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ABSTRACT

Thepaperpresentsamethodforreal-timeobservingoftheconvectionalprocessesin
theatmosphereboundarylayer.Theessenceofthemethodisinprovidingreal-time
measurement of temperature, humidity, and pressure during the flight of a glider
(soaringflight).Basedonthesemeasurements,areal-timeevaluationoftheatmosphere
dynamics ispresented.Measurementsare takenduringsoaring flightof theglider
andduringtheflightofaremotelycontrolledquadrocopter.Additionally,amethod
foratmospherethermalidentificationbythemeasuredparametersisintroduced.The
mainapplicationareasofthisworkareinunpoweredflights,aswellasinextending
theflighttimeanddistanceofpoweredaerialvehicles.Moreover,thepapercanbe
usefulinresearchandobservationofthelowestportionoftheatmosphereandmicro-
scaledatmospheredynamicsevaluation.
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1. INTRoDUCTIoN

Measuringpressure,temperatureandrelativehumidityfast enoughinordertoprovide
real-timeinformationofthemomentumstateoftheatmosphereplaysanimportant
roleinnavigationandinstrumentationapplicationsforsoaringglidersandinUAV
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(Unmannedaerialvehicles)(Akhtar,Whidborne,&Cooke,2012).Thisisachieved
viasuitableelectronicsforprovidingonlineinformationtothepilotinsidetheUAV
cockpit(Reddy,Celani,Sejnowski,&Vergassola,2016).However,asweareaware,
appropriatelight-weight multy-sensory systemsforparagliders,forexample,havenot
beendesignedyet,andthepilotreliesonintuitivedecisionsmostofthetimeofthe
soaringflight.

Sensorswithlowpowerconsumption,digitalinterfaces,miniatureandlight-weight
packing,basedonpiezo-resistivetechnologysuchasBoschSensortecBME280,for
example,areavailableatalow-costpricetodayandcanbeimplementedinthemulti-
sensorysystem(MSS)forassessmentofthemomentumstateoftheatmosphere.Atthe
sametime,mathematicalprocessingofthedataisnecessaryinordertoaccomplishthe
micro-scaleddynamicsevaluationinorderforthemulti-sensorysystemtoimplement
intelligence solutions to provide better cognitive support to the pilot rather than
just displaying raw data. One promising approach is based on ornithology studies
(Laurenza,2007),sincethesoaringofagliderandabirdsharemanycommonalities
like–beinglightweight,motor-less,relyingoncurrentatmosphericdynamicsatlow
altitudeofflight.

Numerousaccountsofbirdssoaringwithoutflappingtheirwings,rangingfrom
observationsbyLeonardodaVincitoOctaveChanutecanbefoundintheliterature
(Laurenza,2007).Birdscirclinginthermalsaretypicalexamplesfortheadvantageous
use of the atmospheric energy to preserve one’s position in the air (Ákos, Nagy,
Leven,&Vicsek.,2010).Forinstance,nowadaysdifferenttypesofglidersaresoaring
thermalsandreachinghundredsofkilometersanddozensofhoursintheairinasingle
unpoweredflight(Pagenan,1992).

Itiswellknownthattherearedifferentformsofenergyintheatmosphereboundary
layer (Ákos, Nagy, Leven, & Vicsek., 2010). Some of them are stronger, but less
predictablethanothers.Dynamicalformsofenergycanbefoundin:

1. Ridges(orographiclift,wheretheslopesofhillsandmountainsdeflectwind);
2. Atmospheric thermals (unevenheatingof theground,whichproducesbuoyant

instabilities);
3. Waves (long period oscillations of the atmosphere, which occur in the lee of

largemountainranges).Thesewaveswereused in thealtitudeflight recordby
Airbus Perlan Project, for example, (https://www.airbus.com/newsroom/press-
releases/en/2018/09/airbus-perlan-mission-ii-glider-soars-to-76-000-feet-to-
break-ow.html).Inrecentyearsalsotheoreticalandexperimentalinvestigations
of energy extraction from atmospheric turbulence are performed with main
applicationlargeaircrafts(Patel&Kroo,2008).WithUAV,however,theformsof
energy,influencingtheflight,differinscaleanddynamics,whichneedsfurther
investigationandmodeling.

