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Abstract

Abstract: Jason-3 is equipped with an Advanced Microwave Radiometer (AMR) to remove the signal wet delay caused by

precipitable water vapor (PWV). In order to investigate the accuracy of PWV from Jason-3 AMR on a global scale, we adopt

PWV observations from 263 radiosonde stations and 103 GNSS stations as reference PWV. These reference PWV are recorded

during Jason-3 cycles 0 – 119 and are globally distributed in coastal and island regions. Over 60,000 Jason-3 PWV vs radiosonde

PWV comparison points and over 380,000 Jason-3 PWV vs GNSS PWV comparison points are used in this study. For GNSS

PWV, four retrieval strategies are used to retrieve GNSS PWV: a combination of two different zenith hydrostatic delay (ZHD)

modeling methods (Saastamoinen and ECMWF), and two PWV height reduction methods (Kouba empirical method and

ECMWF method to reduce PWV from height of station to sea level). The comparison results indicate that the root mean

square error (RMSE) of Jason-3 PWV evaluated using radiosonde PWV is 3.4 kg/m, while the RMSE evaluated with PWV

from four different GNSS schemes are in the range of 3.0 – 3.5 kg/m. Specifically, Jason-3 PWV has the best agreement

(3.0 kg/mof RMSE) with GNSS PWV derived using Saastamoinen ZHD correction and ECMWF PWV height correction. In

addition, the accuracy of Jason-3 PWV increases when the latitude of its footprints or the distance from its footprints to land

increases. The correlation coefficient of Jason-3 PWV with radiosonde and GNSS PWV are 0.984 and 0.988, respectively.

1
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Key points of this study: 17 

1, More than 3-year Jason-3 AMR water vapor products are evaluated at a global 18 

scale using 263 radiosonde stations and 103 GNSS stations. 19 

2, The Jason-3 water vapor accuracies evaluated by radiosonde and GNSS are 3.4 and 20 

3.0 kg/m
2
, respectively. 21 

3, The accuracy of Jason-3 water vapor data varies with season, latitude and its 22 

distance to land. 23 
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Abstract: Jason-3 is equipped with an Advanced Microwave Radiometer (AMR) to 25 

remove the signal wet delay caused by precipitable water vapor (PWV). In order to 26 

investigate the accuracy of PWV from Jason-3 AMR on a global scale, we adopt 27 

PWV observations from 263 radiosonde stations and 103 GNSS stations as reference 28 

PWV. These reference PWV are recorded during Jason-3 cycles 0 – 119 and are 29 

globally distributed in coastal and island regions. Over 60,000 Jason-3 PWV vs 30 

radiosonde PWV comparison points and over 380,000 Jason-3 PWV vs GNSS PWV 31 

comparison points are used in this study. For GNSS PWV, four retrieval strategies are 32 

used to retrieve GNSS PWV: a combination of two different zenith hydrostatic delay 33 

(ZHD) modeling methods (Saastamoinen and ECMWF), and two PWV height 34 

reduction methods (Kouba empirical method and ECMWF method to reduce PWV 35 

from height of station to sea level). The comparison results indicate that the root mean 36 

square error (RMSE) of Jason-3 PWV evaluated using radiosonde PWV is 3.4 kg/m
2
, 37 

while the RMSE evaluated with PWV from four different GNSS schemes are in the 38 

range of 3.0 – 3.5 kg/m
2
. Specifically, Jason-3 PWV has the best agreement (3.0 39 

kg/m
2 
of RMSE) with GNSS PWV derived using Saastamoinen ZHD correction and 40 

ECMWF PWV height correction. In addition, the accuracy of Jason-3 PWV increases 41 

when the latitude of its footprints or the distance from its footprints to land increases. 42 

The correlation coefficient of Jason-3 PWV with radiosonde and GNSS PWV are 43 

0.984 and 0.988, respectively. 44 
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1 Introduction 49 

As an essential component of atmosphere, precipitable water vapor (PWV) plays an 50 

important role in climate change (Zhang et al., 2013), protecting environment (Wang 51 

et al., 2016), radio-based geodetic technique (Wang & Liu, 2019), and many other 52 

areas. Currently, ground-based PWV observation systems, such as Global Navigation 53 

Satellite Systems (GNSS) networks, have provided a large volume of PWV data over 54 

continental lands with reasonably good global coverage. However, it is challenging to 55 

make PWV observation over the vast ocean regions. In the oceanographic and 56 

geodetic community, a number of satellite missions have been launched, such as the 57 

altimetry satellites (Lambin et al., 2010; Maiwald et al., 2016). These satellites 58 

normally are equipped with a microwave radiometer in order to correct the range 59 

delay caused by atmospheric water vapor. In addition to the correction of altimetry 60 

data, water vapor radiometers onboard altimetry satellites offer a valuable source of 61 

water vapor measurements over the vast ocean regions. These measurements, 62 

complementing the ground-based water vapor observations, make a significant 63 

contribution to the weather forecasting, climate studies and others. 64 

GEOSAT (GEOdetic SATellite) is the first altimetry mission providing long-term 65 

altimetry observations. It was launched in March 1985 and ended its services in 66 

January 1990. After that, a series of altimetry missions were launched or are planned. 67 

These altimetry missions are summarized in Table 1. Among seven current altimetry 68 

missions, Jason-3 has relatively short repeat orbit (around 9.9 days). This means that 69 

Jason-3 can provide PWV observations with higher temporal resolution. In addition, 70 

the Jason-3 is equipped with a 3-band radiometer, while the radiometer in Sentinel–71 

