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Systematic Errors and Their Calibrations for Radiosonde Precipitable
Water Vapor on the Tibetan Plateau
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Abstract Water vapor is one of the major components of the atmosphere and material resource for rainfall. The spatial
distribution and temporal variation of precipitable water vapor on the Tibetan Plateau play an important role in the
regional weather and climate. The reliability of precipitable water vapor measurements is greatly of concern. The
characteristics of the systematic and random errors of the radiosonde (RS) precipitable water (PW) data by comparison
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with ground-based GPS measurements are studied at Lhasa during the period from year 1999 to 2010 and at Naqu in year
2003. The results show that the radiosonde PW is significantly drier than GPS PW at Lhasa during a period of more than
one decade. Different types of radiosonde humidity sensors show different magnitudes of PW dry biases. GZZ-2
(goldbeater’s skin hygrometer) and GTS-1 (carbon hygristor) have relative mean dry biases of —8.8% and —3.9% and
relative mean random errors of 19.8% and 13.6%, respectively. Due to the introducing of the high performance humidity
sensors (GST-1), the relative PW difference is apparently reduced over the past 10 years. The temporal variation
characteristics of the radiosonde PW dry bias are also investigated. The results show that the radiosonde PW dry bias
exhibits pronounced diurnal and annual variations. The dry bias of the radiosonde PW is much larger at 1200 UCT than
that at 0000 UTC, and larger in summer than that in winter. The relative mean PW biases for GZZ-2 and GTS-1 are
respectively —15.8% and —7.3% at 1200 UTC, and —1.6% and —0.4% at 0000 UTC at Lhasa. The relative mean PW bias
for GZZ-2 is —12.4% at 1200 UTC, and —0.3% at 0000 UTC at Naqu. Additionally, the causes of diurnal and annual
variations of the radiosonde PW dry bias are analyzed. The solar radiative heating to the humidity sensors may have
played an important role in the radiosonde PW dry bias diurnal and annual variations. It can be seen that the diurnal
variations of the radiosonde PW dry bias are significant partly because the air temperature is higher at 1200 UTC than
that at 0000 UTC. The annual variations of the radiosonde PW dry bias are pronounced partly because the air temperature
is higher in summer than that in winter. The calibration methods for the radiosonde PW dry bias are developed and
applied to the GZZ-2 and GTS-1 sounding PW datasets at Lhasa and Naqu. The corrections greatly improve the accuracy

36 %
Vol. 36

of the radiosonde PW.
Key words
Plateau
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IRV R 32 B R 4y R K I = B4 ook
U, TR R BRI A . KUK
VOO B (AR AN BN 25 53 AT R AT Yl 25 5% Wi A5 K B 6 55
FEAT RN A P10 DL S KSR R R AR . 7
JE R CRIRR 5D R Rk R B i — N K B
RAK, PR L) 4000 m, TS B R AN
AJIK 6000~7000 m. ey Jit R RUBE I T 6 AL 1 RH
PHER A rAE MG SAEM . s s sk B
BB v ) BRI I BB AR T, TR T A BkBE K
EI LA AT A A BT R
M, AL S RV TR DX . B R KSR
XA X ORI (Ye and Wu, 1998;
Xu et al., 2008; i F M4, 2008; Z=/E R4,
2009; JitifEIESE, 2009), HARMTEEHG T FEME S A
e (R4, 20065 Liu et al., 2006; F257:%%, 2012),
i 9% (Takagi et al., 2000; Liu et al., 2005),
FE BT (RS) BRI R (PW)
AR W2 HAr, PW #2500 E ZA74E
=R 2 (Wang and Zhang, 2008): 1X#% %
Goik e WA AR (MRS LA T
REAN [ BRANER 8 S5 R ZR BT I Ji) A L SRAE AR RIS
FRIRRZE o RS0 2 BB TR AR M RE A
JB, WR R RIS BN [R] 97 )5 55l

precipitable water vapor (PW), radiosonde, ground-based GPS, systematic error calibration, Tibetan

HeW B N E PTG . 20 Al ARF 21 a0 R
N 2 R AGE 59 ALK FL A R A
(GZZ-2), HARMIME e 5 A i 5 [m] A i R 24X
AROKZEM . M 2002 4F 1 H IR EHE) 4
PE LB PR (GTS-1), LUEAR 59 RIS
1. GTS-1 5 Vaisala-RS80 753 [ &4 5 A1 24,
ILE| T 20 AL 90 AFEAR P IE BR et K (Li, 20065
24145, 2009), {H GTS-1 MIMIGHR G k5%
PRI T ZE (BkS24E, 2008; 251145, 2009).

