NGL 3l 55 G 2 SE IR 25, /0 HT
T ZH/W/TD 2 5455 . SR AU 28 7Y B R R 28R Bk e 1k

W, FET GNSS WIEHEN ZTD @A Eixdl 7. AR I
T —FHT GNSS MR ZTD @R i EH 077k, SRaBE T HiRE. W
1 53 3R 2R AR R 58 PO A A B 1) R o e EDUAAS 1 K% ] 32 DX 3l i~ 4 R 25040
R HEAT TR, SR T R RORE B A RT AR

HONE, WHRZ U RS A . RS TR B IR A AR
SRR R ATV, SRR T I AR A IR A pR B S AR IS AR s, KR
BB IE T Niell SRR IE JTIEAEZ) 6-8 km DA iy 2% [X 30HG 1 Pk T A28 i) 1



GNSS Xt 2= SE 3B i 22 I 25 R 3 A S AR AL T

OIMT T R ZE IR S A RFIE, JREL TUW 1) VMF1/VMF3 GNSS 7= i o h 5%
PEASESAIE T BB A R A BRAS FEE

FLE, B4 S5RE. XA NS E LSBT T AL, XN T —
BRI AR AT TR,
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52 5 OMILR SE R LA G

E2E MNREEEEMER

REE G/ T GNSS X Z LB I HEA SR P, SRR 42 WA 0 BIN4H T %
SRR T AE F A5 R TS R R R P (AR AR Y, BG4 T I B B U T 5
XHLZ SEIR IR B, e e T KRR TR A 4 T 3L GNSS A
RIS, NJa ST TR T 2% .

2.1 GNSS sHREEIR

TG 2k FL I 2 ik MR OK U2 I 32 BSR4 7 B2, B IR AN il i ik
(T B R ZE RO KR REIR o AR JE IR P T AN ], Hrp 2 il B B RS AR 1
FEIRFR A L SR IR, T 2 ik A A F B 1 b M R AR B ZE SR PR A 0 U 2 ZE IR
(CTEASE, 20200 TGLHH T B E 2N EREEZ R ZE B TE S 8 500
B RERE A L3 B o 6T [l — BR AR AN R A28 15 5 (1) LB 2 S SR A A A
RURE, R F B8 2 2B 3R ] DUl It XU Bl 22 A2 A FE AR T o 1 2 T R A H S 1)
HE RS, T GNSS fF 9 AR SR, BEANMAAEGBRNY, oikiEd -
RITVEHE R T 80%H R AEIR K AAEXTLZ, B LA R M K AE 3B X B i
FRARLZ LEIR

211 EAKEREIE
TCL ARSI RN 1 B AEREIERE ¢=299792.458 km/s, TMAEHT

%%ﬁ%n%ﬁﬁ%¢%%%ﬁﬁﬁvzﬁom%@%%%iﬁﬁﬁﬁﬁwﬁi
)T P AR A RN B A% 25 it i o s ) 23R v A DA S5 R0k
AL:jﬁmg—qm+B @.1)

X LG SERESRE, n(s) NITEAE L3 g 150, B NE &5 X M

B AE LS LR B C A PR B 22 . T Bam /N T35 — T, 3@ 2B A

it HTFXRZEFRITS REEEF L 1, B UL ppm NERALRIPTE R N KA
=

N = (n—1)x10° (2.2)

BT DARETR AL 7] KRN
AL= [N(s)ds (2.3)
KAFTHEHEN HGIRE. TUSAKTEMAR, TN =38k ik
(Thayer, 1974):

11
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P k, kP
N =k —J9 24 21X =N, +N, 24
'T.Z, +[T +T2]Z * 24)

A, TAHLNERE (K), N, —k_l_ H5KELEX, MNTFHE,

T T2
(hPa), K, k, ik, SRR SRIR I IR H . Z, A1 Z, 5332 SRS AT

4587, H Owens (1967) #2H3FH Thayer (1974)5 5 3 B v T 45 A T2k 24
N:

k . — - s - Ve s
N_{ ] FROMIEA . P, AP A BN T2 S TR UE (B2

Z,'=1+ pd[57.90><10 [1+¥] 9.4611><104Tt—2] 2.5)

z! :1+1650><[TP—V;] 1—0.01317t +1.75%x10 “t* +1.44x10 °t° (2.6)

AP ONRIKIERE CC), AR FAREEGE 1, HERET 2 ZILLLT,
SN N % ST RETE S W

R Pu . Pu
Nzkl?“r[k —k Tk (2.7)
P P p )
HIER =P—P,, p=p,tp, =+t =—0, P, P =eflf:
RT RT R,
;€ e
N :klep—}—[kz?—{—kST—z]:Nh_FNnh (2.8)

ot N =k Ryp BRI AEFR J1 23T 2, N, =k, % +k, T—ez FROAAESUARRE 157

. M, R
?ﬁﬁif%o kzzkz—klM—d:kz—klR—do

W

212 RINERIEH

BRI B RN 2R, SECHRE RS2, WiHEER A
JERUL, B, X —AAER GNSS WA T S RIB ER R AT R S T Pk
ST R = LA B R ZLEIR, BIRHER A HRE IR (SPD), 3l HIfE 2 Je 3k
HCRTIUT [ AR IR, 48 5 T AR I oR 4o

AR A TR e B AR DR AN [ X A0 3 2 R TR SR A B AT A 43 Ay
=2 KR %’%ﬁﬁs@m BETR GBI T GNSS M ZE J
Ao PUR a4 =R AR AR Y

12
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212 KBS REHLIRE

XA ML REIR [R5 S, LAIG A B SR B AN S8,
eyt A B IRHRURER o 7 — 230k, IX SRR AR EE T SEill S R S 4
XA, SEBR B IX IFANHERS, RO REAH A LME AR R S Hs A
WEHSMEEENEAN . KBIRSHEENA Saastamoinen 15 7Y
(Saastamoinen, 1972). Hopfield #&%! (Hopfield, 1969). Ifadis %/ (Ifadis, 1986)+
Askne & Nordius 1%/ (Askne and Nordius, 1987)%5%%, H.A DL Saastamoinen Al
Hopfield B &N 72, AR EES B L.

Saastamoinen FH Y

Saastamoinen #5118 a0 .

0002277 29
f(p,h)
0.002277-¢- [0 05+12TS5]
z. (2.10)
f(p,h)

f (p,h) =1—0.00266 cos(2y) —0.28x10 °h (2.11)

X, by hy py THe A MBI KHE (m). H (mbar).,
#oxTiRE (KD A/KSE (mbar),

Hopfield #7Y

Hopfield BB EE T 23k 18 ANk —4F (1)~ 3 HR SR I I8 R B, 1A
AT

zh:1552x105x$?x h, —h, (2.12)
Z, =1552x10" ><4$10 h,—h, xe, (2.13)
h, = 40136 +148.72x T, —273.16 (2.14)
h, =11000 (2.15)

R, P Too e WM AR R KRR

21228 TSR BIEHKIRE
TR RAF Y A A S <R B B A s R RO A I 1) A
[A] AR, SRR A B B AIGR I, i Jm LRI B % P R SR it R

13
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WS XRBBERAMA RS, AT S B Ta] AT 5 47 B B A] SRS R
JE FRA I 2 A IR

UNB RFER

UNB (University of New Brunswick, Canada)f] Collins et al. (1997)$2H T
UNB #5#%!, 45 UNBl. UNB2. UNB3. UNB4, UNB R &l (1]
BN ALEHLIX B WAAS (I8 58 280 ) FH P Ha HAL (50 38 17 K A 1100 6 YL J 2 4 3R £
1E o AL FH IS 75 ZE 5 NIl A R L e AR AT ] o PUMPBE A ) 32 B2 X ) 7E T
AR EEAR, SR REHEEN L. H UNB3m
Leandro et al. (2006) 7E UNB3 J&hl gt —5 b iy gt .

R 2-1 UNB RIBEA SRR ITERIE

Table 2-1 Sources of meteorological elements for UNB series models

FEL TR 42 R UNBI1 UNB2 UNB3 UNB4/UNB3m
AR WERSIT S4ESBCE EREMER UNB3 2l L
W % (STP) 5| 51966 AR T

UNB R38N F 5 )32 R 2 UNB3 1 UNB3m. UNB3 KLl ERAEE T
KETCENET DAL, ¥ ERS SR RIENGTE o MIEH doy IR
5% PR

X (p,doy) = X, +A, -cos[dsoé._zg ~2”rr] (2.16)
e X, WG ITERIBIME, A I D 4 BRI AL Leandro et al. (2006)
FAESEHIX 223 AMED U 6 4F (1990-1996) HIEHELSIE UNB3m [ K THAER 11
BP0 2 4-0.5 em, BT RRIRZEH 4.9 em.
TropGrid R5|HEH
)] TropGrid #5282 A v 5 BRI fm A g H P B0 #3158 (ESA GAL
TROPO) F:[RIHHAT A LAESS 11 FF K . TropGrid 3T 3.5 4Ef) NOAA NCEP
GDAS (EREE AL R 50) R, B8 T FERAME AR, K0 #ih 10x1°
(Krueger et al., 2004). TropGrid2 %2 Schiler (2014)7E TropGrid (Schueler et
al., 2001)JEAh Ik FE AR R AL, M A4 [ 5 8 FR IR I AR % (University
of the Federal Armed Forces Munich) 1] GDAS $2t[7 9 4 (1999~2008) K%
BT, AR ERR 3 NV 2R o SE— R SR — R R T R IR IEN:

X =a+Db-cog]] ] (2.17)

27
T t—c
24( )

X, t N UTC IE], av b Al c ARE, B4 REOAT LIRS N:

14
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gIN

2
365.25

k =k, + A, -cos[ (doy —D)] (2.18)

Wk, AIIME, ACHIRIE, DAL . 15 R E K /D — el A 3R A
bk, TropGrid2 25 H T i HE S50 5 MR 248, B— AN RSN 2.4
AN H o i 4 ER 290 4> IGS 511 10 4 (2001~2011) [#) ZPD 77 hiFAG 45 B R 1,
B ()T 2504 25 9-0.3 cm, TR Z N 3.8 cm.

ITG &%

ITG BRI K2 Yao etal. (2015)%F GPT2 #%! (Lagleretal.,2013) A
TropGrid2 HEALHATBEA AL J5 B oA . HAR A Rk AR

doy — D,
— 12 -COS -C0S
365.25 W] A [ “] A [

doy—D, 4

X=X - COS
0o T A 365.25

hod —t 211]

(2.19)

A X ARRRE S AURESEL X B BE, ALA,ARRE. FENHH
WARALIRAE, Dy, D, t (RS M A AN, doy AT hoy 7355 AR A H AN
NI HARAGIEAE A, FIARGL t SCHE— 30 2RIk 9

doy — D
365.25

Y=Y,+ Bl-cos[ . 2w]+ B, -cos [M 4¢r] (2.20)

365.25

ITG HAET ECMWF #24L11) 9 4£ (2001-2010) [¥] ERA-Interim T4 H7 %
W, RPN 2.50%2.5°, IF[E]4r#F3 0y 6he LA 280 4™ IGS 4] ZTD NS
FIVTAL 25 SRR, 1TG B RMSE & 1.86~6.46 cm, 1T GPT2 [ 1.80~8.55
cm Al GPT2w(1°x1°)[] 1.92~6.52 cm.

IGGTrop RFIEE

rp [ Rl B B S B BRI B ST A (IGG) HY Li et al. (2012) #&F NCEP ##
HEH 4 4F (2006-2009) HF B8, MR ETHR AR 2.5°%2.5°%1km (15
JEA 25 km) KM A B ZTD ISFIEP 1, S8 5 AR T 20300 & s I R ) e 2 R
£

doy — D1,
365.25

doy—D

365.25

M&N | o|<15
365.25

ZTD, — A, x cos[ 27:] — A, xcos[

ZTD(p,\, h, doy) =

ZTD, — A ><cos[ 2ﬂ],|¢|215°

2.21)

15
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Kb, o NN, AR, doy NAERH; ZTD, & ZTD #fH,
A, A A NBEAGTRAE, D RARNL, R BRFIIE R BR7 J BUE 210 #1128, A
o FZ AT, B AR A ST H L I U A X A ZTD {8, T P4 S s 47
B ZTD. EHFHEEEN 5 A IGS BiffiFAL 45 KK IGGTrop HALRIH T
UNB3m.

T IGGTrop MRS WL T8k, Lietal. (2015) 25 H 7 H b A .
[doy—D
365.25

ZTD, — A xC0s 2»n],| e|>10

ZTD(p,\, h, doy ) = (2.22)

ZTD,,| p|<10°

AR SR 1 22 Fh S 0T 4 BRAS AT M B AL 3L, 16 4 s A5 R 250 TR
BEA ) 3.1%-21.2%, R 45 4Bk 125 AN IGS SR IR 45 B, £ A 78 (IGG Trop_r3)
[¥) ZTD “Fi4 1R 25 N-6.4~4.3 cm, ¥ HHRIEZEN 2.1~8.5 cm.

2.1.2.38F GNSS #iEiEa
XRBR E PR A GNSS T ZTD NEBEEEEIR, S5S% S8k, 1
PUI KRR P AR UELE GNSS B A i E ¥
Mao fE%Y
BN (2013) FIF 2000-2011 £E4ER 299 4~ IGS 3 5 444 5 (R 2%
XTI EEAE AL T — P AR R IR AL, A RIA R
ZTD( doy ) =axcos(( doy —b)xn/182.625) +c (2.23)

A B2 a A ¢ FEAS R Zh A AN IR B AR -

0.0005137 — 0.07712, 45< (<90

—0.0005788¢ — 0.02589,15< < 45

a=1—0.0035974¢ — 0.00456, — 15< ¢ < 15 (2.24)
0.001714 + 0.08808, —45< ¢ < —15

0.00058 +0.05311, —90< ¢ < —45

co 0.0000425,° —0.006714¢ —0.0002839h + 2.628, >0

_ (2.25)
0.004608, — 0.0002839h -+ 2.628, ¢ < 0

BIL 66 4~ 1GS BFIITAHINIE, Mao BLALKSEEL T UNB3 H4Y.

