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A STUDY OF THE VARIATION OF THE SURFACE ROUGHNESS
LENGTHS AT RIS, DENMARK

I. INTRODUCTION

The laws for the velocity distribution within the lower part of

the planetary boundary layer (PBL) have been verified experimentally.

In the case of neutrally stratified (adiabatic) flow over homogeneous

terrain, the wind profile is logarithmic (Appendix A):

u = (u/K)1n(z/z0) (1-1)

where u* is the surface friction velocity, is von Karman's constant,

and is the surface roughness length.

The surface roughness length is not only a boundary condition

for Equation 1-1 but also the length scale for the surface layer. Un-

fortunately, there is as yet no a priori way to precisely determine it

without recourse to experiment.

Numerous careful boundary layer studies such as the Wangara

expedition (Clarke et al.,, 1971) have shown that it is possible to

accurately compute z0 from Equation 1-1 at a homogeneous site.

By averaging many observations over broad direction sectors,

Slade (1969) was able to compute z0 at a very inhomogeneous site.

This success was encouraging since no well instrumented operational

tower is located at a completely homogeneous site.
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In the last two years considerable work has been done on the ten

year record from the micrometeorological tower of the Danish Atomic

Energy Commission (AEK) at Ris, Denmark (Panofsky and Petersen,

1972; Petersen and Taylor, 1973; Carl et al., 1973; Peterson, 1974a).

This site with its complex terrain seems especially interesting for

studying profiles over inhomogeneous terrain; however, the results

have been contradictory. Peterson computed z0ts significantly lower

than either Panofsky and Petersen or what would have been expected

from the physical description of the site (Appendix C). Petersen and

Taylor, using the method of Panofsky and Petersen, reported unex-

pectedly low values of z0 for the sea surface in one sector.

The objectives of this study are threefold:

1. To determine whether or not Slade's hypothesis can be applied to

the operational data from the Risl tower.

2. To investigate further the apparently conflicting results of Peter-

son with those of Panofsky and Petersen.

3. To determine the precision to which the surface roughness lengths

can be estimated at Ris.
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II. LITERATURE REVIEW

The bulk of the literature on surface roughness lengths has been

published since 1960. Laikhtman (1961) attempted to synthesize what

was then known about the physics of the planetary boundary layer.

He concluded from the results of many studies that z0 is proportional

to the average dimensions of the individual roughness elements with

a constant of proportionality varying from 1/5 to 1/100. A small

constant of proportionality is usually associated with small, well-

streamlined roughness elements and a large constant with large,

angular ones.

Laikhtman also summarized the little known results of T. A.

Ogneva (1955) who studied the explicit dependence of the surface

roughness length on stratification. Ogneva used a dimensionless

stability parameter, E , where E = E (z0/L). is a function of

z0/L because this is the only possible non-dimensional combination

of the surface layer parameters L, u*, and z0 Neutral stratification

occurs when E 0, stable stratification at E >0, and unstable stratifi-

cation at E <0. Figure 1 shows Ognev&s unexpected result -- sur-

face roughness decreasing with increasing stability. This could be

explained away as the result of an inadmissible extrapolation from

the velocity profiles but Laikhtman had a physical interpretation of

this effect which is illustrated by Figure Z. This figure shows how
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Figure 1. Roughness length non-dimensionalized by the roughness
length for neutral conditions versus the stability para-
meter, E After Laikhtman (1961).
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Figure 2. The effect of the roughness elements on the structure of
the flow near the ground for (a) stable, and (b) unstable
conditions (u = 0 at z = z0). After Laikhtman (1961).



the breakup of the flow in the vortices near the height z=z0 is con-

nected with the flow over individual roughness elements resulting in

u=0 at z=z0, This breakup is hampered by stable conditions and

therefore takes place in a relatively thin layer (Figure Za); on the

other hand, non-stable conditions contribute to a much larger layer

(Figure Zb).

Tanner (1963) summarized the existing rules of thumb that could

then be used to determine the fetch and sampling height requirements

from wind profiles over effectively homogeneous terrain:

1. The highest instrument level should not exceed approximately

1/50 of the upwind distance from significant discontinuities in

surface structure, (A fetch of at least 2, 000 m would be required

to meet this requirement at Ris. )

2. The downwind distance that the influence of obstacles such as rows

of trees, buildings, etc. , is felt is at least eight times the height

of the obstacle and this distance should be added to the fetch

requirements.

3. After a minimum fetch of 10 m, Elliott's (1958) equation can be

used:

= 0.75 x 0,8 (h and x in cm) (2-1)

For a height, ô of 2 m, the required fetch would be 1080 m.



Dyer (1963) calculated the fetch requirements for 90% adjust-

ment of the temperature and humidity profiles over a discontinuity

in surface temperature and humidity (e. g., a coastline) without

considering the further complication of a roughness discontinuity.

His results are summarized by the following table.

Table 1. Values of fetch and height for 90% adjustment of profiles.
After Dyer (1963).

Height (m) Fetch (m) Fetch-height ratio

0,5 70 140
1 170 170
2 420 210
5 1350 270

10 3300 330
20 8100 405
50 26500 530

Monteith (1963) has summarized the changes in z0 with wind

speed for surfaces covered with vegetation as follows:

1. For vegetation with small leaves, leaf drag
coefficients decrease with wind speed fast enough
to offset the effect of leaf flutter; z0 decreases with
wind as observed in grass, lucerne, and beans.

2. Drag on larger leaves is dominated by the effects
of flutter, and streamlining is unimportant at normal
wind speeds; z0 increases with increasing fluttering
and hence with wind speed as observed for maize.

3. For leaves of intermediate size, z0 increases with
wind speed. in the region of leaf flutter, but decreases
at higher wind speeds in the region of streamlining as
observed for wheat and rice.
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OTBrien (1964) studied 337 neutral profiles using data from two

mobile micrometeorological stations near Dallas, Texas. The neutral

c'rofiles were selected by the temperature lapse rate below 5 m, and

the surface roughness lengths were determined from the least squares

fit to the four data points below 5 m. The use of these four points

from the layer closest to the surface instead of all eight available

points resulted in less dispersion in the estimates of z0, After e1im

mating special cases of low wind speed and extremes of stability,

O'Brien found that the variations of z0 could be explained as a function

of the seasonal variation in the size of the surface roughness elements

and were not a function of wind direction or speed except in one sector

which felt the effects of an obstacle 100 yards upstream. The magni

tudes of the surface roughness for this site agreed with the results of

previous investigators for grass covered sites (Appendix C).

Kitaygorodskiy and Volkov (1965) reanalyzed all available data

on the surface roughness height over a sea surface and were able to

account for the large variation in the observed roughness lengths.

Their results are summarized by Figure 3.

Plate and Lin (1966) simulated neutral profiles in a wind tunnel,

Their data showed rather large changes of z0 with stratification;

however, since they did not need to specify z0 explicitly, this

variation was not investigated. They argued that there was no reason

to assume that z0 is affected by thermal stratification since it is
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determined by the flow closest to the ground where stratification has

essentially no effect on the flow field. This argument is no longer

reasonable in view of the theoretical advance by Tennekes (Appendix

A).
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Figure 3. Dependence of ln(z0) on surface friction velocity for (1) an
aerodynamically smooth wall, and (2) sea surface. After
Kftaygorodskiy and Volkov (1965).

Lettau (1969) has approached the problem of estimating z0 based

on a visual inspection of the site and measurement of characteristic

roughness elements. He proposed the following equation:

z0 = 0.5 hs/S (2-2)

where h is the effective obstacle height, s is the silhouette area of

the average obstacle, and S is the specific area (cm2/roughness



element). Lettau used this equation a priori to estimate the roughness

length for the field study at Davis, California, in 1967. His value

agreed with the a posteriori calculation from the profile data to within

an order of magnitude.

Slade (1969) analyzed 1965 and 1967 data from a TV tower

which was situated in rough, irregular terrain near Philadelphia.

The area surrounding the tower was covered with trees, fields, and

a variety of residential structures. All instruments were above

12. 2 m and the data was automatically averaged over ten minute

periods. Neither the number of neutral profiles nor the method of

selecting individual neutral profiles was published; however, it can

be inferred that these were selected on the basis of the temperature

lapse rate alone. The surface roughness length ranged from 22 cm

for the southerly sector to 3. 1 m for the northerly sector and were

what could have been predicted from a visual inspection of the site

(Appendix C). His results are as follows:

1. Extrapolating from the 12. 23O. S m segment of the profile re-

sulted in a z0 twice as large as that computed from the profile

segment 30. 5-61. 0 m in the southerly sector, but there is no

significant difference in the northerly sector.

