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CONSTRUCTION OF 3D MODELS OF THE DISTRIBUTION OF ZENITHAL
TROPOSPHERIC DELAY COMPONENTS FOR THE TERRITORY OF UKRAINE

The purpose of this work is to build 3D models of components of zenith tropospheric delay (ZTD) according to
the surface measurements of meteorological values obtained at 100 points, which is almost evenly distributed
throughout Ukraine. Method. Saastamoinen formulas calculated dry and wet components of the zenith tropospheric
delay. According to the obtained results, the fields of dry and wet components of tropospheric delay were compiled,
the fields of their change were constructed using a different number of studied points. Also, with the help of a graphic
editor, 3D models of the magnitude one-moment distribution of dry and wet components of the zenith tropospheric
delay for the territory of Ukraine were built. Results. Built 3D models of ZTD components; constructed zenith
tropospheric delay fields for the territory of Ukraine; a comparison of the distribution of delay components for the
specified area and its change during the day are the results of this work. It is established that the dry component
becomes more important in the southern and central territory of Ukraine, where the observation points are lower in
height and where there is a higher atmospheric pressure, which dominates in the calculation of this component.
Accordingly, the wet component is also higher in the southern part of Ukraine, but this is due to higher relative
humidity. As a result of the compaction of the network to 100 points, more accurate models of component distribution
were obtained, which allowed Ukraine to assess in more detail the value of tropospheric delay for the territory of
Ukraine. Further compaction of the network for the territory of Ukraine did not lead to the expected increase in the
accuracy of tropospheric delay, as the location of meteorological stations in the country is not uniform enough, and
some values of meteorological magnitudes are obtained not by direct measurements but by interpolation. It is
necessary to compact the model with reliable meteorological measurements evenly and to control the calculation of
components by integrating according to the aerological soundings carried out at individual points to obtain a more
detailed model. Scientific novelty and practical significance. The scientific novelty is to build 3D models of
tropospheric delay components for the territory of Ukraine at a certain point in time. The practical significance of the
performed research is that they can be used as an initial step to build a Spatio-temporal model of tropospheric delay,
reflecting the spatial changes of the delay in real-time for a particular area.

Key words: tropospheric delay; methods for determining tropospheric delay; determination of tropospheric delay
components; tropospheric delay modeling; GNSS observations.

Introduction Tropospheric delay is a significant factor that impairs

the accuracy of GNSS measurements.

Methods of geodetic measurements based on
GNSS technologies continue to be actively developed.
They are widely used in various fields of science,
including research of deformations of the earth's
crust, monitoring of large engineering objects,

One of the sources of errors in measuring pseudo-
distances from the satellite to the GNSS receiver,
due to the influence of the atmosphere, is the
uneven passage of radio waves through the neutral,
non-ionized part of the Earth's atmosphere containing

layers of the troposphere and stratosphere. Moreover,
although the whole atmosphere is involved in this
error, a significant part is formed by the lower part.
For example, a 10 km layer determines approximately
74 % of its value simulated [Palianytsia, 2001].
Therefore, the error of the impact on satellite
measurements of the lower non-ionized part of
the atmosphere is called tropospheric delay.

hydraulic structures, and many others. All this
requires high-precision measurements, and
accordingly, there is a question of the possibility of
accurately determining the magnitude of tropospheric
delay and taking it into account in the measurement
results. The study of the influence of the troposphere
often involves the creation of new, selection, or
modification of existing models to determine the
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delay [Mendes, et al., 2000; Zablocki, et al., 2004].
The state of the atmosphere, the processes that take
place in it, the distribution of meteorological
quantities with altitude, the vertical distribution of
water vapor in the troposphere, the amount of
deposited water vapor in the atmosphere, or the
distribution of tropospheric delay components over
a particular area are also simulated [Yang,, et al.
2020; Palianytsia, et al., 2020a; Palianytsia, et al.,
2020b].

There is now a large amount of work devoted to
studying the influence of the troposphere on the
results of GNSS measurements. In recent years,
many studies concern the determination of the
amount of deposited vapor in the atmosphere at a
particular tropospheric delay, the construction of
troposphere models for weather forecasting [Bevis,
et al., 1992; Kablak, 2011; Zablotskyi, et al., 2017,
Paziak, 2019].

