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A B S T R A C T

Precipitable water vapour (PWV) is a key factor for monitoring climate and the hydrological cycle. Here, PWV is
calculated using 249 ground-based GNSS stations derived from the Crustal Movement Observation Network of
China (CMONOC). Zenith total delay (ZTD) is estimated using the GAMIT/GLOBK (Ver. 10.4) and the zenith
hydrostatic delay (ZHD) is calculated using the layered European Centre for Medium-Range Weather Forecasting
(ECMWF) ERA-Interim data. The GNSS-derived ZTD is validated using the radiosonde and ECMWF data with the
root mean square errors (RMSE) of 19.1 mm and 12.5 mm, respectively. The ECMWF-derived surface pressure
(Ps) used to calculate the ZHD and the weighted mean temperature (Tm) calculated based on the layered ECMWF
data are also evaluated using radiosonde data with RMSE values of 1.14 hPa and 1.24 K, respectively.
Consequently, the final CMONOC-derived PWV at 249 stations is obtained and compared with radiosonde-
derived and ECMWF-derived PWV while the RMSE values are 1.38mm and 1.30mm, respectively. The two-
dimensional (2-d) PWV image derived from CMONOC is also compared with that from ECMWF, which shows
good consistency across different seasons.

1. Introduction

Water vapour in the lower atmosphere plays an important role in
atmospheric processes from global climatology and climate change to
micrometeorology (Holloway and Neelin, 2010; Torres et al., 2010;
Wang et al., 2017). Accurate understanding of the distribution of at-
mospheric water vapour and its variation is required to monitor and
evaluate changes in weather systems. For many years, water vapour
information has mainly been obtained by using the water vapour
radiometers (WVR), radiosondes and satellite observations. Those
methods of obtaining water vapour information allowed substantial
progress in understanding of the processes occurring in the lower at-
mosphere, but suffer disadvantages such as their low spatial-temporal
resolution and high operational costs (Gaffen et al., 1992; Elliott et al.,
1995). The concept of GNSS (Global Navigation Satellite System) me-
teorology was first proposed by Bevis et al. (1992) and precipitable
water vapour (PWV) data were obtained from Global Positioning
System (GPS) observations. After that, the accuracy of the GNSS-de-
rived PWV has been proved to within 1–2mm using independent GNSS
observations (Duan et al., 1996; Tregoning et al., 1998; Niell, 2001;
Memmo et al., 2005; Lu et al., 2016).

Compared to traditional atmospheric water vapour sounding re-
trievals, GNSS retrievals can be used in all-weather conditions, have
low costs, and high spatio-temporal resolution (Nilsson and
Gradinarsky, 2006; Jin et al., 2007). Therefore, GNSS-derived PWV has
been used in meteorology, especially for the weather nowcasting
(Fudeyasu et al., 2008; Benevides et al., 2015; Yao et al., 2017; Zhao
et al., 2018a), and improvements to numerical weather prediction
models (Gendt et al., 2004; Yang et al., 2013). GNSS-derived PWV data
from many places, e.g., the Indian subcontinent (Jade et al., 2005; Joshi
et al., 2013), the coastal regions of China (Wong et al., 2015; Wang
et al., 2017; Zhao et al., 2018b), north-east India (Benevides et al.,
2015), and Taiwan (Yeh et al., 2016), have been analysed. However,
acquiring PWV data over mainland China has been hindered by the lack
of adequate GNSS observations, especially over sparse areas of China,
which limits the development of spatio-temporal variation studies of
PWV therein.

Recently, the Crustal Movement Observation Network of China
(CMONOC) has been completed in China, which is mainly used to
monitor crustal motion on the Chinese mainland, formation of, and
changes in, the gravitational field and changes in water vapour content
in the atmosphere, the retrieval of GNSS-derived PWV over the

https://doi.org/10.1016/j.jastp.2018.11.004
Received 30 June 2018; Received in revised form 6 November 2018; Accepted 7 November 2018

∗ Corresponding author.
E-mail address: zhaoqingzhia@163.com (Q. Zhao).

