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Abstract This paper addresses real-time monitoring of the
precipitable water vapor (PWV) from GNSS measurements
and presents some results obtained from 6-month long GNSS
PWV experiments using international and domestic GNSS
networks. In the real-time GNSS PWV monitoring system a
server/client structure is employed to facilitate formation of
PWV networks and single-differenced GNSS measurements
are utilized to mitigate errors in GNSS satellites’ orbits and
clocks. An issue relating to baseline length between the server
and clients is discussed in detail and as a result the PWV
monitor is configured to perform in two modes depending
on the baseline length. The server estimates sequentially the
zenith wet delay of the individual stations, which is then
converted into the PWV of the stations. We evaluate sys-
tem performance by comparing the real-time PWV solution
with reference solutions including meteorological measure-
ments obtained with radiosondes and deferred-time preci-
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sion GNSS PWV solutions. Results showed that the standard
deviation of difference between the real-time PWV and the
reference solutions ranged from 2.1 to 3.4 mm in PWV for
a 6-month long comparison, which was improved to 1.4 to
2.9 mm by reducing comparison period to 20 days in winter.

Keywords GNSS · Precipitable water vapor (PWV) ·
Real-time

1 Introduction

The Earth’s troposphere is one of influential error sources
which can limit performance of the Global Navigation Satel-
lite Systems (GNSS). The signal delay due to the troposphere
becomes a critical issue, especially for precision GNSS appli-
cations including nanosecond-level time transfer (Lee et al.
2008; Lee and Kim 2009). Compared with the ionospheric
delay which arises also due to existence of the Earth’s
atmosphere, the ionospheric delay is mostly cancelled out by
use of the dual-frequency GNSS measurements while the tro-
pospheric delay is more difficult to mitigate, particularly the
wet component of the delay. This is mainly due to high vari-
ability in temporal and spatial distribution of the atmospheric
water vapor that is responsible for the wet delay.

While mitigation of the tropospheric delay directly bene-
fits many precision GNSS applications, the tropospheric wet
delay has in itself an important physical meaning in meteo-
rology. This is due to the fact that the tropospheric wet delay
is well correlated to the quantity of water vapor integrated
along the signal path. As a result, the wet delay estimate from
GNSS measurements can be used to quantify the atmospheric
water vapor or the precipitable water vapor (PWV).

PWV is one of important quantities in meteorology
because the atmospheric water vapor plays a key role in the
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Earth’s climate system. In addition water vapor is one of
greenhouse gases and is expected to increase as global warm-
ing proceeds. A better knowledge of its distribution bene-
fits various meteorological researches ranging from regional
and global climate research, numerical weather prediction
(Haan and Barlag 2002; Gendt et al. 2004) to global warm-
ing monitor (Stevens 1999; Gutman et al. 2004). However,
the atmospheric water vapor has been often one of the most
poorly characterized quantities in practice. Meteorologists
have used several sensors and platforms to measure the
atmospheric water vapor including the radiosonde and the
Microwave Radiometer (MWR). Each instrument has its own
strengths and weaknesses and for example a radiosonde or
weather balloon can make direct, in-situ measurements of
air temperature, humidity and pressure at varying altitudes
which can reach up to 30 km. This suggests that good vertical
resolution can be achieved with the radiosonde while it may
suffer from poor horizontal and temporal resolutions, taking
into account the fact that radiosonde is typically restricted to
be launched every 12 or 24 h a day due to cost considerations,
that is, it is hardly reusable. The ground-based MWR, on the
other hand, has good temporal resolution but it should be
tuned to site-dependent conditions and is weather-sensitive,
that is, it does not work properly in rainy or heavily foggy
conditions.

Compared with these traditional platforms, GNSS can
provide several advantages including practically no operating
expense, all-weather operability and good spatial (and tem-
poral) coverage. Such coverage of GNSS is partly because
the GNSS stations are distributed much more densely over
the world than meteorological observatories. Motivated by
the advantages, it has been demonstrated that GNSS could
provide accurate estimates that are comparable to the mea-
surements by traditional PWV sensors. Bevis et al. (1992)
showed that the GPS sensed PWV estimates obtained in
deferred-time mode agreed with MWR measurements within
the level of 2 mm in RMS and that the mean between the two
PWV results was typically less than 2 mm. Rocken et al.
(1997) demonstrated that the GPS PWV estimate could be
retrieved in the Near Real-Time (NRT) mode and the perfor-
mance of the GPS PWV in the NRT mode was evaluated by
comparing against the radiosonde measurements based on
4-month long GPS data, where the RMS difference between
the GPS PWV and radiosonde measurements was found to be
within 2.1 mm. In the NRT mode, latency was reported to be
within 30 min after data collection. Ware et al. (2000) intro-
duced a real-time GPS network for atmospheric research,
named as the Suominet, where real-time worldwide com-
munication links were established for GPS data transfer and
output distribution. In Suominet, every 1-h batch of GPS data
is processed with the Bernese S/W package to produce PWV
estimates and accordingly the PWV results are updated on
a hourly basis. Karabatic et al. (2011) examined the perfor-

mance of the NRT PWV estimation technique to assist the
numerical weather prediction (NWP) in Austria and analysed
the effects of some parameters on the PWV estimation such
as the GNSS ephemeris. The GNSS-derived PWV was com-
puted with Bernese software with a latency of 1 h, and it
was reported to agree with radiosonde-derived PWV within
2 mm in an RMS sense. The precision point positioning (PPP)
technique was also examined as a possible alternative to the
conventional double-difference approach.

