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Abstract The rapid development of the Chinese Bei-
Dou Navigation Satellite System (BDS) brings a promising
prospect for the real-time retrieval of zenith tropospheric
delays (ZTD) and precipitable water vapor (PWV), which
is of great benefit for supporting the time-critical meteoro-
logical applications such as nowcasting or severe weather
event monitoring. In this study, we develop a real-time
ZTD/PWYV processing method based on Global Positioning
System (GPS) and BDS observations. The performance of
ZTD and PWYV derived from BDS observations using real-
time precise point positioning (PPP) technique is carefully
investigated. The contribution of combining BDS and GPS
for ZTD/PWYV retrieving is evaluated as well. GPS and BDS
observations of a half-year period for 40 globally distributed
stations from the International GNSS Service Multi-GNSS
Experiment and BeiDou Experiment Tracking Network are
processed. The results show that the real-time BDS-only
ZTD series agree well with the GPS-only ZTD series in
general: the RMS values are about 11-16 mm (about 2-3
mm in PWV). Furthermore, the real-time ZTD derived from
GPS-only, BDS-only, and GPS/BDS combined solutions are
compared with those derived from the Very Long Baseline
Interferometry. The comparisons show that the BDS can con-
tribute to real-time meteorological applications, slightly less
accurately than GPS. More accurate and reliable water vapor
estimates, about 1.3—1.8 mm in PWYV, can be obtained if the
BDS observations are combined with the GPS observations
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in the real-time PPP data processing. The PWV comparisons
with radiosondes further confirm the performance of BDS-
derived real-time PWV and the benefit of adding BDS to
standard GPS processing.
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1 Introduction

Since Global Positioning System (GPS) meteorology was
first proposed by Bevis et al. (1992) as an approach for sound-
ing the atmospheric water vapor using ground-based GPS
receivers; extensive investigations based on batch process-
ing have been conducted in the past two decades (Rocken
et al. 1997; Fang et al. 1998; Gendt et al. 2004). Various
studies have proven that GPS could provide accurate water
vapor estimates with an accuracy comparable to the mea-
surements from meteorological sensors in post-processing
and near-real-time modes (Gendt et al. 2004). Compared
to the conventional water vapor observation systems such
as radiosondes and water vapor radiometers, GPS displays
several significant advantages including low operating cost,
all-weather availability, and high spatio-temporal resolution.

Nowadays, the GPS-derived zenith total delays (ZTD) and
precipitable water vapor (PWV) provide an important con-
tribution to metrological applications. Tropospheric results
of thousands of GPS stations are continuously generated
and provided for assimilation into numerical weather predic-
tion (NWP) models in near-real-time (Dousa and Vaclavovic
2014). As a notable example, in the European E-GVAP!

' http://egvap.dmi.dk.
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project, more than 2400 continuously operating GPS stations
are deployed to form a ground track network, providing near
real-time PWV estimates for assimilation into NWP mod-
els. The establishment of several other projects and studies
all demonstrated the ability of GPS serving as an accurate
water vapor sensor for meteorological applications (Haan
et al. 2004; Gutman et al. 2004; Elgered et al. 2005; Nilsson
and Elgered 2008).

Many innovative applications such as nowcasting of
severe weather events or regional short-term forecast sys-
tems could potentially benefit from more rapid updates of the
atmospheric state. As addressed in the new European Earth
System Science and Environmental Management (ESSEM)
COST Action ES1206 “Advanced Global Navigation Satel-
lite Systems Tropospheric Products for Monitoring Severe
Weather Events and Climate (GNSS4SWEC)2”, it aims to
exploit the full potential of Global Navigation Satellite Sys-
tems (GNSS) water vapor estimates for real-time monitoring
and forecasting of severe weather events. The development
and transition to real-time GNSS tropospheric products from
the deferred-time mode has become one of the current topics
within the GNSS meteorology community.

There are two data processing strategies for GNSS
ZTD/PWYV estimation: precise point positioning (PPP, Zum-
berge et al. 1997) and the baseline/network approach. The
PPP approach is based on un-differenced (UD) observations
and shows advantages concerning efficiency and flexibility
compared to the baseline/network approach that incorporates
double-differenced (DD) observations. Under the framework
of the recent development of the International GNSS Ser-
vice (IGS, Dow et al. 2009) real-time pilot project (RTPP),
real-time precise satellite orbit and clock products are now
available online (Caissy et al. 2012), which has greatly
increased the interest in the real-time PPP technique (Li
etal. 2011, 2013a). Therefore, PPP becomes a more promis-
ing tool for real-time GNSS ZTD/PWYV retrieving and for
supporting time-critical meteorological applications. Those
developments are in accordance with the increasing demand
of modern weather forecasting systems regarding higher
temporal resolution for water vapor retrieval, especially for
severe weather nowcasting (Li et al. 2014b; Dousa and
Vaclavovic 2014; Yuan et al. 2014).