HTREGENRE (GPS) BHKNA/KALE
s& 20 28 90 FARUAK R RI — T TR RE KR,
B IEA B T AT GPS & M B R AT i 28
(574 I (Elgered et al., 1991; Bevis et al., 1992,
1994). itk GPS B KUKV R (G) Hfim
I ZrHER LB Bk Rk, BRHE
MRS S0 (A4, 1999 A MG
YiZ8, 2004; Wang et al., 2007; Byun and Bar-Sever,
2009), G (PR LI T I S VR I 45 R )RS
J, TR R (R) WFSE (Liou et al.,
2001; Guerova et al., 2005; Sapucci et al., 2005; van
Baelen et al., 2005; LA 4%, 2006; Cady-Pereira et
al., 2008), A7 HRAMIB AR VI AR PW ) Ji BN
7 iEE S %47 R (Hogg et al., 1983; Liou et al.,
2001; XJ£I3HE%E, 2009). Liuetal. (2005) LLigT
e SR S SR AR S T (WIVRD L RS AL GPS
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BN PW, S5REH G 5 WVR [H5I 25 FAR$2
1T, 1M R 5 WVR BRI ZS R 2 18] ) —SobEeg 22—
SOl T B ARG B R () A A A ) SRR A
G O N T IR . AR A A
i aE4E 8L (Liu et al., 2005; Bock et al., 2007; Wang
and Zhang, 2008; Vey et al., 2010)., AT i 7
GRS it ont PR AH DG TR, DAHBIE GPS 28 2 i KK
A (G WXz H, w24k 10 24

(1999~2010 4F) it R fi 22 AR A RFAIE S HL A2 22
A, FERIS BT R 22T I k.

2 FRFTTE

2.1 SERIE RIS

Frp¥ (29.67°N, 91.13°E) AN i (31.48°N,
92.06°E) fr T, JB T E R RIX . frg*
PRAZu (3650 m) A Pk H G X A5 R KBE
J2 e JU L T AR W )k i 2 — . M GPS
ulh (555 Thas 8% lhaz, 3650 m) 22375 Phi [ 1a X
M2 % T, 2 IGS CInternational Global Navigation
Satellite System (GNSS) Service, [ [r43kS 1 1
RRGMS) (R LM SEHEs:, M 1997 4F 2
AIFRIEST, SHAEACTFEE 22y 3 kmo HS s
5 GPS sl AR 3l B 07 T A 1 5 SR R s
(4477 m), ZubIELE 2000 4F 9 HIFUASLHMf “Hh—
H & 15 5 s KO8 24K A VR i 1t H %% B
FHT#. Wang and Zhang (2008) #5 i Hi3E GPS i
s 2 M KCFEE RS AE 50 km 2N, ks
2 Z2/NT- 100 m i, AT ER I PW BEAT LE
o L4 TR GPS Al RS itk %15
Mo M 2002 4E 5 H % 2007 4E 2 H ik GPS ity iy
BRI GPS #WHLIFAT I M. 2004 4F 12
HZHidrgE RS wikH Gzz-2 BRZL, M 2005
1 AFFER A GTS-1 BN . GZZ-2 BIFRAFAX

ST E M 1960 AT AR R H I — Mo L o A UK
Y, HAs A Ol 500 J1&, & 20 44k
M) 2wz — (Bgk3C, 1997). GTS-1
RGP AR BT LA
I FH IR 2543 FI0 3 (R M S GPS WL A 2000 4 9
HIF, B & g AU GPS #IHL, ARFF
KT A8 i 2003 4E(#) GPS %kl
2.2 HbE GPSERHA) PW ZE#l

