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ABSTRACT

The need of high accuracy geodetic measurements, especially in the vertical displacements control
networks, is nowadays extended and thus the thorough investigation obafliple error sources is necessary.
Despite the technological improvement the accuracy of geodetic measurements is still limited mainly due to
the unpredictable propagation of a sighting line. These error sources are concentrated on the variations of the
refractive index; witch either bends or retards the electromagnetic wave path and is caused of air density
inhomogeneity, which is in terms influenced by fluctuations of the atmospheric parameters.

The present paper aims to the determination of the depencie between digital height readings and the air
temperature as well as the atmospheric pressure by performing repeatable short term measurements. Thus, a
standalone set up of a high accuracy digital level was developed and both indoors and outdoorsnexperi
were carried out for a time period of several days with a time interval of five minutes. At the same time there
was an air temperature sensor functioning, which was mounted on the staff, and a meteorological station.

Hence the additional time seriesere generated and correlation coefficients were computed in order to
investigate as much as the linear as well as the monotonic relationships among the measured parameters. Also
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conditions are stable, which means that heat flux effects are not applied. Thus the influence of the
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correlations werecomputed between the acquired data.

I. INTRODUCTION the air density, which is in terms a function of the

Spiritleveing is one of the cheapest, oldest and still major meteorological parameters. The International
’ Asseiation of Geodesy has adopted empirical

remains one of the most accurate method in order to]c | hich sh that th fracti index i
compute height differences. Especially today Where_ofrlmu as de Icth show | a th (—.:[hretrac ve tm exthls
the demand of high accuracy geodetic measurementént uencr? oy the wave er:jg th’ N te_rr|1peral ure, e
is intense for the needs of deformation and monitoring atmospheric pressure. an € paria wa er. vapor
surveyng and the assessment of the mechanicalpressure(C'ddor 1996; Ciddor and Hill 1999; IUGG,
response of buildings and technical structures by the1999 Tor.ge, 201) . .
determination of vertical displacements. Assuming thg visible - electromagnetic SpeC”“f“’
Thisfact occursbecause of the elimination of most Whefe. the par’FlaI water vapor. pressure effect is
errors which is based on their reciprocal negligible(Breznikarand Aksamitauskas2012) for the
neutralization regarding single set up between the needs of Sp_'m Ievell_ng the V\_/e!tlnown o geodesists
local geodetic refraction coefficient k che expressed

level and the staffs when the geodeticlevding . : ]
techni . lied. Additionally wh inale hei htby the following equation(Bahnert, 1972, 1978;
echnique is applie itionally when a single heig Joeckel et al, 2008)

reading is carried out there are certain error sources
like the scale factor of the instrumentatiofevel and ~
staff), the collimation error and the earth curvature, Q vngS-Omro T ¢— @
which can be considered as systematic and constant

effects. Hence the deviation among repeatable heightwhere k = the geodetic refraction coefficient

readings is concentrated on the repeatability of the P = the atmospheric pressure in mb
measuring equipment and the refrage effects. T=KS GSYLISNI(Gdz2NE Ay cVY
Consideing the atmospheric air as the propagation — = the vertical temperature gradientim Y K Y

medium of an electromagnetic beam the alterations
on the refractive index is caused by the variations of
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By logging and differentiating equatidnyields that atmospheric pressure was acquired by using a Davis
the local geodetic refraction coefficient k is strongly Vantage Vueweather station with a measuring
dependent on the temperature gradient and is slightly OOdzNJ} O& 2F pmMYOod ¢KS adl dA2,y
dependent on the absolute air temperaturand the  building where the experimental tests took place.
atmospheric pressurg¢Brocks, 1939; Hirt et al, 2010; Moreover a mobile weather station was used in order
Torge, 2001Wunderlich, 1985 to convert the pressure readings to the desired mean
altitude of theexperiment.
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In this paper the dependence among height ¥ LORD MicroStrain
ety e

readings, air temperature and atmospheric pressure is
being investigated. Hence, both indeand outdoos
experimental tests were carried out by implementing a
standalone set up of a high accuracy digital level and
an air temperature sensor node mounted on the
barcoded invar staff. Thus, the additional timerigs
were generated, containing repeatable short term
measurements of height readings, air temperatsire
and atmospheric pressusdor a time period of several Figure 2The LORD MicroStrain -TOkLXRS sensor node
days and a time interval of 5 minutelloreover the [http://www.microstrain.com/wireless/telink-1ch].
repeatability of the digital level iseingevaluated.

