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IZVLEČEK
Atmosfeska vsebnost vodne pare v stolpcu zraka PWV (angl.
precipitable water vapor) je globalno izrednega pomena tako
z vidika hidriloškega kroženja kot prenosa energije. Radiosonde,
sončni fotometer in sprejemniki GPS (pa tudi širše GNSS) so
postali temeljni instrumenti za terestrično opazovanje PVW.
Pri študiji smo imeli na voljo vse tri instrumente, ki so bili
hkrati nameščeni na opazovalnih postajah, ki so geografsko
pokrivale tri tipične podnebne pasove. Podatke PWV z vseh
instrumentov smo združili glede na čas opazovanj. Po tem, ko
smo odstranili izstopajoča opazovanja, smo izvedli primerjavo
vrendosti PWV za vsak par opazovanj različnih instrumentov.
Ugotavljamo, da geografska širina in podnebje ne vplivata
pomembneje na vrednosti PWV, pridobljene z radiosondažo,
z opazovanji GPS ali opazovanji s fotometrom. Odstopanja v
vrednostih PWV za katerikoli par instrumentov so normalno
porazdeljena, kar pomeni, da v podatkih PWV ni sistematičnih
pogreškov. Relativne razlike med vrednostmi PWV, pridobljenimi
z radiosondažo in opazovanji GPS, so najmanjše, nekoliko večje
so razlike med vrendostmi, pridobljenimi z radiosondažo in
fotometrijo, največje razlike pa so med vrednostmi, pridobljenimi
z opazovanji GPS in radiosondažo. Študija je zanimiva za
spodbujanje uporabe sprejemnikov GPS (GNSS) in fotometrov
za določanje vrednosti PWV namesto radiosondaže, saj takšna
opazovanja omogočajo tudi visoko časovno ločljivost.
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ABSTRACT
The atmospheric precipitable water vapour (PWV) plays a
crucial role in the hydrological cycle and energy transfer on a
global scale. Radiosonde (RS), sunphotometer (SP) and GPS
(as well as broader GNSS) receivers have gradually been the
principal instruments for ground-based PWV observation. This
study first co-locates the observation stations configured the
three instruments in the globe and in three typical latitudinal
climatic regions respectively, then the PWV data from the three
instruments are matched each other according to the observing
times. After the outliers are removed from the matched data
pairs, the PWV intercomparisons for any two instruments
are performed. The results show that the PWV estimates from
any two instruments have a good agreement with very high
correlation coefficients. The latitude and climate have no
significant influence on the PWV measurements from the three
instruments, indicating that the instruments are very stable and
depend on their performance. The PWV differences of any two
instruments display the normal distribution, indicating nonsystematic biases among the two PWV datasets. The relative
differences between SP and GPS are the smallest, the middle
between SP and RS, and those between GPS and RS are the
largest. This study will be useful to promote GPS (GNSS)
and SP PWV to be a substitute for RS PWV as a benchmark
because of their high temporal resolutions.
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The precipitable water vapour (PWV) is an important constituent in the atmosphere and plays a crucial
role in the hydrological cycle and energy transfer on the global scale (Wang et al., 2007). With the atmospheric circulation, vertical transport, evaporation and condensation, the PWV can be formed clouds
and precipitation to affect the evolution of the weather. Since the PWV absorbs solar and atmospheric
infrared radiation and then releases latent heat, it is the most abundant and principal greenhouse gas in
the atmosphere, which has a fundamental influence on the global climate change (Chou and Arking,
1981). Although the proportion of PWV in the atmosphere is very small, it shows a large spatial and
temporal variability with values varying from less than 5 mm at the poles to about 50 mm near the equator (Mockler, 1995); thus accurate observation of water vapour is very significant to study hydrologic
cycle, forecast regional weather and understand global climate because atmospheric PWV is one of the
most important parameters in the numerical weather forecasting models and climate models (Gulstad
and Isaksen, 2007).
As for the PWV measurement, there are three kinds of data sources: (1) the reanalysis PWV data by
the grid-based numerical forecasting model, such as European Center for Medium-Range Weather
Forecasts (ECMWF), National Centers for Environmental Prediction (NCEP) and National Center
for Atmospheric Research (NCAR) (Dee et al., 2011; Robert et al., 2001); (2) space-based PWV data
retrieved from satellite near-infrared and thermal infrared images, and GNSS radio occultation; (3) the
ground-based measurements by portable instruments, such as radiosonde (Zhai and Eskridge, 1997),
Sunphotometer (Halthore et al., 1997), Global Navigation Satellite Systems (GNSS) (Lu et al., 2016),
microwave radiometer (Liu et al., 2009) and Raman lidar (Wang et al., 2015). The reanalysis data can
provide global water vapour data, but the spatial resolution is rather low. The space-based water vapour