3A, Sentinel-3B, SARAL is working in 2-band (Fernandes et al., 2015). Another 72 

altimetry mission with 3-band radiometer is the HY-2A. No radiometer is embarked 73 

on Cryosat-2 or CFOSAT. In this study, Jason-3 is selected to be evaluated because of 74 

its superior performance in PWV monitoring.  75 

Table 1 A list of past, current, future altimetry missions 76 

 Altimetry mission Launch date – Decommission date 

Past 

missions 

GEOSAT 1985-1990 

ERS-1 (European Remote 

Sensing Satellite-1) 
1991-1996 

TOPEX/Poseidon 1992-2005 

GFO (Geosat Follow-On) 1998-2008 

ERS-2 1995-2011 

Envisat  

(Environmental Satellite) 
2002-2012 

Jason-1 2001-2013 
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SPOT 

(Including 5 satellites) 

SPOT 1: 1986-2001, SPOT 2: 1990-2009 

SPOT 3: 1993-1996, SPOT 4: 1998-present 

SPOT 5: 2002-present 

Ocean Surface Topography 

Mission (OSTM)/Jason-2 
2008-2019 

Current 

missions 

Cryosat-2 2010-present 

HY-2A (Haiyang-2A) 2011-present 

SARAL (Satellite with 

ARgos and ALtika) 
2013-present 

Jason-3 2016-present 

Sentinel-3A 2016-present 

Sentinel-3B 2018-present 

CFOSAT  

(Chinese-French Oceanic 

SATellite) 

2018-present 

Future 

missions 

SWOT (Surface Water Ocean 

Topography) 
Planned in 2021 

Jason-CS/Sentinel-6 

(Including 2 satellites) 

Jason-CS/Sentinel-6A: planned in 2020 

Jason-CS/Sentinel-6B: planned in 2026 

 77 

Jason-3 satellite was launched by a joint mission by the Centre National d’Études 78 

Spatiales (CNES), the United States National Aeronautics and Space Administration 79 

(NASA), the European Organisation for the Exploitation of Meteorological Satellites 80 

(EUMETSAT) and the National Oceanic and Atmospheric Administration (NOAA) 81 

on 17 January 2016. It is the follow-on mission to the TOPEX/Poseidon, Jason-1, and 82 

OSTM/Jason-2 and the 4th satellite in the TOPEX/Poseidon and Jason series. It takes 83 

an important responsibility of monitoring the change of sea level and collecting the 84 

oceanic meteorological observations. To monitor the change of sea level accurately, a 85 

3-channel Advance Microwave Radiometer (AMR) operating at frequencies 18.7, 86 

23.8, and 34.0 GHz is used to Jason-3 to correct the zenith wet delay (ZWD) caused 87 

by water vapor along the signal path (Maiwald et al., 2016). Compared with AMR 88 

onboard on OSTM/Jason-2, Jason-3 AMR is more stable and has better performance 89 

in instrument thermal control (Maiwald et al., 2016). The Jason-3 AMR is expected to 90 

have a better performance than its previous generation on TOPEX and Jason satellites, 91 

i.e., TOPEX/Poseidon Microwave Radiometer (TMR), Jason-1 Microwave 92 

Radiometer (JMR) as well as OSTM/Jason-2 AMR. 93 

However, we find that investigation on the performance of Jason-3 AMR is very 94 

little. A study reported by (Fernandes & Lázaro, 2018) showed that Jason-3 ZWD has 95 

a root mean square error (RMSE) of 1.3 cm compared with Sentinel-3A ZWD. For the 96 

previous missions, a large number of comprehensive evaluations have been conducted 97 

to analyze the accuracy of ZWD from TOPEX/Poseidon TMR, Jason-1 JMR and 98 

OSTM/Jason-2 AMR (Brown et al., 2004; Chambers et al., 2003; Ruf et al., 1994; 99 
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Sibthorpe et al., 2011). Ruf et al. (1994) estimated that the RMSE of 100 

TOPEX/Poseidon TMR measured ZWD was at around 1.1 cm by making comparison 101 

with ZWD from ground-based microwave water vapor radiometers and radiosonde. 102 

Keihm et al. (2000) evaluated the performance of TOPEX/Poseidon TMR during 103 

1992-1998 using the ZWD from 15 island radiosondes and the special sensor 104 

microwave imager (SSM/I) instruments. Based on the comparison results, they 105 

concluded that the offset between TMR ZWD and SSMI/I ZWD or radiosonde ZWD 106 

is less than 10 mm. For Jason-1 JMR, evaluations have also been conducted in the 107 

past studies. In 2003, an experiment at Harvest, California, USA (34.47° N, -120.67° 108 

E) found that 1 cm-level agreement was found between both TMR ZWD and JMR 109 

ZWD and GNSS ZWD (Haines et al., 2003). Compared with Jason-1 JMR , 110 

OSTM/Jason-2 AMR has been proved to have a more stable performance than JMR 111 

(Ablain et al., 2010). Sibthorpe et al. (2011) compared ZWD from OSTM/Jason-2 112 

AMR at 148 GNSS stations located at islands and coasts and a 6% of scale difference 113 

between OSTM/Jason-2 ZWD and GNSS ZWD was reported. 114 

Previous studies have demonstrated that radiometers aboard on TOPEX/Jason 115 

series satellites are able to achieve a satisfying accuracy. However, the radiometer’s 116 

performance degraded dramatically near the land because of significantly different 117 

emissivities for land (over 0.9) and for ocean (near 0.5) between 18 to 34 GHz 118 

