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Abstract: At present, the global reliability and accuracy of Precipitable Water Vapor (PWV) from
different reanalysis products have not been comprehensively evaluated. In this study, PWV values
derived by 268 Global Navigation Satellite Systems (GNSS) stations around the world covering the
period from 2016 to 2018 are used to evaluate the accuracies of PWV values from five reanalysis
products. The temporal and spatial evolution is not taken into account in this analysis, although
the temporal and spatial evolution of atmospheric flows is one of the most important information
elements available in numerical weather prediction products. The evaluation results present that five
reanalysis products with PWV accuracy from high to low are in the order of the fifth generation of
European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERA5), ERA-Interim,
Japanese 55-year Reanalysis (JRA-55), National Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR), and NCEP/DOE (Department of Energy) according to root
mean square error (RMSE), bias and correlation coefficient. The ERA5 has the smallest RMSE value
of 1.84 mm, while NCEP/NCAR and NCEP/DOE have bigger RMSE values of 3.34 mm and 3.51 mm,
respectively. The findings demonstrate that ERA5 and two NCEP reanalysis products have the best
and worst performance, respectively, among five reanalysis products. The differences in the accuracy
of the five reanalysis products are mainly attributed to the differences in the spatial resolution of
reanalysis products. There are some large absolute biases greater than 4 mm between GNSS PWV
values and the PWV values of five reanalysis products in the southwest of South America and western
China due to the limit of terrains and fewer observations. The accuracies of five reanalysis products
are compared in different climatic zones. The results indicate that the absolute accuracies of five
reanalysis products are highest in the polar regions and lowest in the tropics. Furthermore, the effects
of different seasons on the accuracies of five reanalysis products are also analyzed, which indicates
that RMSE values of five reanalysis products in summer and in winter are the largest and the smallest
in the temperate regions. Evaluation results from five reanalysis products can help us to learn more
about the advantages and disadvantages of the five released water vapor products and promote
their applications.
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1. Introduction

The change of atmospheric water vapor content has an important impact on weather prediction
and global climate change [1,2]. In general, each 1 K rise in temperature can make the atmospheric
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water vapor content increase by 7%, and the increase of water vapor, as a greenhouse gas, will accelerate
the warming of the climate. The interaction between water vapor and temperature plays a crucial
role in climate change [3,4]. Compared to other greenhouse gases like carbon dioxide and methane,
water vapor has a higher spatiotemporal variability. Water vapor is a key factor of atmospheric energy
transmission and atmosphere hydrologic cycle. The storage and release of heat energy during the
evaporation and condensation of water vapor are the main driving forces for the change of weather
and climate system. Therefore, the monitoring of water vapor content is beneficial for the research of
weather forecasting and climate change.

Radiosondes are an important data source for the study of extreme weather monitoring and climate
change [5–7]. However, the accuracy of Precipitable Water Vapor (PWV) from radiosondes is limited
because global radiosonde climatic records mainly suffer from systematic error and spatiotemporal
inhomogeneity [8,9]. On the one hand, nearly 40 humidity sensors are used worldwide, and the
difference of relative humidity measured by different sensors can vary up to twenty percent. The
calibration of relative humidity sensors affects the systematic error with respect to relative humidity.
On the other hand, due to various reasons such as radiosonde station removal, changes in instrument
or operating procedure, inhomogeneity often occurs causing artificial shifts in the radiosonde time
series. Therefore, time inhomogeneity has been a serious problem for the application of radiosondes
in weather forecasting and climate change research. In addition, radiosonde stations are distributed
unevenly around the world. In particular, there are fewer radiosonde stations in the polar regions and
ocean areas.

Remote-sensing satellites with infrared sensors and passive microwave radiometers such as the
Moderate-resolution Imaging Spectroradiometer (MODIS) and HY-2A with the ability to measure
water vapor content [10–15]. Remote sensing technologies have the advantage of a wide range of
PWV detection measures, but also have some limitations. PWV values from infrared sensors are
available in all sky condition, but only over the oceans. PWV values derived from infrared sensors are
compared with those derived from Global Navigation Satellite Systems (GNSS) in many regions such
as Indo-Gangetic plains, Tibetan Plateau, Iran and China. The results indicate that PWV detection
technologies from infrared sensors have a good accuracy under clear sky conditions, and a poor
accuracy in areas with cloud coverage and ice coverage, since the capacities of PWV retrieval from
infrared sensors are sensitive to atmospheric transmittance and surface albedo [16–20]. In addition,
there is a typical systemic bias with respect to MODIS PWV relative to GNSS PWV, which can be fixed
by linear regression model [20].

