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THE BORRIS FIELD EXPERIMENTS: OBSERVATIONS OF SMOKE

DIFFUSION IN THE SURFACE LAYER OVER HOMOGENEOUS TERRAIN

Torben Mikkelsen

Abstract, Instantaneous diffusion estimates have been obtained

from observations of smoke plumes in the neutral-unstable plan-

etary boundary layer over homogenous rural terrain.

Ground-level smoke releases were photographed from an aircraft

at 1000-6000 feet above the experiment field over 40 min periods,

Simultaneously, wind data were recorded from a horizontal array

of four tower-mounted sonic anemometer/thermometers (z = 10 m)

during periods over which the mean wind direction was virtually

perpendicular to the span of the array.

Sufficient data were obtained to evaluate the performance of a

small-scale puff diffusion model, as well as the applicability

of a recently proposed statistical theory of diffusion of

Gaussian puffs.
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The plumes generated by the puff diffusion model showed reason-

able agreement with the observed smoke diffusionf and averaged

values of the observed cloud spread were found to be comparable

with the statistical relative diffusion theory on the ~ 1-km

scale considered.
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1. INTRODUCTION

During two experimental campaigns carried out in August 1980

and August 1981 , studies of ground-level smoke releases took

place over flat moor terrain situated immediately south of the

Danish town of Borris in Western Jutland.

The overall purpose of the experimental campaign was to evaluate

the theories and principles behind an operational small-scale

puff diffusion model (Mikkelsenf 1979, Mikkelsen et al., 1980,

Mikkelsenf 1982a and Mikkelsen, 1982b). Specifically, the objec-

tive was to investigate experimentally the statistical theory of

diffusion of Gaussian puffs, (Mikkelsen, 1982c) as well as to

study the applicability of a proposed advection scheme for puffs

(Mikkelsen, 1979 ,and Mikkelsen, 1982a), based on a time series

of the wind velocity from a single point measurement.

2. THE EXPERIMENT

2.1 Experiment Site

The experiment site was a 1 km x 1 km flat area in the middle of

the Borris moors, which are part of a Danish army exercise area.

As can be seen from the illustrations in Fig. 2.1 a) and b) the

site is ideal for meteorological experiments due to its flatness

and homogeneity.

The differences in elevation over the test area, which is to the

east of the north-south running dirt road shown in Fig. 2.1, are

as small as on the order of 1 metre. The August vegetation con-

sists exclusively of naturally growing grasses and blossoming

heather plants, all of which constitute a homogeneously distrib-

uted roughness over the terrain of approximately 1 cm.
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a)

Fig. 2.1 . The BOREX experiment site, a) View upwind (looking

west) from the smoke release point, b) View downwind (looking

east) from the smoke release point. The 4 meteorological masts

were erected in the approx. 10-meter wide fire protection belt

running parallel to the north-southerly oriented dirt road.
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2.2 Meteorological Instrumentation

Four 10-m high meteorology masts were placed in a north-south

oriented array perpendicular to the easterly defined downwind

direction x (see Fig. 2.2). Each of the 10-m high masts were

top-mounted with 3-axis sonic anemometers/thermometers (Kaio

Denki type DAT 310). The positioning of the masts (cf. Fig.

2.2) made it possible to obtain estimates of the covariances

of all three velocity components with sixf approximately log-

arithmically equidistantf lateral displacements: 4.5 m, 7.5 mf

12 mf 18 mf 25.5 m, and 30 m. In addition, direct monitoring

of the wind speed as well as an absolute measurement of the mean

direction during experiments were made possible by equipping one

of the masts with a sensitive cup anemometer and a calibrated

vane near the top of one of the masts.

2.3 Release and Detection of Smoke

As many as four smoke-pots, each containing 10 kilos of the

powder Hexit*', were mounted in a stack at the baseline between

the masts. When ignited, the smoke-pots produced a visible

plume that could be followed from a small aircraft as far as

~ 1 km downwind under light wind conditions. An electrical scale

equipped with a strip chart, measured the mass of the smoke

stack continuously and thereby also the smoke release rate. In

addition, a thermometer, mounted 1 metre downwind from the re-

lease point, measured the exhaust temperature of the smoke. At

this short downwind distance, the smoke temperature was detected

to be surprisingly low, on the average less than ~ 50°C above

the ambient air temperature. The low excess temperature of the

compound measured can be explained by the high affinity of the

hexit gas for the moisture in the atmosphere and a corresponding

increased initial entrainment rate. Taking into account the re-

*) Hexit (HC), a mixture of zinc- and clorine-enriched powders.

It reacts strongly with the moisture in the atmosphere and

forms a thick, white smoke.
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latively small volume flux from the source, the buoyancy and

subsequent plume rise (approx. 10 metre at x = 1000 m) was

deemed to be insignificant relative to the vertical mixing of

the smoke in the neutral to unstable atmossphere encountered

during the measurements.

The visible contour of the white smoke plume was registered on

photographs taken from an airplane against a network of white

contrast plates, which were placed on the ground in crosswind-

oriented lines at downwind distances of 31.25 m, 62.5 m, 125 m,

250 m, and 500 m. The spacing between the contrast plates was

5 metres at the first three downwind distances, 10 metres at

the 250-m line and 20 metres at the 500-m downwind distance.

Figure 2.3 shows a picture taken of the smoke release from a

position ~ 1000 feet over the source point. The visible contour

of the smoke plume is seen to be easily detectable, and its

position can be measured against the white contrast plates,

placed on the ground below.

The 35-mm camera used for the recordings was equipped with

either a 18-mm wide-angle (100°) objective or a 50-mm (47°) ob-

jective depending on the height of the aircraft. In addition,

the camera had a timer which marked the pictures with the exact

time and date of the exposure. The high-winged Cessna aircraft

used during the experiments is shown standing on a nearby air-

Fig. 2.2. The meteorological instrumentation. With the individual

positioning of the four masts as shown, velocity covariances could

be obtained with the following lateral displacements: 4.5r 7.5,

12, 18, 25.5r and 30 meters. The smoke was released at the posi-

tion between the first two masts as indicated.

Each of the 4 masts was top mounted with Kaijo Denki DAT 310

three-axis sonic anemometer and thermometers.

The downwind direction in the figure (x) points easterly whereas

the lateral direction y points southerly, parallel to the dirt

road shown in Fig. 2.1.
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field in Fig. 2,4. A special flying technique was developed in

order to compensate for the drift of the plane with the mean

wind, and in this way a picture of the visible smoke plume could

be taken from above the source point approximately every other

minute. A series of approximately 20 pictures could be obtained

in this way during each 40-min release experiment.

F i9* 2*4- Aircraft used during the BOREX experiments.

Fig. 2.3. Air photo of the instantaneous smoke plume taken from

approximately 1000 feet above the source point. The white contrast

plates constitute a network of lines normal to the x-axis at the

following downwind distances: 31.25 m, 62.5 m, 125 m, 250 m and

500 m. Their lateral spacing is 5 m in the first three rows, 10 m

in the 250 m row, and 20 m in the 500 m row.
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At least one and sometimes two radio-sondes were launched during

each experiment from which information was gained about the wet

and dry bulb temperature profiles of the atmosphere. This in

turn gave information about the stability and mixing height of

the boundary layer.