data have high spatial resolutions and are used widely in the weather and climate research. However, the
accuracies of remotely sensed water vapour data still need to be validated by ground observation data.
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A radiosonde is the earliest instrument for observing atmospheric profile parameters, and the radiosonde
data have been regarded as a benchmark to evaluate and calibrate satellite remotely sensed observations
(Kuo et al., 2005). Liu et al. used radiosonde PWV data from 83 sites in China to validate MODIS PWV
products in the near-infrared and thermal infrared channels (Liu et al., 2015). Zeng et al. assessed the
accuracy of AIRS water vapour mixing ratio and PWV products against radiosonde soundings from 113
sites across China (Zeng et al., 2019). As GPS meteorology was established to determine information
on the state of the atmosphere, Bevis et al. first presented an approach to retrieve atmospheric PWV
from the ground-based GPS (Bevis et al., 1992). Ground-based GPS is independent of meteorological events and is able to provide PWV estimates with high accuracy and temporal resolution (a 5-min
sampling frequency). At present the International GNSS Service (IGS) can provide the GNSS product
data such as zenith hydrostatic delay (ZPD) at about 400 stations worldwide (UCSD, 2002), then
ZPD can be calculated to PWV content by combining with the surface pressure and temperature data.
Vaquero-Martinez et al. validated the water vapour products from multi-sensors including MODIS,
GOME-2, OMI, SEVIRI and SCIAMACHY using ground-based GPS PWV data in the Iberian
Peninsula as a benchmark (Vaquero-Martínez et al., 2017, 2018). Alraddawi et al. assessed the quality
of three satellite PWV datasets from MODIS, AIRS and SCIAMACHY against ground-based GNSS
water vapour data at three reference Arctic observation sites (Alraddawi et al., 2018). Sunphotometer is
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easily deployed in the field campaigns to estimate aerosol optical depth (AOD) and column abundance
of water vapour from direct sun measurements in the visible and near-infrared channels; they have
been increasingly used in the validation of satellite retrievals and radiometric calibration of the satellite
remote sensor (Zibordi et al., 2009; Soe et al., 2014). Sun photometer CE-318, which is made by the
CIMEL Electronique company in France, has become the principal instrument on the Aerosol Robotic
Network (AERONET). AERONET provides a continuous, long term and readily accessible datasets
of spectral AOD and precipitable water vapour at more than 1000 stations in the globe (Holben et al.,
1998). Shi et al. used sunphotometer PWV data from AERONET as a benchmark to validate the PWV
products from TERRA/MODIS, FY-3C/VIRR and MERSI over the typical regions in China (Shi et
al., 2018). Vijayakumar et al. validated the AOD and PWV data from MODIS images and ECMWF
model during 2005-2015 with ground-based sunphotometer observations from AERONET over
Pune, India (Vijayakumar et al., 2018). Nowadays, radiosonde, GPS receiver and sunphotometer have
become the principal ground-based instruments and are used widely in the meteorological observation
and climatological research, however, their relative accuracies of three instruments are rarely compared
on a global scale. The main purpose of this research is to conduct a comprehensive intercomparison of
PWV data derived from the measurements of the three instruments, which will be useful to promote
ground-based GNSS and sunphotometer PWV to be a substitute for radiosonde PWV as a benchmark
because of their high temporal resolutions.
The remainder of this paper is organized as follows: Section 2 presents the descriptions of PWV data from
radiosonde, GPS and sunphotometer and the preprocessing methods; Section 3 discusses the relative
differences of three instruments by the PWV intercomparisons in the globe and in the different latitudes
respectively; Section 4 offers the summary and conclusions.
2 Data and methods
2.1 PWV data retrieved from the three instruments measurements
2.1.1 Radiosonde PWV data
Since the global radiosonde network was established in the early 1940s, radiosondes have been the
principal instruments used for observing the upper atmosphere. There are over 1000 radiosonde sites
distributed worldwide (Ware et al., 1996; Wang et al., 2005). The radiosonde balloons are launched
twice a day at zero and twelve o’clock GMT to observe the atmospheric profiles at these stations. The
observations include geopotential height, air temperature, air pressure, relative humidity, wind direction
and wind speed at standard levels, including the surface and the atmospheric levels of 1000, 925, 850,
700, 500, 400, 300, 250, 200, 150 and 100 hPa. The column integrated amount of atmospheric PWV
is calculated by the integral of average specific humidity from the ground to the upper atmosphere at
300 hPa. It is expressed as the following equation (Wang and Liu, 1993):
p