The Chinese BeiDou Navigation Satellite System (BDS)
has been officially announced to provide continuous posi-
tioning, navigation, and timing (PNT) service since 2012,
December 27, covering the whole Asia-Pacific region. The
current BDS constellation consists of five Geostationary
Earth Orbit (GEO), five Inclined Geo-Synchronous Orbit
(IGSO), and four Medium Earth Orbit (MEO) satellites avail-
able for PNT services (China Satellite Navigation Office
2012). The installation phase for completing the constellation

2 http://www.cost.eu/COST_Actions/essem/Actions/ES1206.
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with 5 GEO, 3 IGSO, and 27 MEO satellites is expected to be
accomplished by the end of 2020. Based on the completion
of the BDS regional system constellation and the establish-
ment of several tracking networks, a number of investigations
have been carried out recently related to the BDS precise
orbit determination (POD), GPS/BDS combined POD, BDS
precise point positioning, and relative positioning (Ge et al.
2012; Shi et al. 2012; Li et al. 2013a; Montenbruck et al.
2014). It has been demonstrated that BDS is capable of pro-
viding PNT service with an accuracy comparable to GPS (Ge
et al. 2012; Li et al. 2015).

Xu et al. (2013) made an assessment on ZTD estimated
from observations of a BDS local network with a time span
of 4 days for the first time. Their comparison with GPS ZTD
from IGS showed a bias and standard deviation of about 2
and 5 mm, respectively, being at the same level as the dif-
ference between GPS ZTD estimated by different software
packages (Xu et al. 2013). According to the results from Bei-
Dou Experiment Tracking Network (BETN), Lietal. (2014a)
indicated that the PWV estimated from the BDS PPP can
achieve similar precision as GPS-derived PWV. These ini-
tial results from post-processing are very promising, but it
still needs further investigations and evaluations involving
more globally distributed stations and longer time period,
especially w.r.t. the performance of real-time water vapor
retrieval from BDS. The addition of BDS to GPS significantly
increases the number of observed satellites and optimizes
the observation geometry accordingly. Thus, more slant total
delays (STD) are available and more accurate and reliable
ZTD/PWYV estimates can be expected, which will provide a
significant contribution to current GNSS meteorology (Ben-
der et al. 2009).

In this contribution, we investigate the real-time water
vapor retrieval from GPS and BDS observations. The obser-
vations from 40 globally distributed stations of the IGS
Multi-GNSS Experiments (MGEX) and BETN are processed
in real-time PPP mode to estimate ZTD/PWV. We assess
the performance of real-time PWV retrieved from BDS
data and evaluate the contribution of adding BDS to GPS
for ZTD/PWYV retrieval. Real-time ZTD derived from three
different data sets: GPS-only, BDS-only, and GPS/BDS
combined, are compared with those derived from the Very
Long Baseline Interferometry (VLBI) technique for an inde-
pendent reference at co-located GNSS/VLBI sites. The
observations from nearby radiosondes are considered for
inter-technique validation of the real-time PWV as well.

This article is organized as follows: we first describe the
tracking network including MGEX and BETN, and the data
sets for GPS, BDS, VLBI, and radiosondes in Sect. 2. In Sec-
tion 3, the modeling of GPS/BDS ZTD/PWYV is described, the
real-time PPP processing strategies are illustrated in detail,
and the processing strategies of VLBI and radiosonde data
are introduced as well. Thereafter, the results of ZTD/PWV
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Fig. 1 24-h ground tracks of

the current BeiDou satellites.
C01-C14 are the pseudorandom
noise (PRN) codes for BeiDou
satellites

comparisons of GPS-only, BDS-only and combined solu-
tions, and the inter-technique validations with VLBI- and
radiosonde-derived ZTD/PWYV are presented in Sect. 4, fol-
lowed by the conclusions in Sect. 5.

2 Tracking network and data collection
2.1 BDS and GPS data collection

After an effort of more than one decade, the BDS has been
established independently (Ran 2010). Currently, it is fore-
seen to become an operational global navigation satellite
system by 2020 according to a two-phase schedule. The first
phase—completed by the end of 2012—includes five satel-
lites in GEO at an altitude of 35,786 km, five in IGSO at an
altitude of 35,786 km as well as with 55° inclination to the
equatorial plane, and four in MEO at an altitude of 21,528 km
and 55° inclination to the equatorial plane (Yang et al. 2011).
The regional positioning and navigation services are opera-
tionally available for customers in the Asia-Pacific region.
The 24-h ground tracks of the current BeiDou satellites are
shown in Fig. 1.

The BETN established by Wuhan University> is a con-
tinuous global observation reference network. Since 2011
nine tracking stations in China and seven tracking stations
outside of China have been included in BETN (Shi et al.
2012). Among them, the stations in China are BJF1 in Bei-
jing, CENT in Wuhan, CHDU in Chengdu, HRBN in Harbin,
HKTU in Hong Kong, NTSC and XIAN in Xi’an, SHAO
in Shanghai, and LASA in Tibet. The seven non-Chinese
stations are SIGP (Singapore), PETH (Australia), DHAB
(United Arab Emirates), LEID (The Netherlands), JOHA
(South Africa), PFTP (Australia), and XILA (Greece). All
the stations are equipped with the UB240-CORS GPS/BDS

3 http://en.whu.edu.cn/.
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dual-system receivers and the UA240 antennas manufactured
by the UNICORE Company,* China.

