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Abstract Tropospheric delay is an important error source in Global Navigation Satellite System (GNSS)
positioning and can also be used in water vapor monitoring. Many models have been built to correct
tropospheric delays or to convert zenith wet delays to precipitable water vapor. However, these models suffer
from limited resolutions (spatial resolution lower than 1° and temporal resolution lower than 6 hr), which
affects their performance. The release of European Centre for Medium-Range Weather Forecasts
ReAnalysis 5 (ERAS5) provides the opportunity to lift this limit. In this study, we use the ERAS5 hourly

0.5° X 0.5° data to build a new model over China, which integrates tropospheric delay correction for GNSS
positioning and weighted mean temperature calculation for GNSS meteorology. By modeling the diurnal
variations of zenith hydrostatic delay, zenith wet delay, and weighted mean temperature and the seasonal
variations in their lapse rates, this model has the state-of-the-art spatial resolution of 0.5° X 0.5° and temporal
resolution of 1 hr. We validate this new model by the ERAS5 data, the radiosonde data, and the GNSS data
in comparison with the canonical GPT2w model. The results show that the new model has better accuracies
in terms of root-mean-square than the GPT2w model in all parameters. Especially, the new model well
captures the diurnal variations in tropospheric delay and weighted mean temperature. This new model
provides accurate tropospheric delays and weighted mean temperature simultaneously, which enables GNSS
receivers to measure precipitable water vapor directly and also benefits GNSS positioning.

1. Introduction

When Global Navigation Satellite System (GNSS) signals travel through the neutral atmosphere, they
undergo bending and time delay due to atmospheric refractivity. The bending effect is very small when
the elevation angle is larger than 10° and thus usually neglected (Leick et al., 2015). The time delay-induced
excess raypath measurement is called the tropospheric delay in the GNSS community.

The tropospheric delay is an important error source in GNSS positioning that should be well modeled and
corrected. Tregoning and Herring (2006) pointed out that good a priori tropospheric delay information can
improve the estimates of the coordinate and tropospheric delay parameters in GNSS positioning. The tropo-
spheric delay can be divided into a hydrostatic delay caused by atmospheric gases in hydrostatic equilibrium
and a wet delay primarily caused by water vapor (Askne & Nordius, 1987; Davis et al., 1985; Ifadis, 1993).
Each component is usually considered as the product of the delay experienced at the zenith and the corre-
sponding mapping functions (Davis et al., 1985). Traditional models, such as the Saastamoinen model
(Saastamoinen, 1972) and the Hopfield model (Hopfield, 1971), require in situ meteorological observations
to ensure their highest performances, but most GNSS stations are not equipped with meteorological sensors.
Therefore, numerical weather prediction (NWP) products or empirical models are needed.

Though the data from the NWP models are better than those from the empirical models, they are not so easy
for the GNSS community to access and use. For postprocessing, the GNSS users may afford time and devices
to download the data from the Internet and do the data processing locally, but it is much more inconvenient
than using empirical models. Given the slight improvement of using NWP products to using empirical mod-
els, the GNSS community tend to use the empirical models. For real-time applications, using the NWP pro-
ducts is even more difficult. So it is ideal to use the NWP products, but in practice for convenience's sake
there is still demand for empirical models, especially for regions like China.

Hitherto, scientists have built many empirical models, which are roughly divided into two types. The first
type is based on the meteorological parameters, such as the UNB models (Collins & Langley, 1997, 1998),
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the EGNOS model (Dodson et al., 1999; Penna et al., 2001), the TropGrid models (Krueger et al., 2005;
Schiiler, 2014), the GPT models (B6hm et al., 2007, 2015; Lagler et al., 2013; Landskron & B6hm, 2018),
and the ITG model (Yao et al., 2015). This type of models usually employs a table to represent empirical
meteorological parameters and uses the Saastamoinen model or similar models to calculate tropospheric
delays. The second type directly models the tropospheric delay, such as the GZTD models (Yao et al.,
2016) and the IGGtrop models (Li et al., 2012, 2015, 2018). This type of models provides empirical
tropospheric delay free of meteorological parameters.

The tropospheric delay contains important information about the neutral atmosphere. The zenith wet delay
(ZWD) can be used to measure water vapor in the atmosphere. Davis et al. (1985) introduced the concept of
weighted mean temperature (Ty,). Askne and Nordius (1987) derived the approximate relationship between
ZWD and precipitable water vapor (PWV), in which T, is the critical parameter for converting ZWD to PWV.
But the precise calculation of T, depends on the vertical profile of temperature and water vapor pressure,
which greatly limits the application of GNSS in monitoring water vapor. Bevis et al. (1992) found the linear
relationship between Ty, and surface temperature (T) and updated this relationship in 1994 (Bevis et al.,
1994), which made the calculation of T;,, very easy. The above work founded the base for operationally using
GNSS to measure PWV. Since then, many scientists have proposed new methods to improve the calculation
of Tp,. Yao et al. (2012) proposed the Global Weighted Mean Temperature model which provides accurate
empirical T,,, worldwide and was updated and perfected in 2013 and 2014 (Yao et al., 2013, 2014). Other simi-
lar models are also established, including Chen et al. (2014), He et al. (2017), Zhang et al. (2017), Ding (2018),
Yao et al. (2018), and Huang et al. (2018). In addition, some tropospheric delay models, such as the GPT2w
model (B6hm et al., 2015), the TropGrid2 model (Schiiler, 2014), and the ITG model (Yao et al., 2015), also
provide empirical Ty,.