=
PWV

1
1 n
q
=
p
d
p
(
)
∑qi ∆p
g ρ p∫0
g ρ i =1

(1)

where g is the acceleration due to gravity for 980 cm/s2; the water density ρ is given as 1 g/cm3; p0 and
p are the respective air pressures in the surface and top of the atmosphere, and Δp is the pressure differ| 564 |
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ence between the upper and lower atmospheric layers; n is the number of atmospheric layers from the
ground to the top of atmosphere; qi is the mean specific humidity corresponding to atmospheric layer
i, and it is given as equation (2):
q=

662e
p − 0.378e

(2)

here e is the water vapour partial pressure in the unit of hPa, which is computed by the dew point
temperature using the saturation vapour pressure (ew) formulation. The formulation is proposed by the
World Meteorological Organization, as shown in equation (3):
17.62T
(3)
e w = 6.11exp(
)
T + 243.12
Here T is air temperature or dew point temperature in Celsius degree (oC) (WMO, 2008). The radiosonde
data are available from the Meteorological Observatory at Nanjing University of Information Science
and Technology (NUIST), China.
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The American GPS is the earliest and most widely used Global Navigation Satellite System, and it has
good accuracy for positioning, navigation and timing (Natraš et al., 2019). The GPS system is composed
of a constellation of 30 operational satellites at 20200 km above the Earth, and these satellites are distributed evenly in 6 orbital planes with 55°inclination, and the travelling period of each satellite is 12
sidereal hours (Wang et al., 2007), which makes sure the radio signals from more than four satellites to
be transmitted at anywhere on the globe at any time. Due to the refraction of atmospheric molecules
and water vapour, the radio signals from the GPS satellites to ground receivers will propagate through
the troposphere and are always delayed. The total tropospheric delay along the zenith path (called as
zenith path delay, ZPD) can be divided into two parts: a hydrostatic term (ZHD) affected by dry gases
and a wet term (ZWD) caused by water vapour (Shi et al., 2015). The ZPD can be calculated from GPS
measurements using mapping functions, and the ZHD is computed as a function of the elevation H,
latitude ϕ, and surface pressure Ps the by a model as Equation (4) (Elgered et al., 1991),
ZHD =

(2.2779 ± 0.0024)PS
1 − 0.00266 ( 2ϕ ) − 0.00028H
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2.1.2 GPS PWV data

(4)

Then the ZWD is obtained by the subtraction of ZHD from ZPD. The PWV amount is calculated by
a proportional constant ∏ as Equation (5) and (6) (Bevis et al., 1992),
PWV  ∏  ZWD
105
Π=
k
(k2' + 3 )ρ Rv
Tm

(5)
(6)

where k'2=(1710) K/hPa and k3=3.776×105 K2/hPa are the constants for the refractive index of the
atmosphere (Bevis et al., 1994; Iwabuchi, Naito and Mannoji, 2000; Jade et al., 2005; Senica et al.,
2018); ρ is the water density; Rv is the specific gas constant for water vapour; and the atmospheric
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water-vapour-weighted mean temperature Tm is approximately calculated by the air temperature T0 on
the ground as Tm = 0.72T0 + 70.2 (Bevis et al., 1992). The ZPD, air temperature and air pressure on
the ground, including in the meteorological files of GPS Receiver Independent Exchange (RINEX), are
available from the Scripps Orbit and Permanent Array Center (SOPAC) (ftp://cddis.gsfc.nasa.gov/).
2.1.3 Sunphotometer PWV data
Sun photometer CE-318, commercially manufactured by the CIMEL Electronique company in France,
has been used quite widely in the globe and is the principal instrument on the AERONET. It can
automatically track and point to the sun by a motor with two microprocessors, and the microprocessor calculates accurately solar zenith and azimuth angle from the date and time and the geographical
coordinates of the instrument. The instrument has an optical header with two collimators for observing
the sun and the sky respectively, so it can measure direct solar irradiance, the almucantar irradiance and
the principal plane irradiance from the skylight on the ground (Campmany et al., 2010). The optical
header has eight filters to measure the irradiance at 1020 nm, 936 nm, 870 nm, 675 nm, 500 nm, 440
nm, 380 nm and 340 nm. The AOD and PWV can be derived from the direct solar irradiance while
irradiances from skylight are retrieved to size distribution parameters and phase function of aerosol.
AERONET provides globally distributed AOD, PWV and inversion products following the standard
processing algorithm. These products are classified into three data quality levels: the unscreened for level
1.0, the cloud-screened and quality controlled for level 1.5, and the quality-assured for level 2.0 (Giles
et al., 2019). The sunphotometer PWV data in the research are the level 2.0 of AERONET, which are
downloaded on the source website at http://aeronet.gsfc.nasa.gov/.
The retrieved PWV from sunphotometer is based on a couple of solar direct radiometric observations
in near-infrared channels at 1020 nm and 936 nm, which the 936 nm is a strong absorption channel of
water vapour, whereas the 1020 nm is only impacted by the aerosol scattering. Regarding the absorption
channel at 936nm, an equation is given as the following form according to the Beer-Bouguer-Lambert
law (Liou, 2002):
V1/V0  exp[τa1m  k(mW )b]

