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Abstract: The revitalized Russian GLONASS system provides new potential for real-time
retrieval of zenith tropospheric delays (ZTD) and precipitable water vapor (PWV) in order to
support time-critical meteorological applications such as nowcasting or severe weather event
monitoring. In this study, we develop a method of real-time ZTD/PWV retrieval based on
GLONASS and/or GPS observations. The performance of ZTD and PWV derived from
GLONASS data using real-time precise point positioning (PPP) technique is carefully
investigated and evaluated. The potential of combining GLONASS and GPS data for
ZTD/PWV retrieving is assessed as well. The GLONASS and GPS observations of about half
a year for 80 globally distributed stations from the IGS (International GNSS Service) network
are processed. The results show that the real-time GLONASS ZTD series agree quite well
with the GPS ZTD series in general: the RMS of ZTD differences are about 8 mm (about 1.2
mm in PWV). Furthermore, for an inter-technique validation, the real-time ZTD estimated
from GLONASS-only, GPS-only, and the GPS/GLONASS combined solutions are compared

with those derived from Very Long Baseline Interferometry (VLBI) at co-located



GNSS/VLBI stations. The comparison shows that GLONASS can contribute to real-time
meteorological applications, with almost the same accuracy as GPS. More accurate and
reliable water vapor values, about 1.5-2.3 mm in PWYV, can be achieved when GLONASS
observations are combined with the GPS ones in the real-time PPP data processing. The
comparison with radiosonde data further confirms the performance of GLONASS-derived

real-time PWV and the benefit of adding GLONASS to stand-alone GPS processing.
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Introduction

The potential of GPS observations for troposphere monitoring was first described in Bevis et
al. (1992) concerning post-processing solutions. The near real-time (NRT) tropospheric
solutions, which are suitable for numerical weather prediction (NWP) models, were then
developed and evaluated by extensive investigations (Rocken et al. 1997; Gendt et al. 2001;
Elgered et al. 2005). Several projects such as WAVEFRONT, MAGIC, and European
Cooperation in Science and Technology (COST-716), have demonstrated the ability of GPS
serving as an accurate water vapor sensor for meteorological and climatological applications
(Haan et al. 2004; Gutman et al. 2004; Nilsson and Elgered 2008). As a notable example,
within the European E-GVAP (http://egvap.dmi.dk) project, a ground tracking network
consisting of more than 2400 continuously operating GPS stations is deployed to provide

NRT PWYV (precipitable water vapor) estimates for assimilation into NWP models.
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To fully exploit the potential of GNSS (Global Navigation Satellite Systems) for real-time
monitoring and forecasting of severe weather events, the development and transition from the
NRT mode to the true real-time mode of tropospheric monitoring has become one of the
current  topics, such as for the new European COST Action ES1206
(http://www.cost.eu/COST_Actions/essem/Actions/ES1206). During recent years the
International GNSS Service (IGS) has coordinated the development of global real-time orbit
and clock products, exploiting individual contributions from several institutions in order to
guarantee its high robustness and availability. At the end of 2012, the IGS launched its
Real-Time Service (RTS, Caissy et al. 2012) and declared the product as official. Thanks to
these developments, precise point positioning (PPP, Zumberge et al. 1997) has been
successfully applied for real-time water vapor retrieving and for supporting time-critical
meteorological applications, such as NWP nowcasting or severe weather event monitoring
(Li et al. 2014; Dousa and Vaclavovic 2014; Yuan et al. 2014; Shi et al. 2015).

The Russian GLObal NAvigation Satellite System (GLONASS) has been revitalized and is
now fully operational with 24 satellites in orbit

(http://www.glonass-ianc.rsa.ru/en/GLONASS/). It has been going through gradual

modernization and the FDMA (Frequency Division Multiple Access) mode is scheduled to
change to CDMA (Code Division Multiple Access) mode, which is consistent with other
GNSS systems concerning the convenience for integer ambiguity resolution (Cai and Gao
2013). At present, more than 200 stations operated by IGS can continuously provide both
GPS and GLONASS observations. Consequently, several investigations focusing on adding

GLONASS satellites to GPS for precise positioning have been carried out, and results
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demonstrate that the combined GPS/GLONASS PPP solution is more accurate and more
robust than the GPS-only solution in terms of positioning, with significantly reduced time for
position convergence (Cai and Gao 2013; Li et al. 2015).

