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ABSTRACT: We process GNSS data recorded by a network of receivers that are operated by several domestic
institutions in the Jeju volcanic island in order to monitor possible volcanic precursory activities. A GNSS data
processor is formulated to compute the position of the individual stations using multi-constellation PPP technique
and the performance of the PPP filter is validated by comparing against reference solutions provided by IGS. Finally
the three-dimensional coordinates as well as ellipoidal height of the receivers are computed from the GNSS
measurements that span from Dec. 2014 through May 2019 and subsequently three baselines are formed for baseline
analysis which extend to the north-eastern, down south and south-western directions of Jeju volcanic island,
respectively. Results show that the ellipsoidal heights of the GNSS stations located in Jeju-shi and Seoguipo-shi
are gradually decreased at the rate 0f 0.2 - 0.4 cm per year while the station near Sungsan-ilchulbong located in
north-eastern region of Jeju volcanic island sinks down at the rate of more than three times greater than the other
stations. Further research is needed to investigate the relevance of the elevated subsidence in the north-eastern
area to volcanic activities of Jeju volcanic island.
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1. Mo

Al dEAZ W9 34t (intraplate vol-
canism)®] oJ3] FAAH W& oF 1,845 km’E 712
Sl e 24 TEt A= A ol tis ot
&t A dst, e dEo] AdE o] Hrh(Won
et al., 1998; Oh et al., 2000; Koh, J.S. et al., 2003,
2005; Yun, 2004; Hwang et al., 2005; Koh, G.W. et
al., 2008, 2013, 2019). A== 7] Lol thEt |2 3H2]
Aol vlal] AlF=o skt 23} 7ol digt A
T 2 A FE2 AdH o2 A x23 Heldl 1 o]
59 shh= 3 AR B B S 2ol &
ghito| A B/5 7Hee B 23 xR sl U
Ehtz] k7] glEo g AlgEh T8y B4 o
AIHHA 2 A E AT 544 Ttk 919 A
Aol i APH oz Bk JSAE 9 Z(Ko
and Yun, 2016)0] A} o]t}

2 o TR PITALE Globel Navigation
Satellite System, GNSS)& o]-&3t A= A&
HE S WSk oF 5dof A% A HF AAE Hl
o|gof thaf| EAJstaLA} girh BRI A E HH S
322l 3t Hx A4 FY shtEA nkanto
e 9 s 22 @4 Soll o8l ob1E 4= e
o] 53] 3 Aol E4o $hA R]3E WP o]
el F9E sleng A ik E3} A o A
GNSS 9 |1 AE 23 ohFst A &2 gl A
2531 QIth(Segall and Davis, 1997; Elosegui et al.,
2006). o] ZHol A GNSS= @A A3 W3 &5
of 7 g2l ARGEL Q= A EHE S st
24 I TA o] 3RFAS A E HMFS cm 5=
=0 A= AR 4= gl o] 9o (Shimada
et al., 1990; Dzurisin et al., 2005; Cervelli et al.,
2006; Larson et al., 2010) o]of] &3t £31 4| T}
4 ZA8HOwen et al., 2000; Pauk et al., 2001;
Segall et al., 2001; Miklius et al., 2005; Poland et
al., 2008; Montgomery-Brown et al., 2010). $jo]
QA E ek AFEL SEe $2E ARE o
L3} batch estimation 7|¥<& £ AFE3H A
H2E PR oA FA 7ol 48
7hs st o]t Atk GNSS S Bo) AHEeh S
£ B4 RINEX (Receiver INdependent EXchange
format) ©] 30x ABE7 714 o] u]3] GNSS solution

