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Abstract: The propagation of the Global Navigation Satellite System (GNSS) signals through the
atmosphere is affected by the electron content in the ionosphere and the air density in the electrically
neutral troposphere, thus causing a signal delay and leading to errors in the GNSS observations and the
estimated positions. Our research has been conducted related to the influence of the tropospheric layer
of the Earth's atmosphere on signals at geodetic observation stations in the zenith direction. Since
tropospheric refraction cannot be directly estimated, the signal delay has been quantified by applying
several developed models. As the lowest layer of the atmosphere, the average height of the troposphere
is approximately ten kilometers, and it is variable concerning the latitude of the measuring station and
seasonal conditions. The tropospheric delay of the GNSS signal - Zenith Total Delay (ZTD), was analyzed
on the examples of three International GNSS Service (IGS) stations at different latitudes. Two epochs in
July 2022 and January 2023 for each IGS station are considered regarding seasonal differences in the
atmospheric parameters. It was found that at each of the IGS stations, there is an oscillation of the ZTD
amplitude with a half-day period. Different patterns were distinguished at each station, depending on the
station latitude and epoch, i.e., summer or winter atmospheric conditions. For example, a random walk
signal was dominant at the ROAG, San Fernando IGS station.

Keywords: IGS station; ZTD; GNSS signal

1. Introduction

The characteristics of the atmosphere's natural structure are variable in both space and time.
Depending on them, the propagation of GNSS signal through the atmosphere is differently
affected, and it is reflected in signal delay. High accuracy in the estimated positions of the
geodetic stations will be enabled with appropriate modeling or with the reduction of signal
delay errors. A simplified atmosphere model in the form of concentric layers of different
heights is used to determine atmospheric parameters.

The lowest layer of the atmosphere is the troposphere, and according to Saastamoinen's
model (Saastamoinen, 19723, 1972b), the troposphere is the layer of the Earth's atmosphere
with an average height of 10 km with a rate of temperature decrease of 6.5 degrees
Celsius/km. Above the tropospheric layer, from the tropopause is a stratospheric layer with an
average height of 70 km, in which the temperature is assumed to be constant.
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The analysis of ZTD of the GNSS signal was performed on the examples of three IGS
stations at different latitudes METG, METSAHOVI, Finland, GOP6, ONDREJOV, Czechia and
ROAG, SAN FERNANDO, Spain, for two epochs in July 2022 and January 2023. ZTD 5 min time
series were downloaded from the NASA website (n.d.). This analysis has been performed
regarding seasonal differences in the atmospheric parameters.

2. Theoretical aspects of ZTD and applied estimation models

At the zenith of GNSS stations, the tropospheric refraction is about 2.3 m, and the delay for
signals closer to the horizon can be up to seven times higher. The basic mathematical
expression of the correction for atmospheric refraction (Saastamoinen, 1972a, 1972b) in a
spherically layered atmosphere is:
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Solving the integral of atmospheric refraction, the refractive index function n is expanded
following the trigonometric function of the zenith distance z, that the equation for obtaining
ZTD according to Saastamoinen (1972a, 1972b) has the following form:
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where p denotes the ZTD, Py, Ty, e, and r, denote the pressure, the temperature, the water vapor
pressure, and the relative humidity, respectively, f(g,h) is the correction of gravity acceleration
caused by the rotation of the Earth, ¢ denotes the latitude of the point, and h denotes the height,
with the subscript 0 indicates the values of the parameters at the earth surface.

In addition to the Saastamoinen model, several models are used for modeling the tropospheric
delay, such as the Hopfield model, the Herring model, and others. Tropospheric delay is generally
considered the sum of two components: the tropospheric hydrostatic part or ZHD and the
tropospheric wet part or ZWD (Blagojevi¢, 2014; Cui et al., 2022). The hydrostatic component has
a larger amplitude and contributes 90% to the total Zenith Total Delay, while the remaining portion
is associated with the ZWD component. In the paper of authors Bevis et al. (1992), it is emphasized
that according to most theorists, global warming will cause systematic changes in the total water
vapor content of the atmosphere. In the paper of authors Labib et al. (2018), research on
tropospheric delay related to different climate zones is presented.
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The analysis of the ZTD time series was performed as follows. First, the linear trend was
removed according to the model y = a + bx, and after that, the Fourier transformation was
applied to the ZTD time series. Then ZTD time series were modeled using a fitting modeling
function representing the sum of 8 sinusoidal oscillations. This fit function is used to
approximate the time series and has the following form: y(t) = A1 sin (2t f1t + 1) + A2 sin
(mf2t+ @2) + .. + A8sin (21t f8 t + 8), with the following notations: y(t) is the value of the
time series at time t, A1-A8 are the amplitudes of the sinusoidal components, fI-f8 are the
frequencies of the corresponding sinusoidal components, and ¢1-¢8 are the phases of the
corresponding sinusoidal components.

This fit function is used to explain ZTD's periodicity as well as allows the modeling and
analysis of oscillations in the time series. Also, we have applied the autoregressive model of
order 1 (AR (1)), y(t) = c + ¢ . y(t-1) + £(t), with the following notations: y(t) is the current value,
y(t-1) is the previous value, ¢ is the autocorrelation coefficient at lag 1, ¢ is a constant, and &(t)
is white noise (Information technology laboratory, n.d.).
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Figure 1. Spatial distribution and corresponding FFT of ZTD of IGS stations METG, GOP6, ROAG
for July 2022 (left) and January 2023 (right).
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3. The main ZTD characteristics of IGS stations in July 2022 and January 2023
The Fourier transformations of the ZTD time series for both epochs, July 2022 and January
2023, for all three stations are visually represented in Figure 1. They are listed in Table 1 with

their main station data. ZTD time series with the modeled fit lines for both epochs are shown
in Figure 2 for all three stations: METG, GOP6, and ROAG.

