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A B S T R A C T

Precipitable water vapour (PWV) is a key factor in activities related to climate monitoring and the global hy-
drologic cycle. In this paper, the PWV time series with an accuracy of about 1.3 mm is obtained on a global scale
using the zenith total delay (ZTD) derived from International GNSS Service (IGS). A theoretical error formula
from ZTD to PWV reveals that the PWV error induced by errors in ZTD, surface pressure (Ps) and weighted mean
temperature (Tm) is about 1–1.5 mm. Ps and Tm are two key factors during the conversion of ZTD to PWV, which
can be derived from the Global Geodetic Observing System (GGOS) Atmosphere. The GPS-derived and radio-
sonde-derived PWV time series are compared at 97 collocated stations on a global scale, which shows the
maximum/minimum/mean root mean square (RMS) errors and Bias of 1.8/0.6/1.3 mm and 2.6/2.9/4.0/
5.2 mm, respectively with a data utilisation rate of 96.8%. By analysing the periodograms of GPS-derived PWV
time series using the Lomb-Scargle method, preliminary result shows the various oscillations characteristics of
PWV time series at different stations. Finally, the diurnal variations of PWV time series during the El Niño event
of 2014–2016 are analysed and revealed an interesting climate signal.

1. Introduction

Atmospheric water vapour is one of the most important factors in-
fluencing the atmospheric radiation, thermodynamics and hydrological
cycles. The integral of water vapour through the vertical depth of the
troposphere is commonly known as the precipitable water vapour
(PWV), which can be estimated based on the Global Positioning System
(GPS) technique and used to reflect the water vapour circulation and
global climate change (Bevis et al., 1992; Wang et al., 2007; Jin and
Luo, 2009; Baldysz et al., 2015). Traditionally, radio-sounding
(sounding balloon) and satellite measurement (infrared sounders and
microwave radiometers) are two main methods used to detect the at-
mospheric water vapour and study the water vapour climatology
(Gaffen et al., 1991; Ross and Elliott, 1996, 2001; Gao et al., 2004;
Trenberth et al., 2005), but such methods are still restricted by the
quality of radiosonde data and a lack of high spatio-temporal resolution
observations.

Since Bevis et al. (1992) first proposed a method to obtain PWV, the
GPS has been widely applied in the field of meteorology with its su-
periority of a high spatio-temporal resolution as well as a low cost
(Tregoning et al., 1998; Hernández-Pajares et al., 2001; Basili et al.,

2004; Nilsson and Gradinarsky, 2006; Jin et al., 2007). The accuracy of
PWV has been validated with independent data from other instruments,
such as radiosondes, satellite radiometer soundings and microwave
data. The above results demonstrate that the PWV derived from GPS
observations can reach the same accuracy as conventional methods
with an RMS error of 1–2mm (Elgered et al., 1997; Niell et al., 2001;
Adams et al., 2011; Grejner-Brzezinska, 2013). Therefore, the GPS-de-
rived PWV has a substantial potential in meteorological studies, such as
improving the ability of numerical weather predictions and obtaining
diurnal PWV variations (Kuo et al., 1993; Dai et al., 2002; Wu et al.,
2003). Unfortunately, the International GNSS Service (IGS) only pro-
vides the ZTD products while the PWV time series is not available due
to the lack of collocated surface meteorological observations. Even the
meteorological data for some collocated stations is available, the data
quality is poor and noisy (Wang et al., 2007; Jin and Luo, 2009).
Usually, the surface meteorological parameters used for converting ZTD
to PWV at GPS stations are interpolated from the National Center for
Environment Prediction/National Center for Atmospheric Research
(NCEP/NCAR) (Wang et al., 2007), European Center for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim global reanalysis products
(Wang et al., 2016; Baldysz et al., 2018) or global surface synoptic
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observations (Jin and Luo, 2009). Schueler et al. (2001) has derived a
PWV dataset on a global scale using interpolated meteorological para-
meters at specific GPS stations from various numerical weather model
reanalysis products. The results from Schueler et al. (2001) indicates
that GPS water vapour estimation without any direct use of numerical
weather models or radiosonde data is possible up to a satisfactory de-
gree of accuracy. Wang et al. (2007) proposed a method for obtaining
PWV products from the IGS network with an RMS error less than 3mm
over the period of 1997–2004 by using the three-hourly surface mea-
sured data interpolated to GPS sites from about 15,000 global stations;
in addition, the result of this study also illustrates the value of GPS-
derived PWV for examining the quality of other data sets, such as those
from radiosondes and numerical weather prediction (MWP).