SHAtrop RFIEA

Chen et al. (2019) Xf AR 223 4> 2012-2017 3£ 6 £ ZTD i 6] Fr 51
AT T I AU PEAL, M 1 %Nt R B K e O TR O, DA R S
R =M e O ZTD i 18] P SUEAT 6, A i R DX LA A 2,520y

16
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R, 5L AR SHAtrop, BAYEIAAINT .

Zh=2xe" (2.26)
Z,(d)= A,+ Acos 2T d—d, [+ A, cos 4 d—d (2.27)
o 365.25 ! 365.25 2 '

B AR IR R, DA FE X TR AR, 2, VA BIREER I 5 1 ZTD,
Ay, AL A, ST IR BT, A JE AT A T SRR, d, A d, 20 S A R A A
HAARA o

Chen et al. (2020) *f SHAtrop #4T 7 ¥ &, ¥ EEHBEAFRN SHAtropE.
SHAtropE HI 1 #4> NGL 333t 6] i 75 X B B i3t A7 s kb 78, B 1 3R AR5 &
HAPE RBRES, I ETRZEFATIG, @R AR ZE LG 1 RECRIE
ZTD WIAHEM, HBRFET k% B e it ZTD 400K . il fE 54 PPP 1
% SHAtropE #7, 5 UNB3m &AL, ¥ GPS 15 BDS (b3 LR SH R
45D J5 USR] 23 s T 8.1%A1 14.5%, 1 GPT3 ARLHY (e St 18] 79 51l sk
BT 6.9%F 11.2%.

2.1.3 X ERRET R %

AR S B BCR IR AN, vl DG B s B A =28, SRR kR
JfRT I T, X R R R IR 8, AX TR, WIEAX 5 ZE AL
By B RE RN, XN R EOT I X o TR AR B B A, TG
DA TAT S £ 2 A AR [R1 2 DA R 6 5 1) e S o8 e 2 (Bl s 445 R T A Ay
HEINSHEO; =AM, HEERRID NG T AW, SRJEER M S L
PEALmL T B R AL

2.1.3. 1B A

Saastamoinen BRET %
Saastamoinen (1972) {1 T B, RO R TVURR I 1R 351 bR 2L,
mf (€) =sec 90 —¢ = i (2.28)
Sine

Black & Einser Bt
Black and Einser (1984) 5 H! 7 WL R HUN -
1

1_[ cose ]2
1+0.001

mf () = (2.29)

MOPS it &%

17
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7t EGNOS 5 R4t 1R H L B2 (MOPS, 1999) 9
1.001

mf () = (2.30)
4/0.002001+sin? ¢
2.1.3.2—fgHK
Marini B} RR
Marini (1972) RECEEIE T
mf (e) = Ll -
sine + .
(1+r)(sine+0.015)
B
K=—
A
0.002277[P + 1255/T, +0.05 €]
A= (2.31)
f (¢, h)
. 2.644x10°° @-014372h

f (¢, h)
f (o, h) =1—0.0026 cos(2,p) —0.28 %10 °h

X, PRNSIE (hPa), T, NSIR (KD, e AZKIRIE, @ Fh 45l it 25
&R

Chao BLTALEL

Chao (1974) HEBUARYE JOLE AR R S, 5 540 PE B9 o B AR LR 2 7E
1% N . Chao ML BEUE X UNT

mf (e) = (2.32)
sine +

tane+b

T T IE IR 43 &, a=0.00143, b=0.00035; X T #2 4L iR 43 &, a=0.0445,
b=0.0170-

Tfadis BR&TREREL

Ifadis (1986) PRELFRIIEL AU T

1
A

mf () =
sine +

sine +

sine+C
A=a +a, P -1000 +a, T, —15 +a,./e, (2.33)

18
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XFFTR4rE, C,=0.07800, C,=0.05917. AFIB R&E W F&:

F 22 Iadis BETRBRE
Table 2-2 Coefficients of Ifadis mapping function

T MiTam1
al 0.1237x10%2 0.5236x107
a 0.1316x10°° 0.2471x10°
a3 0.1378x107 -0.1724x10°°
a4 0.8057x107 0.1328x10*
bl 0.3333x102 0.1705x102
b2 0.1946x10° 0.7384x10°
bs 0.1040x107 0.3767x10°
b 0.1747x107 0.2147x10*
MTT gt R

MTT (Herring, 1992)W5 B EA HIAESE 11 AN 2 SE AR R B TR
ik FH I 7 S AL R IR LT, MTT e &2 LT

a

142

mf (c) = 1; c (2.34)
sine +

1+

sine +

sine4¢

MITToakE, REON:
a =[1.2320+0.0139cos  —0.0209h, +0.00215 T, —283.15 |x10°°
b =[3.1612—0.1600cosp —0.0331h, +0.00206 T, —283.15 [x10° (2.35)
¢ =[71.244—4.293cosp —0.149h, +0.0021 T, —283.15 |x10°°

TR, REO:
a =[0.583—0.011cos —0.052h, +0.0014 T, —283.15 |x10°°
b =[1.402—0.102c0sp—0.101h, +0.0020 T, —283.15 |x10°°  (2.36)
¢ =|[45.85—1.91c0sp—1.29h, +0.015 T, —283.15 |x10°°

T o AT h 4330 S sl 4 R e
NMF B5 B8 3
NMF BRG EREL (Niell, 1996) 2T 26 N 4xEk CRE 0 TALEERD SRS H 4L

Yo AL, SRHIA MTT WS & B R ) = Z0E 0 R0, b SB35 & 70 S 26 4L

19
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FOBCR I st 26 2 AAERR H doy HI AR 5% BR RIS «
a, (¢, doy) = a,, () +2a,,, cos(2n(doy —28)/365.25) (2.37)

Aok, ay, Flay, 95 TR B M ORI . NMF 08 1525 R [l b
LB T a b Al =MW B SR K R, I T AR
B 26 B P A SR

UEAb, NMF %5 T FHUH RS B EE, SO T iR

1+ a 1+ aht
1+L 1+ bht
mf () = e |1 _ 14 Cy «hx10°3
ine -+ a sine  qinc .y Ay,
sine + — sins+_¢
sine+c¢C sine+c,
(2.38)

X, a,=0.0000253, b, =0.00549, c, =0.00114, h AusEE.
IMF BRET B
IMF (Isobaric Mapping Function) B! &4 (Niell, 2001) K5 NMF AH[E 1)
=g, R E B HUE R ARG 2B BOR T 5AS 2 1 A pR BT,
SEHL TR RER . W T B IR i B, AN SHOHE AR
a=2a,+aC0S2 p—, + G +C082 p—yp_  Z(p,\)— Z,+Z,C082 p—1p,
b=Dh,
C=C,+CC0S2 p—p,

(2.39)

TS TSING SRk QAR R/NSAWE

0 a
a= R—R —h
a, +a 0+ah

b=b,+b R—R, (2.40)
c=¢,+¢ R—R,

%2 500] M Niell (2001)3CH3REL .

UNBabc 1 UNBab Bt 563

UNBabe Al UNBab J8 i §f 2618 BR 7 A MALSEHLIX 51T MRZS 0 5 4 (1992-
1996) B REHREL . 2P T% 5 FE AR 1 BR A2 . UNBabe B0 20
5 MTT M, ZH80E XanF:

20
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~1.18972—-0.026855h +0.10664 cos ¢

" 1000
b, = 0.0035716
¢, = 0.082456
(2.41)
~0.61120—0.035348h —0.01526 cos ¢
B 1000
b, = 0.0018576
¢, = 0.062741
UNBab AAE ¢ REMIFLI g0 n e, S50 LWk
, _ 1.53804-0.039491h +0.17020c0s p
" 1000
b, — 50.0724 — 0.814759h + 2.35232¢05 ¢
1000 (2.42)
~0.73537 —0.041172h —0.00202cos ¢
B 1000
, _ 325627 —0.670636h —0.15502c0sp
i 1000

A, A Al h A3 A DIk i R R OE 1

GMF Bt R

N T B RiAE ], Boehm et al. (2006) Kf VMF1 F1f1a, Ala, , REH4
BRIEMIEZCR 9 B 9 RBRIERREACE, b Mc BREKH VMFL W45 R. £ T
ERA-403 4F (1999.9-2002.8) 7% [H]4r #F 3 )y 15°x15° 1) H I 5I R, 946
= AN 3.3°07 IS S 2B R VAT T &AM I U a {8, IR IA SR B0
b fERFIAIGERE a fOFRIER LT

a=a0+A-c08( (doy—28)]
. 365.25 (2.43)
a, = ZZ (sin @)[ _cos(m\)+B, sin(mk)]
2.1.3.3t M
VMF1 M5} #

Boehm and Schuh (2004) R H PR 2RIB R /732, 28T R A B R R Hidk
L (ECMWF) #RIEFIEE RSB (NWMD, FEFEM S LA T NMF B o
ita, Ma, R2E, bAIcIH T IMF (h 435D W &£ NMF 78 45°46 % (nh
sy IAWE, BT VMFE i k%, Boehm and Schuh (2004) 525463 B
fE VLBI Z:28 H F % I VMF Z4fT IMF.

21
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Bohm et al. (2006) %7 ECMWF $i2fit (] ERA-40 2001 “EH 3R, XHmikEh
JIF WS R E b, Al e, AT 7 EHHUE, 153)b,=0.0029, c, AEBR NMF —FFiA
NIRRT FR, RN

27 C
¢ =¢C, +(1—cosoy)-||cos doy —28) 4+ |+1|- L +c 2.44
h 0 ( @) [365.25( Y ) U] 5 10 ( )

FRYESL AL 1) B bR B R BB AR, VMFL 20 NP FRRRAS, 28— Fl DA
2.59x2°4% T AL ALY Grid-wise VMF1, 53 —Ff 2 78 M5 3 p 3L Site-wise
VMF1, R¥EESARE, X4~ DORIS. GNSS Al VLBI. Grid-wise VMF1 7EAH
BRI ES2fE, VMF1 ¥ T NMF SRR T, $e 4t 78 s s R A
VMF1_ht. A F A ] 76 B 77 M 2 https://vmf.geo.tuwien.ac.at/codes/ T 3K HL

VMF3 b i #

NT HFRAE R b Al e LRRERE I 3°% A T BREA , Landskron A1 Bohm
(2018) #it 7 VMF3. VMF3 RECET 7 A B A R — e i i e « RHg
ZIEIR X L SEEGF B, RS B MR, VMFE3 Eb VMF1 RE % 58 20T 5 28 38 iR 4
R fES5CH A, MEFHIRET 1.3mm, XML THRE T 0.25 mm K655 .

VME3 1 VMF1 — kA% Site-wise A1 Grid-wise PR AT, H o k& W il 4 1
VMF3 15 P73 2855 )y 50%5°H0 1°x1°,

TMF B BR %

Zhang et al. (2021) F|H ECMWF #24L[¥] ERAS ##%, XM WHURT {4t
HAT B EELEIR, RILT § 1 F AR AR AR A AR o 3T X2 R T )
FUR R TG 0] 2 (AR AR AR 22 B AL Bebh T — A8 BB T v A R 7 7 £ 1)
5 R % TMF. TMF &% Levenberg-Marquardt JE£VER /N ikl & . H3E
T VMF3 A3 ) it 5 28 BORH EL , TMF 7 So i 2 N RS & 18 IR FIRE FE 3 T 73%-
54%F11 29%. I RA VMF3 [ b fil ¢ &30, TMF 7] LLABD I TH 8 R A PR 5
HE SRR

Zhou BT AL

Zhou et al. (2021) I\ VMF1 J7iEH ) “ PR ” J7iEAE M4 1 i — 3,
I FH AR IR B /N 38, SR T AT I i R A T v, BRI e R A
FRSCSSI: ,  E TE 7  ff  BSi R SRR 82 20 B b R AR A 3R 3 B T VR B RS FE A
2020 4E[1) 905 /> GNSS il vPAl, A IUHT A ERT PR ” 775 BB et
BT D1 2E AR S R B P X 1R 22 (MAED 239089 1.6 mm A 1.3
mm, “PRE” HVEAN 3.6 mm A 3.0 mm-.
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2.2 HERBIERXRELERFE S

WHERIB R (Ray-tracing) BEWSALUL TR I 50 KB H LR AR, #0A N
T AR R Z IE IR 1 ik 2 — o FERSAUE, @ E K KSER D AE T
AT, ARRAE— A0 BRSBTS B AR, i AR AR AT B G (AT
HETHSL, SR BUEAERE 42 1 1) S 4E IR (Hofmeister A, 2016; 3, 2017).

221 EKFIE

GNSS 15 5 M A H R 28 O N RIS, b B —ANE B MR,
(R AR R AR A 7 AT R AR ISR, B, S 2838 Ed 2 UL
Mlsi & B i AT (B2, 2017). KHLIE 2% T A B i S 2R 38 B A
R R PR

R 23 SATEEMNSLBERL
Table 2-3  Softwares of ray-tracing

A4 T3l LRG| e
GFZ 2D GFZ (German Research Centre Florian Zus and Jens
for Geosciences) Wickert
Horizon Eikonal (2D) GRGS (Groupe de Recherche de  Pascal Gegout
Géodésie Spatiale)
KARAT Thayer (2D) and NICT (National Institute of Thomas Hobiger and
Eikonal (3D) Information and Communications  Ryuichi Ichikawa
Technology)
UNB-bent 2D and 3D UNB (University of New Landon Urquhart,
Brunswick) Marcelo Santos,
Felipe Nievinski
VIE 2D and 3D Vienna University of Technology  V ahab Nafisi,

Johannes Bohm,

Dudy D. Wijaya
WHURT 2D Wuhan University Di Zhang
RADIATE 2D Vienna University of Technology ~ Armin Hofmeister

IRPEXT KRS FIB AR, WLIBEE 5 —4E. 4 =gk —. H—
YEAN ZAE R FE AR AR F ), (H— 4RSS 2B B\ R A BRI, BRIk A A
— AT FIATUEE, B3 VMFL EN LTI A Wb ek Boan 2 2 T
X — R ERE ) s 4RI ERAEAR R 5 A TS5, AR — AN
B b BRI G SARFEAE R — AP 10 b5 1 = 4E5 I BRI 5 R T RIKP A6
FE 0] e re AR H S 2R R H T TR AR, (Hofmeister A, 2016; #id, 2017).