Before the implementation of the experimental tests

Il. DATA ACQUISITION the digital level was checked at a local comparator
while the reference scale dhe temperature sensor
was calibrated by using a climatic chamber device and

The geodetic instrumentation used in order to carrythe repeatability as well as the measuring accuracy
out the experimental tests and generate the g & S @I £ dzi (K&nkpoukisi20En dmc /
corresponding time series was Leica DNAO3 digital Regarding the outdoar experimental test and in
level, GPCL bar coded invar stadfsd a heavy duty order to secure proper lighting conitins during the
tripod. The stanehlone setup of the digital levelwas y A 3K FyR | &dadz2NB GKS fS@StQ
implemented by using a GEV 186 Y cable that ensureshotlight was used. The spotlight was placed at safe
initially the uninterrupted power supply, by using a distance so that the air temperature sensor would not
12V external battery, as long as with the seamless datget heated, while an automatic operating mode was
transfer, by online commandg of the digital level via accomplished by using a timer $g¥i (figure 3)
an RS232 serial communication and the corresponding
software(figure 1) [

A. Instrumentation and StandloneSet Up

Figure3. The spotlight and the3m invar bar coded staff
justafter sunset

Figure 1Theautomatic, stand alone and controlled set up
of the DNAO3 digital level. B. Generated Time Series

The ai iod After developing an automatic, stand alone and
b € ar tempLe&;}u'(Ae_ mesasu_r em_lf:{lr;_tski/:/_e;ae?;ame OUt ontrolled set up there were three experimental tests
y using a icroStrain - T&in SENSOT that were carried out at the School dRural and

(figure 2)that was mounted on the invar staff at the %urveying .Ef%ghneeri RSE)f the Nationgl Iech{“égll 5 o1
b A oY

abys KSA3IKG la dKS 545 n%@rsitylb h§n§ oA Sder folebnhute
sensor can be controlled wirelessly. Additionally thedependence of the height readings and the
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meteorological parametersegarding spirit leveling ¢KS f S@St QiticsNake Ipresenfed i tabildl |
measurements. Thus, the digital level thatasv 1, where n is the number of the readings and NA is the
deployed, was observing a bar coded invar staff. Th@umber of thenot availablemeasurements.

height readings acquisition had a time interval of 5
minutes at a period of some days. Simultaneously to
the height readings there were air temperature
measurements taking place by using the air
temperature sensor mounted on the invar staff.

Additionally the weather station was continuously
generating time series of the atmospheric pressure
These measurementsvere then converted to the
desired altitude with respect to the corresponding
sampling measurements of the mobile weather
station. The development of the aforementioned set
up provided a synchronization of thaifferent time
series that wa®f the order of some seconds.

Thus, therewere three expeimental tests that were
carried out two indoors and one outdoors at a sighting
distance of about 25m, 50m and 40m respectively. The
first test is not thoroughly presented in this paper
because the trend lines of the measured parameters
were completely stionary.

The falct _th?t ne;:-.d.s to t;ehhlghhghted IS rt1hat the The instrument height was developed and measured
meteorological conditions of the tests were chosen to_, 1 > The height readings of the indoors

be stable_:. This means thgt the v_entllatlon and_heat'ngexperimental test aregraphically illustratecby a grey
were switched off regarding the indoors experimental line in figures,
test while the part of the outdoorsime series after
sunrise (08:00) and just before sunset (17:00) were
trimmed off and excluded from the computations. This
happened in order to minimize the atmospheric
turbulence fluctuations (which are increased indoors
due to heating and ventilation ahoutdoors because
of the heat flux due to convectionBrunner &
KUkUVEC, 20],'1H-Il't et al’ 201@ . X . [IJ 2[|)0 4[|)0 6[|)O 8(‘30 10‘00 12‘00

These fluctuationexceptthe height readingsnainly Time Intervals (5min)
affect the credibility of the air temperature Figure5. The height readings chart of the indeor
measurements. Especially when the air temperature experimentattest at 50m
sensoris directly radiated by the surnt gets heated
and due to its thermal capacity the reliability of the The heightreadings preseng slight cyclicality while

Figure 4. the instrumentation set up of the indoors
experimental test
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Height Reading (m)

