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Abstract

Water vapor is part of the evaporation process—a long existing physical
phenomenon on earth. It transfers energy in the Nature as the weather changes, and is
therefore less stable than other types of gasses in the atmosphere. Because of its
instability, it affects people’s lives in both good and bad ways. If we can more
effectively obtain information on Precipitable Water Vapor (PWV) in the atmosphere,
we will be able to conduct more detailed researches and analyses about the weather
and give more accurate forecasts. This research aims to measure water vapor in
tropospheric zenith delay through signals received from the global positioning system
(GPS). It also seeks to understand the relations between GPS and PWV through
precipitation data. Bernese 5.0 is used to measure water vapor, and the wet delay data
obtained through Water Vapor Radiometer (WVR) is used to verify such calculation.
Results show that, in terms of measurement accuracy, WVR and GPS works just as
well as one another, with their correlation coefficients standing over 0.9 and average
errors is around -2 mm. In addition, there is often rain when PWV is high, such as 60
mm in plain areas and 40 mm in the mountains. We hope the statistical results of this
research can not only help researchers understand more about the weather, but help
improve the quality of weather forecasting in the future.

Keywords: GPS, WVR, troposphere, zenith wet delay, precipitable water vapor



>3k = ix k%L (Global Positioning System, GPS ) % B 3 £ » & 43¢ F 458 ¢
LIRS o B P F‘fé:? FfLE P o V2 5 GPS § %
Meteorology, GPS/Met ) ’ﬁ IR PRI Bk § 53 GPS A G ELTiE
SR FFEI G P F R KA HES G F REE AT
W LABZ R - A2 FHY F §F ~F FEEFRAFFHTI G AR
F :i“ﬁim{%% @ EFCRAMEOT - A G g B
it A kg o Tk Hgd £ 5 1% (Wikipedia, 2008) - -k 1 & &~
(AR NEY R N O%mk$%ﬂ¢%%¢ﬁii 2 2Bk g k2
P AT 4 22 50000% 8 Ak AT HIATE o kF At F ¢

F
?

T

LB o ded R ﬁ”ﬁﬂi@ze’ﬁ%ﬂﬁﬁzﬁw&ma
A58 3 é_:&gf?ﬁ{_,?’v'}_ s i @ gf?iii ‘:k’iiﬂb » Hod }\?ff:_rhg%}bbk’

v =
}’”‘Eéé‘éﬁavlq(g\ﬁ‘)xﬂg&z& R 'rn@@,] P&h ~F Al :
PoRF BF RTEREF TR %mﬁlkiﬁﬁ&ﬁaﬂ%*ﬁ%

ok f @;% TR R TR TR0 R

CTHBEEFITIFREELS #M‘? e 0 7
kBB EFHERM o378 k> GPS MELR
?iii%é o *im%i’%?uﬁﬁﬁiﬁﬂEW<$?
kB 7 L2 B end E_ (377> 2005) o hiEd B 6
F RER|ID 2 ’%a{%ﬁf@ﬁﬂ@¥ {&;+¢waﬂmwm«§
TR AR RS A R L L AR A G B A6 A 70% 0
R HROFTHERT L P FI AL FRBEFB AN R EHSA
RYBRIFELREFY 37 - RAEZREDRE > a TP FIR M
A P g d e iiBu o b EMBELE R OE 6-8%L F (P A
2002) 5 Flpt o ML B F A B BAEAT 1S 0 BER B R A N £ kiRl
BTk F % hikdy

SRR T EG AL AT RR 0 FETOE LT IABRE FEE &R
b OBLSIE GG enFELAR AL A B R 52009 £ 8 0 8 P b mh o € ¥
ST IR REE PR DEAR T N e N R APE LD
i ﬁ*%ﬁﬂA%ﬁi%&%ém¢ﬂ’%&ﬁ@&u % B B i
o pw P ERREFARAS R EIRRAL SFLTRE DL A EFEIR
g AR TR s ha ﬁ%&AﬁA& 5w SR ol
T FRH A 4 Bk DR R 2 B Eﬁ*w%%ﬂﬁfw+w- b
TEFRAGRI(F ER>2005) « § S ERE T RFERPIERAH S &
L;%’zﬁaﬁuﬁﬁl@%a%&%@&ﬁ F FAtz gl o p 2003 # 42
CEF RIER R oRE 2 GPS HF NP REPIT K SHEHT N ER S
B R PR B TR EAE o b R EAT 0 FE R 2R
BB P A SRR FR TR IR S L A B 16%F 24% 0 @

6



TR BB N K BIER  ¥ i 18%ezie (Wuetal., 2005)

@ GPS 4% 7% J.a 5 r@;%méwffr BRSO RBR FE R
et B 0 R P B 2o TR R AL XA 2w e sk
H oo AGf A FE = 552006 & 4 0 15 p st s o 6 REMkiFELE BN E D
M PG AR B % k4R e E B 314F GPS f#h A0 J st o P e Bim
i@k%%aﬁw%vAQﬁhﬁﬂJEQ%O$mﬁxpﬁ%;Eﬁ?%b%

%
2%

AN RO S s I /]_q 3 Jfﬁ?ig\.ﬁlﬁ%\?\ s m%ﬁ—‘l—g&\+%"g:]—’§ 90
AEI AT (3 0 fF 0 2006)  fI* GPS fi 2 BRILHT T F R R
Bt SHeh® i 0 23 A F b TR 2 ERE F T Tﬁﬁﬁi St iy
FoRF AL LG R EALE N > AT NEEF L F IR TR
BFERIRE TR F LR

poeb s SR G e 5 R AT 400 Ak 6 GPS w4 ek o 2 R T

BEgL L L T BERRETEE BT o RIS R aH YR
C T gl AR 2 SR R o GPS @A EE TR 0 @ @A
BT A TEEOEET o ST DR R R R F 3R B R
PERORE  BERERAESFAMER O A Y R

9?%3*%§*P“’5%$%$ U B L ARATE L > A K
AR CRBEERZ TRLTOELR S TVRERE DT R AR E AR
WL oo

=1l = s E 3 AF )

MERABEFRE FRRGOFERFLT > 2R ERFL L2 kD
2“3**%%?B@%’«ﬁ%ﬁ%%ﬁ%ﬁvﬁ{éagﬁ’_¢ﬁ—@
BB hixomE o 2R EREIT M OF RER P Ao Ve EF P ER
LR S ”’%/H“ Rk d o e RS 3 ¢ w3 2006 £ 9F
B UGE A Z L 0 T HRAFEEEERETF ko THA A F L
Wk & 4Rk 5ty (FORMOSAT-3/COSMIC) jiplit & ehde it £ 0 o 5% ik
BN )%—E“é%%‘ oo R AR REDRIAEE O REF AR RRE BT
» B & p 2008 & 4= ¢ fiz & THORPEX/PARC it {7 # b 32 7% % BLipl 9§ % -
O T E R R E TRT A A KT ERE S RTE TR
BIFAL > 5]4e FORMOSAT-3/COSMIC 7 GPS/MET ~ #% b 3~ % 4 & b 1Y
: ~?1‘*'3; FAEFR o 2 A AR EFEF R E% (Wuetal, 2000) -

s Bl Ep e GPS Fh T LR EALT U EE A F A K F
ﬁ@%%“’ﬁ%%ﬁﬁ~$%iﬂﬁ&~ﬁ%ﬁ@gﬁ?%¢g%@,
BERDFEIEFT T 7 A ABRFITRRFER _;’F’t',,&,;; T N T T
W ER > FUET EA R F ORI E AL T REE
oo P ARG oA E gk A GPS § kR 30@&:%’7% 4 gl sk b
ZTEEOKRORIEE AP Ad 1000 5 BRsET e S GPS 0 4 U

=N

ST
=S
Ty

h

™o A
[l ol
o

| e

=

7



A&&%%@?ﬁ@?’ﬁ%?%?%ﬁiﬁ“%ﬁE%*meuﬁ%%%ﬁ?
s B2 B A p s A AR 1 A GPS IR % § S
FI* GPS ¥ M E = F ¥ HRend B R ]G E U A B 4F R T Y g £l
WEAFRA KA F €% GPS WA ML BRI T R E B RTK o L F
%ﬁmﬁx?ﬂﬂﬁ;ﬁﬁ’g—ﬁpmﬁ%%ﬂm’% BLP Ak
SREPEBIR SRR STk TNy e ERG e GPS A 5T
TS PO TSP
FIEETEA LY LA F AT DB RE AT > B2 &z B E S (Herring,
1992) : (1)Saastamoinen ** 1972 #& J) ey g4 4 22 48 X 75 3 472530 (Z)Marini
1972 & 2 Marini &2 Murray »>t 1973 & 3% 3 cng22 20 5L ¥ & 4p B enir & 1 52 G lic
S A B0 gt Sl LS S uf & ph g4 Sodic (Mapping Function) ( )
Gardner *+ 1977 & 3% d1en= =72 HAHE o d 3 e GPS ik gt v '!“+ *
FRP YRS e R Ty 4 SF%ﬂﬂﬁ”?ﬁ(WSf

%*W%’ﬁ’%ﬁ%ﬁ@ﬂ°ﬁw%&@ﬂ R I i R IR —ﬁaw
REF A4 > A fgpatfl s H - AL o FHBADEE LI TS w5 23

QQ’m%&ﬂ ux@%%@4m1ﬁﬁtﬁmﬁ%%&@’ﬂﬁ§?&
mm % % (Bevisetal., 1992) o §d @ franyd/i w2 § Bzt B 4p v 7308
» R BF e - i T3 ¢ 18 5] ¥ 5 -k (Askne and Nordius, 1987 ) -

iirﬁ &k GPS HieR iz enig * ity %’ w3+ v %k + (Wangetal, 2007) -
Fik* GPS 3 v RPRFF AR AGEE A AMER RV REFF
AN E A PR AR % % GPS 3t '5 -k (Basilietal, 2002) @ HpERF iR A
% k%ﬁﬁz__";%’rﬁ— RS KPR fETR o 3 PR OBTETIENFR
PALEEBRERI A A LA 2 F R RBERS FF AT KR
F % Ki’atp B AT R S RIRGTL GPS g HEERRFITWREL
$n B (T P BEA F TR RARER 0 AR R
TEERFIEHFL B FMF AT LT o

e* # e GPS FAl ke iFm A F ¢ v ke g o WA H 2 Nk E R
FiEF e a3t ye B minpeg ko HPPEAM R AR ETIY R F K
RAFH RO ZERMHAR > LHFEFE 2 F 0 AR %m&ﬂg+,wmy
£ k5 g ArE - iR Za(E w GPS%&-'{{,&'F»IPUF IR N R E
FHAERZ G TR TR (BBIFREY T EHBEIAI? ) 2a 1
(S?*%5$%%§%ﬁﬁﬁ4mﬂﬁﬂWSé§%k%)mﬁ%i*°%P
T3 E2F GUE T AT LA IRY L g h2 5 GPS Tk LR T
o EEFEHE A REREE ; AfFAME RGOS %*ﬁ*@
’F%ﬁﬁiﬁﬁi%(€ﬁbﬁﬁ%)i GPS Ap 4t 2= (#73 pl=k) &2 (7 B ERLRIRLT >
%’%’"@%ﬂ GPS-ZWD 2z F jFfF R o gt ¢h » ¢ & 5 % hif3d £e £330 % {2 & F
Z % % GPS-ZWD p #3542 5 o AR 5 L GPS BB e 82 4 47 (7

R E MG o AT LR T I K F MRk B SRR TR R 7200

T RFEMHR A RREZH FREEY L F R 2 TEER A GPS R

8



PIRIL j Seen TR R & A8 (7 A 47 S 405 4 0 g ) ks draR o2 vh
FRESE 2 RIFRE S KT DRI PR R 0 st 2 A

GPS ¥ "'k £ & S-feF#L I - 2xiy o
F’;L =
TEALCLEIRAFTHE A2 RRDENZ FED w g o PR %
AL BREE ) FRLE D ﬂﬂ*ﬂﬂrémﬁlﬁﬂiekﬁﬁﬁf
&;’E‘_°{§§J}’ii; j;)t}; ra»]’[‘%? ) ?IJ’H‘

%%i‘aﬁ/\’?grfﬁlga\mﬂﬁfﬂjw?l @/\"P& ]“}"P& T REBAD T BE
Bk A G ENEAFANRPLE  TRABRIZIFIALL T A AL
’“ﬁu ;T & /\?rr“”":v-ﬁa o GPS ¥ % S enT AR MBI B 6 TR X A
THY R TGP FTERELR AR CPE T G T HE 7 K
W FAMNEBRRLIANTTRARTLEA B - R R AR
Hin A Y GPS iz B B At ug i B AR Y B
B re 2 SuEL2 BaREZ A Sa 2t S K R BEET L 2 gt
Arildz o @ AL NI R AT S <Y E Z AT S > Fla g i R oenaf ik 8
FRIAFZ A F A EBFRZITHI IR > 5 & 3 BERTA) > §d hif ik o
FEE BRI E <315 BRPF o B AL BN <31 2 4 (Bevisetal., 1992)
HFvTUA L) FEALE-HETT RT3 oA 5L @3 PIRKES 2 B 22
(Snell’slaw) 5L @i/t ¢ F 240 B @iﬁx’i?—i“$ v el 1 Ao e

A
s
ERYEF AR R RS
£ 97
_E’,

i+1
n.
1 N
\'\.
I
Iz .
: i+1 I'Ii+1 . ¥ I \ :
I 0 W RSy
| Ty P~ =
! +1
i L
. I
I
:Zi 1
[
: i F‘II dif
| i
I
I ¥
|
! I

Bl 1 Snell’s Law (Kleijer, 2004 )

1 =Colt )= [ [16)-1ps +[5 -]

9



G SRR 1 -

D,y = |, [n(s)-1Hz =107 | Naz
He o H SRl ES A N LER B4 fook f A Rhadic o 547
¥
- Apdre 28 N 4 1 5 (Smith and Weintraub, 1953)

o

1_

N=77.60 + 3.73*10{%}
T T

PE S~ % BRmb) > TAEAEK): e Z-kzx~ »&E(mb) \'t——‘}#‘m')‘fff;k
T o FER K 0.5% (Resch, 1984) o ¥ b4 i 2Lam 8 & B 1L RO FE S
+ &_ (Thayer, 1974)

P _ e e\, _
N :[kl?djzdl +(k2?+k3 T—zjzwl

B Zyfr Zw £ 2 F ok F 03 § B F+ (Owens, 1967) > Pyfre »

i

B e i E ook F s B(mb) o T ZUE R (K) 2 Ky~ Ko~ Ke = F #0375 i
SR LAWY - S AR FIokF il A $ 2 A RF ralde s BRI
P ARYEEOT s oA TEF 0018% 0 AiEEFIRDTF P HER
v i 1 0.048% ( Thayer, 1974) -

F_k

AFAC A RGFFAFRTLI(E LA 5101%) 0 Fl A PR
_7‘\;51,__4."‘1%}‘;?_ J;

