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STELLINGEN 

I 

Experimenteel bepaalde relaties tussen atmosferische grootheden 

hangen sterk af van de samenstelling van de atmosfeer en dienen 

derhalve met de grootst mogelijke voorzichtigheid te worden 

toegepast. 

dit proefschrift 

II 

Bij de ontwikkeling van raeetapparatuur dient meer rekening te 

worden gehouden met de omstandigheden waarin deze later gebruikt 

gaat worden. 

dit proefschrift 

III 

Het is niet alleen opvallend doch tevens verbazingwekkend te 

constateren dat er in een tijd van energieschaarste nauwelijks 

metingen zijn verricht van het convectief warmte transport van 

gebouwen. 

dit proefschrift 

IV 

Het streven naar eenduidige terminologie in het stralingsvakgebied 

heeft geleid tot talloze begrippen die op zichzelf welliswaar 

correct, doch als taal verwarrend en onvolledig zijn. 

V 

Het quantificeren van stofeigenschappen in uitdrukkingen als 

'de reflectie-coefficient van gras', heeft alleen dan betekenis 

als de toestand waarin die stof zich bevlndt nader wordt 

gespecificeerd. 

VI 

De energie-besparende werking van het verpakkingsmateriaal 

'aircap', dat als isolatiemateriaal wordt gebruikt in tuinbouw-

kassen kan aanzienlijk worden verbeterd door het aanbrengen van 

een infrarood reflecterende coating. 



VII 

Voor een betere interpretatie van informatie verkregen m.b.v. 

remote sensing is het noodzakelijk dat er in de diverse onderwijs-

programma's meer aandacht wordt besteed aan de fysische aspecten. 

VIII 

Ondanks de soms enorme bezuinigingen op researchgelden dient erop 

toegezien te worden dat er voldoende middelen beschikbaar blijven 

voor het uitoefenen van vrije research. 

IX 

Het gevaar dreigt dat, indien de natuurlijke energiebronnen 

uitgeput raken, kernenergie met verhoogde risico's zal worden 

ingevoerd. 

X 

Om een daling van de werkeloosheid te bewerkstelligen zal er naast 

het scheppen van werkgelegenheid gezorgd moeten worden voor het 

behoud van de bestaande werkgelegenheid. 

Stellingen bij het proefschrift van P.A.M. Jacobs, getiteld: 

'the thermal behaviour of a three-dimensional object placed in 

the open field' 

Wageningen, 23 april 19 82. 
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SAMENVATTING 

In dit proefschrift zal worden ingegaan op de energie-

uitwisseling tussen de atmosfeer en een drie-dimensionaal 

obstakel geplaatst in het vrije veld. 

Deze problematiek maakt deel uit van een onderzoek dat wordt 

uitgevoerd binnen de groep Ver Infrarood van het Physisch 

Laboratorium TNO en dat gericht is op de discriminatie van 

objecten en nun omgeving in het infrarood golflengte gebied. 

Na een korte inleiding en een omschrijving van de doel-

stelling worden in hoofdstuk 3.0 de verschillende warmte 

overdrachtsprocessen besproken. Er wordt bekeken in hoeverre 

bestaande relaties te gebruiken zijn voor een dergelijk 

obstakel. 

Omdat het niet mogelijk bleek te zijn met bestaande 

apparatuur alle termen in de warmtebalans experimenteel te 

bepalen, is een aantal apparaten ontwikkeld en gebouwd, die 

in hoofdstuk 4.0 worden besproken. 

Deze apparaten zijn: 

1. een Hemel Distributie Scanner ('HDS'); dit apparaat 

bepaalt de radiantie-verdeling van de hemel in het 

kort- en langgolvig spectraal gebied. Met behulp hiervan 

wordt de irradiantie van een horizontaal en een verti-

caal vlak bepaald. 

2. een ELevatie SCAnner ('ELSCA'); dit apparaat meet 

vanaf een platform de schijnbare emittantie van het 

obstakel en het omliggende terrein. 

3. een infrarood reflectiemeter; dit apparaat meet de 

infrarood reflectie van een oppervlak in verschillende 

golflengtegebieden. De meettijd is ca. 1 minuut. 

4. twee vliegtuigscanners: een lijnscanner ('FLORIS') en 

een scanner met een cirkelvormig scanpatroon ('CIRCLE'). 

Beide kunnen gemonteerd worden in het vliegtuig van het 

International Training Centre (ITC) te Enschede. 

Voor het testen van deze apparatuur zowel individueel 

als in samenhang met andere is een proefopstelling gebouwd 

op het vliegveld 'De Peel', gelegen in de provincie Limburg 

ten zuiden van Volkel. 

De resultaten van deze testperiode worden besproken in 



hoofdstuk 5.0. In dit hoofdstuk worden tevens de eerste 

resultaten van de metingen besproken. 

Conclusies en aanbevelingen worden gegeven in hoofd­

stuk 6.0. 



SUMMARY 

In this thesis the energy-exchange between the atmosphere 

and a three-dimensional obstacle, placed in the open field 

is studied. 

This problem is part of a research program carried out by 

the infrared group of the Physics Laboratory TNO and is 

mainly concerned with the discrimination of objects and 

backgrounds in the infrared region. 

After a short introduction and a definition of the 

problem, chapter 3.0 is dealing with the heat exchange 

processes involved i.e. short- and longwave radiation, 

conduction and convective heat exchange. It is checked to 

what extent existing (empirical) relations can be used for 

such an obstacle. 

Because it appeared not possible to measure all terms 

in the heat balance equation, a number of instruments has 

been developed and built and will be discussed in chapter 4.0. 

These instruments are: 

a. a sky-radiance distribution scanner ('HDS'); this 

instrument measures the short- and longwave radiance 

distribution of the sky with a spatial resolution of 

15° x 15°. 

From these measurements the irradiance at a horizontal-

and vertical surface is determined. 

b. an elevation scanner ('ELSCA'); located on a platform 

this instrument measures the apparent emittance of the 

obstacle and the surrounding terrain. 

c. an infrared reflectometer; this instrument measures the 

infrared reflectivity of a surface in different wave­

length bands. Measuring time 1 minute. 

d. to observe the scene from the air, two airborne scanners 

were used, a line scanner ('FLORIS') and a scanner having 

a circular scan pattern ('CIRCLE'). Both are mounted in 

the airplane of the International Training Centre (ITC) 

located at Enschede. 

To test the instruments individually as well as in rela­

tion to the others, an experiment was carried out at the 

airfield 'De Peel', located in the province of Limburg. 



The results of the system performance and of the first 

measurements are given in chapter 5.0. 

Conclusions and recommendations are given in chapter 6.0. 
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1.0 INTRODUCTION 

Due to both the improvement of existing technology and 

development of new technology, new measurement-techniques 

are being introduced. 

One of these techniques, called remote sensing, measures 

radiative properties of a surface, without disturbing 

existing local processes. 

One of the most familiar sensors in this respect is the human 

eye, a unique sensor having characteristics of which some are 

still very hard to realize with an artificial sensor. 

The disadvantage of this sensor however is the limited 

operation, due to a very small spectral sensitivity (fig. 1.1) 

followed by a subjective judgement of what is seen. It will 

be difficult to avoid this (except for full-automatic systems), 

for in many cases the human eye is the last link in a 

measuring cycle. 
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' l 1 I " I 

Infrared 
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I I 

J I 

Visible 

V B GYOR 

I Near infrared i Middle infrared I Far infrared | Extreme infrared 
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wa.vzlLQ.ngth i.n vacuum 

i4.gu.fLZ 1.1. Thz ztzctfiomagnzt-ic ipzctfium. 

In most systems the sensor measures incident radiation and 

converts this to a voltage. 

In the case of infrared-radiation the spectral radiant 

emittance of a surface is given by: 
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E (y,T ) = e (y) W(y,T ) (W.m-2) : i . 1) 
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W(y ,Ts) = c1 y ' ^ e x p f — ) - lj (W.m 2. ym l) 

^ T s 

-2 —1 
wherein W(y,T ) black body ipeztial (W.m .ym ) 

s 
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Figure 1.2 shows the spectral radiant emittance of a black 

body (e (y) = 1) as a function of wavelength at various 

temperatures. The maximum spectral radiant emittance at a 

given temperature falls on the dashed curve (Wien's law, 

section 3.7). 

A body whose emissivity e is independent of wavelength is 

known as a g/ieu body and many materials are approximately 

grey; a surface is called a black body when e = 1 (maximum 

emission). 

Integration of eq. 1.1 over the whole spectrum for a grey 

body leads to the Ste.phan-Boltzmann equation known as: 

£s f w<V»Ts) dy = es a T,,4 (W.m 2) (1.2) 

y=o 

— 2 —4 wherein a Stzphan-Boltzmann conitant (W.m .K ) 

- 2 
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spectral radiant emittance E (JJ,T) in W.m . pm~ .-2 ,™-i 
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i4.gu.ne. 1.2. Spcctnal nadiant tmlttan.cz of, a. bla.dk body 

ai a function of wavelength at \iani.oui 

tcmp2.natu.n1ii,. 

To study the possibilities of remote sensing in the infrared 

(IR) region it is necessary to study atmospheric transmission 

and the emittance of a body. Equation 1.2 shows that the 

emittance is expressed in terms of the surface temperature 

and -emissivity [8, 9]. The emissivity is determined by 

surface properties and in many cases given by nature. Infra­

red atmospheric transmission T is mainly determined by the 
a 

amount of watervapor, carbondioxide, aerosols and scatte­

ring. Figure 1.3 gives an example, showing two main trans­

parent windows i.e. 3-5 urn and 8-14 ym. This explains why 

most IR-equipment used for remote sensing are operating in 

these wavelength bands. 

http://i4.gu.ne
http://tmlttan.cz
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iJ-cguAe 1.3. Atmoiphztilc tian&mlii,lon. 

In [17] a model is given to calculate IR-atmospheric trans­

mission; measurements show [26, 27, 28] a general agreement 

with predicted values. 

Using IR-equipment for remote sensing in a general 

sense poses some questions concerning the device- as well 

as the target characteristics; the most important one's are: 

a. device 

Is the device capable of performing a specific task? 

This question is related to system geometrical- and 

temperature resolution. 

b. atmoiphzKi. 
What is the influence of atmospheric attenuation? 

c. objzat and background 

Is there a detectable IR-contrast between target 

elements or between target and background? 

In practice equipment designers (answering a) are guided by 

the answer(s) to c. 

Technically speaking almost any specification can be met in 

practice, like resolutions of 0.1 mrad or 0.01 K [29, 30]. 

However, whatever the specifications may be, if there is no 

contrast or the atmospheric transmission is very small 

(dense fog), IR-detection is not possible. 



To find an answer to c it is necessary to determine 

the origin of the detected radiation (fig. 1.4). 

IR-detector 

fl fiield o/5 view ofa an TR-Ay&tem 

I &u.i{,ac.e omittance. 

II le^lected ihoitwave radiation 

III neglected longwave iky-iadiation 

IV le&lected longwave, nadiation emitted by the 

Auxiounding teKKain 

ii.gu.iz 1.4. Radiation incident on an IR-detectoi. 

The detected radiation is determined by the apparent emittance 

G of a surface and the atmospheric transmissivity T . The 
a 

apparent emittance of a surface is the radiated energy, 

composed of emittance and longwave reflectance. 

In most cases the surface emittance contributes most to the 

apparent emittance, consequently G is determined by the 

surface emissivity and -temperature; the latter one is deter­

mined by the boundary conditions of the surface expressed as 

I Q ± = o (1.3) 

- 5 -
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Where Q. are heat-transfer processes: 

Q.: absorbed shortwave radiation 

Q9: absorbed longwave atmospheric radiation 

Q..: radiation emitted by the surface 

Q.: absorbed radiation received from the 

surrounding terrain 

Qj-: convective heat exchange 

Q,: heat flow through the wall 

(heat transfer by condensation and evaporation 

is neglected). 

In the next section the problems concerned with the solution 

of equation 1.3 in a practical situation are treated. 



2.0 DEFINITION OF THE PROBLEM 

To study the possible use of IR-techniques for remote 

sensing, the infrared group of the Physics Laboratory TNO 

has started a research program; the aim of this program can 

be described by the following subtasks: 

1. Vzi-inlt-ion oft the phyiical model 

The detection of objects in a natural background is the 

ultimate goal. The main interest is to study the energy 

budget of an object placed in the open field. To keep 

the geometry simple, the object has been given a block 

shape with dimensions 1, b, h = 4, 2, 2 m (section 3.0). 

The surfaces are painted green, with a paint of known 

reflective properties (fig. 5.23). 

2. Ve^In-itlon 0(5 the phy&lcal pfioaeaei -involved 

For each surface of the obstacle the following processes 

are taken into consideration (eq. 1.3): 

a. absorption of shortwave radiation 

b. absorption of longwave atmospheric radiation 

c. surface emittance 

d. heat flow through the surface 

e. connective heat exchange 

For the body chosen we have to deal with horizontal- and 

vertical surfaces, and consequently a differentiation 

in the processes has to be made. 

Literature has to be searched for the existance of 

practical usable expressions for these processes. 

3. Equipment deilgn and Initallatlon ol a te.it facility 

Depending on the existance of measuring equipment for 

the processes mentioned in item 2, there may be a need 

for new instruments or for improved measurement techni­

ques. 

To check system performance of the individual system 

and of all instruments as a measurement unit a suitable 

proving ground has to be determined (and found). 

http://te.it


4. UzaisU.KQ.mi.nt campaign 

Depending on the results of this test period, which may 

give rise to improvements of systems or to a change of 

the experimental set-up, a measurement program has to 

be defined and carried out. 

Aim of this measurement program is to measure the 

processes under different atmospheric conditions. 

This period includes overflights with IR-scanners. 

5. Analytic and conclu.iJ.onA 

Finally evaluation of the measurements will take place. 

To compare the results with values listed in literature 

or to introduce new empirical expressions. To enlarge 

the applicability of such relationships it is tried to 

express these in simple measurable quantities; for 

instance those measured by a synoptic weather station. 

After having consulted the available literature, the findings, 

concerning the subtasks mentioned before, can be summarized 

as follows: 

Subtask 2: phyiical pKocziiZi 

a. ihoKtuiavz nadi.ati.on 

Shortwave radiation (solar radiation) is composed of a 

direct- and diffuse component. In [18, 24] semi-empirical 

expressions for these components are given as a function 

of solar elevation and -azimuth [7]. 

Shortwave irradiance at a horizontal plane (global 

irradiance) is easily measured, for instance with a 

solarimeter. For a vertical surface the two components 

have to be measured separately. The direct component can 

be determined by for instance a pyrheliometer. The 

diffuse component is difficult to measure. In [24] an 

expression for the diffuse irradiance at a vertical 

surface related to that at a horizontal surface is 

derived for northern latitudes ranging from 32° to 48°. 

b. tonqwavz atmoiphzK-ic Kadiation 
Much research already has been carried out to study 

longwave atmospheric radiation [1, 26, 42]; clear skies 

http://UzaisU.KQ.mi.nt
http://conclu.iJ.onA
http://nadi.ati.on


as well as cloudy skies are treated [3]. Again much 

emphasize is put on longwave irradiance at a horizontal 

plane. Not much information is available about longwave 

atmospheric irradiance at a vertical plane; mostly this 

component is taken half of the irradiance at a horizontal 

plane. 

Since the ab&olbing radiation is needed, the short- and long­

wave radiative properties of a surface have to be known. In 

literature [3, 4, 23, 35] reflection- and absorption coeffi­

cients of many materials (man-made, living) are listed; 

expressions like ' gtittn gfiaa' and ' diy dah.k toil' appear 

and are very subjective of nature, so one has to be careful 

using them. For the irradiance at a vertical surface the 

radiative properties of the surrounding terrain are needed. 

c . 4u-tj$ace omittance. 

The surface emittance is determined by the surface 

temperature and -emissivity (eq. 1.2, fig. 1.2). 