o] 4k% W17} oS Wokt] o] HUE GNSS
solution®] AH5-S 913) 992 et 7k thar
WEo) B LS THOZN 030k HEL 29
2 9o ShA|3HC) UHkA © 2 solution?] AFE: HlE L
3 71K Y] At ol fngte 2 sk 3ot
Zo| S5 Hakets Aty A2 A
W7 e 274 71 E Ba) uet o AUshl
A1 % Sik. ol2jgt ol %2 1417re] AHE WIS
7}A]= GNSS solutiong ©|-8%F Ak 7HA] A7}
2=3)€l u} Qli=t(Cervelli et al., 2006) 7S] wzh
A1 AIZES] 4 WIS B4k ) Selshy wale 7
AlSRet] B2 5 gltk. njebA] 1217} olste] A&
HE=Z 7172 GNSS solutiong &-835H= A7 2
25 %= (Mattia et al., 2008; Larson et al., 2010)
g dA-tolli= RINEXSY] HEF W=t 242 302
Ei T ojslo] 4 MEE AT 5 UE 7HE
Z3el 2 ik, RINEX 157 W1 & 1 o]5}]
4HE RIEE solution B4 71 &7t 9] E=
T4 o] A 719 olehE Belerd) o AL Y
2] ¢ RTK (Real-Time Kinematic) 7]® 3} &
Huz gAsi A4 14 olEAE sIHe] A9
A% HE7} 127h Bl 2 GNSS 4:417]
o] AL AMZY uxE A HzzbR| 2| Y E3H
IMU (Inertial Measurement Unit)2} §-35}o] A4
29 WES S Hy o) B4k 2 7Hs i
o4+ RTK 71%1& 100 Hz 4157 ¥IE 9] :417]
o} AT A% o) 50 Hzo) Tt HEE 711
A 2ysH s} o) ohal 2ol 7Ps st

o8] GNSS =9 7|¥ % PPP (Precise Point
Positioning) 7] S A EHE 55 EF5t
of ThFeh Rl R RIF A& WIS 4HEst=T|
83t W el RTKeF g2 Y 47|12 2§
7FsshH A& g A Eo] AFu o
=o] 3 FA ] WA o g Hert 7N A &
3] f-&3ith A 20E EFES GPS HlojgH=E
F2 o|Est AIE AREstget AR ul= GPS
Qlof| = 2]A]o} GLONASS = thekFst constellation
So] 27Eiglom B B2Y P 2T
KPSE &4 o4 Zof 3le] GPS 9lo] e A5 = 3
7 Eg3He th GNSS B4 S Agto = 914
o 7H1 A4S eol3 A2 o) AT Ak
Aol wiErHE o 2 oy,
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E AP A= HA thE GNSS glo[g & o83t
PPP 7|4k 2|3 ¥ 4h2 e 9] 74 {jle] tf3)
71&3ta, 7itE HEE IGS (International GNSS
Service) Hlo|E| & o] &3t A5 A5 T3 2

o= T

o} Al=T Yo AX]E GNSS 7|22 YEY A
A AFEE dlolEE A st X3 ¥E 33+ Al A
g 9 714 A £ 2IE A A

2. 41X

UA A HE & AFe AFE A9S
L2 st AlFes AR A EopA]
o] WS, FE] SR, Wetr] sk R 3t
73] 718kt Qo AT ol SHit-E-2 53l
2315 8o thFE shAol Ao sid f=
-2 3ol Z]Rkehe] A dE ke FER
23, e, A A A& v FAksik Al
&= SMHEE AIEF A719F dAJShE AAESY FA
A7l A2 D 1AESH A+E B9l o
A+ 211 1.88 Ma (Kim and Lee, 2000)9)|4] 1.66
Ma (Yiet al.,, 1998) ZFE|, k7 FA| XA 0] T&
&L = SAFO K-Ar A A= &) 04
Ma®] 7 BAE 7M1 §hZo] FEA Lotk (Lee
et al.,, 1988), T A F AlFFolA 52 4= 03
Ma7tA] = E|Z o] ZPEUSS AAIZTHKoh et
al., 2008). A ¥ 9hd F2t ®Watr] /71 7] Fet A
A|A Sl 9] ¥M3KBintanja et al., 2005)2} A==
= T A HA=E st AFZFo] 54
e 717 et A9 A i s Eof &gt
A 2 B 2 o] Wil IS & o ok weEt
A A2 HAA 4 71t SEE E S
35 PN = 93T} ALt 2 ) g
730l A 9] EjHzgo] ol 7)7tol AA AIFE B4
45} AElo] AIElo] $&-& X|ATRteKSohn, 2004
Sohn and Park, 2004; Yoon and Chough, 2006;
Sohn et al., 2008; Sohn and Yoon, 2010).