However, so far only limited studies related to using GLONASS data only or in
combination with GPS data for tropospheric parameter estimation have been conducted.
Bruyninx (2007) pointed out an underestimation of about 0-2 mm in ZTD (zenith total delays)
estimates from the combined GPS and GLONASS PPP solution compared to the GPS-only
solution. A systematic bias between the ZTD derived from GPS and GLONASS in NRT
solution was identified by Dousa (2010), with the GLONASS ZTD resulting in
approximately 1-3 mm lower values compared to those estimated from GPS using a network
of 38 European stations. Furthermore, no significant improvement of the ZTD quality was
found when comparing a stand-alone GPS solution with respect to the combined
GPS/GLONASS solution in NRT processing. However, the initial inconsistency between
stand-alone GPS and GLONASS ZTD solutions disappeared when the 1IGS08 antenna phase
center models were adopted (Dach et al. 2011).

With the completion of GLONASS, the quality of ZTD/PWV retrieved from GLONASS
data is expected to improve and increase the benefit of combining GLONASS and GPS for
ZTD/PWV estimation, especially in real-time processing. We investigate the real-time
ZTD/PWV retrieval from stand-alone GLONASS, GPS, and GLONASS+GPS observations
based on the PPP technique. The observations of 80 globally distributed stations from the 1GS
network are processed in real-time PPP mode to derive three different solutions:

GLONASS-only, GPS-only, and GPS/GLONASS combined solution. First, the performance



of the GLONASS-derived ZTD is assessed by comparing to those derived from GPS. All the
three solutions are then compared to results derived from Very Long Baseline Interferometry
(VLBI) and radiosondes (RS) to independently evaluate the performance of the
GLONASS-only solution and the benefit of adding GLONASS to GPS for ZTD/PWV

retrieval.

GNSS data collection and processing
The collection of data sets of GLONASS and GPS is described in this part. The observation
modeling and processing strategies for real-time GNSS ZTD/PWV retrieval is also presented

in details.

GNSS data collection

The IGS collects, archives, and freely distributes GNSS observation data sets from a
cooperatively operated global network of several hundreds of ground tracking stations. Apart
from supporting tracking of GPS, the majority of its stations are capable of providing
GLONASS observations (Dow et al. 2009) as well. In this study, the GPS and GLONASS
observations of about 80 stations from the IGS network are processed in simulated real-time
mode. The distribution of the selected IGS stations, that can track both GPS and GLONASS

satellites, is shown in Figure 1.
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Figure 1 Distribution of the selected GPS/GLONASS IGS stations.

Real-time ZTD/PWV estimation

Generally, the ionospheric-free combination of dual-frequency carrier phase and pseudorange
(LC, PC) are utilized in PPP processing to eliminate the first-order effects of the ionosphere.
The observation equations can be expressed as (Kouba 2009),

L=p+c(dt-dT)+T+AN +¢, (1)

P=p+c(dt—dT)+T +¢&; (2)
where L and P are the ionospheric-free combinations of carrier phase and pseudorange, pis
the geometric distance, dt and dT denote the receiver and clock biases, ¢ is the speed of light
in vacuum, T is the tropospheric delay, A4 is the wavelength, N is the unknown phase
ambiguity, and ¢ _and & denote the measurement noise and multipath error for carrier
phase and pseudorange, respectively. The first-order ionospheric delay is eliminated by the
ionospheric-free linear combination, the phase center offset and variation, phase wind-up,
tidal loading, earth rotation, and relativistic effects can be corrected according to existing
models (Kouba 2009). In the GPS/GLONASS combined data processing, different hardware

delay biases that exist in the receiving channels (Wanninger 2011) must be taken into account,



and the combined observation model can be expressed as,

L® = p® +c(dt—dT®)+T® +A°N® +¢&°

{LRk =p  +c(dt—dT*)+B¥ C + TR+ ARNR + &} )
P =p®+c(dt—dT®)+T® +&7

{PRK =p" +c(dt—dTR)+ B +T R +&f )

