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Abstract—The integrated water vapor (IWV) products
collected during June 1, 2019 to May 31, 2020 from the Ocean and
Land Color Instrument (OLCI) sensor, on board the Sentinel-3
satellites, are evaluated against reference water vapor data
estimated from ground-based 214 Global Positioning System
(GPS) stations in the Mainland China. This is the first time to
thoroughly evaluate the quality of Sentinel-3 OLCI IWV products
by in-situ GPS-measured IWV data from such a large spatial
coverage as China. The validation results show that, under
cloud-free conditions, the OLCI IWV measurements agree very
well with the ground-based GPS water vapor data, with a
root-mean-square error (RMSE) of 3.03 mm for Sentinel-3A
satellite and 3.13 mm for Sentinel-3B satellite. The dependence of
OLCI IWV on various parameters was also analyzed. Analysis
showed that the accuracy of inland OLCI IWV products was
superior to that in coastal areas and that OLCI tended to
overestimate WV value in lower elevation and underestimate
IWV value in higher elevation. The accuracy of OLCI IWV
measurements increased as IWV decreased. Solar zenith angle
analysis showed that the OLCI IWV product had a higher
accuracy at a larger solar zenith angle. In spring and winter, the
OLCI IWV observations had higher accuracy than those in
summer and autumn. OLCI IWV tended to underestimate WV
value in most land cover types. Except for the polar climatic zone,
the Sentinel-3 OLCI IWV products tended to overestimate WV
value. The validation results against previous studies were also
discussed in this work.

Index Terms— GPS, integrated water vapor (IWV), Ocean and
Land Color Instrument (OLCI), validation.

. INTRODUCTION

tmospheric water vapor is a key element in the climate

system of Earth [1], which plays a significant role in
affecting the hydrological cycle [2], [3], weather forecasting [4],
and climate change [3], [5]. It usually has a high variability in
the spatial and temporal domains [6], [7], and as a consequence,
it has been declared an essential climate variable by the Global
Climate Observing System (GCOS) [8]. Long time-series
observation of water vapor in the atmosphere is of significant
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importance in the Earth’s weather and climate system [5]. In
order to develop accurate models to study local and global
climate trends, it is essential to observe water vapor as
accurately as possible.

Numerous measurement techniques have been developed to
obtain water vapor information in the atmosphere, including
space-based and ground-based observation techniques. Satellite
remotely sensed measurements have been widely employed in
observing integrated water vapor (IWV) in the atmosphere,
because they can provide atmospheric water vapor observations
at a global coverage [9], [10]. For IWYV retrieval from different
spectral bands of space-based satellite observation, four types
of algorithms have been utilized: the microwave (MW) channel
retrieval approach [11], [12], the infrared (IR) channel retrieval
approach [13], [14], the near-infrared (NIR) channel retrieval
approach [15]-[17], and the visible (VIS) channel approach
[18], [19]. In addition to satellite-sensed IWV observations,
many ground-based measurement networks have been
established to observe atmospheric water vapor with a high
temporal resolution, but only at each individual observation site.
These in-situ techniques include microwave radiometers [20],
[21], radiosondes [22], [23], sun photometers [24], [25], and
Global Positioning System (GPS) [26]-[28]. Among the
ground-based measurements, radiosonde and GPS are widely
used as reference techniques to validate other satellite-sensed
water vapor retrieval techniques [23], [29]-[31]. However
radiosonde has low temporal resolution usually with two
measurements per day [32]. Instead, GPS measurements can
provide a high time resolution with dozens of records for both
day time and nighttime [32].

Various studies have been conducted to evaluate the
accuracy of satellite retrieved water vapor data, aiming to
improve the understanding of the quality of satellite remotely
sensed water vapor data. Vaquero-Martinez et al. [32]
evaluated the accuracies of the IWV products derived from
satellite measurements with ground-based GPS-sensed IWV
observations at the Iberian Peninsula. The inter-comparison
results suggested that, all satellite instruments tend to either
underestimate high IWV or overestimate low IWV. He and Liu
[33] utilized ground-based GPS water vapor measurements as a
reference dataset to assess the retrieval accuracies of three
typical NIR IWV products from Moderate Resolution Imaging
Spectroradiometer  (MODIS)/Terra, Medium Resolution
Imaging Spectrometer (MERIS)/Envisat, and Medium
Resolution Spectral Imager (MERSI)/FY-3A. Their findings
indicated that the MERIS/Envisat has the highest IWV retrieval
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accuracy with the smallest root-mean-square-error (RMSE)

value of 3.708 mm under clear sky conditions in North America.

Wang et al. [34] characterized the Ozone Monitoring
Instrument (OMI) IWV products by comparing against
commonly used reference datasets, such as GPS data over land
and Special Sensor Microwave Imager/Sounder (SSMIS) data
over the oceanic areas. It is clearly found that the overall mean
between OMI IWV products and GPS measurements is 0.32
mm with a standard deviation of 5.2 mm over land; over the
oceans, the overall mean between OMI and SSMIS IWV data is
0.40 mm with a standard deviation of 6.5 mm. Mertikas et al.
[35] compared the IWV product estimated from Sentinel-3
OLCI data and IWV from GPS observations in Crete, Greece,
illustrating that the bias between OLClI-retrieved IWV data and
ground-based GPS-measured IWV data is -0.57+2.90 mm for
Sentinel-3A and +2.42+3.41 mm for Sentinel-3B. These
validations of satellite-derived IWV data were usually
performed using the ground-based GPS IWV measurements as
a reference [32]-[35].

The Sentinel-3A and Sentinel-3B were launched by the
European Space Agency (ESA) on February 16, 2016, and
April 25, 2018, respectively, to replace the Envisat satellite.
One of the main aims of the Sentinel-3 mission is to measure
Earth’s weather and climate over land and ocean [36]. The
OLCI instrument onboard the Sentinel-3 satellite is based on
the proven heritage of Envisat’s MERIS [37]. The OLCI sensor
on board Sentinel-3A and Sentinel-3B has 21 spectral channels,
whereas the predecessor MERIS instrument onboard Envisat
had 15 bands only [37]. The Sentinel-3 OLCI sensors have
provided operational Level-2 IWV products with a spatial
resolution of 300 m over all target surfaces [38]. As one of the
newest satellites, assessing the accuracies of the water vapor
products is an important issue. However, few publications have
reported the result of validating Sentinel-3 OLCI IWV
products.

Previous evaluation of Sentinel-3 IWV products was only
conducted over a limited area using a few ground-based GPS
stations (i.e., 10 sites) [35]. Because atmospheric water vapor
varies significantly in both spatial and temporal coverages [6],
[7], it is hard to gain a reliable and comprehensive analysis of
the Sentinel-3 water vapor retrieval accuracy with only a small
spatial scale. To our best knowledge, there has been no
publication related to the validation of Sentinel-3 OLCI IWV
products in a large-spatial-scale area like China.

In this study, we conducted a comprehensive comparison

analysis for Sentinel-3 OLCI IWV products at a large spatial
coverage, i.e., China. The derived OLCI IWV data for the
whole year between June 2019 and May 2020 were utilized to
compare with GPS retrieved IWV data. Section Il provided a
detailed description of the data used in this study. The water
vapor retrieval methodologies for ground-based and
satellite-based measurements were presented in Section Il1. It
also presented quantitative assessment approach used for
assessing the accuracies of the derived OLCI IWV products. In
Section 1V, the comparison results between operational
Sentinel-3 OLCI IWV products and GPS-measured WV
observations were analyzed and discussed. The Section V
summarized the key conclusions.