The MGEX campaign® was initialized by the IGS enabling
amulti-GNSS service to track, collect, and analyze data from
GPS, GLONASS, BeiDou, Galileo, Quasi-Zenith Satellite
System (QZSS), and any space-based augmentation system
(SBAS) of interest. Over the past 2 years, a new network
of multi-GNSS monitoring stations within the domain of
MGEX has been deployed around the world. Today, more
than 100 stations are included in the MGEX network with
excellent capability of multi-GNSS constellation tracking.
Around 30 stations among them are capable of both, GPS
and BDS, observations (Montenbruck et al. 2014).

In this study, GPS and BDS observations during the first
half year of 2014 of about 40 stations from the BETN and
MGEX network are processed in real-time PPP mode for
ZTD/PWYV estimation. The distribution of the stations, that
can track GPS and BDS satellites, is shown in Fig. 2.

2.2 VLBI data

The VLBI technique is capable of determining accurate tro-
pospheric delays as well as water vapor content in the vicinity
of the VLBI stations (Schuh and Behrend 2012). Due to
the similar observing mode and processing strategy of tro-
pospheric parameters of VLBI and GNSS, the tropospheric
zenith delays derived from VLBI are of great interest for the
validation and calibration of parameters retrieved by GNSS
(Heinkelmann et al. 2007; Teke et al. 2011; Ning et al. 2012).
In this study, the VLBI is used as an independent technique to
validate the real-time ZTD estimates derived from GPS and
BDS observations. The VLBI observations during the latest
CONT campaign (CONT14°) are used here.

4 http://www.unicorecomm.com/english/.
5 http://igs.org/mgex/.
6 http://ivs.nict.go.jp/mirror/program/cont14/.
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Fig. 2 The distribution of the
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As a follow-on to the previous campaigns (CONT94,
CONT95, CONTO02, CONTO05, CONTO08, and CONT11),
CONT14 is a special campaign of the International VLBI
Service for Geodesy and Astrometry (IVS). The aim of
CONT14 is to acquire state-of-the-art VLBI data over a time
period of two weeks to demonstrate geodetic results of the
highest accuracy the current VLBI system is capable of.
CONT14 comprises a 15-day continuous VLBI observation
campaign during the period 2014, May 6-20, with a network
size of 17 stations (ten in the northern and seven in the south-
ern hemisphere). Among these VLBI stations, Onsala60
(Onsala, Sweden) and Wark12m (Warkworth, New Zealand)
are co-located with MGEX stations: ONS1 and WARK,
respectively. Continuous VLBI observations are available at
these two stations during CONT14 and will be employed
for an independent comparison and validation of GPS- and
BDS-derived ZTD. The horizontal distance of Onsala60 from
the GNSS station ONSI1 is within 200 m and the height dif-
ference between the VLBI antenna reference point and the
GNSS antenna reference point is about 15 m. For Wark12m
and WARK, the horizontal distance is within 100 m and the
height difference is about 17 m.

2.3 Radiosonde data

Radiosondes (RS) are balloon-borne instruments that mea-
sure temperature, pressure, and humidity along the line of
the sounding to the ground station using radio signals. The
radiosonde profiles provide atmosphere information up to an
altitude of approximately 30 km. The radiosonde balloons
are released every 12 or 24 h per day in most cases. As
one of the most reliable in-situ measurements of water vapor
(Rocken et al. 1997), the radiosonde-measured water vapor is
taken as another independent reference for validation of the
GPS/BDS derived PWV. For the GPS/BDS observing net-
work under investigation here, several stations are taken into
account where nearby radiosonde observations (within 50
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km) are available. The radiosonde data are accessible through
their atmosphere profiles provided by the National Ocean and
Atmospheric Administration” (NOAA).

3 Observation model and processing strategy
3.1 Real-time ZTD/PWY retrieval from GPS and BDS

Generally, the ionosphere-free combination of dual-
frequency carrier-phase and pseudo-range (LC, PC) are uti-
lized in PPP processing to eliminate the first-order effects of
the ionosphere. The observation equation can be expressed
as following: (Kouba 2009),

L=p+c(dt—dt)+T + B +ep (1)
P=p+c(dy—dt;) + T +¢ep, ()

where L and P are the ionosphere-free combination of car-
rier phase and pseudo-range, p is the geometric distance, d#;
and dt; denote the receiver and satellite clock biases, ¢ is
the speed of light in vacuum, T is the tropospheric delay,
B is the unknown phase ambiguity, and ¢; and ¢p denote
the measurement noise and multipath error for carrier phase
and pseudorange, respectively. The first order of ionospheric
delay is eliminated by ionosphere-free linear combination;
the phase center offset and variation, phase wind-up, tidal
loading, Earth rotation, and relativistic effects can be cor-
rected according to existing models (Kouba 2009). In the
GPS/BDS combined data processing, inter-system biases
(ISB) between GPS and BDS must be taken into account
and the combined observation model can be expressed as
follows:

7 http://www.esrl.noaa.gov/raobs/.
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LY = pC +c(dt; —dt8) + TY + BO + ¥
LE = p€ +c(dt; — di€) +ISB{ ¢ + 7€ + BC + &€
3

[PG:pG+c(dtr—drsG)+TG+s,§ @

PC = pC +c(dty — d1€) +ISBS™C + 7€ +¢§,

where the indices G and C refer to the GPS and BDS satellite
systems; ISBE_G and ISBg_G denote the receiver internal
biases (i.e. ISB) between GPS and BDS for carrier phase and
pseudo-range, respectively. We set-up the code bias para-
meters for both GPS and BDS, but the code bias for GPS
is set to zero to eliminate the singularity between receiver
clock and code bias parameters. Consequently, the estimated
biases of BDS are relative to the biases for GPS satellites. It
is worthwhile to notice that such a receiver internal bias is
only relevant for processing the code data. When analyzing
the phase measurements, the corresponding phase ambiguity
parameters will absorb the phase delays.