Many articles have assessed the effect of
tropospheric delay on the accuracy of GNSS
measurements performed in different parts of our
planet with different climatic conditions. Among
other works [Abdel-Ghany, et al., 2019; Ashraf EL-
Kutb Mousa, 2016; Zablocki; et al., 2004; Zablocki,
et al., 2006], in which studies were performed in
Europe, America, Asia, Africa, and Antarctica. The
results of meteorological studies conducted near
Beijing to determine the ZTD for measurements of
the Chinese navigation system BeiDou (BDS) were
compared in [Yang, et al. 2020; Aigong, et al., 2013]
with similarly defined using software packages of
the International GNSS Service (IGS). The resulting
displacements and standard deviations are about 2
mm and 5 mm, respectively.

In addition, research related to the creation of
global models of tropospheric delay is exceptionally
relevant. Recently, many approaches have been
developed to model tropospheric delay and its com-
ponents, especially wet, which is quite challenging to
predict and model [Kablak, et. al.,, 2016]. For
example, the Nevada Geodetic Laboratory (NGL)
created an empirical model of the GPT3 (Global
Pressure and Temperature) troposphere using data
from 16,000 meteorological stations ten-year period,
which is successfully used to calculate tropospheric
delay. Due to the large number of stations, the long
time series of data acquisition, and the different
locations of the stations, the Spatio-temporal

properties of the empirical model gave good results
[Junsheng, et al., 2020].

The purpose

The work aims to build 3D models of tro-
pospheric delay components based on surface
measurements of meteorological values obtained at
100 points, which are almost evenly distributed on
the territory of Ukraine.

Input data

To study the change in the magnitude of the
components of the ZTD and the construction of the
tropospheric delay field were used summary data of
ground meteorological observations and from the
resource [National Climatic Data Center] and data
from the archive of the resource [Raspisaniye Pogodi
Ltd.], namely: surface meteorological measurements
(air temperature in °C, atmospheric pressure in
hPa and relative humidity in%), carried out at
meteorological stations and airports in July 2020,
because the largest daily fluctuations in temperature
and humidity are exactly in this period

Data were selected to ensure that the points were
evenly distributed throughout Ukraine. For the study
in the first case, meteorological data with a density
of 240 km were used. This density approximately
corresponds to the location of regional centers.
Therefore, meteorological measurements are taken
from observations conducted at meteorological stations
in regional airports of Ukraine. The calculations
performed on these data were used to build models
of components, which are in the future referred to as
“sparse.” A network of 100 points was used to build
“compacted” models, which are almost as dense as
district centers in Ukraine (currently 136), and where
meteorological observations are conducted and also
the points outside Ukraine. The result is a network
where the points are located at a distance of up to 80
km (Fig. 1).

Method

The accuracy of determining the tropospheric
delay depends on the amount of meteorological data
that can be used to calculate it. It is best if the
aerological soundings data of the atmosphere obtained
near the observation point were available at the GNSS
measurements. However, since there is no such
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possibility, it is necessary to model the meteorological
situation at the time of measurements, using the
available data. Most often, surface measurements of
meteorological quantities and analytical models are
used to calculate the components of tropospheric
delay. More than thirty such analytical models are
known today. Nevertheless, for several decades
the most popular model remains Saastamoinen
[Saastamoinen, 1972]. According to research by
many authors, including [Zablotsky, et al., 2004;
Palyanytsia, et al., 2016], it is established that it
gives good results for our region. Therefore, the
calculations of the components of the tropospheric
delay were calculated according to this model.
According to it, the formula for the dry component
of the zenith tropospheric has the following form:
0.002277- P,

dy, = ,
* (1-0.0026cos 2~ 2810 H ) M

and for wet — such:

1255
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In the formulas (3) and (4): ¢ i H;— latitude and
altitude of the observation station; T, P, ¢) — ground
values of air temperature, atmospheric and partial
pressure, respectively.

Research results

According to the calculated values of the delay
components, grid files were created based on which
the delay fields for the dry and wet components were
constructed. Also, during the construction, different
methods of interpolation were evaluated, and the
most optimal one has been chosen.

In the beginning, according to the meteorological
data selected for the grid built for points in the
regional centers of Ukraine (sparse model, see Fig.
l1a), delay fields were constructed for the dry and wet
component for two days with an interval of 12 hours,
as in [Masonry, et al., 2018].

