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ABSTRACT

Recently, many studies have considered the effect of atmospheric pressure loading (APL) on precise global navigation satellite
system (GNSS) data processing. The APL deforms the Earth'’s crust. It can often exceed 10 mm in radial displacement. In this
study, we analyze the APL effect on Multi-GNSS kinematic precise point positioning (PPP). In addition, observations received
at two GNSS reference stations (DAEJ and SUWN) in South Korea were processed. The absolute position changes for the two
stations were compared to before and after applying the APL effects from January 1 to February 29, 2020. The crust of South
Korea was most affected by the APL in the up direction. With the APL model, the difference in daily position changes was
mostly within 4 mm in the radial direction. On the other hand, the horizontal components (east-west and north-south) were

relatively less affected than the radial component.
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1. INTRODUCTION

Global Navigation Satellite System (GNSS) A2 HA AT E
Hol= HHd o AR Qlar, xR 2sh= X4k 7%

Shat b Ake] $IXHEE S AT 2Tk GNSS A5 2]

H EE 0 ek Fi ke 94} R 450 9tk o] @
ARAEE PB4 vEel 2 4 D ulEA
JekS £} (Li & Geng 2019).

A& 2] 7]¥¢] real-time kinematic (RTK)L FELLE= &
e AAsI £ £F9 YAFFEE 4& Utk 1
U AddhE = 917]¥ Q] precise point positioning (PPP)&=
RTKef| |5}

Fefsfiorshe extRYSo] Wrh A2 A (Earth
tide), slF%A1(Ocean tide), =34 (Pole tide), 18|11 | {F=
(Troposphere) 58 A1, YArd=] g3} (Phase wind-up), 2x}3}
o]A}e] A 2] (onosphere) $2} HElEo] AW GNSS 2247
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xR o) AFGE AL QlTt. ool & A Fehr|t e olgt g
AAztg 2 2]of] 8= 2 ¢t} (Dach et al. 2011).
tl| 715} (atmospheric pressure loading, APL)o] 2] 3 513 9]

[l

Hlolghs AL QA RE A= cHDarwin 1882). APLO]
o)5} 2] 2.9] ¥H5-2 Global Positioning System (GPS) $]x] A]A|

oA & A== v} 9lck(van Dam et al. 1994, Dong et al. 2002).
Sh7lskgol ole 2| o] el tie 10mm o)4F 23 4 9)
t} (Petrov & Boy 2004). T3 2447 7| ol A ol 4-2H ]
L 20mme] £ ot TenE golekEe GpS P
X| @ 2fo]| 93Tk = 4~ 2T} (Steigenberger et al. 2009). o 7|5}
Zo0] Z7}shH GPSQ] sk ¥l (downward displacement)7}
ofubal, oleh= R E ti7]shFo] rash A Ql(upward
displacement)7} d ot} Wijaya et al. (2013)-& tf 7|2 10
hPa xjo]e] HA1e A7ko] oF 3 mme] 4]ugle} Zrim B
gt v} ¢lek. %3 Urquhart (2009)-> PPPof|A] t7]5}5-9] S3+5
B30 71 9]x] @ X}of thgl root mean square (RMS)7} 2o}t
¥ 39} Dach et al. (2011)& A2 GNSS 2F2 2] 2] o] 4] APL
02 10~20%2] YN SErt e S Boloh 123 Yue
et al. (2020)-2 APL B Fof = Fof Q1= GNSS 7|&==
o] 228 9] AlA o] F7]2} F1Z o] WisjollA 2ol A B
th 152 B3 71559 AU A8 X oA APLe o3t 3]
H9IgEE 2t oF 15 mmo] o 2.7, U 153 mm 45
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52 & GPS 4] AJAY E& GPS 2227
F T& BT & AFollAl= GPS o]9of &
7} o2 GLONASS, Galileo, BeiDou, 18] 31 QZSS H=2218 &
z]2]gtc}. T3t Vienna Mapping Functions (VMF) g]o] €] Al e
Al A|-&5k= APL A B& Multi-GNSS kinematic PPPo]| &-25}0]
SHRsE EA% 28 a S =l fXIT TR oA] dof
% GNSS 7|&=9] TSR E o]&sto] APLE A§3517] dat
of 71&=9] EHHsLE FA|H o 2 A|Alghct.

o

2. STRATEGY FOR APL MODEL AND MULTI-
GNSS PPP

2.1 Atmospheric Pressure Loading Model

E o Lo]|A]= Multi-GNSS kinematic PPPoA] APLe] &1}
£ BA517] 98l VMF dlo]elAlE] (https:/vmf.geo.tuwien.ac.at/)
oflA] Al Fohs AFEES o83t APLe] o3t a7+ ‘tidal'd}
‘non-tidal’ A4 02 FRE 3, o]2|dt A5 4] D] A&
2)gkd ¢l o2 BE] AREC} (Farrell 1972).