where the indices G and R, refer to the GPS and GLONASS satellite system, respectively,
k denotes the frequency factor for GLONASS satellite as it uses FDMA signals, the terms
B ®and BJ® denote the receiver internal bias between GLONASS and GPS for carrier
phase and pseudorange, respectively. For the GLONASS satellites with different frequency

factors, the receiver internal biases Bf*°

are different and their differences are usually
called inter-frequency biases (IFB). We set up the code bias parameters for each GLONASS
frequency, and the code bias for GPS satellites is set to zero in order to eliminate the
singularity between receiver clock and code bias parameters (Dach et al. 2006). Consequently,
the estimated biases of GLONASS are relative to the biases for GPS satellites. It is
worthwhile to note that such a receiver internal bias is only relevant for processing the code
data, while the corresponding phase ambiguity parameters will absorb the phase delays when
analyzing the phase measurements.

The slant total delay T can be modeled by hydrostatic and non-hydrostatic/wet
components, which can both be expressed by their individual zenith delays and the
corresponding mapping functions, and by the gradient part (Chen and Herring, 1997),

T =mf, -ZHD +mf . - ZWD +mf - (G, -cos(a) + G, -sin(a)) (5)
where mf, and mf,, are the hydrostatic and non-hydrostatic mapping functions (here

Global Mapping Functions (GMF), Béhm et al. 2006), mf; is the gradient mapping function,



G, and G, represent the north-south (NS) and east-west (EW) delay gradient

ns
contributions, respectively, a is the azimuth of the line of sight of the individual observation.
The ZHD accounts for about 90% of the total tropospheric delay and the ZWD for the
remaining about 10% (Davis et al. 1985). The ZHD can be accurately calculated using
empirical models such as the Saastamoinen (1973) model involving in-situ air pressure
information. However, it is difficult to model ZWD with enough accuracy due to its very low
mixing ratio with the dry atmospheric constituents, its high temporal variability and its
dependence on atmospheric weather conditions that may significantly differ from the in-situ
meteorological conditions. Thus, ZWD is usually estimated as an unknown parameter in the
adjustment together with the other parameters.

In the real-time PPP ZTD/PWV processing, first the precise satellite orbits and clocks are
determined using data of a global GPS+GLONASS ground tracking network. Similar to the
procedure of the IGS ultra-rapid orbits, the real-time orbit is predicted (six hour prediction)
based on the orbits determined 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 (Zhang et al. 2011). With these real-time orbit/clock corrections and
precise station coordinates, the estimated parameter vector X can be described as,

X =(ZWD-G,, -G, -dt- BH° -N)' (6)
A sequential least square filter is employed to estimate the unknown parameters in real-time
processing. The ZWD and the gradients G, and G, are modeled as random walk

processes. The noise intensity of the quantity of most interest, ZWD, is about 5-10 mm/ v h.

The receiver clock bias dt is modeled as white noise process and estimated epoch-wise.



G

The code biases Bj*° are estimated as constant over time. As mentioned above, the phase

biases will be absorbed by the phase ambiguities N, and the ambiguity parameters are
estimated as constant during each continuous arc. An elevation-dependent weighting strategy
is applied as well.

ZWD derived from real-time PPP can be converted into PWV (Askne and Nordius 1987)

by,
PWV =T1(T,)-ZWD )
() =—o ®

pWRV(T*3+k'2)

m

where [I(T,) varies as a function of the weighted mean temperature of the atmosphere T,
(Bevis et al. 1992), p, =999.97kgm= represents the density of liquid water, R, =
461.51JK " kg™ is the specific gas constant of water vapor, k,and k, denote atmospheric
refractivity constants (k, =22.1+2.2(K hpa™), k, =373900+1200(K? hpa™). To accurately
calculate T, vertical profiles of water vapor and temperature are required (Davis et al.
1985):
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where e denotes the partial pressure of water vapor, and T is the temperature. The
information about the two variables can only be obtained from external meteorological
resources for the PWV retrieving in this study.