3. DATA REGISTRATION AND PROCESSING

3.1 Wind data collection and analysis

The signals from the four sonic anemometersf cup anemometerf and

sensitive wind vane were all sampled with a 20-Hz sampling fre-

quency and subsequently stored on magnetic tapes in a digitized

form (12 bits) (see Fig. 3.1a). Including calibration and test-

voltages before and after a recording, each tape could contain

the data from a 3-h continuous sampling period.

The velocity components stored on the magnetic tape were necess-

arily those in the sonic anemometers1 reference system, since

prior to the analysis, the mean wind direction was of course

unknown. The first stage in the statistical analysis was there-

fore to calculate the direction of the mean wind vector for each

run. These directions were then used in the subsequent analysis

to rotate (first about the vertical, then about the lateral

anemometer axis) the measured components into a reference frame

with the x-axis along the mean wind direction and the y-axis in

the horizontal plane. The resulting longitudinal (u), lateral

(v), and vertical (w) velocity components were thereby oriented

so that u = U and v = w = 0.

Data were processed with the data analysis programs shown in

Fig. 3.1b. The Sonic-alignment Program processes the sonic anem-

ometer data from an arbitrarily chosen 54.6-min period (216 data

points) into calibrated, internally and externally aligned time

series. The time series could thereafter be displayed in plots
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(B) DATA ANALYSIS PROGRAMS.

Fig. 3.1. Block diagram of data collection and analysis system.

and linear trends could be removed. Subsequently power spectra

and coherences could be calculated with the different codes

shown in Fig. 3.1b.

The branch of the program "FFT/Power Spectrum" provides a direct

FFT-calculation on the untruncated time series ( 2 ^ points).

Coherences and their corresponding phases were calculated with

the algorithm "FFT/ Coherence". The 2^6 data point time series
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were first divided into eight 21^ data point time series. Co-

herences (and also power spectra) were then calculated from an

ensemble average of the spectral amplitudes from each of the

eight subintervals.

A further possibility was to use the calibrated time series from

the anemometer positioned closest to the smoke pot as a drive

for Riso puff diffusion model referred to in the introduction.

In this way it was possible to simulate the smoke diffusion

scenario with a chain of sequentially released Gaussian puffs.

3.2. Smoke data collection and analysis

During each of a total of 10 smoke-accompanied runs, approxi-

mately 20 pictures similar to that in Fig. 2.3 were taken over

the source point from the small airplane at intervals of approx-

imately 2-min duration. The cruising altitude of the air-plane

varied from experiment to experiment between 1000 and 6000 feetf

depending on the height of the cloud base and on the overall

visibility of the atmosphere. High-altitude pictures produced

less distortion of the experiment site on the film plane in the

camera, but they also resulted in reduced contrast due to moist-

ure and dust in the air. The aircraft height above the source

point was measured with the plane's altimeter. However, this

could also be inferred from measuring the distance 5 between

the marker plates on the film and by use of the formula h =

fo(D/6), where fo is the focal length of the objective and D

the distance between the marker plates on the ground. By com-

paring the outline of the plume with the ground-positioned

marker plates on the pictures, it was possible to determine the

lateral visible contour of the smoke plume as a function of the

distance from the source point. By subsequent use of the opacity

method (Gifford, 1980), the corresponding lateral standard devi-

ation ar of the instantaneous plume could be inferred by assum-

ing an instantaneous Gaussian displacement distribution function

for the smoke particles. With a constant release rate, the re-

lation between the visible half-width yc and the instantaneous

standard deviation ar of the smoke cloud is (Gifford, 1980)
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or = Y c / /

where the quantity 2yc m a x denotes the maximum visible contour

width of the smoke plume and e is the base to the natural log-

arithm. This equation is plotted in Fig. 3.2. When Eq. (3.1)

is used in the limit for yc << yc m a x onlyf the set of curves

plotted in Fig. 3.2 shows that the relation between ar and yc

is rather insensitive to changes in yc m a x f and therefore to

fluctuations in the smoke release rate. The maximum visible

plume widthf 2yc m a x was typically between 50 and 100 metres,

and was observed at downwind distances between 500 and 1000

metres.

The data processing of the large amount of smoke data was fa-

cilitated in the 1981 experiments by digitizing the visible con-

tour positions on a desk-top computer. A plotter used as a digi-

tizer collected the contour data at a number of positions along

the plume. Both the plumes instantaneous lateral spread or and

its instantaneous lateral position y = (y* - y~)/2 (where y*

and y~ are the upper and lower contour positions at fixed x,

respectively) could automatically be registered in this way at

logarithmically increasing downwind distances. Ensemble-averaged

standard deviations ar of the relative diffusion have been ob-

tained in this way from individual experiments together with an

ensemble-averaged estimate of the plume's centre of mass variance

ycm down to distances of the order of ~ 1 km from the source.

With the Gaussian particle distribution assumed in Eq. (3.1 ) f

the quantity y^m can be interpreted as the spreading connected

with the center-of-mass movement of the instantaneous plume. The

single-particle dispersion E referred to the fixed coordinate

system y thus has been estimated by the relation £ = a~: + y£

(cf.f for instance, Mikkelsen 1982c).
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Fig. 3.2. Given the maximum visible width yc m a x of an instan-

taneous plume, the corresponding graph relates an observed

width yc to a corresponding standard deviation of a puff op,

by assuming a Gaussian particle distribution of the plume. At

the position of maximum visible width, op = yc = yc m a x as

shown in the inserted figure. At shorter distances, yc > Op,

whereas at larger distances y c < Op. The "opacity" method,

Gifford (1980), can be used with accuracy only when yc << yCfinax,
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4. RESULTS AND DISCUSSION

4.1 Calibration experiments (MOLEX)

In order to calibrate the four sonic anemometers and to check

the data-analysis programs in Fig. 3.1b, an array of 3-m high

masts, with spacing similar to that shown in Fig. 2.2 was set

up in the Roskilde Fjord in shallow water close to the Ris0

peninsula. The effective anemometer height over the water sur-

face was of the order of 2 metres.

Wind data from two 2'° data point runs, which corrresponds to a

~ 56-min sampling period with a 20-Hz sampling frequency, will

be discussed here. The first of these was taken under unstable

conditions, the other during neutral conditions.

