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LEGAL NOTICE

3 This report was prepared by Battelle as an account of sponsored
g research activities. Neither Sponsor nor Battelle nor any person acting
on behalf of either:

MAKES ANY WARRANTY OR REPRESENTATION, EXPRESS OR
IMPLIED, with respect to the accuracy, completeness, or usefulness of
the information contained in this report, or that the use of any informa-
[ e tion, apparatus, process, or compasition disclosed in this report may not
infringe privately owned rights; or

p Assumes any liabilities with respect to the use of, or for damages result-
ing from the use of, any information, apparatus, process, or composition
disclosed in this report.
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i The views, opinions, and/or findings contained in this report are those
- of the authors and should not be construed as an official Department of
3 the Army position, policy, or decision, unless so designated by other
documentation.
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SUMMARY

This report describes the results of a 2-year project by Battelle, Pacific
Northwest Laboratories designed to study turbulence characteristics of wind
and temperature fields in drainage flows over a simple slope. Data were
collected on a section of Rattlesnake Mountain, a simple, nearly two-
dimensicnal ridge with 1ittle vegetation. Propeller anemometers, aspirated
thermistors, sonic anemnometers, and fast response piatinum resistance thermo-
neters were used to collect wind and temperature data on an 18-m tower, 150 m
below the ridgeline. Supplementary data were obtained from a second, sharter
tower 69 m below the ridgeline and from a tethered balloon used tc cbtain wind
and temperature soundings. The collection of these additional data was funded
by the U.S. Department of Energy.

tvidence for katabatically driven winds was found fcr a wide range ¢f ambient
cenditions whenever & surface inversion was formed. However, a characteristic
et in the downslope component of the wind was found only when the ambient
winds were relatively light. When a jet was present, the vertical profiles of
turbulence were found to differ significantly from those found cver flat
terrain, with the turbulent kinetic energy no longer a mcrnotonically
decreasing function of height. Richardson number profiles revealed a v2lue
well in excess of critical values (~0.25) in the region of the jet. The
existence of an internal mixing layer, found by other investigators in deeper
drainage flows, was not confirmed by our measurements; its absence may
pcssibiy be attributed to the shallow nature of the siope flows encountered
over Rattlesncke Mountain.

Turbulent fluxes were also found to be affected by the fermation ¢f a jet in
the mean wind. Turbulent mementun fluxes could be either positive or
negative, depending cn the Jocation of the jet relative to the measurement
height. The use of simiiarity theory, in which surface values ¢f heact and
mcrentun flux are used te scale profiles of wind speed, temperature, and
turbulent fluxes, dees nct appear justified. However, scaling of the
turtulence by lccal values cf the stress and a locally defined length scalc
seemed enccuraging, 1lthouch the results were nct identica) tc these feound in

the Titerature for flat terrain.
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Calcuiations of turoulent kinetic energy budgets showed a close balance
tetween shear precduction and viscous dissipaticn, with bucyancy forces playing
a relativel, minor role. Above the jet, the contribution from the vertica’
neat tiux wis oniy a tew percent of the shear prcduction term and resuited
from a near cancellation ¢f the contributions from the hedat T1ux normal to the
sicping surface and the flux parallel tc the surface. In this regicon, the
hezt flux parallel to the slope was upslope, resulting in an energy production

<ern, while below the jet it was downslope, resulting in an energy 10ss.

IR VT S

s A ek




INTRODUCTION

Terrain can have significant effects on wind and temperature fields, and a
gescription or predicticn of such effects can be quite complicated. The werk
in this prcject, "Turbulence Structure of Stably Stratified Nocturral Slope
Flows," is a starting point for a systematic approach to the problem of
terrain influences; the intent is to study the influence of increasingly
complex topegraphy on lcocal wind and temperature structure. In an interim
report submitted in April 1584, we described a series of measuremerts o7 the
nean and turbulent wind and temperature characteristics of rocturnal dreinage
Tews over 2 simple slope and presented some preliminary descriptions of our
rasults.  In this report we discuss our results in detail, extending the

anzlysis giver earlier, and summarize our understanding of the principai

33}

rities and differences between stable flows over flat terrain and simple

‘he site, instrumentation, and data processing procedures used in this work
were described in the interim report and will be reviewed cnly briefly here.
The site for our measurements was a sectiun of Rattlesnake flounteain, near
2ichland, Washington, that formed a nearly ideal two-dimensional slope. The
Llepe was covered with sparse sagebrush and desert grasses, and extended for
Leariy 2 km transverse to the downslope direction. The average angle fcr the

<

tirst 18C m of vertical drop from the ridge wes 217 and decreased rather
quickly to 8° below that height. Figure 1 shows a topcgraphical mep of the
ar=a. The bulk of the measurements discussed in this reprcrt were obtained
frcm instruments mounted on an 18-n tower (Tower B) located approximate’

50 m below the ridgeline. The mean wind and temperature structure o7 slcpe
winds was measured by prcpeller anemometers and aspirated thermistors,
rospectively.  The anememeters were mounted at heights of 0.97, .3, 2.0, 5.2,
5.4, 2.9, and 17.9 m, while the thermistors were lccated at heights cof 0.47,
L.d, 2.4, 3.9, 5.4, 8.5, 13.0, and 18.0 n. In addition, twe scnic aneticneters
rel twG fast-response platinum resistance thermemeters were neunted or the

ts of 1.9 and 2.0 note provide turbulence intormatior.

t3its are previded fnothe dinterin report.
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characteristics of the surface-based inversion. Iloreover, in a mountain-
valley environment, the winds at the level of the ridge top seem a plausible
choice for the ambient winds, but over an exposed slope the chcice is far more
ambiguous.

