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Abstract

Processing Strategy

® Data is processed in real time with a

GPT2 rather than the more accurate
VMF1-FC is implemented in BNC to
provide the a priori
mapping functions. This simplifies
the PPP data processing at a large

number of stations

ZHD and

BNC is used to provide ZTD rather
than ZWD directly as any errors in
the a priori ZHD derived from GPT2

will be absorbed

into the ZWD

estimates. In addition, ZTD rather

than ZWD is typically used

in

meteorological data assimilations.
Thirdly, it can provide a long term
pressure reference, in particular for
dry and polar regions where ZWD is

small.

GPT2 also provides the surface
pressure for the calculation of
weighted mean temperature

GPFT2

~

This study investigates the retrievals of zenith total delay (ZTD) and precipitable
water vapour (PWV) using the real-time precise point positioning (PPP) approach,
based on the BKG NTRIP Client (BNC) and its modifications. Results are validated using
GPS observations at 20 globally distributed stations in a period of one month. The
derived ZTDs agree well with the tropospheric products from the International GNSS
Service (IGS) and the root mean square (RMS) of the discrepancies is <13 mm. The RMS
errors of the PWV In comparison with radiosonde data are <3 mm. The theoretical
accuracy of PWV In various conditions Is also analysed. The RMS error of PWV Is
proved to be a strictly increasing function of zenith wet delay (ZWD) and weighted
mean temperature T,,. Hence the retrieval of PWV is more challenging in higher
temperature and humidity conditions. This research proves that even in “unfavorable™
retrieval conditions (e.g. ZWD is 0.6 m and T, Is 294K respectively), an accuracy of at
3 mm level for PWV is still achievable using the real-time ZTD from PPP and the
empirical models for T,. Preliminary studies of ZTD retrievals using multi-GNSS data
are also conducted. The addition of GLONASS observations significantly increases the
number of visible satellites and improves the Dilution of Precision (DOP) indices.
However, a test at 12 global IGS stations shows that adding GLONASS data slightly
degrades the accuracies of ZTDs. This iIs potentially caused by the lower accuracy of
real-time GLONASS orbit and clock products currently available.
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Fig. 1: Flow chart of real-time retrieval of ZTD and PWV using the PPP technique

BKG Ntrip Client — Modifications

BNC Version 2.8 runs under RHEL 6, based on the following modifications to cater for the real-time
retrievals of ZTD
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® GPT2 has been implemented to provide the a priori ZHD and mapping functions
® Antenna-related corrections: 1) The satellite phase center offset (PCO) correction is not necessary as the real-time
orbit and clock products from BKG are referred to the same phase centre; 2) The satellite phase center variation
(PCV), receiver PCO and PCV have been calibrated using the IGS absolute antenna models
® Error corrections for solid Earth tide and ocean tide loading have been implemented using the latest IERS
conventions (2010)
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Fig. 3: ZTD from real-time PPP, USNO and  _,
CODE at six IGS stations during DOY 250-260, E
2013. PIMO is a station where PPP-ZTDs show 0O 2.895]
poorer agreement with the reference data. I:l
HERT is a station where real-time GPS data
suffers from internet instability at the end of
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Real-time PPP — USNO — CODE