BTN RS (GPS) & H147 30 Fil 1112 41 )
PERY, XL TR 6 MUER FzTr, Jfm
RS HURIL L WBOCE G T XA HE Y
M GPS PR L4 F 1K GPS LI 4332 3 K<Y
ProffmgeiR, BIRAREIR , HAH KA RE IR n] A fff S 35
PW (Bevis et al., 1992, 1994; Rocken et al., 1993,
1997). $u % GPS St RIS 4EIR (ZTD) MIGS
® uh T %k [FTP://cddis.gsfc.nasa.gov/gps/products/trop
(2011-03-10)], Fr HALEE# AT GIPSY-OASIS I
(Webb and Zumberge, 1997; Byun and Bar-sever,
2009), X% ZTD H iR 22y 1.5~5 mm, BIXFRY (1)
PW i 2% 0.23~0.75 mm (Bevis et al., 1994).
KRR Fr ek 1999~2010 4R ZTD #ikl, Hirh
1998~2000 4F- ¥ BHIN [] 73 #F # 8 2 /Nikf, 2001~2010
SEVORMN ] 23 HE %k 5 43 fh. l ik gk M E Ty ik
XL TORLEE A I 1] 23 HE 2% 30 438hi) ZTD W)y
Hilo 5FF 0 s 2003 4E ¥ GPS %k, KA GAMIT
BAE (10.31 FitA) (Herring et al., 2006) Ab3#, @4
R 30 380 ZTD W41, FIFH GAMIT #Af:
R4 ZTD 5 1GS &4ty ZTD K& A A
(Iwabuchi et al., 2004; Pacione and Vespe., 2008).
MRPEA R TR E AR (ZHD) (Saastamoinen
etal.,1973; Elgered etal., 1991), ZTD J#J: ZHD i
FRBR TS ) /K PRIE %K GPS 55 4EiR (ZWD,
B RTINS AEIR) o MR AR M 20 411)

F1 fFiEMPRthE GPS 5 RS MR EER
Table 1 Equipment information of ground-based GPS and radiosondes at Lhasa and Naqu

GPS ik

RS ¥

B S IBATIN ]

B IBATIN ]

EvAG AOA SNR-8000ACT XU
IGS %i%5: NO.21613M001
¥4 . Ihas
TPSE-GGD XU
IGS %i%5: NO.21613M002
4 Ihaz

A6 ity ASHTECH Z-12 XU

2002 45 H

1997 4E 2 [~2007 4= 2 H

2000 4 9 J§~2004 41 4 H

GZzZ-2 (59 BIHUIR g R0
MREUR O A

1967 4 1 F~2004 4= 12 H

GTS-1 (B FRZEO
AU BRIBAR LR

2005 4 1 H

Gzz-2 1970 4 5 J1~2005 4F 9 H
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A BORHUS T RO (T A <
(T &SRR KR,

T =0.686T +77.88, 1)
P T T AN Ko AR 15 % 20 gt [ 4%
(1999). FHHiE ZWD FIT, #the /s H B 30 438h ]
B G WSkl (Bevis et al., 1994). AR ()b
AR AN UL RS 223930 4 0.1 hPa A1 £0.1°C,
AR G By ok 1) 1 22 W] LL 2 s ANt
(Liu et al., 2005),

i ) EIR (ZHD) ih5E a5 [Elgered et al.
(1991) A (1)) 2T KA T
& AFTFRUMGH . AR KA TR PAPIRES
ZHD kS g a4 0.00% /4 iR 22, XV
0.2 mm JE A R TR, MR s ol T ik 2] L =K
(Elgered, 1993). R4 ZWD Fil PW X [8] [ 5% #e 5
# (Bevis et al., 1994), 1 mm [1J ZWD X[ PW
2y 015 mm, [, KA T# )Pk A
B PW R 22 0.03 mm, JLFAT BLZBE A
iy AEfE L IR 1 mme G OBERNAT AR
DI AN L e & 9 3 Mo DIV T DR S X Ay
%% (Wang and Zhang, 2008; ey etal., 2010), [,
G WIEULI G i PW BSEHE(E, NI T2 47 R
IR 2 o
23 BRERHESRER

L 5% I 3t 2R 2S5 L kg 455 2R 9 K [00 I
FIA2I (FR S, FIR)], BRA ORIt 1) 45
| 423:15H111:15, &I ) — 490 min CHp [ES
SR, 201000 Jogk AR AR — k5 ~8
m/sirpER T, XA LT AR S VE L@ IR 5 20
BRI ——RIZ740 minTtik16 kmA1Z£590 minTtik
30 kmbL EmiE (PSSR I 4% ], 2005).
DRI, RTPWIRSTH ST 55 14570 B R4 e W I 0 sk
e FER . R ORI A A 5 & AR 2 )R
Fov e WAL, WL e MU R XGE . ASHT
TR B F 2 [INCDC (the National Climatic
Data Center) fJIGRA (the Integrated Global Radiosonde
Archive) %4 A [ftp://ftp.ncdc.noaa.gov/pub/data/igra
(2011-03-10)], = Hdide D& ™k 4 (Durre
et al., 2006). 4 1 VHEAATISL e DX PR R
PW (R), WFFCRH T FiFHE 5% (i, Bolton,
1980; Wang and Zhang, 2008),