U ) = [[; Gr@) (P(7y,t) = Prey) ds O

01714 Gy(y)= Green’s function®] 3, P, (7,1)2} P, A= 242+ 2
714 (Surface pressure)a}t 7]& 9F& (reference pressure)o|th, 3
W Qe 6417 7] AIZbSAFE O} IxI°0] BRI S 7
=t} 18|31 7]& ¢E-8 European Centre for Medium-range
Weather Forecasts (ECMWE) 40 A&l A1 82E o] &3lA] WHE
071 Global Reference Pressure (GRP) R@l 2 HE] A},

APLE & (diurnal)a} ¥+ (semi-diurnal) F7|& zr1 9
om, Ao A B FEFTV|E 275 Tk weka] APLY
‘non-tidal’ /g -2 th7] A o] W 27|21 X =SS A A5}
o] AAFsH} (Ponte & Ray 2002). VMF d|o|E]AllE{of| 4]+= APL
9] ‘non-tidal' A Z T1&]& 1} (https:/vmf.geo.tuwien.ac.at/
APL products/GRID/) =+ GNSS 7|&= H 2 (https:/vmf.geo.
tuwien.ac.at/APL_products/GNSS/) ufj 6A|7talc) ot 2 A+
ahe} 2 Q7oA AME3h A FALEA S (Center of mass of
Earth) 7]& 0 2 A4 GNSS 7]&22] ‘non-tidal' AF2S A
$31, 71 A& oo} e

a. Station name

b. Modified Julian date

¢. Up component (Z+]: m)

d. East component (£9]: m)

e. North component (£+$]: m)

VMF dl|o|EJAlE o] A] Al&sH= APLY] ‘tidal’ A8 = 37h¢] &
713881, 82, S3) o2 FAIFL). SI, S2, S3 JE-E Z7 244]
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ZF F7](diurnal), 12A]7F F7](semidiurnal), 18] 11 8A|7F F7]
(terdiurnal)-2 oJu|sit} 1a]11 ZFzte] F7)4BEL sind} cos
Sh4-0] ZRRENS ZHoch Wb tidal F714 R FHEA
(Up, East, North)el| 4] &-g-o] 7}5slE 5 4] ()9} 22 ¢AItH
2 3 187]9] gho] AlF-Hrt.

S$1sU,S1cU,S2sU,S2cU,S3sU, S3cU
S1sE,S1cE,S2sE,S2cE,S3sE,S3cE 2)
S1sN,S1cN,S2sN,S2cN,S3sN, S3cN

o714 s} ci= 22} sindh cos g0k Bale] Qi F7]4 el
o} weha £ AP tidalol ofsk SIAAEE 1S 4
(3~5)% o] 85}o] A¥sIGiLt.

CorrU = S1sU *sin(T) + S1cU = cos(T) + S2sU * sin(2T)
S3sU * sin(3T) + S3¢U * cos(3T) (3)

CorrE = S1SE = sin(T) + S1cE * cos(T) + S2sE = sin(2T)
S3sE *sin(3T) + S3cE = cos(3T) )

CorrE = S1SE = sin(T) + S1cE * cos(T) + S2sE = sin(2T)
S3sE # sin(3T) + S3¢E * cos(3T) (5)
SN

