eodesis, kapmoepadpis i aepogpomosHimaHHs. Bun. 79, 2014 15

UDK 629.056.88+551.51

F.D. ZABLOTSKYY

Department of "The highest geodesy and astronomy", National university "Lviv polytechnic", 12, S.Bandery Str., Lviv, Ukraine,
79013
tel. +38(067)716152, e-mail fzablots@polynet.lviv.ua

METHODOLOGICAL STEPS OF GNSS METEOROLOGY

This paper highlights the gradual steps of GNSS meteorology realization. The structure of GNSS meteorology is
represented in the introduction in general. The main feature of it is that the neutral atmosphere delays the passage of
GNSS signal, causing the error in the measured distance is called tropospheric delay. If in geodesy a lot of efforts
have been put to reduce this error to a desired level, then for meteorology this error was used as an important source
of information about the state of moisture accumulation in atmosphere and its dynamics in space and time. The next
sections describe the basic equation of code pseudo-distance with the transition to the value of tropospheric delay.
Then using a mapping function the transition from GPS tropospheric delay to its zenith value is shown. As well as
there are given the calculation formulas of zenith tropospheric delay both by integration of vertical profiles of basic
meteorological parameters and using the surface atmospheric pressure only. Further a transition from GPS
tropospheric delay to its zenith value with use a mapping function is shown. A procedure for obtaining of the wet
component of zenith tropospheric delay from GPS observations and formulas for the determining of average

temperature of weighted water vapor and integrated as well as precipitable water vapor are described.
Key words: GNSS meteorology, zenith tropospheric delay, hydrostatic and wet components, mean temperature,

water vapor.

1. Introduction

Twenty years ago, the fundamental work [Bevis et
al., 1992] gave the beginning of a new scientific
direction "GPS meteorology” (today it is called
"GNSS meteorology"), where was shown how using
the data of GNSS observations can determine the
content of water vapor in the troposphere. This is
possible on condition if a value of tropospheric delay
is being determined from the results of GNSS
observations.

This delay in surveying (in achieving of an
accurate measurement result) is a noise component,
that is an impediment, and it should be eliminated
or corrected. Hence the first approach, as in
ionospheric delay is impossible, the second one
remains i.e. to correct the tropospheric delay, that
is to reduce it to the minimum that will satisfy the
required accuracy. In this regard, a number of
analytical models designed to solve this problem
have been developed.

However, as is known, the desired result was
not achieved due to the significant spatial and
temporal variability of contents and distribution of
water vapor in the atmosphere, and accordingly of
wet component of tropospheric delay.

For meteorology, in contrast to surveying, the
delay contains important information about the total

mass of water vapor along the signal path. The delay
caused by the neutral atmosphere, is estimated by the
processing of GNSS data, inserting the GNSS
observation data to a model that includes the
tropospheric delay with other delays (errors) to be
evaluated simultaneously [Seeber, 2003].

As a result, GNSS observation data is a
valuable source of information about the number of
the precipitable water vapor for weather
forecasting. However problematic issue arises in
this case: GNSS meteorology evaluates the content
of water vapor in the atmosphere, and hence of
precipitable water content, but do not provide an
information about this whether the content of water
is released in the form of rain reaching the earth's
surface.

It should be noted that this problem is solved in
part using the method radio occultation (GNSS-RO,
Global  Navigation  Satellite  System-Radio
Occultation) in the transmission of GPS signals to
the low Earth orbiter satellite system
"FORMOSAT-3" (COSMIC). Today it is
successfully realized via the CICERO project
[McCornic et al., 2007]. The similar "RADIOMET-
SMKA" system which registers the signals both
from the GPS satellites and the GLONASS ones
was developed in Russia [Vishnyakov et al., 2010].
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2. The basic equation of GNSS observations
The basic equation for code pseudoranges from
GNSS observations has the form [ Seeber, 2003]:
R°=p; +C-8t, +C-dt; g —C-8t° -
' D

—C-dtgg + dyop + dion +0Pre + 3Py +--+ A,

where P° is code pseudorange between satellite
and receiver;

o is geometric distance between satellite and
receiver;

c is speed of light in vacuum,;

o, isclock correction of station;

dt,. gt A€ delaysin receiver and its antenna;

&% is clock correction of satellite;

dtgfyst are delaysin satellite and its antenna;
dyop istotal tropospheric delay;

dio,  isionospheric delay;

Oprg IS correction for relativistic effects;
opmu IS correction for multipath effect;

A iS measurement error.

The geometrical distance between satellite and
receiver is given by formula:

PP = (XS =X )2+ (YS-Y,)2+(Z°-Z,)2, (2,

where X°)Y®,Z% are triaxial rectangular
coordinates of a satellite, XY, Z, are triaxia

rectangular coordinates of areceiver (station).