R
E: P4 *53‘;%’?&: Cow BEF HA R EAF WA ¥ 8314
D §0 % F chE B EE Xt 28.9644 g/mol -

00 RP M 0
IEdz= — + ——WI C
HT I\/ldgm Md : T
Ho P A3 20 FREMD) ' gn AAFLEZFRFEA whd 4 &
R (MIST) > #b R o B AT R

10



Dt%op =107 4R
Im

B Sl = A

o0 M w e e
H |:(k2 —k M_d]_l_— +K, T—2:|d2}

+D?

trop,w

_DZ

z
D trop,h

trop
LA - (1 troph%‘ﬂ-) %ﬁ-ﬁ‘z? [ 28 F REFT - f35

’?ffia-ﬂ! T f?:rd_iﬁf ﬁ.ﬁ_; __g'-i: ’ i%fu?éifv: iE(J'l thopvw %\ﬁ‘):\/» 3E,§ﬁ-rl§ 5

FARRfRF Re T apE o a4l gl
AR Bl Z fA RN GPS T KRR EeEu R o

AR LRI AR5 T B R AR (XJa YJ’ ZJ)EE 4 ;L"Dtrop n 4 Bob KB ekt § N

»x 5 F ufrm%g-é]t)iiﬁi'rﬁ% l—/"i?\.}ij{?__rml-’,;‘\,ﬁ LL ":—IF Ig%ﬁﬁi\'/}’t
#%@%ﬁﬁﬂb’dfﬁﬁ BB g o BFERY B - RETEAE S E R
HEHC S FL RS RRLAT 0 BRRD LSBT

of )= (D7, 0) (0 ) (6] D7, ) [ o) - Mo )
OF L plsk i BLBIGEE p ehiré
08+ LRk ELBIFE q v &
O A iplsk jBLRIGEE p inir &

0f ¢ & Rlsk [ RRIFEL q be s
M (0) : pif Sdic » 7 & BLPl P & ¢ dro phot ST S - F #
Dt%op() : i}%-’r(:‘_h:\ T—é‘ra-“i’f,ﬂlé_l % %‘@&i

FP kR Al i) AR eI B E o b R fEpr e R T
AR TG AR FIAERBIE AT A vl o LRt ) - REiE
FRBA R m BT E R iz 7l AL ES o AKENEAT S

€ e
tropw =10" _[ |:( ]_l—_+k3 T—Z:|dZ

[ k w @
. =107° RicHn |
Dopy =10 (kz'%ijL+sz

11



! ’
B ok, 28k, =k, -k
CiREokRE A UFR A W

o 1 ©@
PW:EijWdz :mj“?d

ow LKF BE 0 0 Lk k%A 0 Ry Lok F 0 4 F B(RERIM) o o
GPS @ 3]kt 7 f 3% = 7 ' -k £ PW(Askne and Nordius, 1987; Bevis et al.,
1994 )

PW=TIxDZ,,

B IMZ@HFF a2 B s 2 f 22 8-kF 72 (Integrated
Water Vapor, IWV) ¥ 5 7 f5 -k k F iR iR enB &
IWV =PWx p,
WV hi & 58 ke fiehs 28 2547 0 53 52 EnEgark
(kg/m’); @ PW shi & - B ffi+ fLE5517 53 5 H g hak

# (mm) -
AFETHEY L AR D Rk b REFAY 0 13 GPS BRI R

% L F R ke GPS @ F R T AL KRB FA AT o BRI K ﬁ:;“ g B AZE
&Y A et BFRe TELIom P c 2R E U kA LT R AE
EE2 3 A GE s Pl RS EKREFBE o AX T e B R o AR
PHEF AR DY I AL AR T I ke R R EEE L
FEL ~ B A& A 3 ‘%?mi%ﬁ do o GRUR A HPONET K R B R B 2 &
FOEERGE FY 0 FF F - TARRE NP o TP AfEA KA BSR4
Foo B YR R F A R (384 R :é«) % GPS Apgt iz (73 Blx)
R ERRIE o JF S ZWD 2 F A

PGB S K B B s 2 > & 5 ZWD § 1T R Arlie s e S0 2
GPS i dfh— il P2 o ML S0 BRS040 % enfh a4 5] 300
DT o PP AR I R B REERT g g HEfRd > B
iﬁa‘ﬁ% B g vE2- WG FE AL FRMEDBH L o FP AFY
FHHE GPS £ A& (%2000 22 ) gy rr*s% XA -ES oty BT A
ﬁ’F“”’J\fp e 45 5 R PR Rl %R T HIRD 0 R e kA o &

R MATERR D SR AR R !clﬁ Pk ehFE R AL 7

ﬂéﬁyﬁlz‘b? WA ARG gD R E G HEDEE

W3 - b X F AN GPS LB F X 5 Bt SR TP
P RFREFEEEHE DS P AE S o BRI T Sk R S R
A G TR R 5 F.F'*mi)i;;& A SIS ST
T SRR ’*i‘ui**z\ i pbt ST E Y R gy KT
PR R AL (Ao 2 9777 ) o 0t BOAET 1% Sl e & R B RS 0
SRCElLE A AT ’lﬁiﬁ’»& R TR ORF AR ROERIE SRR

12



FFRRIAGT] BB R - N2 kPR

B2 Hikgrkiex 5> %5 L (Hugentobleretal., 2001)

Ly % %4i+ﬁA%W@w(PSZWD PRt ERAEF AT M
fEPTE RS FETE 22 A& LB ARR 2 b . Rt 25 GPS i LR TR
R AF ¢ TR 0 - B F O R I G SR o R T
ST ko0 # e GPS 2 ZWD - EOH A © Ap§ gl J\:f. o 45 81 R DE
BERMER BAREFFER 2 27 AEFZ USE 2IROERF #’wwﬂ
Fep e e G4 F o ;ﬁuﬁﬂ"‘ vE e R s b g GPS
Pk o drA - G A (B GPS Ejxxb Sy 2 S AEF= %ﬁ,w
PARIFEEEAU) I (BRRATHE T ETERET) T 2ok (LF
AEZHE e BEBBAE D GPS @ Firat) PSS L BRRE LD
Bodls > (g AP B Y GPS i B RITTRET R A F e SiER SRR
R 5 Ay F GPS M Hih R ppl T > S ME R - 3 2 R4 2
FATHTA  EaFEEDF 2RI LD FFERELF B R AAR
HWF R XF 2N > FOOEP 2 RECT A -

pe

1y

Y 'EX

1. &+ GPS-PWV & WVR-PWV 2_R if |+

HFARFEHOE GPS Bk F Mk 5 RAT L5 Mk A
WVR GPS BLRIFAHLZ 6 f % F 4 P FIRAH P L \+L,;E\£ 2 bt
PR g A s R RARE 7 8 0d TR AR cnlicdp (F A ﬁ—gm«,ﬂﬂ/
Fm- ReABF M % o 4oB 3 % 4 H1F o i B A B sk GPS-PWV & WVR-PWV
B alc: 091 A F 5-220 mm; @ B E Lk GPS-PWV & WVR-PWV
r’v’ﬂ#ﬁf&é “#ch 0910 A # 5-145 mm ¥ GPS-PWV # WVR-PWV 3 % o $#

PEH o B3R WVR BRI E E B > P 3 AP E @ PWV ok i i o
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d I e R EFREEFETRET D AN UBETRG RT
Mmoo F7 5ok B et A 60 mm R EEH A 8P AR 4 o Glde
PKGM 2275 1 5 21 = » PWV i & 78 mm jef M AT & Rk » 16 i o
VER D LpE T BEA W ¥ 20231234237 p oo gt b el ALY
GPS~WVR 2% & £ FRL M 5 A ¥ L icenpr P £ B 0 F1t 20 0 (3 4 £ ATAFIL 0
WVR BRI T » 1B s - RenpER f s kit (70t e £ 5 PKGM 21 1 2
6 h % 2 GPS# WVR A § enfp B e 4 0.96 » %3538 4 0l d -0.83mm % &
-0.82 mm; @ KDNM =heoip B fhdci» 5 091> T35 4 pld 4.84 mm = § 3
487TMM > AR kA2 fschd kX R BT S o

2. BFHAL KR
@4 2 fr? WVR 82 GPS “rp%2 < § § k22 F F4M 2 GPSuw &g
HWVR B33 Mg 2R %eod Aficdplgt > PKGM 2t 3 MG IR % » T 353%
% -0.83mm > KDNM =ik 5 484 mm; 5 7 % i KDNM =2 8icdf 2 4
FEld > FHiEAERE I R DI R ARER KRR oB T 77 c SEF R
11 245 KDNM s PWV 34 £ s & 4-5mm 2 fF (% 7 45 % 2 iF 3
AosherR g gt 2 0 )0 d P AT KDNM shen® it £ 2 AR E &M > 4ok 1o
2 w7 o

B 7 7k izk¥ KDNM 2. 42 % [
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d 3> KDNM =t & Bl A F22% A 3MPE P gkt s &8 R F 2 HBP L
FOORA FHE LA REL &R TR EES T KDNM 2 E R 5§ 7
AL HEHPIRT R REEEORFARDE R BB ETFLERZET
W2 R T2 > TKDNM sbenT 3o 4 § 13- B e m i » iy %
ey M KDNM s 8cdhind § 1 o A= 10 % b ehi 3b 4f2 KDNM =k pEgf 3.
PKGM zherfp b B A H b 2 2 K83 - 822X KDNM zhen it £ &2 Al
TR B T RS EF A 449557 mm g kLB "4rt T oLishd T EEAE S 3T
CFARME S B R LA N EE a2 b BB b g
AR S F . ENNTEIL I :é_l. b TR ORI G AR AR DR ARL > NFd
AFBRBTARLBE AN LERET 3 L2 KDNM = A MG e R S § 4
Mﬁ@%’*kaﬁ$$$$Nwvéaﬁf’ﬁgg;Sﬁmﬂﬁﬁioy
CHEER G TR AP A AMUEE 0 KR AP BRI D pia o Y
AR SRR R R R R o B R SRR 5 1600~2400 km i JE 7
W HR o

2L F® Aot N2 Ap i

H* A o giak i PKGM KDNM
p ~ TSKB 2400 km 0.96 0.91
K 5 GUAM 2700 km 0.84 0.82
% . YUSN 120 km 0.56 0.49
# % BJFS 1900 km 0.91 0.90
¥& ® DAEJ 1600 km 0.93 0.91

%2 FE*AFAMPFE N BBE (mm)

B A AR SFEHE PKGM KDNM
p *~ TSKB 2400 km -0.83 4.84
B 5§ GUAM 2700 km 5.01 5.57
2. YUSN 120 km -43.51 -34.96
. BJFS 1900 km -1.97 4.82
¥ B DAEJ] 1600 km -1.70 4.49

3B AF kB SR

FOHRERFTHEIIFE BT RBAFT AP AR B LT A nd
* % W+ § # 71 ¢~ (National Center for Atmospheric Research, NCAR) 3+ & 2
BEEFH B ALBRTRIRE S22 BRlE o A2 F (8 )
(8x) 27 & %% (63) = B R %%m%3awfw§¢,@»ﬁ§g§
2 R4 AP E A @ ZWD HE4 S PWV > 3¢ NCAR 3-8 7 PWV g f7 1t
Foo BEFIM PR BRI > 7 I Hadp b il 0.87~0.94 2 B 5 T35
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% 3.36~6.48 mm 2 ; L3y Ferp bl %¥ch 0.89~094 2 > Tim i b
250~454 mm z B ; ¢ £ L% g B tadcp 0.81~0.90 2 BY > T 9 F 4
4.81~10.09mm 2 B o f§ @ 52 > AP E %2 NCARFE %5 340 M
Moed H2 5 e L TR 95 4mme 2L %95 7Tmme ¥ NCAR
E Ak P PWV ] o

43 L=PWVersa g2 4ph fhiikc
F Bk | GPSx | B | HEF GE (HEFRE | FEFRE | FEFRE
(M) |:&Fikz | EFEH | eFEg | EFEk
APM Tl | FEA(mm) | AP M Tl | A (mm)
7 MP T
-k | TANS | 30 0.94 3.61 0.94 4.42
A% | TSIO | 63 0.94 6.48 0.94 7.75
<3k | SALU | 297 0.93 3.68 0.92 4.64
537 | TUNS | 54 0.90 4.29 0.90 5.76
TEEH | SHWA | 89 0.92 3.89 0.91 5.03
B4 | PTUN | 40 0.87 4.50 0.85 5.68
kL | CTOU | 25 0.92 3.36 0.92 4.50
%0 JLUT | 30 0.89 3.47 0.84 4.79
T o 79 0.91 4.16 0.90 5.32
L1 3RS
i®Hk | FLON | 41 0.94 3.10 0.94 4.03
B4 | LTUN | 28 0.92 3.48 0.92 4.36
22 | NAAO | 26 0.91 2.64 0.90 3.79
%+ | CHNT | 38 0.92 2.50 0.90 3.48
% > | NDHU | 57 0.91 3.92 0.89 4.72
AT | FENP | 39 0.90 4.28 0.89 5.16
M2 | DCHU | 251 0.89 4.54 0.96 5.52
2% | LONT | 203 0.91 3.63 0.90 4.37
T o 85 0.91 3.51 0.91 4.43
¥ L% Rk

< | WANL | 370 0.70 2.21 0.93 5.00
&k | GUKW | 192 0.81 10.09 0.77 9.86
#Fim | DPIN | 740 0.88 6.37 0.85 6.70
%8 | SANL | 1691 0.88 8.07 0.85 8.05
+ % | KASU | 189 0.90 7.18 0.88 5.48
=¥ ™ | SAND | 203 0.89 4.81 0.88 5.52
T35 603 0.87 7.30 0.85 7.12
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R F] o
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B Il B oa Nplzbep b licd 091 T 1 090 T35 4 Rld 416 mm +
ﬂ“SQmm'imﬂ%ﬁﬁ%ﬁ&ﬁﬁ&&%]%w¢ﬁ§iﬁﬁ&Mmmj

I 443 mm; 3P & LRGPk eodp B Tidicd 0.87 T 1 0.850 TioEA pld
730mm T3 7.12mme - & E @ 11‘% I x e d A NCAR 2 fF en
O BLEEA o

petho B B R eAp B R BGRPY 0 AR Hedp B Rl s 3% R B
fe B FlE B IREEAED A HRGR o AR E B EFAM GES AL 2P L L%
APRE GEPIEARE AN > Vo A L R F IR RF] o Fpt ot
ke gL o

=

—=

4. GPS~WVR #rig £ PWV &2 & £ 2_ M i |+

i IR o AR ) EEI R R AE A E R g A E a2 PWY TS
B TP ADEREFAIT B A E R AL 49757 " e FPoavkF
BRF . AP PWY L60mm =t 4§ F T AP RAL  AeBI 67 41 0
TR 8 P & LiFgen SANL PR R T - B P 2ok > B e REE T 2
£ % WVR 2 B B4 4ped i o
o d s SANL b3 s HRE P LA RIE 0 B HF R 1691 o
T d B8Y T éHL$ﬁlfhLAOmmﬁﬁT@W?’EE$¢%%%§
ﬁmﬁ%%%ﬁ*gﬁm@ ﬂvﬁ@ﬂﬂ*%%%?ﬁﬁ*f%@i%%ﬁ
B fi 43k (2008) e g ¢ 3 D) 4T
p A ‘E‘LF —#Bﬁ? Fa:? D rﬂ]\fp E3S
4