For detection purposes the emittance in a limited 

spectral band often is needed and therefore the emittance 

has to be known in the same spectral region. 

d. co nv tctiv e. he.at txahangz 
For an obstacle like ours no reports are made in the 

literature consulted. In [31] convective heat exchange 

of a story building is studied. In [32] a comparative 

experiment is described wherein the heat transfer of 

spheres under windtunnel- and atmospheric conditions is 

measured. In the latter case convective heat transfer 

was much more effective. 

Contradictory reports are given about the influence of 

atmospheric turbulence intensity. 

Subtask 3: Equipment and tzit lac.lt.itij 

a. ihoKtwavz- and longwave, atmoiphztic Kadi.ati.on 

To get more information about the irradiance at especially 

vertical surfaces, an instrument to determine the sky-

radiance distribution, called 'HDS' has been developed. 

This device measures the shortwave- and longwave radiance 

- 9 -
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simultaneously by scanning the sky with a field of view 

of 15 x 15 . From these measurements shortwave ir-

radiance- (direct and diffuse) and longwave irradiance 

at a surface of arbitrary orientation is determined. 

b . Autiiace. zmittancz 
To measure the apparent emittance of different surfaces 

a scanning radiometer has been developed (called 'ELSCA') 

with a field of view of 2 x 2 . From an elevated posi­

tion it scans the obstacle and the surrounding terrain. 

Since the scatter in the radiative properties given in 

literature is large and because there is a need for the 

spectral radiative properties of different materials an 

IR-reflectometer has been developed. Measuring time is 

1 minute. 

c. data handling 

A data acquisition system was built, using a 64-channel 

multiplexer controlled by a micro-processor. Data are 

stored on cassette-tape. 

d. Convective heat transfer is determined by the difference 

between the net-irradiance at a surface and the heat 

flow through the surface. This net-irradiance is measured 

with a Funk radiometer bought from Middleton Instruments. 

Heat flow is measured with heat flow sensor bought from 

TPD-TNO. 

A proving ground was found located at the airfield 'De 

Peel' in the province of Limburg. Coordinates of this air­

field are 

5°52' E longitude 

51°32' N latitude 

The testprogram was carried out in the summer of 1981. 

10 



Subtask 4: Me.a.Aun.e.rmnt campaign 

The main measurement period is scheduled to start in the 

summer of 1982. The duration of this exercise provisionally 

has been scheduled for one year. 

In this thesis subtasks 1 up to and including 3 will be 

discussed. The results of the main measurement program will 

be published in the near future. 

11 -



3.0 PROBLEM ANALYSIS 

In this chapter the different terms in the heat balance 

equation (1.3) will be studied in more detail [9]. 

For the obstacle chosen a differentiation is made between 

horizontal and vertical surfaces. 

A bottom-corner of the obstacle is chosen as the origin 0 

(fig. 3.1) of a carthesian coordinate system (x, y, z) . 

north 
->Y 

ilga>iz 3. 7 

These coordinates are related to the four quarters as: 

+ x : east 

+ y : north 

+ z : zenith 

The position of the sun is determined by its elevation angle 

ijj and azimuth angle ip related to the coordinate system as: 

f o r ip 
s 
north 0" 

east a 90 

for *c 

(x,y)-plane = 0 

zenith E 90° 

Similar for the wind direction <p 

wind blowing from the north o"-
and from the east = 90 

12 



3.1 SHORTWAVE RADIATION FROM THE UPPER HEMISPHERE 

Shortwave radiation in this context is solar radiation 

in the spectral interval between 0.3 and 3 micrometer; the 

second boundary is chosen rather arbitrarely (cutoff wave­

length of glass-hemispheres of a solarimeter). 

Solar irradiance at the earth's surface depends on solar 

bearing and optical atmospheric properties. 

Solah. bo.an.ing [18] is given by two angles 4> and <p (fig. 3.2) 

From spherical trigonometry is known 

I|I = arcsin (sin 6 sin p + cos p cos 6 cos to) (rad) 

wherein 6 iolaK de.ct.inati.OYi 
p local latitude. 
03 hou.it angle (u = <j> - IT) 

and 

ip = arctan 
s 

cos w 
L (sin p cos u) - cos p tan 6) 

+ TT (rad) 

x^ %-(p-
ligu.n.0. 3.2. Solan beating. 
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The bo Ian. Jinatde.nt angle, v i.e. the angle between the normal 

of a surface and the solar bearing is determined from: 

horizontal surface 

v = - - \\> (rad) 
S 2 S 

b. vertical surface 

v = arcos cos ijj cos(<p - <p) 
s s Ts 

(rad) 

wherein <p angle between noKtk and the noimal of, a 

iun.f,ace 

Due to atmospheric scattering processes, solar radiation at 

the earth's surface consists of two components: 

a. A dtKzct component i.e. solar-rays reaching the earth 

mainly without scattering. 

b. A dtfcfiu.iz component. 

In practice both components have to be measured and after­

wards the shortwave irradiance has to be calculated. 

Two devices are often used in practice: 

a. A pynheliometzh.. 

It can be used to measure the direct irradiance S at 

normal incidence (narrow field of view, typical 5 ) . 

A iolan.lme.te.n. 

It measures t 

at a horizontal plane. 

It measures the global irradiance S (direct + diffuse) 
g 

For a horizontal surface the solarimeter readout can directly 

be used in the heat balance equation; for a vertical surface 

the irradiance has to be found from both measurements. 

The dtfiect component for a horizontal- and a vertical surface 

- 14 -



is given by respectively: 

-2, 
S h = S n sin Vs (W.m ) 

and 

-2 
S v = S n cos vs (W.m ) 

In literature several experimental expressions are given. 

I used those found from measurements given in [18], valid for 

clear skies at northern latitudes ranging from 32 to 48 . 

The relation for S and the d-l^aie. irradiance at a horizontal 

plane D, reads: 

Dh = i(ns - Sn) sin t|Js (W.m 2) 

wherein CI the. l,oZ.a>i constant given by s 

-^- (n - 3)1 
365 J 

(W.m 2) n s = 1353 (1 + 0.0338 cos 

with n the. juZlan day 

For the diffuse irradiance at a vertical plane D an experi­

mental relation is determined [24] with Dn and v as (fig. 

3.3): 

- 15 -



cos 14=-0.3 

sun's orbit 

6-lgu.n.z 3.3. Solan. Lnzldznt anqlo. v . 

a. cos v >̂  -0.3 

Dv = D h^ 0 - 5 6 + °-436 c o s v
s + °-35 cos2vg) (W.m ) 

b. cos v < -0.3 s 

Dv = D h ( 0 " 4 7 3 + °-043 c o s v ) (W.m ) 

Using a solarimeter (S ), S can be found from: 

S n = 
3S - n s i n T\> g s i_s_ 

2 s i n IJJ 
(W.m 2 ) 

The relations mentioned are determined from ' cltCLfi iky' 
measurements and as already stated terms like these are of a 

very subjective nature because atmospheric transmission and 

emission may vary considerably (i.e. water vapor concentration, 

degree of pollution etc.). 

As an example figure 3.4 shows own pyrheliometer- and solari­

meter measurements and figure 3.5 shows derived parameters [9]. 
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shortwave irradiance I W m ' l 
1 

800 

I 
date 5-7-1977 

N latitude : 52° 6' 
E longitude: 4° 19' 

measured values 
solarimeter output = 
pyrheliometer outputs 

oLV 

{igaie. 3.4. Mzamtizd ihotitwavz irnadiance. at normal 
incidence and meaiured global iH.KadLa.ncz. 

shortwave irradiance{ W.m ) 

EET 

figure 3.5. Calculated shortwave irradiance at a 

horizontal mr^ace and at a iomth facing 

vertical iu.r{,ace. 
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The amount of absorbed solar radiation Q is 

Q, = a . X (W.m 2) (3.0) 
J- s 

wherein a mean hoLah. ab&oipt-Lv-lty 

X iolai-iniadiance, depending on the 

01Jii.nta.tlon o£ the. iixti^ace 

Absorptivity can be wavelength- and/or angle dependent; this 

is determined by the nature of the surface [24]. 

Radiative properties of a surface like absorptivity, emissi-

vity in equations like 3.0 are in fact integrated quantities 

found from: 

2TT 2 

/ J / a _ ( y , I | J ,<P) s i n \j> c o s <JJ W{y ,T (ip ,cp) } dijjdipdy 

2TT 2 

\ \ I s i n \fi c o s X/J W{y ,T (i|i,<p) } dtpdcpdy 

f=o vQ I |J=O 

wherein T(I(J,<J>) ipatlaZ tempe>iatu.Ke dtith.JLbut-ion 

In practice the spatial distribution of the radiative tempe­

rature T and a in the spectral band y often is not known; 

in that case a is calculated from s 

' a (y) W(y,T) dy 

- Uo 
a = 

s J W(y,T) dy 
Va 
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For the spectral region 

0.3 < y < 3 urn T is of the order of 6000 K and for o 

3 < y < 50 urn T is of the order of 300 K. 

If the emissivity e is calculated the spectral emissivity 

e (y) is weighted with Planck's function using the surface 

temperature T as radiation temperature i.e. 

/ eg(y) W(y,Ts) dy 

y o 
e = — (3 < u < 50 ym) 

s o 
/ W(y,Ts) dy 
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3.2 LONGWAVE RADIATION FROM THE UPPER HEMISPHERE 

In this context longwave radiation is within the spectral 

band 3-50 micrometer. 

Longwave 'sky'-irradiance observed at the earth's surface is 

a results of a complicated process of emission and trans­

mission of the atmosphere. 

If a solid angle of the atmosphere has a mean emissivity e 

and a mean air temperature T, the 'sky'-irradiance L at a 

surface can be found from 

2TT 

r 
j 

<p=0 

dip 
J 

tJj=o 

f(i|i,i|>) e {ip , tp) W{y,T( i | i , (p) } dijjdy (W.m 2 ) 

. ( 3 . 1 ) 

w h e r e i n f(i|j,<p) li, a QQ.ome.tn.lcal. {,acton accounting {on 

the. AuK^ace on.-Lz.nta.tton 

y Ape.ctx.al -Lntzxval 

dtgune. 3.6. 
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Again there is the difficulty that there is hardly any 

information available about e and T as a function of meteo­

rological conditions and as a function of bearing. 

In practice eq. 3.1 is simplified by assuming that the atmos­

phere is a radiator at air temperature T (measured at screen 

height of approximately 1.5 m) , having an appa.ie.nt zm.iii-iv.ity 

e^ defined as a 

ea(^,<p) angular irradiance from a solid angle (j),<p) 

emittance of a blackbody at air temperature 

Rewriting eq. 3.1 

L = i 
2TT 

| d<p 

ip=o 

j f(i|),(p) ea(i|i,<p) W(y,T a ) dijjdy 

y o * = o 

(W.nf2) 

(3.2) 

Under ' ctean.' sky conditions there is hardly any dependence 

of e=(^,ip) on the azimuth angle <p [3, 25]. 
a 

In [l, 3] an expression for e (40 is given as a function of 
a 

e l e v a t i o n ty and water vapor p r e s su r e e 

e (40 = a + b Je + c ln[sin(<J0] (3.3) 

wherein e In mbar 

a,b,c to be dztzKmlnzd by zxpe.KA.me.nt [3] 

Solving eq. 3.2 for a horizontal- {f(ij;,ip) = sin 4> cos ty} and 

a vertical surface {f(i|i,<p) = cos 2 vp> leads to: 
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L = <5 a T * [oc + B /el (W.m 2) (3.4) 
a. 

with 6 = 1 )5OA. a horizontal iutjace 

6 = 0.5 ^o^ a vzn.t-ic.al iuft^ace. 

The experimental constants a and 3 depend on atmospheric 

properties. 

The constants a, b and c in eq. 3.3 are related to the 

constants a and B in eq. 3.4 by: 

a = a. - 0.5 B 

b = B 

c = -1.4728 B 

In [3] table 2 shows values measured at different locations 

in England and the USA ranging from 

(0.51, 0.065) < (a,B) < (0.60, 0.059) 

Mean values are given as a = 0.5 8 and B = 0.061. 

In [40] table 3 shows the variation of a and B during the 

year measured at Deelen, The Netherlands. The range of the 

coefficients here is 

(0.60, 0.057) < (a,6) < (0.75, 0.017) 

annual mean values are a = 0.678 and B = 0.041. 

Mean values for a and B, using both resources are a = 0.6 3 

and B = 0.051. 

The term between brackets in eq. 3.4 can be regarded as a 

mean apparent atmospheric emissivity e 

£ = a + B Je (3.5) 
Ct 
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In practice often the term ' f i a d l a t l ve tzmpz>ia.tu.>ie. o{, thz iky 

0„,' is used; in that case it is assumed that e„ = 1 and cii a 
L = a 0 "* / using eq. 3.4 an expression for 0 is found as 

as as 

0 = (a + 6 v^)°'25T= (K) (3.6) 
as a 

numerical example: 

relative humidity 0.7 

air temperature 293 (K) 

water vapor pressure 16.4 (mbar) 

If maximum and minimum values for a and 3 are used, these 

data result in 

0.77 < e < 0.82 a 

0.93 T < 0 < 0.95 T (K) (3.7) 
a as a 

In [l, 3] an expression for e is given as a function of 
a 

cloudcover as 

e ( c ) = (1 - 0 84 c) e (o) + 0.84 c (3.8) 
a. a. 

or e (c) = e (o) (1 + kc2) 
3. cl 

wherein c faction ol cloud coven 

e (o) zmlalvlty undzh 'clean, iky' condltloni 

k a ^acton., Hanging l>iom 0.1 ^oH. low 

cloud to 0.04 ioK high cloud. 
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The longwave irradiance at vertical surfaces depends on the 

radiation distribution of the sky; for ' cttaK. iky' conditions 

eq. 3.4 is applicable with 6 = 0 . 5 while under cloudy condi­

tions S may vary considerably (except for a homogeneous cloud 

distribution). 

The amount of absorbed atmospheric longwave radiation Q_ 

(eq. 1.3) is 

Q0 = & a, L (W.m ) J-2 ~ u "£ 

wherein a» abiofLpt-iv-cty {\OK tongwavz fiad-ta.t4.on 

(section 3.1) 

In [1, 4, 23] radiative properties are listed for different 

materials (man-made as well as living). 
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3.3 EMITTED RADIATION 

As already mentioned in the introduction the emittance 

of a surface is determined by the surface temperature T and 

the emissivity e (y) as 

Q3 = | eg(u) W(y,Ts) dy (W.nf2) (3.9) 

y=o 

Using a mean emissivity e (section 3.1) eq. 3.9 can be 

solved, leading to 

Q3 = e s J W(y,Ts) dy = es CT T ^ (W.nT2) 

y=o 

In airborne infrared imagers (section 4.4) often two spectral 

intervals are used [29], the so-called 5 and 10 ym window. 

In this case equation 3.9 is integrated over the spectral 

width u of the window. 
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3.4 RADIATION EXCHANGE WITH THE SURROUNDING TERRAIN 

Vertical surfaces receive radiation (emitted, reflected) 

from the surrounding terrain. 

Apart from the radiative properties of both areas, the radia­

tion exchange is determined by the so-called v<Le.w faactoH F. . 

between area i and j (fig. 3.7). 

This factor is defined as the fraction of the total emitted 

radiation (N.) by surface i, which is directly incident on 

area j (N). 

{,igaic 3 . 7 . 

i : 
N 

N,_ 

The i r r a d i a n c e Q. ( eg. 1.3) a t a rea j then i s ( n eg l ec t i ng 
mu l t i p l e r e f l e c t i o n s ) : 

a . F. . D + a . Il/S ID 3, F. . G 
ID 

(W.nf 2) 

wherein 
3»s 

and a . 3,1 
•bhoitwave.- ne.&p. longwave. 

ab&oipt-Lvity ofi iuK^ace. j 
dillu.&lly ne.dlo.ctzd ikoitwave. 

Ln.n.adlancz at iuhfiace. i 
apparent zmJ.ttan.cz o<$ AuH^ace. i 
[i.e. zmlttzd * Kzilzctzd Kadi.atX.on) 
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For very simple geometries the view factor can be determined 

from tables [4] or by formulas. 

In the case of a three-dimensional obstacle, area's of 

irregular shape can exist on the underground (sunshadow, 

terrain inhomogeneity). In such a case the view factor is 

determined by a numerical method using a montt cailo tech­

nique (fig. 3.8). 

