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Abstract—High-quality remote sensing water 

vapor monitoring plays a vital role in Earth’s weather 
and climate observation. In this work, we developed a 
model to improve the accuracy of integrated water 
vapor (IWV) products retrieved from the Ocean and 
Land Color Instrument (OLCI) near-infrared (NIR) 
channels using ground-based GPS-derived IWV data. 
This algorithm uses the empirical regression equations 
to calibrate the official OLCI IWV products published 
by Sentinel-3. The reference IWV data, from June 1, 
2018 to May 31, 2019, from 453 GPS sites over 
Australia, were employed to calculate the differential 
IWV data by subtracting GPS IWV data from OLCI 
IWV data. The OLCI IWV pixels were grouped into 
two categories according to the quality flag of each 
pixel. For each group, the relationship between the 
differential IWV data and the official OLCI IWV 
products was defined, and the model parameters were 
independently calculated from each season. The 
performance of the model was evaluated using 
reference IWV data from GPS and European Centre 
for Medium-Range Weather Forecasts (ECMWF) 
from June 1, 2019 to May 31, 2020 over Australia. 
Taking GPS IWV data as reference, the 
root-mean-square error (RMSE) has reduced 27.63% 
from 3.475 to 2.515 mm for Sentinel-3A, and 18.06% 
from 4.030 to 3.302 mm for Sentinel-3B. Taking 
ECMWF IWV data as reference, the RMSE was 
reduced by 25.27% from 3.490 to 2.608 mm for 
Sentinel-3A, and by 23.54% from 3.535 to 2.703 mm 
for Sentinel-3B. The improvement of OLCI IWV 
products was further confirmed in Mainland China, 
with smaller RMSE against reference IWV data from 
214 GPS stations from June 1, 2019 to May 31, 2020. 
 
Keywords: GPS, integrated water vapor (IWV), Ocean 
and Land Color Instrument (OLCI). 
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I. INTRODUCTION 

tmospheric water vapor plays a key role in 
observations of Earth’s weather [1] and climate [2], 
[3], since it is the most abundant natural greenhouse 
gas [4], [5] and exerts significant effect on 
atmospheric moisture transportation and exchange of 
latent heat energy [6]. Usually, the distribution of 
atmospheric water vapor presents a large variability in 
both spatial and temporal domains [7], [8], which are 
closely associated with the changing weather and 
climate. In particular, its vertical profile is not evenly 
distributed in the atmospheric column [9]. The lower 
layers of atmosphere hold most of the water vapor, 
and the atmospheric water vapor concentration 
decreases sharply with height [9]. Consequently, 
accurate monitoring of atmospheric water vapor is 
fundamental and essential to obtain more 
understanding on the Earth’s weather and climate 
system. 

Water vapor is generally quantified using the 
integrated water vapor (IWV), also known as 
precipitable water vapor (PWV) and total column 
water vapor (TCWV) [10]. It is equivalent to 
condensing all the water vapor in the atmospheric 
column and measuring the height that it would reach 
in a vessel of unit cross section [11]. The unites are in 
columnar mass density (g/cm2 or kg/m2) or in length 
units (cm or mm). 

The approaches to obtain IWV information are 
varied, including ground-based and satellite-based 
measurement techniques. Numerous ground-based 
observation approaches have been widely utilized for 
estimating IWV information, i.e., Global Navigation 
Satellite System (GNSS) [12]–[14], microwave 
radiometers [15], [16], radiosondes [17], [18], and sun 
photometers [19], [20]. Among the in-situ 
measurements of atmospheric water vapor, Global 
Positioning System (GPS) IWV observations have 
been checked as a reliable reference used for 
evaluating satellite-retrieved IWV observations [21]–
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[23]. The spatial resolution of the GPS measurements 
depends significantly on the density of the in situ GPS 
networks available [22]. In addition, the most 
common observation approach to observe 
atmospheric water vapor is through remote sensing, as 
it can provide continuous IWV observations on a 
global basis [24]. Satellite-based remote sensing 
techniques are divided into four types according to the 
different retrieval bands: the visible (VIS) retrieval 
method [25], [26], the near-infrared (NIR) retrieval 
method [27], [28], the infrared (IR) retrieval method 
[29], [30], and the microwave (MW) retrieval method 
[31], [32]. When the VIS or NIR channels are used, 
the retrieval accuracy of satellite-based remote 
sensing IWV observations is usually poor under 
cloudy conditions due to the effect of the opacity of 
clouds [25]–[28]. 

European Space Agency (ESA) has developed the 
Sentinel-3 family to support the climate monitoring 
[33]. The Sentinel-3 satellites were launched on 
February 16, 2016 (Sentinel-3A) and April 25, 2018 
(Sentinel-3B), respectively. The Ocean and Land 
Color Instrument (OLCI) on board Sentinel-3A and 
Sentinel-3B is based on the heritage of the Medium 
Resolution Imaging Spectrometer (MERIS) on board 
the Envisat satellite [34]. Its main difference with its 
predecessor is that OLCI sensor has 21 spectral 
channels, in contrast to the 15 spectral channels on 
MERIS sensor [34]. An operational water vapor 
retrieval approach has been proposed for OLCI 
instrument to retrieve IWV data over land, ocean, and 
clouds at a global coverage [35]. Two NIR channels 
located at 900 nm (water vapor absorption channel) 
and 885 nm (window channel) were used [35]. This 
retrieval method relies upon the differential absorption 
approach [36] to relate the IWV estimation to the 
measured radiance ratio of OLCI NIR channels O19 
(900 nm) and O18 (885 nm) [35]. The retrieved OLCI 
IWV products published by the Sentinel-3 satellites 
were usually generated with a spatial resolution of 300 
m [37] using a neural network and a Matrix Operator 
Model (MOMO) [35]. Compared with other 
satellite-based remote sensing IWV observations with 
a spatial resolution of 1000 m, e.g., Moderate 
Resolution Imaging Spectroradiometer (MODIS) 
on-board Aqua and Terra satellites [38]–[40] and 
Medium Resolution Imaging Spectrometer (MERSI) 
on-board Fengyun-3 (FY-3) satellites [41]–[43], the 
higher spatial-resolution OLCI water vapor data can 
provide more detailed water vapor distribution 
information for the climate studies, especially regional 
climate change monitoring. 

It is known that the high-accuracy water vapor 
observations from space-based instruments are more 
beneficial to study the weather and climate at both 
global and local scales, since satellite-based remote 
sensing IWV observations can provide continuous 
water vapor distribution information at an adequate 
spatial and temporal resolution [22]. Previous findings 
showed that, under clear land conditions, the bias for 
OLCI IWV products was -0.57±2.90 mm for 

Sentinel-3A and +2.42±3.41 mm for Sentinel-3B in 
Crete, Greece, by comparing against in-situ 
GNSS-derived IWV data [44]. Although the accuracy 
of the operational OLCI IWV products has been 
proved good in clear land conditions, the retrieval 
accuracy of the OLCI IWV products under non-clear 
land conditions (e.g., under cloudy conditions) is 
usually poor because the NIR channels of the OLCI 
instrument used for water vapor retrieval [35] cannot 
penetrate the clouds. It is necessary to further improve 
the accuracy of current OLCI IWV products to serve 
better for the observations of weather and climate. 
However, there has been no publication related to the 
improvement of Sentinel-3 OLCI IWV products, 
especially under non-clear land conditions. 

In this study, we developed a model to retrieve the 
improved Sentinel-3 OLCI IWV observations under 
clear and non-clear land conditions. The approach was 
based on the regression fitting between the differential 
water vapor information against the official OLCI 
IWV products. The differential IWV data were 
calculated from the operational OLCI IWV products 
and a reliable reference such as in-situ GPS-derived 
high-accuracy IWV data. The OLCI IWV pixels were 
divided into two groups according to the quality flag 
of each pixel. For each group, the empirical regression 
relationship between the differential IWV data against 
the official Sentinel-3 OLCI IWV products was 
defined, and the regression model coefficients were 
calculated for each season. 

