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ABSTRACT 

Mlnisonde data collected n the Athabasca 01 I Sands area from 

1975 to 1979 were analysed to determine regional values of rou ness 

length ). A rigorous selection re reduced the working data 

set to a smal! fraction of the original size. A least squares 

technique was used to determine from profl les of wind and 

temperature lcal Iy measured near the 50, 100, and 150 m levels. 

Mean Zo values calculated with allowance for diabatic and 

displacement height effects ranged from about 8 m downwind of the 

Syncrude plant site to about 1 m in the Athabasca River va! ley. 

Uncertainties in the estimates were of the same magnitude as the mean 

values. No differences in Zo were found with wind direction. The 

large values for Zo were attributed primari Iy to form drag from 

terrain features in the area during sl ightly unstable conditions. The 

study suggested that, where form drag is important, Zo may be 

stability dependent. 

An error analysis using reasonable uncertainties for wind 

speed, bal loon height, and temperature gradient measurements showed 

that probable errors in the estimate of Zo were comparable to the 

observed var i ab j I ltv in Z_. 
I v 
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1 • INTRODUCTION 

The roughness length is a parameter relating wind drag at a 

surface to the vertical gradient of horizontal wind speed. It 

indicates the extent to which mechanically-induced turbulence is 

generated by wind flow over particular surfaces. For air qual ity 

studies, the roughness length enters the dispersion formulation either 

directly or by means of site-specific empirical parameters. For 

example, in the Gaussian frequency distribution model developed by 

Davison et al. (1981a), the roughness length (Zo) is used explicitly 

to calculate the friction velocity and, hence, the fluctuations of the 

wind for the dispersion formulation. 

The general study of wind profi les and surface stress, of 

which measurement of roughness length is a part, has proceeded from 

uniform, flat terrain to various types of topography and surface 

conditions. Walmsley et al. (1982) and Taylor et. al. (1983) described 

the appl ication of a three-dimensional numerical model based upon Mason 

and Sykes (1979) to a smal I-scale terrain feature (Kettles Hi I I, 

Alberta). An extensive low level wind profi Ie measurement program at 

Kettles Hi I I (Taylor et al. 1982) provided encouraging experimental 

support for the model predictions. However, the results indicated a 

need for spatially varying roughness lengths. 

Generally, the effective roughness length has been found to 

be both direction- and height- dependent. 8eljaars et al. (1983) found 

that the friction velocity (u*) changed with height in response to 

changes in upstream roughness and that the vertical velocity 

fluctuations tended to scale with a "local" u* at 3.5 m whereas 

horizontal fluctuations tended to scale with global values of u* 

measured at 22.5 m. Ming et al. (1983) analysed routine wind profi les 

from three towers over 100 m high in various types of complex terrain 

in New England. They calculated effective roughness lengths for upper 

and lower parts of the profi Ie and attempted to relate the values 

obtained to surface features various distances upstream using 

Hojstrup's (1981) relationship between height on a tower and upstream 

distance of influence. Ming et al. attributed some of the large 



2 

s len s in the upper layers (as large as 11 m) to form drag 

effects due to low hi I Is (100 to 200 m) of the tower site. 

In the stu minisonde data from the Athabasca 01 I 

Sands area were used to estimate a value of roughness! 

appropriate to the regions The minisonde i les were collected and 

processed various groups and made available Alberta Environment 

as a digital data sete 
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2. IMPORTANCE OF THE ROUGHNESS LENGTH IN THE ATHABASCA OIL SANDS 

Mechanical mixing is thought to be an important (although 

perhaps not dominant) process occurring frequently in the Athabasca Oi I 

Sands area. During dayl ight hours throughout late spring to early 

autumn, thermal mixing wi I I also be important; however, mechanical 

mixing wi I I sti I I be important when winds at plume height are greater 

than approximately 6 to 8 ms- 1• 

In a sensitivity and val idation study of a Gaussian frequency 

distribution model, Davison et al. (1981b) showed that changing Zo 

from 0.3 to 0.9 m caused marked changes in both the location and 

magnitude of the maximum ground level concentration (GLC) values. The 

changes were functions of the source characteristics, the thermal 

stabi I ity, and the wind speed. For example, at a downwind distance of 

5 km in mechanically dominated mixing, the sector-averaged GLC values 

were increased by over 40% when Zo was increased from 0.3 to 0.9 m. 

This was a greater effect than changing the wind speed from 10 to 

15 ms- 1• 

In stable conditions, the effect of changing Zo from 0.3 to 

0.9 m was to increase the GLC value by more than a factor of two and to 

change the location of the maximum by many ki lometres. The sensitivity 

study also showed that adopting a value for Zo of 0.9 m largely 

removed any systematic discrepancies between predicted and observed GLC 

values within the limits of the avai lable data. 
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3 DATA BASE 

3.1 DATA SOURCES 

The minisonde data base used to determine 

in the Athabasca Oi I Sands area from 1975 to 1979. 

was co I ected 

of the 

releases took place during intensive field studies n 1976 and 197 

Both single and double theodol ite readings were taken most of the 

single theodo! ite measurements were taken prior to 1977. Data from 

about 2000 minisondes released during dayl ight hours were available. 