The following steps describe the procedure 

faguKe. 3 . S. 

a. select at random a point P within area i 

b. select at random a direction (ij>,<p) of an emitted ray 

from area i. The distribution of the emitted rays is 

made Lambertian by defining ip and ip from two random 

numbers R, and R2 as [12], 

cp = 2 7T R 

\l) = /R, 

(rad) 

0 < R < 1 

- 27 



determine whether this ray is intercepted by area j if 

yes, a ' hLtx is counted 

repeat this procedure a great number of times (this 

number depends on the accuracy required) 

the view factor F.. is determined by the ratio of the 

number of hits U, and the total number of emitted rays 

U. i.e. 

r..-3i 

To study the influence of this radiation-exchange a parameter 

P is introduced being the radiation absorbed by area j (Q4) 

due to this mechanism, divided by the total amount of radia­

tion absorbed by area j (Q. + Q„ + Q.) i.e. 

Q 4 

Q, + Q 2 + Q 4 

It is found [9] that P reaches values up to P = 0.5 during 

nighttime, meaning that there is a strong coupling between 

surface j and the surroundings. In [41] values for cylindrical 

vertical walls (e.g. evaporation pan and fuel tanks) values 

up to P = 0.8 were found. 
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3.5 CONVECTIVE HEAT EXCHANGE 

The fundamental equation for the heat transfer between 

a surface at temperature T and a fluid in contact with it 

at temperature T_ is (eq. 1.3): a 

25 = h (Tg - Ta) (W.nf2) 

— 2 —1 
wherein h hzat zxahangt dOQ.HlclQ.nt (W.m .K ) 

The coefficient h is determined by geometry, fluid dynamics 

and fluid properties (in our case air) . 

The complication in this equation is the definition of the 

air temperature T . In this case T will be adopted ai tho. a a 
aih. tzmpQA.atu.Kz mo.aiu.Kzd at a icKzzn hziqht ofa 1. 5 m at 

appKoximatzly 20 m away {,Kom tho. ob&tactz. 

The state the fluid is in, can be expressed by dimen-

sionless numbers, some of them derived from the Navier-Stokes 

equations and from the energy equation [2, 21]: 

Reynolds number N 

N = XL 1NRe 
v 

wherein v windipzQd o {, tho. ah.Ki.vi.viQ ail (m.s ) 

L scaling length (m) 

v kinzmatic vi&co&ity (m .s ) 

2. Nusselt number N„, 
Nu 

Nu . 
A 

wherein A thzKmal conductivity o & ait (W.m .K ) 
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From windtunnel experiments it is known that the airflow 

may be either Lamtnah. or tu.Kbu.Ltnt; the transition between 

laminar and turbulent airflow is determined by the Reynolds 

number, however no sharp transition exists. 

Convective heat exchange can be either (Ĵ ee or {oh.cizd; 
again no sharp transition exists. 

In our case, dealing with an obstacle in the open field, the 

airflow always is turbulent and nearly always forced convec­

tion is the main heat exchange mechanism. From wind tunnel 

experiments it is known that in the case of turbulent flow 

and forced convection h is related to the Reynolds number. 

It is anticipated that under atmospheric conditions this is 

also the case. 

The windspeed used in the Reynolds number is the windAptzd 
me.aiuft.ed at a hztght oj$ J. 5 m at approximately 10 m away 
^Kom the. ob&tacte. Half the perimeter of a surface is used 

as scaling length. 

It is also anticipated that the convective heat exchange 

coefficient, at least for vertical surfaces, depends on the 

wind direction <p [10]. Contradictory reports are given in 

the literature consulted about the influence of atmospheric 

turbulence intensity on the convective heat transfer. During 

the test period this parameter is not determined but will be 

measured during the measurement campaign. 

In conclusion the convective heat exchange coefficient 

h in this thesis will be related to the Reynolds number N 

and to the wind direction <p expressed by the function f(<Pv) 

a N^e f(ipv) (W.m 2.K *) 

-2 -1 wherein a a aonitant (W.m .K ) 
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3.6 HEAT FLOW THROUGH THE OBSTACLE WALL 

One-dimensional heat conduction, neglecting boundary 

effects, is given by (eq. 1.3): 

6 V3z'' . 
surface 

wherein X thermal condu.ct-LvZty o{, the mall (W.m .K ) 

z' local coon.dln.ate. normal to the 

iuifiace. (m) 

31 

http://coon.dln.ate


3.7 INFRARED DETECTION 

As already mentioned in the introduction an infrared 

detector converts incident longwave radiation to an output 

voltage V, [39], in general form written as (fig. 3.9), 

"<-f I 
cos V . 

dAx dA2 

A l A 2 

G (y,T ) 
H(]i) Ta(y) dU (V) 

...(3.10) 

wherein 

"2 
R 

2 
apo.Ktu.Ke. off IR-i(/4iem (m ) 

2 
cLKta. 0|5 £he. obieA.ved iu.A.fi'ace (m ) 

dt&tanco bo.two.iivi A1 and A„ (m) 

bo.aKi.ng o l the. iyitom (rad) 

ApoctKal inteKval (um) 
de.to.ctoK tKani^oK function 

atmo&phoKic tKammiA&tvity 

output voltage o& the detectoK (V) 
appaKont omittance o<$ the 

(V.W ^ m 2 ) 

iuK^ace A7lp. 5f (W.m ) 

R-system 

kiguKe. 3.9. 
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In many cases the surface emittance contributes most to the 

total incident radiation; only in special cases like low 

solar altitude (in the 3-5 ym spectral band), or using low 

emissivity paint (E = 0.50) reflective parts may become 

important. 

Since the solar radiation is rapidly decreasing with wave­

length in the infrared region (> 3 ym), IR-detectors can also 

be used in daytime without much disturbing influence of the 

sun. To simplify equation 3.10 a geometrical fixed situation 

is assumed; then with the detector characteristics being 

given eq. 3.10 reduces to, 

V_ e(y) W(y,T„) H(y) T (y) dy (V) 
t> a. 

(3.11) 

wherein c a constant -incoipoiat-ing the. g-iven qe.ome.tiy 

Equation 3.11 clearly shows the relation between V, and the 

surface properties e and T . 

Calibration of eq. 3.11 using a black body (£„ = 1) at a given 

set of temperatures T, , at short distance from the IR-system 

(T = 1) leads to, 
Ct 

V d = a ! W(y,Tb) dy + b (V) (3.12) 

from which a and b can be determined. 

Since in prac 

differently. 

Since in practice e and T are not known eq. 3.12 is used 

V d = a W(y,0s) dy + b (V) (3.13) 
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wherein 0 -t-4 thz fiad.-iatA.ve. tzmve.ixatu.Ke. s ' 
defined as 

(K) 

jes(li) W(vi,Ts) dy = j W(p,0s) dy (3.14) 

Thus, in this way the Kadiativz te.mpe.fiatu.iz 0 can be found; 
in many cases the emissivity will be close to unity and in 

that case T = 0 . s s 
The next step is to move the spot (A?) over the scene and to 

monitor the output voltage V, (fig. 3.10). 

C2P Z® 

IR-system 

sunshadow 

Vd 

© © 

-̂ -x' 

ii.qu.KZ 3.10. 
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The different levels are caused by a difference in radiative 

temperature Qs but as eq. 3.14 shows a difference in 0 can 
be established through e as well 

s 
as through T i.e. 

AV. = (—d 

S T ) '••
 + (?) AT (V) 

Figure 3.11 shows two extremes i.e. Ts is constant while AEC 

is large (left part) and es is constant while ATS is large 
(right part). 

vliual •Ln^KaKzd 

iouA. pa.mli, to the h.lqht have tzmpe.Aa.tuMn o^. 
1. ambient [all] tempzKatune T^ 
2. T ? °C 

3. T + 2 °C 
cl 

4, T + 5 °C 
cl The dliletent patahzi on the box have dl^ztznt 

emlalvltlzi [and equal tzmpeKatuKz) . 

ilqunz 3.11. 
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The figure shows another way of displaying the results. In 

this case the voltage is used to burn a light emitting diode 

(LED); the light is exposed to a film negative (or monitored 

with a TV-camera). Thus a large luminance results in a deep 

blackening of the negative (i.e. large emittance). On a 

positive print like fig. 3.11 white areas are warmer than 

dark areas. 

Due to atmospheric limitations (fig. 1.3) mostly two spectral 

bands are used in practice i.e. 3-5 ym and 8-14 ym. 

Wien's law: 

ym = 2897/Ts (ym) 

where y wave.le.ngth oj$ maximum emlttance (ym) 
T iui&ace tumpen.atu.ie. (K) 

shows that for bodies at ambient air temperatures (T = 300 K) 

3t bodies like exhaust pipes 

(Ts = 700 K) ym = 4 ym. 

So, nature has given us a hand here. 
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4.0 EXPERIMENTS 

Aim of the experimental trial is to study the thermal 

behaviour of an obstacle placed in the open field. This is 

done by measuring the different heat exchange processes at 

the interior- and exterior boundaries of the obstacle i.e. 

a. radiative heat exchange 

b. convective heat exchange 

c. heat flow through the wall 

First part of this measurement program, which will be dis­

cussed in this thesis, is to test system performance i.e. 

a. testing system hardware (electronics, calibration) 

b. to investigate the meaning of the measured quantity by 

comparing measurements found from different measurement 

techniques 

c. to test the experimental set-up as a measurement unit. 

To minimize costs three surfaces of the obstacle (the top-, 

the west- and north surface) are used as measuring surfaces. 

Figure 4.1 shows the orientation of the obstacle relative 

to north. 

The test period started in the summer of 19 81 and 

lasted until'the late autumn of 1981. This period falls 

within the time wherein The Netherlands adopted East European 

Time (EET); GMT and EET are related by: 

EET = GMT + 2 (hours) 
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4.1 EXPERIMENTAL SET-UP 

The experimental site was chosen in the north-east 

corner of the airfield 'Pe VztV , located in the province 

of Limburg, south of Volkel. 

Coordinates of this airfield are: 

5°52' E longitude 

51°32' N latitude 

The N-E corner was chosen because of the presence of elec­

trical power in that area; consequently there is a homogeneous 

terrain in a sector: 270 ± 90° about 1 km in length. 

In that direction the vegetation mainly consists of grass, 

but due to strict security regulations it was not possible 

to have equipment placed on it. It was, however, possible to 

use an adjacent heather field cut to a comparable height to 

that of the grass (fig. 4.1). 

heather/grass 

fieldtrack 

\ ^ farmland 

4 x * 2 

5X 

— 1 

grass runway 

t§k 

fence 

7 . poKtacablnt [painted white.) 
2. meaiaiing aKea. + obitaate. [painted gheen) 
3. powen. iupply [me.te.0 itation oI aih. baiii) 
4. ptat^oum 
5. weathen. itation 

(5-tguAe 4.1. Experimental atea. 
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The size of the obstacle is: 1, b, h = 4, 2, 2 (m). 

Three sides of this block are used as measuring area's and 

are equipped with sensors. Each side is divided in elements 
2 

of 1 m , this is the smallest resolution element (fig. 4.2). 

PH 

t 
1m 

o 
X 

o 
X 

1m l 

o 
X 

o 
X 

o 
X 

o 
X 

o 
X 

o 
X 

o o 
X X 

o o 
X X 

ilde view 

o heat dlou) senior 

x thermocouple, [copper-constantan) 

figure 4.2. Location o{) the- heat {^low iemon and 

thermocouple.!) on the obitacle walli. 

A more detailed picture of such an area is given in fig. 4.3. 

polyvinylchloride 

wood 

7 . heat f,low ieni>or 
2. thermocouple 

3. exterior. 
4. Interior 

ilde view 
figure 4 . 3 . 

croii, section 
location o{) the heat {low iemon. 
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One large side of the obstacle is used and is pointed to the 

west; the second large one is the top surface; the small side 

is directed to the north (fig. 4.1). 

Since the heat flow sensors merely consist of pottjv imj(-

cliioiidc (PVC), the exterior surface of the obstacle is made 

of 6 mm PVC-plate, so the thermal conductivity and heat 

capacity of the PVC-plate and heatflow sensors are the same 

within 1%. The thermocouples are also placed in the PVC, just 

below the surface. 

The entire external surface is painted q v v <.' n; the shortwave-

and longwave properties of this paint are known. 

In front of each selected measuring-side a sensor, measuring 

the net-irradiance, is placed (fig. 4.19). 

If, both the heat filow through the surface Qfi and the nzt-

luiadlancz Q at the surface are known, the convective heat-

exchange Q,- is found from equation 1.3. 

Next to the obstacle (± 14 m, fig. 4.4) a measuring platform 

is placed, which is elevated ± 7 m above ground level. 

Two instruments are placed on this platform: 

1. a scanning device measuring ihoit- and fongwave ' iky'-

radiance as a function of azimuth and elevation (cf. 

4.2.1) called 'HDS'; field of view is 15° x 15°. 

2. another icanning device measuring the Kadlatlvz-tzmpzia-

tu>iz of different land based targets, i.e. the obstacle 

and the surrounding terrain, called 'ELSCA'; field of 
_o Oo view is 2 x 2 . 

Mztzotological data are measured 1.5 m above ground level at 

a distance of ± 20 m away from the obstacle. Parameters 

measured are: 

a. wind Apzud 

b. wind dlizctlon 

c. OLIK tzmptnatutiz 

d. Kalatlvz humidity 

e. pKzclpltatlon 

{). global Innadlanct 

g. nut-lKKadlan.cz at thz iufiioundlng tznnaln 

[a mlxtuiz oft hzathzK, gfiaa and soil] 

(m.s ) 

(°) 
<°C) 

(mm) 

(W.m~ ) 

(W.m~ ) 
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A view at the zxptn.imo.ntal iite in uieitwaxd direction. 

7. Vlatiofim with 'HVS> and 'ELSCA' 

2. Obitacle 

3. Weathen station 

IntiKion. of, the. obitac.lt 

1. N„-Aupply 

2. Ait bupply OK nzt-n.adiome.ttK 

liguKt 4.4. 
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Atmospheric turbulence is determined from wind speed fluc­

tuation measurements in three directions (i.e. u, v, w) ; 

this measurement is carried out by the agricultural Univer­

sity of Wageningen as a part of a forthcoming experiment; 

unfortunately their equipment was not yet operational during 

this summer. If necessary more meteorological data (cloud 

cover, cloud type) were gathered from synoptical stations of 

the airfields 'Volko.1' and ' Elndhovnn' , these are located at 

about 15 km and 30 km respectively. 
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4.2 INSTRUMENTATION 

4.2.1 Mea.iu.Ke.me.nt o& i>kofit- and longwave iky-lKKadlanee 

To determine the irradiance on a horizontal- and a 

vertical surface, the sky-radiance is measured as a function 

of azimuth- and elevation angle with a device called 'HDS' 

[34]. The device consists of a scanning head, a control- and 

registration unit (fig. 4.5). The scanning head has a constant 

speed of 12.5 per second. The way the head moves is program­

mable by means of a 'PROM' {piogfiammable lead only memony) , 

meaning that the memory can be cleared and be programmed 

again. The one used is an integrated circuit which has 256 

(intel 2704) programmable (8 bits) addresses. 

J. icannlng head 

2. contnol unit 

3. Keglit^atlon unit 

ilgune 4.5. Radiance dlitnlbutlon icanneA. 'HDS'. 
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The head consists of two detectors (fig. 4.6), one Operating 

in 0.4-1.1 pm and one in the region 0.3-100 ym. In this 

report the region 5.3 < p < 3.0 pm will be called ihontwavz 

region while the region 3 < p < 50 pm will be called longwave. 

or In^nafizd region. 

The detectors used in this system are: 

a. illinium [Si] detector (Siemens BPY-12); the relative 

spectral responsivity is given.in fig. 4.7. 

b. pijn.ozlzc.tnlc dztzcton. (Molectron Pl-71) ; the relative 

spectral responsivity is given in fig. 4.7. 