Section II provided a detailed description of the data 
sets used in model development and evaluation. The 
methodologies for water vapor retrieval from 
ground-based GPS measurements, and the 
improvement of the operational Sentinel-3 OLCI IWV 
products were presented in Section III. It also 
presented the statistical metrics used for evaluating the 
accuracy of the calibrated OLCI IWV data. In Section 
IV, the validation results between the calibrated 
Sentinel-3 OLCI IWV data against GPS-derived IWV 
observations and European Centre for Medium-Range 
Weather Forecasts (ECMWF) reanalysis IWV data 
were analyzed and discussed. Section V summarized 
the key conclusions in this study. 

II. DATA AND PRE-PROCESSING 

The study area in this research has two parts, i.e., 
Australia and Mainland China. The study area in 
Australia ranges from 10°41’ S to 43°39’ S, and from 
112°57’ E to 153°45’ E. The study area in Mainland 
China covers the interior and coastal areas with 
latitude ranging from 16°42’ N to 53°33’ N, and 
longitude ranging from 73°40’ E to 135°03’ E. A total 
of 667 ground-based GPS sites were employed in this 
study, with 453 of these stations located in Australia, 
and 214 stations located in Mainland China. The 
detailed description of the research area and the 
geographic locations of in-situ GPS sites are displayed 
in Fig. 1. The ground-based GPS sites in Australia 
were utilized to develop the model for calibrating the 



 

17 
 

official OLCI IWV products, as well as to evaluate the 
accuracy of the calibrated water vapor data retrieved 
from the operational OLCI IWV products. The in-situ 
GPS stations situated in Mainland China were used to 
evaluate the performance of the developed model in 
different regions. In this paper, we used three types of 
data collected during the period between June 1, 2018 
and May 31, 2020, including ground-based GPS 
measurements, Level-2 IWV products from Sentinel-3 
OLCI observations, and IWV data from ECMWF 
reanalysis products. A summary of the characteristics 
of the data sets used in this research is shown in Table 
I. 

A. GPS IWV Data 
The in-situ water vapor data, retrieved from the 

Geoscience Australia [45] and the Crustal Movement 
Observation Network of China (CMONOC) [46] GPS 
measurements, were utilized to construct and validate 
the model of calibrating current Level-2 OLCI IWV 
products. In this work, the ground-based IWV data 
were calculated from zenith total delay (ZTD) 
products provided by Geoscience Australia and 
CMONOC, with a temporal resolution of 1 h. The 
detailed information of this calculation process is 
described in Section III. As presented in Table I, the 
ground-based GPS-retrieved IWV observations from 
June 1, 2018 to May 31, 2019 from 453 GPS sites over 
Australia were employed for model development. The 
in-situ GPS-derived IWV data for the whole year 
(from June 1, 2019 to May 31, 2020) from 667 GPS 
sites over Australia and Mainland China were 
employed for model evaluation.  

In the model development and validation, the time 
difference between the observations of GPS IWV and 
OLCI IWV is required to be smaller than 30 minutes 
in this work. 

B. OLCI IWV Data 
The OLCI sensor onboard Sentinel-3A and 

Sentinel-3B evolves from the MERIS sensor onboard 
the Envisat satellite. Retrieval of atmospheric water 
vapor content from Sentinel-3 OLCI observations 
mainly uses two NIR channels, i.e., an absorption 
channel located at 900 nm and a window channel 
located at 885 nm. The calculation of this retrieval 
method is based on a neural network and a matrix 
operator model (MOMO) [35]. The IWV data from 
the Sentinel-3 OLCI Level-2 Land Full Resolution 
(OL_2_LFR) products with a spatial resolution of 300 
m [37] were employed in this study,. All Level-2 
Sentinel-3A and Sentinel-3B OLCI IWV products 
used in this research, were collected from the ESA 
Copernicus Open Access Hub (https:// 
scihub.copernicus.eu/dhus/#/home). As shown in 
Table I, the OLCI IWV data between June 1, 2018 and 
May 31, 2019 over Australia were used for model 
development and the OLCI IWV data between June 1, 
2019 to May 31, 2020 over Australia and Mainland 
China were used for model validation. In addition, the 
Level-2 OLCI product file “LQSF” was employed as a 
classification flag mask to obtain the quality of each 
IWV pixel. 

C. ECMWF IWV Data 
The fifth generation of ECMWF Reanalysis 

(ERA5) [47], [48] water vapor data were also utilized 
to assess the performance of the developed model in 
this research, which were obtained from the Climate 
Data Store (CDS) (https://cds.climate.copernicus.eu/ 
#!/home). The ERA5 IWV data were generated with a 
temporal resolution of 1 h and a spatial resolution of 
0.25° x 0.25° using the 4D-Var assimilation approach. 
As displayed in Table I, the ERA5 reanalysis IWV 
data during the period between June 1, 2019 and May 
31, 2020 over Australia were collected as the second 
dataset for model evaluation. This comparison 
analysis is based on the locations of the in-situ 453 
GPS sites in Australia. 

https://cds.climate.copernicus.eu/#!/home
https://cds.climate.copernicus.eu/#!/home


 

18 
 

 
Fig. 1.  Distribution map of the in-situ GPS stations in inland and coastal areas of Australia and Mainland China. 453 
of these sites are situated in Australia, with 214 sites situated in Mainland China. 

TABLE I 
TABLE I SUMMARY OF DATA CHARACTERISTICS USED FOR MODEL DEVELOPMENT AND VALIDATION COLLECTED 

DURING THE PERIOD FROM JUNE 1, 2018 TO MAY 31, 2020 IN AUSTRALIA AND MAINLAND CHINA 
Data source Time span Temporal 

resolution 
Spatial 

resolution Data description Function Region 

GPS data June 1, 2018~May 31, 2019 hourly 453 sites, 
point data meteorology data model 

construction 
Australia 

OLCI Level-2 product 4-day 300 m IWV data Australia 

GPS data 

June 1, 2019~May 31, 2020 

hourly 667 sites, 
point data meteorology data 

model 
evaluation 

Australia; 
Mainland China 

OLCI Level-2 product 4-day 300 m IWV data Australia; 
Mainland China 

ECMWF IWV product hourly 0.25° x 0.25° IWV columns Australia 
 

III. METHODS 

A. Ground-based IWV Retrieval from GPS 
Observations 

Retrieval of IWV data from GPS measurements 
mainly relies upon the propagation delays, which is 
caused by the neutral atmosphere. This slant 
tropospheric delay (STD) can be converted to the zenith 
tropospheric delay (ZTD) using the mapping function 
[49], [50], which can be separated into zenith 
hydrostatic delay (ZHD) and zenith wet delay (ZWD). 
The tropospheric gases are responsible for the ZHD, and 
its calculation equation is defined as follows [49]: 

 𝑍𝑍𝑍𝑍𝑍𝑍 = (2.2997 ± 0.0024)𝑃𝑃𝑠𝑠
/𝑓𝑓(𝜃𝜃,𝐻𝐻)  (1) 

 𝑓𝑓(𝜃𝜃,𝐻𝐻) = 1 − 0.00266 cos 2𝜃𝜃
− 0.00028𝐻𝐻  (2) 

where Ps is the atmospheric pressure, θ is the latitude, 
and H is the height. The atmospheric water vapor is 
mainly responsible for the ZWD. The retrieved IWV 
data from GPS observations can be determined as 
follows [49]: 

 𝐼𝐼𝐼𝐼𝐼𝐼 = П ∙ 𝑍𝑍𝑊𝑊D (3) 

where the П is a scale parameter calculated from surface 
temperature [51]. 