FZoll= AT MHES “AAEZST S 7]
02 37 E3Z FAY 357 (stage of syn-
depositional volcanic activities)2} E|& o] % A
&5 7](stage of post-depositional volcanic activ-
ities) 2 st Aol AUME U AHES EH
SAI 3HEEE7](eF 1.88~0.5 Ma)+= Al HESY]

A3 20|34 Adie} AAgE 1A A7] HAEoR
HojA 1 Ad(eF 1.88 Ma; Kim and Lee, 2000)
B2HE 1 o]F AT O E BIRE 33]9o]
L AR gebo] sk EAF AAEZSl &
AstAY 2| o] &Y= (lava dome) o2 4HE5}
o, HFH o2 AAEZZS 1 &S| o] 7R 9 3}
4HgHE 7o siggtet. ojuf AFZZ oA Thekgt
FAkigE 9 a3} sl g o o3t s MEe
FAE 7HIH, S4LE EUARY HE2 W =
A &o|a ZHd Al FHikgEo] AL, 1 A% o
Al sfRlel &8l s EAS2 B A2E= 23
s GAIgE AAEZS EF o] % 3HHHE7](0.5
Ma~&=2A))&= 35 Tl Yafl A= X Fo] e
B 8ol =2 57| AEste, o] % &S] A7iE &
A E o2 S oA BHET &4o] AAES
< Y& A Y A= AP o|F= A7l
SRk H|E EEATE St} Al S ol A ahaf
H & Aoy fe44d/d 28 (hyaloclas-
tite breccias) 2] AF&-2 o] 717+ A|FE F4 j4H
of wigo] e W Achs 5718 ANT A7
E3e| T BAX N ATESE BEelT Qi
Ay o) @RQF ZHQHISH 24 9] G942 KoAr
Al A= ol 93l 0.41+0.01 Mag]o] &4 glout
(Lee et al, 1989), oi2j5 L 245 aigtrlol 2
she 2RI BRI TR 240 &
ok-2. 77} 485+19 Ka, 403+9 Kao|t}. o] 7|7+ A7)
32 47 75 SARI AFTOIN A A
o] FAF EEdt= AOE n|Fo], AFE HHo
AA 242 s43kigEol o] APEH IS
= A Sie7E A3 @2 Fietell s 4
SHitghE o] AL E JTH |, A 4E5 53 | A).

A2 AFEY 7|9 E S5 93t
ukmk 7)1 F ohAshe A4S 4 BE A A
W7t =EEHP oY A3 Holg £ 59 olf2
ATE RE Sh= £ofolr 0|9} HES A A
F=9] ks A7 7Hs Aol gt At Ay E
= 7o) wEe o2 AR E,

[=IR

397 Uy

A 7]&3 |2 B Ao A= GNSS PPP 719
S ARESle] 331 A & HES ARESH=T] PPP 7]
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Ho| 7 WhAof tfsf 7] &3tch

PPP+= IGS Hd A=} o] GNSS 91459
AR L A7 eapse] it AEEt FRE 0|85
o] GNSS Blo|el £8) $417]2] HES cm 52
o) w2 A&k WA old] ErkE GNSS 3w
=9 ¥2]9l RTK (Real-Time Kinematic) 7] o]
vl $=A17] 1) Tto 2 7153tct(Lee et al., 2013).
weh W2 e AU 298 43T 4 3
= o] Qow B4 FA2 Flee sHEy
23 AR 7ME el v RTKe] 55
2417] 20 oA MR SHe Tl TG 7H) 3
22 olgRE t7] 03k 5 47 AAT % 2
o] AAIZ Fol tl$- golgk HhA]o]chHofman-
Wellenhof et al., 2001; Lee et al., 2015).

PPP 7|8 GNSS X137} 7] o2 Au}sld
A Aol sl Ast= AT AdS AAT]
{3l o]F Fuk4= GNSS 4155 A3 236t A4
gHL3 AT E o] &3trh o] RS AES A o] Fut
g YEA ] 7] "ol FA ol Fuka Az
£ 018 BS AT AHS 4T = 7] W2
olt}. o|F 4|02 FH| 9J8f oI5 Fal GNSS
S dlofE & ol e}t o] AT 4= =1l GNSS
tlolg A2 9 I8 7@ T Y L A &
¢ FEHLO Tee et al. (2015)2 F1ste] 7]&3lch

P =p5 +d8° 8, )+ IS, +T5 +b,, +0F +e,,

@, =0} +c(§S —é‘,,)—]j‘,", +T7 +N, A +B,, +B’ +¢,, 1)