30 mm 

IR-mirror 

iA.l-Lc>Lum dztzcton. 

pynozlzctnlc dztzcton 

nziznzncz iouncz (black body at T, 

choppzn 

£lltznwhzzl 

gzn.mani.um Izni 

1. 

2. 

3. 

4. 

5. 

6. 

1. quantz Izni 

= 323 K) 

ilguiz 4.6. Schzmatic vizw o& thz 'HVS'-iznilng hzad. 
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relative spectral responsitivity g ( ) j ) 

A1.0, • — i V -

IR-detector 

A ^ T 
1.1 10 

• wavelength (pm ] 
100 

<,tgane. 4.7. Spe.ctn.at neipomtvtty oft the. iA.ttc.-iam- and 

the. IR- (pyioe.te.ctn.tc) detccton. 

In front of each detector a filterwheel is mounted giving 

space to loan filters. 

The filters used in the first experiments are: 

1. 

2 . 

3 . 

4 . 

ransmi 

ihon.twa.ve. 

no f i l t e r 

Kodak 89B 

no f i l t e r 

Kodak 89B 

ssivity 

( f i g . 4 . 8 ) 

m o 

0.5-

J I i l_ 

tongwave 
no filter 

germanium (fig. 4.9) 

no filter 

8-13 ym (block filter) 

1 1 1 1 1 1 1^— i r-

Kodak89B 

i 
0.2 0.4 0.6 0.8 

- • wavelength (pm ) 

^tgune 4.Z. Spectnat tnammtnivity o& the Kodak 

Utten S9B. 
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transmissivity 

A 1.0 

10 20 30 
- • wavelength (j jm ) 

40 50 

{lgun.z 4.9. SpzctKal t>iant,ml&t>l\)ltij o$ thz gzh.manA.um 

In front of both detectors there is a chopper which has a 

multi-function: 

a. cn.zatA.ng an AC-ilgnal, which is electronically much 

more easy to handle than a DC-signal 

b. to pKOj'zct a Kt^zKzncz douH.cz (IR-part only) on to the 

detector 

c. uncoupling of the DC-component, which is necessary because 

of the high amplification used with such detectors. 

The optics for both detectors is such that both have a square 

instantaneous field of view of 15° x 15° (0.071 sr) and are 

' l o o k i n g ' to the same area. 

The following describes the different steps to obtain onz 

registration (fig. 4.10, one detector). 

After receiving the startpuls (0°), filter 1 of each wheel 

is brought into position, at the same time both detectors 

take 3 samples, these are integrated and stored, than the 

next filter is turned into position and again three samples 

are taken; in this way the two times four filters are measured. 

During the time passed the head has moved 5 ; then the whole 

cycle is repeated two times more, adding the new value to 

the stored one. Thus at the end of one measuring 'point' the 

total field of view covered is 15° x 30° (0.14 sr) after the 

third cycle has completed data are stored on cassette-tape. 
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( 

0° 

fl 

) 3 

1 2 

' • 

3 4 

' 

III III III III 

30 5. 

1 2 3 4 

Ill III III III 

50 8 

1 2 3 

f 

4 

I III III 

DO 

-| 
I 
I 
I 

1 
1 

1050 

15° 

1 

n 

III 

200 msec 

starlpuls 

filterposition 

\ integrated 

• result for 

I each filter 

data storage 

reset 

sampling rate 

time 

h-lgutio. 4.10. Opcnatinq cycle, of, tkz ' HVS' -zlzctnonici, • 

A. ShoKtwave. cal-Lbftat-Lon ptioce.dant 

Calibration of the Si-cel was done with a tungsten fila­

ment lamp (fig. 4.11). The lamp has known characteristics 

as there are: 

a. spectral emissivity ew(y) [37] 

b. transmissivity of the window x 
d w 

c. relation between current through- and the temperature 

T of the tungsten filament. 

The lamp and the complete head were placed on an optical 

rail and aligned carefully. The output voltage of the Si-cel 

was recorded for each filter as a function of the distance 

R between lamp and eel. 
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o 

R ~~~~~" 
1 5 ° x 1 5 < > _ _ _ - . • 

H 

o 

7. window [tnanAmiAAivity x ) 

2. tungAten filament 

3. ie.nAon.-he.a.d 

(,igune 4.11. Calibnation Aet-up $01 the Ailic.iu.rn 

detecton. 

The output voltage Vd i s found from 

f r A x e ( 
V d = H s < S d > = Hs<! I ^ L J f > <V> 

TTlf 

. . . (4.1) 

wherein: 

Tw 

H s 
sd 

g(p) 

f (P) 

T 

e w ^ > 

- 1 2 
(V.W .m ) 

tKanAmA.AAi.vity o{, -Cfte w-tndow 0($ the 

the Aoan.ce 

diAtancz between the. Aounce and the 

entnance pupil (m) 

fianAfen function of cel-electnonicA 

Ahontwave innadiance at the Si-cel (W.m ) 
2 

Aunface anea of the tungAten filament (m ) 

nelative Apectnal neAponAivity of, the 

eel ( f ig. 4.7) 

Apectnal tnanAmiAAivity of, a filten 

abAolute tempe.natu.ne (K) 

Apectnal emiiAivity of, tungAten 

48 -

http://Ailic.iu.rn
http://tKanAmA.AAi.vity
http://Aoan.ce
http://tempe.natu.ne


Since the direct shortwave radiance may be about one thousand 

times larger than the diffuse radiance, the electronics must 

have a large dynamical range. This is obtained by giving the 

amplifier of the detector a wedge-shaped characteristic 

(fig. 4.12). 

Input voltage Vjn (mV) 

100 

80 

60 

40 

20 

) 

I 

i 

1 

I 

i 
2 

I 

I 
3 

i 

i 
4 

11 

li 
|5 

4.7 

i y 

i 
6 

I 

l 
7 

-

-

-

-

-

V 8 

- • output voltage Vd ( V) 

figu.it 4.12. Viz amplifizi chaia.cte.iii tic of the. 
bitlc.-lu.rn d2.to.ctoi. 

H is determined by calibration of equation 4.1 with the 

arrangement of figure 4.11. If the 'HDS' is pointed to an 

arbitrary point in the sky a voltage V, will be the result. 

This voltage is converted to the irradiance at the detector 

S^ by the use of H . Next step is to find the radiance at 

the entrance pupil M . If it is assumed that S-, is produced 

by a black body (e = 1) with an unknown temperature T , 

located in front of the aperture and completely filling the 

field of view (fig. 4.13) , then M and S-, are given by 

Mp = a 
, W(u,TxJ dy 

J o 
(W.m 2.sr 1) (4.2) 

49 

http://figu.it
http://chaia.cte.iii
http://bitlc.-lu.rn
http://d2.to.ctoi


wherein fi iolid angle (0.14 s r ) 

a a. con.ita.nt de.te.fim4.ni.ng the ioun.cz itnength 

and 

S-, = V, H - 1 

d a s a J g ( y ) f ( y ) W(y,T x ) dy (W.m~2) ( 4 . 3 ) 

es-= 1 

T = T X 

— 

3 

spectral 

transmissivity 

of the filter 

f(p) 

• radiance at the 

• black body 

.» 

-> 

sntrance pui 

spectral 

responsivity 

of the Si-detector 

g(jj> 

3il Mp 

HS J V(J 

—>irradianceat the 
detector Sd 

hi.gu.ne. 4.13. Convention o<5 the. innadiance at the 

detecton S, to the nadiance at the entrance d 
pupil M . 

Solving M using equations 4.2 and 4.3 leads to 

M_ 

Jw(u,T ) dy 

a o 
p n /g(y) f(y) W(y,T ) dy fi(gf), 

(W.m .sr ) 
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wherein (g f ) T a weighted mean value In the ipzc.tn.al 
x 

neg-Lon y 

The temperature T may be found from a measurement in two 

different wavelength bands (determined by the spectral trans-

missivity of the filters f, and f?) and forming the ratio: 

1.1 

J g(y) f1(y) W(y,Tx> dp 
Sd,l _ y = 0.4 (4.4) 
Sd,2 1.1 

J g(y) f2(y) W(y,Tx> dy 

y=0.4 

Equation 4.4 has a unique solution for T . 

This procedure is carried out for each filter. 

B. Longwave, cal-ibnatton pnoczdutie. 

The IR-detector is calibrated along the same lines as 

described for the Si-detector. The sensor head is placed in 

front of a black body (e = 1) at temperature T, (the black 

body comple.te.ly ^llli, the ileld. of, view). 

After every sample the zero level of the IR-electronics is 

adjusted by a reference-source (e = 1 ) (using the IR-mirror 

on the chopper blade, fig. 4.6) held at a constant tempera­

ture T b = 323 K. 

The output voltage V, is determined by 

Vd = H£{Ld} = H£ j W(y,Tbs) g(y) f(y) dy (V) (4.5) 
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wherein H* t/iani^eh. lunctA.on o^ the 
- 1 2 

cut-electtoru.c& (V.W .m ) 
L, Zonguiave. Ifiiadlanat at the. ud -2 

lK.-de.te.cton. (W.m ) 

H„ is determined by calibration of equation 4.5. 

If a black body with an unknown temperature T is placed in 

front of the aperture, completely filling the field of view, 

then the irradiance at the detector L, is 

Ld = Vd *l = [ w(y'T
x

) g(y) f(y) dp (W.m-2) (4.6) 

. uo 

Equation 4.6 has a unique solution for T . 

The radiance K at the aperture then is found from 

/ W(u,Tx) dp 
Ld yo Ld 1 .„ -2 -1, 

K = = (W.m .sr ) P 
/ W(y,Tx) g(y) f(p) dp " lgt;T 

X 

C. lnte.gia.ted itiulti 

As already stated the scan pattern of the head is 

programmable and therefore there are many possible ways to 

scan the upper hemisphere. 

Since the field of view is fixed, there is an increasing 

overlap between (neighbouring) elements with increasing 

elevation angle. 

The start of the scan is in horizontal direction at an 

elevation of 7.5° (fig. 4.14); after completion of the circle 

the head is elevated 15 and the next scan circle is made 

in reverse direction. In total 6 circles are needed to cover 

the entire surface of the hemisphere. 
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To minimize overlap (at most by two neighbouring elements), 

the scan angle in horizontal direction is enlarged (Aip) with 

increasing elevation angle (fig. 4.15). 

(,igu>ie 4.14. Scan pattern o{, the 'HVS'. 

75-90 

60-75 

45-60 

30-45 

15-30 

0-15 

345 

15 

i; 

45 

45 

75 

75 

105 

105 

135 

135 

165 

165 

195 

19. 

22. 

225 

255 

255 

285 

285 

315 

315 

345 

72 

45 

36 

30 

30 

30 

n 

0.69 

0.43 

0.27 

0.21 

0.08 

0.01 

N 

5 

8 

10 

12 

12 

12 

(ijj,<p) e.levation- \e.t>p. azimuth angle, in 

A<p azimuth inc.Ke.me.nt in 

r\ overlap 

N numbe.n 0(5 eleme.nti at a given elevation angle 

iiguie 4.15. Schematic view oh all ican e.le.ment&, 

including the overlap n and including the 

numbet of, dementi N pen elevation angle. 
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In this way a total time of nearly 3 minutes is needed to 

complete a scan of the entire hemisphere. 

A total of 5 9 elements is formed, the overlap n depending 

on elevation ty of the element. 

The overlap is determined from the ratio of the real surface 

of the scan-circle A. on the sphere and the total area 

occupied by the number of 'HDS'-elements N on that circle i.e. 

N x A2 (fig. 4.14) : 

A. 2 i r ( s i n I|J? - s i n ip.) 

A2 . . f i t T\ \ 
N - x — 

\ 6 1 2 / 

wherein iK and I|J_ ane the appun.- Klip, lowei boundaiij 

elevation angle, of the ciKule 

After correcting each element Q(i,j) for the overlap, the 

irradiance at a horizontal- (Q ) and at a vertical (Q ) plane 

is found from (Q(i,j) =M (i,j) or K (i,j) for short- resp. 

longwave radiation): 

a. horizontal plane 

Q h = I I Q U » J ) sin i|)i (W.m 2 ) 

i=l j=l 

b . vertical plane 

6 N 

Q = I I Q ( i , j ) c o s ip i cos(cp. - ip0) (W.m ) 

i = l j = l 

w i t h Q = 0 f o r c o s ( i p . - q> ) £ 0 
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wherein q> onlentatton of the ven.tic.al iaK^ace with 

nebptct to the nofith 

[month: ip = 0 and e.ait: ip 
o o 

To be able to compare the results with other measurements 

like a solarimeter, the irradiance Q in the spectral region 

0.4-1.1 urn is transformed to the irradiance Q in the 
y 

spectral region of 0.3-3 ym (global irradiance). 

This is done by transforming the radiance within each element, 

knowing its temperature T and the transmission characteris­

tics of the glass sphere T of the solarimeter (Kipp & Zonen, 

fig. 4.16). 

transmissivity X 

A 1 0 

0.5 -

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 32 
•wavelength (jjm) 

{iguie 4.16. Spectral tfiammiiiivittf oI the. gtaa dome, 

o {) a Kipp iolatiimetei. 

If it is assumed that there is no difference in atmospheric 

transmissivity in both regions, the irradiance then is found 

from 

Q = a 
g 

3.0 

I 
U=0.3 

[ W(u,Tx) xg(y) dy (W.m ) 
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where a is determined by 

1.1 

Q h = a W(u,Tx) dp (W.m~ ) 

y=0.4 

The irradiance at a vertical plane is found the same way as 

described before. 

Figure 4.17 shows the 'HDS' positioned on the platform 

(right one), the left one is the 'ELSCA' which will be dealt 

with in section 4.2.4. 

ilganz 4.17. Location o& the. 'ELSCA' [li^t] and 'HVS' 

[flight] on the platfioim. 
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4.2.2 Net-radiometer 

The net-radiation QN incident on a surface is given 

by (fig. 4.18) 

QN = Q* - Qt (W.m ) 

wherein Q+ and Q+ are the incoming and outgoing 

radiative components fie.ipe.cti.ve.Zy. 

o 3| |pQf 

Q+ upward radiation 
Q+ downward radiation 
Q shortwave radiation 
Q» longwave, radiation 

Q, inc.lde.nt radiation due to the surrounding terrain 
[non horizontal surfaces only) 

Q3 emitted radiation 

pQ+ reelected downward radiation 

figure 4. H 

The net-radiation is measured with a net-radiometer 

(Middleton instruments); it is generally assumed that the 

responsivity is independent of wavelength. 

The instrument essentially consists of a sensing element 

57 

http://fie.ipe.cti.ve.Zy
http://inc.lde.nt


surrounded by inflatable polythene wind shields (fig. 4.19 

and 4.20). The sensor is a flat thermopile where the 'ho t '-

and 'cotd' junctions are formed by the front- and backside 

of the sensing element (coated black). 

Placed above a surface this instrument therefore directly 

measures the net-radiation (i.e. temperature difference 

across the sensing element). 

nitrogen inlet 

polythene sphere 

PVC-

iiguftz 4.19. Sch.tima.tic. vie.u) o(J a ne.t-nadtome.tzK. 

The advantage of polythene is the very good transmissivity 

over a broad wavelength interval, the disadvantage however 

is its porosity for water vapour. To prevent diffusion of 

water vapour into the spheres (and damaging the thermopile), 

these are contineously washed with dry nitrogen, keeping 

the pressure slightly higher than ambient atmospheric 

pressure. 

Furthermore the spherical shape of the (very thin) polythene 

is maintained by this overpressure. 

Through an extra ring, surrounding the sensor (fig. 4.19 and 

4.20) air is blowing over the spheres, to prevent condensation 
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on the polythene and to keep them on air temperature [42], 
3 

Air is supplied by a fan (5 m /min) placed inside the 

obstacle. The device (without air-ring) is supplied with a 
-1 -2 

calibration certificate (typical 0.40 mV.mW .cm ). 

The sensors are used in a horizontal- as well as in a vertical 

position at about 40 cm away from the surface (fig. 4.20). 

^-iqixno. 4.20. Location o& tho, ne.t~>iad<Lom<ite.Ki . 

