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ABSTRACT

Spectra have been measured over land downwind of a water surface,
over hilltops and escarpments, and over rolling farmland. The fol-
lowing hypotheses can be used to explain the differences between these
spectra. (1) For wavelengths short compared to the tetch over the new
terrain, epectral densities are in equilibrium with the new terrain.
(2) For wavelengths long compared to this fetch, 8p ctral densitices
remain unchanged if the ground is horizontal. 1f the flow is over a
steep hill, the low-frequency structure is modified by distortion of
the mean flow, with the longitudinal component losing energy relative
to the lateral and vertical components.

Because vertical-velocity spectra contain relatively less w-
frequency energy than horizontal-velocitv spectra, energetic vertical-
velocity fluctuaticns tend to be in equilibrium with local terrain.

I. INTRODUCTION

Spectra of vclocity components in the surface laver over unitorm
terrain are now genvrally well understood, thanks largely to th
efforts of Kaimal and his co-workers (1972, 1973, 1976, and 197K),
Brictly, spectra of the vertical-velocity component obev Monin=Obukhov
scaling, with potsibly some weak influence of z;, the height of the
lowest inversion, at low [frequencies. In contrast, low-frequency
portions of horizontal-velocity spectra scale with z;, with only the
highest frequencies cbeying Monin-Obukhov and Kolmogorov rcaling.

In most applications of velocity spectra to practical problems,
however, the ground is not flat and uniform. Wind turbines are usanlly
sited close to the sea or on hills, and towers and bridges are built in
various types of complex terrain. In this paper, we discuss spectra of
the velucity components obtained over land downwind of a water surtacve,
over hilltups and escarpments, and over rollinyg tarmland.

The following propositions explain fcatures in the wind s octra
common tu thuese diverse situations. (1) Hivh=frequency fluctuat ions
(wavelengths much shorter than the fetch over the changed tevrain)
respond rapidly to chanpes imposed on the flow by streamline distortion
and surtace peometry.  Thus high=frequency turbulence s always 10 a
state of quasi-equilibrium and the spectral shape contorms to  that
obsuerved over tlat, unifurm terrain. (2, lLow-trequency lluctuat ione
(wavelenpgths much longer than the feteh over chanped terrain)  are
attected by upstream terrain characteristics and streawline distortion,

11, SPECTRA OVER LAND DUWNWIND DF WATER

When alr moves {rom water to land, many  sarlace  propertics
change.  Here we restrict ourselves to near-neutral conditions, whers
the most  important clange is that ot rouphness  lonpth 2, Uvet
water, z, is typically 0.01 c¢m, and over the land considered here it
is 3 cm,

Pownwind ot a line of roughness chanpe an internal boundary lay
develops, as first shown by Elliott (19%8).  The aiv within this layer
i» modified by the new surtace, whercan the air abave it essentially
retains its upstream propertica,  When the air is neatrvally stratiticed
and  flowing at  vight angles * the Live  of  roughness  change,  the



geometry of the interface between these two regions is well known.
Elliott found that the beight h of the interface is given by

h_ . .(L)"'B , (1)

Zo Zo

where a = 0.75 + 0.03 on (z5/z,), and z, and zj are upwind and
downwind i1oughness lengths, respectively.

In this section we discuss the influenée of such a roughness
change on velocity spectra obtained during the Ris¢ 78 experiment
conducted at the Risg National Laboratory, De¢rmark, 1978, We shall
compare spectra obtained at two masts. Mast O was in water about 100 m
from the shorelinc, and mast 2a was about 50 m inland, with the ovar-
land fetch varying from 50 to 70 m, depending on wind direction. Mast
0 wee instrumented &t a height of 2 m and mast 2a at heights of 2, 4

’
8, &nd 12 m with Normsen three-dimensional drag anemometers (Perry

et al. 1978).