One possibility is to choose the winds at some upper level as our ambient
ones. However, even here the choice is ambiguous as may be seen by
considering Figures 7 and 8. These profiles were obtained with a tethered
balloon during the early morning hours of September 6, 1983. During

the time when the measurements in Figure 7 were obtained, geood drainage winds
were observed near the surface (e.g., see Figure 6); during the time pericd
covered in Figure 8, the drainage winds had already been eroded. Clearly, the
‘ambient' winds below about 150 m, i.e., below ridge height, were
significantly higher during the later period than during the earlier one, but
the winds above that height were only slightly stronger. Intuitiveiy one
might expect that the winds abcve the ridge top would be a better indicator of
ambient conditions that would affect slope flows, but this is not supported by
these cbservations.

in summary, although they can often be obscured by ambient winds, it appears
that katabatically driven winds will cccur near the surface whenever there is
significant surface cooling at night. The depth to which these winds are
dominant and the relative amount of shear in wind speed and directicn in the
first few tens of meters is a complicated function of ‘'ambient' conditions.
The observation of a low-level jet in the downslope wind component seems to
preclude the possibility of strong winds alcft, but the absence of strong
winds above some arbitrary height does not necessarily imply the development of
well-defined drainage winds below. There seems to be no simple criterion by
which cne can predict the presence or absence of slope wirds; instead,
nunierical multiiayer models [2-5] or layer-averaged models _6-75 may be

required, and even these cannot be regarded as totaily satisiactor).
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poor drainage conditions there may still be a significant angle between the
lccal wind direction and the downslope direction, but during gocd drainage
conditions the winds near and below the jet tend to be directed straight down
the slope regardless of the direction higher up. Figure 4 shows the jet
structure during the beginnings of the erosion of the drainage winds for the
night of September 11-12, 1583, and Figure 5 shows how the wind directions at
the lowest levels tend to remain downslope during this time. Figure 6 shows
examples of wind direction profiles for good drainage conditions.

-

Figures 2 and 3 also suggest that a somewhat higher ambient wind is necessary
to erode drainage winds, once they are established, than was required to
prevent their establishment. This requirement may resuit from the stronger
inversion, which reduces the coupling to the upper-level winds, that exists
during the ercsion phase. However, additional data from other sites are
necessary to confirm this hypothesis.

We noted earlier that the inversion depth tends to be about 5% of the vertical
drop from the ridge top. in Figures 2 through 6 we have arbitrarily chosen tc
show the wind speeds at 7.5% of the vertical drop or about 1.5 inversion
depths. This is a convenient representation of ‘upper-level’' winds in the
drainage layer, but winds at this level are still almcst certainly influenced
by katabatic effects and should not be construed as 'ambient'.

It is difficult to define quantitatively a set of ambient conditions that
determine whether slope winds will form. Garrett {2 has discussed quantities
such as atmospheric water vapor content and cloud cover, and has used a
numerical model to estimate how the strength and depth of the slope flows will
vary as a result of changes in these factors. A more complicated factor is
the role of the ambient wind. Mot only do slope winds exhibit a ccntinuous
rather than a discrete range of behavior, but it is alsc unclear how o
separate the katabatically induced winds from the 'external' c¢r ambient winds.

(a)

Horst and Doran correlated the occurrence ¢f siope winds in a protected
basin with a dimensionless number S that is a functicn c¢f the depth and
strength of the inversion and the ridge-tcp wind speed. However, S i5, tc

some degree, diagnostic rather than prognostic because it depends cn the
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TEMPORAL DEVELOPHENT

While drainage flows may persist for many hours, they often exhibit
significant nonstationary behavior during that time. For example, evidence
exists {1] that drainage winds in valleys can undergo periodic cscillations
that are superimposed on a relatively steady flow. The ‘steady’ flow can
change as well, particularly if the ambjent winds are able tc erode the
drainage layer (Horst and Doran 1985)(6’. These variations in the 'steady'
tlow are even more apparent over expcsed slopes such as those on Rattlesnake
Mountain, and essentially preclude the study of such oscillaticns there. In
this section we discuss some aspects of the temporal development of slope
winds; we further note that this development is closely connected with the
evolution of the turbulence structure of drainage winds, as we will show later

in the section on turbulence structure.

Any criterion used for determining the presence or absence ¢f slope winds is
arbitrary to some extent. However, as a useful, working definition, we will
say that slope winds are clearly dominant when three conditions are met: 1)
there is a surface-based inversion that extends to some height h; 2) a maxinum
in the downslope wind component exists at a height on the order of 0.5 h or
less; and 3) the wind direction at and below this maximum lies within 20° of
the downslope direction. Under such conditions, slcpe winds may be regarded
as the dominant local circulation system.

With these c¢criteria in mind, consider Figures 2 and 3, which show the
formation and erosion, respectively, of slope winds on the night ¢f September
5-6, 1963. The strength of the temperature inversicn increases noticeably
during the formation of the slope winds, but decreases only slightiy during
the erosion. Another apparent feature, particuiarly during the formaticn
rhase, is that the winds in the lower portion c¢f the inversicn do not change
much. Instead, the jet appears when the upper-ievel winds decrease but tends
to be obscured when the upper-level winds increase again. This suggests that
the influence of katabatic forces may be more ccrmon thar riight be concluded
simply from the presence c¢r absence of a well-defined jet in the wind. A gocd
indicator of this influence is the directional shear of the winds. As the
surface is approached, the winds shift toward a downslcpe divecticr. Under
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kinetic energy need not be a monotonic function of height. In particular, in
the region of the maximum in the downslope wind component, the turbulence
production may become quite small. The stable stratification inhibits
vertical exchange of heat and momentum, and above the wind maximum the flows
can be largely decoupled from surface influences. While decoupling occurs
over flat terrain as well, it can occur at much lower heights in drainage
winds because the local maximum in the wind speed often occurs close to the
surface. We shall examine examples and implicaticns of these effects
throughout this report.