H}s

gl

ol

71X T+ mod(mjd,1)«2noll &8l A4I=E AL, mod
modified julian day (mjd) Zk& <A+ 12 Use U] Zh
=g

o g

2.2 Multi-GNSS PPP X}2x{2| 4y

Multi-GNSS kinematic PPP A} 8§ %] 8] &= stz B3¢
(Korea Astronomy and Space Science Institute)oj|A] 7t
S} Multi-GNSS Analysis SoftwareE AF&3ch B2 Lo
GNSS 7|&=ollA AlEE BE AdTHAIA ] R4S
2 xalgict Al solli= GPS, GLONASS, Galileo, BeiDou
83 QZSS7F ZrE L 18] 37 Multi-GNSS PPP 2FE ] €]
£ SN BE ol87bs s Rl AEel S 9] Al
%=} AR 7} " asic} (Zumberge et al. 1997). 32 Multi-GNSS
Experiment (MGEX) AF&&& AlFste BA4E = & 7719
Z13o|at, 1 FollA B FHAd i FEE AlFshe 7
T =9 ALEYP T4 (GeoForschungsZentrum Potsdam,
GFZ)¢} $=-2] Wuhantjg} olct. 2 Atolxe =Y GFZe]
A Agshe A&4HEERapid products)S AHESHCE. GFZo]|
A1 Algshe MGEX A=l g 1ZEeate] AMEE-2 GFZ
golel A E] (ftp:/ftp.gfz-potsdam.de/GNSS/products/mgex)2}
u|= NASAQ] glo|eJAllE (https:/cddis.nasa.gov/archive/gnss/
products/mgex/)oflA] & th-2 =7} 7155}k

PPPL o] Futio] BEXRE o] gale] HelHe] A
2312 A|Ask= Ho] #A o] o] 9JslA GPSE Liz} L2,
GLONASS+ L13}+ L2, Galileo+ E13} E5a, BeiDou+ B1¥} B3, 1
231 QZSS= LI} L5458 AHE-RHTY

BE ZHAE 417] SElve] Y45 A SA (phase
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Table 1. Processing strategy for Multi-GNSS PPP.

Item Models / Methods
Estimator Extended Kalman filter (EKF)
Observations Un-differenced ionosphere free linear combination
Signals GPS L1/L2, GLONASS L1/L2, Galileo E1/E5a, BeiDou B1/B3, QZSS L1/L5
Elevation cutoff 7°
Sampling rate 300 sec
Satellite orbit and clock GeoForschungsZentrum Potsdam (GFZ) rapid products
Satellite/Receiver PCO & PCV igsl4.atx
Satellite differential code biases (DCB) CODE monthly products
Inter-system biases Estimated as white noise, GPS as reference
Phase wind-up Wu etal. (1993) & nominal yaw-steering mode
Solid tide, ocean tide, pole tide IERS conventions 2010
Receiver clock Random walk model
Ionospheric error Eliminated
Tropospheric error Zenith wet delay estimation with gradient parameters
Mapping function VMF1/GPT2
APL VMF data center products
Ambiguity Float

45°N

center offset, PCO)x} ¢JAI =AM 3} (phase center variation,
PCV)& igsld.atx ool A] A g5k & 4835t GPSet
GLONASS: L1z} L2 Fmhgeo] thst PCV FE 7} A2 3 Q)
Z|9E, Galileo, BeiDou, Z12]a1 QZSS YA o}&|7}1A] Z+zte] 3=
JJr—r°ﬂ Gl PCV HEIL AFE AL QLA oo, B AtellA]
= GPS PCVe} Zthar 71519} AP § vH(phase wind-
up)el] TiEE BAE Wu et al. 1993)0] 5 9 H 8w

83 25 GNSS YAIA| 2] zFA+= Norminal yaw-steering

o IS
< N
z b4

w
2
4

Geographic Latitude (deg.)

wet shgsiginh B8 24 (T, Y, 3) Ene] By
International Earth Rotation Service (IERS) conventions 20100]| - .
=1 ] O Q35 115°E 120°E 125°E 130°E 135°E 140°E

/q rﬂio]’t EES A]— © ?‘h:]— Geographic Longitude (deg.)

Mulit-GNSS PPPE= tH29] 5841 9 2}1= slLte] =4

= o N :_ oo o]? 220 o ;E = ZSH Fig. 1. Geographic locations of two GNSS reference stations (DAEJ and
F2A I E ohal, FEAALA FH S s AL g5 SUWN) for testing APL effects, which are marked by the red triangles.
ako] 27119] gradients ¥4~} $HA| AMAFSFS~E Vienna Mapping
Functionl (VMF)& AFg3ith T35 thH2 o xp53o] 7] &2