222 BFH¥IE
WHERIB R TR B REIEE NN, CLT R E A To 4 IR S A BUE R A AR
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PSR R B RIOT I

2.2.2. 1R Sk

TR LR —NNEL AIEFEMER AL (FE 250 % 500 38), =HEfE—
MHEARBEA AT ATER T ST HER T CIRZ) 300 K080 CRE)
1000 FER/4380) B EE EFHN, TRZ RS B BRES  B R R . IR
& MXHREEA GPS 7 B . X LB R — s i, 300 Z LB D)
TCER HL RS BRAHIZE , 12 ST 455 A JE i 1 N A A 3k 380 — AN B0 P A TR BR R R 28,
ToLE A TR 1676 22 1682 JEAHEL 403 JRMF A A7 o w2 G AR A) 7] BLIE
A GPS BUIGZR FRIN [ R 2R BRI AT T A TG 26 FL [l A )AL B RIS . IB R
REF BN IO L A S AR P EUE, X S b 35 H B 25
TNFFIR ARG TE 20, R 5 AL 545 20 F P (National Weather Service, 2023).

— AR R SRR AT AR A 22 /N o AR I BN [A] 5L, Jo 4k F AR
AT LA EFF BT 35 A (29 115,000 960 1S, FEMB S ER T 300
ANH (27180 ). Todk AR B AE S BR F i 25 3] 35 K (£ 80 ) 115
B, PURERDSERE L Bk s R R s . £ ITEREF, T
2 PRI B B TEAR 22-90°C (-130°F) (IR E RV T HUBRE 1 1% MK TR
A TG E AR DA N — AN SRR BT, B AT LALUE IS 400 23 HL//NEF (250 5
H//NEE) )33 AT (National Weather Service, 2023).

LR, SERMBERZAN 1.5 K (L 5HRD), BHTFRIEREK, KERE
FFEREFEEY K, YRR ERIEE 6 2 8 K (20 & 25 R B, ERie
BRE . —AN/NUH) L RO VR IR ST | oS FB IR T RS, R AR i A
W= fa B B Ak . HAT, 7EICZR RS OO BRI AR TR % A AR

REE AT B a5 i, (M HTE B 400 hPa £ /17KF (417 24 Hlek
23000 J D BN 2 B K SR m 55 s AR T2 8dE . Bk, Wil
BRYEFIIX 400 hPa & JEZ B REd, BLE EHLEAN 400 hPa Z [AER/DiEE A 6 7>
B s 0 AN BRI FE B, I 4 — IR AT A RERE LA RN, FRREICE N o4 FAR
AL

A 800 AN AWM s, et [ PRl sE # B 2 [a) EAT 50000 A
K2 Hm 2 AL T ACEK, B IO a3 76 &K 1 R — B ()3T (2 AE
00:00 A1/2% 12:00 UTC Hi—/NEF), —4 365 K. Uit IS RSN, AlEE
SAE— LB T (1) R AT A MR o

22228 ERSRE
NWM i RSB M08 22, seisin i e s 215 2.,
UR AR RESZN), WIFRZ Ny “Tg”s ansg gy e mt Z), WFEN “8”7. NWM
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A TR R AT, WAl T RIS RN, G R T AR
1 BT NWM Fe 7 I T 20 tH2e 20 AR RRIN, FRES SR F L5 n 7%,
TR 6 /NEF PN RSB DL BEAE 9% 6 JA IR Rl EAT 75, B 7 20 4 50 44K,
P EAL KRR E T NWM HsE A1k

NWM [ R T B RRER. . K2 PE%. NWM A]
AL RE BAFESE. AR RS, 8 U REEFE MG H . H
PR RS KFTT I E R A ER A, mEETT N IER GERED.
TR GHT R IR B E R AETE R, NEB SRS IR [
WEEME AN (WEERALRA R &, 2022; 524, 2023):

R24 M EEFEREREE

Table 2-4 Current information on major numerical weather models

ELEEE S Hodfid B B R a5 5 kAT RATHL
ERA-Interim  1979-2019.08.31  6h, 0.125°x0.125° CY3IRI-4DVAR  ECMWF
ERAS 1950 4 6h, 0.25°%0.25° CY4I1R2-4DVAR  ECMWF
NCEPI 1948 %4 6h, 2.5°%2.5° GDAS NCEP
NCEP2 1979 £4 6h, 2.5°%2.5° GDAS NCEP
CFSR 1979-2010 1h, 0.313°%0.313° GEOS-5 NCEP
MERRA-1 1979-2016.03.01  1h, 0.5°x0.667° GEOS-5 DAS NASA
MERRA-2 1980 %4> 1h, 0.5°%0.625° GEOS 5.12.4 NASA
CRA40 1979-2018 6h, 0.3125°%0.3125°  GFS/GSIG-3Dvar CMA

223 XBEEZX
2.2.3.1—4/ — HEHELBER
FHL R 2 e KA A 9% 5 ) 2 (Fermat’s Principle), KT 7] £
6j;tm n(s)ds =0 (2.45)

A s NPT R A RSB FREGRHIE O T, KRG 5 HER(F
DA T REIER . AR snell I e, B REDHE T LI
R ds HIER T AL BR R 7R 9 -

ds = /(dr)2 + r2(do): = dryf1+r? ¢" ° (2.46)

oo :fj—‘fo S ERTE ALK 1O JE A BRI TP 0o 1 7 242 T AR — /N

AR Fr A% B H 51
L ¢,0r =n()y1+r> ¢ ’ (2.47)
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WA -z BT H 5 R AT fai A o9 B 3K

——————=0 (2.48)
drod 0o
EEFILS oK, MIA:
Ll —2— |0 (2.49)
dr 1412 ¢
AR 1E 52 8 BEAT -
sin(0—Ad¢)  sinb
r Cr+Ar (2.50)
FREW A TN Ad BUE Ar —Friz el
%(sine—Admose) :%[1—%]%9 (2.51)
(EEP
Ad)zgtane (2.52)
BRI Ar — 0, A]15:
' = i % — 1
b =d A|IrrI]0 Ar tan 6 (2.53)
MR L3R sin 0 7] 15
Lr)z:sine (2.54)
«/1+ r’ ¢
R b 3t Nz H Bomih, 135
n(ryrsin0(r) = constant =n r, r,sin6 r, (2.55)

Hrhr, AZE 4% IR snell BRI E R, AR I URT o B AR G
JE AL N
n’t

202 ain2
nyry sin® o,

(2.56)

= ["d
= iy

B RO BT O
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1
g\/nzg2 —nZr’sin® 6,

d(r) =nyr, sin Gof%df; (2.57)
EWH, np=nr . 0,=0 1, BRI = IFEG. WREIER
ARIEN:
ng(n—1)

r, = ng
ffv \/nzg‘z —nirZsin’ 6,
1
’r 2
+f dﬁ[l—g sin 6] —|1-

0

l (2.58)

HIA S AR U ZEIR, 0, AR KT, BAE —~ocoff, n—1, K
IR RS

BERKSW I NETE, B EEENAr, F—ERSLIRN TS,
Fllr, 4+ Ar ALEER k)EjtﬁU\r + (k=D)Ar LT 46, B r, +kAr AbEEH . Rk

Bk E RSP FHN N(k—D)ar)

)R, A=HUEFREHAT IR, Rl ER  JU e R A Ar & )
o fEr=rkb, MEEERR]EEN:

r’ r, =10°N(0)Arseco, (2.59)
JUATHEIR W] RIE N -
ps I, =ArsecH, (2.60)
A
O Iy +Ar :gtane0 (2.61)
0
AR 1E 5% 5 B n] 15«
ro.
Ar = 0 2.62
¢ rL+Ar r+Arsm 0 (2.62)

MR Ry, TEMEZEHEOHO r, RZEMIARMAO T N
g, EAREIES r o XWTEH R, 0 BUNGER: MAEEEFE AL,
MR snell FrffEdt, FEAGITTREGT AN, G2

sin6(r) = n(rnir)Ar) sin(r) (2.63)
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H TR A 900, [AILO r R Ly —FER. F 10, AL
THE R I8 25 T

Th(r) =7, (r —Ar)+10 °N(r)Arsec6(r) (2.64)
pe(r)=ps(r—Ar)+ Arsec6(r) (2.65)
S +AR) = (r) + —00SN0 A (2.66)

r\/nzr2 —nZr2sin?0,

sinp(r+Ar) = r+rArSin 0(r) (2.67)

N T EUATSEIR , 30 75 T S A 2P i P L2 R -

. sinb r,
Py T =— Fe (2.68)
sinor, +¢r,
G, AR R TR
T, =Ty Iy ‘f‘[Pg e —py I } (2.69)

2.2.3. 2= Gt B R
TEESE RSP IIEREIRM Maxwell 7552, FIAEEA 5 0 SREZ A B
ok, Hirh 2507 URIROAN:

n— % — (2.70)

T e Flp 02 B R AL Maxwell J7REREXEDRAR . Rt aT DER U6
FAAHIEAUE, MIM15 2] Eikonal 5 F&:
(VS)* =n?(r) (2.71)

XA J5 B A LLEE 5 )y Hamiltonian 1E ) 2

H(F,VL)= —{(V LVL)?— n(?)“] —0 (2.72)
(67
df _ 9 H
du 0 VL (2.73)
dvL OH '

du  or
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d. 9oH
=l 2.74
aw Pap (2.74)

EERAE TR GBE RS, RBEAESEN o, Ya=0 0], BH
uﬁ%%%@%ﬁ@n%aﬂ&L%ﬁuﬁﬁﬁﬁﬁﬁﬁﬁwaﬁéﬁm=%o
R TR TR, BT 5 44 AR SIS R AR 4B, DR =1, AT

; Li 12 1/2
H ro\L,L,L E[Lr+r—2+rzsi;26] —n(r,6,\t) =0 (2.75)
Hrbr RfRMEEES, 0€[0,n] ARE, Ne[0,2r] NEREE, L =0 L/Idr.
L,=0 L/ 0FIL =0 L/I0 N NS5,
¥ R N\ 2] Hamiltonian 1E =X A7 75 .

dr 1

- — 2.76
s B (2.76)

o 1L,
e 2.77
ds Br? @77)

dx 1 L
—_— = L 2.78
ds Br?sin?0 (2.78)

d., on(r,o\) 1 (L 2
r |24 2.79
ds or Br[r2 rsin?0 2.79)
d,, 0 n(r,9,>\)+l 2
ds 96 Brising_ Oon(r.6N 1 L
= A (2.80)
ds 00 Br-sin°0

dL, _ o n(r,0,\) (2.81)

ds o X

1
1 ‘ S
E¢B:ﬁ+;ﬁ+7$%§2:MMALsﬁ%%%%%%ﬁo

R4 Hobiger et al. (2008)F Nafisi et al. (2012)IHF 7T, - 4E5T£RIE BRI =4
BHRIB I Z R R RIUNEA mm, HEHBHEMEENMEZL,

2.3 KAREBILSFE
TKIEAE R AR A AR AR R #8376 5 25 B 1) B, 0] s R B e ks P A /KR,
B —EH 2SR AEE EEN TAE. 4u0HE H KIS T B T AR A
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MO TR AR . B RE AT GNSS W& . MRIEA TR N EE, AN EEA
M HIE GNSS FIHR 25 B 3R] K .

2.3.1 HbE GNSS KEAREEBISHE
GNSS Al A2 EE E R TR AEIR ZTD, RIGGEIR ZWD fli@id ZTD
I 2150 77 5 JE IR SR
ZWD =ZTD—ZHD (2.82)

7£ GNSS 1, @ MEA SR ZHD, RJE% ZWD &N ENSH S 5%
B, R SRR ZWD 5 7 ZHD AR 22 A8 ZHD KRS EE20 | ZWD
RS FEAELR X ZTD JUT-350A 520, 4810 GNSS PWV fHHEL 75 2 @k Y ZWD,
T B GNSS WL A RAL RS, AR5 I SR G SR SR FE Y ZHD
FF £ ZWD K5
PWV A DLl PL R A0 ZWD 5 H (Bevis et al., 1994).,
PWV = ZWD x I (2.83)

I=10°/ k,+k,/Tm -R,-p,, (2.84)

N Tm IBCF iR B . Horg SO

s T hy
T = - (2.85)
m h P hp
Twdh Pwdn
fho T? fho T

IASLY- 857 i T DAAR 40 00 it 00 22 45 81 0 3 3R R 2l 5 BAR 2 3R
(Bevis et al., 1992):
T,=70.2+0.72T, (2.86)

232 REBRTS5HEXRSEEREKS

oL AR AR AR B TR 2RSS TR I e 17K 8, B3k Ardham
B MREE AR BR AR KU AR S5 . BUE R SRR AL ) R R s
WS LR A, 2109 H 1K . XBIFE T e 2 iR el DL
AT SR, T R SR LA P P . MJC 4k AR S Hdls A (B R <
A AT RE K 77540 (Bolton, 1980; Wong et al., 2015):
17.6T, ]

AL (2.87)
T, +243.15

e= 6.112exp[
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pwy = & 700228, (2.88)
gJsm p—=¢e

Rof, e AKAE (hPa), T, NFEARE (C), g NEAIMEE (m/s?),
p KRS (hPa), p, il p, 735y JE AN T 24 s

24 KEINGE

AT RGNEHA A T GNSS XL JE AE IR S S5 2 R TE R AR DL S
PR BSORR AR 18 3 SRR R« S ERAB B (R A R B DL R RIS I B R 5 D5 V5 i
FA L R BR18 J5 V2 A SR B FEB5E 1 BB A
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E3F GNSS £EKAIREKE = e 54

A ERERE . SIS R A RARIEAT DA S S SRR 34 4845
GNSS i Fim LA S A R ERT s AT Bk (PWV) SREIEEAR 2 — o AREHT
ERIE AR BT GNSS S s X R BE R IT TS5, T T GNSS 4
Bk PWV B B ARHIE. ARZTENED N =AEB5: B0 L IGRA2 H4Ek
W2 (RS) 5 NSH, 1T GNSSPWV 5 RSPWV [ RGiR%E, 0 1%
ZWERE AR AR, PP T NGL 7= LAl SEE, 55 3000 0w B A kg
% 2 5 GNSS PWV [FAEPIME . il 22 FAE BRASAG SE I S RFEIEAT T 38L&
MRS ; 58 =340 X 42 Bk GNSS PWV [ 28 AR RFEBEAT T $EECA 34T, 3F
5 R S AT S A S R AT TR, TR T PWV AR S AR RSN

