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Abstract. The atmosphere is an undeniable source of error for any geodetic instruments. Surveyors require to have an ac-
curate approximation of distance measurements in order to accurately determine the 3D coordinate of points. Electronic
Distance Measurements (EDMs) are employed to measure accurate range to the target. They are typically functioning by
laser in the domain of light or near infrared of electromagnetic spectrum (EM). Snell’s law has proved propagating wave
through passing the different layers of atmosphere is deviated. This phenomenon is called the refractivity of wave. This
deviation is introduced by different intersection between the beam and the object surface at different epochs of atmospheric
change. By possessing the knowledge of group refractive index, it is possible to estimate the value of correction in ppm for
measured distances caused by the variations in atmospheric elements. The changes in three components of air, tempera-
ture, pressure and humidity, in this study will be considered.

Keywords: atmosphere, deviation, EDM, electromagnetic spectrum, group refractive index, propagating wave, refractivity,

Snell’s law.

Introduction

The electro-optical distance measurement (EDM) is the
well-known surveying instrument for measuring the dis-
tances. Three technologies so far recognized behind this
optical length measuring system to estimate the distance
between the instrument and target: time of flight (ToF),
phase shift and wave form digitizer (WFD).

First, ToF technology calculates the distance based on
the time of the light pulse from the instruments to the
object and back to the instrument. It uses either pulsed
modulation or continuous wave modulation. Figure 1 il-
lustrates how the time of laser pulse is detected by the
instrument.

Time of laser pulse is detected

Target

Instrument

Figure 1. Time of flight technology (Maar & Zogg, 2014)

Second, phase shift method is based on the phase shift
between the emitted and reflected signal and the number
of full wavelengths. Phase shift conveys data by modulat-
ing phase of a signal. This method allows the evaluation
into the total signal information, such as the entire signal
shape and channel amplification, for more sensitive dis-
tance determination (Figure 2).
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Figure 2. Phase shift technology

Third, WFD technology combines both available meth-
ods where the distance calculated based on the time be-
tween a start and stop pulse which is digitized out of the
received signal (Figure 3).

To compare those technologies, ToF technology can be
recommended for longer range EDM even though it brings
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Figure 3. Wave form digitizer technique

larger laser spot and lower measurement accuracy than
phase shift technology (Rueger, 1990).

The accuracy of electronic distance measurements
highly depends on the accuracy of the wave propagating
wavelength and its rate. The electromagnetic wave in the
air is influenced by several atmospheric elements such as
air temperature, atmospheric pressure of air, water vapor
of air (humidity), the effects of carbon dioxide content, oil
vapor of air, and the impacts of absorption line of atmos-
phere. All the criteria cause different velocity of the wave
propagating into different medium of atmosphere and the
change in the direction of the wave in order to follow the
quickest path. This phenomenon is counting on Fermat’s
principle and Snell’s law (Rueger, 1990; Kahmen & Faig,
1988).

Electromagnetic waves can be described by wavelength
A in m, frequency fin Hz and propagation velocity in m/s
(Rueger, 1990). The relationship is defined based on:

r=2. (1)
f

Therefore, the relationship of propagating velocity of
wave into air v in m/s compared to the velocity of the
same wave into vacuum ¢ (= 29979245 m/s) can be de-
fined by refractive index .

()

And refractivity N (without any particularly metric
unit):

N =(m-1)x10°. 3)

n=

< |a

In order to achieve the optimum performance over
refractivity for distance measurements, it is essential to
correct the wavelength of the radiation for the refractive
index of air. In order to do so, the refractive index must
be known at least as well as the precision of 1-8x10%
(Rueger, 1990).

}‘vac = n'}"air' 4)

Actual object
point measured

Figure 4. The actual ray is refracted, whereas the chord is the
straight line (Friedli et al., 2019)
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The main barrier of refractivity of air is its difficulty
being accurately measured, so that there have been several
re- measurements and different formulae to represent the
dispersion curve of air, called angular refraction, by differ-
ent scientists which will be discussed in the next section.

The Figure 4 shows the major effect of refraction over
the signal. More importantly, it causes different intersec-
tion between the beam and the object surface at different
epochs which introduces a certain deviation in the meas-
ured distances over the longer-range observations.

The prerequisite to correct the measured distances is to
study refractive index of wave in the air. The main problem
is the uncertainty in the average refractive index over the
optical path due to non-uniformity and turbulence of the
atmosphere.

For the sake of this, there are two techniques to obtain
the value of the refractive index of air, firstly, by using the
suitable sensors to precisely record the measurements of
atmospheric pressure, air temperature and relative humid-
ity of air and, secondly, the direct measurement using an
interference refractrometer (Bonsch & Poulski, 1998). The
latter technique has the benefit which is independent of
variations of the air and the only calibration required is
the initial relatively crude measurement of the length of
the refractro meter cell (Birch & Downs, 1988).