Il. DATA AND PRE-PROCESSING

The research area covers the interior and coastal areas of the
Mainland China, with latitude from 16°42” N to 53°33’ N and
longitude from 73°40” E to 135°03” E (see Fig. 1). A total of
214 ground-based GPS sites were employed in this study. The
type of land surface of these ground-based stations varies
widely from arid areas to wet areas. The detailed information of
the study area and the spatial distribution of in-situ GPS
stations are displayed in Fig. 1. Two types of data sets were
utilized in this comparison study, i.e. ground-based
GPS-derived IWV measurements, and OLCI WV products
retrieved from Sentinel-3A and Sentinel-3B observations.
Table | provides a summary of the characteristics of the data
used in this research.

A. Ground-based IWV data

The ground-based water vapor data used as reference in this
study were calculated from the Crustal Movement Observation
Network of China (CMONOC) observations [39], [40]. It has
established a GPS network to provide continuous, full-weather,
and full-time monitoring of atmospheric water vapor in China
[39], [40]. The tropospheric zenith total delay (ZTD) products
from the CMONOC were used in this work to derive reference
ground-based IWV data. The retrieved in-situ GPS IWV data
were generated at a temporal resolution of 1 h. The detailed
description of ground-based water vapor retrieval is presented
in Section 1ll. GPS retrieved IWV data between June 1, 2019
and May 31, 2020 from 214 GPS sites over Mainland China
were employed to assess the Sentinel-3 OLCI IWV data (see
Table I).
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Fig. 1. Geographic distribution of the ground-based GPS sites in Mainland China. The study area is divided into four climatic zones: I. polar climate, Il. temperate
climate, I11. arid climate, and IV. cold climate. The land cover type surrounding each GPS station is denoted with a color as shown in the legend in the right plot. The
number in the parenthesis of each legend denotes the quantity of the in-situ GPS sites with the same type of land cover. The color bar represents the elevation of the

GPS stations.

TABLE |
SUMMARY OF THE DATA USED IN THIS RESEARCH

Data source Time span

Temporal resolution

Spatial resolution Data description

GPS observations

Level-2 Sentinel-3A
OLCI products
Level-2 Sentinel-3B
OLCI products

June 1, 2019 to May 31, 2020
June 1, 2019 to May 31, 2020

June 1, 2019 to May 31, 2020

214 stations, point WV estimated from

Hourly data GPS
IWV estimated from
4-day 300m Sentinel-3A
IWV estimated from
4-day 300m Sentinel-38

B. Satellite data

The OLCI instrument, an imaging spectrometer evolving
from the MERIS sensor on board the Envisat satellite, provides
three levels of data products for the general public [41]. The
Sentinel-3 OLCI Level-2 Land Full Resolution (OL_2_LFR)
products [41], which include the IWV observations, are
employed in this research. Two NIR channels centered at 885
nm and 900 nm of OLCI instrument are used to observe
atmospheric water vapor [38]. The derived OLCI IWV data
have a spatial resolution of 300 m [41]. Level-2 Sentinel-3A
and Sentinel-3B  OLCI IWV products acquired over the
research area, were obtained from the ESA Copernicus Open
Access Hub (https://scihub.copernicus.eu/dhus/#/home). All
OLCI remotely sensed IWV observations from June 1, 2019 to
May 31, 2020 were selected.

Inthe IWV evaluation, it is important to match the Sentinel-3
OLCI IWV data with the ground-based GPS-retrieved IWV
data. Although geometric correction has been applied to reduce
the influence of the geometric misregistration between the
OLCI image pixels and the precise location of targets, this
geometric misregistration problem still exists in Sentinel-3
OLCI IWV imageries [42]. Based on other studies on reducing
the geometric misregistration problem in the satellite IWV
evaluation [43], we utilized an OLCI IWV value averaged over
the windows centering at the ground-based GPS locations. As

the size of window almost has no significant effect on the
satellite IWV product performance [44], the OLCI IWV data
averaged over a window of 3 x 3 pixel centering at the in-situ
GPS stations were taken into consideration in this study. It is
required that the Sentinel-3 OLCI IWV data have at least 2
collocated data points in the 3 x 3 pixel window. By using this 3
x 3 pixel window, the geometric misregistration problem
between the Sentinel-3 OLCI IWYV pixel and the precise GPS
location can be minimized and its effect can be reduced.

In addition, the observation time difference between the GPS
IWV and the averaged OLCI IWYV is required to be smaller than
30 min. Furthermore, the Level-2 OLCI product file “LQSF”
was utilized as a quality control parameter in our research to
obtain confident clear land pixels. Only OLCI IWV pixels
flagged as “LAND?”, i.e., under clear sky conditions, have been
taken into account in the averaging calculation and comparison
analysis.

I1l. METHODS

A. Ground-based water vapor retrieval from GPS
measurements

The ground-based IWV data were derived from the
measurements from each GPS site. The approach used to
determine the IWV from GPS observations is briefly described
in this paper, and a more thorough explanation can be found in
Bevis et al. [45]. The main strategy of the retrieval algorithm is
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to rely upon the propagation delays caused by the troposphere,
called slant tropospheric delay (STD). It can be converted to the
zenith tropospheric delay (ZTD) based on the mapping
functions [45], [46]. The ZTD can be decomposed into two
components, a zenith hydrostatic delay (ZHD) and a zenith wet
delay (ZWD) [45]:

ZTD = ZHD + ZWD (D

The ZHD is due to tropospheric gases which can be
calculated using the temperature and pressure at the location of
the GPS sites. The surface temperature and atmospheric
pressure were acquired from European Centre for
Medium-range Weather Forecasts (ECMWF) [47], [48] in this
study. The ZHD is defined as [45]:

ZHD = (2.2997 £+ 0.0024)P,/f (6, H) 2)

f(6,H) =1—0.00266 cos 20 — 0.00028H 3)

where Ps is the atmospheric pressure, 6 is the latitude, and H is
the height. Then, the component ZWD can be calculated using:

ZWD = ZTD — ZHD 4

The ZWD is mainly due to the atmospheric water vapor. The
relationship between IWV and ZWD is linear [45]:

IWV =TI+ ZWD ®)
where the IWV is the water vapor derived from the
ground-based GPS observations, and 7 is a constant related to
the weighted temperature of the atmosphere, which can be
calculated from surface temperature [49].

In this work, the fifth generation of ECMWF Reanalysis
(ERA5) data [48] (surface temperature and atmospheric
pressure) were utilized to calculate the coefficient II, in
addition to the ZHD. Once the ZHD and II are obtained,
ground-based IWV data can be calculated from ZTD products
of the CMONOC GPS stations [39], [40]. These in-situ
GPS-retrieved IWV data selected from 214 GPS stations over
Mainland China were employed to validate the retrieval
accuracy of the operational OLCI IWV products.