MOLEX run 7

This run took place during an afternoon in mid-August with the

wind coming out of the west perpendicular to the mast array at

approximately 3-4 m/s. The sun was shining from an almost clear

sky (1/8 cloud cover) and the surface wet and dry bulb tempera-

tures were 15.5° and 19°C, respectively (RH = 70%). The water

surface temperature upwind from the mast was 20.2°, which was

taken as an indication of a somewhat unstable surface layer. In

Fig. 4.1 velocity spectra are shown obtained for the three com-

ponents, u, v and w, for each of the four masts, calculated by

the program FFT/COHERENCE. An inertial subrange with a k""5/3

dependency is evident in all spectra. In the high wave number

end, evidence of local isotropy is present through the 4/3 ratio

measured between the longitudinal (u) and the two transverse (v,

w) spectral amplitudes. The almost identical shape and amplitude

of the spectra of the four different anemometers seem to justify

the calibration and alignment procedures used.
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Fig, 4.1. Power spectra as function of wave number, kS(k), of

the three velocity components u, vr and w for each of the four

sonic anemometers used in the calibration experiment MOLEX RUN 7,
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The full line shown has slope equal to -2/3.
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Table 4.1 presents the mean and turbulence data obtained. From

the sonic anemometer/thermometers an average value was found

for the Monin-Obukhov stability length L, which in terms of the

total heat flux 6 fu)f *' and the friction velocity u* reads

L = — u^/e'w1 . (4.1 )
Kg

Here T is the average surface layer temperature, g the constant

of gravity, and K the von Karman constant. The Monin-Obukhov

length found (of the order of -10 m) is characteristic of a

rather unstable boundary layer, in accordance with the tempera-

ture difference measured.

Table 4.1. Calibration experiment (MOLEX RUN 7).

MAST NO.

1

2

3

4

U

m/s

3

3

3

3

.52

.76

.76

.79

m

0

0

0

0

2 / s 2

.372

.410

.432

.370

m

0

0

0

0

2 / s 2

.715

.761

.734

.851

m

0

0

0

0

2/s2

.054

.051

.053

.044

e

K

0.

0.

-

0.

7

2

215

165

127

u*

m/s

0,

0.

0.

0.

.1

.1

.1

.1

8

7

7

3

L

m

-13

-17

- 7

- data not available

*) The quantity 91 denotes the moisture-corrected virtual tem-

perature, and therefore 0'w' represents the total (latent

and sensible heat flux (see Busch, 1973)). Sonic anemometers

measure the sound virtual temperature, but for all practical

purposes this equals 61 so that an estimate of the total heat

flux has been obtained from the sonic anemometer/thermometers

(see also Schotanus et al., 1982).
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MOLEX run 8

At noon, two days after the MOLEX run 7 experiment was performed

the wind again came out of the west perpendicular to the mast

array. Due to an almost total cloud cover (7/8) and wind speeds

in excess of 5 m/s, the stability here was expected to be closer

to neutral.

Figure 4.2 shows velocity spectra obtained in a way similar to

Fig. 4.1. Here, however, the spectra are shown in three dif-

r i Tri i r f m m > r y n u n 1 i i r n m

i i 11 in i niii

MOLEX.RUN 8.U.

NUMBER OF RAW ESTIMATES : 4096
SAMPLING PERIOD : 0.050 SECS
RELATIVE BANDWIDTH : 0.20
RANGE OF f : 10"3,10
RANGE OF ORDINATE : 10"*. 1

Fig. 4.2a. Power spectra, fS(f), here shown as a function of

frequency f, of the four u-components obtained from the sonic

anemometers in the calibration experiment MOLEX RUN 8. The

full line shown has slope equal to -2/3.
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MOLEX.RUN 8.V.

NUMBER OF RAW ESTIMATES : 4096
SAMPLING PERIOD : 0.050 SECS
RELATIVE BANDWIDTH : 0.20
RANGE OF t : 10"3,l0
RANGE OF ORDINATE : 10^. 1

Fig. 4.2b. As in Fig. 4.2a, but for the four v-components

measured•

ferent groups, one for the longitudinal (u), one for the trans-

verse (v) and the last one for the vertical (w) component. The

representation in Fig. 4.2 facilitates a direct comparison be-

tween the four component spectra.

As in Table 4.1, Table 4.2 summarizes the key data obtained dur-

ing this run. The Monin-Obukhov length L exhibits some variation

from mast to mast, but the average value (of the order of 100

metres) indicates that the stability of the surface layer is

close to neutral, or only slightly unstable.
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MOLEX.RUN 8.W.

NUMBER OF RAW ESTIMATES : 4096
SAMPLING PERIOD : 0.050 SECS
RELATIVE BANDWIDTH : 0.20
RANGE OF t : 10"3,10
RANGE OF ORDINATE *

Fig , 4 . 2 c . As in F ig . 4 .2a r but for the four w-components
measured.

Table 4.2. Calibration experiment (MOLEX RUN 8)

MAST No.

1

2

3

4

U

m/s

5.

5.

5.

4.

10

37

36

92

0

0

0

0

V.2

.589

.577

.563

.515

m

0

0

0

0

2/s2

.442

.432

.380

.313

w

m2

0.

0.

0.

0.

7

/s2

061

065

065

051

0

0

0

I2

K2

.031

.022

-

.030

f

m/s

0.

0.

0.

0.

,200

,198

,185

,185

L

m

- 54

-209

-

- 42

- data not available

In Fig. 4.3 the cross correlations p^ = u^(y)u^(y+D)/u^, (i =

1,2f3) of the three velocity components u, v, and w are shownf

obtained with the six possible different values of the lateral

displacements D. The observed tendency for finding higher cross-

correlation values at fixed displacements during the unstable
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Run 7, relative to the neutral Run 8, was found in later exper-

iments as well, and seems to be of a more general character.

This increase in cross-correlation at fixed lateral displace-

ments can properly be explained in terms of the larger eddy

structure one would expect to be present when warm thermals

are produced at the surface and rise up through the surface

layer.

The benefit of the total of eight calibration experiments (MOLEX

1-8) carried out at Ris0 National Laboratory significantly im-

proved the operation and calibration procedures of the four

sonic anemometers, and also supported the development and test-

ing of the different data analysis programs used.

1.0

o. 0.5

0.0

I I I I I I I I I I I I I I I I I

Molex. Run7; L * - 1 5 m ; U = 3.8m/s _

o: pv
V: pu
D: pw

D

i i

D
i i i i I D Pi On i i i i i i

Fig. 4.3a. Cross-correlation coefficients P of the three

velocity components u, v, and w measured during the unstable

stratified MOLEX RUN 7 experiment as function of lateral

displacements D. The line fitted through the six measured

values of the v-correlations coefficient has the form: P V

= 1 - 0.165 log 1 0(D).
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Molex. Run 8; L « - 100m ; U= 5.4 m/s
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i i i i i i

100

Fig. 4.3b. As Fig. 4.3a, but for the more neutral stratified

experiment MOLEX RUN 8. The fitted correlation is here: P V =

1 - 0.22 log 1 0(D).

4.2 The smoke release experiment BOREX 80 run 6

The 1980 experimental campaign took place at the Borris Sonder-

land moors in Western Jutland over the period August 24 to 30.

In the middle of the afternoon on Thursday the 28, the sky was

almost totally clear and light winds of the order of 4-5 m/s

indicated rather unstable atmospheric conditions. A 45-m high

meteorological tower, kept in operation by the Danish army two

km north of the experiment site yielded a gradient Richardson

number R^ = g/T (Ae/Az)/(Au/Az) = - 1/15, based on the tempera-

tures at z = 22 metres and z = 2 metres, and a mean wind speed u

measured at z = 10 metres. By referring to a mean height z equal

to 10 metres and setting R^ = z/L, an estimate of the Monin-

Obukhov stability length L of 150 metres was obtained. During
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the 56-min sampling period, the mean wind speed was determined

to be 4.72 m/s, and the longitudinal (u) and lateral (v) vari-

ances were, after a linear trend had been removed, 0.62 nr/sz

and 0.98 m 2/s 2
f respectively.