Recently, Landskron and Béhm (2018) built the GPT3 model. Compared with its predecessor GPT2w, this
model only updated the empirical mapping function coefficients. The zenith tropospheric delay and the
T modules are unchanged. Balidakis et al. (2018) constructed the empirical model GFZ-PT. This model
can additionally provide estimations of tropospheric gradients.

However, both the tropospheric delay models and the T, models are largely based on data from NWP pro-
ducts. The previous NWP data have the highest temporal resolution of only 6 hr, which is insufficient to
accurately reveal the phase and amplitudes of the diurnal and subdiurnal variations in tropospheric delay
and T,. Besides, their highest spatial resolution is only ~80 km. This low spatial resolution also brings uncer-
tainties in estimating tropospheric delays and Ty,.

The release of the European Centre for Medium-Range Weather Forecasts (ECMWF) ReAnalysis 5 (ERAS)
hourly data provides the opportunity to build a sophisticated model incorporating tropospheric delay
correction and Ty, calculation with better accuracy and resolution. In this study, the ERA5 hourly data are
used to investigate daily variations of zenith hydrostatic delay (ZHD), ZWD, and Ty,. Then, they are used
to construct a sophisticated model for tropospheric delay correction and Ty, calculation. Through this work,
we hope that the new model could better serve the GNSS meteorology and positioning than other models.

In this paper, we first describe the data used for modeling and validation (section 2). And then we illustrate
how we model the ZHD, ZWD, and Ty, (section 3). After the methodology, we validate the new model and
present the model's accuracy information (section 4). Finally, we discuss the results and summarize the con-
clusions of this work (section 5).

2. Data
2.1. ECMWF ERAS5 Reanalysis Data

ERAS is the fifth generation ECMWF a Ty, ospheric reanalysis of the global climate (Hersbach & Dee, 2016).
Compared with previous ECMWF ERA-Interim reanalysis, the ERAS reanalysis has improved the spatial
resolution from ~80 to ~31 km and the temporal resolution from 6 to 1 hr (Albergel et al., 2018). In this study,
the ERAS5 hourly geopotential, temperature, and specific humidity data on 37 pressure levels are used. The
geopotential data are used to calculate geopotential heights, which are then converted to WGS84 ellipsoid
heights. The specific humidity data are used to calculate water vapor pressure (Bohm et al., 2015). Then
the pressure, temperature, and water vapor pressure on the 37 pressure levels are used to calculate
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tropospheric parameters including ZHD, ZWD, and Ty,. Since the Saastamoinen model (Saastamoinen,
1972) can estimate ZHD with millimeter-level accuracy, we use this model to directly compute ZHD (mm)
with the ERAS pressure data:

_ 2.2768P
~ 1-0.00266c0s(2¢)—0.00028h

ZHD ®

where P denotes the pressure (hPa), ¢ is the latitude (radian), and & is the height (km). ZWD (mm) and T,
(K) are calculated by the following equations (Bevis et al., 1992; Davis et al., 1985):

ZWD = 107[, N,,dh )
;e e
Nw:k2?+k3p (3)
“edn
[ &dh

where N,, denotes the wet refractivity, e and T indicate the water vapor pressure (hPa) and the temperature
(K), and k; and k; are the a Ty, ospheric refractive index constants whose values are 22.97 K/hPa and
375463 K*/hPa (Riieger, 2002). We use the ERA5 data from 2011 to 2018 with a temporal resolution of
1 hr to calculate ZHD, ZWD, and T, for modeling and validation (the data from 2011 to 2017 are used for
modeling, and the data in 2018 are used for validation).

2.2. Radiosonde Data

As important and accurate meteorological observations, the radiosonde data are usually used to evaluate
other observations or model output, especially for the validation of T, whose accurate determination
requires vertical profiles of water vapor pressure and temperature. The radiosonde data used in this study
are from Integrated Global Radiosonde Archive, which provides high-quality sounding observations from
more than 1,500 radiosondes and sounding balloons worldwide since 1960s. The radiosonde usually
launches twice daily at 00:00 and 12:00 UTC and provides meteorological profiles including pressure, tem-
perature, and relative humidity on certain pressure levels. The water vapor pressure can be derived from
the relative humidity (Wang et al., 2016). We use the radiosonde data in 2017 with a temporal resolution
of 12 hr to calculate the ZHD, ZWD, and Ty, by using the same method as illustrated in section 2.1, which
are then used for validation.

2.3. GNSS Data

The International GNSS Service (IGS) archives and distributes zenith total delay (ZTD) estimates from the
GNSS observation data at all IGS stations with a temporal resolution of 5 min and with a latency of about
4 weeks (Hackman & Byram, 2012). The accuracy of the ZTD estimates is specified with 4 mm by the IGS
Central Bureau. The ZTD is a sum of ZHD and ZWD. We obtain GNSS-derived ZTD in 2018 with a temporal
resolution of 5 min from the IGS archive and use these data to validate the tropospheric delay outputs from
the new model.