A notable example of the application of the GNSS
PWV technique to operational meteorology is with E-GVAP
(http://egvap.dmi.dk/). The E-GVAP is intended to further
the outcomes of the COST Action 716, which is a European
research project on the meteorological use of the GNSS-
derived PWV (Elgered et al. 2005). In the E-GVAP, more than
1,500 ground GNSS sites are utilized to form a ground-based
GNSS tracking network and the network data are processed
in near real-time to estimate PWV for use in the data assimi-
lation process in NWP and in now-casting to the participating
EUMETNET members. Also, the NRT GNSS PWV monitor-
ing for numerical weather prediction is currently operational
in Germany (Heise et al. 2009).

While the above activities are based on near real-time
estimation of PWV, there are some other works on real-
time PWV estimation where processing delay is typically
at the level of a few seconds or less. Hernandez-Pajares
et al. (2001) presented a real-time PWV estimation strat-
egy based on the Wide Area Differential GPS (WADGPS)
network. According to the strategy, PWV estimates are com-
puted every 5 min with the double-difference Kalman filter
and ionospheric tomography. They compared the ZTD esti-
mates with the IGS final tropospheric estimates, and the RMS
difference in ZTD between the solutions was reported to be
about 1.0–1.4 cm (1.5–2.1 mm in PWV) during the 4-day
long comparison. Note that their comparison is basically
an intra-technique comparison, i.e. comparison between a
GNSS-derived ZTD solution with another GNSS-derived
ZTD rather than with solutions that are independent of the
GNSS technique. Iwabuchi et al. (2006, 2011) showed that
real-time PWV estimation could be achieved either with
double-differenced or un-differenced approach. Unlike Kara-
batic et al. (2011), their PPP approach is based on the IGS
Ultra-rapid orbit and a custom satellite clock estimator. The
use of their own clock estimator is due to the fact that the
accuracy of the (predicted) IGS Ultra-rapid clock is consid-
erably poorer than its orbit counterpart. The level of agree-
ment between GNSS-derived PWV and radiosonde PWV
was reported to be 2.4 mm for the double-difference approach
and 3.8 mm for the PPP approach.

In summary, (near) real-time GNSS PWV estimation has
been performed either by the network approach using double-
difference measurements (Rocken et al. 1997; Hernandez-
Pajares et al. 2001; Iwabuchi et al. 2006; Karabatic et al.
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2011) or the PPP approach using un-difference measure-
ments (Iwabuchi et al. 2006; Karabatic et al. 2011). While
the PPP approach has proven to be effective in the deferred-
time mode (Byun and Bar-Server 2009; Karabatic et al.
2011), the approach is difficult to use in real-time applications
because a precise ephemeris like the IGS Final ephemeris is
generally unavailable in real-time. In contrast, the double-
difference approach has been successfully used in (near)
real-time applications. This is mainly because the satel-
lite clock errors (and some portion of orbit errors too) can
be effectively cancelled out during the double-differencing
process. However, the double-difference approach requires
more computations and bookkeeping processes compared
with the PPP approach. Furthermore, processing all net-
work data with the double-difference approach can be
time-consuming, particularly as the number of stations
becomes greater, for example, a few hundred or more.
This is due to the fact that the number of computations
required in the network approach tends to grow paraboli-
cally rather than linearly with increments of the number of
stations.

The goal of the study was to develop a truly real-time
GNSS PWV estimation technique for meteorological pur-
poses such as rapid delivery of humidity information for
numerical weather now-casting and forecasting. We propose
the use of a baseline-by-baseline processing scheme based
on single-differenced GNSS measurements. Compared with
the conventional PPP and double-difference approaches,
the single-difference approach has the same advantage of
cancelling out the satellite clock errors as the network
approach while the number of computations increases lin-
early rather than parabolically with the increment of the
number of stations in our approach. However, the single-
difference approach still requires the estimation of the clock
difference between stations, which is similar to the PPP
approach. In addition, we addressed the issue of a filter diver-
gence that can happen in local GNSS PWV networks where
the individual stations are rather densely distributed and,
thus, not separated by a sufficient distance, that is, about
500 km.

We describe a real-time technique to monitor PWV from
GNSS measurements and emphasis is placed on immediate
retrieval of PWV. Section 2 presents the basic formulation
and implementation of the GNSS PWV monitoring system
together with an analysis on the filter divergence caused
by insufficient separation between stations. Section 3 shows
results obtained by processing 6-month long GNSS data from
international and domestic GNSS networks. Performance
evaluation of the system is conducted by comparing real-
time PWV solution with radiosonde PWV measurements
and another precision GNSS PWV solution computed by the
GIPSY OASIS II software package. Section 4 presents our
conclusions.

2 Formulation and system implementation

The working GNSS signal used in the study is the single-
differenced (SD), ionosphere-free or L3 carrier phase mea-
surement, which is the same type of measurement that is
used in the carrier-phase common-view GNSS time transfer.
The main reason for using SD measurements instead of un-
differenced (UD) measurements is to cancel out the satellite
clock and orbit errors in real-time. For more detailed descrip-
tion on the SD measurement, readers are referred to (Lee and
Kim 2009).