The tropospheric delay T consists of hydrostatic and non-
hydrostatic/wet components. Both can be expressed by their
individual zenith delays, gradients, and mapping functions:

T =mfy-Zn +mfy - Zy + mfy - cot(e)
-(GN - cos(a) + Gg - sin(a)), @)

where Zy, and Z,, denote the zenith hydrostatic delays (ZHD)
and zenith wet delays (ZWD), respectively, mfy and mfy
represent the hydrostatic and wet mapping functions [here
Global Mapping Functions (GMF), Bohm et al. (2006)], Gn
and Gg are the horizontal north and east gradients, and e
and a are the elevation and azimuth angles. ZHD accounts
for about 90 % of the total tropospheric delay and ZWD
for the remaining about 10 % (Davis et al. 1985). ZHD can
be calculated with sufficient accuracy using empirical mod-
els such as the Saastamoinen equations (Saastamoinen 1973)
with given surface pressure data. It is difficult to model ZWD
with enough accuracy due to its very low mixing ratio with
dry atmospheric constituents, its variability, and its sensitiv-
ity to weather conditions caused by atmosphere water vapor
distribution. Thus, ZWD is usually modeled as an unknown
parameter and estimated in the adjustment together with the
other parameters.

In the real-time PPP ZTD/PWYV processing, first of all
precise satellite orbits and clocks are determined using data
of a global GNSS ground tracking network. Similar to the
procedure of the IGS ultra-rapid orbits, the real-time orbit
is predicted (here 6 h prediction) based on the orbits deter-
mined in a batch-processing mode. Then, with fixed satellite
orbits and station coordinates, satellite clocks are estimated
and updated epoch-wise due to their short-term fluctuations.
With these real-time orbit/clock corrections and precise sta-
tion coordinates, the estimated parameter vector X can be
expressed as follows:

X = (ZyGnNGrdrISBS 9 B)T (6)

A sequential least squares filter is employed to estimate the
unknown parameters in real-time processing (Liet al. 2013b).
The tropospheric zenith wet delays Z,, and the north and east
gradients GN and Gg are modeled as random walk processes.
The noise intensity of the quantity of greatest interest, Zy, is
about 5-10 mm /~/A. The receiver clock bias d7 is modeled as
white noise and estimated epoch-wise. The code ISB between
GPS and BDS, ISBng, are assumed as constant over time
and estimated as well. As mentioned above, the phase bias
will be absorbed by the phase ambiguity B, and the ambiguity
parameters are assumed constant and estimated during each
continuous arc. An elevation-dependent weighting strategy
is applied. Details of the GPS/BDS observation model and
the data processing strategy are summarized in Table 1. The
EPOS-RT software (Ge et al. 2012; Li et al. 2013c¢) is used

for data processing in this work.

Table 1 Observation model and data processing strategies for real-time
ZTD/PWYV retrieval from GPS and BDS

GPS and BDS processing

Observations

Estimator
Frequency
Elevation cutoff
Sampling rate

Weighting strategy

Satellite orbit and clock
Zenith tropospheric delay

Tropospheric gradients
Mapping function
Phase wind-up

Station displacement

Receiver clock bias

Station coordinates
Inter-system bias

Satellite antenna PCO and PCV

Receiver antenna PCO and PCV

Ionospheric delay

Undifferenced ionosphere-free
phase and pseudo-range
combinations

Sequential least squares filter
GPS: L1, L2; BDS: B1, B2
50

30s

Elevation-dependent weighting; 2
mm for phase raw observables
and 0.6 m for code raw
observables for both GPS and
BDS

Fixed, predicted orbit and
epoch-wise clock

Saastamoinen model + random
walk process

Estimated

Global Mapping Function (GMF)

Applied

Solid Earth tide, ocean tide
loading, pole tide

Estimated as white noise

Fixed

Estimated as constant

Corrected using IGS and MGEX
values

Corrected

Eliminated by ionosphere-free
combination

@ Springer
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Once Zy, is accurately estimated, it can be directly related
to PWV (Askne and Nordius 1987) by

PWV = H(Tm) Zws (7

where the parameter [[(7,,) varies as a function of the
weighted mean temperature of the atmosphere 7, (Bevis
et al. 1992):

100

(7)) = —————,
pu RV + k)

®)

where py = 999.97 kg m~3 denotes the density of liquid
water, Ry = 461.51 JK~! kg~ is the specific gas constant of
water vapor, k3 and k/2 are atmospheric refraction constants:
ky = 22.1£22 (K hpa™'), k3 = 373,900 £ 1200 (K2
hpa~!). To calculate 7,,, vertical profiles of water vapor and
temperature are required (Davis et al. 1985). It was shown
that 7, can be well obtained from the global reanalysis of
the European Centre for Medium-Range Weather Forecasts
(ECMWEF). The difference between T,, from ECMWF and
from global radiosonde observations is less than 2 K for most
of the stations (Wang et al. 2005). Thus, in this study, 7,
from ECMWF reanalysis (ERA-Interim®) are used for the
conversion from ZWD into PWV.