F or the dou b Ie theodo i te re I eases observat i ona I i nterva! s were 15 to 

30 s which provided spatia! resolutions of about 50 me 

3 2 DESCRIPTION OF SITES 

The Athabasca Oi I Sands area is characterized by a river 

val ley within a region of rol I ing terrain. The ma topographical 

features are the Birch Mounta ins runn i ng southwest to northeast about 

40 km northwest of the site, Stoney t-.1ou nta i n about 40 km to the south, 

and a gradual rise to Muskeg Mountain in the east. The ground cover is 

a mixture of white spruce and aspen and open black spruce stands within 

fen and bog areas (Thompson et al. 1978). 

The minisonde data examined in this report were from two 

sites, Syncrude and Lower Syncrude (see Figure 1). The Syncrude 

mlnisonde site is located about 50 m southeast of the Syncrude plant. 

To the south through west to northeast (170° to 040°) within about 

1.5 km from the release site are plant bui Idings of one to several 

stories in height and the main stack which is over 180 m high. Beyond 

about 2 km are scattered strip mines free of vegetation intermixed with 

semi-open white spruce and aspen forest. Southeast of the release 

site, the land drops away slowly with a slope of about 10 m in 4 km and 

is covered by semi-open white spruce and aspen forest ranging in height 

up to 10m. 

The Lower Syncrude site is located within the Athabasca River 

val ley flood plain about 200 m west of the river and 1 km east of the 

west bank of the val ley. The bank rises about 60 m in 200 m and the 

the bank axis is oriented north-northwest to south-southeast for 
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Figure 1. Map of Syncrude and Lower Syncrude minisonde release sites in late 1976. Contour 
intervals are 10 m. Horizontal scale Is in metres. 

V1 
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several ki lometres in either direction from the release site. To the 

north for 1 km and northwest for severa! kllometres is a flat 

bog enland. Simi lar vegetation ex sts to the east for 200 m; d 

that I res the river which is approximately 800 m widee About 100 m to 

the southeast and south of the re I ease site is a sma I I I ake about 300 m 

wide beyond the lake is a grouping of low bui Idings 

less in height .. 

3.3 UNCERTAINTIES IN THE MIN!SONDE MEASUREMENTS 

I ca I I Y 10m or 

Uncertainties inherent In calculations of wind speed and 

direction, temperature lapse rate, and bal loon height from double 

theodol ite minisonde techniques were examined by Schaefer and Doswel I 

(1978) and extended by Nettervi I Ie and Djurfors (1979). Measurement 

errors were shown to accumulate with time since release; errors 

associated with readings below 200 m (less than two minutes from 

release with typical ascent rates of 2 ms- 1) were less than 10%. 

Note that this is the minimum expected error; observer error and lack 

of instrument reso I ut i on wi I I increase th is va I ue .. 

Atmospheric turbulence introduces additional uncertainties 

into estimates of the ensemble-average profi Ie measurements. Fol lowing 

Nettervi lie and Djufors (1979), 

T 
I 

EU 2 :::: 1/T ( 0 u/U)2 fRL(t) (1 - tiT) dt 
o 

( 1 ) 

where €u is the relative wind error, T is the averaging time between 

consecutive position fixes, 0u/u is the along-wind turbulent 

intensity, and RL is the Lagrangian autocorrelation coefficient. The 

typical averaging times for minisondes are significantly less than the 

Lagrqngian integral time scales and so the error estimate is 

approximately 

E 'V 0.7 
u (2) 
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The value of 0u/U is a function of roughness length and stabi lity 

and also involves low-frequency contributions which do not obey 

Monin-Obukhov scal ing (Panofsky 1973). A typical value in strong winds 

(neutral conditions) at a height of 100 m with Zo = 1 m is 

(3) 

where k is von Karman's coefficient. Combining (2) and (3) and noting 

that the error estimates associated with the minisonde readings are 

independent leads to a probable error of about 20%. 

Much of the minisonde data produced in the Athabasca Oi I 

Sands area has been examined by Davison and Leavitt (1979) who cited 

severa! cases of proti les that were likely incorrect based on known 

meteorological conditions and on comparisons with other profi les. They 

also estimated errors in wind speed to be about 20%. 

Some of the minisonde data, especially prior to 1977, are 

based upon single theodol ite measurements with an assumed rise rate. 

The error associated with single theodol ite measurements over the first 

several hundred metres is probably largely dependent upon the precision 

of bal loon inflation by the minisonde technician. 
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4" 1 PROF I LE ANAL YS I S 

Monln-Obukhov simi lari has 

for lnterpreti atmospheric boundary layer wind 

shear can be expressed as fol lows (Businger 1973): 

:::: Z 

to be ef fect i va 

i ! es e The win d 

( 4 ) 

\tl :::: (1 - 15 m for <: 0 (unstable) ( 5 ) 

\tl :::: 1 + 5 Z/L m for Z/L > 0 (stable (6 ) 

where k is von Karman's constant and L is the Monl ukhov len 

~xpl Icft expressions for the wind 

Z/L < 0: 

lie (Paulson 1970) are, for 

U/u*,:::: (In Z/lo - '+'l)/k 

'til :::: In [<1+X)2(1+X2 )/8] -2 tan- 1 (X) + rr/2 

where 

and for Z / L > 0: 

where 
'+' 2 :::: -4 .. 7 Z/L 

( 7 ) 

( 8 ) 

(9 ) 

( 10) 

( , i ) 

Because fluxes were not directly measured, the bulk Richardson number 

was used to estimate Z/L (fol lowing Arya 1982) 

:::: R when Ri <: 0 ( 12) 

Z/L :::: Rl/(l-S Ri) when Ri > 0 ( 13) 
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where 

( I 4 ) 

and e is potential temperature, Z is the geometric mean height, and 

U
T 

is the wind speed nearest the 150 m level. These equations have 

been found to be generally val id to heights as high as 150 to 200 m 

(Lumley and Panofsky 1964). 