3. Methods

3.1. Diurnal Variations of Tropospheric Delay and T,

We perform a fast Fourier transform (FFT) analysis on the computed hourly ZHD, ZWD, and Ty, respec-
tively, to investigate their diurnal variations. Since we focus on the diurnal and semidiurnal signals, we first
use a high-pass filter to remove the low-frequency signals (whose periods are larger than 10 days). Then, we
apply FFT analysis to the filtered ZHD, ZWD, and Ty, to investigate their daily variations. Figure 1 shows the
exemplary power spectrums at 15° north latitude and 100° east longitude (simply labeled as 15°N and 100°
E hereafter).

The power spectrum of ZHD (Figure 1a) has two strong peaks at 1 and 0.5 days. Especially, the semidiurnal
variation is even stronger than the diurnal variation by showing a greater peak at 0.5 day than at 1 day. These
are caused by a Ty, ospheric tides but have not been well modeled by tropospheric delay models so far due to
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Figure 1. Power spectrums of (a) ZHD, (b) ZWD, and (c) Ty,. Data for this example are from ERAS5 grid data from 2011 to
2017 at 15°N and 100°E. ZHD = zenith hydrostatic delay; ZWD = zenith wet delay.

the limit in data temporal resolution. The power spectrum of ZWD (Figure 1b) shows a strong peak at 1 day.
Nevertheless, it also shows other peaks, but these peaks have unclear meanings. They change with time and
location and do not behave as regularly as the diurnal variations. The power spectrum of Ty, (Figure 1c)
shows a strong peak at 1 day and a weak peak at 0.5 day.

Based on the above spectral characteristics, we propose to use equation (5) to describe the diurnal and semi-
r(HOD) = Ay +Alcos( 5

diurnal variations of ZHD, ZWD, and T,.
HOD 27 | + B,sin HOD 27 | + Ajcos HOD 47 | + B,sin H—OD 47 (5)
4 > 24 2 24 2 24

where r(t) could be ZHD, ZWD, or T,,; HOD indicates hour of day; and Ay, A;, A,, By, and B, are model
coefficients.

However, these diurnal variations may not be revealed by ERA-Interim or other model data since their tem-
poral resolutions are low. To demonstrate this, we resample the ERAS5 hourly data (labeled as ERA5_1h here-
after) at 00:00, 6:00, 12:00, and 18:00 UTC to represent the ERA-Interim data (labeled as ERA5_6h hereafter).
Then, the equation (5) is used to fit the ERA5_1h and the ERA5_6h data, respectively. The exemplary fitting
results at grid point 15°N and 100°E on days of year (DOYs) 156-160, 2017 are given in Figure 2.

Figure 2a shows that the ZHD has apparently double-peak daily variations, but this is not revealed by the
ERAS5_6h data. The black curve (fit to ERA5_1h) well captures the double-peak variations, while the red
curve (fit to ERAS5_6h) fails, indicating that the ERA5_1h data are sufficient to solve equation (5) while
the ERA5_6h data are not. Figure 2b shows that the ZWD has no regular diurnal variations, which should
be due to the highly dynamic nature of water vapor. This leads to the poor modeling of ZWD no matter
the ERAS5_1h data or the ERA5_6h data are used. In Figure 2c, the Ty, from the ERAS5_1h data show a strong
daily variation, which is consistent with the FFT results. This daily variation is also revealed by the ERA5_6h
data. The black and red curves are close, indicating that both the ERA5_1h and the ERA5_6h data can
determine equation (5).

3.2. Height Corrections for Tropospheric Delay and T,

Height correction is an important aspect in establishing tropospheric delay and Ty, models. If not properly
accounted for, it will bring considerable uncertainties in modeling these parameters. Tropospheric delay
models, such as the TropGrid model (Krueger et al., 2005) and the GPT2w model (Béhm et al., 2015),
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Figure 2. Variations of (a) ZHD, (b) ZWD, and (c) Ty, at 15°N and 100°E on day of year 156-160, 2017. The fit to ERA5_1h
data is labeled as “Fit to ERA5_1h,” and the fit to ERA5_6h data is labeled as “Fit to ERA5_6h.” ZHD = zenith hydrostatic
delay; ZWD = zenith wet delay.

employ a physics-based approach to do the height correction, while the TropGrid2 model (Schiiler, 2014) and
the ITG model (Yao et al., 2015) employ an empirical exponential function. The former uses meteorological
parameters to do the correction. The latter is easy to use for free of meteorological parameters, and its
accuracy is as high as the physics-based approach. Therefore, we adopt the exponential method in this
study. Previous height correction models do not consider temporal variations in height correction
coefficients, which limits the correction accuracy. Hence, we consider the temporal variations in the lapse
rates. The exponential method is expressed as follows:

h—h

ZHD = ZHDy-¢ " (6)
h—hy

ZWD = ZWDy-e" " )

where ZHD, and ZWDy, are the zenith hydrostatic delay (m) and zenith wet delay (m) at the reference height
ho (km), that is,, the height of the grid point, A, is the target height (km). The validity range of the h-h, is the
whole troposphere. hy and h,, are the lapse rates (km) for ZHD and ZWD whose values should be determined
beforehand.

As for T, we adopt the linear correction method (Yao et al., 2018; Zhang et al., 2017):

Twm= Tmo—ﬁ(h—ho) (8)

where Ty, o is the weighted mean temperature (K) at hy (km) and f8 is the lapse rate (K/km).