In the ground-based GPS IWV calculation, the 
surface temperature and atmospheric pressure from 
ECMWF reanalysis products were employed to 
calculate the ZHD and the parameter П. When the ZHD 
and П were calculated, ground-based GPS IWV data 
were derived from Geoscience Australia and CMONOC 
ZTD products. The in-situ water vapor data from 667 
GPS sites over Australia and Mainland China were 
selected for developing and evaluating the model in this 
research. 

B. Methodology for the Improvement of OLCI IWV 
Products 

To improve the accuracy of the official IWV products 
derived from OLCI instrument, we developed a 
calibrated model for calculating the improved water 
vapor data from the operational OLCI IWV products. 
The flowchart of the model is illustrated in Fig. 2, and 
the key steps for the model development are described 
as follows. 

According to the performance of the OLCI IWV 
products under different weather conditions, the OLCI 
IWV pixels were classified into two categories 
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according to the quality flag file “LQSF”. The OLCI 
IWV pixels flagged as “LAND” were considered as the 
“Land” group. The “LAND” pixels implied that the 
OLCI IWV products were retrieved in the clear land 
conditions. The OLCI IWV pixels flagged as others 
such as “CLOUD”, “SNOW_ICE”, and “WATER”, 
were considered as the “Non-land” group. This implied 
that the OLCI IWV products were retrieved under 
non-clear land conditions. For these two groups, the 
OLCI IWV pixels closest to each in-situ GPS site were 
selected for model development. 

Then, we calculated the differential water vapor 
information using the spatially and temporally 
collocated OLCI-derived IWV products and 
GPS-observed IWV data. The GPS IWV observations 
were considered as the in-situ truth in this calculation. 
For each group, the differential IWV for each OLCI 
IWV pixel were defined as: 

 ∆𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 − 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 (4) 

where ∆IWV is the differential IWV, IWVOLCI is the 
IWV from the official OLCI IWV products, and IWVGPS 
is the IWV from the reference GPS-retrieved IWV data. 

For each group, we studied the relationship between 
the differential IWV (∆IWV) and the official OLCI 
IWV products from Sentinel-3A and Sentinel-3B. The 
regression analysis utilized the spatio-temporally 
collocated OLCI-GPS IWV data from June 1, 2018 to 
May 31, 2019 in Australia, i.e., training datasets. As 
shown in Fig. 3, for both Sentinel-3A and Sentinel-3B 
satellites, the empirical relationships between the 
differential IWV and the operational OLCI IWV 
products were individually analyzed for Land and 
Non-land group. Evidently, they can be very well 
defined using a linear function. Hence, the empirical 
equation between the differential IWV data and the 
official Sentinel-3 OLCI IWV products for both Land 
and Non-land groups can be written as: 

 ∆𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑎𝑎 ∙ 𝐼𝐼𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 + 𝑏𝑏 (5) 
where a and b are the empirical regression parameters. 
When the differential IWV information is obtained, the 
calibrated IWV can be calculated from the official 
Sentinel-3 OLCI IWV products using the equation as 
follows: 

 𝐼𝐼𝐼𝐼𝐼𝐼𝑐𝑐 = 𝐼𝐼𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 − ∆𝐼𝐼𝐼𝐼𝐼𝐼 (6) 

where IWVc is the calibrated IWV estimated from OLCI 
IWV products. The essential step of the developed 
model is to obtain the regression coefficients from the 
GPS-retrieved IWV data and the operational OLCI 
IWV products. Once the parameters a and b are 
calculated, we can calibrate the OLCI IWV products 
and obtain the calibrated OLCI IWV data. 

However, due to the annual cycle of the atmospheric 
water vapor, satellite-sensed IWV observations usually 

display a dependence on the different seasons [22], [23]. 
To obtain more accurate regression parameters a and b, 
we calculated them from each season from the training 
datasets (i.e., the official Sentinel-3 OLCI IWV 
products and the reference GPS-derived IWV data from 
June 1, 2018 to May 31, 2019 in Australia) in this study. 
The seasons in Australia are defined as spring 
(September to November), summer (January, February, 
and December), autumn (March to May), and winter 
(June to August). When the seasonal parameters a and b 
were calculated, we used them to calibrate the official 
OLCI IWV products published by Sentinel-3. 

C. Statistical Analysis 
In this paper, we used three statistical parameters to 

evaluate the accuracy of the official Sentinel-3 OLCI 
IWV products and the calibrated OLCI IWV data, by 
conducting comparisons with the reliable references 
such as GPS-retrieved IWV data and reanalysis ERA5 
IWV products. The OLCI IWV pixels closest to the 
ground-based GPS stations were selected for model 
validation. The statistical metrics include the coefficient 
of determination (R2), root-mean-square error (RMSE), 
and mean bias (MB). The metrics are defined as: 

 𝑅2

=

⎣
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𝑁

𝑖=1

 (9) 

where N is the number of data pairs, IWVR is the 
reference IWV obtained from GPS or ERA5, 𝐼𝐼𝐼𝐼𝐼𝐼������𝑅 is 
the mean IWV averaged from reference GPS or ERA5, 
IWVO is the observed IWV obtained from OLCI, and 
𝐼𝐼𝐼𝐼𝐼𝐼������𝑂𝑂  is the mean IWV averaged from OLCI. R2 
indicates the strength of the linear relationship between 
the OLCI IWV data and reference GPS or ERA5 IWV 
data. RMSE shows the overall difference between the 
paired IWV data sets. MB provides the information on 
the overestimation or underestimation of the OLCI IWV 
data against reference GPS or ERA5 IWV data. In an 
ideal state, i.e., R2 = 1, RMSE = 0, MB = 0, and the 
slopes and intercepts of the linear regression lines are 1 
and 0, it illustrates that the OLCI-observed water vapor 
values are exactly equal to the reference truth values, 
e.g., GPS and ERA5 water vapor data. 
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Fig. 2.  Flowchart of the model developed in this research to obtain the improved water vapor data from the official 

Sentinel-3 OLCI IWV products. 
 

 
Fig. 3. Regression analysis between the differential water vapor data estimated from the official Sentinel-3 OLCI 

IWV products and the reference GPS IWV data against the official Sentinel-3 OLCI IWV products. (a) and 
(b): Scatter points of the differential IWV versus the official Sentinel-3A OLCI IWV products for Land and 
Non-land groups. (c) and (d): Scatter points of the differential IWV versus the official Sentinel-3B OLCI 
IWV products for Land and Non-land groups. N is the number of collocated data points used for regression 
analysis. The dashed red lines represent the empirical regression fitting. 
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IV. RESULTS 
In order to assess the performance of the developed 

model on calibrating the Sentinel-3 OLCI IWV 
products, the calibrated OLCI IWV data over Australia 
were compared with two reliable references, i.e., 
GPS-retrieved IWV data and ERA5 IWV data. In 
addition, evaluation of the calibrated IWV data and 
in-situ GPS IWV data was further implemented in 
Mainland China. The calibrated IWV data in the model 
validation was retrieved using the seasonal regression 
parameters, calculated from the training datasets 
between June 1, 2018 and May 31, 2019 over Australia. 
A total of 667 GPS sites (i.e., 453 stations in Australia 
and 214 stations in Mainland China) was utilized for the 
model validation in this work. 