The Richardson number and the Monin-Obukhov length were 

calculated from the minisonde data. The Z was estimated by a least 
o 

squares fit of U versus (in Z -~) for each profi Ie. Since the first 

temperature value was typically at 50 or 60 m (surface data were not 

provided) the diabatic influence for convective conditions could be 

significantly underestimated, even through diabatic effects may be 

large enough to mask Zo effects on the profi les. Minisonde selection 

criteria and profi le-by-profi ie examination were used to ensure that 

candidate profi les were indeed mechanically dominated and coupled to 

the surface. 

4.2 MINISONOE SELECTION CRITERIA 

The 2000 minisonde profi les used in the study were subjected 

to a selection process to produce wei I-behaved candidate profi les for 

roughness length calculations. Required profi Ie attributes included: 

I. Wind speeds in access of about 5 ms- I and temperatures 

decreasing with height to ensure that the flow was coupled 

to the surface; and 

2. Wind speeds increasing approximately logarithmically with 

height after compensation for diabatic effects. 

Three data points were considered a minimum number to define 

a profi Ie. A constraint was also required on the wind turning with 

height as a large turning could indicate the presence of a stable layer 

and hence decoupl ing of the winds from the surface. 

The data selection criteria that produced these requirements 

incl uded: 

I. At least three measurements below a maximum height; 

2. Minimum wind speeds greater than a specified value; 

3. Monoto, Ical Iy increasing wind speeds and decreasing 

erature with height; 
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4& var i ab iii constraint on wind direction wind and 

erature prof 1 I es; 

5. temperature !apse 

6. date of data collection (to strati season) ® 

Table 1 shows the number of qua Ii ing i I es for various 

combinations of selection criteriae The requirements of a minimum wind 

speed of 5 ms=1 all levels with reasonable constraints for a 

uniform profi Ie of wind speed, wind direction, and temperature resulted 

ina very I arge reduct i on in the number of qua Iii ng prof 1 I es ® Th 1 s 

reduction is consistent with the climatologically light wind speeds of 

the area (Longley and Janz 1978}" Further constraints on the 

temperature lapse rate and the maximum height for the lowest three 

measurements were considered to be prudent for estimating 

roughness lengths. The selection criteria adopted for the roughness 

length calculations are shown in Table 1 and consisted of 150 m maximum 

height and a lapse rate within 0,,5°C/100 m of adiabatic. Note that 

lapse rate had little effect on the number of profi les chosen The 

criteria which most reduced the data set were 5 ms- 1 minimum wind 

speed and the three-level profi Ie. No attempt was made to stratify by 

season because of the smal I number of selected profi leSe Whi Ie the 

smal I number of profi les might have increased the uncertainty of the 

mean Zo values, rigorous selection ensured that only wei I behaved 

profiles were used. 

4.3 ROUGHNESS LENGTH ESTIMATES 

Roughness length estimates for profi les meeting the 

selection criteria are shown in Table 2. Included are estimates with 

no diabatic effects, with diabatic effects but no displacement heights, 

and with diabatic effects for a range of assumed disp lacement heights. 

Bulk Richardson numbers near zero in Table 2 resulted in Zo 

values corrected for diabatic effects being approximately equal to 

neutral Zo values. When gradient Richardson numbers were used for 

comparison, as in Ming et ale (1983), increased variabi lity in both 

Ri and Zo were noted. Gradient Rj tended to be larger in 

absolute value, with some exceeding the assumed critical value of 0&20. 

Thus, the bulk formulation for Rj was used exclusively. 
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Table 1. The number of qual ifying minisonde profi les from a total of 
2000 as a function of selection criteria. a 

Min. Height Lapse Rate. 

a 

b 

(m) (OC/100m) . Date Qual if~jng Profi les 

200 -1 + 0.5 All 33 

200 -1 + 0.5 1977 18 

150 <0 All 37 

150 -1 + 0.5 All 20 b 

150 -1 + 0.5 1977 6 

150 -1 + 0.25 All 15 

150 -1 + 0.1 All 9 

150 -1 + O. 1 1977 3 

Additional criteria app lied to all subsets were: 

(i) wind speed at lowest level (about 50 m) greater than 
5 ms- 1. , 

(ii) wind speeds monotonically increasing with height; 
(iii) wind direction variation less than 15°; 
(iv) temperature within + 1°C of the temperature derived for 

that level from the-mean I inear lapse rate; and 
(v) wind speed within + 1 ms-1 of the wind speed derived 

for that level from the mean logarithmic profi Ie. 

Finally selected criteria. 



Table 2. Calculated roughness lengths for qualIfying mfnlsonde i les. 