B. Space-based water vapor retrieval from Sentinel-3 OLCI
measurements

The Sentinel-3 OLCI utilizes two NIR channels centered at
885 nm and 900 nm for water vapor retrieval [38]. It can
measure atmospheric water vapor over land and ocean [38].
The retrieval algorithm mainly relies upon the differential
absorption approach [50] to relate the IWV to the measured
radiance ratio between OLCI channel O19 at 885 nm and O18
at 900 nm [38]. This retrieval model is based on the assumption
that a logarithmic relation exists between the absorber mass and
extinction [38]. To accelerate the calculation of the model
parameters, a neural network, trained with the matrix operator
model (MOMO), is employed [38]. The general form of the
retrieval approach is [38], [51]:

W = ko + ky log(R) + kylog?(R) (6)

where W is the derived IWV from OLCI measurements, and ko,
ki, and k> are regression coefficients, and R is the ratio of the
radiance measured in OLCI channel 19 to that of channel 18.

C. Statistical analysis

In order to quantitatively validate the accuracies of the
operational Sentinel-3 OLCI IWV products, OLCI IWV data
were compared with in-situ GPS IWV data on an averaged
pixel basis. A window of 3 x 3 pixels was averaged to get the
“averaged pixel” for OLCI IWV data. Only cloud-free pixels
were selected for accuracy assessment in this research. For the
comparison results, the statistical parameters used in this paper
include correlation coefficient (R%), RMSE, mean bias (MB),
and relative bias (RB). The coefficient of determination (R?)
provides information of the relationship strength between

paired Sentinel-3 and GPS water vapor datasets. It is
determined as follows:
2
RZJ SN AWV — TWVR)(IWV, — TWV,) ] @

ll \/Zéil(IWVR —TWVR)2(IWV, — Wo)zjl

where N is the number of data pairs, IWVy is the mean IWV
from references, i.e., GPS IWV data, and IWV,, is the mean
value of observations, i.e., OLCl-retrieved IWV data. The
RMSE is utilized to calculate the closeness between satellite
remotely sensed IWV and reference GPS-observed WYV,
defined as follows:

N
1
RMSE = NZ(IWVR — IWV,)>? (8)

i=1

where WV and IWVg have been defined above. The MB and
RB provide information about the overestimation or
underestimation of the Sentinel-3 OLCI IWV products by
comparing with ground-based GPS derived IWV data, written
as:

N
1
MB = NZ(IWVO — WVR) ©)
i=1
MB
= (10)
W,

In addition, water vapor scatterplots of the operational OLCI
IWV products versus reference GPS IWV data were plotted to
illustrate the accuracy of official Level-2 OLCI IWV data
published by Sentinel-3. The linear regression results between
them were also plotted.

IV. RESULTS

A. General analysis

An overall statistical analysis between Sentinel-3 OLCI
derived IWV data and GPS-measured IWV data was performed,
with results shown in Fig. 2. Only spatio-temporally collocated
GPS-OLCI IWYV data were used in the statistical analysis. The
evaluation results show that the annual RMSE values under
cloud-free conditions were 3.03 mm and 3.13 mm for
Sentinel-3A and Sentinel-3B, respectively. As shown in Fig. 2,
the slope and intercept of the regression lines for the in-situ
GPS IWV estimations versus Sentinel-3A OLCI IWV products
were 1.11 and -1.41, whereas the slope and intercept for
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Sentinel-3B OLCI IWV were 1.12 and -1.57. The MB and RB
values for Sentinel-3 OLCI IWV data were positive. It implied
that the OLCI products derived from both Sentinel-3A and
Sentinel-3B measurements overestimated the WV compared
to the ground-based GPS IWV data.

Daily averaged IWV values estimated from GPS,
Sentinel-3A, and Sentinel-3B are displayed in Fig. 3. These
averaged IWV data were calculated from spatio-temporally
collocated GPS-OLCI data sets on a daily basis. It is clearly
found that the variation trend of both OLCI daily mean IWV
agrees well with the GPS-retrieved daily averaged IWV. Their
main difference is that the Sentinel-3A derived IWV tends to
underestimate the value while the Sentinel-3B IWV tends to
overestimate it. The Sentinel-3 OLCI IWV products have a
good agreement with the ground-based GPS-measured daily
mean IWV data, with RMSE values of 2.15 mm for
Sentinel-3A and 2.26 mm for Sentinel-3B. It should be noted
that, the daily averaged IWV is well associated with the

characteristics of different seasons. The IWV has the largest
value in summer while in winter it has the lowest value.

Since the accuracy of retrieved water vapor is closely related
to the locations, the annual RMSE and MB under the clear sky
conditions are determined for each GPS station in this paper.
Among the 214 GPS stations, only GPS sites with more than 10
collocated data points were considered in this comparison
analysis. The results shown in Fig. 4 (a) and (c) illustrate that
for most in-situ GPS stations, the RMSE values between
Sentinel-3 OLCI IWV and in-situ GPS IWV were in the range
between 1.25 mm and 3.75 mm. The lower RMSE values were
situated in the Qinghai-Tibet Plateau areas, with the RMSE
usually less than 1.25 mm. In addition, most ground-based GPS
sites had positive MB values, implying that both Sentinel-3A
and Sentinel-3B measurements overestimated atmospheric
water vapor. The sites that have negative MB (underestimated)
were mainly located in the northeast and southwest regions of
Mainland China.
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Fig. 2. Scatter plots of the ground-based GPS-derived IWV against IWV derived from (a) Sentinel-3A and (b) Sentinel-3B measurements between June 1, 2019 and
May 31, 2020 in the Mainland China. N is the number of paired GPS-OLCI pixels under clear sky conditions used for evaluation. The dashed red lines show the

linear regression of these data.
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Fig. 3. Time-series analysis of daily mean IWV retrieved from observations of GPS, Sentinel-3A OLCI, and Sentinel-3B OLCI instruments from June 1, 2019 to
May 31, 2020, under cloud-free conditions. (a) and (c): The daily mean variation comparison between GPS-derived daily mean IWV against Sentinel-3A and
Sentinel-3B estimated daily mean IWV, respectively. (b) and (d): The scatterplots of daily mean IWV obtained from in-situ GPS observations versus Sentinel-3A
and Sentinel-3B derived daily mean IWV. N is the number of paired GPS-OLCI daily averaged data under clear sky conditions used for evaluation.
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Fig. 4. Annual RMSE and MB for each ground-based GPS station during the period from June 1, 2019 to May 31, 2020 in Mainland China. (a) and (b): The RMSE
and MB maps calculated from the comparison results between Sentinel-3A OLCI retrieved IWV data and GPS-observed IWV data. (c) and (d): The RMSE and MB
maps calculated from the comparison results between Sentinel-3B IWV data and GPS-derived IWV data.

B. Analysis with inland and coastal areas

In order to study the dependence with geographical regions,
the IWV data were grouped into coastal and inland two
categories. In this research, the GPS stations with a distance
from the coastline less than 100 km are defined as coastal
stations. The remaining GPS sites were defined as inland

stations. The detailed information of the coastal GPS sites used
in this evaluation analysis is listed in Table Il. A total of 24 GPS

stations were considered as

coastal sites, while 190 GPS

stations were considered as inland sites.

Fig. 5 displays the retrieval

accuracy of OLCI atmospheric

water vapor observations in the inland and coastal regions. It

can be observed that both

Sentinel-3A and Sentinel-3B

retrieved IWV data have a better accuracy in the inland area
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than the coastal areas. Compared with inland GPS IWV data,
the RMSE were 2.96 mm and 3.04 mm for Sentinel-3A and
Sentinel-3B, respectively. Compared with coastal GPS WV
data, the RMSE were 3.63 mm and 3.89 mm, respectively. The
reason for this result may be that coastal stations are affected
more by the oceanic humidity, which makes the IWV retrieval
more challenging. In both inland and coastal areas, the
Sentinel-3A IWV products show slightly better accuracy than
the Sentinel-3B, with smaller RMSE (2.96 mm and 3.63 mm).
In addition, the MB and RB of retrieved OLCI IWV data versus
GPS-measured IWV data were all positive values for both
inland and coastal stations. It indicates that the Sentinel-3
remotely sensed IWV observations are overestimated in both
inland and coastal regions. It should be noted that Sentinel-3
OLCI IWV products have smaller MB and RB values in the
inland area than those in coastal area. The most possible reason
for this difference could be due to the effect of the oceanic
humidity on the IWV retrieval.