One of the methods to derive T, is presented by Bevis et al. (1992), where T_ is

described as a linear function of surface temperature observations and vertical temperature



lapse rates. However, Wang et al. (2005) pointed out that this empirically calculated mean
temperature tends to be less accurate, with a cold bias in the tropics and subtropics, and a
warm bias in mid and high latitudes. This kind of defect of the Bevis model can be attributed
to the fact that it only depends on radiosonde observations over the North American territory.
In contrast, T, interpolated from the global reanalysis of the ECMWEF (European Centre for
Medium-Range Weather Forecasts) can well represent the desired quantities at the locations
of GNSS stations (Wang et al. 2005). Thus, in this study, T, from ECMWF reanalysis
ERA-Interim (http://apps.ecmwf.int/datasets/data/interim_land/) is adopted to perform the

conversion from ZWD into PWV.

VLBI data

Various studies have illustrated that VLBI is capable of determining accurate tropospheric
delays as well as water vapor content in the vicinity of the VLBI stations (Heinkelmann et al.
2007; Schuh and Béhm 2012). Since GNSS and VLBI observations are subject to the same
type of errors in terms of the atmospheric effect, tropospheric parameter derived from VLBI
provide an excellent basis for the comparison and validation of parameters retrieved by
GNSS, which has been shown by many authors (Teke et al. 2011; Ning et al. 2012). In this
study;, VLBI data from the latest CONT campaign (CONT14,

http://ivs.nict.go.jp/mirror/program/cont14/) are used to validate the real-time ZTD estimates

derived from GLONASS and GPS. CONT14 is a special campaign of the International VLBI
Service for Geodesy and Astrometry (IVS), aimed at acquiring state-of-the-art VLBI data

over a time period of 15 days in order to demonstrate geodetic results of the highest accuracy
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the current VLBI system is capable of. The CONT14 campaign was observed in the period
2014 May 6-20, with a network size of 17 globally distributed stations. Several stations from
this network are co-located with the 1GS GNSS stations mentioned above, which will be
employed for the comparison and validation here.

For the analysis of VLBI observations acquired during CONT14, the GFZ version of the
Vienna VLBI Software (Bohm et al. 2012), VieVS@GFZ, is used, where the unknown
parameters are estimated in a classical least squares adjustment. The calculation of the
theoretical delays follows the IERS Conventions 2010. The ZHD are modeled using
Saastamoinen (1973) model with meteorological data from GPT2 (Lagler et al. 2013), in a
consistent way compared to the a priori ZHD for the GNSS data processing. The estimated
parameters included clock corrections, earth orientation parameters (EOP), ZWD, and
horizontal gradients. The ZWD were parameterized as piece-wise linear functions with
interval length of 1 hour and gradients are estimated with interval length of 6 hours.
Comparable to the GNSS, the GMF are used as hydrostatic and wet mapping functions, and

the elevation cut-off angle is set to 5°.

Radiosonde data

Radiosondes directly measure temperature, pressure, and humidity along their flight paths
from the launch site upwards and communicate their records via a radio signal downlink. The
radiosonde balloons are launched every 12 or 24 hours per day in most of the cases. As one of
the most reliable in-situ measurement of water vapor (Rocken et al. 1995; Neill et al. 2001),
water vapor retrieved from the radiosonde is taken as another validation of the GLONASS-

and GPS-derived PWV. For the comparison, all stations from the abovementioned



GPS/GLONASS observing network are employed, where nearby radiosonde launch sites (the
distance is smaller than 50 km) are available. The radiosonde data profiles are provided by
the National Ocean and Atmospheric Administration (NOAA,

http://www.esrl.noaa.gov/raobs/).

In radiosonde data analysis, temperature, pressure, and humidity from the radiosonde
profiles are utilized to retrieve PWV (Bevis et al. 1992). If linear water vapor density

variation for each vertical level of the radiosonde profile is assumed, the PWV is calculated

as,
PWV :i § (s _hi)'(lovi+l +p\i/)/2 (10)
Fw
€

where the variable p, denotes the density of water vapor, p,, is 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, T is the temperature, €, is the partial pressure of water vapor, which
can be acquired from humidity and temperature, and R, =461.525J-K™ kg " s the

specific gas constant of water vapor.