The next step of the study was to seal the network
of points (construction of a compacted model —
Fig. 1b). Thus, another 75 points located on the
territory of Ukraine were added to the existing
network of 25 points and meteorological stations
located outside its borders but not far from it. This
makes it possible to avoid extrapolation in border
areas not covered by the network of points located in

our country. Thus, a network of points was obtained,
the distance between which in most cases is less than
80 km. Figure 1 shows the observation points used to
build the grid.

To illustrate the dynamics of changes in the dry
and wet components and the difference between the
compacted network of points, Figures 2—17 show the
fields of change of dry and wet components. They
were obtained within two days with an interval of
12 hours, i.e., at 00 and 12 hours on July 6 and at
00 hours and 12 hours on July 7 Kyiv time, i.e., two
images fall on the night period and two — during the
day.

Comparing the results presented in the figures,
we can see that the compaction of the model had a
positive effect on the result. The right figures
show a more detailed picture of the distribution
of components in the covered area.

Further compaction of the model did not always
lead to a better result. The reason may be that the
meteorological data were obtained by simple
interpolation, and therefore the picture has not
changed significantly. In addition, an anticyclone
was observed throughout the country during the
study period, and therefore the picture changed
insignificantly in two days. Still, when the network
is compacted, it is possible to estimate the field of
delay components in more detail. Considering the
field of the dry component, the use of a condensed
network allows a more accurate assessment of the
situation in areas with significant differences in
atmospheric pressure (areas of the Carpathians and
the Crimean Mountains).

In the wet component, the model thickening
makes it possible to assess the situation in more
detail in areas with sharper changes in temperature
and humidity (regions located near the sea). It can
also be seen that using points outside the border, the
field of components throughout Ukraine can be
estimated by avoiding extrapolation.

If we consider the dynamics of change, the
figures show that the change in the dry component is
insignificant, and within two days, its values dec-
rease almost evenly regardless of the period of
the day. Concerning the wet component, the dynamics
of its change are more significant, and the value
during the study period is also significantly
reduced.
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Fig. 1. Comparison of sparse and compacted network:
a — Sparse network; b — Compacted network

Fig. 2, 3. The field of the dry component of the delay (mm) according to the rarefied model (left)
and to the compacted model (vight) as of 00 h July 6, 2020. Isolines are drawn through 7 mm
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Fig. 4, 5. The field of the dry component of the delay (mm) according to the sparse model (lefi)
and to the compacted model (vight) as of noon on July 6, 2020. Isolines are drawn through 7 mm

Fig. 6, 7. The field of the dry component of the delay (mm) according to the sparse model (lefi)
and to the condensed model (right) as of 00 h July 7, 2020. Isolines are drawn through 7 mm

Fig. 8, 9. The field of the dry component of the delay (mm) according to the sparse model (lefi)
and to the compacted model (vight) as of noon on July 7, 2020. Isolines are drawn through 7 mm

Fig. 10, 11. The field of the wet component of the delay (mm) according to the sparse model (lef)
and to the compacted model (vight) as of 00 h July 6, 2020. Isolines are drawn through 10 mm
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Fig. 12, 13. The field of the wet component of the delay (mm) according to the rarefied model (left) and to the compacted
model (right) as of noon on July 6, 2020. Isolines are drawn through 10 mm

Fig. 14, 15. The field of the wet component of the delay (mm) according to the sparse model (left) and the compacted
model (vight) as of 00 h July 7, 2020. Isolines are drawn through 10 mm

Fig. 16, 17. The field of the wet component of the delay (mm) according to the sparse model (left) and according to the
compacted model (right) as of noon on July 7, 2020. Isolines are drawn through 10 mm

In addition to the general downward trend, it is
also noticeable that the values of the components
increase in the middle of the day and decrease at
night, especially in areas located by the sea.

To better compare the results obtained with
different densities of points, we have built spatial 3D
models of the distribution of tropospheric delay
components for the territory of Ukraine at a certain
point in time. Figures 19-20 show hydrostatic (dry)
models, and Figures 21-22 — non-hydrostatic (wet)
component of ZTD. They are also built on the data
of a sparse model (left) and compacted (right).

On models with a compacted network, points
with significant differences in altitude and, accordingly,
the values of meteorological quantities (particularly
the Carpathian region) are excluded, which is due to
significant differences in meteorological values
significantly complicate this model and require
separate, more detailed consideration.