-

<N

PPP - CODE PPP — USNO USNO - CODE
Sites bias STD RMS <20 bias STD RMS <20 bias STD RMS <20 Tab. 1: Mean bias’ STD’ RMS and percentage
ABPO -26 7.9 83 97 -28 8.8 92 96 10 44 45 100  of values below 20 mm (the threshold value
BOGT 0L 9 9 97 -1.2 96 96 95 13 58 59 99 for weather nowcasting) of the differences
CHUR 0.7 88 8.8 96 1.4 94 95 95 -10 33 34 99 Dpetween the RT PPP-ZTD and IGS products
COCO 34 104 11 94 3.2 11.1 115 091 01 47 4.7 99 from USNO and CODE during Sept 2013
FAIR 1.7 7.1 7.3 98 4.4 74 86 97 23 34 41 99
GODE 0.6 11.5 11.6 95 1.2 116 11.7 92 01 43 43 99 Column USNO-CODE shows that the RMS
HERT 0.8 105 105 95 11 11.8 11.8 94  -03 46 4.6 100 errors between the CODE and USNO ZTDs
HOB2 12 95 96 95 1.1 10.6 10.7 93  -0.7 43 4.4 100 Vvary from 3.4mmto 7.5 mm. Columns PPP-
HRAO 23 9 93 05 18 89 91 096 06 48 49 99 CODE and PPP-USNO show tha’_c the STD and
MACI 01 72 72 99 08 75 76 98  -20 35 41 100 RMS of PPP-ZTD are <12mm with respect to
MCM4 -12 55 56 99 43 52 68 99 62 28 68 100 the CODE ZTD and <13mm with respect to
MKEA 51 64 81 98 55 65 85 08 09 50 50 99 the U_SNO ZTD. This shows tha_t the retrieved
MOBS -0.3 9.6 9.6 94 1108109 93 -0 43 43 100 anTO%e'ISS a;;“{gtemfn”oi‘;ggh:s t'h”r%iﬁz |2|O aNSWiZ
NRIL -2.8 5 5.7 99 -04 5.7 57 99 2.7 2.7 3.8 100 suggested by De Haan (2006)
ONSA 1.3 84 85 97 1.4 9.1 9.2 96 0 41 4.1 100 '
PERT -1.2 10.2 10.2 94 03 114 114 92 -1.0 43 4.4 100 The three stations located in the tropics or
SHAO -1.3 111 11.2 92 -04 114 114 93 -15 47 49 99 tend to show |arger RMS in ZTD with respect
STHL 98 6.8 119 92 6.4 7.9 10.2 95 1.9 46 5.0 100 to the reference data
ZIM?2 -1.1 81 81 96 0.3 84 84 97 -1.3 41 4.3 100

GPS+GLONASS ZTD

Tab. 2: Mean bias, STD and RMS of the differences between RT
PPP-ZTD and CODE ZTD during DOY 012-014, 2014

1) GPSonly2  2) Multi-GNSSP  3) Multi-GNSS®

Sites

13

13.5

14

Bias STD RMS Bias STD RMS Bias STD RMS
ALIC 16 7.8 8 2.5 8 84 -1.8 15 151
COCO 31 74 8 1 88 8.9 1 88 89
DAV1 15 6.1 6.3 26 6.3 6.9 -2 116 118
GRAZ 29 87 92 2.2 10.5 10.8 29 138 141
HERT 16 98 99 05 9.7 97 1.4 119 119

14.5 15

125

13

135

145 13 HOB2 25 95 0938 6.2 10.8 12.5 53 18 18.38
MOBS 4 74 84 65 7.6 10 7.6 19.2 20.6
NTUS 31 75 81 -15 76 7.7 1.8 105 10.6
ONSA 15 55 57 3.2 62 7 26 139 14.1
PERT -74 109 132 -18 95 97 5.1 15.7 16.5

w5 45 STHL -08 96 96 -11 98 98 -35 152 156
TOW2 2 114 11.6  -1.1 105 10.6 2 157 158

2PPP algorithms are implemented using GPS-only observations

bpPP algorithms are implemented using GPS+GLONASS
observations with weighting 5:1

12.5

13
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145 15 °PPP algorithms are implemented using GPS+GLONASS

Muli-GNSS1

Multi-GNSS2

USNO —— CODE observations with weighting 1:1

The height difference has a substantial impact on the
comparisons: 1) Radiosonde stations at high altitudes

Fig. 4: ZTD derived using RT observations from GPS only
and GPS+GLONASS during DOY 012-014, 2014. Multi-
GNSS1 represent the results using weighing 5:1 while
Multi-GNSS2 represent the results using weighing 1:1.