(7)

where V0 and V1 are respectively the extraterrestrial value and the measurement from sunphotometer at
936nm, τa1 is the aerosol scattering optical depth at 936 nm, the optical air mass m can be calculated
with solar zenith angle θ0, W is the PWV amount, and b and k are the coefficients for the optical filter
of the instrument at 936nm and are generally determined by the manufacturer depending on the instrument characteristics. When both sides of equation (7) are taken the natural logs, it is transformed
into equation (8):
ln(V1)  τa1m  ln(V0)  k(mW )b

(8)

In order to calculate the water vapour amount, the scattering AOD at 936 nm (τa1) is necessary. And the
AOD at 1020 nm (τa2) is derived firstly from solar direct radiometric observations of the instrument.
Because of a good adjacency between the two channels at 1020 nm and 936 nm, a linear relationship
between τa2 and τa1 can be deduced for the standard atmosphere from a radiative transfer model, that is
τa1  1.16τa2 (Morys et al., 2001). Therefore, the PWV amount W is expressed as the following equation:
| 566 |
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[

ln (V0 ) − ln (V1 ) − 1.16m
km

a 2 1/

]

(9)
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2.2 Co-location of PWV data from three instruments
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Figure 1: Co-located sites distribution map of three PWV instruments.

In order to inter-compare the relative differences of PWV data from the three ground-based instruments
(radiosonde, GPS and sunphotometer), the observation positions and times for any two instruments
must be matched. Since the observation station is dispersed for each instrument, the positions for any
two instruments are co-located within 100 km referenced the previous studies (Dee et al., 2011; Smirnov
et al., 2009; Xu, Luo, and Shi, 2009; Gong, 2018). The co-location procedure consists of the following
steps and is implemented in the Geographic Information System software ArcGIS 10.5. Firstly, the station vector files for radiosonde, GPS and sunphotometer are respectively generated by the longitude and
latitude data of all the stations worldwide. Secondly, all the stations of any two instruments are carried
out the co-location. Taking instrument A and instrument B as an example, a circular buffer area with a
radius of 100 km around each station of instrument B is created from its station vector file, and the station vector file of instrument A is clipped by the buffer file of instrument B so that the matched stations
of instrument A are located in the buffer area of instrument B, then the clipped station vector file of
instrument A is overlaid over the buffer file of instrument B using an intersection operation, which the
spatial attributes of stations for the instrument A and B are joined and achieve the co-location of all the
stations for the two instruments. Hence, the number of co-located stations is 126 for radiosonde, 128 for
GPS and 124 for sunphotometer in the globe (Figure 1). Finally, the observation times of PWV data from
any two instruments are matched. Since radiosonde observes the atmospheric profiles twice a day at zero
and twelve o’clock GMT, GPS receiver obtains radio signal every 5 minutes, and sunphotometer points
to the sun and measures the irradiances every 15 minutes, hence the time difference of the matched PWV
data is ±5 minutes between radiosonde and GPS, ±15 minutes between radiosonde and sunphotometer
and ±5 minutes between GPS and sunphotometer. All the PWV data from the three instruments are
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collected from January to December 2017. Due to the stochastic errors in the measurements from the
three instruments, there are some outliers among the matched PWV data pairs. All PWV differences
between any two instruments twice higher than the standard deviation are regarded as outliers and are
eliminated (Li, Muller and Cross, 2003; Birkenheuer and Gutman, 2005).
3 Results and discussion
3.1 Intercomparisons of PWV from three instruments in the globe
In order to determine the relative differences of PWV data from the three instruments, the multiple PWV
comparisons for any two instruments are carried out for all co-located stations in the globe. The PWV
scatter plot between two instruments is drawn, and the correlation coefficient (R), the root mean square