(Brown, 2010). Given the accuracy degradation caused by land contamination, ZWD 119 

measurements of Jason-2 near coastal regions are flagged as invalid if that 120 

contamination leads to ZWD difference larger than 5 mm when compared to the 121 

backup ZWD from ECMWF (the European Centre for Medium range Weather 122 

Forecasts) (Brown, 2010; Sibthorpe et al., 2011). Normally, the ZWD values of 123 

TOPEX/Poseidon TMR and Jason-1 JMR are treated as invalid when the distance 124 

between their footprints and coastlines is shorter than 50 km, while the corresponding 125 

distance is around 25 km for OSTM/Jason-2 AMR (Brown, 2010; Brown et al., 2004). 126 

In order to improve the accuracy of OSTM/Jason-2 ZWD product near coastline, an 127 

improved ZWD retrieval algorithm was developed (Brown, 2010). Using this 128 

algorithm, the ZWD error can be smaller than 0.8 cm, 1.0 cm, 1.2 cm when the 129 

footprint of OSTM/Jason-2 AMR is 15 km, 10 km, 5 km far from land, respectively. 130 

At the coastline, the error can be smaller than 1.5 cm using this algorithm (Brown, 131 

2010). Other attempts have also been made to improve the accuracy of altimetry 132 

satellite PWV in the coastal regions by using ground-based GNSS observations 133 

(Fernandes et al., 2010, 2015). 134 

Recently, several studies utilized shipborne GNSS PWV to evaluate the accuracy 135 

of altimetry satellites, e.g. HY-2A, SARAL. Liu et al. (2019) reported a 0.8 kg/m
2
 of 136 

agreement between PWV derived from shipborne GPS/GLONASS observations and 137 

HY-2A calibration microwave radiometer (CMR) during a two-month cruise in the 138 

Indian Ocean. Wang et al. (2019) used shipborne GNSS observations from a 20‐day 139 

cruise in Fram Strait to investigate the accuracy of SARAL satellite PWV. Their result 140 

indicated a 1.7 kg/m
2 
of RMSE between GNSS and SARAL PWV. One drawback in 141 

those studies is that both the area of evaluation region and the amount of statistical 142 

observations are limited due to the limitation of observing platform.  143 
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In this paper, the performance of Jason-3 AMR on a global scale was evaluated. 144 

In our experiment, the PWV derived from Jason-3 AMR are evaluated using the PWV 145 

from 103 globally distributed GNSS stations and 256 radiosonde stations that are 146 

distributed in islands or coastal areas. Compared with previous studies, we used many 147 

more and well distributed PWV observations from GNSS and radiosonde stations 148 

collected over a period of three years. Detailed and comprehensive comparison about 149 

the performance of Jason-3 AMR in island and coastal regions will be presented in 150 

following sections. 151 

The rest of paper is organized as follows. First, the data used and PWV retrieving 152 

methods will be introduced in the section 2. Next, the method of PWV height 153 

correction will be introduced in section 3. Then, detailed discussion and analyses of 154 

five evaluation scenarios are shown in section 4. Finally, conclusions are summarized 155 

in section 5. 156 

 157 

2 Data description and Methods 158 

2.1 Jason-3 PWV 159 

Jason-3 has a repeat period of around 9.9 days with 254 passes per cycle between 160 

latitude 66.15° S – 66.15° N. There are three families of Geophysical Data Records 161 

(GDR), i.e., Operational GDR, Interim GDR, and final GDR. The major differences 162 

among three products are their latency and quality. The final GDR products have the 163 

highest quality as it is generated using precise orbit, but it has the longest product 164 

latency (~ 60 days). In this work, Jason-3 ZWD with a sampling rate of 1 s from final 165 

GDR products is adopted. The Jason-3 ZWD values are then converted to PWV for 166 

comparison purpose. As an example, ZWD derived from Jason-3 cycle 1 is shown in 167 

Figure 1. Also, the integrity of Jason-3 GDR products from cycle 0 to cycle 119 is 168 

shown in Figure 2. It can be seen that all the data are complete except a small amount 169 

of data missing in a few cycles. It should be noted that the invalid observations 170 

flagged by land, sea ice and rain contamination have been excluded in this study. 171 

More detailed characteristics about Jason-3 can be found at (Maiwald et al., 2016).  172 

 173 

Figure 1. ZWD of Jason-3 satellite during its cycle 1 from 17 February 2016 to 27 February 174 

2016. 175 
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 176 

Figure 2. Integrity of Jason-3 final GDR products during cycles 0-119. There are 254 passes 177 

in a complete Jason-3 cycle. 178 

2.2 Radiosonde PWV 179 

Radiosonde is a traditional PWV observation system. It can measure meteorological 180 

parameters such as temperature, air pressure, and relative humidity at different 181 

altitudes over a radiosonde station. The PWV from radiosonde are normally treated as 182 

standard values to evaluate other PWV measurement techniques since it can achieve 183 

an accuracy of a few millimeters (Niell et al., 2001). However, because of its high 184 

operation cost, the temporal resolution of radiosonde data is low. Meteorological 185 

balloons are normally released just twice a day at UTC 0 and 12. A small number of 186 

stations also make radiosonde observations up to four times daily. Radiosonde data 187 

from 263 stations are used in this study. They are obtained from the Integrated Global 188 

Radiosonde Archive (IGRA) (ftp://ftp.ncdc.noaa.gov/pub/data/igra). The IGRA 189 

provides meteorological profiles for over 2,700 stations worldwide including ~1,000 190 

active stations that are still in operation.  191 

In this study, radiosonde PWV is selected to compare Jason-3 PWV according to 192 

the criterion: temporal separation of radiosonde and Jason-3 PWV observations is no 193 

more than 30 minutes; their spatial separation is no more than 100 km. Following this 194 

criterion, a total of 263 radiosonde stations have been selected from the IGRA dataset. 195 