The most critical feature of this sensor is the change of 

the transmissivity of the polythene in the open field (rain, 

dirt). Depending on the type of weather, cleaning of the 

spheres is necessary once or twice a week; but after a 

certain time depending on the season [42] the transmissivity 

is degrading seriously and therefore the spheres have to be 

exchanged. For comparison the transmissivity of a new-, 

(starting in January 1981) three months- and 6 months old 

sphere is given in figure 4.21. 
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transmissivity 
A 1.0 

0.5 -

0.1 

1 1 1 1 1 1 1 1 1 1 1 

— " "\, 

"3 months in use / ..•' 

6 months in use / 

i i i i i i i i 1 i i 

1 

^ 

• 
0.1 0.5 1.0 

-^•wavelength (pm) 

figure. 4.21. Spectral tsLa.nimlAAA.vi.tif of a polythene 

Aphere of a mt-fiad.-Lome.tzfL related to 

atmoApheric and environmental influe.nc.zA, 

4.Z.3 Heat flow AenAor 

The measurement is based on the principle that a tempe­

rature difference AT across a thin uniform layer is propor­

tional to the heat flow through that layer Qg (eq. 1.3) as. 

- - AT 
a 

(W.m 2) 

where X thermal conductivity of the layer (W.m .K ) 

d thickneAA of the layer (m) 

The TPD ('TechniAch VhyAiAche VienAt') in Delft, produces 

heat flow sensors of different sensitivities and shapes. 

The one used in this experiment has the shape of a disk 

(WS 32 diameter 50 mm, thickness 3 mm) with thermal charac­

teristics close to those of polyvinylchloride (PVC). 

The sensors are supplied with a calibration certificate 

(typical 10-20 W.m" . m V - 1 ) . 

http://tsLa.nimlAAA.vi.tif
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4.2.4 Scanning nadlomztzn. 'ELSCA' 

This device [19] is constructed the same way as the 

'HDS' i.e. a scanning head, a control unit and a registration 

unit. Figure 4.22 shows the interior of the scanning head. 

Analogous to the 'HDS' (IR-part), the radiation is chopped 

and then passes a lens, a filter and eventually reaches the 

detector. The detector is of the pyroelectric type (Molectron 

Pl-71, fig. 4.7) and together with the optics used giving the 

sensor an instantaneous field of view of 2 x 2° (this is the 

main difference with the 'HDS'). 

>Vd 

choppzn. [night pafit oi £lg. 4.6) 

JR-lzm 

hilte.iwhe.zl (4 fitltziA) 

de.te-e.tofi 

zlzctnonia 

black body Ion ca.tlbn.atton paipoiti 

llgnnz 4.11. Schzmatic view o£ the iznilng head oft 

the 'ELSCA'. 

Again 4 filters are used 

1. gzimanium (fig. 4.9) 

2. 3.5-5./ um 

3. S.2-/3.9 um 

4. 8.&-10. 8 pm 

http://hilte.iwhe.zl
http://de.te-e.tofi
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Located at an elevated position (± 7 m) the device scans the 

obstacle and direct surroundings, giving the radiative tem­

perature 0 (fig. 4.23, the features given may be meaning­

less when not used in connection with this experiment). 

7. ' bfiown' heathen 

2. 'dank' io.il 

3 . ' ApafiAe' gfiaAA in hzathe.fi 

4. 'gfiaAA' adjacent to fiunway 

5. 'he.atho.fi' 

6. Aouthiide of, the obstacle 

7. eait Aide o f the obAtacle 

%. top Aufiface 

9. 'Aoil' cloAe to the obAtacle 

70. 'A oil' 

77. 'heathen' 

12. 'gfiaAA' adjacent to fianviay 

7 3. ' ApafiAe gfiaAA In heathen.' 

14. 'tnee line' at ± 7 km 

figufie 4.23. Scan pattefin of, the 'ELSCA' 

Each position of the head is stored in memory ('PROM'); up 

to a maximum of 256 positions can be stored. 

Having arrived at a certain position the head stops and a 

measuring cycle (4 filters) is started (fig. 4.10). 

Using a black body with known temperature T, , completely 

- 62 -

http://io.il
http://hzathe.fi
http://'he.atho.fi'


filling the field of view, then the output voltage of the 

detector V, is 

Vd = H£{Ld> = Rt j W(u,Tb£.) g(y) f(y) dy (V) (4.7) 

H» is calibrated with eq. 4.7 using different temperatures 

T, . If a black body with an unknown temperature T is used, 

the irradiance at the detector L, is 

Ld = Vd H £ 1 = j w ( y ' T
x

) g ( y ) f ( y ) d y (W.m"2)(4.8) 
yo 

Equation 4.8 has a unique solution for T . 

The radiance at the entrance pupil K then is found from 

Ld | w ( y ' T
x

) d y 

R =
 yo = ^d 1 (W.m~2.sr-1) 

fl | g(y) f(y) w(y,Tx) dy n ( g f ) T x 

This procedure is carried out for each filter. 

As already mentioned, in practice often the radiative tempe­

rature 0 is used, solved from 

K = - [ W(y,0s) dy 
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4.2.5 Inlnahzd Kt^lzctomntzK 

To make a distinction (optically) between two objects it 

is necessary that a difference exists between the irradiance 

received from both objects. In the infrared such a difference 

may be caused by a difference in emissivity and/or a diffe­

rence in temperature (cf. section 3.7). 

For a solid material it is relatively easy to measure the 

temperature, this in contrast to that of a loose material. 

A simple way to determine emissivities (only solid materials) 

is to heat the sample and to measure both the radiative- and 

real temperature 0 resp. T . The emissivity e is then found 

from (neglecting reflected radiation): 

s 
e . ' - ^ 

For loose materials and vegetation this method is not 

applicable, therefore an instrument has been developed to 

overcome this "problem [38]. With this device in fact the (IR) 

reflectivity p. of a surface is determined from which e is 

found as (Kirchhoff's law) 

£s = x " H 

The construction is shown in figure 4.24; the sample-surface 

is irradiated alternately by two black bodies (at different 

temperatures T. and T_). As shown in the figure the top of 

the instrument consists of a total of 16 black bodies and a 

detector (thermopile) located in the centre. At one instant 

all sources at T, are screened by the chopper blade (chopper 

frequency is 2 cycles) on this moment the top surface radiates 

as a black body at temperature T_. 

- 64 



L 

8 

E •Wfl 
6 3 / 

10 

J 
50 cm 

8 

-21cm-

21cm 

£ 

cross - section a-a 

O T 2 

7. chopper moton. 

2. choppzn. blade. 

3. ^lltzt 

4. dztzctoK 

6. ' hi&h-tLye.' Izni 

7. d-Liplay 

S. W-miVioK 

9. iample. iux.&ace. 

5. black bodlzi (T. > T2) 70. iuppoit 

i-iqixKz 4.24. ConAtn.ucti.on o{, tkt IR-nzllzctomztzn.. 

Due to the mirrors the sample is irradiated from all 

directions; the reflected radiation irradiates on its turn 

the top surface where the detector is located. To enhance 

the sensitivity for small angles a ' IL&h-zijZ' lens is placed 

in front of the detector. 

Since the sample is irradiated diffusely the quantity measured 

is the diffuse reflectivity p» (different spectral filters 

can be used). From both readings the reflectivity is found 

from 

y„ I 

) - W(u,T2)\ f (y) dy = a(Vd - Vd ) 

wh ere V-, dztzctoK output voltagz (V) 
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The constant a is determined by using an IR-mirror as sample 

(p» = 1 ) ; a is determined for each filter used later on. The 

result of a measurement is directly displayed. 

Figure 4.25 shows the device as it stands (right hand side) 

and also shows the black bodies and detector assembly (left 

hand side). 

(tigufie. 4.25. lV.-ne.ile.dtomQ.tQ.fi, Iz^t pant ih.owi.ng tht 

black bodiQi and do.tQC.toh. aiizmblij, thz 

flight pafit ihowi the. devicz ai it itandi. 

4.2.6 Mo.tQOfiological mzaiufiQmQnti 

A small weather station [35] is located in the NE corner 

of the experimental site (fig. 4.4 and 4.26). Parameters are 

measured 1.50 m above ground level; these are 

- 66 

http://lV.-ne.ile.dtomQ.tQ.fi
http://ih.owi.ng
http://do.tQC.toh


1. Wind .4peed and wind dlK.ec.tlon 

Both measurements are combined in one device. 

Manufacturer: Thiess (type 4.3320). 

2. Kin. te.mptn.ataKe 

This temperature is determined by a nickel resistor 

(NI-1000, from Wallac Oy) mounted in a radiation shield 

and positioned in a weather-box (Thiess, type 1.2175.03). 

This box is ventilated with a small fan (Pabst, type 

2050) which is mounted in a vertical wall and sucks out 

the air of the box and thereby passing the thermometer. 

3. Relatlve humidity 

This parameter is determined by a hair hygrometer 

(Thiess, type 1000) . 

This sensor is also located in the weather-box. 

4. Vnzclpltatlon 

The amount of rain is measured by a sensor developed 

by TNO. The most characteristic feature of this sensor 

is the creation of small droplets of about the same 

size. The number of droplets is counted and is a measure 

of the amount of water fallen into the pan. 

5. Shontwave. Innadlance. at a horizontal plane, [global 

lin.adA.ance) 

This parameter is measured with an albedometer (Kipp, 

type CM7) also called solarimeter. 

6. Net-radiation 

This parameter is measured with a net-radiometer. 

It is placed above the ground (a mixture of heather, 

grass and soil). 

Manufacturer: Middleton instruments. 
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\lqaie. 4.26. View on the we.athe.A- station taken /(-torn 
the ptatloim in HE- diiect-ion. 
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4.3 DATA ACQUISITION 

Systems as 'HDS' and 'ELSCA' are selfregistrating units. 

The built-in electronics drives a cassette-recorder. Total 

capacity of a cassette-tape is about 45000 eight bits words. 

In practice this means that with a repetition time of 10 

minutes (having 15 measuring points) the 'ELSCA' can record 

for the duration of 120 hours and the 'HDS' for about 25 hours, 

both using 4 filters. Both devices measure instantaneous 

values (in time and position) i.e. 'point' measurements 

without integration. 

The weather station makes use of the same kind of recorder; 

in this case however integration of the signals takes place 

over a given (adjustable) time interval, in our case 5 minutes. 

All other sensors (thermocouples, heat flow- and net-radiation 

sensors) are read out through a multiplexer, controlled by a 

microprocessor. The 64 channel multiplexer scans all input 

channels in about 6 seconds, the values are digitized and 

stored in memory; the next reading is added and this sequence 

is repeated until a given (integration) time (10 minutes) 

has elapsed. Finally the results are written to cassette-tape. 

All the 'aotd' junctions of the thermocouples are joined 

together and are in good thermal contact with a large copper-

block. The temperature of this block is measured with a 

resistor (Pt/ 100 fi). The temperature readings are calibrated 

with this reference temperature. 
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4.4 INFRARED IMAGERS 

Aerial imagery was scheduled to be taken at certain 

time points during the late summer of 1981 by: 

a. The 306 neconnalii,ance iqu.adn.on otf the Royal Dutch 

kln^once based at the airbase Volkel. 

An 'IRIS' [In^naned Line Scannen.) operational in 

8-14 pm which is called 'ORPHEUS', is available. 

Collected information is saved on film negative. 

b. The Jnte.inatA.onal Training Centne (ITC) located at 

Enschede. For educational work the ITC has a small 

airplane available (a Piper Navajo). In cooperation 

with TNO, flights can be made using two different IR-

scanners called 'FL0RIS'- and 'CIRCLE' scanner. 

The 'FLORIS' is a line scanner [29] while, as the name 

already suggests the 'CIRCLE' scanner has a circular 

scan pattern [30]. 

Figure 4.27 shows the scanning principle of both scanners. 

S ^ 

line ican dude ican 

ilgune 4.27. Scan pattern used bq a line icannen (le^t 

pant) and a cln.de icannen {night pant). 

Table I shows some characteristics of both scanners. 

The geometrical resolution on the ground depends on the 

flight speed v and -height h. 
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To get joining scan lines on the ground the following equation 

must be obeyed. 

0) x p = v (m.s ) (4.9) 

where oo angular ipztd ofi the ican XI\A.KKOK 

p fiz.iotu.tA.on element on the gtiound 

v flight ipeed 

(r.s"1) 

(m) 

(m.s ) 

feature 

Field of view ( ) 

instantaneous field of view (mrad) 

spectral interval (ym) 

minimum resolvable temperature (K) 

'FLORIS' 

120 

2 

3-5 and 8-14 

0.1 

'CIRCLE' 

90 

5 x 7 

8-14 

0.01 

Table. I. Some cha.nac.ten.il> tla o& the 'FLORIS'- and the 

'CIRCLE' t>cannen. 

As can be seen from table I the 'FLORIS'-scanner has a high 

geometrical resolution while the 'CIRCLE'-scanner has a high 

temperature resolution. 

Applying eq. 4.9 to the 'CIRCLE'-scanner with 

ID = 25 

v = 100 

(r.s-1) 

(m.s ) 

results in a geometrical resolution of: p = 4 m. 

Given this value of p, the flight level h is found to be 

about 285 m (fig. 4.28). 

Collected data is saved on film negative ('ORPHEUS') and 

analog instrumentation tape. 
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mrad 

p=14hx10"3 

-̂tgu-te 4.28. Veteimlnat-ion ofi the ne&olu.tion element 

on the ground loh. the 'CIRCLE' icannefi. 

For FotLWaid Looking In^naMed (PLIR) systems, the contrast 

between obstacle surfaces themselves is important. The 

'CIRCLE'-scanner detects the obstacle two times, firstly 

during approach and secondly after having passed the obstacle 

(45 depression angle). During clear sunny days the contrasts 

are very large; during clear nights the top surface always 

shows a negative contrast with the vertical surfaces, due 

to radiative cooling of the top surface. 

Figure 4.29 shows an IR-image taken by the 'FLORIS'-scanner 

at 13.00 GMT on 18 August (8-14 ym) . 

Figure 4.30 gives an overview of what is seen on the image. 

As outlined in section 3.6, a radiation contrast is converted 

to a contrast in grey level on a film negative. On a positive 

print an ' apparent waKm' area looks white in contrast to a 

'cold' area which looks more black. 

The picture is taken just after the sun has broken through 

after a morning of overcast sky. The white (in the visible 

spectrum) portacabine sticks out clearly as a 'cool' black 

spot; the obstacle shows up a bit cooler than the mixture 

(fig. 4.30) the difference between the heather and cut heather 

is striking, obviously the cut heather is more dead than 

alive (evaporating mechanism is missing). The road pattern 
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(5-igu^e 4.29. IR-pictuxe. takzn with the 'VLORIS' 

•bc.anne.1 (8-14 ym). 

{t-lgutLe. 4.30. Vzicfi-lpt-Lon of, iome. fizatwizi -in i-ig. 4.29, 
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in the heather field in reality does not exist, but has been 

there in former days. Since the soil structure therefore is 

different, the thermal behaviour is slightly different and 

the roads show up in the picture. Figure 4.31 shows a picture 

taken with the 'CIRCLE'-scanner; the lower part shows the 

forward scan and the upper part the backward scan. 

•\ctwan.d ican 

iigufiz 4.31. IR-pictutiz taken with tht 'CIRCLE' 

icanne.fi [8-14 ym) . 

Figure 4.32 gives an overview of what is seen on the image. 

On both pictures the portacabine is visible, however much 

more vague than in figure 4.29, due to the low geometrical 

resolution of this scanner; it needs a careful look to see 

the obstacle; there is something of a black area but without 

further knowledge the obstacle as such is not detectable. 
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cornfield 

{iguKe. 4 . 32 . VticKlptlon oi iome. itatunti in ilq. 4.31. 
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5.0 ANALYSIS OF DATA AND RESULTS 

5.1 SUMMARY OF PERFORMED MEASUREMENTS 

Having finished the basic tests and calibration proce­

dures the equipment was stationed in the field by the end of 

May 1981. 

