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ANALYSIS OF SEASONAL CHANGES OF ZENITH TROPOSPHERIC DELAY
COMPONENTS DETERMINED BY THE RADIO SOUNDING AND GNSS
MEASUREMENTS DATA

The aim of the work is to analyze the change of hydrostatic and wet component values of zenith tropospheric delay
(ZTD), determined for all seasons of the year. For today, ZTD components are determined mainly as follows:
hydrostatic component — by using one of existing analytical models, mostly Saastamoinen model, and wet component —
from GNSS measurements using simulated value of hydrostatic component. Also, in this study we evaluated the
accuracy of the obtained values of hydrostatic and wet ZTD components for similar components, determined by radio
sounding. For this purpose, we selected a pair of relatively close to each other station — aerological station and GNSS
reference one. To implement the research methodology described above, we choose the Praha-Libus aerological station
and the GOPE GNSS reference station. For processing and analysis, we selected the data from radio soundings of
neutral atmosphere from the first station and the total values of ZTD (hydrostatic plus wet components) from the second
one. Such data were selected monthly from the 1% to the 10" day of 2012 at 12 o’clock Universal Time. According to
the radio sounding data, we determined the hydrostatic and the wet components of ZTD (set as reference) and the same
number of total values of ZTD, derived for the same hour from GNSS measurements at the GOPE reference station.
Based on these data, we determined the values of wet component of ZTD and compared them with the corresponding
data, obtained from radio soundings. We found that the error of the hydrostatic component has a clear seasonal change
ranging from only positive values in the range of 2-7 mm in January with a change cross zero in April (October),
reaching only negative values in the range of 3-5 mm in July. As for the error of the wet component of ZTD, it should
be noted that it takes only negative values during the year without clear seasonal course. Note that maximum absolute
value of this error is in July, which exceeds 30 mm, due to the maximum content of water vapor in the troposphere at
this time. However, only negative values of the wet component error indicate a systematic shift of its values. This paper
provides recommendations for further research to improve the accuracy of determination of both hydrostatic and wet
components of ZTD, as well as the reasons for seasonal changes in the accuracy of determination, especially the
hydrostatic component.

Key words: zenith tropospheric delay, hydrostatic and wet components of ZTD, radio sounding of atmosphere,
GNSS measurements.

Introduction caused by the influence of the neutral atmosphere

Global Navigation Satellite Systems (GNSS)
play today a dominant role in surveying and
navigation as location systems. In addition to the
efficiency and versatility GNSS measurements
provide a fairly high accuracy of the results. This
accuracy is achieved by regulating a humber of
errors, which magnitude is either successfully
corrected or eliminated [Hoffman-Wellenhof et al.,
2001]. The main error that is difficult to correct in
high-precision GNSS measurements is the error

(troposphere and stratosphere).

This error is called tropospheric delay, which
include two components — hydrostatic component
and wet one. In the zenith direction, the value of
total zenith tropospheric delay (hydrostatic plus wet
component) at sea level varies depending on
physical and geographical conditions from 2.2 to
2.5 m. Note that the value of hydrostatic component
is about 90 % of the total ZTD value and it can
be simulated quite accurately only by reliable
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atmospheric pressure measurements during
observations at the GNSS receiver height. The
Saastamoinen model is used the mostly for this
purpose [Mendes, 1999; Saastamoinen, 1972],
which is a basis of many programs for the GNSS
measurement processing. However, the problem of
the accurate determination of zenith tropospheric
delay is the wet component, which, although it
averages 10 % of the total value of ZTD, but can’t
be determined with sufficient accuracy using a
model, because the spatiotemporal distribution of
water vapor in the atmosphere does not follow any
pattern [Zablotskyi et al., 2014].

Formulation of the problem

The magnitude of the wet component can be
determined accurately enough with use only of too
bulky and expensive technologies, such as: the
neutral atmosphere radiosounding, water vapor
radiometers, lidar systems, etc. [Zablotskyi, 2013].
However, in addition to cost (especially the second
and third), they have disadvantages due to such
reasons as time offsets caused by the duration of the
measurements, weather restrictions (clouds, rain)
and so on. Therefore, until recently, the wet
component of the zenith tropospheric delay was
determined by empirical (analytical) models, for
example: Saastamoinen, Hopfield, Chao, Ifadis, Askne
and Nordius and others [Mendes, 1999].