31 51F

FEABRAURAR R H 5T, Wm Bk B g I, ™ S50 1 BRIA BRI
KEAEFATE (Zhou and Yu, 2005; Zhao et al., 2006; Allan and Soden, 2008; Luber
and McGeehin, 2008; Knapp et al. 2008; Huang and Cui, 2005). J fi#/KiRAE AL
XA ERBE BRI [ 4 BRAR R A B 3, 1y O e I A AR A A OR A A3
A P e B L

G PWV B T4 LR (RS HIERBAR AT T, R
%% (Pacione et al., 2002; Kern et al., 2008; Renju et al., 2015; Gui et al., 2017; Zhang
etal., 2018; Zhao et al., 2020). AT, T XLETEMA R, Bk RS TiEsh, K
ZROTFIBAPRVEE LM . RS AFRAMPAKITRETBL I 8dmid
I [l B, BN Bk mVEH R I 21 (Zhao etal., 2012; Zhang et al., 2018;
Zhouetal.,2021), Ktk RS PWV i & il & AT R #T 3 < — o Bk4t,
H TR S B B A R A AT FEE, " 2 WA D 6 IR At 3 s R 0 5 R
HIbRiE (Wang, 2019). AT, HT4E9PRA S, RO I 25 70 Fe 22T IR %
ik, BHFLCHEWT 24 RS MERSE, 8HES R J AT IO, F2527E UTC
B Y 0:00 1 12:00 (Chrysoulakis et al., 2003; Pralungo et al., 2014), 4k, IXEEEE
W3 K 22 53 A T RE X, IR 32 4 DX R 3y R 5% AL At X 7 2 s = R 2 s
X BB PR ZR R 1 RS OAE e I 2 20 9 2 K I A 0 A B 2T

K (PWVIERN— MR FERIBOEH 2 LM% (Abbot, 1928),
EAEN—A GNSS Rifi, PWV HAF ZHZER % (Bevis, 1992). B AFJL
TR, BT B SR S R R RIS AT AR R A S
GNSS & AR PWYV i Ei i 702 — (Wang et al., 2018) . H7 7l =2 K,
GNSS H s i 3 1 G K O 3R B I 23 70 #5238 PWV 7 A AR 7 R 1 AT g
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(Blewitt, 2018). % NGL ¥ & X2 LB 77 i, AR ZXTIE - RER) PWV
Bl I 1 SE5

32 HESHE

AT FENE T EE AN RIA RIS % (NGL) X2 1R 7= a0 DL &
FH 36 [ SO UE S (NOAA) B XIE(E B0y (NCED Bl 1) 4 Bk
S O AR S TR 4E IGRA2, UL, ARTTIEANE T PWV B S RFHE I HEEL
Ji ik

321 NGL XMREEZIR”~ M

2017 4FJi&, NGL A0 7 M 1.6 J3 2l s 3REUREE I 3400 73 RIKHIXTLE
FEi CH 1996 £ 24 5 3B i HER XL E RIS LEIR AT [a1 46 B RN AR 7 )
BEEE), B dbHE SEms RS % S e (PPP). NGL P2 8h7E 2020 £ 3 HAJI T
—WEKFEHT, B E 7 ARG A HERT 2 T 1994 4, M ER IR 1.9
T3, BRI 4600 J3RIK (Blewitt, 2018; Ding and Chen, 2020). £ K55
W, PR AR R TR ek R A AN b v, o RTTGRAEIR L w] K
AUHIAS P 24300 2 o R s I 2 b SRS B0 NGL 77 JPL 11 GipsyX
1.0 BAFfEE, KA JPL 1] Repro 3.0 HUE AP ZE . VMF1 PIAK = i 1) R T AE 1R A
WS B RS B E N, PRk IEAE IGS SINEX TRO biifE. NGL 72 i 6Hi 2
SEIR MRS RE ILER 3-1, TEVENRME ST LA NGL il 55 5% B S 3R
http://geodesy.unr.edu/gps/ngl.acn.txt (2021 2£ 8 A 8 HIKED.

NGL 7= i B8 P Jo B — ok, (R 1838 29 9 = A « AR AT I [R5
{H NGL HJ GNSS 7= i E £ o8 S A (8] 95 B B su il 1 SR, W br
GNSS k45 (1GS) A+ [E b 52 32 2 MLl ¥ ( CMONOC, Crustal Movement
Observation Network of China) #(#f5. RpalefElui%i s ., NGL Bt 7 i
PR AL, AR RS RORIE XA AR i X, NGL GNSS 178 5 30 B A5
FE LR BR T R

AFSIG FEH R T 1994 & 2020 G NGL XFZ 7 dn, B 2 A 20
wiCE (LD MG S (LLE A LR P A il e Bl Gl SE 40
GRS RRTERE 3-1 H. B 3-1 1T El(a) s T IX B B TR 1 A5 4k
Kl 3-1 FE(b)JEar 1 &N Iss A R ) (R iE o s, R AE—
ANIEG, BB R Fnk 44 DL BRI HES D o B AT ASREL DL RS B (1) 2004
12 H 4 H, AR EE M) 2000 ANERFER] 102 4, BEESLEPRE, HER K
FIRE Ml (2)2009 4F 1 7 1 HI B R ARIG I, 5L R A2 T 25040 2 v
T KESRE HAKMEL, 485 M J001 3] 1999, BhAh, M 2000 FETF4G, Mni%
EHENPOER A, BRI A B2 1000 /N5 (3) AT H AR J001-7999 il
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ik AL T3 [ P53 5 1 POO1-P821 U sk Py WL il Joit 243 vy, 0 e 2 AR o T 1) 155 400
Bt A s

K 3-1 NGL = Xt B B s g
Table 3-1 Adopted models and strategies of NGL products

i H Je& 1t
JIk 55 B T8 2017 4 11 A 5 H-471
i s i 1994 4£ 1 J 1 H-241(
I 8] 73 5 5 7
BEmEEA 7°
XTI WL BR A VMF1 # M7= (Boehm et al., 2006)
e XPE S SEIR ZTD, 677 FIRRIE Gn, 2877 [F)f
Saish J¥ Ge, TIF&7K PWV, HIACFHENEEE Tm
HhiE JPL's Repro 3.0 orbits
P JPL's Repro 3.0 clocks
fife AR JPL's GipsyX 1.0 (Bertiger et al., 2020)
E/IE S Y >4.6 T JIRIK
Mo >1.9 /i
SR 1
ISy ~1000 ™35k /4F
e b
@ -
i valid A *
T total 140 )
m‘g 15 ] products : _§
X i <
g ] F30 S
5 107 B
w L o
5 20 ©
e 7 i '8
S 5 C o
Z -10 o
r (o]
i C 1S
1 e i =
0 1+ 11— 71— 71-0 £
1995 2000 2005 2010 2015 2020

year

Bl 3-1 WA RHE LI SXTRE i 1994-2020 308 7T F 4
Figure 3-1 Variability in the numbers of NGL stations and products
3.2.2 IGRA IRZ=HIEEE
ERRGERTPHER (IGRA) 2L FREHnSgE, Rl EREF
MRAEHR (NOAA) EZRIAEE St (NCED, RV i i E 5 it
> (NCDC) 4E¥. 4% HF14r K (Durre etal., 2006). IGRA2 J& IGRA %5 —Nhig

35



GNSS Xt 2= SE 3B i 22 I 25 R 3 A S AR AL T

A, &K RS i il g id ™ kg ot s e OB s k. WSk H 30 24
ANEPEHETR, BRREIRED 2 1905 45, B H . FRic K.
FE VO LR 2 2 DL R AR B AT R AE AN [R] B fORAN 5] RIS E) 35 i A [ 1
32 JE#n 1 IGRA HEFEFHAFEMTH RS #hinAi. HHEKE IGRA B
( https://www.ncei.noaa.gov/products/weather-balloon/integrated-global-radiosonde-

archive).

S Rl | N

90S 90S
180 20w 60w a 60E 120E 180 180 120w Gow 0 601 120E

B 3-2 4Rk RUOEER IR ORI RS A R4 ol US04
Figure 3-2 IGRA available RS stations distribution in different years

3.2.3 GNSS PWV FEHI4FE{REN

M PWV I 8] Fp 51 o] DL B 2 1R A J ST, (Lt B /DN R e SO0 v B
Hu B TR 81 R B A T 3R PWV IS 8] 3 471 A R BT T A, s 36 Bkik 1 26
ANRBRI ARG R, X A S, B e B e, A IR Bk, ]
MBI EEE 20 4. SCIufi AP Bt (FFT) 1HE 7 X 28l s )
PWV I RIFHI A ThZIE%E (PSD), FH4HITER 3-3 H. 7EK 3-3 1, —IRIK
L5 — AL () PSD, 412854 26 ANk 5 1)°F35 PSD. MEH AT LRI, BR T4
FEATZ Ab, PWV RINFIEA —A B3 FEE AT Lietal (2021) WP HT
et PR TORAE R TAER ) H R AT H R, AR ARSI TR AR I
FRIR b ARSI SR FH ) S A LU T 23 b e B TR s R ) o R e, B B
TS 5y RO HC A (17 L AR A 2238 DO AN IR R AT R 33 T i — 45
B, XM E R AL S ARIE T ) 48R, ARSLESR B PWV Sk FHH
MRAEIR, TR LR HR A X R R s B, X R HEEAN Y H R B R IE R
/N, FEBEAR/INKT PWV B (8] 7 51 g W0 e 75 Bl 2, TG iEidad D 3R 2
R I
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60 Periodogram Using FFT

N
o
L

N
(e]
1

o

Power/Frequency (dB/Hz)

0125025 05 1

-40 T T T T T T T T T T T
2 4 8 16 32 64 128 256 512 1024 2048 4096
Period (day)

3-3  WTFEKIN (8] 731 D) 2Rk 2 B
Figure 3-3 Power spectral density (PSD) of PWYV time series

MRHE PSD 45 R A B AT A2 30, SIEg6 R T LR 48 J 0+~ 4 4
WSS T AT GNSS Bl PWV FPAIETIE, DRI s & 2

doy + PR, doy + P,
PWV (doy) = A cos(2n————— cos(4n————=
(doy) = A cos(2m e ) T A costUm 28

A, AP 20 A5 A IRIE AR A, A A0 P, 73531 258 Ji JY39IR M AT AR
fi, CONERIN, doy NFEMH. Kl 3-4 JExR TIEREICERRR . maE st —
AN ALE R (TN GNSS PWYV, AN IEE) . ARSI HIEE
= AR PWV I B AR R LLiZ 5 % S H DL AN S IR ZE B T IR R 2%
PN

)+C

. , 50 | .
" TIXI(128.8664,71.6345) PTBB(10.4597,52.2962)
7 . i .
—_— ? .
E ;
E 201 ¢ A
>
= 3
10 T
0 i
50 | ' ; ‘ :
CAGS(-75.8073,45.585): . . i
P . - LT PR
404% 0 ;TR . conoan v A
—_ FE - B S SRR N SRR R S A
I o, o ?‘ =Y g @~ X ] T R L}
Ewbiftiibiiinieziafis
= v o R : i ] .. - 2 ""-: At 3
R AL .3 ] SN e
B ERE AR : R
&1 o & 5 ' F i
10 i pEE" SR Ly X i ;
& ¥ 3 &
o+ F : ' ! 0 ‘ ‘ !
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Time (year) Time (year)

B 3-4 PO/ GNSS WK PWV B a7 5 K E+RE R HIRE

Figure 3-4 Annual + semi-annual fitting of PWYV time series from four GNSS stations
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3.3 PWV HIERET(E

— LS AU T EId GNSS J7VA ] DASREL SRS B2 PWV (Wang et al.,
2007; Zhang et al., 2019), {HJ& NGL [ GNSS 7= 5 E i KA EE, HAS I
RV ANIRAE, B DA I AT 5 1 o 0 75 A e

PEAG BT b i ] FE R LA AR AR RIS, ECAN
PWV [ FeH, @ UGLHRIRTHIE NS H . R, SRNEAW TR
LR R 250 (Wang and Liu, 2020), GNSS F /73 5 #E DA 2 R0k R 25 0, AT
REEEPE I PRI —, MZR SR rE )L H 2L E A B2 Ak X Fh2s | R
B B 1R 2 E = P BB AR B R AT 2, PR GNSS PWV 2R, &
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Figure 3-5 Global distribution of 28 station clusters
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Figure 3-8 Bias , relative bias, RMSE, and normalized RMSE of 1534 pairs of NGL GNSS
and IGRA2 RS stations
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Bl 3-9  1994-2020 £EHAR] 1534 NPEEXT HIWZE. RMSE. FXHwZ=F1 )5 —4 RMSE
MR E B RIESHIE

Figure 3-9 Frequency histograms and normal fittings of bias, RMSE, relative bias,
and normalized RMSE of 1534 stations during 1994-2020

It oh RIBRIE K 3-9 o @Rk xS Kl 3-9 R AR B 5 KT IESS
SAIE, IR, L IGRA2RSPWV NZ2%5, NGLGNSSPWV [J4 Bk
WZN 0.72+1.29 mm, “F# RMSE A 2.56+1.13 mm, 4ETFHHAIHRZE N
~0.03%, JH—1L-F1 RMSE 7~0.14%. FHEFREFLZ, ZEMLERENT 575
HT NGL 77 5 EWH PWV = 2R, FEAH RS P A R, =+
52 b, R NCEL IRHEFATNH T — B4 R EEGIFET, 2 IGRA R,
SRS BAER A SRR R M R2mm it BUBkER, R FIF AL RS Bl £ 2 52m 7
I AT EdE (Zhang et al., 2018). {H7E GNSS 15 R, XL JZ RE IR A 5
Al bR — RSl B, IR i g P R 22 A E el AR BRI, LT AN SR I
JRIEIR. Ak, BT GNSS PR EH# T 20,000 A8, BEAVER 7 KREET
A s, AT EAR RS AR ASFERTUZ KT 7, BBl GNSS PWV AJ

34 FEWMNEEE=5 PWV BFZH S

FREB R BEMAMGIE L, TR X PWV AN K, X2
HE— B AHE K] i (Serreze et al., 2012). #RT, T WMEAME, HIRWit PWV
I S REAE IR FLAR D o LA SRS PWV I IERT 0 N . 38— iE A F it
AL, ERET R T =R & 00 R 16 S 3 25 A0 i 48 1M 7 A 19
(Dessler and Davis, 2010; Zhang et al., 2013). HHT83E A SERE & 2SE)5%E
HENE R A A T i S B A, (RO T3 B PR P 50 (5] A W R b X, 743 B 3
PE AT e AT 5E(Liu et al., 2015; Sherwood et al., 2010). 32842 EHAE NGk
TP T BN TC 4 FER S S P R = R UL &5 SR, X T VA AR SR AR R
ANl sRAS I B G SRS B, (H T e A sk A R A AR AN S
SR, AL AT PWV K AL (Dee et al., 2011; Wang et al., 2017).