At the experiment site, the surface temperature (z = 1 metre)

reached 20.4° C at 3 p.m. and the relative humidity at that

time ~ 57%. During the afternoon, the mean wind direction slowly

turned clockwise and at 3.20 p.m., the wind came from the west

in an almost perpendicular direction relative to the mast array.

Smoke was then released continuously over a 40-min period, and

the subsequent analysis showed that the mean wind direction dif-

fered by only some 8°-10° from the predefined downwind direction

over this period. Between 3.20 and 4.00 p.m., a series of 22

pictures were taken from approximately 1000 feet above the re-

lease point, at approximately 2-min intervals. In this experi-

ment, the instantaneous contour and lateral position of the

smoke plume could be detected downwind in several pictures as

far as ~ 1 km from the source. The smoke data obtained at down-

wind distances greater than 500 meters were, however, somewhat

uncertain.

By referring to the ground-placed contrast plates, it was pos-

sible to calculate the instantaneous lateral visible width of

the smoke plume, and the corresponding instantaneous (lateral)

standard deviations, ar, by use of the opacity method described

in Section 3.2.

Figure 4.4 presents the ensemble of instantaneous standard devi-

ations ar observed as a function of the downwind distance. A

considerable scatter in the data at fixed downwind position is

to be expected in connection with the turbulent diffusion process

considered, and should not be taken as representative of the un-

certainty of the measurements. By averaging the observed instan-

taneous ar values at each downwind distance, an average standard

deviation of the instantaneous spread 1F£ can be obtained as a

function of the downwind distance x.
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Fig. 4*4. Observed instantaneous standard deviation or during

BOREX 80 RUN 6, as function of the downwind distance x.

Figure 4,5 shows the averaged standard deviation ar together

with the centroid dispersion y^m' which, as mentioned earlierf

can be obtained from the smoke data by assuming a symmetric par-

ticle displacement distribution of the smoke plume. The latter

is by definition related to a coordinate system aligned with the

mean wind direction over the 40-min period and not to the pre-

defined x-axis in Figs. 2.2 and 2.3.

Also shown in Fig. 4.5 is the total lateral dispersion corre-

sponding to Taylor's (1921) theoretical analysis of single-par-
T T" 1 /O

tide diffusion E = (y£m +
 ar^ ' t h i s i s seen to be dominated

entirely by y2 at the downwind positions and for the 40-min

sampling period considered.
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Fig. 4.5. Ensemble-averaged standard deviation or of the

instantaneous observed spreads in Fig. 4.4 versus the downwind

distance x. The crossbars through the datapoints represent the

standard deviation of the ensemble of instantaneously observed

spreads at a particular downwind distance. Dispersion associated

with the movement of the centerline of the instantaneous plume.
— 2 — 1 /2
(vcm) ' h a s b e e n indicated by A, The total (single particle)

dispersion Ey which is referred to a fixed coordinate at the

ground, is indicated by •. The upper solid line is calculated

on the basis of Taylor's (1921) absolute diffusion theory: E =

ivx, whereas the stipled line has been drawn from the formula

given by Smith and Hay (1961) for the expansion of a three-

dimensional isotropic Gaussian puff: op = 0.22 ix.

The shaded vertical bar, which is inserted in the lower right

corner of the figure represents the statistical uncertainty

(± one standard deviation) on the estimate of o^.
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The average standard deviation of the instantaneous spread in

Fig. 4.5 is found to a first approximation to grow linearly with

the downwind distance. However, some scatter in "â  between the

logarithmically equidistant (increment factor = 2 ' ̂ ) downwind

distances is present, and is most probably a consequence of

statistical uncertainty due to the relatively small ensemble of

22 pictures. It is reasonable to assume that smoke plumes ob-

served at two-minute intervals represent independent outcomes of

the stochastic diffusion process that is responsible for the in-

stantaneous width of the plume. At least this must be true for

the downwind distances considered here, since the smoke particles

observed on individual pictures all have been advected out of

the experiment site during the time period between two photo-

graphs. The statistical uncertainty, Aar, of the estimated aver-

age spread of ar is therefore of the order ~/22/22 = 21%. In

Fig. 4.5 the shaded bar shows the 68% confidence level (2Aar)

of o~^f and it is seen that most of the observed scatter in ~o~^

can be explained in terms of this.

At distances shorter than ~ 500 metres, the observed values of
— 7 1 /?

(ycnr ' a n d thereby also of the absolute or fixed frame dif-

fusion E, are found to increase linearly with the downwind dis-

tance. Here, however, the scatter about a straight line fitted

to the observations seems to be more correlated and systematic

from point to point. But the stochastic process responsible for

the advection and positioning of the plume over the experiment

site is also of a different character than that responsible for

the instantaneous width of the plume. The plume advection has

to do with the more energetic structures or eddies of the tur-

bulence that exist on the scale comparable with the experiment

site (cf. the discussion of the lateral velocity spectrum below).

The positioning of the smoke plume in two consecutive observa-

tions will therefore not be independent to the same extent as

the observations of the instantaneous width, and this may ex-

plain the more correlated departures in the scatter observed

in £.

At distances greater than 500 metres, the observed values of

absolute and instantaneous spread seem to converge, but both
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the plume location technique, as well as the opacity method

usedf are rather uncertain at these distances, and not much

confidence should be allocated to these measurements.

The topmost curve which falls close to the observations of the

absolute diffusion is calculated by means of G.I. Taylor's

(1921) absolute diffusion theory. For travel times that are

short relative to the Lagrangian time scale tL of the turbulence,

this theory yields E = ivx. Here, the lateral turbulence inten-
9 —7" 9

sity i is defined by i^ = v /u . At distances greater than

~ 100 metres, a first-order correction to the near field formula

E = iv
#x has been made based on an observed Eulerian time scale

of the order -100 s (see below) and a ratio of the Lagrangian

to Eulerian time scales 3 = 4 , together with an exponential

Lagrangian autocorrelation function. At x = 1000 metres, where

the greatest departure from the straight line occurs, £ = ivx,

in Fig. 4.5, this correction amounts to only some 17%, however.

The corrected version of Taylor's near field diffusion theory is

found to represent the observations in Fig. 4.5 well down to

x - 500 metres.