Tab. 3: Mean Bias, STD and RMS of the differences of RT
PWV and radiosonde data during September 2013. The
weighted mean temperature T Is derived from model
T.,=70.2+0.72T, by Beuvis et. al. (1992) where T, is surface ()
pressure provided by GPT2

PWYV Resul 6 | |
esu ts Q4- 1 oo = 12mm
(a — = 2 NN T, = 238K
g 2} ~ o © N w s o1 g 2, = 0.003m
0 1 1
0 5 10 &5, (mm)15
6 :
Q4'\7 \ \ \ \\\ oy = 12mm
~— -9 D R PPN T, =27T7TK
= ool \ = NP WP OO NPOU _
© \ [ zZw = 0.1m
o | |

0 5 10 oy (mm)15

L
\,;z B

6 .
: : 94;%. 5262 22 g2
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insufficient information; 2) If the GPS station is located , 1\ A | \ o
much lower than that of the radiosonde, i.e., PIMO, there 0 5 10 o, (mm)15
would be a significant data gap between the two stations. © | |
These radiosonde stations with height issues are regarded w =4 L L Ll oror| 38T
as “dubious” and listed in the bottom part of the table §2f = N oo NmoRNg T G030,
The STD and RMS values at all other 15 stations without % 5 10 o (mm) 15
height issues are <3 mm which meets the accuracy =P 239 33.13.2\\\;;;
requirement of weather nowcasting as is suggested by De © < 4% TN g =12
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CHUR Ht(_Tg Ht(_Tg ce(mi B(l)ag S-{g Rll/lg Fig. 5: The achievable accuracies of PWV in different climatic
' ' ' conditions defined by o, (RMS of PPP-ZTD), T, and z, (ZWD): (a & d)
ceige =5l 2 ba L 2l represent polar regions; (c & e) represent tropical or subtropical
IR S At - L e g regions; and (b) represents the moderate conditions. Fig. 5d differs
 —— o L 56 1019 2.2 from Fig. 5a assuming PPP-ZTD is more accurate (smaller o;), while
ECE)RI;Z ii 18; j 82 ;? ;g Fig. 5e differs from Fig. 5¢c assuming higher relative humidity (larger
MAC1 7 22 2 04 15 15 )
MCMA4 08 22 1 22 0.8 24 The contour lines also show the accuracy requirements of T, and
MOBS 41 143 29 02 18 1.8 ZHD for different accuracy levels of PWV. Apparently PWV of 3 mm
NRIL 48 43 11 14 08 1.6 accuracy is achievable in all climatic conditions providing the ZTD
ONSA 46 193 38 06 17 1.8 obtained from real-time PPP is used.
gEli-E) g 1? 4112 gé 28 38 Idn pqlart regtir(])ns where thefaFi\rNi\s} evétiﬁn;ﬁly_dry, the ac;cgract);] of ZHD
' ' ' ominates the accuracy o . Wi e increase of T, the error
EITI\I;IHZ_ ggg ggz 48 (1)5 ;i ;g component introduced by T, increases accordingly. In tropical or
T B R e A g e A i
BOGT 2516 2549 9 23 1.7 28  moderate conditions (Fig. 5b), it is not challenging to obtain
HRAO 1414 1519 54 21 26 33 jccurate PWV even if coarse T, is used. Most of the selected 20
MKEA 3755 11 41 47 21 51 stations in this investigation belong to these scenarios. In high
PIMO % 651 33 36 29 4.7 temperature and humidity conditions (Figs. 5c & 5e), all the three

components PPP-ZTD, ZHD and T,, need to be computed accurately.

Conclusions

This study investigates the real-time retrievals of ZTD and PWV using BNC and the PPP technique. The tests show that this
technique is able to provide ZTD of 13 mm accuracy. This meets the input requirement for NWP models. If these ZTD
products are converted into PWV, the retrieved PWV can be better than 3 mm and meets the accuracy requirement for
weather nowcasting, as validated using radiosonde data. The 3 mm accuracy of PWV is also theoretically proved
achievable in “unfavorable” retrieval conditions even if empirical models are used for the conversion from PPP-ZTD.
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