In recent years, radio occultation (RO) has become a powerful tool to overcome traditional data
source problems using GNSS signals with the advantages of high vertical resolution, long-term stability,
and all-weather [21–25]. The accuracy of radio occultation PWV detection mainly depends on surface
environment. Furthermore, there is a high accuracy of humidity in the upper atmosphere, while it
decreases in the lower atmosphere. Unfortunately, PWV within 5 km from the ground accounts for
95% of the total PWV.

Initially, radiosonde profiles were assimilated into global reanalysis products, and now PWV from
remote-sensing satellites and GNSS radio occultation are also used in reanalysis products. Data of
GNSS PWV have not been assimilated into common global reanalysis products, so GNSS PWV can be
used to evaluate the accuracy of reanalysis water vapor products. GNSS has gradually become an
important means of PWV measurement since 1990, and GNSS global 2-h PWV data can be generated
using International GNSS Service (IGS) tropospheric delay products. GNSS has a variety of advantages,
including higher accuracy, higher temporal resolution, and all-weather observation with respect to
other water vapor detection technologies [26].

The number of studies of global climate change and weather forecasting are rising, based on
the reanalysis products [27–32]. The accuracy of reanalysis products should be clearly recognized
before they are applied in the study of weather forecasting and climate change. GNSS observations
are mainly used to verify the accuracy of reanalysis water vapor products in different regions,
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such as China [4,33,34], Europe [35,36], North America [37], Japan [38], and other regions [39].
Hagemann, et al. [40] compared the values of GNSS PWV with the values of PWV from the European
Centre for Medium-Range Weather Forecasts (ECMWF); the result shows that the values of GNSS PWV
are well suited for the validation of PWV of reanalysis products. However, the accuracy of reanalysis
PWV cannot be verified well since only a few months’ data are used in the above study. In order to
better verify the accuracy of ECMWF reanalysis, Bock and Parracho [41] analyzed the agreement and
differences of ECMWF Reanalysis (ERA)-Interim PWV and GNSS PWV using 120 global GNSS stations
from 1995 to 2010. In addition, the accuracy of PWV within the National Centers for Environmental
Prediction/Department of Energy (NCEP/DOE) reanalysis using global GNSS observations from one
decade has also been verified [42].

However, there are few studies of the applicability of multiple reanalysis products on a global scale.
As the latest ECMWF atmospheric reanalysis products, the fifth generation of ECMWF Reanalysis
(ERA5) has the highest temporal and spatial resolution, and has been used in the past two years [43].
The accuracy of ERA5 has not been verified worldwide, and a comparison between ERA5 and other
reanalysis products has not been made. Therefore, in this study, the main purpose is to verify the
accuracy of ERA5 PWV and compare the accuracy of ERA5 PWV with the accuracy of other reanalysis
products using GNSS PWV values, which are an independent data source around the world. Although
the temporal and spatial evolution of atmospheric flows is one of the most important information
elements available in numerical weather prediction products, the temporal and spatial evolution is
not taken into account in the evaluation. The evaluation results will help us to learn more about the
advantages and disadvantages of the five released water vapor products and promote their applications.

This paper includes four sections. The data and methodology are introduced in Section 2, including
the method to calculate the GNSS PWV and statistical indicators to evaluate the accuracies of PWV
from five reanalysis products. In Section 3, the results are presented. We compare the accuracies of
PWV from five reanalysis products based on GNSS PWV and analyze their global accuracy distribution.
Finally, the conclusions and discussions are provided in Section 4.

2. Materials and Methods

2.1. Global Navigation Satellite Systems (GNSS) Precipitable Water Vapor (PWV)

To obtain the PWV value, Zenith Wet Delay (ZWD) can be calculated by subtracting Zenith
Hydrostatic Delay (ZHD) from Zenith Tropospheric Delay (ZTD). There is no way to provide accurate
meteorological data with respect to most GNSS stations because we find that about 65% of GNSS
stations do not install meteorological observation instruments or the equipment and instruments of a
few GNSS stations are damaged according to meteorological data available provided by the CDDIS
(Crustal Dynamics Data Information System). Therefore, ZHD and VMF1 (Vienna Mapping Function)
coefficients can be obtained by the gridded VMF1 from the analysis data of the ECMWF. ZWD can be
calculated by using Bernese5.2 software [44].