One the other hand, there is more than one refractive
index of interest, phase and group indices. Many EDM
instruments use modulated light, and therefore require a
knowledge of the group refractive index rather than the
phase index (Ciddor, 1996; Brunner, 1984; Brunner &
Riieger, 1992). The below equation relates two indices:

dn
ng n—H{de’ (5)
where n, is group refractive index of light and infra-
red rays, n is phase refractive index, and o is reciprocal
wavelength (i.e., reciprocal of the vacuum wavelength is
the wave number which is the inverse of wavelength into
vacuum (6=1/X,,.) in mm™). It is reported the group
one is always smaller than the phase one of its individual
frequencies (Rueger, 1990).
The relationship between group refractive index and
the distance measurement is defined by (Angus-Leppan,
1989):

?=J.(ng—nr)ds, (6)

with n, reference refractive index (i.e., an EDM deter-
mines the distance in relation to its internal reference re-
fractivity), ng the actual refractive index and the integra-
tion is performed along the length of line.

Finally, under the equation above, EDM correction
w.r.t the group refractive index becomes (Angus-Leppan,
1989; Torge, 2001):

?=s(ng -n,). (7)

In order to fully comprehend corresponding correc-
tion via refractivity, pay particular attention to Figure 5.
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Figure 5. Effect of refraction of air on propagating wave (actual
path length s, the straight line s (chord), and z zenith angle)
(Torge, 2001)

According to Eq. (7), it has been proved that when the
atmospheric condition is neutral, mean value of end point
measurements gives the correct reduction. This occurs in
the hours soon after sunrise and around sunset, so these
times are the most favorable for EDM (Angus-Leppan,
1989; Friedli et al., 2019).

To summarize, group refractive index is the key concern
to find out the amount of change in correction for EDMs
caused by atmosphere. In the next sections, an overview
regarding the existing methods to determine this variable
w.r.t the atmospheric changes are presented. Those meth-
ods to reveal the group refractive index are later nominated
as the EDM correction models. It is important to state the
analysis of atmosphere are here restricted to only consider-
ing air temperature, atmospheric pressure and relative hu-
midity. The rest of atmospheric impacts (e.g., CO, content)
is beyond of the scope of this work.

1. Revision of EDM correction models

To study the refractive index, numerous scientists have
been taking different sets of calculations into serious
account throughout the years. The first pure laboratory
measurements of the refractivity of air were made in 1700,
and it was estimated by Newton from astronomical refrac-
tions observations. Fairly accurate measurements initially
became out a century later through the work of Arago
and Biot. Since the 19th century onward, refractive index
of air has been measured repeatedly in order to achieve
better results (i.e., chronologically by scientists: Barrell
& Sears, 1939; Edlen, 1953, 1966; Owens, 1967; Peck &
Reeder, 1972; Jones, 1978, 1981; Matsumoto, 1982; Birch
& Downs, 1988, 1993, 1994; Ciddor, 1996; Ciddor & Hill,
1999; Bonsch & Potulski, 1998, and the model adopted by
International Association of Geodesy called Closed For-
mulae model in 1999 (International Association of Geod-
esy [IAG], 1999)).

Five of the existing EDM correction models have
been selected here to gain the recovered knowledge of the

atmospheric influences on EDMs: Edlen’s latest work in
1966 (Edlen, 1966), the latest method of Birch and Downs
(1994), Ciddor calculation in the year 1996 (Ciddor,
1996), two years after in 1998 the proposal of Bonsch and
Potulski (1998), and Closed Formulae (adoption at Inter-
national Association of Geodesy (IAG)) in the year 1999
(IAG, 1999). The reason for choosing them is to compare
the findings of each scientist to the adoption of IAG and
to yield to the decent improved EDM correction model.

1.1. Bengt Edlen (1966)

One of the very first attempt of refractivity computation
belongs to Bengt Edlen, a Swedish scientist who revolu-
tionized the world of optics by his attempts. His effort was
devoted to two separate findings in 1953 and 1966. The
latest version formula will be discussed here although sev-
eral scientists onwards have done some modifications over
Edlen’s latest work (Edlen, 1966).

The following method of Edlen contains three main
steps, the absolute refractivity, the dispersion formula, de-
pendence on temperature and pressure, and the effects of
variable contents such as water vapor, relating to relative
humidity of air.

Dispersion equation: this equation has the capability to
compute phase and group refractive index based on recip-
rocal wavelength within different modes of air (e.g., free
of CO,, water vapor of air (moist air), and carbon dioxide
content of air which is not discussed here).