Theatmospheric thermalsarethemostcommonlyusedformsofenergyforsoaring
flights.Although theyoccur frequentlyandovervarious typesof terrains, inboth
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hillyandflatareas.Theirnatureisnotunderstoodwell,whichhasledtoanumber
ofcasualtieswithlightplaneswithoutbeingabletodefinetheexactreasonforthis
tooccur(Pagenan,1992).

Ourhypothesisisthatprovidingfurtherinvestigationoftheatmosphericboundary
layer dynamics can contribute substantially to the safety of the flights. Thus, the
presentpaperisfocusedontheevaluationoftheatmosphereboundarylayerdynamics
ona micro-scale,sinceexactlyinthisboundarylayermostofthesoaringflightsare
performed.

Successfulsoaringrequiresefficientoptimizationandskillfullocalizationofthe
atmosphericthermalsbythepilotorbythemulti-sensorysystemforflightevaluation.
Atthesametime,usingthermalenergyintheatmosphereisadifficultandcomplex
task, not fully understood and not well defined. Although each thermal is unique
intermsofsize,shape,andstrength,thefollowingstepsshouldbemetinorderto
optimizetheflight,accordingto(Akhtar,2011):

1. Locatingthethermal;
2. Enteringthethermal;
3. Centeringthethermal;
4. Leavingthethermalefficientlyandattherightmoment.

Notethatthemainaimofasoaringflightistogainasmuchaltitudeaspossibleand
toreachthisaltitudefast enough.Achievinganoptimaltrajectorybetweenthermals,
downdraftsandturbulentareaisthesecond,complementaryaimtothemainone.

Decision-making requires evaluating the existence of a stronger thermal, or
consideringtheexistingnearandmoreconvenientupdrafts.Thus,themainobjective
of thepresentstudy is todemonstrate that thestrengthandsizeofanatmospheric
thermalaffectstheexpectedaltitudegainfromit.Thestrongerathermalis,thegreater
thelifteffectontheunpoweredglider.Thisstatementisprovedempiricallyhere,by
performingfieldtestsofflightsinaparagliderbythefirstauthorofthepaper.

Theremainderofthispaperisorganizedasfollows:Section2discussesrelated
work and outlines the novelty of the proposed approach. Section 3 presents the
methodforreal-timeevaluationof theatmosphereboundary layer, includingproof
of the hypothesis. Section 4 introduces the developed system based on combined
piezo-resistivedigitalsensoranddescribeshowtheexperimentalmeasurementsare
performed.Attheendofthissectionthemainresultsarepresentedanddiscussed.
Theconclusionsectionoutlinessomefuturework.

2. RELATED woRK

It is well known that a thermal is a collection of air particles rising through the
generalmassofairbecauseitislighterthanitssurroundingparticles.Cone(1964)
approximatesafreethermaltoabuoyantvortexringsysteminwhichtheratioofthe
ringtothecoreradius(R/a)islessthanten.Ourmodeloftheatmosphereairdynamics
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is similar as so called “bubble theory”definedbyScorer (1957), and thepaper is
basedonthefundamentalresearchofScorer(1957)andCone(1964).

Someapproachesformeasuring,evaluationandanalysisofairconvectionsare
reportedintheliteraturesuchas:Numericalsimulationsformodelingofatmosphere
dynamics(Hernandez-Deckers&Sherwood,2016);“Doppler”radarformeasurements
ofverticalairflowsofanatmosphericthermal(Koch,2005);Imagerecognitionability
thatcanidentifylandmarksfromIR(Infra-Red)andvisualcameras(Kagabo,2010;
Denniset.al,2008);Statisticalandmathematicalmethodsestimatingtheatmospheric
boundarylayer(Stull,1988).However,theconvectionprocessesoftheboundarylayer
of theEarthatmosphere inrealconditionshavenotbeendescribed indetailyet in
relationtotheon-lineconditionassessment.Usuallytheyarestudiedandpresented
onalargerscale.Forexample,Stull(1988)providesanoverviewoftheglobalpicture
of the nature and the energy in the atmosphere boundary layer. Other studies and
reviewsfocusonthemeteorologicalaspectoftheproblem.Forexample,thebuildup
of convective available potential energy (CAPE) in the free atmosphere has been
introducedinmeteorologynowadays(Rennó&Ingersoll,1996).