C. Analysis with elevation

The geographical elevations can also have an impact on the
accuracy of atmospheric water vapor retrieval, as presented in
Fig. 6. According to the elevation of classical geographical
types in Mainland China, the ground-based GPS stations were

divided into 5 groups based on their elevations, i.e. low plain,
high plain (hill or plateau), low mountain, middle mountain,
and high mountain. For these five elevation groups, the number
of the paired data points is 597, 524, 839, 787, and 523 for
Sentinel-3A, and 628, 508, 834, 732, and 528 for Sentinel-3B,
respectively. The statistical metrics such as R%, RMSE, MB,
and RB were calculated for each elevation bin.

The validation results displayed in Fig. 6 indicate that, for
both Sentinel-3A and Sentinel-3B, as the elevation increased,
the strength of the relationship (R?) between OLCI IWV and
GPS IWV data decreased from 0.95 to 0.85. Similarly, the
RMSE of OLCI IWV data versus GPS IWV data had lower
values in higher elevation, showing the water vapor retrieval
accuracy increased with the increase of elevation. The RMSE
values for different elevation bins were all below 3.50 mm.
Meanwhile, Sentinel-3A IWV products had positive MB and
RB (overestimated) in the lower elevation (< 500 m) while in
other higher elevation the MB and RB were negative
(underestimated). The MB and RB values for Sentinel-3B were
overall positive (overestimated), except for the elevation in the
range of 2000 to around 4497 m.

TABLE II
SUMMARY OF DATA CHARACTERISTICS OF COASTAL GPS STATIONS SELECTED FOR THE INLAND AND COASTAL COMPARISON ANALYSIS

# of pairs of data point

Station  Longitude (°)  Latitude (°) Height (m) Location Sentinel-3A  Sentinel-38
FIPT 25.5 119.8 33.7 PingTang, FuJian 4 5
FIXP 26.9 120.0 80.6 XiaPu, Fulian 10 14
GDST 23.4 116.6 31.8 ShanTou, GuangDong 1 2
GDZJ) 21.2 110.3 37.4 ZanJiang, GuangDong 11 12
GUAN 23.2 113.3 30.9 GuangZhou, GuangDong 14 13
GXBH 217 109.2 28.7 BeiHai, GuangXi 11 10
GXNN 22.6 108.1 96.8 NanNing, GuangXi 15 13
HECX 385 116.9 0.5 CangXian, HeBei 26 25
HETS 39.7 118.3 55.4 TangShan, HeBei 19 15
HIHK 20.0 110.2 55.2 HaiKou, HaiNan 6 3
HISY 18.2 109.5 47.0 SanYa, HaiNan 5 7
JSYC 334 120.0 12.7 YanCheng, JiangSu 10 7
LNDD 40.0 1243 29.8 DanDong, LiaoNing 8 7
LNHL 40.7 120.9 425 HuLuDao, LiaoNing 14 16
LNJZ 39.1 121.7 67.6 JinZhou, LiaoNing 6 5
LNYK 40.7 122.6 105.6 YingKou, LiaoNing 17 18
QION 19.0 109.8 205.7 QiongZhong, HaiNan 2 1
SDCY 36.8 1195 58.1 ChangYi, ShanDong 24 25
SDRC 37.2 122.4 64.5 RongCheng, ShanDong 11 15
SDYT 375 121.4 92.4 YanTai, ShanDong 15 21
TJBD 39.7 1174 -0.5 BaoDi, TianJin 19 25
TJBH 39.1 117.7 -0.8 BinHai, TianJin 7 4
TIWQ 39.4 117.1 0.1 WuQing, Tiandin 15 20
2)7S 30.1 122.0 22.8 ZhouShan, ZhelJiang 6 7
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Fig. 6. The comparison analysis of OLCI-derived IWV data versus GPS-estimated IWV data for each elevation group during the period between June 1, 2019 and
May 31, 2020 in the Mainland China. For each elevation group, the R?, RMSE, MB, and RB are calculated. The green bar represents the elevation ranging from -0.8
to 100 m (low plain); the light yellow bar represents the elevation ranging from 100 to 500 m (high plain or hill or plateau); the purple bar represents the elevation
ranging from 500 to 1200 m (low mountain); the light cyan bar represents the elevation ranging from 1200 to 2000 m (middle mountain); and the orange bar

represents the elevation ranging from 2000 to 4497.1 m (high mountain).

D. Analysis with IWV

IWV values can affect the performance of the satellite
remotely sensed atmospheric water vapor observations. To
study the IWV dependence, data were classified into three bins:
low IWV (IWV < 10 mm), middle IWV (10 mm < IWV < 25
mm), and large IWV (IWV > 25 mm). This IWV classification

is based on the previous published work on IWV analysis [32].
For low, middle, and large IWV bins, the number of the
collocated data points is 1174, 1366, and 730 for Sentinel-3A,
and 1106, 1304, and 820 for Sentinel-3B, respectively.

Fig. 7 shows the retrieval accuracies of Sentinel-3 OLCI
IWV products for each IWV bin. It can be found that the R? and
RMSE values of Sentinel-3A and Sentinel-3B behave in a very
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similar trend from low IWV to large IWV. When the IWV
increases, the R? and RMSE increase. That is to say that larger
IWV values can result in poorer OLCI retrieval accuracies
(larger RMSE). Additionally, for both Sentinel-3A and
Sentinel-3B IWV products, the low IWV usually has negative
MB and RB (underestimated) while the middle and large IWV
usually have positive MB and RB (overestimated). However,
the IWV analysis in [32] showed an opposite result, i.e. low
IWV was overestimated while large IWV was underestimated.
The most possible reason for this discrepancy between [32] and
our research could be related to the differences in datasets, e.g.
the years of observation, the areas of observation, and the
number of used reference GPS stations.

E. Analysis with solar zenith angle

The performance of satellite-based IWV observations can be
affected by the solar zenith angle (SZA) values, which are
associated with the amount of the solar radiation reflected by
the Earth and atmospheric water vapor. To investigate the SZA
influence on the OLCI IWV retrievals, data with SZA ranging
from 20° to 70° were grouped into bins of 10° interval,

including 20° << SZA < 30°, 30° << SZA <40°, 40° < SZA<

<
50°, 50° < SZA < 60°, and 60° < SZA < 70°. Corresponding
R

2

OLCI-B

OLCI-A

. MB (Imm) .
OLCI-B[ 1
OLCI-A |
-1 0 1 2 3

to the SZA groups, the number of the collocated data points is
571, 1183, 703, 537, and 276 for Sentinel-3A, and 717, 1055,
767, 453, and 238 for Sentinel-3B, respectively.