We will generally use the terms 'slope' winds and 'drainage’ winds
interchangeably. To be more precise, we could distinguish between slope winds
flowing down a simple, sloping surface and drainage winds that result from the
merging or channeling of slope winds by topographic features. However, in the
discussion of the Rattlesnake Mountain results, such a distinction is largely
an academic one and will be ignored.
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MEAN FLOW CHARACTERISTICS

Because the characteristics of the mean wind and temperature fields are
important for an understanding of the turbulence properties, we begin with a
brief review of their principal features in drainage flows over simple slicpes.
Drainage winds form when radiational cooling of the surface cools the air near
the slope more than the free air at the same elevation. Observations at
several sites show that a surface-based inversion forms with a depth of about
5% of the vertical drop from the top of the slope, and a local maximum in the
dcwnslope wind component cccurs at a height between 0.2 and 0.5 of the
inversion depth (Horst and Doran 1985)(a). The details of the wind profile

depend sensitively upon the ambient winds, which can produce significant q
shears in both wind speed and direction. These shears extend over heights on 3
the order of 10 m at the site of Tower B on Rattlesnake Mountain. }

Iin contrast to this, nocturnal flows over flat terrain tend to form wind and
temperature profiles that are described by a log-Tinear relationship in the ]

boundary layer. Within this layer there is a monotonic increase of wind speed i
with height and often a considerable height range (~100 m) ir which the wind 3
speed and temperature profiles vary nearly linearly with height. While

nocturnal jets do form, the wind maxima generally occur well above 1C0 m, and ;
their formation is not a result of katabatic forcing. ;

The presence of large shears in slope flows has important implications for
their turbulence characteristics. Because the value of the shear production
term in the turbulence kinetic energy budget can change rapidly cver a smali
vertical extent, the turbulence in drainage fiows can differ significantly

D U I S SIS 4

from that found in nocturral flows over flat terrain. For example, the
turbulent kinetic energy over flat terrain is nearly constant with height near
the surface, decreases with height within the bcundary layer, and approaches

PV U T T W |

zero near the top of the layer. In slope flows, the interacticn of katabatic
and ambient winds can produce complex wind shear profiles and the turbuient

{a) Research results conducted by T. W. Horst and J. C. Doran, 1985,
"tlocturnal Drainage Flow on Simple Slopes." Accepted for publicaticn in
Ecundary-Layer Meteorclegy.
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In the next section we describe the mean flow characteristics of slope winds
and their implications for the turbulent structure of these flows. We then
discuss the temporal development “f slope flows and the difficulties
encountered in identifying critical ambient conditions that determine the
presence or absence of katabatic winds. The atriospheric stability, described
in terms of a gradient Richardson number, is examined next, and comparisons
with behavior over flat terrain are made. A discussion of turbulence
structure foliows, with a description of local scaling approaches. The main
body of the report concludes with a description of the turbulent kinetic
energy budget in a slope flow, and an appendix covers some cetails of the
calculations required in the budget evaluation.
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ATMOSPHERIC STABILITY IN SLOPE FLOWS

The local stability of the slope flow layer has importart implications for its
turbulence structure. A measure of the stability is provided by the gradient
Richardson number (Ri). which may be regarded as the ratio of the buoyant
production or suppression of turbulence to the shear production. We have

calculated vertical profiles of Ri as follows:

@ oot /) (2]

curing pericds of drairage winds as well as during pericds when such winds
were not evident. In Equation (1), g is the acceleration c¢f gravity, T is the
°® ambient temperature, 306/3z is the gradient of the potential temperature, and
U and V are the mean downslope and crcss-slcope velocity ccmponents,
- respectively.

g If Ri exceeds a critical value, often estimated to be abcut C.25, turbulence

»ca! is strongly suppressed and is generalily intermittent or absent. liarins ind

4 Sawtord [8] found, in their studies of katabatic flows, an internal miring

3 region, &bove the height of the wind nraximum, in which the wind anrc
temperature profiles were approximately linear and in which Ri was

t.] ipproximately constant with height and equal to a near-criticel vaiue c¢i abeout

0.27. MNieuwstadt [9] presents data that show that in stable Tayers cver flat

terrain Ri should approach a constant value (~0.22) cver a considerable height

» range. Within that range, he showed that the scaling of turbulerce is more

= appropriately done with locally determined values ot stress anc heat flux,
' rather than with surface values.
3 The evaluation of Ri for shallow drainage flows was difficult and frustrating.
} ® While temperature protiles were reascnably smcoth, the velccity proviies were
t not, particularly in the region of the jet. In acdition, the winds were
[ generally light, sc that the differences in speed between twc adjacent
[ anemcmeters were often quite small and the consequent uncertainties in the
° derivatives of speed with height were rcther large. The upshct cv this

was a larcge degree of scatter in Ri frcm one fime pericd te the next, evo

during nominally steady coenditions.
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Despite this scatter, we were able to find some consistent structure in the
Richardson number profiles. As expected, during good drainage winds the
average Richardson number near the jet in the downslope component was larger
than the critical value. This feature is consistent with the relativel; small
turbulent energy found in this region, as discussed in the following section.
Immediately above the jet, the Richardson numbers were lower, with values
generally less than the critical value. Some suggestion of a smaller,
secondary peak in Ri existed around 3.5 m for the nights of September 5-€ and
Ceptember 11-12, the two nights with the best combination ¢f drainage winds
and data recovery. During good drainage periods on these nights, the height
of the jet ranged between about 1 and 2 m, while the inversion depths were on
tnhe order of 10 m. Above 3.5 m, Ri then fell, only to again increase

near or above the 'top' of the inversion. HNote that these latter values of Ri
are particularly uncertain, because velocity differences of only a few tens of
centimeters per second or less, and temperatures differences of 0.1 °C or
less, often characterized the wind and temperature profiles above 6 or 7 u.
Table 1 summarizes the behavior of Ri for these two nights.