1.1120

measurements becomes questionable. they demonstrate a decreasing trenddditionally the
kernel density plot, which is presented in figuég
1)  IndoorsSet Up indicates that there are two main values in the height

The indoors experimental test was conducted at thereadings time series.
basement tunnel of SRSE which is used for the
metrological check and calibration of geodetic
instrumentation (figure 4) The tunnel hAs a total
length of about 50mt KS RAIAGIE f SG
initiated at 201712-21 16:00:00 and ended at 2017
12-25 23:50:00, which is namely a total period of 4 4 \
days 7hours and 50 minutes.
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!
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Table1¢ KS RAIAGEHT S @8HeddoosNB | ..,., _ . .N=1224 Bandwidih=1419e05 ,
experimental test. Figure6. Theheight readings distribution of thimdoors
DNA Reading Mean St. Dev. n/NA experimental test via a kernel density plot.
Height 1.112146m | 5 c p >| 1247/23 . L. AL < oA
Distance | 49.529m | T Y Y| 1247/23 Figue7 At t dzZauNI 0Sa UKS AN

readings, where also a decreasing tremih a pacing
pattern is observed. Additionally fgure 8
demonstrates he atmospheric pressure which is

ﬁ
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Figure7. The air temperature sensaigeadingsof the
indoors experimental test.
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Figure8. The pressure readings time series of the indoor
experimental test

decreasing during the first day and is increasing _
thereafter.
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Additionally figure10 represents as much as the
initial as well asthe final trimmed height readings
distribution with red and grey color respectively. The
number of the readings (N) and the smoothing
bandwidth are referred to the trimmed readings.
These two kernel density plots indicate that there are
two to three main values containdtierein the data
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The outdoors experimental test was carried out on N =766 Bandwidth = 3 5016.05
the rooftop of SRSE. The only alteration to the Figure 10The initial (red color) and the trimmed height
previously conducted experiment is that a 3 meter bar readings distribution of the outdosexperimental test via a
coded invar staff was used. Moreover in order to kernel density plot.
secure proper lighting conditions dugrthe night and . A A
F4adNB GKS fS50StQa YSI adzamydazNG 6 miva (Aef  1dz2a GNRGEAIRKKS 5 It
used. readings othe outdoors experimental test, where the
The overall instrumentation set up of the outdmor hills correspond to the daylight part. In this graph the
experimental test is presented in the figuréand 3  cyclicality between days is obvious but in gexlehe
where the horizontal distance between the level andtemperature among the nightshas an increasing
the staff was a bit leshan 40m. tendency while the amplitude betweenthe days is
The DNAO3 readings of the second experimental tesdecreasing.
started at 201801-04 19:25:00 and ended at 2018-
08 23:50:00, which corresponds to a total period of 4 &
days, 4 hours and 35 minutes with minor gaps amon¢® -
the measurements. &
The height readingstatistics, as they were finally
trimmed, are presented in tabl@. The instrument
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Temperature

height was set and measured at 1.657m. 2 T\M\‘” ‘
0 200 400 600 800 1000 1200
Table2. ¢ KS RAIAGEE f S@8HeQa Mo i g e ‘,”Ie'&a'i@?'”\t‘&m dinasof th
outdoors experimental test. igure 1.the atI(;I temperatu_re setnlst ta Ingsof the
DNA Reading Mean St. Dev. n/NA outdoors expenmental test.
Height 1.633589m | p M p M| 1206/440
Distance 37.949m 5 ¢ Y'Y| 1206/440 = /Mf_ﬂff\“,_
] P
The following figure(9) demonstrates the height o~

1000

readings of the digital level for the outdaor
experimental test. The trimmed parts of the height

Pressure (mbar)

990
]

readings time series are plotted with red color.
Moreover the height readings trenlihe apparently
shows cyclicality and an incrementing tendency.
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Figure 12The pressure readings time seriesiud

outdoors experimental test.
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Additionally figure12 demonstratesthe pressure environmental and lighting conditiongKampouris,
readingswith respect to the outdoors experimental 2018)

testwhere an upward trend is observed. A diplomathesis (Apodoulianakis, 20)1performed
additional experimental tests with the Leica DNAO3 at
Il. RESULTS different lighting conditions and varying sighting