2. Averaging over a broad direction sector made it likely that the

flow in the lee of any one obstacle would not unduly affect the

average profile.
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3. The concave down curvature in the southerly neutral profiles may

be evidence of a complex internal boundary layer structure.

4. The wind speed profiles at an irregular site differ quite radically

depending on the local upstream terrain.

5. Technique and concepts developed for the PBL over regular

terrain seem to be applicable in a deep layer over quite rough and

irregular terrain.

6. It may be possible to obtain representative wind profiles in highly

irregular terrain by averaging many observations over a broad

direction sector,

Blackadar etal. (1969) analyzed data from a 150 m meteoro-

logical tower on Merritt Island at the Kennedy Space Center which was

situated three miles from the Atlantic Ocean in a well-exposed area

free from the interfering effects of nearby structures. There was

considerable azimuthal variation in the roughness elements, which

included homogeneous sectors with low vegetation, sectors with 200

or 450 m fetches of low vegetation running into forests, and one sector

with a body of water after a 225 m fetch of low vegetation. The low

vegetation was l-lm talI and the trees were l0..l5 m tall. The

stability was determined from a gradient Richardson number computed

from a form of Equation 3-9. The surface roughness was computed

for 176 cases from the equation for the nonstable wind profile and

then categorized as near-neutral or unstable. Their results are as
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follows:

1. The roughness determined from a near-neutral wind profile is

more reliable than the one obtained from an unstable profile.

This is due to the uncertainty in the gradient Richardson number.

2. There is some scatter of in every sector, but the roughness

length is independent of stability and wind speed.

3. The z's in this study were compatible with those previously com-

puted by Fichtl (1968) for the same site.

4. Large variation in the gradient Richardson number yield similar

values of roughness length.

5. Computing z0 from an averaged wind profile minimizes the effects

of errors attributable to sensors and calculation techniques.

6. The determination of z0 is generally most accurately done from

the two or three lowest levels of observation.

Echols (1970) studied the effects of a coastline on the boundary

layer wind structure with a 32 m tower 90 m inland from the upper

Texas coast. The terrain was a flat and very homogeneous coastal

marsh overgrown with marsh and salt grasses varying in height from

10 to 45 cm. Two days' data from June 1968 were analyzed. On

these days there were long periods of steady onshore flow nearly

perpendicular to the shoreline. Measurements were made at five

heights between 1 m and 27 m. Neutral profiles were selected

primarily on the basis of Deacon number. The results are as follows:
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1. The mean profiles were bent concave up with a kink at about 6. 7 m

which was interpreted as the top of the internal boundary layer

formed by the onshore flow.

2. Nighttime roughness values were somewhat higher than the day-

time values.

3. The roughness of the water surface as computed from the tower

data above the kink was very small (0. 0001 to 0. 0003 cm).

4. The roughness of the beach was computed from the tower data

below the kink and was in agreement with what could have been

expected from the physical description of the site.

Sanders and Weber (1970) analyzed April through July data from

a TV tower in a relatively undeveloped area near Oklahoma City. The

terrain was gently undulating open fields and pastures. Wooded areas

with trees 15-25 ft tall were confined to shallow gullies, drainage

areas and ponds. The nearest trees were 100-500 ft SSE of the tower.

The three lowest sensors were mounted at 7. 0, 44. 5 and 90. 2 m.

The authors selected 128 neutral cases by Richardson number. No

details of the selection process are given, but it can be inferred that

some form of Equation 3-9 was used. Their results are as follows:

1. Since the lowest anemometer height was 7 m, the inclusion of a

zero plane displacement would needles sly complicate calculations

without improving the estimate of z0
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Z. The 7 m wind speed was the most difficult to fit to a logarithmic

profile; in any case, the evaluation of the roughness length is

uncertain because averaged profiles are seldom perfectly straight

lines. Extrapolation from the lowest two levels resulted in

unrealistically large roughness lengths, so it was necessary to use

a least squares fit to the lowest three data points.

3 The mean values of were similar to the typical values for

similar surface conditions.

4. The sample sizes were too small to give a high degree of confi-

dence in the mean value. The range was about one order of

magnitude.

Sadeh etal. (1970) simulated neutrally stratified flow in a wind

tunnel in order to study the effects of high roughness elements in the

form of a model forest canopy with constant aerial density and little

variation in the height of the individual roughness elements.

After the flow encountered the increased roughness at the lead-

ing edge of the canopy, three distinct regions developed. First

appeared transition region 15 to 0 roughness heights wide, then a

region of fully developed flow wherein both the mean velocity and the

longitudinal turbulence intensity exhibited a state of relative equili-

briurn, and lastly a region of relatively small velocity increase

caused by the change from rough to smooth which èxtendedaboutfive

roughness heights downstream from the trailing edge of the canopy.
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The velocity decrease characteristic of the flow field entering

the region with high roughness elements extended to more than two

roughness heights above the canopy, but its horizontal extent was only

ten roughness heights downstream. This rate of decrease diminished

with height above the canopy.

In the region of fully developed flow above the canopy where the

wind profile was reasonably logarithmic, Sadeh found variation of

z and u with height contradicting the assumption of constant shear

stress,

Laboratory pipe flow studies have shown that, when the rough-

ness elements are 0. 8-6. 7% of the boundary layer thickness, z and

u:, are invariant with height. Sadeh showed that for roughness heights

of 15% of the boundary layer thickness, z0 and u* are variables. This

is reasonable in view of the derivation in Appendix A.

Although the logarithmic wind profile is only strictly applicable

to the region where z/z0 oo it is often applied to regions closer

to the ground. Van Hyickarna (1970) studied the region above a

homogeneous fetch of saitcedar (z/z07) with interesting results.

A dense thicket of saltcedar exists in the flood plane of the Gila River

near Buckeye, Arizona. The saltcedar was about 3 m tall, the fetch

was 200 i-n in the prevailing wind direction and 100 m in the other

directions, Instead of determining stability by the Richardson number,

he used the stability ratio:
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R (T11 - T5)/u (2-3)

where the subscripts refer to the height of the observation in meters.

He found:

1. The roughness lengths increased with increasing stability as

shown in Figure 4.

2. Roughness lengths increased with increasing wind shear in the

4-7 m layer.

3. In 90% of all observed cases, the wind profiles in the first eight

meters above the top of the saltcedar can be represented by the

simple logarithmic Equation 1-1.

.

-J

(I)

[.1:1

Ii

50 100 150 200
ROUGHNESS LENGTH z0 (cm)

Figure 4. Roughness length versus stability ratio. After van
Hylckama (1970).



16

Seginer et al. (1973) studied the interaction between atmospheric

flow and windbreaks, two-dimensional porous roughness elements, in

a field study in Israel. Gradient Richardson numbers were computed

at the height of the windbreak (Z. 0 m) from the derivatives of the wind

and temperature profiles at that level. Values of were then com-

puted from the logarithmic wind profile as well as for several diabatic

models, and z0 was found to depend on stability, irrespective of how

it was computed. The scatter of z near neutrality was relatively

small, and the z0 computed from the logarithmic relationship showed

the largest scatter, but this data was easiest to extrapolate to neutral

conditions. The z determined in this manner was estimated to be

within 50% of the true value.



17

III. RICHARDSON NUMBERS

In order to compute the surface roughness lengths from Equa-

tion 1-1 it is essential to be able to select neutral profiles. Batchelor

(1953) has shown that the Richardson number is the sole governing

parameter for the class of flow systems consisting of low Mach

number motion in a frictionless atmosphere in which the pressure

and density everywhere depart by only a small fraction from the values

for an equivalent atmosphere in adiabatic equihbrium and in which the

vertical length scale of the velocity distribution is small compared to

the scale height of the atmosphere. In doing so, he established that

equality of Richardson numbers is the sufficient condition for dynamic

similitude, verifying the empirical conclusions of Deacon (1949) and

Pasquill (1949r).

The gradient Richardson number is defined as:

Ri = (gle) { (ae/az)/(aulaz)2 ] (3-1)

where g is the acceleration due to gravity, 0 is the potential tempera-

ture, e is the mean potential temperature of an adiabatic atmosphere,

and u is the horizontal wind velocity. This form of the Richardson

number is used in applied meteorology because it can be readily esti-

mated from profile variables.