ZTD comparisons between GLONASS and GPS solutions

In order to assess the performance of the GLONASS-derived real-time ZTD/PWYV, and
evaluate the contribution of adding GLONASS to GPS for ZTD/PWYV retrieval, we processed
about 80 stations from the IGS network for the first half of the year 2014, where the

GLONASS and GPS observations are simultaneously available. GLONASS-only, GPS-only,
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and GPS/GLONASS combined PPP solutions are carried out to generate the ZTD/PWV
estimates. All the data are processed in real-time PPP mode with 30 s sampling interval
following the description in GNSS data collection and processing section.

Figure 2 exemplarily shows the ZTD time series of two stations during the first half of the
year 2014: AUTO (30.39°N, 97.73°W), Austin, TX, USA, and WARK (36.43°S, 174.66°E),
Warkworth, New Zealand. It can be seen that, in general, the GLONASS ZTD agree quite
well with the GPS ZTD derived from real-time PPP. Compared to the GPS-only solution,
neither an increased number of outliers nor a larger noise appears in the GLONASS-only
solution. The scatter plot of ZTD between the two solutions at station AUTO is displayed in
Figure 3. The correlation coefficient is 0.99, implying very high correlation between the

GLONASS ZTD and GPS ZTD.
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Figure 2 ZTD derived from GPS-only (“G”) and GLONASS-only (“R”) real-time PPP



solutions at stations AUTO (top) and WARK (bottom) for DOY (day of year) 001-181, 2014.
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Figure 3 Scatter plot of ZTD between the GLONASS-only and GPS-only solutions at

station AUTO.

Figure 4 presents the corresponding distributions of ZTD differences between
GLONASS-only and GPS-only solutions at the abovementioned stations AUTO and WARK,
during the same time period. The sign convention is GLONASS - GPS. It can be noticed that,
the ZTD differences range from -15 mm to +15 mm on average, and the histogram is close to
the normal distribution. The root mean square (RMS) of the ZTD differences at the two
stations is 6.0 mm and 6.7 mm, respectively, showing an agreement at the level of several
millimeters. No obvious systematic biases can be seen between the GLONASS- and
GPS-only solutions. The mean values of the differences between GLONASS- and

GPS-derived ZTD are 0.4 mm and -0.5 mm for the two stations, respectively.
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Figure 4 Distribution of ZTD differences between GLONASS-only and GPS-only
solutions derived from real-time PPP at stations AUTO (top) and WARK (bottom) for DOY

001-180, 2014

In Figure 5, the statistical results of ZTD differences between GLONASS-only and GPS-only
solutions are shown for about 80 stations. The RMS values of the ZTD differences are about
5-13 mm (which equals 0.8-2.0 mm in PWV), and the mean values of the differences are at
the level of a few millimeters (smaller than 1 mm in PWV). In general, the ZTD estimates
from GLONASS-only and GPS-only solutions show better agreement for high-latitude
stations than for low-latitude stations. There are no significant geographical patterns of

systematic biases of ZTD estimates between GLONASS and GPS solutions. This agreement



implies that the real-time ZTD/PWV estimates derived from GLONASS observations can

significantly contribute to weather nowcasting, with a comparable accuracy as the GPS-only

solution.
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Figure 5 Geographical distribution of station-specific RMS values (top) and mean biases
(bottom) of ZTD differences between GLONASS-only and GPS-only solutions determined

with real-time PPP (DOY 001-181, 2014).

In order to further assess the internal consistency of the GLONASS ZTD, data from the
co-located GNSS stations are taken into account. Figure 6 shows the ZTD comparison
between the two co-located stations WTZR and WTZZ (height difference about 0.1 m)
operated at Bad Koetzting, Germany, for the GLONASS-only and the GPS-only solutions. It
can be noticed from Figure 6a that the ZTD derived from the GLONASS-only solutions for
the two stations displays a rather good agreement. The RMS of the ZTD difference is about
6.2 mm and the mean value is about 0.3 mm. These results are comparable to those for the
GPS-only solutions (shown in Figure 6b), where the RMS and mean value of the ZTD

difference are about 6.6 mm and 0.4 mm, respectively. It proofs that the ZTD derived from



GLONASS show good internal consistency comparable to the GPS.
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Figure 6 ZTD comparison for the co-located GNSS stations WTZR and WTZZ (Bad
Koetzting, Germany) for DOY 001-101, 2014: (a) ZTD from the GLONASS-only solutions,

(b) ZTD from the GPS-only solutions.