A. Comparison of GPS IWV Data versus OLCI IWV 
Products in Australia 

The water vapor data from OLCI and GPS from June 
1, 2018 to May 31, 2019 from 453 GPS sites over 
Australia were employed as the training datasets for the 
model construction in this research. After regression 
analysis, we have obtained the regression equation as 
well as regression coefficients for both Land and 
Non-land groups. We recalculated the OLCI IWV data 
from the training datasets using the seasonal regression 
coefficients, with results shown in Figs. 4 and 5. The 
recalculation results from June 1, 2018 to May 31, 2019 
over Australia indicated that the calibrated OLCI IWV 
data perform better than the operational OLCI IWV 
products for both Land and Non-land groups, with 
higher correlations and lower RMSE against the 
reference GPS-derived IWV data. For Land group, the 
slop and intercept of the regression lines for the in-situ 
GPS-retrieved IWV versus operational OLCI IWV 
products were 0.901 and 0.554 for Sentinel-3A, and 
0.907 and 0.544 for Sentinel-3B, respectively. The 
slopes and intercepts of the linear regression lines for 
the calibrated IWV data were both equal to 1 (1.000 and 
1.000) and around 0 (0.001 and 0.002). The R2 values 
for the operational OLCI IWV products and the 
calibrated IWV data were 0.952 and 0.954 for 
Sentinel-3A, and 0.942 and 0.944 for Sentinel-3B. The 
RMSE values were reduced by 23.28% from 2.496 to 
1.915 mm for Sentinel-3A, and 18.37% from 2.679 to 
2.187 mm for Sentinel-3B. The MB values were 
reduced greatly after the model calibration. For 
Non-land group, the slope of the calibrated Sentinel-3 
OLCI IWV data was also close to 1. The RMSE for 
Sentinel-3A were reduced by 22.69% from 6.020 to 
4.654 mm, with the reduction of 22.42% from 6.151 to 
4.772 mm for Sentinel-3B. The MB values were also 
reduced. For all OLCI IWV pixels obtained from both 
Land and Non-land groups, the RMSE were reduced by 
22.86% from 3.959 to 3.054 mm for Sentinel-3A, and 
21.19% from 4.082 to 3.217 mm for Sentinel-3B. 

In addition, we applied the seasonal regression 
parameters to the operational OLCI IWV products from 
June 1, 2019 to May 31, 2020 over Australia. The 
calibrated OLCI IWV data were evaluated by 
ground-based water vapor data derived from 453 GPS 
stations. The evaluation results between June 1, 2019 
and May 31, 2020 over Australia were displayed in Figs. 
6 and 7. For Land group, the RMSE has reduced 28.56% 
from 2.188 to 1.563 mm for Sentinel-3A, and 10.79% 
from 3.354 to 2.992 mm for Sentinel-3B. For Non-land 
group, the RMSE has reduced 27.28% from 5.311 to 
3.862 mm for Sentinel-3A, and 25.50% from 5.267 to 
3.924 mm. For all OLCI IWV pixels, the RMSE has 
reduced 27.63% from 3.475 to 2.515 mm for 
Sentinel-3A, and 18.06% from 4.030 to 3.302 mm for 
Sentinel-3B. The slopes and intercepts of the linear 
regression lines for the calibrated OLCI IWV data were 
in the range of 0.974 to 1.015, and -0.439 to 0.085, 
respectively. The MB values for the calibrated OLCI 
IWV data and the official OLCI IWV products were all 
positive, implying that the Sentinel-3 OLCI IWV 
retrievals tended to overestimate IWV values. The 
evaluation results from June 1, 2019 to May 31, 2020 
over Australia indicated that the calibrated OLCI IWV 
data in this study has superior accuracy than the official 
OLCI IWV products, when compared with 
ground-based GPS-retrieved IWV data. 

Furthermore, the seasonal comparison analysis 
between the OLCI IWV data and the reference 
GPS-derived IWV data is also conducted, with seasonal 
evaluation results presented in Table II. For the period 
from June 1, 2018 to May 31, 2019 in Australia, the 
official Sentinel-3 OLCI IWV products were 
significantly improved in each season, and the RMSE 
was reduced by 16.11% from 3.675 to 3.083 mm in 
spring, by 21.32% from 4.302 to 3.385 mm in summer, 
by 28.25% from 4.326 to 3.104 mm in autumn, and by 
33.33% from 2.958 to 1.972 mm in winter for 
Sentinel-3A, and it was reduced by 18.25% from 3.479 
to 2.844 mm, by 19.94% from 4.338 to 3.473 mm, by 
22.19% from 4.785 to 3.723 mm, and by 33.50% from 
3.060 to 2.035 mm for Sentinel-3B, respectively. The 
seasonal slopes and intercepts of the calibrated OLCI 
IWV data were all equal to 1.000 and around 0 for both 
Sentinel-3A and Sentinel-3B satellites. For the period 
from June 1, 2019 to May 31, 2019 over Australia, the 
seasonal maximum RMSE reduction was 36.18% from 
2.908 to 1.856 mm in winter for Sentinel-3A satellite, 
and 27.26% from 4.131 to 3.005 mm in autumn for 
Sentinel-3B satellite. The seasonal minimum RMSE 
reduction was in spring for both Sentinel-3A and 
Sentinel-3B satellites, with an RMSE reduction of 16.92% 
from 2.684 to 2.230 mm for Sentinel-3A and 6.34% 
from 4.576 to 4.286 mm for Sentinel-3B.  
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Fig. 4. Comparison of the ground-based GPS-derived IWV data against the official Sentinel-3A OLCI IWV 

products (first row) and the calibrated Sentinel-3A OLCI IWV data (second row) from June 1, 2018 to May 
31, 2019 in Australia. (a) and (d): Scatter plots between GPS IWV against the official Sentinel-3A OLCI 
IWV and the calibrated Sentinel-3A OLCI IWV for Land group. (b) and (e): Scatter plots between GPS 
IWV against the official Sentinel-3A OLCI IWV and the calibrated Sentinel-3A OLCI IWV for Non-land 
group. (c) and (f): Scatter plots between GPS IWV against the official Sentinel-3A OLCI IWV and the 
calibrated Sentinel-3A OLCI IWV for all OLCI IWV pixels. All OLCI IWV pixels are obtained from both 
Land and Non-land groups. N is the number of collocated GPS-OLCI data points used for comparison 
analysis. The dashed red lines represent the linear regression of these data. The points coloured with a 
rainbow scale illustrate the frequency of the OLCI IWV values (brown most frequent, blue least frequent). 

 
Fig. 5. Comparison of the ground-based GPS-derived IWV data against the official Sentinel-3B OLCI IWV 

products (first row) and the calibrated Sentinel-3B OLCI IWV data (second row) from June 1, 2018 to May 
31, 2019 in Australia. (a) and (d): Scatter plots between GPS IWV against the official Sentinel-3B OLCI 
IWV and the calibrated Sentinel-3B OLCI IWV for Land group. (b) and (e): Scatter plots between GPS 
IWV against the official Sentinel-3B OLCI IWV and the calibrated Sentinel-3B OLCI IWV for Non-land 
group. (c) and (f): Scatter plots between GPS IWV against the official Sentinel-3B OLCI IWV and the 
calibrated Sentinel-3B OLCI IWV for all OLCI IWV pixels. All OLCI IWV pixels are obtained from both 
Land and Non-land groups. N is the number of collocated GPS-OLCI data points used for comparison 
analysis. The dashed red lines represent the linear regression of these data. The points coloured with a 
rainbow scale illustrate the frequency of the OLCI IWV values (brown most frequent, blue least frequent). 
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Fig. 6. Comparison of the ground-based GPS-derived IWV data against the official Sentinel-3A OLCI IWV 

products (first row) and the calibrated Sentinel-3A OLCI IWV data (second row) from June 1, 2019 to May 
31, 2020 in Australia. (a) and (d): Scatter plots between GPS IWV against the official Sentinel-3A OLCI 
IWV and the calibrated Sentinel-3A OLCI IWV for Land group. (b) and (e): Scatter plots between GPS 
IWV against the official Sentinel-3A OLCI IWV and the calibrated Sentinel-3A OLCI IWV for Non-land 
group. (c) and (f): Scatter plots between GPS IWV against the official Sentinel-3A OLCI IWV and the 
calibrated Sentinel-3A OLCI IWV for all IWV pixels. All OLCI IWV pixels are obtained from both Land 
and Non-land groups. N is the number of collocated GPS-OLCI data points used for comparison analysis. 
The dashed red lines represent the linear regression of these data. The points coloured with a rainbow scale 
illustrate the frequency of the OLCI IWV values (brown most frequent, blue least frequent). 