Swinbank and Dyer (1968) used the simplest method of computing

this parameter in their analysis of the Kerang data from the 1962-

1964 CSIRO expeditions:

Ri (g/91) [(z2-z1)(02-01)/u2-u1)2] (3-2)

where the layer (z1, z2) is the lowest layer with both temperature and

wind speed measurements. This method was also used by Browne

etal. (1970) in a study of the effects of terrain irregularities at a site

in north central Arkansas.

Lettau (1957) has developed what seems to be the most frequently

used method for making these computations, Using the transforma-

tions:

(3-3
8z ölnz

6u (3-4)
az ölnz

he defined his quasi1ocaF' Richardson number as:

Ri(z1, z) = Zgz1 (82-01)ln(n)/T2(u2-u1)2 (3-5)

where = (z1 z2)h/2 is the geometric mean height1, T2 1/Z(T1+T2)

1The geometric mean is used because the logarithm of the geo-
metric mean is the arithmetic mean of the logarithms of the
individual heights.



is approximately the mean temperature for the layer, and where

n = z2/z1.

The simplest formulation of Equation 3-5 is given by Webb

(1965). If Q, N and Ri are defined as:

Q = (02-01)/(u2-u1)2

N = 9.8lziln(z2/zi)/O

then: Ri(z1 = NQ

(3-6)

(3-7)

(3-8)

19

Except for variously approximating Oi) by (T2_T1) orG by

T for the layer, this method has been used by such investigators as:

Webb (1970), Fichtl and McVehil (1970), Hanna and Panofsky (1969),

and Blackadar etal. (1969).

Hanna and Panofsky (1969) have also suggested a method for

computing the Richardson number between z and the first annemo-

meter height:

1
Fz1J/(uj-u0)2 IRi(z0, 1) = (g/T) (T -T ) +

(3-9)
(z1z)21n(z1z)

where T is the mean temperature in the layer (z0, z1), T0 Is the

temperature at z0, z1. (z1-z0), u0 0, and z0 is estimated from a

visual inspection of the site itself.
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A. similar method was developed by Peterson (1974):

Ri(z1) = (g/O)z1 [ln(z1/z0)2/(u1)2] 00 (3...l0)
0lnz

where is the slope of the least squares fit to the potential tern-
alnz

perature profile in the lowest four tower levels, 9 is assumed to be a

constant 280°K, z1 is the height of the first anemometer. At Rise

was 7 m and z1/z0 Was assumed tobe 100. Peterson argued that

this departure from the s.tandard method (Equation 3-8) was necessary

lest the profile selection be biased in favor of large wind shear in the

z1-z layer resulting in too large an estimate for z0

Following Peterson (l974a), the Richardson number for this

study was computed from:

1/2Ri(z0 i) (g/G)(z1z0) (fin(zi/zo)] 2/(u1) 80 (3-11)
8 lnz

where 0, the mean potential temperature for the layer (z z ), was01
estimated by the potential temperature at 2 m; z1 is the 7 m height;

and z0 is estimated to be 10 cm. This 10 cm estimate is the average

of the roughness lengths found by Panofsky and Petersen (1972) in their

analysis of the Ris$ data. The geometric mean for the layer (0. 1 m,

7 m) is 0. 84 m.

It is more precise to use the geometric mean because, as Paul-

son (1970) has shown, the following equation holds for any profile van-

able, F:
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F2F1
(zizz)2(z1zz)

ln(zi/z) (3-12)

This expression is rigorous for logarithmic profiles and "for F

with observation heights of 0. 5 and 16 m (Kerang data), the error is

6%. If in addition = then the error involved in approxi-

mating the gradients at the geometric mean height with this finite

difference scheme is insignificant (Dyer, 1971).

A.s in previous studies, the effects of water vapor have been

assumed to be negligible. This buoyancy effect is known to be im-

portant over the ocean, in which case the lapse rate of virtual potential

temperature is incorporated in the Richardson number via the trans-

formation:

1 e rael
0 ® LJ mod

where:

(3-13)

(3-14)

Webb (1965). Over land Morgan et al. (1971), in their analysis of the

Davis data were able to use the virtual temperature in the computation

of the Richardson number; however, such precision is not possible in

an analysis of the Ris$ data.

For neutral stability the Richardson number is identically zero;

however, in practical applications it is necessary to assign a finite
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interval to this critical value. Without explaining the rationale behind

their choice, previous investigators such as Panofsky and Petersen

(1972) have used ± 0. 005 to define the limits of the neutral case when

the Richardson number is computed between 7 m and 23 m. 2 Hanna

and Panof sky (1970) and Deacon (1953) have shown that a linear

extrapolation of a Richardson number gives an acceptable approxima-

tion; therefore, in this study, the limits of ± 0. 005 were scaled down

to ± 0. 00035.

2Webb (1970) used + 0. 006 for a Ri evaluated at a geometric
mean height of 1. 6 and 2, 0 m. Oliver (1971) used ± 0.003 at a
geometric mean height of 20. 5 m.
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IV. TEST OF THE METHOD OF SELECTING NEUTRAL
PROFILES AT A HOMOGENEOUS SITE

In 1967 the Wangara expedition to Hay, N. S. W., Australia,

resulted in the acquisition of high quality rnicrometeorological data

for the description of the PBL. The Hay area was generally flat and

covered with low vegetation. Station Number 5 at Hay was situated

near the center of a large field with almost no vegetation except for

patches of cotton bush (maximum height 41 cm) about 1 km to the east.

The nearest group of large trees was along the Murrumbidgee River

5 km south of the site.

Wind profiles were measured at 1, 2, 4, 8, and 16 in above the

surface. Temperature differences were measured between 1 and 2

and 2 and in. Forty days data were collected. Each hourly obser-

vation was a 30 minute hour centered average.

Clarke etal. (1971) carefully selected 42 neutral and near-

neutral profiles primarily on the basis of the temperature gradient.

If the upper portion of the profile departed from linear, then z was

computed from only the lower portion of the profile. In either case

his was found from fitting Equation 1-1 to the data; the resulting

average z0 was 0. 12 + 0. 01 cm (the correct procedure is to average

the values ô the ln(z0). No significant dependence of z on wind

direction was found.
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For this study 36 of Clarke's neutral profiles were reanalyzed

by extrapolating from the 8-16 m layer to compute ln(z0). Six of

Clarke's neutral profiles were excluded -- three because they were

centered on the half-hour and not in the published data, and the other

three for the reasons cited below. The results are presented in

Table 2.

Two methods for selecting neutral profiles were tested. Method

I was chosen to be as analogous as possible to the method used both in

this study and by Peterson (l974a). Profiles were selected (without

reference to wind direction) on the following bases:

1. No temperature or wind data could be missing (this excluded one

of the profiles used by Clarke).

2. The 8 m wind speed had to be greater than 2. 5 mps (this excluded

two more of the profiles used by Clarke).

3. Wind speed increased with height between 8 and 16 m.

4. For the segment of the profile between 1 and 16 m,

aQ/alnz ±0/ ±J.nz where the finite differences were computed over

the 1-4 m layer.

5. The Richardson number was computed from Equation 3-11 with

z0 equal to 1.2 mm and 0 Tsfc.

6. Neutral cases were accepted if the Richardson number was within

-i- 0. 00035 of zero. These were the same limits that were used on

the Ris$ data for the 0-7 m layer.
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7. The ln(z) was computed by extrapolating from the 8-16 m layer.

Method II was the same as Method I except that the Richardson

number was computed from Equation 3-12 adapted to the 8-16 m layer

(geometric mean height of 11.3 m) with a tolerance on the neutral

Richardson number of ± 0. 0065. In using the wind shear in the 8-16 m

layer, Method II approximates the method of Panofsky and Petersen

which used Equation 3-8.

Table 2 compares these three methods of selecting neutral

profiles for the computation of z0 Method I missed 19 of the 36

neutral profiles selected by Clarke et al. (1971) and Method II missed

33. Clarke's mean profile (for the 36 profiles discussed here)

resulted in a z0 very close to the previously published value. The

values of the ln(z) extrapolated from the 8-16 m level were well

behaved. The dispersion was fairly small, the cumulative normal

distribution was nearly linear, and the data were not significantly

skewed. However, the departure of the kurtosis from normality was

significant at the 90% level (two sided Geary's test).