Al(1)oll A K32 Si= GNSS 9= QJn|stH of
P A2 F ARAYI A= A7 HeEt L FHA
%l i ¥hu Fukaes oulsl=t] 19 B9 15
GHz¢l L1, 29] A< 1.2 GHz¢l 1.2 = gojg&
Uepdit}. P 9} d= GNSS = Hlo|EQl QAL A
2|9} vkgat glo|B & ou|sh=t| oAtA = AR
517] 41 Al s 0] 9F 1-3 m =Fo|H vt
30 HlolE = 3 F0] YAEAZ | Hlsf 1/100
o|st2 R} FULt S Hlo|El WHH w|x] F4
N o] Zgte]o] glof olF AASH] sl F7H
o] gt ddo] gt} g PPPe} RTKE
ZTRE GNSS A 29| 7He F #5 HolHE

B2 A1gF 21014 BE g2 ojxlele}

St gole cleirbx A2 FAE Yu 2
e SATR P Sok AT 7]5teH A2, 9]
2 A @3 579 A7) A 93} 5,8 BT F
B o2 F G AF AL L HRF AT, o
AR 2he ¢ 9 W e £ Uehiich, 27}
2 B9} b 247 oAARIeh W g el
23t e gel BAE ofnjgi

4719 0% F3ks AAY H Wt Hlolg
£ olg3o] L3 Ylole g Eashel thaw} 2.

B=a-R-f-B=p+d5 -5 )+T+e,

D, =-®,—f-O, = p+d8* —5, +T+C,+€, (2)

A2 AR e L3 el 2lef vt o
oEE ehhedl o7lN Aast fi A4zt
1R =12 17 /(7 - 12) & bt fis 9hA
74 1 W) Wt Euhele] L1 8 L2 Fj
£ Yol AUk A% @ o} fi= 77 oF 2546, 1546
o] Em & o} fO] Y2 10| B2 Fuks OEA0] ¢l
= FE2 L3 23 Agsirizte 2ot gl
o = Qloh A (2ol GE @ =2 L1}k L2 vt
50t tlo|g 9] x| FeE 2N FOoEA L3 2
ol oz A4 FE ) k& 7HIA = 54 L3
phase ambiguity 2 A3t} B3I} b= L3 2§t
o8 AARA] koLt AL Tl A AlA] 23be}
Fo] BrHselnE BAHOR 13 T2 dlojeio]
A 002 7Hgi

2 dtolA 85k BS dlold= A2l F
1%l L3 glojgo|m o] A|s}r] Sl AAD] &
Aol A cycle slip 5¢] o4 dlo|E€l& A A= 1}
2 ARk GNSS 914¢] RS} A2 2h= IGS
Final ephmerisol| A Al g3dh= 72 thYd ko] A&
SRt H7 24 398 B AEos e o

ol 241719) ZHEGE TRo] Sal7] XA 0,
&3 A F £5712 Qg 55 A agt, 12
A4 P2 07 L3 phase ambiguity & A4 v
24]2 =2 Weighted Least Squares T+ Extended
Kalamn Filter (EKF) 52 F2 &83}=d 2 A
oAz EKF2 28313{ch. EKF W) AMehe 2

%7 D2l Kalman FilterS u] A& £4|o] 283}
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7] Y3l =735 Fefolct. Y E kA Hlo|E & o]
23}0] AF&E state vector x(k)Q} covariance P(k)
= 0= A 3)2 2ol @€ = Utk

X(k)=®(k)x(k 1)

P(k)=@(k)P(k-1)®" (k) +Q(k)

K (k)= PR & )HEE)PROHT (k) + R]"
R(k)=x(k)+ K(k)z(k) - h(k)(x(k))
P(k)=(1- K (k)H (k)P (k). ©)

ol x(k) iz 417] 23, 5417] A1) 23, Th
A oR 0 U459 94 REHSER T4
£l o5 GNSS9| A9 =417] AlA| 2217} con-
stellation ¥2 z}o|7} Qltk(Hofman-Wellenhof et
al., 2001). o]A AL BAF o2 GPSE 7|[&#02
FA7] NZF A5 A4Estal GLONASSE H&£3%H
T2 constellation}2] 2 X}= GPSo|A] A4S A
7t 2A0] ool Akl WAlE Agohzs 2 <
FOIME 2 WA 0.2 GPS A2 A\ 417]
22}, 1831 GLONASS A|A#®] AZFat GPS A&
o X|7}ate] o] S whadel gzt o] SAlom