FI)E, FEITFR GNSS HE K &, Hikk GNSS Wk i) £ & F AT 3R EL
Bm LT EERIEK (Bevis et al., 1992; Blewitt, 2018). HiJE GNSS il it 2
IEMAE AR, — B EE, sl DLEEH T, TRRMERIE, 5L
PRI, B FERI4LM (Zhang et al., 2018; Wang et al., 1999). HH - WUl 7 6% F&F
AZ RN, AT DAE & FRATIR SRR T kb FEHEZL R PWY, I
6] 73 0] LA R P 2 B R B 75 . 5 R AR X, K GNISS I3t
H IS AR5 BT AR X =S B PWV IR 2S84k i 9 T e (Ding et al., 2022).
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Figure 3-12 Annual mean PWYV and standard deviation PWYV of Antarctica and Greenland
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Figure 3-13 PWYV mean and PWYV standard deviation in each area of Antarctica and
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i SR IGAE T GPS RIE/KIKM AT AT . ik GPS AT LA RAEIZAT, JLFEA
S R, A] DL DA R 4E 3 BOALE AR 4K (1) — BN TRV R 82 A, IXff
P8 FZ AR IR PWV B8 B A B m K E M 52 544 (Ding et al., 2022).
B8% GLONASS. b3} PEFM RS MFSE AR X L E S ARSI LR
F5ESE, BRER 2 (1 AH S U 538 I R S50, VPt IR R AT 581, BR1F GNSS
PWV R . Rocken et al. (1995)VFAli 7R Z Hr 2 PN HEES B AR b2 Frfer
M 6 A~ GPS AR E 1 PWV, FEA3H GPS MRS 1T (WVR) LB
PR %N 1-2 mm. Hasseet et al. (200 1)1 F 75 H b it X — &2 () $ s, 3k
57 RS Fl GNSS RIS SER 2 18] 1.2 cm HIARHER Z Z R, XS T PWV 57
2 mm (Haase et al., 2003). Zhang et al. (2018)7F 2011-2013 4F32: J& i A1l J& 75 V. () K
BEHERAS 7 GPS PWV Al RS PWV Z[A]f#) STD ¥y 3.27 mm, %M X A7 T Fiiy
P AT ORI 2 1) GNSS PWV B 7N FI | GNSS 2347 i) 25 43 HE % PWV
Peft T RTRE. SR, SZSEIRATREMRIBRE, XA SR KA EE] LN R
X33t 1T (Wang et al., 1999; Wang and Zhang, 2008; Roman et al., 2012; Isioye et al.,
2017; Liu et al., 2017; Wang et al., 2017; Chen et al., 2018; Wang et al., 2018), NGL
XPRLZ P2 AR TX— N5, ARTTEET NGL E AN — R4
W, XF4ER GNSS PWV RIS =L RIF T 5% o

35.1 PWV ZEMEES A4 ST

GNSS PWV £dis WA 2 R I AE IR HEE L, [RIEOR B 1 MR LB IR 1 KR 4y
RIAVRHIE o DRI, SIEH e MRl £ BE AN R =i PWV AT 7 4eit i, DAREL
GNSS PWV [FZE[A] P ATRHIE . SRS SETHE 7R MEG ) PWV 221 Mean 1
PWV HrifE% STD, SR ARYE £ BEAMEER moeh s E 47 40 41, FRREsrdar Ll 1°
NIEIRE, R FE A B 100 KV IEIRG « 43 2H Ja X A 2H  F ek 5040 R P 38 DA K.
PR Z, S5 3-16, BH K SRMISEE, 468 s dAmesgE, Kems
N> N BRI ZE o

K 3-16 [T K (a)f17 B (b) 23 il & PWV BME FIARAEZERE 4 T A8 k. K
R LURIL: (1) PWV METEICEER AR L ER X R0 A, 542 AME, H
S LG R T o B s AU &, Horb 0-35 FEZR FE IR ZR 4B R T 35-90
FELEFE IR R A HE s (2) FiE4r 410 STD BEZE FEXG s /D, X RWIF—LE
ANFIH X ) PWV SME BB sh B4 2 b misg hns  (3) 4 RT 35 FEHLIX,
PWV STD “F¥MEBES: N TR, (HAELEE/NT 35 B X 54T B35 1A
FNE, UL PWV BEBhTE FARLE BRI IA B IR s (4) TERKAE TR, R 35
FE AL A AR AR FE B, X U B Z 20 4L B A X 3 PWV IR A I oK

Kl 3-16 1T ()R BE(d) 7 5l E PWV B AR AE 2 B s A AR A . 7T LA
RI: (1) P PWV M STD 5 & ubi i) B AAHOC, 1E mfe XIS &l 2 ]
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Figure 3-16 Distribution of mean PWV and PWYV standard deviation (STD) with latitude
and ellipsoid height

352 PWV =154 EHAS

ZEATPE A A PWV 751 BT R I 1) 5 TV RN g B 2 ()T R RFAIE o SIEE0 FH 4
I R ORI S PWV. TREERNAZ, FREI A NLA S
FEE (R0 Hh A B A B ) R B, SRS B T BdE > TR AR B, B R
RN AR A SRR 1.4 JIA Sl 25 R

Kl 3-17 T El(@A7 EBl(b) 7 Al o TEIRIE Ay AARAL Py, T ()M 7 El(d)
Gyl 1A EEARIE A FIAHAL Pao MBI DUKEL, AE4RIE />0 JE FEILE 0 2
22 mm Z[A], FEARFIL Y M and B B P 5y %ﬁ,mﬁﬁWE
HEAEARTEIIX, T RAEIL LRI, B R AR 1% X P X . X2 N
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KL X KRR, BFIRZER, MAREHLIX 2FEZEADN, KA ERSNEXE
/N,

S JE TAE AL AT DA s e — A oK R B i A e HA) I TR A AR IR IR [] . G & 3-17
TEO)FR, A6FERMEGFEEREANE A ) AAAEAEALFEREEAE 5 H T A
Fle H bAJZIa), fErFRREERALE 11 H MR 12 H BRZfa), AL S
TEREARALARL . 9 T IRAFAR AL IR AT RRAE . BT A ik R AR S AB IR AR 7y A Gt v
DB 3-180 MR AT DUACE, 4 Ja SHAE A7 FH 22 48 i SAH A2 7 AL~ BRI R - 2R AR &2
I AN R SRR I G oAb 3R A 3l 4 R AR 7 ()~ B 20 ~152.1, 4R
A WIARAL I L) ~61.6, 10 3K AR, B)-F- A4 9~34, E4F A AR
P 35918 9~40. FTRAAF S50, dEEBRAREEAE S A 1 H (AEH I 213
R EAIBEEEE, E8F 1 H 31 HAGIKRRMLE, MEEERIEKREEE 2
A3 H CHERRE 34 KD AAIEHIEE, E8F 8 A 5 HAEAKIRE. X
W, RAPHKIAE B FEh KRS ERNE (EE2H) 54 40 Kik
FEAE o X EEZE FXT TR BROK A BEEIEIAB TR UL, AT BE L — Lo I8 th 3R A% Jk
ZREE BT I BRI T L E A S M1 (Benestad et al., 2019; Blesié et al., 2019;
Huang et al., 2017).

— i, T
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B 3-17 ATFEKET [ EFIIL & SRR 23R A6
Figure 3-17 Global distribution of PWYV fitting parameters and residuals
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1500

- Annual Phase, pN=152.1, 0N=10.B7,us=—34.0, US=14.77
- Semi-Annual Phase, uN=61.6, UN:1 3.77,p8=—40.0, 03217465

-
o
(=3
o
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500
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B 3-18 FILFERBASHMSATET BMIESHE

Figure 3-18 Statistical histogram and normal fitting of the annual phase and semiannual
phase in the northern and southern hemispheres

AR PRI AE 0-8 mm 2 [A], LUAFEJEHIRIE /NS 2, 1 HBEAE 26 RS
T 93/ PRI B AN A FE IR R AL B o P IR A [ - A 7R g 9 0 R0 55 [
Y PN R AR JE I A 5 X b A X KA 2 o

WL C (K 3-17(e)) N PWV WA, MHATLURIL PWV [R5
{EAE 0-50 mm 8], HECEREAE MGk, AERGTHLIX A PE 40 mm
PLE, MERMMX N T 10 mm. B 3-17(0)ER 7 HIA R ZER RMSE 18, M
RIS X ) RMSE {E5 /)y, BKH RMSE B H BUE A3 K 78 3 1) 76 ¥
£, AEKF1 RMSE 4 5.72 £1.89 mm., IXZRIFIXEEHL X FZ5 AR, X
S b [X A2 28 R AR AURH B8 T 46086 95 RS X 3k

353 PWV F[REHE ST

&3S 5 AT DL B [A] 7 14 — B[R] 9 3284k, 5 RE 3 AN 2 A i el
#EA K] A TR AEBR S, Pk 1 2 AR 2009 F 2 2020 ERIEA
SRS R AR ) 5000 24~ NGL whi, 1H5 17 PWV BRI FFI R Lt ss . B 1
e )k VAR AR DL BB AR OB R A s R 1Rl 5 FH 4 ) A+ 47 ]
WA AT AN A, T A ™ B AR SR Rl S SRR D o TETHE T S AR E I AE
FrAZfbfiE, SEEe I PWV EHREA BERX IO MRE. FEE] PWV (HIEZE
WA E R, LA T EIT S B ek 3-4-5 1, B
BRA 9-10-11 H), EZ (Jb¥rkN 6-7-8 H, FFERN 12-1-2 H), #ZF (Jb¥
B 9-10-11 H, FEERN 3-4-5 D, UULAAZE (JBEEkOy 12-1-2 H, BFEERN
6-7-8 H). SR ERIEE 3-19 F1. bk, B 3-19(e)F1 1 3-19(D) 737l e~ T AEPT
A TUASZE A AR 13k s R0 AT DU A ZE 1 R 38 BB Ak A

MBI 3-19(a)-(d)F, FTELRIAERTA AT i, BN AR R 2 T8
R G Ro VUASZETT B3R5 TR (e) Bl ., 378 22 T DUAN =538 9 FUAE ()
Rk i BEAh, BRI T LU HFAE: (1) m RO\ B 36 Sy s X AN Ry B i) PWV
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PR A AR IR, RIX L X PWV EEZEFERIN: (2) ERAEE
M DX B R Bl )R AT DA ZETT 1 PWV G R0 R, AR DA i i TEAH
R IIXLEH X (1) PWV (HAEZF N .

(a) MAM
60°

0° 90°E 180° 90°W 0° 90°E 180° 90°W

-5 0 5 -5 0 5

3-19 WREKFEFHEHERDIA (1994-2020)
Figure 3-19 Spatial pattern of seasonal PWYV trends during 1994-2020

Kl 3-20 JEon T UZEFRTA L AR PWV BEKRKHR . WEFE LU
H, TUEHGE ESS G, @S IESHT, LERE. 5. . LU=
PWV 1K S K B2 A 5N 0.68+0.92 mm/+4E. 0.43+1.14 mm/+4E.
0.801.36 mm/- A1 0.64+1.02 mm/+4F . X —&5 RAEEE B 518 H 0 8
(Rinkeetal.,2019). RS ##& (Imke etal.,2009). MODIS (2550 #8551
1) il (Kwon et al., 2016) ZERIFHIME 7T —3. XK. (1) &8k PWV & &
VAN RIBE R IR, HhKkERHE, EREAHE; 2)PWV
WK RAERT BRI A BB bR 22 B ETE N, (HA =K.

A, NSRRI, PWV BFREKARREATENE, £ X H A (A
AR ANELE o R I G AT ] HoA 7923545 1) PWV B8 5 K 3 34 ) — e hfF
F g KB (Kwon etal., 2016; Ziv et al., 2021). 2S5 iX LW 5%, SZIHH T iX
FHILG I LA R AT REJE A (1) PWV 5378 35 28R S S A% (Maetal., 2022), 1]
BRI GNSS w35 BEATSRARAG: (2) H¥m i FE AN 72 [B) 78 55 1) 22 53 AT e i Bt iX
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s S AR (Imke et al., 2009).
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320 FREKESMFTTRATERHERE (1994-2020)
Figure 3-20 Seasonal frequency histograms of PWYV trends during 1994-2020
R 32 JEOR T AR AN ZETNT PWV SO IE AN G gk i o Bl i 2
I e WRAPAI, fERAZETS, IEER GRS SUE ) =5 2 0UA%, Fr
A7 T SO A Bl f BT T T 2O U s R BRI R 20 DL . XK
W PWV £ 2 ERVE B N BN SNIZE BTt
K32 FFTEREFHNERELE

Table 3-2 Percentages of positive and negative values for the four seasons and all seasons

spring summer autumn winter all seasons
positive  82.72% 70.72% 78.22% 82.77% 45.73%
negative  17.28% 29.28% 21.78% 17.23% 2.15%

SIS FIRE AT T PWV IR 54 FENMIER =y 2 [ 50 &, 26 B AT Bk e 10
TS B, SR 3-21. REEERE, PWV KR INIEA S
R HIX AR 1, T SRR BN AR AR T B TR X . ] 3-21
TSR R, PWV B A 2 MR vy A2 fa] B A I AR DR B AU 5K . BT AT
R ARG NS e 7RIE L L RIHZNT 60° Z5EZFHT, 1M HEER KA
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KRR S A BT 1 2~ FLLAN B X GRS XIS KR A s T 0.5
mm/ 4 XL, IXEHX AT R]RE R AN S G A2 R R RS
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Figure 3-21 Distribution of PWYV growth rates with latitude and ellipsoid height
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Figure 3-22 Comparison of PWV anomalies with temperature anomalies and sea height
variations

AR AT T, RN EAHmE] 7K 28K, X —id fE A5
I IR AR Z S B RN, O TS PWV KR 5IREEL
B R, FERMre T2 MBIAE I, 9238 WA A HEER (Rohde and Hausfather,
2020) 1 NASA [ RIE A 55T (GISS) (Beckley et al., 2018) 43 A3REL T
Tid 2% 20 B4 BRIR T R A s AR R, IR PWV R 5 e T
1T, A BERb G, G RmE 3-22 fx, HP 4 aRE2ERER R
WAH (L), L0OAR R A IR B R I e 3 A I AEBR I B, W iR =
B PWV R RIERREES . PWV J B rH A5 IR R 1 T v 5 A2 AL
(R SREAH A1, 052 AH 6 T 88 — AN B 1) 22 e (EAR S 55— /N B 45 1 22 2000
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TEMMED . IR, X B R R R AR, R i AP BT
WSk, BB IX BEIR R STD. K 3-22 M4 R EoR, PWV 5 SR 2w
ARV T AL BB A AR AR IEAH OGO &R, AR REHN 0.81 GX BLIAHC REED 2 1tk
R FREL, BB 8T S 7 22 5 P 5007 Z R 7 D . X —45 R 5
Kwon et al. (2016)f3 2] ()45 S A7{LL, BIF MODIS PWV S E R L, MK R
0.8, UbAk, ZMEMEIZE KW, HAIEIN 1CX MK PWV B N~2.075+
0.765 mm, 1T~ TH = FE 38 0 1 mm X B2 PWV 36 1~0.015£0.005 mm.