 

 
Fig. 7. Comparison of the ground-based GPS-derived IWV data against the official Sentinel-3B OLCI IWV 

products (first row) and the calibrated Sentinel-3B OLCI IWV data (second row) from June 1, 2019 to May 
31, 2020 in Australia. (a) and (d): Scatter plots between GPS IWV against the official Sentinel-3B OLCI 
IWV and the calibrated Sentinel-3B OLCI IWV for Land group. (b) and (e): Scatter plots between GPS 
IWV against the official Sentinel-3B OLCI IWV and the calibrated Sentinel-3B OLCI IWV for Non-land 
group. (c) and (f): Scatter plots between GPS IWV against the official Sentinel-3B OLCI IWV and the 
calibrated Sentinel-3B OLCI IWV for all IWV pixels. All OLCI IWV pixels are obtained from both Land 
and Non-land groups. N is the number of collocated GPS-OLCI data points used for comparison analysis. 
The dashed red lines represent the linear regression of these data. The points coloured with a rainbow scale 
illustrate the frequency of the OLCI IWV values (brown most frequent, blue least frequent). 
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TABLE II THE SEASONAL EVALUATION AGAINST REFERENCE GPS-RETRIEVED IWV DATA DURING THE PERIOD 

BETWEEN JUNE 1, 2018 TO MAY 31, 2020 OVER AUSTRALIA. ALL OLCI IWV PIXELS OBTAINED FROM 
BOTH LAND AND NON-LAND GROUPS WERE USED 

Time span  OLCI 
product 

Sentinel-3A Sentinel-3B 

Slope Intercep
t R2 RMS

E MB Slope Intercep
t R2 RMS

E MB 

June 1, 2018 to 
May 31, 2019 

Spring 

OLCI L2 
IWV 0.848 1.352 0.867 3.675 1.165 0.835 1.561 0.864 3.479 1.120 

Calibrated 
OLCI IWV 1.000 -0.001 0.874 3.083 0.003 1.000 -0.002 0.874 2.844 0.005 

Summer 

OLCI L2 
IWV 0.820 2.781 0.867 4.302 1.652 0.821 3.064 0.86 4.338 1.523 

Calibrated 
OLCI IWV 1.000 -0.004 0.873 3.385 0.000 1.000 -0.002 0.868 3.473 0.006 

Autumn 

OLCI L2 
IWV 0.818 1.645 0.884 4.326 2.097 0.813 1.669 0.835 4.785 2.045 

Calibrated 
OLCI IWV 1.000 -0.002 0.893 3.104 0.001 1.000 -0.001 0.845 3.723 -0.003 

Winter 

OLCI L2 
IWV 0.74 1.835 0.811 2.958 1.344 0.728 2.106 0.796 3.060 1.238 

Calibrated 
OLCI IWV 1.000 0.000 0.838 1.972 -0.002 1.000 0.000 0.833 2.035 0.002 

June 1, 2019 to 
May 31, 2020 

Spring 

OLCI L2 
IWV 0.843 1.444 0.878 2.684 0.685 0.826 1.799 0.681 4.576 0.593 

Calibrated 
OLCI IWV 0.984 0.258 0.888 2.230 -0.049 0.981 0.364 0.689 4.286 -0.123 

Summer 

OLCI L2 
IWV 0.850 1.758 0.911 3.941 1.41 0.832 2.431 0.896 3.618 1.343 

Calibrated 
OLCI IWV 1.039 -1.104 0.911 3.240 0.315 1.021 -0.778 0.900 2.863 0.330 

Autumn 

OLCI L2 
IWV 0.791 1.783 0.847 4.317 2.259 0.819 1.461 0.871 4.131 2.057 

Calibrated 
OLCI IWV 0.976 0.028 0.860 3.019 0.388 1.008 -0.243 0.880 3.005 0.107 

Winter 

OLCI L2 
IWV 0.761 1.420 0.837 2.908 1.476 0.777 1.452 0.735 3.591 1.327 

Calibrated 
OLCI IWV 1.009 -0.227 0.866 1.856 0.128 1.012 -0.214 0.754 2.903 0.081  

 

B. Comparison of ERA5 IWV Data versus OLCI IWV 
Products in Australia 

In order to further evaluate the performance of the 
model, validation against additional reanalysis ECMWF 
IWV data over Australia is conducted in this research. 
This comparison analysis was performed at the 
locations of ground-based 453 GPS sites in Australia.  

As shown in Figs. 8 and 9, the recalculation results 
from June 1, 2018 to May 31, 2019 were compared 
against ERA5 IWV data over Australia. In Fig. 8, the 
comparison results between the calibrated Sentinel-3A 
OLCI IWV data against ERA5 IWV products showed a 
higher accuracy compared with the official Sentinel-3A 
OLCI IWV products in terms of the RMSE. The RMSE 
has reduced 21.05% from 2.594 to 2.048 mm for Land 
group, 24.12% from 5.858 to 4.446 mm for Non-land 
group, and 23.18% from 3.926 to 3.016 mm for all 
OLCI IWV pixels calculated from both Land and 
Non-land groups. After the model calibration, the 
Sentinel-3A OLCI IWV products had better agreements 
with ERA5 IWV data with the slopes close to 1 (from 
0.964 to 0.979). The MB values were calibrated from 
positive (overestimated) to negative (underestimated). 
Similarly, for Sentinel-3B (see Fig. 9), the RMSE has 
reduced 19.19% from 2.678 to 2.164 mm for Land 
group, 22.58% from 6.125 to 4.742 mm for Non-land 
group, and 21.53% from 4.069 to 3.193 mm for all 

OLCI IWV pixels, respectively. The slopes of the linear 
regression lines for the calibrated IWV data were both 
closer to 1, with the MB values varying from positive 
values (overestimated) to negative values 
(underestimated). The calibrated Sentinel-3 OLCI IWV 
results from June 1, 2018 to May 31, 2019 indicated that 
the calibrated OLCI IWV data agrees quiet well with the 
reanalysis ERA5 IWV data, with the large reduction of 
the RMSE values. 

The calibrated Sentinel-3 OLCI IWV data between 
June 1, 2019 and May 31, 2020 over Australia 
calculated from the seasonal regression coefficients 
were compared against ECMWF reanalysis IWV data, 
with results shown in Figs. 10 and 11. The validation 
results indicated that the calibrated Sentinel-3 OLCI 
IWV data improved the accuracy of the official 
Sentinel-3 OLCI IWV products, and reduced the RMSE 
by 23.08% from 2.283 to 1.756 mm for Land group, 
26.21% from 5.253 to 3.876 mm for Non-land group, 
and 25.27% from 3.490 to 2.608 mm for all IWV pixels 
for Sentinel-3A, and 19.73% from 2.377 to 1.908 mm, 
25.35% from 5.318 to 3.970 mm, and 23.54% from 
3.535 to 2.703 mm for Sentinel-3B, respectively. The 
slopes and intercepts of the linear regression lines for 
the calibrated Sentinel-3A OLCI IWV data were 0.956 
and 0.822 for Land group, 0.949 and 0.859 for Non-land 
group, and 0.953 and 0.843 for all IWV pixels, 
respectively; similarly, the slopes and intercepts of the 



 

25 
 

linear regression lines for the calibrated Sentinel-3B 
OLCI IWV data were 0.965 and 0.775, 0.985 and 0.411, 
and 0.972 and 0.664, respectively. The calibrated 
Sentinel-3 OLCI IWV products had negative MB values 
(underestimated), with the operational Sentinel-3 OLCI 
IWV products having positive MB values 
(overestimated). Hence, the calibrated Sentinel-3 OLCI 
IWV data in this study has superior accuracy than the 
official Sentinel-3 OLCI IWV products, when 
compared with reference ERA5 IWV data. 