Hog HQ3st W2 o thr]a & Global Pressure and Nomidal
Temperature 2 (GPT2) R@lof|A] AAJEl AHE o]&3lc} 17 e i ‘ —
11 2 5 4(ambiguities)= extended Kalman filter (EKF) 3 7] — N
of| o]sf A4kl A 4=(Float solutions) Fh-& ARE-SHC}. Mwﬁ

Table 12 & 1 7-0]| 4 AR&-3F Multi-GNSS PPP 23 4] 2] HhH
S A& AAISHA 71T A oloh

APL (mm}
@
c

-5 L .
5
3. RESULTS AND ANAYSIS _ ) S
E Py
SWE ol APLO] )2t BTHE BASH] o) 2020 1 o MW S
4 1958 29 2990714 5 E91 o7 (DAED)T} -2 (SUWN) <
FA 7| E- oA $41H BEAEE o] 45F4 Multi-GNSS 5 ‘ |
kinematic PPP 2}5 42 & 4-3sI3ich A5 29| sfi= v 5& 7F 0 10 20 30 40 50 60
Aoz AbaEn, 2% YYsi 95% A= Frell A Haghe DOY, 2020
Z430c}h VMF g|o]EAlE o A= AEJQ} SUWN7| &3] o Fig. 2. The APL non-tidal effects at DAEJ and SUWN stations from January

1 to February 29, 2020.
Sk APL9] ‘tidal's?} ‘non-tidal’'e] A HE AR5 E3) non- Y

tidal g o) 6A7 7L R AT to] BHA] u}
£ ‘non-tidal' & AHg317] SIS 2 Aol HFuIY Fig. 12 B417 F91] 91215131 9l THIHE]A] APL]
2 H g8k F& 2457 9180 A3 249 71EF, DAEISH SUWNe] 9
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Fig. 3. The APL tidal effects at DAEJ and SUWN stations from January 1 to
February 29, 2020.
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Fig. 4. The APL non-tidal and tidal effects at DAEJ and SUWN stations from
January 1 to February 29, 2020.
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A2 U 0]k 5 ONSS 7|85 J4d7 ) oF 10l kmolc,

Fig. 2+= 20204 1Y 1Y FE 2 294 7}%] DAEJ} SUWN 7]
E=ollA APLO] ©J3t ‘non-tidal’ &5 AIAIE R LERd o]
t}. 18] 37 Fig. 2a+= APL2] ‘non-tidal’ 4] £o]] 2|5]] DAE] 7| &=
o] /d& WEAS Uehditt Fig. 2014 & 4~ ¢1%°] non-
tidal 488 A2 A7) 71752k 4 mm 204 2] slo]
Fe £ A & 4 ek APLE non-tidal’ A& ILE=RRHU)
T FEERFN) Aol E 4 T vl FANRHE) AR
© DAEJZ} SUWN 5ol 1 mm o] 9] -2 g}l Bol
Qich mESH Fig. 2b= SUWNE] APL ‘non-tidal’ %3S LER 2L
Qlth. SUWN} DAEJO| 419 ‘non-tidal’ 9 -2 uf&- SAlsH E3
& BQIT} oAe F s1EATe] Asl} A e JR) o
=

Fig. 32 Qb4 7]&3t 4] (3~5)0l 2J3)| A4k APL9] ‘tidal A
AAE 2 JePH 7ot} Figs. 3a,b: ZHzZF DAEISF SUWN
ol A2 ‘tidal’ S <]u|gtct. APLY] ‘tidal’ Ado <]t

=
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[e]
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N o

2
rlo
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Fig. 5. The absolute position changes for the DAEJ reference station before
and after applying the APL model from January 1 to February 29, 2020: (a)

GPS-only kinematic PPP, (b) Multi-GNSS kin-ematic PPP. The numbers in
each panel represent the average value.
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AEFE) 7H 2H2 Ge FAT, ftidal /g2 RN
oflA 7Hg 2h2 ATt Li et al. (2018)&] A4 1}
w2, o]2Rt Adwd Ao

ebd 4 ¢Jo}h =SF APLE] ‘non-tidal’ AJE-o| ‘tidal’ A]&of B]5}
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Fig. 4= 2020 19125 29 299714 60Q E<F ‘non-
tidal' 2327} ‘tidal 452 A5Hslo] AITE APLE] RS A7
Y= vehd Zo|tt. Figs. 4a,bi= ZH2F DAEIS} SUWN 7| &=
o] APLYZS eluf3ich. Fig. 4oll4] 2 4 glto] APLY] 1A
29l HF}EAL Fig. 29] ‘non-tidal’ ¥iz}e]| Fig. 3] ZF& ‘tidal’
2714 5o0] A3 Yl =k