3. Tropospheric delay from GNSS observations

The tropospheric delay, according to equation (1),
is defined as follows. First of dl, the terms of the
right-hand side are stipulated by one or another factor
that expresses a correction, delay or error namely:

— the correction c- (&, —&°) together with
the delay c-(dt, o —dt5g), caused by non

synchronous of the satellite and receiver clocks, is
determined from the solution of combinations of
single and double differences;

— ionospheric delay d,y,is eliminated using
the dual-frequency GNSS receivers;

— correction of relativistic effects Jp,q is

determined from modeling;

— ¢eiminating of effects caused by signa
multipath Jdp,,, 1S made by the application of an

special technology at a station;
— measurement error, A, inthe averaged
resultsis small relatively and is usually neglected.

The P'®pseudorange, corrected in thisway, has
the form:

F)r’S = prs + dtropv ©)
hence atropospheric delay will be:
dtrop = pr’S _prs- 4)

It should be noted that the geometric distance
can be determined accurately if satellite coordinates
and GNSS station position are known very
precisely.

3.1. Hydrostatic and wet components of zenith
tropospheric delay of GNSS observations

The total tropospheric delay, obtained from the
formula (4), refers usualy to non-zenith directions
(z#0°) or to the directions of elevation angles
90" ~¢>0". The vaue d,,, is reduced to the
zenith direction by using the dependence:

t%op = % : ©)

It is known that the value includes zenith

hydrostatic component and zenith wet one:
dt%op = dhZ + dev . (6)
Zenith hydrostatic and wet components had

been proposed to determine by equation [Davis et
al.,1985]:

H
dZop = df +dZ =107°K, R fp.dH +
H
GHa , e e j 0
+10 HIS(KZ T+|<3T2jzW dH,
where K|, K, and K, are empirica coefficients of a
refractivity; R,= 287,06 J(kgK) is specific gas
congtant for dry air; H is height of station (level of
recever antenna); H, is top boundary of
amosphere; o is dengity of moist air; € is partia
pressure of water vapor; T is the Kevin air
temperature; Zv’vl is the compressibility factor for
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water vapor. Coefficient K., is determined from the
relation:

K'Z:KZ—Kl%z

K,-0.622,

M., , (8
=K, —K;— Y =K, -
M

d
here R, =461,525 J/(kg-K) is specific gas constant
of water vapor; M,,,M, is molecular weights of

water vapor and dry air.

So the first term in equation (7) is called zenith
hydrostatic component of tropospheric delay, and
the second one is zenith wet component. It should
be noted that this formulaiswidely used recently.

We notice, the expression (7) requires of the
integration in height of the main meteorological
parameters along the whole neutral atmosphere for
any point (station) and a any time that is
impossible practically. Because, taking into account
the main equation of atmosphere statics [Matveev,
1984], the integral expression of the first term of
the equation (7) obtains the next form:

jp dH = j—dH— )

where P is surface pressure of moist air (on the
level of receiver antenna); g,, is acceleration due

to gravity at the center of mass of the vertical
column of air.
The g,, valueis calculated by equation:

O = 9.784(1— 0.0026c0s2¢ — 28-10°H,) , (10)
where ¢ islatitude of astation.
So zenith  hydrostatic  component  of
tropospheric delay will seem finally:
d? =10"°K,R; 5
m
Thus, zenith hydrostatic component can be
determined only by the surface atmospheric
pressure measured at the antenna height of GNSS
receiver, using the formula (11) or by formula
[Saastamoinen, 1973]:
oz 0.002277 - Pg ,
(1-0.0026c0s2¢p — 28-10 8 H )

or by improved Saastamoinen formula[Davis et al.,
1985]:

(11)

(12)

7o 0.0022768- P
" (1-00026c0s2p - 28-10 °Hg) |

(13)

Having the d? value, zenith wet component
of tropospheric delay is determined from the
equation (6):

dv%/:dtiop_dﬁ- (14

If vertical profiles of the basic meteorological
parameters are known for a given station at a given
time (or an observation period) by the data, for
example, of numerical weather prediction [Vedel et
al., 2010], or of the radio occultation method
[McCornic et al., 2007; Vishnyakov et al., 2010], or
from some other sources then you can calculate not
only the zenith wet component but zenith
hydrostatic one using the formula (7).