Here, a long time-series of PWV products with the time interval of
2 h on a global scale is retrieved from the IGS GPS network by combing
the corresponding meteorological parameters provided by Global
Geodetic Observing System (GGOS) Atmosphere. The validations of the
ZTD products derived from the IGS with 4, 94 and 269 stations, re-
spectively are first performed by comparing with the independent Very
Long Baseline Interferometry (VLBI) and radio sounding techniques as
well as the data from GGOS atmosphere in Section 2. In Section 3, the
theoretical error formula from ZTD to PWV is analysed and a compar-
ison between GPS-derived and radiosonde-derived PWV at 97 collo-
cated stations is performed over the period of 2005–2016. Annual,
semi-annual and seasonal-annual oscillations of PWV are analysed by
introducing the Lomb-Scargle periodogram method and the diurnal
variations of PWV time series, an important climate signal, is obtained
and analysed at a specific station (PIMO) during the El Niño event of
2014–2016 in Section 4. Section 5 gives the conclusion.

2. GPS ZTD data and accuracy analysis

The troposphere parameters derived from GPS observation have

been found useful in meteorology to determine the atmospheric water
vapour content (Bevis et al., 1992). In 1993, the IGS was established by
the International Association of Geodesy and first released their related
products on 1 January, 1994. In order to overcome the inhomogeneous
of IGS-derived products, we selected the ZTD time series from “IGSnew”
product provided by IGS. The “IGSnew” ZTD product is the new ZTD
product which is provided after November 4, 2006 and the sampling
interval is 5 min. This product is available from the beginning year of
2000 for all IGS stations and processed based on GIPSY PPP software
using the IGS final orbits/clocks with an accuracy of better than 7mm
(Byun et al., 2005; Humphreys et al., 2005; Byun and Bar-Sever, 2009;
Kouba, 2015). In the following subsections, due to the fixation of sta-
tion location as well as the integrity of the selected data, only 4 col-
located stations are selected between GPS and VLBI, 94 collocated
stations are selected between GPS and radiosonde and 269 collocated
stations are selected between GPS and GGOS atmosphere, respectively.

2.1. Comparison with VLBI

To validate the long time-series of ZTD products provided by the
IGS, some comparisons are first performed. In our study, the ZTD de-
rived from an independent technique –VLBI is first used to validate the
accuracy of IGS ZTD products. The corresponding VLBI ZTD products
can be downloaded for free from the independent Data Center of the
International VLBI Service (IVS) (ftp://cddis.gsfc.nasa.gov/vlbi/
ivsproducts/), which is a combined product offered by the IGG AC
(Institute of Geodesy and Geophysics, Vienna University of Technology,
Austria) after the Analysis Centres (ACs) of IVS have processed all
available VLBI observations. Some studies have proved that the VLBI
technique can provide reliable ZTD values with a high accuracy (Jin
and Luo, 2009; Niell et al., 2001; Behrend et al., 2000; Snajdrova et al.,
2006). However, the above studies only used a short-term VLBI ZTD
product to validate the IGS ZTD products, i.e., with about two weeks of

Fig. 1. Comparison of GPS-derived and VLBI-derived ZTD at four collocated stations, (a) KOKB, (b) NYA1, (c) TSKB and (d) WTZA over the period of 2002–2015.
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data (Niell et al., 2001; Behrend et al., 2000; Snajdrova et al., 2006). In
our study, a long-term VLBI ZTD time series of more than ten years
(2002–2015) derived from independent Data Centres of IVS was se-
lected to validate the accuracy of IGS ZTD products.

Four collocated stations between IGS and VLBI are selected ac-
cording to the following principle: the horizontal distance between the
VLBI station and IGS station must be less than 10 km and the vertical
difference in their elevations must be less than 20m. The time span of
the selected ZTD time series is 14 years from 2002 to 2015 and the time
interval is 1 h. A quality control procedure is performed before the
comparison and it is based on the differences between the ZTD values
obtained from IGS and IVS Data Centres. The ZTD values with differ-
ences larger than 3σ (standard deviation) are regarded as outliers.
According to the analysis, about 0.84%, 1.28%, 1.38%, and 1.14% of
ZTD data are rejected for four stations KOKB (USA), NYA1 (Norway),
TSKB (Japan), and WTZA (Germany), respectively. Fig. 1 shows the
comparison of GPS-derived and VLBI-derived ZTD at four collocated
stations while Fig. 2 gives the error distribution histogram between
GPS-derived and VLBI-derived ZTD at four collocated stations.

