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The purpose of the given work liesin the studies of the atmospheric precipitable water vapour (PWV), based on
the processing of aerological and GNSS (Global Navigation Satellite System) measurements, as well as the
comparing of PWV values, determined according to the data of aerological and GNSS stations, located both in
temperate and tropical latitudes. M ethodology. The algorithm for determination of precipitable water vapour, based
on GNSS observations, is divided into severa stages: 1) the total tropospheric delay is determined by the basic
equation of code or phase pseudodistances of GNSS measurements; 2) select zenith tropospheric delay (ZTD) values
a the time of GNSS observations [ftp://cddis.gsfc.nasa.gov/gps/products/troposphere/new/]; 3) according to the
analytical Saastamoinen model, the hydrostatic component of the zenith tropospheric delay (ZTD) is calculated;
4) according to the ZTD values and hydrostatic component, the wet component values of the ZTD are obtained; 5) the
conversion from the wet component to the integrated water vapour (IWV) component and the precipitable water
vapour PWYV is redlized. The IWV and PWV values are aso defined by upper-air sounding data. Results In the
course of the performed research, the ZTD components and the PWV values were determined. A comparative
characteristics of the present values was carried out, which were defined according to the data of both aerological and
GNSS stations. Generally, the accuracy of the hydrostatic component of the ZTD determination is about 10 mm, and
the accuracy of the wet component definition of ZTD, deducted from GNSS measurements, is approximately 20 mm.
The PWV values mainly vary by analogy to the values of wet component of ZTD, and the accuracy of its definition
reaches 3 mm. Novelty and practical significance. For the first time, simultaneous studies of the ZTD and its
components and the water vapor content at five stations in the middle latitudes and three stations of the tropical zone
were conducted. The obtained results can further be used in the studies of changesin climatic processes.

Key words: GNSS measurements; wet component of the zenith tropospheric delay; upper-air sounding; water
vapour.

I ntroduction inverse problem of GNSS measurements, determine
the value of ZWD, and from it, by conversion,
obtain the values of IWV (kg / m?), and then PWV
(mm).

Over the last few decades, a number of
investigations have been carried out in the given
direction, some of which are highlighted in the
works [Fernandez, et al., 2010; Suelynn Choy, et
al., 2015; T. Yanxin, et al., 2013; Biyan Chen, et
al., 2018; C. Suresh Raju, et al., 2007; J. Haase, et
al., 2003, Julio A. Castro-Almazan, et al., 2016].
The analysis of the zenith tropospheric delay and

Water vapour is constantly present in the
atmospheric air (water in a gaseous state). More
than 90 % of it is located in the troposphere. The
water vapour can develop from the gaseous state
into aliquid or solid state, therefore, it is constantly
changing in space and time. It is the dynamic
circulation of water in the atmosphere that the most
important weather processes and climatic
peculiarities are connected to. Consequently, a
number of methods have been developed to

consider the content of water vapour in the
atmospheric ar and, accordingly, the wet
component (ZWD). However, all these methods do
not provide sufficient accuracy of the definition of
the ZWD component, and, accordingly, the
accuracy of ZTD in modern  geodetic
measurements. The solution to this problem was
established in [Bevis a a, 1992]. Solving the

PWV in the middle latitudes is presented in the
works [Kablak, 2011 a 2011 b; Zablotskyi, et d.,
2017; Savchuk, Zablotskyi, 2016; Kablak, Savchuk,
2012]. The peculiarities of the zenith tropospheric
delay and the precipitable vapour in the tropical
zone, determined according to radiosounding data,
as well as by analytical models and other methods,
are covered in the articles [Zablotskyi, Zablotska,
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2010; Bock, et a., 2007; Manandhar et d., 2018;
Redlini, et da., 2014]. Particularly, the authors
carried out extensive research of the zenith
tropospheric delay and its components, obtained in
2011 and 2013 at 9 stations of upper-air sounding
and 9 reference GNSS dtations, located in the
temperate and tropical latitudes [Zablotskyi,
Savchuk, 2014; Paziak, Zablotskyi, 2015 a, 2015 b;
2018]. In the given work, the focus is on the
investigation of accuracy and the comparison of the
zenith tropospheric delay and PWV values,
obtained according to aerological and GNSS
stations data.

Purpose

The main purpose of the given research is to
study the atmospheric precipitable water vapour
PWV, based on the processing of aerological and
GNSS measurements, as well as the comparing of
PWV values, determined according to the data of
aerological and GNSS stations, located both in the
temperate and tropical latitudes.