Their distribution is shown in Figure 3. 196 

ftp://ftp.ncdc.noaa.gov/pub/data/igra
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 197 

Figure 3. Distribution of 263 radiosonde stations used for PWV comparison with Jason-3 198 

observations. 199 

2.3 ECMWF PWV 200 

By assimilating various observations from a variety of earth observation systems 201 

such as surface weather stations, ships, ocean buoys, radiosonde stations, and aircraft, 202 

ECMWF provides users with continuous, reliable, accurate meteorological grid 203 

products near the earth surface (Dee et al., 2011). In this study, the ECMWF 204 

ERA-Interim reanalysis grid product in pressure level is used. This grid product 205 

provides meteorological profiles i.e., temperature, relative humidity, pressure, at each 206 

grid point every 6 hours at UTC 0, 6, 12 and 18 since 1979 with a spatial resolution 207 

ranging from 0.125° × 0.125° to 3° × 3°. Users can interpolate or extrapolate the 208 

meteorological parameters to any location near the earth surface. The spatial 209 

resolution of ECMWF ERA-Interim reanalysis product used in this study is 1° × 1°.  210 

 211 

2.4 GNSS PWV 212 

GNSS is a powerful geodetic technique to monitor PWV. The International 213 

GNSS Service (IGS) provides high quality, final tropospheric product Zenith 214 

Troposphere Delay (ZTD) for over 400 stations worldwide on a daily basis (Beutler et 215 

al., 1999). The temporal solution is as high as 5 minutes and its typical accuracy is 4 216 

mm. In our study, the GNSS ZTD extracted from IGS products are interpolated to 217 

time point of Jason-3 PWV for comparison purpose. By a careful modeling and 218 

deduction of the zenith hydrostatic delay (ZHD) from GNSS ZTD, ZWD can be 219 

precisely obtained (Chen & Liu, 2016b). Subsequently PWV can be converted from 220 

ZWD using a PWV conversion factor (PWVfactor), i.e., PWV = ZWD× PWVfactor. 221 

PWVfactor can be obtained based on local meteorological parameters i.e., temperature 222 

and air pressure. 223 

Two approaches are applied in our study to calculate ZHD. One is to adopt the 224 

meteorological parameters from ECMWF products to calculate ZHD. It has been 225 

shown in China region that an accuracy of 2.8 mm for ECMWF ZHD (ZHDECMWF) 226 

can be obtained (Chen & Liu, 2016a). Another approach is to apply the widely used 227 

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
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empirical ZHD model, Saastamoinen model (Saastamoinen, 1972), to remove the 228 

ZHD. (Chen & Liu, 2016a) reported that ZHD from the Saastamoinen model 229 

(ZHDSaas) has an accuracy of 8.4 mm in China region.  230 

Similar to the criterion of selecting radiosonde PWV data, only GNSS stations 231 

within 100 km of Jason-3 footprints are selected for PWV comparison. With such a 232 

criterion, 103 IGS stations globally distributed in coastal and island areas are selected, 233 

as shown in Figure 4. As GNSS PWV has a high temporal resolution (5 min), GNSS 234 

PWV can be interpolated to every second of Jason-3 PWV observations. 235 

 236 

Figure 4. Globally distributed 103 GNSS stations in island and coastal regions are selected 237 

from the IGS network for PWV comparison. 238 

 239 

3 PWV height correction 240 

It should be noted that both radiosonde and GNSS PWV are referenced to their 241 

respective station heights while Jason-3 AMR PWV are referenced to the sea level. In 242 

order to assess the Jason-3 PWV, all PWV observations should be reduced to the same 243 

altitude. In this work, the sea level is selected as the reference altitude and all the 244 

PWV are referenced to sea level. Our results show that the amount of PWV between 245 

the sea level and height of one GNSS station (22.24° N, 116.42° E, orthometric height 246 

100 m) can be up to 2.2 kg/m
2
 and apparently the PWV height correction for 247 

radiosonde and GNSS PWV data is not negligible. 248 

The reduction of the radiosonde PWV to sea level is relatively straightforward. 249 

By interpolating or extrapolating the meteorological parameters recorded by the 250 

radiosonde station itself, the PWV between station height and sea level can be 251 

calculated. It can then be used to reduce the radiosonde PWV to the sea level.  252 

For GNSS PWV, the PWV reduction is relatively complex and two methods are 253 

studied in this study, as shown below. The first method, denoted as Kouba method, is 254 

to use the empirical equation (Kouba, 2008): 255 

𝑃𝑊𝑉ℎ𝑠 = 𝑃𝑊𝑉ℎ0 ∙ 𝑒
ℎ0−ℎ𝑠

2000   (1) 256 

where PWVhs and PWVh0 correspond to PWV at the elevation of station (hs, unit: m) 257 

and sea level (h0, 0 m in this study), respectively. It has been shown that this 258 

empirical equation can introduce 28% and 5% of PWV differences when the heights 259 
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of station are 500 m and 100 m, respectively (Fernandes et al., 2015). To minimize 260 

PWV contamination resulting from height correction, only those radiosonde and 261 

GNSS stations that have an orthometric height below 500 m are adopted in this study. 262 

A statistic of the orthometric heights of radiosonde and GNSS stations are shown in 263 

Table 2. It should be noted that a few stations have a height in the range of -100 m to 264 

0 m. Their absolute height values are used in the calculation of average height. 265 