36 AENE

A FE DL NGL B0 Z 72 i A 5L 50 52, S VPAS /0 B AR 1 423k GNSS
PWV BN 0t MRIEERINE, AKE A=

W RER 7 AR B 4 IR R RS GNSS PWV R 45 R (1) 5,
SEEG RPN 40 km DATF PR B AT ORAE 4 BRG] A 25 P S 2 0F Bl SR M s /T 1
mm. 7EMIER EIPA T NGL 23R8 1R T, 451K W], 5 RS B, NGL
GNSS PWV &3k TFHmZE N 0.72+1.29 mm, 42371 RMSE A 2.56+1.13
mmo.

55 35 0 rE B AR 2 22 Bl 20 4EKR RS R GNSS B PWV 4T T Gt
3N, FEXT PWV IIAEFIME b 22 FAF BR84S I R EAT T 3 B AT i
SERRW, MMRIMFREEE S E PWV SEBME S5 5.63+1.67 mm Al 7.63+1.35
mm, EFRAEZEDHIN 1.60+0.77 mm A1 3.44+£0.92 mm. FHH STD #EHMF
O [RGB Y N B 3 o G vt 25 B B A AN 2 22 IR AR PR AR A 35 S B A 3
ke . 50N 0.29+0.77 mm/H4EAT 0.27 £0.64 mm/+4E, FHR AL A 5
N 5.984+12.93%/1-4FF1 3.87 +8.45%/14F

5B SEIG IR BT 7 BRI 1.4 JIAN AT GNSS PWV )23 ] Al
I [B] 73 AR . SEEGAE IR (1) RGN, PWV EA IZFEIE N,
BRI K L)Y 0.64 0.8 1mm/ 4. PWV [R3E K 5050 5 5 5 R T =
N A G . B 1°CA 1 mm #9224k, PWV 7350l ~2.07510.765 mm F
0.015+0.005 mm. (2) GNSS PWV FJ*FIJMELE 0 ] 50 mm 2 [7], S48 5 7
Ko PWV I IHIRIE M 5 26 BE A0, (BAE DL A GBIl Bl KAl e
SEAEAZHLIX VTR HLIX , P BE2 ROZ X I IR e s A 4%, DL R A
WSS B SR A . (3) ALFERAIFE FERE PWV Ko BIAERER) 8 H
1 B 1 A3 BifEEREE, HFonEsasEr 1 H 31 HM8 A 5 Hil/5iE%
KA o AN T — 4 A R BHAR A B i KB 1B (%), AR 40 RIFWIER.
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4T ET GNsS YEpIM R ERBE TS RmE S

GNSS RefE IRt kg B i 2 0 FRR R Z ZEIR , 1] LA I A Bl Y
SRS R R T IS 2% o AR FEARE SEIG NS AR 7, 26
—HB o A A BRI — 754> GNSS 3 5 438 i 1] 20 3 2 AR 6L 2 S IR B s A
T GPT RAEHMARITIRZER GPT3 WIS, FEodT TR Z I 255
ARENE . B8 305 LU T IO 2 S v (R P SN V2 B IR R BT ——GNSS
WHERIBIE 2020 SEAE 42 BRZ) 7000 4 NGL GNSS Ui s xR 2 B w %, o T
ZH/W/TD fmZ 54 . AR ARSI B S R 28 A R AH Sk

41 51F
R dit 2 A TR AR s A RIS AT BA oy =3 BB — R MR 2
PEENMZER A, W Hopfield #% 7 (Hopfield, 1969)#1 Saastamoinen 75 7
(Saastamoinen, 1972). HT 7FEIREIEE A, IXIFEBR B LN P REAE
5 RS TR ZTD B XA E R, U0 Mao et al. (2013 ) 2257 1 4 EBR0
TEBAURN 3K H GNSS 0t 057 1 SHAtropE (Chen et al., 2020), 1X
FKETINZIZSHEW, AT, MR, EF%E ZTD B i [\ 2
K, BRI P A R R f s ) o B =R T v DR R e A R R R
WERER, ndET 26 EFRUE RS UNB R 5147 (Leandro et al., 2008) 13Tk
P IR SR A0 (ECMWED $2 £ FEUE RSB (NWMD FE23 A7 il i) GPT
(Global Pressure and Temperature ) R 51|15 (Boehm et al., 2007; Lagler et al., 2013;
Bohm etal., 2015; Landskron and Bohm, 2018), X KBAERE R, A {E.
ZRE Y, GPT RAVGEAE N H &) 2 AR, b GPT2w H & Aii LAk
—HEBN NI E REIERET 2 — . GPT3 & GPT R KIS RA,
T GPT2w, S0 1 A6 77 [ B A0 2R T )k 52 9 it 24
BUE R AR (NWMD 278 ) R M SRR Y B S8 U, FLATAE BN
JRIEIRRE 2 T S ORI B R R, i E KR T E (VLBD (Landskron
and Bohm, 2018b). T2 BEOEMIEE (SLR) (Mendes et al., 2002), FEMIE (SA)
(Vieira et al., 2022), T & MfLIAFHIL (InSAR) (Foster et al., 2006), L& 4Ek
PEEH ZS (GNSS) (Luetal., 2017; Wilganetal., 2017). A% & K IFIAIE
7 NWM 1] LU s SA BB AZER IERER (Vieira et al., 2022), 3% SLR H1[#)
SHRZIEIR (Boisits et al., 2020), & VLBI #2458 i (1) 86 £ {5 B (Hofmeister and
Bohm, 2017), /> GNSS & ALUSN 8], FHFRINH 54T 1 AR EYE (Luetal,
2016, 2017; Vaclavovic et al., 2017; Deo and El-Mowafy, 2018). Ak % X} it J= AEiR A5
#(Schiiler 2014; Li et al., 2015; Yang et al., 2021). &A% /748 (Bohm et al.,
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2007,2015; Lagler et al., 2013; Landskron and Béhm, 2018). AT 2i E # #Y (Zhu
etal., 2022). MR HHAY (Urquhart et al., 2014; Zus et al., 2015) FIXH 266
BRI (Boehm and Schuh, 2017) 45T AFEIF NWM & BATEE H T & IEE
VER EIR R 565N (Wang et al., 2022). 1 A FE B e (K6 2 2B IR 3R AL
k2 —, RBUR LR IB B XA Z SEIR 5 GNSS WHLZ 4818 22 8] ) 2 57— B A& Ak
WA

4.2 GPT3 {28 £ TkiE BT RIRER T HFM 547

H M GPT3 #8 [a] th AR, 1 o AH 5 SCHRAT R PAl L5501 ZTD AR
T, AEMA NGL AR 1.6 50 sl i)+ 2 48 Kok 50dE
(Blewitt, 2018), PAF-¥34 22 F135 75 iR Z AR K BEFRARTEAL T GPT3 BRI THHH (1)
ZTD MAGT7 [l 6 B2 LA S 2R J7 1) B B2 (ARG 52, e RS AR 52 A I [A) R 2% 8] (1) 43
HFHERAT T 0. TEFERENZE, GPT RIIEAIAEZEM ZzTD, M
O —REMP RN IRSE, REHHIE ZTD, #ins 2, AR R
ZTD KT GPT3+Saastamoinen.

42.1 GPT3 &5 NGL 3R EF~ &

AT 5T (1 B A4 NGL 62 7= it GPT3 B AT PP Al . 7EIX —
T, BIRREANE T GPT R NGL 724, SR)5WAE 7 NGL ZTD 77 &
fERaTE, DL Ad ] NGL ZTD P4l il 4744

4211 GPT3 £IKKESEERE

LI GPT 22T 9 B 9 IRBKIEMKEL, i ECMWF $2 L ff) 7= 0] 73 HE 2y
15°x15°1) 40 4FAEREE RS K1 A P MR ERA40, 1Z5005E GEE 4Rt i
P AT B 5 SR AR R (Boehm et al., 2007). HI-T GPT H4s 6] Al
A2 AR, Lagler % A (2013) JF& | GPT2, GPT2 MU 1 5 ks B2 )<
JEANREE, R TR A AKIRE SIS ik 4 R 555 2 8 (Lagler et al.,
2013). FEIXZ J5, KRR R BN R SIMBCT- 318 B AR I 2T AR A GPT2w 1
(Bohm et al., 2015). {ENEHFTIIARA, GPT3 &5 VMF3 ML o 20— I K& 11,
EEE TS ER (BHEURD VMF3 288 BRI 3BOR T 15 21 1 ) 5 AR
SRR, HSZSHM GPT2w ArdEAHE . tbak, 78 GPT3 % S5 i
Iy bR A ZR [\ 86 E - (Landskron and Bohm, 2018; Armin, 2016).

4212 NGL 3355
HTFEdEEE K, NGL SHRJE 7 fh NP 456 %5 it 2 45 A At 7 3 AR K 5
PR . VENFRATIE 5, 520 NGL X2 b AR 1 AT VA
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Figure 4-1 Global distribution of 26 selected IGS and NGL common stations
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Figure 4-2 Average bias and root mean square error of NGL ZTD

N I NGL G Z 7= o2 15 B A R 88 RS B R VP B0 i JZ A, sl
IEFE T 26 NAEK IGS F1 NGL L [F] 15k sk PPAd NGL 7= 5 R B, Bm s
M 2009 4F 1 2] 2019 4F 4 F, IXELHEE )0 A i 4-1 s R RIER
SeR B RE A B A AR, TR HH S TG DL R R (1) PRIE 4Bkl 2 10 5
ATKREII L], FEFEGFERELE LR AT (255525 RERF PRI X B, Gn iy Al
DXFIMEE L X Ry PRI, s (3) PR N ki L X A 2 B8 113 A (ol s KB 40>
ATAEI T DX 3, 77 3k T R0 20 7 Kl (R i v X380
Gt 45 R SRR 4-2 v, BRI 1 & ulh -7 204 22 BIAS A U5 iR 1% %2 RMSE.
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Figure 4-3 Average monthly BIAS and RMS values of zenith troposphere delay derived
from GPT3, north gradient and east gradient in the northern and southern hemispheres.
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Figure 4-4 RMSE of GPT3 troposphere model at various stations, and the relationship
between RMS value and longitude, ellipsoid height and latitude
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Figure 4-5 The relationship between Gn and Ge RMSE with longitude, latitude and
ellipsoid height.

zEA K 4-5, ATPAREL ZTD FOdh S 2 (Al fFE AR e . ZTD ARG, DA RS
677 W R 2 TRl A 28 R BT R4S R Wk 4-1 s AR 4-1 T RUR B, Bf
FE RIS TR AR 2 2 [AAEAE IR SR A S . Gn A1 Ge HIFEIR R%ECN 0.8029, ZTD
RMSE 5 Gn 1 Ge J#H% 2 %053 51°4 0.6581 F1 0.5662.
2 4-1 ZTD. Gn M Ge ZAKIRER R

Table 3-3 Correlation coefficient

ZTD Gn Ge
ZTD 1 0.6581 0.5662
Gn 0.6581 1 0.8029
Ge 0.5662 0.8029 1

43 GNSS SHZ&EIEFENREEIRESFES

L NWM 34T 5 2218 17 A2 SR BUG L AR s A 1 1) 777 2 —  (Landskron
and Bohm, 2018a); 7F ELIETHAEFHE R GEIR (SPD) By 3 il ik Wi bR Hoks R THAE IR
B 555 28 A5 B A2 1R ) 82 SR AR AR 2 A AT BER P (Zhou et al., 2020). =147 HE% NWM
W ERIB BT Z ZEIR O FH T VPAs FNEGIE GNSS X JZ4EIE (Andrei and Chen,
2009; Lietal,2015). b4k, LHLE: GNSS 5 E A NWM X7 2 GE R F- 5 B T
K K L VES AT BERIE N (Ceglaetal., 2022). A1, XL HFHAFEH NWM X}
WMIZIEIR HE GNSS it 2 1L IR FEHERf . Dousa 25 N (2016) F M, GNSS =& A]
DAt P f Sl 3 A AIE RSB B VE AN 1) RS UE5 M, E X B AR AR B AT 3R &
AR ALPE AT B AMAE . GNSS L2 2E 1R I8 5 4 FH SR VP4l AT EL AN ) NWM 2 ]
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[JZ5 (Lietal,2015; Zhouetal., 2020). ITHER, — S35 P R0 2 28 1R 3F
AT 7 LRECFRI Ay M, SR, BT HR EA R, X seaeim o S e R e H X 1A 2
JU ANl BT, Hdmdraemt A R as JLR 2D LA A (Kadmaiik et al., 2017;
Hordyniec etal., 2018; Lasota et al., 2020). L4k, XEESZIG -5 A A% 42 il ik
[F) % ¥5 i & (Andrei and Chen, 2009; Elsobeiey, 2020; Zhou et al., 2020) (K& ¥4
R 2K FR S VAT A S o e B R () MBS RIS, FH 23 A1 AN S50 ST 10 i A 0 £
FEMERRE RTROKF, 55, RIS T, X2 ARZMKD. XLt
I - BT X LRI T A5 R 2 (R AN — B, 1 BLJGVE RTEE M 3 A AN 18 SR
V) 22 7 (R I 25 P £ AR R MR 43 AR (Ding et al., 2023).