Figute 1 shows u-velocity spectra at a height of 2 m for near-
neutral conditions over water (mast 0) and 70 m downwind of the shorc-
line (mast 2a). The absciesa is the normalized freqrency f = nz/V,
where n is frequercv in hertz, and V is the local mean wind speed. The
ordinate is the spectral density multaiplied by n. 1The figure shows
that there is no significant difference betwern the two spectra at low
frequencies. However, the 1ncreascd roughness o1 the Jland has produced
increased spectral densities at high trequencies.  These resulls agroee
with the two propositions stated ia Scctaen 1,
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om above watvr anag lad at Kiog,

We have had some success  in omodelang this kind ot apectral
adjustment by hvpethesizing that epoctral donvitiesn respond to n atey -
change in murfece st eas (which acoompanies a change in 24) like a
firnt~-order mechanicul system, such that

JS(kp) S1(ky) = SCk)) .

de T *



Here S(k)) is the spectral density at the one-dimensional wave number
k; (= 2mn/V by Taylor's hypothesis’, and S)(k;) is the spectral
density that woculd be in equilibrium with its environment. The
quantity T is a response time that will be short for small eddies
(large k)) and long for large eddies (small kj). This simplified
approach neglects contributions to S(k;) from transport terms and the
transfer of energy between wave numbers.

1f we make the crude assumption that neither V nor S§;(k;)
change significantly downwind of the roughness change, the integration
of Eq. (2) is straightforward. We let 83 equal the spectral density
upwind of the terrain change and integrate from x = 0 to some arbitrary
distence x to obtain

I 7A A .

51 = So
which applies at a particu'ar wave number k. Equation (3) has been
used to estimate values for : at dif{ferent wavelengths from the data in
Fig. 1. 89 |was obtained from the over-water spectrum at 2 m;
S1/8g was assumed equal to the ratio of the downstream to upstrean
spectral densities at very high freguencics.

Lumley and Panufsky (1964, p. 85%) usc dimensional reasoning to
define a time scale 71 = [k?s(kl)l'”2 for an eddy of size
Ky Using Kolmogurov's law for the inertial subrange, it follows
that, for small eddics,

VN

.: )
small ! ()
where ' is the local dissipation rate. For large cddies we assume that
the time scale is de!ined by the wavelength and an eddy velocity, taken
to be the atandard deviation ot the longitudinal component ', such
that
. -1 .
! a (kyy) . (5)

large

Equations (4) and (5) arc in general agreement with recent messurement s
of narrow-band spectral decay by Kellogg and Corrsin (1980),

Figure 2 shows the variation of 1 with (1 k)"l at the 2-m
height. According to Eqs. (4) and :5), * should be proportional to
Ky~ at low kj and proport onal to k|‘2/3 for lceepe kg,
relatiouships which, in view of the rather crude nature ol the hypo-
thesis and assumptions, are Lorne out surprisingly well by the data.

Figure J shows average spuctra of the three velocity compuonent
in near-ncutral condiciona. In cach case, the spectra on the inland
mast at heights of € m and 12 m are not significantly different from
upstream spectra at 2 m. This in consistent with the fact that these
heights are above the interface (hz 6 m at mast 2a),

At a height of 4 m, jumrt below the interlace, a slipht iacreance
is apparent in the high-frequency porticn of the longitudinal apectrum,
but this increase is not casily dintinguished in the other two com=
ponents. At the 2-m height, the high=lrequenacy portion ol  all
components has been strongly increased above their upstream levels,

4
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Fig. 2. Response time Tt as a function of 1/ojk;. Smooth line is
hypothetical.

The low-frequency ends of the spectra are characteristically noisy but
clearly are unaffected by the roughness changc.

The normalized frequency above which the spectral density is
amplified is about 10~2 in the case of the longitudinal epectrum but
only 10" for the lateral and vertical components. This difference
is particularly important in the vertical vclocity component. Because
energy in the vertical compcnent falls off rapidly bhelow f = 10°1,
the total variance would be expected to be about the same as that over
uniform land of similar roughness.

The difference in the behavior of the three components may be due
to the mechanical origin of the increasc ot turbulence over the rough
terrain, so that the longitudinal component is modificd first.

111. SPECTRA OVER HILLTUPS AND ESCARPMEN1S

The properties of the turbulence on hilltops in neutral conda-
tions are now quite well understocd, with theorcetical studies (Jack  n
and Hunt 1975; Hason and Sykes 1979) and uobscrvations (Bradley 19ai;
Mason and Sykes 1979) in good agrcement. Gencrally there is an "inner
region" of strong shear in whicih variances and stress doecrcase with
height and whusc thickness depends on the hill length scale and surface
roughness. Above this layver is an "outer region' with weak shear where
the mean 8streamlines follow potential flow theory, and changes in the
turbulence may be obtained by rapid-distortion theory (Jackson and Hunt
1975).