The second method, denoted as ECMWF method, is to interpolate or extrapolate 266 

the meteorological parameters, which are obtained from ECMWF ERA-Interim 267 

reanalysis products, for both the sea level and the height of GNSS station. The PWV 268 

between the station height and sea level can be calculated using the meteorological 269 

profiles. This PWV will be used to reduce the GNSS PWV from their station heights 270 

to sea level. 271 

Table 2 A statistic of radiosonde and GNSS station orthometric heights. 272 

Height range Radiosonde GNSS 

 # of  

stations 

Average 

height (m) 

# of  

stations 

Average 

height (m) 

-100 m – 100 m 234 27 91 29 

100 m – 200 m 18 129 6 127 

200 m – 500 m 11 331 6 343 

< 500 m 263 47 103 53 

 273 

4 Results and analyses 274 

4.1 Jason-3 average PWV at GNSS and radiosonde stations 275 

The Jason-3 PWV values, observed with an interval of 1 second at crossover points 276 

collocated with every radiosonde/GNSS station, are depicted in Figure 5. Figure 5(a) 277 

and (b) show that the PWV values in the low latitudes are much higher than those in 278 

the high latitudes. This is because of the high level of humidity in the equatorial 279 

region.  280 

 281 

(a) Average Jason-3 PWV at every radiosonde station. 282 

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
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 283 

(b) Average Jason-3 PWV at every GNSS station. 284 

Figure 5. Average Jason-3 PWV at radiosonde/GNSS stations during Jason-3 cycle 0 – cycle 119 285 

(12 February 2016 - 12 May 2019). 286 

4.2 Reducing radiosonde and GNSS PWV to sea level 287 

Both radiosonde PWV and GNSS PWV are used to evaluate the accuracy of the 288 

Jason-3 PWV. The calculation of radiosonde PWV is straightforward and it is directly 289 

calculated from the meteorological parameters observed at each radiosonde station. To 290 

reduce the PWV from radiosonde height to sea level, meteorological parameters from 291 

radiosonde are interpolated or extrapolated first and they are then used to calculate the 292 

amount of PWV reduction. 293 

For the calculation of GNSS PWV, four different schemes are studied to correct 294 

the zenith hydrostatic delay and the reduction of PWV from GNSS station height to 295 

sea level, as illustrated in Table 3. They are: (1) in the first scheme, the ZHD is 296 

estimated using the ECMWF model and the Kouba method is used to reduce the PWV 297 

effect of GNSS station height to sea level; (2) the second scheme is similar to the first 298 

one but the ECMWF method is used to reduce the PWV effect of GNSS station height 299 

to sea level; (3) in the third scheme, the ZHD is estimated using the Saastamoinen 300 

model and the Kouba method is used to reduce the PWV effect of GNSS station 301 

height to sea level; (4) the fourth scheme is very similar to the third scheme but the 302 

ECMWF method is used to reduce the PWV effect of GNSS station height to sea 303 

level.  304 

 305 

Table 3 The schemes of reducing GNSS PWV from station height to sea level  306 

Scheme Estimation of PWV 
Method of reducing the PWV effect of 

GNSS station height to sea level 

1 (ZTDGNSS – ZHDECMWF)×PWVfactor Kouba method 

2 (ZTDGNSS – ZHDECMWF)×PWVfactor ECMWF method 

3 (ZTDGNSS – ZHDSaas)×PWVfactor Kouba method 

4 (ZTDGNSS – ZHDSaas)×PWVfactor ECMWF method 

4.3 Data quality control strategy  307 

In order to obtain reliable comparison results, the quality of the PWV data should be 308 
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controlled carefully. The algorithm error of deriving ZWD from OSTM/Jason-2 309 

Advanced Microwave Radiometer data is <15 mm in coastal regions (Brown, 2010). 310 

We assume that the magnitude of ZWD error from Jason-3 data is similar in this study. 311 

The uncertainty of final IGS ZTD products is around 4 mm (Li et al., 2012). In this 312 

study, we consider the accuracies of ZHDECMWF and ZHDSaas as 2.8 mm and 8.4 mm, 313 

respectively (Chen & Liu, 2016a). According to the error propagation law, the 314 

theoretical accuracies of ZWD differences between GNSS and Jason-3, i.e., 315 

(ZTDGNSS–ZHDECMWF–ZWDJason-3) and (ZTDGNSS–ZHDSaas–ZWDJason-3) are about 16 316 

mm and 18 mm (around 2.7 kg/m
2
 and 3.0 kg/m

2
 in PWV), respectively. The accuracy 317 

of PWV difference between radiosonde and Jason-3 should be higher due to the 318 

higher accuracy of radiosonde PWV. Considering the spatial and temporal separation 319 

of two sets of PWV data as well as the error from station height PWV reduction, 10 320 

kg/m
2
 is defined as the threshold to detect outliers in PWV differences based on the 321 

3σ rule. This means that those pairs of PWV comparisons larger than 10 kg/m
2
 are 322 

regarded as outliers and excluded in this study. 323 

The numbers of total PWV observations and outliers are shown in Table 4. It 324 

shows that only 2.7% of radiosonde PWV data are outliers. For the GNSS PWV data, 325 

the percentages of outliers are different depending on the scheme of ZHD calculation 326 

model and PWV reduction method. The scheme 1 has the highest outlier percentage 327 

of 2.0% and the scheme 4 has the lowest percentage of 0.8%. In schemes 3 and 4, the 328 

Saastamoinen model is used to calculate the zenith hydrostatic delay and their outlier 329 

percentages are lower than schemes 1 and 2 where the ECMWF model is used. Our 330 

explanation is that the IGS community normally uses the Saastamoinen model in the 331 