1. Phase index of refraction:

(n—1),x108 =
(8)
8342.13+2406030+ 15997 '
130—c? 38.9-¢2

Concerning group refractive index according to
Eq. (5):
(n—1),x10% =8342.13+
2406030(130+62)  15997(38.9 + 62) )
(130 — o2)? " (389-02)2

2. Refractive index ny, as a function of temperature ¢
in °C and pressure p in torr:

(n - l)tp =
(n—1),[1+ p(0.817 —0.0133¢)x10~°] (10)
720.775 1+0.003661¢ ’

One of the important distinguishes between first two
models, Edlen and modified one by Birch and Downs, is to
have the better understanding of the applied atmospheric
pressures in two different units. In order to convert torr
into Pa, the constant 1 torr = 133.322 Pa shall be employed.

3. Finally, the effect of water vapor of the moist air
depending on humidity n, should be computed. As far

as the moist air is composed of a partial pressure of water
vapor fin torr component and the dry air at the same total
pressure p in torr.
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Myyr =My, == f(5.7224-0.04576%) x107°. (11)

The calculation of a partial pressure of water vapor f is
clearly explained by Stone and Zimmerman (2001), Wex-
ler and Greenspan (1971), Wexler (1976) and Marti and
Mauersberger (1993).

1.2. Keith P. Birch and Michael J. Downs (1994)

Many revisions had been carried out over the studies of
Edlen by different scientists in years afterwards. The most
important modification which leads to the robust model
belongs to Birch and Downs completed in the year 1994
although their findings had already resulted in differ-
ent calculations models in some separate years (Birch &
Downs, 1988, 1993). It is worth arguing the same structure
in calculation of refractive index as Edlen’s work was fol-
lowed (Birch & Downs, 1994).
1. Dispersion equation: phase refractive index:

(n—1),x108 =

240614 1 (12)
8342.54 + 06 7+ 2998 .

130—c% 38.9-¢2

Accordingly, the group index of refraction:

(n—1),x10% =8342.54 +
2406147(130+0%)  15998(38.9 + 62) (13)
(130 —c2)? (38.9-2%)2

2. Refractive index ny, as a function of temperature ¢
in °C and pressure p in Pa:

(T’l - l)tp =
(n—1),[1+ p(0.601-0.00972¢)x1078] (14)
96095.43 1+0.003661¢ '

3. Finally, n,¢ (partial pressure of water vapor f in Pa).

Mypr My ==f (3.7345-0.040162)x 10710, (15)

1.3. Philip E. Ciddor (1996)

Ciddor was the other scientist who has developed a new
set of equations based on more recent equations for den-
sity and dispersion in the visible and near infrared regions.
He believed the most useful of the formerly indicated mod-
els are those to apply larger wavelength range, 230 nm -
1690 nm, in order to better fit in the near infrared domain,
the domain which most of the 3D laser scanners, total
stations and EDMs is functioning (Ciddor, 1996; Ciddor
& Hill, 1999). Furthermore, the instruction suggested by
Ciddor is quite different from two models above.

The subsequent steps are, including computing phase
and group refractive index (i.e., standard air and water
vapor), determining their densities and the relevant com-
pressibilities and calculation of refractive index based on
standard and moist air.

Phase refractive indices of standard air n
ter vapor n,,,:

s and of wa-

23
5792105 167917
108(n,, —1) = + 5 (16)
(238.0185-02) (57.362—G2)
108 (n,, —1) = ¢f (295.235+2.642262% —
0.03238c* +0.004028c°), (17)

with ¢f the correction factor (= 1.022). Concerning the
group refractive indices:

5792105(238.0185+ 62)
108(n, —1) =
(238.0185—c2%)2

167917(57.362 + o2

917( c ). (18)

(57.362—c2%)2
108(n,,, —1) = ¢f (295.235+7.92666% —
0.16196* +0.0281969). (19)

Density of the dry air r,,, r, and of the moist air r,,,

r,, components with corresponding values of compress-
ibility Z:

pe | pMa |y (1M, (20)
paxs_pws_ pZRT w Ma 5

p,=pM,(1-x,,)/ ZR; (21)
p, =pM,x, | ZR (22)

and compressibility Z:

Z= 1—(%}[% +agt+ayt +(by +by)x,,
) (23)
+(c +t,, )x2]+[%j (d+ex,,),

where p is pressure in Pa, T'is temperature in K, and x,, is
the water vapor component of air depending on humidity,
M, is molar mass of dry air containing x. ppm of CO,,
and M, is molar mass of water vapor both in kg/mol, Z
is compressibility of pure water vapor and standard dry
air, and R is the gas constant in Jmol™! K~!. All definitions
and constants are defined by Ciddor.
Evaluate refractive index of moist air n,,,, including
dry air and water vapor component, by the equation be-

low:
Mprop —1:( Pa J(”axs _1)+£p_WJ(nWS -1). (24)
P

axs ws

1.4. Gehard Bonsch and E. Potulski (1998)

One of the very recent alterations over the findings of
Edlen has been carried out right after Ciddor’s job in 1998
by Bonsch and Potulski. The instruction for calculation is
very much near to Edlen and Birch and Downs but dif-
ferent constants proposed to recalculate and update the
results (Bonsch & Potulski, 1998).

