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This report was prepared by Battelle as an account of sponsored
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-
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infringe privately owned rights; or

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.

The views, opinions, and/or findings contained in this report are those
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the Army position, policy, or decision, unless so designated by other
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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-

dimensional ridge with little vegetation. Propeller anemometers, aspirated

thermistors, sonic anemometers, and fast response platinum 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, shorter

tower 69 m below the ridgeline and from a tethered balloon used to obtain wind

and temperature soundings. The collection of these additional data was funded

by the U.S. Department of Energy.

Evidence for katabatically driven winds was found for a wide range of ambient

conditions whenever a surface inversion was formed. However, a characteristic

jet 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 over flat

terrain, with the turbulent kinetic energy no longer a monotonically

decreasing function of height. Richardson number profiles revealed a value

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

possibly be a-tributed to the shallow nature of the slope flows encountered

over Rattlesnake Mlountain.

Turbulent Fluxes were also found to be affected by the formation of a jet in

--he .ean wind. Turbulent momentum fluxes could be either positive or

negative, depending on the location of the jet relative to the measurement

height. The use of sirii arity theory, in which surface values of heat and

momentum flux are used tu scale profiles of wind speed, temperazure, and

turbulent fluxes, dices not appear justified. However, scaling of the

turbulence by 1coal values of the stress and a locally defined length scale

seemed encouraging, althouch the results were not identical to these fcurd ,

the literature for flat terrain.
1



Calcu'-a-t.'ors of turbulent kinetic energ- buogets showed a close balance

,etv.cc, shear prcduction and viscous dissipation. with buoyar~cv forces pla% ing

a re'lati ely miror role. Above the jet, the contribution from the vertical

heat l u x oilny a few percent of the shear prcduction term and resulted

-r r, a near carcellatior of the contributions from the hedt flu. normal tU Lhe

slcpirn surface and the flux parallel to the surface. :n this region, the

heat fluA parallel to the slope was upslope. resulting in an energy production

-term, while below the jet it was downslope, resulting in an energy loss.
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INTRODUCTION

Terrain can have significant effects on wind and temperature fields, and a

description or prediction of such effects can be quite complicated. The work

in this project, "Turbulence Structure of Stably Stratified Nocturrtal 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 topography on local wind and temperature structure. In an interim

report submitted in April 1964, we described a series of measuremerts of the

iic-ar and turbulent wind and temperature characteristics of nocturnal drainage

c'cws over a simple slope and presented some preliminary descriptions of our

r;esuits. :n this report we discuss our results in detail, extending the

m-alysis giver earlier, and summarize our understanding of the principal

similarities and differences between stable flows over flat terrain and simple

The site, instrumentation, and data processing procedures used in this work

were described in the interim report and will be reviewed only briefly here.

he sit2 for our measurements was a section of Rattesnake 11ountain , near i
qichiand, Washington, that formed a nearly ideal two-dimensional slope. The

-(epe ,,as covered with sparse sagebrush and desert grasses, and extended for J
. y-rv 2 km transverse to the downslope direction. The average angle for the

first 180 m of vertical drop from the ridge was 210 and decreased rather

quick ,' to 8' below that height. Figure 1 shows a topographical map of the

area. The bulk of the measurements discussed in this report were obtained

Irom instruments mounted on an 18-Ei tower (Tower B) located approximatei.

150 m below the ridgeline. The mean wind and temperature structure of slope

winds was measured b,' prcpeller anemometers and aspirated thermistors.

r, -(ctiveiy. The anemometers were mounted at heights of 0.97, L.3, 3.6, 5.3,

.2.9, and 17.9 n, while the thermistors were located at heights of 0.47,

1.2,2., 3.9, 5.4, 8.5, 13.C -nd 18.0 m. Ir addition, two sonic anemometers

;r.: two fst-reorS Ce p1 atinum resistnce thermorieters were mounted or the

t ,ihts of I .9 aTd 3.? r; tc pruvidc turbulence inlormaior.

tira detai> arc rr'ideK r- the interiI report.
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characteristics of the surface-based inversion. iHoreover, in a mountain-

valley environment, the winds at the level of the ridge top seen a plausible

choice for the ambient winds, but over an exposed slope the choice 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, good drainage winds

were observed near the surface (e.g., see Figure 6); during the time period

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. Intuitively one

might expect that the winds above the ridge top would be a better indicator of

ambient conditions that would affect slope flows, but this is not supported by

these observations.

in summary, although they can often be obscured by ambient winds, it appears

that katabatically driven winds will occur 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 tc

preclude the possibility of strong winds aloft, 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 one can predict the presence or absence of slope wirds; instead,

numerical mul tiiayer models [2-5] or layer-averaged models .6-7] may be

required, and even these cannot be regarded as tota'ly satisfactory.