The dashed line falling within the scatter in the observations

of the instantaneous spread represents a formula for relative

diffusion suggested by Smith and Hay (1961). Pasquill (1974)

also recommended this formula for the expansion of a Gaussian

cloud in a field of isotropic turbulence: cT£ = 0.22 i*x, where

i2 = (u2+v2+w2)/u2 is the intensity of the turbulence, based on

the total energy of the turbulence. This formula has previously

been used in the Riso small-scale puff diffusion model (Mikkel-

sen, 1979 and Mikkelsen, 1982a). For calculating the dashed

curve in Fig. 4.5, however, the intensity i has been determined

on the basis of the two horizontal velocity variances only,
—-

since the vertical velocity variance wz was unavailable from

this particular experiment for reasons to be explained. Taking

the dashed curve in Fig. 4.5 as a lower estimate for the instan-

taneous spread, therefore, the formula of Smith and Hay seems to

somehow overpredict the observed spread by, say 25%, in this ex-

periment. But a linear relation between "ôZ and x is found to

apply reasonably well over the downwind distances considered.
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In contrast to the successful collection of smoke diffusion data

during the 1980 experimental campaign, the 64-channel data sam-

pling system previously described had to be taken out of opera-

tion the very first day of the experiment due to a severe mech-

anical breakdown in the system's digital tape recorder. There-

fore, calibration voltages and wind data were stored on an 8-

track analogous tape recorder for later digitalization and pro-

cessing.

With only 8 channels available for recording data from the four

sonic anemometers/thermometers, it was decided to register only

the two horizontal velocity components (u and v) from each of

the sonic anemometers. In addition to this trouble, the sonic

anemometer in mast No. 4 had electronic problems at the time the

right wind conditions showed up for Run 6. (Certainly, the work

for an experimentalist can be rather frustrating!)

Table 4.3 gives the relatively small amount of data obtained

from the mast array during this run. A gradient Richardson

number obtained from a nearby 45-m meteorological mast kept in

continuous service by the Danish army, has been transformed into

an equivalent Monin-Obukhow length of the order of 150 metres in

the table. In view of the rather convective behaviour of the

smoke plume observed at the experiment site, both from the air-

plane and also from the ground, this Monin-Obukhov length is

probably biased somewhat toward the neutral limit.

From the three anemometers remaining in operation, the power

spectra from Run 6 have been calculated using the program FFT/

COHERENCE. The three lateral (v) spectra from mast 1 to mast 3

are shown in Fig. 4.6. In contrast to the 20-Hz sampling rate

previously used, the sampling rate here was decreased to 25/4 Hz

and the corresponding Nyquist frequency in Fig. 4.6 is therefore

25/8 Hz. The somewhat different spectral values calculated at

the high-frequency end of the otherwise evident -5/3 initial

subrange may be attributed to the undetermined alignment of the

sonic anemometers coordinate system about one axis (the y-axis).

This missing alignment results from the inability to register

the vertical velocity component.
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Table 4.3. Smoke release experiment (BOREX 80 RUN 6)

MAST No. U

m/s

u w

(m/s)2 (m/s)2 (m/s)2 K2

u* L

m/s m

1

2

3

4

4

4

4

.88

.73

.56

0

0

0

.693

.671

.516

1

0

0

.130

.990

.825

*)

*)

*)

MEAN 4.72 0.62 0.98

data not available

*) Gradient Richardson Number from nearby 45-m tower: T22* T 2 '

U10
(A8/Az)/(Au/Az)Z - -1/15

with R^ - z/L and z = 10 m: L - -150 m

By extrapolating the unstable spectra to frequencies of the

order of 1/100 Hz, which is representative of the large-scale

eddies in the experiment, an Eulerian integral time scale tg

appropriate for the smoke experiment can be estimated to be

TTF( 1/100 )/v2" -100 s. Setting B = 4, the corresponding Lagran-

gian time scale t^ is estimated to be of the order of ~ 400 s.

With a mean wind speed equal to 5 m/sf the corresponding length

scale, separating the near and the far field limit of the absol-

ute diffusion in Fig. 4.5, is estimated to be ~2 km.

In Fig. 4.7 the measured cross-correlation coefficients of the

two horizontal velocity components u and v are shown at the

three possible different lateral displacements in Run 6. Experi-

ence based on the calibration experiments, and on the 1981 ex-

perimental campaign as well, has shown that the measured hori-

zontal cross correlation coefficients p fit rather well to ana-
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Fig. 4.6. Power spectra, fS(f) of the lateral velocity component

v for each of the three sonic anemometers in operation during

the BOREX 80 RUN 6 experiment. The sampling frequency is 25/4 Hz

and the corresponding Nyquist frequency 25/8 Hz. The full-line

drawn has a slope equal to -2/3.

lytical expressions of the form: p = a + b log10(D). Such a re-

lation applies strictly, of course, only to values of D between

the shortest and the longest mast separation, which is 4.5 and

30 metres, respectively. In Fig. 4.7 the coefficients a and b

have rather heuristically been estimated on the basis of the

three separations available, and from here the cross-correlation

coefficient for the lateral velocity components in Run 6 reads:

pv = 1.05 - 0.20log10(D).
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Fig. 4*7. Cross-correlation c o e f f i c i e n t s p of the two horizontal

ve loc i ty components u and v measured during the BOREX 80 RUN 6

experiment, as function of the la tera l displacement D.

The s traight l ine f i t t ed to the three measured values of the v

cross correlat ion coe f f i c i ent reads: PV = 1.05 - 0.20 log<|n(D),

whereas the corresponding l ine for the u-correlation coef f i c i ent

i s PU = 1.14 - 0.54 logjo(D).

4,3 The smoke release experiment/ BOREX 81 run IB

Because of the unforeseen troubles encountered with the data

registration system and the sonic anemometer in mast 4 during

the 1980 experiment, i t was decided to extend the experimental

campaign by another period during the summer 1981. The entire

experiment was therefore reestablished at the s i te in the Borris

Sonderland moors during the period from August 23 to 29f 1981.
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A total of 10 runs were obtained in one weekf and no severe

troubles were encountered with the data registration system, or

the sonic anemometers. During this experiment weather conditions

were dominated by somewhat stronger winds, mostly coming from

northerly and westerly directions, and the atmospheric stability

was close to neutral during the day. Detailed data analyses of

all 10 runs obtained has not yet ended, and a detailed report

will be given here only on Run 1B, which was successful both

with respect to the smoke and wind data registration.

In the morning of Monday the 24, clouds at approximately 3000

feet covered the sky at the experiment site, and the wind came

rather strongly out of the W-NW direction at 5-8 m/s. The 2-m

temperature was 15.0°C and the relative humidity 40%. The at-

mospheric stability was judged to be close to neutral in agree-

ment with the Monin-Obukhov length later obtained from the sonic

anemometers.

At 11.30 a.m. the wind had turned in an almost perpendicular

direction to the mast array and over the subsequent 40-min smoke

release period the mean wind direction was found to differ by

less than ~ 20 degrees from the predefined x-axis of the set-up.

This time a series of 21 useful pictures was obtained from ap-

proximately 2000 feet above the release point. As a consequence

of the stronger wind conditions during this experiment, the

smoke plume was visible at downwind distances to 250-500 metres

only.

Figures 4.8 and 4.9 show in a way similar to 4.4 and 4.5 the in-

stantaneous standard deviations or as well as the centroid dis-
lT 1 /2

persion (ycm) and single-particle dispersion £. In this ex-
— 0 8periment, a power law ar

 a x seems to fit the observations

better than the linear relation suggested by Smith and Hay. The

latter has been plotted with the intensity i = 0.28 calculated

in Table 4.4. In this table the lateral intensity iv has been

calculated to ~0.20, and the corresponding absolute diffusion

relation £ = ivx has also been added to the data in Fig. 4.9.