If the a priori ZHD is not calculated accurately, the error
will be absorbed by the estimated ZWD during parameter
estimation and consequently propagate to the PWV. Accu-
rate modeling of ZHD requires the availability of surface
pressure values that can be obtained from meteorological
sensors, from NWP models, from empirical models, or from
other sources. Therefore, in a first step the Global Pres-
sure and Temperature 2 model (GPT2, Lagler et al. 2013) is
applied to obtain the a priori ZHD, and consequently the PPP-
derived ZTD. Thereafter, more accurate ZHD are calculated
with the meteorological data from ERA-Interim reanalysis of
ECMWEF interpolated at the position of each GNSS antenna.
Accurate ZWD are then generated from the PPP-derived
ZTD by subtracting the more accurate ZHD and finally, the
accurate ZWD is converted into PWYV following Eq. (7).

3.2 VLBI data processing

In a single VLBI observation an extragalactic radio source,
e.g. aquasar, is observed in parallel with two radio telescopes
(Schuh and Behrend 2012). The observed delay is the differ-
ence in time of arrival of the noise from the radio source at the
two stations. The ionosphere free delay can be expressed as

T=—bTQk+T) — T +dt —dn, )

8 http://apps.ecmwf.int/datasets/data/interim_land/.
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where b is the baseline vector between the stations, k denotes
the unit vector in the direction of the radio source, the matrix
Q represents the orientational part of the transformation
between the celestial and the terrestrial reference systems
(Petit and Luzum 2010), 7; are the tropospheric delays at
station i = 1, 2, and d¢; represent the clock errors of station
i. Just as for the GNSS processing, the tropospheric delay
can be described by Eq. (5).

Here, the VLBI data were analyzed using the GFZ ver-
sion of the Vienna VLBI Software (Bohm et al. 2012),
VieVS@GFZ. This software estimates the unknown para-
meters in a classical least squares adjustment. The estimated
parameters include clock corrections, ZWD, Earth orienta-
tion parameters (EOP), and horizontal gradients. The ZHD
were modeled using the Saastamoinen model (Saastamoinen
1973) with meteorological data from GPT2, which is con-
sistent with the modeling of the a priori ZHD in GNSS data
processing. The ZWD were parameterized as piece-wise lin-
ear functions with interval length of 1 h and the gradients were
estimated with interval length of 6 h. The GMF were used
as the hydrostatic and wet mapping functions. In addition,
we also estimated session-wise values of radio source coor-
dinates, and all five EOP (polar motion, UT1-UTC, celestial
pole offsets). The a priori and other models used in the analy-
sis are listed in Table 2.

3.3 Radiosonde data processing

The observation profiles derived from radiosonde data are
discrete series of temperature and relative humidity observa-
tions at different heights above the radiosonde launch site,
which separates the atmosphere into several layers. Assum-
ing linear water vapor density variation for each layer, the
PWYV along the path of the sounding balloon can be calcu-
lated by (Bevis et al. 1992),

1 . .
PWV = —— 37 (it = hi) - (0} 02, (10)
A%

where the variable p, denotes the density of water vapor,
pw 1is the density of liquid water, the super- and subscripts
i + 1 and i denote the top and bottom of each layer for height
and water vapor density. The water vapor density p, can be
calculated with temperature and relative humidity.

4 Results and analysis

4.1 Real-time ZTD derived from BDS, GPS
and GPS/BDS combined solutions

In order to assess the performance of the real-time BDS
ZTD/PWYV processing and also evaluate the contribution of
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Table 2 Observation model and data processing strategies for ZTD

retrieving from VLBI

VLBI processing

Observations
Estimator

Frequency

Elevation cutoff

Weighting strategy

Zenith tropospheric delay
Tropospheric gradients

Pressure and temperature
Mapping function
Precession/nutation model
Earth rotation parameter
Sub-diurnal EOP

Ionosphere-free group delays
Classical least squares

X-band (8.4 GHz) and S-band (2.3
GHz)

50
The formal errors from the

correlator plus a noise floor of 1
cm

Saastamoinen model + piece-wise
linear function (1 h interval)

Estimated, piece-wise linear
function (6 h interval)

GPT2

GMF

TIAU2006/2000A

Estimated as daily offsets
IERS Conventions (Petit and

Luzum 2010)

Solid Earth tide, ocean tide
loading, pole tide, ocean pole
tide, non-tidal

Station displacement

atmospheric loading,

VLBI antenna thermal deformation
(Nothnagel 2009)

Piece-wise linear function (1 h
interval)

Estimated, NNR w.r.t. ICRF2

Eliminated by first-order
ionosphere correction

Receiver clock

Radio source coordinates

Tonospheric delay

adding BDS to GPS for ZTD/PWYV retrieval, we processed
about 40 stations from the BETN and MGEX networks for
the period of the first half of the year 2014. These stations
have been selected because the BDS and GPS observa-
tions are available simultaneously. The GPS-only, BDS-only,
and GPS/BDS combined PPP solutions are carried out to
derive the corresponding ZTD/PWYV estimates. All the data
are processed in real-time PPP mode with a 30-s sampling
interval to generate ZTD/PWV following the description
in Sect. 3.1. The station coordinates are fixed to weekly
solutions. The precise orbit and clock products applied are
those generated in simulated real-time mode from about 130
globally distributed stations selected from IGS, MGEX, and
BETN networks.