Table 1. The main characteristics of IGS stations

IGS station Longitude Latitude Height

METG, METSAHOVI, Finland 24° 23' 03.0" 60° 14' 31.1" 59.7m
GOP6, ONDREJOV, Czechia 14° 47" 08.2" 49° 54" 49.2" 592.6 m
ROAG, SAN FERNANDO, Spain 353°47'37.4" 36° 27' 48.1" 83.2m

The shorter periods less than six days at station METG and less than five days at station
GOP6, in both epochs, July and January, are approximately equal but have different
amplitudes, indicating uniformity in periods across both epochs. Due to the convergence of
the fit model for the July 2022 epoch at station GOP6, ZTD time series modeling was
performed with 12 sinusoidal functions. In the case of station ROAG, the daily and semi-daily
periods are the same and have approximately equal amplitudes in epochs July 2022 and with
a slight difference in January 2023, while other periods with their appropriate amplitudes differ
(Table 2). In July 2022, this station exhibited more oscillations with periods shorter than five
days than in January 2023.

We estimated that ¢ autocorrelation coefficient at lag 1is close to 1, and ¢ constant term
is zero for all ZTD time series. As the coefficient ¢ was slightly less than 1, we concluded that
the ZTD time series exhibited exponential decay. The value of the autocorrelation coefficient
at station ROAG in January 2023 was closest to 1, suggesting that a random walk-like type of
signal was dominant. Based on their research, the authors Young et al. (2022), indicate the
regional variability of the optimal random walk per station, which is determined by climatic,
geographical, and weather factors.

The parameter values of several characteristic oscillations for three IGS stations in July
2022 indicate that the maximum amplitudes with their appropriate periods decrease with
decreasing of the station's latitudes and are for station METG: 0.03166 m (period 11.30 days),
station GOP6: 0.01635 m (period 7.94 days), and station ROAG: 0.01363 m (period 15.09 days)
(Table 2). The amplitudes with approximately a three-day period increase with decreasing
latitudes and increasing station heights. The smallest amplitude at station METG is less than 5
mm, while the largest amplitude at station GOP6, which has the greatest height, is less than
10 cm, while at station ROAG, it has an amplitude less than 2 cm. The amplitudes with daily
periods increase with decreasing latitude and increasing station height, so the smallest
amplitude value for station METG is approximately 1 mm, and the largest for station GOP6 is
approximately 5 mm. The semi-diurnal amplitude values are approximately the same as the
daily values, except for station METG, which has a value of approximately 3 mm. The obtained
standard deviations of residuals for all three stations are less than 2 cm. The parameter values
of several characteristic oscillations for three IGS stations in January 2023 indicate that the
maximum amplitudes with their appropriate periods decrease with decreasing latitudes of the
stations.
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Figure 2. ZTD in July 2022 (left) and January 2023 (right) of IGS stations

METG, GOP6, ROAG, and sine modeled lines.

Table 2. ZTD values of IGS stations for July 2022 and January 2023 concerning maximum amplitudes
and approximately equal periods

IGS station METG, July 2022 METG, January 2023
Amplit. (m) 0.031656  0.001175 0.000928 0.003186 | 0.031859 0.003272 0.002486 0.000548
Period (day) 11.30 3.40 1.00 0.50 15.75 312 1.00 0.50
Phase (deg) 69.41 2712  290.8782 291.28 263.22 268.85 5.68 103.09
IGS station GOPS6, July 2022 GOP6, January 2023
Amplit. (m) 0.01635 0.09561 0.004723 0.00469 | 0.012153 0.00288 0.000462 0.001497
Period (day) 7.94 2.96 1.00 0.50 10.31 3.10 1.00 0.50
Phase (deg) 195.32 97.57 268.74 268.16 84.99 302.54 28.70 57.23
IGS station ROAG, July 2022 ROAG, January 2023
Amplit. (m) 0.013634 0.014301 0.004037 0.004533| 0.010698 0.008588 0.001197 0.003596
Period (day) 15.09 2.81 1.00 0.50 11.01 3.10 1.00 0.50
Phase (deg) 51.21 319.50 210.20 208.99 81.25 245,52 245.44 114.66
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Their values are as follows for station METG: 0.03186 m (period 15.75 days), station GOP6:
0.01215 m (period 10.31 days), and station ROAG: 0.01070 m (period 11.10 days). The amplitudes
with a three-day period at stations METG and GOP6 are approximately equal and less than 5
mm, while the amplitude value for station ROAG is less than 1 cm. The amplitudes with daily
periods decrease with decreasing latitude and increasing station height, so the smallest
amplitude value for station GOP6, which has the greatest height, is 0.5 mm. Regarding semi-
diurnal amplitude values, they increase with decreasing latitude of the station (Table 2). The
obtained standard deviations of residuals for all three stations are less than 1.5 cm.

4. Conclusion

We have analyzed ZTD in two epochs in July 2022 and January 2023 of three IGS stations at
different latitudes, and consequently of seasonal differences of the atmospheric parameters. At
each IGS station, there are several oscillations of the ZTD amplitude with approximately three days,
one-day, and half-day periods in both epochs. The values of maximum amplitudes and their
periods differed in relation to summer or winter atmospheric conditions for all stations. This analysis
could be useful in future investigations of the ZTD time series for an annual time period.
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