Profile RJa 
Xl0-2 

WI nd Zo 
DirectIon Neutral 
(0 ) (m) 

___________ ~ with dfabatlc correction (m) 
No 

Displacement 0lS2c OISl 

Lower Syncrude 

1 
2 
3 
4 
5 
6 

-0.015 
-0.21 

0.78 
0.65 

-1.7 
0.20 

-2800 
-2400 

23 
150 

-120 
730 

14 
359 
211 
292 
342 
281 

4.0 x 10-4 
2.7 
0.18 
1.0 
0.62 
0.59 

4.0 x 10-4 
2.8 
0.15 
0.94 
0.78 
0.57 

4.0 x 
2.8 
0.093 
0.64 
0.78 
0.38 

4.0 x 
2.8 
0.053 
0.41 
0.78 
0.24 

4.0 x 
2.8 
o. 12 
o. 78 
0.78 
0.47 

Syncrude Site 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

-0.14 
-0.29 
-0.40 
0.95 

-0.52 
0.078 

-0.30 
-1.2 
-0.23 
-0.39 
-1.2 

-64,000 
-26,000 
-19,000 

9,100 
-18,000 
120,000 
-26,000 

-7700 
-39,000 
-23,000 

-7,700 

146 
242 
158 
149 
115 
110 
229 
267 
281 
277 
258 

26 
9.7 
8.6 

14 
2.5 x 10-3 
5.3 
8.6 

n 
1.1 

12 
8.7 

26 
9.8 
8.7 

13 
2.9 x 10-3 

5.2 
8.7 

12 
1.2 

12 
9. 1 

26 
7.7 
8e7 

13 
2.9 x 10-3 
5.2 
6.9 
7.5 
0.56 
7.9 
5.9 

26 
5.9 
8.1 

13 
2.9 x 10-3 

5.2 
5.2 
4.2 
0.21 
4.4 
3.3 

26 
8.7 
8.7 

13 
2 9 x 1 
5.2 
7.8 
9.4 
0.83 

10 
7.5 

a RI and L are Richardson Number and Monln-Obukhov length, respectively. 

b 

c 

OISl reters to the applIcation of physically reasonable displacement heIghts as a function of 
directIon. The assumed displacement heights for Lower Syncrude are 5 m for the wind dIrection range 
(150°, 340°) and zero elsewhere. The assumed displacement heIghts tor the Syncrude site are 5 m for 
(180°, 250°), 10 m for (250°, 20°), and zero elsewhere. 

DIS2 and DIS1/2 reter to times 2 and times 1/2 those assumed displacement heights 

N 
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Whi Ie diabatic effects were very sma I I, terrain effects on 

minisonde profi les were larger. At Lower Syncrude, profi Ie 6 could 

have been inf luenced by the valley wall located about 1 km westward, 

espec i a I I Y cons i der i ng the apparent I y stab Ie bou n dary layer. It 

appears to be the only profi Ie at Lower Syncrude for which displacement 

heights were I ikely significant. 

At the Syncrude site, winds blowing over the plant could have 

been affected by the increased roughness and might have experienced a 

displacement height. Physically reasonable displacement heights 

reduced the Zo estimates by an average of about 15%. Calculating 

estimates of the displacement heights from the data was considered 

inappropriate based upon the probable error of the estimates as 

discussed in Section 5. 

A summary of average Zo estimates by release location is 

presented in Table 3. Because of large variations in Zo (several 

orders of magnitude), both arithmetic and logarithmic averages are 

presented. Arithmetic averages of Zo were near 1 m at Lower Syncrude 

and near 8 m at Syncrude with smal I differences among estimates using 

neutral, diabatic and displacement height effects. Arithmetic 

differences in Zo between the two sites were large and were of the 

same order as the standard deviations. Site-to-site variations in Zo 

were also large when logarithmic averages were used. It is evident 

that Zo values from the selected profi les at Syncrude had less 

variabi I ity than at Lower Syncrude, as indicated by the relatively 

smal I difference between arithmetic and logarithmic averages at the 

Syncrude site and by the ratio of standard deviations to arithmetic 

averages. Logarithmic averages of Zo at Syncrude were near 4 m. It 

should be noted that the use of standard deviations does not imply 

normally distributed Zo values at either site; rather, the standard 

deviations give an indication of the variabi I ity of the data. 

Spatial differences in Zo between the two sites were 

evaluated using the non-parametric Mann-Whitney U test. This test 

makes no assumptions about the distribution of the Zo values, ranking 

the values from highest to lowest. Very large or very smal I values of 

the statistic U imply a separation of the ordered values and indicate a 



Table 3. Average roughness length estImates by release location. 

a 
b 
c 

Number 
CrIteria of Neutral No Displacement 

Values ( m) 

ArIthmetIc Averages of Zo 

Lower Syncrude 6 0.85 (0.97)a 0.87 (0.92) 
Syncrude 11 9.5 (6.6) 9 .. 6 (6.6) 
Syncrude wTth dIrectIons ( 1 80, 20)b 6 8.5 (3.5) 8.8 (3.6) 
All prot i I es 17 6.5 (6.7) 6.5 (6.8) 

Logarithmic Averages of Zo 

Lower Syncrude 6 0.20 0.20 
Syncrude 11 4.0 4 .. 0 
Syncrude with dIrectIons ( 1 80, 20) 6 6 5 7.2 
All prof i les 17 1 .6 1 .4 

Bracketed values are standard devIations. 
(180, 20) indicates wind directIon from the sector 180 0 through 360 0 to 20°. 
As Tn DIS1, Table 2. 