Resear ch methodology

The nearest corresponding active reference
GNSS station was selected for each aerological
station, which produced the known zenith
tropospheric delays. For the correct comparison of
measurements results, reduction of the main
meteorological values (atmospheric pressure P, air
temperature t, relative humidity U) were carried out
at the aerological stations to the heights of the
corresponding GNSS stations. Since the maximum
heights achieved by bullets — probes during
radiosounding at selected stations — were, for the
most part, approximately 35 km, then from this
height to 80 km the pressure and temperature were
chosen from the standard model of the atmosphere
SMA-81.

The agorithm for determining the
precipitable water vapour on the basis of GNSS
observations is divided into several stages. 1) by
the basic equation of the code or phase
pseudodistances of the GNSS measurements, the
total tropospheric delay is determined; 2) select

ZTD values at the time of GNSS observations
[ftp://cddis.gsfc.nasa.gov/ gps/products  tropo-
sphere/ new/]; 3) according to the analytical
Saastamoinen model, the hydrostatic component
of the zenith tropospheric delay is calculated,
4) according to the zenith tropospheric delay
values and hydrostatic component, the values of
the wet component of the zenith tropospheric
delay is obtained; 5) the conversion from the wet
component of the zenith tropospheric delay to the
integrated IWV and the precipitable water vapour
PWYV is realized. All the formulas necessary for
calculating are described in the paper [Zab-
lotskyi, et al., 2017]. It should be noted that the
PWYV values are also determined by the vertical
profiles of the main meteorological values, that
is, in the process of upper-air sounding of the
atmosphere, its values are presented on the
website [http://weather.uwyo. edu/upperair/
sounding.html]. However, in terms of the
correct comparison of the data, the PWV values
were taken into account, which were calculated
by the wet component of the zenith tropospheric
delay, determined from upper-air sounding,
considering the reduction of meteorological
variables.

Characteristics
of the source data

The vertical profiles of the main meteorol ogical
values, obtained from radiosoundings for ten-day
period in January and July of 2018 at five
aerological stations, were taken as the initial datain
the research [http://weather.uwyo.edu/ upperair/
sounding.html]. In general, the stations were
selected in the central and eastern region of Europe,
located near the 50th parallel. Similar data were
aso sdected for three stations, located in the
equatorial zone. The values of the tota zenith
tropospheric delay, according to the data of the
corresponding GNSS stations for the specified days
were sdected [ftp://cddis.gsfc.  nasa.gov/gps/
products/ troposphere/new/]. The coordinates of the
stations arelisted in Table 1.
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Table 1
Coordinates of stations
Aerological stations GNSS stations .
- . - _ _ . Country Distance,
Latitude | Longitude | Height, Latitude Longitude Height, M Kkm
0 00 0 00 m 0 00 0 00 m
Middle latitudes
Praha, 11520 GOPE Czech Republic 28.0
50 00 | 14 27 \ 303.0 49 54 \ 14 47 | 592.6
Kyiv, 33345 GLSV .
Ukraine 4.0
50 23 | 30 33 \ 167.0 50 22 \ 3030 | 226.8
Legionowo, 12374 BOGI
Poland 10.9
52 23 | 20 57 \ 96.0 52 28 \ 21 02 | 139.9
Poprad, 11952 GANP
P Slovakia 1.2
49 02 | 20 18 \ 706.0 49 02 \ 2019 | 745.2
Beauvecchain, 06458 BRUX .
Belgium 29.4
50 45 | 4 46 \ 127.0 50 47 \ 421 | 158.3
Tropical latitudes
Guam, 91212 GUAM
USA 15.8
1328 | 144 47 \ 75.0 1335 \ 144 52 | 201.9
Singapore, 48698 NTUS i
Singapore 354
122 | 10359 \ 16.0 120 \ 103 40 | 79.0
Pago Pago, 91765 ASPA
o USA 1.8
1420 | -170 43 \ 3.0 -14 19 \ -170 43 | 53.7
Table 2
The averaged values
. Z ya z z
Stations cfl(aer) dW(aer) Ad h(sA) dtVOP(GPS Adw (GPS I:’\NV(aer ) APW
1 2 3 4 5 6 7 8
January
Praha-Libus — GOPE 21512 | 524 0.7 2207.7 -4.9 8.1 -0.75
Kyiv — GLSV 2269.4 | 39.3 8.7 2297.3 2.6 6.0 0.40
Legionovo — BOGI 2301.1 46.4 41 23432 0.1 7.1 0.02
Beauvecchain — BRUX 22660 | 717 49 2337.3 -4.5 11.1 -0.70
Poprad-Ganovce— GANP | 21065 | 41.4 -19 2155.2 5.4 6.3 -0.82
Guam — GUAM 22499 | 179.2 7.7 2447.4 -10.7 295 -1.76
Singapore — NTUS 22781 | 3376 7.1 2614.9 7.9 55.1 1.30
Pago Pago — ASPA 2284.0 | 290.9 -8.2 2613.4 -30.3 48.0 -5.01
July
Praha-Libus — GOPE 21530 | 1326 -4.2 2302.2 -125 21.3 -2.01
Kyiv — GLSV 22249 | 1875 7.2 2436.4 -16.7 30.3 -2.70
Legionovo — BOGI 22507 | 215.9 -19 24775 0.1 34.8 -0.01
Beauvecchain — BRUX 2264.8 | 154.9 9.4 24522 232 25.2 -3.77
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Continuation of Table 2
1 2 3 4 5 6 7 8
Poprad-Ganovce — GANP 2109.0 158.3 -5.2 2277.9 -5.4 253 -0.87
Guam — GUAM 2243.0 339.4 9.1 2612.5 -21.0 55.8 -3.46
Singapore— NTUS 2275.5 329.2 -8.1 2606.0 6.7 54.2 1.11
Pago Pago — ASPA 2288.9 229.4 -8.7 2548.8 -21.9 37.8 -3.61