Aot o 2

X w
_[ S ps } b,
where x . =|y Xew = Xio =| 81 Xamp =| ¢
A r0-6es i
by
N

3719] A@)oNA X, FA719 AFFARE
Alel x, y, z &, Xz GPS A| 27 Azt Tt A]
7} 2242} GLONASS 9} GPS A| 2"/ A|Z}7He] 2}
o], Xz VIR AT A & A AT B
9 55 okl thigt % T, 22 Xk
Aol T3 914 N Vool i @ 9 28
B9 WEE ou|eith

upx|ato 2 Zht WE 52 3k process noise
tuningo] Q3| 417] 2E 4SS 918 kKA
A RAA k+1 A A - o2 Z13E 79 =aeghe]
&t process noisex= T3 4(5)2} Zo] random

walk process2 @ Ec}.
X pos kel — Xpos i T . EququJ= Q(k): diaglq_‘Al a.A qZAl] (5)

A710) AollA] 414,45 HATORA L 7

2 A% & lod 729 Ye 9| Qk)S F3 state
vector 2] covarianceo]] W4 E c}.

3719] A S o83t thE GNSS PPP ZHE
T3 1GS A =L E5) GNSS 914 7
= 9 A1 o3t ks IS AZ FH RINEX 59
YO 7|25 GNSS TS Hojee axpgon
Aglste] s dlolEl 7|7l gt 4=417] 9 32}
x| A A E HIE 4= 4= o

4. &4 1}

oA 71&%t PPP BE Y A5 HSS Asl =
Al GNSS ABIA(IGS) | A 4HEdhe Y GNSS 4=
2171 #4322} PPP 35 H|w3k3ie o5 H3f IGS
HIE{ =] ZH 2712 GNSS 41715 A 98t
<t 22 v]=9] NISTo|A ¢ F¢ AMC29} g
=2 FEAYFELANA ¢ 2 SUWNo|th
T 71E=E2 IGS TS5 HEYZ 2= 3
om YEQFS P 7|&=E52 IGS 4151 Analysis
Center (AC) =0l &8 F3zgko] Akt=Ela 2+ AC =
oA AR =Sl el 7154 Fats ok F
FTAQAIGS 2= 37t 2= o F7)4ez FxH
ok T4 IGS HE = mm +E2 =S 7|
= AR dEA gleng & dAtoA Azt 7]
o2 AR 2 89} IGS 23 oS v g o=
A Akt #3239 AY=E A5t v A
Soll AR&-RF GNSS o8& 20149 124 197
20183 34 314714 9] RINEX Ho|E¢lH]| g 7]
Zholl th3fl IGS 23 sf= wE 7|te] A Fi&
UL LT 7)Zbo]| ATt AlF o] A lo]E
717kl H3t vl IGS #H&sf7h AlE-d 7173l
8 45| 73t

I3 12 AMQ2 7|&=0]] tigtECEF (Earth-Centered
Earth-Fixed) X, Y, Z #%2] A| A<D el Al
ol 18 1914 E&5= 34%°] PPP &3 3= process
noise intensityE ¢ = 1x10” m’/s¢} ¢ = 1x
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10" m’/s2 Ws}A7|E A PPP13} PPP22] 2749
332 35 AT 19 104 B2 A a2
& Z-g3te] AR JEE Yeie A2 A 1
HZE .5 H43 A AE uiek 2ol X, Y,
Z FHE ANA G 22 Al A dis) H24 1z
o] 950 H2A = o] a5 vl o 4t A
°F U Qlet IGS 3 FE F2A Iz o
Rl on oAl 7]&st tiZ oF 3 470€ 7] &
glolg 7]7F 2 20164 1295 20174 12971%]
ok 13 170 € A =of i 3f vl 27} 7Hsst At

a9 1 (a), (b), (¢)ollA & 5= %] PPP19] &5
o] PPP22] 2%g¢f B3] 2F 5 mm o] A ekt
= AA glolg 717t F Zubo] Yehd 3 8%
2 g sl mE Aoz Algdr). "
Y7t k= E o] PPP1 3 PPP2= A2 859
Aol xpo)7} glont AR A A= YAt
= A& g1g 4= Qo PPP13} PPP2= A7t 3}
2 HolE= AFE X, Y, Z HE AAGolA T3}

