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Abstract: The weighted mean temperature ( Tm) is a critical parameter for precipitable water vapor
(PWV) retrieval in global navigation satellite system (GNSS) meteorology. Reanalysis data are an
important data source for Tm calculation and Tm empirical model establishment. This study uses
radiosonde data to evaluate the accuracy and the spatiotemporal variation of Tm that is derived
from four reanalysis data, namely, the release of the fifth-generation accurate global atmospheric
reanalysis (ERA5), the modern-era retrospective analysis for research and applications version 2
(MERRA-2), the NCEP/DOE, and the NCEP/NCAR, from 2005 to 2019 in Greenland, due to the
paucity of research on the performance of Tm in the polar region that is derived from reanalysis data,
particularly on a long temporal scale. The results were as follows: (1) The 15-year mean bias errors
(MBEs) and root mean square errors (RMSEs) of Tm that were obtained from the four reanalysis data
are 0.267 and 0.691 K for the ERA5, −0.247 and 0.962 K for the MERRA-2, 0.192 and 1.148 K for the
NCEP/DOE, and −0.069 and 1.37 K for the NCEP/NCAR. The Tm that was derived from the ERA5
(ERA5 Tm) has the highest accuracy, followed by the MERRA-2 Tm, the NCEP/DOE Tm, and the
NCEP/NCAR Tm. (2) In the inter-annual stability of the Tm precision compared with the radiosonde
data, the results of the ERA5 are the most stable, followed by the NCEP/DOE Tm, the NCEP/NCAR
Tm, and the MERRA-2 Tm. The ERA5 Tm have improved from 2005 to 2019. (3) The Tm accuracy that
was computed by the four reanalysis data exhibits significant seasonal variation characteristics in
Greenland, as follows: the summer and the autumn accuracy is higher than that in the winter and the
spring, which may be related to the variation of the surface temperature (Ts) accuracy. (4) The Tm that
was estimated from the four reanalysis data exhibits a consistent spatial distribution, as follows: the
Tm is smaller in the middle region of Greenland and is greater at the island’s edge. The comparative
study of Tm that is obtained from the four reanalysis data can serve as a reference for future research
on Tm model development and water vapor retrieval in polar regions by utilizing reanalysis data.

Keywords: reanalysis data; radiosonde data; Greenland; weighted mean temperature

1. Introduction

Greenland has the second largest ice sheet in the world. As one of the world’s most
climate-sensitive regions, it has a significant impact on global climate change, and is also
compelled by the global climate to undergo significant changes [1–3]. Water vapor is the
main driving force for the occurrence and the development of weather and climate change
and it is a significant factor in the formation and the evolution of severe weather [4–6]. Thus,
the meteorological parameters, such as precipitation in polar regions, must be studied when
observing the changes in the ice sheet, explaining its mechanism of change, and enhancing
the comprehension of global climate change. Traditional water vapor observation methods
with a low spatiotemporal resolution are also easily affected by weather and are, therefore,

Remote Sens. 2022, 14, 5431. https://doi.org/10.3390/rs14215431 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14215431
https://doi.org/10.3390/rs14215431
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-3742-9380
https://orcid.org/0000-0003-2105-0528
https://orcid.org/0000-0001-7436-2504
https://doi.org/10.3390/rs14215431
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14215431?type=check_update&version=3


Remote Sens. 2022, 14, 5431 2 of 22

not suitable in polar regions under extremely harsh climatic conditions [7,8]. With the
development of GNSS meteorology, the precipitable water vapor (PWV) can be retrieved
with a high spatiotemporal resolution using the delay by the atmospheric water vapor
refractivity of the GNSS signals that are traveling through the troposphere. The value and
the variation of PWV strongly influences the climate and the weather and it can be used
to forecast short-term and now-casting precipitation [9–12]. Consequently, the retrieval of
water vapor using GNSS has vast application potential in polar regions.

The PWV can be obtained from the GNSS zenith wet delay (ZWD) and the conversion
parameter, which is a univariate function of the weighted mean temperature (Tm) [13–15].
Hagemann et al. [8] pointed out that an uncertainty of 5 K of the Tm corresponds to
1.7–2.0% in vertically integrated water vapor (IWV). Hence, the Tm is a key parameter for
retrieving the water vapor with GNSS. At present, the Tm can be obtained in two main
ways, one is based on the following definition: integrating or accumulating the profiles
of the temperature and the water vapor pressure by the height in the zenith direction.
Radiosonde data can provide high-precision meteorological data that are measured by
sensors; however, the temporal resolution is low and the radiosonde stations are sparsely
distributed, which cannot meet the needs of Tm retrieval with high spatial and temporal
resolution. Numerical weather prediction (NWP) and reanalysis data can provide high
temporal–spatial resolution and high precision profiles of meteorological data and become
the main data source for the determination of the Tm. Another way is to use Tm models or
products, which can be roughly divided into the following three types: (1) empirical models
that are established by the strong linear relationship with the surface temperature (Ts), such
as Bevis’ formula [15–17], which is developed from radiosondes and must measure the
Ts when using. (2) fixed empirical models that are established by radiosonde data, NWP,
and reanalysis data. These models, such as the GPT2w [18] and the GPT3 [19], have a
fixed formula and grid parameters. When calculating the Tm, only the specific time, the
longitude, the latitude, and the height need to be input, and there is no need to observe
any additional meteorological data, which is different from the first empirical model that
has been mentioned previously. The GPT2w is an empirical troposphere delay model
that can provide a horizontal resolution of 1◦ × 1◦ and 5◦ × 5◦ tropospheric wet delay,
tropospheric dry delay, and Tm, among others. The GPT3 is the successor of GPT2w. The
GPT2w and the GPT3 are widely used in GNSS meteorology, and they were all developed
by ERA-Interim (the previous generation reanalysis product of ERA5). (3) The discrete
models that were established by NWP and reanalysis, such as Vienna mapping functions 1
(VMF1) and VMF3. The troposphere delay parameters, including the Tm, the ZWD, the
ZHD, and other parameters, along with the mapping function parameters, are determined
for each epoch (00, 06, 12, 18 UT, daily) with a spatial resolution of 2.5◦ × 2.0◦ grid and
need to be interpolated for the time of the observation and the location of the instrument.
The VMF1 Tm product is based on ERA-40 (the previous generation reanalysis product
of ERA-Interim) and the operational and forecast NWPs [20–22]. The VMF1 can provide
high-precision, operational, and forecast Tm products. The VMF3, which is the successor
of VMF1, improves the mapping function, is based on ERA-Interim and NWPs, and
has a higher spatial resolution, which can provide 1◦ × 1◦ grid products [19]. Hence,
selecting high-precision, stable, and dependable reanalysis models is crucial for the direct
determination of accurate Tm and the development of Tm models.