We use the ERAS5 pressure level data to calculate ZHD, ZWD, and T, at different heights, which are then
used to invert for hy, h,,, and {8 by a least squares method. We find that hy, h,,, and 8 show weak diurnal var-
iations but have strong seasonal variations. We therefore neglect the diurnal variations and calculate the
daily mean of these lapse rates from 2011 to 2017. We show an example in Figure 3 to demonstrate that
hg, h,,, and f have strong seasonal variations. Based on these results, we use a four-term Fourier series with
annual and semiannual periods to describe their seasonal variations. Figure 3 shows that the Fourier series
fit well with the hy, h,, and 8

3.3. Establishing a New Model

The temporal variations of ZHD, ZWD, and T, are characterized by annual, semiannual, diurnal, and semi-
diurnal variations. The vertical variations of ZHD and ZWD are described by exponential functions, while
the vertical variation of Ty, is described by a linear model. The temporal variations in their lapse rates are

SUN ET AL.

1930



AAAAAAAAAAAAAA
'AND SPACESCIENCE

Earth and Space Science 10.1029/2019EA000701

h, (km)

h, (km)

B (K/km)

2011 2012 2013 2014 2015 2016 2017 2018
Year

Figure 3. Time series of (a) hg, (b) h,,, and (c) § from 2011 to 2017 at 25°N and 100°E. Red curves are the four-term Fourier
series fitted to the hgy, hy,, and £3.

characterized by annual and semiannual variations. We do not model the diurnal variations of lapse rates
because their high-frequency variations are very weak. Considering modeling the high-frequency
variations only contributes to a tiny improvement but largely increases the number of coefficients, we
only model the seasonal variations. Based on these assumptions, we propose to use equations (9)-(11) to

model the ZHD, ZWD, and T, at a given point:
HOD HOD
71) +A3cos( 7 471) +A4sin(

7r> + A,sin (H204D 2
) + Bysin <— 471') —Bs(h—hg) (10)

HOD g
TD = {Ao +A1cos( Y 2. 477.'>:| e 4 9)

HOD
T, = By +Blcos< 7 21

HOD
) + B,sin (7271') + B3cos<

DOY . [ DOY DO
A; = ajp + a;cos mZT[ + apsin 3652 527‘: -+ ajzcos —47':

65.25
DOY . DOY
B; = bjy + b;;cos 365.25271 + bjpsin 365.2527[ + bjzcos m@r bissin 365, 2547r

w

i=0,1,2,3,4,5

U

(1D

where TD indicates the tropospheric delay (ZHD or ZWD), A; and B; (i = 0,1,2,3,4) are coefficients for daily

variations of tropospheric delay and Ty, respectively, and A5 and Bs are lapse rates for tropospheric delay and
Ty All these parameters are calculated by equation (11). a; and b (i = 0,1,2,3,4,5 and j = 0,1,2,3,4) in equa-
tion (11) are the model coefficients to be determined.

We calculate the model coefficients at 0.5° X 0.5° grids to account for the spatial variations. The heights of the
grid points are determined by the U.S. Geological Survey/National Aeronautics and Space Administration
Shuttle Radar Topography Mission Digital Elevation Model (USGS/NASA SR T, DEM) data version 4.1
(Jarvis et al., 2008; Reuter et al., 2007). When determining the model coefficients at a given grid point, we first
determine the lapse rates using the ERAS pressure level data. Then we substitute equation (11) into equa-
tions (9) and (10) and then use the computed ZHD, ZWD, and T, from 2011 to 2017 to invert for the model
coefficients by a least squares method. We finally determine the model coefficients at all the grid points
within 15-55°N and 70-135°E, which covers the whole China. This new model is named as CTrop
(Chinese Tropospheric Model). Annual means and the amplitudes of annual, semiannual, diurnal, and semi-
diurnal variations of ZHD, ZWD, and Ty, are shown in Figure S1 of the supporting information (SI).

It should be noted that some signals (e.g., diurnals and semidiurnal variations in ZWD) may be weak in cer-
tain regions, which leads to that the corresponding coefficients are insignificant. The insignificant coeffi-
cients do not hurt the model accuracy but just introduce some redundant coefficients. Since there are so
many gird points in the model, it is not wise to customize coefficients for individual ones. The CTrop model
considers all the possible signals and is applicable for all points, and whether some coefficients are significant
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Figure 4. (a, d, g) Bias, (b, e, h) STD, and (c, f, i) RMS of ZHD, ZWD, and T}y, from CTrop model validated by ERA5 hourly 0.5° X 0.5° data in 2018. STD = standard
deviation; ZHD = zenith hydrostatic delay; ZWD = zenith wet delay.

or not will not cause any difference. We calculate the WRMS for models with different coefficients numbers.
The results show that the WRMS of ZHD have a reduction in the southwest of the research region when
considering diurnal and semidiurnal variations (refer to Figure S2 of the SI for more information).

When using this model, only latitude, longitude, ellipsoid height, and a specific time are required. The model
first finds the nearest four grid points to the given location and then calculate the required parameters at
these four points at the given height through equations (9)-(11). Finally, we use a bilinear interpolation to
interpolate the required parameters at the given location.

