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RESEARCH OF OSCILLATIONS IN THE COMPONENTS OF ZENITH
TROPOSPHERIC DELAY DURING THE YEAR IN UKRAINE

The aim of this work is to study the fluctuations of the components of the zenith tropospheric delay during the
annual period according to the ground meteorological measurements in Ukraine. Methodolodgy. The surface values
of meteorological values at the stations: Lviv, Kyiv, Kharkiv and Odesa, obtained in 2019 with an interval of 3 hours
were used for the research. A total amount of 2020 measurements at each of the stations has been presented. The
calculation of the components of the zenith tropospheric delay was performed according to the Saastamoinen formula.
According to the calculated values of the components, graphs of changes in the dry and wet components of the zenith
tropospheric delay for each of the stations during constructed. Subsequently, the monthly average and annual average
values of the components were calculated and compared with each other. Results. Based on studies of changes in
delay values at four Ukrainian meteorological stations for the period of 2019, it was found that the monthly average
values of ZHD component are higher at stations whose altitude is lower. The wet component of ZWD during the year
acquires the biggest values in summer. Annual fluctuations of the dry component of ZHD have a much smaller
amplitude than the wet ZWD. The amplitude of the change in the total delay is determined by the amplitude of the
change of the wet component, which at different stations is almost two times bigger than the amplitude of the change
of the dry component, although ZWD is only up to 10% of ZTD. Thus, the variations in the total tropospheric delay,
which indirectly reflects the weather and climatic processes due to variations in the wet component. Scientific
novelty and practical significance consist in identifying the features of the annual change in the components of
tropospheric delay at stations in different climatic and weather conditions. The performed research can be used in the
tasks of monitoring of large hydraulic structures by GNSS methods to create regional models of the atmosphere and
further studies of tropospheric delay, as they relate to its changes in space and time.

Key words: tropospheric delay, neutral atmosphere, satellite measurements, methods for determining the
components of ZHD and ZWD zenith tropospheric delay ZTD.

identifying trends in the volumes, including ZTD
[Jin, et al., 2007]. Seasonal fluctuations of the
correction and features of ZTD change during many
years at stations with different climatic conditions

Introduction

Tropospheric delay is one of the main factors
deteriorating the accuracy of GNSS measurements.
Geodetic methods, to which GNSS technologies are

actively involved today, are widely used to monitor
deformations of large engineering structures, so
there is always the question of improving the accuracy
of such measurements by reducing errors and their
correct consideration, including tropospheric delay.
The International GNSS Service (IGS), which
traces more than 500 permanent worldwide stations,
regularly generates daily files in RINEX format
containing total zenith troposphere delay (ZTD).
Further, these files are analyzed and also the files
accumulated over different years are compared,

are among the studied parameters.

Many Ukrainian and foreign scientists have
studied and continue to research the influence of the
troposphere on satellite measurements in the radio
engineering range, which include GNSS measure-
ments with centimetre wavelengths. Among the
scientific works in which the research of dry (ZHD)
and wet (ZWD) components of zenith tropospheric
delay has been conducted, the following can be
mentioned [Mendes, 1999; Ifadis, et. al., 2006; Jin,
et. al., 2007; Kablak, 2011; Zablocki, et. al., 2001].
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The aim

The aim of this work is to study the fluctuations
of the components of the zenith tropospheric delay
during the annual period according to the ground
meteorological measurements in Ukraine.

Output data

To study the annual changes in the components
of the zenith delay, the data of the ground
meteorological observations for 2019 from the
resource [National Climatic Data Center], were
used. The surface values of meteorological values
(air temperature t, atmospheric pressure P, and
relative humidity f) received at the stations: Lviv,
Kyiv, Kharkiv and Odesa in the period of 2019
with an interval of 3 hours, were selected. Total
amount of 2020 measurements of each of the
meteorological quantities at each of the stations is
being deducted.

The above-mentioned cities as well as almost
the entire territory of Ukraine are in zone of
temperate continental climate with certain features.
Namely:

Lviv typically has the highest rainfall and the
lowest summer temperatures among all regional
centres of Ukraine, which is caused by almost the
lowest continentality of the local climate among the
major cities of Ukraine. Lviv climate is mild in
winter and warm in summer. The average monthly
air temperature is —4 °C in January and +18 °C in
July. On average, 740 mm of precipitation falls per
year: the least in January and the most in July.
During the year, the city has an average of 174 days
of rainfalls.

