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A COMPREHENSIVE ANALYSIS OF WET DELAY MAPPING FUNCTIONS BASED ON
WATER VAPOR RADIOMETER OBSERVATION AT SOUTH-WEST JAPAN

By Ashraf MousaA and Torao TANAKA

Synopsis

The major error source that limits the accuracy in the Global Positioning System
(GPS) as well as other modern space techniques, such as Very Long Baseline Interfer-
ometry (VLBI), is the mis-modeling of the tropospheric delay. This delay is experi-
enced by radio waves in propagating through the electrically neutral atmosphere. The
tropospheric delay is usually divided into two components, called hydrostatic (or dry)
and wet delays. Both hydrostatic and wet delays are usually described as a product of
the delay at the zenith and a mapping function. The mapping function models the eleva-
tion dependence of the propagation delay. In the couple of decades, a number of map-
ping functions have been developed for use in the analysis of space geodetic data. Using
the water vapor radiometer observation at the south-west Japan, an evaluation of the
accuracy of most of the wet delay mapping functions has been performed. This analysis
includes those developed by Moffet, Black, Davis (CfA-2.2), Ifadis, Herring (MTT),
Niell (NMF) as well as a locally optimized one (Mousa-1). The water vapor radiometer
measurements cover selected elevation angles down to 5°. These measurements are
mainly taken at Uji (as an inland site) and Shionomisaki (as a seashore site). Small
campaigns at both Shigaraki and Izu-Hanto are also included. Except Mausa-1, all the
wet mapping functions studied here are globally designed. Since the Japanese climate
condition (especially the vapor content of the troposphere) is not taken into account
properly in the design of the global wet delay mapping functions, their performance is
very poor especially at elevation angles lower than 15°. It is to be noted here that
Mousa-1 was optimized based on data taken at Shionomisaki only. But its performance
is superior for other Japanese sites to the global mapping functions.
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BV, BFMLICIE, (EEEEICED N ORSHIEET A2 LATEH SNSY, Smith and Weintraub® i3
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I mapping function %% U CEE T 5, ZD¥E, mapping function IZ& LEEIEEERIIRAIZEKR
XD, wet component DIEISRHMRIRERET B, TOBREIMEEMBO_LTHAORBELICEER
WERITTEEZONRD BIZE, Niell”)o FHABEEDF— S BIICBITS, L h BV mapping
function DUEAT ORFEDHHETH Y, KERS T+ A—% (WVR) LOHBUZLY 10610 mapping
function DEHIi% 4T 5720 Mapping function DRNF, A CHA L7235 % &1 Table 1IZR L7
Table 1. List of the studied mapping functions. (note that Bl, B & I, Mof are all based on the Hopfield
[1969] 8); Chao, Dav, Her, Ifad, Niell-and Mousa-1 are based on the continued fraction form of

Marini [1972]¥; while the Bernese map is based on a uniform plane atmosphere.) rs and h
are the earth’s radius and the sum of the earth’s radius and the site height, respectively.

CODE Form References

BI** 1/SQRT A — (cos8/ (1 + (1 — 0.85) X h/rs))? Black (1978) 10)

B&I 1/SQRT (1 = (cos6/ (1 + 0.001)* Black and Eisner (1984) 'V
Chao 1/(sinf + o/ (tanf + b)) Chao (1972)'?

Dav* |1/ (sinf + a/ (tan8 + b/ (sinf + ¢))) Davis et al.(1985) ¥

Hor* (14 aw/(1+ bu/ (1 + cw))/ (sind + aw/ (sin + bw/ (sin + cu))) |Herring (1992)¢

Mof 1/SQRT (sin (62 + 2.25)) Moffet (1973)

Ifad* 1/ (sin8 + a/ (sinf + b/ (sinf + ¢))) Ifadis (1986) 1

Nell™ |1+ aw/ (1 + b/ (L + cw))/ (sind + aw/ (sind + bu/ (sinf + ¢))) |Niell (1996) 1

Ber 1/sinf Bernese soft M. F.
Mousa-1 |1/ (sin8 + a/ (tan® + b)) Mousa and Tanaka (1995) '®

* means it depends upon SM data through its parameter.

% % means it depends on the site.