The statistical comparison of IGS ZTD and VLBI ZTD, including re-
jection rate, vertical differences and RMS error (the VLBI-derived ZTD
is considered as a reference) is summarised in Table 1. It can be seen
from Table 1 that the RMS error of IGS ZTD products is 6.8mm,
4.3 mm, 6.0mm and 4.8mm for the four selected stations, respectively
and the mean RMS error is about 5.5 mm. For the KOKB and TSKB
stations, the RMS error is slightly larger than those at stations NYA1
and WTZA: the possible reasons may be that, (i) it is likely a latitudinal
dependency (see Table 1), the RMS error decreased with the latitude
increases for the selected 4 stations; (ii) the vertical elevation differ-
ences between the collocated stations of KOKB (9.0m) and TSKB
(14.8 m) are relatively larger than stations of NYA1 (3.3m) and WTZA
(3.4 m).

2.2. Comparison with radiosonde data

Due to the lack of more collocated stations, another independent
technique (Radio-sounding) is introduced to evaluate the accuracy of
IGS ZTD products. Here, the radiosonde data derived from the
Integrated Global Radiosonde Archive (IGRA) Version 2, which is
produced by the National Climate Data Center (NCDC) and updated in
August, 2016, is used. Compared to the IGRA 1, IGRA 2 provides more
data (nearly as twice as many stations and 30% more soundings),
longer records, more data sources (expect from fixed ground-based
stations, data is also made available from floating stations and Russian
ice-islands), additional variables are available, etc. More than 2000
globally distributed radiosonde stations from the earliest established in
1905 to those of the present day can be derived from the IGRA 2, which
includes one to four sounding events daily. The corresponding dataset
derived from IGRA 2 contains geopotential height, pressure, water va-
pour pressure, temperature, relative humidity, wind direction, wind
speed, etc. All those parameters can be downloaded for free from the
corresponding FTP ww-site (on-line at ftp://ftp.ncdc.noaa.gov/pub/
data/igra/).

As for the quality of radiosonde data, a series of rigorous quality-

Fig. 2. Histogram of GPS-derived and VLBI-derived ZTD differences at four collocated stations, (a) KOKB, (b) NYA1, (c) TSKB and (d) WTZA over the period of
2002–2015.

Table 1
Comparison result of ZTD time series derived from IGS and IVS at four collo-
cated stations over the period of 2002–2016.

Collocated
Station

Latitude (°) Rejection Rate
(%)

Vertical
Difference (m)

RMS
(mm)

KOKB 22.127 0.84 9.0 6.8
TSKB 36.103 1.38 14.8 6.0
WTZA 49.145 1.14 3.3 4.8
NYA1 78.928 1.28 3.4 4.3
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checking steps have been used to generate a comprehensive dataset
before released. The vertical resolution of the sounding events has
improved substantially with the average sounding containing 20 pri-
mary, and significant additional levels over the years (Wang et al.,
2007; Ho et al., 2010; Durre et al., 2006). Wang et al. (2005, 2007)
have analysed the sensitivity of PWV to missing radiosonde data above
a specific pressure level and pointed out that only 0.61% of hydrostatic
bias is introduced in PWV data if the data above 300 hPa pressure al-
titude are missing. Therefore, the radiosonde data with temperature
and humidity profiles reaching at least 300 hPa are required in our
study.

In our experiment, 94 collocated stations between IGS and radio-
sonde are selected on a global scale for the period 2005–2016. Although
radiosonde sounding refers to a point observation, it measures the
average values across a finite volume in the atmosphere (Kuo et al.,
2005). Radiosonde balloons may drift horizontally by of tens of kilo-
metres after launch (Ho et al., 2010). Seidel et al. (2011) proved that
the mean drift distances of radiosonde balloons horizontally in upper
troposphere and lower stratosphere are < 20 km and<50 km, re-
spectively, based on the 94 radiosonde stations on a global scale over
the period from July, 2007 to July, 2009. Therefore, a criterion is de-
termined in this paper such that the horizontal distance is less than
30 km while the vertical elevation difference is less than 100m. Fig. 3
shows the Distribution of the RMS error and Bias of IGS ZTD products at
94 collocated stations when the radiosonde-derived ZTD is regarded as
a reference. Statistical analysis reveals that the maximum/minimum/
mean RMS errors and Bias are 18.7/8.7/17mm and 10.7/-6.9/1.1 mm,
respectively, while the rejected data was about 12.11%.

2.3. Comparison with GGOS atmosphere

In addition, the ZTD products for the IGS stations derived from
GGOS Atmosphere, which is estimated and interpolated based on the
ECMWF ERA-Interim data, are also compared with the IGS ZTD pro-
ducts. Here, 269 IGS stations for the period of 2005–2016 are selected
and the sampling rate of ZTD products was set to 6 h in this study. Fig. 4
shows the distribution of the RMS error and Bias of ZTD differences
between IGS-derived and GGOS-derived ZTD at 269 collocated stations.
It can be seen from the Fig. 4 that the values of RMS error and Bias are
increased with latitude decreases. The main reason for this is that the
ZTD derived from GGOS Atmosphere is calculated from a numerical
prediction model, which is not accurate when the water vapour content
is high in low latitude areas. Statistical analysis shows that the max-
imum/minimum/mean RMS errors and Bias are 27/5/13mm and 19/-
9.6/2.5 mm, respectively.

