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Handling Method for Outages of IGS Real-Time
Service (RTS) in GNSS Real-Time Sensing

of Atmospheric Water Vapor
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Abstract—The continuity and accuracy of real-time (RT) global
satellite navigation system (GNSS) sensing of atmospheric water
vapor can be seriously affected by a lack of connectivity. To mit-
igate this issue, a method has been developed that utilizes the
International GNSS Service (IGS) ultrarapid satellite orbit and
an established RT service (RTS) for satellite clock correction. This
method ensures the accuracy of RT atmospheric water vapor esti-
mation even when communication is interrupted. The established
RTS utilizes variations in historical clock correction data from
the user side to extrapolate its RT high-precision value. Through
experimentation, it has been determined that using a quadratic
polynomial and an eighth-order harmonic-based function along
with 1-h historical clock correction data is optimal for establishing
this RTS method. The 2-D and 3-D accuracies of static Precise Point
Positioning can achieve centimeter to millimeter levels, and the esti-
mated average root mean square (rms) of zenith tropospheric delay
(ZTD) is equivalent to the RT archived products. When compared
to the precipitable water vapor results obtained from IGS ZTD
products, the averaged rms values of GPS, Galileo, and BDS-3 PWV
reach 3.12, 4.41, and 6.43 mm, respectively, which can meet the
accuracy requirements of general numerical weather forecasting
and other applications during communication interruptions.

Index Terms—Precipitable water vapor (PWV), precise point
positioning (PPP), real-time service (RTS), satellite clock error
corrections.

I. INTRODUCTION

THE global satellite navigation system (GNSS) precise
point positioning (PPP) has been widely used for various

applications [1], [2], [3] including atmospheric water vapor
sensing [4], [5], [6], earthquake, and deformation monitoring [7],
[8], [9]. The GNSS sensing of atmospheric water vapor is highly
related to precipitable water vapor (PWV), which is usually
computed by zenith wet delay (ZWD) derived from PPP pro-
cessing [4], [10] and weighted mean temperature [11], [12]. PPP
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computation utilizes single-receiver dual-frequency phase and
range observations, as well as high-precision satellite clock and
orbit products provided by the International GNSS Service (IGS)
[13]. However, due to a 15-day latency in the availability of IGS
satellite clock and orbit products, early studies on PPP focused
on postprocessing applications. As the demand for real-time
(RT) PWV sensing and positioning increased [14], [15], research
on RT PPP processing addressed related challenges. One of
the main studied issues is RT estimation of the GNSS satellite
clock error [16], [17], [18], [19], [20], [21], [22], considering
that the IGS ultrarapid (IGU) orbit product is precise enough to
achieve high-precision atmospheric water vapor estimation and
centimeter-level positioning. Estimation methods for the GNSS
satellite clock error typically utilize dual-frequency phase and
range observations from a global or regional GNSS network.

The IGS provides the real-time service (RTS) for the GNSS
satellite orbit and clock corrections with respect to broadcast
ephemeris [23], [24], [25]. The RTS, established in 2011, pro-
vides satellite orbit and clock corrections to RT PPP users via the
internet at high-frequency update intervals [26]. The frequent
updates of correction coefficients depend on the connectivity
between the PPP user and the server hosting the satellite clock
and orbit products. However, connectivity can be disrupted by
unforeseen events such as heavy rainstorms. In such cases, it
becomes crucial to maintain high-precision RT PPP process-
ing and ensure accurate sensing of atmospheric water vapor.
To address this challenge, Li et al. [27], [28] proposed an
improved RTS method with a prolonged update interval of
satellite clock corrections, 12 times longer than that of IGS
RTS. While this approach enhances the RTS performance and
is implemented on the RTS server, it still relies on stable
connectivity.