The ERA5, the MERRA-2, the NCEP/DOE, and the NCEP/NCAR are the commonly
used reanalysis data for water vapor retrieval and Tm modeling. Many researchers have
studied the performance of Tm models that were constructed by reanalysis data. He
et al. [23] developed a voxel-based Tm model, named GWMT, using the NCEP/DOE. The
RMSE, at different altitudes around the world, is less than 5.0 K, which is better than that
of the GTm-III [17]. Sun et al. [24] used ERA-Interim in order to create a tropospheric
delay and a Tm model, called Gtrop, and its accuracy is better than that of the GPT2w.
Then, they verified the performance of the model by using radiosonde data and found
that it greatly improved the performance of the Tm in the high-altitude (relative to the
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grid point height) area. Sun et al. [25] created a Tm model using the ERA5 for the Chinese
region, and the RMS is 3.4 K, which is better than that of the GPT2w (3.8 K). Ma et al. [26]
developed an improved Tm model for China, named LTCm, based on the antileakage
least-squares spectrum analysis by utilizing the ERA5 pressure-level products during
the years 2015–2019. Its bias and RMS are 0.03 and 3.47 K, respectively, compared to
the radiosonde data, which is better than the GPT2w, the GTm-III, and Bevis. However,
only a few investigations have been conducted on the performance of the Tm that is
directly derived from commonly used and newer reanalysis data, which is a crucial data
source for Tm model construction and water vapor retrieval in GNSS meteorology. Wang
et al. [27] estimated the Tm that was derived from ECMWF 40 year reanalysis (ERA-40)
and NCEP/NCAR globally from 1997 to 2002 and found that ERA-40 is a better option for
global Tm estimation because of its improved performance and its higher spatial resolution.
Zhang et al. [28] evaluated the accuracy of the Tm that was obtained from ERA5 using the
radiosonde data of 89 stations in China in 2016, and its mean RMS was 1.6 K. Guo et al. [29]
evaluated the key tropospheric parameters from 2016 to 2017 globally. The results showed
that the annual mean RMSs for the Tm that was calculated by the ERA5 and the MERRA-2
were 1.06 and 1.17 K, respectively.

There is a lack of in-depth evaluation and analysis for Tm accuracy and spatiotemporal
variation that is derived from reanalysis data in the polar region for periods of more than
ten years. This study used four reanalysis data, namely, the ERA5, the MERRA-2, the
NCEP/DOE, and the NCEP/NCAR, to compute the Tm from 2005 to 2019 in Greenland,
evaluated their accuracy and their spatiotemporal variation using radiosonde data of
10 stations, and compared them with each other. The time of the investigation from 2005 to
2019 is a relatively newer, longer, and more meaningful period and it is a timelier for the
determination of accurate Tm and the development of Tm models at present. This research
will provide a reference for the subsequent use of reanalysis data for Tm empirical model
construction and water vapor retrieval in polar regions.

2. Data and Methodology
2.1. Data Description
2.1.1. Reanalysis Data

Reanalysis is the use of a data assimilation system to re-integrate and optimize different
types and sources of observational data, including space-borne remote sensing satellite
data, ground-based observational data, and shipborne observational data, with short-term
NWP products. Reanalysis data have been widely used in many research fields, such as
climate monitoring and seasonal forecasting, climate variability and change, global and
regional water cycle and energy balance, and atmospheric model assessment [30–33]. The
reanalysis data that have been used in this study include ERA5, MERRA2, NCEP/NCAR,
and NCEP/DOE.

The European Centre for Medium-Range Weather Forecasts (ECMWF) released the
fifth-generation accurate global atmospheric reanalysis (ERA5) (https://www.ecmwf.int/
en/forecasts/datasets/reanalysis-datasets/era5 (accessed on 16 July 2022)), which is based
on the integrated forecast system (IFS) Cy41r2. It was implemented in 2016. The ERA5
contains detailed records of the global atmosphere, surface, and ocean waves after 1950.
The new reanalysis replaced the ERA-Interim, which started in 2006 [34].

The modern-era retrospective analysis for research and applications version 2 (MERRA-2)
(https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/ (accessed on 16 July 2022)) is the latest
atmospheric reanalysis for the modern satellite era that has been produced by NASA’s
Global Modelling and Assimilation Office and it has been developed with the following
two primary objectives: to provide an ongoing near-real-time climate analysis of the satellite
era that addresses the known limitations of the now-completed MERRA reanalysis, and to
demonstrate progress toward the development of a future IESA capability [35].

The NCEP/NCAR (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
(accessed on 16 July 2022)) reanalysis is regarded as the first generation of reanalysis data

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
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that was developed by the National Center for Environmental Prediction (NCEP) and the
National Center for Atmospheric Research (NCAR). The most advanced analysis/forecast
system was used at that time, and the observation data from 1948 to the present were
subjected to strict quality control before the data assimilation [36,37].

The NCEP/DOE (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html
(accessed on 16 July 2022)) reanalysis is a follow-up to the NCEP/NCAR reanalysis project.
The NCEP/DOE reanalysis data cover satellite cycles from 1979 to the present using new
prediction models, a new data assimilation system, an improved diagnostic output, and it
address issues in the NCEP/NCAR reanalysis. Significant improvements have been made
in the land surface parameters and land–sea fluxes, especially when the NCEP/NCAR
reanalysis has certain problems, which can be used as a supplement to the NCEP/NCAR
reanalysis [38,39].

The basic information of the four reanalysis data is shown in Table 1. The pressure
level data that have been used for calculation are mainly below 300 hPa where the bulk of
the moisture resides, thus, the number of pressure levels below 300 hPa is also listed in the
Table 1.

Table 1. Basic information of the four reanalysis data.

ERA5 MERRA-2 NCEP/NCAR NCEP/DOE

Source ECMWF NASA NCEP, NCAR NCEP, DOE
Temporal coverage 1950–present 1980–present 1948–present 1979–present

Release time 2016 2014 1995 2001
Temporal resolution 1 h 3 h 6 h 6 h
Assimilation scheme 4D-VAR 3D-VAR 3D-VAR 3D-VAR
Horizontal resolution
(latitude × longitude) 0.25◦ × 0.25◦ 0.5◦ × 0.625◦ 2.5◦ × 2.5◦ 2.5◦ × 2.5◦

Vertical resolution
37 pressure

levels (from 1000
to 1 hPa)

42 pressure
levels (from 1000

to 0.1 hPa)

17 pressure levels
(from 1000 to

10 hPa)

17 pressure levels
(from 1000 to

10 hPa)
The number of pressure

levels below 300 hPa 20 21 8 8

This work mainly uses the above four reanalysis products’ pressure-level data of tem-
perature, relative humidity, pressure, and geopotential height, while the ERA5 is the geopo-
tential from 2005 to 2019 in Greenland and the surrounding areas (55◦–85◦N, 75◦–10◦W).