However, not all existing models can provide
sufficient accuracy to determine the wet component
of ZTD. The possibility of solving this problem
appear with the introduction of a new scientific field —
GPS meteorology [Bevis et. al., 1992], recently
called GNSS meteorology (GNSS meteorology
based on a number of theoretical principles of radio
meteorology — a scientific field, which subject, on
the one hand, is the influence of the atmosphere and
meteorological conditions on the distribution of
electromagnetic waves, and on the other — the use of
electromagnetic waves to study the atmosphere).

Now, the essence of determining the wet
component of the zenith tropospheric delay is as
follows: from GNSS measurement, using GNSS
solutions for the basic equation of code or phase
pseudodistance from GNSS observations, for some
interval-time solutions we get a full tropospheric
delay on average zenith distance of the GNSS

satellite location. Then, using the mapping function,
we get a total zenith tropospheric delay [Mendes,
1999; Schueler et. al., 2002].

Then calculate the hydrostatic component of the
ZTD according to an analytical mode, such as
Saastamoinen, using a precisely measured value of
atmospheric pressure at the GNSS receiver antenna
height. According to the difference between the total
ZTD derived from the GNSS measurements and the
calculated hydrostatic component, we get the value
of the wet component of ZTD at this time. This value
is called the wet component of ZTD, derived from
GNSS measurements [Bevis et. al., 1992]. Then, if
necessary for the needs of meteorology, using the
calculated wet component of ZTD according to
simple calculations, you can get the value of
integrated water vapor.

Note that to evaluate the accuracy of determining
the total ZTD, or its components in particular, the
data of radio sounding is used, if possible. Radio
sounding gives quite accurate results due to direct
measurements of the main meteorological variables of
the atmosphere at altitudes up to 30-35 km. They
contain information about vertical profiles of
atmospheric pressure, temperature and characteristics
of humidity, wind speed and its direction
[Department of atmospheric science. University of
Wyoming].

Sounding is performed at aerological stations,
which are mostly designed to service airports and
are the basis of the global hydrometeorological
network. Radio sounding data processing allows to
reliably evaluate both value of the ZTD as a whole
and its components.

Analysis of recent research and publications

Scientific works on the development of methods
to improve the accuracy of determining the value of
ZTD, and in particular its components — hydrostatic
component and wet one, have been recently
published by a number of Ukrainian and foreign
scientists, namely [Zablotskyi et al., 2014;
Zablotskyi et al., 2021; Kablak, 2011; Palianytsia et
al., 2020; Hdidon et al., 2018; Schueler et al., 2002;
Zus et al., 2019] and others.

However, despite the significant number of
studies in this field, the problem of accuracy of
determining the components of ZTD is not solved
and need further research and clarification.
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Presentation of the main points

1. Input data characteristic.

As the input data in the study we choose the
vertical profiles of the main meteorological variables,
namely: atmospheric pressure, temperature and
relative humidity, obtained from radiosounding for
1%t to 10" of January — December 2012 at 12 o’clock
Universal Time on the Praha-Libus aerological
station CR (coordinates: ¢ = 50° 00’, A = 14° 27’,
H = 303.0 m). This station was chosen on the grounds
that it is equipped with most modern equipment for
measuring the main meteorological variables in
troposphere and stratosphere, as well as the fact
that radiosounding there are stable performing
[Department of atmospheric science. University of
Wyoming].

Since the procedure for determining the wet
component of ZTD combines total zenith tropospheric
delay derived from GNSS measurements, such data
are provided by the EUREF Permanent GNSS
Network Analysis Centers [NASA’s Archive of
Space Geodesy Data]. Therefore, in pairs to the
Praha-Libus aerological station, we chose the
nearest GOPE GNSS reference station (coordinates:
¢ =49°54°, A =14° 47°, H = 592.6 m). It should be
noted that the GOPE station is at observatory of the
Research Institute of Geodesy, Topography and
Cartography at Zdiby (CR).

Since both stations are at different altitudes, to
obtain reliable results it is necessary to reduce the
vertical profiles of atmospheric pressure, temperature
and relative humidity of Praha-Libus station to the
height of GOPE station, as described in [Zablotskyi
et. al., 2021]. the distance between Prague-Libus and
GOPE

2. Determination of hydrostatic and wet
components of ZTD according to radiosounding
data.

Hydrostatic component of ZTD is determined by
the formula [Zablotskyi, 2000]:

Hd
di =107 § K,
HO
where H, — station height, km; Hq — upper limit
of the dry (hydrostatic) atmosphere height;
K, = 77.624 — empirical coefficient according to
Essen and Froome; P and e — atmospheric pressure
and partial pressure of water vapor, hPa; T — air
temperature, Kelvin; dH — height layer.