Figure 3 shows the ZTD time series of two stations dur-
ing March 2014 as examples: XILA (35.53°N, 24.07°E,
177.79 m), Greece; and REUN (21.21°S, 55.57°E, 1558.40
m), island of Réunion, Indian Ocean east of Madagascar.
The GPS-only and BDS-only ZTD are displayed by red and

2.45
E 240/
>
©
)
T
T 235
Lo
=] .
S 2304
N
2.25 —
60 65 70 75 80 85 90
Day of year (XILA)
225 :
l; e GC |
o C L
° G

Zenith total delay (m)

60 65 70 75 80 85 90
Day of year (REUN)

Fig. 3 ZTD derived from GPS-only (“G”), BDS-only (“C”), and
GPS/BDS (“GC”) combined real-time PPP solutions at stations XILA
(top) and REUN (bottom) for day of year (DOY) = 60-90, i.e. about
March 2014

olive symbols, while the ZTD derived from the GPS/BDS
combined solution are illustrated by black symbols. It can
be noticed that the BDS-only ZTD derived from real-time
PPP agree well with the GPS-only ZTD in general; however,
they exhibit more outliers and larger noise. Possible reasons
may be the signal instability or the low precision of the error
models for BDS (e.g. the PCO and PCV model) since they
are developed well for GPS (Wang et al. 2014). One can also
see that the GPS/BDS combined ZTD agree better with the
GPS-only solution than with the BDS-only solution. Some
outliers of the GPS-only solution disappear when both, GPS
and BDS, observations are combined together. The ZTD time
series estimated from the GPS/BDS combined solution are
more robust and smoother than the individual solutions. The
addition of BDS to GPS can improve the quality of ZTD
estimates because of the larger number of satellites and the
improved observation geometry. For example, about 3—7 Bei-
Dou and 6-10 GPS satellites are used, respectively, in the
BDS- and GPS-only solution at the station XILA, while all
the available BDS and GPS satellites (10-16 satellites) are
used in the GPS/BDS combined solution. Figure 4 depicts
the linear correlation between these three solutions at sta-
tions XILA and REUN. It can be noticed that the BDS ZTD
and GPS ZTD are highly correlated; the correlation coeffi-
cients are 0.84 and 0.94 at the stations XILA and REUN,
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respectively. The correlation coefficients between the BDS
ZTD and the combined ZTD are 0.91 and 0.96, while corre-
lation coefficients between the GPS ZTD and the combined
ZTD are 0.97 and 0.99 at the two stations.

Figure 5 presents the distribution of ZTD differences
between BDS-only and GPS-only solutions at the abovemen-
tioned stations XILA and REUN during the same period. As
can be noticed, the frequency count of the ZTD differences
is close to normal distribution. The root mean square (RMS)

values of the ZTD differences at the two stations are 11.0

@ Springer

and 11.9 mm, respectively, showing agreement at the level
of about 1 cm. The mean values of the differences between
BDS- and GPS-derived ZTD at the two stations are —2.2 and
—2.6 mm, and their standard deviation (STD) values are 10.8
and 11.7 mm, respectively.

InFig. 6, the statistical results of ZTD differences between
BDS-only and GPS-only solutions are shown for 15 globally
distributed stations. Those stations observe more than four
BDS satellites and have good and continuous data during the
processing period. The RMS values of the ZTD differences
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are 11-16 mm (which equals 2-3 mm in PWV), and the mean
values of the differences are at the level of a few millimeters
(usually smaller than 1 mm in PWV). The averaged RMS
value of all the stations is 13.1 mm. This agreement implies
that the real-time ZTD/PWYV estimates from BDS observa-
tions only can significantly contribute to weather nowcasting,
although their accuracy is slightly worse than that of the GPS-
only solution [about 1.5 mm in PWYV; Li et al. (2014b)]. At
the moment the reliability of real-time BDS ZTD/PWV is
not as good as that of GPS, especially out of the Asia-Pacific
region. However, this situation will improve once the BDS
constellation is complete.