Many problems were encountered during the first weeks. As for 

instance the registration of the thermocouples with the 

microprocessor/multiplexer system was correct during most 

times of the day but every evening from about 19.00 hours 

until 04.00 in the morning something went wrong. It nearly 

took a month to find out that this was due to atmospheric 

interference. It appeared that thermocouple wires served as 

radio antennas and since the multiplexer input gates were 

not in common mode the input signal was tilted randomly. 

The fact that this happens around 19.00 hours is caused by 

condensing of the so called Fl and F2 layer and thereby 

forming a reflectionlayer for shortwave radio frequencies. 

A rain detector preventing the 'HDS' from starting during a 

rain period broke down, so it could operate only when some­

body was around or, automatically during a longer period of 

continuous dry weather. 

Unfortunately the field trial of the Agricultural University 

of Wageningen was not started yet this summer, therefore 

atmospheric turbulence (a parameter they would have measured) 

is not known. 

From the end of July on all the systems worked satisfactory 

and from that period on data are used for analyzing purposes. 



5.2 SKY-RADIANCE DISTRIBUTION 

5.2. J Shoxtwavz ItifiadianctL 

In the beginning of the measuring period a 'HDS'-scan 

was made every hour, in order to suppress the amount of data. 

However, it soon appeared that the measured values were very 

typical for that very 'moment' caused by the fact that the 

sun is within the field of view for only a very short time 

(about 3 seconds). For instance it was observed that when 

cirrus clouds passed the sun, the solar radiance decreased 

at once, while the solarimeter did not react at all to this 

change. To be able to compare the 'HDS'-measurements with 

the solarimeter, measurements were taken at 10 minutes 

intervals; it is anticipated that this will give sufficient 

information to determine a mean value. 

Another problem is that the radiance distribution as it is 

measured cannot be compared with other measurements; so, 

first an integration has to be performed and then the data 

have to be transformed to the proper wavelength-interval of 

the solarimeter (i.e. 0.3 <̂  y <̂  3 urn). 

From the limited amount of data available, the 4 of August 

1981 has been chosen for analyzing purposes. 

Some meteorological features of this day are: fog at night 

changing to light haze during daytime; minimum and maximum 

air temperature of 11 resp. 29 C; little wind (£ 1 m.s ) 

from a variable direction. 

Figure 5.1 shows a comparison between the global irradiance 

as it is measured with a solarimeter and the shortwave ir­

radiance at a horizontal surface determined from the sky-

radiance distribution measured with the 'HDS'. 

Figure 5.2 shows the shortwave irradiance at different verti­

cal orientations, determined from the radiance distribution. 

The periodic behaviour of the 'HDS'-readings is striking. A 

more close look shows that this periodicity disappears when 

the sun is not within the field of view, suggesting that the 

sun is the cause of this behaviour. 
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shortwave irradiance (W.m2) 

>> GMT 
+ 4 olcLKi.mo.tzK reading [global irradiance) 

• ihortwave ln.tiadia.ncz at a horizontal plane, uiing the 'HVS' 

figure 5.1. Shon.twa.ve. irradiance at a horizontal plane. 

shortwave irradiance (W.m 
" I — 

date: 4-8-81 _ 

500 

• GMT 18 

ihortwave irradiance at a vertical plane uitng ' HVS'-value& 

wtth the. orientat-ion: 

• north + iouth »eai,t •we.it 

(,tgure 5.2. Shortwave, irradiance at a vertical plane. 
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To analyse this, the solar elevation- and azimuth angle are 

determined (section 3.1) and are given in figure 5.3. 

Furthermore the relative spatial responsivity of the Si-

detector is given in figure 5.4. 

solar elevation (°; solar azimuth (°) 
280A 

- 240 

200 

- 160 

- 120 

+ elevation ( ) 

• azimuth ( ° ) 

ilgune 5 . 3 . Solan, be.an.-ing a& a function o<$ time.. 

relative responsitivity 
A 1.0 

10 5 0 - 5 -10 

field of view in horizontal- or vertical direction(°) 

{igune 5.4. Spatial Ktipon&lvlty ok the Sl-de.tee.ton.. 
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From this figure it is obvious that when the sun is not 

located within a few degrees from the centre, the output 

voltage of the detector is rapidly decreasing with increasing 

off-centered position. To show this effect we keep track of 

the sun passing through a 'HDS'-element giving by the eleva­

tion- and azimuth boundaries of resp. 45 -60 and 135 -165 

(fig. 5.5). 

elevation angle (°) 
A 60 

date : 4 - 8 -81 

• SUITS position 

55 

50 -

45 

I relative responsivity 
equals 1 

I 

r : 

135 140 150 
- •az imuth angle (°) 

160 

— I 1 1 1 1 1 
10.10 10.20 10.30 10.40 10.50 11.00 

• G M T 
11.10 11.20 

figuie. 5.5. Poittton ofi thz iun ai a iunc.ti.on of, timz, 

n.Q.latl\)Z to a ^ixe.d po&ition o{, the. 'HVS'. 

The figure shows that, as a function of time the sun approaches 

the centre of the element, passes it at about 10.50 GMT and 

leaves the element again at about 11.20 GMT. All together 

it is clear that the 'HDS' cannot be used when, in general, 

a point source is present; the only exception to this is the 

case wherein the point source is located in the centre (this 

is also the case during calibration procedures). To meet the 

requirements just mentioned a time is chosen where the sun 
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is located near the centre and where a reasonable agreement 

exists between the solarimeter- and integrated 'HDS'-values 

i.e. 11.00 GMT. 

Figure 5.6 shows the measured radiance distribution at 

11.00 GMT on 4 August 1981. 
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datapolnti In W.m ,sr 

^-LguKe 5.6. ShoKtwave ladiance dl&tnlbutlon on a ' clean.' 
day [light haze.) . 

Figure 5.7 shows the corresponding calculated radiative 

temperatures (eq. 4.4). 

The values given in figure 5.6 can be integrated over the 

hemisphere to given the irradiance at a horizontal plane and 

at the different orientated vertical surfaces. 

A first approximation of the diffuse radiative components 

may be found by assuming that the irradiance at normal 

incidence S is found when the sun is within the field of 

view (this is only a crude assumption since an amount of 

diffuse radiation is produced in the direct surroundings of 

the sun). Integrating again, but now omitting direct solar 
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radiation leads to the diffuse components. 
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-̂tgu-te 5.7. Radiative, temp eh.atuh.e distribution on a 
'cleat' day [light haze.) . 

Using the solarimeter value as input parameter the different 

components may also be found using the equations given in 

section 3.1 (solar elevation- and azimuth angle are given in 

figure 5.3); table II shows the results. 

There is a remarkable difference between the diffuse compo­

nents found by measurement and calculation. The fact that 

the measured ones are considerably higher than the calculated 

ones may be caused by the hazy atmosphere (the synopsis of 

Volkel gives a horizontal visibility of 2800 m and Ve cloud 

coverage). A further suggestion in this direction is found 

from figure 5.7: the radiative temperatures are relatively 

low, again caused by low atmospheric transmissivity. 

In the case of a clouded (or clear) sky, when no point source 

is present, the responsivity is approximated by a block-

shape, using the half width (fig. 5.4); this results in an 

effective field of view of 15 x 15 . The consequence is that 

the irradiances have to be multiplied by a factor of 1.5. 
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d i r e c t 
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84 
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735 

76 
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5 3 1 

84 

values an.e given in w.m 

global intiadiance ii 735 w.m {Aig. 5.7) 

table II. Vinect- and cU^a&e hhoKtwave ifiiadiance at 
sun^aces o£ di^ienent oKientationi, dating 
a 'clean.' day. 

Figure 5.8 and 5.9 show the radiance distribution and the 

corresponding radiative temperatures resp. at 09.00 GMT on 

24 August 1981. (Since the raindetector broke down, the 'rlDS' 

only could be used during clouded conditions in daytime) . 
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AiguKe 5.8. Shortwave radiance distribution on an 

ovetca&t day. 
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Weatherdata at this timepoint are: cloud coverage 7/a-s/a 

(cumulus and stratocumulus), horizontal visibility 20 km and 

air temperature 15.2 C. 
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ilgune 5.9. Radiative. tempenatune dlitn.lbu.tlon on an 

ove.ic.ait day. 

Integrated results are shown in table III. The table shows 

that the irradiance at the vertical surfaces is about equal, 

implying that the cloudcover is rather homogeneous. 

d e s c r i p t i o n 

h o r i z o n t a l 

v e r t i c a l , n o r t h 

e a s t 

s o u t h 

w e s t 

W.m~ 

205 ' *) 

78 

95 

90 

77 

d a t e 

l_ 2 4 - 8 - - 8 1 

t i m e (GMT) 

0 9 . 0 0 

s p e c t r a l r e g i o n 
0 . 3 < p < 3 p 

(*) iolan.lme.ten. neadlng 216 (W.m ) 

table I I I . Vlnect- and dlfifiu&e ikoKtwave lnn.ad-ianee at 

didfaenent onlentated iun{,acei duntng an 

ovencabt day. 
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It is also seen that the east- and south surface receive a 

little more radiation and as can be seen from figure 5.8 the 

sun is not completely obscured (solar elevation and -azimuth 

are 38.4 resp. 126.7 ) but the sun as such is not observable. 

5.2.2 Longwave ln.n.adiance 

Longwave irradiance in different wavelength intervals 

is measured parallel to the measurement of shortwave ir­

radiance (section 4.2). The germanium filter used for broad­

band measurements, has the disadvantage that it cannot be 

used in daytime because it transmits radiation above 2.0 ym 

(about 5% of the solar-irradiance emitted in the wavelength 

region 0.3-3 ym falls within the spectral region 2-3 ym). 

For a heavy overcast sky, like 24 August '81 the data are 

analyzed to see to what extend they might be useful. Figure 

5.10 and 5.11 show the radiance distribution and the corres­

ponding radiative temperatures at 09.00 GMT. 

d a t e 
2 4 - 0 8 - ' 8 1 

75-90 

60-75 

45-60 

30-45 

15-30 

0 - 1 5 

345 

15 

15 

45 

t ime (GMT) 
09 .00 

45 

75 

107.7 

100.6 

100.6 

94.3 

90.0 

86.5 

10" 

102 

103.5 

89.3 

87.2 

75 

105 

105 

135 

111.3 

.7 

1 

109.8 

99.9 

113.4 

92.1 

88.6 

135 

165 

s p e c t r a l r eg ion 
f i g u r e 4 .9 

165 

195 

114.1 

111.3 

108.4 

119.1 

90.7 

87.9 

114.8 

131.1 

91.4 

94.3 

118.4 

87.9 

86.5 

195 

225 

225 

255 

255 

?85 

112.0 

114.1 

124.7 

102.1 

92.1 

85.0 

109.8 

141.1 

107.0 

104.9 

84.3 

0° = n o r t h 
90°= e a s t 

285 

315 

315 

34 5 

107.0 

109.1 

134.7 

107.7 

96.4 

82.9 

101.3 

99.9 

82.2 

102.8 

14.1 

89.3 

97.8 

84.3 

99.9 

97.1 

92.8 

87.9 

V 
72 

45 

36 

30 

30 

30 

(ijj.ip) zlzvatlon- n.eip. azimuth angle ( 

Aip azimuth -Lnc.te.mznt 
— 2 —1 

datapointt, i.n W.m . s r 

&igu>ie 5.10. Longwave, nadiance di&tnibution on an 

ove.Ac.ait day. 

http://-Lnc.te.mznt
http://ove.Ac.ait


date 

24-8-'81 

75-90 

60-75 

45-60 

30-45 

15-30 

0-15 

345 

15 

15 

45 

time (GMT) 

09.00 
45 

75 

288 

280 

280 

276 

274 

270 

75 

105 

105 

135 

135 

165 

spectral region 

fig. 4.9 

165 

195 

288 J 286 

284 

288 

282 

278 

270 

286 

302 

288 

280 

270 

304 

292 

276 

270 

288 

296 

300 

282 

276 

292 

274 

270 

195 

225 

225 

255 

255 

285 

284 

288 

290 

280 

270 

268 

286 

284 

284 

274 

268 

0° = north 

90° = east 
285 

315 

315 

345 

284 

286 

280 

284 

272 

268 

280 

280 

274 

268 

276 

272 

268 

282 

280 

278 

272 

270 

IP / 

/ Ay) 

72 

45 

36 

30 

30 

30 

(<Jj,<p) elevation- n.eip. azimuth angle ( ) 

Atp azimuth increment ( ) 

datapointi in K 

Viguie 5.M. Radiative, tempenatuKe distribution on an 
oven.cait day. 

From both figures it is seen that there is forward scattering 

in the neighbourhood of the sun (elevation- and azimuth 

angle 38.4 resp. 126.7 ) ; the resulting values are somewhat 

too high due to the transparency of the germanium between 

2 and 3 ym. Unfortunately this problem cannot be solved 

easily, because a filter blocking radiation below 3 yra and 

transmitting above 3 ym (up to 50 ym) by my knowledge does 

not exist; the best choice would be a filter made of indium 

arsenide as a base material, which transmits from 3.5 to 

about 10 ym, however the mean transmissivity is 0.5, so 

problems might arise with the signal to noise ratio if the 

radiation of a blue sky is measured. 

Table IV shows the integrated results, also the integrated 

radiative 'sky' temperature 0 is given. 
as 
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—^T7 

date 

24-8--81 

time (GMT) 

09.00 

description 

horizontal 

vertical, north 

east 

south 

west 

spectra 

fig. 

(W.m ) 

333 

148 

162 

157 

148 

1 region 

4.9 

e a s ( K ) 

277 

269 

275 

273 

269 

table. 11/. Longuiavz A.in.advance, at di^ziznt oKJLzntatzd 

iui^aczi, and thz Kadlativz ' iky' -tzmpe.Katu.it 

on an ovziza&t day. 

The longwave irradiance at a horizontal plane L (table IV) 

can be used to estimate the atmospheric emissivity e (c) or 
a 

cloudbase temperature T (e = 1 ) from 

L = a e (c) 
Ct 

4 4 T = a 0 a c (W.m ) 

where c cloud cove-tage (7/s 7B) 

T amblznt ail ttmpzn.atu.fLZ (T = 288.2 K) a a 

resulting in e (c) a 0.85 or 0 = 277 (K) 

These results are well in agreement with [1, 3]. 

At night we don't have to consider the problem concerning 

the germanium filter. 

Figure 5.12 and 5.13 show the radiance distribution and the 

corresponding radiative temperatures on a clear night at 

22.30 (GMT) on 7 July '81. 
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'cleat' night. 
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Table V shows the integrated results. It is seen that the 

longwave 'sky'-irradiance at a vertical plane is independent 

of the azimuth angle and equals about half of the irradiance 

at a horizontal surface. 

date 

7-7-'8l 

time (GMT) 

22.30 

description 

horizontal 

vertical, north 

east 

south 

west 

spectral region 

fig. 4.9 

(W.m 2) 

305 

165 

164 

165 

166 

e (K) as 

271 

275 

275 

275 

275 

table. V. Longwave linadlance at dl^eient oilcntated 

bulk a CM, on a 'cleat' night. 

The figures listed in table V can be compared with the 

results determined from the equations given in section 3.2 

using the following meteorological data: 

air temperature 287.7 

relative humidity 0.98 

water vapor pressure 16.4 

(K) 

(mbar) 

atmospheric emissivity e using mean values for a and 

B (eq. 3.5): 

e = 0.63 + 0.051 /e = 0.84 
a 

using the measured longwave irradiance at a horizontal 

plane L (table V) leads to: 
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e = —±-f = 0.79 
a a T 4 

a 

This result is in good agreement with equation 3.5. 

b. radiative 'sky'-temperature 0 (eq. 3.6) using e = 0.84 
as a 

, v0.25 
0 = e T = 275 (K) 

as \ a/ a 

This value is also in good agreement with the value 

found in table V. 

c. Longwave irradiance at a horizontal plane L using 

I = 0.84 is 
3 

L = e3 a T 4 = 326 (W.nf2) 
a a 

Compared to the measured value the error is about 7%. 