Moreover, the recalculated results, i.e., from June 1, 
2018 to May 31, 2019 over Australia, and the evaluation 
results, i.e., from June 1, 2019 to May 31, 2020 over 
Australia, were also compared against the reference 
ERA5 IWV data at a seasonal basis. The seasonal 
comparison analysis results shown in Table III implied 
that, for each season, the calibrated Sentinel-3 OLCI 
IWV products against the reference ERA5 IWV data 
have a higher accuracy than those of the official 
Sentinel-3 OLCI IWV products in terms of the RMSE 
values. For the seasonal recalculation results between 

June 1, 2018 and May 31, 2019 over Australia, the 
seasonal maximum RMSE reduction occurred in winter 
for both Sentinl-3A and Sentinel-3B, and reduced the 
RMSE by 31.23% from 2.815 to 1.936 mm for 
Sentinel-3A satellite and by 31.42% from 2.947 to 
2.021 mm for Sentinel-3B satellite. The seasonal 
minimum RMSE reduction occurred in spring for 
Sentinel-3 satellites, with an RMSE reduction of 18.32% 
(from 3.509 to 2.866 mm) for Sentinel-3A and 20.08% 
(from 3.486 to 2.786 mm) for Sentinel-3B. For the 
seasonal evaluation results between June 1, 2019 and 
May 31, 2020 over Australia, the seasonal maximum 
RMSE reduction was 33.69% from 2.710 to 1.797 mm 
for Sentinel-3A and 28.61% from 2.810 to 2.006 mm 
for Sentinel-3B, both in winter. The seasonal minimum 
RMSE reduction was 15.16% from 2.744 to 2.328 mm 
for Sentinel-3A and 19.37% from 2.902 to 2.340 mm 
for Sentinel-3B, both in spring. For Sentinel-3 satellites, 
the seasonal slopes were calibrated to be closer to 1. 

 

 
Fig. 8. Comparison of the ERA5 IWV data against the official Sentinel-3A OLCI IWV products (first row) and the 

calibrated Sentinel-3A OLCI IWV data (second row) from June 1, 2018 to May 31, 2019 in Australia. (a) 
and (d): Scatter plots between ERA5 IWV against the official Sentinel-3A OLCI IWV and the calibrated 
Sentinel-3A OLCI IWV for Land group. (b) and (e): Scatter plots between ERA5 IWV against the official 
Sentinel-3A OLCI IWV and the calibrated Sentinel-3A OLCI IWV for Non-land group. (c) and (f): Scatter 
plots between ERA5 IWV against the official Sentinel-3A OLCI IWV and the calibrated Sentinel-3A OLCI 
IWV for all OLCI IWV pixels. All OLCI IWV pixels are obtained from both Land and Non-land groups. N 
is the number of collocated ERA5-OLCI data points used for comparison analysis. The dashed red lines 
represent the linear regression of these data. The points coloured with a rainbow scale illustrate the 
frequency of the OLCI IWV values (brown most frequent, blue least frequent). 
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Fig. 9.  Comparison of the ERA5 IWV data against the official Sentinel-3B OLCI IWV products (first row) and the 

calibrated Sentinel-3B OLCI IWV data (second row) from June 1, 2018 to May 31, 2019 in Australia. (a) 
and (d): Scatter plots between ERA5 IWV against the official Sentinel-3B OLCI IWV and the calibrated 
Sentinel-3B OLCI IWV for Land group. (b) and (e): Scatter plots between ERA5 IWV against the official 
Sentinel-3B OLCI IWV and the calibrated Sentinel-3B OLCI IWV for Non-land group. (c) and (f): Scatter 
plots between ERA5 IWV against the official Sentinel-3B OLCI IWV and the calibrated Sentinel-3B OLCI 
IWV for all OLCI IWV pixels. All OLCI IWV pixels are obtained from both Land and Non-land groups. N 
is the number of collocated ERA5-OLCI data points used for comparison analysis. The dashed red lines 
represent the linear regression of these data. The points coloured with a rainbow scale illustrate the 
frequency of the OLCI IWV values (brown most frequent, blue least frequent). 

 
Fig. 10.  Comparison of the ERA5 IWV data against the official Sentinel-3A OLCI IWV products (first row) and the 

calibrated Sentinel-3A OLCI IWV data (second row) from June 1, 2019 to May 31, 2020 in Australia. (a) 
and (d): Scatter plots between ERA5 IWV against the official Sentinel-3A OLCI IWV and the calibrated 
Sentinel-3A OLCI IWV for Land group. (b) and (e): Scatter plots between ERA5 IWV against the official 
Sentinel-3A OLCI IWV and the calibrated Sentinel-3A OLCI IWV for Non-land group. (c) and (f): Scatter 
plots between ERA5 IWV against the official Sentinel-3A OLCI IWV and the calibrated Sentinel-3A 
OLCI IWV for all OLCI IWV pixels. All OLCI IWV pixels are obtained from both Land and Non-land 
groups. N is the number of collocated ERA5-OLCI data points used for comparison analysis. The dashed 
red lines represent the linear regression of these data. The points coloured with a rainbow scale illustrate the 
frequency of the OLCI IWV values (brown most frequent, blue least frequent). 
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Fig. 11.  Comparison of the ERA5 IWV data against the official Sentinel-3B OLCI IWV products (first row) and the 

calibrated Sentinel-3B OLCI IWV data (second row) from June 1, 2019 to May 31, 2020 in Australia. (a) 
and (d): Scatter plots between ERA5 IWV against the official Sentinel-3B OLCI IWV and the calibrated 
Sentinel-3B OLCI IWV for Land group. (b) and (e): Scatter plots between ERA5 IWV against the official 
Sentinel-3B OLCI IWV and the calibrated Sentinel-3B OLCI IWV for Non-land group. (c) and (f): Scatter 
plots between ERA5 IWV against the official Sentinel-3B OLCI IWV and the calibrated Sentinel-3B OLCI 
IWV for all OLCI IWV pixels. All OLCI IWV pixels are obtained from both Land and Non-land groups. N 
is the number of collocated ERA5-OLCI data points used for comparison analysis. The dashed red lines 
represent the linear regression of these data. The points coloured with a rainbow scale illustrate the 
frequency of the OLCI IWV values (brown most frequent, blue least frequent). 