In [29], the combined corrections are computed by selecting
ionosphere-free combinations from the reference network. How-
ever, this approach requires the construction of a new RTS server
and does not address communication breaks at the PPP user’s
end. El-Mowafy et al. [30] propose a method that utilizes the
open-access IGS RTS product to predict precise orbit and clock
corrections as time series. This method enables RT PPP with 3-D
accuracy of less than a decimeter even when communication is
disconnected. The prediction algorithm extrapolates subsequent
values based on the previous satellite clock and orbit corrections.
Therefore, it is necessary to store the previous satellite clock and
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orbit corrections at the RT PPP user, which requires additional
memory space. It should be noted that RT GNSS PPP for atmo-
spheric water vapor sensing is not limited to personal computers
but is also embedded in various mobile devices like cell phones
to cater to different requirements. To reduce computational and
storage costs, it is crucial to determine the optimal arc length
of the satellite clock correction series used for high-precision
extrapolation. Using the shortest and most suitable arc length can
significantly optimize computation and storage requirements.
Therefore, studying the effect of the arc length of the satellite
clock correction series on extrapolation results is important.
Nie et al. [31] propose a method that does not require saving
received RTS clock corrections but has lower accuracy compared
to RTS. Hence, it is important to develop a method that saves
memory space while maintaining the accuracy of RT PPP for
atmospheric water vapor sensing during discontinuities at the
PPP user’s end. In this study, a handling method for outages
of IGS RTS in RT sensing of atmospheric water vapor in PPP
is proposed and discussed. This method presents an optimal
strategy for saving the appropriate IGS RTS satellite clock cor-
rections to maintain the accuracy of RT sensing of atmospheric
water vapor. Additionally, by utilizing IGU products, it avoids
the requirement to store previous satellite orbit corrections and
reduces the dependence on connectivity.

II. METHODOLOGY AND DATA

A. RT PPP for Outages of IGS RTS

PPP processing commonly utilizes the ionosphere-free com-
bination of pseudorange and carrier phase observations.⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

P s
r = ρsr + c (dtr − dts) + c (br − bs)

+ (mfh × ZHD +mfw × ZWD) + εsr

Ls
r = ρsr + c (dtr − dts) + λIF (Ns

r +Br −Bs)

+ (mfh × ZHD +mfw × ZWD) + εsr

(1)

whereP s
r and Ls

r represent ionospheric-free observations of
pseudorange and carrier phase of receiver r and satellite s;
ρsr is the geometric distance from the satellite to the receiver;
dtr and dts represent receiver clock error and satellite clock
error; br and bs are the receiver and satellite hardware delay
bias, respectively, in pseudorange observation; Br and Bs are
the receiver and satellite phase delay bias, respectively; Ns

r

is the integer ionosphere-free phase ambiguity and λIF is its
wavelength; ZHD and ZWD are the tropospheric zenith hydro-
static delay and wet delay, respectively, and mfh and mfw are
their corresponding mapping function; and εsr and εsr represent
pseudorange and phase observation noises, respectively.

In RT PPP, GNSS users receive RT high-precision satel-
lite clock and orbit corrections transmitted by various global
RT analysis centers (ACs). These ACs, such as CNES, CAS,
DLR/GSOC, GFZ, GMV, and WUHAN, provide correction
products for GPS, BDS3, GLONASS, and Galileo systems [23],
[32]. The update interval for IGS RTS is typically 5 s. To achieve
high-precision PPP and atmospheric water vapor sensing, users
rely on consistent connectivity to receive accurate correction
products. However, during communication interruptions caused

by extreme events like earthquakes, users may not receive RT
data streams from IGS. While the orbit accuracy of IGU products
can reach centimeter-level precision [19], [20], the satellite clock
corrections have lower precision. To address this issue, a method
has been established that employs an extrapolation algorithm.
Once communication is interrupted, this method utilizes the
saved historical clock correction values of the user and constructs
a function based on the periodic characteristics of satellite clock
[33], [34], [35]. The extrapolation algorithm takes advantage of
these characteristics to predict satellite clock corrections during
the interruption. It is written as follows:

dts (t) = a0 +

n∑
k = 1

(
ak × tk

)