GNSS data analysis. Therefore the use of Saastamoinen model to remove the ZHD in 332 

this study is consistent with the IGS practice and this appears to produce a better 333 

result.  334 

 335 

Table 4 The statistics of radiosonde and GNSS PWV data points according to different latitude 336 

regions. The percentage denotes the number of outliers out of the total number of PWV 337 

observations. 338 

Latitude regions Radiosonde GNSS 

# of PWV 

observations 

# of PWV 

outliers 

# of PWV 

observations 
# of PWV outliers 

    Scheme 1-4 Scheme 1 Scheme 2 Scheme 3 Scheme 4 

20° S–20° N 13655 603 

(1%) 

106634 2907 

(0.8%) 

2494 

(0.7%) 

1426 

(0.4%) 

1265 

(0.3%) 

20°–40° N and 

20°–40° S 

18013 597 

(1%) 

77922 1767 

(0.5%) 

1422 

(0.4%) 

1105 

(0.3%) 

941  

(0.2%) 

40°–70° N and 

40°–70° S 

30748 428 

(0.7%) 

197008 2847 

(0.7%) 

2519 

(0.7%) 

1238 

(0.3%) 

1081 

(0.3%) 

Global 62416 1628 

(2.7%) 

381564 7521 

(2.0%) 

6435 

(1.8%) 

3769 

(1.0%) 

3287 

(0.8%) 

 339 

The percentage of the PWV data outliers at each radiosonde and GNSS station is 340 
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shown in Figure 6. Evidently, for most radiosonde/GNSS stations, the outlier 341 

percentage is no more than 3%. Stations with relatively high percentages of outliers 342 

are generally located in the low latitude region. This is probably because the humidity 343 

level in the low latitudes is high and the discrepancy between two types of PWV 344 

dataset more likely exceeds the 3𝜎 criterion. The statistical results are also reported in 345 

Table 5. For radiosonde station, 123 radiosonde stations are free of outlier. Among the 346 

remaining 140 radiosonde stations, 48% of them (67) have outliers less than 3% and 347 

29 stations have outliers more than 10%. For GNSS stations, 5 to 11 stations are free 348 

of outliers, depending on the selection of scheme. 73 to 83 GNSS stations have 349 

outliers no more than 3% in the four GNSS schemes.  350 

 351 

  352 

 353 

(a) The percentage of PWV data outliers at every radiosonde station 354 

 355 

(b) The percentage of PWV data outliers at every GNSS station in scheme 1 356 
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 357 
(c) The percentage of PWV data outliers at every GNSS station in scheme 2 358 

 359 

(d) The percentage of PWV data outliers at every GNSS station in scheme 3 360 

 361 

(e) The percentage of PWV data outliers at every GNSS station in scheme 4 362 

Figure 6. The percentages of PWV data outliers at every radiosonde/GNSS station. 363 

 364 

Table 5 Statistics of radiosonde and GNSS stations in each level of outlier percentage. 365 

Percentages of 

outliers 

Number of 

radiosonde 

stations 

Number of GNSS stations 

Scheme 1 Scheme 2 Scheme 3 Scheme 4 

0% 123 5 5 10 11 

(0% - 3%]  67 73 76 81 83 



 14 

(3% -5%] 22 13 13 7 6 

(5% - 10%] 22 12 9 5 3 

(10% - 100%] 29 0 0 0 0 

[0% - 100%] 263 103 103 103 103 

 366 

4.4 Spatial assessment of Jason-3 PWV using radiosonde and GNSS PWV  367 

The accuracy of Jason-3 PWV is evaluated using both radiosonde and GNSS PWV 368 

data. Both radiosonde and GNSS PWV have been reduced from their station heights 369 

to the sea level according to the approach in section 4.2. Figure 7 shows the PWV 370 

RMSE of Jason-3 at 263 radiosonde stations and 103 GNSS stations over a period of 371 

more than 3 years from cycle 0 to cycle 119 (12 February 2016 to 12 May 2019). It is 372 

evident that most radiosonde and GNSS stations have a good agreement with Jason-3 373 

PWV, although a few stations in the low latitude region have large RMSE. The 374 

percentages of radiosonde and GNSS stations for different PWV RMSE thresholds are 375 

shown in Figure 8. It can be seen that more than 70% of radiosonde stations have a 376 

PWV RMSE less than 4 kg/m
2
. The use of ZHDSaas correction (schemes 3-4) in GNSS 377 

PWV has a better agreement with Jason-3 PWV than the use of ZHDECMWF correction 378 

(schemes 1-2). Around 90% of GNSS stations with schemes 3-4 have a PWV RMSE 379 

less than 4 kg/m
2
, while only around 65% of GNSS stations with schemes 1-2 have a 380 

PWV RMSE less than 4 kg/m
2
. 381 

 382 

(a) PWV RMSE between 263 radiosonde stations and Jason-3 383 

 384 
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(b) PWV RMSE between 103 GNSS stations and Jason-3. The scheme 1 is used to reduce the 385 

PWV effect of GNSS station height to sea level. 386 

 387 

(c) PWV RMSE between 103 GNSS stations and Jason-3. The scheme 2 is used to reduce the 388 

PWV effect of GNSS station height to sea level. 389 

 390 
(d) PWV RMSE between 103 GNSS stations and Jason-3. The scheme 3 is used to reduce the 391 

PWV effect of GNSS station height to sea level. 392 

 393 

(e) PWV RMSE between 103 GNSS stations and Jason-3. The scheme 4 is used to reduce the 394 

PWV effect of GNSS station height to sea level. 395 

Figure 7. RMSE between Jason-3 PWV and PWV from 263 radiosonde stations and 103 GNSS 396 

stations during Jason-3 cycles 0 –119 (12 February 2016–12 May 2019). 397 
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 398 