If we compare the left and right figures for both
components, i.e., models built on compacted and
sparse models, it is evident that the condensed model
gives a more regular picture with more minor dif-
ferences in the south-eastern part of the covered area.
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Fig. 19. 3D model of the dry component of the delay (mm)
on the sparse model. Isolines are drawn through 7 mm
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Fig. 20. 3D model of the dry component of the delay (mm)
on the compacted model. Isolines are drawn through 7mm
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Fig. 21. 3D model of the wet component of the delay (mm)
on the sparse model. Isolines are drawn through 10 mm

Fig. 22. 3D model of the wet component of the delay (mm)
on the compacted model. Isolines are drawn through 10mm

Further compaction of the 3D model also did not obtained from direct measurements but by inter-

lead to the expected increase in the accuracy of polation.
tropospheric delay determination, as the values of me- Nevertheless, to obtain a more detailed model, it
teorological magnitudes at some points were not is necessary to evenly compact the model with points
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where reliable meteorological measurements will be
performed and control the calculation of components
by integrating according to aerological soundings
conducted at individual points.

Scientific novelty and practical significance

The scientific novelty is to build 3D models of
tropospheric delay components for the territory of
Ukraine at a certain point in time.

The practical significance of the performed
research is that they can be used as an initial step to
build a Spatio-temporal model of tropospheric delay,
reflecting the spatial changes of the delay in real-
time for a particular area.

Conclusions

Considering the distribution of values of
components of tropospheric delay in general on the
territory of Ukraine, we can conclude that the dry
component becomes more important in the southern
and central territory of Ukraine, where observation
points are lower in altitude and where the atmospheric
pressure is higher.

The wet component is also higher in the southern
part of Ukraine, but this is due to higher relative
humidity. This component is much more difficult to
predict because it depends on air temperature and
humidity, which differently affect the component's
value.

As a result of the compaction of the network to
100 points, more accurate models of component
distribution were obtained, which allowed a more
detailed assessment of the value of tropospheric
delay for the territory of Ukraine.

Further compaction of the network for the
territory of Ukraine did not lead to the expected
increase in the accuracy of tropospheric delay, as the
location of meteorological stations in the country is
not uniform enough, and some values of meteo-
rological values are obtained not by direct mea-
surements but by interpolation. The compaction
of models makes sense in considering the distri-
bution of tropospheric delay components in small
mountainous areas. There are significant differences
in meteorological values. For example, the study of
components in the Carpathian or Crimean moun-
tains, where, considering significant differences in

altitude, they will change dramatically or study the
wet component in coastal areas, where its value is
relatively large and changes significantly over short
periods of weather conditions.

Nevertheless, to obtain detailed models, it is
necessary to use the model of points evenly to
carry out reliable meteorological measurements and
control prefabricated integrations for this aerological
sounding carried out at individual points.
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TOBYJIOBA 3D MOJIEJIEV PO3IIOLTY CKJIAJIOBUX 3EHITHOI TPOTIOCOEPHOT 3ATPUMKU
JUTS TEPUTOPIi VKPATHU