The climate of Kyiv also has mild winters and
warm summers. The average monthly temperatures
vary: in January it is lower than —3.5 °C, in July it
is higher than +20.5 °C.

Kharkiv typically has cold and snowy, but
changeable winters and hot summers. The average
annual temperature is +6.9 °C (-6.9 in January,
+20.3 in July). The average annual rainfall is 513 mm,
the highest — in June and July. The city is located
almost on the border of forest-steppe and steppe
zones, evaporation in summer significantly exceeds
precipitation. Kharkiv is situated on five hills and
has a height difference between the upper and
lower stations of more than 115 meters. There-
fore, cold air moves from the upper stations

down, usually in river valleys, where it lowers
the temperature.

Although the climate of Odesa is moderately
continental, it has the features of subtropical one,
with mild winters, relatively long springs, warm
and long, often hot summers, as well as long and
warm autumns. The average annual air temperature
is + 10.1 °C, the lowest in January (-1.7 °C),
the highest in July (+ 21.4 °C). On average,
464 mm of precipitation falls in Odesa per
year, the least in October and the most in July.
[http://prima.franko.lviv.ua/faculty/geology/phis ge
o/ fourman/E-books-FVV/]. In our data for 2019,
the values of extreme temperatures have slight
differences from the above values obtained from
long-term observations (Table 1). In addition,
temperature records have been fixed on some days
in 2019, a particular attention has not been paid to
this, as the investigation was directed towards the
search of general trends.

Method

Tropospheric delay (ZTD) is supposed to be
considered as the sum of dry (hydrostatic) and wet
(non-hydrostatic) components:

A’ =d’+d- (1)

trop
Saastamoinen formulas used to calculate the
components [Saastamoinen J., 1972]. For the dry
component (ZHD):

0.002277- P
dg = " (2)
(1-0.0026cos 2~ 2810 H )
and for the dry (ZWD):
1255
d,, =0.002277- [T + 0.05) ‘e, 3)

In formulas (2) and (3): ¢ i H,— the latitude and
altitude of the observation station; T,P, e, —
surface values of air temperature, atmospheric and
partial pressure, respectively.

After the calculations carried out according to
the specified formulas, the graphs of change of
ZHD and ZWD for each of the stations have been
constructed.

Research results

The surface values of the main meteorological
parameters 7T,, P, e, are characterized by slow
changes due to the processes of diurnal and
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seasonal course, and fast changes are associated
with the turbulence in the atmosphere.

The average seasonal changes in atmospheric
pressure are relatively small. They are only 1-3 mbar.
The minimum value of pressure is observed during
the cyclone and reaches 935 mbar for the territory
of Eurasia, which includes the territory of Ukraine.
The maximum value of pressure makes 1050 mbar
and is observed during the anticyclones which
happen 36 times a year, that is almost twice less
than cyclones. The amplitude of daily pressure
changes is 0,5 mbar, but it is strongly veiled by
rapid changes in the magnitude of atmospheric
pressure [Tverskoj, 1962].

As for the air temperature, it has a pronounced
annual course. The character and amplitude of
annual changes depend on the properties of the
underlying surface, types of air masses, the
peculiarities of atmospheric circulation. The
amplitude of the annual temperature on monthly
average values reaches almost 30 °C. In addition to
the annual changes, the temperature undergoes
characteristic of daily changes, the magnitude
of which depends on season. The maximum
amplitude of the daily temperature change is
observed on the earth's surface. The nature of its
vertical distribution in the lower troposphere layers
is associated with the annual and daily change in
the surface value of temperature [Kazakov,
Lomakin, 1976].

The annual course of both absolute and relative
humidity is generally ordinary (according to
average data): absolute humidity repeats the course
of temperature, and relative humidity — on the
contrary — the reverse of this course. The values of
their annual amplitudes also correspond to the
values of temperature: in summer the absolute
humidity is the highest and the relative humidity is
the lowest and in winter — the opposite [Jordan V.,
etal. 1971].

In northern latitudes, the relative humidity is
highest in winter and is 80-90 %, in summer it
drops to 60-70 %, and in the eastern regions of
Ukraine — up to 45 %. The elasticity of water vapour
(e), on the contrary, is low in winter (2—3 mbar)
and much higher in summer (its average value is
12—15 mbar), so that the average annual amplitude
is 10—12 mbar [Kazakov, Lomakin, 1976].

With altitude, the annual fluctuations in humidity
decrease and are insignificant in the upper troposphere
part.