Displacement 

0.78 (0.94 
8. 1 (6.6) 
6 1 (2.6) 
5.5 (6.4) 

.;:-

O. 16 
3 .. 3 
4.7 
1 1 
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difference between the population distributions. Using sample sizes of 

6 and 11 for Lower Syncrude and Syncrude, U values of 6 and 60 were 

found. Using the lower of the values, U = 6, as the test statistic 

(Seigel 1956) the one-tai led Mann-Whitney U test indicates that Zo is 

smaller at Lower Syncrude than at Syncrude, at the 1% level. 

Wind direction dependencies were also investigated, but no 

differences were found. A larger data set is I ikely required to 

reso I ve th j·s. 
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5" 01 ------------------------------------------
su risingly large values of presented 

in Section 4 are discussed below in terms of uncertaint es in the 

estimates, comparisons with other sites, independent 

measurements n the oi I sands area, and a possible stabl Ii 

5,,1 UNCERTAINTIES IN THE ESTIMATES 

from other 

The most probable error ( of) of a derived parameter (F) 

which is a functfon of Xi constituent measurements is given 

for example, Baird 1962): 

of = { 

(see, 

( t 5 ) 

lying this formal methodology to the roughness length estimates is 

comp! lcated by the least squares fitting of profi les and by the highly 

non-I inear effect of velocity perturbations on the Zo estimates. 

An alternative procedure presented by Blanc (1983) involves 

expl icit calculation of the parameter F tor the error estimates ot 

Xi- His procedure is especially convenient for computer-based 

analysis since the error perturbations can be treated by the same code 

used for the actual data analysis. Blanc's perturbation approach is 

given by: 

N 
of = {2: (0 

i =1 

2} 1/2 
r ) 

( 16) 

where Fxi is the value of F calculated for a positive perturbation 

of the Xi constituent measuremente For this appl ication, F= Zoe 

Constituent measurements were wind speed, temperature di and 

ba i loon he i ghte 
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A "base case" w as chosen and both pos it i ve and negat i ve 

perturbations were appl ied. The base case was defined as having 

profi Ie measurements at 50, 100, and 150 m with U(50) = 5 ms- 1 and 

a neutral lapse rate. The uncertainty estimates were calculated for 

Zo values of 1, 5, and 10 m (from which the wind speeds at higher 

elevations were computed). Wind speed uncertainties were 20% and 

temperature and bal loon height uncertainties were taken as 10% (from 

Nettervi I Ie and Ojurfors 1979). Table 4 presents a summary of results 

for Zo = 5 m and a range of wind speed perturbations; Table 5 

presents uncertainties for a range of Zoe Uncertainty estimates 

detai I ing the contributions to the total probable error of individual 

measurements (wind speed, height, and temperature lapse rate) are given 

in the appendix. These estimates indicated that errors in wind speed 

were dominant for wind speed perturbations larger than about 5%. 

For wind speed perturbations of 5 to 30%, the total probable 

error in Zo (from Table 4) is shown to range from 4 to 24 m, for an 

initial Zo of 5 m. A factor of six variation in the perturbation 

results in a factor of six variation in the probable Zo error. The 

error in Zo is sensitive to wind speed perturbation. 

For wind speed perturbations of 20% and initial Zo ranging 

from 1 to 10 m (Table 5), the range in Zo error was much smaller. In 

fact, in the Zo range from 1 to 10 m, the error was nearly constant 

at 11 m. This was expected since the wind speed component error 

appears to dominate and the wind speed perturbation was held constant. 

Note, however, that the error in In Zo did not remain constant but 

decreased with increasing In Zoo 

Roughness length estimates in Tables 2 and 3 can be compared 

to error estimates in Tables 4 and 5. Standard deviations of Zo 

(from Table 3) ranged from 4 to 7 m with most near 7 m. Probable 

errors in Zo (from Table 4) ranged from 3.7 m (5% wind speed 

perturbation) to 24 m (30% wind speed perturbation); a standard 

deviation of 7 m corresponded to a perturbation of about 13%. That 

th is va I ue .( 13%) is I ess than the 20% error suggested by Dav i son and 

Leavitt (1979) and by the 0u/U analysis suggests that careful 
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Table len uncerta i i mates as a function of 
rbation in U(Z) for neutral i les with U(50} = 5 ms- 1 

Total error is the total Ie error assumi 
In dence of consti errors. Uncertai 
differences in metres from Zo = 5 m (for Zo). 

estimates are 

U(50) 1 @ 2 3 5 6 .. 7 9 .. 4 0 .. 36 0 .. 73 1 .5 2 .. 0 

un 00) 0.35 1 .. 4 6,,2 14 0 .. 066 0 .. 25 0 .. 80 1 .. 3 

U(150) 1 .. 7 3.2 4 .. 7 16 ° 33 0,,60 0,,55 1 .. 4 

Errors due to 
Z and dT / dZ 
( 10% pertu r-
bation) 2.7 2.7 2.7 2.7 0.,60 0 .. 60 0.60 0.60 

Total error 
in Zo (m) 
or InZo 3,,7 5,,7 1 1 24 0 .. 78 1 • 1 1 .9 2.9 
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Table 5. Roughness length uncertainty estimates as a function of Zo 
for neutral profi les with U(50) = 5 ms- 1 and 20% perturbation 
in U(Z). Total error is the total probable error assuming 
independence of constituent errors. Uncertainty estmates are 
differences in meteres (for Zo) from indicated Zo values). 