Figure 7 shows the distribution of ZTD differences
of BDS-only and GPS-only solutions with respect to the
GPS/BDS combined solution. As displayed, the differences
for the BDS ZTD mainly locate within the domain of —15
to 15 mm, while those for the GPS ZTD mainly range from
—10 to 10 mm. The frequency count of the ZTD differences
for both solutions behaviors as normal distribution. It is obvi-
ous that the ZTD differences for the GPS-only solutions are
smaller than those of the BDS-only solutions on average.
The differences between the BDS and combined solutions
are about a few millimeters and show larger noise and a larger

number of outliers. The mean values of the differences for
GPS ZTD are 0.7 and 0.9 mm at the two stations, and the
mean values of the differences for BDS ZTD are —1.5 and
—0.6 mm, respectively. The RMS values are 4.4 and 4.9 mm
for GPS ZTD, and 8.5 and 9.6 mm for BDS ZTD. It is notable
that both GPS and BDS ZTD show a good agreement with
the combined solution, while the GPS results show smaller
RMS and mean values than the BDS results.

4.2 Inter-technique ZTD validation: GNSS vs. VLBI

For the sake of an independent inter-technique validation,
the GNSS ZTD series retrieved from real-time PPP process-
ing are compared with those from co-located VLBI stations.
Figure 8 shows the ZTD comparisons of GPS-only, BDS-
only, GPS/BDS combined and VLBI solutions at the multi-
GNSS stations ONS1 (co-located with VLBI station
ONSALA60), and WARK (co-located with VLBI station
WARKI12M). Here, the ZTD estimates over the 15-day
CONT14 campaign are compared due to the availability
of continuous VLBI observations during this period. These
VLBI data are processed for ZTD derivation following the
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description in Sect. 3.2 (post-processing to achieve highest
quality for validation). We use the same elevation cutoff,
prior tropospheric model, and mapping function as GNSS
data processing. In order to avoid additional interpolation,
only ZTD estimates at the common epochs from each ZTD
series are taken into account for the comparisons. The ZTD
biases resulting from the height difference between the phase
center of GNSS antennas and the reference point of VLBI
telescopes are corrected using the ‘troposphere ties” method
presented by Teke et al. (2011). It can be noticed that the ZTD
of GPS/BDS combined solutions agrees quite well with the
VLBI ZTD results with a small difference of about several
millimeters. The ZTD of the single-system solutions, both
GPS-only and BDS-only, also reveal good agreement with
the VLBI ones. The differences between VLBI and BDS-
only solutions present the largest values.

The ZTD differences of GPS-only, BDS-only, and
GPS/BDS combined solutions with respect to the VLBI solu-
tions for the two stations, ONS1 and WARK, are shown in
Fig. 9, where the differences for the GPS/BDS combined
solution are displayed by black symbols. In general the dif-
ferences of the combined solution are smaller than 20.0 mm.
The RMS values are 8.7 and 11.3 mm for the two stations,
ONSI1 and WARK, and the mean values of the differences
are 2.0 and 2.2 mm, respectively. The ZTD differences for
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= 60-90, i.e. about March 2014

GPS-only and BDS-only solutions are shown in the same
figure indicated as red and blue symbols. We can see that
the ZTD differences are the smallest for the combined solu-
tion, while the BDS-only differences are the largest. The
RMS of BDS-only solution are 14.2 and 17.0 mm, and the
RMS of GPS-only solution are 9.8 and 12.9 mm. Table 3
lists the statistics of the ZTD from BDS-only, GPS-only,
and GPS/BDS combined solutions with respect to VLBI
ZTD.

These results confirm the conclusion mentioned above
that the real-time ZTD retrieved from BDS-only solution
are also accurate enough (smaller than the threshold of
3 mm in PWV) and can be assimilated into the NWP
models and applied in weather nowcasting. The combined
solutions can improve the accuracy and reliability of real-
time ZTD/PWV retrieval compared to the single-system
solutions. Some outliers occurring in the GPS or BDS single-
system solutions can be eliminated when the combined
solutions are performed. Therefore, we can conclude that
the BDS can contribute to real-time meteorological appli-
cations with slightly less accuracy than that of GPS, and
more accurate and reliable ZTD/PWV estimates will be
obtained, if the BDS observations are combined with the
GPS observations in real-time PPP mode, about 1.3—1.8 mm
in PWV.
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4.3 PWY validation of GNSS vs. radiosonde data

The PWYV values derived from the real-time PPP analysis are
validated using independent observations from radiosondes.
Figure 10 shows the PWV results derived from the GPS/BDS
combined real-time PPP solutions and nearby radiosonde
solutions at stations ONS1 and WARK. The temporal res-
olutions of real-time PWV solutions derived from GNSS are
30 s while the radiosonde-retrieved PWYV is sampled every
12 h. Accordingly, only PWV values at the common epochs
are considered for the comparison. The GPS/BDS combined
PWYV agrees quite well with the radiosondes PWV with dif-
ferences at the level of about few millimeters.