Saastamoinen (1973)'®, Baby et al. (1988) 29 Marini and Murray (1973)2Y, Lanyi (1984) 2 gan-
terre (1987)2%, Yionoulis (1970)%", 3 X U'Hopfield (1969) 8 |z X % mapping function 13 2 DIEHFTIZIX
Sl drotze J? 4 8IE wet & dry component %457k LTV RV oo, & @ 2 fEid Saastamoinen D
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retrieval coefficient T 5,

retrieval coefficient IZ A —# =2 X o TR STV B2, BAKEADETHL EEXLNLID,
BSSHTZERTC i Ohba?® & Mousa and Tanaka'® 2SHE %7572 REOBEAKEHE CTRKE BT
WBAS, THEEHET LT XADBNCHBET B DTH B, 7275L, TV A8 (WYR) DISEE
& LB LTV 5 tipping calibration D 03X LA Ohba DIHER R P2, ZhHREE 2 -T2-3
om OEER A UTEEED $2757, 28D T I F A— ¥ 2~ THE L72ER29R T £ 912, Mousa and
Tanaka \= X BIEEOFHE W IERETH B LB TE B, BETid tipping calibration IXHERICERL
TETWA,

V1 DD mapping function WEHEITHFETOREBIMIE (SM) 2 LEET b, BiRBIZERT Tl/IMAR

_3.._



290 BB KRITER £398 B-1 F8. 4 (1996)
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Fig. 1 32h5 08l S %R, LB L UHELOEEMS, 10, 15, 30, 50, 70, B LUKIFW NF
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Fig. 1 Location of observation sites; Uji, Shionomisaki, Shigaraki
and Izu-Hanto on the map of central Japan.
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Table 2. Mean of mapped delay errors in cm at the elevation angle of 30 degree.

SITE Ul SHIO SHG 1ZU
SEASON | WNT SPR  SMR FLL | WNT SPR SMR FLL FLL | SMR
Mof 17.3 17.5 19.9 18.1 7.8 7.4 6.9 9.1 | 13.4 | 23.4
B&I 21,9 226 2.9 23.3 |[105 114 12,7 13.6  17.6 | 30.4
Bl 20.0 20.5 24.0 21.1 9.3 9.8 10.3 11.7 | 15.9 | 27.5
Chao 19.9  20.3 23.7 20.9 9.2 9.6 10.1 11.6 | 15.7 | 27.2
Mousa-1 | 11.2 10.8 10.5 11.1 4.2 2.1 —0.8 3.1 7.9 | 4.1
Niell 20.0 204 24.0 21.1 9.3 9.8 10.3 11.7 | 15.8 | 27.5
Ber 20.1 20,5 24.1 21.2 9.4 9.8 104 11.8 | 15.9 | 27.6
Ifad 20.0 204 24.0 21.1 9.3 9.8 10.3 11.7 | 15.8 | 27.5
Her 20,0 204 24.0 21.1 9.3 9.8 10.3 11.7 | 15.8 | 27.5
Dav 19.9  20.3 23.8 21.0 9.3 9.7 10,1 11.6 | 15.7 | 27.3
Table 3. Root mean square scatters about the mean error in Table 2.
(Elevation angle: 30 degree)

SITE UJI SHIO SHG 1ZU
SEASON | WNT SPR  SMR FLL | WNT SPR SMR FLL FLL | SMR
Mof 3.7 2.9 3.9 4.9 8.1 19. 4. 8.5 9.2 4.1
B&I 4.3 3.6 4.6 5.5 9.4 23. 16. 10. 11. 4.8
Bl 4.0 3.3 4.3 5.2 8.9 21. 15 9.6 | 11. 4.5
Chao 4.0 3.3 4.3 5.2 8.8 21. 15 9.6 | 11. 4.5
Mousa-1 3.0 2.1 3.1 4.1 6.3 15. 11 7.1 7.4 3.3
Niell 4.0 3.3 4.3 5.2 8.9 21. 15 9.6 | 11 4.6
Ber 4.0 3.3 4.3 5.2 8.9 21. 15. 9.6 | 11. 4.6
Ifad 4.0 3.3 4.3 5.2 8.9 21. 15. 9.6 | 11. 4.6
Her 4.0 3.3 4.3 5.2 8.9 21, 15. 9.6 | 11. 4.6
Dav 4.0 3.3 4.3 5.2 8.8 21, 15. 9.6 | 11. 4.6

Table 4. Mean of mapped delay errors in cm at the elevation angle of 15 degree.