3. Theoretical error analysis and PWV comparison

3.1. Error analysis of converting ZTD into PWV

PWV (in mm, equivalent to the Integrated Water Vapour content,
IWV in kg/m2) is the total water vapour content in the air column of
unit area from the earth's surface to the top of the troposphere, which
can be converted from ZWD and expressed as (Askne and Nordius,
1987):

= ⋅PWV Π ZWD (1)

Where Π is a conversion factor, which can be expressed as:
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with values of 22.1 ± 2.2 K/mb and 3.739× 105 K2/mb, respectively.
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Where Pw is the partial pressure of water vapour (unit: hPa) while T is
the atmospheric temperature (unit: K). i is the ith pressure level and hi is
the corresponding height.

ZWD is the zenith wet delay, which can be extracted from ZTD by
using the formula = −ZWD ZTD ZHD, where ZHD is the zenith hydro-
static delay, which can be expressed as (Saastamoinen, 1972):

= ⋅
− ⋅ − ⋅

P
φ H
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1 0.00266 cos(2 ) 0.00028
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Where Ps is the surface pressure (unit: hPa), φ and H are the latitude
and geodetic height of the station with the units of rad and km, re-
spectively.

According to Eqs. (1) and (2), the relationship between the error of
calculated PWV and errors in ZTD and Tm can be expressed by taking
the derivative with respect to the ZWD and Tm. The following equations
can be expressed how the errors in Tm and ZWD affect PWV:
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Where σ σ σ σ, , andΠ Tpwv ZWD m are the errors from PWV, ZWD, Π and Tm,
separately. If Π and Tm take their average values of 0.15 and 281 K,

Fig. 3. Distribution of (a) RMS error and (b) Bias of ZTD differences between IGS-derived and Radiosonde-derived ZTD at 94 collocated stations over the period of
2005–2016.
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respectively, then, the Eq. (5) can be further simplified to:
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It can be seen from the second formula in the set of Eq. (6) that the
error caused by Tm can be ignored and the second part of the first for-
mula in the set of Eq. (6) is less than 1mm. The error in σZHD caused by
1 hPa change in Ps is about 2–3mm ZHD error (Saastamoinen, 1972;
Tregoning and Herring, 2006). In this paper, the Ps derived from GGOS
has been validated with the RMS values less than 1 hPa when compared
with the observes meteorological data (see Section 3.2) while the error
in σZTD is about 5–7mm. Therefore, the error of σZWD in the third for-
mula of Eq. (6) is about 7–10mm. According to the first formula of Eq.
(6), the estimated error of PWV caused by errors in ZTD and ZHD is
approximately 1–1.5 mm.

3.2. Accuracy validation of GGOS-derived Ps and Tm

As described in Section 3.1, the ZHD can be precisely calculated
(Askne and Nordius, 1987; Saastamoinen, 1972; Elgered et al., 1991)
using the surface pressure while Π is closely related to the temperature
and atmospheric water vapour, which can be described as a function of
weighted mean temperature of the atmosphere Tm (Bevis et al., 1992,
1994; Elgered et al., 1991). Therefore, the PWV derivation from ZWD is
dependent only to two parameters: Ps and Tm.

In our study, the Ps and Tm data at all the IGS stations has been
provided by GGOS Atmosphere, which should be validated before use.
The GGOS-derived surface pressure is first compared with the surface
pressure measured by the appropriately equipped meteorological sen-
sors for 29 IGS stations globally over the period of 2005–2016.
Currently, more than 70 IGS ground-based GPS stations are equipped
with the meteorological sensors, which provide the meteorological data
such as pressure, relative humidity, dew point temperature, etc.
However, the data derived from meteorological sensors suffer from the
occasional instances of poor data quality, noise and omissions. The
sampling rate of surface pressure data is once every 2 h. Due to the
surface pressure being provided by GGOS Atmosphere at UTC 00:00
06:00, 12:00, and 18:00, respectively, linear interpolation is used to
find values at other times. Here, the differences of surface pressure from
GGOS-meteorological data and GGOS-radiosonde data larger than 3σ
(standard deviation) are regarded as outliers and rejected.