Validations with VLBI and radiosondes

For the purpose of inter-technique validation, the GNSS ZTD series retrieved from real-time
PPP processing are compared with that from co-located VLBI stations. VLBI data from the
CONT14 campaign are processed for ZTD derivation following the description in VLBI data
section. To avoid additional interpolation, only ZTD estimates at common epochs of each
ZTD series are taken into account for the comparison. The ZTD biases caused by the height

difference between the phase center of GNSS antennas and the reference point of VLBI



telescopes are corrected by using the ‘troposphere ties’ method presented by Teke et al.
(2011). Figure 7 shows the ZTD comparisons of GPS-only, GLONASS-only,
GPS/GLONASS combined and VLBI solutions at the stations WARK (co-located with the

VLBI station WARK12M) and TSK2 (co-located with the VLBI station TSUKUB32).
It can be noticed that the ZTD of the GLONASS-only, GPS-only and GPS/GLONASS

combined solutions all reveal good agreement with the VLBI ZTD. The ZTD estimates of the
GLONASS-only solution are comparable with that of the GPS-only solution. The RMS of
GLONASS-only solution is 11.5 mm and 8.0 mm, and the RMS of GPS-only solution is 11.2
mm and 7.7 mm, respectively, at the two stations WARK and TSK2. Furthermore, the ZTD
differences are the smallest for the GPS/GLONASS combined solution, where the RMS are
10.6 mm and 7.1 mm and the mean values of the differences are -1.0 mm and 0.36 mm for

the two stations.
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Figure 7 ZTD derived from GPS-only, GLONASS-only, GPS/GLONASS combined (“GR”)



and VLBI solutions at co-located stations WARK/WARK12M (top) and TSK2/TSUKUB32

(bottom) for DOY 125-140, 2014, i.e. 2014 May 6-20 (the CONT14 campaign).

In Figure 8, the RMS values of the ZTD differences for the GLONASS-only, GPS-only
and GPS/GLONASS combined solutions with respect to the VLBI solutions are given for
five co-located GNSS/VLBI stations (HARB, NYA2, TSK2, WARK, and WTZR). It can be
seen that the RMS of ZTD differences between GLONASS- and GPS-only solutions vs.
VLBI are both around several millimeters (about 1 cm), while the RMS of the combined
solution shows the smallest values for all the stations. The RMS of the ZTD differences is
6.1-11.5 mm for the GLONASS-only solution, 6.0-11.2 mm for the GPS-only solution, and
5.1-10.6 mm for the GPS/GLONASS combined solution.

This confirms the abovementioned conclusion that the real-time ZTD retrieved from
GLONASS-only solution are accurate and can be assimilated into NWP models and applied
in weather nowcasting. Moreover, the GPS/GLONASS combined solutions can improve the
accuracy and robustness of retrieved real-time ZTD/PWV compared to the single-system

solutions.
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Figure 8 RMS of the ZTD for the GLONASS-only, GPS-only, and GPS/GLONASS



combined solutions with respect to the VLBI solution during CONT14.

The validation of the PWV values derived from the real-time GNSS PPP analysis versus
radiosondes PWV is also performed. Figure 9 shows the PWV results retrieved from
GPS/GLONASS combined real-time PPP solution and nearby radiosonde solution at station
STFU (37.42°N, 122.17°E), Palo Alto, CA, USA. The radiosonde-retrieved PWYV is sampled
every 12 or 24 hours, while the temporal resolution of real-time PWV solutions derived from
GNSS is 30 s. Only PWV values at the common epochs are considered for the comparison. It
can be noticed that the PWV retrieved from the GPS/GLONASS combined solution agrees
well with the radiosonde PWV with differences at the level of few millimeters, and the RMS

of the PWV differences between the two solutions is about 1.5 mm.
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Figure 9 PWYV derived from the GPS/GLONASS combined real-time PPP and radiosonde
(“RS”) solutions at station STFU, Palo Alto, CA, USA, during days of year (DOY) 60-150 of

2014.

