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ACCURACY ESTIMATION OF THE COMPONENTS OF ZENITH TROPOSPHERIC
DELAY DETERMINED BY THE RADIO SOUNDING DATA
AND BY THE GNSS MEASUREMENTS AT PRAHA-LIBUS AND GOPE STATIONS

The aim of this work is to evaluate the accuracy of determining the wet component of zenith tropospheric delay
(ZTD) from GNSS-measurements and the accuracy of determining the hydrostatic component according to the
Saastamoinen model in comparison with the radio sounding data as well. Zenith tropospheric delay is determined
mainly by two methods — traditional, using radio sounding or using atmospheric models, such as the Saastamoinen
model, and the method of GNSS measurements. Determination of the hydrostatic component of the zenith tropospheric
delay was performed by radio sounding data obtained at the aerological station Praha-Libus in 2011-2013 and in 2018.
Data were processed for the middle decades of January and July of each year at 0" o’clock of the Universal Time. The
wet component was calculated from GNSS observations. By a significant number of radio soundings at the Praha-Libus
aerological station, hydrostatic and wet components of zenith tropospheric delay (ZTD) and the same number of ZTD
values derived for the corresponding time intervals from GNSS measurements at the GOPE reference station were
determined. The values of the wet component of ZTD were determined and compared with the corresponding data
obtained from radio soundings. We found that the error of the hydrostatic component in winter does not exceed 10 mm
in absolute value, and in summer it is approximately 1.5 times smaller. This is due to differences in the stratification of
the troposphere and lower stratosphere in winter and summer. As for the wet component of ZTD, its errors do not
exceed: in winter 15 mm, in summer — 35 mm. The resulting differences in summer have a negative sign, indicating a
systematic shift, and in winter — both negative and positive. Today, there are many studies aimed at improving the
accuracy of determining zenith tropospheric delay by both Ukrainian and foreign authors, but the problem of the
accuracy of the hydrostatic component remains open. The study provides recommendations for further research to
improve the accuracy of zenith tropospheric delay.

Key words: zenith tropospheric delay, GNSS-measurements, hydrostatic and wet components of the ZTD,
atmospheric sounding.

Introduction temperature profiles, humidity characteristics,
wind speed and direction [Tropospheric GNSS
measurement files]. The sounding is performed at
aerological stations, which are mostly designed to
serve airports and form the basis of the global
aerological network. Processing of radio sounding
data allows to reliably determine the value of ZTD,
which makes it possible to assess the impact of
neutral atmosphere on the accuracy of GNSS
measurements.

Zenith tropospheric delay (ZTD) can be
defined by traditional and satellite methods.

The first includes

— aerological sounding, in particular, radio
sounding;

—analytical models developed mainly on the
basis of standard models of the atmosphere.

The second group of ZTD determination
includes first of all direct GNSS measurements in a

network of active reference stations.

Radio sounding gives the most accurate results
of direct contact measurements of the atmospheric
thermodynamic parameter at altitudes up to
30-35 km. They contain information on the vertical

However, due to a very complex organizational
and costly process of radio sounding at GNSS
station, in practice, ZTD is determined using
analytical models. As it is known, ZTD includes
hydrostatic and wet components. The hydrostatic
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component can be modelled relatively accurately by
precise measurements of atmospheric pressure at the
time of observation at the initial level, i.e. at the
height of a GNSS antenna. For this purpose, the
Saastamoinen model [Saastamoinen, 1972] is
mostly used, which is the basis of many programs
for processing GNSS measurements.

The wet component is much more difficult to
model due to the uneven distribution of water
vapour in the troposphere and its continuous
change both in space and time [Zablotskyi, 2013].

Currently, ZTD is determined in the centres for
processing GNSS measurements in reference
station networks. The average values of total zenith
tropospheric delay are presented on the relevant
sites with 5-minute intervals throughout a day
[Tropospheric GNSS measurement files]. If
necessary, the user calculates the wet component as
the difference between the total ZTD and the
hydrostatic component calculated from the model
representation, mostly Saastamoinen.

Analysis of recent research

Recently, many works have been published, in
particular [Zablotskyi et al., 2002, 2011, 2013;
Kablak, 2010; Palyanytsia, 2016; Kladochnyi et al.,
2020; Schueler, 2002], which cover the issues of
assessing the accuracy of determining the
components of ZTD. Most of them focus on the
evaluation of a hydrostatic component [Zablotskyi
et al., 2004], as the accuracy of its determination
will directly affect the accuracy of the wet
component.