TABLE III THE SEASONAL EVALUATION AGAINST REFERENCE ERA5 IWV DATA DURING THE PERIOD BETWEEN 
JUNE 1, 2018 TO MAY 31, 2020 OVER AUSTRALIA. ALL OLCI IWV PIXELS OBTAINED FROM BOTH LAND 
AND NON-LAND GROUPS WERE USED 

Time span 
 OLCI 

product 

Sentinel-3A Sentinel-3B 

 Slope Intercep
t R2 RMS

E MB Slope Intercep
t R2 RMS

E MB 

June 1, 2018 to 
May 31, 2019 

Spring 

OLCI L2 
IWV 0.814 2.179 0.878 3.509 0.889 0.799 2.408 0.861 3.486 0.872 

Calibrated 
OLCI IWV 0.959 0.895 0.883 2.866 -0.273 0.956 0.912 0.871 2.786 -0.243 

Summe
r 

OLCI L2 
IWV 0.804 3.104 0.862 4.402 1.712 0.797 3.602 0.839 4.638 1.601 

Calibrated 
OLCI IWV 0.980 0.393 0.867 3.410 0.060 0.969 0.652 0.845 3.706 0.085 

Autum
n 

OLCI L2 
IWV 0.796 2.409 0.875 4.339 1.784 0.798 2.341 0.853 4.456 1.676 

Calibrated 
OLCI IWV 0.973 0.816 0.883 3.200 -0.313 0.980 0.724 0.861 3.450 -0.372 

Winter 

OLCI L2 
IWV 0.722 2.420 0.814 2.815 0.973 0.713 2.626 0.799 2.947 0.908 

Calibrated 
OLCI IWV 0.977 0.625 0.842 1.936 -0.373 0.977 0.586 0.833 2.021 -0.328 

June 1, 2019 to 
May 31, 2020 

Spring 

OLCI L2 
IWV 0.817 2.105 0.868 2.744 0.376 0.793 2.373 0.867 2.902 0.472 

Calibrated 
OLCI IWV 0.953 0.963 0.876 2.328 -0.357 0.942 1.001 0.876 2.340 -0.244 

Summe
r 

OLCI L2 
IWV 0.830 2.497 0.894 4.152 1.099 0.788 3.780 0.865 3.974 0.998 

Calibrated 
OLCI IWV 1.013 -0.273 0.893 3.471 0.005 0.966 0.746 0.868 3.153 -0.015 

Autum
n 

OLCI L2 
IWV 0.758 2.733 0.826 4.388 1.944 0.795 2.281 0.854 4.175 1.695 

Calibrated 
OLCI IWV 0.935 1.062 0.838 3.161 0.073 0.979 0.628 0.862 3.163 -0.255 

Winter 

OLCI L2 
IWV 0.736 2.154 0.845 2.710 1.044 0.755 2.102 0.841 2.810 0.945 

Calibrated 
OLCI IWV 0.973 0.594 0.868 1.797 -0.304 0.984 0.486 0.861 2.006 -0.302 
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C. Comparison of GPS IWV Data versus OLCI IWV 
Products in Mainland China 

To investigate the performance of the developed 
model on improving Sentinel-3 OLCI IWV products in 
different regions, evaluation of the calibrated OLCI 
IWV data against ground-based IWV data from 214 
GPS stations is further implemented in Mainland China. 
The calibrated OLCI IWV data between June 1, 2019 
and May 31, 2020 over Mainland China was calculated 
using the seasonal regression coefficients from the 
training dataset from June 1, 2018 to May 31, 2019 in 
Australia. Usually, the season in Australia and 
Mainland China is exactly opposite, namely, the 
summer in Australia is the winter in Mainland China. In 
this comparison analysis, the corresponding matched 
seasonal-regression-coefficients between Australia and 
Mainland China was employed to calibrate the 
Sentinel-3 OLCI IWV products in Mainland China. 

As displayed in Fig. 12, the original and the 
calibrated Sentinel-3A OLCI IWV products were 
compared against the in-situ GPS-derived IWV data 
from June 1, 2019 to May 31, 2020 over Mainland 
China. It is clearly observed that the difference between 
OLCI IWV products and GPS-derived IWV data was 
reduced after applying the calibrated model developed 
in this research. The RMSE between Sentinel-3A OLCI 
IWV products and GPS IWV observations decreased 
from 3.026 to 2.701 mm with a reduction of 10.74% for 
Land group, from 4.969 to 4.010 mm with a reduction of 
19.30% for Non-land group, and from 3.947 to 3.306 
mm with a reduction of 16.24% for all OLCI IWV 
pixels, respectively. The slopes of the linear regression 
lines between them showed a tendency being closer to 1 
by comparing with the official Sentinel-3A OLCI IWV 
products. The MB values were overall positive 
(overestimated), except for the calibrated Sentinel-3A 
OLCI IWV products in Land group. In Fig. 13, 
comparison of the official and the calibrated 

Sentinel-3B OLCI IWV products against in-situ IWV 
data from 214 GPS sites from June 1, 2019 to May 31, 
2020 over Mainland China is presented. The evaluation 
results in Fig. 13 show that there was large 
improvement for the original Sentinel-3B OLCI IWV 
products when the developed model was applied. For 
RMSE, it has reduced 12.06% from 3.128 to 2.734 mm 
for Land group, 22.68% from 5.173 to 4.000 mm for 
Non-land group, and 18.83% from 4.042 to 3.281 mm 
for all IWV pixels, respectively. For the linear 
regression slopes, they tended to be more approximate 
to 1 after the model calibration. For MB, it was overall 
positive values (overestimated), except for the 
calibrated Sentinel-3B OLCI IWV products in Land 
group. Consequently, the improvement of Sentinel-3 
OLCI IWV products observed in Figs. 12 and 13 is 
further confirmed in Mainland China, implying the 
effectiveness of the calibrated model developed in this 
research. 

In addition, the seasonal comparison analysis 
between the calibrated Sentinel-3 OLCI IWV products 
against the reference GPS-derived IWV data from June 
1, 2019 to May 31, 2020 over Mainland China was also 
performed, with seasonal evaluation results displayed in 
Table IV. For Sentinel-3A OLCI IWV product, the 
RMSE has reduced 11.50% from 3.253 to 2.879 mm in 
spring, and 16.77% from 4.842 to 4.030 mm in summer, 
20.86% from 5.005 to 3.961 mm in autumn, and 17.29% 
from 3.302 to 2.731 mm in winter. For Sentinel-3B 
OLCI IWV product, the RMSE has reduced 11.28% 
from 3.184 to 2.825 mm, 18.89% from 5.155 to 4.181 
mm, 27.47% from 5.210 to 3.779 mm, and 20.78% from 
3.378 to 2.676 mm, respectively. The seasonal slopes 
for Sentinel-3 satellites were overall closer to 1, after 
applying the calibrated model developed in this 
research. The seasonal MB values for Sentinel-3 
satellites were greatly reduced after calibration.   
 

 
Fig. 12. Comparison of the ground-based GPS-derived IWV data against the official Sentinel-3A OLCI IWV 

products (first row) and the calibrated Sentinel-3A OLCI IWV data (second row) from June 1, 2019 to May 
31, 2020 in Mainland China. (a) and (d): Scatter plots between GPS IWV against the official Sentinel-3A 
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OLCI IWV and the calibrated Sentinel-3A OLCI IWV for Land group. (b) and (e): Scatter plots between 
GPS IWV against the official Sentinel-3A OLCI IWV and the calibrated Sentinel-3A OLCI IWV for 
Non-land group. (c) and (f): Scatter plots between GPS IWV against the official Sentinel-3A OLCI IWV 
and the calibrated Sentinel-3A OLCI IWV for all OLCI IWV pixels. All OLCI IWV pixels are obtained 
from both Land and Non-land groups. N is the number of collocated GPS-OLCI data points used for 
comparison analysis. The dashed red lines represent the linear regression of these data. The points coloured 
with a rainbow scale illustrate the frequency of the OLCI IWV values (brown most frequent, blue least 
frequent). 

