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The purpose of this paper is determining the water vapor content calculated by the wet component of zenith
tropospheric delay (ZTD) obtained by means of radio sounding data and GNSS observations. The investigation
methodology is the following: the wet component of ZTD is defined as the difference between the total ZTD derived
from GNSS measurements and the calculated hydrostatic component. Then the integrated and precipitable water vapor
(PWV) is calculated by means of the wet component. The radio sounding data from Kyiv aerological station as well as
the zenith tropospheric delay data from the GLSV GNSS station were processed for six days of each month of 2016.
The study results represent the wet component of ZTD and PWYV values obtained by the radio sounding data and
derived from GNSS observation data. Accuracy evaluation was carried out by the differences between wet component
values obtained from the radio sounding data and defined from GNSS measurement data. An analogical accuracy
evaluation was made for the PWV values as well. The scientific novelty and practical significance are that the
obtained results will serve as the basis for further increasing of determination accuracy of the wet component from
GNSS measurements, in particular, to determine its spatial and temporal changes and the PWV content in the
atmosphere, which are important for weather forecasting in this region.
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Introduction

Determination questions of the wet component
of ZTD, as well as of integrated and precipitable
water vapor derived from GNSS measurements are
highlighted in many papers, in particular:
[Zablotskyj F. D., 2013; Kablak N., 2011a, 20116;
Paziak M., Zablotskyj F., 2015; Palianytsia B. et. al.,
2016; Bevis V. S. et. al., 1992; Boccolari M. et al,
2002; Mendes V. B., 1999; Ning T., 2012; Rocken
C., 2005; Schueler T., 2001] and others. However
the determination accuracy of the ZTD  wet
component and of the water vapor content in
atmosphere is still not fully established.

Purpose

The purpose of this paper is determining the
water vapor content calculated by the wet
component of zenith tropospheric delay (ZTD)
obtained by means of radio sounding data and GNSS
observations at the Kyiv aerological station and the
GLSV  GNSS station  [http://weather.uwyo.
edu/upperair/sounding.html; http://igs.bkg.bund.de/
file/productsearch/].

Methodology

The ZTD components are determined most
precisely from atmospheric radiosonde data. Thus,
the hydrostatic component is calculated by
integration of the N refractivity index:
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where H, is the height of a station (the level of a
receiver antenna); Hy is the top boundary of the dry
atmosphere; K, is the empirical coefficient of
refractivity; P is the pressure of moist air; T is Kelvin
air temperature; e is the partial pressure of water
vapor.
The ZTD wet component is determined by the
formula:
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where H,, is the top boundary of the moist
atmosphere; N, is the ZTD wet component of the
refractivity index; K, and K; are the empirical
coefficients of refractivity; Z,1 is the
compressibility factor for water vapor.

The approach for determination of the water
vapor content in the atmosphere on the basis of
tropospheric  delay  derived from  GNSS
measurements, became actively used more than
twenty years ago. The determination of the ZTD wet
component from GNSS measurements is explained.
On the basis of the main equation for code or phase
pseudoranges of GNSS observations, the total
tropospheric delay is determined as:

dtrop =B —p7, ©)

where P? and p; are the code or phase pseudorange
and the geometrical distance between the GNSS
satellite and the receiver respectively.

The total tropospheric delay obtained from the
formula (3) refers usually to non-zenith directions
z # 0° or to the directions of elevation angles 90° >
e>0". The value d¢,, is reduced to the zenith
direction by using the dependence:

tZrop = % ) 4)
where m(¢) is a mapping function. Since the zenith
tropospheric  delay includes the hydrostatic
component and the wet one

dtZrop =dj +dj ®)
then the hydrostatic component of ZTD is
determined using Saastamoinen’s formula mainly:

0.002277-P,

1—0.0026-60524)—0.(2)0028-H0 ' (6)
where P, is the atmospheric pressure at a station and
@ is its latitude; H, is the height of a station above
sea level.

The integrated water vapor (IWV) is calculated
using the equation:
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where Ry = 461.525 J-kg!- K is the specific gas
constant for moist air.