4. Results
4.1. Validate the CTrop Model by ERA5 Data

A new data set of ZHD, ZWD, and Ty, retrieved from ERAS5 hourly 0.5° X 0.5° pressure level data in 2018 is
employed to validate the CTrop model at heights of the grid points. For each grid point, we calculate the bias,
standard deviation (STD), and root-mean-square (RMS) for ZHD, ZWD, and T,,. The results are shown in
Figure 4, and the detailed statistical results are shown in Table 1.

Figure 4a shows that the ZHD has positive bias in the northwest and northeast of China and has negative
bias in the southeast. The bias ranges from —3.1 to 1.4 mm with a mean value of —0.2 mm. Figure 4d shows
that the ZWD has positive bias in North China. The bias ranges from —15.7 to 16.9 mm with a mean value of
2.7 mm. Figure 4g shows that the T, has positive bias in the latitudes between 20°N and 40°N and has
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Table 1
Validation Results of GPT2w, CTrop_LF, and CTrop Models Tested by ERA5 and Radiosonde Data
e ZHD (mm) ZWD (mm) T (K)
data Model Bias STD RMS Bias STD RMS Bias STD RMS
ERAS5 GPT2w —-0.6 9.6 9.7 4.0 38.0 38.6 0.1 34 3.8
[—23.0, 3.0] [3.7,232] [3.7,23.6] [-87.3,23.0] [5.0,758]  [59,112.4] [-19.4,9.9] [13,53] [L.3,19.8]
CTrop_LF -0.2 9.6 9.6 2.7 37.4 37.8 0.1 34 34
[-3.1, 1.5] [3.7,22.7]  [3.7,22.7] [-157,169]  [4.8,753]  [4.8,759] [-1.4,1.2] [1.3,52] [1.3,52]
CTrop -0.2 9.3 9.4 2.7 37.3 37.7 0.1 3.3 34
[-3.1, 1.5] [3.1,22.7] [3.1,22.7] [-15.7,169]  [4.7,753]  [4.7,75.9] [-1.4,12] [13,52] [13,52]
Radiosonde GPT2w —-0.6 10.0 11.1 54 434 44.7 1.0 3.8 4.1
[-25.3,18.1]  [4.4,19.2] [5.3,26.8] [-19.4,40.9] [14.0,77.9] [14.0,79.2] [-1.9,7.1] [2.0,56] [2.0,7.7]
CTrop_LF -0.6 10.0 11.1 3.7 43.0 43.8 —-0.1 3.8 3.8
[-22.8,15.3] [44,19.3] [5.2.245] [-18.5,31.6] [14.1,77.2] [14.3,77.7] [-1.5,22] [20,55] [2.0,5.6]
CTrop -0.6 9.8 10.9 4.0 43.0 43.8 -0.1 3.7 3.7
[-21.2,16.6]  [4.0,19.3] [4.7,229] [=17.9,31.9] [14.2,77.3] [14.4,77.8] [-1.5,22] [20,55] [2.0,5.6]

Note. ZHD = zenith hydrostatic delay; ZWD = zenith wet delay; STD = standard deviation; RMS = root-mean-square.

negative bias in the northwest, northeast, and south. The bias ranges from —1.4 to 1.2 K with a mean value of
0.1 K. The biases in ZHD, ZWD, and Ty, are overall very small but show apparently regional characters.

The STD (Figures 4b, 4e, and 4h) and the RMS (Figures 4c, 4f, and 4i) have similar distributions, so we only
describe RMS here. Figure 4c shows that the RMS of ZHD is larger in high-latitude regions and smaller in
low-latitude regions, except Qinghai-Tibetan Plateau. In the Qinghai-Tibetan Plateau, the RMS of ZHD is
3.5 mm smaller in average than those in other regions, which is due to the smaller magnitudes of ZHD there
than in other regions (see Figure Sla of the SI). The smaller variations in ZHD are beneficial for obtaining
smaller RMS.

Figure 4f shows that the ZWD RMS is characterized by larger RMS in the east and smaller RMS in the west.
In the Qinghai-Tibetan Plateau, the RMS of ZWD is 21.3 mm smaller in average than those in other regions.
This is due to that the altitude of Qinghai-Tibetan Plateau is high and the climate there is dry, which leads to
very small ZWD there (see Figure S1b of the SI). Small magnitudes are beneficial for obtaining small RMS. In
contrast, the RMS of ZWD is apparently larger in the eastern regions than in the other regions. This is
because the eastern regions are close to the west coast of Pacific Ocean and strongly influenced by the
East Asian monsoon. The water vapor there is abundant and highly changeable, which causes larger RMS
there (see Figures S1b, Sle, and S1h of the SI for the distribution of ZWD amplitudes).

Figure 4i shows that the RMS of Ty, is apparently larger at high latitudes than those at low latitudes, except
Qinghai-Tibetan Plateau. This is attributed to the stronger seasonal variations of T, in the high-latitude
regions than in low-latitude regions, which can be observed from Figures S1f and S1i of the SI. The RMS
of Ty, in the Qinghai-Tibetan Plateau is 0.6 K smaller in average than those in other regions, which is attrib-
uted to the small T, amplitudes in this region (see Figure S1c of the SI).

Figure S3 of the SI shows the distributions of the RMS of the fitting residuals, which are consistent with
Figures 4c, 4f, and 4i, indicating that the model accuracy is strongly correlated with the fitting accuracy.