1. Dispersion equation: phase refractive index:

2333983 15518
130-c2 389-c2

(n—1). x10% =8091.37 + (25)
N



24 M. Sabzali, 1. Jazirian. Improvement the modelling of atmospheric effects for electronic distance measurement...

Accordingly, the group index of refraction:
(n—1),x10% =8091.37 +
2333983(130+0%) 15518(38.9+G2) (26)
(130-c2) (38.9-02)2

2. Refractive index ny, as a function of temperature ¢
in °C and pressure p in Pa:

(n - ]-)tp =
(n—1),[1+ p(0.5953 —0.009876¢)x 108 ] (27)
93214.6 1+0.003661¢ '

3. Finally, n, (Partial pressure of water vapor f in Pa ).

Mypr — My == £(3.8020—0.038462)x10710, (28)

1.5. Closed Formulae (International Association of
Geodesy Adoption) (1999)

The Closed Formulae is adopted at the 22nd General As-
sembly in Birmingham by International Association of
Geodesy (IAG) for computation of group and phase re-
fractive index of air for EDM in the year 1999 which can
be an ideal hypothesis for this research and a suitable tool
for comparisons (IAG, 1999).

The steps are calculation of group or phase refractivity
under standard air condition, partial pressure of water va-
por at dew point temperature and finally refractive index
at given temperature T in K, pressure p and water vapor
pressure e in mbar (1 mbar = 1 hPa =1 Pa/ 100) corre-
sponding to the phase or groupindex:

1. Dispersion equation: computation of phase refrac-
tivity:

4.8866 N M
3 st
where A is wavelength in mm. Concerning group refrac-

tivity:

N =287.6155+

, (29)

4.8866 0.068
N =287.6155+ ———+———. (30)
A2 Al
2. Determination of partial pressure of water vapor e
at dew point temperature tgp in °C:

e=6.1 1(7.4Stdp )/(235+tdp)' 31)

Dew point temperature is the temperature at which the
air can no longer hold all the water vapor which is mixed
with it, and some of the water vapor must condense into
liquid water. The dew point is always lower than or equal
to the air temperature, and it is calculated by ¢ gp =L
((100— RH)/ 5).

3. At the end, calculation of refractive index ng and
refractivity N; corresponding to phase and groupindices:

_273.15Np 11.27e

= (32)
1013257 T

L

n, =1+N 107, (33)

At the end, the introduced deviation by the variation
in atmospheric elements on EDM is computed by the
change in group refractive index into ppm scale within
defined interval of atmospheric changes according to
Eq. (7). The correction for each EDM model is calculated
and graphically and numerically compared throughout the
wide range of meteorological domains in order to reveal
the improved EDM correction model.

2. Results and discussions

The impact of refraction on range measurement beam
from EDM nominated as group refractive index results in
refracted wavelength. Therefore, the method is to study
this index and to compare the results of correction in
five selected EDM correction models in three different
categories of atmosphere. The assumed domain of ana-
lyze is =20 °C - 40 °C, 600-1100 hPa, and 0-100% for
air temperature, atmospheric pressure and relative humid-
ity of air, respectively. Those were introduced due to the
applicability of certified surveying instrument (Ciddor,
1996) and possessing the better approximation of the real
changes in the atmosphere. Additionally, the changes are
computed within 10 °C, 5 hPa and 10% change interval in
each element of atmosphere. Each category contains four
demonstrations, basically, (i) trend of group refractive in-
dex of air in the entire domain, (ii) correction in ppm
within defined interval, (iii) comparison of corrections
with Closed Formulae model, and (iv) behavior of EDM
correction compared to the change in measured distance.
As a clear result, at the end, the entire improvement of
atmospheric modelling for EDM in comparison with real
data collected will be concluded.

For the understandable illustration, each meteorologi-
cal element is individually investigated in the graphical
and tabular manner.

In practice, to compute the correction of EDM, follow-
ing steps are common in all present models:

1) Calculate the group refractive index via dispersion

equation with the help of relevant EDM wavelength
(e.g., 915 nm in near infrared region) into different
modes of atmosphere (i.e., standard air (free from
CO,), and moist air (water vapor)).

2) Determine the partial water vapor pressure based
on relative humidity of air which is one of the main
variables in this study.

3) Compute the group refractive index based on the
atmospheric pressure, air temperature, and partial
water vapor pressure.

4) At last, determine EDM correction in ppm by the
difference of group refractive index in every epoch
of atmospheric changes according to Eq. (7).