ASAIAGHE [ SOStQa wSLISH G cgska\@cg}s[ﬁt IS goncludedhat the slope of the linear
model of equation 3 canrange between 0.0038 and

The repeatability ofi KS RA 3 Ardestringt @7, Qe the intercept can takeither positive or
ability is computed througtthe standard deviatioof  pegative sign values.

eachtime series height reading with respect to the
sighting distancePellegrinelli et al have demonstrated g correlations of the Measurd@arameters
an empirical relationship in order to define the
standard deviation of a single heigheading with
respect b the sighting distance (emtion 3), by
devdoping a motorization of DNAO3 (Pellegrinelli et al,
2013)

The dependence of the measured parameters was
computed by uig the Pearson andhe Spearman
correlation coefficientdor their linear and monotonic
relationships respectively

Figure 13 demonstrates the Pearson correlation
coefficients among the measured valugfsthe indoors
experimental test where some strong(Height -
Temperature) and moderate (Height - Pressure)
correlations are noticed. This is not a gerlera
assumption but characterizes the particular dataset
and is due to the trends among the different time
series.

YEOOQDGd mEimpo N8O mdimu (3)

where St. Dev. fhe standard deviation of a height
reading on annvar staff in mm
Dist. =the horizontal distance between the
level and the staff in m

Thus they performed an automatic staatbne set

1
up which measured continuously for 8 days in an _ 08
indoorstunnel. The time interval was defined at 5 to 6 Height 06

minutes, while five invar staffs were mounted in
different distances. Hence they generated about 2000 045 Dist | EZ
readings per sighting distance and a linear model was ’
then fitted to the computed standard deviation values. 0
By the utilization of the aforementioned equation 078 -048 T 02
table 3 is constructed with regard to the three 04
experiments that were previously discussed. Thus, the 06
expected standard deviatio(third column of table 3) 049 032 053 P I—U.S
is computed bythe formula of equation 3with respect -1
to the sighting distance of each experiment. Figure B. The Pearson correlation coefficients of the
The statisical significance of the difference between measured values of the indosexperimental test
the measured and the expected value was then tested
for a confidence level of 95%According to the f
statistical testdhe indoors experimental tests seem to Height Q I 08
be in accordancéo the expected valueand manage 0.6
to pass the test while the outdoors experiment failed - 04
to passit. -0.48  Dist. L 02
Fo0
Table3. The expected and the measured standard 08 | 048 | T Q L 0.2
deviatiors2 ¥ UKS RAIAuUlIf fSOASE Q L o4
Exper. Sight.Dist | Expected | Measured | 95% 06
Indoors 25.305m 530> Y b H®Gp>Y Pass .05 0.3 0.6 P I'U-B
Indoors 49.529m 55> Y 5 C>m Pass
Outdoors | 37.949m 3> Y 5 M pnm Fail a

Figure 4. TheSpearmarcorrelation coefficients of the

Additionally the manufacturer denotes that the measured values of the indosexperimental test

standard deviation of the height readings average has . -
i2 08 t8aa GKtYy pTnn>Y F ﬁThg-sePea”)?"{"?@ﬁ]eka' %CO%?R'%%'V@%%L“G%?
(Leica, 200p This means that the repeatability of the up because the height readings along with the

Leica DNAO3 digital level is not static but is depende(t]emperaturg m_easuremgnts a_re decr.easmg, formmg a
on the micrometeorology of the terrain, the strong uphill linear reltionship. While atmospheric
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pressure is increasing indicating a moderate downhildigital level with respect to the ésrnal experiment
linear relationship with respect tthe heightreadings failed to pass the statistical test.

Additionally the Spearman correlation coefficients of Even the fact that both theexperimental tests
the outdoors experimental test (figure 14) do not showed positive linear and monotonic correlations
indicate a mticeable difference with respect to the between the temperature and the height readings
Pearson values. Even though that the correlations arg¢ime series this does not imply causation and further
slightly strengthened, regarding the parameters ofresearch needs to be maderhis meansthat the
interest. computed correlation coefficientamay onlyinterpret

The incrementing trends of the measured the particular datasetsThis means that the functional
parametersof the outdoors experimental testthat form of the influence of the atmospheric parameters
have bea noted earlier,nterpret the strong(Height-  regarding a single height readisgems to beneither
Temperature) and moderate (Height - Pressure) linear nor monotonic.

Pearson correlation values thate presentedn figure
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