Figure 11 shows the RMS values of the PWV differ-
ences of the BDS-only, GPS-only, and GPS/BDS combined
solutions with respect to the radiosonde solutions at five
GNSS stations (CENT, SIGP, NNOR, ONS1, and WARK),
where nearby radiosonde observations (distance <50 km) are
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Fig. 9 The ZTD differences of BDS-only, GPS-only, and GPS/BDS
combined solutions with respect to the VLBI at ONS1/ONSALA60
(top) and WARK/WARK12M (bottom), from day of year (DOY) 125-
140, i.e. 2014 May 6-20 (CONT14 campaign)

available. One can see that the differences of the combined
solution vs. radiosondes are the smallest, while the BDS-
only solution shows the largest differences. The RMS of the
PWYV differences are 1.5-1.8 mm for the GPS/BDS com-
bined solution, 1.7-2.1 mm for the GPS-only solution, and
2.4-2.8 mm for the BDS-only solution. The corresponding
statistics are summarized in Table 4. The PWV comparisons
further confirm the aforementioned conclusion concerning
the performance of BDS-derived real-time ZTD/PWV and
the benefit of adding BDS to GPS-only processing. This
confirms a potential benefit for real-time PWV retrieved
from BDS in time-critical meteorological applications such
as NWP nowcasting and severe weather event monitoring
just like GPS. The combination of BDS-only and GPS-only
PPP processing improves the performance concerning higher
accuracy and robustness compared to the single-system solu-
tions in meteorological applications.

Table 3 Statistics of the ZTD

from BDS-only, GPS-only, and GNSS station ~ VLBI station ~ Bias (mm) RMS (mm)
GPS/BDS combined solutions C-VLBI G-VLBI GC-VLBI C-VLBI G-VLBI GC-VLBI
w.r.t. VLBI ZTD
ONSI1 ONSALAG60 -3.0 2.9 2.0 14.2 9.8 8.7
WARK WARKI12M —2.1 2.4 22 17.0 12.9 11.3
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5 Conclusions and outlook

In this paper, we have developed a real-time ZTD/PWV
retrieval algorithm combining GPS and BDS observations.
The GPS and BDS data during the first half of the year 2014
from 40 BETN and MGEX stations were processed using the
real-time PPP technique. The performance of the real-time
ZTD/PWYV derived from BDS was assessed and the contribu-
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Fig. 10 PWV derived from GPS/BDS combined real-time PPP and
radiosonde solutions at stations ONS1 (fop) and WARK (bottom) for
day of year (DOY) 60-150 of 2014

tion of adding BDS to the GPS-only approach for ZTD/PWV
retrieval was carefully analyzed.

The results show that in general, the BDS-only ZTD
derived from real-time PPP solution agree well with the
GPS-only ZTD. The RMS values of the ZTD differences
between BDS-only and GPS-only solutions are about 11—
16 mm (about 2-3 mm in PWV), and the mean values of
the differences are about a few millimeters (usually <1 mm
in PWYV). The agreement implies that the ZTD/PWV with
BDS-only observations of the current constellation can also
significantly contribute to weather nowcasting, although their
accuracy is worse than the one of the current GPS-only solu-
tion (about 1.5 mm in PWYV). Furthermore, some outliers,
which appear in both single-system solutions, are eliminated
in the combined solutions. The GPS/BDS combined ZTD
are more robust and smoother than the single-system solu-
tions, meaning that the addition of BDS to GPS observations
can improve the quality of ZTD/PWYV due to the increased
number of satellites and the improved observation geometry.

The VLBI technique, as an independent validation for
GNSS ZTD estimates, demonstrated a good agreement with
the GPS/BDS combined solutions with a small difference
of about several millimeters. The ZTD of the single-system
solutions, both GPS-only and BDS-only, also reveal good
agreement with the VLBI ones. The BDS-only solutions
present the largest differences. We can conclude that the
BDS can contribute to the real-time meteorological appli-
cations with slightly worse accuracy than that of GPS. As
one of the most reliable measurements of water vapor, the
radiosondes are employed for independent validation of the
real-time PWYV derived from GPS and BDS observations.
The GPS/BDS combined PWYV agree quite well with the
PWYV from radiosondes with differences at the level of few
millimeters. The PWYV of single-system solutions, both GPS
and BDS, show good agreement with the ones from radioson-
des. The differences of the GPS/BDS combined solutions

Fig. 11 RMS of PWV
differences of BDS-only,
GPS-only, and GPS/BDS
combined solutions with respect
to the radiosonde solutions

RMS(mm)

CENT
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Table 4 Statistics of the PWYV differences of BDS-only, GPS-only, and
GPS/BDS combined solutions with respect to the radiosonde solutions

Stations Bias (mm) RMS (mm)

C-RS G-RS GC-RS C-RS G-RS GC-RS
CENT 0.1 -0.2 —0.1 24 2.0 1.7
SIGP -0.2 0.1 0.0 28 2.1 1.8
NNOR —-0.3 —0.1 —0.1 2.7 2.0 1.7
ONS1 -0.5 04 02 24 1.7 1.6
WARK —-04 0.3 02 26 1.9 1.6

are the smallest, and those of the BDS-only solutions are the
largest. The results further confirm the performance of BDS-
derived real-time ZTD/PWV and the benefit of adding BDS
to standard GPS-only processing for real-time ZTD/PWV
retrieval, which can significantly contribute to time-critical
meteorological applications such as NWP nowcasting and
severe weather event monitoring.

Further studies related to comparisons and validations
with respect to other techniques such as water vapor radiome-
ter (WVR), numerical weather models (NWM) at a larger
number of stations and over a longer time span will be in
the focus of our future work. Furthermore, the performance
of multiple combinations of GNSS systems, such as GPS,
GLONASS, BDS, Galileo, and QZSS will also be investi-
gated in future.
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