Pe_03788%m,
T & Pj

The wet component of ZTD is determined as
follows [Mendes, 1999]:

HW

42 =10° § §(K, - K x0622) +K —2 UZ-0aH (2)
0% f

where H,, — upper limit of the wet atmosphere

height; K, = 64,7 and K, = 371900 — empirical

coefficient according to Essen and Froome; Z\,_\,1 -

compressibility of water vapor coefficient for the
conversion from ideal gas to real one. [Mendes,
1999].

3. Determining of the wet component of ZTD
from GNSS measurements.

The total zenith tropospheric delay is determining
as follows:

dZ

trop

=d; +d}, 3)
where dhZ — hydrostatic component of ZTD; d\,z\, -

wet component of ZTD.

The hydrostatic component of ZTD is determined
by Saastamoinen formula:

, 0.002277+P,

d . (4
"sA T 1 0.0026%c0s 2F - 0.28+10° 1 H @

where P, — atmospheric pressure at the GNSS

receiver antenna height; ¢ and H — latitude and
height of the observation point, and the height H
must correspond to the height of GNSS receiver
antenna height.

Note that if in left part of formula (3) the total
zenith tropospheric delay is derived from GNSS
measurements, then the wet component will be
also considered as obtained from the GNSS
measurements.

So let’s define them, respectively, as d,, cyss

and d;, ouss - The hydrostatic component calculated

by Saastamoinen formula is defined as thSA .Then
the wet component is equal to:
d\:/ GNSS = dtzrop GNSS d;SA : (5)
4. Analysis of the accuracy of the hydrostatic
component values of ZTD and their seasonal
changes.
The values of the hydrostatic component

differences of ZTD are calculated by the formula:
DdrfSA = drfsound drfSA’ (6)

where in the right part of the equation the first term

represented the hydrostatic component determined

by radiosounding, and the second term — the value
calculated by the formula (4). In fact, the values
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DdhzSA represented the accuracy of the hydrostatic
component determined by the Saastamoinen model.

Note that if we take the value of the hydrostatic
component determined by radiosounding as the

reference (true) value, despite some disadvantages

of radiosounding, the difference DdhzSA can be taken

as the absolute error of the hydrostatic component
determined by Saastamoinen model. These values
correspond to the first decade of the middle month of
each season of 2012 and graphically shown in Fig. 1.

As you can see, this error of the hydrostatic
delay of ZTD has a clear seasonal change (shift)
from exceptionally positive values in the range of
2—7 mm in January with a change cross zero in
April, reaching only negative values in the range of
3-5 mm in July. Then, as you can see, the reverse
process occurs (July, October, January).

On the one hand, systematic shift can be explained
by significant difference in the stratification of the
upper troposphere and lower stratosphere during
the study periods from the neutral atmosphere
stratification adopted in the Saastamoinen model to
build a model of hydrostatic component. Thus,
Saastamoinen based his model on the fact that the
atmosphere corresponds to a static state, the air
temperature drops to about 10 km evenly, 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 equal to zero, and in the stratosphere
up to a height of ~50 km the temperature is
constant, or slightly increases with ncreasing
altitude [Saastamoinen, 1972]. Thus, Saastamoinen
based its model on almost a standard model of
atmosphere.

On the other hand, the distance between Prague-
Libus and GOPE stations is 28 km. And this may
be already the maximum distance of condition
conservation of the same weather at both stations.
The reason for the systematic difference in the
results could be also that the heights of these
stations belong to different systems. Thus, the height
of the aerological station Prague-Libus is calculated
from the surface of the quasi-geoid, and the height
of the GNSS station GOPE from the total terrestrial
ellipsod GRS80.