Let us assume two GNSS stations A and B view a common
satellite S. Then SD pseudorange and carrier-phase measure-
ments can be expressed as

�AB = �A −�B = ρS
AB + cδAB + T S

AB + mS
ψ,AB + εψ,AB

�AB = �A −�B = ρS
AB + cδAB + N S

ABλL3 + T S
AB

+ mS
φ,AB + εφ,AB

(1)

In Eq. 1 superscript S denotes the common satellite and
subscript A and B denote the ground stations. The terms
in Eq. 1 denote SD geometric range (ρS

AB), SD clock bias
or time difference between the stations (δAB) multiplied by
the speed of light (c), SD tropospheric delay (T S

AB), respec-
tively. While the magnitude of these terms is the same in
both pseudorange and carrier-phase measurements, the other
terms depends on the type of the GNSS measurements, which
include L3 phase ambiguity (N S

AB) multiplied by L3 wave-
length (λL3), SD pseudo-range multi-path error (mS

ψ,AB),

SD carrier-phase multi-path error (mS
φ,AB), SD pseudo-range

measurement noise (εψ,AB) and SD carrier-phase measure-
ment noise (εφ,AB). The important term in the GNSS PWV
problem is T S

AB , which is expressed in terms of two UD tro-
pospheric delays:

T S
AB = T S

A − T S
B (2)

Furthermore, each UD tropospheric delay (T S
A and T S

B ) can
be divided into two components: hydrostatic delay and wet
delay. Hydrostatic delay is generally predictable and can be
removed using models, but wet delay is highly variable and
should be estimated. For a given elevation angle of S, the two
delay components can be expressed by a product of the delay
in the receiver’s zenith direction (elevation angle of 90◦) and
elevation-dependent mapping function. Accordingly the UD
tropospheric delay can be expressed as

T S
R = T S

h + T S
w = m fhzh + m fwzw + ∂m fw

∂zw
cos AzS

R · gn

+∂m fw
∂zw

sin AzS
R · ge (3)

In Eq. 3 subscript R represents either A or B. m fh , m fw, zh

and zw denote in sequence tropospheric hydrostatic mapping

123



926 S.-W. Lee et al.

function, tropospheric wet mapping function, Zenith Hydro-
static Delay (ZHD) and Zenith Wet Delay (ZWD). The sum
of ZHD and ZWD is called the Zenith Total Delay (ZTD).
The last two terms in Eq. 3 are introduced for accommodat-
ing the azimuthal dependency of the tropospheric delay (Bar-
Server et al. 1998) and AzS

R , ge and gn denote the azimuth
angle, gradient parameter in east-west direction and gradient
parameter in north-south direction, respectively.

It is ZWD that is related to PWV. To estimate the ZWD
of two stations from SD measurements is possible only if
the wet mapping functions of the two stations, denoted as
m f A,w and m fB,w, are sufficiently different from each other.
If m f A,wand m fB,w are close or have the same value, say
m fw, then the SD ZWD equation is reduced to

m f A,wz A,w − m fB,wzB,w ≈ m fw
(
z A,w − zB,w

)
(4)

Equation 4 implies that only difference in ZWD between
the two stations can be estimated in such case. Taking into
account that the mapping functions typically depend on sta-
tion location as well as satellite elevation angle, the stations
located nearby each other are likely to have the similar map-
ping functions. The minimum baseline length to avoid these
conditions has not been verified clearly yet but as a rule of
thumb, the baseline length of more than 500 km is generally
thought to be sufficient. For a station pair whose baseline
length is less than the minimum requirement, say 500 km,
one ZWD needs to be fixed to the value that is determined a
priori, for example, by other techniques. That way the other
ZWD is computed relatively, that is, by using the estimated
difference in ZWDs and the fixed ZWD. Otherwise, forcing
estimation of both ZWDs for the station pair that is not suf-
ficiently separated apart leads to the filter divergence, where
the estimated ZWD values become divergent and meaning-
less. This situation is basically the same as that of solving
a set of under-determined algebraic equations, where there
exist infinitely many possible solutions.

The above considerations lead to categorization of GNSS-
based ZWD estimation into two modes: one is the absolute
mode where stations are separated sufficiently from each
other and thus ZWD of both stations can be estimated simul-
taneously. The other is relative mode where the stations are
close to each other and one ZWD should be estimated with
reference to the other ZWD that needs to be determined a
priori.

Once both ZWDs are obtained either absolutely or rela-
tively, the ZWD can be directly related to the PWV of the
stations:

ZWD = � · PWV = � · IWV/ρw (5)

where

� = 10−6 [ρw Rv (k2 + k3/Tm)] ≈ 0.102 + 1,708.08/Tm

In Eq. 5 IWV stands for the Integrated Water Vapor and
is sometimes used as an alternative of PWV in meteorol-
ogy. The relationship between PWV and IWV is obvious
from Eq. 5. k2 and k3 are refractivity constants which are
22.1 K/hPa and 370,100 K2/hPa, respectively, and ρw, Rv

and Tm denote in turn the density of water vapor, specific gas
constant for water vapor, weighted mean temperature of the
troposphere. The value of� is typically around 0.15 and can
be changed up to 15 % depending on the atmospheric mean
temperature (Tm). Tm can be approximated by the surface
(ground) temperature (T0) of the individual stations. Bevis
et al. (1992) provided an empirical relation between Tm and
T0, which is expressed as

Tm = 70.2 + 0.72 · T0 (6)

In our system, Eqs. 1–3, 5 and 6 are incorporated to a sequen-
tial data processor for the real-time GNSS-based PWV moni-
tor. The extended Kalman filter (EKF) formulation is utilized
for sequential estimation of PWV and for comprehensive
description on the EKF formulation; readers are referred to
Brown and Hwang (1997) .