%

5 T}u,m)i ko A Saastamomen £ %a-;‘ 5’5& »iiti = 1km ﬂ R TE65
R FHFRR G Lot ok F REEEEY Sk L LFE A 1 km
i d
H

:\*:t O ooRy
Hr

€1%65C%ﬂu%¢ RGER L NLEIE & X a0 EIEERECE L
= @4£<?ﬂﬁ*4$?&ﬁ*€@ﬁ%ﬁ@§%*’?f
Saastamomen SHEN R T ARG RT AR ZERERFS T TR
o K &K F PWV T35 6501 mm §FF A n g o A3 L
60.66 mm == 2 p\ﬁ}g’;}ﬂ"‘ﬁﬁ N L m@z‘f;ﬁ)}}u‘ﬁ{.\a—g‘; I3y
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f.E'J.‘_ l";"_ 5614 mm j]:‘/.;‘ﬁ K§ =Y ﬁ?ﬁ‘ ?( o

4 L:PWVEERE2 M GE

¥ | A Bk | GPS 2 | B A2(M) | AR PWV | "% & pF PWV
z_ T 3aiE (mm) | 2T B E (mm)

T IF R
W1 | #&-k | TANS 30 50.90 62.90
W2 133 TSIO 63 53.84 67.21
W3 <~ 3£ | SALU 297 48.78 60.23
W4 A& | PKGM 42 53.35 65.84
W5 I TUNS 54 53.20 65.42
W6 | "LEEH# | SHWA 89 52.83 64.29
W7 B i PTUN 40 54.89 66.87
W8 L CTOuU 25 52.88 66.00
W9 % p JLUT 30 54.37 66.46
W10 | - KDNM 58 52.71 64.90
TiakE 73 52.78 65.01

LR
El e FLON 41 50.11 61.83
E2 BA LTUN 28 55.61 58.44
E3 %2 | NAAO 26 52.77 61.47
E4 @t | CHNT 38 52.59 61.36
E5 | £ 24 | NDHU 57 53.74 60.90
E6 y: FENP 39 53.08 60.19
E7 ma DCHU 251 50.24 60.81
E8 Lt LONT 203 49.70 60.26
T % 85 52.23 60.66

¢ L L%
C1 <2 | WANL 370 46.52 50.72
C2 | #% |GUKW | 192 52.75 63.92
C3 ‘Pﬁ‘?ﬁ DPIN 740 44.64 53.92
C4 7EER SANL 1691 34.20 41.08
C5 | =+ KASU 189 53.54 63.36
C6 | = ™ | SAND 203 51.85 63.82
T 9% 564 47.25 56.14
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7 BBRER

d PKGM %2 KDNM ke WVR BLiRI TR » 3 JE -k BLipl i@ er GPS &
W E BRI fz'rfvéﬁ‘w TAPE BN A 09 S ptldp L e b B R AEF
AT T 0 AN BERE (CRf BRF) DFRTIVRE G R Gt
Fooo - AT plabE W EOREEAF A 60 mm pFEH E S SR BER| 4o o gt oh
KDNM :henk = % Gd 2 2 b 74 R K2 F v ) KDNM =% it & 22 4L

Leah o HRFA li“_"gﬂ\p/ iﬁr"/?']"é’ﬂg At %!@ﬁ?,@iﬁﬁﬂ;’iﬁg‘\‘fiﬁ »
ﬂ}i%% @ﬂ’mﬁ&%mﬁﬁwf/ VE L i RABARL ®E
1600~2400 = 2 e Bl 5 B f2 8 o

Bk Bk WVR B BT SR8 > B AP GPS 2 E vk f
TiaMigEe2mm: @ NCAR 63+ B S % plE AP &5 4mm L £ 5 d
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ARPM GPS F 52 A plE ARG F ot dofm xR F 4%/,&5:&&1"5;
Ao A4 2§ 2 FFREEETF LEHRESIHTERFFHEZLRE BT
ﬂﬁ%ﬂwﬁ%wﬂwspmia»*aﬁéﬁﬁ;*m‘moasmﬁﬁiﬁ
ﬁ@ﬁwﬁﬁéﬁﬁi?ﬁT’“WQ“?”ﬁ%mﬁhir@Hﬁﬁ%%%
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CER R

A3 A GPS Tl adR 2 i fE

3 L GPS-ZWD g # it 3 5 42 5/ i Az (4R 16 #r57 ) 2 & d shell script {r
perl @ fEA2;NEF KB b sfeslinfedrd] > 2R LEL ZA B - B
g7 pF (Near-Real Time, NRT) - ¥ — ®R|E_> p (Daily Processing, DP) #%
BoNRT & & [ B - =& pen1:15-3:15-5:15 Bl s /| pFga— =< » =
ZPEw 1L w 3 PFaF A o blde D 1015 gaw - % 22:00~24:00 - 3:15 #4
% % 0:00~2:00 > ikt E4E P owOIRRd HWEFTHR LT 2N FTHRE > 1 S
TEalo) F‘?é’ﬁf%}ioDP A pen7 2830 A7 HiFaE - e % ¥ 3 wER
[ *‘ﬁ’? iR i iEvIR S R L g o
@ 3 L GPS-ZWD p # -+ 5 42 B on g4 B3I Bp bt oAR
P18 ik AR BT GPS 3 A
DP #% %
2 /| = NRT 425
NRT ;& g w 35
F*‘}w'f’é‘{ﬁ ( Data Archiving, TBD )
S &T 1 B4 NCAR B 4473 1 & 0] pF3y 7 - = engndg > »% 0:40 ~ 1:40 ~
240 & - | pFEa- & oo gaw 1o e o Blde D 0:40 8w - % 23:00~24:00 >
1:40 5 % = 0:00~1:00 -

ok~ 0N E

Data Pre-processing Bernese Data Processing Result Output

GET RINEX FILES FOR DAY I YEAR DAY HOUR | Processing Status Files
W
m}

P mm m
DAY COPY NETWORK COORDINATE
FILE FROM DAILY PROCESSING

HOUR

L\'El» COMPUTE MET RECORDS FROM

a AWS AND MESONET STATIONS

INITIATE BPE COMMAND

GET IGS RAPID ORBIT PRODUCTS I

GET CODE IONOSPHERE FILE I

B 16 # 3 GPS-ZWD p & it - 5 2 F in 42
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cwb nrt cron NRT(Near-Real-Time processing) #% 5

NRT #2 4 ¢ cwb_nrt(shell script #%) k i & JnAedr 4] v ¢ 77 0T = Bz

=

T4 B p % #r4 hRinex #(GET RINEX FILES FOR DAY) -

2. 4 %% - = DP(Daily Processing )CRD #;(COPY NETWORK COORDINATE
FILE FROM DAILY PROCESSING)

3. AN $EiE S e MET 4 (COMPUTE MET RECORDS FROM AWS AND
MESONET STATIONS)

4, T ;‘ & duig 7% % (GET IGS RAPID ORBIT PRODUCTS (SP3, ERP, SUM))

5. T ;‘1 GIM T &tk -3¢ % #4%(GET CODE IONOSPHERE FILE)

6. kx4 BERNESE i #% ;% (INITIATE BPE COMMAND)

7. BRI @?J 41 1 %} (CREATE RESULT PLOTYS)

4o BlTor R4 TR AR € v et e PERL A -

GetRnx_rt.pl
GetCwbRnxNrt.pl
J' GetCwbRnxNrt_rt17.pl

2. COPY NETWORK COORDINATE FILE FROM DAILY PROCESSING ‘

l

3. COMPUTE MET RECORDS FROM AWS AND MESONET STATIONS | ‘SmosGrd.pl

4. GET IGS RAPID ORBIT PRODUCTS (SP3, ERP, SUM) “ GetOrb.pl

5. GET CODE IONOSPHERE FILE

6. INITIATE BPE COMMAND - cwb_nrt.pl
l’ cwb_grid_pwv.pl
7. CREATE RESULT PLOTS ‘ - parseStaPwv.pl

pltStaTimeSeries.pl

Getlon.pl
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NRT(Near Real Time processing) s+ 42 5 3L 4o+ @

cwb_nrt_cron: =1 ~/bin/cwb_nrt "date -u --date "3 hour ago™ '+%Y %m %d %H"
~/bin/cwb_nrt xﬁ%l *a— X eE 3 op o pEE Bl4e 20120201 12

GetRnx_rt.pl : +393/STA/igs_network 42 shzk ™ 4% RINEX = 3k o
GetGeonetRnxNrt.pl: = GetRnx.pl fe = % ftp://terras.gsi.go.jp/data/GPS_products/-

GetCwbRnxNrt.pl ##4%2-] BF CWBT00 # ;= RINEX $#3:¢ -
GetCwbRnxNrt_rtl7.pl © ## 31| pF r-1742 58 & RINEX #35¢ o
UPPERC2 : #igfhk F4L5 ~ Bt o

SmosGrd :  p #& AWS - Mesonet 7L o

GetOrb,pl = 3] IGS ezt ™ i\ IGR #ig /% ©

Getlon.pl : 7] CODE k7 ;k GIM = 3k -5 4 %
cwb_nrt.pl : 34 7 Bernese BPE 42 &

cwb_grid_pwv.pl @ P PWV 4

parseStaPwv.pl : &3 PWV 4§ % #2538

pltStaTimeSeries.pl : g B 65 ! T gk

Near-Real-Time processing
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ftp://terras.gsi.go.jp/data/GPS_products/

cwb_nrt_cron: =1 ~/bin/cwb_nrt "date -u --date "3 hour ago™ '+%Y %m %d %H"
~/bin/cwb_nrt ﬂi%l - X ehE A p o PF (]4e . 2012020112

~[John/cwb_nrt £ - i Shell script 4% > #7757 NRT(Near Real Time processing)i% i

v

TR AR R 0 T L owb_nr AR B (S R G AR AB)EP

* Z Bernese Campaign i3 {r4p T PCF(procedure control file)# -

CAMP_PATH=3%P #F%ﬁ—_ Bernese Campaign =& % $P ﬁ?‘r’,/pub/john/GPSDATD
CAMPAIGN=CWB_NRT #TF“[@_ Campaign £
PCF=CWB_NRT #TF“[@_ PCF(procedure control file)f; £ 7

CAMP_PATH_POST_PROC=$P
CAMPAIGN_POST_PROC=CWB_DP ##} Weekly coordinate solutions (CRD)#fiv=E

EE S RaL I GPS # #* crip #4255 > = i Bernese » v g * o

yr=$1 PR IR = E B TR
mo=$2
day=$3
hour=$4

y2="echo $yr | cut -c3-4" #{di514% GPS [iu| 'EIEJ?Fﬁ?“

gweek="ymd2gps $yr $mo $day| awk ‘{print $1}"

gweekm1="ymd2gps $yr $mo $day| awk {print $1-1}"

gday="ymd2gps $yr $mo $day| awk {print $2}"

dom="echo $day | awk ‘{printf("%02i",$1)}"

day="ymd2doy $yr $mo $day |awk ‘{printf("%03i",$2)}"

mjd="doy2mjd ${yr} ${day} | awk ‘{printf("%05d",$1)}"

S="GetCharSes.pl $hour™ #p= | GetCahrSes.pl U] OB R Y S8 T R R
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#NEVERE I :U\?Tfm RINEX #it -
echo " "
echo "RETRIEVING RINEX FILES"

echo

#4515 Ipub/john/GPSDATDATA/ CWB_NRT/RAW [ 15+
cd ${CAMP_PATH}/${CAMPAIGN}RAW

# Get data from IGS network

gunzip *${day}*.gz

GetRnx_rt.pl ../STA/igs_network ${yr} ${day} ${hour} 2> /dev/null
GetCwbRnxNrt.pl ../STA/cwb_network ${yr} ${day} ${hour} 2> /dev/null
GetGeonetRnxNrt.pl ../STA/geonet_network ${yr} ${day} ${hour} 2> /dev/null
GetCwbRnxNrt_rt17.pl ../STA/cwb_network ${yr} ${day} ${hour} 2> /dev/null
$X/EXE/UPPERC2 ${day}?.${y2}?

fizd® — £ et GetRnx_rt.pl ~ GetCwbRnxNrt.pl ~ GetGeonetRnxNrt.pl =
GetCWbRNXNrt_rt17.pl w i Perl crfgs 4% > T L igw B4R agip

GetRnx_rt.pl
AR TR ARpEat

# 1 /pub/john/GPSDATA / CWB_NRT /RAW P 45
1. 7 Y2RT 2 8 en IGS S Bk (e 800 51 FISAT/igs_network 4% 5 # )

I RINEX o - 4395 igs_network 7| £ 1 1GS i gk oh ftp =77 §¢
RINEX F# -

2. F15* - IGS EHNRE ~ A ME ~ T AP Afrp R ehR 307 e
F o FR T & et et UNAVCO B B % 2 chteqe 42.5% i RINEX 4% 8

chiig 3 14 £ Bernese mﬁ%l * 438 > o it 3 Bernese i £z 3% E 4 eid (F o

Input :  igs_network & p P
Output : 2 1 i#& {4 H RINEX data(® 4% & = XX0 » XX % &)

30



l GetRnx rt.pl

A SRR v R U

# 2 Ipub/john/GPSDATA/ CWB_NRT /RAW P 4%

7 ez~ & e ogetRnx_rtpl> 5 AT L0 GPS okt g 5 p A 9 GEONET GPS
i 0 T 1395 SAT/geonet_network 4 & 4L 77 chizh ™ 497 3 ch GPS # % -

Input :  geonet_network & p p*
Output : 12 i i ¢ en RINEX data(&/ 4% & » XX0 > XX 5 &)
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[
|

[

AR TR
# 2 Ipub/john/GPSDATA / CWB_DP /RAW P 4
HFan AL RIP getRnx rt. pI o e g T U RIneX A AR S 0 FIRF kA
PRI GPS 00 FAL A p & F @ T F % B P IS o AR ’*-ﬁ"i\ °

1. # % k& e GPS 73 =3t /ops/cwb/t00 » %] & t00 FofL & 7 &_Rinex # ¥ 5¢ »
#1102 Z & vt e trimble #% & 0 runpkr00 #2.5% 35 t00 #% 3 3 Rinex 4+ 3¢
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Input :  cwb_network & p p*
Output : 2 i & {¢ H RINEX data(®l4% & » XX0 » XX 5 &)

l GetCwbRnxNTrt.pl

*\
| Cteckonssaon o

l
e
=

A

\ 4

A SRR v R U

# 2 Ipub/john/GPSDATA/ CWB_DP /RAW P 4

TR R e getRnx_rtpl » & g & 97§ Rinex #4255 58 » F12 §F % &
PFRHIGPSIL7 TR A A B BEF R P IR ALS] > TR FRT e