The Richardson number profiles at Rattlesnake Mountain differ significantly
from the profiles found over flat terrain, where Ri increases mcnotonically
with height until it reaches a near-critical value. The general decrease of
Ri with height was also observed at another slope site, although the height
resclution of the measurements was inadequate to detect 'structure' similar to
that found on Rattlesnake Mountain. During the late summer and early fall of
1984, we made 1inited neasurements cf drainage winds on the sidewall of a
Targe valley at Brush Creek, Coleorado. This was part of our effort for the
Department of Energy's Project ASCOT (Atmospheric Studies in Complex Terrain).
wind speed, direction, and temperature measurements were made at five levels
on & 9.1-m tower located about 450 m below the ridge top on a 34° slope.
During good drainage conditions, our maximum wind speeds were observed at the
Tewest anemometer (2.2 m), indicating a flow in this region that was much
shallower than would have been expected from an extrapolation of the results
based on the Rattlesnake Mountain data. The calculated Richardsen numbers
decreased morotonically with height, with values generaiiy exceeding the
critical value at our lowest two levels of calculation (2.1 and 4.5 nj. Table
2 gives a summary of these results.
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: TABLE 1. Richardson Numbers in Slope Flows on Rattlesnake lountain,
‘tri September 5-6 and September 11-12, 1983. (Standard deviaticns
: are shown in parentheses.)
Richardson Number
Height (m) Sept. 5-6 Sept. 11-12
rﬁi’ 1.5 0.15 (0.08) 0.31 (0.16)
: 1.75 1.48 (1.14) 0.43 (0.22)
- 2.0 0.09 (0.08) 0.14 (0.09)
: 2.5 0.17 (0.09) 0.06 (0.03)
3.5 0.28 (0.19) 0.¢5 (0.18)
'g 4.0 0.09 (0.09) 0.07 (C.C3)
6.5 0.44 (0.45) ¢.07 {(0.02)
i6.0 0.22 (0.21) 0.12 (0.C7)
15.0 0.27 (0.13) G.42 (0.79)
| °
q TABLE 2. Richardson Numbers in Slope Flows in Brush Creek, Coloradc,
September-October, 1984. (Standard deviations are shown in
parentheses.)
Richardson Mumber
t 3 ’ - r, ’. ~ r
Height (m) Sept. 19-20 Sept. &5-26  Sept. 29-30 Sept. 30 Cct. 5-6
1 3.1 1.60 (0.77) 0.80 (0.54) 1.27 (0.73) 1.25 (0.52} .60 (G.20)
4.9 0.32 {0.20) 0.30 (0.34) 0.37 (0.33) 0.60 (0.62) 0.23 (0.22)
L 6.8 0.21 (0.18) 0.13 (0.17) 0.11 (0.10) 0.25 (0.32) 0.C9 (0.10)
t.J '8 012 (0.10) 0.12 (0.12) .06 (0.06) .10 (0.09) ©0.08 (0.08)
]
-
@
1
A
}
o
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McNider and Pielke [10] have suggested that differential temperature advection
can actually produce a layer of unstable air above the drainage layer c¢n
valley sidewalls. Our Colorado measurements did not show such a layer, but
the decrease in Ri with height would be consistent with such an effect if it
occurred at elevaticns greater than our tower height.

Neither the Rattlesnake Mountain data nor the Colorado data support the
findings of Manins and Sawford [8] concerning an internal mixing layer in
which Ri is constant at a near-critical value. On the other hand, our
drainage depths were considerably shallower than theirs, and it is guite
possible that the extent of such a mixing layer is tcc small to be resolved at
our sites.
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TURBULENCE STRUCTURE

In our discussion of mean flow characteristics, we noted how the presence ¢t a
local maximum in the downslope component of the wind speed could aftect the
production of turbulent kinetic energy and produce vertical protfiles of
turbulent energy that differ markedly from those found over flat terrain. A
review of scme of the evidence for such effects follows. Figure 9 shows
prcfiles of mean wind components for three different time pericds during the
night ct September 11-12, 1983. The time span includes most oT the period
shown in Figure 2 and continues until about 45 min before the pericds shown in
Figure 3. During the time covered in Figure 9, the cross-slope wind component
strengthened from a negligible value to a value large enough to mask the
drainage flows, and the wind shear went from a state in which drainage flows
were the controlling influence to cne in which the ambient winds dominated.

At all times, however, a jet could still be observed in the downsiope
cenponent.,

Figures 10 ard 11 show spectra of the downslope wind components at three
levels for the first and last of the three periods, respectively. During the
first period, when there was a well-defined slope flow, the turbulent kinetic
enerGgy was higher at the upper levels than at the lowest ievel, in contrast to
the usuail behavior fcund over flat terrain. In the regicr cf the maximum in
the downslope wind component (~i m), the shear production of turbulence is
small because 3U/3z and 3V/9z are both close to zero. Above that region the
shear increases, and the turbulent energy is larger. Later in the night the
temperature inversion weakened, the downslope component of the wind almost
vanished, and the winds were predominantly cross-slope. At that point, the
spectra Took quite similar to those found cver flat terrain, with iittle
difference in turbulent energy among the three levels shown (Figure Il;}.
During periods of strong downslope winds that showed nc evidence c¢f being
driven by katabatic forces, the spectra also locked similar to those tound

over level ground. An example is shown in Figure 1.