Multi-GNSS kinematic PPPoj|A] 2] APL ¢J5kS H.A517] 8]
DAEJS} SUWN 7|52 4415 a2 S 2k2} 223,
2] 3 APL 2elS Multi-GNSS kinematic PPP 2}& x]2]A|o]] 28
a7 23} o]l 11} AUTkSIR ALIYCE DAEIS PPP AR
Z]gJel] GPS, GLONASS, Galileo, BeiDou, QZSS #ZA17 5 A
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Fig. 6. The absolute position changes for the SUWN reference station
before and after applying the APL effects from January 1 to February 29,
2020.The numbers in each panel represent the average value.

3131, SUWN-2 GPS, GLONASS, Galileo 3+&2}2 2 A1-23)t}.

Fig. 5= APL B3 2.8 H 3} Sofl DAEJ 7]&=2] ddThe] <]
Ao ARHSE ol 2=z 2 Yepd Aot} YX|9S} g2
&4 (East), E&-(North), 12|31 3% (Up) WeF A EOS 2 Lo
AFZ | 9it) Figs. 5a,b= ZH2F GPS ©% PPPS} Multi-GNSS PPP
of &3t A= oJmlgic} GPS TEo|uk Multi-GNSS 2FE.4] 2
ofl Al APL A& 1} 29| 9]x|¥5}= vl FAlSlT Fig. SaclAd
s ® AR A Y Fig. Sbet HlasiA YR Fkoll e &

& 3Jol7} 9l A & 4 Ak Fig SoI4 Aok Rkl 9
A4 e APL 28 2§ A3} Fob vl ws}o] 5 2 mm o]y
o] Afolg Beick. W TENHGES Ho oF 46 mmel £}
gk E3F o] 71k 59k DAELS B4, W, DAk Bt
Zko] 7k} 0.58, 079, 196 mmE AFEE|ic} Ax}2 o 2 APLo]
DAEI®] SLEHFeF Aol 71 2 933k FeIthe 21 & 4 9
o}, bl SAMR B APLY] G5RE 71 A okt 1

A4 2] GPS 7|E=oll Al APLO] ofsf

o
olsj, FHEG 1
9 FFL WL, ASIE A

A AZre] 1% AlEo] A4 2d] 10 mm
oJol A= 4 mme] ] zhH ©]7} uhagict,

Tregoning & Herring (2006)& 7AW GNSS AF&3]g] AX

EffloIQl GAMIT/GLOBKe|| APL] ‘tidal'2} ‘non-tidal’ A&
Sl A aslo] 7|22 TEUFSE MElS Hasllc) 150
2004950 250} 1o ToA] YUY Hof 42¥2)7} 18 mm
o] EErlaL, HEA el TH 7]0ro] 2He WEM o 2 ol
?‘E’]O] /\X]H —r]7]' —6‘14_1—-94' _T_’_«,—]_,__Oﬂ H] oH Z}—(})J]\-E]._L‘ Z_“A]_(;ED]_. T
3} Dach et al. (2011)-& GPS &0 APL 92 18L& o =2
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o4 e 44 S ot Hlaste] dY HA|HEk tist 2fol= &
g 2 1 mm oJuff, $EUERE 2 mm oW, 28] A%
HFEES 4 mm O]LHQI Zhe Bolt 60U 7t YA Hstol tigh Bt
e B, EE, 1ol ZHzE 0.56, 0.66, 1.85 mmeolct Y
ool o] wislel A 717ke] HHEE 1S o SUWN 7|&=
2 DAE] 7|&=t3} APLO| G317} ufj ¢ GAFSH A& & 4= ik

DAEJ3} SUWN 7]|&=2] k5 42| A2 HE $-= 3
7t Bt SHEE 9] 217k APLY|| oJ5) I =RFsFo] 71k & o

N
ol

Fg oy, FEARE 183 AN o2 GS Wttt
A4S G 4 Aok 18| 3 sHt=el A PPP 9]X]4d &l o
Sk APLS] 32 Petrov & Boy (2004)]] 2Jsl] AA1E Zate}
Z A x| Fct.

4. CONCLUSIONS
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