The conversion formula from ZWD to PWV is as follows:

PWV = Π ×ZWD (1)

where Π is the water vapor conversion coefficient, which is a function of weighted mean temperature
Tm directly obtained from the Global Pressure and Temperature 3 (GPT3) model by inputting the
coordinate value and time [45].

2.2. Reanalysis of PWV Products

The accuracies of PWV from five global reanalysis products are verified in this paper, including
ERA5, ERA-Interim, Japanese 55-year Reanalysis (JRA-55), NCEP/National Center for Atmospheric
Research (NCAR), and NCEP/DOE reanalysis. The information of five global reanalysis products is
summarized in Table 1 and the details are described below.
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Table 1. Information on five global reanalysis products.

Name Organization Horizontal
Resolution

Temporal
Resolution

Assimilation
Method

ERA5 ECMWF 0.25 × 0.25◦ 1h 4DVAR
ERA-Interim ECMWF 0.75 × 0.75◦ 6h 4DVAR

JRA-55 JMA/CRIEPI 1.25 × 1.25◦ 6h 4DVAR
NCEP/NCAR NCEP/NCAR 2.5 × 2.5◦ 6h 3DVAR
NCEP/DOE NCEP/DOE 2.5 × 2.5◦ 6h 3DVAR

Note: 4DVAR (4D-Variational Data Assimilation) is a four-dimensional variational method. Japan Meteorological
Agency (JMA)/Central Research Institute of Electric Power Industry (CRIEPI)

2.2.1. ERA-Interim

The ERA-Interim is based on the reanalysis of ECMWF ERA-40 from 1979 to 31st August
2019. Compared to ERA-40 reanalysis, there are many improvements in the assimilation system and
atmospheric model. The ERA-Interim reanalysis products are available every 6 hours and provide
atmospheric and surface parameters [46].

2.2.2. ERA5

ERA5 is the latest reanalysis product of ECMWF, providing hourly atmospheric reanalysis
products. ERA5 reanalysis products are produced using a high-resolution of 0.25◦ × 0.25◦ (atmosphere)
and are available in the Climate Data Store (CDS). The ERA5 reanalysis will be completed by mid-2020,
when temporal coverage is from 1950 to the present. ERA5 reanalysis products use HadISST.2, reprocess
the climate data records of ECMWF and implement RTTOV11 radiative transfer, which improves the
accuracy of ERA5 reanalysis products compared with ERA-Interim reanalysis products [47].

2.2.3. Japanese 55-year Reanalysis (JRA-55)

JRA-55 is the second reanalysis project and uses a more sophisticated Data Assimilation (DA)
system to perform data assimilation [48]. The period of JRA-55 reanalysis is covered from 1958 to the
present. The JRA-55 reanalysis project alleviated many of the deficiencies exhibited by JRA-25 using an
improved DA system to produce high-quality reanalysis products [49].

2.2.4. National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR)

The National Centers for Environmental Prediction (NCEP)/NCAR reanalysis project is carried
out by using a typical analysis/forecast system to assimilate observation data from 1948 to the present.
The NCEP/NCAR reanalysis products, with a temporal resolution of four times per day, are available
from Physical Sciences Laboratory (PSL) [50].

2.2.5. NCEP/Department of Energy (DOE)

The successor to NCEP/NCAR reanalysis, NCEP/DOE reanalysis (Reanalysis-2), is available, going
back to 1979 from the present. The main goal of NCEP/NCAR reanalysis is to improve the accuracy
of NCEP/NCAR reanalysis products by updating physical processes parameters and correcting the
errors [51].

2.3. Comparison between GNSS PWV Derived from Different Pressure Values from Different Reanalysis
Pressure; Products and PWV Derived from Different Reanalysis Water Vapor Products

We calculate the ZHD with pressure values with respect to five reanalysis products, and convert
the ZTD from Bernese into PWV. GNSS PWV values derived from ZTD and different pressure values
with respect to five reanalysis products are compared with PWV values derived from respective
reanalysis products, which is shown in Figure 1.
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Figure 1. Root mean square error (RMSE) values for ERA5, ERA-Interim, JRA-55, NCEP/NCAR, and
NCEP/DOE reanalysis water vapor products relative to Global Navigation Satellite Systems (GNSS)
PWV derived from Zenith Tropospheric Delay (ZTD) of Bernese and Zenith Hydrostatic Delay (ZHD)
of different pressure values of ERA5, ERA-Interim, JRA-55, NCEP/NCAR, and NCEP/DOE reanalysis
pressure products around the world (source: own elaboration).