The directicn of the vertical momentum flux can also change, depending on the
relative locations of the wind maximum and the observation pcint. This

behavior is shcwn in Figure 13, which shows uw ccspectira tor the three tine
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periods mentioned above. (Here, uw is the momentun flux normal “o the slope,
u is the tluctuating component of the mean wind component paraliel tou the
stope and in the downslope directioun, while w is the fluctuating, ncrmgi
velocity component.) The direction of the momentum flux changed frem pesitive
tc negative, as indicated by the cospectra, and was consistent with the lccad
vertical gradient of the wind speed. The change in the directicn ¢t the
momentum flux has implications for the turbulent kinetic energy bud,u. that

will be discussed in the next section.

When the momentum flux is upwards, normal surface similarit, theory 1is nut
expected to be applicable, and the flows above the jet shcuid be largely
decoupled from the surface. Mieuwstadt [9] aisc considered turbulence
behavior in stable flows over flat terrain under circumstances in which the
flows tended to decouple from the surface, althcugh in his cases uw remained
regative. In the asymptotic 1imit of complete decoupling, we obtein 'z-less
stratification'; i.e., the turbulence scaling depends cnly cn loca' parameters
ard is independent of height above the surface. Although our terrain and the
geverning equaticns for the wind and temperature fields differ from those of
Leuwstadt, the common aspect of decoupling suggests that his scaiing apgroach

might be a useful one for drainage flows as well, at least in the regicn above

=

e

(ad]

the Jet. Accordingly, we chose twenty-eight 15-min perijods, from th
different nights, during which the momentum flux was positive and anaiyZcd
their characteristics in terms of local scaling parameters. The relevant

rarameters are the local shear stress ¢ and the length scale &, where

. {(UW)Z TR e (

~o
—

Ir Equaticns (2) anc (3), u and v are the turbulent downsiupe and Cross-sicpe

wlocity components, respectively, k is von Karman's censtant, and wo o “he

sensibie heat flux.
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stardard deviation of the vertical velocity fluctuations. In this context,

In Figure 14 we show the variation of oW/Tl with z/A, where ¢
'vertical' actually refers to a direction normal to the local slope, because
the streamlines of the wind are approximately paraliel to the terrain close to
the surface. The solid points are the experimental values obtained by
hieuwstadt [9] on a 200-m mast at Cabauw, The MNetherlands; the line represents
the results of his second-order closure model of stable flow cver flat J
terrain; and the open pcints are experimental values cbtained on Rattlesnake
iiountain. The data for both Cabauw and Rattlesnake Mountain have been
collected into z/A classes, and the standard deviations c¢f the measurements
abcut the mean value for each class are also shown. The Cabauw results tend J
te 1ie above the model predictions for z/A greater than about C.5, while the
rattlesrake values lie below the predictions for small values of z/A and
approach the model predictions as z/A approaches 1. )

el
/2 with z/A, where q°/2 is equal to the

Figure 15 shows the variation of q/r1
turbulent kinetic energy. Except for the Rattlesnake ilountain data corres-
pendirg to the lowest z/A class, the Rattlesnake data and the Cabauw data
igree very well; both lie above the model predictions for flat terrain. The
data show that the turbulent kinetic energy is proportional to the local shear

stress. This is consistent with the turbulence spectra given earlier, which

showed reduced levels of turbulent kinetic energy in the vicinity of the
velocity jet where shear production is small. We will aisc show later, in an
analysis c¢f turbulence energy budgets, that the buoyancy terms in the slcpe
tlows are not a mejor factor in energy dissipation or production. Instead,

e a ala A

shear producticn and viscous dissipation are approximately in balance, which
is consistent with the results shcwn in Figure 15.

Turbulent exchange processes may be represented in terms of exchange \
coefficients Kh for heat and K” for momentun. We define these o
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TABELE A-Z. Spectral Transfer Functiors for a Scriic Anemometer on a
17 Slope Oriented at 16.5° to the Downslope Direction. ]
Downwind and crosswind components are in the plane
parallel to the slope, and the vertical wind compcnent
is normal to the slope. 6 is the mean wind directicr

relative to the dcwnslope direction.

Downwind Component A
K 2 & =-45° 9 =-30° § =-15° 8 =0 6=15° 5§ =30" 2= 45° <
0.16¢ ©0.975 0.975 0.9%8 0.98C 0.975 U975 G.97% )

e
p=

G.3¢ £.930 0.942 0.950 0.945 £.933 0.927 $.935
C.64 .88 0.86¢ C.5684 0.873 C.846 0.830 C.844
1..8 0.702 0.7%0 0.839 0.811 0.751 0.66% C.663 1
c.56 C.538 0.624 0.044 0.611 0.559 C.500 0.4¢3 4
£.1¢ 0.194 0.187 0.181 0.203 0.214 £.205 0.c01
.2 0.101 0.078 0.044 G.090 0.102 0.09¢2 0.09% 1
.L.48 G.C33 0.027 C.021 £.030 0.034 0.C30 0.035
+(.96 UG.015 0.014 0.010 0.014 C.Cle C.015 0.016
Crosswind Component )
- 2 =-45° 5 =-30° 8 =-15° €=0° =15 g§=30° &= 45°
TT¢ T.596  0.9%4  U.59¢ 0.59%  0.996 0.999 T.003 )
nL2C C.Sbo ¢.683 C.9863 0.984 0.964 0.98% 1.0GC
C.6% C.947 C.95C 0.955 0.953 0.945 0.548 0.967
1.8 C.82% .86l 0.884 C.870 0.83¢ (.819 0.850
C.o0 5.597 C.080 0.725 C.087 0.6C6 0.56¢ 0.61¢ ]
S.1ic $.3C7 0.43 0.495 0.409 0.273 0.¢30 0.312 ,
C.c48 c.1za 0.206 C.262 0.189 0.064 C.054 0.114
.43 £.036 C.083 0.1i0 0.077 0.031 0.CzC 0.044 i
T c.ou7 0.0635 0.045% 0.033 0.014 0.010 C.0L6 )
Vertical Wind Component ;
N £ =-45° € =-30° e =-15° 9=0° 8=15° 6=30° @8 =45°
0.1l6 1.0C0 1.002 1.002 1.001 1.001 0.598 .993
0.32 1.000 1.003 1.001 0.5%9¢ 1.000 0.9%6 C.G85
.64 0.9%0 0.987 0.976 0.972 0.97& 0.98C C.566
1.8 0.883 0.8641 0.808 0.6C8 0.838 0.873 C.860
.56 £.590 C.54?7 0.5¢% G.525 0.546 €.597 0.652
5.12 0.361 0.350 0.338 0.342 0.342 0.352 0.36¢C .
10.24 0.151 0.145 0.14¢ €.143 0.146 G.155 0.17 '
20.48 0.037 0.027 0.025 0.034 0.044 $.053 C.06¢6 :
.96 0.023 0.021 0.017 0.018 0.02Z .02 0.cee -
45
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configuration ¢f the 1.9-m sonic anemometer on Rattlesnake HMountain that was {