The studies, a part of which was presented above, do not take into account
currentatmosphereparameterssuchastemperatureandhumidity,whereasreal-time
evaluationofatmosphereandlapsrates(dryness,moistureandstandarddaylapsrates)
canhelpobtainaclearpictureofanatmosphereboundarylayer.Suchdatacanlead
toidentifyingcertaindynamiceventsincludingupdraftairflows.Fromany current
situationmoreinformationcanbeextractedliketheexpectedcloudbase,whichlimits
themaximumaltitudethatcanbereachedusingthermalconvection,andtheexpected
maximumgainofthethermals.Notethatnotallofthoseapproachesareconvenient
for implementation and integration on board of UAV or gliders because they are
computationallyintensiveorslow,orprocessedoffline.

Inhisbook“Understandingthesky”(1992)DennisPagenexplainsindetailsthe
eventsandbehaviorsoftheloweratmosphererelatedtothesoaringflights.“The air 
is an ever-changing environment and we must know its ways and wiles in order to fly 
safely”(Pagen,1992).Themicro-scaleatmosphereinflyableconditionsissubjected
tofastchangingconditionssincetheconvectivethermalexistsforashortperiodof
time(afewminutes).Thereforethepurposeoftheflyingistousetheenergyinthe
atmosphereefficientlyat any moment.

Inthiscontext,thepresentworkproposesanewapproachforevaluationofthe
micro-scale atmosphere1. It focuses on using piezo-resistive technology that can
measurepressure,temperatureandrelativehumidityfast enoughinordertoprovide
real-timeinformationofthemomentumstateoftheatmosphereinordertoobtaina
clearerpictureoftheatmospheredynamicsduringtheflight.Themainissueunder
considerationhereisthethermalconvectiveupdraft.

For this purpose several basic algorithms for optimal trajectory of unpowered
UAV and piloted gliders for improvement of flight navigation are first evaluated
in the paper. Then they are implemented in the specially designed piezo-resistive
instrumentation..Thisevaluationapproachcanbeappliedtoothertypesofdynamics
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intheatmospherelikeconvergentlifts,forexample.Theresultsofthisstudycanalso
beusefulinmeteorologymeasurementandresearch.

3. REAL-TIME EVALUATIoN oF THE 
ATMoSPHERE BoUNDARy LAyER

3.1. Proposed Methodology
Aspreviouslysaidthisresearchisfocusedonreal-time modelingoftheenvironment
duringasoaringflight.Theapproachconsistsofthefollowingsteps:

1. Estimationofaverticalprofileofthelowertroposphere(uptothecloudbase)by
usingpiezo-resistivetechnology;

2. Introductionofaprobabilitydistribution(paragraph3.3,Figure11)asanadditional 
variableinthecalculationofthethermalliftverticalspeed,basedonhumidity
andtemperaturemeasurements;

3. Estimationofflightstabilityandthermalgain;
4. Identification of the features of a convective thermal based on the measured

parametervariations.

Themaindisadvantageoftheexistingapproachestorecognitionoftheupdraft
airlifts is the lackof information regarding thephysical stateof theatmosphereat
every current momentsincethesizeandstrengthofthethermalsareinfluencedby
thepropertiesoftheloweratmosphere.Thermalsareoftenrecognizedbythepilotby
thepresenceofvisiblecumulus clouds.Butthelocationoftheconvective thermalis
notalwayspossibletobeidentifiedandlocalizedbytheexistenceofcumulusclouds.
Therefore,thefirstproblemtoberesolvedisrecognitionofthemainfeaturesofthe
atmospherethatcausechangeinitsbehavior.

3.2. Thermal Convection in the Atmosphere Boundary Layer
Inordertousethermalsasan“energysource”inasoaringflight,itisnecessaryto
definethenature/originandtheshapeofthethermalandpredictitsbehavior.Warm
air,heatedbythesun,risesandacquiresthestructureofavortexringwiththeupward
velocityinthecenterusuallygreaterthantherateofascentofthewholethermal.As
theringrises,itisaccompaniedbyanenclosingbody,orshell,ofcoolerair,which
hasbeen accumulated from its surroundings.Cooler air continuously circulates in
closedstreamlinesaroundthevortexcoreresultinginacontinuousupwardcurrent
inthecentralregionoftheshell.