The implementation of EKF for the real-time PWV esti-
mation is summarized as follows. Based on Eq. 1, the state
vector at the kth epoch can be expressed in partitioned form
as

x(k) =

⎡

⎢⎢
⎣

xpos

xclk

xtro

xamb

⎤

⎥⎥
⎦

k

(7)

Each partitioned component of the state vector corresponds
to the terms in Eq. 1, that is, xpos to ρS

AB , xclk to δtAB , xtro

to T S
AB and xamb to N S

ABλL3. Provided that the number of
visible satellites is Nk at the kth epoch, these vectors can be
given as follows:

xpos =
⎡

⎣
xB

yB

zB

⎤

⎦ xclk = [δtAB] xtro =

⎡

⎢⎢⎢⎢⎢
⎢
⎣

zwA

gn A

geA

zwB

gnB

geB

⎤

⎥⎥⎥⎥⎥
⎥
⎦

xamb =

⎡

⎢⎢
⎢
⎣

b1

b2
...

bNk

⎤

⎥⎥
⎥
⎦

(8)

In Eq. 8 xB, yB and zB denote the Cartesian coordinates of
the client station B. Our method uses the single-differenced
GNSS measurements, which is essentially relative position-
ing and the position of one of the stations needs to be fixed
in space. This is why the position of A (the server) is fixed to
a priori values. δtAB represents the time difference between
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the clocks of A and B. zwA, gn A, and geA represent the tro-
pospheric zenith wet delay and the corresponding northern
and eastern zenith gradient parameters of A, respectively,
and the same state variables are repeatedly assigned for B.
Finally, b j denotes the phase ambiguity of the j th satellite.
According to Eq. 8, x(k) is an (Nk + 10) × 1 column vector.

In the GPS PWV estimation, the quantity of greatest inter-
est is xtro, and it is typically modeled as a random walk vector.
If xtro evolves from tk to tk+1, the discrete formulation of xtro

can be given as follows:

xtro,k+1 = xtro,k + qk (9)

where

E
[
qkqT

k

]
= Qk

= diag
[

qwA�t qgn A�t qgeA�t qwB�t qgnB�t qgeB�t
]

�t = tk+1 − tk

In Eq. 9, E denotes the expectation operation and diag means
diagonal entries for a square matrix whose off-diagonal
entries are all zeroes. As shown in Eq. 8, xtro is 6 × 1 col-
umn vector and Qk becomes 6 × 6 square matrix. qk is a
random vector whose intensity is used to define the process
noise covariance of xtro, as given in Eq. 9. qwA , qgn A , and
qgeA denote the noise intensity of the tropospheric zenith wet
delay and associated northern and eastern horizontal gradi-
ents for station A, respectively, and similar quantities are
again assigned for station B.

Recalling Eq. 1, any errors in station coordinates or tro-
pospheric parameters will degrade the accuracy of the filter
estimates. While estimating the tropospheric parameters is
a linear estimation problem, estimating the client station’s
coordinates is a nonlinear estimation problem due to the non-
linear relation between receiver position and the GNSS mea-
surement. Generally, nonlinear estimation problems should
be solved with nonlinear techniques including the recursive
least square method, the EKF, and the particle filter. The
nonlinearity of the GNSS PWV problem exists only in the
observation equation (or measurement dynamics) and not in
the system dynamics, and most parts of the EKF formulation
for the GNSS PWV problem are the same as the Kalman
filter that is designed for solving linear problems. The EKF
formulation can be summarized as follows:

x̃ (k) = �(k)x̂ (k − 1) (10)

P̃ (k) = � (k) P̂ (k − 1)�T (k)+ Q (k) (11)

K (k) = P̃ (k)HT (x̃ (k))
[
H (x̃ (k)) P̃ (k)HT (x̃ (k))+ R

]−1
(12)

x̂ (k) = x̃ (k)+ K (k) (z (k)− h (k) (x̃ (k))) (13)

P̂ (k) = (I − K (k)H (x̃ (k))) P̃(k). (14)

In Eqs. 10–14, the terms with tildes represent quantities
obtained by prediction and the terms with carats represent
quantities obtained by measurement update. P, Q, R, K, and
� are estimation error covariance, process noise covariance,
measurement noise covariance, Kalman gain and state tran-
sition matrix, respectively. H and h denote the design matrix
and measurement dynamics, respectively, and H is computed
repeatedly by evaluating the derivative of h with respect to
x with the predicted values at the kth epoch. The main dif-
ference in the above formation from the Kalman filter lies in
Eq. 13, where the innovation process is computed from the
measurement dynamics itself, not in terms of its derivative H.
The above formulation is used in implementing a real-time
PWV monitor system.

Once a real-time PWV monitor is set up for two stations
(single baseline), it can be readily expanded to more than
two stations (multiple baselines) in the server/client struc-
ture simply by processing the individual baselines one after
another, which results in a PWV monitor network. Figure 1
shows a schematic of the real-time PWV monitoring system.