In general Methods I and II agree to within one order of magni-

tude; however, Method I agrees best with Clarke's results. The dif-

ferences between Methods I and II are as follows:

1. The z0 computed for the Method I mean profile is in good agree-

ment with the results published by Clarke et al. while the z0 Lrom

Method II is not.
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Table 2. Comparison of the Wangara neutral profiles selected by
various methods.

Clark Method I Method II

No. of profiles 36 35 6

Mean 4 m wind (mps) 6. 43 6. 18 5. 14

Mean 8 m wind (mps) 7. 06 6. 75 5. 60

Mean 16 m wind (mps) 7.61 7.27 6.08

Coefficient of linear 0. 9992 0. 9997 0. 9999
regre ssion

z0 from mean
profile (cm) 0. 116 0. 10 0.25

Average z0 (cm) from
individual profiles 0. 35 0. 55 1. 24

Std dev of from
individual profiles 0 88 0 26 1 93

Average ln(z0) -7.21 -7.48 -6.31
(z in cm) (0. 074) (0. 056) (0. 18)

Std dev of ln(z0) 1.90 2.71 2.94

Range of ln(z0) 7. 86 14. 40 7. 34

Skewness of ln(z) 0.02 -1. 15 0..40

Kurtosis of ln(z0) 2.27 5. 80 1. 57
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2. Method II selects far fewer cases than either of the others although

Method II cases were a subset of those from Method I.

3. Method I selects higher wind speed profiles than Method II.

4. Although both methods give mean profiles which appear to be

straight lines when plotted on semi-logarithmic graph paper, the

regression coefficient shows that the mean profile from Method II

is slightly straighter.

5. For Method I the dispersion in the data was smallest and the

average ln(z0) was very close to that of Clarke.

6. Method II results in slightly larger roughness lengths supporting

Peterson's (1974a) argument against this method, but both methods

agree to within one order of magnitude.



V. DATA AND SITE DESCRIPTION

The Research Establishment Rise of the Danish Atomic Energy

Commission is located on the Ris$ peninsula 6 km north of Roskilde,

Denmark (Figure 5). This tongue of land consists of low rolling hills

bounded by the irregular coastline of Roskilde Fjord. The largest oro-

graphic feature within 1000 m of the tower is a 10 m bluff on the

Veddelev peninsula about 800 m southwestwards (Figure 6).

The 123 rn meteorological tower is located about 100 m north-

wards from the closest shore on a low, smooth hill 6. 5 rn MSL clut-

tered with buildings and trees. The instruments are mounted on booms

poirting southwest. Ambient air temperature measurements are taken

at eight heights above the tower's base: 2 m, 7 m, 23 m, 39 m, 56 m,

72 m, 96 m, and 125 m; the wind speeds are measured at seven

heights starting at the 7 m level; wind direction measurements are

taken at 7 m, 56 m, and 125 m; and lastly, moisture is measured

at 2 m and 125 m. The topmost instruments are mounted directly

above the tower. Panofsky and Petersen (1972) have published a corn-

plete description of the Rise tower, its configuration and instrurnen-

tati on.

Except for occasional instrument malfunctions, continuous ten

year records (3/58 - 12/67) exist on nine channel magnetic tape in

Burrpughs B6500 hexidecirnal format, These data were transcribed
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by Ris$ personnel from strip charts and consist of ten minute averages

centered on each hour. The wind directions were measured to the

nearest ten degrees; the wind speed was recorded to the nearest 0. 5

mps from 1958 through 1963 and to the nearest 0. 1 mps from then on.

The temperature data are estimated to be accurate to within ± 0. 10C;

however, Peterson (1974) detected a systematic error in the tempera-

ture measurements of 0. 4°C per 100 m for the years 1963 through

1967. The necessary temperature correction was included in the data

reduction for this study.

w

InnA .,'

Figure 6. Map of Ris$ and vicinity.

E
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VI. REDUCTION OF THE OBSERVATIONS

Panofsky and Petersen (1972) separated the data into 11 wind

direction groups (Table 3). Observations were excluded under these

conditions:

1. If any wind direction, speed, or temperature was missing.

2. If the 7 m wind speed was less than 2, 5 mps.

3. If no two wind directions fell within the range of wind directions

specified for a particular group.

Each profile was then averaged over three consecutive hours in

order to smooth the data. Within each group the profiles were segre-

gated into five Richardson number categories using Equations 3-6

through 3-8. This scheme of analysis was also used by Petersen and

Taylor (1973).

Peterson (1974a and 1974b) separated the data into several

classes (Table 3). He excluded observations under the following

conditions:

1. If any wind speed or temperature was missing.

2. If the 56 m wind direction was missing.

3. If the 7 rn wind speed was less than 2. 5 mps.

4. If the wind speed did not increase to at least 39 m.

5. If the wind speed decreased with height above 39 m.

6. If the temperature changed by more than + 0. 5 C between layers.



Table 3. Comparison of the values of z found by previous investigators at Rise.

Panofsky and Petersen Petersen and Taylor Peterson

Number of Number of Number of

Direction Distance in m to: profiles profiles Direction profiles

Class Group deg*: water far shore averaged z0 in cm averaged z0 in cm Class Deg averaged z0 in cm

A 1 81-101 --- --- 49 7

2 101-121 --- -- 51 1

3 121-141 300 600 77 5 77 5

4 141-161 l00** 700** 42 6 42 6 A 85-225 364 0.03

B 5 161-191 100 900 53 10 53 10

6 191-211 200 600 77 2 78 2 B 185-225 142 0.053

7 211-241 300 700 255 12 286 13

8 241-271 300 2500 505 30 --- --- C 225-245 113 2. 3

C 9 271-301 300 6500 458 22 605 22 D 245-265 161 7.6

10 301-331 280 5500 185 28 256 28 E 225-005 455 5.5

11 331-001 280 4500 68 5 79 5

* Corrected for the 40 error found by Peterson (1974a)

** Islands in the water

()
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7. If both the average lapse rate in the lowest 39 meters and the

overall lapse rate were not within ± 0.2 C per 100 m of the

adiabatic lapse rate.

Neutral profiles were then selected by Richardson number using

an equivalent form of Equation 3-10. Peterson did not average the

profiles over three consecutive hours because the boundary layer is

rarely stationary over such a long period of time.

For this study of the variation in the surface roughness lengths,

it is only necessary to characterize the profiles on the basis of the

lowest 39 meters in order to insure the accurate computation of z0.

This approach minimizes the complications caused by the upstream

variation of the roughness, the change of stress with height, and the

buoyancy effects. The data were separated into eight wind direction

groups using the 7 m wind direction (Table 4).

These groups were selected in a way which roughly balances

the need for large numbers of neutral cases against the irregularity

of the terrain and the desire to have some basis for comparison with

the previous investigations (Figure 7).

At Risq the instruments are on booms extending outward from

the tower towards the southwest. Dabberdt (1968) has shown that

decreases of wind speed of up to 35% are possible downwind of a

triargular tower with a perimeter three times as long as the pen-

meter of the Risj tower and that the velocity defect area extends



Table 4. Comparison of the values of z (from ten year mean profiles) found by previous investigators and those of this study.

This gtudy** Peterson Panoisky and Petersen

Number of Number of Average distance
Sector Neutral Neutral in so to
Deg Piuf lies Group Profiles Near shore* z0 in cm in cm z0 in cm in cm z0 in cm

85-95 144 1 614 --- 0.66 --- 4

95-105 157

105-115 162

115-125 151

125-135 177 2 527 235 0.002 --- 5.3
135-145 224
145-155 126 0.04 0.034

155-165 102 3 322 100 0.003 --- 9

165-175 63
175-185 57
185-195 100

195-205 134 4 502 235 0.018 0.05 5.3

205-215 189

215-225 179

225-235 235 S 972 300 0.77 0.77 2.3 2.3 12

235-245 737

245-255 252 6 1293 300 7.53 7.6 28

255-265 170

265-275 446
275-285 425

1

285-295 324 7 713 290 10.06 7. 13 --- 6.3 25

295-305 179

305-315 130

315-325 80

325-335 74 8 350 280 2. 14 --- 12

335-345 92
345 -355 82

355-OOS 102

* Estimated from Panofaky and Peterson (1972)
** Mean profile was averaged over all Speed categories
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Figure 7. Map of RisS area showing Panofsky and Petersen's Classes
A, B, and C and the direction groups 1-8 of this study.
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through a 600 sector. To avoid these complications, profiles were

excluded if the 7 m direction was between 0050 and 08 5°. Observa-

tions were also excluded if any of the following conditions occurred:

1. If any temperature or wind speed was missing between 2 m and

39 m.