difference (RMS), the mean bias (MB), the slope and intercept of the least-square regression line are
computed. Furthermore, the frequency distribution histogram of PWV difference between two instruments is plotted, the difference statistics including frequency, mean, standard deviation (sd), skewness
and kurtosis are calculated. Hence, the relative difference between any two instruments is evaluated by
these statistical indices.
3.1.1 Comparisons of PWV between radiosonde and GPS in the globe
Figure 2a is the PWV scatter plot between GPS and radiosonde, the number of the matched data pairs
is 13705, and the points are located near the 1:1 line in the scatter plot. This shows that GPS PWV data
are in a very good agreement with the radiosonde ones, and their correlation coefficient is very high for
0.968. The mean bias of GPS PWV data relative to radiosonde ones is very large for -5.29 mm, indicating
GPS PWV data are lower than radiosonde ones. And it is evident that most of the points are distributed
on the right side of the 1:1 line in figure 2a. The least-square regression indicates that GPS PWV data
is 0.903 times higher than radiosonde ones, with a zero-point offset of -2.669 mm. The slope (<1) and
offset (<0) of the regression line implies a systematic underestimation for all the GPS PWV data. The
RMS of GPS PWV data against radiosonde ones is 7.05 mm, which is much larger than the results about
1-3 mm by previous studies (Lu et al., 2016; Duan et al., 1996; Deblonde et al., 2005). For example,
Tregoning et al. evaluated the absolute accuracy of GPS-derived PWV at Cape Grim, Tasmania during
November and December 1995 and showed that the root mean square difference between GPS and radiosonde PWV was 1.5 mm (Tregoning et al., 1998). Ohtani and Naito investigated the accuracy of PWV
obtained from the Japanese Global Positioning System network and indicated that the GPS PWV was
3.7 mm in term of root mean square difference and a mean bias of -2.7 mm compared with radiosonde
observations (Ohtani and Naito, 2000). The large relative difference between GPS and radiosonde PWV
data in this study is probably in connection with the comparison on a global scale, whereas the previous
results are from the local regions. Since atmospheric water vapour varies quickly as space and season
changed, the PWV measurements from ground-based instruments are often influenced by many factors,
such as undersampling in the upper atmosphere, sensor freezing and subsequent latent heat release of
atmosphere, and different time lags between wet and dry bulb temperature measurements for radiosonde
(Bruegge et al., 1992; Campmany et al., 2010); GPS satellite orbits, elevation cutoff angle, mapping
function, network configuration, surface air pressure and the atmospheric weighted-mean-temperature
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for GPS-derived PWV (Tregoning et al., 1998; Wang et al., 2007), which results in the large difference
between radiosonde and GPS worldwide. Furthermore, the observation paths of the two instruments are
different. The balloon has a shift during ascent and the path of the radiosonde is declined and prolonged,
whereas the path of radio signals is straight from GPS satellite to the tangent point on Earth. Hence, the
column integrated amounts of PWV measured by the two instruments display rather different. Figure
2b is the frequency distribution histogram of PWV difference between radiosonde and GPS; the mean
difference is -5.29 mm and the frequency is highest about 10% at this value, which approximates 1371
pairs of the matched PWV data. The standard deviation of PWV difference is 4.66 mm, meaning the
most of differences within the range of -9.95 to -0.63 mm. Generally, the kurtosis and skewness of the
standard normal distribution are 3 and 0, respectively. Here, the difference skewness is -0.56, indicating
that the number of samples located in the left of the mean is a little larger than that of the right, but it
is close to 0 for the standard normal distribution. The difference kurtosis, 2.80, approaches 3 for the
normal distribution. Hence, the PWV difference histogram between GPS and radiosonde shows the
normal distribution features, which suggests non-systematic bias among the two datasets.
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Figure 2: Comparison of the PWV from Radiosonde (RS) and GPS.