2.1. Air temperature

The temperature range analyze is restricted to -20 °C -
40 °C. Moreover, the atmospheric condition of Stuttgart
in Germany is supposed, the average height of 247 m
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above the sea level corresponding to the air pressure of
983.9272 hPa with the annual mean relative humidity 72%.
1. Group refractive index of air:

1.00031

1.0003

1.00029 -

= 1.00028 |-

1.00027

Edlen (1966)
—Birch and Downs (1994)
——Ciddor (1996)

1.00025 -—Bonsch and Potulski (1998)
— Closed Formulae (1999)
1.00024 o ! !

1.00026

Group Refractive Index

. . .
-10 0 10 20 30 40
Temperature (°C)

Figure 6. Effect of temperature on group refractive index of air
calculated in five EDM correction models

All the models experience a decrease in group refrac-
tive index, by the rise in temperature (Figure 6). However,
this drop is in different rates among the models. For exam-
ple, the decrease rate in Ciddor model is slightly sharper
than Closed Formulae model, concerning different struc-
ture in calculation.

2. EDM corrections in PPM:

95

Correction (ppm)
=

Edlen (1966)
r—Birch and Downs (1994)
—— Ciddor (1996)

8.5 F{—Bonsch and Potulski (1998)
—Cloz‘sed Form‘ulae (19?9)

©

. . .
-10 -5 0 5 10 15 20 25 30 35 40
Temperature (°C)

8

Figure 7. EDM corrections in every interval of 10 °C

The corrections in Edlen, Birch and Downs, Ciddor,
and Bonsch and Potulski model are relatively close (Fig-
ure 7); however, there is a gap between those findings and
Closed Formulae model which reaches to nearly 1 ppm
within the last interval change (i.e., pay particular atten-
tion to Figure 8). This difference comes from the differ-
ent calculation of partial water vapor pressure in Eq. (31)
and Stone and Zimmerman recommendation in 2001 and

Table 1. EDM corrections

25

applying different constants in dispersion equation in each
model.

The important outcome is that the value of correction
in every 10 °C change varies from 8 ppm to 11.5 ppm.
Table 1 shows the exact values of EDM corrections for the
rise of 10 °C in the atmosphere in each model.

To accurately explain, if the environment gets warmer
by 10 °C, from 0 °C to 10 °C, the measured distance is
positively affected by 10 ppm in Edlen correction model.
It can be inferred every change in centigrade brings ap-
proximately +1 ppm correction.

The above values are not identical in all equal inter-
val change, meaning that the change in warmer tempera-
ture above zero gives lower numbers of ppm than colder
temperatures below zero (e.g., on the average 9 ppm be-
tween 30 °C and 40 °C, while 11 ppm between -20 °C
and -10 °C). Therefore, there is no fixed value to correct
the distance by every single change in temperature (i.e.,
the amount of correction strongly depends on at what
temperature the change occurs (Table 2)).

On the other hand, the differences between models
reach to the maximum amount of a ppm in higher tem-
perature. Hence, it is highly recommended to prioritize the
EDM correction models at those temperatures (Table 2).

3. Comparison of corrections with Closed Formulae
model:

N

—Birch and Downs (1994)
—Ciddor (1996) /
—Bonsch and Potulski (1998)| /

‘ :
Edlen (1966)

o
©

o
~

o
N}

Corrections w.r.t Closed Formulae (ppm)
o
o

lo

10 -5 0 5 10 15 20 25 30 35 40
Temperature (°C)
Figure 8. Comparison of EDM corrections w.r.t Closed
Formulae model

To compare the results with Closed Formulae model,
the differences increase by the rise in temperature so that
there is no broad gap between the models from -10 °C
to circa. 15 °C (i.e., since the air becomes hotter, differ-
entiation between EDM correction models plays a more

in every 10 °C interval (ppm)

E;Tg ;za(tau er Edlen Birch and Downs Ciddor Bonsch and Potulski| Closed Formulae
-20 to -10 11.76 11.76 11.78 11.76 11.69
-10to 0 10.95 10.94 10.96 10.94 10.84
0to 10 10.28 10.25 10.29 10.25 10.08
10 to 20 9.74 9.69 9.77 9.7 9.41
20 to 30 9.36 9.28 9.45 9.29 8.81
30 to 40 9.18 9.05 9.39 9.07 8.27
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important role). Table 2 shows the maximum difference
might occur in calculation in case of using different EDM

models.