Since the hydrostatic component is calculated
in this formula through the density of moist air,
which is not measured directly, but is determined
by the equation of state of gases, then we use a
formula for the determining of zenith hydrostatic
component, which expresses an air density due to
pressure of moist air, temperature of air and partial
pressure of water vapor, and has the form
[Zablotskyy, 2000]:

dZ =10 Klj (1 0378Pj dH. (15

4. Mean temperature and integrated
precipitable water vapor

The mean temperature of the weighted water
vapor of an atmosphere column is calculated as:

Hae
J.?Zv‘vldH
HS
€
jfz dH
2 W
HST

Taking into account the expression (16) the
second term of the equation (7), the zenith wet
component of tropospheric delay, can be written as
follows:

dZ —10% Ky + Ka j =zZAH . 17)
Tm M

Using the state equation of water vapor, we

obtain finaly:

} j pudH . (18)

S

dZ =10‘6RW{K2+_|:

m
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The integral of equation (18) is the integrated
water vapor (IWV), defined as the total mass of
water vapor in a column of air with cross section of
1 m? extending from the surface to the top of the
atmosphere, that is usually given in units of kg/m*

Ha
W = [ p,dH .

HS
This quantity can be easily converted to length
units by dividing on the density of liquid water

(19)

(Pu,0 =10°kg/m®) and can be interpreted as the

height of an equivalent column of liquid water on
condition that the water vapor would condensed. In
this case, it is the integrated precipitable water
vapor (IPWV) or precipitable water (PW):

1 e
PW = j pydH . (20)
PH -0 H
Substituting the equation (19) into (18), we get:
dZ =& 1WV, (21)
where f isaconstant of proportionality:
£=10"° RW{K’Z + &} : (22)
Tm

The mean temperature T is the only unknown

in formula (22) and its estimation plays an
important role in the conversion from zenith wet
delay to precipitable water vapor. Due to its
dependence on the water vapor profile, the value

T,, isvariable in space and time.

The well-known model of mean temperature
(MB model) based on the analysis of 9,000
radiosonde profiles approximately from sites in the
United States in the range of latitudes from 27° N
to 65° N and in the range of heights from 0 to 1.6
km for the period of 2 years [Beviset al., 1992]:

T,=a+b-Tg, (23)
where a and b are linear approximation coefficients
which equal, respectively, 70.2 and 0.72.

At present, a number of such models have been
developed for other regions of the Earth. In
particular, the following coefficients were
determined by the radiosounding data at the
Uzhgorod station: a = -6.8; b = 1.04, and by the
conformable data for Kyiv station were obtained:
a = 555 and b = 0.78 [Kablak, 2011]. For the
northwestern part of Russia (St. Petersburg) the

following coefficients; a = 65.5 and b = 0.73 had
been derived [Chukin, 2010]. According to the
analysis performed by Chukin, the use of
approximations gives the relative error of definition
of integrated water vapor content not exceeding 1%
and using a and b coefficients adapted to the region
does not improve an accuracy significantly.

5. Conclusions and outlook

By the materials of this paper can be formulated
asfollows:

1. The main methodological steps of GNSS
meteorology include

— obtaining of total tropospheric delay on basic
of the main equation of code pseudo-distance;

—determination of hydrostatic and wet
components of zenith troposphere delay from
GNSS observations,

— definition of integrated precipitable water
vapor from the wet component of zenith
tropospheric delay.

2. In our opinion, it should be carefully evaluate
the accuracy of zenith troposphere delay, which is
defined by the formula (4), based on an analysis of
residual errors of members of the right-hand side of
equation (1).
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METO/IOJIOT'TYHI ETATIM THCC-METEOPOJIOT'IT

3anpornoHoBaHa CTaTTsI BUCBITIIIOE NOCTYNOBI kKpoku peanizauii 'HCC-mereoposorii. Y BCTymi 3MallbOBY€ThCS cama
crpykrypa I'HCC-meTteoposorii, 0OCHOBHa OCOOJIMBICTD SIKOI TONISiTa€ y TOMY, IO HEWTpajdbHA aTMocdepa 3aTphuMye
npoxomkeHHs: [HCC-panmioxBumi, BUKIMKAIOYM TOXMOKY y BHMIpSHIM BiACTaHI, IO HAa3UBAETHCS TPOHOC(HEPHOIO
3aTPUMKOI0. | SIKIIO B Teoie3il MPUKIAJAI0Th Macy 3yCHib, 100 3BECTH IF0 MOXUOKY 10 OaXaHOro MIiHIMyMy, TO B
METEOpOJIOTil II0 MOXWOKY I0Yajd BUKOPHCTOBYBAaTH SIK BAXIIMBE iH(OpMamiiiHe Kepeno Mpo CTaH aTMOC(EpPHOTO
BOJIOTOHACHYEHHSI Ta MOr0 IMHAaMIKy SK y HPOCTOpi, TaKk i B 4aci. Y MOJaJbIIMX pO3ALIAX BHCBITIIOETHCS OCHOBHE
PIBHSHHS KOIOBOT IICEBIOBIICTAHI 3 MEPEXOIOM JI0 BEJIMUMHH TPOIIOC(EPHOI 3aTpuMKH. [[ajti, BUKOPUCTOBYIOUH (DYHKITiFO
BIIOOpa)keHHs, TOKa3yroTh nepexin orpumanoi i3 GPS-criocrepeskeHs TponochepHoi 3aTPUMKH JI0 11 3eHITHOTO 3HAYCHHS.
Takox HaBOIATECS (POPMYIH OOUMCIICHHS 3€HITHOI TpOroc(epHOl 3aTPUMKH SK IHTETpyBaHHSAM BEPTUKAIBHUX MPOdLITiB
OCHOBHHMX METEOPOJIOTIYHUX MapaMeTpiB, TaK 1 3 BUKOPUCTAHHSAM JIMIIE MPU3EMHOro atMocdepHoro Tucky. OmnmcaHo
MPOLICYPY OTPUMAHHS BOJIOTOI CKJIaZ0BOI 3€HITHOI TpormochepHoi 3arpumkn i3 GPS-crioctepeketb, a TakoK (HopMyin
BU3HAYEHHS CEPEeTHBOI TEMITEpaTypH 3aBUCIIO] BOASIHOI MTAPH Ta iHTEIPOBAHOI 1 0CaKYBAaHOI BOJISTHOT TTapH.