Fig. 5 (a) and (c) show the distribution of RMS error and Bias of
surface pressure differences derived from GGOS Atmosphere and me-
teorological stations. Table 2 lists the RMS error of selected data, as
well as the rejection rate applied to the meteorological data. Statistical

result reveals that the maximum/minimum/mean RMS error and Bias
of surface pressure differences are 1.8/0.1/0.8 hPa and 1.8/-0.8/
0.4 hPa respectively, while the average rejection rate of meteorological
data is only about 0.77%.

When comparing the measured surface pressures, GGOS-derived
surface pressure is also compared with that from radiosonde at 78
collocated stations over the period 2005–2016. Fig. 5 (b) and (d) show
the distribution of the RMS error and Bias of surface pressure differ-
ences derived from GGOS Atmosphere and radiosonde stations. Statis-
tical analysis reveals that the maximum/minimum/mean RMS errors
and Bias in surface pressure differences are 2.1/1.6/1.7 hPa and 1.1/-
1.3/-0.2 hPa, respectively, while the average rejected data was about
21.6%. The relative large rejected data is existed because the collocated
stations between GPS and radiosonde are not completely at the same
location. As presented in Fig. 5 and Table 2, the RMS error and Bias of
pressure differences between GGOS and meteorological stations are
much smaller than that between GGOS and radiosonde stations. The
mainly reason is also that the locations for GGOS and meteorological
stations are totally collocated while a distance existed between GGOS
and radiosonde stations.

In addition, GGOS-derived Tm is also compared with that from
radiosonde data at 96 collocated stations for the period of 2005–2016.
Fig. 6 shows the distribution of the RMS error and Bias of Tm when the
radiosonde-derived Tm is regarded as a reference. Statistical analysis
reveals that the maximum/minimum/mean RMS errors and Bias of
temperature difference are 3.9/0.5/3.1 K and 3.9/-2.4/0.3 K, respec-
tively, while the average rejected data was about 18.8%. Akilan et al.
(2015) has been proved that the PWV error is less than 1mm while the
Tm error is 4 K, therefore, the error of Tm derived from GGOS can be
neglected during the calculation of PWV.

3.3. Uniformity of height datum

Before comparing the meteorological parameters (Ps and Tm) de-
rived from GGOS Atmosphere with that from radiosonde data, a pro-
cedure is required to unify the different heights to the same height
system. For example, radiosonde data provides geopotential heights
while the GGOS Atmosphere corresponds to ellipsoidal heights. In our
study, the geopotential height is converted to geoid height.

(1) According to the relationship between geopotential height and
geoid height proposed by Mahoney based on the WGS-84 geoid
(Mahoney, 2008; Dousa and Elias, 2014; Zus et al., 2014; Wang
et al., 2016), the geoid height can be calculated from geopotential
height using the following formula:

Fig. 4. Distribution of (a) the RMS error and (b) Bias of ZTD differences between IGS-derived and GGOS-derived ZTD at 269 collocated stations over the period of
2005–2016.

Q. Zhao et al. Journal of Atmospheric and Solar-Terrestrial Physics 179 (2018) 69–80

73



=

= ⋅⎡
⎣

⎤
⎦

=

⋅ ⋅
⋅ − ⋅

+ ⋅
− ⋅

− ⋅

GH GPH φ

Y φ

R φ

( , )

( ) 9.780325

( )

R φ Y GPH
Y φ R φ Y GPH

S
φ
φ

φ

( )
( ) ( )

1 0.00193185 sin( )
1 0.00669435 sin( )

0.5

6378.137
1.006803 0.006706 sin( )

S
45

45

2

2

2 (7)

Where GH is the geoid height. Y45 represents the normal acceleration
due to gravity on the surface of the ellipsoid for latitude 45° with a
value of 9.80665m/s2. R is an effective radius of the earth for latitude φ
while YS is the normal gravitational acceleration on the surface of the
ellipsoid of revolution.

(2) As for the conversion from WGS-84 ellipsoidal height, which is
widely applied in GPS to geoid height, it can be realised by
adopting the official Earth Gravitational Model 2008 (EGM2008)
released by the U.S. National Geospatial-Intelligence Agency EGM
Development Team (Vedel, 2000; Pavlis et al., 2008, 2012; Wang

et al., 2016).