Table 2. Differences in EDM corrections w.r.t
Closed Formulae model (ppm)

Tomperstute | ey |Birchand| Guggor | ind

Potulski
-20 to -10 0.07 0.06 0.08 0.06
-10to 0 0.11 0.1 0.12 0.1
0to 10 0.19 0.16 0.2 0.17
10 to 20 0.33 0.28 0.36 0.29
20 to 30 0.55 0.48 0.64 0.48
30 to 40 0.91 0.79 1.11 0.8

The numerical values show the highest difference be-
longs to Ciddor model, whereas closest approximation to
Closed Formulae model is Birch and Downs’s presentation
although all numbers are less than a ppm (i.e. it varies
from 0.06 ppm to 1 ppm). Thus, in case of any uninten-
tional exchange between EDM correction models, it is ex-
pected maximally 1 ppm difference will be added in the
calculation especially in higher temperature, concerning
the rise of 10 °C in the atmosphere.

4. Correction vs. measured distance:

25 T

Edlen (1966) P
—Birch and Downs (1994) =
L|—— Ciddor (1996) = 4
—Bonsch and Potulski (1998), =
—Closed Formulae (1999) =

n
o

o
T
\
\

Correction (mm)
>
\\
\

. . .
0 500 1000 1500 2000 2500
Distance (m)

Figure 9. Correction vs. measured distance

Clearly, there is a linearly direct relationship be-
tween measured distance and its correction. Figure 9
compares the longer distance in meters EDM can meas-
ure, the more correction in millimeters is employed
(i.e., it reaches to 2.2 cm by the rise of 10 °C in the
atmosphere at the target range measured of 2500 m).
Additionally, the changes between EDM models in the
distances exceeding approximately 750 m measurement
is more than a ppm.

2.2. Atmospheric pressure

The assumed domain analysis for atmospheric pressure
is 600 hPa as the lowest and the highest 1100 hPa. The
rest of hypothesis is based on Stuttgart atmospheric
condition.

1. Group refractive index of air:

1.00032

T
Edlen (1966)
1.0003 Birch and Downs (1994)
——Ciddor (1996)
1.00028 -|—Bonsch and Potulski (1998)
— Closed Formulae (1999)

1.00026 -

1.00024

1.00022 -

Group Refractive Index

1.0002 -

1.00018

| I I | I I I
600 650 700 750 800 850 900 950 1000 1050 1100
Pressure (hPa)

1.00016

Figure 10. Effect of pressure on group refractive index of air
calculated in EDM correction models

According to Figure 10, the group refractive index
by the rise in pressure is linearly increasing. Besides, no
significant differences between models will be observed
(Figure 12).

2. EDM corrections in PPM:
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Figure 11. EDM corrections in every interval of 5 hPa

Figure 11 shows its correction remains constant in
the predefined domain of pressure (i.e., the group re-
fractive index changes by the equal value in each 5 hPa
pressure interval). Additionally, the behavior of Closed
Formulae model is not comparable with the other four
models. Even though the gap between its corrections
and four other models is considerable, this does not af-
fect the correction in the order of ppm. Therefore, the
amount of correction in all models by 5 hPa increase
is assumed 1.4 ppm (i.e., it is expected 1 hPa increase
results in —0.28 ppm correction).

Secondly, the corrections by the increase in atmos-
pheric pressure are negative, meaning that in contrast
to temperature corrections which add measured dis-
tances, here the corrected distances are less than meas-
ured distances.

To sum up, it can be interpreted there is no such
a serious requirement to distinguish EDM correction
models due to minor differences 8 x 10~ ppm between
models, and every change in pressure results in the
equal correction in ppm, unlike air temperature vari-
ation.
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3. Comparison of corrections with Closed Formulae
model:
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Figure 12. Comparison of EDM corrections w.r.t Closed
Formulae model

The diagram proves the EDM correction models can
freely be replaced with each other due to the very small
difference between corrections in each interval.

4. Correction vs. measured distance:
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Figure 13. Correction vs. measured distance

Normally, the longer range EDM measures, the larger
correction shall be applied (Figure 13). And there is no
significant gap between correction models in the entire
domain of pressure analyze.

From numerical perspective, while having 5 hPa in-
crease in the atmosphere, the correction for measured dis-
tance at 2500 m is 3.5 mm. These values in all correction
models are identical in the order of millimeter.

2.3. Relative humidity of air

The entire domain of relative humidity in the air 0-100%
will be considered which will also prove the change of
100% in relative humidity, far from reality in atmosphere,
has the equal value of correction as 1 hPa increase in at-
mosphere (Figure 14). Thus far, the rise of 1 °C and 1 hPa
brings approximately 1 ppm and -0.28 ppm change in
EDM correction, respectively.

The more humid air gets, the less refractivity on wave
can occur, like temperature analyze; however, the rate of
this drop is considerably lower than temperature decrease.

It is seen the behavior of Closed Formulae model is not
comparable with the other models which this gap highly
links to different calculation method of partial water vapor
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1. Group refractive index of air:
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Figure 14. Effect of relative humidity on group refractive index
of air calculated in EDM correction models

pressure using dew point temperatures according to Eq.
(31) in the models of Stone and Zimmerman (2001) and
Wexler (1976).