The Monin-Obukhov stability length measured by the sonic anem-

ometer indicates a slightly unstable surface layer (cf. Table
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Fig, 4.8, Observed instantaneous standard deviations or during

the BOREX 81 RUN 1B experiment as a function of downwind

distance x.

Table 4 , 4 , Smoke r e l e a s e experiment : BOREX 81 RUN IB

MAST

1

2

3

4

MEAN

0 =

i =

No.

20.

/TT
(/1

u

m/s

5.88

5.72

5.93

6.20

5.93

9°

4T/5.93

.01 + 1

u 2

(m/s) 2

1 .03

0.942

0.974

1 .09

1 .01

= 0.202

.44 + 0.351

v 2

(m/s) 2

1 .43

1 .49

1 .39

1 .45

1 .44

)/5.93 = 0

w 2

(m/s) 2

0.359

0.363

0.361

0.321

0.351

.280

e2

K 2

0.099

0.068

0.052

0.073

zi

w*

u*

m/s

0.447

0.425

0.443

0.426

0.435

= 950 m

= 3.0u*

L

m

-69

-98

-99

-90
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Fig. 4.9. Ensemble-averaged standard deviation or of the in-

stantaneous spreads shown in Fig. 4.8, As in Fig. 4.5, the

cross-bars represent the standard deviation of the ensemble at

a particular downwind distance. The centroid dispersion

(ycm) is indicated by * and the total or single-particle

dispersion by +.

The solid line, I = ivxr represents the near-field limit of

Taylor's (1921) (single particle) diffusion theory whereas the

stipled line is Smith and Hay's (1961) formula: "o^ = 0.22 ix

for the expansion of a three-dimensional isotropic Gaussian

puff.

As in Fig. 4.5, the shaded vertical bar represents the statisti-

cal uncertainty (+/- one standard deviation) of o"JT.

4.4). The data obtained from the radio-sonde launched at 11.00

a.m. (see Fig. 4.10) also shows a decrease in potential tempera-

ture 0 close to the ground. Above z - 50 metres the virtual tem-

perature follows a neutral lapse rate up to the inversion height,

which is approximately -950 m in Fig. 4.10.

The measured cross correlation coefficients p are represented

in Fig. 4.11 for all three velocity components and for the six
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Fig. 4.10.

a) Radiosonding at 11.00 a.m. during the BOREX 81 RUN 1B

experiment.

Tw: wet bulb temperature as function of height z

T D: dry bulb temperature as function of height z

8 : virtual temperature as function of height z

b) As a) but with the vertical axis expanded between 800 and

1200 metres. The atmosphere is seen to be saturated immedi-

ately below the inversion height z^ « 950 m.
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different lateral displacements possible in the BOREX 81 Run 1B

experiment. Due to the inclination of the mean wind with the x-

axis of the order 20° during this run, the six lateral displace-

ments have been corrected by the factor cos(20°) and the maximum

lateral displacement in Fig. 4.11 is therefore only 28 metres in

contrast to the 30 metres in BOREX 80 Run 6. An empirical fit to

the lateral correlation coefficient is pv = 1.07-0.285 log<|Q(D).

This expression is representative only for displacements D be-

tween 3 and 30 metres. The correlations in Fig. 4.11 are found

to decrease with distance D faster than the corresponding corre-

lation coefficients in the more unstable Run 6 in Fig. 4.7.

Again, this agrees with the previously given explanation that in

the case of an unstable boundary layer, where larger and thereby

more coherent eddies are present which are then responsible for

a bigger spatial correlation in the turbulence.

Finally, for BOREX 81 Run 1B, Fig. 4.12 a-c shows the power spec-

tra obtained with the program FFT/COHERENCE. The Nyquist fre-
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Fig. 4.11. Cross-correlation cooefficients p for each of the

three velocity components u, v, and w measured during the ex-

periment BOREX 81 RUN 1B, as function of the lateral displace-

ment D. The line fitted to the six measurements of the lateral

(v) correlation coefficients reads: pv = 1.07 - 0.285 log10(D),

and the corrresponding line for the u-correlation coefficient

is pu = 1.15 - 0.66 log-|o(D)-

quency is here again 10 Hz. The horizontal spectra are in accord-

ance with observations and models for velocity spectra in an un-

stable boundary layer (see, for instance, H0jstrupf 1982). A

peak in the vertical spectra is found at fp « 0.2 Hz which cor-

responds to a dimensionless peak frequency np = fpz/u equal to

~ 0.4. This value is characteristic of a vertical spectrum in a

slightly unstable boundary layer (see, for instance, Busch,

1973).
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Fig. 4.12a. Power spectra as a function of wavenumber kS(k),

of the four u-components obtained from the sonic anemometers in

the smoke release experiment BOREX 81 RUN 1B. These spectra are

calculated with the program FFT/COHERENCE (see Fig. 3.1b).
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Fig* 4.12b. As Fig. 4.12a, but for the four v-components

Plot of spectrum: BOREX/FFT/RUN 1B: v-components

Spectrum multiplied by: k

Mean wind speed U: 5.93 m/s

Number of raw estimates: 4096

Sampling period: 0.050 sees

Relative bandwidth: 0.20

Range of k: 10~3 ,10

Range of ordinate: 10"^,1
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Fig. 4.12c. As Fig. 4.12a, but for the four w-components.

Plot of spectrum: BOREX/FFT/RUN 1B: w-components

Spectrum multiplied by: k

Mean wind speed U: 5.93 m/s

Number of raw estimates: 4096

Sampling period: 0.050 sees

Relative bandwidth: 0.20

Range of k:

Range of ordinate:

10"" 3 , 10

1 0 ~ 3 , 10~1

5. EVALUATION STUDY OF RELATIVE DIFFUSION THEORY AND PUFF

MODEL PERFORMANCE

5.1 Comparison of the instantaneous plume dispersion with the

statistical theory on the turbulent diffusion of Gaussian puffs

The statistical theory (Mikkelsen, 1982c) of the turbulent dif-

fusion of Gaussian puffs will be investigated by a comparison of

the instantaneous smoke plume dispersion as observed during the

BOREX 80 RUN 6 and the BOREX 81 RUN 1B field experiments. Let

Op denote the lateral standard deviation (in the y-direction in

Fig. 2.2) of a Gaussian cloud or puff released at the source

point x = 0 at time t = 0. The situation is described by the
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statistical theory which in the present notation yields the fol

lowing set of equations for determining op(t) (cf. Mikkelsen,

1982c, Eqs. (3.37) and (3.38)).