There is lackofreal timemeasurements in theatmosphere thatcanbeused in
theparaglidingpractice.Theprovidedresultsonsoaringflightsaremostcommonly
basedonlaboratoryexperiments.Thisisyetanotherreason,provokingourinterest
inmeasuringatmosphereparameterswithlightpiezo-resistivesensors.Usingsoaring
vehicles(likeaparaglider)makesitpossibletoobserveuniquemicro eventsinthe
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atmospherefirstperson.Themeasurementsareperformedbythefirstauthorofthe
presentpaper.

Woodward(1959)performedadetailedstudyofthemotionsinsideandaround
thethermal.Wehaveextendedthecirculationpatternofaconvective thermalinthe
nextsubsection.

3.3. Laps Rates
Thermodynamicsdefinestheadiabaticlapserateas:

Γ
∆
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p

T

dz

g

C
C km= = = °9 8. /  (1)

where:

• Tisthetemperature;
• zthealtitude;
• gthegravitationalconstant;
• C

p
thespecificheatatconstantpressure(Lorenz&Lorenz,1967).

Thecurrentvalue isanaverageone,commonlyusedasa standardvalue.This
expressionshowsthatforadiabaticmotioninthevertical,thetemperaturewillfall
by~ 9 8. /C km° indryatmosphere.Throughoutthetroposphere,theaveragelapserate
is about − °6 5. /C km  on average, reflecting both the importance of water vapour
condensation(latentheat)anddynamicalconstraints(smallstaticstability).

Thepresenceofwaterwithintheatmospherecomplicatestheprocessofconvection.
Watervaporcontainslatentheatofvaporization.Asmentionedin(Tawan&Kirch,
2016)thereleaseoflatentheatisanimportantsourceofenergyinthedevelopmentof
thunderstorms.Later,thewatervaporcondenses,releasingheat.Beforesaturation,the
risingairfollowsthedryadiabaticlapserate.Aftersaturation,therisingairfollows
themoistadiabaticlapserate.

Theformulaforthemoistadiabaticlapserate(Stull,2012,p.102)isgivenby:

Γ
w

sd v

pd sd v

g
R T H rT

c R T H r
=

+

+ ∈

2

2 2
 (2)

where:

• H
v

-isthewaterheatofvapourization;
• R

sd
-thespecificgasconstantofdryair;

• H
v

-thedimensionlessratioofthespecificgasconstantofdryairtothespecific
gasconstantforwatervapour;
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• ϵ-thedimensionlessratioofthespecificgasconstantofdryairtothespecific
gasconstantforwatervapour;

• e–thewatervapourpressureofthesaturatedair;
• p–thepressureofthesaturatedair;
• r c p= ∈ −/( ) – themixingratioof themassofwatervapourto themassof

dryair.

The formulated temperature laps rates estimate the atmosphere stability as
describedinparagraph3.4.

3.4. Atmosphere Stability and Instability
Withintheconceptualizationoftheprocesshowaconvectivelift(thermal)iscreated,
stable air is theair that tendstostaywhereit is intheverticaldimension.“Stable
airoccurswhenthelapserateislessthantheDALR(DryAdiabaticLapsRate)(5.5
°F/1000ft[1°C/100m])andunstableairoccurswhenthelapserateisgreaterthan
theDALR”(Pagen,1992,p.37).Therefore,convective eventsareexpectedonlyin
unstableatmosphere.SincethehigherlapsrateisgreaterthantheDALR-stronger
updraft/downdraftaccelerationgainsareexpectedfromtheconvection(see§3.6).

3.5. Dew Point
Knowingthedewpoint(thenearestdistancebetweenthegreenandredlineinFigure
1), the theoretical maximum altitude of an atmospheric thermal can be estimated.
Dependingontheinstabilityoftheatmosphere,thepresenceofcondensationandthe
latentheatcontinuingtowarmtheair,theairnolongercoolsaccordingtotheDALR
asitcontinuestorise.