First we consider spectra nbtained in neutral conditions on the
top of Black Mountain, Canberra, 8 hill rising 170 m above the sur-
rounding piain and with a half-length of 275 m. The depth of the inncr
rvgion at the hilltop was obscrved to be 28 m, in close agreement with
the theoretical value. Site description and experimental dz2tails are
given by Bradley (1980). :
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Fig. 3. Average spectra for the threc wind components in near-neutral
conditions, ut heiglits of 2, 4, 8, and 12 m, 720 m inland at
Risg.

Because upwind reference spectra are not available, we uscd flat-
terrain epectrai models suggested by Kaimal et al. (197Z) to approxi-
mate the upstream sgpectrum; we used modela for the neutral limit
approached from the '.nstable side. To cumpare the model with observed
spectra, we must usc 4 wscaling law that accounts for the change ot
stress with height.

We appeal to our first proposition in Sestion 1 and to inertial
subrange theory to deviac a normalization scheme appropriate to hill-
tops. Because high-frequency fluctuations adjust rapidly to changes in
the fiow, we expect spectral denmities tu be given by Kolmogorov's law

O



2/3, -5/3

S(kl) « g 131 . (6)

We now assume that in the inner region, where shear and Reynolds
stress are large, local production of turbulence approximately balances
the dissipation, or ’

> v

= - u'w
& dz

) (7)

where -u’w~ is the local Reynolds shear stress and the primes indicate
velocity fluctuations. The local shear 23V/3z is more difficult to
derive, but at both the Risgd and Black Mountain sites we find that the
inner region wind profile is closely logarithmic. Furthermore, an
"apparent' friction velocity ux computed in the usual way from this
profile agrees remarkably well with the friction velocity obtained by
extrapolation downwards of directly measurcd Reynolds stresses. Thus,
in the usual formulation with Von Karman's constant ,

12
]
4+

(8)

2

N

Combining Eqs. (6), (7), and (8) and converting from wave number
to frequency (k; = 2nn) leads to the following nondimensional
expression for the energy spectrum function in the inertial subrange

nS(n) -2/3
p—— - = af . (9)
(Ta7w ” uw)d/3 :

where a is 0.3 for the longitudinal component and 0.40 for the lateral
and vertical components. Note that over flat terrain, where =-u"w” is
invariant with height near the ground, the left hand side of Eq. (9)
reduces to nS(n)/ug, the neutral-atmosphere scaling vsed by Kaimal
et al, (1972).

Figure 4a shows spectra of the u component at two heights above
the top of Black Mountain; the 9-m level is within the inner region,
and the 86-m level is in the outer region. If we disregard the instru-
mental filtering at very high frequencies, we se¢e that normalized
spectral densities at the 9 m height coincide with those of the model
for f > 0.,3. This range of f-values courrcsponds to wavelengths of 30U m
or lees, which are short compared to the lcngth of the hill,

In the low-frequency end of the spectrum, normalized spectral
densities fall significantly below the model curve, which we have
asgumed represents the undisturbed upwind spectrum. We expect that
this "deficit" is due to memory of a smaller ux upstream and to
distortion of the large eddies as they travel over cthe hill. Dis-
tortion of the mean flow affects the turbulent structure when the air's
travel time over a hill is short compared to the time scale of that
structure, as discusscd by Britter et al. (1980). In this casc, rapid
vertical compression and horizontal stretching of large vortex elements
would decrease the energy of the longitudinal component and would
increase the encrpy of the lateral and vertical components.

The spectrum at 86 m in in the outer region, where little pro-
duction of mechanical turbulence occurs and where diftusion of turbulent
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Fig., 4. Normalized spectra for the u compoucnt (a) and Lhe w-component
(b) in near-ncutral conditions at 9 m and 86 m above the crest
of Black Mountain, The solid line 15 the flat-terrain model
suggested by Kaimal ot al. (1972),

enerpy is expected to play an  important  role. The assumptions  in
Eqs. (7) and (8) are not valid in this region, so sealing acrording to
Eq. (9) is inappropriate. However, the shape of  the spectram s
qualitatively what one would expect; that is, a shift of the peak to
higher frequencies as lower [Irequencies lose onerepy  and hiph [re-
quencics adjust to a larger surface stress,