+

n1∑
i = 1

Ai × sin

(
2π

Ti
× t+Φi

)
(2)

where t is the time; dts(t) is the satellite clock correction
at t; a0 and ak (k = 1, n) are the polynomial coefficients,
n is the order of the polynomial; n1 is the number of main
periodic terms; i is the harmonic order; and Ti, Ai, and Φi

are the period, amplitude, and initial phase, respectively. In
contrast to the current application method, we employ this
function to establish a high-precision RTS for satellite clock
correction. Additionally, we analyze the suitable arc length of
the satellite clock correction series to optimize the memory
space usage. When communication is interrupted, RT PPP is
performed using the IGU satellite orbit and the proposed RTS
of satellite clock correction. The tropospheric hydrostatic delay
is computed using the Saastamoinen model [36], while the wet
delay component is estimated as white noise. The estimated
parameters for RT PPP can be expressed as

X =
[
dx dy dz dtr ZWD Ñ

]T
(3)

where dx, dy , dz represent coordinate error; and Ñ = Ns
r +

Br −Bs refers to float ambiguity, which includes phase hard-
ware delay and misses integer characteristics.

B. RT Atmospheric Water Vapor Retrieval

When dealing with outages of IGS RTS, the RT PPP process-
ing can be carried out as usual and the RT PWV can be obtained
using the estimated ZWD of RT PPP. It is expressed as [37]

PWV =
106(

k′2 +
k3

Tm

)
·Rv · ρlw

· ZWD (4)

where k′2=(17±10) K · hPa−1 and k3=(3.776±0.004)105K2

· hPa−1 are atmospheric refractivity constants, respectively, Rv

is water vapor specific gas constant(461.495 J · (kg ·K)−1), and
ρlw represents liquid water density. Tm represents weighted-
mean-temperature, which can be derived based from ERA5 layer
or measured meteorological data [38], [39], [40]. Fig. 1 shows
the flow chart of RT PWV retrieval in the case of connectivity
interruption.
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Fig. 1. Flow chart for RT sensing of PWV.

Fig. 2. Distribution of 45 IGS stations.

C. GNSS Data

Four days (August 31, 2022 to September 3, 2022) RT satellite
clock correction archived products,1 broadcast ephemeris, and
IGU products are used to simulate the RTS strategy during
communication interruption. A total of 45 IGS stations are
selected to verify the accuracy of the established method, which
includes the RTS of the satellite clock correction, used saved
historical clock correction values and extrapolation function,
and its performance in RT sensing of atmospheric water vapor
for outages of IGS RTS. The distribution of selected stations that
provide observations toward GPS, BDS-3, and Galileo is shown
in Fig. 2.

III. RESULTS AND ANALYSIS

A. RT Satellite Clock Correction

In the case of communication interruption, three strategies
are discussed to determine the optimal extrapolation method,
considering the appropriate function and arc length of the his-
torical IGS RTS satellite clock correction data saved at the
user’s end. These strategies involve fitting and extrapolating the
satellite clock values with a combined quadratic polynomial
and eighth-order harmonic-based function [27]. The strategy
of 1# uses recovered satellite clock correction with IGS RTS
and broadcast ephemeris, 2# uses IGS RTS values, and 3# uses
the difference between the recovered satellite clock correction
and that of IGU. The user then performs RT PPP processing
using the extrapolated satellite clock correction and the IGU

1[Online]. Available: http://www.ppp-wizard.net/products/REAL_TIME/

Fig. 3. Averaged RMSE of all extrapolated GPS clock correction of different
arcs when connectivity is interrupted.

Fig. 4. Averaged RMSE of all extrapolated Galileo clock correction of differ-
ent arcs when connectivity is interrupted.

orbit. The performance of the RT PPP is compared among the
three strategies to validate the established RTS for satellite clock
correction.