Journal of Atmospheric and Solar-Terrestrial Physics 182 (2019) 85–92

Available online 13 November 2018
1364-6826/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13646826
https://www.elsevier.com/locate/jastp
https://doi.org/10.1016/j.jastp.2018.11.004
https://doi.org/10.1016/j.jastp.2018.11.004
mailto:zhaoqingzhia@163.com
https://doi.org/10.1016/j.jastp.2018.11.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jastp.2018.11.004&domain=pdf


mainland of China has become a reality.
Although China is an ideal place for investigation of regional at-

mospheric water vapour responses to global warming (Takahashi et al.,
2008), few studies have been undertaken investigating PWV variations
over mainland China. This becomes the focus of the present research, in
which we obtained PWV datasets from 249 stations derived from
CMONOC over mainland China. In addition, the accuracy of the GNSS-
derived PWV dataset has been validated by comparison with that from
radiosonde and ECMWF ERA-Interim data. Here, the GNSS-derived
zenith total delay (ZTD) is calculated using the GAMIT/GLOBK (Ver.
10.4) software (Herring et al., 2010), and the zenith hydrostatic delay
(ZHD) is calculated using the Saastamoinen model (Saastamoinen,
1972) with the surface pressure taken from ECMWF data. The key
parameter of weighted mean temperature in the conversion of zenith
wet delay (ZWD) to PWV is calculated using layered ECMWF data. The
GNSS-derived ZTD and PWV from CMONOC are both compared with
that from the radiosonde and ECMWF using data from 2011 to 2017.
The 2-d image of GNSS-derived PWV from CMONOC is also presented
and analysed over mainland China. This paper is structured as follows:
Section 2 presents the detailed description of CMONOC data and the
processing of GNSS observations as well as radiosonde, and ECMWF
layered data, Section 3 provides the comparisons of ZTD, surface
pressure (Ps), weighted mean temperature (Tm) and PWV, then Section
4 gives the conclusions.

2. Data and methods

The area of mainland China was selected to obtain the long-term
PWV dataset from 249 permanent GNSS stations in the CMONOC from
2011 to 2017 (Fig. 1). The original GNSS observations were processed
using GAMIT/GLOBK software (Ver. 10.4), which uses double differ-
ences in phase observations (Herring et al., 2010). The processing
strategies are as follows: the sampling rate of GNSS observations is 30 s,
while the elevation cut-off angle is 10°. A global mapping function
(GMF) is used and the parameters of ZTD and gradients in north-south
and west-east directions are estimated at intervals of 0.5 h and 2 h,

respectively (Böhm et al., 2006). The antenna phase centre models
based on the azimuth- and elevation-dependent data recommended by
the IGS (International GNSS Service) were used. The IGS precise orbit
and clock information, IERS (International Earth Rotation and Re-
ference System Service) Earth orientation parameters, were applied
during data processing. In addition, the FES2004 model (http://holt.
oso.chalmers.se/loading/) was also considered to obtain accurate ZTD
parameters.

ZHD is a component of ZTD and after ZTD is estimated, ZHD can be
calculated using the Saastamoinen model (Saastamoinen, 1972) with
the surface pressure, as expressed by:

= ⋅
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where φ and H are the latitude and geodetic height of GNSS station,
respectively. Ps is the surface pressure of the GNSS station (unit: hPa),
which is obtained from the ECMWF ERA-Interim products in this paper.
Therefore, the ZWD can be calculated by extracting the ZHD from ZTD,
and the PWV can be converted from ZWD by multiplying a conversion
factor, as expressed by:
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where Π refers to the conversion factor. ρw is the water vapour density
(g/m3). Rv is the specific gas constant of water vapour with a value of
461.495 (unit: J/kg/K), ′k2 and k3 are constants with values of
22.1 ± 2.2 (unit: K/mb) and (3.739 ± 0.0012)× 105 (unit: K2/mb),
respectively (Bevis et al., 1992, 1994), and Tm is the weighted mean
temperature. Eq. (2) shows that Tm is the only variable parameter in the
PWV calculation apart from ZWD. Here, the layered meteorological
data (specific humidity, pressure and temperature) with 37 layers from
1 to 1000 hPa derived from ERA-Interim data are used to calculate Tm.
The corresponding formula is as follows (Davis et al., 1985):

Fig. 1. Distribution of 249 GNSS stations and 84 radiosonde (RS) stations in mainland China.