Fig. 8 shows the accuracy of the Sentinel-3 OLCI WV
product of each SZA group. Both R? and RMSE decreased with
the increase of SZA for both Sentinel-3A and Sentinel-3B
satellites. That implies that larger SZA values could result in
higher accuracy of the Sentinel-3 OLCI IWV product but the
correlation between Sentinel-3 OLCI IWV product and
GPS-estimated IWV data got worse. When the SZA was lower
than 40°, Sentinel-3 OLCI IWV product tended to overestimate
IWV values with positive MB and RB. When the SZA was
larger than 40°, Sentinel-3 OLCI IWV product tended to
underestimate IWV values with negative MB and RB. The only
exception is for the Sentinel-3A OLCI IWV product with SZA
in the bin of 60° to 70°, which overestimated IWV values. As
reported in [32], the effect of SZA on IWV retrieval could be
associated with the IWV magnitude itself. Hence, the combined
effect of SZA and IWV may be responsible for Sentinel-3A’s
overestimation of IWV in the SZA range of 60° to 70°.
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Fig. 7. The comparison analysis of OLCI-derived IWV data versus GPS-estimated IWV data for each IWV group during the period between June 1, 2019 and May
31, 2020 in the Mainland China. For each IWV group, the R?, RMSE, MB, and RB are calculated. The green bar represents the IWV values ranging from 0 to 10 mm
(low IWV); the light yellow bar represents the IWV values ranging from 10 to 25 mm (middle IWV); and the purple bar represents the IWV values ranging from 25

to 80 mm (large IWV).
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Fig. 8. The comparison analysis of OLCI-derived IWV data versus GPS-estimated IWV data for each SZA group during the period between June 1, 2019 and May
31, 2020 in the Mainland China. For each SZA group, the R?, RMSE, MB, and RB are calculated. The green, light yellow, purple, light cyan, orange bars represent
the SZA ranging from 20° to 30°, from 30° to 40°, from 40° to 50°, from 50° to 60°, and from 60° to 70°.

F. Analysis with season

The performance of satellite measurements displays a
dependence on the season of the year, because each season has
its own meteorological characteristics.

In Fig. 9, the monthly R?, RMSE, MB, and RB indices
between OLCI IWV data and GPS measurements are shown. In
general, from June 2019 to May 2020, Sentinel-3A and
Sentinel-3B had similar metrics. For R?, Sentinel-3A had the
largest value in July 2019 and the smallest value in December
2019; Sentinel-3B had the largest R? in October 2019, with the
smallest value in January 2020. From December 2019 to
February 2020, the RMSE had a relatively lower value for both
Sentinel-3A and Sentinel-3B IWV observations, and the
relatively higher values occurred in the period between June
2019 to August 2019. In addition, there was an overall
underestimation (negative MB and RB) in the months of
September, December, January, February, March, and April;
however, it showed an overall overestimation (positive MB and
RB) in other months of OLCI IWV observations. But in the
month of October 2019, the MB and RB for Sentinel-3B IWV
products were negative (underestimated).

Furthermore, the seasonal dependence between Sentinel-3
OLCI IWV data and GPS IWYV data are presented in Fig. 10.
Data were divided into the groups of seasons: spring (March
2020 to May 2020), summer (June 2019 to August 2019),
autumn (September 2019 to November 2019), and winter
(December 2019 to February 2020). The number of the
collocated data points in spring, summer, autumn and winter is
1436, 561, 678, and 595 for Sentinel-3A, and 1430, 662, 594,
and 544 for Sentinel-3B, respectively. Seasonal evaluation
results suggest that, for each season, the Sentinel-3 OLCI IWV
data perform well with respect to the reference GPS IWV data.
The OLCI IWV estimations showed high accuracy in spring
and winter, but lower accuracy in summer and autumn, in terms

of RMSE values. Moreover, it showed an overestimation
(positive MB and RB) in summer and autumn for Sentinel-3A,
and in summer for Sentinel-3B. In other seasons, Sentinel-3
OLCI IWV products showed an underestimated (negative MB
and RB) retrieval results compared with in-situ GPS IWV data.

G. Analysis with land-surface-type

The land surface type changes from location to location,
which can affect the atmospheric water vapor retrieval
accuracy from satellite-sensed measurements. In order to study
land-surface-type dependence, data were grouped according to
land cover type surrounding each GPS station (see Fig. 1). This
classification was performed using MODIS annual land cover
products (MCD12Q1) [52]. The International
Geosphere-Biosphere Programme (IGBP) legend [52] was
employed in this research. In order to obtain a more accurate
surface type for each ground-based GPS site, the latest
MCD12Q1 data in the year 2019 was utilized because it is the
closest to the study period (June 1, 2019 to May 31, 2020). The
land covers of ground-based GPS stations in Mainland China
were divided into 17 classes (see Fig. 1). The validation results
per land surface type are listed in Table Ill. The relative
uncertainty was calculated as the ratio of the standard deviation
to the mean from the Sentinel-3 OLCI IWV data. It shows that
the Sentinel-3 OLCI IWV values used in each land cover
analysis varied greatly. The R? of OLCI IWV products
compared to GPS IWV data varied from 0.70 to 0.97 for
Sentinel-3A satellite and from 0.83 to 1.00 for Sentinel-3B
satellite. The RMSE of OLCI water vapor products were in the
range of 1.66 to 3.73 mm for Sentinel-3A and 0.81 to 3.88 mm
for Sentinel-3B. Table 111 also clearly shows that the current
OLCI IWV products tend to underestimate the water vapor
value in most land surface types and most land surface covers
have negative MB and RB values.
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Fig. 9. The monthly comparison analysis of IWV retrieved from observations of GPS, Sentinel-3A OLCI, and Sentinel-3B OLCI instruments from June 1, 2019 to
May 31, 2020 in the Mainland China. The monthly R?, RMSE, MB, and RB are calculated.
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TABLE IlI
EVALUATION OF THE SENTINEL-3 OLCI IWV PRODUCTS AGAINST WATER VAPOR DATA DERIVED FROM THE GPS STATIONS LOCATED IN THE MAINLAND CHINA.
BY EMPLOYING THE MCD12Q1 IGBP LEGEND, THE GPS STATIONS ARE DIVIDED INTO 17 CLASSES BASED ON THEIR LAND SURFACE TYPES. THE RELATIVE
UNCERTAINTY IS CALCULATED AS THE RATIO BETWEEN THE STANDARD DEVIATION AGAINST THE MEAN CALCULATED FROM THE SENTINEL-3 OLCI IWV DATA