3.1.2 Comparisons of PWV between radiosonde and sunphotometer in the globe
Figure 3a is the PWV scatter plot between sunphotometer and radiosonde. Since sunphotometer works in
the sunny and non-cloudy days, the number of the matched data pairs is relatively less for 3231, and the
points are distributed around the 1:1 line in the scatter plot. This shows that sunphotometer PWV data
agree well with the radiosonde ones, and a high correlation coefficient of 0.973 is observed between the
two datasets. The least-square regression indicates that sunphotometer PWV data is 0.834 times higher
than radiosonde ones, with an offset of 0.659 mm. The slope (<1) and offset (>0) of the regression line
suggests a slight overestimation of sunphotometer PWV for low PWV amount and a slight underestimation for high PWV amount relative to radiosonde ones. The mean bias of sunphotometer PWV data
in contrast to radiosonde ones is -2.22 mm, indicating that sunphotometer PWV data are a little lower
than radiosonde ones, and the RMS of the two PWV datasets is 3.74 mm. Although the differences are
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lower than those between GPS and radiosonde PWV data, they are higher than the previous results in
local regions. For example, Campmany et al. compared the PWV measurements from sunphotometer
and radiosonde during 2001-04 in Barcelona, Spain with the absolute difference of -2.62 mm and the
RMSE of 1.76mm (Campmany et al., 2010). Halthore et al. suggested that the sunphotometer tended
to underestimate an average of 10% PWV amount by the comparison with radiosonde data at Wallops
Island, Virginia, in July 1993 (Halthore et al., 1997). The PWV retrieval uncertainty from sunphotometer observations is mainly attributed to the ageing effect of the filters, affecting the values of parameters
k and b in equation (9). While cloud screening is incomplete, sunphotometer can underestimate the
PWV amount. Similarly, the observation paths of the two instruments are also different, sunphotometer
always points to the sun from ground during measuring, whereas the PWV integration from radiosonde
data is never along the same line of sight as the measurement, which results in the large PWV difference
between the two instruments. Figure 3b is the frequency distribution histogram of PWV difference
between sunphotometer and radiosonde; the mean difference is -2.22 mm, and the highest frequency is
about 15% at this value. The standard deviation of PWV difference is 3.01 mm, which implies the main
differences ranging from -5.23 to 0.79 mm. The skewness and kurtosis of PWV difference are -0.39 and
2.88 respectively, approaching the thresholds of the standard normal distribution, which indicates that
the PWV difference histogram between sunphotometer and radiosonde displays the normal distribution
features and that there are no systematic biases among the two datasets.

Figure 3: Comparison of PWV from Radiosonde (RS) and Sunphotometer (SP).

3.1.3 Comparisons of PWV between GPS and sunphotometer in the globe
Figure 4a is the PWV scatter plot between sunphotometer and GPS. Due to high sampling frequency of
the two instruments with a 15-min period for sunphotometer and a 5-min period for GPS receiver, the
number of the matched data pairs is the most for 138452 among the three comparisons, and the points are
distributed on both sides of the 1:1 line in the scatter plot. This indicates that sunphotometer PWV data are
very agreeable with the GPS ones, and a correlation coefficient of 0.959 is between the two datasets. The
least-square regression concludes that sunphotometer PWV data is 0.879 times higher than GPS ones, with
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an offset of 3.794 mm. The slope (<1) and offset (>0) of the regression line reveals a slight overestimation
of sunphotometer PWV for low PWV amount and a slight underestimation for high PWV amount in
contrast to GPS ones. The mean bias of sunphotometer PWV data against GPS ones is 1.84 mm, showing that sunphotometer PWV data are higher than GPS ones, and the RMS of the two PWV datasets is
3.65 mm. The mean bias and RMS are the lowest among the three comparisons, which is similar to the
previous results. For example, Bokoye et al. compared sunphotometer derived PWV to GPS PWV at four
Canadian sites during the period 2000-04 and showed the RMS of 1.4~4.8 mm and the mean bias of
-4.1~1.2 mm (Bokoye et al., 2007). Figure 4b is the frequency distribution histogram of PWV difference
between sunphotometer and GPS; the mean difference is 1.84 mm, and the highest frequency is about
14% at this value. The standard deviation of PWV difference is 3.50 mm, which suggests the main differences within the range of -1.66 to 5.34 mm. The difference skewness is 0.19, indicating that the number of
samples distributed in the left of the mean is a little less than that of the right, and the difference kurtosis is
3.33. The skewness and kurtosis of PWV difference are very close to the thresholds of the standard normal
istribution, indicating that the PWV difference histogram between sunphotometer and GPS displays the
normal distribution features and that there are no systematic biases among the two datasets.
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Figure 4: Comparison of the PWV from Sunphotometer (SP) and GPS.