To address the issue of connectivity interruptions preventing
the RT PPP user from receiving the RTS stream of satellite clock
correction, a short-term clock correction extrapolation model is
developed to maintain the accuracy of the RT PPP. Different
degrees of communication interruption are simulated by using
satellite clock correction extrapolation intervals of 1, 2, 5, and
10 min, these mean the interruptions per day is executed every
1, 2, 5, and 10 min, respectively. Figs. 3–5 display the averaged
rms error (RMSE) results for GPS, Galileo, and BDS-3 satellite
clock corrections using 1, 2, 3, and 4 h of historical values for
fitting and extrapolation, with connectivity interruptions of 1,
2, 5, and 10 min. The results indicate that Strategy 1#, which
utilizes the recovered satellite clock correction from IGS RTS
and broadcast ephemeris, outperforms Strategies 2# and 3# for
different extrapolation times and GNSS systems.

It was seen that the averaged RMSE of satellite clock cor-
rection for the 1-h historical data is the best and less than 0.2
ns, where the rms results were calculated using G01, E02, and
C19 as reference satellite. For GPS, the averaged RMSEs of
all satellite clock corrections for three days are 0.112, 0.126,

http://www.ppp-wizard.net/products/REAL_TIME/
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Fig. 5. Averaged RMSE of all extrapolated BDS-3 clock correction of different
arcs when connectivity is interrupted.

0.140, and 0.153 ns for four interruptions, respectively. For
Galileo, these results are 0.031, 0.035, 0.041, and 0.047 ns,
respectively, and those of BDS-3 are 0.051, 0.054, 0.061, and
0.064 ns, respectively. These findings demonstrate that saving
the 1-h IGS RTS satellite clock correction for extrapolation is
effective in maintaining the accuracy of the RT satellite clock
correction and handling outages of IGS RTS. Building upon the
performance of Strategy 1#, which employs the saved 1-h IGS
RTS satellite clock correction, further analysis is conducted on
the RT PPP and the corresponding estimation of atmospheric
water vapor.

The performance of the RT satellite clock correction gen-
erated by strategy 1# is assessed in kinematic and static PPP
processing under different degrees of connectivity interrup-
tions. The assessment is conducted using observation data from
selected IGS stations with a sampling interval of 30 s. The
Saastamoinen model is employed to calculate the hydrostatic
delay and wet delay, and the residual part of the wet delay is
estimated along with position, phase ambiguity, and receiver
clock error. The meteorological parameters are derived from
the GPT2_5w model [41], and the mapping function used is
Vienna Mapping Functions 3 (VMF3) [42]. Tables I–IV provide
the averaged RMSEs and static averaged convergence times
for GPS, Galileo, and BDS-3 PPP using different extrapolated
results of the satellite clock correction and archived National
Centre for Space Studies (CNES) RT satellite clock products.
The static convergence condition is defined as having a contin-
uous position error of less than 10 cm in the North and East
directions, and less than 15 cm in the Up direction. The results
demonstrate that the PPP positioning error in all directions
increases as the IGS RTS interruption time increases. This
indicates that longer connectivity interruptions have a greater
impact on the accuracy of PPP positioning. The static PPP
achieves centimeter-level accuracy, while the kinematic PPP
reaches decimeter-level accuracy. The PPP positioning error
using strategy 1# is slightly worse than the RTS satellite clock
products when outages of IGS RTS lasts for 1 to 10 min,
which averaged 3-D RMSE of GPS, BDS-3, and Galileo static

TABLE I
AVERAGED RMSE OF GPS KINEMATIC AND STATIC PPP WITH DIFFERENT

SCHEMES (UNIT: M, WHERE 2-D DENOTES TWO DIMENSIONS AND 3-D
DENOTES THREE DIMENSIONS, AND “CNES” REPRESENT THE RESULT

CALCULATED BY PPP PROCESSING USING CNES RT ARCHIVED PRODUCT)