Land cover Satellite # of pairs of data point  Slope Offset R?> RMSE MB RB  Relative uncertainty
Sentinel-3A 15 0.68 137 070 18 -0.60 -0.10 33.37%
Evergreen Needleleaf Forests .
Sentinel-3B 12 0.76 056 083 161 -1.16 -0.16 33.55%
Sentinel-3A 59 108 -403 090 373 -254 -0.13 67.81%
Evergreen Broadleaf Forests
Sentinel-3B 48 097 -182 085 388 -229 -0.13 56.53%
Deciduous Needleleaf Forests Sentinel-3A 31 1.03 -1.94  0.96 1.66 -1.70 -0.18 72.69%
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Sentinel-3B 30 099 -1.16 098 152 -1.27 -0.12 81.60%
Sentinel-3A 96 0.99 -0.67 0.90 2.89 -0.82 -0.07 67.54%
Deciduous Broadleaf Forests )
Sentinel-3B 86 0.88 086 087 3.04 -064 -0.05 53.73%
Sentinel-3A 61 1.01 -3.36  0.87 3.70 -3.13  -0.19 74.09%
Mixed Forests )
Sentinel-3B 61 098 -2.73 093 328 -3.02 -0.18 77.65%
Sentinel-3A 40 097 -160 094 215 -191 -0.18 71.10%
Closed Shrublands
Sentinel-3B 34 1.01 -1.70 094 2.24 -1.55 -0.12 65.40%
Sentinel-3A 36 100 -277 093 254 -276 -0.20 68.90%
Open Shrublands
Sentinel-3B 23 1.01 -2.30  0.90 2.84 -2.22  -0.15 57.92%
Sentinel-3A 260 113 -258 096 260 -044 -0.03 78.48%
Woody Savannas
Sentinel-3B 240 1.12 -2.57 097 291 -0.26 -0.01 78.95%
Sentinel-3A 340 1.13 -1.66 0.93 2.87 0.27 0.02 68.24%
Savannas
Sentinel-3B 297 110 -1.33 094 305 0.37 0.02 72.09%
Sentinel-3A 827 1.13 -1.54 091 2.53 -0.20 -0.02 76.90%
Grasslands )
Sentinel-3B 860 116  -190 093 240 -0.20 -0.02 81.78%
Sentinel-3A 189 111 -0.89 095 268 0.72 0.05 73.05%
Permanent Wetlands
Sentinel-3B 203 1.06 -0.16 094 2.94 0.84 0.05 64.07%
Sentinel-3A 740 113  -1.04 092 298 0.74  0.06 74.40%
Croplands .
Sentinel-3B 733 1.17 -1.62 094 2.95 0.83 0.06 79.72%
) Sentinel-3A 470 116  -1.19 092 285 1.02 0.07 64.91%
Urban and Built-up Lands .
Sentinel-3B 495 1.19 -1.94 0.95 2.70 1.07 0.07 71.09%
. . Sentinel-3A 89 111 -093 095 322 119 0.06 66.80%
Cropland/Natural Vegetation Mosaics .
Sentinel-3B 98 1.06 -0.71  0.95 3.50 0.54 0.03 73.71%
Sentinel-3A 8 117  -167 097 208 0.02 0.00 62.52%
Permanent Snow and Ice
Sentinel-3B 4 1.01 -2.10 0.96 231 -1.96 -0.19 59.21%
Sentinel-3A 2 - - - 0.46  0.07 -
Barren
Sentinel-3B 2 - - - 128 011 -
) Sentinel-3A 7 1.07 112 095 242 177 018 68.93%
Water Bodies .
Sentinel-3B 4 141 -609 100 081 -1.63 -0.15 80.29%

H. Analysis with climatic zone

China has a large area of mountains, plateaus, and plains
with large climatic variations in different regions. The vast
lands result in a great variety of climates in China. In this paper,
the climatic zone map developed by Feng and Du [53] was
employed to define the climatic zone in China. This climatic
zone distribution map was generated utilizing Ko&ppen
classification approach [53], which is a widely accepted
method of climate classification [54]. As shown in Fig. 1, the
research area (Mainland China) has been roughly classified into
four climatic zones: region | (Tibetan Plateau) is mainly
covered by the polar climate; region Il (southern China) is in
the coverage of temperate climate; region Il (north of Tibetan
Plateau and west of Inner Mongolian Plateau) is defined as arid
climate; and region IV (Northeast Plain and North China Plain)
has a cold climate.

1) Climatic zone I: polar climate

The Tibetan Plateau has a critical effect on the local climate

and global hydrological cycle through both thermal and

mechanical forces [55]. Fig 11 (a) and (b) show a seasonal
cycle in the monthly mean IWV values in climatic zone I. The
seasonal maximum mean IWV had its value 13.45 mm in the
summer and seasonal minimum mean IWV was 3.45 mm in
winter. The seasonal maximum mean IWV values estimated
from Sentinel-3A and Sentinel-3B measurements were 16.22
mm and 15.31 mm in summer, and the seasonal minimum mean
IWV values were 2.19 mm and 2.16 mm in winter,
respectively. The results show that the IWV value decreased
from the summer to the winter, associated with the higher
evaporation of surface water vapor in the summer and the
decrease in rainfall in the winter. The general evaluation results
in Fig. 11 (c) and (d) illustrate that OLCI IWV agrees well with
the in-situ GPS IWV observations, with the RMSE of 2.52 mm
for Sentinel-3A and 2.22 mm for Sentinel-3B. Both
Sentinel-3A and Sentinel-3B have negative MB and RB
(underestimated) in polar climate areas. The possible reason for
the negative MB and RB (underestimated) is that the region has
a climatic condition with IWV values usually lower than 10
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mm. This is in agreement with the conclusion displayed in the
IWV analysis (i.e., Section IV. D).
2) Climatic zone II: temperate climate

Fig. 12 (a) and (b) show a seasonal cycle in the monthly
mean IWV values from June 1, 2019 to May 31, 2020 in
temperate climate regions (climatic zone I1). As presented in
Fig. 12 (a) and (b), the IWV values were higher in the summer
than in the spring and autumn, and the IWV values were
smallest in the winter. The seasonal maximum mean WV
in-situ GPS value was 40.93 mm in the summer. The seasonal
minimum mean GPS IWV value was 9.55 mm in the winter.

13

The validation results displayed in Fig. 12 (c) and (d) indicate
that OLCl-derived IWV data show a good relationship with the
ground-based GPS-retrieved IWV data. The RMSE between
them was 3.12 mm for Sentinel-3A and 3.40 mm for
Sentinel-3B. In addition, the MB and RB for both Sentinel-3A
and Sentinel-3B were positive, illustrating an overestimation
with ground-based GPS-sensed IWV observations. The
overestimation trend may be because the region has a climatic
condition with IWV values usually larger than 10 mm in this
region. It is consistent with the result shown in Section I1V. D
(i.e., Analysis with IWV).
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3) Climatic zone IlI: arid climate

A regular seasonal cycle in the monthly mean IWV values in
arid climate areas (climatic zone 11) is displayed in Fig. 13 (a)
and (b). The seasonal maximum mean GPS IWV value was
16.72 mm in the summer. The seasonal minimum mean GPS
IWV value was 3.49 mm in the winter. The OLCI IWV
observations exhibited larger system deviations in the summer,
with the largest deviations occurring in July. The seasonal
maximum mean Sentinel-3A and Sentinel-3B IWV values were
22.93 and 22.22 mm in summer, respectively, while the
seasonal minimum mean values were 3.30 mm and 2.10 mm in
winter. Fig. 13 (c) and (d) demonstrate that the retrieval
accuracies of OLCl-sensed WV measurements in climatic
zone 11 is good, with the RMSE values of less than 2.60 mm
(2.37 mm for Sentinel-3A and 2.55 mm for Sentinel-3B).
Meanwhile, there was an overestimated (positive MB and RB)
trend for both Sentinel-3A and Sentinel-3B compared with
in-situ  GPS IWV data. The positive MB and RB
(overestimated) could be due to the middle IWV values (10 mm
< IWV < 25 mm) in this region, as shown in the IWV analysis

(i.e., Section IV. D).