15
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poor drainage conditions there may still be a significant angle between the

local wind direction and the downslope direction, but during good 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, 1983, and Figure 5 shows how the wind directions at

the lowest levels tend to remain downslope during this time. Figure 6 shows

exaiiples 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 result from the stronger

inversion, which reduces the coupling to the upper-level winds, that exists

during the erosion 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 to

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 almost 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. Iot only do slope winds exhibit a ccntinuous

rather than a discrete range of behavior, but it is also unclear how to

separate the katabatically induced winds from the 'external' or ambient winds.

Horst and Doran(a) correlated the occurrence of slope winds in a protected

basin with a dimensionless number S that is a function of the depth .nd

strength of the inversion and the ridge-top wind speed. However, S is, tc

L some degree, diagnostic rather than prognostic because it depends cr the

11 -
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TEMPORAL DEVELOPN;ENT

While drainage flows may persist for many hours, they often exhibit

significant nonstationary behavior during that time. For example, evidence

exists [11 that drainage winds in valleys can undergo periodic oscillations

* that are superimposed on a relatively steady flow. The 'steady' flow can

change as well, particularly if the ambient winds are able to erode the

drainage layer (Horst and Doran 1985 ) a). These variations in the 'steady'

flow are even more apparent over exposed slopes such as those on Rattlesnake

Mountain, and essentially preclude the study of such oscillations 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 of 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 maximum

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 200 of

* the downslope direction. Under such conditions, slope winds may be regarded

as the dominant local circulation system.

With these criteria in mind, consider Figures 2 and 3, which show the
formation and erosion, respectively, of slope winds on the night of September

5-6, 1983. The strength of the temperature inversion increases noticeably

during the formation of the slope winds, but decreases only slightly during

the erosion. Another apparent feature, particularly during the formation

phase, is that the winds in the lower portion cf the inversion do net change

* much. Instead, the jet appears when the upper-level 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 common than might be conc'uded

simply from the presence cr absence of a well-defined jet in the wind. A gccd

* indicator of this influence is the directional shear of the wirds. As the

surface is approached, the winds shift toward a downslupe directior. Under



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 implications 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.

7



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 slopes.

* 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 occurs 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

shears in both wind speed and direction. These shears extend over heights on

* the order of 10 m at the site of Tower B on Rattlesnake Miountain.

in contrast to this, nocturnal flows over flat terrain tend to form wind and

temperature profiles that are described by a log-linear relationship in the

boundary layer. Within this layer there is a monotonic increase of wind speed

with height and often a considerable height range (",iO0 m) in which the wind

speed and temperature profiles vary nearly linearly with height. While

nocturnal jets do form, the wind maxima generally occur well above 100 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 small

vertical extent, the turbulence in drainage flows can differ significantly

from that found in nocturnal 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 boundary layer, and approaches

* zero near the top of the layer. In slope flows, the interaction of katabatic

and ambient winds can produce complex wind shear profiles and the turbulent

(a) Research results conducted by T. W. Horst and J. C. Doran, 1965,
"Ulocturnal Drainage Flow on Simple Slopes." Accepted for publication ib

* cundary-Layer Meteorol ogy.
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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 atmospheric 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 follows, 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 details of the

calculations required in the budget evaluation.
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ATIOSPHERIC STABILITY LIN SLOPE FLOW:

The local stability of the slope flow layer has important implications for its

turbulence structure. A measure of the stability is provided by) the gradient

Richardson number (Ri). wl.ich may be regarded as the ratio ot the buoyant

"1 production or suppression of turbulence to the shear production. We have

calculated vertical profiles of Ri as follows:

Ri=(2K ) + (a2

during periods of drainage winds as well as during periods wher such winds

were not evident. In Equation (1), g is the acceleration of gravity, T is the

* ambient temperature, a®/a: is the gradient of the potential temperature, and

U and V are the mean downslope and cross-slope velocity cciponents,

respectively.

If Ri exceeds a critical value, often estimated to be about U.25, turbulence

CH is strongly suppressed and is generally intermittent or absent. ;ianrils and

Sawtord [81 found, in their studies of katabatic flows, an internal mixirg

region, above the height of the wind maximum, in which the wind anG

temperature profiles were approximately linear and in which Pi was
.1 approximately constant with height and equal to a near-critical value of obeut

0.27. Nieuwstadt [9] presents data that show that in stable layers over flat

terrain Ri should approach a constant value (-,0.22) over a considerable height

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

appropriately done with locally determined values of stress arc heat flux,

rather than with surface values.