Also today there are many publications
of foreign authors, whose research is aimed at
assessing and improving the accuracy of
determining the zenith tropospheric delay.

Among the studies of recent years, which are
aimed at improving the accuracy of zenith
tropospheric delay, the following works can be
distinguished: [Hadas, et al., 2020], which
investigates the accuracy of ZTD using different
GNSS systems and the ability to improve accuracy
by combining data from several systems. The
publication [Hdidou, et al., 2018] evaluates ZTD
that is determined by radio sounding at two

stations. Vertical tropospheric gradients were used
to improve the accuracy of ZTD interpolation in
[Zus, et al., 2019]. Studies [Zheng, et al., 2018]
evaluated the accuracy of ZTD using GNSS
observations and determined optimal coefficients
for the models used.

However, despite the large number of studies
in this area, the question of the accuracy of
determining a hydrostatic component of ZTD has
not been completed and requires further research.

The aim

The purpose of this work is to evaluate the
accuracy of determining the wet component of ZTD
from GNSS measurements, evaluating at the same
time the accuracy of determining the hydrostatic
component according to the Saastamoinen model, in
comparison with the corresponding value obtained by
radio sounding.

Presentation of the main points
1. Input data.

As the input data in the study, we took the
vertical profiles of main meteorological parameters,
obtained from radio sounding [Department of
atmospheric science — University of Wyoming,
USA] for 10-day periods (mostly from the 11% to the
20" in January and July at the Praha-Libus
aerological station for the reason that it is equipped
with the modern equipment for measuring main
meteorological parameters in the troposphere and
lower stratosphere. The GOPE GNSS station has
been installed at the Pecny Geodetic Observatory of
Research Institute of Geodesy, Topografy and
Cartografy in 1993 (Prague).

Coordinates and heights of the Praha-Libus and
the GOPE stations are presented in Table 1.

The city of Prague is located in continental
Europe. It has a climate with humid continental
influences. Winters are relatively cold with t
average temperature of about 0 °C. The average
temperature in July is +24 °C. Also in autumn and
winter, in contrast to other seasons, there are
frequent temperature inversions.

The region is dominated by mountainous terrain,
but also there are plains, mostly along the rivers.
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Table 1
Coordinates of the Praha-Libus aerological station and the GOPE GNSS station

Aerological station GNSS station

Latitude, | Longitude, | Height, Latitude, | Longitude, | Height, Country Distance, km

0° 00’ 0° 00’ m 0° 00’ 0° 00’ m
1 2 3 4 5 6 7 8

Praha-Libus, 11520 GOPE Crech 250

50° 00° 14° 277 300.0 49° 54° 14° 47 592.6 Republic

2. A general approach to the determination of
hydrostatic and wet components of ZTD.

Let’s consider a technique of calculation of
the general zenith tropospheric delay and its
components. When using a biexponential model
of the atmosphere, the tropospheric delay includes
dry (hydrostatic) di* and wet (non-hydrostatic) dy*
components (formula (2)) and it is considered as
the product of the value of delay at the zenith
(z = 0°) and the mapping function m (z) calculated
for the corresponding value of zenith distance z
by formula (1):

dirgp = dﬁxmh(z)+dvzvxmw(z)_(1)

If the delay calculation is performed at the

zenith, we can use a simplified version of formula (1):
z — z Z

dfop = dp T dw . (2)

If we decompose the components to the index of
refractive index, we obtain formula (3):

z —6Ha —eHa
dnopzlo ﬁ N, dH +10 FPNWdH, 3)
S r

were Nn and N, — air refractive indices for
hydrostatic (dry) and non-hydrostatic (wet)
components of zenith tropospheric delay; Hs — the
initial height of the vertical profile of the refractive
index; Ha — the upper limit of the atmosphere
integration; dH — height layer.

The main formula for determining of the
refractive index for radio waves is the Essen-
Froome formula (4). The air refractive index is a
function of air temperature t, atmospheric pressure

P and partial pressure of water vapour [Mendes,
1999]:

P-e € €
N =K, +K2?+K3T_2’ 4
were Ki, K; Ks; — empirical coefficients.