4) Climatic zone IV: cold climate

Fig. 14 (a) and (b) present the seasonal cycle IWV results
retrieved from GPS, Sentinel-3A, and Sentinel-3B instruments
in climatic zone 1V, which is hot and humid in the summer
(June, July, and August). The seasonal maximum mean IWV
values were 24.30, 24.60, and 28.56 mm for GPS, Sentinel-3A,
and Sentinel-3B, respectively. Its winter is cold and dry, with
seasonal minimum mean IWV values of 5.27, 4.59, and 2.48
mm for GPS, Sentinel-3A, and Sentinel-3B, respectively. Fig.
13 (b) indicates that the OLCI measurements overestimated the
IWV in the summer, whereas they underestimated the IWV in
spring and winter. The evaluation results in Fig. 14 (c) and (d)
show that the comparison between OLCI IWV products and
GPS IWV data had a good agreement, with the RMSE values of
3.31 mm for Sentinel-3A and 3.37 mm for Sentinel-3B. The
MB values of Sentinel-3A and Sentinel-3B were 0.14 mm
(overestimated) and 0.06 mm (overestimated), respectively.
The possible reason for the overestimation in this region is that
the IWV values are usually larger than 10 mm, i.e., middle and
large IWV values. It is in agreement with the result shown in
Section 1V. D (i.e., Analysis with IWV).



> |EEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING < 15

30 T T T T T T T T T T T T 24 T T I T
—~ | & GPS IWV = | () EGPS WY
E sl A= OLCI-A IWV | Bt EHOLCI-A TWV |
E = OLCI-B IWV E ElOLCI-B IWV
; 20} 4 ; 161 ]
S5k . E 12
= =
Z 10 - = 8F
..E =
g Z
= @

1 1 1 1 1 1 1 1 1 0
Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Summer Autumn Winter Spring
50 . . . . 50 - . . .
y=1.13x-0.96 ) y=1.14x-0.94 o (d)

— a0} E=090 e ] o) B=091 - -
E RMSE=2.37 . E RMSE=2.55 L
E MB=0.61 . E MB=0.74 "
g RB=0.05 ’ g RB=0.06 a

30F 30}
; o1 Nea78 . 2 z I N=s12 . ?
Tt % 20}
o Q
s =
Q ot ot

ol | ] | | 0 ] | J |
0 10 20 30 40 50 0 10 20 30 40 50
GPS IWYV (mm) GPS IWV (mm)

Fig. 13. The comparison analysis between Sentine-3 OLCI IWV products and GPS-observed IWV data in climatic zone I11. (a) Monthly variations in IWV derived
from ground-based GPS, Sentinel-3A, and Sentinel-3B measurements; error-bars in monthly averaged IWV are the standard deviation calculated from GPS,
Sentinel-3A, and Sentinel-3B IWV data; (b) Variations in the seasonal mean IWV derived from ground-based GPS, Sentinel-3A, and Sentinel-3B measurements;
(c) Scatterplot of the ground-based GPS IWV versus Sentinel-3A OLCI IWV; (d) Scatterplot of the ground-based GPS IWV versus Sentinel-3B OLCI IWV. N is
the number of paired GPS-OLCI pixels under clear sky conditions used for evaluation.

45 T T T T T T T T T T T 35 T T T T
— @ B GPSIWYV || ~ | () EEGPS WV
E A OLCI-A TWV E30f [ OLCI-A TWV |1
Esst ¥ OLCI-B IWV |+ ) Bl OLCI-B IWV
Z 30 S 25t ]
=l 7 =
T st i =20t
= =
3 5
= 20F -1 E 15F
=I5k 4 =
= St
= 10 . s
s g st
= st - ]

0 1 1 1 0

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Summer Autumn Winter Spring
80 — 80 ———
y=1.14x-1.58 (©) y=1.18x-2.52 S0 (d)
70T R2-0.89 T 0F R220.93 g 1
RMSE=3.31 RMSE=3.37 .

60 60

7| MB=0.14 . MB=0.06 o

50+ RB=0.01 e 50 | RB=0.00

N=1258 N=1258

o
S
F=

OLCI-A IWV (mm)
i
R

OLCI-B TWV (mm)
ey
(=)

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

GPS IWYV (mm) GPS IWV (mm)
Fig. 14. The comparison analysis between Sentine-3 OLCI IWV products and GPS-observed IWV data in climatic zone IV. (a) Monthly variations in IWV derived
from ground-based GPS, Sentinel-3A, and Sentinel-3B measurements; error-bars in monthly averaged IWV are the standard deviation calculated from GPS,
Sentinel-3A, and Sentinel-3B IWV data; (b) Variations in the seasonal mean IWV derived from ground-based GPS, Sentinel-3A, and Sentinel-3B measurements;
(c) Scatterplot of the ground-based GPS IWV versus Sentinel-3A OLCI IWV; (d) Scatterplot of the ground-based GPS IWV versus Sentinel-3B OLCI IWV. N is
the number of paired GPS-OLCI pixels under clear sky conditions used for evaluation.



> |EEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING < 16

V. DISCUSSION

This study aims to validate the accuracy of Sentinel-3 OLCI
IWV product by comparing against reference IWV data
retriecved from ground-based GPS measurements in the
Mainland China. It is the first time that the quality of Sentinel-3
OLCI IWV product is thoroughly evaluated using more than
200 in-situ GPS sites in such a large spatial coverage as China.
Many variables that have an influence on the performance of
Sentinel-3 OLCI IWV product have been studied. In order to
have a better understanding of the results of this study, we have
conducted a comparison with previous IWV evaluation studies.

A. Comparison with previous OLCI IWV evaluation studies

In previous studies, comparison of Sentinel-3 OLCI IWV
versus GPS IWV was carried out using regional GPS network
operating mainly in Crete [35]. The MB values were -0.23 mm
(underestimated) for Sentinel-3A and 0.24 mm (overestimated)
for Sentinel-3B [35]. Our study showed that both Sentinel-3A
and Sentinel-3B OLCI IWV products tended to overestimate
IWV values, with a MB value of 0.13 mm and 0.22 mm,
respectively. The MB difference of these two independent
evaluations is 0.36 mm for Sentinel-3A and 0.02 mm for
Sentinel-3B. In terms of relative error, it was reported that the
overestimation was less than 10% compared to the regional
GPS IWV data [35]. In our study, the overestimation for
Sentinel-3 OLCI IWV product was not larger than 2%, with an
RB value of 0.01 for Sentinel-3A and 0.02 for Sentinel-3B. The
conclusion in [35] showed that OLCI instruments onboard both
Sentinel-3A and Sentinel-3B satellites behaved equally well.
Our validation results were in a good agreement with that.

In the official Sentinel-3 OLCI performance report provided
by the Sentinel-3 Mission Performance Center (S3MPC),
comparison of Sentinel-3 OLCI IWV versus GPS IWV was
conducted using the SuomiNet GPS network in the North and
Central America [42]. It showed that the correlation between
OLCI IWV product and GPS-derived IWV data was 0.98 for
Sentinel-3A and 0.97 for Sentinel-3B [42]. The RMSE of
Sentinel-3A and Sentinel-3B was 2.2 mm and 2.1 mm, with the
MB values of 1.24 mm and 1.02 mm, respectively [42].

In our research, the correlation between OLCI IWV product
and GPS-derived IWV data was 0.92 for Sentinel-3A and 0.94
for Sentinel-3B, and the RMSE (MB) of Sentinel-3A and
Sentinel-3B was 3.03 mm (0.13 mm) and 3.13 mm (0.22 mm),
respectively. The conclusion shown in S3MPC performance
report also suggested that the OLCI sensor of Sentinel-3A
performed equally well with that of Sentinel-3B [42]. This
evaluation result agreed well with our result.