2. EDM corrections in PPM:
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Figure 15. EDM corrections in every interval of 10%

It is obvious that the change in group refraction in-
dex is constant. Therefore, the equal value of correction
for every single change in RH should be added to meas-
ured distances, according to Figure 15. This value is small
enough in comparison with two other effects of atmos-
phere (i.e., 0.03 ppm concerning every 10% increase in
relative humidity). It is anticipated within 100% change, it
reaches to 0.3 ppm, approximately equal to the correction
of 1 hPa change. Furthermore, the differences between
models are insignificant (Figure 16).

3. Comparison of corrections with Closed Formulae
model:
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Figure 16. Comparison of EDM corrections in each model w.r.t
Closed Formulae model
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In order to compare the result with adoption of IAG,
it is remarkable that the numerical values between models
maximally reach to 3 x 1072 ppm.

Although the correction of humidity is considerably
lower than pressure, the fluctuation between EDM mod-
els in humidity analyze is higher. It is meant distinguish
between EDM models in humidity change analyze is more
important than pressure change analyze in more accurate
surveying projects.

4. Correction vs. measured distance:
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Figure 17. Correction vs. measured distance

It is expected this results in the linear direct connec-
tion between measured distance and corresponding cor-
rection like above. Also, it is feasible to observe the effect
of humid air at the range of 2500 m is not larger than
0.1 mm, given the rise of 10% in RH (Figure 17).

From numerical values, it is visible the correction by hu-
midity of air drops for same distance domain analyze, from
centimeter in temperature and millimeter in pressure analyze
to lower. In this domain, the correction from Closed Formu-
lae model is approximately eightfold less than other models.
The main reason behind is the different method to compute
partial pressure of water vapor pressure (Eq. (31)).

2.4. Improvement of atmospheric modelling on
EDM

This part includes two important arguments, simulated
data analysis and comparison with real data analysis.

The first argument is EDM corrections will be mod-
elled in such a way that all the effects of atmosphere in
a simulated manner (e.g., 10 °C, 5 hPa, and 10% change
in air temperature, atmospheric pressure, and relative
humidity of air, respectively) simultaneously occur. This
is the real case scenario which most of the surveyors are
dealing with.

To better address the issue, Eq. (32) is assumed first.
By partials differentials, and assuming the standard air
condition, ¢t =15 °C, p =1007 hPa, e = 13 mbar and N =
304.5 defined by Rueger (1990), the following equation is
obtained:

dnx106 =—0.99dt +0.28dp —0.039de. (34)

The coefficient are those already calculated by the unit
change in atmosphere in tables and figures above (i.e., to

further analyze, pay more attention to Table 3) (Bamford,
1980).
Accordingly, for minus temperature (below zero):

—dnx10° =1.11dt —0.28dp +0.03de. (35)
And positive temperature (above zero),
—dnx10° =0.93dt —0.28dp +0.039de. (36)

Therefore, based on the equations, in order to obtain
the exact change in correction caused by multiple atmos-
pheric effects, it is only required to multiple the number
of changes with corresponding values.

In summary, the expected corrections corresponding
to unit change in each atmospheric parameter are:

Table 3. EDM corrections by unit change in atmospheric
parameters plus maximum difference between correction
models (ppm)

Maximum
Unit Change in Atmospheric EDM Difference
Parameters Corrections between
Models
Temperature | Below zero 1.11 0.012
(1°0) Above zero 0.93 0.115
Pressure (1 hPa) -0.28 0.0001
Humidity (1%) 0.003 0.003

Consequently, the rise of 1 °C in temperature brings
1.11 ppm change in correction in case temperature
changes below zero, whereas the identical increase above
zero leads to lower change in correction approximately
0.93 ppm. Regarding two other elements of atmosphere,
the entire increase in RH has the equal impact but in the
opposite direction as the rise of 1 hPa in the environment,
as discussed above.

Given the Eq. (34), for instance, the rise of 15 °C above
zero, fall of 2 hPa in atmospheric pressure, and increase
of 20% in RH during the measurement time span causes

15°Cx%(0.93 ppm)— 2 hPa x (-0.28 ppm) + 20% X
(0.003 ppm) = 14.57 ppm

deviation on EDM, and the EDM models maximally
differs by

15 °C x(0.115ppm)— 2 hPa x (-1x10~% ppm) +
20% x (3x1072 ppm)= 1.78 ppm

(pay particularly attention to the sign of each applied cor-
rection).

Therefore, the main influence of deviation comes from
the temperature change, so the accurate determination of
temperature is seriously required (Rueger, 1990). In addi-
tion, in the desired accuracy of ppm or better, it is crucial
to be aware of the differences between EDM correction
models.