3.2 Intercomparisons of PWV from three instruments in different latitudes
In order to determine the relative differences of PWV data from three individual instruments in different latitudes, the co-located stations in three typical climatic regions, including tropic, mid-latitude
and sub-Arctic are selected in the study. The positions of the co-located stations are located respectively
in area A, B and C in figure 1, and the detailed information of the co-located sites is listed Table 1. The
height difference of the co-located sites is below 100 m for eliminating the influence of elevation on GPSderived PWV. When the multiple PWV comparisons for any two instruments in different latitudes are
performed, the time series charts of PWV data from any two instruments during the whole year in 2017
are drawn, and the correlation coefficient, mean bias and RMS are calculated in Table 2. Then relative
differences between any two instruments in different latitudes are assessed by these statistical indices.
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Table 1:

Typical station of three instruments in three latitudinal regions.
RS station

GPS station

SP station

No.

Lat(°)

Lon(°)

H(m)

Name

Lat(°)

Lon(°)

H(m)

Name

Lat(°)

Lon(°)

Tropic

61641

14.73

-17.49

24

dakr

14.72

-17.44

51

Dakar

14.39

-16.96

4

Mid-Latitude

15420

44.50

26.13

91

bucu

44.46

26.13

113.2

Magurele_Inoe

44.35

26.03

19

Sub-Arctic

04270

61.18

-45.21

26

qaq1

60.72

-46.05

110.4

Narsarsuaq

61.16

-45.42

11

Table 2:

H(m)

Summary of intercomparison between radiosonde, GPS and sunphotometer PWV in three latitudinal regions.
RS & GPS

RS & SP

SP & GPS

N

Bias

RMS

R

N

Bias

RMS

R

N

Bias

RMS

R

Tropic

278

-5.61

6.24

0.955

109

-4.43

5.45

0.937

11256

0.96

2.91

0.972

Mid-Latitude

551

-7.54

7.85

0.978

112

-3.23

4.12

0.982

12507

3.83

4.06

0.989

Sub-Arctic

452

-4.27

4.65

0.942

19

-1.41

1.56

0.986

3525

3.22

3.49

0.915
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3.2.1 Comparisons of PWV between radiosonde and GPS in different latitudes

Figure 5:

Time series chart of PWV from Radiosonde and GPS in three latitudinal regions: (a) Tropic, (b) Mid-Latitude and
(c) Sub-Arctic.

Figure 5 is the time series charts of radiosonde and GPS PWV data at co-located stations in three latitudinal regions, the maximum PWV amount measured by the two instruments is in descending order
from Tropic to Mid-latitude and then to Sub-Arctic. The individual GPS PWV point is always under the
radiosonde PWV point in the chart, indicating that GPS PWV amounts are lower than radiosonde ones
in different latitudes. Among the matched PWV data between radiosonde and GPS during the whole
year in 2017, because the radiosonde PWV data from June 18 to October 22 are missed in the Tropic,
the number of the matched data pairs is 278 from Table 2. The PWV data from the two instruments
are very agreeable, with a high correlation coefficient of 0.955. The mean bias of GPS PWV relative to
radiosonde PWV is -5.61 mm, and the RMS is 6.24 mm. The number of the matched data pairs in the
Mid-latitude is 551, the two PWV datasets have a good relationship with a correlation coefficient of
0.978, and the mean bias and RMS are -7.54 mm and 7.85 mm respectively. The relative differences in
the Mid-latitude are the largest in the three climatic regions. The number of the matched data pairs in
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3.2.2 Comparisons of PWV between radiosonde and sunphotometer in different latitudes
Figure 6 is the time series charts of radiosonde and sunphotometer PWV data at co-located stations in
three latitudinal regions; it is easy to be found that sunphotometer PWV amounts are also lower than
radiosonde ones in different latitudes. Since radiosonde observes the atmospheric profiles only twice a
day, the number of the matched data pairs for the individual instrument in different latitudes is few,
but the PWV data from the two instruments agree well with high correlation coefficients from 0.937 to
0.986. Seen from Table 2, the number of the matched data pairs in the Tropic is 109; the mean bias is
-4.43 mm and the RMS is 5.45 mm, which are largest relative differences in the three climatic regions.
The number of the matched data pairs in the Mid-latitude is 112, and the relative differences are the
middle with the mean bias of -3.23 mm and the RMS of 4.12 mm. The number of the matched data
pairs in the Sub-Arctic is least for 19, the relative differences are the smallest, and the mean bias and the
RMS are -1.41 mm and 1.56 mm respectively. The high relative differences between the two instruments
probably result from the overestimation of radiosonde, especially in low and middle latitudes.