FEIXR TR FC A, SEBG TSI 1 1 NGL ™ ki s 3% R A 129 7000
GNSS 3k 0] L J2 GE 18 H5 i F1AH [5] H 51 5 2838 2550 2 2B 3R 004 1) 22 A AR
HEfmZE (STD) {H, VALEPFh AR I Z IR 2 [ ) 22 5. HE5 W H T
SR BRI LB IR R AN e Ve, FH T PP Aik 3 F NWM #E AT SIS 5@ ALl vk 77 SR 1E
B

4.3.1 ERAS Ht#iBERS NGL GNSS iR B IEIR
ANTAE T NGL X F= dl S L TA B 7 7%, DU T 5268 BRI NWM.
AN, THERT T FEEAHRE IR R ZE A STD fH.

43.1.1 ERAS GT4IBEREHE

B TR AT REHLIT AT BSR4, JEE B KBRS, Wi NWM it
AT W 3 218 B3 SR BRI J2 S 38 g i 1) 775 2 —  (Landskron and Bohm, 2018).
55 BRI EIR SRk 0 F T (ERAS) 2 ECMWF S — R sk
ARSI M7 i https://cds.climate.copernicus.eu/cdsapp# ! /dataset/reanalysis-
eraS-pressure-levels?tab=overview, 2022.4). ERAS HUfX T ERA-Interim 543 #,
Zhou (2020) & N KL ERAS RINTRZELEIR (ZTD) fEpTA RE LASLL ERA-
Interim ZTD RIUG L4 . AT TCRHIKT 73 5408 1°x1°H) ECMWF ERAS /N
PRI EB RS, THREORTE ) iR (ZHD) MERTRAEIR (ZWD) PSR
TS SEIR ZTD.

4.3.1.2 NGL GNSS 3R B IEIRE

[ 2017 4 11 A 5 HELK, NGL B44F 1.6 JiZ A GNSS vl s -5 1
3400 3k HBRHRE R i (Blewitt, 2018). 2019 4F 11 H 28 H, NGL % ¥#
FESHHT T ER AN TE R, Sl TR, AHE VMEL (4E NI R 1) mr
SPeRE, SGE) JPL Repro 3 Ui, DLREFIINAIRSEHEL IGS14. THiEH)
s BT 1.9 734, #di =8 4300 /535 H Chttp://geodesy.unr.edu/, 2022.4) .
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Figure 4-6 Global distribution of the selected NGL stations and corresponding receiver
types
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Figure 4-7 Illustration of the data preprocessing methods using the ZTD of the station
VIUA as an example
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Figure 4-10 Average bias and std of the NGL tropospheric delay and NWM tropospheric
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delay at different latitudes and heights
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Figure 4-11 Global distribution of station pairs of different types of receivers and antenna
combinations
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Figure 4-12 Average bias and std of different types of receiver and antenna combinations
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Figure 5-1 Flowcharts for modeling and using
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1) ZTD;

(3) MR, W AZRARBSE, Kk 0 ZTD Suk2IH P
fEERE, RIS ZTD.

TR LA B AR WA 5-1, I 5-1 BB A R ERAE th O B iR L R, R
SR GHEF AR PR . S THP S, AR AL AR AR,
AR, (HEREIRELSER) ZTD.

5.2.2 EEHERE T

TR I 2 3 R DA R FR A ) SIZ GNISS ZTD 2 A A 8 7 ) 3l 2017 4E 11
H 5 H, NGL ] Blewitt 5 AJFBEHEfE 7 H 1996 4 Lk BRE 1.6 7540k mii
it 3400 5 RIKHIFHRZEFH (Blewitt, 2018), AR HHAMIuEAE 21 1000 4.
NGL #EL AR E P F A T JPL/Caltech $REERHLEM SN2, #H GIPSY %
PEEAT AR, IR 43382808 Smin, 77 ani8AE IGS brifErs . AT 1GS X ZE
P2, NGL ORZ P il b s A Ja B SR, A An B B SR, WA K. NGL
XL A (0 T TBON T WAL 2 B IR R 4 R A T B BB S

FHEC TR, XS o T 23 (W) 5 P A/, SRR A A, AR AR RE g 3R
B E IR . ST E X NGL Wy 3iE 2 Homsonias), HizIX 82 A
THAZBOM R G RARY () E BN X 3k —, AET 5 GPT2w T NWM
PO B it R R B AT X B AT, RS 1 2009 4 1 1 H % 2018 4F 12 H
31 HALH4EMEE LXK, (47°N-55°N, 5°E-15°E) 217 Mlukig ZTD ¥,
F S50 537 -

NGL FER A HXPRE ™ S RS, A T 3PS A TS F ) NGL % i /2 7 il
FXSEE, LAFRLIGS ZTD 2%, SGit 74 A B U X () 10 /> A FLiuk i
NGL ZTD W F#ifwz (BIAS) FI#7HRi%EZE (RMSE). Fiit4s R W%k 5-1, M
X 5-1 ATLAEH, WX A NGL ZTD F1 IGS ZTD —&(1: R 4f, 10 ANl BIAS
YIE Y 0.87 mm, RMS ¥JME A 3.88 mm. %45 KW NGL @5 ) ZTD BEAF1
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#5-1 NGL FHEKEE X 1GS W ZTD & /mm
Table 3-3 ZTD accuracy of the IGS station in The German region calculated by NGL

FFMJ HUEG LEIJ POTS PTBB WARN WTZA WTZR WTZS WTZZ Mean

BIAS 1.15 0.43 1.66  -0.65 1.89 0.79 0.94 0.94 0.82 0.77 0.87
RMS  4.03 3.86 4.68 425 4.61 3.52 3.58 3.40 3.36 3.46 3.88
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Figure 5-2 Data available time frequency distribution and Relationship between modeling
data volume and model RMS
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Figure 5-3 Model prediction residual
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uh AR I 06 R B IR B A B Ak R R (BN, 20160, LI R1E
HiA e R

Z(h)=Z, xexp(3h) (5-1)

XA, Z(h) NS FTE S FE ZTD, 2, RS EMERE _Ef ZTD, h s
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Figure 5-4 Station elevation and station ZTD annual mean

52 ANFEPIR Y HEER TR R R AL A

Table 5-2 Model accuracy and cost of use at different grid resolutions

PR 53 e 3°x3° 20%2° 1°x1° 0.5°x0.5° 0.25°x0.25°  0.1°x0.1°
PR At s B0 /A 6 12 61 269 1112 7042
ST Il % P 30.50 15.25 3 0.68 0.16 0.03
R4 SR 7N Byte 637 893 2794 10691 42002 260284
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BIAS/mm -1.29 -1.11 -0.57 -0.29 -0.10 -0.04
RMS/mm 33.61 33.61 33.59 33.57 33.57 33.57
FEBT /s 27.82 27.80 28.12 28.93 31.19 46.41
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Figure 5-5 Station ZTD time series and cycle function fit results and fitting residuals

FENLFE ZTD B ) 284k Hr, SCi#k (Chen and Wang, 2015) % H 1 4F i ¥+
JAE A A A, AR (5-2). SR EHEMMNSE, N T iR ZH
SRR 22, AR SCEE AT TCAR N LAY . R 1 I W e AR S 58 B 7 X
WP Eﬂﬁﬂﬁcﬁﬂﬁﬂﬁ FEREDR T O U ARERY, ARSCHR T PR JC AR A5

— PO TR R AR, DL (5-3)5 55 RO IEA A 4 R I+ 4
/ﬁﬂﬁi, W= (5-4),

Z,=Ac os(

(T P))+AC S( (T- P))+C (5-2)
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Figure 5-6 RMS comparison of each station under three models
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Figure 5-7 Fitting residuals and fitting parameters of each station
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M BIAS #1 RMS ] LA i, UNB3m 8 B4k B2 5 /I, EGNOS A1 GPT2w
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ft] RMS 2 S0 R s AL A btk ,  SHAtropDE #5574 BIAS /N B/ A ¥957

53401 170 ASERALFN 13 ANk it 78 PU M5 AL R 1) BIAS #iI RMS {5
B OCPEME, s/ME, &KME), MR 5-3 AR EILLF45i8: SHAtropDE f& 7Y
P FRAS FI G E B kS BE AR Y, P BIAS /MT 1 mm, “F¥J RMS N 3.4 cm;
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TFHIEEE T 30.8%. 40.7%-. 38.6%. SHAtropDE AR AYEET52ill ZTD 57, Xt
THEGLAEAA RUF IR B OE, Aetgim 28 E X GNSS H P &k ZTD
BUE 73K

# 5-3 SHAtropDE RIS 5 HAMERY Ryt b
Table 5-3 Comparison of the accuracy of the SHAtropDE model with other models

Model UNB3m EGNOS GPT2w SHAtropDE

. BIAS -2.83(-4.2,-1.6) -1.1(-2.8,0.8) -0.7(-2.3,1.0) 0.0(-0.1,0.1)
ey

RMS 5.9(4.0,8.6) 5.3(3.4,3.0) 5.1(2.9,7.9) 3.4(3.0,3.7)

. BIAS -2.8(-3.9,-2.2) -0.9(-2.3,0.1) -0.5(-1.7,0.3) 0.0(-0.0,0.0)
B8 1IE 3k

RMS 6.5(4.4,8.3) 5.9(3.7,7.8) 5.7(3.4,8.0) 3.5(3.2,3.7)
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Figure 5-8 System deviation (cm) and RMS accuracy statistics (cm) for different ZTD
models at each station
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(] () A P 2 R A AR B RS ORI 5, 522 7 PR30 1.42 mm/4F . 1555
R REARAE N AR, RS (R B8, AT DAE A fa e — B (] LI
PRFRRE R R 55

PEATERE B A B 58 T @S2 B A% RMSE 4 3.4 em, AHXTT
UNB3m. EGNOS. GPT2w+Saas V¥ | 42.4%. 35.8%-. 33.3%, R 2
8 [E X 3k GNSS H P sk FE Sy ZTD iE /K o % 5 A ZTD BRI T
) E THARHNE, AR5 gh HAD DX L R R SR A R IF SR, X T
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XoF I A AR PR SF Ry 8 R R TS IR SR 38 TG 4 FA 5 NS 7 [ R SR B R
HAS B B Z R 4 1B IR FvER M . AR T RIMOTE R I B xR
JE S IR WS R B R A TV, SR AN T B VAR VR AR IR LA R B = AR B IR B )
R, KIFFEIE T Niell SRR IE T IEEL) 6-8 km DA b5y 25 X 808G FE RO T B
SERRE, JrAfr 7R ZE I AR, FFLL TUW () VMF1/VMF3 GNSS i
RN S B PG I T T I RO .

6.1 518

HHTARZ FIXRERY, &1 T 2 IRERIKRE, CA RIS IR F i
FIXTEZEIR (Mendes at al., 2002; Tesmeret al., 2007; Kouba, 2008, 2009; Yuan et
al., 2019; Feng et al., 2020; Qiu et al., 2020). #ATM, XLEAIAYIR /D2 e = AR
MEEEE, XEWEENRMHRZ FRTHBRER. Li g (2018) BRIk
ST EAR O T AN O R 2 R TAE R B A IGGtrop_SH 1 1GGtrop_rH,
XA i T 22 50 i B L AS) oA I ST, PR 45 SR s HP RS B 430l 3.86
cm F13.97 cm. Zhu 25 A\ (2022) 7F ERAS #dla a1, FIF 9 B BaE BB IE
XA RIUAIEIR, 57 1 GZTD-P A8, JfAIH] MERRA-2 K70 it A
R IO 7 A (RS B2 - Wang 55 N (2022)FF & 1 —Fh#T 1 77 15K K 7R NWM
AT R R Tl 77 22 GE IR AR LE IR , 8 3t SR E5 i Aok 1w 21 =~ R %00t
TZHL, 1E 0-14 A RS E EATLUAE] 1-2 mm BREEE . 5 R THAE IR 2 H 2 AR AH
bl ol SRS ok A T AR AL AR 2> . Niell 76 1996 4 5 k3R H T — iy i
B FERRIE T, AH R GHEE )24 8R4 (Niell 1996). Qu 58N (2022) KL
T Niell BRI HEE KRB R A, WIE T A ik 2 T SRR R Ot R 8E
%, fEHAZ HAERERNAG ARt 2R, Qu SN (2022) [FIFEZNE iR EEH
gy, MeAh, EBTEERAE 0-5 A HYGH N, BTG R AERIRR AT . X T
TERT R 25 X A, AR (R HERF PR VA 15 BRI B DA AT SGHIE . T ZE NI /AT 2815 3))
HEE 245K, X ArEmkE.