ThedewpointiscalculatedbytheMagnusformula:
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whereα =6.112 hPa,β =17.62andλ =243.12 °C(Stull,2012,p.92).
Equation (3) is a commonly used approximation, assuming that air pressure

remainsconstant.Flyingwouldbemucheasierifmoisturewasnotsuchaninfluential
componentfoundintheat-mosphere.Moistureintheaircreatesmorehazardsduring
theflightthananyotherweatherphe-nomenon.Waterintheatmosphereismeasured
by the relative humidity and dew point accom-panied by a temperature-dew point
spread.Knowingtheconditionsduringwhichwaterchangesstatealsohelpspilotsto
avoidmoisture-relatedproblemsduringflight.Notethatallofthevaria-blesinthe
Magnusformulacanbeprovidedfromthepiezo-resistivesensor.Thismeansthatthe
dewpointcanbecalculatedinarealtime.
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3.6. Thermal Visualization
Themicro-scaleatmosphere,especiallyinanunstable condition,ischangingfastits
position. According to our model an estimated atmosphere profile of the lower
troposphereisobtainedbyintegratingequations(2)and(3)by∆p .

Theexperimentalvariogram2fromthesampledataiscomputedasin(Bohling,2005):

γ h
n h

z x z x h
i

n h

i i( ) = ( ) ( )− +( ){ }
=

( )

∑
1

2 1

2

 (4)

where:

• z x
i( ) istheobservedvalueofzatverticallocation x

i
separatedbydistanceh;

• nisthenumberofsamplepairs.

Figure1givesvisualizationofadiagramofthethermalfromthegroundtothe
cumuluscloud(dewpoint).

3.7. Updraft Atmosphere Thermal Velocity
Insoaring,thethermalidentificationmethodforestimationoftheupdraftvelocity
of the thermal is based on the vehicle energy change rate and the vehicle speed
polar.Theenergygainfromtheatmosphericthermalisintheformofaltitudegain
causedbytheupdraftvelocity.Theverticalvelocitycomponentoftheatmospheric
thermal, actingon the aircraft,will cause it to ascend.The speed,withwhich the

Figure 1. Thermal activity at a mountain ridge
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thermalrises,isgivenrelativetotheatmosphereandtheabsoluteverticalvelocity
oftheairatanypointinthethermalinstillair(Cone,1964).Аmathematicalmodel
ofupdraftacceleration isdescribed in(Akhtar,2008).However, thisapproachcan
onlybeusedforidentifyingathermalwhentheaircraftisalreadyinit.Our approach 
adds the precise measurements of humidity, temperature and pressure to the updraft 
acceleration model in order to bridge the time gap between the atmospheric thermal 
identification and the soaring in order to provide relevant online information to the 
pilot or the measurement system.

4. FIELD STUDy oF THE ATMoSPHERE BoUNDARy LAyERS

4.1. Measuring the Micro-Scaled Atmosphere
In the present work, we have in order to measure the micro-scaled atmosphere a
measurement system for online evaluationoftheconvectioneventsintheatmosphere
duringasoaringflightwasdesigned.Itconsistsofthefollowinghardwarecomponents:

1. LaunchpadTIMSP430FR5994andSDCarddevelopmentkit(TexasInstruments);
2. DigitalsensorBME280(BoshSensortec);
3. Standard 4xAAA batteries supplying the system with 3.3V through microchip

MCPseriesLDO(lowdropoutregulator);
4. QuectelL86GPSModule.

The following software modules have been implemented in the measurement
system:

1. TexasinstrumentlibraryforSDCardrecording;
2. BoshSensorteclibraryforinterfacingtheBME280sensor.

Themainfunctionoftheassembledmoduleistorecordthemeasuredhumidity,
temperature and pressure. Low pass filters, appropriately configured for outdoor
navigation,areusedfollowingtherecommendationsintheBoshBME280datasheet.
Duringtheexperimentalflightsthesamplerateofthesensorissetto30Hz(1sample
measurementper33.(3)milliseconds).

4.2. Experimental Setup
Several measurement sessions for obtaining real life data were performed (Figure
2).Thequadcopterdroneperformed500metersverticalascendinganddescending,
respectively.Twooftheflightstriedtoreachthecloudbase.Theparagliderflights
areperformedinunstableconditions(paragraph3.4).

4.3. Experimental Results and Discussion
Figure3and4visualizetheflightprofileofoneoftheperformedsoaringflighttests.
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Figure 2. Experimental flights: (a) Quadcopter drone platform; (b) Piloted paraglider

Figure 3. Soaring flight test profile of pressure and temperature
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Figure3presentsthetemperatureandthepressurealongtheverticalaxisandthe
samplesofsensordataalongthehorizontalaxis.AsforFigure4presentsalongthe
verticalaxisthehumidity.