SITE ull SHIO SHG | IZU
SEASON | WNT SPR SMR FLL | WNT SPR SMR FLL | FLL | SMR
Mof 50.2 52.4 60.5 51.9 |20.8 40.7 19.0 26.8 |44.4 | 65.9
B&I 60.1 62.6 8.1 64.2 |27.1 57.1 37.3 40.0 | 47.2 | 86.8
Bl 56.9 59.1 75.2 60.6 |25.3 53.6 33.3 36.8 | M4.4 |8l.9
Chao 55.6 57.7 73.2 59.2 | 23.5 50.3 29.5 35.6 |43.2 | 80.0
Mousa-1 | 14.0 12.3 9.8 12.3 0.5 7.4 —19.2 —4.6 | 459 | 17.1
Nietl 56.6 58.8 74.7 60.3 |25.1 53.3 329 36.6 |44.1 | 81,5
Ber 57.3 59.5 75,7 61.0 | 25.5 54.0 33.8 37.2 |44.7 8.5
Ifad 56.6 58.8 74.7 60.3 |25.1 53.3 32.9 36.6 | 44.1 | 81.5
Her 56.6 58.8 74.7 60.3 |25.1 53.3 32,9 36.6 |44.1 |8l.5
Dav 55.8 58.0 73.6 59.4 | 247 525 32.0 358 |43.4 | 8.3
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Table 5. Root mean square scatters about the mean error in Table 4,
(Elevation angle: 15 degree)

SITE Ull SHIO SHG 1ZU
SEASON | WNT SPR SMR FLL | WNT SPR SMR FLL FLL | SMR
Mof 7.0 6.9 9.3 8.0 | 16. 23. 18. 18. 19. | 9.4
B&I 9.2 10. 10. 13. 11. 22. 31, 23. 26. |[13.
Bl 8.8 9.4 12. 11. 21. 30. 22. 24. 25. |12,
Chao 8.7 9.2 12, 11. 20. 28. 22. 24. 25. |12.
Mousa-1 4.1 3.4 5.4 5.1 8.2 12. 9.9 9.5 26. | 5.5
Niell 8.8 9.4 12, 11. 21. 29. 22. 24. 25, |12.
Ber 8.9 9.5 12. 1. 21. 30. 23. 24. 25. |12.
Ifad 8.8 9.4 12. 11. 21. 29. 22. 24, 25. |12.
Her 8.8 9.4 12, 11. 21. 29. 22. 24, 25. |12.
Dav. 8.7 9.3 12. 11. 21. 29. 22. 24. 25. |12,
Table 6. Mean of mapped delay errors in Table 7. Root mean square scatters about
cm at the elevation angle of 10 the mean error in Table 6.
degree. (Elevation angle: 10 degree)
SITE UJl SHIO | SHG SITE ujt SHIO | SHG
SEASON ! WNT FLL | WNT | FLL SEASON | WNT FLL | WNT | FLL
Mof 94.0 99.7 | 45.0 | 70.6 Mof 13. 18. 25. 41,
B&I 97.1 103.1 | 47.0 | 73.5 B&I 14. 18. 11. 43.
Bl 94.1 99.8 | 45.1 | 70.7 Bl 13. 18. 10. 42.
Chao 90.1 95.5 | 42.6 | 67.1 Chao 13. 17. 9.5 | 40.
Mousa-1 | 7.3 5.7 |—9.5 |—7.1 Mousa-1| 4.7 6.1 3.3 9.8
Niell 93.1 98.7 | 44.5 | 69.8 Niell 13. 17. 9.8 | 41.
Ber 95.3 101.2 | 45.9 | 71.8 Ber 4. 18. 11. 42,
Ifad 93.1 98.7 | 4.5 | 69.8 Ifad 13. 17. 9.8 | 41.
Her 93.1 98.7 | 44.5 | 69.8 Her 13. 17. 9.8 | 41.
Dav 90.8 96.2 | 43.0 | 67.8 Dav 13. 17. 9.6 | 40.
Table 9. Root mean square scatters about
Table 8. Mean of mapped dealy errors in cm at the mean error in Table 8
the elevation angle of 5 degree. (Elevation angle: 5 degree)
SITE UJl SHIO SHG SITE Uil SHIO | SHG
SEASON | WNT FLL WNT FLL SEASON | WNT FLL | WNT FLL
Mof 203.8  218.6 98.9 164.7 Mof 26. 36. 25. 87.
B&I 195.3  209.3 92.2 | 157.1 B&l 26. 34. 24. 85.
Bl 204.7  219.6 99.5 165.5 Bl 27. 36. 25. 88.
Chao 179.8  192.5 83.8 | 143.1 Chao 24, 32. 22. 79.
Mousa-1 | —12.3 —15.6 | —37.3 | —29.4 Mousa-1 4.6 5.5 2.1 7.7
Niell 198.5  212.9 95.6 | 160.0 Niell 26. 35. 25. 86.
Ber 214.3  230.0 | 105.6 | 174.2 Ber 28. 37. 26. 92.
Ifad 198.7  213.1 95.7 | 160.2 Ifad 26. 35. 25. 86.
Her 198.8  213.2 95.4 | 160.2 Her 26. 35. 25. 86.
Dav 184.1 197.2 86.3 | 147.0 Dav 24. 33. 23. 80.
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12, BEIIMTTRL. 8518, BEOHMEFIEICOW TN 200t L BOm A OB 21T » 720
Table 553700558 ), B L HEVDH L LN, Mousa-1 PREDERES A TEY, HIRTHE
15° D44 (Table 8) DEMHKOKEL, Tem ERoTnb, TOREE, Mousa-1 AWIEAS T %3¢
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Mousa-1 ¥ ¥ 72, FHPLOELD XL THIRIBVEREEZT5, HHEA 15° T Mousa-1
DIES5D %L, Table 5 12RO AEY, M0 mapping funcion DIITEHTH B, 72, Mousa-1 TD
OO ENBEAIIERE HI—ETH LD L, 9 mapping function TIHEEAMEL 2B LT
LOENKEL o TV, I, Mousa-1 DA, FETHOEEML TiEHDEEH 4em (Table
5), 5 Tid5cm (Table9) THAHDIKF LT, i mapping function DAL, 1E5HD EAHHEITR
>TWAEELHS (Table5 BLUY),