Kniouosi cnoea: mereoponoris I'HCC, 3enit 3arpuMku B Tpomocdepi, TipocTaTudHi i BOJOTT KOMIIOHEHTH,
cepelHsl TeMIiepaTrypa, BOoJsiHa 1apa.
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METOJOJIOTUYECKHME OTAIIbI THCC-METEOPOJIOI'MN

[Ipennaraemas craThs ocBermaeT nocreneHnsle marn peanusanun [ HCC-mereoponorun. Bo BBeneHnn B 00mmem
onuceiBaercst cama crpykrypa ['HCC-mereoponoruu, OcHOBHasi OCOOCHHOCTh KOTOPOH COCTOMT B TOM, YTO
HeiiTpanbHas atMochepa 3anepxkuBaer npoxoxaeHue ['HCC-paanoBosiHbl, BbI3bIBas MOIPEUIHOCTh B U3MEPEHHOM
PacCTOSTHUH, YTO HA3bIBAETCS TporochepHOi 3anepkkoi. 1 ecam B reofe3nn MpUKIAIbIBAIOT Maccy YCHINH, YTOOBI
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MPUBECTH 3TY HOTPEIIHOCTh K XKETAEMOMY MHHHUMYMY, TO B METEOPOJIOTHH €€ Ha4yald HCIOJIb30BaTh KaK BaXKHbIH
MH(pOPMALMOHHBII UCTOYHHK O COCTOSHMM aTMOC(EPHOTO BJIArOHACHIIICHHUS U €ro TUHAMHKE KaK B MPOCTPAHCTBE,
TaK M BO BpeMEHH. B HanpHEeHINX paszmenax OCBEIIACTCS OCHOBHOE YpaBHEHHE KOAOBOTO IICEBIOPACCTOSHHSA C
MepexooM K BeJNMYMHe TpornochepHoi 3amepxkd. Jlanee, Mcnonb3ys (YHKIMIO OTOOPaXKEHHs, ITOKA3bIBACTCS
nepexo; or monydeHHOH n3 GPS-HaOmoneHuit TpomocdepHoi 3aJepKKU K ©€ 3CHUTHOMY 3HaucHHIO. Takke
HPUBOAATCS (POPMYJIBI BEIYUCICHHUS 36HUTHON TponocdepHOil 3aJepKKH KaK IMyTeM MHTEIPHUPOBAHUS BEPTUKAIbHBIX
npodunell OCHOBHBIX METEOPOJIOTHYECKHX MNapaMeTpoB, TaK M C HCHOJNB30BaHHEM TOJBKO IPHU3EMHOTO
aTMoc(epHoro nasieHus. ONMCHIBAIOTCS MPOLENypa HOMyUeHHs BIaXHOH COCTaBJIAIOIIEH 3€HUTHOH TporocdepHon
3anepkku U3 GPS- HabOiroaeHnid, a Takoke GopMyJIbl ONPEIeNeHUs CPEAHEH TeMITepaTypbl B3BEILICHHOTO BOSHOTO 1apa, a
TaK)Ke MHTETPOBAHHOTO M OCAXKAEMOr'0 BOASHOI'O Mapa.

Kniouegvie cnosa: mereoponorust 'HCC, 3eHnT 3anepxku B Tporocdepe, THIPOCTATUYECKUE W BIIAKHBIC
KOMIIOHEHTBI, CPEIHISI TEMIIEpaTypa, BOISHOM map.
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