Figure5visualizesthetrajectoryinarectangularcoordinatesystem,correlated
toFigure3andFigure4.

In Figure 5 along the vertical axis is the altitude and the horizontal axes are
thegeographical latitudeand the longitude.Figure6presents in3dimensions the
respectivetrajectoryfromFigure5transferredin“GoogleEarth”versionPro.7.3.1
intheWorldGeodeticSystem(WGS)(1984).

The next figures visualize the observed parameters (temperature, pressure and
relativehumidity).Themainthermodynamicsparametersoftheboundarylayer(the
lapsratesandthedewpoint) are evaluated at any momentoftheflightinrealtime
byourmulti-sensorysystem.Inthisway,theatmosphereprocessescanbemeasured
withmuchmoredetailedresolution.

Figure 4. Soaring flight test profile of relative humidity %

Figure 5. GPS Trajectory of the paraglider flight in rectangular coordinate system
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Figure7presentsthemomentumlapsratesatthesamepressurealtitudeduring
soaring inupdraft flow (thermal) and in relatively stable conditions according to
(4).ThelapsratesinFigure7areapproximately1.213°Cintheconvectivethermal
(red line) and 1.154° C outside the convective thermal (blue line). This confirms
thatthepiezo-resistivesensoriscapableofmeasuringdata(pressure,humidityand
temperature)thusprovidingaltitudeprofileinformation.Itclearlyshowsthatthere
are different temperature laps rates inside of the convection core and outside it.
Furthermore,itmakesevidentthedifferenttemperatureinsideandoutsidethecore
intherealatmosphere.Addingthemeasuredrelativehumidityallowscalculatingthe
dewpoint(3)andthepressure(altitude)ofthecloudbasewith much higher precision
thanwiththeofflineorforecastdata,sinceusuallythecloudbaseiscalculatedbased
onaforecastmodelsandalgorithmsinaresolutionupto50km.

In theory, the thermal convection can be assumed as adiabatic process, as
mentionedintheintroduction.However,thedifferencesinthelapsratesinsideand
outsidethethermal,andthedifferenceofthemeasuredtemperature(∆T )ataround
(0.2°–0.6°)C(seeFigure5)demonstratethatthereisheatexchangeat the border

Figure 6. GPS Trajectory of the paraglider flight translated in WGS coordinate system

Figure 7. Momentum laps rate in and outside convective thermal
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ofaconvectionthermal.Forexample,in6outof10casesofthermalenteringwith
aparaglidertemperatureincreaseisobservedbeforetheclimbingstarts(Figure8).

Byanalogy,afterexitingthethermal,assinkingbeginsthetemperatureratestays
constantforawhile(Figure9).

The vertical speed and temperature during entering a convective thermal core
isclearlyobserved.ItconfirmsthecirculationpatternofWoodward(1957)andthe
vortexringsystemofCone(1964).Italsoindicatessometemperaturefluctuations
(heatexchange)andstrongturbulentairontheborderof thecore,obtainedbythe
onlinemeasurementduringthesoaringflight.

Theupdraftvelocityinthethermaliscalculatedby:

′ = −V V V
c d

r'  (5)

Figure 8. Temperature rate increasing before entering in convective thermal

Figure 9. Temperature rate decreasing before exiting the convective thermal
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where:

• V
c

istheclimb rateofthegliderinthecertainthermal;
• V

d
' thesink rateoftheglideratagivenradiusturn.

Theprobabilitydistributionof ∆T  and theverticalvelocityof theconvective
thermal(liftstrength)aregiveninFigure10.(temperaturelapsratealongthevertical
axisandverticalvelocityalongthehorizontalaxis).Thecorrelationbetweenthose
parametersisevidentfromthefigureanditisalmost0.7.

Figure11presentsthemaximalverticalvelocityalongtheverticalaxisandthe
temperatureratealongthehorizontalaxis.Theredlineisthefunctionofthemaximal
measuredverticalvelocitydefinedbythetemperaturerate.Thelinearrelationofthese
parametersandtherespectivecorrelationareclearlyvisible.