Zo In Zo 

Perturbed Zoim) Zo(m) 
Parameter 5 10 5 10 

U(50) 4.3 6.7 7.5 2.2 1 .5 0.83 

U ( 100) 7.9 6.2 5.0 2.1 0.80 0.41 

U(150) 9.5 4.7 6. 1 2.3 0.55 0.51 

Errors due to 
Z and dT/dZ 
(10% perturbation) 1 .3 2.7 3.2 5.4 0.60 0.31 

Total error in 13 1 1 11 6.6 1 .9 1 • 1 
Zo(m) or InZo 



selection of candidate i les he i to reduce ap errors in 

measurement. The scatter in estimates in Table 3 can I Y be 

accou nted for reasonable uncertainties in i Ie measurements 

5 .. 2 COMP AR I SON OF VALUES MEASURED AT OTHER SITES 

The estimates from this stu can be to va! ues 

in other ionse For example, Korrell et al@ (1982) anal i Ie 

data between 10 and 50 m from the Boulder 300-m instrumented tower" 

This site is reasonably flat with terrain slopes near and low 

vegetation with occasional trees and houses within a radius of about 

3 km. Zo was found to be direction-dependent with values ranging 

from 4 to 35 cm. Ming et al. (1983) analysed profi les at three towers 

in New England. At one site, surrounded tal I and irregular trees in 

rol ling terra in, Zo va I ues ranged from to 11 m based on data at 46 

and 99 m. At a second site, in forest and rol I ing farmland, 

values were near 1 m (21, 46, and 99 m measurements), whi Ie at a third 

site, with water, woods, farmland and bui Idings in different 

directions, Zo varied from less than 1 cm to about 250 cm (10, 43, 

and 114 m measurements). 

5 3 THE IMPLICATION OF DISSIPATION MEASUREMENTS ON 
ROUGHNESS LENGTH 

Independent supporting evidence for the existence of 

relatively large Zo can be found in height-dependent turbulent 

dissipation values measured in the Athabasca Oi I Sands area. 

Typically, the dimensionless dissipation rate EO decreases rapidly 

with height near the surface and then is approximately constant within 

the convectively mixed layer (see, for example, Kaimal et al. 1976); 

The dissipation rate is given by: 

where 

E = turbulent energy dissipation; 

T = mean temperature; and 

= surface kinematic heat flux. 

( 18 ) 
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A constant S D requ ires s to increase with he i ght as T decreases. In 

the oil sands area, however, Davison and Grandia (1979) found s near 

plume level on clear sunny days to consistently decrease with height. 

They concluded, therefore, that mechanical mixing was important at 

plume heights even in the presence of significant surface heat fluxes. 

Venkatram (1980), on the other hand, suggests that large surface heat 

fluxes in the oi I sands area imply that free convection should occur 

frequently. These two pieces of evidence can be reconci led if Zo is 

large. In that case, so would decrease with height as surface 

effects are observed at higher levels, and therefore free convection 

would not be expected to occur frequently even with large heat fluxes. 

5.4 A POSSIBLE STABILITY DEPENDENCE FOR ROUGHNESS LENGTH 

The application of (large) Zo values from this study to air 

qual ity model I ing studies in the Athabasca Oi I Sands area requires 

clarification. In sl ightly unstable conditions the data indicate Zo 

values ranging from 1 to 8 m. These values seem reasonable when the 

contribution to Zo from form drag is important. In this case Zo 

will be represe1tatlve of conditions over a wide area (up to a 

ki lometre or more) including the effects of small terrain features. 

The appl ication of a large Zo is more uncertain in stable 

conditions for several reasons. First, air tends to flow around 

obstacles rather than over them, causing a decoupling of the air from 

the surface and therefore a situation in which elevated winds are not 

determined by the underlying terrain. Second, air qual ity model 

sensitivity studies in the area by Davison et ale (1981b) suggest Zo 

to be of the order of 0.5 to 1 m, neglecting dependence on stabi I ity. 

The use of Zo ~ 8 m would introduce minor changes in their estimated 

GLC values in unstable conditions but would impose a large, systematic 

bias to large GLC values in stable conditions. Finally, the number of 

stab I e prof i I es ana lysed in th is study was too sma II and the resu Its 

were too variable to suggest a new Zo estimate in stable conditions. 

The net result in stable conditions is suggested to be a smaller value 

of Zo since the effects of form drag are reduced. 
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The results of this stu su that when form drag is an 

determinant of the rou s Ie may be a function 

of stab! Th s could occur because, whi Ie the ground cover 

component of Zo is expected to vary! ittle with stabi I i the 

effects of form mi ght be to substant allye 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

Roughness lengths were calculated from profi les of minisondes 

released in the Athabasca Oi I Sands area from 1975 to 1979. A rigorous 

selection process to obtain wei I-behaved wind and temperature profi les 

resulted in only 20 suitable profi les at two sites from an original 

database of about 2000 minisonde releases. 