TABLE II
AVERAGED RMSE OF GALILEO KINEMATIC AND STATIC PPP WITH DIFFERENT

SCHEMES (UNIT: M, WHERE 2-D DENOTES TWO DIMENSIONS AND 3-D
DENOTES THREE DIMENSIONS)

PPP have only decreased by 5%, 3.1%, and 1.6%, respectively,
when interruption lasts for 1 min, 17.8%, 3.6%, and 2.1% for
simulated kinematic PPP, respectively. Table IV confirms that
longer connectivity interruptions result in longer convergence
times for PPP. Figs. 6–8 provide static and kinematic GPS,
Galileo, and BDS-3 PPP results for station FFMJ. These figures
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TABLE III
AVERAGED RMSE OF BDS-3 KINEMATIC AND STATIC PPP WITH DIFFERENT

SCHEMES (UNIT: M, WHERE 2-D DENOTES TWO DIMENSIONS AND 3-D
DENOTES THREE DIMENSIONS)

TABLE IV
AVERAGED CONVERGENCE TIMES WITH DIFFERENT SCHEMES UNDER

CONNECTIVITY INTERRUPTIONS (UNIT: MIN)

demonstrate that when communication is interrupted for 1, 2, 5,
and 10 min, the extrapolated GPS, Galileo, and BDS-3 satellite
clock correction can achieve static positioning accuracy at the
centimeter or even millimeter level, and kinematic positioning
accuracy at the decimeter to centimeter level. Compared with the
archived satellite clock products, the proposed strategy has good
consistency in static and kinematic PPP positioning sequence
except for GPS. Although communication outages lead to a
greater impact on convergence time for GPS kinematic PPP,
centimeter, or even millimeter level positioning can be achieved
for GPS static PPP. The proposed strategy for short-term IGS
RTS outages performs better on maintaining the positioning
accuracy of BDS-3 and Galileo. These results indicate that the

Fig. 6. Three-day static and kinematic GPS PPP results (m) for station FFMJ
under connectivity interruptions of different degrees.

Fig. 7. Three-day static and kinematic Galileo PPP results (m) for station
FFMJ under connectivity interruptions of different degrees.

Fig. 8. Three-day static and kinematic BDS-3 PPP results (m) for station FFMJ
under connectivity interruptions of different degrees.

handling method, constructed based on the extrapolation algo-
rithm of the combined quadratic polynomial and eighth-order
harmonic-based function, can maintain good positioning accu-
racy in cases of sudden connectivity interruption. Indeed, this
approach allows for the continuation of precise positioning and
reduces the impact of communication outages on the accuracy
of RT positioning solutions.
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Fig. 9. Three-day GPS ZTD and PWV results for station FFMJ under connec-
tivity interruptions of different degrees (“IGS” represent final product provided
by IGS, and “CNES” represent the result calculated by PPP processing using
CNES RT archived product).

Fig. 10. Three-day Galileo ZTD and PWV results for station FFMJ under
connectivity interruptions of different degrees (“IGS” represent final product
provided by IGS, and “CNES” represent the result calculated by PPP processing
using CNES RT archived product).

B. Atmospheric Water Vapor

The performance of the handling method in sensing of atmo-
spheric water vapor during communication interruption is evalu-
ated by estimating the RT zenith tropospheric delay (ZTD) using
RT PPP processing. The corresponding PWV is then obtained
based on the procedure outlined in Fig. 1. These estimated results
for different degrees of connectivity interruption are compared
with the IGS postprocessing products, which are obtained from
the archived product of CNES [43].

Figs. 9 –11 provide the ZTD and PWV results of GPS, Galileo,
and BDS-3 for the FFMJ station over three consecutive days.
These figures illustrate that the differences between the esti-
mated results under different degrees of connectivity interrup-
tion are minimal. Comparing these results with the IGS products,
it is observed that GPS has the highest accuracy, followed by
Galileo and BDS-3. Furthermore, the PWV results for different
degrees of connectivity interruption are found to be comparable
to the CNES products. These performances indicate that the

Fig. 11. Three-day BDS-3 ZTD and PWV results for station FFMJ under
connectivity interruptions of different degrees (“IGS” represent final ZTD
product provided by IGS, and “CNES” represent the result calculated by PPP
processing using CNES RT archived product).