2. If the 7 m wind direction was missing.

3. If the 7 m wind speed was less than 2. 5 mps.

4. If the wind speed did not increase with height to at least 39 m.

5. If the corrected temperatures between 2 m and 39 m varied by

more than ± 0. 5 C between levels.

This last condition was first imposed by Peterson (1974a) to help

filter out erroneous temperature measurements since a careful

examination of the Risó data shows that there is normally little varia-

tion in the temperature between layers. Within each direction group

the profiles were separated into stable, neutral, and unstable cate-

gories using Equation 3-il with the lapse rate of potential temperature

computed from the slope of the least squares fit to the semi-logarith-

mic plot of the lowest four potential temperatures. Ri Category 1 is

the stable case, Ri Category 2 neutral, and Ri Category 3 unstable.

Within each stability category, the profiles were further segregated

into three wind speed categories according to the 7 m wind speed.

Category 1 wind speed is from 2. 5 mps to 7. 5 mps; Category 2 is

from 7. 5 mps to 12. 5 rnps; and Category 3 is for 12. 5 mps and above.
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Vu. TEN YEAR MEAN PROFILES

Figure 8 shows the ten year mean neutral profiles averaged

over all speed categories. These profiles are all distinctly concave

down instead of being linear as predicted from the theory for flow

over homogeneous terrain (Equation 1-1), The standard deviations

of the wind speeds are rather large (from about 0. 5 to 1.7 mps), and

except for the Group 5 profile, they can all be straightened well within

the 99% confidence intervals for the mean wind speeds. Unfortunately,

previous investigators did not publish anything except mean wind

speeds, so it is impossible to compare distributions.

Curvature of a profile concave down normally indicates a stable

case (Figure 9). However, such curvature was expected after the

results of Peterson (l974a). Figures 10 and 11 show the comparison

between the mean profiles selected by the method of Peterson and

those selected by the method of Panofsky and Petersen. As previously

noticed by Peterson, the Panofsky and Petersen method selects pro

files biased in favor of higher than average roughness lengths since

it selects for high 23 in wind speed and low 7 in wind speed. This

results from making the selection based on the following Richardson

number:

Ri = (.conSt)(ee)/(uu)z (7-1)
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Figure 8. Ten year mean profiles averaged over all wind speeds. Horizontal bars with brackets

indicate the standard deviation. Horizontal bars with parentheses indicate the 99%
confidence intervals for the mean wind speeds.
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conditions, plotted against a logarithmic height scale. (a) illustrates three cases having
the same value of u*, so that the three curves have the same slope at small heights.
(b) illustrates three cases with the same wind speed at some reference height z1.
After Webb (1965).
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which has the square of the 7-23 m wind shear in the denominator.
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Figure 10. Ten year mean profiles selected by Peterson's method
(open circles), Panofsky and Petersen's method (closed
circles) (Both after Peterson, l974a), and current study
(crosses).

In this study the Richardson number was computed as follows:

Ri (const) ae
G alnz

(u7-u02 (7-2)

If computation of the Richardson number necessarily requires

bias in favor of large wind shear in some layer, then it is best to have

the large shear in the z0-7 m layer as is illustrated by the following

simplified example of flow over a smooth fjord moving onto a rougher

coast (Figure 12). This figure depicts neutrally stratified flow over
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Figure 11. Comparison (by superposition) of the curvature of the ten
year mean profiles selected by Peterson's method (open
circles) and by Panof sky and Petersen's method (closed
circles). (Both after Peterson, 1974a).

U Equilibrium

ROUGHNESS I; u4=u1 o ROUGHNESS 2; u*-+u.2

Figure lZ. Schematic of the simplest inhomogeneity problem - a
singular one-dimensional change in surface roughness.
(After Wyngaard, 1973).
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the smooth surface of the fjord encountering the coast resulting in a

step change in surface roughness at x 0. For fully turbulent flow

with an eddy length scale of , the structure of the turbulence responds

to this change with a characteristic time scale of i/u. This results

in the development of an internal layer within which the flow is still

adjusting to the change in surface roughness. Further inland and

below the internal layer is an equilibrium layer within which the flow

is once again in equilibrium with the surface.

The height of the equilibrium layer can be estimated by:

= 0. Olx (7-3)

and the height of the internal layer by:

= 0. 75x° 8 (7-4)

Equation 7-3 agrees both with the laboratory data of Antonia and Lux-

ton (1971) and the model calculations of Peterson (1969). Although

Equation 7-4 is from the simple model of Elliott (1958) it is substan-

tially in agreement with the later, more sophisticated models (e. g.,

Peterson, 1969). The Ris$ tower is from 100 to 300 m from the shore

(Table 3); therefore, the equilibrium layer should be about 1 to 3

meters thick while the height of the internal layer should vary between

25 and 55 meters.
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In view of the terrain complication it should be best to compute

the Richardson numbers from Equaticn 7-.2 so that no data used in the

computation will come from the layer dominated by the roughness,

humidity flux and heat flux of the fjord.

Surface roughness lengths were computed from the ten year

mean profiles (Figure 8) using the following three possible methods:

(1) extrapolating from the 23.-39 m layer, (2) extrapolating from the

7-23 m layer, and (3) using a least squares fit to the 7, 23, and 39 m

winds. The results are presented in Table 5.

The roughness lengths computed from the 23-39 m layer are

rather large and would be roughly comparable to the results of Panof-

sky and Petersen (1972) were it not that the values of for Groups 2

and 3 are an order of magnitude too low for consistency.

The least squares fit gives intermediate values of but there

is no reason to expect that the results will be improved by averaging

data from different types of boundary layers. Only in Group 5 is the

result interesting; here the least squares fit gives good agreement

with Petersoxlts z0.

Both the 7 m and the 23 rn levels should be within the internal

layer where the flow is at least partially influenced by the surface

characteristics of the peninsula. The ten year mean surface roughness

lengths for the two broad sectors are in good agreement with those

computed by Peterson (l974a). The direction groups with the largest



Table 5. Comparison of roughness lengths computed from the ten year mean profiles by (1) extrapolating from the 7 and 23 m :heights,
(2) extrapolating from the 23 and 39 m heights, and (3) fitting a least squares fit to these three heights.

Least Peterson Panofsky & Petersen
7-23 rn 7-23 m 23-39 m Squares (1974) (1972)*

ln(z0) ln(z0) ln(z0) ln(zo) ln(zo) ln(zo)

Group (z0incm) (z0incm) (z0incm) (z0incm) (z0incm) (z0incm)

1 -5.03 -2. 86 -4.37 -3. 23
(0.66) (5.70) (1.27) 1\ (4.0)

2 -10.83 -5.23 -8.72 -2.94
(0..002) (0.54) (0.02) (5.3)

-1. S -7.99

(0.04), (0.03)
3 -10.41 -5.82 -8.82

I
-2.41

(0.003)
1

(0.30) (0.02) (9.0)

4 -8.63 -3.30 -6.85 -2.94
(0.02) (3.69) (0.10) (5.3)

5 -4.87 -4. 87 -1. 78 -3. 78 -3, 77 -2. 12

(0.77) (0.77) (16.8) (2.28) (2.30) (12.0)**

6 -2.59 -1.51 -2.31 -1.27
(7.53) (22.0) (9.98) (28.0

7 -2. 30 -2. 64 -1. 51 -2. 10 -2. 76 -1.39
(10.1) (7.13) (22.0) (12.2) (6.30) (25.0)

8 -3.85 -2.31 -3.41 -2.12
(2.14) (9.96) (3.29) (12.0)

* Estimated for these direction groups
** Peterson (1974b) computed 14. 5 cm using Panofsky and Petersen's method



45

roughness elements (Groups 6, 7, and 8) had the smallest change in

the magnitude of z0 when computed from this layer rather than the

Z3-39 m layer. This trend was also noted by Slade (1969).

Figures 10 and 13 compare the ten year mean profiles from

Groups 1-4, 5, 5-8 (Peterson's Classes A, C, and E). The most sig-

nificant difference between the results of this study and the Peterson

study is the increase in the mean square 7 m wind speed of 49%, 66%

and 6Z%, respectively. This increase is consistent with the limits

placed upon the neutral Richardson number in each study. Peterson

(1974a) accepted neutral cases when the Richardson number was within

+ 0. 005 of zero; however, for this study, the acceptable tolerance was

reduced to ± 0. 00035.