Based on measurement levels typically near 50, 100~and 150 m, 

mean values of Zo were found to range from 1 m at Lower Syncrude to 

8 m at the Syncrude plant site. The Mann-Whitney U test showed these 

differences to be significant at the 1% level. These Zo values were 

comparable to other values in simi lar terrain quoted in the literature 

and were consistent with height-dependent dissipation rates measured in 

the area. No differences with wind direction were found. It was 

suggested that Zo may be stabi I ity-dependent in terrain where form 

drag is important, such that, in stable conditions, the effective 

roughness length is much sma! ler due to the decreased effectiveness of 

form drag. 

An error analysis showed that the observed variations in the 

Zo estimates were simi lar to the estimated uncertainties in the 

constituent measurements. It was also shown that uncertainties in the 

wind values were much more important for Zo calculations than 

uncertainties in the bal loon height or in the temperature gradient. 

6.2 RECOMMENDATIONS 

1. It is recornmen ded th at Zo be determ i ned from pr of i I es 

from the 150 m tower located at Lower Syncrude. The 

tower prof i I es shou I d prov i de a I arger data base than the 

minlsondes and should have smal ler associated measurement 

errors (especially wind speed). The tower data analysis 

would emphasize Zo calculation in sl ightly unstable 

conditions and should provide Zo estimates 

representative of conditions in the Athabasca River 

va I ley. 
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2 It is recommended that a catalog ot values be 

comp i led for Alberta. Th is task would inc! u de 

synthesiz ng values where ex i st and ca I cu I at i ng 

them from existing i Ie data in regions where tower or 

other herlc sounding data are avai lable An 

instrumented research aircratt ml be used in areas 

where no i Ie data exist. The catalog is recommended 

because ot the spatial and stabi I i dependence ot Zo 

suggested the results ot this stu 
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8. APPENDIX 

8.1 ROUGHNESS LENGTH UNCERTAINTY ESTIMATES 

This section documents the contributions to total probab e 

error of the individual constituent i Ie measurementse Ie 

errors for <differences from the original value) are in metres. 

The overbar indicates the mean of a positive and negative perturbation 

for a single parameter@ The total probable error in Zo and In Zo 

is given at the bottom of each table. 



29 

Table 6. Roughness length uncertainty estimates for Zo = 5 m, 
U(50) = 5 ms- 1, and a neutral profi Ie. 

Perturbed Perturbation 
Parameter % 8Zo i 8Zo i 81 nZoi 81nZoi 

U (50) -20 8.9 1 • 1 
U (50) +20 4.4 6.7 2. 1 1 .5 
U ( 100) -20 6.7 0.86 
U ( 100) +20 5.6 6.2 0.74 0.80 
U ( 150) -20 0.39 0.081 
U ( 150) +20 9. 1 4.7 1 .0 0.55 

Z (50) -10 1 .4 0.33 
Z (50) +10 1 • 7 1 .6 0.30 0.31 
Z ( 100) -10 0.068 0.013 
Z ( 100) +10 0.058 0.063 0.012 0.012 
Z ( 150) +10 1 .2 0.21 
Z ( 150) +10 0.86 1 .0 o. 19 0.20 

dT/dZ -10 2.6 0.72 
dT / dZ +10 1 .3 1 .9 0.22 0.47 

8 Zo = 11 

6 I nZo = 1.9 
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Table 7 Rou Ie uncertai estimates for :;:: 1 m 
U(50) :;:: 5 ms- and a neutral lee 

Perturbed Perturbation 
Parameter % 8Zoi oZai oln o InZo 

U (50) -20 7.7 2. 1 
U (50) +20 Oe96 4.3 2.3 2.2 
U ( 100) -20 9.2 2.3 
U ( 1 00) +20 6.5 7.9 2 0 2" 1 
U ( 1 50) -20 12 2.5 
U (150) +20 7 5 9.5 2. 1 2.3 

Z (50) 10 0.41 0.48 
Z (50) 10 0.58 0.49 0.44 0.46 
Z (100) -10 0.048 0.044 
Z (100) +10 0.038 0.043 0.037 0.040 
Z ( 150) -10 0.41 0.33 
Z ( 1 50) +10 0.26 0.34 0.28 0.31 

dT /dZ -10 1 • 1 10.0 
dT / dZ +10 1 .2 1 • 1 0.75 5.4 

o Zo :;:: 13.0 

o I nZo:;:: 6.6 
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Table 8. Roughness length uncertainty estimates for Zo = 10 m, 
U(50) = 5 ms- 1, and a neutral profi Ie. 