Ky =77.624 (K/hPa), Ko = 64.7 (K/hPa), Kz = 3.719
(10°K?/hPa). The first term of the formula does not
depend on the content of water vapour in the
atmosphere and it is called the dry component. The
sum of the second and third members is the wet
component of the air refractive index.

According to the Saastamoinen model, the
hydrostatic component is calculated by formula (5):

) 0.002277xP,

tha = l (5)
1-0.0026xcos 2f - 0.0028xH

were ¢ and H — the latitude and altitude of the
observation point; Py — the value of atmospheric
pressure at GNSS station height.

The wet component of the zenith tropospheric
delay can be calculated by the formula (6):

21255
d,e =0.002277xg

§
+0.05:x¢
T s O
were Ts — a surface value of air temperature and
eo — partial pressure of water vapour.

3. Analysis of the hydrostatic component
values of the zenith tropospheric delay.

Values of the 4dy differences of the ZTD
hydrostatic component for the middle decades of
January and July (in 2012 used February) are
presented in tables 2 and 3. Such values are
calculated as the differences between the
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hydrostatic component determined by radio
sounding and the value calculated by the
Saastamoinen formula. In fact, the values of Ady’
represent the accuracy of determining the zenith
hydrostatic delay. As for the value of 4dy* we can

see that they are all negative and do not exceed the
absolute value of -4.1 mm.

In order to analyse the value of 4dy* for
individual dates and in general, we presented their
values in Table 2.

Table 2
Differences 4diw’sa for individual dates according to the Praha-Libus aerological station
Observation days and month
Years 11 12 13 14 15 16 17 18 19 20
January (for the year 2012 —February), mm
2011 0.5 -1.3 -0.2 15 -2.6 -0.8 -2.3 -1.3 -0.6 0.7
2012 2.4 4.0 3.2 1.6 3.2 0.6 3.5 0.0 15 3.9
2013 1.8 1.6 3.4 0.2 0.0 1.6 0.0 -0.5 -0.4 -0.6
2018 2.6 -0.7 -0.7 -1.2 0.6 -0.8 0.5 7.9 -0.9 -0.2
July, mm
2011 -0.7 -14 -3.1 -2.1 -2.8 -2.6 -3.1 -2.5 -2.4 -2.5
2012 -4.8 -2.0 -3.1 -3.0 -2.7 -4.1 -2.9 -15 -2.5 -3.4
2013 -3.0 -15 -2.5 -14 -2.2 -2.4 2.1 -2.2 -2.5 -1.9
2018 -4.0 -5.1 -3.2 -3.7 -3.4 -5.1 -4.1 -3.4 -6.1 -3.5

After analyzing Table 2 the differences of Ady’
according to the degree of change in their values,
note the following:

—according to the results of observations in
January 2011, 2013 and 2018, the differences of
Adn* have mostly negative values that do not
exceed the absolute value of 3 mm. Positive
values are manifested in smaller numbers, but
larger in the absolute value. Thus, the maximum
value, reaching 8 mm manifests itself in January
2018;

— the differences of the hydrostatic component
for February 2012 look different. Compared to other
years, they all have positive values;

—according to the results of July of these four
years, all differences of 4dy* are negative but
slightly larger on average in absolute terms than in
winter.

The reason for this, in our opinion, is the
significant difference between the stratification of
the troposphere and lower stratosphere in this
period from the stratification of the neutral
atmosphere adopted by Saastamoinen to build a
model of the hydrostatic component. Thus,

Saastamoinen based his model on the fact that the
atmosphere corresponds to a static state, the air
temperature drops evenly to about 10 km, i.e. the
temperature distribution in the troposphere is
considered as a linear function of altitude. It is
further assumed that in the tropopause the
temperature gradient is zero, and in the stratosphere
up to the height of around 50 km, the temperature is
constant or slightly increases with altitude. Thus,
Saastamoinen is based on an almost standard
model of the atmosphere [Saastamoinen, 1972].
Since the Saastamoinen model developed almost
half a century ago, the accuracy of taking into
account the effect of tropospheric delay in spatial
radio distancer measurements met the needs of the
centimeter range, and for radar measurements- of
the decimeter one.