The worst-case scenarios for ZHD, ZWD, and T}, are shown in Figure S4 of the SI. It shows that the largest
ZHD RMS (22.7 mm) is located at the northwest of the research region. The largest ZWD RMS (75.9 mm) is
located at the eastern region. The largest T,,, RMS (5.2 K) is located at the north region. Figure S5 of the SI
shows the time series of RMS of ZHD, ZWD, and Ty,. It shows that the largest ZHD RMS (18.1 mm) is in win-
ter. The largest ZWD RMS (60.2 mm) is in summer. The largest T\, RMS (5.5 K) is in winter.

4.2. Validate the CTrop Model by Radiosonde Data

ZHD, ZWD, and Ty, derived from radiosonde measurements at 100 stations in 2017 are used to validate the
CTrop model. Bias, STD, and RMS of ZHD, ZWD, Ty, at each station are computed and presented in Figure 5.

Figures 5a, 5d, and 5g show that most of the radiosonde stations show small bias. According to our statistical
results, 81% of the stations have the ZHD bias ranging from —5 to 5 mm with a mean value of 0.6 mm. Ninety
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Figure 5. (a, d, g) Bias, (b, e, h) STD, and (c, f, i) RMS of ZHD, ZWD, and T}, from CTrop model validated by radiosonde data in 2017. STD = standard deviation;
RMS = root-mean-square; ZHD = zenith hydrostatic delay; ZWD = zenith wet delay.

percent of the stations have the ZWD bias ranging from —15 to 15 mm with a mean value of 2.6 mm. Eighty-
six percent of the stations have the bias ranging from —1 to 1 K with a mean value of —0.1 K. This indicates
that the CTrop model has small bias in estimating tropospheric delay and T}, for most of the stations in the
research area. The magnitudes of the mean biases are already under a low level. We attribute the biases to the
difference between the ERA5 data and the radiosonde data. Detailed statistical results are shown in Table 1.

The features of STD (Figures 5b, 5e, and 5h) are similar to those of RMS (Figures 5c, 5f, and 5i), so we only
discuss RMS here. Figures 5c and 5i show that the RMS of ZHD and Ty, have an apparently latitudinal gra-
dient, that is, larger at high latitudes than at low latitudes. This should be due to that the ZHD and Ty, at
high-latitude regions have stronger seasonal variations than at low-latitude regions. Figure 5f shows that

the RMS of ZWD is larger in the southeastern region of the research area than in other regions, which is con-
sistent with the results shown in Figure 4f.

4.3. Compare the CTrop Model With the GPT2w Model

In this section, we compare the CTrop model with the canonical GPT2w model in retrieving ZHD, ZWD, and
T To identify the improvement caused by introducing the diurnal and semidiurnal variations, we also com-
pare the CTrop model with and without diurnal and semidiurnal variations. The CTrop model with only
annual and semiannual signals is named as CTrop_LF hereafter. Figure 6a shows the hourly ZHD, ZWD,
and Ty, derived from the ERA5 data, the CTrop model, the CTrop_LF model, and the GPT2w model on
DOYs 1-273, 2018 at grid point 20°N and 100°E. Figure 6b illustrates the 1-week data of Figure 6a.
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Figure 6. (a) Hourly ZHD, ZWD, and T}, derived from ERAS data, CTrop, CTrop_LF, and GPT2w models on DOYs 1-273, 2018 at grid point 20°N and 100°E. (b)
The 1-week data of Figure 6a. (c) ZHD, ZWD, and Ty, derived from radiosonde data, CTrop, CTrop_LF, and GPT2w models in the whole 2017 at station
INM00043003 (19.11°N and 72.85°E, in Bombay). (d) The 1-week data of Figure 6¢c. ZHD = zenith hydrostatic delay; ZWD = zenith wet delay; DOY = day of year.

Figures 6¢ shows the ZHD, ZWD and Ty, derived from the radiosonde data, the CTrop model, the CTrop_LF
model, and the GPT2w model in the whole 2017 at station INM00043003 (19.11°N and 72.85°E, in Bombay).
Figure 6d illustrates the 1-week data of Figure 6c.

Figures 6a and 6¢ show that the ZHD and T;,, from the CTrop model have strong seasonal variations accom-
panied with daily variations, and both agree well with the ERAS5 and radiosonde data. The ZWD from the
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Figure 7. (a, d, g) Bias, (b, e, h) STD, and (c, f, i) RMS reductions of CTrop model compared with GPT2w model for ZHD, ZWD, and Ty, validated by ERA5 data in
2018. STD = standard deviation; RMS = root-mean-square; ZHD = zenith hydrostatic delay; ZWD = zenith wet delay.

CTrop model has strong seasonal variations and weak diurnal variations and also agrees well with the ERAS
and radiosonde data. All these indicate that the CTrop model well characterizes the temporal variations of
ZHD, ZWD, and Ty,.

However, the GPT2w outputs and the CTrop_LF outputs are visually different from the CTrop outputs in
Figures 6a and 6c¢. This is because the CTrop outputs show high-frequency variations, while the GPT2w out-
puts and the CTrop_LF outputs do not, which is evident in Figures 6b and 6d. The high-frequency variations
are the diurnal and semidiurnal variations modeled by the CTrop model. Because of this, the CTrop model
agrees better with the ERAS5 and radiosonde data than the GPT2w and CTrop_LF models.