Figure 1 depicts that there is little difference in the accuracy evaluation of PWV values from five
reanalysis water vapor products with GNSS PWV values from different pressure values with respect
to five reanalysis products. GNSS PWV values derived from Bernese ZTD and ZHD of pressure
values from ECMWF (ERA5 and Interim) reanalysis products are in better agreement with PWV values
derived from five reanalysis water vapor products. Therefore, in this study, pressure values from
ECMWF reanalysis pressure products are used to calculate GNSS PWV values.

2.4. Elevation Correction

ERA5 is a 1-h temporal resolution reanalysis product, and the other four types of reanalysis
products are 6-h temporal resolution data. However, in this study, a 2-h temporal resolution GNSS
data is used. When the temporal resolution is interpolated, the accuracies of the reanalysis products
may be reduced, affecting the accuracy evaluation of reanalysis products. Therefore, in order to better
evaluate the accuracies of the reanalysis products, we do not interpolate in terms of temporal resolution.
PWV data from reanalysis and from GNSS at corresponding time are selected. Since altitude has a
great influence on PWV value, it is necessary to correct the PWV value from reanalysis products to the
PWV value of GNSS station altitude, which can better evaluate the accuracy of PWV from reanalysis
products using GNSS PWV [52].

PWV = PWV0 exp
(

C2∆h
1000

)
(2)

The PWV0 is water vapor value of the reanalysis products height, PWV is water vapor value from
PWV0 of reanalysis products height correction to GNSS station height, C2 is a constant of 0.439, and ∆h
is the difference of the height of the reanalysis products minus the height of the GNSS station.

2.5. Statistical Indicators

GNSS PWV values are used to evaluate the PWV accuracy of five reanalysis products. Statistical
indicators to measure the quality of reanalysis products include correlation coefficient R, bias, root
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mean square error (RMSE), relative bias (R-bias), and relative root mean square error (R-RMSE) [34,53].
The corresponding formulas are as follows:

R =

∑[(
PWVri − PWVr

)(
PWVgi − PWVg

)]
√∑(

PWVri − PWVr
)2∑(

PWVgi − PWVg
)2

(3)

Bias =

N∑
i=1

(
PWVri − PWVgi

)
N

(4)

R− bias =
Biasr

PWVg
(5)

RMSE =

√√√√√ N∑
i=1

(
PWVri − PWVgi

)2

N
(6)

R−RMSE =

√
RMSEr

PWVg
(7)

where N is the number of PWV pairs, PWVgi is PWV value of GNSS, PWVri is PWV value of
reanalysis products, PWVg is the mean PWV value of GNSS, and PWVr is the mean PWV value of
reanalysis products.

3. Results

3.1. The Influence of Height Difference on the Accuracy Evaluation of Five Reanalysis Products

Although Equation 2 is used to correct the influence of height difference between GNSS and
reanalysis products on the accuracy evaluation of five reanalysis products, the height difference may
still have an important influence on the accuracy evaluation, which is shown in Figure 2.
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Figure 2. The change of RMSE values for ERA5, ERA-Interim, JRA-55, NCEP/NCAR, and NCEP/DOE
reanalysis water vapor products relative to GNSS PWV with the change of height difference between
GNSS and five reanalysis products (source: own elaboration).

Figure 2 depicts that the height difference less than 1000 m has a small influence on accuracy
evaluation of five reanalysis water vapor products, while the height difference greater than 1000 m has
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a big influence on accuracy evaluation of five reanalysis water vapor products. The finding indicates
that large height difference between GNSS height and reanalysis products height has an important
influence on accuracy evaluation of five reanalysis water vapor products.