The evaluation of Ri for shallow drainage flows was difficult a-o trustrat g.

While temperature profiles were reasonably smooth, the velocitj proTies were

not, particularly in the region of the jet. In acdition, the winds were

generally light, so that the differences in speed between twc adjacenz

anemometers were often quite small and the consequent uncertainties Li'oo

derivatives of speed with height were rather large. The upshot of this

was a large degree of scatter in Pi from one time period to 'he next. e';o.

during nominally steady conditions.
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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 5-6 and

September 11-12, the two nights with the best combination of drainage hinds

and data recovery. During good drainage periods on these nights, the height

of the jet ranged between about I and 2 m, while the inversion depths were on

the order of 10 m. Above 3.5 m, Ri then fell, only to again increase

near or above the 'top' of the inversion. Note 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 1.

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 monotonically

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

@1 resolution of the measurements was inadequate to detect 'structure' similar to

that found on Rattlesnake Mountain. During the late summer and early fall of

"984, we made limited measurements of drainage winds on the sidewall of a

large valley at Brush Creek, Colorado. This was part of our effort for the

S ~ Department of Energy's Project ASCOT (Atmospheric Studies in Complex Terrain).

Wind speed, direction, and temperature measurements were made at five levels

on a 9.1-m tower located about 450 m below the ridge top on a 340 slope.

During good drainage conditions, our maximum wind speeds were observed at the

* o!west 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 Richardson numbers

decreased monotonically with height, with values generally exceeding tne

* critical value at our lowest two levels of calculation (3.1 nd 4.9 r.i T)bl

2 gives a summary of these results.
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TABLE 1. Richardson Numbers in Slope Flows on Rattlesnake Mountain,
September 5-6 and September 11-12, 1983. (Standard deviations
are shown in parentheses.)

Richardson Number

Height (m) Sept. 5-6 Sept. 11-12

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) 0.25 (0.18)
4.0 0.09 (0.09) 0.07 (0.C3)
6.5 0.44 (0.45) 0.07 (0.02)
i0.0 0.22 (0.21) 0.12 (0.07)
15.0 0.27 (0.13) 0.42 (0.79)

TABLE 2. Richardson Numbers in Slope Flows in Brush Creek, Colorado,
September-October, 1984. (Standard deviations are shown in
parentheses.)

Richardson Number

Height (m) Sept. 19-20 Sept. 25-26 Sept. 29-30 Sept. 30 Oct. 5-6

3.1 1.60 (0.77) 0.80 (0.54) 1.27 (0.73) 1.25 (0.52) 0.60 (0.20)
4.9 0.32 (0.20) 0.30 (0.34) 0.37 (0.33) 0.60 (0.62) 0.23 (0.22)
6.8 0.21 (0.18) 0.13 (0.17) 0.11 (0.10) 0.25 (0.32) 0.09 (0.10)
7.9 0.12 (0.10) 0.12 (0.12) 0.06 (0.06) 0.10 (0.09) 0.08 (0.08)
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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 on

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 fanins 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 quite

possible that the extent of such a mixing layer is too small to be resolved at

our sites.

2
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TURBULENCE STRUCTURE

In our discussion of mean flow characteristics, we noted how the presence of a

local maximum in the downslope component of the wind speed could affect the

production of turbulent kinetic energy and produce vertical profiles of

*turbulent energy that differ markedly from those found over flat terrain. A

review of some of the evidence for such effects follows. Figure 9 shows

profiles of mean wind components for three different time periods during the

night of September 11-12, 1983. The time span includes most of the period

shown in Figure 2 and continues until about 45 min before the periods 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 one in which the ambient winds dominated.

At all times, however, a jet could still be observed in the downslope

component.

Figures 10 and 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

energy was higher at the upper levels than at the lowest level, in contrast to

the usual behavior found over flat terrain. In the regicr of the maximum in

the downslope wind component (i'L n), the shear production of turbulence is

small because U/ z and V/ z 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 look quite similar to those found over flat terrain, with little

difference in turbulent energy among the three levels shown (Figure 11).

During periods of strong downslope winds that showed no evidence cf being

driven by katabatic forces, the spectra also looked similar to those found

over level ground. An example is shown in Figure 12.

The direction of the vertical momentum flux can also charnge. depending on the

relative locations of the wind maximum and the observation pcint. This

behavior is shown in Figure 13, which shows uw cospuctra ton :he three tir:e
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periods mentioned above. (Here, uw is the momentuu flux normal to the slope,

u is the fluctuating component of the mean wind component parallel to tho

slope and in the downslope direction, while w is the fluctuating, ncrmai

velocity component.) The direction of the momentum flux changed fromr Vsitiv

tc negative, as indicated by the cospectra, and was consistenrt with tht >csl

vertical gradient of the wind speed. The change in the directicr o< tne

momentum flux has implications for the turbulent kinetic cnergy 'ud.j, t at

will be discussed in the next section.