Using some more clear night measurements showed a 

general agreement between measurements and calculations, 

using the Brunt type formula of equation 3.5. If it is 

assumed that the sky has a uniform temperature T equal to the 

ambient air temperature (measured at 1.5 m height), then the 

atmospheric emissivity e as a function of elevation angle 
a 

ty is given by (eq. 3.3): 

£= W = a + b /e~ + c ln[sin 4)] a 

Atmospheric emissivity also can be determined from the long­

wave sky radiance as a function of elevation angle K (IJJ) : 
p 
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•n K (ijj) 

a T 
a 

Figure 5.14 shows a comparison between these two methods, 

using the data at 22.30 GMT on 7 July 1981. 

atmospheric emissivity c a 

A10 

0.9 

0.8 

0.7 

• measured values 

4 experimental error 

0.6 - shaded area shows the variation of a, b and c in eq. 3.3 

"*U I I I I I 
0 7.5 22.5 37.5 52.5 67.5 

• elevation angle (°) 
82.5 

-̂tguAe 5.14. ktmot>phz>ii.<L o.m-iii-i\j-ity cu> a function 0{ 

zlzvatlon angle, on a. CIZCLA. night. 

Using an experimental error in K W of 7% results in 

an error in the emissivity of 

A e U) A K (ijj) 
a. Q 7% 

e_(i|)) K W a p 
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A E I*) = ± 0.07 e U) 
a CI 

Figure 5.14 also shows the variation of the coefficients a, 

b and c in eq. 3.3 using [3, 40]; the figure shows that the 

atmospheric emissivity in our case is lower at higher eleva­

tion angles. More measurements have to show whether this is 

systematic or not. 
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5.3 CONVECTIVE HEAT EXCHANGE 

by 

The convective heat exchange coefficient h is determined 

( ° N " Q 6 > = ^ (W.m-2.K-1)(5.1) 
(T - T ) AT 

s a 

wherein Q net ln.na.dla.nce. at the iutjace (W.m ) 
— 2 

Q, heat filow thA.oagh the iuHfiace (W.m ) 
T iuH^ate tQ.mpQ.ha.tuiQ. (K) 
T ambient ain te.mtpzH.atu.nn meaiuned 

a ' 
at 7.5 m height at about 20 m away 
{.Horn the obitacle (K) 

Equation 5.1 can be applied to different orientated surfaces 

for different atmospheric conditions. 

The parameters in eq. 5.1 are available as measured quantities 

electronically averaged over a 10 minutes time interval. QN 

is measured for the entire surface while T and Q, are 
s o 

measured for each resolution element (fig. 4.2). Since these 

parameters have different time constants, one has to be 

careful using eq. 5.1 because strictly speaking it is only 

valid in the case of stationary heat exchange. Such conditions 

are met during a longer period of constant atmospheric con­

ditions (i.e. constant wind velocity, solar-irradiance etc.). 

As an example of such a period the timeframe between 10.40 

and 12.20 GMT on 6 August 1981 has been used to determine h. 

The mean windspeed v in this period is v = 1.9 ± 0.1 m.s 

and the mean wind direction is "ip = 45 + 10 . Calculating 

h every 10 minutes shows that h is nearly constant, having 
— — - 2 - 1 

a mean value h over the whole period h = 25.6 ±1.5 W.m .K 

Since such periods are rather an exception than a rule 

another way of determining h has to be used: this is done 

by averaging the data over such a time period that the situa­

tion then found is approximately stationary. To determine 
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the averaging time, the time constants of the parameters in 

eq. 5.1 are determined. Figure 5.15 shows the time behaviour 

during a period where the sun is obscured by a cloud for 

only a short time while the windspeed and -direction are 

unchanged. As can be seen from this figure the surface tempe­

rature T has the largest time constant of about 20 minutes. 

s 

energy flux (W. m d) 

11.30 12.00 12.30 

-•GMT 

(5-t.gu/i.e 5.75. TLme be.hav4.oun. oI va.K4.oui pana.mtte.iii 

dui-ing a ikofi-t pe.K4.od o& 0biaun.at4.0n 0{ 

the. iun by a. cloud. 
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The averaging time has been set equal to the largest time 

constant i.e. 20 minutes. In practice this means that two 

values have to be averaged (data are available at 10 minutes 

interval); it is however not meaningful to average two 

successive datapoints if these figures differ to much in 

absolute value. For instance the average windspeed of 5 m.s 

determined from two windspeeds of 9 and 1 m.s only has 

little value. 

As already explained in section 3.4 the heat exchange 

coefficient h will be related to the Reynolds number ND„ and 
Ke 

to the wind direction <p . These parameters will determine 
the averaging process i.e. two successive windspeeds v. and 

-1 
v2 are averaged if (v. - v_) <̂  ± 1 m.s and two successive 
wind directions ip . and cp , are averaged if 

(ip ,-ip „ ) < ± 1 5 . The same kind of criteria could be 

formulated for all the parameters involved in the heat balance 

equation (eq. 1.3); this however is not done (except for 

the value of AT = T - T ) because one needs a very exten-
III S 3. 

sive data-base to have enough datapoints left for analyzing 

purposes. 
The heat exchange coefficient h is determined by 

h = a ( N R e ) n f (<pv) (W.m" 2 .K _ 1 ) ( 5 . 2 ) 

- 2 - 1 

w h e r e i n a a constant (W .m . K ) 

n a conitant 

<p wind diKection meaiu/ied at 7 .5 m 

height at about 10 m away lnom 

the obitacle ( ° ) 

N HzL/noldi nu.mbe.ti given by 

NRe 
vL 
v 

wherein v wind&peed meaiuxed at 7.5m height 

at about 10 m away £iom the obitacle (m.s~ ) 

L ehaKaateKiitic dealing) length, 

taken ai hal^ the petimetei oft the 

&un.{,ace (m) 
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I. The de.pe.nde.nce. of, h on the. Reynold* nu.mbe.fi N fici thn.ee. 
Re 

diHe.Ke.nt oKlentated Aufifiacei 
First equation 5.2 will be solved using a mean constant 

wind direction q> , in this case eq. 5.2 reduces to 

h = b ( N R e ) n (W.m 2.K-1)(5.3) 

Knowing ip a search can be made through the data to look for 

timepoints where <p equals the actual one, then h and N 

are determined. During this search some criteria have to be 

met before a datapoint is accepted: 

1. no precipitation allowed one full hour preceding the 

datapoint found. 

2. the difference between air- and surface temperature has 

to be larger than a given minimum AT . This is done to 

prevent that the nominator in eq. 5.1 gets too small 

and also to be sure that the convective term itself 

is not too small. 

This procedure is applied to the different obstacle walls, 

using several wind directions q> : 

A. Top iufc^ace 

Since the data-base is not very extensive, not many 

datapoints are accepted if the criteria get to powerful. 

As an example figure 5.16 shows a graphical representation 

of eq. 5.3 for different wind directions. The figure also 

shows the constants b and n (eq. 5.3) and the root mean 

square value (rms) using a least square approximation. 

The minimum temperature difference AT can be varied to 
- m 

find an optimum curve fit; this is the case when the root 

mean square error is the smallest and the number of data-

points is still large enough to do the curve fitting. Doing 
so, a value of AT = 8 K was found. ' m 
Figure 5.17 shows the results, showing that the rms-values 

have come down. 
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5-tguAe 5.16. Rttation bttwttn tht htat exchange 
tot^ititnt h and tht Rtynoldi nambuh. 
N 

Re \on tht topiLLKiatt ion d-i^tKtnt 

wind di.Ktc.ti.oni, ip 

The exponent n ranges between 0.5 and 0.7. This result is 

in agreement with those reported in [32], using spheres 

placed in an outdoor environment. The same source learns 

that there is a considerable variation in the data, probably 

due to the stochastic behaviour of the wind over different 

test periods. The relative spread in the data over the 

different wind directions may also be generated by a varia­

tion of turbulence intensity as a function of wind direction; 

in [32] and [36] an enhancement in heat transfer was found 
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to be caused by an increase of turbulence intensity. 
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liqune. 5.17. Re.la.tlon between the heat exchange. 

coe^lctent h and the. Reynotdi nu.mbe.fi 

N ^on. the topiixK^ace (,oh. d-LHeient 

w-ind dtnect-ioni g> . 

B. We&t dufifaace 

During westerly winds, in general the weather was not 

so nice, leaving not many datapoints to be accepted. 

Figure 5.18 shows the relation between h and N using 
Ke 
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AT = 8 K. m 
The number of datapoints is quite small and the influence 

of an individual datapoint can be large. For instance this 

is the case for <p = 40 , where there is a datapoint 

(h, ND = 14, 1.7 105) which falls clearly outside the range 

formed by the remaining datapoints. 

symbol 

._._ 

(°) 

220 

230 

40 

40* 

mean values 

b x 102 

(W.m"2.K-1) 

1.2 

0.72 

17.7 

0.78 

0.87 

n 

0.55 

0.59 

0.35 

0.58 

0.57 

rms 

(W.m~2.K-1) 

1.8 

1.2 

3.0 

2.6 

1.9 

h(w.rrr2.K-1) 

A 1 0 2 - - i 1 — i — i — i i i 

ATm=8K 

2 -
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10s 3 4 5 6 7 8 9-|06 

1) exc luding tp = 

3 4 
" • N R e 

40^ 

^tgMie. 5. IS. Relation be.twe.zn the. kzat exchange 

coe&&ici.e.nt h and the. Reynotdi numbe.1 

N ^oH. the we.it iixK^ace. {,o>i dl^enent 

wind dA,ne.ctloni tp . 
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Tracing back the date and time of this datapoint, revealed 

that it was taken in the late evening after a warm sunny day. 

At that time windspeed was 0.4 m.s , surface temperature 

45 C and the air temperature 22 C. These values indicate 

that (J/iee convective heat transfer is the main heat exchange 

mechanism. 

Omitting this point in the analysis, gives a result compa­

rable to the value of n found in other situations (fig. 5.18, 

<PV = 40*). 

This again shows that the datapoints have to be chosen very 

carefully. 

C. Noith iui&ace. 

Since the temperature difference AT in this case nearly 

always is very small (only little solar irradiance) not many 

datapoints are being left for evaluation. Using anyway the 

best circumstances, data are still quite scattered. Figure 

5.9 shows the relation between h and N using AT = 3 K. 

Again there is„an indication that the exponent n is within 

the same range as before i.e. 0.5 < n < 0.7. 

Because the influence of only one datapoint can be 

large and also because of the natural spread in the wind 

direction of ± 15 , it is unlikely that the differences found 

between the regression curves is significant. Therefore mean 

values have been determined from the values given for each 

surface. Looking to these figures reveal that there is 

hardly any difference between the mean rms-value and the 

rms-values for the Individual, regression curves (mean rms-

values even are somewhat smaller). 

A mean value for n = 0.55 seems to be appropriate in the 

situations investigated. 
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symbol 

». 

(°) 

230 

270 

mean values 

b x 102 

(W.m~ .K-1) 

3.3 

1.6 

2.2 

n 

0.47 

0.53 

0.50 

rms 

(W.m"2.K_1) 

3.0 

3.0 

1.6 

h(W.m-2.K-1) 
A102- T 1 1 1 1 I I | 

A T m = 3 K 

3 -

2 -
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10s 5 6 7 8 9-|06 3 4 
"•NRe 

hiaune 5.79. Relation between the heat txe.ha.nge. 

coehhicient h and the Reynold* number 

N Re 
[on the nonth iun&ace ion. di^enent 

wind dinectioni ({> 

II. The dependence o& h on the wind direction <p faon thnee 

dii&enent onientated ian^acei 

Next the relation between h and wind direction tp will 

be discussed: 

h = c f((pv) (W.m 2.K_1)(5.4) 
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Eq. 5.4 can be solved using different windspeeds; results' 

are given for 0 < <p j< 360°. In fact only wind directions 

of 270 ± 90 should be used since terrain roughness in that 

sector is more or less constant, however covering the entire 

range gives a better overview and makes the behaviour within 

the sector more understandable. 

In this case it is not possible to calculate something as a 

root mean square error since the relation h(ip ) is not known. 

The previous analysis showed however that increasing AT in 

general decreases the rms-value, so in this case the same 

value for AT can be adopted. 

A. Top AiiX-daca 

Figure 5.20 shows the measurements for a mean windspeed 

v = 2 m.s and v = 4 m.s using AT = 8 K. It was expected 

that there would be some symmetry in the figure, since the 

top surface is a rectangle with dimensions which differ by a 

factor of 2. 

h ( W . ni"2 K"1) 
A60 

50 -

40 -

30 

20 -

• 

1 1 1 

+ 

• ++ + * 
+ 

+ 
• 

• 
• 

• 

1 1 1 

1 1 1 1 1 1 

Mm = 8 K 

+ 
+ • 

+ + 
• • 
• • 

• • • • 

• 

i i 
symbol 

• 
• 

+ 

• 
• • • 
• • • • 

i i i i i 

1 1 
windspeed 

m.s"1 

2 

4 

' I 
60 120 180 240 300 

•^v(°) 
360 

{IQUHZ 5.20. Relation butwzuvi thz heat zxchanqn 

cozii-ia-itnt h and tht iM-ind d^Kict-Lon <p 

Ion. tko. topiLLtifiace. fion. two dlllinint 

mlndipo.iidi>. 
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Due to the spread in the datapoints this is not noticeable; 

changing the windspeed t o v = 2 ± 0 . 5 m . s did not change 

the figure very much (only more datapoints). This means that 

the spread due to 'othtK' influences is larger than due to 

the change in windspeed. Since all angle dependence is 

washed out by this spread, a linear relationship is assumed; 

the resulting mean heat exchange coefficient h is shown in 

table VI. 

V 

(m.s ) 

2.0 

3.0 

4.0 

5.0 

h 

(W.m"2^"1) 

28.1 

34.5 

41.0 

44.3 

rms 

(W.m"2.K_1) 

3.5 

4.7 

2.9 

2.5 

Av = ± 0.5 (m.s ) 

tabid VI. Relation be.twe.zn the. wlndipeed v and the. 

mean heat exchange coehhlc.le.nt h {on. the. 

topi, unlace. 

The order of magnitude of the rms-value is about the same 

as in the relation between h and N„ . This value is reduced 
Re 

if only the data within if> = 270° ± 90° are considered in 

the analysis. 

Using a mean exponent n = 0.55 together with the values listed 

in table VI (thus assuming f(q> ) = constant), the coefficient 

b in eq. 5.3 can be determined; table VII shows the results. 

v 

(m.s ) 

2.0 

3.0 

4.0 

5.0 

h 

(W.nf2.K-1) 

28.1 

34.5 

41.5 

44.3 

b x 102 

(W.m~2.K_1) 

1.59 

1.57 

1.59 

1.52 

Av = ± 0.5 (m.s-1) 

mean value for b: 

b = 1.56 10"2(W.m"2.K"]) 

rms = 0.03 lO-2(W.m~2.K-1) 

table. I/I I. The variation oft the co eH-icient b -in 

eq. 5.3 ai a function of, u)indipe.e.d v. 
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Best fit using the mean coefficients is 

0.55 
0.0156 N 

rms = 2 . 9 
Re 

(W.m 2.K X) 

(W.m~2.K_1) 

B. Wzit AaKlazz 

The heat exchange coefficient shows a maximum for 

<p = 180 and a minimum for <j> = 270 Figure 5.21 shows 

this behaviour for v = 2 m.s l and AT = 6 K. 
m 

h (W.nf2.K-1) 

40 

30 

20 

10 

-

• 

T1 

V 

• 

1 

1 1 1 

• • • 
•• 

i i i 

i i 

• 

• 

i i 

i i 

• 

> i 

i i 

• • 
• 

i i 

i i i i i i 

A T m = 6 K 

v = 2 m.s 1 

1 

-

i 
60 120 180 240 300 360 

-•fv(°) 

{t-Lguiie. 5.2/. Rzla.ti.on bztuizzn thz hunt zx.ahan.gz 

coziilc-iznt h and thz mind d^Kzatlon <p 

(Jo*, thz wzit Au.Ji6a.cz. 

It is seen that when approaching the surface from the leeward 

side on to the windward side, the convective heat exchange 

is increasing, having a maximum at about cp = 180 . 

This behaviour is also found in literature [10]. 