Perturbed Perturbation 
Parameter % oZoi oZoi o InZoi 81nZo i 

U (50) -20 8.6 0.62 
U (50) +20 6.5 7.5 1 .0 0.83 
U ( 100) -20 5.7 0.45 
U ( 1 00) +20 4.4 5.0 0.36 0.41 
U ( 150 ) -20 3.2 0.38 
U ( 150) +20 9.0 6. 1 0.64 0.51 

Z (50) -10 2.3 0.26 
Z (50) +10 2.7 2.5 0.23 0.25 
Z ( 1 00) -10 0.014 0.0014 
Z ( 1 00) +10 0.010 0.012 0.0010 0.0012 
Z ( 150 ) -10 1 .6 o. 15 
Z ( 150) +10 1 .3 1 .5 O. 14 0.14 

dT/dZ -10 1 .6 0.18 
dT/dZ +10 0.87 1 .3 0.083 o. 13 

8 I nZo = 1 • 1 
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Table 9. Roughness len uncertai estimates tor = 5 m, 
U(50) ::: 5 ms- and a neutral ie~ 

Perturbed Perturbation 
Parameter % 0 01 oln 

U (50) -5 1 .. 9 0.33 
U (50) +5 1 @6 1 ,,8 o 40 0 .. 36 
U ( 100 ) -5 0.27 0 .. 053 
U ( 1 00) +5 0.42 0 .. 35 0.080 0.066 
U (150) -5 1 .. 5 0.34 
U ( 1 50) +5 1 .9 1 " 7 0.32 0 .. 33 

Z (50) -10 1 .. 4 0.33 
Z (50) +10 1 7 1 ~ 6 0 .. 30 0.31 
Z ( 100 ) -10 0.068 0 .. 013 
Z (100) +10 o 058 0 .. 063 0.012 0.012 
Z ( 150) -10 1 .2 0.21 
Z ( 150) +10 0.86 1 0 o 19 0&20 

dT/dZ -10 2.6 0.72 
dT/dZ +10 1 .. 3 1 .9 0.22 0.47. 

o Zo ::: 3.7 

o I nZo::: O. 78 
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Table 10. Roughness length uncertainty estimates for Zo = 5 m, 
U(50) = 5 ms-1, and a neutral profi Ie. 

Perturbed Perturbation 
Parameter % aZoi aZoi alnZoi a InZoi 

U (50) -10 4. 1 0.60 
U (50) +10 2.9 3.5 0.87 0.73 
U (100) -10 1 .4 0.24 
U ( 100) +10 1 .5 1 .4 0.26 0.25 
U ( 150) -10 2.3 0.60 
U ( 1 50) +10 4.2 3.2 0.60 0.60 

Z (50) -10 1 .4 0.33 
Z (50) +10 1 • 7 1 .6 0.30 0.31 
Z ( 100) -10 0.068 0.013 
Z (100) +10 0.058 0.063 0.012 0.012 
Z ( 150 ) -10 1 .2 0.21 
Z ( 1 50) +10 0.86 1 .0 O. 19 0.20 

dT /dZ -10 2.6 0.72 
dT/dZ +10 1 .3 1 .9 0.22 0.47 

a Zo = 5.7 

a I nZo = 1. 1 
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Table 11 Rou s len uncerta es imates tor 5 m, 
U(50) = 5 ms- and a neutral i Ie. 

Perturbed Perturbation 
Parameter % aZoi aZoi oln aln 

U (50) -30 14.0 1 3 
U (50) +30 4.7 9.4 2.7 2.0 
U ( 100) -30 17.0 1 ,,5 
U ( 1 00) +30 12,,0 14.0 1 e 2 1 3 
U ( 150) -30 19.0 1 ,,6 
U ( 150 +30 14.0 16.0 1 .3 1 ., 4 

Z (50) -10 1.4 0.33 
Z (50) +10 1 • 7 1 .6 0.30 0.31 
Z ( 100) -10 0.068 0.013 
Z ( 1 00) +10 0.058 0.063 0.012 0,,012 
Z ( 150) -10 1 .. 2 0.21 
Z ( 150) +10 0.86 1 .. 0 O. 19 0 .. 20 

dT/dZ -10 2.6 0.72 
dT / dZ +10 1 .3 1 .9 0.22 0.47 
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L!ST OF AOSERP RESEARCH REPORTS 

AOSERP fi rst annual report, 1975. 

Walleye and goldeye fisheries investigations in the Peace­
Athabasca Delta--1975. 

Structure of a traditional basel ine data system. 1976. 

A preliminary vegetation survey of the AOSERP study area. 1976. 

The evaluation of wastewaters from an oi 1 sand extraction 
plant. 1976. 

Housing for the north--the stackwal1 system; construction 
report--Mildred Lake tank and pump house. 1976. 

ft. synopsis of the physical and biological limnology and fishery 
programs within the Alberta oi 1 sands area. 1977. 

The impact of sal ine waters upon freshwater biota (a 1 iterature 
revie~ and bibliography). 1977. 

A prel iminary investigation into the magnitude of fog occurrence 
and associated problems in the oil sands area. 1977. 

Developnent of a research design related to archaeological 
studies in the Jo.thaD2sca oj 1 sands area. 1977. 

Life eye Ie:: of S001e common aquat i c insects of the Athabasca 
River, Alberta. 1977. 

Very high solution meteorological 
weather: Ita feasibility stud,/i. 

sate 11 i te study of oi 1 sands 
1977. 

P 1 u me dis per s ion me a sur e me n t s fro man 0 i 1 san d sex t rae t ion pIa nt, 
f-Alarch 1976. 

None publ i shed. 

sands area. 
or lo;,-level air trajectories In the .t.lberta oil 

1977. 

Th e f e a 5 i b iIi t 'yO 0 f Co VJ eat her r a dar n ear For t t< c h u r ray, f..;, 1 be r t a . 
1977. 
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