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Abstract

The speed of propagation of electromagnetic waves in the Earth’s atmosphere differs from the speed of their propa-
gation in a vacuum, which is one of the main factors that have a significant impact on the accuracy of long distance
measurement. This influence is taken into account in long distance measurement with the correction for the mean integral
group refractive index of air, which depends on such meteorological parameters as temperature, atmospheric pressure and
relative air humidity.

The purpose of this work is to compare the accuracy requirements for equipment designed to measure temperature,
pressure, and relative humidity required to determine the above correction by the gradient method using the Euler-
Maclaurin quadrature formula (hereafter, the Euler-Maclaurin method) and the formula based on Hermite interpolation
polynomials (hereafter, the Hermite method). The requirements for the uncertainty of measurements carried out with the
sensors of meteorological parameters, allowing to find the mean integral group refractive index of air, providing length

measurements of the baselines of up to 5 km with an expanded uncertainty of not more than 1 mm, are established.
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1. Introduction

Interest in the problem of increasing the accu-
racy of long distance measurement is explained by the
widespread use of distance measuring equipment in
geodesy, geophysics, geodynamics, navigation, large-
scale construction, etc.

The main uncertainty in length measurement of
baselines arises due to insufficiently accurate estima-
tion of the mean integral refractive index of air 7.
The works [1-2] analyze the potential accuracy of
the methods for determining the value of #, based
on an approximate representation of continuous values
by functions measured at discrete points of the inte-
gration interval. It is known from geometrical optics
that the general relation for 7 is determined by the
formula [3]:

1
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where o is the coordinate along the signal path, the
shape of which is determined by the ray equation of
geometric optics and is described by the equation of
the curve along which the integral (1) is taken; n(c)
is the refractive index of air at a point with a coor-
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dinate o; L is the length of the signal path connec-
ting the end points of the path under consideration
(since the refractive curvature of the signal path for
the baselines of up to 5 km is negligible, we further
assume that this length corresponds to the length of
the straight line to be measured connecting the end
points of the baseline).

2. Method

Estimates of the accuracy of the equipment for
determining 7 (further 7, ) by the gradient method
when using the Euler-Maclaurin quadrature formula in
(1) were performed in [2]. Here is a brief derivation of
the analytical expressions of the gradient method based
on the substitution of Hermite interpolation polyno-
mials in (1) [4-5] followed by finding 7 (further 7))
and determining the requirements for the accuracy
of measuring sensors. We will estimate the value
n, under the following conditions: the values of
the function n(c) are calculated in N+1 points; the
values of the first derivatives of this function »'(c) are
determined only at two end points, where c=c,=0,
n(0)=n, n'(0)=n; and o=oc,=L, n(L)=n,,
n'(L)=n;.
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After performing simple transformations, we get
the following expression:

_ 1 N-1
nE:ZgA,-n(c)+A00-n0+ANO-nL+ ?)
+A4,n +4, n +R,

where A, A, Ay, Am, A,, are coefficients calculated

for the orlgmal formula (1) and described in detail in
[4]; R, is the remainder corresponding to the integral
of the remainder of the Hermite interpolation.

To obtain a relation expressing the gradient of the
refractive index of air, along the ray coordinate n'(c)
in the measurands, we represent it in the form:

dn - on
n'(c) =—= (I,Vn) =—sinz+
do Ox
(3)
on )
+—cosz =g sinz+g, cosz.
0z

Here / is the unit vector tangent to the ray tra-
jectory; Vn is the gradient of the refractive index; g,
and g, are projections Vn on the X-axis and the Z-
axis, respectively; z is the apparent zenith angle of the
ray. Using (3), we find the values n; and n;:

dn on on

Pk T T =
n .= = sinz, Cosz = (4)

do ox 0z

0

=g, 'Sinz +g, -cosz,

=g, 'sinz, —-g -cosz,
z, and z, are z values at the endpoints of the baseline;
8, and g, are the values of Vn projections at the
starting point; g, and g, are the values of Vn
projections at the end point of the baseline.

After substituting (4) and (5) into expression (2),
we get: s

n, :ZZA n+A, n+A4,

+4, (g, sinz, +g,, -cosz, )+ 6)
+4,, ~(gGL sinz, —g, -cosz, )+ R_.