2.1.2. Radiosonde Data

The radiosonde data include the profiles of the pressure, temperature, and relative
humidity and the information on the wind speed and direction aloft, as measured by the
radiosonde sensor. Radiosonde data are usually used as a reference to evaluate Tm models
and products [15,17,27]. This work has used radiosonde data that was provided by the
University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html (accessed
on 16 July 2022)) to validate the performance of the Tm from the four reanalysis data. The
temporal resolution of the data was twice a day (UTC 0:00 and 12:00). In most cases, the
vertical resolution of the radiosonde data was greater than that of the reanalysis data.
Few of the radiosonde stations had newer and long-temporal-span records in Greenland
and the surrounding areas. We selected 10 radiosonde stations’ data, in which the time
span was from 2005 to 2019. The latitude, longitude, and elevation of such data are
shown in Table 2, and the spatial distribution is presented in Figure 1. The base map of
Figure 1 is a digital elevation mode (DEM) map. The DEM was obtained from ETOPO1
(https://ngdc.noaa.gov/mgg/global/global.html (accessed on 16 July 2022)).

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html
http://weather.uwyo.edu/upperair/sounding.html
https://ngdc.noaa.gov/mgg/global/global.html
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Table 2. Spatial information of 10 radiosonde stations.

Radiosonde Station Latitude (◦N) Longitude (◦) Geopotential Height (m)
The Mean Number of

Pressure Levels Below 300 hPa
from 2005 to 2019 (Mean ± Std)

71906 58.1167 −68.4167 60.2 62.9 ± 23.7
4270 61.1667 −45.4167 34.0 57.3 ± 17.6

71909 63.7500 −68.5500 21.9 70.6 ± 21.8
4018 63.9806 −22.5950 52.0 43.5 ± 16.6
4360 65.6111 −37.6367 54.0 36.7 ± 20.0
4220 68.7081 −52.8517 43.0 55.7 ± 16.8
4339 70.4844 −21.9511 70.0 27.7 ± 9.7
4417 72.5700 −38.4500 3255.0 25.3 ± 10.1
4320 76.7694 −18.6681 11.0 55.9 ± 15.7

71082 82.5000 −62.3333 65.4 62.0 ± 20.0
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2.2. Methods

In this study, we first calculate the Tm following Bevis’ definition [15] using four
reanalysis and radiosonde pressure-level data in Greenland from 2005 to 2019. We take
the ground height of the radiosonde stations as the starting height of the integration and
the height of the tropopause as the ending height of the integration. Then, we convert,
integrate, and interpolate the pressure-level profiles of the temperature, relative humid-
ity, and geopotential height to obtain the Tm in a specific region and at the site of the
10 radiosonde stations from 2005 to 2019. Then, the result that is derived from radiosonde
data is used to evaluate the performance and the spatiotemporal variation characteristics
of the Tm that is computed from the four reanalysis data and compared with each other.

2.2.1. Calculation of Tm Using Reanalysis and Radiosonde Pressure-Level Data

According to the Bevis’ definition [15], the formula for calculating the Tm is as follows:

Tm =

∫ hend
hstart

(e/T)dh∫ hend
hstart

(e/T2)dh
=

∑(ei/Ti)∆hi

∑
(
ei/T2

i
)
∆hi

(1)
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where hstart and hend denote the starting and ending heights of the integration, respectively;
e represents the water vapor pressure; T is the atmospheric temperature (unit: Kelvin) that
is directly provided by the reanalysis and radiosonde data in this work; and ei and Ti are
the averages between two adjacent pressure levels’ data.

2.2.2. Calculating Water Vapor Pressure

The water vapor pressure can be calculated from the saturated water vapor pressure
and the relative humidity as follows:

e =
rh× es

100
(2)

where rh is the relative humidity that is provided by the reanalysis and radiosonde data
in this work, and es is the saturated water vapor pressure that is calculated from the
atmospheric temperature [40].

The saturation water vapor pressure over water or ice is different due to the solid–
liquid difference between ice and water. The saturation water vapor pressure over ice
crystals is slightly lower than that over supercooled water droplets. When the air is satu-
rated over liquid water droplets (relative humidity is 100%), it is already supersaturated for
the value over the ice crystals. The saturation water vapor pressure of the radiosonde data is
set against liquid water [41] due to the hardware constraints of the radiosonde, even under
the low-temperature conditions of the high-altitude detection. Meanwhile, the saturation
water vapor pressure of the ERA5 and the MERRA-2 has different formulas in various
temperature ranges. It can be verified that the vertical profiles of the relative humidity
and height of the NCEP/NCAR and the NCEP/DOE are very similar to the profiles of
the radiosonde data, while ERA5′s and MERRA2′s are quite different from the radiosonde
data. In addition, the relative humidity of the radiosonde data, the NCEP/NCAR, and
the NCEP/DOE, are all less than 100%, whereas some relative humidity of the ERA5 and
the MERRA-2 is larger than 100%. More ice–water combinations are below the freezing
point due to Greenland’s higher latitude and lower temperature. Therefore, a suitable
saturation water vapor pressure formula must be used to increase the accuracy of the Tm.
Four reanalysis and radiosonde data have different formulas for saturation water vapor
pressure (see Appendix A).

2.2.3. Height Conversion

The height systems of the radiosonde and reanalysis data mostly employ the geopo-
tential height (m) system, of which the ERA5 adopts the geopotential (m2/s2) system. In
practical applications, GNSS stations and DEMs mostly use geodetic coordinate systems,
such as WGS-84. The geopotential height must be converted to orthometric height and
then from orthometric height to geodetic height [42].