Mera wmi€i pobotn — nmodyayBatu 3D Mojeni ckianoBUX 3eHITHOI TpornoctepHoi 3aTtpuMku (ZTD) 3a nanumu
MIPU3EMHHX BUMIpIB METEOPOJIOTIYHHUX BENUYUH, oTpuMaHuX Ha 100 myHKTax, 10 Maibke piBHOMIPHO pO3TalIOBaHI Ha
Teputopii Ykpainu. Meromuka. Cyxa Ta BoJIOra CKJIQJOBI 3€HITHOI TpormochepHOi 3aTPUMKH 00YHCIIEHI 3a GopMyIaMu
Saastamoinen. 3a oTpUMaHMMH pe3yJbTaTaMH CKJIaJEHO MOJs CyXOi 1 BOJIOTOi CKJIaZ0BHX TPOMOC(HEpPHOi 3aTPUMKH,
MoOYJ0BaHO TOJISI IXHBOI 3MIHM i3 BUKOPUCTaHHSM Pi3HOI KIIBKOCTI JOCII/DKYBAaHHMX ITyHKTiB. Takox 3 JONOMOTIOIO
rpadivuHoro penakropa nodymoBano 3D Moneni 0THOMOMEHTHOTO PO3MOJTY BEJIMYMHU CyXOi Ta BOJIOTOi CKJIAJI0BUX
3€HITHOI TponochepHoi 3aTpUMKH It TepuTopii YKpainu. Pesynbratu. Pesynbratom poboru € modynosani 3D mozerni
cknanoBux ZTD; moOymoBaHi mosst 3eHITHOI TporochepHoi 3aTPUMKH TSl TepUTOpii YKpaiHK; BUKOHAHE TTOPIBHSHHS
PO3TONTY CKJIaIOBUX 3aTPUMKH JIJIS BKa3aHOi TEPUTOPII Ta ii 3MiHU HPOTAroM no0u. BeTaHOBIEHO, 110 CyXa CKIaaoBa
HaOyBae OLTBIIOrO 3HAYEHHS Ha MIBJCHHIN Ta IEHTpaJIbHIN TepuTopii YKPaiHH, /e MyHKTU CIIOCTEPEKEHb PO3TaIlIOBaHI
HIDKYE 32 BHCOTOIO, 1 Jie € OLIbIIMM atMoc(hepHUi THCK, KU JOMiHye TpH OOYMCIIEHHI i€l ckianoBoi. BiamosiaHo
BOJIOra CKJIAJIOBA € OLIBIIOK TAKOX Y MiBACHHIM YaCTHHI Y KpaiHH, ajie I1e 3yMOBJICHO BHIIOIO BiTHOCHOIO BOJIOTICTIO. Y
pe3yiIbTaTi yIIiibHeHHS Mepexi 10 100 MyHKTIB OTPUMAHO TOYHIII MOJETI PO3MOALTY CKJIAIOBHUX, IO JAJI0 3MOTY
JIeTaNIBHIIIE OLIHUTH 3HAYEHHS TporocdepHol 3aTpUMKH I TepuTopii Y kpainu. [lomanbie yiiibHEHHST MEpexi st
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TepuTopii YKpaiHU HEe CIPUYMHUIO OYiKYBAHOTO MiJBHIIEHHS TOYHOCTI BU3HAUEHHS TPONOC(EpHOI 3aTPUMKH, OCKIIb-
KU HEJOCTaTHHO PIBHOMIPHUM € PO3TAlIyBaHHS METEOCTAHIII M Ha TEPUTOPIi KpaiHu, 1 IesiKi 3HaYeHHST METEOPOJIOTTYHIX
BEJIMYUH OTPHMaHi He Oe3NocepesHIMU BUMIPIOBAHHSMHU, a METOAOM iHTeprossimii. [jisi oTpuMaHHS JeTaabHIiIIol
MOJIeJi HeOOX1THO PIBHOMIPHO YIIUILHIOBATH MOJIENb ITyHKTAaMH 3 HaJ(IHHUMH METEOPOJIIOTIYHUMH BUMIPIOBAHHSMH, a
JUTSL KOHTPOJIFO BUKOPUCTOBYBATH OOUMCIICHHS CKJIAIOBUX IHTErPYBaHHSM 3a IAHUMH aepOJIOTiYHUX 30HyBaHb, MpPOBE-
JIEHUX Ha OKpeMHX MyHKTaX. HaykoBa HOBM3HA moisirae y moOynoBi 3D Moneneid ckiialoBUX TporochepHoi 3aTpUMKH
JUTsl TepuTopii YKpaiHNW Ha MEBHUH MOMEHT yacy. [IpakTHyHa 3HAUyIiCTh BUKOHAHHMX JOCITIPKEHb Y TOMY, IO BOHH
MOXYTh BUKOPHUCTOBYBATHCS SIK OYATKOBHH KPOK /ISl IIOOYIOBH MPOCTOPOBO-YaCOBOI MOJIENI TPOIOC(hEpHOT 3aTprUM-
KU, sika BifjoOpaskasia O MpoCcTOPOBI 3MiHU 3aTPUMKH Y pealbHOMY Yaci I1sl IEBHOI TEPUTOPII.

Knmiouosi cnosa: TponocdepHa 3aTpuMKa; BIUIUB Tporoc(hepy Ha CYIyTHUKOBI BUMIpH; METOAU BU3HAUYEHHS TPOIIO-
cepHOi 3aTpUMKH; BU3HAYECHHS CKIa0BUX TporochepHoi 3arpumky; ' HCC-Bumipu.

Received 05.04.2021