z
wW(GPg

to the data of the middle latitudes stations in January

Fig. 1. The averaged values of d and PWV ., according

V4
W(GPS

to the data of the middle latitudes stationsin July

Fig. 2. The averaged values of d and PWV ¢, according

Data processing and the analysis hydrostatic component, calculated according to
of the obtained results

z

haey @ the Saastamoinen

radiosounding data d

As a result of the conducted research and
after processing the specified data, the following
was obtained: the hydrostatic and wet

components values of the zenith troposoheric
delay, defined by radiosounding data cﬁ(aen observations d

W(GPS ,
and d’

W (aer) ,

the differences Ad? — were

z .
model dj, o ; rs

deducted from radiosounding d and GNSS

W (aer)
the differences of the

Adf](SA)—are the differences of the  precipitable water vapour APWV, calculated by
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the data of radiosounding PWV ., and GNSS
observations PWV ., ; the values of the total zenith
tropospheric  delay, deducted from GNSS

. z
observations dtrop(GP . Due to the large amounts of

data, there is no opportunity to represent al
available calculations, however, in order to reflect
the genera picture in Table 2, the averaged values
of the above mentioned values are given.

It is clear from Fig. 1 and 2 that at end of the
observations at the middlie latitudes stations the

values of d: and correspondingly PWV g,

W(GPY

Fig. 3. The averaged values of d

are much larger in July, than in January, first of
al, it is caused by different temperature
conditions in the given seasons, as well as the
higher content of water vapour in the
atmosphere in summer period. Since, the
specified values are presented in mm, the
Zz
—"CP9 1y for it, according to
(GPY

the data of the middle latitudes stations, range
from 6.44 to 6.60 in January. In July, the given
relations are somewhat lower and range from
6.14 t0 6.25.

scaling relations (

V4

w(eps and PWV ., according

to the data of the tropical latitudes stationsin January

Fig. 4. The averaged values of d

V4

w(eps and PWV ., according

to the data of the tropical latitudesin July
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It is clear from Fig. 3 and 4 that the values

djv(GPS and PWV 4, are much larger in the tropical

latitudes, than in the middle ones (except for the
GUAM station), and the scaling relations, both in
summer and in winter, are practically the same and
egual on average to 6.08. It should be noted that,
according to the soundings results, an anomalous
distribution of relative humidity with the height was
observed a the Guam aerological station in
January, first of al, in the lower 5 km layer, which
dramatically reduces the content of water vapour in
the atmosphere, and, accordingly, the wet
component of the zenith tropospheric delay. Unlike
in January, auniform fall in relative humidity with

the height is observed in July. As aresult, at amost
the same ground air temperatures (both in January
and in July, t > 25 °C), the wet component value is
different. It is seen from Figures that the wet

z

wiepg 1S tWice less in January, than in

component d

July.
By analysing the above presented figures, it can
be said that the PWV values vary by analogy to the

values of,d} g In Tabl. 3, the statistical

characterigtics of the differences of hydrostatic and
wet components of the zenith tropospheric delay
are given, as well as the differences of the
precipitable water vapour APW/ .