 

 
Fig. 13. Comparison of the ground-based GPS-derived IWV data against the official Sentinel-3B OLCI IWV 

products (first row) and the calibrated Sentinel-3B OLCI IWV data (second row) from June 1, 2019 to May 
31, 2020 in Mainland China. (a) and (d): Scatter plots between GPS IWV against the official Sentinel-3B 
OLCI IWV and the calibrated Sentinel-3B OLCI IWV for Land group. (b) and (e): Scatter plots between 
GPS IWV against the official Sentinel-3B OLCI IWV and the calibrated Sentinel-3B OLCI IWV for 
Non-land group. (c) and (f): Scatter plots between GPS IWV against the official Sentinel-3B OLCI IWV 
and the calibrated Sentinel-3B OLCI IWV for all OLCI IWV pixels. All OLCI IWV pixels are obtained 
from both Land and Non-land groups. N is the number of collocated GPS-OLCI data points used for 
comparison analysis. The dashed red lines represent the linear regression of these data. The points coloured 
with a rainbow scale illustrate the frequency of the OLCI IWV values (brown most frequent, blue least 
frequent). 

TABLE IV THE SEASONAL EVALUATION AGAINST REFERENCE GPS-RETRIEVED IWV DATA DURING THE PERIOD 
BETWEEN JUNE 1, 2019 TO MAY 31, 2020 OVER MAINLAND CHINA. ALL OLCI IWV PIXELS OBTAINED 
FROM BOTH LAND AND NON-LAND GROUPS WERE USED 

Time span 
 OLCI 

product 

Sentinel-3A Sentinel-3B 

 Slope Intercep
t R2 RMS

E MB Slope Intercep
t R2 RMS

E MB 

June 1, 2019 to 
May 31, 2020 

Spring 

OLCI L2 
IWV 0.795 2.115 0.858 3.253 0.016 0.808 1.972 0.873 3.184 0.019 

Calibrated 
OLCI IWV 0.918 0.951 0.851 2.879 -0.109 0.955 0.480 0.863 2.825 -0.017 

Summe
r 

OLCI L2 
IWV 0.838 1.590 0.904 4.842 1.896 0.840 1.711 0.931 5.155 2.341 

Calibrated 
OLCI IWV 1.033 -1.62 0.900 4.030 0.945 1.037 -1.843 0.921 4.181 0.958 

Autum
n 

OLCI L2 
IWV 0.749 2.995 0.824 5.005 0.935 0.744 3.518 0.864 5.210 0.866 

Calibrated 
OLCI IWV 0.926 1.329 0.831 3.961 -0.256 0.940 1.637 0.879 3.779 -0.705 

Winter 

OLCI L2 
IWV 0.642 2.571 0.605 3.302 -0.295 0.656 2.695 0.712 3.378 -0.224 

Calibrated 
OLCI IWV 0.899 0.710 0.606 2.731 -0.046 0.947 0.415 0.698 2.676 -0.022 
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V. CONCLUSION 
The high-accuracy estimation of atmospheric water 

vapor from satellite instruments is essential to 
understand the Earth’s weather and climate. In this 
paper, we have developed a calibrated model to improve 
the accuracy of the official OLCI IWV products 
published by Sentinel-3 satellites. The model is based 
on the empirical regression function derived from the 
differential water vapor information and the official 
OLCI IWV products, where the differential IWV is 
estimated from the official OLCI IWV products and 
ground-based GPS-derived IWV data. It provides an 
effective way to calibrate current Sentinel-3 OLCI IWV 
products and improve their retrieval accuracy. 

The OLCI IWV pixels were divided into two 
categories according to the quality flag of each pixel. 
For each group, the official Sentinel-3 OLCI IWV 
products and IWV data from 453 GPS stations, from 
June 1, 2018 to May 31, 2019 over Australia, were 
utilized as the training datasets to define the regression 
relationship between the differential IWV and the 
official OLCI IWV products. When the empirical 
regression equations were obtained, we calculated the 
regression parameters from each season for each group. 
The calculated seasonal empirical regression 
coefficients were applied to calibrate the official 
Sentinel-3 OLCI IWV products over Australia and 
Mainland China. The performance of the calibrated 
Sentinel-3 OLCI IWV products was evaluated by 
reference IWV data from ground-based GPS 
measurements and ECMWF reanalysis products. A total 
of 453 GPS sites in Australia and 214 GPS sites in 
Mainland China were selected in this evaluation 
analysis. Our findings from this study are summarized 
as follows. 

1) Comparison of the official OLCI IWV products 
and the calibrated OLCI IWV data against 
ground-based GPS IWV data from June 1, 2018 to May 
31, 2019 over Australia, shows an RMSE reduction of 
23.28 % from 2.496 to 1.915 mm for Land group, 
22.69% from 6.020 to 4.654 mm for Non-land group, 
and 22.86% from 3.959 to 3.054 mm for all OLCI IWV 
pixels for Sentinel-3A, and an RMSE reduction of 
18.37% from 2.679 to 2.187 mm, 22.42 % from 6.151 to 
4.772 mm, and 21.19 % from 4.082 to 3.217 mm for 
Sentinel-3B, respectively. In addition, the validation 
results against in-situ GPS IWV data from June 1, 2019 
to May 31, 2020 over Australia show that the RMSE 
was reduced by 28.56% from 2.188 to 1.563 mm for 
Land group, by 27.28% from 5.311 to 3.862 mm for 
Non-land group, and by 27.73% from 3.475 to 2.515 
mm for all OLCI IWV pixels for Sentinel-3A, and it was 
reduced by 10.79% from 3.354 to 2.992 mm, by 25.50% 
from 5.267 to 3.924 mm, and by 18.06 % from 4.030 to 
3.302 mm for Sentinel-3B, respectively. 

2) Comparison between the official OLCI IWV 
products and the calibrated OLCI IWV data against 
reanalysis ERA5 IWV data from June 1, 2018 to May 
31, 2019 over Australia, shows that the RMSE has 
reduced 21.05% from 2.594 to 2.048 mm for Land 

group, 24.12% from 5.859 to 4.446 mm for Non-land 
group, and 23.18% from 3.926 to 3.016 mm for all 
OLCI IWV pixels for Sentinel-3A, and it has reduced 
19.19% from 2.678 to 2.164 mm, 22.58% from 6.125 to 
4.742 mm, and 21.53% from 4.069 to 3.193 mm for 
Sentinel-3B, respectively. Meanwhile, the evaluation 
results against reanalysis ERA5 IWV data between June 
1, 2019 to May 31, 2020 over Australia show an RMSE 
reduction of 23.08% from 2.283 to 1.756 mm for Land 
group, 26.21% from 5.253 to 3.876 mm for Non-land 
group, and 25.27% from 3.490 to 2.608 mm for all 
OLCI IWV pixels for Sentinel-3A, and an RMSE 
reduction of 19.73% from 2.377 to 1.908 mm, 25.35% 
from 5.318 to 3.970mm, and 23.54% from 3.535 to 
2.703 mm for Sentinel-3B, respectively. 

3) Assessment of the performance of the developed 
model on improving OLCI IWV products between June 
1, 2019 and May 31, 2020 in Mainland China shows 
that the RMSE was reduced by 10.74% from 3.026 to 
2.701 mm for Land group, by 19.30% from 4.969 to 
4.010 mm for Non-land group, and by 16.24% from 
3.947 to 3.306 mm for all OLCI IWV pixels for 
Sentinel-3A, and it was reduced by 12.60% from 3.128 
to 2.734 mm, by 22.68% from 5.173 to 4.000 mm, and 
by 18.83% from 4.042 to 3.281 mm for Sentinel-3B, by 
comparing with ground-based water vapor data 
retrieved from 214 GPS stations. 

In summary, this empirical regression model can 
significantly improve the retrieval accuracy of current 
Sentinel-3 OLCI IWV products, with a smaller RMSE 
value compared to the original OLCI IWV products. 
When using this model to calibrate the OLCI IWV 
products in different regions, it is recommended that the 
model coefficients be calculated in the corresponding 
region. 
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