Meteorological parameters have been first converted to a unified
elevation system. An interpolation procedure is then inevitable to ob-
tain the meteorological parameters from radiosonde data for the loca-
tion of GPS stations (Hagemann et al., 2003; Wang et al., 2005). Two
types of interpolation are required, the first is vertical interpolation
(extrapolation) for the meteorological parameters of selected stations. If
the geoid height of a radiosonde station is lower than the corresponding
height of the GPS station, linear interpolation is used based on the
vertical difference in the two adjacent levels. Otherwise, vertical ex-
trapolation is applied and the two methods can be used for the inter-
polation of temperature, which considers the mean lapse rates of tem-
perature as a constant with a value of −6.5 K/km, or this mean lapse
rate is calculated using the data from the lowest three model levels
(Hagemann et al., 2003; Wang et al., 2005). Wang et al. (2016) find
that the mean lapse rate is sometimes larger than 10 K/km or even

Fig. 5. Distribution of the RMS error and Bias of surface pressure differences between the GGOS-meteorological and GGOS-radiosonde stations at the collocated
stations, where (a) and (b) represent the RMS error distribution while (b) and (d) refer to the Bias distribution, respectively over the period of 2005–2016.

Table 2
RMS error of selected information and the rejection rate of meteorological data.

Station Rejection Rate (%) RMS (hPa) Station Rejection Rate (%) RMS (hPa) Station Rejection Rate (%) RMS (hPa)

ANKR 0.71 1.60 JOZE 0.86 0.61 QAQ1 1.47 0.55
BJFS 0.69 0.74 JPLM 1.00 0.58 SCH2 0.17 1.28
CHPI 0.83 0.61 LPGS 1.39 0.69 STJO 0.09 1.79
CHUR 0.32 1.23 MATE 2.15 0.73 THU2 1.26 0.54
DRAO 1.02 0.61 MBAR 0.13 0.88 THU3 1.29 0.53
GOPE 0.08 1.32 MDO1 0.10 1.07 TWTF 0.50 0.66
GUAO 0.60 1.07 MIZU 0.82 0.65 WROC 0.45 1.35
HARV 0.72 0.45 OUS2 1.00 0.74 WTZR 0.49 0.45
HOFN 0.95 0.70 PDEL 0.96 0.45 YELL 0.21 0.77
JOZ2 1.11 0.58 PRDS 0.96 0.57
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negative, which could result in a large erroneous extrapolated tem-
perature. Therefore, the mean lapse rate with a value of −6.5 K/km is
used in our study which has been proved to be a favourable approx-
imation to the tropospheric mean lapse rate in moist adiabatic condi-
tions (Yang and Smith, 1985; Wang et al., 2005). The other meteor-
ological parameters are extrapolated based on the mean lapse rates
calculated using the data from the lowest three model levels.

3.4. PWV comparison

Although the ZTD product used in this paper is processed using the
coherent strategy and its accuracy is about 1.9mm (Byun and Bar-
Sever, 2009; Kouba, 2015), a quality-control procedure is required
before using this product, which is because the obtained ZTD in a long
time series exist some problems like (i) the hardware changes (re-
ceivers, antennas, antennas radome type etc.); (ii) a lack of consistency
due to some changes in GPS data-handling in elevation angle masks and
antenna phase center variations (PCV) models by some/several data
Analysis Centres (ACs); (iii) the improvement of the ZTD estimation
algorithms arising from the introduction of new constraint schemes on

the parameter estimation or mapping functions (Wang et al., 2007;
Byun and Bar-Sever, 2009; Ning et al., 2016). In our study, the monthly
mean and standard deviation (SD) of PWV time series are calculated at
all stations and the values of PWV differences greater than 3σ are
considered as outliers and rejected.

Based on the method introduced above for estimating PWV using Ps
and Tm derived from GGOS Atmosphere, the 2-hourly IGS GPS-derived
PWV are obtained on a global scale and compared with the PWV dataset
calculated from radiosonde data. In the comparison of the PWV dataset
for the period of 2005–2016, 97 collocated stations on a global scale are
determined based on the principle that the horizontal differences be-
tween GPS and radiosonde stations are less than 30 km and elevation
differences are less than 100m, respectively. Fig. 7 shows the dis-
tribution of RMS error and Bias of PWV differences derived from GPS
and radiosonde data at 97 collocated stations. It can be seen from Fig. 7
(a) that the RMS error of PWV difference is increased with latitude
decreases, which is mainly caused by the fact that the water vapour
content is large and the atmosphere activity is more active in low la-
titude areas. Therefore, the PWV error is relative large at low latitudes.
Additionally, it also can be found from the Fig. 7 (b) that the Bias of
PWV differences between GPS-derived and Radiosonde-derived are re-
lative large at the areas of low latitudes while the values are small in
polar regions, which is consistent with the result of RMS variations.
Statistical analysis shows that the maximum/minimum/mean RMS er-
rors and Bias are 1.8/0.6/1.3 mm and −1.55/1.43/0.21 mm, respec-
tively, while the average rejected data was about 3.2%.

Fig. 6. Distribution of (a) RMS error and (b) Bias of Tm differences between GGOS and Radiosonde globally at 96 collocated stations over the period of 2005–2016.