It is known that there is an inverse relationship
between atmospheric pressure and altitude. Taking
into account the evaluation of the initial data it can
be noted that the greater the height of the
meteorological station is, the smaller are the
surface values of atmospheric pressure obtained
on it. Approximately the same trend should
continue to average and extreme values. In our
case, the average annual value of atmospheric
pressure for the specified period (2019) is the highest
in Odesa (h =42 m) — 1011.3 mVar (Table 1), and
the lowest in Lviv (h = 42 m) — 947.3 mVar. In
general, the pressure at Lviv station is lower than
at other stations, and at Odesa station on the
contrary. Two other stations have not been an
exception. In Kharkiv, the average annual value is
P,=997.6 mVar at h = 152 m, and in Kyiv P, =
=995.6 mVar at h = 168 m. The dry component of
ZHD changes accordingly.

According to the data used in the calculations
for 2019, the annual average minimum value of
air temperature was in Lviv (9.9 °C), and the
maximum in Odesa (12.9 °C). The air temperature
reached a maximum in 2019 in Odesa (34.20 °C),
and the minimum at Kharkiv station (-16.6 °C). The
largest amplitude of annual temperature fluctuations
was observed in Kharkiv (50.1 °C), and the
smallest — in Odesa (44.1 °C), due to the mild sea
climate.

The partial pressure e was the highest in Kyiv —
26.2 mbar, and the lowest in Kharkiv — 1.4 mbar. The
average annual value e is the highest in Odesa
(11.3 mbar), and the lowest also in Kharkiv
(9.1 mbar). The amplitude of the partial pressure
varies from 20.8 mbar in Kharkiv to 24.4 mbar in
Kyiv.

Therefore, all these variations of meteorological
magnitudes are fully reflected in the formation of the
values of the components ZHD and ZWD, calculated
by formulas (2) and (3).

In accordance with the obtained values, graphs
of variations in ZHD and ZWD are being constructed,
which show the change of components at stations
with different climatic features during the summer
period (Fig. 1-8).
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It is known that the GNSS signals of the
radio range passing the path from the satellite
to the receiver through a neutral atmosphere
delay due to the influence of dry air and water
vapour. ZHD is proportional to the surface
value of atmospheric pressure, and ZWD is
proportional to the surface value of partial
pressure [Palianytsia, et. al., 2020; Kladochnyi,

& Palianytsia, 2018; Jin, et. al., 2007; Kablak,
2011].

Subsequently, the monthly average values of
dry and wet components of the zenith tropospheric
delay were calculated. Graphs are constructed,
being based on these values (Fig. 9-16). The
average annual magnitudes of the corresponding
components are shown on the graphs by solid lines.
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Fig. 3. Change of d}* component (in mm) at Lviv station during 2019
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Fig. 4. Change of d;’ component (in mm)
at Odesa station during 2019
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Fig. 5. Change of d,,* component (in mm)
at Kyiv station during 2019
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Fig. 7. Change of d,,* component (in mm) at Lviv station during 2019
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Fig. 8. Change of d,, component (in mm) at Odesa station during 2019
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Fig. 11, 12. Average monthly and annual average value of the dry component (in mm)
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Fig. 15, 16. Average monthly and annual average value of the wet component (in mm)
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Table 1

The main characteristics of meteorological quantities and the obtained values of the components

Station name,

altitude, coordinates Value P, mBar t, °C f, % e, mBar d%,, mm d?%,, mm
1 2 3 4 5 6 7 8
Lviv Avg. 977.4 9.9 77.9 10.3 2224.8 103.8
h=318m Max 1002.4 31.8 | 100.0 25.6 2281.8 247.5
¢ = 49,830 Min. 9473 | -153 14.0 1.6 2156.1 17.9
A =24,030 Max.-Min. 55.2 47.1 86.0 24.0 125.6 229.6
Kyiv Avg. 995.6 10.6 70.4 9.7 2266.1 97.1
h=168m Max 1017.8 34.0 | 100.0 26.2 2316.5 255.5
¢ =50.40 Min. 967.1 | -14.0 18.0 1.8 2201.2 20.0
A =30.520 Max.-Min. 50.7 48.0 82.0 24.4 115.3 235.5
Kharkiv Avg. 997.6 10.3 69.6 9.1 2270.7 91.7
h=152m Max 1024.3 33.5 | 100.0 22.2 23314 217.5
¢ =49.920 Min. 968.1 | -16.6 17.0 1.4 2203.4 15.2
A =36.230 Max.-Min. 56.3 50.1 83.0 20.8 128.1 202.4
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Cont. Table 1

1 2 3 4 5 6 7 8
Odesa Avg. 1011.3 12.9 71.8 11.3 2302.5 112.9
h=42m Max. 1032.0 342 100.0 259 2349.7 249.8
¢ =46.430 Min. 988.4 -9.9 17.0 2.5 2250.4 27.4
A=30.73° Max.-Min. 43.6 44.1 83.0 234 99.3 2224

Having analyzed the obtained time series, it
should be noticed that the annual change in the dry
component of ZHD has a much smaller amplitude
than the wet ZWD.