RECENZIRANI ČLANKI | PEER-REVIEWED ARTICLES

the Sub-Arctic is 452, the correlation coefficient of the two PWV datasets is 0.942, indicating that they
agree well. The mean bias and RMS are the lowest in the three climatic regions, and they are -4.27mm
and 4.65mm, respectively. In general, although GPS PWV data are in a very good agreement with the
radiosonde ones in different latitudes and high correlation coefficients are between 0.942 and 0.978, the
relative differences of PWV data between two individual instruments are rather higher, which the mean
bias ranges from -4.27 mm to -7.54 mm and the RMS is within the range of 4.65 to 7.85 mm. This is
probably due to the overestimation of radiosonde and the underestimation of GPS.
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Figure 6: Time series chart of PWV from Radiosonde and Sunphotometer in three latitudinal regions: (a) Tropic, (b) Mid-Latitude
and (c) Sub-Arctic.

3.2.3 Comparisons of PWV between GPS and sunphotometer in different latitudes
Figure 7 is the time series charts of sunphotometer and GPS PWV data at co-located stations in three
latitudinal regions, the individual sunphotometer PWV point is always above the GPS PWV point in
the chart, indicating that sunphotometer PWV amounts are higher than GPS ones in different latitudes.
Since the sampling frequencies of sunphotometer and GPS receiver are very high, the numbers of the
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matched data pairs in different latitudes are relatively large. The correlation coefficients of PWV data
from the two individual instruments in different latitudes are very high and range from 0.915 to 0.989.
This shows that the two instruments in different climatic regions have a good agreement for the measurements. Seen from Table 2, the number of the matched data pairs in the Tropic is 11256, the relative
differences of the two instruments are the smallest in the three climatic regions, and the mean bias and
the RMS are 0.96 mm and 2.91 mm respectively. The number of the matched data pairs in the Midlatitude is 12507, the mean bias is 3.83 mm, and the RMS is 4.06 mm, which are the largest relative
differences. Since sunphotometer, PWV data from January 1 to May 30 are missed in the Sub-Arctic,
the number of the matched data pairs is least for 3525, and the relative differences are the middle with
the mean bias of 3.22 mm and the RMS of 3.49 mm. The relative differences between sunphotometer
and GPS are the least among the three comparisons in different latitudinal regions.
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Figure 7: Time series chart of PWV from GPS and Sunphotometer in three latitudinal regions: (a) Tropic, (b) Mid-Latitude and
(c) Sub-Arctic.

4 Summary and conclusions
This study first matches the observation stations configured ground-based instruments including
radiosonde, GPS receiver and sunphotometer in the globe and in three typical latitudinal climatic
regions, then the PWV data from the three instruments are matched each other according to the
observing times. After the outliers are removed from the matched data pairs, the multiple PWV comparisons for any two instruments are performed in the globe and in different latitudes. The following
conclusions are drawn:
(1) It is found by the multiple PWV comparisons for any two instruments in the globe that the PWV
estimates from each instrument show a good consistency with the correlation coefficient above 0.959.
The PWV difference of any two instruments displays the normal distribution features, indicating nonsystematic biases among the two PWV datasets. The relative differences between sunphotometer and GPS
are the smallest, the middle for sunphotometer and radiosonde, and those between GPS and radiosonde
are the largest. In general, the radiosonde PWV is overestimated, and sunphotometer PWV is medium,
while GPS PWV is underestimated. Hence, the PWV amounts measured by radiosonde are the highest,
the middle for sunphotometer, and GPS PWV amounts are the lowest.
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(2) The PWV from any two individual instruments has a good agreement in different latitudes, and
high correlation coefficients are within the range from 0.915 to 0.989. The PWV mean bias and RMS
of any two instruments are always different in the three latitudinal climatic regions; this indicates that
latitude and climate have no significant influence on the PWV measurements from three instruments,
and that the instruments are very stable and depend on their performance characteristics. The relative
differences in different latitudes are the smallest for sunphotometer and GPS, then for sunphotometer
and radiosonde, the largest for GPS and radiosonde. As for individual instrument, the highest PWV
amounts are still from radiosonde, then for sunphotometer, and the lowest for GPS PWV amounts.
Generally, radiosonde is a conventional instrument for observing the upper atmosphere, and it has a long
history and near-global coverage over land, but it is usually launched only twice a day. Sunphotometer
has high observation frequency while it is limited to work in cloudless and sunny day. GPS receiver has
not only high temporal resolution but also is unaffected by bad weather. Hence, GPS PWV is expected
to become a promising datum after the amounts are calibrated by the radiosonde PWV.
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