The geopotential height is converted to orthometric height as follows:

horthometric =
R(φ)g0hgeopotential

R(φ)g(φ)− g0hgeopotential
(3)

where g0 = 9.80665 m/s2, which is the standard gravity for the mean sea level; φ is the
latitude of the data; and R(φ) and g(φ) can be obtained by the following formulas:

g(φ) = ge
1 + k sin2 φ√
1− e2 sin2 φ

(4)

R(φ) =
a

1 + f + m− 2 f sin2φ
(5)

where a = 6378.137 km; f = 1/298.2572; m = 0.003449786; k = 0.001931853; g0 = 9.80665 m/s2,
e2 = 6.694380× 10−3; and ge = 9.78033 m/s2.
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The orthometric height is converted to geodetic height as follows:

Hgeodetic = horthometric + η (6)

where η is the geoid height that is calculated from the gravity field model of the Earth, such
as the official Earth Gravitational Model 2008 (EGM 2008).

2.2.4. Tropopause and Starting Height

The Tm is the cumulative integral of the tropospheric temperature and water vapor
pressure profiles from the starting height to the ending height. The ground height is used
as the starting height in practical applications. To ensure certain practical significance
and avoid unnecessary interpolation errors, the ground height of the radiosonde station is
uniformly used as the starting height for the four reanalysis and the radiosonde data. All of
the reanalysis is interpolated to this starting height as the starting point of integration, and
the ending height is the tropopause that is obtained from respective datasets. However, the
height of the tropopause is not fixed. The height of the tropopause in the Arctic region is
concentrated at 8–12 km.

In this study, we employ the tropopause criterion that was formulated by the World
Meteorological Organization’s Aeronautical Meteorology Committee (WMO) in 1957 [43].
The lowest altitude of the temperature lapse rate above the 500 hPa isobaric surface is
2 ◦C/km or lower, and the mean temperature lapse rate does not exceed 2 ◦C/km within
the 2 km above the altitude.

By using the above tropopause criteria, we calculated the mean tropopause height of
10 stations in Greenland from 2005 to 2019. The mean tropopause height that was calculated
from radiosonde data is 9318 m (geoid height system, which is the same below), the closest
is the NCEP/DOE tropopause height, which is 9341 m, followed by the NCEP/NCAR,
which is 9041 m, 8809 m for ERA5, and 8605 m for MERRA-2. To quantify the impact of the
tropopause height accuracy on the Tm, we draw a plot on the Tm that is derived from the
four reanalysis and radiosonde data under different heights (ground height of the station,
925, 850, 700, 600, 500, 400,300 hPa and the height of tropopause), which is highest vertical
resolution of the NCEP/DOE and NCEP/NCAR. This plot can be found in Appendix B as
Figure A1. The Tm curves of the four reanalysis and the radiosonde data are similar; as the
height increases, the Tm decreases and the descending speed slows down. That means that
the impact of a calculated tropopause height that is higher than the accurate tropopause
height may be smaller than that of a value lower than the accurate tropopause height. From
the height of 400 hPa (around 6800 m here) to the height of 300 hPa (around 9000 m here),
the Tm has changed very little, not more than 1 K. Thus, the accuracy of the tropopause is
not the decisive factor affecting the accuracy of the Tm, provided that the calculated value
is within a reasonable range from the true value.

2.2.5. Interpolation

The four reanalysis data have different spatial resolutions and they are provided at
grid point. In most cases, the radiosonde station is not exactly at the grid point of the
reanalysis data. We perform bilinear interpolation [44], which is a simple and effective way
of interpolation, on the Tm that is calculated from the reanalysis data at the four grid points
that are closest to the radiosonde station. Then, we obtain the Tm that is derived from the
reanalysis data at the site of the radiosonde station.

Since the radiosonde data and the reanalysis data are layered data, the layer interval,
starting height and the tropopause of these data are different. When the ground height of
the radiosonde station is used as the starting height for integration, and the height of the
tropopause that is calculated from each data is used as the ending height for integration at
station 04220 at 0:00 on 1 January 2019, it is also necessary to interpolate the temperature,
relative humidity, etc., to the corresponding height. The linear interpolation is used here.
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2.2.6. The Influence of Tm Accuracy on Obtaining PWV

To analyze the influence of the Tm accuracy on obtaining PWV, we can calculate the
sensitivity of PWV to Tm, which is the partial derivative of PWV to Tm, ∂PWV

∂Tm
, according to

the formula connecting the PWV and the ZWD that was derived by Bevis et al. [15]. ∂PWV
∂Tm

is a function of the Tm and PWV (see Appendix C). PWV is generally between 0 and 25 mm
in Greenland. The mean Tm in Greenland is around 259 K. When PWV = 12.5 mm and
Tm = 259 K, ∂PWV

∂Tm
= 0.05 mm/K, which means that the Tm error of 1 K will cause the PWV

error of 0.05 mm.
We can also calculate the relative sensitivity of the PWV to the Tm (see Appendix C).

This implies ∂PWV
PWV ≈ ∂Tm

Tm
, which means that a certain proportion of error of in the Tm

will cause the same proportion of error in PWV, for example, 1% of error in the Tm implies
1% of error in PWV. When Tm = 259 K, the error of 1 K in Tm represents a relative error of
1/259 = 0.38% in PWV.

3. Results
3.1. Fifteen Years Precision of Tm Derived from Four Reanalyses

We have used the radiosonde data to calculate the Tm of 10 stations in Greenland
from 2005 to 2019 in order to verify the accuracy of the Tm that was derived from the four
reanalysis data. Given that the radiosonde data only provide the observation data at 0:00
and 12:00 during a day, the four reanalysis data were only used to compute the Tm of these
10 stations at two time points per day from 2005 to 2019. The 15-year mean bias and the
RMSE of the Tm of each station compared with the results of the radiosonde data were
calculated, as shown in Figure 2 and Table 3. Station 04417 was newly established, and the
data records only started from 2012. Hence, only the Tm from 2012 to 2019 was calculated
at station 04417.
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Table 3. The 15-year mean bias and RMSE values for the Tm of 10 stations derived from four
reanalyses.