Figure 8. The percentages of radiosonde and GNSS stations under different levels of PWV RMSE 399 

and different schemes. 400 

4.5 RMSE of Jason-3 PWV data with respect to distance to land 401 

In the Jason-3 GDR products, the radial distance from Jason-3 footprint to 402 

coastal land is also provided. The effect of such a radial distance on The PWV RMSE 403 

is studied on the basis of classification of their different values of radial distance: < 5 404 

km, 5–10 km, 10–15 km, 15–20 km, 20–50 km, 50–100 km. As shown in Figure 9, 405 

Jason-3 PWV evaluated using GNSS PWV with scheme 4 has the smallest RMSE, 406 

only the GNSS scheme 4 results are shown (Figure 9 (b), (d), (f)). It is noted that 407 

3,177 radiosonde and 18,551 GNSS PWV comparison points are not included in the 408 

statistic because the radial distance exceeds 100 km for their radiosonde/GNSS 409 

stations. 410 

It is found that the RMSE of Jason-3 PWV generally decreases as the radial 411 

distance increases. This is true in different latitude regions except the results evaluated 412 

by GNSS PWV in latitude 20°–40° S/N (Figure 9 (d)). For instance, the Jason-3 PWV 413 

RMSE evaluated by the radiosonde at 40°–70° S/N decreases from 3.4 kg/m
2
 to 2.7 414 

kg/m
2
 when the radial distance increases from <5 km to 50–100 km. Similarly, a 415 

decrease from approximately 3.0 kg/m
2
 to 2.5 kg/m

2
 is also observed with the results 416 

evaluated by GNSS PWV at 40°–70° S/N. One exception is shown in case of Figure 417 

9(d). where the radial distance is < 5 km, the Jason-3 RMSE is actually smaller than 418 

the RMSE results that correspond to radial distance larger than 5 km. This is because 419 

the Jason-3 footprints are also very close to GNSS stations (approximately 40 km). 420 

The short separation between Jason-3 and GNSS stations explains the good agreement 421 

between Jason-3 and GNSS PWV in the < 5 km category. 422 

 423 
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 424 

Figure 9. The relationship between PWV RMSE and latitude and distance from Jason-3 425 

footprints to land. 426 

4.6 RMSE of Jason-3 PWV data with respect to latitude 427 

It is also found that the RMSE generally decreases with the increase of latitude, 428 

as shown in Table 6. The Jason-3 PWV RMSE evaluated by radiosonde PWV are 4.0 429 

kg/m
2
, 3.5 kg/m

2
, and 3.0 kg/m

2
 at latitudes 20° S–20° N, 20° S/N–40° S/N, and 40° 430 

S/N–70° S/N, respectively. Correspondingly the Jason-3 PWV RMSE evaluated by 431 

GNSS PWV (scheme 4) are 3.3 kg/m
2
, 3.1 kg/m

2
, and 2.8 kg/m

2
 at latitudes 20° S–20° 432 

N, 20° S/N–40° S/N, and 40° S/N–70° S/N, respectively. 433 

 434 

Table 6 RMSE and average (in the parentheses) of PWV difference of Jason-3 in comparison with 435 

radiosonde as well as GNSS at different latitude regions during the Jason-3 cycles 0 – 119 (unit: 436 

kg/m
2
). 437 

Latitude  

regions 

Radiosonde GNSS PWV 

PWV Scheme 1 Scheme 2 Scheme 3 Scheme 4 

20° S – 20° N 4.0 (3.3) 4.3 (3.6) 4.2 (3.5) 3.4 (2.7) 3.3 (2.6) 

20° – 40° S and 20° – 40° N  3.5 (2.7) 3.6 (2.9) 3.5 (2.8) 3.1 (2.4) 3.1 (2.4) 

40° – 70° S and 40° – 70° N   3.0 (2.3) 3.0 (2.3) 3.0 (2.3) 2.8 (2.2) 2.8 (2.2) 

Global 3.4 (2.6) 3.5 (2.8) 3.5 (2.7) 3.1 (2.4) 3.0 (2.3) 

 438 

The radiosonde in theory has the ability to measure PWV with an accuracy of 439 

1-2 kg/m
2 

(Niell et al., 2001). The accuracy of Jason-3 PWV is ~2.5 kg/m
2
 at 440 

coastlines, as discussed before. Thus the RMSE of Jason-3 PWV when evaluated by 441 

radiosonde is estimated to be ~3.0 kg/m
2
. Considering the fact that the radiosonde 442 

station might not be exactly collocated with the Jason-3 footprints (spatial separation 443 
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up to 100 km) and the radiosonde PWV might not be synchronously observed with 444 

Jason-3 PWV data (temporal separation up to 30 minutes), the 3.4 kg/m
2
 RMSE

 
of 445 

Jason-3 PWV using 263 global radiosonde stations is considered reasonable in this 446 

study. 447 

As discussed in previous sections, the PWV RMSE of GNSS is ~3.0 kg/m
2
 if 448 

using the Saastamoinen model to correct the ZHD delay in the IGS zenith 449 

tropospheric delay. Considering that the GNSS station spatial separation from the 450 