Fig. 7. Distribution of (a) RMS error and (b) Bias of PWV difference between GPS-derived and Radiosonde-derived PWV at 97 collocated stations over the period of
2005–2016.

Table 3
Geographical information of selected stations.

Station ANKR TDI1 SPT0 NKLG BJFS PIN1

Latitude (°) 29.89 −35.40 57.71 0.35 39.61 33.61
Longitude (°) 32.76 148.98 12.89 9.67 115.89 243.54
Height (m) 947.80 665.40 219.90 207.10 87.40 1256.20
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4. Analysis of PWV time series

4.1. Annual, semi-annual and seasonal oscillations

PWV is a key parameter used to reflect the atmospheric water va-
pour variation with high spatio-temporal resolution. It changes de-
pending on seasons, topography and regional climatic conditions. In
this study, the 2-hourly GPS-derived PWV time series on a global scale
is used to determine the values of seasonal variations as well as the
linear trend in the PWV time series. However, one problem should be
noted that the GPS-derived PWV time series is not equidistant, because
of data gaps and rejected values from the GPS-derived ZTD data. To
overcome this issue, the Lomb-Scargle periodogram method (Hocke,
1998) is introduced to detect the periodic components for data with
some gaps. This periodogram is similar, but not identical, to classical
Fourier spectrum analysis, which was originally proposed to solve the
issues caused by uneven sampling or data with some gaps.

For the 199 IGS stations on the global scale, six stations (ANKR,
TID1, SPT0, NKLG, BJFS and PIN1) are selected randomly and analysed
their oscillations using the Lomb-Scargle periodogram method. The
geographic information of the selected six stations has been presented
in Table 3. Fig. 8 shows the results of six stations, where the first
column shows the PWV time series over the period of 2005–2016, while
the second and third columns list the power spectrum of PWV time
series based on the Lomb-Scargle periodogram method. The difference
between the second and third columns of Fig. 8 is that the third column
removes the annual period. For stations AJAC and TID1 (Fig. 8 (a) and
(b)), only annual oscillation exists with rejected data of 18.9% and
9.3%, respectively. For stations SPT0 and NKLG (Fig. 8 (c) and (d)),
both annual and semi-annual oscillations exist with 1.4% and 19.2% of
rejected data, respectively. In addition, the semi-annual oscillation of
NKLG is larger than that of SPT0. For stations BJFS and PIN1 (Fig. 8 (e)
and (f)), annual, semi-annual and seasonal oscillation exist with 10.8%
and 4.6% of rejected data, respectively. By analysing all 199 selected

Fig. 8. Lomb-Scargle periodograms for stations (a) AJAC, (b) TID1, (c) SPT0, (d) NKLG, (e) BJFS and (f) PIN1, respectively over the period of 2005–2016. The first
column represents the PWV time series while the second and third columns refer to the annual and semi-annual periods, respectively.

Fig. 9. PWV time series for six stations with fitted oscillations while the pink line represents the linear trend over the period of 2005–2016. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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IGS PWV time series using the Lomb-Scargle periodogram method, we
found that all stations exhibited a clear annual oscillation, most of them
showed a semi-annual oscillation and some of them exhibited seasonal
oscillations. Therefore, a linear least-squares sine and cosine model was
introduced for the PWV time series:

= + ⋅ + ⋅ + ⋅

+ ⋅ + ⋅

+ ⋅ + ⋅

( ) ( )
( ) ( )
( ) ( )

x t x v t a π a π

a π a π

a π a π

( ) sin 2 cos 2

sin 4 cos 4

sin 6 cos 6

t t

t t

t t

0 0 365.25 1 365.25

2 365.25 3 365.25

4 365.25 5 365.25 (8)

Where x t( ) is the PWV time series, x0 is the mean value of PWV time
series, v is the linear trend and − aa0 5 are coefficients of sine and cosine
for annual, semi-annual and seasonal terms, respectively. The values of
x0, v and − aa0 5 are estimated based on the day-average values of the
PWV dataset found using the least squares method.

Fig. 9 shows the corresponding PWV time series for six stations with
fitted oscillations. It can be seen that the missing values in the PWV

time series can be fitted based on the Lomb-Scargle periodogram
method and the linear model proposed above. The sizes of linear trend,
annual, semi-annual and seasonal amplitudes are various for different
stations. Therefore, those terms are further analysed on a global scale
by using data from the 199 IGS stations. Fig. 10 shows the mean PWV
values at the selected 199 IGS stations. It can be concluded that the
value of mean PWV increased with decreasing latitude and the max-
imum/minimum values of mean PWV are about 53.3 mm and 2.4mm,
respectively. Such phenomenon can be explained that the water vapour
content is large at low latitudes. Fig. 11 shows the annual, semi-annual
and seasonal amplitudes as well as the linear trends for 199 IGS sta-
tions. Fig. 11 (a) shows that the maximum value of annual amplitude
occurs at station WUHN, China, with a value of 20.1mm and the values
are large in eastern China, Korea and Japan. From Fig. 11 (b) and (c),
we can conclude that the maximum semi-annual and seasonal ampli-
tudes occur at DAEJ and SUWN, Korea, with values of 6.8mm and
2.9 mm, respectively. Fig. 11 (d) also shows the linear trend in IGS
station data over a decade and most linear trend slopes of the selected

Fig. 10. Geographic distribution of the selected IGS stations globally and their mean PWV value.