We demonstrate detailed statistical results validated by ERAS5 and radiosonde data in Table 1. Overall, the
RMS of the CTrop model is smaller than those of the GPT2w model. Validated by the ERAS5 data, the
RMS reductions in ZHD, ZWD, and T\, are 3.1%, 2.3%, and 10.5%, respectively. Validated by the radiosonde
data, the RMS reductions become 1.8%, 2.0%, and 9.8%, respectively. This suggests that the CTrop model has
better accuracies than the GPT2w model in all parameters.

The RMS of the CTrop model is slightly smaller than those of the CTrop_LF model. This indicates that con-
sidering diurnal variations leads to a slight improvement of the model performance. The RMS reductions of
the CTrop(_LF) models compared with the GPT2w model are larger. The CTrop(_LF) models are built with
the ERAS5 data, and the GPT2w model is built with the ERA-Interim data. This indicates that the improve-
ment of the model performance is largely due to the use of the new data.
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Figure 8. (a, d, g) Bias, (b, e, h) STD, and (c, f, i) RMS reductions of CTrop model compared with GPT2w model for ZHD, ZWD, and Ty, validated by radiosonde data
in 2017. STD = standard deviation; RMS = root-mean-square; ZHD = zenith hydrostatic delay; ZWD = zenith wet delay.

The RMS reductions of the CTrop model compared with the GPT2w model are even greater when we look at
some areas. Figure 7 shows the bias, STD, and RMS reductions for ZHD, ZWD, and T;,, in the whole research
area. Figures 7c, 7f, and 7i show that in the western region of the research area, the RMS reductions reach
25% at some places. The distributions of these reductions are consistent with the distributions of the diurnal
and semidiurnal amplitudes (see Figures S1j-Slo of the SI). This demonstrates that considering the diurnal
and semidiurnal variations in modeling ZHD, ZWD, and T, improves the model performances.

The bias, STD, and RMS reductions at each radiosonde station are computed and shown in Figure 8.
Figures 8c and 8i show that the RMS reductions of ZHD and Ty, are larger in the western region than in other
regions. This is consistent with Figure 7, which further indicates that the CTrop model attains higher accu-
racy than the GPT2w model, especially in the western region.

4.4. Temporal Variations of the Model Accuracy

To investigate the temporal variations of the model accuracy, we calculate daily bias, STD, and RMS of ZHD,
ZWD, and Ty, from the GPT2w, the CTrop_LF, and the CTrop models validated by the radiosonde data in
2017 and shown in Figure 9.

Figure 9c shows that the RMS of ZHD from these three models is smaller in summer and larger in winter.
This is because the seasonal amplitudes of ZHD are larger in winter and smaller in summer in this research
area. The larger amplitudes bring more difficulties in modeling ZHD and result in larger RMS. Figure 9f

SUN ET AL.

1937



100 Earth and Space Science 10.1029/2019EA000701
—GPT2w —CTrop_LF —CTrop
Bias STD RMS
£ o (@) . ® [
o ° 4 | 10
& -10 2 5
— 40 (d) 201 (e) 160 M

Figure 9. (a, d, g) Daily bias, (b, e, h) STD, and (c, f, i) RMS of ZHD, ZWD, and Ty, from CTrop, CTrop_LF, and GPT2w models validated by radiosonde data in 2017.
STD = standard deviation; RMS = root-mean-square; ZHD = zenith hydrostatic delay; ZWD = zenith wet delay.

shows that these three models both have larger RMS in estimating ZWD in summer than in winter. This
should be due to that winter is drier than summer, leading to smaller ZWD in this season. The smaller
ZWD is beneficial for obtaining smaller RMS. Figure 9i shows that the RMS of T;,, in summer is smaller
than those in winter. This is attributed to the stronger variations of Ty, in winter than in summer. The
stronger variations cause larger RMS.

Figures 9b and 9h show that the STD of ZHD and T}, from the CTrop_LF and the GPT2w models are similar
and are apparently larger than those from the CTrop model. This STD reduction should be attributed to the
high-frequency variations modeled by the CTrop model. This demonstrates that the CTrop model outper-
forms the GPT2w model by well capturing the diurnal and semidiurnal variations.

Figure 9g shows that the bias of T,,, from the CTrop(_LF) models is similar and is smaller than that from the
GPT2w model. According to Table 1, the mean bias is 1.0 K for the GPT2w model and —0.1 K for the CTrop
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Figure 10. Distribution of selected International GNSS Service stations.

SUN ET AL.

1938



AAAAAAAAAAAAAA
'AND SPACESCIENCE

Earth and Space Science 10.1029/2019EA000701

Table 2

Validation Results of GPT2w, CTrop_LF, and CTrop Models Tested by

(_LF) models. This indicates that the CTrop model has better bias than the
GPT2w model in computing Ty,. Since the CTrop_LF model also shows

IGS ZTD
better Ty, bias than the GPT2w model, we attribute this improvement to

stz Bias of ZTD (mm) STD of ZTD (mm) RMS of ZTD (mm) .. careful model of the height correction for Ty, while the GPT2w model
GPT2w 1.7 471 48.8 neglects this.

[—26.2, 17.4] [19.1, 68.1] [22.2, 68.8]
CTrop_LF —0.3 46.6 47.9 .