Note that when estimating the accuracy of
determining the hydrostatic component of the
ZTD by comparing the data obtained by the
Saastamoinen model and the data by radio
sounding at both Ukrainian and Eastern European
aerological stations, model errors can reach
10-15 mm. As can be seen from Table 2, these
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errors are, for the most part, systematically shifted
toward negative values, especially in summer.

In conclusion, the question of the accuracy of
determining the hydrostatic component of the ZTD,
we note that it is advisable to perform additional
regional research, for example, for the main

operating aerological stations in Ukraine. It makes
sense, in our opinion, to analyse in detail the vertical
temperature gradients in the troposphere and lower
stratosphere according to radiosonde data and on
this basis to develop a regional model of the
hydrostatic component of the ZTD.

Table 3
Differences 4dy’cps according to the Praha-Libus aerological station
and the GOPE GNSS station
Observation days and month
Years 11 12 13 14 15 16 17 18 19 20
January (for the year 2012 —February), mm
2011 -4.5 -14.0 -2.9 -4.7 -5.1 0.9 1.0 -8.8 -7.2 -7.9
2012 -10.5 -6.4 -8.3 -5.9 -5.7 -12.9 -9.8 -15 -7.6 -6.7
2013 -10.2 -9.9 -7.8 -8.2 -6.9 -11.2 -11.4 -6.2 -14.0 -10.3
2018 -1.9 -13.6 -10.2 -6.3 -5.6 -0.1 1.9 -8.4 5.7 -10.1
July, mm
2011 14 1.6 -25.2 -12.2 -18.6 -11.4 -15.1 -3.8 -13.4 -15.1
2012 -20.4 -16.8 -18.7 -18.3 -30.3 -16.8 -14.9 15 -31.4 -13.2
2013 -11.1 -5.7 -17.1 -12.8 -22.8 -19.1 -4.4 -8.7 -6.9 -19.5
2018 12.4 -9.2 -6.3 -13.7 -9.8 -9.7 -8.1 -17.8 -27.6 -34.7

Let's estimate the error of the wet component of
ZTD. As it is known, it includes the error of the total
value of the ZTD, derived from the basic equation
of code or phase pseudo-distances. As it can be seen
from the formula (1), the error of the wet component
of the ZTD depends on the error of the complete
zenith tropospheric delay Ad’wopces and the error of
the hydrostatic component of the ZTD calculated by
the formula (5). Note that according to Table 2 the
error of the hydrostatic component Ady’sa in the
winter in absolute value does not exceed 10 mm. In
summer, it is about 1.5 times smaller. This is due, as
already mentioned, to some other real stratification
of the troposphere and lower stratosphere in winter
and summer.

As for the wet component of ZTD, its errors
do not exceed: in winter 15 mm, in summer —

35 mm.

Conclusion and recommendations

The article covers the differences between
the values of the hydrostatic component of ZTD
obtained by radio sounding and the Saastamoinen
model for 10 days in January and July 2011-2013
and 2018 at the Praha-Libus aerological station and
the GOPE GNSS station. Actually, the differences
between the hydrostatic component Adi’sa and the
wet component Adw‘cps Show the accuracy of these
components. In summer, they have a negative sign,
indicating a systematic shift, and in winter — both
negative and positive.

We recommended analysing in detail the
vertical temperature gradients in the troposphere and
the lower stratosphere according to the radio
sounding data and on this basis to develop a
regional model of the hydrostatic component of
ZTD. In this case of increasing accuracy of
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determining the hydrostatic component of ZTD, the
accuracy of the wet component from GNSS
measurements will also increase.
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OILIHKA TOYHOCTI CKJIAJIOBUX 3EHITHOI TPOIIOC®EPHOI 3ATPMUMKU BU3HAUEHUX
3A JAHUMU PAZIIO30H/IYBAHHS TA THCC-BUMIPIOBAHb HA CTAHIISIX PRAHA-LIBUS | GOPE