Q. Zhao et al. Journal of Atmospheric and Solar-Terrestrial Physics 182 (2019) 85–92

86

http://holt.oso.chalmers.se/loading/
http://holt.oso.chalmers.se/loading/


∫
∫

= =
∑ −

∑ ⎛
⎝

⎞
⎠

−

∞

∞

−

−

( )dh

dh
T

(h h )

(h h )

h
e
T

h
e

T

e

e
m

1
n

T i i 1

1
n

T i i 1

s

s 2

i
i

i

i
2 (3)

where e refers to the water vapour pressure and T is the corresponding
temperature. Here, e is calculated based on the following formula
(Lagler et al., 2013):

= ⋅ +e Q p Q/0.622 0.378 (4)

where Q and p refer to the specific humidity and pressure, respectively.
Here, Q and p are provided by the ECMWF ERA-Interim layered data
with a temporal resolution of UTC 00, 06, 12, and 18, respectively.
Here, it should be noted that although the PWV comparison between
GNSS and ECMWF ERA-Interim has been performed in the following
section, the accuracy of GNSS-derived PWV relies on the ERA-Interim
data to some extent because ZHD and Tm are both calculated using
layered ERA-Interim data.

For radiosonde and ECMWF layered data, the ZTD and PWV can
also be calculated based on the following formulae (Kursinski et al.,
2002; Shi and Gao, 2001):
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where the first and second parts of first formula in Eq. (5) refer to the
hydrostatic refractivity (Nd) and wet refractivity (Nw), respectively.
Some studies have shown that only 0.61% of dry bias is introduced in
the PWV when the data is above the 300 hPa (Wang et al., 2005, 2007),
therefore, data from radiosonde stations (Fig. 1) with temperature and
humidity profiles reaching a level of at least 300 hPa are required for
this study. The collocated stations between GNSS stations and radio-
sonde stations are determined based on the following principle: the
horizontal distance between the GNSS station and the radiosonde sta-
tion is within 0.2 km, and the vertical difference is less than 100m. A
quality control procedure is performed before comparison based on the
differences between the ZTD/PWV values derived from GNSS and
radiosonde data, and the ZTD/PWV values with differences greater than
3σ are regarded as outliers and deleted (Zhao et al., 2018c). The
ECMWF-derived ZTD/PWV at GNSS stations are interpolated by bi-
linear interpolation using the nearby ZTD/PWV values at four grid
points. Additionally, a vertical interpolation procedure is also adopted
for ECMWF ERA-Interim and radiosonde data following the method
proposed by Wang et al. (2016) to unify the height with that of the
GNSS stations.

3. Results and comparisons

3.1. Accuracy analysis of GNSS-derived ZTD from CMONOC

The GNSS-derived ZTD from CMONOC is first analysed over main-
land China. The radiosonde-derived ZTD is also calculated at collocated
stations determined on the basis of the principle outlined in Section 2.
Consequently, 33 collocated stations are selected over the period
2011–2017. Fig. 2 shows the comparison of ZTD for those stations and
the statistical results reveals that the average root mean square error
(RMSE) and bias of ZTD differences is 19.1 mm and 4.3 mm, respec-
tively for the collocated 33 stations.