It should be noted that IWV defined as the total
mass of water vapor in a column of air with the cross
section of 1 m? extending from the surface to the top
of an atmosphere, is usually given in units of kg/m?2.

IWV =

The transition from integrated water vapor to
precipitable one is implemented by the following

formula:

PWV = = (8)

PH20
where py, o =10° kg/m3 is the density of liquid
water.
The PWV value can be interpreted as the height
of an equivalent column of liquid water on the
condition that the water vapor would condense to.

Input data characteristics

The following data for processing and analysis:

— the radio sounding data from the Kyiv
aerological station, in particular, six-day data for
each month of 2016 from the station surface to a
height of 25-30 km. The indicated terms of
soundings correspond in time with the mean decade
of each month, at 0" UT (Universal time);

— the zenith tropospheric delay data derived from
GNSS observations at the GLSV permanent station for
the same periods as the radio sounding data.

Data processing and analysis
of obtained results

The hydrostatic and wet components of ZTD
were obtained as the results of processing the radio
sounding data as well as the values of the wet
component and the precipitable water vapor derived
from the GNSS observations (see Table 1).

The fragment of the processed data for June is
shown in Table 1.

Fig. 1 shows the average values of the
dyycpsy Wet component  and of the PWVgpg
precipitable water vapor for the different seasons of
the year.

As can be seen from the Fig. 1, the maximal
values of the wet component and the precipitable
water vapor correspond to the summer season, with
minimal values in the winter season. This is due to
the fact that the external air temperatures correspond
to these seasons. It should be noted, since the first
and the second values have the metric measure (mm)
then the scaled ratio of the dy,;ps, values to the

PWV;ps values are 6.36:1 in the study region. At the
same time the maximal ratio (6.52:1) corresponds to
the winter period as well and the minimal ratio
(6.19:1) corresponds to the summer season.
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Table 1
The ZTD components (mm) obtained by the radio sounding data
as well as the values of the ZTD wet delay and of precipitable water vapor (mm)
derived from the GNSS observation data
Date dh( qery Ay aer dh (s Afrop GPs) dy Gps) PWVite PWV;ps
1 2 3 4 5 6 7 8 9
12.06 2239.1 74.4 2241.8 2311.1 69.3 12.3 11.0 1.3
13.06 2238.0 98.8 2241.8 2328.5 86.7 16.3 13.8 2.6
15.06 2216.8 186.0 2219.5 2432.2 212.7 30.7 34.2 -3.5
16.06 2220.9 205.7 2224.0 2447.4 223.4 34.1 35.9 -1.8
17.06 2243.8 149.3 2249.0 2375.1 126.1 25.2 20.4 4.8
18.06 2239.9 219.9 2244.5 2454.1 209.6 37.3 34.0 3.2
mean 2233.1 155.7 2236.8 2391.4 154.6 26.0 24.9 1.1
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Fig. 2. The AdZ average seasonal values of differences along the horizontal axis
and their external deviations along the vertical axis
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Fig. 3. The APWV averaged seasonal values of differences (along
the horizontal axis) and their external deviations (along the vertical axis)

As shown in Fig. 2, the largest amplitude of AdZ,
values is observed in the summer period and it is
equal to 50 mm. It is a little smaller in the autumn
period measuring 45 mm. In the winter, this
amplitude is the smallest (19 mm) and in the spring
itis 34 mm.

Table 2
The mean values (4d%), the mean square
errors (m) as well as the standard deviations (o)

Season
) Winter | Springer | Summer | Autumn
Estimate
mean -4.9 -1.2 -0.7 -6.2
m 6.9 8.7 13.8 12.0
o 5.0 8.9 14.2 10.5

The mean square errors and the standard
deviations are more than 10mm in the summer and
autumn periods.

The 4 average seasonal differences of PWV
values between corresponding selected values were
taken from the site [http://weather.uwyo.edu
/upperair/sounding.html] and calculated by the wet
components of ZTD which were derived from the
GNSS observations shown in Fig. 3.

It should be noted that the APWV values and their
mean square errors are -0.5 and 0.9; 0.3 and 1.4; 0.8
and 2.4; and 0.6 and 1.6 mm for each season
respectively.