3 Results and discussion

The real-time system described in the previous section was
tested by performing actual PWV monitoring with interna-
tional and domestic GNSS networks. However, real-time
data transfer links have not been established yet and alter-
natively a data playback module was utilized to transfer the
GNSS data via TCP/IP communications. This enables the
data transfer in the same manner as real-time case. In the
data playback module the GNSS RINEX files are parsed and
the code and carrier-phase data together with other neces-
sary information including station designator and time tag are
extracted and packaged into the TCP protocol. The module
finally sends data packets to the server with a user-specified
latency. Except for the data playback module, the rest of the
system is the same as the real-time case.

Taking into account the effects of baseline length on PWV
estimation, two different GNSS networks were set up: inter-
national and domestic networks. The international network
consists of three GNSS stations from China, Japan and Korea
and the domestic network is comprised of four Korean sta-
tions. In choosing member stations of the network, priority is
given to the aspect irrespective of whether there exist nearby
meteorological observatories or not. This is for the availabil-
ity of independent PWV measurements from meteorological
sensors such as Radiosonde (RS), which can serve as the
ground truth for the real-time GNSS PWV solution.

Recalling Eqs. 1 and 3, the parameters estimated by
the sequential filter include the Cartesian coordinates of
the clients, time difference between the server and clients,
float phase ambiguity, east-west and south-north gradient
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Fig. 1 Schematic of real-time
PWV monitoring system

parameters of the clients as well as ZWD of the clients. The
location and two gradient parameters of the server are not
estimated to enhance numerical stability. Mapping from slant
tropospheric delay to zenith tropospheric delay is conducted
using the global mapping function (GMF) (Böhm et al. 2006;
Kouba 2008). Note that only the GPS constellation was used
for the study. This is partly because the other GNSS constella-
tions including the Galileo system were not fully operational
at the time of conducting the study.

3.1 International PWV monitor network

Three GNSS stations from Japan, China and Korea were
chosen for the international network, whose station desig-
nators are AIRA, SHAO and SUWN, respectively. AIRA
has a nearby meteorological observatory that is located in
Kagoshima, Japan and SHAO has a matching meteorologi-
cal station located in Shanghai, China. The SUWN station
in Korea is configured to be the server and has a matching
meteorological observatory in Osan, Korea. Figure 2 shows
the geographical location of the GNSS stations. The base-
line lengths of the SUWN–AIRA and SUWN–SHAO links
are 686 and 871 km, 4. As mentioned in Sect. 2, the absolute
PWV estimation requires two stations to be apart by a suf-
ficient distance, say 500 km, and the international network
suffices the condition. Table 1 shows the geographic loca-
tion of the GNSS stations and radiosonde observatories used
in the experiments, which is expressed in terms of latitude,
longitude and ellipsoidal height.

Because the AIRA, SHAO, and SUWN stations also
belong to the global International GNSS Service (IGS) net-
work, ZTD solutions of these stations have been continuously
provided by IGS on a daily basis. During the PWV monitor
experiments, the IGS ZTD solution had been computed with
the GOA II (Byun and Bar-Server 2009). It is noted that the
IGS Final Tropospheric Estimates dated 2011/04/17 or later
are produced by USNO with Bernese software (Byram et al.
2011; Byram and Hackman 2012).

To obtain the PWV from the IGS ZTD solution, the value
of ZHD should be known so as to be subtracted from the ZTD.
The ZHD model used in the experiments is that given by
Saastamoinen (1972), which is also the model implemented
in the real-time filter.

ZHD = 0.0022768p

1 − 0.00266 cos(2φ)− 2.8 × 10−7 h
(15)

In Eq. 15, p represents the surface pressure in millibars at
the site whose latitude and height are φ in radians and h in
meters, respectively.

Recalling Eq. 9, the values of the covariance rate for
random walk processes need to be determined to run the
filter, and qw, qgn , and qge were set to 1.4 × 10−8 m2/s,
6.9 × 10−10 m2/s, and 6.9 × 10−10 m2/s, respectively. The
value of qw is translated to approximately 7 mm/h1/2, which
is comparable to the mean noise intensity of 4.8 mm/h1/2 for
the IGS stations given by Schueler et al. (2000).

The IGS Ultra-rapid ephemeris was used in the experi-
ments, which is the only ephemeris available in real-time in
the IGS product suite. Since the predicted clock of the IGS
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Fig. 2 Geographical location
of GNSS stations used in the
study; the solid squares
represent the international
network and the solid triangles
the domestic network

Table 1 Geographic location of the GNSS stations and radiosonde
observatories used in the experiments

Name/instrument Latitude (◦) Longitude (◦) Height (m)

AIRA/GNSS 31.82 130.6 314.66

CHJU/GNSS 33.51 126.53 51.21

DAEJ/GNSS 36.40 127.37 116.83

KWNJ/GNSS 35.17 126.91 71.92

SHAO/GNSS 31.10 121.20 22.03

SUWN/GNSS 37.27 127.05 82.27

Cheju/RS 33.28 126.16 73.0

Kagoshima/RS 31.55 130.55 31.0

Kwangju/RS 35.11 126.81 13.0

Osan/RS 37.10 127.03 52.0

Shanghai/RS 31.40 121.46 4.0

RS Radiosonde

Ultra-rapid ephemeris is not as precise as its orbit counter-
part, the satellite clock errors are actually removed by single-
differencing the GNSS measurements rather than by using
the ephemeris. The satellite orbit is interpolated using the
predicted orbit of the IGS Ultra-rapid ephemeris and is fixed
during the filtering process.