To further validate the GNSS-derived ZTD, we compare with ZTD
derived from ERA-Interim. The ZTD values at 249 GNSS stations from
2011 to 2017 are interpolated by the ECMWF-derived ZTD using nearby
values from four grid points. Fig. 3 shows the comparison of ZTD be-
tween GNSS-derived and ECMWF-derived ZTD and the average RMSE
and bias of ZTD differences are 12.5 mm and 1.0mm for 249 selected
stations. It can be seen from the figure that the accuracy of GNSS-

derived ZTD is relatively poor in the seismic belt located in Yunnan,
Sichuan, and the south of Gansu Provinces. A possible reason for this is
the relatively poor quality for GNSS-derived ZTD using GAMIT/GLOBK
software in the seismic belt. It also can be observed, from Figs. 2 and 3,
that the values of RMSE and bias between the CMONOC-derived and
radiosonde-derived ZTD are larger than that between the CMONOC-
derived and ECMWF-derived ZTD. This is mainly caused by the GNSS
and radiosonde stations not being perfectly collocated according to the
principle proposed in Section 2 while the compared ZTD values for the
location of CMONOC and ECMWF are from the same location.

3.2. Comparison of surface pressure (Ps) and weighted mean temperature
(Tm)

As described in Section 2, two key parameters (Ps and Tm) used for
converting ZTD to PWV are obtained from ECMWF data, therefore,
their accuracies are first validated with that from the radiosonde data
before use. In this experiment, the values of Ps and Tm are interpolated
at 84 radiosonde stations over the period 2015–2017 using values from
four nearby grid points. Figs. 4 and 5 show the RMSE and bias of Ps and
Tm differences between the ECMWF and radiosonde stations. It can be
seen from Figs. 4 and 5 that the accuracies of Ps and Tm derived from
ECMWF data from the eastern coast of China are both slightly higher
than those in the north-west of China, when compared to the radio-
sonde data. The statistical results show that the RMSE and bias of Ps and
Tm are 1.14/0.07 hPa and 1.24/−0.16 K, respectively. According to the
error influences of Ps and Tm analysed by Yao et al. (2014), the esti-
mated error in PWV caused by those errors is less than 1mm which is
acceptable for most meteorological research.

3.3. Accuracy of GNSS-derived PWV

Based on the GAMIT-derived ZTD and the key parameters Ps and Tm
derived from ECMWF, the PWV time series at 249 GNSS stations of
CMONOC are obtained. Here, a comparison experiment both before,
and after, applying the quality control process for PWV differences
between CMONOC-derived and radiosonde-derived PWV is first per-
formed at three stations (KMIN, LNSY, and NMEL) selected randomly
over the period 2015–2017 (Fig. 6). Here, the comparisons before, and
after, applying quality control to the PWV dataset have been presented
under two sets of conditions. Before quality control, the RMSE and bias
for three stations are 1.8/2.3/2.2 mm and −0.25/0.8/0.7 mm, respec-
tively. If any PWV differences exceeding 3σ are removed, statistical
analysis shows that the RMSE and bias for three stations are 1.4/1.2/
1.6 mm and −0.2/0.4/0.4 mm, respectively while the percentages of
rejected data are 1.2%, 3.4%, and 2.5%, respectively.

To evaluate the accuracy of the CMONOC-derived ZTD across
mainland China, the comparison of PWV between CMONOC-RS and
CMONOC-ECMWF data are carried out using 30 and 249 collocated
stations from 2015 to 2017. Figs. 7 and 8 show the RMSE and bias
distributions of PWV differences of CMONOC-RS and CMONOC-
ECMWF, respectively. It can be observed from Figs. 7 and 8 that the
accuracy of CMONOC-PWV is relatively uniform across mainland China
while is poorer in the seismic belt located in Yunnan, Sichuan, and the
south of Gansu Provinces. This is mainly caused by the relative in-
accuracy of the estimated ZTD value (Section 3.1). Statistical analysis
shows that the average RMSE and bias for CMONOC-RS comparison are
1.38/-0.24mm with an average data rejection rate of 2.7% while the
values for CMONOC-ECMWF are 1.3/0.06mm with an average data
rejection rate of 2.3%, respectively. The comparison of long-term PWV
time series derived from CMONOC with that from radiosonde and
ECMWF data shows that the accuracy of the calculated PWV values is
high with an RMSE value less than 1.5mm.
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Fig. 2. RMSE and bias of ZTD differences between CMONOC-derived and radiosonde-derived data from 33 collocated stations across mainland China.