Fig. 11. Variations of (a) annual amplitude, (b) semi-annual amplitude, (c) seasonal amplitude and (d) linear trends for the selected IGS stations.
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IGS station data are positive with a value of 1–4 mm/decades. Ad-
ditionally, it also can be found that the linear trend with an upward
trend mainly existed in the areas of Europe, Australian and American.

4.2. PWV diurnal variations

The 2-hourly PWV data set obtained by the proposed method can be
used to calculate the diurnal variation therein, which is an important
indicator of climate signal. According to the meteorological custom,
four seasons are described as follows: Spring from March to May,
Summer from June to August, Autumn from September to November
and Winter from December to February.

Seasonal mean diurnal anomalies for the period 2013–2016 are
presented in station PIMO (Philippines), where is taken as an example
for investigating diurnal PWV variations based on the estimated 2-
hourly PWV dataset (see Fig. 12). The diurnal anomaly of PWV time
series is obtained by removing the seasonal mean value in each day. It
can be seen from Fig. 12 that the average water vapour content is de-
creased in 2014 except for Summer when compared to 2013, then, the
values in all four seasons decreased in 2015 and then increased to
different extents in 2016. The main reason for this trend in PWV diurnal
anomalies is the El Niño event that started in 2014 and ended in 2016.
El Niño events lead to global changes of climate and a drought was
initiated in The Philippines, therefore, the PWV diurnal variation first
decreases due to the drought happened over the period of 2014–2015,
and then increased to its average level over period of 2015–2016.
Statistical analysis of the results from station PIMO shows that the
differences in PWV diurnal anomaly are −2.3/1.4/-0.5/-3.7 mm,
−3.0/-3.5/-2.4/-1.1 mm and 2.6/2.9/4.0/5.2 mm for 2013–2014,
2014–2015 and 2015–2016, respectively.

5. Conclusion

A method of converting ZTD-derived data from the IGS GPS network
to PWV on a global scale is proposed in this paper. The key parameters,
ZTD, Ps, and Tm, are validated with different and independent techni-
ques. The IGS-derived ZTD is evaluated globally using the VLBI-derived,
and radiosonde-derived ZTD, respectively. The Ps data derived from
GGOS Atmosphere is also compared with data from meteorological
sensors as well as those from radiosonde recordings, respectively.
Finally, the GPS-derived PWV time series can be obtained with the RMS
error less than 1.5mm by comparing that with the radiosonde data at
97 collocated stations on a global scale. It must be noted that the ac-
curacy of ZTD is different when compared to VLBI (5.5 mm) and
radiosonde data (17mm). The large ZTD differences between GPS and
radiosonde is caused by that the data from radiosonde stations is not
strictly from the fixed point and time as described in section 2.2. The
above reasons caused a relative large difference between GPS and
radiosonde data.

The 12-year, 2-hourly GPS-derived PWV time series is analysed by
the Lomb-Scargle periodogram method to detect different variations in
199 stations. By introducing the Lomb-Scargle periodogram method,
the disadvantage of data gaps from PWV time series can be well-re-
solved. It has been shown, by analysing the mean PWV, that the water
vapour at low latitudes was more abundant, while the lower-vapour
contents were found in higher latitude areas. In addition, it can be
concluded that the water vapour was more active in eastern China,
Korea, and Japan according to the different amplitudes and linear
trends observed while shows an upward trend in the areas of Europe,
Australian and American. Additionally, one important climate signal, a
diurnal cycle, is also calculated and analysed at station PIMO in
Philippines, which shows something interesting during an El Niño
event. The preliminary result from anomalies analysis of diurnal cycle

Fig. 12. Diurnal anomalies of PWV time series as a function of UTC at PIMO station.
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reveals the significant relationship between PWV time series and El
Niño and their profound connotation needs the further study.

The PWV data obtained in this paper provides a new source of data
for atmospheric water analysis with high-temporal resolution, long-
term stability and at low cost. We expect that other researchers may use
such data, which can be acquired from the authors upon request.
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