used to estimate viscous dissipation.

T

DR S0 Bt e Saie

Here the mean wind direction ¢ is

e e — = -

o ]

measured relative to the downslope direction: g = 0° for a wind blowing
straight down the slope and g = -16.5° for a downslope wind along the scnic U
axis. 4
TABLE A-1. Spectral Transfer Functions for Horizontal Fiow. (e is
the mean wind direction relative to the sonic U axis.: ]
Downwind Ccmponent
k ¢ g =0° g =15° g =30" ¢ = 45°
0.i6 0.997 0.993 0.987 0.985
0.32 0.988 0.978 0.962 0.956
0.64 0.955 0.930 0.892 0.878 4
1.2 0.844 0.792 0.721 0.693 -
2.56 0.516 0.474 0.40%8 0.377
5.12 0.038 G.140 0.163 0.146
i0.24 0.021 0.058 0.081 C.062
C.48 0.003 0.021 0.026 €.017
40.96 0.001 0.007 0.010 0.0C8
Crosswind Component
k e = 0° g = 15° g = 3C° 4 = 45°
6.i6  0.994 0.995 0.995 0.995
0.32 0.984 (.984 0.984 0.983
0.04  0.955 0.953 0.948 0.945
1.28 0.882 0.872 0.846  C.831 1
2.56 0.731 £.692 0.608 $.563 ?
5.12  0.499 0.415 0.2063 ¢.192 ’
0.2 0.269 0.197 0.C63 ¢.039 j
20.48 0.117 0.083 0.031 0.C13
40.96  0.048 0.036 0.014 G.CC6 1
A
Vertical Wind Cocmpcnent :
k ¢ g =0° g=30° ¢=060" = =9C
0.16 0.995  ©.995  0.994  (.994 :
0.32 0.985 0.984 0.984 0.9¢4 1
0.64 0.957 0.956 G.955 G.955 :
1.2 0.887 0.886 0.883 §.882 :
2.56 0.738 6.73 0.732 C.73. “
5.12  0.5CC 0.498 0.49¢ C.499 .
10.24 0.244 £.250 0.262 .68
<0.48 0.047 0.075 C.1C0 C.li7 \
40.96 0.019 0.031 0.043 $.048 «
14 '
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The principal assumption of this analysis is that the three-dimensional
spectrai density tensor can be described by the inertial subrange expression

] 2/3, -5/3;,2 4 .

where kK is the magnitude of the wave vector with compcnents ki’ e 1s the
viscous dissipaticn rate, and A is a constant which need not be specified
here. This assumption is entirely appropriate, since our main reason for
correcting the spectra was to calculate the dissipation using the
cne-dinensional version of this expression. The inertial subrange spectral
density was alsc used to correct the data for aliasing caused by digital
sampling of the sonic data. A second assumption is that transfer functicns
calculated for one-dimensional wave number spectra can be applied to the

measured freqguency spectra through the use cof Taylor's hypothesis

k, = 2m/u , (A-2)
A

where kl is the wave number in the direction of the mean wind Uy and n is
frequency. This assumption is usually valid in the atmosphere for the high
wave number, inertial subrange of the spectrum; this assumption was aiso

iecessary to calculate dissipation rates from the measured spectral densities.

1

T:bles A-1 and A-2 1ist the calculated puwer spectral transfer functions for
the three wind compcnents, as a function of wave number k normaiized by the
path Tength £. Table A-1 1ists the transfer functions for horizontal Flow
(ficw normal to the vertical sonic axis) as a function of the mear wind
direction 9 measured relative to the sonic U exis. The horizontai transfer
functions are symmetrical at 45° intervals, and the vertical transfer function
is symmetrical at 90° intervals. The one-dimensicnal spectral density tensor
is obtained by integrating the three-dimensional spectral densities cver the
comporents of the wave number vector normal to the mean wind directicn, kZ and
k3. As a consequence, the transfer functions for the downwind compcnent are
ncticeably different frcem those for the crosswind and vertical components.

Table A-2 lists the transfer functions for an anemcmeter on a 2.° slope,

oriented at 16.5° relative to the downslope direction. This was the
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APPENDIX

CORRECTION OF SONIC ANEMCMETER DATA FOR SPATIAL AVERAGING

A sonic anemometer measures the speed of the wind by transmitting scund waves
Detween a pair of acoustic transducers. The wind component along a sonic
path, defined by the line connecting a transducer pair, is determined from the
difference in transit times for sound waves transmitted in opposi*tc directions
alcng that path. In order to measure all three components of the wind vector,
the scnic anemometers used in this study have three orthogonal paths, each cf
which is 25 cm long and is actually compcsed of twe parallel paths (tc allow
simultanecus measurement of the transit time in both dircctions) separated by
.5 cm. The two horizontal axes cross at their centers, but are separated
vertically by 4.45 c¢cm. The vertical axis is in the same vertical plane as the
horizental U axis, and its center is separated by 33.18 cm horizortaiiy and
8.6% ¢cm vertically from the midpoint of the two horizortal axes.

in order tc use a sonic anemometer to measure eddies with wavelenaths compar-

4

ible to the anemometer's dimensions, we nust consider the effects ¢f path
iveraging and path separation on its response. Kaimal et al. [1] present a
detailed derivation of the required spectral transfer functions, the ratio of
the measured to the actual one-dimensional power spectra, for the three
cemponents of the wind as measured by a sonic anemcmeter. Horst [2] extended
cheir calculations to account for additional spatial separations, which were

criginally neglected.