Table 3
Statistical characteristics of differences
Middle latitudes Tropical latitudes
Sations' | Praha | Kyiv | Legionowo | Beauvecchain | Poprad | Guam | Singapore | Pago Pago
Charac- GOPE | GLSV BOGI BRUX GANP | GUAM NTUS ASPA
teristics
1 2 3 4 6 8 9 10
January, 2018
min Adﬁ(SA) -1.2 6.0 2.1 -2.2 -4.7 -84 -8.7 -8.7
max Adﬁ(SA) 7.9 11.7 7.6 16.5 14 -6.9 -5.6 -5.9
M 2.7 8.9 4.3 7.3 25 7.7 7.2 8.2
z 2.8 1.7 15 5.6 16 0.4 1.0 0.9
min Adi,(GPS -13.6 | -15.7 -8.2 -21.2 -8.3 -28.8 -2.3 -48.8
max Adiv(GF,S 5.7 13.1 3.1 28.5 -2.7 115 125 15
M 7.6 8.0 3.6 13.9 5.7 15.4 9.4 35.3
z 6.1 7.9 38 138 18 11.7 5.2 19.1
min APWV -2.10 | -2.40 -1.27 -3.30 -1.28 -4.73 -0.38 -8.77
max APVWV/ 0.88 1.49 0.64 4.41 -0.41 1.90 2.05 0.24
M 1.16 121 0.55 2.16 0.87 2.54 153 5.84
z 0.94 1.20 0.58 2.15 0.28 1.93 0.85 3.16
July, 2018
min Adﬁ(SA) -6.1 | -129 -4.0 -15.0 -6.5 -9.9 -10.0 -9.6
max Adﬁ(SA) -3.2 -3.8 0.7 -5.6 -3.3 -7.9 -6.9 -74
M 4.3 7.8 2.4 9.9 5.3 9.1 8.2 8.7
z 1.0 3.2 1.6 34 1.0 0.6 1.0 0.8
min Adi,(GPS -34.7 | -29.8 -8.7 -47.6 -19.2 -56.4 -10.8 -41.3
max Adiv(GF,S 124 10.7 10.4 2.7 10.7 -1.6 14.1 -12.8
M 17.3 19.9 5.2 279 10.7 26.1 10.8 23.8
z 12.7 11.3 55 16.3 9.7 16.2 8.9 9.8
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Continuation of Table 3

1 2 3 4 6 7 8 9
min APYW -5.59 | -4.81 -1.40 -7.71 -3.07 -9.29 -1.79 -6.82
max APYW 198 | 1.73 1.68 0.44 1.72 -0.26 2.50 -2.11

M 279 | 321 0.84 4.54 171 4.29 1.78 3.92

)y 205 | 182 0.88 2.66 1.55 2.68 1.46 161

The following symbols are given in Table 3:
min and max respectively are the minimum and
maximum values of the indicated differences, m —
iS a mean square error, ¢ — is a standard deviation.
Having analysed the table, it is stated that the

extreme deviations for differencesAdy, ¢, both in

winter and in summer do not exceed 10 mm, which
confirms the exact definition of the hydrostatic
component by the model of Saastamoinen. An
exception is severa Beauvecchain stations —
BRUX, where the extreme deviation is 18.7 mm in
January, and the standard deviation is ¢ = 5.6 mm,
which is 2-3 times higher, than the corresponding
characteristics of other stations. This can be
explained by the fact that, the heights of the
soundings did not exceed 17 km on average at the
Beauvecchain station in January, which is almost
twice less than the generally accepted sounding
heights — 35 km, and this, in its turn, directly
reduces the accuracy of the hydrostatic component
determination.

Concerning the peculiarities of the spread of

wet components differencesAdfM(GPS, it is amost

twice less in winter, than in summer period, for
temperate latitudes, except for Beauvecchain
stations — BRUX, where such a spread reaches
50 mm. This is to some extent due to the
geographical location of the stations, the relative
humidity of the air here, both in winter and in
summer, is quite high, because of the proximity of
the Atlantic Ocean.

As for the spread of differencesAPWV,
according to the data of both European and tropical
stations, the given values do not exceed 10 mm
during the winter and summer seasons.

Novelty and practical significance

For the first time, simultaneous studies of the
ZTD and its components and the water vapor
content at five stations in the middle latitudes and
three stations of the tropical zone were conducted.

The obtained results can further be used in the
studies of changesin climatic processes.

Conclusions

In the process of the conducted research, a
comparative characteristics of hydrostatic and wet
components values of the zenith tropospheric delay
and the precipitable water vapour was carried out,
which were determined according to the data of the
aerologicd and GNSS stations, located both in
temperate and tropical latitudes. Generally, the
accuracy of the hydrostatic component of the zenith
tropospheric delay determination is about 10 mm,
and the accuracy of the wet component definition
of zenith tropospheric delay, deducted from GNSS
measurements, is approximately 20 mm. The PWV

values mainly vary by analogy to the valuesd

5V(GF’S)’
and the accuracy of its definition reaches =3 mm.