In conditions under which the remainder in
formula (6) can be neglected, the uncertainty of
finding 7, is determined by the total contribution of
the following uncertainties

22 2 2 2
LlW _MFT +u7p +MW1 +I/l7g, 7

where u., ug,, uy,, u,, are the uncertainties associated
with the measurement uncertainty, respectively, of
temperature, pressure, relative humidity and refractive
index gradient. Uncertainties associated with inaccurate
measurements of the angles of arrival of the signal at the
end points, according to the estimates made, turn out

to be negligible and are not taken into account in (7).

Let’s obtain analytical expressions for the listed
uncertainties. We assume that the temperature values are
measured both at the end points and at all intermediate
points of the baseline, and the atmospheric pressure
and relative humidity values are measured only at
the end points of the baseline, which allows using

Py — P

linear interpolation of the form 2; =P+ N -1,
(similarly for #4). In this case, the relations
On _ on 0p, On _ On 8p

op, a_pl op, and 6p 5p 6p are valid. After
applying simple mathematical operations to (6), the

corresponding relations will have the form:

ul, = [ j [2A2+A2+A]2v0j, ®)

o . ©)
H 4] }
u(on)
= [ahj HZA (1__j+A°°”
2 (10)
HZA +AN0J }
where a—n,a—n,a—n are the partial derivatives of the
0T &p Oh

refractive index of air with respect to temperature,
pressure and relative humidity calculated using the
Siddor formula [6]; u,,u,,u, are the uncertainties
of measurement results of temperature, pressure and
humidity, respectively, at the points of determining
their local values.

In turn, the uncertainty of the gradient of the
refractive index of air is determined by the contribution
of the uncertainties of the horizontal and vertical
projections of the gradient at the ends of the baseline,
namely:

2
uﬁ = uﬁgco + quVo + uﬁgGL + uﬁgVL (11)
Calculating the corresponding partial
derivatives in formula (6) and assuming that

Uggo = Ugpo = Uggr =Ugy

. u, , we get the following:

2
=—§’ (Agy + A43). (12)
After substituting (8), (9), (10) and (12)
(7), the final relation for the value . will take

the form:
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Table 1

Euler—Maclaurin method

Hermite method

Temperature range

14.2521 Pa <u < 16.4764 Pa

14.2521 Pa <u < 16.4764 Pa

0.0417 <u,< 0.690

0.0417 <u,< 0.690

0.0361 °C<u,<0.0474 °C

0.0361 °C<u,<0.0474 °C

-15°C <T< +25°C

u,=3.5495x% 10 1/km

u,=2.244x 10 1/km

for the baseline of 1 km

Table 2

Euler—-Maclaurin method

Hermite method

Temperature range

14.2521 Pa <u,< 16.4764 Pa

14.252 Pa <u < 16.476 Pa

0.0417 <u,< 0.690

0.0417 <u,< 0.690

0.0546 °C<u, < 0.0717 °C

0.0538 °C<u,< 0.0706 °C

-15°C<T<+25°C

for the baseline of 5 km

u,=2.271x 106 1/km

ug:2.981><10"" 1/km

b (on (4 u’ (on
u;:L_;.(a_T) [Sae ¥y a2

op
2 2| /N4 . L
u, (on i
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where u_is the uncertainty with which the values of
the gradient of the refractive index at the endpoints of
the baseline are determined.

Let us present the working relationships for
calculating the uncertainties of the sensors of
meteorological parameters allowing to set the accuracy
requirements for different weather conditions. We
suppose that the first three terms in the sum do not
exceed 30% of the value of the total sum of expression
(13), while the share of the latter will be 70% (this
assumption is due to the fact that the methods and
means for measuring g are less developed than those
for measuring the values 7', p, h).

] 0.1-107"
v =

: )
(T Bz
u- | s |
\/LZ {(ZZ] [[ZA(I—)+AUOJ (EA ﬁﬂle H (15)
“= | 0.1-107" .

\/[( J[(;Aa—>woj+(§4§ )H

J -[[M A,.-[I—N}AOOJ +[M Ai'ﬁ+AN0) ]-l—

T (17)
)

3. Results

The results of calculations performed using
formulas (18) — (21) for the Hermite method were
compared with the results of calculations using the
corresponding formulas used in [1] for the Euler—
Maclaurin method. The calculations were carried out for
the following climatic conditions: atmospheric pressure
P = 760 mm Hg, range of relative humidity
variation 0.3 <A <0.8, length of the baseline
L=1 km; 5 km (for a uniform distribution of points
at which measurements are taken). It is shown that
the measurement uncertainties of the meteorological
parameters u, u, and u, should be in the
following intervals: for N=1 (see Table 1);
similarly for N=4 (see Table 2).