The procedures cof Kaimal et al. [1J and Horst [2. were further extended tc
calculate spectral transfer functions tor the sonic anemometers used in this
study. This was necessary because the gecmetry of cur anemometers is
different from that used for the Kaimal et al. and Herst caicuiaticns and
because those calculations assumed that the flow was normal te the vertical
axis of the anemometer. Our anemometers were aligned with the true verticzl
but the flow was roughly parailel to the slope, increasing the complexity of

the transfer function calculaticn.
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analyzed the energy buaget, the parallel heat flux abcve the jet was three
times the normal heat flux. For our 21° slope, therefore, the contributions
o7 the two heat flux components to the buoyancy term in the energy budget
almost cancel each other. In other words, the vertical heat flux is smel’
(and in most cases actually positive) because the vertical conponents ¢f the
parallel and normal heat fluxes are comparable. This cancellation is
illustrated in Figure 17, which shows cospectra of the net vertical heat flux
and of the vertical compcnents of the parallel and normal heat fluxes. The
ncrmal gnd’parallel components of the buoyancy term are generally on the order
of 6 cmz/sj, about 15% of the shear production term, but the net bucyancy tern
averages 1.1 cm2/53, only 3% of the shear production term.

The imbalance in the turbulent kinetic energy budget ranges from -7 tc

22 cnf/s®, with an average imbalance of 7.3 = 11.5 cm“/s>. The imbalance is
19% of the shear production term, but it is comparable tc the statistical
uncertainty in the shear production and viscous dissipation terms. The net
buoyancy term makes a statistically negligible contributicn to the energ:
budget. leither is there any evidence that divergence of the vertical flux cf
turbuient kinetic energy or pressure transport make & signiticant contributiun
tc the energy budget, unless the large (43 to 4&%) imbalance fcr some
individual 10-min periods is related to intermittent turbulent energy flux
divergence or pressure transport. Thus the erergy budget sbove the et 1.
essentially a balance between shear producticon and visccus <¢issipaticn. Below
the jet, both the normal &and along-slcpe bucyancy terms are energy sinks, and
therefore we would expect the net buoyancy tern to be noticeadbl.) mere
impcrtant in that region, perhaps certributing as much as 307 ¢f the energ
budget.
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the dissipatiocn rate were constant with frequency within 10 to 30%. The
i0-min estimates of the dissipation rate varied from 25 to 40 cm2/s3, with an
average for the hour of 32.2 + 6.4 cm2/53.

The bucyancy term in the energy budget is (g/T)ﬂEE, where ug is the true
vertical wind component. We find that this term is quite different in slcpe
tiow from that over flat terrain and that it can be either a source cr a sink
for turbulent kinetic energy, depending on the slope angle and whether one is
oelow or above the wind speed maximum. The buoyancy term can be divided into
cermponents normal and parallel to the siope,

(4/Thu36 = (g/T)w6 cosg ~ (g/TIus sing (7)
where £ is the slope angle, w is the fluctuating 'elocity component normal to
the slope, and u is the component parallel to the slope. The heat flux we
rcrmal tu the slope is negatives and thus the first term on the right-hand
siae of Equation (7) is always a sink for turbulent energy. The heat flux ug
narallel to the slope is a consequence of the momentum and heat fluxes normal
to the slope; i.e., because uw and Wé are nonzero, ué is expected to be
nonzero as well. Under stable conditions over flat terrain, the vertical
nomeritum and heat fluxes are both negative, and the horizontal heat flux is
positive (but makes no contribution to the energy budget). Similarly, in the
region below the wind speed maximum where the fluxes of momentum and heat
normal tc the slope are both negative, the heat flux parallel to the slcpe is
positive (downslope). Above the jet, however, the momentum flux is positive
and the heat flux parallel to the slope is negative (upslope). Thus the last
tern in Equation (7) is a sink for turbulent kinetic energy below the jet and
A source above.

The net contribution of the normal and parallel heat flux components tc the
kinetic energy budget depends on the slope angle and the relative magnitudes
and signs of the heat flux components. Under stabie conditicns over flat
terrain, the horizontal heat flux is 2 to 10 times larger than the vertical
heat flux [9, 15]. Similarly, we find that the parailel heat flua compcnent
is several times the normal heat flux. During the period for which we

37

-~ . -~ ~ . - . s
NGRS WY ST SV LY Y L A N i~

T

fo




-—— g — Camucy A" N LERA and snss St s sbh 2nd & S —:wTv;-r—.j_

TABLE 3. Turbulent Kinetic Energy Budget for Sept. 11, 1583,
¢2:30 to 23:30. T: 10-min subperiods; P: shear
production; D: viscous dissipaticn; B: bucyany
production; I: budget imbalance. Units are cm/s”.