(=300, 14.1] [19.7, 67.8] [21.5, 68.0] 4.5. Validate the Model by GNSS Data
CTrop —03 46.5 47.8 In this section, we use GNSS-derived ZTD to validate the GPT2w,

[—30.0, 14.1] [19.4, 67.7] [21.2, 68.0]

CTrop_LF, and CTrop models. We collect ZTD data from 20 IGS stations

Note. IGS = International GNSS Service; ZTD = zenith total delay;  in 2018 in or near China and show their distribution in Figure 10. The col-

STD = standard deviation.

lected ZTD data have a temporal resolution of 5 min.

For each station, we calculate the bias, STD, and RMS of ZTD from the

GPT2w, CTrop_LF, and CTrop models validated by the IGS ZTD. The sta-
tistical results are shown in Table 2. It shows that the RMS of ZTD from the CTrop model is slightly smaller
than that from the GPT2w model. The RMS reduction is 2.1%. This indicates that the ZTD estimates provided
by the CTrop model show higher accuracy than those from the GPT2w model. The biases of ZTD from the
CTrop(_LF) models are better than that from the GPT2w model. We infer that this is because the ERAS data
have a better bias than the ERA-Interim data when compared with the IGS ZTD.

5. Discussions and Conclusions

To investigate the spectral characteristics of the model residuals, we first compute the model residuals by
removing the model values output by CTrop or GPT2w from the ERA5 data and then apply FFT analysis
on the residuals. Before applying FFT, we use a high-pass filter to eliminate the low-frequency signals with
a threshold set to 30 days, and the exemplary power spectrums within 30 days are shown in Figure 11. This
example is derived from ERAS data and model data on DOYs 1-273, 2018 at grid point 25°N and 95°E. We

—GPT2w —CTrop

ZHD Power
N

ZWD Power
o o

N

0.6

04r 1

Tm Power

0 5 10 15 20 25 30
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Figure 11. Power spectrums of (a) ZHD, (b) ZWD, and (c) Ty, residuals from GPT2w and CTrop models. Data for this
example are from ERAS5 validation residuals during days of year 1-273, 2018 at grid point 25°N and 95°E. ZHD = zenith
hydrostatic delay; ZWD = zenith wet delay.
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select this grid point because it is a typical point that shows strong diurnal variations. It should be noted that
not all the grid points simultaneously have strong diurnal variations in ZHD, ZWD, and Ti,.

The power spectrum of the ZHD residuals from the GPT2w model (Figure 11a) shows two strong peaks at
0.5and 1 day, while the power spectrum of the CTrop ZHD residuals does not show peaks at these two days.
This indicates that the ZHD residuals of the GPT2w model have semidiurnal and diurnal variations, while
those of the CTrop model do not. This means that we effectively model and remove the diurnal and semidiur-
nal variations. The power spectrum of the T, residuals from the GPT2w model (Figure 11c) shows a strong
peak at 1 day, but such a peak at 1 day does not appear in the power spectrum of the CTrop Ty, residuals. This
indicates that the T, residuals of the GPT2w model have diurnal variations, while those of the CTrop model
do not. These results explain the STD reductions in ZHD and T, of the CTrop model (see Figure 9) and also
further demonstrate that the CTrop model well simulate the diurnal variations of ZHD and Ty,.

The power spectrums of the ZWD residuals from the GPT2w model and the CTrop model (Figure 11b) do not
show a strong peak at 1 or 0.5 day; instead, they both show some unclear peaks. This should be due to the
complicated variation of water vapor, which limits the modeling of ZWD.

Figures 11a-11c show that there are still many peaks in the power spectrums of the CTrop model residuals.
Most of these peaks have unclear meanings and are irregular, making the residual temporal variations hard
to model. These unclear variations bring uncertainties in tropospheric delay and T, estimations and thus
decrease the model performance. Therefore, how to identify and model these unclear temporal variations
becomes the major problem in further improving the model accuracy, which will be left for a future study.

In this work, we use ECMWF ERAS hourly data to investigate the temporal variations of ZHD, ZWD, and
T, Besides the canonical seasonal variations, we confirmed that ZHD has strong diurnal and semidiurnal
variations, that Ty, has strong diurnal variations, and that ZWD has no clear diurnal variations. Based on
their spectral characteristics, we build a new model that considers the seasonal and diurnal variations in
ZHD, ZWD, and Ty, and seasonal variations in their lapse rates. This new model has the spatial resolution
of 0.5° X 0.5°. Compared with the GPT2w model, the RMS reductions of this new model are 3.1%, 2.3%, and
10.5% for ZHD, ZWD, and T, when validated by the ERAS5 data. The RMS reductions become 1.8%, 2.0%,
and 9.8% when validated by the radiosonde data. The reductions are greater in the western region by showing
RMS reductions above 25% at some areas. When validated by the IGS ZTD, the RMS reduction of ZTD from
this new model is 2.1% compared with the GPT2w model.

This new model integrates tropospheric delay and T, modeling and thus enables GNSS receivers to measure
PWYV directly and is also beneficial for GNSS positioning. This new model will potentially contribute to time-
critical geodetic and meteorological applications. The MATLAB source code of this new model is available
online (https://github.com/sun1753814280/CTrop).
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Erratum

In the originally published version of this article, Figure 6 was incorrect. The figure has since been updated
and this version may be considered the authoritative version of record.
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