3.2. Evaluation of PWV Values From Five Reanalysis Products Around the World

The accuracies of five reanalysis products around the world are evaluated with respect to 268
GNSS stations, covering the period from 2016 to 2018. The information of accuracies of five reanalysis
products around the world is shown in Table 2, and R-bias refers to mean absolute relative bias. What
is more, the distributions of biasand RMSE of five reanalysis products are depicted in Figures 3 and 4,
and the column graph of RMSE of five reanalysis products around the world is presented in Figure 5.

Table 2. R, mean absolute bias, RMSE, R-bias and R-RMSE for ERA5, ERA-Interim, JRA-55,
NCEP/NCAR, and NCEP/DOE reanalysis products relative to GNSS PWV around the world.

Accuracy ERA5 ERA-Interim JRA-55 NCEP/NCAR NCEP/DOE

RMSE (mm) 1.84 2.32 2.53 3.34 3.51
R 0.97 0.96 0.95 0.91 0.90

Mean absolute bias (mm) 0.67 0.79 0.88 1.17 1.23
R-RMSE 12.01% 14.75% 15.64% 20.02% 20.84%
R-bias 5.21% 6.00% 5.99% 7.44% 8.38%
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Figure 3 depicts that the large bias values of five reanalysis products are mainly distributed at
low latitudes, in the southwest of South America and western China. On the one hand, the bias
values at low latitudes are negative, which indicates the PWV values of five reanalysis products at low
latitudes are underestimated compared with GNSS PWV values. On the other hand, the bias values
in the southwest of South America and western China are positive, which presents the PWV values
of five reanalysis products in the southwest of South America and western China are overestimated,
compared to GNSS PWV values. Furthermore, Figure 3 shows the number of the large absolute bias
values greater than 3 mm of two NCEP reanalysis products are more than those of the other three
kinds of reanalysis products, whereas the number of the large absolute bias values greater than 3 mm
of ERA5 is the least among five reanalysis products.

Figure 4 depicts that the distributions of RMSE of five reanalysis products, the larger RMSE values
of which are mainly located at low latitudes, in southwestern South America and western China, and
are similar to those of bias around the world.

As shown in Table 2, five reanalysis products with PWV accuracy from high to low are in the
order of ERA5, ERA-Interim, JRA-55, NCEP/NCAR, and NCEP/DOE around the world in accordance
with RMSE, bias, R-RMSE, R-bias, and R. The accuracy difference among five reanalysis products
may be directly related to the difference of spatial resolution. The higher the spatial resolutions
of reanalysis products are, the higher are the accuracies of reanalysis products. The ERA5 has the
smallest RMSE, mean absolute bias, R-RMSE, R-bias, and the largest correlation coefficient, which are
1.84 mm, 0.67 mm, 12.01%, 5.21%, and 0.97, which indicate that ERA5 are generally in better agreement
with GNSS compared with the other reanalysis products. ERA5 assimilates more recent satellite
observations, with the latest data assimilation method adopted, which improves the performance
of ERA5.

The RMSE values, mean absolute bias values, and R-RMSE values of NCEP/NCAR and NCEP/DOE
are greater than 3 mm, 1 mm, and 20%, respectively. The correlation coefficients of NCEP/NCAR and
NCEP/DOE are 0.91 and 0.90, but those of the other reanalysis products are beyond 0.95. The results
indicate that the accuracies of two NCEP reanalysis products are poorer than those of the other
reanalysis products, which may be due to the use of old assimilation systems and atmospheric physical
models, and fewer recent observations being assimilated.

According to Figure 5, the percentages of ERA5 and ERA-Interim, the RMSE values of which
are less than 3 mm, exceed 80%. The percentage of ERA5 whose RMSE values are less than 3 mm is
more than 95%. The percentages of two NCEP reanalysis products with the RMSE of greater than
5 mm exceeds 10%. The results indicate that the accuracies of ERA5, ERA-Interim, and JRA55 are
higher than those of two NCEP reanalysis products, and ERA5 has the highest accuracy among five
reanalysis products.

3.3. Evaluation of PWV Values from Five Reanalysis Products in Different Climatic Zones

As can be seen from Figures 3 and 4, biasand RMSE of five reanalysis products are different
at different latitudes. According to the distribution of solar heat on the Earth’s surface, we have
divided the globe into three different climatic zones around the world, which include tropical regions,
temperate regions, and polar regions. The information of accuracies of five reanalysis products in
different climatic zones is shown in Table 3, and R-bias refers to mean absolute relative bias.
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Table 3. R, mean absolute bias, RMSE, R-bias and R-RMSE for ERA5, ERA-Interim, JRA-55,
NCEP/NCAR, and NCEP/DOE reanalysis water vapor products relative to GNSS PWV in different
climatic zones (tropical regions, temperate regions, and polar regions).