On the graphs in Fig. 1 clearly indicate the
seasonal change of the error of the hydrostatic
component of Saastaminen, which is obviously
related to the seasonal change of the air temperature
in the neutral atmosphere. Perhaps this phenomenon
can be avoided by adding in formula (4) some
functional dependence on air temperature, Therefore,
in our opinion, it is advisable to do the same research
on the several pairs of stations located in Central and
Eastern Europe.
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Fig. 1. The errors of Dd, , for the first decades of the middle months of the seasons
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5. Analysis of the accuracy of the wet component
values of ZTD and their seasonal changes
The value of the wet component differences of
ZDT is calculated by the formula:
DAy, enss = da sound ~ A onss » )
where in the right part of the equation the first term
represented the wet component of ZTD determined

by radiosounding, and the second term — the same
value derived from GNSS measurements. We take
the difference Dd, .\ (by analogy with the approach
of determining the error of the hydrostatic component)
as the absolute error of the wet component of
ZTD, derived from GNSS measurements. Let’s
estimate this value. As you can see from formula (5),
the error of the wet component of ZTD depends on
the error of the total value of ZTD d;,, ¢s and on

z

the error of the hydrostatic component of ZTD d, s, ,

m— January === April

calculated by formula (4). The values of the errors
of the wet component derived from the GNSS
measurements are shown in Fig. 2, and the
numerical values oh these errors are given for better
readability in table 1.

As for the accuracy of the values of the wet
component of ZTD and their changes, it should be
noted the following:

— the maximum absolute value of this error is on
July 5, exceeding -33 mm, the minimum value is on
October 7 and is -6 mm;

— no patterns of seasonal changes of the error of
the wet component of ZTD were found. Some
exception is July, which differs among the months
of the other seasons by high air temperature and,
accordingly, a significant content of water vapor in
the lower troposphere;

— all values of the error of the wet component are
negative, which indicates a systematic shift.

== July =-=- October

Dates

Fig. 2. The errors of Dd;, .\ for the first decades of the middle months of the seasons

w



10 Geodesy, cartography and aerial photography. Issue 95, 2022

Table 1
The errors of Dd,, . for the first decades of the middle months of the seasons
January April July October
Date

S z z 4 z 4 4 4 4 4 4 4 4

dw sound dw GNSS de GNSS| dw sound dw GNSS de GNSS| dw sound dw GNSS de GNSS| dw sound dw GNSS de GNSS|
1 935 | 117.7 | -24.2 32.3 36.0 -3.7 173.8 | 190.2 -16.3 159.4 | 175.0 | -15.6
2 103.7 | 1125 -8.8 65.7 76.2 -10.5 160.7 | 172.1 -11.4 116.3 | 1404 | -24.1
3 38.7 52.1 -13.4 64.4 72.7 -8.3 190.6 | 220.9 | -30.4 97.1 | 113.2 -16.1
4 44.9 63.1 -18.2 52.4 78.4 -26.0 171.8 | 200.6 | -28.7 115.9 | 138.1 -22.2
5 73.1 85.6 -12.4 102.3 | 113.2 -10.9 179.8 | 213.2 -33.4 147.3 | 162.1 -14.8
6 35.6 50.4 -14.8 92.2 | 109.0 | -16.8 156.6 | 188.1 -31.5 1025 | 1209 | -184
7 73.0 79.7 -6.7 64.3 17.7 -13.4 183.9 | 2104 | -26.5 100.6 | 106.6 -6.0
8 53.3 64.9 -11.6 313 41.0 -9.6 101.1 | 132.1 -31.0 62.1 72.8 -10.7
9 41.8 48.7 -6.9 36.2 50.2 -13.9 109.7 | 132.2 -22.5 79.0 97.3 -18.3
10 38.1 48.8 -10.7 98.6 | 116.9 | -18.2 120.3 | 136.2 -15.9 76.5 89.6 -13.1

Conclusion and recommendations REFERENCES
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AHAJII3 CE3OHHUX 3MIH CKJIAJIOBUX 3EHITHOI TPOTIOC®EPHOI 3BATPMMKU,
BU3HAUYEHHX 3A JAHUMU PAJIO30HIYBAHb I THCC-BUMIPIB