4. Conclusion

From a comparison of the data given in
Tables 1,2, it follows that for the realization of
the gradient method based on the use of Hermite
polynomials, it is necessary to provide a higher
accuracy in measuring the local temperature values
along the baseline. Thus, the accuracy requirements
for temperature sensors turn out to be more stringent
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when using Hermite interpolation polynomials than GeoMetre Large-scale dimensional measurements

for the Euler—Maclaurin quadrature formula. for geodesy. This project 18SIB0O1 has received
funding from the EMPIR programme co-financed
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ITopiBHIbHUN aHAJI3 BUMOT 10 TOYHOCTI amapaTypu s
BH3HAYEHHA CEPEeIHbOIHTErpaJbHOr0 NMOKA3HUKA 3aJIOMJICHHS
MOBITPA 32 JONOMOIOI0 Pi3HHUX peaji3amiii rpaJiEHTHOr0 METOIy
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AnoTauis

Hapasi 3ycumis reodizukiB, Treofe3UCTiB Ta METPOJIOTIB Pi3HUX KpaiH CIPsSIMOBaHi Ha TMiABMUIIEHHS TOYHOCTI BUMipIO-
BaHb, 10 3IiMCHIOIOTHCS 3 BUKOPUCTAHHSIM €JEKTPOMArHiTHUX XBWJIb. BuMipioBaHHS BilcTaHeil 3a JOMOMOIOIO Ja3epHOl
BinnasemeTpii 3a0e31euyloTb MiJTiMETpOBY TOUHICTh HAa BEJIMKMUX AUCTAHISX, 1€ Oilblla TOYHICTh HEOOXiIHA B MaltOyTHbOMY.

IBUAKICT, MOLIMPEHHS €JIEKTPOMATHITHUX XBUJIb Y 3€MHiil aTMocepi BiIpi3HSIEThCSI Bill IIBUIKOCTI 1X MOIIMPEHHS
Y BaKyyMi, 1110 € OAHMM 3 OCHOBHUX UMHHMKIB, SIKMI1 BIUIMBA€E HAa TOYHICTb BigJaJieMipHUX BUMipioBaHb. BriiuB atmo-
chepu Ha BUMIPIOBAJIbHUI TMPOLEC 3HUKYE TOYHICTh YCiX BUAIB BUMiptoBaHb. Lleil BIUIMB BpaxoBYETbCS y BimgajieMeTpil
32 OTIOMOTOIO TIOTIPaBKU Ha CEPEeTHbOIHTETPATbHUI TPYMOBUIl MOKA3HUK 3aJIOMJIEHHS TOBITPSI, SIKMil 3aIeXKUTh Bill TaKUX
aTMocepHUX MapamMeTpiB, K TeMrepaTypa, aTMocepHUit TUCK i BiITHOCHA BOJIOTICTb IMOBITps. [ OLiIHKK iX BIUIMBY Ha
pe3yabTaTh BUMIpIOBaHb HEOOXIIHO PEECTPYBATH 1Ii BEJIMYMHU Ha AUIIHKAX 0Oa3MCHOI JIiHii, 110 MilIsSra€ BUMipIOBaHHIO.
PimieHHs Ha cyyacHOMY HayKOBO-TE€XHIYHOMY piBHi MpoOJieMU BpaxXyBaHHs BIUIMBY aTMoc(hepu 3alUIIAETbCS MOCTIHHO
aKTyaJbHUM 3aBAaHHSM i € OJHUM 3 OCHOBHUX IIUISXiB MiIBUIIEHHS TOYHOCTI Pe3yJbTaTiB CIIOCTEPEKEHbD.

MerToto 11i€l poOOTH € MOPIBHAIBHUI aHaIi3 BUMOT 10 TOYHOCTI anapaTypy, MPU3HAUYEHOI /I BUMipIOBAHHS TeMIlepa-
TypH, aTMOC(EPHOro TUCKY i BiIHOCHOI BOJIOTOCTI MOBITPsI, HEOOXiMHUX JJIsI BU3HAUCHHS 3a3HAYEHOI MOIpPaBKU IPali€HT-
HUM METOJIOM 3a JIoroMorolo KsajapatypHoi ¢opmynu Eilinepa-MaxkiopeHna (nani meron Eitnepa-MakinopeHna) i popmyiu,
3aCHOBaHOI Ha iHTeprnoysiliiiHux MHorowieHax Epwmita (mani merom Epwmita). BeraHOBIEHO BMMOTM 10 HEBUM3HAYEHOCTI
BUMIpIOBaHb, 10 3ilICHIOIOTHCS 32 JOIOMOTOIO MaBadiB METeolapaMeTpiB, IO NO3BOJSIE 3HAUTU CepeIHBbOIHTETPATbHUIL
rpyMNoBUii MOKa3HUK 3JIOMJIEHHSI TOBITpS, SIKUI 3a0e3revyye BUMipIOBaHHS JOBXWH Tpac 10 5 KM i3 pO3IIMPEHOI0 HEeBU-
3HaueHiCcTIO He Oinbiie 1 MM.