Jason-3 footprints (up to 100 km) and that the error resulting from GNSS station 451 

height reduction to sea level, we think the RMSE of 3.1 kg/m
2
 and 3.0 kg/m

2
 shown 452 

in Error! Reference source not found. for schemes 3 and 4, respectively, are 453 

reasonable.  454 

Jason-3 PWV assessed by GNSS PWV using schemes 1 and 2 (ZHD corrected 455 

by ECMWF model, ZHDECMWF) has a larger RMSE (3.5 kg/m
2
) when compared to 456 

schemes 3 and 4. Though previous study showed that ZHDECMWF has a better 457 

accuracy than Saastamoinen and other models (Chen & Liu, 2016a). The reason is 458 

that the Saastamoinen model is routinely adopted by IGS data analysis centers to 459 

model ZHD. Therefore, using Saastamoinen model in this study to remove ZHD from 460 

the IGS products can get a more self-consistent PWV. 461 

 462 

4.7 Seasonal variation of RMSE of Jason-3 PWV data  463 

Figure 10 presents the monthly Jason-3 PWV RMSE evaluated with radiosonde 464 

and GNSS PWV during the entire 39-month period. It is evident that the PWV 465 

accuracy show a strong season variation. All the monthly RMSE values become more 466 

significant in the summer months (north hemisphere) than winter months. This is 467 

particularly event in the radiosonde evaluation results. In the GNSS evaluation results, 468 

the seasonal variation in the results using schemes 1 and 2 is more evident than those 469 

using schemes 3 and 4.  470 

The monthly RMSE of Jason-3 PWV evaluated using radiosonde PWV exhibits 471 

the most significant monthly variation, varying from 2.5 kg/m
2
 to 4.1 kg/m

2
. Jason-3 472 

PWV evaluated with GNSS schemes 3 and 4 has the smallest monthly RMSE value. 473 

The monthly RMSE largely fluctuates around 3.0 kg/m
2
. Compared with GNSS PWV 474 

schemes 3 and 4, the RMSE of Jason-3 PWV using GNSS PWV schemes 1 and 2 are 475 

larger by 0.4-0.5 kg/m
2
. 476 

As shown in Figure 3 most of radiosonde stations are located in the northern 477 

hemisphere. In the summer months the magnitude of PWV is much larger than that in 478 

winter. Owing to the large variability of water vapor, the RMSE of PWV in the 479 

summer months is consequently larger in summer months. In comparison, the GNSS 480 

stations have a better distribution in both north and south hemisphere, as shown in 481 

Figure 4. This explains that the summer and winter RMSE of Jason-3 evaluated using 482 

GNSS PWV demonstrate a less significant monthly variation, particularly for the 483 

schemes 3 and 4. 484 
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 485 

Figure 10. Time series of monthly RMSE of Jason-3 PWV data in comparison with radiosonde 486 

and GNSS PWV during Jason-3 cycles 0–119 (12 February 2016–12 May 2019). 487 

 488 

4.8 Correlation between Jason-3 PWV and radiosonde/GNSS PWV 489 

 To further investigate the agreement between Jason-3 PWV and radiosonde and 490 

GNSS PWV, the correlations between the three sets of PWV data are shown in Figure 491 

11. As shown in Figure 11(a), the correlation coefficients between Jason-3 and 492 

radiosonde PWV is 0.984. PWV calculated from four GNSS schemes all show a good 493 

agreement with Jason-3 PWV. The correlation coefficients of the schemes 1 to 4 are 494 

all 0.988.  495 

 496 

497 
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 498 

Figure 11. Scatter plot of radiosonde and GNSS PWV against Jason-3 PWV during Jason-3 cycle 499 

0 - cycle 119. Blue line is the fitting result. The black dashed line is y = x. The green dashed lines 500 

are the threshold lines (10 kg/m
2
): y = x±10. (a) radiosonde, (b)GNSS PWV using correction 501 

scheme 1, (c) GNSS PWV using correction scheme 2, (d) GNSS PWV using correction scheme 3, 502 

(e) GNSS PWV using correction scheme 4. 503 

 504 

5 Conclusions 505 

Jason-3 is a relatively new altimetry satellite mission. A comprehensive assessment of 506 

its PWV at a global scale with multiple years of data is needed in order to fully 507 

understand its performance and capability. We used global PWV from 263 radiosonde 508 

stations and 103 GNSS stations, all of which are located in islands and coastal regions, 509 

to evaluate the Jason-3 PWV during its flight cycle 0 to cycle 119 (12 February 2016 - 510 

12 May 2019). Over 60,000 radiosonde PWV comparison points and over 380,000 511 

GNSS PWV comparison points are used in this study. The percentages of outliers in 512 

radiosonde PWV and GNSS PWV data are 2.7% and 0.8%-2.0%, respectively. The 513 

outliers are discarded based on our data quality control criterion: PWV difference not 514 

exceeding 10 kg/m
2
.  515 

The accuracy of Jason-3 PWV is very consistent when evaluated by either 516 

radiosonde or GNSS. Globally the RMSE of Jason-3 PWV data is 3.4 kg/m
2
 when 517 

compared to radiosonde PWV. The global RMSE is in the range of 3.0 – 3.5 kg/m
2 
for 518 

four GNSS PWV processing schemes. Four schemes are proposed to calculate the 519 

GNSS PWV and we find that the scheme 4, i.e. the combined use of Saastamoinen 520 

model to remove the ZHD and the ECMWF model to reduce the PWV from GNSS 521 

station height to sea level, is the best option (RMSE 3.0 kg/m
2
). This is because the 522 

IGS community also uses the Saastamoinen model in the generation of IGS zenith 523 

tropospheric delay products. 524 
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 The RMSE of Jason-3 PWV increases when the Jason-3 footprints are closer to 525 

the land. The RMSE increases as the latitude decreases. The RMSE of Jason-3 PWV 526 

show evident seasonal variation, the RMSE in summer season (north hemisphere) 527 

larger than winter season. Both radiosonde and GNSS PWV have a high correlation 528 

with the Jason-3 PWV data with correlation coefficient of 0.984-0.988. 529 

 530 
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