Coverage Accuracy ERA5 ERA-Interim JRA-55 NCEP/NCAR NCEP/DOE

Tropical
RMSE (mm)

2.45 3.08 3.65 4.98 5.26
Temperate 1.64 2.10 2.17 2.81 2.97

Polar 1.22 1.33 1.46 1.72 1.68

Tropical
R

0.96 0.94 0.93 0.85 0.81
Temperate 0.98 0.97 0.96 0.94 0.94

Polar 0.97 0.96 0.95 0.92 0.93

Tropical Mean
absolute bias

(mm)

0.89 1.03 1.57 2.11 1.66
Temperate 0.58 0.70 0.58 0.83 1.11

Polar 0.71 0.68 0.81 0.63 0.65

Tropical
R-RMSE

9.03% 10.72% 12.40% 16.83% 17.53%
Temperate 12.33% 15.69% 16.05% 20.65% 21.72%

Polar 20.00% 21.52% 23.90% 26.60% 25.60%

Tropical
R-bias

4.20% 4.37% 5.81% 7.75% 6.35%
Temperate 4.69% 5.92% 4.95% 6.82% 8.90%

Polar 13.05% 12.38% 15.05% 11.65% 11.45%

As shown in Table 3, in the polar regions, higher absolute accuracy illustrates that the PWV values
of five reanalysis products agree well with those of GNSS, but the relative accuracies of five reanalysis
products are poor. In the tropical regions, the PWV values of five reanalysis products have a large
difference compared to those of GNSS. The possible reasons for low accuracy of the five reanalysis
products in the tropical regions can be explained as follows. On the one hand, in the tropical regions,
the number of radiosondes is limited. On the other hand, the quality of satellite remote-sensing
observation is low due to the thick cloud cover, and the super refraction, which is an abnormally rapid
decrease in the refractive index with height in the atmosphere resulting in the anomalous propagation
of radio waves, affecting the quality of radio occultation data observation in the tropical regions.

Table 3 presents five reanalysis products with RMSE values from small to large are in the order of
ERA5, ERA-Interim, JRA-55, NCEP/NCAR, and NCEP/DOE even in different climatic zones. The RMSE
values of ERA5 are smaller than those of the other four reanalysis products in different climatic zones.
In addition, the RMSE values of NCEP/NCAR and NCEP/DOE reanalysis products are both less than
1.8 mm in the polar regions, which demonstrates the two NCEP reanalysis products in the polar regions
have a better performance compared with the other climatic zones. However, the RMSE values and
mean absolute bias values of NCEP/NCAR and NCEP/DOE reanalysis products are both larger than
4.5 mm and 1.6 mm, respectively, and the correlation coefficients of NCEP/NCAR and NCEP/DOE
reanalysis products are both less than 0.9 in the tropical regions. The results show that the accuracies
of two NCEP reanalysis products are far lower than those of the other three reanalysis products in the
tropical regions, which is mainly attributed to the lower spatial resolution.

3.4. Seasonal Variations of the Accuracy of Five Reanalysis Water Vapor Products in the Different
Climatic Zones

In order to better analyze seasonal variations of the accuracy of five reanalysis water vapor
products in the different climatic zones, we take ERA5 as an example and analyze the variations of
RMSE values with the change of seasons in different climatic zones. As we know, there are four typical
seasons in the temperate regions including spring, summer, autumn and winter. However, seasons in
the tropical regions which are controlled by precipitation variability are divided into the dry season and
wet season [54], and seasons in the polar regions mainly include the warm season and cold season [55].
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Due to the small number of GNSS stations in the polar regions, all GNSS stations are selected in
the polar regions to analyze the seasonality of RMSE for reanalysis products. There are more GNSS
stations in the tropical and temperate regions, GNSS stations are selected in these regions according
to the latitudinal belts. The information of GNSS station location selected is shown in Figure 6. The
seasonality of RMSE from ERA5 is shown in Figure 7, and the seasonality of RMSE from the other four
kinds of reanalysis products in the temperate regions is depicted in Figure 8.
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Figure 8. Seasonal variations of the accuracy of (a) ERA-Interim, (b) JRA-55, (c) NCEP/NCAR and
(d) NCEP/DOE reanalysis water vapor products in the temperate regions (source: own elaboration).