The anomalous behavior of the Group 5 profile is unexplained.

This sector is distinguished by a fairly long relatively unobstructed

fetch to the near shore and then a long over water fetch (Figure 14).

Figure 14 shows the azimuthal distribution of surface roughness

lengths computed from the ten year mean profiles. The pattern is one

of high roughness lengths in the sectors dominated by the influence of

buildings and the other larger roughness elements on the Ris penin-

sula but of anomalously low roughness lengths in the sectors with a

pronounced double chaige of terrain
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Figure 13. Ten year mean profiles selected by Peterson's method
(open circles), Panofsky and Petersen's method (closed
circles) (Both after Peterson, 1974b), and by this study
(crosses).
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Figure 14. Map of Risq showing the azimuthal distribution of surface
roughness lengths. Roughness lengths in Groups 1-4 are so
small as to be off scale.



VIII. ANNUAL AND SEASONAL VARIAT1O OF THE
SURFACE ROUGHNESS LENGTHS

Figures 15 through 22 show the variation in the surface roughness

lengths for each group. These z0 values were computed from the mean

annual profiles. Each annual profile is made up of at least two mdi-

vidual neutral profiles. The realization for the Category 3 winds is

often broken because of an insufficient number of high speed profiles.

The autocorrelations of the ln(z0) for wind Categories 1 and 2

are plotted in the inserts to Figures 15 through 22. The autocorrelo-

grams all show pronounced periodicities except for those for Groups

6 and 7 which have the closest resemblance to those of purely random

and stationary data (Figure B-1(b)). In general, the autocorrelograms

suggest that the surface roughness is a periodic function of the long

term weather patterns. However, the visual appearance of the auto-

correlation functions for short time series can be deceptive and large

periodicities can exist even in "white noise.

The realizations themselves are quite remarkable and the results

unexpected. The data vary over several orders of magnitude and, in

general, the roughness lengths decrease with increasing wind speed.

The realizations for Groups 6 and 7 are the best behaved and, from

1961 through 1967, they are the most in keeping with what could have

been expected from previous work in this area.
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Table 6 summarizes the statistics for this data, There is a con-

sistent trend towards decreased roughness lengths with increased wind

speeds except in Group 8 (325-005°) where there is a slight increase in

the mean roughness length between wind speed Categories 1 and 2.

Unfortunately, the dispersion in these data is so large that this trend

is not statistically significant except in Group 1 (85-125°) and Group 3

(155-195°). In these groups the difference in the mean wind speed

between Categories 1 and 3 is significant at the 99% level. A decrease

in roughness lengths with increasing wind speed is consistent with the

known characteristics of surfaces covered with certain types of vege-

tation; however, previous experimental data indicated a range in the

values of ln(z0) of about 2. 3 for a mean ln(z0) of -3. 0 (Monteith, 1963).

Tables 7 and 8 show the variation of z0 with stability for wind

speed Categories 1 and 2, respectively. Although the large dispersion

in the data prevents any trend from being statistically significant, these

data suggest that there is a rather large decrease in z0 between the

stable and the neutral case but little further decrease in z0 between

neutral and unstable, The greatest overall change in surface roughness

with stability occurred in Groups 1 and 4 which are most directly

influenced by a double change of terrain. For speed Category 1 pro-

files (Table 7) there is a very small increase in z0 from neutral to

unstable in Groups 2, 3, 4, and 8. Panof sky and Petersen (1972) noted

no decrease in z0 for the slightly unstable ten year mean profile (all



Table 6. Statistics for annual mean values of ln(z0) computed from
neutral profiles for each wind speed category.

10 Year Mean
(Standard Deviation)

Group Wind Cat 1 Wind Cat 2 Wind Cat 3

1 -4.42 -7.18 -13.93
(2.58) (3.61) (8.70)

2 -10.25 -11.92 -16.04
(5. 44) (5. 66) (7. 51)

3 -11.69 -14.77 -22.63
(7.29) (8.24) (7.04)

4 -8.04 -10.39 -15.08
(3.13) (3.85) (8.12)

5 -4.74 -5. 68 -7.44
(1.97) (1. 99) (3. 19)

6 -2.22 -3.63 -4.94
(1.30) (2.36) (3.26)

7 -2. 16 -2.77 -5. 08
(1.30) (1.54) (4.42)

8 -5.04 -4.83 -6.96
(2.27) (2.45) (3,36)
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Table 7. Statistics for annual mean values of ln(z0) computed from
wind speed Category I profiles for each Richardson number
category.

10 Year Mean
(Standard Deviation)

Group Stable I\Teutral Unstable

1 -2.47 -4.42 -4.81
(1.45) (2.58) (2.72)

2 -3.65 -10.25 -10.15
(1.86) (5.44) (5.07)

3 -4.80 -11.69 -11.65
(2. 14) (7. 29) (9. 02)

4 -3. 84 -8. 04 -7. 83
(1.37) (3.13) (3.35)

5 -3.23 -4.74 -4.86
(1. 12) (1. 97) (2. 12)

6 -1.55 -2.22 -2.57
(0.90) (1.30) (1.41)

7 -1.26 -2. 16 -2.37
(1. 13) (1. 30) (1. 33)

8 -3.19 -5.04 -4. 12
(2.09) (2.27) (1.76)



Table 8. Statistics for annual mean values of ln(z0) computed from
wind speed Category 2 profiles for each Richardson number
category.

10 Year Mean
(Standard Deviation)

Group Stable Neutral Unstable

1 -6.85 -7. 18 -8. 07
(3. 02) (3. 61) (3. 62)

2 -7.83 -11.92 -13.89
(3. 74) (5. 66) (5. 89)

3 -10.42 -14.77 -16.92
(4. 69) (8. 24) (9. 78)

4 -8.01 -10.39 -10,76
(4.31) (3,85) (4.37)

5 -4. 53 -5. 68 -5. 63
(2. 04) (1. 99) (2. 65)

6 -3. 11 -3, 63 -3.25
(1.89) (2.36) (2.10)

7 -2. 23 -2.77 -2. 66
(1.54) (1.54) (1.30)

8 -4. 07 -4. 83 -4. 93
(2. 62) (2. 45) (2. 12)
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speeds) in his Class B (GroupsZ, 3, and 4) but a significant decrease

in Class A (Group 1) and a small decrease in Class C (Groups 6, 7,

and 8), The variation of z0 with stability is generally consistent with

the results of van Hylickama (1970); however, his variation in z0

between stable and neutral was a 50% decrease and between neutral and

unstable a 100% decrease for a z of 1 m for the neutral case,

Table 9 shows the variation of z0 over the seasons. As expected

the relatively high roughness lengths occurred in summer and autumn

to coincide with the seasonal cycle of vegetation growth. In Groups Z,

3, and 4 the largest roughness lengths occur in the winter which leads

to speculation that occasional freezing of the narrow portion of Ros-

kilde Fjord south of the tower results in a significant change in the

structure of the internal boundary layer over a double change of

terrain.
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Table 9. Statistics for the ten year variation of seasonal mean values
of ln(z0) computed from neutral mean seasonal profiles and
then averaged over all speed categories.

10 Year Mean
(Standard Deviation)

Group Spring Summer Autumn Winter

1 -6. 22 -4.49 -5. 28 -5. 57
(1,77) (1. 47) (4. 13) (4. 51)

2 -11.47 -11.29 -12.39 -8.64
(5.97) (5.52) (8.03) (10,53)

3 -12.52 -11.83 15,47 -10,82
(10.97) (9.37) (10.75) (8.94)

4 -11.08 -9.42 -9.96 -7.39
(6. 62) (4. 34) (6. 89) (4. 24)

5 -4. 68 -5. 13 -4. 82 -5. 49
(3.31) (2.21) (2.55) (2.45)

6 -2.95 -2.90 -2. 56 -3. 19
(2.13) (2.32) (1.86) (3.34)

7 -2.84 -2. 56 -2. 17 -3, 15
(1.86) '(1,54) (1.46) (2.40)

8 -5. 58 -4. 90 -4. 41 5. 92
(4.31) (2.94) (3.21) (6,83)
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IX. CONCLUSIONS

During the planning stage of this study, it was assumed that a

ten year record would result in a definitive characterization of the

roughness lengths at Rise. Even if the non-equilibrium flow resulted

in roughness lengths which were unrealistically small, it was expected

that these z0s would at least be well behaved. However, this was not

the case, and it appears impossible to estimate with any confidence

the surface roughness lengths even from many mean profiles.