4. # W

13 A £ O mapping function 13 F %, F—u v/%, REIGEET AL HROLATWVE BIZIE,
Mendes and Langley”) 7:%, BIfi-CRL/A5@Y, 58, FURBEBICHLTHEYBOEREERS
Vv, BHIZEAEEOKGORHE, & (SHHRETORERSAICL S EE 2 H5ND, Wanninger™ A9R
L-BHRB OIS Ch e R L Tna,

mapping function ST B, MOFHEMIC L LM L FEH, GPS O LTHBREICOZEY
BITTE LICEERIL S LERSSY, L, BOELOXOERTHS L EC, EBOELSLOTh
R 100km BETIHIEALERTED) ORRICLE2, BERICBITSGPS &1k 5 ETH
TR ORGP 1 e AR 7 BRI ) —2 14 mapping function 125 & bWV 2. 5,

FEHEICIL, EMOBERS 15° OBE YR EHIECIE 2V, TOMER, FEOBENEHIC, KEES
TKRE BB, Mousa-1 D&, BEA30° Tlem MATHS (Table 2) #%, 15° Tlddem 12T S
(Table4),

5. SHOEHE

Z 1 E T mapping function DI & A LIIbAEDRREHEZRENTITREENTE 2, 207D,
AAIZHE AT 5 mapping function DB T LAWLETH D, BRI OWTHD 7 Mousa-1 (2B A4HF
ROKE, WHRET HHIHICHE L7 mapping function 219 2 & 2%, wet component DHIEICAZITH
HIEERRLTWD, 4, FEIESIZEFEIEIC LY B (GBAT 5 mapping function 23K % 5HHC
Hh, TNIIEEAS FTTOF— 5 2HAL, FHNLELLZERICVNLEETH b, B Y
IN=F B0, HEEHEE Y U CHIR, AR LCRFEOF -5 2 AT A LIRSS wion
DEFNVEIRMETH L &I, SRR L TIF & 22v,

6. ¥

B, S, B, FEEBIBIIAT VA A% (WVR) Bl TH S N7z wet delay I2EDWT, 10
B wet mapping function DFFM % A7z, BEOFEREY 527201k Mousa-1 TH ), #IECIIEER
15° FCIHEIZRGFLHEREE 2 5o ZTNIGEIROT— % % FV>T mapping function DEE{LZIT 5720 D
THHPOLRTH LY, ZOMOHFEIZONWTE 15° FTHRVER Y G LTV 5, 15° X VERVARETIX
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