The scientific novelty
and practical significance

The obtained results will serve as the basis for
further increasing of determination accuracy of the wet

component from GNSS measurements, in particular, to
determine its spatial and temporal changes and the PWV
content in the atmosphere, which are important for
weather forecasting in this region.

Conclusions

The determination accuracy of the ZTD wet
delay derived from GNSS observations is15 mm in
the summer period. Such estimates were obtained by
our study and by studies at other stations in Central
Europe. In regards to the determination of accuracy
of the precipitated water vapor, its change occurs
similarly to the change of the wet component and is
2.5 mm in summer.
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MOHITOPUHI BOSIHOI TTAPU 3A JAHUMU PAJIIO30OHIYBAHHS TA GNSS-BUMIPIOBAHb
HA CTAHILIISIX KUIB I GLSV

MeTorw wi€i podOTH € BHU3HAYCHHS BMICTY BOJSHOI Mapw, OOYHCICHOI 3a BOJIOIOK CKIIAQJ0BOIO 3EHITHOT
tponoceproi 3arpumku (3T3), orpuMaHOlO 3a mMaHWMHU pamio3oHnyBaHb 1 GNSS-sumiproBans. MeToguka
JOCIIKEHB TIOJIATa€ B TAKOMY: BOJIOTY cKiagoBy 3T3 BH3HAYAIOTH SK Pi3HUIIO MK moBHOK 3T3, BUBEIEHOMO i3
GNSS-BUMIiprOBaHb 1 OOYHMCICHOIO TiJPOCTATUYHOK CKJIanoBoro. Jlami 3a OTpHMaHOIO BOJIOTOIO CKJIaJI0BOIO
OOYHMCITIOIOTh HTErpoBaHy Ta OCa/PKyBaHy BOAsHY mnapy. [lyisi ompaiioBaHHsS BHKOPUCTaHI LIECTHICHHI 32 KOXXEH
Micsmp 2016 poky maHi paaio30HAYBaHHS Ha aepoJiorivyHii ctaHmii KuiB 1 gaHi 3€HITHOI TPOMOC(EpHOi 3aTPUMKH,
BuBezeHi 13 GNSS-crnocTepexens IJisl THX CaMHX JaT, Ha nepMaHeHTHIiN cranimii GLSV. Pe3yabraTn nociikeHs —
e BEJIMUYMHHM BOIOroi ckianoBoi 3T3 i oca/pkyBaHOT BOASHOT apy, OTpUMaHi 3a JaHUMH Palio30H/yBaHHS i BUBE/ICHI
i3 GNSS-croctepexenp. 3a pi3HUISIMA MK BEJIMYHHAMH BOJIOTOI CKIIAIOBOI, OOYMCICHUMH 13 palio30HIyBaHHS Ta
Bu3HaueHUMH 13 GNSS-BUMIipIOBaHB, 3p00JICHO OIIHKY TOYHOCTi. AHAJOTIYHO OIIHEHO i BEIMYHHH OCaIKyBaHOI
BojsiHOT mapu. HaykoBa HOBM3HA Ta NMPaKTHYHA 3HAYYUIICTH MOJSTalOTh y TOMY, IO OTPUMaHi pe3ysbTaTH
CIIyT'YBaTUMYTh IIATPYHTSAM JUISl TIOJAJIBIIOTO ITJBMIIEHHS TOYHOCTI BHM3HAueHHs BoJoroi ckiamoBoi i3 GNSS-
BUMIpIOBaHb, 30KPEMA, JUIsl BU3HAYCHHS IIPOCTOPOBO-YaCOBHX 3MiH Ta BMICTY 0Ca/KyBaHOI BOSIHOI apy B aTMocdepi,
1110 B&YXJIMBUM € JUIs IPOTHO3YBAHHS IOTOJIM B [[bOMY PETIiOHi.

Knouosi crosa: GNSS-BuMipIoBaHHS; pPajio30HIYyBaHHsS; 3€HITHa TpornocdepHa 3aTpHMKa; TiJpOCTaTHYHA
CKJIa/IOBa; BOJIOTa CKJIa/I0BA; IHTErpOBaHa Ta OCaPKyBaHa BOJISTHA T1apa.
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