Until a better method of selecting equilibrium profiles is devel-

oped, estimates of surface roughness at Ris$ will have to be made on

the basis of empirical equations relating aerodynamic roughness to

the roughness element density and height.

The principal virtue of the results of Panofsky and Petersen

(1972) was that their estimate of the z0's were reasonable in view of

the physical description of the site. However, in lieu of a more de-

tailed analysis of the variation of z0 when computed by their method,

their results should be considered fortuitous rather than accurate.:

The conclusions of this study are then threefold:

1. Averaging many neutral profiles over broad direction sectors does

not always succeed in filtering out the effects of terrain inhomo-

geneities and Slade's hypothesis falls at a site as complex as the

Ris site.



Z. Panofsky and Petersents large roughness lengths are apparently

due to a method of selection which chooses only a small number of

neutral profiles with large wind shear in the 7-23 m layer.

3. The roughness lengths at Ris$ cannot be determined to within one

order of magnitude using normal profile techniques.
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APPENDIX A

Derivation of the Logarithmic Wind Profile

The planetary boundary layer can be subdivided into four distinct

layers each of which is governed by different physical conditions.

Platte and Lin (1966) describe each layer as follows:

1. The viscous sublayer near the wall where the mechanism for

momentum exchange is entirely viscous.

2. A buffer region adjacent to the viscous sublayer in which both

the viscous and the turbulent exchange processes are of similar

magnitude.

3. The inner turbulent layer (surface layer) extending over the inner

15 to 20% of the boundary layer in which the shear stress is essen-

tially constant.

4. The outer layer which extends to the edge of the free stream and

in which buoyancy effects exceed shear effects.

Originally the logarithmic law had been derived by von Karman

arguing from the local similarity of the profiles and shortly thereafter

by Prandtl using the concept of mixing length (Schlicting, 1968).

The most elegant and rigorous derivation to date is found in

Blackadar and Tennekes (1968), Tennekes and Lumley (1972), and

Tennekes (1973) and is based on asymptotic similarity arguments.
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Asymptotic similarity may be defined as scale-ratio
independence of the large-scale description and of the
small-scale description in nondimensional forms,
chosen such that all functions remain finite as the
independent parameter increases beyond limit.

The Navier-Stokes equations for the motion of an incompressible

fluid with constant molecular viscosity, , are:

a1 -1 ap au1
(A-i)- +uj =

5; + X 8

where viS the kinematic viscosity, v p , and , j are the

instantaneous pre s sure and velocity, respectively.

Under a Reynolds decomposition (i. e., = U + u, = P + p,

etc. ), the equation for the time-averaged mean flow becomes the well

known Reynolds momentum equation:

+zS.- pi7) (A-2)

where is the Reynolds stress tensor and Sj is the mean rate of

strain tensqr, [1/2(Li + )j.
aX 8xj

For atmospheric flows with a Cartesian coordinate system fixed

to the earth so that it is rotating relative to an inertial reference frame

with zero translational acceleration and the x1, x2 plane tangent to the

earth so that the z axis is along the local vertical at latitude , the

Reynolds momentum equation becomes:
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= + ZS. .p }_E iji3 (A-3)

where g is the effective gravity along the local vertical and fj the

Coriolis parameter in the jth direction, is twice the component of tIe

earth's angular velocity in the th direction.

If we further assume that the flow is horizontal (i. e., U3 = 0),

homogeneous and of infinite extent so that the mean velocity profile is

au aU. aPindependent of its horizontal position (i. e., i- = 0 and -
ax1 ' ax2 ax1

= const.), then the non-linear terms are suppressed, and Equation
ax2

A-3 reduces to:

ZTT
-lap a -

+ Va Uu -E ijk fiuk g63 (A-4)

When the atmosphere is neutrally stratified (i. e, , barotropic

and adiabatic), the buoyancy term balances the vertical pressure

gradient. If we align the x1, x2 axes so that the surface stress is along

the x1 axis, change to the more descriptive engineering notation, and

replace partial differentials with total differentials wherever possible,

then the component equations of motion are as follows:

1 p dTT d -0 = .-- - + v__p - - (uw) + fV (A-5)
ax dz2 dz

+ d2Vd(_)+fU (A-6)
t-' ay dz2 dz
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d2tJ u* u u2The viscous term v_ is of order v and, since v - =
dz2 L L2 L R*

we have:

dZlJ u*Z 1 d - u
T ; and - (uw) (A-7)

Therefore, for high Reynolds number flows (R:, is a friction Reynolds

number), the viscous terms are negligible.

Equations A-S and A-6 will next be applied to the PBL. if the

flow outside the boundary layer is approximately steady, horizontal,

and homogeneous in a horizontal plane, then we have the geostrophic

wind case in the free stream above the boundary layer. In this case

the pressure gradient is balanced by the geostrophic wind:

-fV ! (A-8)
g ax

fU (A-9)
g p ay

The magnitude of the geostrophic wind is,G = (U -F
V)lh and z0 is

simply some length scale for the surface layer proper. Therefore,

the surface Rossby number Ro = G/fz0 is the external non-dimensional

parameter for the flow in the boundary layer.

Substituting Equations A-8 and A-9 into Equations A-5 and A-6,

the boundary layer equations become:
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-f(V - V ) = -uw) (A-b)
g dzd.f(U - U ) = (-vw) (A-li)

g dz

The surface friction velocity, u, an internal parameter, is the

appropriate velocity scale rather than the more obvious choice of G,

the external parameter, because u is related to the internal dynamics

of the turbulence through the surface stress, puL, and uJG =

f(Ro) (Tennekes, 1974). If there are strong heat fluxes in the boundary

layer, the vertical kinetic energy of the turbulence, 1/2w2, above the

surface becomes large or small compared to the horizontal kinetic

energy, l/2u; however, for the neutral case wu and u) can be

assumed to be the only velocity scale.

Length does not scale as simply. In the boundary layer there

are always two length scales: (1) h = cu/f, the height of the boundary

layer, (c is a constant of order unity) and (2) z0, itself. For typical

atmospheric conditions, hlOO m and z0"... 0. 01 m and the ratio h/z0

is on the order of lOs, a rather large value. Z0 is the length scale of

the small scale features close to the ground while h is the length scale

needed to describe the large scale features characteristic of the whole

depth of the boundary layer. Since h/z is not a function of height it

must be a function of Ro, the external non-dimensional parameter.

Therefore, when properly scaled, the non-dimensional equations of

motion should be well behaved at Rooo. Scaling Equations A-b and



A-li with h = cu,./f and u.s, in the region z/z0 -°0, the equations be-

come:

therefore:
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d ri
Lu* j

= d(z/h) LJ
(A-12)

fh d RVW1 (A-13)u,
J

d(z/h) LJ

UUg rzfl VVg rn=F I-IU U ' U V U

where F , F are well behaved functions (i. e. , remain finite as
u v

Ro -'-°°).

(A-l4)

Closer to the surface but still far enough from the wall so that

the roughness Reynolds number is very large (i.e., zu*/' >>l), when

the equations of motion are scaled with z and u, we get:

-fz
(V-V)

2d(-uw)/u. (A-l5)
g d(z/z)

fz0 d(-vw)/u
(U-Ug) d(z/z0) (A-16)

The terms (V_Vg) and (U_Ug) can be at most of order G; there-

fore, (VVg)/u* and (u-Ug)/u: '. G/u* 30 for atmospheric cases.

The ratio u)./fz0 is the friction Rossby number Rof. In the limit as

Rof 00, the surface layer is to a first approximation a constant stress

layer which does not feel the effect of the Coriolis force, and Equations



A-15 and A-16 become:

d(-uw/ui d(-vw)/u
= (A-17)

d(z/z0) = O d(z/z0)

which upon integration becomes:

..cru2; - = 0 (A18)

(The y component of the stress is zero because of our choice of axes.)

U V= fu('Zo) = 0 (A-19)

for the surface layer where z/z is finite because the wind profile has

to scale on u, and z0.