Vertical=-velocity spuctra are shown in Fip. 4b, The lack ol
significant diflerence between the observed  spectra and  the  flat -
terrain model is explained by the fact that vertical=velocity spocet ru
span a higher frequency band than do horizontal-velocity speetrea and,
therefore, will be in guasi-cquilibrium with underlying tereain.  Both
memory and distortion will atfect the very large oddies, those asso-
ciated with [ < 0,05, but in the vertical-=wind componcut these two
etfecta tend to cancel one anothery this may explain the pood agrecomeat
between the model and the observed spectria at very low trequencies,

Bowen (1979a and b) wmeasured wind characterigtics on two os-
carpments  in New Zealand.  One has a vertical face with a height



h = 11.6 m; the other has a slope of I (vertical) to 2 (horizontal) and
& height h = 13 m. Towers at each site were located at x = -10 h,
0.5 h, and 4 h, where x is the distance downwind of the escarpment edge.

Because of the short fetch up these escarpments, the inner region
is expected to very very thin, probably 1 m for the sloping escarpment
and egsentially zero for the cliff. Hence, all observations were made
in the outer region. .

Figure 5 compares unnormalized spectra of the longitudinal-
velocity component measured at a height of 1.6 m at the three towers
over the sloping escarpment. The reduced energy at very low fre-
quencies may be due to rapid distortion of the mean flow; however, we
would have expected this reduction to extend to much higher frequencies.
The high-frequency energy remains essentially unchanged, even though
the wind, and presumably uyg, increase by about 30%. The reason for
this result 1is that, even for the shorter wavelengths, eddy-response
time iz long compared to travel time up the escarpment, so these eddies
are not in local equilibrium.

Figure 6 shows spectra measured over the cliff escarpment. The
change in shape of the spectrum between x = -10 h and x = 0.5 h is
quite spectacular. Because the flow separated in this region, we shall
not attempt to apply our current theory to explain these spectra.

Finally, we consider a much larger escarpment within the White
Sands Missile Range, New Mexico. Vertical terrain cross sections from
the south-southwest and from the east are shown in Fig. 7; relatively
reliable data were available when winds blew from these directionms.
Unfortunately, only 10-s averages weic recorded, so that only the low-
frequency portions of the spectra could be obtained.

Upwind spectra are not available, so again we used the Kaimal
model to approximate the spectrum for undisturbed flow. We used the
neutral limit of the stable-air model beci1use observations were made at
night during strong winds.

Ihe normalization scheme used for the Black Mountain cpectra is
used here. An apparent ux value was computed from a logarithmic wind
profile fitted to wind speeds at B m and 16 m. The uyx values were
alsc estimated by extrapolating the lecal Reynolds stress (-u’w”) pro-
file; a cospectral model (Panofsky and Mares 1968) was used tu correct
measured local stross for high=frequency losses., The agreement beotween
these two results for uy was quite gooa.

Figure 8a shows spectra for winds trom the south-gouthwest. The
slope in this direction is very steep, and the fetch over the last major
change in slope 1is about 200 m. According to our second proposition in
Section T, longitudinal spectral densitics should be affected by a
lower upwind surface stress and by distortion of the mean flow. Both
effects contribute to an energy deflicit, and this is what we obscrve,
And, because vertical compression of the mean ilow tends to increase
the turbulent energy of the lateral-wind component, the observed cnergy
dcficit shouid be less than in the longitudinal component. Again, this
is what we sec in Fig. 8a.

Because the fetch for casterly flow is of order 2000 m and the
plope is gentle, even the largest eddies have had time to adjust to
upslope conditions. Spectra for this wind direction, shown in Fip. 8b,
resemble equilibrium flat-terrain apectra, in good agreecment with our
hypothusis.
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Fig. 5. u spectra in near-neutral conditions at a height of 1.6 m
above the sioping escarpment, New Zealand. x = -l10 h (solid
line), x = 0.5 h (dashed line), » = 4 h (dotted line).

Fig. 6. u spectra at a height of !.6 m above the cliff escarpment, New
lealand. Details as in Fig. 5.
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Fip. 7. Terrain cross sections at White Sands.