The IGS tropospheric solution can serve as another refer-
ence solution and in fact it can be regarded as performance
limit of the real-time PWV solution, taking into account that
the IGS ZTD solutions are computed in deferred-time mode
using the IGS Final ephemeris.

The international PWV monitor spans from 2010/1/1
through 2010/6/30 and the GNSS data with 30-s spacing
were used for real-time data feeding. Accordingly the real-
time PWV solutions have the sampling interval of 30 s and

needed to be re-sampled for comparisons with the IGS and
RS solutions which have the different sampling interval of
300 s and 12 h, respectively. Note that difference in sam-
pling rate between the GNSS PWV (i.e. RT and IGS) and RS
solutions, which is directly related to difference in temporal
resolution between the solutions.

Figure 3 shows results obtained with 6-month long PWV
monitor for the SUWN–AIRA and SUWN–SHAO links. In
Fig. 3a the Real-Time (RT), IGS and Radiosonde (RS) PWV
solutions of the AIRA station are plotted together. It should
be noted that in the present format of the IGS tropospheric
solution, only ZTD (i.e. ZWD + ZHD) is provided instead of
ZWD. As a result, ZHD and� should be given externally to
obtain IGS PWV solution and the same values of ZHD and
� used for the RT PWV solution were used again for the IGS
PWV solution. As can be seen in Fig. 3a, the RT, IGS and RS
solutions generally yield good agreement with each other.
The seasonal trend of the PWV is clearly observed in Fig. 3a
in the sense that the PWV value becomes greater as time
changes from winter to summer, as expected. The agreement
between the RT and IGS PWV and RS PWV solutions gets
somewhat worse in the summer than in the winter, which is
thought to be due to greater temporal and spatial variability
of the atmospheric water vapor distribution during summer
than that of winter. Results obtained with the SUWN–SHAO
link are shown in Fig. 3b and the agreement of the RT and
IGS PWV solutions with the RS measurement is generally at
the similar level to that of the SUWN–AIRA link. There is a
major data gap that spans from 22 through 42 in the Day of
Year (DOY) of 2010 and during the gap the GNSS data for
several station-days are missing so both RT and IGS PWV
solutions are commonly unavailable for this period.
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Fig. 3 Results obtained with international PWV network; a Real-time
(RT), GIPSY OASIS II (IGS) and radiosonde (RS) PWV solutions for
the AIRA station in the SUWN–AIRA link. Similar to a, b shows the RT,
IGS and RS PWV solutions for the SHAO station in the SUWN–SHAO
link. For a better visibility all the solutions except for RS are plotted
with vertical offset. The real-time solution is marked by squares and
the IGS and radiosonde solutions are marked by triangles and circles,
respectively.

Figure 4 shows the differences between the three PWV
solutions, which are RT–RS, RT–IGS and IGS–RS for
the SUWN-AIRA and SUWN–SHAO links. The results
obtained by comparing between the three PWV solutions are
summarized in Table 2 in terms of bias and standard devia-
tion. It can be observed in Fig. 4a that the RT–RS and IGS–RS
time series seem somewhat more scattered than RT–IGS in
the SUWN–AIRA link. This is mainly because the RT–IGS
is the difference between two GNSS-derived PWV solutions
and, thus, the RT and IGS solutions are not independent of
each other, i.e. intra-technique comparison. Comparing the
RT–RS and IGS–RS mutually, the IGS–RS seems more con-
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Fig. 4 Differences between the solutions obtained with international
PWV network; a Differences in solutions between the real-time (RT)–
radiosonde (RS), RT–GIPSY OASIS II (IGS) and IGS–RS time series
for the AIRA station in the SUWN–AIRA link. Similar to a, b shows the
RT–RS, RT–IGS and IGS–RS PWV time series for the SHAO station in
the SUWN–SHAO link. In a and b the RT–RS and RT–IGS time series
are plotted with vertical offsets as shown in the legend and RT–RS time
series is marked by squares, the RT–IGS by triangles and the IGS–RS
by circles

sistent than the RT–RS, especially in DOY 120 through 180,
while the scattering of both time series is noticeably low
in DOY 1 through 20, which corresponds to winter. There
seems to be a systematic trend in the IGS–RS time series and
a similar signature can be also observed in RT–RS, although
somewhat vague and more difficult to identify in the RT–
RS time series. Note that RT–IGS, which is the difference
between the same GNSS-derived PWV solutions, does not
show such a signature. In Fig. 4b, the differences between
the PWV solutions obtained with the SUWN–SHAO link are
plotted and compared with Fig. 4a. The three time series in
Fig. 4b seem less scattered than their counterparts in Fig. 4a.
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Table 2 Differences in PWV between the solutions obtained with inter-
national network

Link RT–RS IGS–RS RT–IGS

Bias SD Bias SD Bias SD

SUWN-AIRA 0.6 3.4 −0.6 3.1 0.3 2.5

SUWN-SHAO 4.8 2.9 3.7 3.1 3.1 2.1

Units in millimeters

Similarly to Fig. 4a, the scattering of the time series is rela-
tively low in the first 20 days of the data span and becomes
higher as it approaches the summer.