If the sets of Equations A-14 and A-19 are matched in the layer

z/z0 oo, zf/u)., O, as Ro - co, the solution and all the derivatives in

the vertical must agree. Differentiating with respect to height we have:

dF dF
dz u):c d(zf/u) (A-2O)

where Fu = FU(zf/u)C) and

dU dfu u* df (A-2l)- u. d(z/z0)

where f = f (z/z ). Rearranging terms, Equations A-Z0 and A-2l
u u o

become:
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z dU_z df- ;; d(zjz) = 4/z) (A-ZZ)
0

¶;_ _!;: =3;.
dF

= (zf/u,:) (A-23)
u., dz u d(zf/u)

We are looking for non-trivial solutions for and as their argu-

ments approach infinity (i, e., 4 and 'should be asymptotically inde-

pendent of all parameters or, in other words, constant); therefore,

both equations reduce to the form:

z dUl
uS,. dz (A-24)

where c is called von Karman's constant. Upon integrating Equation

A-24 with respect to z/z0 and zf/u)., there follows the familiar

logarithmic wind profiles:

UUg
1n(zf/u) + const. (A-25)

U/u.. = ! ln(z/z0) + const. (A-26)
Ic

The additive constant in Equation A-Z6 is very small, and it is usually

absorbed into the definition of z0.

The matched layer (inertial sublayer) only occurs when z/z0'OC

and zf/u* 0 simultaneously. For this reason Blackadar and Tennekes

(1968) have shown that it is not formally correct to force Equation

A-Z6 to fit the boundary conditions at the surface (u = 0 at z = z0) but



this issue is of minor importance since the parameter z0 is always

chosen to conform to Equation A-26,

Derivation of the logarithmic wind profile in this mannerempha-

sizes the fact that this equation does not apply to the surface layer

proper (the region below about 1 meter) but only to the matched layer

which links the surface layer proper to the outer layer.

Tennekes (1973) estimates that the upper limit of validity of the

logarithmic law is at zf/u) = 0. 03 (which is about lOOm under typical

atmospheric conditions (Panofsky, 1972)). Furthermore, Tennekes

(1973) concluded that the accuracy and usefulness of this equation is

relatively insensitive to the constant stress assumption.

Complicating parameters which may possibly affect the slope and

other features of the profile are thermal wind effects, inhomogeneities,

non-stationary boundary conditions, and the presence of a vertical

heat flux.

Up to this point z0 has been defined simply as the length scale

of the surface layer where z/z0 is finite and u*z0/l.i >>1. Figure A-i

illustrates that the length scale of the turbulent eddies which are

directly responsible for the drag on the rough surface should be scaled

by some external parameter related to the size of the roughness

elements. This is why the length scale z0 is properly called a rough-

ness length.
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Figure A-i. The surface layer. After Tennekes, 1974.



APPENDIX B

Analysis of Meteorological Data

Observed data representing physical phenomena such as the wind

and temperature distributions at Rise can be classified as being either

deterministic or random, A random data sample is drawn from an

underlying population in such a way that every member of the popula-

tion has the same probability for selection and the different units are

selected independently. In this study, as in most other meteorological

studies, it is necessary to use a certain period as the sample and then.

to consider this record to be one physical realization of a random

process.

Random data are subdivided into stationary or nonstationary

data. Data are stationary if the mean value is statistically constant,

Stationary random data can be further divided into ergodic or

non-ergodic data. Data are ergodic if the average over an infinite

number of realizations at a given time is equal to the average of a

single realization over a sufficiently long period of time.

Ergodic data from an individual time series are stationary in the

sense that the mean computed over time intervals does not vary from

one interval to the next greater than would be expected due to the

normal statistical sampling variation.



In view of the difficulties in demonstrating a priori that

meteorological data are truly random, stationary, and ergodic the

best technique to use in dealing with a long time series is to assume

that the data are random and then see if analysis reveals any super-

imposed deterministic effects.

The basis properties of discrete random processes are described

by four types of statistical functions: (1) the standard deviation,

(Z) the autocorrelation function, (3) the probability density histogram,

and (4) the power spectral density function.

Spectral methods are useful to analyze the frequency domain,

but since they require a minimum of 500-1000 data points their use is

precluded in this case and analysis has been confined to the temporal

domain.

The number of annual and seasonal means is so small that the

probability density histograms do not show anything that cannot be

better described by the standard statistics (mean, standard deviation,

kurtosis, and skewness).

The autocorrelation function for a sample of size n with mean,

x, and variance, s2, is:

n-k

(k) =j=1 H-k
- x)(x -

(ii- l)s2
(B-i)



where k is called the lag. It is useful to detect possible deterministic

effects which might be masked by the random variations. If the data

are truly random and stationary, the autocorrelogram will be that of

uwhite nois&'. This is illustrated by Figure B-i below.

(a) (b)

vecoefse

lag lag

Negative coefficient

I - - I

Figure B-i. Theoretical autocorrelograms for purely random data
(white noise): (a) a discrete first order process,
p(k)+(O.7) and(b) a discrete second order process.

All individual profiles were selected for neutrality on the basis

of the 7 rn wind and then averaged over quarterly andannual periods.

It follows from the central limit theorem that such means will them-

selves be normally distributed. The only constraint applied to the Z3 m

wind is that, for each individual profile, the 23 m wind must be greater

than the 7 m wind. It is therefore reasonable to assume that the mean

23 m winds are also normally distributed. The actual mean wind data

for both heights was usually negatively skewed and platykurtic (i. e,



skewed towards high roughness values and having a distribution flatter

than that of the normal distribution), but the sample size is too small

for meaningful tests of this departure from normality.

It is a consequence of regression theory that the slope, b, of a

line through the mean U and U7 wind speeds will be normally dis-

tributed. In this study the ln(z0) was computed by a method equivalent

to:

ln(z0) = (z3 + U7)/Zb - (lnZ3 + ln7) (B-2)

where b = u/ Ic is the mean slope. Hence, ln(z0) is a nonlinear func-

tion of three normally distributed variables and will not in general be

normally distributed. However, if ln(z0) can be adequately represen-

ted by the linear terms of its Taylor series expansion, then:

alnz0) - aln(z0) -
ln(z0)#ln(z0) + au23 (U23 - U23) + (U7 - U7)

8ln(zc) -+ (b-b) (B-3)

and ln(z0) will be approximately normally distributed (Bennett and

Franklin, 1954).

Kitaygorodskiy and Volkov (1965) reanalyzed the profiIedata

from several previous investigations. Using dimensional analysis

rather than similarity theory, they were able to show that it was rea-

sonable to assume that ln(z0) was normally distributed with sufficient



accuracy for meaningful statistical analysis.

Statistical analysis of the Risq data was done using SIPS, a

statistical interactive programming system developed by the Oregon

State University Department of Statistics and Computer Center.



APPENDIX C

Typical Surface Roughness Lengths

The values of the roughness parameter, z0, have been studied

for the last 65 years. Typical values for natural surfaces may be

found in the literature. There is only broad agreement in these data,

probably because is sensitive to the fine scale details of the struc-

ture of the underlying surface.

Table C-i. Data of Paeschke (1937)'

Type of Surface z0(cm)

Plane, snow covered 0. 49
Grassy surface 1.73
Flat country 2. 14
Low grass 3.20
High grass 3. 94
Wheat 4. 5

Tan and Ling: 3 to
4. 8

Beets 6.4
Quoted in Plate (1971)

Table C-Z. Data of Laikhtman (1964)

Type of Surface z0(cm)

Very smooth (snow, ice surface) 0. 001
Meadow with grass of height up to 1 cm 0. 1
Plain, sparse grass of height up to 10 cm 0.7
Plain, dense grass of height up to 10 cm 2.3
Plain, sparse grass of height up to 50 cm 5

Plain, dense grass of height up to 50 cm 9



Table 0-3. Data of Deacon (1953)

Type of Surface Z0(CTfl)

Smooth mud flats 0. 001
Smooth snow on short grass 0. 005
Desert (Pakistan) 0. 03
Snow surface, natural prairie 0. 10
Mown grass:

l.5cm 0.2
3.0cm 0.7

4.5cmI_2PS 2.4
u =6-8mps 1.7

(u2=1.5mps 9.0
Long grass, 60-70 cm u2 = 3. 5 mps 6. 1

(i26.2mps 3.7

*u2 is the mean wind velocity at 2 meters
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Figure C-i. Graph for estimating roughness lengths from vegetation
height. A.fter Tanner and Pelton (1960).