1
R=§‘|'O qdp, (2)
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g=—2 (3)
p-—(@1-¢&)e
e=6.112exp 17.671, : (4
T, +243.5
T, =T -AT, (5)

Hop, g M ER T g Rz mis®), qb
bt CHAZ: kglkg), p MBI (e Pad,
eNKVEE CRAL: hPa), p A (F47: hPa),
T, A R CBAL: °CH, TR (Bfz: C),
AT N ERR 2 (7. C), £=0.622. Mifi, R
(R EAE Ay F T i S A = BE LT 31 T 2
o, TR F R R R 4 BRI UL 42 200
hPa, H.Z/bBA TANFRIES o BIFFUR IR 0k}
PP R 73 (R4 25 JER 2 #1200 hPa, FR I =40k
B TO)ZE L E o BN AR AR TR B R
IR EF ARG B, XGRS
AR 2 MR e AE N B30 0 B g B TR 4, T
HHG.

3 HROMH

3.1 IRTWMPWIR Z B TS L 45E

K145 T 1999~ 20104F hv 5% H ~F- 34 PW i 22
AR L, PW i 22 2 5 AH 7] B 2Rk 2: G2 72
MEla. bR WL, 102 ERHGCHR G/, HPW
K 22 AR B AR G FA, N19994F—1.28 mm
(—12.7%) ¥k 55 4220104 —0.34 mm (—3.3%). PW
S ZE B EANEE, EERAFTHE . GZZ-2
TR AL PW Sl 25 b GTS-145 4% 43 1) 56 W &k
K ZEGZZ-2111 H P HPW B %5 £9—2.0 mm, g /NA]
£—-3.2 mm. HZFEGTS-11 7 FHPW R i % 4
—1.0mm, f/halik—1.4 mm. ME1lc, dif i, i
10 % 400 i 1 PW it 22 11 47 AR HE I AR A0 28 DK 350 AH
Y, JF BN ZE A28 R 22 (K Les ).
GZZ-248 45 A A1 00 I FrT PW s 22 tH, Lt GTS-148 45 X
IR o GZZ-24R B AL AL 00 [ PW i 22 A2 44, 35
FEl7E—2~2 mmx [a], TGTS-1HR AL PW 2 () 4%
eVa N —2, ZAfE—1~1mm2 ). NEle. f
AL, UE102 AF 120 [RPWAR 2 th 35 A 4 71 4H, REK
G2 i/« 5 PW Sl 25 F1100 B (1) PW fl 22 AH
L, 120 (R PWARG 22 B W ik o 21022 4 121 [FT PW AR
ZEABAT W B ESE, M19994E-1.93 mm (—19.1%)
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Fig.1 Time series of the monthly mean precipitable water (PW) differences (RS minus GPS) by radiosonde (RS) humidity sensors (a, ¢, €) GZZ-2 and (b, d,
f) GTS-1 at Lhasa during the period from 1999 to 2010: (a, b) Total (0000 UTC and 1200 UTC); (b) 0000 UTC; (c) 1200 UTC

/N 4E20104E—0.53 mm (—5.7%). 12 I HIPW/ %
A W BERRE, BARAF Y, HFGZZ-2
(1) H 3120 I PW Al 22 £ —2~—3 mm, &/ nfik
—4 mm. HZFEGTS-11) H V- 121 1) PW i % £
—1~—2mm, f/NrfiE—2.8 mm. 7] W, $rpEukPW
it 22 B AT AR AR A B A2 A I R A, H.GZZ-2(1)
PW/ii 2 EE G TS-1 R PW i 2 5T BH {2 o PN/ 242 38 49k

N, /\F R 73R ACHE Frde Rz 4k, wREE ]
— AL AP T AW SRS EH L (B K
I, 1997 265, 2009), AR DI,

Bl 245t T B 6% 0l PWAH O i 22 1) A8 4k . PW
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H  PWAEX (i 22 & ANFRE 147, T et B 22 4 1284k
XK, HE/N, BARATMPWRZER /N, H5EPR