Themainempiricalresultofthepresentedcurrentworkis:Byusingwidelyavailable
nowadayssensorswearecapable of detecting small temperature fluctuations in a fast 
manner for atmosphere dynamics prediction by the pilot or the multi-sensory system.

Duringtheexperimentssomedisadvantagesoftheimplementedapproachhave
beenobserved,suchas:operationallimitationofthehumiditymeasurementsdueto
sensordesign(temperatureoperationlimits);inappropriatesensorlocation,needfor
additionalisolationfromsunheatinganddirectflowventing,dueofthenoiseduring
parameter’smeasuring.

4.4. Future work
Pressure sensors data (measuring altitude, vertical velocity) and temperature
measurementscanbe fusedviaa twostateKalmanfilter,withonestatebeing the
pressureandtheotheronebeingthetemperaturebiasintwomainsteps–stateupdate
and Kalman update (e.g. Titterton, 2004). The state update is used at every time

Figure 10. Probability distribution between the temperature lapse rate and the vertical velocity (lift strength)
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step(dt)–discretetime-withabiasedtemperaturemeasurementbytheuserofthe
module.Thefilterwilltrackthebias.ThustheKalmanupdatecanbeusedwhenanew
pressuremeasurementisperformed.ThecovariancematrixPofthefilterisupdated
ateverytimestep(dt)thusallowingtodeterminehowaccuratelythepressuresensor
istrackingtheactualstate.

Consequently,more test flightsanddataarenecessary inorder toobtainmore
informationontheactualdependenciesbetweenthemeasureddataandthecalculated
stateoftheatmosphere.Itisalsoimportantthattheexperimentsareaccomplishedin
differentatmosphereconditions.Thus,thefollowingparametersandmeasurements
willbesystematizedinthefuture:

• Atmospheretemperaturelapsrate;
• Moistadiabaticlapsrate;
• Altitudeoftheentering/exitingtheconvectivethermal;
• Temperatureandhumiditydifferenceinsidetheconvectivethermalrelativetothe

averagesurroundingatmosphere;
• Temperaturebiasbythepressure(ifavailable);
• Verticalspeedoftheconvectivethermal.

The stated above parameters can be computed in a correlation matrix, which
willrepresentthedependencebetweenallthevariablesatoncethusprovidingmore
reliableinformation.Also,thereisapossibilitytoincludemoreparameterstomodel
theatmospherethermals,like:

• Addingcomplementarycoefficientsinthebarometricverticalmeasurements;
• Extendingtheupdrafts/downdraftsdetectionalgorithms.

Figure 11. The function of the maximal measured vertical velocity defined by the temperature rate in altitude
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Finally,theproposedapproachcanbecombinedwithoptimaltrajectoryalgorithms
forbettercontrolofthetrajectoryanddurationofthesoaringflight.

5. CoNCLUSIoN

Theproposedmodelingapproach,providesadetailedrepresentationoftheatmosphere
boundarylayerdynamicsbasedonreal-timedatameasurements.Themainadvantage
oftheproposedapproachisinitsmoreprecise calculationoftheexpectedratesof
thermalactivity in theboundary layer.Thepresentedempirical resultssupport the
expectationthatthenowadaysproducedpiezo-resistivesensorscanperformaccurate
andfastmeasurementsduringtheflightthusallowingtopredictemergingthermals
in online manner. The results reflect two main aspects of the model: the first one
is related tomicro-scaleatmospheremeasurementsandevaluation; thesecondone
is related to atmosphere thermal convection identification. The temperature rate
identificationallowsdetectingapossibleapproachingofathermalbytheparaglider,
whichiscrucialforthepilotsafety.

Aspreviouslysaid,futureworkwillconsidertheintegrationofmoreparametersinthe
proposedapproachsuchas:windspeed,winddirection,precisepositiondetermination
usinginternalandsatelliteglobalnavigationsystems.Thiswillallowfull3-dimensional
(3D)modelingoftheconvectioneventsintheatmosphereboundarylevels.
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ENDNoTES

1 Micro-scaleatmosphereisdefinedheretofocusonfastanddynamicprocesses
thatcaninfluencethesoaringtrajectorybutarenotincludedintheexistingoff-
linemodelsintheliterature.

2 Thevaluesofthesemivarianceγ(h),plottedagainsthiscalledvariogram.
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