KimowoBi cioBa: atMocdepa; cepemHbOiHTerpabHIM TPYITOBUIA MMOKA3HUK 3aJIOMJICHHS MOBITPSI; JJa3epHa BimmaaeMeTpis.

CpaBHMTE/IbHBI aHAIM3 TPEOOBAHMIA K TOYHOCTH ANMAPATYPbI
VI onpenesieHrs1 CPeTHEHHTETPAILHOIO MOKA3aTeIsd MpeIOMICHU
BO3IyXa C MOMOIIBIO PA3IMYHBIX PeAM3ALUNA TPAJUEHTHOI0 MeToaa

.. Heexxmakos, A.B. [NMpokornos, T.A.llaHaceHko, A.U. LLnoma

HauuoHarnbHbIl HayyHbIU yeHmp “iHemumym memponoeauu”, yn. MupoHocuukasi, 42, 61002, Xapbkos, YkpauHa
pavel.neyezhmakov@metrology.kharkov.ua

AHHOTaIMS

CKOpOCTh pacrpoCTpaHEeHUsI 3JEKTPOMArHUTHBIX BOJH B 3¢MHOM aTMocdepe OTIMYAeTCSI OT CKOPOCTH HX PacIpo-
CTpaHEeHUsI B BaKyyMe, UTO SIBJISIETCSI OMHMM M3 OCHOBHBIX (DAKTOPOB, OKa3bIBAIOIIMX CYLIECTBEHHOE BJIUSIHME HA TOYHOCTh
JMATbHOMEPHBIX U3MEPEHUI. DTO BIUSHUE YUYUTHIBACTCS B JaJbHOMETPUU C TTOMOIIBIO TTOMPAaBKU Ha CPeIHEUMHTETpaTbHBIN
IPYIIIOBOM ITOKa3aTe/Ib MPeJOMJICHHUsI BO3IyXa, KOTOPBI 3aBUCUT OT TaKMX aTMOC(EpHBIX MapaMeTpoB, KaK TeMIlepaTypa,
arMochepHOe HaBJIeHME M OTHOCUTE/IbHAS BJIAXHOCTH BO3IyXa.
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Lenpio HacTosielr pabOTHI SBASIETCS] CPABHUTETbHBIN aHAIM3 TPeOOBaHWII K TOYHOCTH almapaTypbl, MpeaHa3Ha-

YEHHOM TSI M3MEPEHUST TeMIIepaTyphl, JaBJIeHUs U OTHOCUTEJIbHOM BJIAXXHOCTH BO3IyXa, HEOOXOMMMBIX IS OIPEIeICHUS
YKa3aHHOU TOMPaBKM TPAIMEHTHBIM METOIOM C TIOMOILBIO KBaapaTypHOil dopMmynbl Diiiepa-MakiopeHa (nanee MeToq
Ditnepa-MakiopeHa) u (HOpMyJibl, OCHOBAaHHOW Ha WHTEPIOJSLIMOHHBIX MHOrowieHax OpMmura (najgee MeTon DpMUTA).
YcraHoBJIEHBI TPEOOBaHMSI K HEOTPEACICHHOCTH U3MEPEHUIA, OCYIIECTBISIEMBIX C MOMOIIbIO TaTYUKOB METEONapaMeTpoB,
TTO3BOJISIIONIE HAWTU CPEeTHEMHTETPATbHBIN TPYNIIOBOM IMOKa3aTe b MPeJOMIIEHUs BO3MyXa, 00eCIeunBaIONINil N3MePEHUS
JUIMH Tpacc 0 5 KM C paclIMpPEeHHOI HEONpeaesIeHHOCThbIO He Ooyiee 1 MM.

KuroueBbie cioBa: atMocdepa; cpeaHEMHTErpaJbHbli IPYMNIOBOI MOKa3aTe/lb MPEJOMJIECHUST BO3AyXa; Ja3epHasi Oajlb-
HOMETpHUS.
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