T P D B i
T 347 0% -0.5 -6.9
Z 41.7 38.8 1.3 4.2
3 40.9 24.8 3.5 i9.6
4 33.8 e7.1 0.5 7.2
5 50.2 29.3 0.8 ei7
6 29.3 32.4 1.C -1
Average 38.4 32.2 i 7.3
The generalized shear production term is us uj dUi/dx;. in 1 cecerdinate

system with its axes aligned normal and parailel to the slepe this term is

uw dU/dn + vw dV/dn. For each 10-min period, the wind shear was determined
from propeller anemometers above and below the 1.9-m sonic, and the momentum
fiuxes were determined from the covariance of the deviations of the individual
velocity comporents from the 10-min average. The 10-min estimates varied from
30 to S0 cm2/s3
cases, this is the dominant term in the energy budget.

, Wwith an average for the hour of 38.4 = 7.5 cm“/s3. in mest

Tne dissipation was determined from the velocity spectra of the streamwise
wind compenent in the inertial subrange, using the Kolncgorov law

ng,(n) = 011(»:1/2(27m/u)"’,3 (6)

vhere n is frequency, u(n) is the cone-dimensionai spectrum of the mean
velocity fluctuations, a, is the cne-dimensicnal Kolomogorov constant equal to
0.50 ({12], and ¢ is the dissipation rate. Becausc the inertial subrange
cccurs at the high frequency end of our measured spectra, it was necessary to
correct the sonic data for spatial averaging and aliasing as discussed Cy
Kaimal et al. {13] and Horst [14]. Transfer functicns calculated specitfically
for the sonic anemometers used in this study are tabulated In the Appendix.
After correction of the sonic spectra, the predicted -2,/3 dependence ¢t the
spectral density on freguency was found to hcld abcve 0.2 Hz, c¢ra estinates of
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TURBULENT KINETIC ENERGY BUDGET

The preceding discussion of the turbulence structure of slope flow implied
that the turbulent kinetic energy was proportional to the local vertical wind
shear. This assumption was based on the known properties of the turbulent
kinetic energy budget for stably stratified flow cver flat terrain. We have
been able to measure directly the dominant terms in the turbulent kinetic
energy budget in slope flow and establish that the energy budget is similar tc
that over flat terrain.

Under stable conditions over flat terrain the dominant terms in the turbulent
kinetic energy budget are shear production and viscous dissipation [i1l..

Under stable conditions buoyant production is a sink for turbulent energy, but
it is never more than 20% of the shear production term. Divergence ¢f the
vertical turbulent flux of kinetic energy has been found to make an even
smaller contribution to the energy budget. Thus the stable kinetic energy
budget is essentially a balance between shear production and dissipaticn, with
an additional small loss of energy caused by buoyancy. Wyngaard and Cote [11:
found that observations of these three ternis for stable conditions cver flat
terrain produced a turbulent kinetic energy budget that balanced within about
30 to 35% of the dissipation rate. They felt that the remaining imbalance
could be attributed to experimental uncertainties in measuring the individual

ternms.

The turbulent kinetic energy budget for slope flow was estimated from the data
for September 11, 1983, 22:30 to 23:30. lleteorolcgical conditions were quite
stationary during this time period. The maximum wind speed was measured at a
height of 1 m, and thus the 1.9-m sonic anemometer data could be used to
determine the energy budget for the region of regative shear above the jet
that is a distinctive characteristic of slcope flow. The shear producticon and
buoyancy terms in the budget were determined from direct measurements c¢f the
momentum flux, the wind shear, and the heat flux, and the dissipation was
estimated from the inertial subrange of the velocity spectrum ¢f the mean wind
component parallel to the sicpe. Table 3 shows these terms feor six ccnsecu-
tive 10-min periods and for the 1l-h average.
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We conclude that Tocal scaling seems tu be a promising approach to the
description of turbulence in drainage flows, although a more rigorcus test of
this approach requires additional measurements over a wider range cof z/A
values; more theoretical justification would also be welcome. It seems
piausible that the decoupling of the flows above the jet from the surface
means that the surface similarity theory often applied over flat terrain is
inapplicable to slope floews. Below the jet, surface similarity theory might

still be useful, but, in the region of the jet, quantities that depend cn wind
speed gradients are likely to be ill-defined.
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In Figure 16 we show the variation of Kh/Ar with z/A, and compare these

4 values with those of Nieuwstadt. Again, there is significant scatter. For
our lowest two classes of z/A, there is gocd agreement between the Rattlesnake
! llountain and the Cabauw data. For larger vaiues of z/A, our results lie

Lf!l appreciably above the Cabauw measurements. Whether this trend continues for
Targer values of z/A is not known. Unfortunately, we are rot able tc¢ extend
our ccmparisons to larger values of z/A because ¢f our limited range of

measurenents.

e noted earlier that determining velocity gradients in the region of the jet
is difficult; because of this, dependable estimates are harder to obtein for
K than for K, .
mn h
.(!! ~2 h the maximum observed wind speed was at our lcwest anericmeter (~1 m), and

However, on the night of September 11-12, during a period of
we were able to calculate somewhat mere reliabie estimates of the derivatives
{ ¢t the wind speed. For this time period, we found that the ratio Kr/Kh was
- i.c = 0.35. Nieuwstadt's model and cbservations suggest that Kh z Km’ and cur
i!!]! resuits are consistent with this result, within the experimental uncertainty.

: Hieuwstadt's model, as well as his data, shows the Richardson nunber

increasing with z/A for z/A less than 1 and then changing very 1ittle with Z/A

abcve z/A equal to . Our scatter was toc large to allow & regsonable

) comparison of cur Richardson number data with Nieuwstadt's firndings, and we
note that we had no value of z/A iarger than about i. Thus, we are unable tc

determire whether a constant value of Richardson number is approached in

T

drainage flows. In contrast to the Richardscn number behavier, LiicuwsTidt's
) rmcdel and data show that quantities such as Q/TL/A and fw/-*/‘ should te
independent of z/A at much lower values of Z/. than are recuired for constancy
cf Ri. For these quantities, the evidence for the utiiit, ot icce’ scaling of

turbulence in slope flows is encouraging if nct definitive.
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