Site
ERA5 MERRA-2 NCEP/DOE NCEP/NCAR

Bias (K) RMSE (K) Bias (K) RMSE (K) Bias (K) RMSE (K) Bias (K) RMSE (K)

04220 0.304 0.735 −0.155 0.867 −0.199 1.249 −0.563 1.909
04270 −0.013 0.702 −1.152 1.555 0.862 1.592 0.411 1.385
04320 0.451 0.833 −0.557 1.05 0.426 1.093 0.036 1.351
04339 0.600 0.896 −0.472 0.978 −0.017 0.912 −0.242 1.087
04018 0.217 0.533 0.044 0.661 −0.117 0.822 0.038 0.88
71082 0.096 0.491 −0.065 0.712 0.413 1.106 −0.274 1.342
04360 0.417 0.867 −0.283 0.92 −0.001 1.616 −0.677 2.585
71909 0.124 0.516 −0.249 0.789 0.07 0.868 0.153 0.957
71906 0.344 0.608 −0.288 0.807 −0.211 0.923 −0.179 0.935
04417 0.134 0.728 0.706 1.284 0.698 1.299 0.602 1.273
Mean 0.267 0.691 −0.247 0.962 0.192 1.148 −0.069 1.37
Min −0.013 0.491 −1.152 0.661 −0.211 0.822 −0.677 0.88
Max 0.600 0.896 0.706 1.555 0.862 1.616 0.602 2.585

In Table 3, the 15-year mean bias errors (MBEs) for the ERA5 Tm of the 10 stations are
distributed in −0.013–0.600 K, with a mean of 0.267 K. Meanwhile, the 15-yearRMSEs are
distributed in 0.491–0.896 K, with a mean of 0.691 K. The 15-year MBEs for the MERRA2
Tm are distributed in −1.152 K–0.706 K, the RMSEs are distributed in 0.661–1.555 K, and
the mean is 0.962 K. The MBEs of the NCEP/DOE Tm are distributed in −0.211–0.862 K,
the mean value is −0.022 K, the RMSEs are distributed in 0.822–1.616 K, and the mean is
1.148 K. The 15-year MBEs of the NCEP/NCAR are in the range of −0.677–0.602 K, with a
mean value of −0.069 K, and the RMSEs are distributed in the range of 0.88–2.585 K, with a
mean value of 1.37 K.

Figure 2 shows that the ERA5 Tm is the closest to the results of the radiosonde data;
the 15-year RMSE of each station does not exceed 0.9 K. Moreover, the 15-year MBE and
RMSE differences between the stations are minimal, and the difference between the highest
and the lowest RMSE values is approximately 0.5 K. The MERRA-2 Tm is universally
smaller than the result of the radiosonde data, only the MBEs of stations 04018 and 04417
are positive, and the accuracy of station 04417 is inferior to that of the other stations. The
15-year MBEs of five of the ten stations for the NCEP/DOE Tm are negative, and the rest
are positive. The RMSEs of stations 04270 and 04360 are larger than those of the other
stations. The 15-year MBEs for the NCEP/NCAR Tm are mostly negative. Furthermore,
the RMSEs of stations 04220 and 04360 are larger than those of the other stations.

According to Equation (A8) (see Appendix C), we can calculate the relative error of
the PWV that is caused by the error of the Tm. The mean Tm in Greenland is around 259 K
and the 15-year mean RMSE of the ERA5 Tm, which is 0.69 K, can be consider as the error
of the ERA5 Tm. We substitute the Tm that is considered to be 259 K and the error of the
ERA5 Tm into Equation (A8). Then, we obtain the influence of the ERA5 Tm accuracy on
the PWV, which corresponds to an uncertainty of 0.26% in the PWV, which is very small.
The error of the MERRA-2 Tm corresponds to an uncertainty of 0.36% in the PWV, 0.43%
for the NCEP/DOE, and 0.52% for the NCEP/NCAR. In station 04360, the error of the
NCEP/NCAR Tm is the largest and its relative error of PWV can reach 0.98%.

The ERA5 has the highest accuracy in calculating the Tm in Greenland. The two
possible reasons are as follows: (1) the assimilation scheme 4D-VAR has a strong assim-
ilation ability; (2) the spatial resolution is higher than that of the other reanalysis data,
thus, the interpolation error is smaller. Followed by the MERRA-2, which was released
in a relatively recent time and has a slightly lower horizontal resolution and a slightly
higher vertical resolution than the ERA5, which is much higher than the NCEP/DOE and
the NCEP/NCAR, which greatly reduces interpolation errors. Next is the NCEP/DOE,
which, as a follow-up project of the NCEP/NCAR reanalysis project, corrected the known
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errors in the NCEP/NCAR reanalysis data and achieved high accuracy with a lower spatial
resolution, reflecting a strong assimilation ability.

3.2. Temporal Variation of the Performance of Tm Derived from Four Reanalyses Validated by
Radiosonde Data
3.2.1. Annual Variation Characteristic

In order to study the annual variation characteristic of the Tm, we compute the annual
mean bias and the RMSE of the Tm from four radiosonde data from 10 radiosonde stations
from 2005 to 2019. The results are shown in Figure 3.

Remote Sens. 2022, 14, 5431 11 of 24 
 

 

 Figure 3. Cont.



Remote Sens. 2022, 14, 5431 11 of 22Remote Sens. 2022, 14, 5431 12 of 24 
 

 

 
Figure 3. Annual mean (a) bias and (b) RMSE of T୫ at 10 stations from 2005 to 2019 calculated from 
four reanalysis data. 

The annual mean bias and the RMSE of the ERA5 Tm from 2005 to 2019 showed a 
downward trend in Figure 3, indicating that the accuracy gradually improved. The annual 
mean bias and the RMSE of the NCEP/DOE Tm and the NCEP/NCAR Tm consistently 
varied, and no discernible trend toward greater or worse accuracy was observed, similar 
to the MERRA-2 Tm . The accuracy of the NCEP/DOE Tm  is better than that of the 
NCEP/NCAR. 

In order to observe the stability and the fluctuation of the annual mean precision 
variation of the Tm, we use four reanalysis data to calculate the mean values and the 
standard deviation (std) of the annual mean bias and the RMSE of the 10 stations in 

Figure 3. Annual mean (a) bias and (b) RMSE of Tm at 10 stations from 2005 to 2019 calculated from
four reanalysis data.

The annual mean bias and the RMSE of the ERA5 Tm from 2005 to 2019 showed a
downward trend in Figure 3, indicating that the accuracy gradually improved. The annual
mean bias and the RMSE of the NCEP/DOE Tm and the NCEP/NCAR Tm consistently var-
ied, and no discernible trend toward greater or worse accuracy was observed, similar to the
MERRA-2 Tm. The accuracy of the NCEP/DOE Tm is better than that of the NCEP/NCAR.

In order to observe the stability and the fluctuation of the annual mean precision
variation of the Tm, we use four reanalysis data to calculate the mean values and the
standard deviation (std) of the annual mean bias and the RMSE of the 10 stations in
Greenland from 2005 to 2019. The results are shown in Table 4. The std values of the
annual mean bias and the RMSE of the ERA5 Tm are 0.32 and 0.22 K, respectively, showing
consistent stability. In the MERRA-2, the std values of the annual mean bias and the RMSE
are 0.442 and 0.295 K, respectively, at the same level as that of the NCEP/DOE. Meanwhile,
the std values of the annual mean bias of the NCEP/DOE and the NCEP/NCAR Tm are
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relatively close (0.398 and 0.423 K, respectively), while the std of the annual mean RMSE
of the NCEP/DOE Tm is 0.308 K, which is better than the 0.526 K of NCEP/NCAR. In
conclusion, the ERA5 Tm has the best inter-annual stability, followed by the NCEP/DOE
Tm, the MERRA-2 Tm, and the NCEP/NCAR Tm.