As it was dready stated, by the results of the
soundings, there was the abnormal distribution of
relative humidity of air with the height aa Guam
station in January, therefore, in order to clarify the
reason for such anomaly, it is expedient to increase
a number of experimental data by developing and
analyzing monthly soundings for the Guam station
during the year in the future.
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BU3HAYEHHS OCAJPKYBAHOI BOJSIHOI ITAPU 3A JIAHUMUW AEPOJIOTTYHUX
TA THCC-BUMIPIOBAHb HA € BPOIIEMCBKUX I TPOIIIYHUX CTAHIIISX

Mera po6oTu mnojsrae B J0CHiKeHHI atMocepHoi Bunanarouoi BoasHoi mapu (PWV), mo rpyHTyeThCs Ha
ompamroBanHi aeponorigaux ta [HCC-BuMiproBaHbp, a TakoX MOpiBHSAHHI BenuunH PWV, BU3HAaueHHX 3a JaHUMH
aepornoriunux i 'HCC-craHmiif, po3MimeHuX i B NOMIpHHX, 1 TpOMYHMX MIMpoTax. MeToaMka. AJTOpUTM
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BU3HAYCHHS 0Ca/KyBaHOT BomsiHOT mapu Ha ocHOBi ['HCC-crmocrepesxeHb MOAIMSIEThCS HA Kilbka eTamiB: 1) 3a
OCHOBHMM DIBHAHHAM KomoBux ab6o ¢dazoBux mceBrosinctaneit ['HCC-BuMipioBaHb BH3HAYAIOTh IOBHY
TpornocdepHy 3aTpuMKy; 2) Bubuparoth Benmunau ZTD Ha moment 'HCC-cnoctepexens [ftp://cddis.gsfc.nasa.gov/
gps/products/troposphere/new/]; 3) 3a ananiTHuHO MO0 Saastamoinen oO4KCITIOITh T1POCTATUYHY CKIIAJOBY
3eHiTHOI TpomocdepHoi 3atpuMku; 4) 3a BeamurHamu 3T3 1 TIAPOCTATHYHOK CKIAI0BOK OTPHUMYIOTh BEJIHYMHU
BoJtoroi cknanoBoi 3T3; 5) 3a Bosororo ckiranoBoro 3T3 06UHCTIOTh BeHUHHE iHTerpoBanoi WV Ta ocamkyBaHoi
BomsHoi mapu PWV. Bemmuman IWV 1 PWV Bu3HawaroTh Takok 1 3a JaHHUMH aepoJOTiYHOTO 30HIYBaHHS.
PesyabsTaTn. B X011 BUKOHAHUX JAOCIHIIKeHb BU3HaUeHO ckianoi 3T3 ta emmunan PWV. [IpoBeneHo MOpiBHAIBHY
XapaKTePUCTUKY WX BEIUYHMH, BU3HAYCHHWX 3a JNaHuUMHU 1 aepojoriunux, i [HCC-cranmiid. 3araioM TOYHICTh
BU3HAYCHHS TipocTaTHyHOI ckianoBoi 3T3 craHoButh Omm3pko 10 MM, a TOYHICTH BU3HAYEHHS BOJIOTOI CKJIATOBOT
3T3, BuBenenoi i3 [HCC-BumiproBans, npuoaun3Ho 20 mM. Bexmaman PWV, mepeBaxHo0, 3MIHIOIOTHCS 32 aHAJIOTIE0
0 BeauyuH Bojoroi ckmamoBoi 3T3, a TOYHiCTh iX BH3Ha4YeHHs gocsrae 3 MM. HoBM3HA Ta NpaKkTHYHA
3HauyllicTh. Brepiie BHKOHAaHO OJHOYACHI AOCIHIIKEHHS TpomochepHOi 3aTpUMKH Ta ii CKIAaJOBHX 1 BMICTY
BOJISIHOI IMapy Ha I’ ITH CTaHLISAX CEpelHIX MIMPOT Ta TPHOX CTAHIIAX TPOMiYHOI 30HU. OTpUMaHi pe3yabTaTH Hamaii
MO>KHa BUKOPHUCTAIH TIiJ1 9ac TOCIiHPKEHHS 3MiH KIIMAaTUIHUX MPOLIECIB.

Kniouosi cnosa: T'HCC-BuMipioBaHHS, BOJIOTa CKJIAZOBa 3€HITHOI Tpomoc(epHOi 3aTpUMKH, aepoJIoTiduHe
30HIyBaHHS, BOJISHA Mapa.
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