Overall, our validation results are consistent with those
shown in previous OLCI IWV evaluation studies.

B. Comparison with other satellite NIR IWV products

The NIR channel retrieval approach has been applied in
various NIR sensors to retrieve water vapor product, including
OLCI, MODIS, MERSI/FY-3A, and MERIS/Envisat. He and
Liu [33] evaluated the accuracy of water vapor product
retrieved  from  MODIS/Terra, MERSI/FY-3A, and

MERIS/Envisat by comparing against reference water vapor
data derived from SuomiNet GPS stations in the North
America. The evaluation results from this study and the [33] are
summarized in Table V.

It is clearly shown that in terms of the RMSE values, the
water vapor product from both Sentinel-3A and Sentinel-3B
showed a better accuracy than those from Terra, FY-3A, and
Envisat. Sentinel-3A OLCI IWV product had the highest water
vapor retrieval accuracy with an RMSE of only 3.03 mm,
whereas the FY-3A MERSI IWV product had the lowest water
vapor retrieval accuracy with an RMSE of 8.64 mm. The MB
for MODIS, MERIS/Envisat, and OLCI was positive, implying
that the water vapor products from these sensors tended to
overestimate IWV values. The FY-3A MERSI IWV product
tended to underestimate IWV values with a MB of -5.69 mm.
The Terra MODIS IWV product had the best correlation with
an R? of 0.95, while the water vapor product from FY-3A
MERSI had the worst correlation with an R? of 0.80.

The OLCI instrument onboard the Sentinel-3 satellite is
based on the proven heritage of MERIS/Envisat instrument
onboard the Envisat satellite [37]. The evaluation results shown
in Table IV indicated that Sentinel-3 OLCI IWV product
indeed showed improved accuracy over the Envisat MERIS
IWV product, with a smaller RMSE value and a lower MB
value. The correlation between Sentinel-3B OLCI IWV data
and GPS IWV data was slightly higher, while the Sentinel-3A
OLCI IWV product was slightly lower, when compared with

that of Envisat MERIS IWYV product (R?= 0.93).
TABLE IV
SUMMARY OF THE VALIDATION RESULTS OF WATER VAPOR PRODUCT
RETRIEVED FROM MODIS/TERRA, MERSI/FY-3A, MERIS/ENVISAT,
OLCI/SENTINEL-3A, AND OLCI/SENTINEL-3B AGAINST REFERENCE WATER
VAPOR DATA RETRIEVED FROM GROUND-BASED GPS MEASUREMENTS
UNDER CLEAR CONDITIONS

Sensor Slope Offset R? RMSE MB
MODIS/Terra 0.66 1.19 0.95 5.48 3.80
MERSI/FY-3A 1.58 0.55 0.80 8.64 -5.69
MERIS/Envisat 1.49 0.97 0.93 3.71 0.95
OLCl/Sentinel-3A 111 -1.41 0.92 3.03 0.13
OLCI/Sentinel-3B 1.12 -1.57 0.94 3.13 0.22

VI. CONCLUSION

In this study, a comprehensive comparison analysis was
conducted to assess the performance of the operational
Sentinel-3 OLCI IWV products against independent
GPS-retrieved IWV data from June 1, 2019 to May 31, 2020 in
Mainland China. For the first time, the IWV data estimated
from Sentinel-3 OLCI measurements were validated using
more than 200 in-situ GPS stations in a large spatial coverage.
This is also the first time that the retrieval accuracies of the
Sentinel-3 OLCI IWV products were evaluated against
ground-based GPS-measured IWV data in China.

For Sentinel-3A and Sentinel-3B, the correlation coefficients
between the OLCI IWV products and the in-situ GPS-sensed
IWV measurements were R? = 0.92 and R? = 0.94, respectively,
and the RMSE values were 3.03 mm and 3.13 mm,
respectively. Evidently, these results indicated that the
Sentinel-3 OLCI IWV measurements agree quite well with the
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ground-based GPS-observed IWV data. The OLCI IWV data
retrieved from Sentinel-3A have slightly higher accuracy than
those estimated from Sentinel-3B. In addition, OLCI IWV data
derived from both Sentinel-3A and Sentinel-3B had positive
MB and RB (overestimated).

Furthermore, a detailed analysis on various parameters was
also carried out. The main findings are as follows.

1) The accuracies of OLCI-derived IWV products in inland
areas are superior to those in coastal areas in terms of RMSE
values, due to the influence of oceanic water vapor to coastal
areas.

2) When geographical elevation increases, the strength of the
relationship (R?) between OLCI-retrieved IWV data and
GPS-observed IWV data is getting smaller; similarly, the
RMSE values are likely to be smaller. Meanwhile, the MB and
RB tend to be negative (underestimated) in higher elevation,
but overestimated in lower elevation.

3) The larger IWV values tend to result in a lower retrieval
accuracy (higher RMSE) of OLCI-observed IWV data. The
MB and RB of low IWV are negative (underestimated) while
the MB and RB from middle and large IWV have positive
values (overestimated).

4) Larger SZA values tend to result in a higher retrieval
accuracy (smaller RMSE) of the Sentinel-3 OLCI IWV
product. Generally, Sentinel-3 OLCI IWV product
overestimated IWV values when the SZA is lower than 40° and
underestimated IWV values when the SZA is larger than 40°,
except the Sentinel-3A OLCI IWV product with the SZA in the
range of 60° to 70°.

5) The derived OLCI IWV data agree well with reference
GPS IWV data in each season. The OLCI-retrieved WV
estimates show high accuracy in spring and winter, and lower in
summer and autumn, in terms of RMSE values. It also shows an
overestimated trend (positive MB and RB) in summer and
autumn for Sentinel-3A IWV observations, and in summer for
Sentinel-3B IWV observations.

6) For each land surface type, the RMSE of OLCI IWV data
were all below 4 mm, varying from 1.66 to 3.73 mm for
Sentinel-3A and from 0.81 to 3.88 mm for Sentinel-3B. The
operational OLCI IWV products tend to underestimate IWV in
most land cover types, as the MB and RB being negative
values.

7) For each climatic zone, the maximum OLCI-retrieved
IWV  values occurred in the summer; the minimum
OLCI-derived IWV values occurred in the winter. In addition,
the IWV data retrieved from Sentinel-3A and Sentinel-3B
showed a high retrieval accuracy in polar and arid climate
areas, and a lower accuracy in climatic zone Il and IV. It
suggests that the Sentinel-3 OLCI IWV products perform better
in dry areas (climatic zone I and I11) than in wet areas (climatic
zone Il and V). The overall MB and RB values were positive
(overestimated), except for the climatic zone | (negative MB
and RB, underestimated).

Comparison against previous work showed that the
validation result in this study is consistent with those shown in
previous OLCI IWV evaluation studies. Comparison against
other satellite NIR WV products showed that the Sentinel-3

OLCI IWV product has a superior accuracy with lower RMSE
and MB values than the water vapor products retrieved from
MODIS/Terra, MERSI/FY-3A, and MERIS/Envisat. It should
be noted that OLCI instrument’s performance in atmospheric
water vapor retrieval is better than its predecessor, i.e. MERIS.

In summary, the performance of Sentinel-3 OLCI water
vapor products have been comprehensively evaluated using
214 reference GPS water vapor data in China. It is expected that
this study can help improve the OLCI water vapor retrieval
algorithm after considering all the factors that affect OLCI
IWV accuracy as shown in this work.
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