Table 4. Mean values and standard deviation of the annual mean bias and RMSE of Tm derived from
four reanalysis data from 2005 to 2019.

Reanalysis Data
Annual Mean Bias Annual Mean RMSE

Mean (K) Std (K) Mean (K) Std (K)

ERA5 0.267 0.318 0.666 0.226
MERRA-2 −0.247 0.442 0.935 0.295

NCEP/DOE 0.192 0.398 1.133 0.308
NCEP/NCAR −0.069 0.423 1.368 0.526

3.2.2. Monthly Variation Characteristic

In order to study the monthly variation characteristic of the Tm, we compute the
monthly mean bias and the RMSE of the Tm from four reanalysis data from 10 radiosonde
stations from 2005 to 2019. The results are shown in Figure 4.
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The accuracy of the NCEP/NCAR and the NCEP/DOE Tm shows obvious seasonal
variation characteristics, as follows: the accuracy is better in the summer and poorer in
the winter. The accuracy is the best in August and September and the worst in January
and December. In addition, a small wave peak in the RMSE occurs in May and June. The
accuracy of the ERA5 Tm also has a similar, but slighter, seasonal variation; the accuracy in
the winter and the spring is worse than that in the summer and the autumn. The seasonal
variation of the MERRA-2 Tm is similar to the former three, and its volatility is weaker than
that of the NCEP/DOE and the NCEP/NCAR Tm, and stronger than that of the ERA5 Tm.
In addition, the accuracy of the ERA5 Tm gradually improved from 2005 to 2019. The RMSE
from 2005 to 2011 is slightly better than the other three reanalysis data, and its advantages
become more obvious from 2012 to 2019, and the RMSE is closer to zero.

In order to explore the physical reasons for the seasonal variation characteristics of the
Tm accuracy, we check the vertical profiles of the air temperature, the water vapor pressure,
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and the tropopause height of the reanalysis and radiosonde data (the vertical profiles of
the air temperature, water pressure, and tropopause can be found in the Supplemental
Material) and find that this may be related to the surface temperature. It can be observed
that the difference of tropopause height between the reanalysis and the radiosonde data is
not obvious in January and June in terms of quantity and relative relationship. In addition,
the water vapor pressures of four reanalysis data have no common differences or changes
compared to that of the radiosonde data between January and June.

Bevis et al. [15,45] pointed out that the Tm and the Ts have a linear relationship, which
means that the accuracy of the Ts will greatly affect the accuracy of the Tm. We calculated
the Tm and Ts at 0:00 and 12:00 every day at 10 stations from 2005 to 2019 in Greenland,
and obtained the chart of Ts bias and Tm bias compared to those of the radiosonde data.
The correlation coefficient between the Ts bias and the Tm bias has also been calculated,
as shown in Figure A2 of Appendix D. The correlation coefficient between the Ts bias and
the Tm bias of the ERA5 is 0.248, which is a weak correlation; the value of the MERRA-2
is 0.313, which is a medium correlation; the value of the NCEP/DOE is 0.473, which is a
medium correlation; the value of the NCEP/NCAR is 0.538, which is a strong correlation.
This means that the accuracy of the Tm from these reanalysis data is affected by the Ts to
varying degrees.

We counted the mean bias and the RMSE of Tm and Ts that were derived from four
reanalysis data in the spring (March, April, and May), the summer (June, July, and August),
the autumn (September, October, and November), and the winter (December, January,
and February). The results are shown in Table 5. It can be observed that the RMSEs of
Ts from the four reanalysis models in the winter and spring are greater than that in the
summer and autumn, and so are the RMSEs of the Tm. Moreover, these are consistent; the
size relationship of the correlation coefficient, where the NCAR is the largest, followed
by the NCEP/DOE, the MERRA-2, and the ERA5, as well as the value of Ts RMSE, the
value of Tm RMSE, and the seasonal fluctuation of Tm. This may not be a coincidence. We
believe that the weaker precision of Ts in the winter and spring than in the summer and
autumn, and the strong correlation between the precision of Ts and that of Tm, leads to the
obvious seasonal variation characteristics of the NCEP/NCAR and the NCEP/DOE Tm.
The correlation coefficient of the ERA5 and the MERRA-2 is small, and the Ts is slightly
weaker in the winter and spring than in the summer and autumn, which leads to their
similar seasonal variation characteristics, though not as obvious as the former two. As for
why the accuracy of the Ts from the NCEP/DOE and the NCEP/NCAR is lower than that
of the ERA5 and the MERRA-2, there may be two aspects, as follows: (1) the assimilation
abilities of the NCEP/DOE and the NCEP/NCAR are weaker than the latter two; (2) the
horizontal resolution and the vertical resolution are far lower than those of the ERA5 and
the MERRA-2, which may lead to larger interpolation errors when interpolating the air
temperature to the ground height in order to obtain the Ts.

Table 5. Mean bias and RMSE values for Tm and Ts derived from four reanalysis data in different
seasons.

Season
ERA5 MERRA-2 NCEP/DOE NCEP/NCAR

Bias (K) RMSE (K) Bias (K) RMSE (K) Bias (K) RMSE (K) Bias (K) RMSE (K)

Tm

Spring 0.219 0.646 −0.247 0.938 0.370 1.100 0.308 1.273
Summer 0.246 0.655 −0.253 0.817 0.130 0.914 0.313 1.039
Autumn 0.234 0.648 −0.235 0.891 0.065 1.100 −0.389 1.375
Winter 0.310 0.726 −0.351 1.009 0.102 1.213 −0.510 1.507

Ts

Spring 0.290 1.657 0.034 1.713 1.154 3.424 0.330 3.175
Summer 0.671 1.790 0.311 1.682 1.842 2.938 1.777 2.831
Autumn −0.210 1.291 −0.342 1.286 −0.940 2.543 −2.285 3.367
Winter −0.196 1.627 −0.372 1.841 −1.169 3.398 −3.950 5.149
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3.2.3. Daily Variation Characteristic