As can be seen in Table 2, all the solutions agree with
each other within 3.4 mm in standard deviation, and compar-
ing difference between the RT and RS with that between the
IGS and RS, the IGS solution shows better agreement with
the RS solution in the SUWN–AIRA link while the RT solu-
tion agrees better with the RS solution in the SUWN–SHAO
link. Nontrivial bias was observed in the SUWN–SHAO link,
which reaches up 4.8 mm, as shown in the RT–RS column,
while bias is kept below 1 mm in the SUWN–AIRA link.
The source of the biases shown in the SUWN–SHAO link
was not found yet. Based on Table 2, the RMS difference
between the three solutions can be computed, and the RMS
values of RT–RS, IGS–RS and RT–IGS time series are 3.5,
3.2 and 2.5 mm for the SUWN–AIRA link, respectively, and
5.6, 4.8 and 3.7 mm for the SUWN–SHAO link, respectively.
The higher RMS values of the SUWN–SHAO link are due to
large biases between the solutions while the standard devia-
tion values obtained with the SUWN–SHAO link are com-
parable to those obtained with the SUWN–AIRA link.

Timing statistic is one of the important aspects in perfor-
mance evaluation of real-time systems and the total elapsed
time to process 6-month long data was measured for both
links, which turned out to be about 9,900 s for the SUWN–
AIRA link and 9,700 s for SUWN–SHAO. At this pace,
approximately 50 epochs could be processed in 1 s and this
is equivalent to say that the data of 50 GNSS stations can be
processed in 1 s by the real-time PWV system.

3.2 Domestic PWV monitor

The domestic network is comprised of the four Korean sta-
tions whose station designators are SUWN, DAEJ, KWNJ
and CHJU. As in the international network, SUWN is con-
figured to the server again. In the proximity of SUWN, there
is a meteorological observatory located in Osan. KWNJ hap-
pens to have both GNSS and RS stations at the same location.
For the CHJU stations, there is an RS observatory close to
CHJU. The geographic location of the GNSS stations and
RS observatories is summarized in Table 1. The baseline
length of the SUWN–DAEJ, SUWN–KWNJ and SUWN–

CHJU links is 101, 233 and 420 km, respectively. Note that
no baselines in the domestic network are greater than 500 km.
Therefore, the relative PWV estimation was applied for the
domestic network. In the relative mode, as discussed before,
ZWD of one station needs to be fixed to a priori value, typ-
ically that of the server in the server/client structure. In this
study the server’s ZWD values were imported from the results
of the international PWV monitor, being more specific, the
ZWD of SUWN from the SUWN–AIRA links. That way the
absolutely estimated server’s ZWD is fed back to the filter for
the relative ZWD estimation of the clients. For the reference
solutions in the domestic network, IGS solution was used
in the SUWN–DAEJ link and RS solutions in the SUWN–
KWNJ and SUWN–CHJU links. This is due to the fact that
DAEJ does not have a nearby RS observatory and that the
KWNJ and CHJU stations do not belong to the IGS network.
The data span of the domestic PWV monitor is the same as
that of the international monitor.

Figure 5 shows results obtained with 6-month long domes-
tic PWV monitor. Figure 5a shows the RT solution obtained
in the relative mode and IGS PWV solutions for the SUWN–
DAEJ link. For comparisons the RT solution obtained in the
absolute mode was plotted also. As can be observed in the
Fig. 5a, the relative RT solution and the IGS solution yield the
similar level of agreement with each other to that obtained
in the international network. This shows that the PWV solu-
tion can be effectively retrieved in the relative mode for the
short baseline cases such as the SUWN–DAEJ link. On the
contrary, the RT solution in absolute mode shows clear sig-
nature of filter divergence, particularly in the first half of the
solution which deviates rapidly from the other solutions soon
after the monitor begins.

Figure 5b, c shows the absolute RT, relative RT and RS
solutions for the SUWN–KWNJ and SUWN–CHJU links,
respectively. Compared with the SUWN–DAEJ link, the
absolute RT solution of the two links becomes less and less
divergent as the baseline length increases from 101 to 233
and to 420 km. For the SUWN–CHJU link, the relative RT
and absolute RT solutions become almost indistinguishable
from each other and the standard deviation of differences is
computed to be 3.6 mm. Hence either the absolute or rela-
tive mode seems to be applicable for the SUWN–CHJU link,
although the baseline length is somewhat less than 500 km.

Figure 5d shows differences between the relative RT and
reference solutions plotted in Fig. 5a–c, and Table 3 summa-
rizes the bias and standard deviation between the RT and ref-
erence solutions obtained with the domestic PWV network. It
can be observed from Fig. 5d that difference between the rel-
ative RT and reference solutions for the SUWN–DAEJ link
seem more consistent and less scattered than those with the
SUWN–KWNJ and SUWN–CHJU links. This is again due to
the fact that the same GNSS-derived PWV solution is used
as the reference solution in the SUWN–DAEJ link, which
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Fig. 5 Results obtained with domestic PWV network: a RT solution
obtained in the absolute mode, the RT in the relative mode and the
GIPSY OASIS II (IGS) solutions for the DAEJ station in the SUWN–
DAEJ link. Likewise, b and c show the absolute RT, relative RT and
RS PWV solutions for the KWNJ and CHJU stations, respectively. The

absolute and relative RT solutions are vertically shifted and aligned for
a better visibility. d Differences in PWV between the relative RT and
the reference solutions shown in a–c, i.e. the IGS solution for DAEJ
and RS for KWNJ and CHJU

renders the comparison to be intra-technique rather than
inter-technique, while radiosonde measurements are com-
pared with the RT solutions in the other links. The standard
deviation of differences between the relative RT and the IGS
solutions in the SUWN–DAEJ link is computed to 2.5 mm,
which is at the same level of agreement as that obtained with
the international network. The standard deviation of the rel-
ative RT–RS time series in the SUWN–KWNJ and SUWN–
CHJU links is computed to be 3.3 and 3.6 mm, respectively.