1 JP 2= V 2 ( t ) . t
y2 dt

where the velocity scale appropriate for the relative diffusion

process in Eq. (5.1) is

1 / 52

- / p (£) . exp -1/4 - « —
-« 2/7a (t) V aj(t

(5.2)

The time scale appropriate for the relative diffusion process,

tn(t), is also given by Mikkelsen (1982c), Eq. (3.39). However,

in the small time limit considered here, the puff travel time

t can be assumed to be small relative to the Lagrangian integral

time scale of turbulence, t^. In this case it can be shown that

tp(t) * t (cf. Mikkelsen, 1982c, Eqs. (3.63) and (3.64)). A

simple model for tp, which is consistent with the near-field

limit tp(t) - t and which in addition provides a simple first-

order correction when t becomes of a magnitude comparable to tL,

has also been included in the present investigation

t (t) = , (5.3)
1+tL/t

(see also Mikkelsen, 1982c, Eq. (4.11)). By specifying the lat-
—*r

eral velocity variance v and the cross-correlation function p

in accordance with the quantities obtained during the experi-

ments, the set of equations (5.1) to (5.3) has been solved nu-

merically for Op as a function of the diffusion time t, and

by use of the relation x = ut, the predicted puff size a
P

could be compared with the observations of the ensemble mean

value of the instantaneous plume width, ~a^, as a function of

downwind distance.

Figure 5.1 shows the numerical solution for Op(x) obtained from

Eqs. (5.1) and (5.2) with the variance and lateral cross-corre-
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Fig. 5.1 . Numerical solution of op(x) obtained from the

statistical diffusion theory Eq. (5.1) - Eq. (5.3). The

curve is shown on the instantaneous smoke data observations

obtained from the BOREX 80 RUN 6 experiment, "u? = 0.62 m2/s,

op(0) = 0.5 m; tL = «. pv = 1.05 - 0.201og10(D)

lation coefficient pv measured during the experiment BOREX 80

RUN 6. The initial puff size ap(0) has been set equal to 0.5

metres and the time scale tL is assumed to be large compared

with the diffusion times t involved, that isf t << tL has been

assumed here. Since the measured correlation coeficient pv =

1.05 - 0.20 log<|o(D) applies only for values of the separation

D > Do - 2.5 metres, say, it has been necessary to consider the

contribution from the integral in Eq. (5.2) for values of |£| <

Do as an undetermined constant. In Fig. 5.1 and in the later

calculations of ap(t) as well, the value of the part of the

integral for which |?| < DQ has consequently been chosen in

order to give best agreement between the theory and the observa-



- 46 -

tions at the shortest distances considered. At longer distances,

where the cloud had become large relative to Do, the solutions

for ap(x) were found to be insensitive to the initial value

chosen for this integral.

At distances beyond approximately 100 meters in Fig. 5.1 the

calculated curve for ap is found to grow faster than the cor-

responding observations. Even though op(t) curves downward again

beyond the distance of 200 metres, the theoretical prediction

seems to be too high at x - 500 metres if the measurements at

these far distances are taken into consideration.

Under all circumstances, a better overall agreement is obtained

if the time scale model (Eq. (5.3)) is included. In Fig. 5.2,
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Fig, 5.2. As Fig. 5.1 but with tL = 100 s and for two different

initial values: op(0) = 0.5 metre (upper curve) and op(0) = 0.25

metre (lower curve).
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the time scale tL has been set equal to 100 sec. In addition,

two different initial puff sizesf a(0) = 0.5 and a(0) = 0.25,

have been used here. Even though the theoretical predictions now

fall inside the vertical confidence intervals in Fig. 5.2, the

calculated curve for ap exhibits an s-shaped form, whereas the

observations rather seem to indicate a power law relationship

between spread and downwind distance. We shall revert to this

point when a similar comparison between the theory and observa-

tions from BOREX 81 RUN 1B has been performed.

Figure 5.3 is included in order to illustrate that the observed

spatial cross-correlation coefficient pv Jjs in fact an important

quantity for the calculation of the cloud growth rate in a given
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Fig. 5.3. As Fig. 5.1 but calculated on the basis of the

u-correlation coefficient P U = 1.14 - 0.54 log<|n(D).

û " = 0.62 m 2/s, op(0) = 0.5 mr tL = 100 s.



- 48 -

experiment. The figure shows a calculation of tfp(t) with tL =

100 sees and otherwise initialized as in Fig. 5.2. But instead

of pv, pu is used from the same experiment. The cross correla-

tion coefficient pu falls off with separation much faster than

the corresponding pv coefficient, and consequently the predicted

spread is found to be far too big already after 100 metres down-

wind travel distance.

Figure 5.4 shows the calculated curve of Op(t) from the more

neutral stratified experiment BOREX 81 RUN 1B. Here, pv =

1.07 - 0.285 log1Q(D) for D 1 3.5 metres,"v
7 = 1.44 m 2/s 2 and

tL is set equal to 100 sec as before. The initial size ap(0) is

set equal to 1 metre. The prediction falls inside the scatter in

the observations, and there is also a tendency of an "s-shaped"

prediction curve. The observations, on the other hand, rather

seem to obey a linear relation in the log-log plot shown.
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Fig> .5.4. Numerical solution of the instantaneous cloud diffusion

Op(x) shown together with the instantaneous smoke data obser-

vations from the BOREX 81 RUN 1B experiment, "v̂  = 1.44 m 2/s 2,

ap(0) = 1.0 m; tL = 100 s. P V = 1.07 - 0.285 log10(
D)«



- 49 -

A possible explanation for the difference between the shape of

the calculated curve tfp(x) and the observations ar(x) will now

be suggested.

The spread tfp(x) calculated from the model, Eq. (5.1) - Eq.

(5.3), is based on the measurements of the turbulence from the

mast array at 10 meters height. The smoke plume, on the other

hand, starts its expansion in the turbulence close to the ground,

at heights of the order of one meter. The total variance M can

be assumed to be approximately constant throughout the surface

layer in which the observations of the visible smoke took place.

However, the peak frequency fp in the energy spectrum of the

lateral spectrum Sv(f), corresponding to the lateral correlation

coefficient pv(D), will be shifted towards lower frequencies as

a function of the height of observation z, approximately as fp =

npu/z (Busch, 1973). That means that a small cloud released

close to the ground initially will experience a relatively

higher level of turbulent kinetic energy in the high-frequency

end of the spectrum than the mast array measures at the 10-m

level.

Since the high frequency end of the turbulence is very efficient

for the inital spreading, the smoke cloud can be expected to

grow faster than the model prediction in the beginning when the

mean cloud height is smaller than the measuring height. On the

other hand, when the mean height of the cloud has increased to

a size which is larger than the measuring height, the spectral

energy levels measured at the top of the mast are expected to be

higher than the corresponding energy levels experienced by the

smoke cloud. The predicted curve for Op can therefore be ex-

pected to overestimate in this case. Consideration of the re-

sults in Figs. 5.2 and 5.4 shows that the intersection of the

calculated and observed spreads actually takes place when the

cloud is of a size comparable with the measurement height z = 10

metres. (It has been assumed here that the vertical cloud size

also is a measure of the horizontal size.)