KA B %

800 Chinese Journal of Atmospheric Sciences

36 %
Vol. 36

FIPWHBEL /N, PR AH X 22 S K. X F-GZZ-2ifi
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R ZEZ10~—1 mm, 12 [\IPW/i 25 £)—1.8~0 mm,
1M 00N (I PW I 22 E1 1R /)N, £9-0.2~0.2 mm. JSih
i A2 L2105 I PW g 22 e B AR, PWLRM 224k 2, 00
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Fig. 2 Time series of the monthly mean relative PW differences by radiosonde humidity sensors (a) GZZ-2 and (b) GTS-1 at Lhasa during the period from

1999 to 2010
@ G772 (b) G772 © G772
2k 2f 2f
1 1 1F
£ £ £
s 0 S g gm— S 0
g 54 54
—1f —1f —1
—af —af —af
Jan Jul Jan Tul Jan Tul

Month

Month

Month

K3 20034F I MR FANGZZ-2 H FHPWIi 7E: (a) Az (00MS F112M); (b) 00T (c) 12k
Fig. 3 Time series of the monthly mean PW difference by radiosonde humidity sensor GZZ-2 at Naqu in year 2003: (a) Total (0000 UTC and 1200 UTC);
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B, EIINGZZ-21) KAk 00 FI12 1) 2 Z fhi
ZEGr N —6.6% —0.3%M1-12.4%. t fr46 4 1R
W], 76 a =0.05 (M2 EMHEACY L, A HhGZZ-211 &k
FIL21] (1) R Ge 258042 525100, T OO 1) R G i 2
ARFE LB R, SRR 2 B IR
12F o PWAIG Z2 R ARV 22 BEAR L AR R BR A (P Bl AT L%
7 (Wang and Zhang, 2008). fIFEGZZ-24R 45
A OO FNL21 FIPWH i 22 I bR fE 2 73 3l A 17.6%
15.1%F116.9% ., GTS-1ERZ AL 00 FI121
PW/ii 2 (bRt 2223 1) 4 13.6%. 11.4%7F114.6%.
MGZZ-24 A A4« OO A L2 [ PW i 22 [ A
ZE0r A 14.5% . 11.9%H113.9%. ] WL, GTS-1Lb
GZZ-2RMRAFNERAE . 2 I thGZZ-21 IPWAk %
FbRAEZE Lo B2 /N —28, 3X 5 B FH SR B2 R
F2 RENGZZ-2FAIRZENGTS-1HIPWRZE LLER

Table 2  Statistic results of PW bias by radiosonde
humidity sensors GZZ-2 and GTS-1 at Lhasa and Naqu

R AR B I ARG 2z brifEZE

FUBE 1999~2004 GZZ-2 &k —0.87 mm” (—8.8%) 1.74 mm (17.6%)

00l —0.16 mm (—1.6%) 1.49 mm (15.1%)

120 —1.57 mm"(—15.8%) 1.67 mm (16.9%)
2005~2010 GTS-1 Ffk —0.37mm" (—3.9%) 1.20 mm (13.6%)
001 —0.03mm (—0.4%) 1.00 mm (11.4%)
120 —0.68 mm" (—7.3%) 1.28 mm (14.6%)

My 2003 GZZ-2 ik —0.45mm” (—6.6%) 0.99 mm (14.5%)

00l —0.02mm (—0.3%) 0.81 mm (11.9%)

121 —0.85 mm" (—12.4%) 0.95 mm (13.9%)

S P B R RN 22, AR 5= (RS 45 H—GPS 4534/ GPS
£EHx100% (R [A); *Feomitiid 0.05 G MR .
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(a) ! — 00:00
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uli PW R/NEANFA O, 4740 L 2003 4F iyl PW
i 22 B A0 Ak S B2, W PW (i 2536 A — 20 (1] e
AP 3¢), XitHITER R b GZZ-2 1) PW {22 B A
—ERIEM. 25 ETR, 3 10 245 R GZZ-2 Fl
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Table 3 The polynomial coefficients of the calibration
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Fig. 16 Corrections to PW differences by radiosonde humidity sensors (a, b) GZZ-2 and (c, d) GTS-1 at 1200 UTC at Lhasa: (a, c) Without corrections; (b,

d) with corrections. Solid lines represent linear trend, dotted lines are diagonal lines
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Table 4 Comparison of mean PW biases by different radiosonde
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