2. § % ke GPS F =3t /ops/cwb/t00 » F] & rtl7 kT 2 E_Rinex 4tk 3¢ o
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“rr 2 & ek UNAVCO B B 4% i chteqe #4255 4= rtl7 458 5 Rinex #5155 ¥
2 it Rinex #HEg 33 o

Input : cwb_network & p pF
Output : 2 1 & {¢ H RINEX data(®4% & » XX0O » XX 5 &)

I ‘ GetCwbRnx_rt17.pl
l
=

l
==

_ b

. DP(Diary Processing) 142 & € i& 4% GPS week 7% - % 31.%] 41— CRD #; > &4+
# — GPS #qzzbeniz § (A-priori Coordinate Information) 4 = %+ & » i1 3 i&
BAhE > e Bernese A 425 g B A5 B R €A Ik o
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B RH H  H H R R  RHH  H

# GET COORDINATE FILE FROM LAST WEEK DAILY SOLUTION

B T R R R R R
echo ™"

echo "RESOLVING APRIORI COORDINATE FILE "

echo ™"

= J}51 %] [pub/john/GPSDATDATA/ CWB_NRT/STA [ 144+

cd ${CAMP_PATH}/${CAMPAIGN}/STA

if [ -f NET${gweekm1}7.CRD] #§5%" CRD #

then

Bas

echo "COORDINATE FILE ALREADY EXISTS "
HAVE_CRD=0
#YPHN T3 STA FIERM IS E] - ik CWB_DP [ I 545
elif [ -f
${CAMP_PATH_POST_PROC}/${CAMPAIGN_POST_PROC}/STA/NET${gweek
m1}7.CRD ]
then

echo "COORDINATE FILE ALREADY EXISTS " #§5%[ 2 CRD #

cp
${CAMP_PATH_POST PROC}${CAMPAIGN_POST PROC}STA/NET${gweek
m1}7.CRD

HAVE_CRD=0

else
echo "WE HAVE TROUBLE "
echo "NO NETWORK COORDINATE FILE FOUND "

HAVE_CRD=-1 #%%??UCRD#ﬁ’ZﬁﬁﬁJ%ﬁ?EﬂEL

fi
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AT oewb_nrif A fe AR A B O FE A F R R TR PN ENE - GPS ekt

/|

R R R
# Interpolate surface observations to GPS Station Locations
R

echo " "
echo "INTERPOLATING AWS AND MESONET RECORDS"
echo " "

#7181 %(|/pub/john/GPSDATDATA/ CWB_NRT/ATM/SmosGrd [ &6
cd ${CAMP_PATH}${CAMPAIGN}/ATM/SmosGrd

cp /ops/aws/rsdf${y2}${mo}${dom}??.dat . # It Friv aws e¥f] = F I8
cp /ops/mesonet/rsnf${y2}${mo}${dom}??.dat . #F& L= Fri~) mesonet e ¥F

HERS Hﬁ?jéj?“‘ SmosGrd.pl
SmosGrd.pl --crdfil
${CAMP_PATH}${CAMPAIGN}/STA/NET${gweekm1}7.CRD \

--year ${yr} --day ${day} \

rsdf${y2}${mo}${dom}??.dat rsnf${y2}${mo}${dom}??.dat

AP E 1 {5 aws #1 mesonet £
rm rsdf${y2}${mo}${dom}??.dat rsnf${y2}${mo}${dom}??.dat

#I% GPS ifﬁfb [ A 50 R (MET ##)72%]/publ/john/GPSDATDATA/
CWB_NRT/ATM/| 14

for fil in ????${day}0.MET
do
if [ -s $fil ]
then
mv ${fil} ../.
fi
done
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MR FEAZ Y SmosGrd.pl s

A2 T AR

BB AARY § %D BARDTHE > - £ F %5 GPS & 6 P =T
¢ 7z @] Fat00 £ 58 Tl fr— B -] P rtl7 o Rinex T ¥ - £ 6 F %R
] 7 4% (automated weather system (AWS) and mesonet networks) # 7 & & ~ &4 ~
Boe ~ B4 % 4 & d automatic meteorological data processing system (AMDP)

v

SAFIEFIL o 1T 5 SmosGrd.pl A2 3¢ T & 313?] rENTE AL
AWS data :

- B~ it ;}.ﬁ %2 vé:.rr];'fq /E B R R ra-«fr;]rgl@rﬁr'g B R l‘i)i'f"’ﬁ/?'“ﬁ?
o iz pfp_{rsdfyyMMDthmm.dat%%;“ » F % =t /publaws B 4T 5 B W
Fop - L%

Mesonet data :

FRrEo ik F R REE > B A (dew-point) > b % frip BB B
R WRACERIPFE o 2 & ra‘%{rsnfyyMMDthmm dat 5% o A % 220
Ipub/mesonet p 4T o B A E Ol pE- S 4% o

A-priori Coordinate Information :

1995 IGS if 87 =k 475 F B @ 35 ITRF4r IGS -4 & 4w 17 5 ZRE)
oo F _berneseiF Y hE & S fidyp 0 FRIAEZ S NEMAOT - AAE
¢ E RGEP-E - GPSHEjTRizE > L RIENGCPS L 2k FFW 2
2 44 APR_MMyy.CRD.dat 5% » #f % =**$P/CWB_DP/STA 7 4~ -

Flait 8 ZTD @4 5 PWV PEFZ & § 3 GPSxb 2 e R{v/R 4 o273 §_
% — 1 GPS 40 5 gl Ap S BRI R E > FIH BB F % b o AWS - Mesonet
SE R P 3E ) APR_MMyy.CRD Pt GPS i G A RAeRA B
SmosGrd.pl 4258 ¥ 5 A p BT LT RER L (ERER L OL(EFR)) > @ 5T
W FORE 3 - R A Es T GMT S8 #74% <5 blockmedian i 4 i+ 1%
IR A H - R AL SR 1S e ed GMT 5 Surface 4% 3¢ (adjustable tension
continuous curvature surface gridding algorithm, Smith, W. H. F, and P. Wessel, 1990)
dp 4 B AT e enid(tension factor T=0.1) > 5 7 g p chorg pIEEL o
£ 1945 APR_MMyy.CRD 42 &5 1“7 GPS 2k} > e B e/ 4 & X3
MET #

%

= x]

\\\Xr
ok

~m

~
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B A# 1 /pub/john/GPSDATA / CWB_NRT /ATM/SmosGrd P 4% > #-
lops/aws/rsdf${y2}${mo}${dom}.dat 4-/ops/mesonet/rsnf${y2}${mo}${dom}.dat =
7 44 4F @ 3| /pub/john/GPSDATA / CWB_NRT /ATM/SmosGrd P 4@ -

Input :  APR_${mo}${y2}.CRD --year ${1} --day ${day}
rsdf${y2}${mo}${dom}??.dat rsnf${y2}${mo}${dom}??.dat
Output :  #75 GPS #te7 MET 45>t $P/CWB_NRT/ATM ¥ -

SmosGrd.pl

P47 38 7w i@ perl et e File_IO ~ Geo_Subs ~ Time_Subs §= Getopt::Long -
File_ 10~Geo_Subs-~Time_Subs = B PM #}, = i=>*~john/bin P 4~ » Getopt::Long
¥ 1135 i CPAN % 7 v o

M oewb_nr 3R A AR RS 0 A R 1 T E T PGPS RHEAE Ao EAFRI L AT R

FOUATRI R LY Eo

38



A R R R R R R R T
# GET ORBIT FILES
A R R R R R R R T
echo""
echo "RETRIEVING ORBIT FILES"
echo""
#1317 [/pub/john/GPSDATDATA/ CWB_NRT/ORB f %
cd ${CAMP_PATH}/${CAMPAIGN}/ORB

# FLE AN BB 0 LRI £ EE_OLD
if [ -f IGU${gweek}${gday}.SP3 ] && [ -f IGU${gweek}${gday}.IEP ]
then
mv IGU${gweek}${gday}.SP3 IGU${gweek}${gday} OLD.SP3
mv IGU${gweek}${gday}.IEP IGU${gweek}${gday} OLD.IEP
fi

#h Py ?{%E‘J w

GetOrb.pl igu ${yr} ${day}
$X/EXE/UPPERC?2 igu

# WL AL RO R BB IR LN I R

if [ -f IGU${gweek}${gday} 18.SP3] && [ -f IGUS{gweek}${gday} 18.ERP]
then

cp IGUS{gweek}${gday} 18.SP3 IGUS{gweek}${gday}.SP3
cp IGU${gweek}${gday} 18.ERP IGU${gweek}${gday}.IEP

elif [ -f IGU${gweek}${gday} 12.SP3] && [ -f
IGU${gweek}${gday} 12.ERP]
then

cp IGUS{gweek}${gday} 12.SP3 IGUS{gweek}${gday}.SP3
cp IGU${gweek}${gday} 12.ERP IGU${gweek}${gday}.IEP
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elif [ -f IGU${gweek}${gday} 06.SP3] && [ -f
IGU${gweek}${gday} 06.ERP ]
then

cp IGU${gweek}${gday} 06.SP3 IGUS{gweek}${gday}.SP3
cp IGU${gweek}${gday} 06.ERP IGU${gweek}${gday}.IEP

elif [ -f IGU${gweek}${gday} 00.SP3]&& [ -f
IGU${gweek}${gday} 00.ERP ]
then

cp IGU${gweek}${gday} 00.SP3 IGU${gweek}${gday}.SP3
cp IGU${gweek}${gday} 00.ERP IGU${gweek}${gday}.IEP

HUPG L E) ™ VS BB U R | - S E(OLD A
elif [ -f IGU${gweek}${gday} OLD.SP3] && [ -f
IGU${gweek}${gday} OLD.ERP]
then
cp IGUS{gweek}${gday} OLD.SP3 IGU${gweek}${gday}.SP3
cp IGUS{gweek}${gday} OLD.IEP IGU${gweek}${gday}.IEP

fi

if [ -f IGU${gweek}${gday}.SP3 ] && [ -f IGU${gweek}${gday}.IEP ]
then

HAVE ORB=0 #% "}k T

echo "ORBIT FILE: " 'Is -Irt IGU${gweek}${gday}.SP3"

T g _GetOrb.pl sz pto:

GetOrb.pl
# % Ipubljohn/GPSDATA/ CWB_NRT /ORB P 4
2R For A

#4234 3 IGS CNETER(4r# )™ §% IGS # & #uif 4% (1GS orbit file)fo 5 o & 7
3 A% (earth rotation files) » &7 BAL3 * % T& M %% A 5 (global reference
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frame) - 4% % T §* = 14 ¥ *=**/pub/john/GPSDATA / CWB_NRT /ORB P #4Z °

Archive Center Path

CDDIS ftp://cddis.gsfc.nasa.gov/gps/products/ WWWW/
SOPAC ftp://garner.ucsd.edu/pub/products/WWWW/
IGN ftp://igs.ensg.ign.fr/pub/igs/products/ WWWW/
IGSCB ftp://igscb.jpl.nasa.gov/pub/product/ WWWW/

Input :  Year Day
Output ©  *f#h & 5 .Sp3 fr.sum % %

I
E—
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2UFcwb_nr A AR A L& 1 iF T T A GIM Sdichh 4o A7 R AT

4 (AP Ar Bin o

A T R R R R T R
# GET IONOSPHERE MAP FILE
A R R R R R R T R
echo""
echo "RETRIEVING IONOSPHERE FILE FROM CODE "
echo""
#1317 /pub/john/GPSDATDATA/ CWB_NRT/ATM [ &
cd ${CAMP_PATH}/${CAMPAIGN}/ATM

if [ -f COD${gweek}${gday}.ION ] #ﬁ_ﬁﬁj DI g Y GIM 2 g
then

mv COD${gweek}${gday}.ION COD${gweek}${gday}.ION_P2
fi
Getlon.pl ${yr} ${day} # ™ &l Fiv GIM 2 Hf
$X/EXE/UPPERC2 COD${gweek}${gday}

if [ -f COD${gweek}${gday}.ION ]
then :
elif [ -f COD${gweek}${gday}.ION_R ] #Y[1{y2E | ™ ELE[ By - fip™ [E 7Y
then
cp COD${gweek}${gday}.ION_R COD${gweek}${gday}.ION
elif [ -f COD${gweek}${gday}.ION_P ]
then
cp COD${gweek}${gday}.ION_P COD${gweek}${gday}.ION
elif [ -f COD${gweek}${gday}.ION_P2 ]
then
cp COD${gweek}${gday}.ION_P2 COD${gweek}${gday}.ION
fi
if [ -f COD${gweek}${gday}.ION ] || [ -f COD${gweek}${gday}.ION R ]
then
HAVE _ION=0 #?J GIM #f
Is -Irt COD${gweek}${gday}.ION
else
HAVE ION=1 #ﬁﬁi%%ﬁi%ﬂ* FVE] GIM At
fi
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T g_Getlon.pl sgp @

# 1 /pub/john/GPSDATA/ CWB_NRT /ATM P 4+

235 1 T IR AR PRI

A f23¢ 3 ftp://ftp.unibe.ch/aiub/CODE/™ §* GIM %% +% (CODE Global
lonosphere Model (GIM) Files) » GIM & - % 3tk #-5% > % Bernese #ic48 ¥
CWB_NRT.PCF 4= CWB_PWV.PCF ¢ & * 5| - v ] * QIF(Quasi-lonosphere Free
(QIF) method) = i 4% 4¥ T 4t & ut & (lonospheric Delay) %2 38 » i & & 5 fl4
residual ionospheric error ¢ = A Z_f%(ambiguities) > # Bernese # %2 ¥ p|i%:iF GIM
THLE B kP K,%:}:*;_ o Fh% T L% {5 ¥ 23t /pub/john/GPSDATA/ CWB_NRT
IATM P 442

Input :  Year Day
OutPut : *a4f & 5 .JON sff %

Getlon.pl



ftp://ftp.unibe.ch/aiub/CODE/

T ocwb nr @R 47N 0 A& 1 (FE »fed Bernese 7 A & gt E 1 iF o

# Initiate BPE Command
#¥h = /home/john/BERN50/GPSUSER/SCRIPT #!fiv cwb_nrt.pl

$U/SCRIPT/cwb_nrt.pl ${yr} ${day}${S}

AR A RRINY & AL

% 425% cwb_nrt.pl =%+ Bernese #4844 7 > F] % Bernse s eni 47N L £ iF
@wperl#F 7 #H > Fpr At £ f’rf]‘,»;{ﬂ 7_NRT(Near Real Time processing)
e Bc(PCF #§)#X 14 #¢ v Bernese L #8347 » #8852 % 6 1 PWV # 1
/pub/john/GPSDATDATA/ CWB_NRT/ATM #z_ -