The graphs show that ZHD becomes more
significant in winter, as well as in the first months
of spring and late autumn. It is visible at Kyiv and
Odesa. At other stations, this change is not so
noticeable. The average values of the component
are the largest in Odesa, which is explained by the
lowest height of the station — h = 42 m. The minimum
average magnitude of ZHD at Lviv — 2224.8 mm,
where the station is at a height h = 318 m and is the
highest among the studied ones.

The wet component of ZWD, in contrast to
ZHD, acquires the maximum values in summer (or
rather — from early May to November). ZWD
changes are more noticeable than ZHD changes. It
can change for a short time up to 200 mm, while
short-term changes in ZHD at different times of the
year do not exceed 50 mm.

The highest value of ZWD was noticed at Odesa
station (112.9 mm) and the lowest — at Kharkiv
station (91.7 mm). At the other two points, the values
are smaller, but there are temporary increases of up
to 250 mm in summer. The wet component is
characterized by a decrease in size in mid-summer.
This is due to changes of weather conditions during
this period, namely — a decrease of air temperature
and relative humidity.

The obtained results were compared with the
results obtained in [Palyanytsia, et al., 2016]. The
difference lies in the fact that much more data is
taken in the presented work, as the discreteness of
data collection is 3 hours, but only the surface
values of meteorological magnitudes (for 2019).
Aerological sounding data for 10 days for each month
as well as at night (in 2015) were selected in
[Palyanytsia, et al., 2016]. Thus, in order to obtain
average monthly values, the average magnitude for
10 days was calculated.

Comparing the average annual values of ZHD
and ZWD for 2019 and 2015, we can find out that:
— the difference between the average annual

values of ZHD in Kyiv is 8.9 mm, in Lviv —

7.7 mm, in Odesa — 4.9 mm,;

— the difference between the average annual
values of ZWD in Kyiv is 4.3 mm, in Kharkiv —
10.0 mm, in Lviv — 5.8 mm, in Odesa — 1.3 mm;

— in general, the average annual values of ZHD
and ZWD for 2019 were lower than in 2015
due to weather conditions.

The variations in general tropospheric delay
indirectly reflecting the weather and climatic processes,
are caused by variations in the wet component. The
amplitude of the change in the general delay is
determined by the amplitude of change in the wet
component, which at different points is almost two
times bigger than the amplitude of change of the
dry component. Graphs of the average monthly values
of ZHD and ZWD confirme the same. Although
ZWD is only up to 10 % of the value of ZTD, the
influence of ZWD on the change of ZTD is obvious,
because the scales of the vertical axes on the graphs
are the same.

Scientific novelty and practical significance

The scientific novelty consists in identification
of the features of annual change in the components
of tropospheric delay at points in different climatic
and weather conditions.

The practical significance of the conducted
research is that they can be used in the monitoring
tasks of large hydraulic structures by GNSS methods
in order to create regional models of the atmosphere
and further studies of tropospheric delay, as they
relate to changes in space and time.

Conclusions

Based on researches of changes in delay values
at four Ukrainian weather stations for the period of
2019, it is notable that the average monthly
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magnitudes of the ZHD component are higher at
points whose altitude is lower.

The wet component of ZWD during the year
acquires the maximum values in summer.

Annual fluctuations of the dry component of
ZHD have a much smaller amplitude than the wet
ZWD.

Although ZWD is only up to 10 % of the value
of ZTD, the influence of ZWD on the change of
ZTD is obvious, because the scales of the vertical
axes on the graphs are the same.