We used the four reanalysis data and the radiosonde data to calculate the mean Tm of
the 10 stations at 0:00 and 12:00 each day from 2005 to 2019 in Greenland. In order to make
the figure easier to read, and to balance the readability and the amount of information, only
the Tm in stations 04220, 04270, and 04417 from 2018 to 2019 are shown. The time series
plot is shown in Figure 5. The results have consistent seasonal variation, as follows: the Tm
is higher in the summer and lower in the winter, with the highest point appearing around
June and the lowest point emerging in January, and it fluctuates in a sinusoidal curve,
which is consistent with the atmospheric temperature variation in the northern hemisphere
and can span up to 30–40 K within a year. The ERA5 is close to the calculated results of the
radiosonde data. The MERRA-2 results are lower than the results of the radiosonde data
most of the time, especially at station 04270. In addition, there is an outlier in the results of
ERA5. The bias can reach 5–10 K compared to the result of the radiosonde data on 2 May
2018 in all of the stations. We have checked the ERA5 pressure-level data and have found
that it misses a part of the air temperature data for that day.
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3.2.4. Hourly Variation Characteristic

In practical applications, whether directly using the reanalysis data for calculating
the Tm or using the reanalysis data to develop a Tm model, we focus not only on the
general accuracy for more than 10 years, a whole year, a whole month, etc., but also on
the performance of the Tm at a station in a day even in a moment. According to the above
analysis, the accuracy of the Tm from the four reanalysis data has certain seasonal variation
characteristics. Therefore, the reanalysis data and the radiosonde data are used to calculate
the Tm of the vernal equinox (21 March), the summer solstice (22 June), the autumn equinox
(23 September), and the winter solstice (22 December) in 2015 at the 04220 station, with
their highest temporal resolution, respectively. The results are shown in Figure 6. The Tm
at three time points of 0:00, 12:00, and 24:00, which were calculated by the radiosonde data,
are used as reference values in order to evaluate the results of four reanalysis data. The
results that were calculated by the ERA5 at these three time points are close to the results
of the radiosonde data, and the difference is less than 1 K in most cases. Few moments
have almost no difference. Only the difference between 12:00 and 24:00 on the winter
solstice exceeds 1 K, at around 1.2–1.5 K. The MERRA-2 results in the spring equinox
and the autumnal equinox are close to the radiosonde data, and the difference is within
1 K. Furthermore, the difference at the summer solstice and the winter solstice is larger,
especially at 24:00, which is 2–3 K lower than the results of the radiosonde data. The
MERRA-2 Tm has the same trend as the ERA5 Tm. The accuracy of the NCEP/DOE Tm
is better at the spring equinox and the summer solstice, worse at the autumnal equinox
and the winter solstice, and the worst occurs at 12:00 of the autumnal equinox, with bias
exceeding −3 K. The NCEP/NCAR has the same trend as the NCEP/DOE, but the bias is
larger than that of the NCEP/DOE.
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Figure 6. Tm of the vernal equinox, summer solstice, autumn equinox, and winter solstice in 2005 at
station 04220, with the highest temporal resolution from the four reanalysis data.

The four reanalysis data have basically the same overall trend in the calculation of
the Tm from the four dates. However, the reanalysis data with a high temporal resolution,
such as the ERA5 and the MERRA-2, can undoubtedly reduce the error that is caused by
interpolation to a great extent and efficiently express the temporal variation characteristic of
the Tm. For example, during the winter solstice, the results of the ERA5 and the NCEP/DOE
at 0:00 and 12:00 are similar, but the ERA5 Tm from 0:00 to 12:00 has a trend of first
falling and then rising. Meanwhile, the NCEP/DOE Tm is always rising. If the hourly
linear interpolation of the Tm that is calculated by the NCEP/DOE is performed, then the
maximum difference between the interpolation results and the ERA5 can reach 2 K.

In conclusion, when calculating the Tm at a certain point in time, the results of the
ERA5 are closest to those that are estimated from the radiosonde data and have a high
temporal resolution, which can accurately reflect the variation of the Tm over a shorter
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timescale. Therefore, the ERA5 is the optimal data source for obtaining the Tm and for
building Tm models in a four reanalysis model.

3.3. Spatial Variation of the Performance of Tm Derived from the Four Reanalyses

In order to evaluate the spatial distribution and the variation of the Tm in Greenland
that were estimated from the four reanalysis data, the mean Tm in Greenland from 2005
to 2019 was computed using the four reanalysis data. The results of the three reanalysis
data were subtracted from the ERA5 Tm in order to observe the spatial differences of the
Tm. First, the geopotential height of the reanalysis data was converted into geodetic height
using the gravity field model. Then, the DEM in Greenland was used as the surface height,
and the above four reanalysis data were used to calculate the Tm from 2005 to 2019 in
Greenland. The results are shown in Figure 7.
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Figure 7. Mean Tm computed from the four reanalysis data in Greenland from 2005 to 2019.

In Figure 7, and also according to the DEM map in Figure 1, the results that were
computed from the four reanalysis data exhibit a consistent distribution, as follows: the
Tm is proportional to the ground elevation, and the greater the ground elevation, the
lower the Tm. In the middle region of Greenland, the ground elevation is higher, and
the Tm is lower, whereas the height at the island’s edge is lower, and the Tm is higher,
which conforms to the definition formula for the Tm. The results of the ERA5 are between
245.7 and 273.2 K in Greenland from 2005 to 2019; the results of the MERRA-2 are between
243.9 and 272 K, which is less than that of the ERA5 Tm; the results of the NCEP/DOE
are between 246.2 and 272.9 K, which is comparable to the ERA5 Tm; and the results of
the NCEP/NCAR are between 248.6 and 273.5 K, which is greater than that of the ERA5.
Furthermore, the ERA5, with a high spatial resolution, can more precisely reflect the
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distribution of the Tm on steep terrains that are in a small area, such as glaciers, ice sheets,
mountain glaciers, and U-shaped valleys and fjords. The previous analysis demonstrates
that the accuracy of the ERA5 is the highest. Accordingly, the results of the ERA5 are used
as a reference. The 15-year mean Tm that was obtained from the other three reanalysis is
interpolated to the spatial resolution of the ERA5 and subtracted by the result of the ERA5
in order to determine the regional difference for the Tm between the four reanalysis data,
as illustrated in Figure 8.
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The overall difference between the MERRA-2 Tm and the ERA5 Tm is relatively uni-
form in the whole area, generally around −2 K, which is lower than the ERA5 Tm by
around 2 K, as shown in Figure 8. In the central area of Greenland, the difference is larger,
reaching around −3 K. The difference between the NCEP/DOE Tm and the ERA5 Tm is
mainly concentrated in the edge area of the island, which is higher than the ERA5 Tm by
more than 5 K. The possible reason for this is that the difference between the land and the
sea results in large errors in interpolation. The difference between the NCEP/NCAR Tm
and the ERA5 Tm is relatively large on the whole island, which is generally higher than the
ERA5 Tm by more than 2.5 K. In the south and the southeast of Greenland, two large areas
have large differences, which are higher than the ERA5 Tm by more than 5 K.