/ N

Solution Files
Processing Status Files
Daily Coordinates
BPE Qutput Weekly SINEX files
Processing Summaries Daily Normal Equations
Daily Troposphere Estimates

do b BAF 0 AP E L S A RUE ewb_nrtpl 2w et ARt o HRER T
¢ % #. BPE (Bernse Processing Engine)# craf i 1 i7(§ ¢ = BRA) > § 1 0
Fé RADTHRIVEIIE AL v BPE 4 355 15 ¢ R BPE
1395 CWB_NRT.PCF(4-™ % #7770 )4 32k 3+ k vf ¢! Bernese #73 + 42/ K44 {7 :

44



# Procedure Control File (PCF)
# All comment lines start with a #

# Comments:

#

#

PID SCRIPT OPT_DIR CAMPAIGN CPU P WAIT FOR....
3** 8 8 * 8 * 8 1 3** 3** 3** 3** 3** 3** 3** 3** 3** 3**
#

# Translate Pole Files in ORB/ Directory

#

003 POLUPD NRT_ORB ANY 0

#

# Generate Standard Orbits and Sat. Clocks

#

010 PRETAB NRT_ORB ANY 0003

011 ORBGEN NRT_ORB ANY 0010

#

# Zero Difference File Processing (RXOBV3 and CODSPP)

#

002

0011
0019
0020011
0021

0022

0030

0040
0041
0042

#018 PREP_RNX ZDP any
019 RNXGRA NRT_ZDP ANY
020 RXOBV3  NRT_ZDP ANY
021 CODSPP  NRT_ZDP ANY
022 CODXTR  NRT_ZDP ANY
#

# Single Difference Creation (SNGDIF)

#

030 SNGDIF  NRT_MAXO ANY
#

# Clean Single Differences of Cycle Slips (MAUPRP)
#

040 MAUPRP  NRTCLEAN ANY
041 MPRXTR  NRTCLEAN ANY
042 GPSEDTAP NRTCLEAN ANY
043 GPSEDT_P NRTCLEAN ANY
044 GPSRMSCK NRT_CHK ANY

#

0043

# Compute network solution based on amb free basline solutions

#
045 ADDNEQ2 NRT_CHK
046 GPSXTR  NRT_CHK
#

ANY
ANY

# Resolve Ambiguities Baseline Wise (GPSEST)

#

050 GPSQIFAP NRT_QIF ANY
051 GPSQIF_P NRT_QIF ANY
052 GPSXTR  NRT_QIF ANY
#

# Compute Troposphere Solution

#

060 GPSEST  NRT_TRP ANY
061 STK_NEQ NRT_TRP ANY
062 TRO_2PW NO_OPT ANY
063 TRO_2PW NO_OPT ANY
#

# Clean up and create summary files

#

090 SES_CLN NO_OPT ANY
091 NRT_SUM NO_OPT ANY
#

#

999 DUMMY NO_OPT ANY
#

# additional parameters required for PID's

#

PID USER PASSWORD PARAM1
PARAM7 PARAM8 PARAM9

3** 12 GRHwxAAk B* 8

1044
1045

0046
0050
0051

0052
0060
0060
0061

0061

0090

1091

PARAM2

PARAM3

PARAM4

PARAMS5

PARAMG6

8 Fhkkkkhkk 8

8 * gr*

8

nn8nn
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8*******

#
042 $042

043 PARALLEL $042

044 NEXTJOB 030

#

#050 $050

#051 PARALLEL $050

#

050 SKIP

051 SKIP

052 SKIP

#

062 TD_ suomiday Bv95 CWB_NRT SUOMI  LOCAL
063 TRP suomiday Bv95 CWB_NRT SUOMI  LOCAL
#

091 CWB_NRT

#

#

VARIABLE DESCRIPTION DEFAULT

8 * * 40 * ** *hkkkhkkkhkkk ** 16**************

V.0 TWO CHARACTER PREFIX FOR ORBITS IGU

V_PLUS  VARIABLE FOR NUMBER OF FORWARD SES 0

V_MINUS VARIABLE FOR NUMBER OF PREV SESS -6

B >+ PCF gl f 3 4B Bernese s+ # % — £ {r% = § » 1T E_PCF f#res ¢!
e Bernese + #2;% mﬁg? P o I anii P - 4R Bernese £

- POLUPD :  # ¥ 3k 43 i ARAh( pole files) & Bernese ¥ * efh & 4= -

- PRETAB: A2 % & i fahf °

- ORBGEN : &4 % & Brehid RoAp A 2 8k fug fopvss -

- RNXGRA : £]2= RINEX gipl4 7 graphic table » * ki & TR &F ©

- RXOBV3: #4 RINEX 4% = Bernesee BLip|#, e 7¢

~ TCODSPP : g2 pseudo-ranges 7 4 &k 3+ 5 GPS 4 {c i chpfsazi 4 > ™~ ¥ U

2E1

=

Il #E T k3B - =% £ (double difference) p¥ ¢ * < E &t (true
distance) - st B4 £ 45 GPS k£ 3 T cgEdp o

- CODXTR : 2 CODSPP %?J e

- SNGDIF: & B % = £ (Zero Difference)#¥ % ] - =x £ #%(single difference) -
- MAUPRP : f— =% & e % (cycle slips) °

- MPRXTR : 211 MAUPRP %?J DepE e

- GPSEDTAP : % #% - =t i (double difference) F #* L {7 i& & & & -4 3¢ -
GPSEDT_P(# % includes GPSEST, RESRMS, SATMRK, GPSEST) : = =& £
(double difference) F L & iE o

_ GPSRMSCK (# % RESRMS, RESRMS, RESCHK) : +# & - = £ (double
difference) 7t & 45 % » & iF & S F A O GPS s FALL PIR A
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- ADDNEQ2 : 3dpit %~ 4255 (normal equations) & & ¥ jxsk 2 F § 45 3%
AR 3B 975 A s(baselines)fF( 7 prafE{od - AMfR)pFiE € @ * T
ADDNEQ?2 -

- GPSXTR : B ADDNEQZE’?’?@?J AT e

- GPSQIFAP (z BASLST) : # & - {7 (parallel):@ & QIF * = _f#(ambiguity
resolution)#2 % » QIF © & GPSXTR ﬂi%l dr e 4k 4 (baselines) -

~ GPSQIF _P(z GPSEST) : 3*& % §f%(network solution)

- GPSXTR : 2~ GPSEST m@?] MARF

- GPSEST: i & GPS ;“ AR LR AL erdp B Sl o

~ TK_NEQ (% ADDNEQ2): i ¥4 & /| @ ehZTD> & © R $]12/] p& ch TRP-

_ TRO_2PW : 3% ZTD #4(TRP $7%) 2 PW # o

~ TRO 2PW : [}

- SESCLN: #ihiph 7 &g & ik -

- SES_SUM : i NRT &2 £z /i eif & f(CWBYYssss.PRC) -

% Bernese #4 {7 ¢4 ¢ > BPE Server ¢ ¥ { ATE ATk fi 3] RUNBPE.OUT »
dodk FoAEE o i —‘ﬁ ¥ 12 3]/CWB_NRT/BPE T 35 ] RUNBPE.OUT 4% 38w 3F »
& E A %El ﬁ’;/-’l—'ﬂ’ °

Time Sess PID Script  Option Status
11-Jun-2008 01:28:53 1620 YR:2008 CWB_NRT : Server started at 44231
11-Jun-2008 01:28:57 1620 003 _000 POLUPD NRT_ORB : Client started
11-Jun-2008 01:28:57 1620 003_000 POLUPD NRT_ORB : Script started
11-Jun-2008 01:28:58 1620 003 000 POLUPD NRT_ORB : Script finished OK
11-Jun-2008 01:28:58 1620 010 000 PRETAB NRT_ORB : Client started
11-Jun-2008 01:28:58 1620 010_000 PRETAB NRT_ORB : Script started
11-Jun-2008 01:28:59 1620010 000 PRETAB NRT_ORB : Script finished OK
11-Jun-2008 01:28:59 1620 011_000 ORBGEN NRT_ORB : Client started
11-Jun-2008 01:28:59 1620 011_000 ORBGEN NRT_ORB : Script started
11-Jun-2008 01:29:03 1620 011_000 ORBGEN NRT_ORB : Script finished OK
11-Jun-2008 01:29:03 1620 019_000 RNXGRA NRT_ZDP : Client started
11-Jun-2008 01:29:03 1620 019_000 RNXGRA NRT_ZDP : Script started
11-Jun-2008 01:29:06 1620 019 000 RNXGRA NRT_ZDP : Script finished OK
11-Jun-2008 01:29:06 1620 020_000 RXOBV3 NRT_ZDP : Client started
11-Jun-2008 01:29:06 1620 020_000 RXOBV3 NRT_ZDP : Script started
11-Jun-2008 01:29:12 1620 020_000 RXOBV3 NRT_ZDP : Script finished OK
11-Jun-2008 01:29:12 1620 021_000 CODSPP  NRT_ZDP : Client started
11-Jun-2008 01:29:12 1620 021_000 CODSPP  NRT_ZDP : Script started
11-Jun-2008 01:29:39 1620 021_000 CODSPP  NRT_ZDP : Script finished OK
11-Jun-2008 01:29:39 1620 022_000 CODXTR  NRT_ZDP : Client started
RUNBPE.OUT #4

RUNBPE.OUT # & #_f§ ¥ cr3p % — 3 Bernese F 425 & B 2 % » & PCF 4

ALAE 2R 4R K 2~ PID(process ID)5LAS - & & PID A2 4 37 & 4 11 4p $f s

PRT (1% $PICWB_NRT/BPE) >+ & £3ip' & PID A2 A chif & g 4o & 477
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PROTOCOL FILE FOR BPE SCRIPT

Campaign : ${P}/CWB_NRT
Year 108

Session 11620

PCF name :CWB_NRT.PCF
Script name : TRO_2PW

Path to executables: ${XG}
Option directory  : NO_OPT

Process ID : 063

Sub-process ID 1000

Server host : taccop4g.cwb.gov.tw

Remote host : taccop4g.cwb.gov.tw

CPU name - localhost

Path to work area : /home/john/GPSTEMP/BPE_CWB_NRT_44231_08_1620_063_000
User name :john

Date Time Runtime Pgm.time StaProgram  Message

11-JUN-2008 01:37:29 00:00:00 MSG RUNBPE.pm SCRIPT STARTED
11-JUN-2008 01:37:29 00:00:00 MSG RUNBPE.pm SCRIPT STARTED
11-JUN-2008 01:37:32 00:00:03 MSG RUNBPE.pm SCRIPT ENDED

% DP 4= NRT 7 Bernese i&

chdi P AT RS 0% T b it nif & 4 (RUNBPE.OUT
2 PRT 4h) 7 #1788

&
8
Bk aip AR o 0T SUpE B R AR ehip MR

Daily coordinate solutions (CRD) : p CRD #4

= ¢ DP ez B 3 (7 aiﬁg 7 Daily coordinate CRD e ik A 4 d1 %k > d
CWB_PWV.PCF #;* 060 PID #2 & (Compute Network Geodetic Solution)# ;{ﬁ?] el
3 $P/CWB_DP/STA P 47 » & - = & 4 - B4 % 3% 5 NETwwwwd.CRD »
WWWW 15 i0E_GPS week » @ d #45 GPSweek § ¢ 1% B 2 » 4ok £ GPS week
1% = % > d B2 3> NETwwwwd.CRD €_¢ NETwwwwd.NQO #%(Daily Normal
Equation files)iw & &1 ke > B~ &”NET”E F) 5 v A.d #75 GPS b 18 1
f2> ¥ — 25 CRD # R 2P £.4 & — GPS zh ek st (baseline) #1 & o) &k ey ]
B 7 27BSL” & 78 5 BSLwwwwd.CRD: FF e T » #_d BSLwwwwd.NQO
T B ke

Daily Normal Equation files (NQO) : p & & 4%,

NQO ## %_DP(Daily Processing) = 4 = 423" 4§ > 4% % =**$P/CWB_DP/SOL > #.
7 5 NETwwwwd.NQO » wwww 5 c18_GPS week » @ d &4y GPS week § # %
A 4ok Z_GPSweek ch% - = > d R 41> d4 CWB_PWV.PCF # ¢ 060 PID

#2 & (Compute Network Geodetic Solution)ﬁ%l dr &m0 2 15 ADDNEQ2 #-¢ 41%* NQO
# A 4 4 weekly coordinate solutions CRD #f, © H s a2 54 > ¢ 235 H - A
& e BSLwwwwd.NQO 4% Z_NRT shfz 5 &2 4 4 ke @ TD_wwwwd.NQ #§ B 2_
d DPA2R A 4 ) ko
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Weekly coordinate solutions (CRD) :

& DP 425 ¥ 1 PID 070(ADDNEQ2) ¢ #-2.

¥ CRD #%

258 d g p CRD # 4 # % CRD

#5(Weekly coordinate solutions (CRD)) » #% % = *>*$P/CWB_DP/STA B 432 » $3¢
= NETwwww7.CRD » wwww 15 9% GPS week » # GPS week @ % - = » DP

AR g Akd R A -

B0 XA iRfEE-¢ % k3t E GPS week 1451 %

Weekly SINEX files (SNX) :

TR

¥ SNX #

B

¥ 975 GPS b e #p & 4R

% CRD 4 » #T/ig S & % = X chffji g eni B ¢ g
TR A o o % CRD #h#-¢ % kEE T -
(a-priori coordinates)( & %

$])+ 122 Fapt DP 254 ¢ 1 PID
075(GPSEST)4= PID 076(ADDNEQ2) % & 7 #L1% 5 » v 4r f GPS week 1450 %
m‘}‘j‘/:‘ }é:l ‘L% °

SINEX(Sqution Independent Exchange)#iz4% 7 — % ¢GPS & g et 8 & % v
Z (covariance): ¥ ;¢ 5 NETwwwwd.SNX: # % = 3% #2 Daily coordinate
solutions (CRD)4p = » #% % =3*$P/CWB_DP/SOL ¥ » & = & 4 — =t » SINEX #4
SRS S B EE
SINEX 7 * k2 8% £ 17 ¥ erv2 48> 4258 (normal equation file)fe & 1% o

TP ERE

Fﬁ?ff?‘g ’ &

Zenith Troposphere Estimates :

S R TS R B e

PW(precipitabIe water) = #& - ZTD #

Zenith) »

(1) ZTD F A4 54 GPS =hén® 76 at
TD_yySSSS.TRP » yy i % & » SSSS
5$P/CWB_DP/ATM » & — #% #

LL'fFr

F 1 JE g T

A EHk R

FE T b4 E A4 -

L — §_ZTD(zenith troposphere delay){e
7 §¢#& 2 (hydrostatic Zenith)fv; & & 2 38 (wet

< F 3% /B (surface pressure)srip] & 7L A A PR3 d JRIE IR >
A PW EJEJ BB ED K

£ AP frx Faur

L § &L T
~ % Bernese PCF = session #cF » #h % i~
z iﬁp 1%

HZ

- R RAL 0 g AL

78 2 ¥ (a-priori zenith delay) > =

e s frl R R 8 > e

P 3-%% Bernse manual 22.9 % & - TRP ﬁ%qsw GldeT & Aror

NETWORK TROPOSPHERE SOLUTION: 122290

19-SEP-12 12:44

A PRIORI MODEL:

INTERVAL: 1800/

STATION NAME
AKND
AKND
AKND
AKND
AKND

-15
0

FLG

U U T T

MAPPING FUNCTION:

YYYY MM DD HH MM SS
2012 08 16 00 00 00
2012 08 16 00 30 00
2012 08 16 01 00 00
2012 08 16 01 30 00
2012 08 16 02 00 00

GRADIENT MODEL: 0 MIN. ELEVATION: 5 TABULAR

2.2895
2.2895
2.2895
2.2895
2.2895

MOD_U CORR_U SIGMA_UTOTAL_U
0.39128 0.00292 2.68080
0.40764 0.00193 2.69717
0.37794 0.00159 2.66746
0.36815 0.00151 2.65767
0.36600 0.00265 2.65552
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NRT 42 % 1 ZTD #h % #45¢ £ TD_yySSSS.TRP » Fl & § 2 -] p& 5] 14 - p¥
shje ]l > BEES 20 PF > @ DP 24«0 ZTD 4 % #43° £ TD_yySSSO.TRP » F#L
£F 26 rendcdy 0 BEE- 22 ) P o

¥ ¢t troposphere SINEX #— #» € - A4t & 4 41 &
-t F{F}ﬁf}—'—’f)é';\] @ o

|4 & 5 TRO A > M % AL

T

(2) PW F#ld= #74 GPS #henx 76 B2t & § 5 & 7 rwé;fm_’ % NRT 425 * 4
% 4 ;8 2 CWB_NRTTD_yySSSS.PWV > & & % 782 & § TD_yySSSS.TRP 31 %
A %k o 4% =2 $P/ICWB_NRT/ATM > Ap %t s 4o 8 DP 425 o738 » PW #%
% ;Y £.CWB_DPTD_yySSS0.PWV > _j&_TD_yySSSO.TRP 4 & % » 4%
=3+ $P/CWB_DP/ATM P 4x42 o

PW 4 % & 5% gt 4o
- Site: GPS:# ¢ -

~ PWVmidTim: & i epochs P&/ che B P 46 & » 4o% £.0015 5 % # £.0000
1200301 45 ¢ 7 & -

~ Duration : = i epochs z_ BF ehRF $238 &F (Unit: minutes)

- PW: ¥ & "%k & (Precipitable water vapor estimates) (Unit: mm)

- FMerr: ¥ ') -k & 45358 (Formal error)(Unit: mm)

- Wdelay : Rzt & (Wet delay) (Unit: mm)

~-  Mdelay @ =5\ 2 #& (Model delay) (Unit: mm)

~  Tdelay : = 78 %% 2 & & (Zenith total delay) (Unit: mm)

- KFAC : K-factor=1/ (non-unit)

~ Press: = § &+ (Unit: mbar)

~- Temp : = # & & (Unit: degrees C)

- Rhum : 4p%t% & (never estimated so always -99.9; Unit: %)

~ Ddelay : gzt #&(Unit: mm)

- Flg: < FRIBEPEGER - ARLFRFEE IRZEPFEE URER
ek

(3) KfFlg : K-factor »&4& » % £ K-Factor d & 7ffici fi38 #rdn ) ke Bv95
4 E_BvO5 model, U & A Fr» 3@ £ & & 25 Tl o PWV AR bde™ & 97

T .
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Site PWVmidTim Duration PW  FMerr Wdelay Mdelay Tdelay KFAC  Press Temp Rhum Ddelay Flg KfFlg
SSSSYYYYMMDD/HHMM  MIN  [mm] [mm] [mm] [mm] [mm] d.ddd [mbar] [c] [%] [mm] SS
ALIS 20120816/0015 30 22.6 0.3 1411 -99.91880.6 6.246 762.0 19.1-99.91739.51Bv95
ALIS 20120816/0045 30 22.7 03 1414 -9991881.4 6.231 762.2 20.1-99.91740.0ABv95
ALIS 20120816/0115 30 22.8 0.3 1422 -9991881.8 6.236 762.1 19.8-99.91739.6 | Bv95
ALIS 20120816/0145 30 237 0.3 147.7 -99.91886.9 6.240 761.9 19.5-99.91739.2 ABv95
ALIS 20120816/0215 30 245 04 1528 -99.91892.6 6.233 762.2 20.0-99.91739.81Bv95
ALIS 20120816/0245 30 26.8 0.3 166.6 -99.91907.1 6.226 762.5 20.5-99.91740.5ABv95
ALIS 20120816/0315 30 29.2 0.3 1825 -99.91922.8 6.246 7624 19.1-99.91740.31Bv95
ALIS 20120816/0345 30 29.9 0.3 187.3 -99.91927.3 6.267 762.3 17.7-99.91740.0 ABv95
ALIS 20120816/0415 30 29.9 0.3 187.2 -99.91927.0 6.266 762.2 17.7-99.91739.81Bv95
ALIS 20120816/0445 30 29.0 0.3 181.8 -99.91921.4 6.265 762.1 17.8-99.91739.6 ABv95
ALIS 20120816/0515 30 29.2 0.2 1830 -99.91922.4 6.268 762.0 17.6-99.91739.41Bv95
ALIS 20120816/0545 30 31.0 0.3 1942 -99.919334 6.270 7619 17.4-99.91739.2 ABv95
ALIS 20120816/0615 30 33.7 0.3 211.2 -99.91950.3 6.268 761.9 17.6-99.91739.11Bv95
ALIS 20120816/0645 30 345 0.2 2165 -99.919555 6.266 761.8 17.7-99.91739.0ABv95
ALIS 20120816/0715 30 334 0.3 209.5 -99.91948.1 6.269 7616 17.5-99.91738.61Bv95
ALIS 20120816/0745 30 339 03 2129 -99.91951.1 6.272 7615 17.3-99.91738.2ABv95
ALIS 20120816/0815 30 35.7 0.3 2242 -99.919625 6.272 7615 17.3-99.91738.31Bv95
ALIS 20120816/0845 30 38.1 0.3 239.2 -99.91977.6 6.272 7615 17.3-99.91738.4 ABv95

Daily Summary Files :

EREFRA- BRERGFZOBPERAEL » §- B3 FTRTELRAHEL A
;4 2_CWBYyssss.PRC s yy & £ & » SSSS & % Bernese PCF ¢ session # % » 4r
% §_DP A2/ ¢3E o #h% 2 $P/CWB_DP/OUT P 442 > v ¢ 3 T BB F ¢

I &M RINEX FHARETEF 7 - Repfiiw o 4 ,T*u{fv 4 RINEX F A e B
EEv 4.
i~ hiEmh g R A $5913(Root mean square) £ 47 14 -
ey & p BB (* R B apER) e o o
S AR ¥ % E (cycle slips) sk sulicdy o PIf < RABLRIE R LU E SRR
FAR S Ruk &7 Srplool AN

5. EEE AR R AL endp Ik TR BP A F & & (residual screening) sd &
JRE L AR A L Rehi 4 4R o
St B R f% (the weekly combination of coordinate solutions) -
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P ewb_nr #8448 3RS 0 4 & 1 T S Bernse §a R s S R g D e

# Create Result Plots
pwv_fil="echo ${y2} ${day} ${S} | awk #F%%gglaﬁ?vp% PWV ﬁ'ﬁ‘ﬁ,?“
{printf("CWB_NRTTRP%02d%03d%s.PWV" $1,$2,$3)}"
cd ${CAMP_PATH}/${CAMPAIGN}ATM #JE1Z[[|ATM [ 158
Is  $pwv_fil
if [ -f ${pwv_fil} ] #J[HNF | PWV A
then
cdimage_map #&# 5= i GPS fﬁﬁfj PWV fifi
cwb_grid_pwv.pl ../${pwv_fil}${CAMP_PATH}/${CAMPAIGN}/STA/NET${gweekm1}7.C
RD
cd ..

parseStaPwv.pl ${pwv_fil} #=15) [ |—Wﬁu PWV [l 5 e R R ﬁ}?ﬁ S PR
cd image_timeSeries
for sta_fil in Is ../2?2??_${yr}.PWV "
do
pltStaTimeSeries.pl ${sta_fil} ${day} 2 #}l‘éj’ £— GPS TF'[I'IU PWV E\JJ‘ EileEsliay Sk

id="echo ${sta_fil} | cut -f2 -d'/' | cut -c1-4°
sta_fig="echo ${id} ${yr} ${day} | awk ‘{printf("%s_%04d%03d.png",$1,$2,$3)}"
current_fig="echo ${id} | awk ‘{printf("%s_CURRENT.png",$1)}"
if [ -f ${sta_fig} ] #UPHIRE 7T o P =aigg
then
cp ${sta_fig} /pub/websvc/image_timeSeries/${current_fig}
cp ${sta_fig} /pub/websvc/image_timeSeries/${sta_fig}
fi
done
cd ..

fizA® — £ e e cwb_grid_pwv.pl ~ parseStaPwv.pl = pltStaTimeSeries.pl = i# Perl
SRR T R iR AR ey

cwb_grid_pwv.pl : =¥+ GMT(Generic Mapping Tools )3 3% » ¥ #-% - GPS
e PWV Ethm Dk FUEEd A7 EL o BEAoT BT 0
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parseStaPwv.pl : % PWV 4% &3 75 GPS 5 PWV B e -

TS B GPS sk A S A e B i en PWV %

L A o7 A

pltStaTimeSeries.pl :
PWV ~ &+ foif & .
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Applying the water vapor radiometer to verify the
precipitable water vapor measured by GPS

Ta-Kang Yeh"”, Jing-Shan Hong?, Chuan-Sheng Wang', Tung-Yuan Hsiao®, Chin-Tzu
Fong®
! Department of Real Estate and Built Environment, National Taipei University;
bigsteel@mail.ntpu.edu.tw
2 Meteorological Information Center, Central Weather Bureau
® Department of Information Technology, Hsing Wu University

Abstract

Taiwan is located at the land-sea interface in a subtropical region. Because the
climate is warm and moist year round, there is a large and highly variable amount of
water vapor in the atmosphere. In addition, because Taiwan is surrounded by ocean
and lacks nearby ground meteorological data, it is difficult to forecast the weather. In
this study, we calculated the Zenith Wet Delay (ZWD) of the troposphere using
ground-based Global Positioning System (GPS). The ZWD measured by a Water
Vapor Radiometer (WVR) was then used to verify the ZWD that had been calculated
using GPS. We also analyzed the correlation between the ZWD and the precipitation
data. We used the observational data from 14 GPS and precipitation stations to
evaluate three cases: one during the plum rain season, a second during binary
typhoons, and a third long duration case. The offset between the GPS-ZWD and the
WVR-ZWD ranged from 1.31 cm to 2.57 cm. The correlation coefficient ranged from
0.89 to 0.93. The results calculated from GPS and those measured using the WVR
were very similar. Moreover, when there was no rain, light rain, moderate rain, or
heavy rain, the flatland station ZWD was 0.31 m, 0.36 m, 0.38 m, or 0.40 m,
respectively. The mountain station ZWD exhibited the same trend. Therefore, these
results have demonstrated that the potential and strength of precipitation in a region
can be estimated according to its ZWD values. If this method can eventually be
expanded to the more than 400 GPS stations in Taiwan and its surrounding islands,
observational data with improved spatial and temporal resolution can be provided to
the city and countryside weather forecasting system that is currently under
development. Such an exchange would fundamentally improve the resources used to

generate weather forecasts.

Keywords: global positioning system, zenith wet delay, water vapor radiometer,
rainfall
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1. Introduction

Since its development, Global Positioning System (GPS) technology has been
widely used in many fields. The application of GPS technology to the field of
meteorology is called GPS Meteorology (GPS/Met). The primary purpose of this
work was to utilize the delay effect of the GPS satellite signal, which is caused by
Earth’s atmosphere, to derive useful atmospheric information and ultimately
contribute to the development of atmospheric science, meteorology, and other related
fields. Many examples from European and American countries have suggested that
performing near real-time atmosphere monitoring using the GPS tracking network can
positively contribute to long-term climate monitoring and short-term weather
forecasting. Currently, there is an increasing demand for weather forecasting,
especially emergent weather forecasting. By utilizing continuous observation from a
GPS signal, the dynamic variations of precipitation in the troposphere can be
observed. The near real-time continuous nationwide precipitation data, which feature
high precision, as well as high spatial and temporal resolution, can be used in
meteorology research to improve the ability to forecast emergent weather. GPS offers
some advantages when compared with meteorological radar and radiosonde, which
are traditionally used in weather forecasting. Meteorological radar can only measure
the spatial distribution of raindrops, but it cannot measure water vapor distribution.
This drawback greatly weakens its usage for weather forecast warnings. The
radiosonde is a single-use piece of equipment that has low spatial and temporal
resolution; its typical sampling rate is twice daily. Conversely, because ground-based
GPS is inexpensive, it can be densely distributed. GPS technology can provide nearly
real-time, highly precise, and continuously varying Precipitable Water Vapor (PWV)
data across a wide coverage area. This ability is very important for improving the
short-term weather forecast capability, especially in terms of thunderstorm forecasting
and numerical weather forecast models. Currently, the ground-based GPS network of
the National Oceanic and Atmospheric Administration (NOAA) of the United States
can automatically estimate the variation of PWV above the network surface every 30
min. The Japanese GPS network, consisting of more than 1000 stations, has also been
used in functional ground-based GPS meteorological applications (Shoji et al., 2003).

Although GPS can facilitate the ability to make highly precise measurements of
the phases of carrier waves for navigation, the error caused by the atmosphere has
drawn increasing attention. These errors arise due to ionospheric and tropospheric
delays. For the ionosphere delay, the error can be reduced using dual-frequency
observation or simultaneous observation of the differential method. The troposphere
delay consists of two components: the dry component (caused by the temperature and
pressure variations of the dry air, which change the refraction index of the air) and the
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wet component (caused by the uneven distribution of water vapor, which causes the
signals to refract). The former component can be precisely calculated using ground
pressure detection. However, the latter component cannot be easily corrected because
of the uneven distribution and instability of the atmospheric water vapor. Although the
wet delay of the troposphere is much smaller than the dry delay, the uncertainty of the
troposphere wet delay introduces a lack of predictability into high-precision GPS
applications. Finding an effective solution for the troposphere delay would increase
the precision of GPS positioning and could also be used to derive the PWV of the
atmosphere to provide a near real-time ability to forecast weather.

The atmospheric delay along the path of electromagnetic waves is largely
unknown. Therefore, many models estimate delay values for electromagnetic waves
in the atmosphere using ground meteorological data, the elevation angle, and the
azimuth angle. These delay values differ based on the empirical model from which
they are derived, and the ground meteorology empirical models are primarily used to
estimate the Zenith Wet Delay (ZWD). However, due to the uneven distribution of
water vapor at high altitudes, many questions remain regarding the estimation of
ZWD using ground empirical models (Mendes and Langley, 1999). In this study, we
used a ground-based GPS station to derive ZWD information. We then compared the
ZWD data with observational data from a Water Vapor Radiometer (WVR) to verify
the accuracy of the GPS-ZWD data. The results of this comparison can be used in
industrial fields and to calculate atmospheric PWV. In the future, these results can
provide supporting information that can be used in weather forecasting and in
environmental monitoring.