Fig. 3. RMSE and bias of ZTD differences between CMONOC-derived and ECMWF-derived data from 249 collocated stations across mainland China.

Fig. 4. RMSE and bias of Ps differences between radiosonde and ECMWF data at 84 stations across mainland China.

Fig. 5. RMSE and bias of Tm differences between radiosonde and ECMWF data at 84 stations across mainland China.
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Fig. 6. Scatter diagrams of PWV derived from GNSS stations and radiosonde (RS) stations, where (a1) - (c1) are results before quality control while (a2) - (c2) are
those after quality control for three selected stations.

Fig. 7. RMSE and bias of PWV differences between CMONOC and radiosonde stations over the period 2015–2017 at 33 collocated stations.

Fig. 8. RMSE and bias of PWV differences between CMONOC and ECMWF over the period 2015–2017 at 249 collocated stations.
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3.4. 2-d image of PWV distribution

According to the method proposed in this paper, the PWV time
series of 249 stations in CMONOC can be calculated. According to
meteorological standard practice, the seasons are demarcated as fol-
lows: Spring from March to May, Summer from June to August, Autumn
from September to November, and Winter from December to February.
Therefore, the average PWV of each GNSS station over four seasons can
be obtained and interpolated across mainland China. Fig. 9 shows the 2-
d PWV distribution comparison between ECMWF and CMONOC for four
seasons in 2016. It can be seen that the 2-d image of PWV derived from
CMONOC broadly matches that from ECMWF ERA-Interim data. In the
Tibetan plateau area, the GNSS-derived PWV is slightly larger than that
found by using ECMWF data over each of the four seasons. The PWV

value is largest in the southeast area of China in all four seasons and
reaches its peak in summer with the largest value of more than 50mm
while it decreases to its lowest value in winter with a value of about
25mm. In addition, Fig. 10 shows PWV differences between CMONOC
and ECMWF in 2016: the largest PWV difference occurs in the coastal
area of Southeast China for Spring, Summer, and Autumn with the
largest value of about 6mm. In winter, the PWV difference is relatively
small with value of between −1mm and 1mm.

4. Conclusion

A method of calculating PWV values across mainland China has
been proposed using GNSS observations and ECMWF ERA-Interim
products. The GNSS observations are processed using GAMIT/GLOBK

Fig. 9. 2-d image of PWV distribution over four seasons in 2006: the first column is obtained from ECMWF and the second column is from the CMONOC.
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(Ver. 10.4) and the GNSS-derived ZTD is validated using radiosonde
and ECMWF data with RMSE values of 19.1 mm and 12.5 mm, re-
spectively over the period 2011–2017. The surface pressure used to
calculate the ZHD and the weighted mean temperature used to convert
ZWD to PWV are both evaluated using radiosonde data with RMSE
values of 1.14 hPa and 1.24 K, respectively. Consequently, the GNSS-
derived PWV dataset over mainland China is obtained and evaluated
with an average RMSE value of about 1.3mm. The 2-d image of PWV
distribution from GNSS stations across mainland China is also analysed
and compared with that from ECMWF products. It was found that the
largest PWV value occurs in the south-east of China in Summer and the
PWV value shows a decreasing trend from south to north and east to
west.

China is an ideal place for investigation of regional PWV responses
to the climate change, but few studies have been performed to retrieve
PWV from GNSS observations. Through this research, the long-term
GNSS-derived PWV time series with a temporal resolution of 1 h across
mainland of China has been acquired: this provides large amounts of
data for subsequent regional studies. The dataset obtained is valuable in
any future research which may focus on the investigation of diurnal
variations in PWV, seasonal variations in PWV, and the effects of the
southern oscillation on PWV in China. Additionally, the GNSS-derived
PWV value is also useful for investigation of short-term time-span
weather forecasting and nowcasting (and in particular, precipitation
forecasting). The PWV data obtained as a result of this research provide
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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