1V. SPECTRA OVER RCLLING TERRAIN

Spectra of all velocity components were obtained at a rural site
at Rock Springs, Pennsylvania (near State College), by members of the
Meteorology Department, The Pennsylvania State University.
Observations were made at 5 m and 8 m above locally flat terrain, with
roughness length of order 1 em, surrounded by rolling farmland. South
and sgouthcast of the site therc 1is a necrly two-dimensional wooded
ridge that rises about 200 m above the su.ruounding plain., The site has
been described by Perry et al. (1978).

Observations were made in stable and unstable conditions and at
levels where tha local Reynolds stress docs not differ signiiicantly
from wux, 8o the spectra were normalized by u;‘ 2/3 , as is cus-
tomary over uniform terrain (Kaimal et al. 1972). When normalization
includes the dimensionless dissipation t., spectra become independeut
of stability at hlgh frequencxes, where the spectrum function 1s again
described by af” /3. as in Eq. (9).

For thesc observations, u$é was cstimated from the u spectra
by taking nS(n)/qu.Z/J = 0.3 at 1 = 1. The  value  of o in
stable air, according to Kaimal et al. (ly72), is given by

- 11+ 2.5(2/0)3%) 32 (10)
where L is the Monin-Obukhov stability Jlength., In unstable air ¢ is
given by

o, = (1 - 2/L) . (11)

1l
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wvhich is a compromise derived from Kaimal et al. (1972 and 1975) and
unpublished observations of Kaimal at the Boulder Atmospheric
Observatory.

Figure 9 ghows envelopes of spectra of the velocity components in
stable air that has not crossed the ridge. Models developed by Dutton
et al. (1979) for flat terrain, differing only slightly from Kaimal's
model, are shown for comparison. The model curve is based on the aver-
age value of z/L in each sample. Modcl and observations have been
matched at high frequencies on the premise :that, in that regime, rhe
spectral densities have adjusted to local terrain.

Only for the horizontal components under stahle condirions 1=
there evidence of departure from the tlat-terrain model . This depar-
ture is a very marked increase n low-ireqguency energy, 1a contras! to
the relative reduction at tis end of the spectrum that astenlds rapid
ad justment to a change in roughness (rrom smooth to roupgh) or flow up o
steep hill. As before, the w spectrum appears 1o be 1o locai cquili=
brium at all frequencies.

This increase is consistent with the ohservation o Pan. tsk
et al. (1979) that -/, at the same =ite ds larger than expociod
over flat terrain. This may be dar to the "memory', in the low
fraquencies, of the larger roughness or more Lillv terrain ugs® red.
Because the increase occurs in stable conditions, the enhanced low
frequencies may also refliect the presence ol gravety wiaves or o, ow
horizontal meandering of the tlow around tertain irregalaritics.  Tnis
possibility ia supported by spectra of the two hosizonta!l componeats it
stable air downwind ol the ridee (s500v Fig. lU). The  Low=tregueacy
excese o toe caen gg oeven larper than for gir with trajectort s oover
the plaia.

Finally, Fig. 1i showe spectra o it velocity “ompoments in ve: .
unstable air (z/1L © -G.1).  For each component, the spectra it Uhe
uniform terrain mod 1 oat all trequencies. The diaferenes s taat tor-
rain teatures are relatively unimportant in very unstabie ar,

V. CONCLUS TN
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unstable conditions at Rock Springs. DJetails as in Fig. 9,

Normalized u rwectra obtainel over hiiltops show a pronounced
energy deficit'" at low frequencies.  This deficit can be ex-
platned by the long response time o1 large eddies, which allow
them to remember conditions upsttream and Lo vespond Lo distortion
ol the mean flow,

Vertical=velocity spectra obtained over complex terrain tesenslo
those nbtained over {lat terrain,  Tuis resembiance 18 explaine!
by the fact that encrgetic vert  al-velocaty fluctuation. occur
at higher frequencies than do horizoeatal=velocity  fluctuat 1one
and, theretore, are in quari-cqgurisbrium with loeal conditions,

Vi-loeaty  spectra obtared vver rollivg tervain an unstablde
conditions rosembic flat-terrain speciras lu o stable condition,
spectra of the horiezontal velocity component s show  constderably
more Jow={requency eneryge than as obaopved over tlat terrain,
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