2. Theory of the Troposphere Delay

The troposphere primarily influences the GPS signal in two ways. The
propagation speed of the signal is slowed down relative to that of a vacuum, and the
signal path is bent rather than straight; both of these effects are caused by refraction
along the path. For the former effect, the refraction index of the troposphere is larger
than that of a vacuum, thereby causing the speed delay. For the latter effect, because
the refraction index varies with altitude, the propagation path is bent and delayed.
These two types of delays, the speed delay and the path delay, are discussed in the
following section.
(1) Speed Delay

Because the refraction index of the troposphere is larger than the refraction index
in a vacuum, electromagnetic waves travel more slowly through the atmosphere than
through a vacuum; this phenomenon is called the propagation time delay. The effect
of this propagation time delay can be estimated as the propagation path is elongated.
The relationship between the speed in a vacuum and that in a medium can be
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expressed as follows:
Vi =— 1)

in which V, is the signal speed in vacuum, n is the refraction index of the medium,
and V,, is the signal speed in the medium. The refraction index of the medium
changes along the propagation path because of temperature and pressure variations.

Therefore, the index is a function of the path, and the speed delay D" due to the

different speeds is expressed as follows:
D" = [[n(s) ~1]ds )

(2) Path Delay

Because the refraction index of the atmosphere changes according to the
atmospheric height, an electromagnetic wave that travels through the atmosphere will
have a bent path instead of a straight path. Because a bent path is longer than a
straight line, the path is elongated between the satellite and the receiver. The path

delay D[™P isexpressed as follows:

D""=5-G 3)

p =
in which S and G represent the straight and bent paths, respectively. In summary, the

troposphere delay D ™"P can be expressed as follows:

D™ = D" + D" = j [n(s)—1]ds + (S - G) (@)
In Eq. (4), j[n(s)—l]ds is the effect of the speed delay, and (S-G) is the effect

of the bent path. In general, the (S-G) delay is less than 1 cm when the elevation angle
is greater than 15° and it only represents 0.1% of the total delay (Bock and
Doerflinger, 2001). Therefore, this delay can be neglected. The primary factors that
cause the longer path are the different refraction indexes at the different atmospheric

heights. According to Eq. (4), the zenith troposphere delay ALtZrop is as follows:
ALY, = [ [n(2)-1jdz =10°° [ Naz (5)
in which the refraction index N can be expressed as follows:
P _ e e\, _
N :[kl ?djzdl +(k2 ?+k3 T—zjzwl (6)

in which N is a function of the temperature, pressure, and water vapor pressure; P, is
the dry air pressure; e is the water vapor pressure; T is the absolute temperature;
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k, k. and k, are constants; Z,is a dry air compression factor; and Z ,is a water
vapor compression factor. Finally, from Eq. (6), we derive the following:

%] kR o M, |e e
AL(Zrop = Dt%op,h + Dt%op,w = 10 ﬁ{gmlvld Ps + -[H k2 - kl Wd ? + k3 F dZ (7)

is the dry delay, DZ

trop,w

in which D? is the wet delay, R is a molar gas constant,

trop,h

d,,is the mass center of the vertical air column, M, is the molar weight of the dry air,

M., is the molar weight of the water vapor, and P, is the surface atmosphere pressure.

In Eq. (7), gkll\Fj P, (expressed asAL?) is the zenith hydrostatic delay, or the dry

m d

delay, which can be calculated by measuring the total surface atmospheric pressure;

the term I:sz —k, k/l/l—:]_|3_+ K, T%}dz (expressed as ALZ ) is the wet delay, which can
be calculated when the atmospheric temperature and water vapor pressure are known.
Typically, the zenith signal delay caused by neutral atmosphere is approximately 2.3

m. When the signal elevation angle is 5°, the delay caused by the neutral atmosphere
can reach approximately 25 m (Chen and Herring, 1997).

Because the GPS signals pass through media with unknown refraction indexes,
surface meteorological parameters (temperature, humidity, and pressure) are used to
model the troposphere. To date, researchers have developed several troposphere delay
correction models. Among these models, the three most well-known are the
Saastamoinen model, the modified Hopfield model, and the Niell model.

(1) Saastamoinen Model (Saastamoinen, 1973)

Among the many troposphere models that have been developed to eliminate the
troposphere error, the Saastamoinen model is the most widely used to calculate this
delay. It was derived from the ideal gas law and is expressed as follows:

AlL; =0.002277 x P, (8)

AL% =0.002277 x KlZTSS + o.osje - B} (9)

in which Psis the surface atmospheric pressure (mb), T is the surface temperature (K),
e is the surface water vapor pressure (mb), and B is the correction factor. By
substituting the temperature, pressure, and humidity into this empirical equation, a
correction for the troposphere delay can be obtained. The dry delay can easily be
calculated by substituting the precise atmospheric pressure into the Saastamoinen
model. The accuracy of this method can be on the order of millimeters (Janes et al.,
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1991; Chen et al., 2011).
(2) Modified Hopfield Model (Goad and Goodman, 1974)

The modified Hopfield model uses the length of the position vector instead of the
height to calculate the troposphere delay. Assuming that the radius of the Earth is R,
h is the height between the surface and the wet component of the atmosphere, and hy
is the height between the surface and the dry component of the atmosphere. Therefore,
the corresponding lengths become ry=Rg+hy and r,=Rg+h. Figure 1 shows the
relative relationship of the geometric path delay. The troposphere delay can be
expressed as follows (Hofmann-Wellenhof et al., 2001):

4

4
D" =10 | N{ o _Rr } ds+10°° [ Nw{rrw _Rr } ds (10)
w E

Path rd E Path

in which Ndand Nw represent the refraction indexes of the dry and wet components
above the surface, respectively.
(3) Niell Model (Niell, 1996)

For the Niell model, no meteorological parameter is required. The dry
component is calculated from the latitude, the station elevation, and the day of the
year. The wet component can be obtained by entering the latitude of the station. These
terms can be expressed as follows:

1 r 1 T
. =
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b b
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in which & is the elevation angle of the satellite, H is the elevation,
a,, = 253 x 107° km, b,, =549 x 107% km,and ¢,, = 1.14 X 107% km.

Only a minor difference exists between the zenith hydrostatic delays that are
calculated from the Hopfield and Saastamoinen models (Bock and Doerflinger, 2001).
The hydrostatic delay calculated from the Saastamoinen model has been verified
many times, and it is known to be accurate to 1 mm or less (Mendes and Langley,
1999; Yeh et al.,, 2012). Using the standard atmosphere status and the empirical
meteorological model to replace the observation data from the ground station
produces favorable results (Niell, 1996). However, this analysis is only applicable to

60



long-term data analyses in which the impact of emergent weather events has been
reduced. When data are analyzed over many years, climatic variations can be
observed and detected. However, when data are analyzed over the course of a few
hours or a few days, the particular daily atmospheric conditions will lead to variations
in the daily coordinate calculation results.

To convert the ZWD to PWV according to the definition of precipitable water
vapor, the relationship between the ZWD (A Sw) and PWV (Py) is as follows:

P,=TIxAs, (13)
in which TI is the scale factor and can be calculated as follows:
1 =10"°[oR, (ks /T,, +Kk})] (14)

in which k, and ks are the experimental constants of the atmospheric refraction, such
that k, =64.79K/hPa , k, =3.766x10° K?/hPa , and

k; =k, —k;M, /M, =16.52K/hPa. The molar mass of the water vapor (M) is
18.015 g/mol, such thatR, =R/M 6 =461.524J/kg-K . The scale factor IT is
related to the temperature; it changes with the latitude, the height of the station, the
season, and the weather. Therefore, the method used to determine the temperature is
very important. In 1984, Davis et al. posted a solution and defined the weighted

average temperature as follows:

. jhw;dh/ j:’Tez dh (15)
in which e is the water vapor pressure and T is the atmospheric temperature (K).
Using radiosonde data that have been collected for many years, Bevis (1994) revealed
a linear relationship between the weighted average temperature Tn, and the surface
temperature T, as follows: Tn=70.2+0.72Ts. The ZWD can then be converted to
PWV.

3. Data Collection and Processing

In this study, we choose the plum rain, the typhoon, and the long-duration
(three-month) seasons for the case studies. Three datasets were used, including GPS
data, precipitation data, and WVR data. The processing steps and the methods that
were used for these three datasets are explained below.
(1) GPS Data

The GPS data in this study were obtained from the following 14 GPS stations:
YMSM, GS10, SHJU, CAOT, TACH, PKGM, SINY, KDNM, YILN, SOFN, TMAM,
LANB, MZUM, and KMNM. The distribution of the stations is shown in Figure 2.
The Bernese 5.0 software program, developed by the University of Bern in
Switzerland, was used to analyze the GPS data. The ZWD was calculated based on
the assumption that the coordinates of the ground points are fixed. During the process

61



of differential calculation, the orbit error and the clock error of the satellite were
corrected using the 1GS precise ephemeris. The ionosphere delay error was eliminated
using the L3 linear combination (Yeh et al., 2009). To avoid eliminating the desired
ZWD during the elimination of the common error while performing the differential
calculation, we used the method of long baseline (approximately 2000 km) static
relative positioning to ensure that the obtained ZWD was the absolute value (Liou et
al., 2000). Moreover, to increase the accuracy of the ZWD calculation, the ocean tide
loading correction was applied and the NAO.99b model was used to achieve the
optimal correction effect (Yeh et al., 2011).

Another important issue was the selection of the main station. We tested various
combinations of main stations and distances; these stations were TSKB of Japan,
GUAM of Guam, BJFS of Beijing, DAEJ of Korea, and YUSN of Taiwan. TSKB of
Japan was chosen as the main station because it produced the best result. At distances
longer than 2000 km, the atmospheric status can be treated as uncorrelated between
the two locations. By increasing the baseline distance between the main station and
the calculation station, atmospheric information can be preserved during the
differential calculation, thereby achieving a more accurate ZWD. Furthermore, due to
the adequacy of the data and the comprehensive error correction, the output frequency
of the ZWD was once per hour and 24 times per day per station. In other words, the
temporal resolution of the GPS-deduced ZWD was 1 hr.

(2) Precipitation Data

To match the locations of the GPS stations, the 14 precipitation stations from the
Central Weather Bureau (CWB) rainfall database located nearest to each of the GPS
stations were selected, including Chutzuhu, Taipei, Hsinchu, Taichung, Wugi, Chiayi,
Alishan, Hengchun, Yilan, Hualien, Taitung, Lanyu, Matzu, and Kinmen. The
precipitation data in this study were provided by the CWB. The time resolution of
these data was also 1 hr; therefore, there were 24 datasets per day. Due to the 8-hr
time difference between the GPS time and the precipitation time (Taiwan local time),
the precipitation time was converted to GPS time prior to analysis.

(3) WVR Data

This study utilized the WVP-1500, which was developed by the Radiometrics
Company in the US; this is a passive WVR that has five observation wavebands
between 22 and 30 GHz. Its observation range can reach up to a 10-km water vapor
cross section, and the single observation time is less than 10 sec. This instrument can
also be used to measure surface temperature, pressure, and relative humidity. Figure 3
shows an architectural diagram of the Radiometrics WVP-1500, which was equipped
with an Azimuth Drive component. The Radiometrics WVP-1500 can provide
measurements at various azimuth angles by tracking GPS satellites through the GPS
satellite ephemeris to scan every observable satellite. Therefore, the PWV liquid
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water content can be measured to calculate the wet delay caused by the atmosphere.
Moreover, this instrument includes a Rain Effect Mitigation component, which
includes Super Dewblower and Hydrophobic Radome modules; these modules
prevent measurement error due to the adhesion of water drops to the WVR. On a
technical level, the PWV measured by the WVR should be more accurate than
GPS-measured PWV. However, the WVR is very expensive (the Ministry of the
Interior only owns two instruments nationwide). Therefore, we used the
WVR-measured PWV as a standard in this study to verify the accuracy of the
GPS-calculated ZWD. Due to the cost constraints of WVR, however, GPS is an
economical, real-time, wide-coverage observation method.

The WVR data used in this study were provided by the Ministry of the Interior.
The two instruments were installed at the satellite tracking stations of Yangmungshan
(YMSM) and Beigang (PKGM). The original data from the WVR included the date,
time, surface temperature, pressure, and relative humidity. The resolution between
observations was less than 10 sec. Therefore, the volume of WVR data was very large.
To compare the WVR data with the GPS and precipitation data, the WVR data were
averaged hourly and transferred to GPS time automatically using a program. The
correlation analysis was then performed with the GPS-ZWD and the precipitation
data.

4. Case Study and Result Analysis
4.1 Case 1: Plum Rain Season

The plum rain season occurs each May and June in Taiwan. The precipitation of
the plum rain season accounts for % of the total annual precipitation, and it is a major
water resource in Taiwan. However, excessive precipitation can also cause disasters.
The features of the plum rain season can vary between years. Even meteorologists
admit that the predictability accuracy of rainfall during the plum rain season is low
and that the weather is highly variable (Kueh et al., 2009). Therefore, we chose to
study the plum rain season and analyzed the relationship between the precipitation
observed during the season and the GPS-ZWD. A time period that included Modified
Julian Day (MJD) 53887-53901 (June 1-14) was chosen for this case study. Based on
the information provided on the CWB website, most of the areas in Taiwan
experienced continuous rainfall during MJD 53887-53899. The central and southern
areas experienced torrential and extremely torrential rain, respectively. Some disasters
occurred as a result of the continuous heavy or torrential rainfalls. During this period,
the most notable rainfalls occurred between MJD 53896 and 53897. Starting at MJD
53900, the weather front began to move north. The weather in Taiwan shifted to the
summer type, which is controlled by the Pacific High and involves higher daily
temperatures. The rain system changed primarily to thermal convection, which
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developed after noon (CWB, 2011).

This case included 14 stations. We first chose the Yangmungshan station and
Beigang station as examples because GPS and WVR data are available for both
stations. In Figure 4, the red line represents the wet delay as measured by the WVR,
the green line represents the wet delay as calculated from the GPS data, the blue line
represents the surface precipitation, and the gray line represents the surface humidity.
From Figure 4, we determined that the ZWD measured by the WVR (referred to as
WVR-ZWD) and the ZWD calculated from GPS data (referred to as GPS-ZWD)
displayed the same trend. The correlation coefficient between the GPS-ZWD and the
WVR-ZWD was 0.96, which suggests that these two sources are highly correlated.
Furthermore, by calculating the difference between the GPS-ZWD and WVR-ZWD
and then averaging the absolute values of these differences, the average discrepancy
between the two ZWDs was found to be 1.19 cm. This result preliminarily verified the
reliability of the ZWD as calculated from the GPS data. The trends of the GPS result
and the WVR result were found to be consistent. Minor system error exists between
the two results.