- PPP1
- PPP2
- Reference

-1248596.42 -

-1248596.40 -

-1248596.38 4

X coordinate (m)

-1248596.36

-1248596.34

-1248596.32
T T T T T T
57000 57200 57400 57600 57800 58000 58200

MJD (Days)

(a) X coordinate

3976506.00

_.3976505.98 4 |

(m

inate

3976505.96

Z coordi

3976505.94

3976505.92 4

3976505.90

A Bol&=d disf FFE2M 02 FA|H IGS solution
o] A4 A7t wiske] AL pehx) kit iz
W3S A 91518 PPP solution®} IGS solution
e D RERE LIS PEE SR
$ A7ho] W2 A RS Roloi, Y HE] ¢
=gt Z710] Rl HEloln] Z 2o B¢ ofg
317 HeS B oot ZF gfjg o) tigt St E= skt
]&7]+<= PPP solution} IGS solution©] tfjgF& <.
QABkE R0 2 BEHE

19 2= SUWN ZE=0l tidt 235 =A%
202 AMC2 Ao} ul2:51 dlo]e) A2t Aol
A 47 W) 328 S e} Rojn) e o
A3t drd F= A W3 gS yehdct ol
3t 732 PPP1} PPP2o| A 352 02 et
PPP solution 7+&] z}o]7d-2 AMC29| 7-9-¢} mpt
7FA| 2 PPP29] process noise intensity7} PPP1¢]|
el Al 0.2 A4 2 AAE ez 2ol
o Wo| WAYgE Holrt. IGS solution} B & 79

N

- PPP1

-4819428.16 4 g = PPP2
- Reference

-4819428.18 4

-4819428.20 -

Y coordinate (m

-4819428.22

i
-4819428.24 - 1
i

-4819428.26

T T T T T T T
57000 57200 57400 57600 57800 58000 58200
MJD (Days)

(b) Y coordinate

- PPP1
- PPP2
- Reference

T T T T T T T
57000 57200 57400 57600 57800 58000 58200

MJD (Days)

(¢) Z coordinate
Fig. 1. Results obtained from comparing GNSS PPP solutions with the reference solution provided by IGS for the

AMC?2 station.
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PPP19] ¢ thA A 22 1 em o|HE PA|eh= A
© 2 Jeltom PPP29] 72 PPP solution A} <]
850 3f| ZFolgke] 2-3 cm O 2 FTsH= A
oz Holzt o]t BFZX Y, Z & AAE
oA 2% P,

719 HAE A3g 7|9 2 7idE PPP I
L IGS solution®] AE=7F mm =YL 7otst
o] 2] A= -2 em pEQ AL R AR E=
o] oA A ¢EZ PPP 7ol FEgeet
SARsE ~Fo|tk ot IGS solutiond}t 2] PPP
solutionof| A A W3} s o] = l=d] ol=gh
aheto] UEh ol BAEA E3teA] kot IGS
solutione] 19 Hlo]e] 78 2.7 Aelste] 19 3
o R E ALt FH ol ¥l PPP solution&
39 471 Y £ HlolEE d&H 2= A2 5k 30
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Fig. 3. The GNSS receiver network operated in Jeju is-
land and the station designators used in the study. Three
baselines are formed by the four stations with reference
of the CHJU station, which extend in the south western
(#1), down south (#2) and north eastern directions (#3)
of Jeju, respectively. Black arrows show the horizontal
components of individual station’s velocity.
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Fig. 4. Time series of Earth-centered Earth-fixed coordinates and ellipsoidal height of the CHJU station obtained
from processing GNSS measurements recorded from Dec. 2014 through May 2019 using the PPP technique.
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Fig. 5. Time series of Earth-centered Earth-fixed coordinates and ellipsoidal height of the JEJU station obtained
from processing GNSS measurements recorded from Dec. 2014 through May 2019 using the PPP technique.
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Fig. 6. Time series of Earth-centered Earth-fixed coordinates and ellipsoidal height of the MARA station obtained
from processing GNSS measurements recorded from Dec. 2014 through May 2019 using the PPP technique.
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from processing GNSS measurements recorded from Dec. 2014 through May 2019 using the PPP technique.
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