Mertoro 1iei poOOTH € MpoaHali3yBaTH 3MiHY BEJIHYUH TiAPOCTATHYHOI Ta BOJIOTOI CKIIAJOBUX 3€HITHOI TpO-
nocdepnoi 3arpumku (3T3), BUsHaYeHUX 1S YCix ce30HIB poky. Ckianosi 3T3 BU3HAYAIOTh HAa CHOTOAHIIIHINM JEHB,
MEepeBaXHO, TaK. TiAPOCTAaTUYHY — 3@ OJHOIO i3 ICHYIOUMX AaHATITHYHHX MOJelNeH, 374e0UIbIIoro 3a MOJEIUTIO
Saastamoinen, a Bosiory — i3 'HCC-BuMiproBaHb 3 BAKOPUCTAHHIM MOJIEIBLHOTO 3HAYEHHS TiAPOCTATHYHOT CKIIAI0BOI.
Y HamoMy JOCHTIUKEHHI HPOBOIMJIOCH I OLIHIOBAaHHS TOYHOCTI OTPHMAaHMX BEJHYMH TiIPOCTATHMYHOI 1 BOJOTOi
cknanoBux 3T3 3a aHANOTIYHUMU CKIAJOBHMH 3HAWIEHUMU 32 JaHUMH pagio30HAyBaHHs. JlJs 11poro migdupanach
mapa BiJIHOCHO ONM3BKHX OJHA BiJ OMHOI cTaHIiN — aeposoriunoi i pedepennnoi [HCC-cranmii. J{ns peamizamii
BUKJIaJICHOI METOIUKH JOCIIIKEeHb Oylio oOpaHo aepoioriuny craniiro Praha-Libus i pedpepenuny I'HCC-cranmiro
GOPE. [ns onpamtoBaHHs 1 aHami3y BUOMPAIHCH JaHI Paaio30HAYBaHHS HEHTpAIBbHOI aTMOc(epH 3 MepIIol CTaHIIii i
noBHi Benmuuunu 3T3 (rigpocraTudHa MITIOC BOJOTA CKIIAAO0BI) 3 Apyroi crauiii. Taki 1aHi BUOMPAIKUCH MIOMICAYHO 3
1-i mo 10-y matu 2012 poky Ha 12-y ron BeecBiTHBOrO Hacy. 3a JaHUMH pajio30HAyBaHHS BU3HAUYCHO TiAPOCTATHYHI
i Boutori cknmamosi 3T3 (mpuitHATI Hagami, SIK €TAJOHHI) 1 TaKy K KiTBKICTh 3HaueHb MOBHUX 3T3, BUBEACHUX Ha IO XK
roauny i3 THCC-BumiproBanb Ha pedepeniniii crannii GOPE. 3a HUMU BU3HaYeHO BETMUMHH BOJIOTO] ckiianoBoi 3T3
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1 IOPiBHSHO iX 3 BiAMIOBITHUMH JaHUMH, OTPUMAHUMH 13 PaIio30HAyBaHb. BcTaHOBNIEHO, 1110 MOXKOKA T1APOCTaTUIHO1
CKJIaJI0BOI Ma€ 4iTKO BUPAKEHY CE30HHY 3MIHY, IOYMHAIOYH BiJ] BUKIIOYHO HOJATHUX BEIIMYMH B Aiana3oHi 2—7 MM y
CiuHi 3 IepexooM yepe3 Hyjb Y KBiTHI (5KOBTHi), JOCSTafOud BUKIIIOYHO BiJi’€MHHMX BEJIMYUH B Jiana3oHi 3—5 MM y
yunHi. o  crocyeThbcss MOXUOKHW BOJIOTOI ckiIazoBoi 3T3, To ciij 3a3HAYMTH IO BOHA HA MPOT3i BCHOTO POKY
npUiiMae JIHIIE BiJ’ €MHI 3HAYCHHSI 0€3 YiTKO BHPAKEHOT'O CE30HHOTO XOY. 3ayBaKUMO, III0 MAaKCHMAaITbHi a0COIIOTHI
BEJIMYMHY 151 IOXUOKA Ma€ B JIUIHI, [0 HepeBakaroTh — 30 MM, TIOSCHIOETHCS MAKCHMAIBHAM BMICTOM BOISTHOT ITapu
y Tpomocdepi y meit gac. [IpoTe, BUKIOYHO Bin’€MHI 3HAYCHHS MOXHOKH BOJOTOi CKJIAAOBOI BKa3ywTh 1 Ha
CUCTEeMaTH4YHE 3MIIICHHS 11 3Ha4eHb. Y Wil poOOTI MOJaHi peKOMEHAAIIT MO0 MOJANBIINX JOCIIIKEHb Y HAPSIMKY
i ABUIICHHS TOYHOCTI BU3HAYCHHS 5K T1POCTATHYHOI, TaK 1 Booroi ckinamoBoi 3T3, a Takosk MPUYHH MIOA0 CE30HHUX
3MiH TOYHOCTI BU3HAYECHHsI, 0COOJIMBO, TiIPOCTATHYHOT CKJIaI0BO.

Kmiouosi cnosa: 3enitTHa TpomocepHa 3aTpUMKa, TiApOCTaTHYHA 1 Bosora ckiamoBi 37T3, pamio3oHIyBaHHS
atmocdepu, THCC-pumiproBaHHS.
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