As can be seen from Figure 7, RMSE values of ERA5 in the polar regions have no obvious seasonal
variations. The RMSE values of ERA5 in the wet season are slightly greater than those in the dry season
in some GNSS stations, which demonstrates that some seasonal variations are not significant in the
tropical regions.

However, RMSE values of ERA5 in the temperate regions have obvious seasonality.
Figures 8 and 7b show that RMSE values of five reanalysis products in summer and in winter are the
largest and the smallest in the temperate regions, respectively. The main reason could be that the PWV
value and its uncertainty are relatively large in summer and small in winter in the temperate regions.

4. Conclusions and Discussion

Firstly, PWV values derived from 268 GNSS stations around the world from 2016 to 2018 are
used to verify the accuracies of the five reanalysis water vapor products on a global scale. We can
draw the conclusion that the five reanalysis products with PWV accuracy from high to low are ERA5,
ERA-Interim, JRA-55, NCEP/NCAR, and NCEP/DOE. RMSE, bias, and correlation coefficient of ERA5
are 1.84 mm, 0.67 mm, and 0.97 respectively, and the percentage of RMSE greater than 3 mm is over 95%,
which indicates that ERA5 has the best performance among the five reanalysis products. The reasons
for high accuracy of ERA5 are attributed to two respects. On the one hand, ERA5 has higher spatial
and temporal resolution. On the other hand, ERA5 assimilates more recent satellite observations with
an updated assimilation method, which improves its performance. Two NCEP reanalysis products
have larger RMSE and bias, which are beyond 3 mm and 1 mm, respectively, and the percentage of
two NCEP reanalysis products, whose RMSE values are larger than 3 mm, exceeds 10%. These results
show that the accuracies of two NCEP reanalysis products are lower than those of the other three
reanalysis products. The performance differences between two NCEP reanalysis products and the other
reanalysis may be due to the differences in spatial resolution of reanalysis products. In addition, there
are some large deviations with respect to five reanalysis products in the southwest of South America
and western China. The main reason why there are large RMSE values in southwestern South America



Remote Sens. 2020, 12, 1817 15 of 18

and western China—where the terrain is complex and mountainous and where few observations are
available—is that reanalysis products cannot represent the strong gradients that sometimes are caused
by the variable terrain.

Secondly, the global accuracy distribution of five reanalysis products varies with different climatic
zones, including tropical, temperate, and polar regions. The RMSE value, bias value, and R-RMSE value
of ERA5 are smaller than the other reanalysis products in each climatic zone, which shows the accuracy
of ERA5 is the highest even in different climatic zones. RMSE values of five reanalysis products are less
than 2 mm in the polar regions, and those are beyond 3 mm in the tropical regions except for the ERA5
whose RMSE value is 2.45 mm. The results show the absolute accuracies of five reanalysis products
are higher in the polar regions and lower in the tropical regions. The number and spatiotemporal
resolution of radiosonde stations are limited, the accuracy of water vapor retrieval with respect to
remote-sensing satellites is low due to the lower signal-to-noise ratios of the measured spectra and the
limitation of weather conditions, and the super refraction affects the quality of GNSS radio occultation
data observation in the tropical regions. All these factors result in the lower absolute accuracies of five
reanalysis water vapor products in the tropical regions compared with the other regions.

Lastly, the effects of seasonality on the accuracies of the five reanalysis products are analyzed.
The results indicate that the RMSE values of ERA5 in the polar regions do not have obvious seasonality.
However, RMSE values of five reanalysis products in the temperate regions vary significantly with
the seasons, and those in summer and in winter are the largest and the smallest in the temperate
regions, respectively. Seasons in the tropical regions which are controlled by precipitation variability
are divided into the dry season and wet season. RMSE values with respect to reanalysis products in wet
season are slightly greater than those in dry season in some GNSS stations. The results demonstrate
that there are certain seasonal variations which are not very significant in terms of RMSE values with
respect to reanalysis products in the tropical regions. Our future research will focus on assimilating
GNSS PWV into global reanalysis products and improving the accuracy of the reanalysis products.
In addition, it is also necessary to analyze the PWV accuracy of the five reanalysis products over the
ocean regions.
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