4. Conclusions

In this work, we use the ERA5, the MERRA-2, the NCEP/DOE, and the NCEP/NCAR
to calculate the Tm in Greenland from 2005 to 2019 and employ the radiosonde data of
10 stations in order to evaluate the accuracy and the spatial–temporal variation of the Tm
that is derived from four reanalysis data. The following conclusions have been obtained:

1. The ERA5 is the best in terms of the overall accuracy. The 15-year MBE and the RMSE
of the ERA5 Tm are 0.267 and 0.691 K, respectively. In the MERRA-2 Tm, the MBE
and the RMSE are −0.247 and 0.962 K, respectively. In the NCEP/DOE Tm, the MBE
and the RMSE are 0.192 and 1.148 K, respectively. The NCEP/NCAR Tm is the worst,
with an MBE and RMSE of −0.069 and 1.37 K, respectively. The error of the ERA5
Tm corresponds to an uncertainty of 0.26% in the PWV, while this is 0.36% for the
MERRA2, 0.43% for the NCEP/DOE, and 0.52% for the NCEP/NCAR. The ERA5 is
the best data source for the direct determination of accurate Tm and the development
of Tm models in Greenland;

2. In terms of the inter-annual stability of the calculation accuracy, the ERA5 Tm is the
most stable, followed by the NCEP/DOE Tm, the MERRA-2 Tm, and the NCEP/NCAR
Tm. The accuracy of the ERA5 Tm has been improving from 2005 to 2019. Meanwhile,
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the accuracy of the NCEP/NCAR Tm and the NCEP/DOE Tm has the following
seasonal variation characteristics: better accuracy in the summer and autumn and
poorer accuracy in the winter and spring; the ERA5 Tm and the MERRA-2 Tm are
similar to the former two, but less obviously. There is a relatively strong correlation
between the accuracy of the Ts and that of the Tm that are derived from the four
reanalysis models, especially the NCEP/NCAR. The weaker precision of the Ts in the
winter and spring than that of the summer and autumn leads to the obvious seasonal
variation characteristics of Tm precision. When calculating the Tm by hour, the results
of the ERA5 are the closest to those that were estimated from the radiosonde data and
have a high temporal resolution, which can accurately reflect the variation of the Tm
over a shorter timescale;

3. In the spatial distribution of the Tm, the results of the four reanalysis data are generally
consistent; the central area of Greenland is smaller, and the edge of the island is larger.
In comparison with the ERA5, the overall difference between the MERRA2 and the
ERA5 is about −2 K. Meanwhile, the difference between the NCEP/DOE and the
ERA5 is mainly concentrated on the edge of the island; the difference between the
NCEP/NCAR and the ERA5 is relatively large on the whole island, especially in the
south and the southeast.
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Appendix A

1. Xu et al. [46] studied the error of the saturation water vapor pressure that was
calculated by using different formulas compared with Goff–Gratch and found that the
Magnus formula has a simple calculation form and a high accuracy. Accordingly, we
use the Magnus formula over water to calculate the saturation water vapor pressure of
the radiosonde data, the NCEP/NCAR, and the NCEP/DOE. The Magnus formula is as
follows [47]:

es(Ti) = 6.11× 10(
7.5×Ti

237.3+Ti
), (A1)
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where T is in ◦C.
2. Luo et al. [48] claim that the MERRA-2 and the ERA-Interim relative humidity

algorithms employed a modified version of Teten’s formula [49]. The ERA-Interim is the
previous generation’s reanalysis product of ERA5, in which they use the same formula
to calculate the saturation water vapor pressure [50].Thus, we use the Teten’s formula
that has been modified by Simmons et al. [49] to calculate the saturation water vapor
pressure of the ERA5 and the MERRA-2, which has the following three forms: over
water when T ≥ 273.16 K, over ice when T ≤ 250.16 K, and a mixed formula between
250.16 and 273.16 K, as follows:

es(Ti) = αes(water)(Ti) + (1− α)es(ice)(Ti), (A2)

where α is the coefficient, and its formula is as follows, es(water) and es(ice) are the saturation
water vapor pressure over water and ice, respectively, and their formula is presented in
Equation (A4).

α =


0, Ti ≤ Tice

( Ti−Tice
T0−Tice

)
2
, Tice < Ti < T0

1, Ti ≥ T0

, (A3)

where Tice = 250.16 K, and T0 = 273.16 K.

es(water or ice)(Ti) = a1ea2(
Ti−273.16

Ti−a3
) (A4)

where es(water or ice) represents the saturation water vapor pressure over water or ice, and Ti
is in K. When calculating the saturation water vapor pressure over water, a1 = 611.21 Pa,
a2 = 17.502, and a3 = 32.19 K. When calculating the saturation water vapor pressure over
ice, a1 = 611.21 Pa, a2 = 22.587, and a3 = −0.7 K.
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Appendix C

Bevis et al. [15] derive the formula of connecting ZWD and PWV as follows:

PWV = Π·ZWD, (A5)

where Π is the following conversion parameter:

Π =
106

ρRv·
(

k3
Tm

+ k′2
) , (A6)

where Rv is the specific gas constant for water vapor, ρ is density of liquid water.
Rv = 0.462 J · g−1 · K−1, ρ = 1 g/cm3, k′2 = 16.581 K/hPa, and k3 = 3.776 ∗ 105 K2/hPa.

∂(PWV)

∂Tm
=

(
k3

k3 + k′2Tm

)
PWV

Tm
, (A7)

where Rv is the specific gas constant for water vapor, ρ is density of liquid water.
Rv = 0.462 J · g−1 · K−1, ρ = 1 g/cm3, k′2 = 16.581 K/hPa, and k3 = 3.776 ∗ 105 K2/hPa.

S =
∂(PWV)

PWV
∂Tm
Tm

=
k3

k3 + k′2Tm
=

1

1 + k′2
k3

Tm

≈ 1, (A8)

where S is the relative sensitivity, since k′2
k3

= 4.39 ∗ 10−5 K−1, it is very small, thus S ≈ 1.
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