On the other hand, in order to confirm the results ob-
tained from simulated analysis, the field work measure-
ment was carried out on 11th of March 2020 in the region



Geodesy and Cartography, 2022, 48(1): 20-30

close to Stuttgart, called Urbach, and the findings via dis-
tribution of four Greisinger thermo-, barometers sensors
called GTD1100 (Greisinger GmbH Ragenstauf, Germa-
ny) during measurements were between 9 °C and 16 °C
for air temperature, the change of atmospheric pressure
between 984.4 hPa and 985.3 hPa, and relative humidity
ranged from 55% to 85%. Therefore, the corrections based
on the five proposed models are depicted in the following
Table 4.

Table 4. EDM corrections w.r.t atmospheric changes
calculated in each model (ppm)

Atmospheric Birch Bonsch | Closed

Par nf " Edlen and Ciddor and For-
arameters Downs Potulski | mulae

Temperature | (o1 | 679 | 6383 68 | 6.62

(°C)

Pressure

(hPa) -0.24

Relative

Humidity 0.18 0.16 0.16 0.15 0.01

(%)

To numerically verify, the increase of 7 °C in temper-
ature, 0.9 hPa in pressure and 30% in relative humidity
brings nearly 7 ppm, -0.24 ppm and 0.16 ppm change in
EDM correction, respectively. The highest effect appears
from temperature variation, as discussed before; however,
least atmospheric effect is from relative humidity varia-
tion. Furthermore, the difference between EDM models
is not notable in the order of ppm.

The above assumption which holds every single change
in temperature above zero changing the correction by
0.93 ppm in Table 3 reduced to 0.67 ppm in the real data
analysis. This difference appears due to two matters: first
the rest of atmospheric effects which have been neglected
in this research can play the major role, and second it is
the result of different assumption in atmospheric pressure
and relative humidity (i.e., Urbach atmospheric pressure
(e.g., 984.85 hPa) is adjusted higher than simulated pres-
sure assumed for Stuttgart (e.g., 983.9272 hPa)).

As a conclusion, in the identical condition of tem-
perature change in atmosphere, the rise in atmospheric
pressure negatively affects the correction in ppm, while,
in case of drop in atmospheric pressure, the correction
caused by temperature variation is expected to be posi-
tively changing (i.e., it is vital to take the sign of applied
correction in Table 3 and 4 into serious account). Also,
for the same RH fluctuation, the rise in temperature and
pressure changes the correction of humidity from ex-
pected value of 0.09 ppm based on Table 3 to 0.18 ppm
since the effect of temperature is positively rising and
considerably larger than pressure influences. Also, the
other atmospheric mentioned elements are the means to
change these values.
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Conclusions

Nowadays, the highly accurate geodetic measurements
are quite demanding by project managers. The accuracy
of EDM like any other types of geodetic measurements
are certainly affected by different variables especially at-
mospheric changes. This research aimed to reveal the
developing of modelling for atmospheric effects on long
range EDM corrections. The interactions of three consti-
tutions of atmosphere including air temperature, atmos-
pheric pressure and relative humidity of air on EDM were
considered in this current work although several other
elements into atmosphere are influencing the direction of
laser beam measuring.

Therefore, it has clearly been witnessed the determi-
nation of temperature is very critical. It is recommended
by Rueger to be measured accurately at both terminals of
a line and the group refractive index calculated for both
terminals and the mean taken. Even so, the mean value of
the group refractive index generally does not represent the
prevailing integral value over the wave path better than
1 ppm, and for more accurate surveying measurements
than 0.1 ppm, EDM correction models shall be distin-
guished.

There have been several arguments recommended for
further investigations as future works. Firstly, the differ-
ences between simulated and real data analysis have il-
lustrated they have been other elements of atmosphere
such as content of carbon dioxide, oil vapor of air and the
effects of absorption line impacting the results. Therefore,
it arises the enough clue to be investigated for more accu-
rate than ppm accuracy in surveying and 3D visualization
works. Secondly, the research depicted finding the appro-
priate model to determine the partial water vapor pres-
sure, highly depending on relative humidity, in geodetic
measurements is still the unanswered question despite the
fact each EDM correction model employs different cal-
culations leading to the deviation in final results. Thirdly,
the study of refractivity on vertical and horizontal angle
measurements has the potential for future research in or-
der to achieve the accurate 3D point coordinates. Fourthly,
all discussions were validated for EDM observations and
other geodetic instruments functioning in the range of
light or near infrared domain of EM spectrum; however,
in case of having collected data by other instruments in
the other domain of EM spectrum such as ranging radar,
the scenario would completely be different. Therefore, it
is very important to find out the behavior of EM waves,
refractivity and reflectivity of wave, as a function to height
and other elements throughout dry and wet troposphere
and ionosphere to estimate their corrections.
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