The result of the PKGM station is shown in Figure 5. The difference between the
WVR-ZWD and GPS-ZWD was relatively larger than that at the YMSM station. The
correlation coefficient was only 0.77, which is a much poorer correlation than that
observed at the YMSM station. Upon further analysis, we found that the results of the
red line (WVR-ZWD) and the green line (GPS-ZWD) are broadly similar. However,
they do not coincide with each other from MJD 53895-53896, which were the two
days with heavy rainfall. During these two days, the average precipitation was more
than 20 mm/hr, which is considered to be torrential rain. Therefore, the observed
ZWD should have synchronously increased. However, the red line (measured by
WVR) decreased while the green line (calculated from the GPS data) increased. This
result suggests that the GPS is more reliable than the WVR during heavy rainfall. This
strong rainfall period was the primary reason for the low correlation coefficient. If we
excluded this period, the correlation coefficient between the GPS-ZWD and the
WVR-ZWD was 0.9, which is highly correlated. Moreover, by using the method used
for YMSM station to calculate the absolute values of the differences, the average
discrepancy between the GPS-ZWD and WVR-ZWD was 1.42 cm. This result
suggests that a relatively larger system error exists between the GPS-ZWD and
WVR-ZWD data when the rainfall intensity is large.

4.2 Case 2: Two Typhoons

This case encompassed MJD 53950-53961 (August 3-13). Seven typhoons
occurred in August of that year. We choose the Bopha and Saomai typhoons as
examples. Typhoon Bopha formed in the eastern sea of Taiwan. The maximum wind
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speed near the typhoon center was 23.0 m/s. The landing point was in eastern Taiwan.
The CWB activated the typhoon landing alarm on MJD 53955. The intermittent, large
rainfall brought by Bopha (the total precipitation was approximately 250 mm in the
mountain area) caused crop damage. Typhoon Saomai formed in the southwest sea of
Guam. The maximum wind speed near the typhoon center was 48.0 m/s. The CWB
activated the typhoon landing alarm on MJD 53956. Due to the rapid speed of Saomai,
the warning time was short. Moreover, the cloud cluster was dense and concentrated
within the storm circle. Only northern Taiwan, which was passed by the storm circle,
experienced relatively strong wind and intermittent rainfalls during the morning of
MJD 53957. The CWB cancelled the alarm in the afternoon on MJD 53957.

The data used in this case study were also derived from the GPS and
precipitation stations. The YMSM and PKGM stations also produced the WVR data.
Figure 6 shows similar trends to those observed in Case 1. At the YMSM station, the
ZWD calculated from the GPS data and the ZWD measured by the WVR showed the
same trend. The correlation coefficient was 0.93. The average discrepancy was 2.47
cm. Both the correlation coefficient and the discrepancy were worse than the values
calculated for the plum rain season case. This result may have been caused by the
severe weather changes that occurred during the typhoon period, which decreased the
accuracy of the ZWD calculation. Figure 6 clearly shows that the ZWD increased
rapidly when the typhoon was approaching and decreased rapidly as the typhoon left.
The hourly precipitation reached its maximum on MJD 53957. The GPS-ZWD and
WVR-ZWD reached peak levels simultaneously. Two days after the typhoon (MJD
53959), the ZWD rapidly decreased to its minimum during the period.

We next analyzed the data from the PKGM station. Figure 7 shows that after the
first typhoon began to affect Taiwan (MJD 53955), the observation data from the
WVR became erratic. Further investigation revealed that the abnormal data were
caused by a servomotor failure. The WVR uses the servomotor to rotate the
equipment to track the GPS satellites. However, the servomotor failed because of the
strong wind produced by the typhoon. Therefore, the measured data were incorrect.
Prior to the servomotor failure, the GPS-calculated ZWD and the WVR-measured
ZWD displayed the same trend. When the data after MJD 53955 were excluded, the
correlation coefficient between the GPS-ZWD and the WVR-ZWD was calculated to
be 0.85. The average discrepancy was 2.67 cm. Both of these parameters were worse
than those calculated in the plum rain season case, which was similar to the YMSM
station. This result again suggests that the accuracy of the ZWD is reduced during the
typhoon period. Figure 7 also shows that the GPS-ZWD increased rapidly when the
two typhoons were closest to Taiwan (MJD 53957 and 53957). After the typhoons,
the GPS-ZWD decreased rapidly. One day after the typhoons (MJD 53958), the
GPS-ZWD decreased rapidly to its minimum value of the period.
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4.3 Case 3: Long Duration

The long-duration case used three months of data, from MJD 53826 to 53917
(April-June). We used the same stations as in the previous two cases. Figure 8 shows
the result of the YMSM station. We can see that the long-duration and short-duration
cases (Case 3 and Case 1) are similar. The ZWD measured by the WVR and the ZWD
calculated from GPS displayed the same trend. The correlation coefficient was 0.94,
and the average difference was 1.26 cm. Both of these parameters were better than
those of the typhoon case but slightly worse than those of the plum rain season case.
By comparing the precipitation and the ZWD, we found that the delay increases
dramatically when a rainfall occurs, whereas the wet delay decreases rapidly
following a rainfall.

Figure 9 shows the result of the PKGM station. During the period from April to
June, the majority of the precipitation clearly occurred in June in southern Taiwan.
The correlation coefficient between the WVR-ZWD and GPS-ZWD was 0.91, and the
average difference was 1.89 cm. This result is better than those of the two
short-duration cases. Compared with the typhoon case, the improved results in the
long-duration case may be caused by the low GPS accuracy, which resulted from the
severe change that occurred in the atmosphere during the typhoon period. In the plum
rain case, the PKGM station was located in an area that experienced extremely
torrential rainfall (the hourly precipitation was 20-60 mm). Therefore, the
inaccuracies could be attributed to the larger observational error of the WVR.

After verifying the precipitable water vapor that was calculated from the GPS
data using the WVR data, we further analyzed the relationship between the ZWD and
precipitation by dividing the long-duration data into two types, those with
precipitation and those without precipitation (see Table 1). We also separated the
stations into flatland and mountain stations. The stations were then ranked according
to their latitudes. Table 1 shows that the ZWD threshold of precipitation for the
flatland stations was 0.36 m, whereas it was only 0.31 m for the mountain stations.
This is a difference of 0.05 m, which represents 14% of the total. The same
phenomenon was observed in the data without precipitation. The average ZWDs of
the flatland stations and mountain stations were 0.31 m and 0.27 m, respectively. The
difference was 0.04 m, which represents 13% of the total. Therefore, the height of the
station must be considered when using the ZWD to predict whether rainfall will occur.
The reasoning is as follows: because the mountain station is located at a higher
altitude, the layer of troposphere through which the GPS signal passes to reach the
GPS receivers is thinner for the mountain station than for the flatland station.
Therefore, the error of the signal due to the water vapor delay is smaller. Conversely,
the GPS signals must pass through a thicker layer of troposphere before reaching the
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flatland stations. Therefore, the signal delay effect at the flatland stations is larger
than that at the mountain stations.

Next, according to the amount of rainfall, we divided the data into heavy rain,
moderate rain, and light rain categories to investigate the correlation between the
ZWD and the rainfall strength. Table 2 shows the three categories. The definitions of
the three categories are as follows: heavy rain refers to rainfall with an hourly
precipitation rate above 20 mm, moderate rain refers to rainfall with an hourly
precipitation rate between 10 mm and 20 mm, and light rain refers to rainfall with an
hourly precipitation rate of less than 10 mm. Table 2 shows that when light rain
occurred at the flatland stations, the average ZWD was 0.36 m; when moderate rain
occurred, the average ZWD increased to 0.38 m. The difference was 0.02 m, which
represents 5% of the total. When heavy rain occurred, the average ZWD reached 0.40
m. The difference between the heavy rain and moderate rain was 0.02 m, which
represents 5% of the total. When light rain, moderate rain, and heavy rain occurred at
the mountain stations, the corresponding ZWD values were 0.30 m, 0.33 m, and 0.34
m, respectively. The increase was only slightly different than that at the flatland
stations. Based on the aforementioned results, we concluded that at regions with
different elevations, the GPS-ZWD cannot be used alone to decide whether a potential
for precipitation exists; the value of the GPS-ZWD should also be used to decide the
strength of the precipitation. Recently, the CWB has applied ground-based GPS to
calculate near real-time ZWD data. By importing these data into the numerical
meteorological model, encouraging preliminary results have been obtained (Kuo et al.,
2000; Chen et al., 2009). If this method can be applied to all 400+ GPS stations in
Taiwan and its surrounding islands, higher spatial- and temporal-resolution data can
be provided to the city and countryside weather forecast system currently under
development. Consequently, the quality of the fundamental resources that are used in
weather forecasting can be improved.

5. Conclusions and Recommendations

In this study, we utilized ground-based GPS signals to calculate the ZWD. The
accuracy of the GPS-ZWD was verified using the ZWD that was measured by the
WVR. Based on the averaged data from the YMSM and PKGM stations, the
difference between the GPS-ZWD and WVR-ZWD was 1.31 cm in the plum rain
season case. The correlation coefficient was 0.93. In the typhoon case, the difference
between the GPS-ZWD and WVR-ZWD was 2.57 cm, and the correlation coefficient
was 0.89. In the long-duration case, the difference between the GPS-ZWD and
WVR-ZWD was 1.58 cm, and the correlation coefficient was 0.93. Assuming that the
WVR-ZWD is true to evaluate the accuracy of the GPS-ZWD, we observed only
minimal differences between the long-duration and plum rain season cases. However,
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the accuracy obtained during the typhoon case was notably reduced. This reduction
could be related to the 1-hr resolution of the ZWD. In other words, we assumed that
the ZWD does not change significantly over the course of an hour. Therefore, a
constant unknown was given and solved. However, because atmospheric parameters
can change rapidly during a typhoon period, the ZWD cannot be a fixed value.
Therefore, the accuracy of the GPS-ZWD was lower in the typhoon case. In the future,
30- or even 15-min time resolutions may be used to calculate the ZWD. However, a
higher time resolution may also induce too many unknowns, which may lead to an
unsolvable problem or to decreased accuracy. Moreover, although the WVR is
equipped with the Rain Effect Mitigation component, the observational data derived
from the WVR were notably abnormal when the rate of rainfall was greater than 20
mm/hr. This phenomenon could be related to the measurement error caused by the
water drops adhering to the surface of WVR during periods of heavy rainfall.
Therefore, during heavy rainfall, GPS data are more reliable than WVR data.

In this study, we also observed that rainfall can occur at flatland stations when
the average ZWD value reaches 0.36 m; at the mountain stations, this value is 0.31 m.
The difference between the values is 0.05 m, which represents 14% of the total.
Therefore, the height of the station must be considered when the ZWD is used to
decide whether a certain area will experience rainfall. Furthermore, when the flatland
stations experienced light rain, moderate rain, and heavy rain, the ZWDs were 0.36 m,
0.38 m, and 0.40 m, respectively. For the mountain stations, the ZWDs were 0.30 m,
0.33 m, and 0.45 m, respectively. This result suggests that at different elevations, the
ZWD value can be used to forecast the potential for and strength of precipitation. The
GPS calculation method that was used in this study, long baseline static relative
positioning, was used to eliminate many common system errors. Although this
method can generate a higher accuracy for the ZWD calculation, the accuracy greatly
depends on the main station. In the future, if the Precise Point Positioning (PPP)
method can be revised to improve the accuracy of the error correction, the absolute
and independent ZWD value can be obtained; this goal will be the focus of our future
studies.
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Figure 1: The relative relationship for the geometric path delay of the troposphere.

Figure 2: The distribution of the GPS observation stations.
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Figure 3: Architectural diagram of the Radiometrics WVP-1500.
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Figure 4: The GPS-ZWD, WVR-ZWD, relative humidity, and precipitation data from
the YMSM station during the plum rain season.
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Figure 5: The GPS-ZWD, WVR-ZWD, relative humidity, and precipitation data from
the PKGM station during the plum rain season.
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Figure 6: The GPS-ZWD, WVR-ZWD, relative humidity, and precipitation data from the
YMSM station during the typhoon period.
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Figure 7: The GPS-ZWD, WVR-ZWD, relative humidity, and precipitation data from the
PKGM station during the typhoon period.
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Figure 8: The GPS-ZWD, WVR-ZWD, relative humidity, and precipitation data from the
YMSM station during the long-duration
case.
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Figure 9: The GPS-ZWD, WVR-ZWD, relative humidity, and precipitation data from the
PKGM station during the long-duration case.

Table 1: The average ZWD with and without rainfall from the flatland and mountain

stations
. ) Height With rainfall Without rainfall
Flatland station Latitude

(m) ZWD (m) ZWD (m)
MZUM 26°09°N 60 0.35 0.28
GS10 25°08’N 52 0.35 0.31
SHJU 24°50°N 24 0.36 0.31
YILN 24°44°N 64 0.35 0.32
KMNM 24°24°N 49 0.37 0.31
TACH 24°17°’N 34 0.37 0.32
CAOT 23°58’N 142 0.37 0.31
SOFN 23°52°N 59 0.37 0.32
PKGM 23°34°’N 43 0.38 0.32
TMAM 22°37°N 59 0.37 0.31
KDMN 21°57°N 58 0.37 0.32
Average 59 0.36 0.31

i i ) Height With rainfall Without rainfall
Mountain station Latitude

(m) ZWD (m) ZWD (m)
YMSM 25°10°N 784 0.29 0.25
SINY 23°41°N 536 0.33 0.28
LANB 22°02°N 351 0.32 0.28
Average 557 0.31 0.27
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Table 2: The average ZWD during different rainfall strengths from the flatland and
mountain stations

i i Height Lightrain  Moderate rain  Heavy rain
Flatland station  Latitude

(m) ZWD (m) ZWD (m) ZWD (m)
MZUM 26°09°N 60 0.36 0.37 0.38
GS10 25°08’N 52 0.35 0.38 0.40
SHJU 24°50°’N 24 0.36 0.37 0.40
YILN 24°44°N 64 0.35 0.39 0.40
KMNM 24°24°N 49 0.37 0.38 0.38
TACH 24°17°’N 34 0.37 0.39 0.40
CAOT 23°58’N 142 0.36 0.39 0.39
SOFN 23°52°N 59 0.36 0.42 0.40
PKGM 23°34°’N 43 0.38 0.39 0.42
TMAM 22°37°N 59 0.37 0.39 0.42
KDMN 21°57°’N 58 0.36 0.36 0.41
Average 59 0.36 0.38 0.40

) ) ) Height Lightrain  Moderate rain  Heavy rain

Mountain Station Latitude

(m) ZWD (m) ZWD (m) ZWD (m)
YMSM 25°10°N 784 0.28 0.31 0.31
SINY 23°41°’N 536 0.32 0.34 0.36
LANB 22°02°N 351 0.31 0.33 0.36
Average 557 0.30 0.33 0.34
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