AT, iy BEURSEA R 70, WHIERER I ) 14 AR &E B
DNIE VAT AT R D, $R 478 5 BRI U s B s AR R IR AR Y, (RIS & gk
ARG RERR R o N T SO ALJE SE AR SR R R B a I EE B ARA, SEER SR T AR
ETII TV, AR P e 8 R o R {5 4R b SR AR 1 1 B 55 BB B

6.2 BRE R SIEEERIE
AT E S IR THURH AL = SiE 3 1 i K R MO 7R 3 1 SR o B AR i) w7
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JR R IEREO A . ARG R T Niell SRR IETNEMIBRIG, Z it —AnT
IR 22 AR o f i, e d— R I R SE IR ORISR T B A A AR R PR

6.2.1 BRETERBIEHSIERERE
TC 26 LT 5 7 UL 1 B2 A T 2 8 P RS0 T 3 B e AR i
PLRARFE R (Davis et al., 1985):
AL(c) = ZHD-mf, (c) + ZWD-mf, (€) (6-1)

Horr, ZHD F1 ZWD 43551 & KT 18] i 2 1B IR AR IR, mf () /& =
FAON e IR BR . B B R T RHIR A IEIR 5 RTIER 2 ., HPA =4
HEAZRH a. b cHE,

+
mf () = 1+c (6-2)
sin(e) + b

sin(e)+c¢

sin(e) +

TE R RO R Hrh, R % a 2 it NWM RGER], TR b A ¢ U HGR T 256
P%. Wang 8N (2021) i 7 R IAEIR 15 BRI AR T8, 2R Bk
YO FE N BERS IS F 1-2 mm (RS . R TUEB AN S AR Z [ ¢ R AR

m;-hi

ZD, =ZD,-e* , =123 (6-3)

AXf, ZD, M1ZD, /0 HINERE A h A 0 B (R TAZER,  m ATe SR B &
o BRAELE £ h 1R LUTR 29 h A0 B 1R 48 28 1R 45 o
SD, =SD,- f h (6-4)

N TERER (6-3) oz, WIRAR f(h) Afadieks, Kb, SN h s
REOA O I M s O] DM T DL R 28Rk QERE AT RER AL (6-3)
XA

m;-h'

mf, (€) = mf,(e)-e= , n=123 (6-5)

B R B R B a T RAM AT (6-2) EIREN:
B mf (e)-sin(e) — 1
a=- mf (=) 1 (6-6)
b, b
sin(e) +-¢ 1+c

sin(e) +
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Bzl (6-5) AR (6-6), FTLIERIFEFEN h b (1) a RECAERE 0 1
INEESCALIP Y

2”: hi i i
a = _
1w e 103 (6-7)

a‘h ao 1_’_L
l+c
1 EANES L, NShAUEEA NS EiaEsE NN ER. HI,
PEH DU i) R 2 a 1) 3 BELFR BT LT 2

Z mi-hi

a, =a,-e" , =123 (6-8)

6.2.2 Niell SIERIERE R EY RES

Niell (1996) 7£ 1996 -4t 1 L5050 it J2 AE IR BRLSRT oR £ = AR AR 1R T7 1 (AR
FRON Niell B/, I R¥4 VMF1 (Bohm et al., 2006) A )54/ VMF3
(Landskron and Bohm, 2018) FrifiH. 7 VMF1 Al VMF3 H1, 7 =R Ik ik
A53 998 vinfl_ht 1 vmf3 ht. EFEREIE G RS R R

a,
1_|_ ht
bht
1
mf, (e) = mf,(e) + _1 = Zch‘ X h (6-9)
sine sine 4+ ht 1000
; bht
Sine+———
Sine +C,,

AP # e, = 253x10°, b, = 549x10°, ¢, = 1.14x10°, XLEHFL
I 9 A e BE A I BUE AT BN AR S, ANEAE S AN AT R Y, JF
£ 9 AP ERITHREAT I AP 23RBS 2] (Niell, 1996). b4k, W TERBGEELR B
SRR I RETESS (Qu et al., 2022), Niell B R ) S 3R #2 HEAT =i
R IE.

Niell BERUATT Fot—NERIERR, JF BAE S ERVEH AR H R R 8. =
&, BB R H—H SRR BRAE, A2 LLRRE MF 178048 1 . AR SR50
AT SR WU B BE BRI, K GOE AU BB R B a, SR E R R
NEYSEATTE W EiCE

a,=>» a-h, n=123 (6-10)
i=1

H1T Niell BEAYART b2 — AL RS, Fir DLSREG 2200 —Bir 22 T,
i FH B AT = 2 T B B — 22 = RO OB AR s e o i 3 8 a EAT AR I
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Figure 6-1 Tropospheric delay mapping function coefficients vertical profiles (black dots)
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(middle), and the slant delay residuals at elevation angle 3° (lower).

and the polynomial and exponential approximations (upper), the relative fitting residuals
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SEHGEEL T — ARG (45.5°S, 82.5°W), L TIXANEAE 0-14 AHEH
75 1) B B 200 KB 300 K3t 54 AT E &L MF &40 ah £l aw, 285 A Niell
L ERE) 5 Fi7 ZHA MF 240 REFEZENRE, BN ERSER MF /K028
ik 7 A e A ) /N RN 8 AT N ISP IAAS B, Tk iEId ERAS #HT
WERIBEE. B 6-1 R THIAER, 7R N ah () flaw () HIRLEZ
R, T EOAME RIAER TR ZE, R B SR N 3°I ¥ SHD Al SWD 7%
%o TEEREMNZE, HT R a A REGVHEELMNSH, REARSEIER
ANRAE S BRAUL G OR BT ASEES FHAERHE R 7R o 3 B IR X B 22 A FR S 2R A ik
22 NWM 1H 5 B 218 5 NWM BRI H 5. tbah, Seie R Bg 4R MF 76t —
SERMER R R EESNE, BR[N], EXEERE, 4R 50 ZWD
BN FEEET 0.1 mm, XEMRE XL /KR CEIEE M. ELi bk
AR IR HdE, RN T R X e S AR RS T AT e 28 3 TR .

MW 6-1 KF, UM BN B UL B, 204850007 AT AR R I Hu i,
G &5 a, X ah BRZETEF1%LAN, FEX aw FRZEFE £4%LLN . Niell 77 RIEMK
R R R 47, RN MF REEX — XIS bE S FE AR AR B 4 vk, H—
FOR T 8 A, Niell 7 MK B o udiB Ak, 76 14 AR, ah A
(IR X R ZE T 10%. Expl 7 RRILLL Niell 77 R4, FENIZTR%5E T A
mFEEHE . Expl 77 S0 Niell 77 RIS, (HRAA—IDINER, RIFEHE SR
B, ah/aw BIARX AR ZEAR R, T HAR I T RNBEA XIS . X = 1L
FIBL G I WA R B ARV ZE IR Bk 22 I, DRUONAE SEIO R B s VB Y, /KRR
WA T R R, FRECRTINE IR AE A3 R /N AL SHD/SWD 5% 2 Al LA I,
PRI RE P I B B 3G i 3, 7E =B Exp3 I Poly3 7 %H, RHEAIER
RECEPEFREETE. TEFEREMZ, BT Niell B8 X 1% MF /301
BT TAEIE, AT A aw (1) Niell J5 22 88 BT AME IE 45

RIPE LT ZAEIE (SPD) 1A FE AR i S A Y 11 B 1) S8 e s, RO MF &
FERZ IE B H bp 232w RS BE . SR, STD K5 5 FE A 2 A] ()5 RAS R M1
FIT LRGBS T A SPD RS FERACRBAE B R A T8 B ). PRk, SEgefE
T R E B AR ah/aw FRZEVE N ITA FE bR A — AR R = 2 A 3°01) SPD
R B AR D0 B B R = AR R D« BRI, B 6-1 1) SHD/SWD 4%
ZE e 1S ZHD/ZWD fEI k2, SR AR ZHD/ZWD 18, X5
BERR ZE S BOR, oVl B 6-1  pT R BLIIRE 2

63 HANKAMETE
9T WU REARTE, AT LR ML S R EIRRR Soxs°
MR, 0T 6 A7 RAEBIRERI R, AHT T BRI RBELE .
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PR 8] 1) 70 A 4R o T B B PR 2, SO0 HH WS R BIUR B0 ah A aw I 10x1°
(1] ERAS /NI S RIB BR VFBIREL, 5 7 AN B M /N R LA 8 N7 i), 5
56 v A S BR A R 8 b A ¢ 5 VMIF3 B ALHI[A] . b Ah, SEZE6 Hh L ER T 45
ERAS [T = .

6.3.1 FWEKRENLIKTM

F SR A R ZEAE G E I A IR FAHRTE  I SIS AR iR 22 (BRZE4E %]
EHESZHEMIED 1ERAHETaER, FRESEBEFFE BRI . Niell. Poly2 F
Poly3 J7 &5 RN 4Bk 73 A ILIE 6-2; Expl. Exp2 Ml Exp3 J7 545 R EERI A
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AR, ANIE T R IAE A T AN colorbar EE A
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Figure 6-2 Relative absolute residuals of mapping function coefficients ah (left) and aw
(right) under Niell (upper), Poly2 (middle) and Poly3 (lower) solution during 2021

#p 1 F EIE WS R B R KL ah T, Niell J5 A0 Expl J7 S 0] LAK FILE 25 1) 4
FEFASME, AR 2210 e A6 P X AR 3 K TREE E X 3. Expl 7 RAMIXT L2
b Niell 77 ZHIEAE S AAVEEN, BUE ER38 1.25%81 4.33%. A 2 B
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77 % CHP Poly2 F1 Exp2 77 %) W25 R AR AL, #2012 38 IR 0 AT RHE,
o ah [ALA R ZE 10 S B DX B LU AR AR X IR /I . B 7 R BUE 7> AR
Bl ARE L, ERRHIN 0.3%A01 0.35%. =BAIPiA 72, Poly3 F1 Exp3 I
LRI, I PLA TR ZEITE B B2t B, i — D NIRRT 0.19%. 12,
=B PR T R IR AR ST AR IR SS, TR AR LA Niell 77 % ) Expl 7%
— FEI 4 FE AR ORI o

L 01818 24 ah AHLE, IBAEBBU AR AL aw FARXTIR Z A5 R LY
BRI R M Niell 7RISR AT LUE H, ERASERIERHEL T, &
ZEAEFE R, WIESEERPRE, THREICER R ESA X, I EHhX
K2 . SUAHLL, R Expl TS, RAWMERRE, HHAR 2R
PLREE] 5%LL R o B IPAN 77 & Poly2 F1 Exp3 (45 RARF AL, HE(E 4 b
BRI LN 2.5%F1 3%. =K Poly3 HI45RIFMKE] 1.6%, 1 Exp3 K45 R
Exp2, JFEASBERKK, REL2.7%. aw K55 R A 53 1 I Ai ks
fE, iR X LA X B /N
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0.1 014 0.8 05 1 15 2 25

B 6-3 FEBRTL BB R E

Figure 6-3 Relative absolute residuals of mapping function coefficients ah (left) and aw
(right) under Exp1 (upper), Exp2 (middle) and Exp3 (lower) solution during 2021
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6.3.2 REGESSE. SEMEMEXMES

fEE T R ZE R T — & B4 BRI SRR AR O, R A b 2250 A
AR 43 FE AR RS BE AR i, IEAh,  SEERIEZ RS [RI3EAT T St 7. [ 6-4
RN TT R R BRPM F ZEfig om FE  REEAVE R H AT g s R
T Niell 77 2RI ZHUEE L AL T R ARG 2, N T HIFEIR, Y #ifE—
Be- B AT S

Kl 6-4 TR B R T @RS FER SRR AR Gt . 7E Niell 7%, ah
FHXH% 22 MR ) 0% T8 B BT+ 3 14 km ) 9%, 10 aw MR 0%k 1 T+
F| 6 km 1) 60%, SRIGUHBNIGKR, HGHRIT. XM 7 EREHRILIX aw 1)
ANEELLFIAFINAZAY, . Expl 77 1) ah ¥5BEAE 0-2% 0 Bl N3l , T aw KEFELE 6-
10 km Z [AIPEBNR R, FEHABEFEAEXT A, /NT 3%. Poly2 #l Exp2 77 %) ah
R BEEAN R 5 B 2 (R R4 AR /N, #7E 0-0.5% 2 (B350 . #HELZ R, Poly3 F1 Exp3
TR ah FEEZERAK, HBIE 0-0.2%2 (A3 5h. H4h, Poly2. Poly3. Exp2.
Exp3 J7 %) aw K E ) LFEAE ZR, KRR 3 Brsi Lt 2 B s i .

Kl 6-4 it BT BIROR TR BRS TS A FEAR G . X T ah, Niell 775
A Expl J7 AL, HREIN "U AL, RIUKS FEREAE 4 R G T BRI Niell 775
(RS FEAE AR TEHLIX 2178 0.5%, TEm L FEHLIX 2158 4%, 11 Expl 77 £ AME S
M2 0.3%F1 1.2%. Poly2 Al Exp2 77 SN FEAE &4 BE X AEH AH1EL,  Poly3
F1Exp3 (4G FEAE & 20 FEth X A AR ARARL,  DURR 7 SR H0 A 235 I 26 BEAH DG
P B 5 RIS FEL1R 0.3%, BN =B 7 RAE R ZHA R ERIRFEIRT 0.1%.
ST aw SR, Niell 77 2 HIRE M FE 46 90 FEI 20% 75 47 LT+ BIRE 46 60 FE 1) 40%
Feti, TEFA 60 BEAALA: 30 2 [AIZEARIFLAE 40% /24, SRJEAEILE: 30 FEAI
Jbeh 45 FE 28] FFE] 100%, ) 7Edbs 45 BEALLE 90 FE2 8 F R 2] 50%.
HATM G RGN MEIER 59, Expl T RREH—LL,

P 6-4 (RIS 4 AF B4 A AL BN R BRI RS 2, DU IR A
RURG BE (I RIAH G . AEIFR AT AL, AR5 %0 ah A FEAEAL 3R AN R 3k 2 []
B REZER, Niell %M ah KiEH B ENFNHIFE, FlbEREFHAZE
H, (EFEERA R E Fm . AM, HA AN R BENETERE. £
PR, ANF T R aw K5 FE A B E R ZETTMERME, Niell 77 R E R m T 43,
MHAR T M E R LT 435, R, R Niell TN aw KERILH
W 2= AR, R A6 BRI, B Rm TATHRE . thoh, A
SR 5 MT7 %M ah F aw KSFEAE — AR ARE, T H B, KR
Ufo ah fE—Fr. B A =B AN AR ZE 70 A2 0.8% 0.2%A1 0.1%, aw ££—
By B A =B A XS AR ZE 2 A2 N 1% 0.4%H 0.25%.
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Figure 6-4 Modeling accuracy of hydrostatic MF coefficient ah (left) and wet MF
coefficient aw (right) using 6 solutions at different altitudes, different latitudes and different
day of year of 2021 (Northern hemisphere and southern hemisphere)
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Figure 6-7 Modeling accuracy of hydrostatic MF coefficient ah (left) and wet MF
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coefficient aw (right) using site-wise VMF1/VMF3 GNSS as reference
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