A reason could be the production of turbulent vortices at 

the leeward side. 
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C. Noith nin^acz 

Again one has to be careful with the data; but there is 

an indication that two maxima exist; these occur when the 

270° and <p = 90° . wind i s p a r a l l e l t o t h e s u r f ace i . e . q> 
F igure 5.22 shows the r e l a t i o n between h and <p where 

- 1 v = 2 m.s and AT = 3 K. m 

h (W.rrf 
A 50 

40 -

30 -

2K"1) 

20 

10 

I I I I 1 

-

• 

• • • 

- • • 

i i 

• 
• • 

• 

i i 

- i — i i i i i i i i i 

i T m = 3 K 
v = 2 m. s"1 

-

• \ 
. • • * a • 

• • . . • • • • • 
• • • • • • 

i i i i i i i i i i 

60 120 180 240 300 360 

^iguiz 5 .22. Rtla.tJ.on bz.two.nn thz hzat zxc.ha.ngz 

coz&fiiciznt h and thz wind di.Kzcti.on tp 
Ion. thz noith iaK^acz. 

The l o c a t i on of t h e se maxima however i s so u n c e r t a i n t h a t no 
conc lus ions can be drawn. 
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5.4 RADIATIVE CHARACTERISTICS 

IR-detectability depends on the prevailing contrasts 

and the system performance (temperature- and geometrical 

resolution). This contrast can be expressed in terms of a 

difference in radiative temperature A0 or in terms of a 

difference in apparent emittance AG . 

The contrast can be found by solving the radiation balance 

of a surface or it can be measured directly using a radio­

meter, in this case the 'ELSCA'. 

For evaluation purposes the same days are used as have been 

*) 

used in the previous section. The amount of IRLS over­

flights was very limited. The International Training Centre 

(ITC) only was able to perform two missions, one on 22 June 

and the other on 18 August. When the last overflight was 

performed luck left us because several systems broke down due 

to power failure on the airbase; therefore no quantitative 

analysis of the IR-imagery is possible. 

The irradiance at the entrance pupil L of the scanner is 

given by (eq. 3.10 and fig. 3.9): 

, (• r cos V, (• __ LP = ~ i J — H ^ v ^ I v ^ v v * d^ (w-m" > 
" Al A 2 R 

For a scanner looking straight down (VJ = 0 ) , L can be 
p 

written as 

Lp ~ J " V ^ ' V Ta( y ) d u (W.itT2) (5.5) 

o 

*) Infrared line scanner 
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The spectral atmospheric transmissivity T shows two 
"• a 

regions where the atmosphere is transparent i.e. 3-5 and 

8-14 ym (fig. 1.3). 

This implies that for IR-observations, the radiative proper­

ties within these area's are of main interest. Since for 

bodies at ambient temperatures peak emittance is at 10 ym, 

most systems use the 8-14 ym window. 

If it is assumed that the atmospheric transmissivity x is 

constant within this window, then eq. 5.5 reduces to 

14 
f -2 

L ~ j G (y) dy (W.m ) 

The spectral apparent emittance G of a horizontal surface 

Gs(y) = eg(y) W(u,Ts) + p£(y) L(y) (W.m-2) (5.6) 

For a vertical surface, terrain influence has to be incorpo­

rated. 

For many materials the spectral reflectivity varies as 

for the green paint used on the obstacle (fig. 5.23). 

The IR-reflectometer has not been used in the field yet. 

It was however used in the laboratory on different materials 

and paints [38]. Aluminium foil was used as a 100% reflec­

tivity standard. 

These measurements showed a good agreement with literature 

[23] and also with other measurement techniques, whereby the 

specimen was heated and the reflectivity was found from the 

real- and radiative temperature. 

Measurements showed that the sample surface is irradiated 

diffusely by the black bodies and that in turn the detector 

is also irradiated diffusely (if the sample surface is a 

diffuse reflector). 
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reflectivity 
A 0.8 

5 10 
^ - wavelength (pm) 

(5-tgu.A.e 5 . Z 3 . Spectral ie.&le.ctA.v<Lty ofi the gizen paint 

uitd on the. obitactz. 

The apparent emittance G is measured directly in different 

wavelength intervals (p. 61), using the scanning radiometer 

'ELSCA1. The quantity measured with the 'ELSCA', Q , is 

found from: 

• I = J es W ^ ' T
S ) du + j P̂  M y ) dy (W.m"2)(5.7) 

£ 
I: surface 

emittance 

o 
III: reflected 

sky-irradiance 

wherein yQ ipectKal Intetval given by &ig. 4.9, 

Table VIII shows the terms in eq. 5.7 applied to the top-

surface at different days. Mean longwave reflectivity 

Pp = 0.10 has been used. 

The table shows that Q ^ and (I + III) are well in agreement; 

Qe l is slightly lower (3-6%) . 

At nighttime longwave downward irradiance at a horizontal 

surface may also be found from 

L = QN + Qe l (W.m 2) 
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wherein Q net-tfiiadlance. at the iuifiace (W.m ) 

date 

4-8-'81 

24-8-'8l 

7-7-'81 

time 

(GMT) 

11.00 

09.00 

22.30 

T 
a 

(K) 

299.2 

288.2 

287.7 

T 
s 

(K) 

321.2 

296.3 

288.1 

Q*i2 (W.m ) 

543 

407 

367 

I 

(W.m-2) 

542 

393 

351 

III 

(W.m-2) 

371' 

332 ) 

30 3 ) 

1) III = p, (e a T 4) = o„ 370 = 37 W.m 2 

2) table IV: p^ L = p„ 333 = 33 W.m 

3) table V: p„ L = p„ 305 = 30 W.m"2 

tabid VIZI. Radtat-ive qaanttttei, me.aiun.zd at thine. 

dlHo.fie.nt dayi. 

At 22.30 GMT on 7 July 1981 using QN = -42 W.m this leads 

to 

L = -42'+ 367 325 (W.m-2) 

-2 
compared to L = 305 W.m found with the 'HDS'. 

From these figures it is concluded that the 'ELSCA'-measure­

ments are a good measure of the apparent emittance of a 

surface. From these measurements the radiative temperature or 

a difference in radiative temperature can be determined for 

different background elements. Table IX shows the radiative 

temperatures 0 for different surfaces (the feature numbers 

correspond with those given in figure 4.23) on 4 August at 

11.00 GMT. The radiative temperature is determined from the 

irradiance Q measured by the 'ELSCA' (using the germanium 

filter): 
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v „ ; 
0.25 

(KO 

The table also shows the radiative temperature contrast A0 

between the top surface 0 and the other features 0, i.e. 

A0 = 0_ - Qc. 

feature 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 S (K) 

307 

308 

299 

298 

308 

317 

311 

312 

311 

311 

A0 (K) 

+5 

+ 4 

+ 13 

+ 14 

+4 

-5 

+ 1 

0 

+ 1 

+ 1 

table. IX. Ra.dia.tivz tampznatu.no. 0 and fiadiativz 

tumpziataHz diHe.fie.nce. A0 bztwzzn the 

topiafi^acz and iomz fizatufizi ( l iq. 4.23), 

mzamfizd with thz 'ELSCA' on a 'clean.' day. 

Table X shows the same parameters in case of an overcast 

sky on 24 August at 09.00 GMT. In this case the contrasts 

are much more moderate than on 4 August, but are still positive. 

Table XI shows the situation at nighttime on 7 July at 22.30 

GMT, air temperature T = 287.7 (K). In this case negative-
a 

and positive contrasts occur. 
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feature 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 S (K) 

289 

290 

288 

286 

290 

291 

291 

291 

289 

289 

AG (K) 

+ 2 

+ 1 

+ 3 

+ 5 

+ 1 

0 

0 

0 

+ 1 

+ 1 

table X. Ra.di.at4.ve. tzmpzn.atu.Ke 0 and Kadlatlve 

tzmpzn.atu.Kz dlfi&eKence A0 bztwzzn thz 

topiuKfiacz and iome fizatuKZA ((i-tg. 4.23), 

mzaiaKzd with thz 'ELSCA' on an oveKza&t day. 

feature 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 s (K) 

282 

283 

281 

283 

283 

285 

287 

284 

285 

285 

A0 (K) 

+ 2 

+ 1 

+ 3 

+ 1 

+ 1 

-1 

-3 

0 

-1 

-1 

table XI. Radiative tzmpzKatuKe 0 and Kadlatlve 
' s 

tempeKatuKe dlfifienence A0 between the 
topiuK^aze and iome ^zatuKzi (filg. 4.23), 
mzaiuKzd with the 'ELSCA' on a 'zlzaK' night. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The terms in the heat balance equation of a surface 

will be discussed separately. System performance and the first 

results obtained from a test-period will be summarized briefly. 

A. Shontwavo. fiadlatlon 

Shortwave radiance distribution of the sky had to be 

measured. For this purpose an instrument, called 'HDS' with 

a geometrical resolution of 15 x 15° was developed. A 

complete scan of the hemisphere is performed in 3 minutes. 

Calibration of this instrument was done with a tungsten 

filament source, centered in the field of view. 

Out in the field the 'HDS' was placed on a platform 

(7 m height); repetition time was 10 minutes with a maximum 

storage capacity of 25 hours. In the test period mainly data 

of 'clear' sky and overcast sky were collected: 

1. 'Clzan.' iky 

Since it was not possible to compare the measured sky-

radiance distribution with other measurements, the irradiance 

at a horizontal plane was calculated using the measured sky-

radiance distribution and compared with the global irradiance. 

The calculated values showed a periodical time behaviour; 

this is explained by the fact that the responsivity of the 

detector is not constant within the field of view. A maximum 

signal is detected when the sun is centered in the field of 

view, a minimum value occurs at the boundaries. The calculated 

irradiance at a horizontal plane using the situations where 

the sun was located in the centre of the field of view was 

in good agreement with the measured global irradiance. 

If the solar elevation angle is known the direct- and diffuse 

irradiance at a horizontal surface can be calculated from the 

global irradiance using [18]. Comparison with the measure­

ments showed that the calculated d.JLKzat irradiance at a 

horizontal plane was much smaller and that the calculated 

dL^aio, irradiance at a horizontal plane was much larger than 

the measured values. A oossible reason for this is the 
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presence of a light haze during the measurements (visibility 

2800 m ) . 

2. Ove.tica.it iky 

During overcast conditions measured global irradiance 

was in good agreement with the global irradiance determined 

from the sky-radiance distribution. It also appeared that 

the sky-irradiance at a vertical surface is roughly half of 

the global irradiance, independent of the surface azimuth 

angle. 

A basic problem using the 'HDS' is that no direct 

comparison can be made with other measurements. The main 

measurement campaign will include a pyrheliometer to compare 

directly the radiance measured with both instruments. 

To check for the irradiance at a vertical plane it may 

be worthwile to include a solarimeter used in a vertical 

position; in this case reflected radiation by the terrain 

has to be measured (or to be estimated). 

To increase system performance some characteristics have 

to be changed, but considering the effort it would be better 

to built a complete new system; a main task then is to make 

an instrument independent of the sun's position within the 

field of view. 

B. Longwave, radiation 

Longwave sky-radiance distribution and shortwave sky-

radiance distribution were measured simultaneously combined 

in one instrument. Geometrical resolution of the IR-detector 

also equals 15 x 15 , build parallel to the shortwave 
1 channel'. 

No measurements were available to which 'HDS'-data directly 

could be compared to. To be able to compare the measurements 

with empirical relations given in literature, the longwave 

irradiance at different orientated surfaces is calculated 

using the measured radiance distribution. 
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1. Clza.1 iky 

The radiance distribution K is found to be independent 

on azimuth angle. Longwave sky-irradiance at a vertical 

surface L of arbitrary orientation is related to the 

irradiance at a horizontal surface L, by 

Lv = b Lh (W.nf2) (6.1) 

wherein b = 0.5 

At nighttime the longwave irradiance at a horizontal surface 

can be calculated from the net-irradiance at the surface 

and the apparent emittance (i.e. the sum of emitted and 

reflected radiation). There is a good agreement between this 

'indirect' method and the 'direct' method using the 'HDS'-

values. If it is assumed that the sky has a uniform tempera­

ture equal to the ambient air temperature T (measured at 

1.5 m height) the atmospheric emissivity e as a function of 
a 

elevation angle <jj is 

eaW = — V -
a T 

a 

Results indicate a lower value for e at higher elevations 

than those reported in literature [3, 40]. More measurements 

have to show whether this is systematic or not. 

2. Ovtica&t iky 

Longwave sky irradiance at a horizontal surface, deter­

mined from the radiance distribution is well in agreement 

with [1, 3] the value of b in eq. 6.1 does not significantly 

differ from 0.5. The actual value of 0.55 may be slightly 

to high because the sun was not completely obscured by the 

clouds resulting in a small contribution due to the 
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transparency of the germanium filter in 2-3 ym. 

Again the problem arises that no direct comparison 

between the sky-radiance distribution and other measurements 

can be made. During the measurement campaign a pyrgeometer, 

measuring the longwave irradiance at a horizontal plane will 

be used to compare to the value found from the sky-radiance 

distribution. 

C. Convective heat exchange 

The convective heat exchange coefficient h for three 

surfaces of different orientation was calculated from 

^ (W.irf 2.K *) (6.2) 
AT 

wherein AQ the dllle.KQ.ncQ. bo.two.Qn the nQt-ln.nadi.ance 
at the AuKfiacQ and the heat^low thn.ou.gh 
the. iun^ace 

AT the di{{,enence between the iunfiace tempen.a-
tane and ambient ain tempenatune meaiuned 
at 7.5m height at 10 m away &nom the 
obstacle. 

Equation 6.2 has been related to the wind direction <p and to 

the Reynolds number N determined at 1.5 m heigt at 20 m away 
Ke 

from the obstacle; half the perimeter of a surface was adopted 

as a scaling length. 

1. The nelation with the Reynold* numben Wn 
J Re. 

Data were fitted to the equation 

a N R e
n (W.m 2.K_1) 

For the horizontal surface as well as for the vertical surfaces 
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the exponent n ranges from 0.5-0.7, with a mean value of 

n = 0.55. The value of a depends on the wind direction. 

Thz notation with thz ui-ind d^iKzct-Lon ID 

It was anticipated that the convective heat exchange 

coefficient for the topsurface would depend on the wind 

direction, however this was not found. An explanation for 

this, could be spread of the measurements due to the stochas­

tic behaviour of the wind. Best fit for the topsurface gives 

a mean value fo h as 

h = 0.016 N_ ° - 5 5 ± 2.9 (W.m~2.K-1) 
i\e 

For the vertical surfaces there seems to be a dependence 

on the wind direction, the significance of this behaviour 

can only be determined if more data are available. 

During the main measurement program it is necessary to 

change the polythene spheres of the net-radiometers much 

more frequently, to minimize transmission losses due to 

atmospheric influences. 

It also will be possible then to study the influence of at­

mospheric turbulence intensity on the heat exchange coeffi­

cient. 

To make it possible to measure the convective heat exchange 

at a windward- and leeward surface at thz iamz timz, the 

east surface will be included as measuring surface. 

D. Radi.ati.vz ph.opzKti.zi, 

In order to measure the apparent emittance (i.e. the 

sum of the emittance of - and reflected radiation at a 

surface) of different obstacle walls and of different terrain 

features a scanning radiometer, called 'ELSCA' was developed. 

This instrument, having a field of view of 2 x 2° was 

placed on a platform 7 m above ground level. The results 

were well in agreement with the measurements of the individual 
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components forming the apparent emittance. This parameter is 

a measure of the angular irradiance at the aperture of an 

airborne scanner. 

Apart from the surface temperature, the surface emittance 

is determined by the surface emissivity. A reflectometer [38] 

used to measure spectral longwave reflectivity of surfaces 

broke down during the test period. After finishing the repair 

work, it was used in the laboratory on different man-made 

materials. The reflectivity also was determined from radio­

metric measurements; results from both measurements were in 

good agreement. 

Infrared aerial imagery was taken during a number of 

test flights using two scanners one with a high geometrical 
2 

resolution (1 x 1 m on the ground) and one with a high 

temperature resolution (0.01 K) ; image quality was good. 

During the measurement campaign ground based data will be 

used to get a better understanding of what is seen on the 

imagery. 
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