As can be seen in Table 3 the standard deviation of differ-
ence between the relative RT and reference solutions ranges
from 2.5 to 3.6 mm. This level of agreement is almost the

same as that obtained with the international network, which
suggests that the relative PWV estimation is effective in
remedying a specific type of filter divergence that typically
happens to densely distributed or regional GNSS PWV net-
works where member stations are not separated from each
other sufficiently. The RMS values of solution differences are
computed to be 2.7, 3.5 and 4.3 mm for the SUWN–DAEJ,
SUWN–KWNJ and SUWN–CHJU links, respectively.

Compared with the results reported by Bevis et al. (1992)
and Rocken et al. (1997), the level of agreement between the
RT PWV and RS solutions in Tables 2 and 3 seems some-
what higher—approximately 0.5–1.4 mm in terms of column
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Table 3 Differences in PWV between the relative RT and reference
solutions obtained with domestic network

Link Relative RT–RS Relative RT–IGS

Bias SD Bias SD

SUWN-DAEJ – – 1.1 2.5

SUWN-KWNJ 1.2 3.3 – –

SUWN-CHJU 2.4 3.6 – –

Units in millimeters

water which is translated to 3.3–9.3 mm in range measure-
ments. Such discrepancy in performance may be attributed
to several sources. A major part of the difference between the
RT and RS solutions seems to come from different conditions
in performance evaluation between the previous works and
our own. More specifically, comparisons between different
types of PWV solutions generally become more inconsis-
tent for stations in coastal areas than those in the interior of
the continents and, for the same station, more inconsistent in
the summer than in the winter. Different levels of variabil-
ity (both spatially and temporally) of the atmospheric water
vapor can account for these tendencies.

As evidence supporting this view, the standard deviation
was found to be improved by limiting the duration of com-
parison to the first 20 days of the entire data span, both with
international and domestic networks. Specifically, the value
of standard deviation of the RT–RS was reduced to 1.5 mm for
the SUWN–AIRA link and 2.1 mm for the SUWN–SHAO
station by limiting the duration of comparison, which is com-
parable to those reported by Bevis et al. (1992), Rocken
et al. (1997), and Karabatic et al. (2011). Also, the stan-
dard deviations of the SUWN–DAEJ, SUWN–KWNJ and
SUWN–CHJU links were reduced to 1.4, 1.5 and 2.9 mm,
respectively.

Another source of discrepancy in performance between
these previous works and our own is that the atmospheric
temperature and surface pressure used in computing the RT
PWV solution were not actually measured as was done in
the previous works but calculated from a simple model. It is
noted that the agreement between two reference solutions—
the IGS and RS solutions—is slightly greater than 3 mm
in standard deviation and is also worse than the results of
Bevis et al. (1992) and Rocken et al. (1997). The use of
the in situ measurement of the temperature and pressure of
the individual stations would enhance the accuracy of the
hydrostatic delay as well as the conversion factor (Eq. 5)
used in the RT and IGS solutions. However, this requires
additional meteorological sensors and data transfer setup and
was not considered in the study.

Finally, as far as the comparison between the RT and IGS
solutions is concerned, another possible source of solution
discrepancy is so-called the “processing effect” (Teke et al.

2011) where GNSS-derived PWV solutions can differ from
each other by a few millimeters in ZTD depending on which
software is used, even though the same GNSS data are used.

4 Conclusions

Performance of the real-time GNSS PWV monitoring sys-
tem was evaluated by conducting international and domestic
PWV monitoring. Based on 6-month long continuous PWV
monitor, the real-time PWV solution was found to agree
with the radiosonde measurements and the IGS deferred-time
solutions at the range of 2.1–3.4 mm in standard deviation
for the international network and 2.5–3.6 mm for the domes-
tic network. Further improvements in performance may be
attempted using in-situ observation of pressure and temper-
ature of the individual stations.

It should be noted that the requirement of fixing the
server’s ZWD in relative PWV estimation is not difficult to
meet in real-time. One way to achieve this is to include in a
network at least one client station that is sufficiently separated
by the server. That way every time new data are transferred to
the server, the server performs first the absolute PWV estima-
tion with the client. After obtaining the server’s ZWD value
in the absolute mode, the ZWD value of the server can be
used in the relative PWV estimation sessions that are per-
formed subsequently with the other clients in the network.
Recalling that the SUWN–CHJU link can be processed either
in absolute or relative mode, the domestic network would be
configured to be self-sufficient, that is, by processing the
SUWN–CHJU link first in the absolute mode and the other
links in the relative mode, which would make it unnecessary
to import the server’s ZWD values externally.
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