Thus, the variations in total tropospheric delay,
which indirectly reflects the weather and climatic
processes, are caused by variations in the wet
component.
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JOCJIJIDKEHHS KOJIMBAHB CKJIAJIOBUX 3EHITHOI
TPOIIOC®EPHOI 3ATPUMKMU TTPOTATOM POKY HA TEPUTOPIT YKPATHU

Mera 11i€l poOOTH — JOCIIIKCHHS KOJMBAaHb CKIAJ0BHX 3CHITHOI TPOMOCGHEPHOT 3aTPUMKH MPOTATOM PId4HOIO
nepiony 3a JaHWMHU HAa3eMHUX METEOPOJIOTIYHHX BUMIpIOBaHb Ha Tepuropii Ykpainu. Meroauka. [y 10CTiTKeHb
BUKOPHCTAHO NMPHU3EMHI 3HAYECHHS METEOPOJIOTIYHUX BEJIMYHMH Ha myHKTax: JIbBiB, KniB, XapkiB Ta Ozneca, oTprumMaHi
B 2019 poui 3 iHTepBanom y 3 rogunu. Bevoro mo 2920 BumipioBaHs Ha KOXKHOMY 3 ITyHKTIB. OOUNCIICHHS CKJIaIOBUX
3€HITHOI TporocepHoi 3aTPUMKH BUKOHAHO 3a (popmyioro CaacTaMmoiiHeHa. 32 0OUNCIICEHUMH 3HAUYEHHIMH CKIIaJ0-
BUX MoOymoBaHO rpadikd 3MiHHM CyXOi Ta BOJIOTOI CKJIQZOBUX 3€HITHOI TPOMOC(EpPHOi 3aTPUMKH U1 KOXKHOTO 3
myHKTiB. Haganmi oO4mcimroBanucst cepeqHhOMICSAYHI Ta CepeTHhOPIUHI 3HAYCHHS CKIAJOBUX 1 MOPIBHIOBAIHCST MIiX
cobor. Pesyabraru. Ha oCHOBI mpoBENeHMX OCTIIKCHb 3MiHH 3HA4€Hb 3aTPHUMKH Ha YOTHPHOX YKPaiHCBKUX
MeTeocTaHIlisfax 3a nepion 2019 poky BCTaHOBJICHO, LIO CEPENHBLOMICSAYHI 3Ha4YeHHs ckianoBoi ZHD Oinpmni Ha
MYHKTaX, BHCOTA SKUX HaJl piBHEM Mops € MeHmo. Boiora cxianoBa ZWD npoTsrom poky HaWOUIBIINX 3HAYEHBb
HaOyBae B JTHIN mepioa. Piuni konmBaHHA Cyxoi ckianoBoi ZHD MaroTe 3HaYHO MEHIIY aMIUTITYAy, HK BOJIOTO1
ZWD. AmmuiTyaa 3MiHH CyMapHOi 3aTPUMKH BH3HAUAETHCS aMILUTITYIOI0 3MiHH BOJIOTOI CKJIAJOBOi, IO Y Pi3HUX
MMyHKTaX MaibKe BIBIYi € OIUNBIIOI0 32 aMIUTITYIQy 3MIiHH CyXOi CKJIAIOBOi, He3Bakaroud Ha Te, mo ZWD ckiamae
Bchoro 70 10 % Bin Bemmumuu ZTD. Takum unHOM, Bapiamii 3araqbHOI TporochepHOi 3aTpUMKH, IO OMocepen-
KOBaHO BioOpakae MOTOAHO-KJIIMaTHYHI Mpoliecy, 00yMOBJIeHI BapialisiMu Bojioroi ckianoBoi. HaykoBa HOBU3HA
Ta NPAKTHYHA 3HAYYIICTh MOJATAIOTH Y BHUSBJICHHI OCOOMMBOCTEH pIYHOI 3MIHM CKJIQJOBHX TporochepHOi
3aTPUMKH Ha ITyHKTaX, [0 3HAXOAATHCS y PI3HUX KJIIMATHYHKX 1 TOTOIHUX yMOBaX. BUKOHaHI JOCIIKEHHS MOXKYTh
BUKOPUCTOBYBATHCS B 3aJjadyaX MOHITOPUHTY KPYHHHX rigporexHiyHux cnopyn ['HCC-meromamu Aisi CTBOpEHHS
perioHaJbHUX MOJeneil aTMocdepu Ta MOATBIINX JOCIIIKCHb TPONOC(EpPHOi 3aTPUMKH, OCKINBKH CTOCYIOTBCS il
3MiHH Y IIPOCTOpI # y 4aci.

Kniouosi cnosa: tpomoctepHa 3aTpUMKa; HeWTpalbHa aTMoc(epa, CyMyTHUKOBI BUMIpH; METOIM BH3HAYCHHS
cxiragosux ZHD 1 ZWD 3enitHoi Tponocgeproi 3arpumku ZTD.
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