Fig. 12. RMS of different schemes for GPS PWV.

developed method for handling outages of IGS RTS can main-
tain a stable accuracy in PWV estimation, even during several
minutes of communication interruption. To further analyze the
accuracy of ZTD estimation, the rms, STD, and MEAN values
of ZTD are computed for GPS, Galileo, and BDS-3 observations
for all 45 stations. The results are compared with the different
degrees of connectivity interruption, CNES products, and IGS
products, and presented in Table V. The table demonstrates that
the accuracy of ZTD estimation for each satellite system de-
creases as the connectivity interruption time increases. Table VI
presents the PWV estimation results, indicating that the accuracy
of PWV estimation for GPS, Galileo, and BDS-3 under different
degrees of connectivity interruption remains at the millimeter
level. Even when the connectivity interruption lasts for 10 min,
the water vapor retrieval performance is comparable to that of
the CNES RT clock products.

Figs. 12–14 display the rms values of PWV differences for
GPS, Galileo, and BDS-3 under different degrees of connec-
tivity interruption for the selected 20 IGS stations. The figures



8316 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 16, 2023

TABLE V
COMPARISON BETWEEN DIFFERENT SCHEMES AND IGS ZTD PRODUCTS

(UNIT: CM)

Fig. 13. RMS of different schemes for Galileo PWV.

TABLE VI
COMPARISON BETWEEN DIFFERENT SCHEMES PWV AND IGS ZTD PRODUCTS

PWV (UNIT: MM)

Fig. 14. RMS of different schemes for BDS-3 PWV.
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indicate that the rms values of PWV differences are generally
better than 5 mm for GPS, with most stations achieving this
level of accuracy. For Galileo, the majority of stations also
achieve a PWV rms value better than 5 mm. In the case of
BDS-3, most stations can achieve a PWV rms value better
than 8 mm. These PWV retrieving results further confirm the
feasibility of the constructed RTS of the satellite clock correction
when connectivity is interrupted for several minutes. The per-
formance observed in these results meets the accuracy require-
ments of medium or long-term numerical weather forecasts,
validating the potential usefulness of the method in practical
applications [44].

IV. CONCLUSION

In this study, a method for GNSS sensing of atmospheric
water vapor is proposed to address the issue of outages in
IGS RTS caused by natural hazards. The method utilizes the
IGU satellite orbit product and a constructed RTS of satellite
clock correction. The performance of the constructed RTS of
satellite clock correction is evaluated. The results demonstrate
that the satellite clock correction for GPS, Galileo, and BDS-3
can achieve accuracies of 0.112, 0.031, and 0.051 ns, respec-
tively, even when connectivity is interrupted for several minutes.
Moreover, the static PPP achieves millimeter-level position-
ing accuracy, while the kinematic PPP achieves decimeter to
centimeter-level positioning accuracy. These PPP performances
ensure the estimation accuracy of PWV, allowing for reliable
GNSS sensing of atmospheric water vapor.

The comparison of the averaged rms values of ZTD and
PWV estimated by GPS, Galileo, and BDS-3 with the IGS
products shows promising results. The averaged rms values
of ZTD estimated by GPS, Galileo, and BDS-3 at different
connectivity interruption degrees are reported to be 1.99, 2.94,
and 4.06 cm, respectively. Similarly, the averaged rms values
of PWV for GPS, Galileo, and BDS-3 are 3.12, 4.41, and 6.43
mm, respectively. These indicate that established method can
contribute to handling outages of IGS RTS in RT GNSS atmo-
spheric PWV estimation, and meet the accuracy requirements
of general numerical weather prediction applications.
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