In summary, it can be claimed that the simple relative diffusion

model Eqs. (5.1) to (5.3) shows promise for predicting the over-
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all behaviour of the observed instantaneous smoke diffusion dur-

ing the experiments BOREX 80 RUN 6 and BOREX 81 RUN 1B. Howeverf

due to the vertical inhomogeneity caused by the presence of the

groundf the smoke observations and the relative diffusion model

are not directly comparable.

5.2 Comparison of the smoke plume observations with computer

simulations using the small-scale Ris0 Puff Diffusion Model

A qualitative intercomparison has been made between instan-

taneous smoke diffusion simulations based on the small scale

puff diffusion model (Mikkelsen, 1978, and Mikkelsenf 1982a) and

the visible smoke plume observations from the experiment BOREX

RUN 6.

By use of a concurrently measured time series of the turbulent

wind field as registered by the sonic anemometer closest to the

source point, the puff model is able to simulate the instan-

taneous smoke plume by advecting a series of sequentially re-

leased puffs in a three-dimensional computational grid. In a

horizontal plane the puffs are assumed to be Gaussian distrib-

uted whereas the puff's vertical distribution and growth depend

on the atmospheric stability (see Mikkelsen, 1982b). All the

puffs present in the grid are simultaneously advected by the

windfield measured at the release point and their horizontal

growth are calculated by the formula of Smith and Hay (1961)

discussed earlier. For a more detailed description and documen-

tation of the Riso puff model, the reader is referred to Mikkel-

sen (1979) and Mikkelsen (1982a and 1982b).

Fig. 5.5. A consecutive series of 14 instantaneous smoke plume

contours (solid lines) obtained from the aerial photographs

during the BOREX 80 RUN 6 experiment. The smoke plumes (black

area) extend from the source point, over the contrast plates

(dots) the outermost row of which is 500 meters downwind.

The tic marks on the axes are spaced 50 meters apart. On top

of each plume contour is shown the corresponding puff model

simulation (circles) of the instantaneous smoke plume.
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last 5 minutes of the BOREX 80 RUN 6 experiment. The simulation
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Figure 5.5 compares a series of 14 instantaneous smoke plume

contours observed from the airplane during the BOREX 80 RUN 6

experiment with the corresponding puff model simulations of the

instantaneous plume. A direct comparison between the smoke plume

contour and the puff chains is not possible beyond the 500-m

marker plates due to the distortion caused by the relatively low

cruising height of the airplane in this experiment. It is found,

howeverr that the puff advection scheme based on a point meas-

urement close to the release point shows promise at the downwind

distance considered (up to ~ 500 metres) and for the neutral/un-

stable atmosphere in question.

Picture No. 4 in the top row shows the effect of a strong hori-

zontal wind shear. Close to the source point the puff chain,

which is advected by the wind field at the 10-m level, shows an

angle to the observed smoke plume; at this short downwind dis-

tance it still is close to the ground. After some 50 metres of

travel, however, the smoke plume had grown in the vertical to a

height comparable with the measuring height, and at downwind

distances hereafter, the simulated and the observed smoke plume

seem to travel along rather consistently.

Ten instantaneous puff plumes, obtained during a six-minute

period towards the end of the 40-minute long BOREX 80 RUN 6 ex-

periment, have been added on top of each other. This is shown

in Fig. 5.6 which indicates a period with extremely unstable and

non-stationary conditions. The case shows a non-stationary situ-

ation where the puff model has great advantages over an ordinary

plume model. Finally, Figs. 5.7 and 5.8 show the total time-in-

tegrated concentration at the ground level and at the 40-m ver-

tical level, respectively, also obtained with the puff diffusion

model. Both of these dosis graphs exhibit significantly more de-

tailed structure than could have been obtained with a simple

Gaussian plume model.

Unfortunately, the budget of the experiment did not allow for

SF§ tracer releases and sampling techniques to be used from

which a direct comparison of the time-integrated concentration

profiles from the puff model and the experiment would have been

possible.
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To summarize, it can be claimed that within the uncertainty un-

avoidably encountered when dealing with the atmospheric turbu-

lent diffusion processes, the experiments seem to validate the

use of the puff advection scheme and the puff growth rate equa-

tion implemented in the Ris0 puff diffusion model operating

over the relatively short downwind distances considered (x <

1000 metres).

6. CONCLUSION

Studies of continuous ground level released smoke diffusion have

been carried out in the surface layer over homogenous terrain

with the object of evaluating methods and principles to be used

with an operational, small-scale puff diffusion model.

The applicability of a proposed advection scheme for puffs (Mik-

kelsen, 1978 and Mikkelsen, 1982a), which is based on a time

series of the wind velocity obtained from a single point meas-

urement close to the source point, has qualitatively been in-

vestigated. This has been done by comparing the visible contour

of the instantaneous smoke plume with computer simulations ob-

tained with the puff model. Over the relatively small scale con-

sidered (x < 1 km), the advection scheme was found in large to

be capable of simulating the instantaneous horizontal outline

of the plume. At very short distances from the release point,

smaller differences could occur in connection with plume rise

and strong vertical inhomogenities in the wind field. So far,

the experimental investigations of the single-point-based advec-

tion scheme have been limited to neutral-unstable atmospheric

conditions only, where its performance is probably better than

that in a stable atmosphere due to the presence of relatively

large and coherent structures in the convective horizontal tur-

bulent field. Similar experiments carried out during more stable

atmospheric stratifications are therefore desirable in order to

evaluate also the model performance here.



- 57 -

More quantitative investigations have been carried out on the

applicability of the proposed statistical theory of puff dif-

fusion (Mikkelsenf 1982c). Spatial velocity correlations have

been measured as a function of lateral displacements by means of

an array of four 3-axis sonic anemometers, and based on these

measurements the puff's standard deviation ap has been calcu-

lated from the statistical theory as a function of downwind dis-

tancef at present for two independent experiments.

Observations of the visible plume width from an airplane have

then been used in connection with the opacity method to estab-

lish an ensemble-averaged estimate of instantaneous diffusion,

also as a function of the downwind distance. When it is taken

into consideration that the diffusion was influenced by vertical

inhomogeneities of the surface layer turbulence, a reasonable

agreement has been obtained between the observed and the calcu-

lated dispersion.

However, in each of the two experiments considered, it has been

necessary to modify the extrapolated velocity covariances for

values of the lateral displacements D smaller than the minimum

mast separation (4.5 m).

By taking the relatively large uncertainty of the smoke data

observation and processing into account, the much simpler for-

mula originally proposed by Smith and Hay (1961) (and later

calibrated against experiments by Pasquill (1974)), were also

found to be capable of predicting most of the observed instan-

taneous diffusion satisfactorily well.

The experiments investigated during the BOREX campaign are all

rather limited with respect to scale and with respect to the

variation in the atmospheric stability. It would therefore be

incorrect to postulate that the statistical theory proposed for

puff diffusion has been experimentally verified in general,

especially since it has been examined it its (Eulerian) near-

field limit only.
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On the other hand, no systematic discrepancies between the ob-

serservations and theory on the scale and over the stabilities

considered have been discovered. This "reversed conclusion" en-

courages the performance of future investigations on larger

scales and including larger variability of the atmospheric stab-

ility than was encountered during the present BOREX campaign.
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