Figure 10 gives the RMS of the PWV differences for the GLONASS-only, GPS-only, and



GPS/GLONASS combined solutions with respect to the radiosonde solutions at 12 globally
distributed GNSS stations, where nearby radiosonde launch sites (distance smaller than 50
km) are available. The RMS of the two single-system and the combined solutions all stay
within 3 mm, which is the threshold accuracy of PWV for assimilation into NWP models (De
Haan 2006). The GLONASS-only solution even shows a slightly smaller RMS than the
GPS-only solution in some cases (e.g. HOFN and MAS1). The RMS for the combined
solution shows the smallest values for almost all the stations. The RMS of the PWV
differences is 1.8-2.6 mm for the GLONASS-only solution, 1.6-2.4 mm for the GPS-only
solution, and 1.5-2.3 mm for the GPS/GLONASS combined solution. This indicates a
potential benefit for real-time PWV retrieval from GLONASS if applied in time-critical
meteorological fields such as NWP nowcasting and severe weather event monitoring
compared to GPS. Furthermore, compared to the single-system solutions, higher accuracy
and robustness can be achieved with the combination of GLONASS and GPS data in

real-time PPP processing for meteorological applications.
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Figure 10 RMS of the PWYV differences for the GLONASS-only, GPS-only, and
GPS/GLONASS combined solutions with respect to the radiosonde solutions. BRUX1 and

BRUX2 are two radiosonde stations close to the GNSS station BRUX.



Summary, conclusions and discussions

We have developed a real-time ZTD/PWYV processing with GLONASS observations only, as
well as with the combination of GPS and GLONASS observations. GLONASS and GPS data
of about 80 stations from 1GS network for the first half of the year 2014 were processed using
the real-time PPP technique. The performance of the real-time ZTD/PWYV estimates derived
from GLONASS were analyzed and assessed, and the contribution of combining GLONASS
to the stand-alone GPS solution for ZTD/PWYV retrieval has been investigated as well.

The results show that the GLONASS ZTD derived from real-time PPP solution agree well
with the GPS ZTD. The RMS values of the ZTD differences between the two solutions range
from 5 mm to 13 mm (what equals a PWV of 0.8-2 mm), and the mean values of the
differences are at the level of a few millimeters (usually < 1 mm in PWV). Furthermore, the
GLONASS ZTD at co-located GNSS stations also show good internal consistency
comparable to the ones obtained with GPS.

For validation, ZTD estimates of the two single-system solutions, GLONASS- and
GPS-only, show good agreement with the ZTD derived from VLBI. The ZTD differences
between the GLONASS-only solution and the VLBI solution are comparable to the ones of
the GPS-only solution. The RMS of ZTD differences between the GLONASS-only solution
and the VLBI solution are around several millimeters (6.1-11.5 mm), and 6.0-11.2 mm for the
GPS-only solution. The ZTD differences are the smallest for the GPS/GLONASS combined
solution, for which the RMS ranges from 5.1 to 10.6 mm. For the validation with radiosondes,

the PWV from the GPS/GLONASS combined solution agree quite well with the PWV



derived from radiosondes, with differences at the level of a few millimeters, RMS of 1.5-2.3
mm (< 3 mm). The PWV of the single-system solutions, GLONASS-only and GPS-only,
show a good agreement with PWV from radiosondes. The RMS of the PWV differences is
1.8-2.6 mm for the GLONASS-only solution, and 1.6-2.4 mm for the GPS-only solution.
Therefore, we can conclude that GLONASS can contribute to real-time meteorological
applications with comparable accuracy to that of GPS, and more robust and accurate
ZTD/PWV estimates can be obtained, if the GLONASS observations are added to the GPS
observations in real-time PPP mode.

In future our studies will focus on comparisons and validations involving other techniques,
such as water vapor radiometer (WVR) and numerical weather models (NWM), and on a
larger number of globally distributed GNSS stations and over a longer time span.
Furthermore, the application of real-time PWV retrieval from GLONASS-only or
GPS/GLONASS combined solutions in monitoring or nowcasting actual weather events, such

as heavy rainfall or other extreme events, will be investigated as well.
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