Mera 1iei poOOTH TOJATaE B OLWIHIOBAHHI TOYHOCTI BU3HAYCHHS BOJIOTOI CKIIaMOBOI 3€HITHOI TpomochepHOl
sarpumku (3T3) i3 THCC-cnoctepexeHb Ta TOYHOCTI BH3HAYEHHS TiAPOCTATUYHOI CKIAJ0BOI 3a MOJEILIIO
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CaacramoifHeHa y TIOPiBHSHHI 31 3HAYCHHSIMHU, OTPUMAaHUMU 33 PalliO30HYBaHHAM. 3eHITHY TponochepHy 3aTPUMKY
MPUHHATO BH3HAYATH, B OCHOBHOMY, NBOMa METOIAMH — TPAIWIIIfHAM, a caMme paJio30HIYBAaHHSIM, Ta BHKO-
PHUCTOBYIOUH MOJENi aTMocdepH, Hampukiax, moxenb CaactamoiiHeHa, a Takox MetogoM 'HCC-BumiproBanb. Y
bOMY JIOCIIJKCHHI BHU3HAYEHHS TiAPOCTATUYHOI CKJIaMOBOI 3€HITHOI TpomochepHoi 3aTpUMKH BHKOHYBAJHCh 3a
JIAHUMH Paio30HIyBaHHs, OTPUMAHUMH Ha aepostoridnii cranii Praha y 2011-2013 pp ta 2018 p. /lani onparnsoBano
JUTS CepeHIX AeKall CivHs i JUIHSA KokHOTro poky Ha O rox BeecBiTHROTO "acy. Bosora ckiamoBa o04ucIoBaiace 3a
nmarnnmu [HCC-crnioctepesxeHb. 3a JaHMMHU 3HAYHOI KiTBKOCTI pajiio30H1yBaHb Ha aeposoriunii cranmii Praha-Libus
BH3HAYCHO TiJPOCTATHYHI Ta BOJIOTi CKJIaI0Bi 3eHiTHOI Tpomocheproi 3arpumkn (3T3) i Takoi K KiJbKOCTI 3HAYCHD
3T3, BUBemeHUX IS BiAMOBiqHIX YacoBuX iHTepBatiB i3 [HCC-sumMiproBans Ha pedepeniHiii cranmnii GOPE. 3a xumu
BU3HAYCHO BEIUYMHHU BOJOroi ckimagoBoi 3T3 i MmOpiBHAHO iX 13 BIANOBIAHUMHU JaHUMH, OTPHUMAaHUMH i3
panio3oHayBaHb. BcTaHOBIEHO, 10 MOXHOKA TIPOCTATHYHOI CKJIaJ0BOI B 3UMOBHI nepion He nepeBuinye 10 MM 3a
a0COIOTHOI BEJIMYWHOKO, a B JITHIN nepion — npubnusHo B 1,5 pa3u € meHmoro. [{e moscHIOEThCS BIAMIHHOCTSMH Y
ctpatudikamii Tpormocdepru Ta HIDKHBOI cTpatochepu y 3uMoBHi 1 miTHIH mepiogu. Illo >k crocyeTscs BoIOrOi
ckianoBoi 3T3, To 11 MOXMOKK He NEePEeBHIYIOTh: B3UMKY 15 MM; BiiTky — 35 MM. OTpuMaHi pi3HHILI Yy JiTHIH nepion
MaroTh BiJl'€MHHI 3HaK, IO BKa3ye€ Ha CHCTEMaTHYHE 3MIIICHHS, a B 3UMOBHM — SK BiJ’€MHUH, Tak 1 JOJATHHM.
CrporomHi € 0arato MOCIiIKeHb, CIPAMOBAHUX Ha INJBUIICHHS TOYHOCTI BHU3HAYEHHS 3€HITHOI TpormochepHol
3aTPUMKH YKPaiHCHKUX Ta IHO3€MHUX aBTOPIB, OJHAK MATAHHS TOYHOCTI BU3HAYCHHS TiIPOCTATHYHOI CKIaIOBOI AOCI
3aJIMIIAETECS BIIKPUTUM. Y IIBOMY AOCHIIPKEHHI MOJaHI peKOMEHJalii I0A0 MOJAIBIIMX BUBYECHb Y HANPAMKY
i ABUIICHAS TOYHOCTI BU3HAYCHHS 3€HITHOT TpOmoc(hepHOT 3aTPUMKH.

Kniouosi cnoea: 3enitHa Tponocdepna 3atpumka; ' HCC-crioctepeskeHHs; TigpocTaTudHa i Bosiora ckinanosi 3T3;
panio30HIYBaHHS aTMOC(hEpH.
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