Iwhen the momentum flux is upwards, normal surface similarit, theory is not

expected to be applicable, and the flows above the jet should be largely

dccoupled from the surface. Hieuwstadt [9] also considered turbuenct

behavior in stable flows over flat terrain under circumstances in which the

flows tended to decouple from the surface, although it- his cases uw remained
negative. In the asymptotic limit of complete decoupling, we obtlin 'z-iess

stratification'; i.e., the turbulence scaling depends only on local parameters

and is independent of height above the surface. Although our terrain and the

gcverning equations for the wind and temperature fields differ from those of

.ieuwstuut, the common aspect of decoupling suggests that his scaling approach

might be a useful one for drainage flows as well, at least in the recion aboe

the jet. Accordingly, we chose twenty-eight 15-min periods, frcm three

different nibhts, during which the momentum flux was positive and analyzed0
their characteristics in terms of local scaling parameters. The re' evant

p,,arameters are the local shear stress T and the length scale ,%, where

T (=uw)2 + (-)2 i/2 (2)

3/2 k.,

r Equarins (2) and (3), u and v are the turbulert downsl6p(- and cr s - C,e

,tlocity components, respectively, kis von Karnan 's ccnstart, arc v".4

sensible heat flux.
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In Figure 14 we show the variation of aw/T1 2 with z/A, where is the

standard deviation of the vertical velocity fluctuations. In this context,
'vertical' actually refers to a direction normal to the local slope, because

the streamlines of the wind are approximately parallel to the terrain close to

the surface. The solid points are the experimental values obtained by

tieuwstadt [9] on a 200-m mast at Cabauw, The Netherlands; the line represents

the results of his second-order closure model of stable flow over flat

terrain; and the open points are experimental values obtained on Rattlesnake

iountain. The data for both Cabauw and Rattlesnake f1ountain have been

collected into z/A classes, and the standard deviations of the measurements

abcut the mean value for each class are also shown. The Cabauw results tend

tc lie above the model predictions for z/A greater than about 0.5, while the

kattlesrake values lie below the predictions for small values of z/A and

approach the model predictions as z/A approaches 1.

Figure 15 shows the variation of q/-r/ 2 with z/A, where q2/2 is equal to the

turbulent kinetic energy. Except for the Rattlesnake Hountain data corres-

pondirg to the lowest z/A class, the Rattlesnake data and the Cabauw data

aree ver3 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

velccit jet where shear production is small. We will also show later, in an

analisis of turbulence energy budgets, that the buoyancy terms in the slope

',lows are not a major factor in energy dissipation or production. Instead,

shear production and viscous dissipation are approximately in balance, which

is consistent with the results shown in Figure 15.

Turbulent exchange processes may be represented in terms of exchange

coefficients Kh for heat and K for momentum. We define these L'

Kh

29



C))

Z in

4-.) r
0~

0 >,.CI IU
c::) Lz

C C

C Cr



F4-

0

W I.

Ca)

CE C) -

D f ro C\)

CD (-) .-

-4-)

Lo~

ro -o

Lfl N

CD -

00J

C 4-D CDCDCDC
=1-

Ln 14 0



TABLE A-2. Spectral Transfer Functions for a Sonic Anemometer on a
21' Slope Oriented at i6.50 to the Downslope Direction.
Downwind and crosswind components are in the plane
parallel to the slope, and the vertical wind component
is normal to the slope. 6 is the mean wind directi r
relative to the dcwnslope direction.

Downwind Component
k 2 6 =-450 e =-300 e =-150 = 00 e = 150  e = 30°  450
0.U W 099 .8 018 0.97 7777 0.76-
0.32 0.930 0.942 0.950 0.945 0.933 0.927 0.935

3.64 0.828 0.862 0.884 0.873 0.846 0.830 0.44
-.28 0.702 0.790 0.839 0.811 0.751 0.699 C.693
L.56 C.538 0.624 0.644 0.611 0.559 0.500 0.463
5.12 0.194 0.187 0.181 0.203 0.214 0.205 0.201

1 024 0.10i 0.078 0.044 0.090 0.i02 0.092 0.095
Z".48 0.033 0.027 0.021i 0.030 0.034 0.030 0.035

40.96 0.015 0.014 0.010 0.014 0.016 0.015 0.016

Crosswind Component
,D =-450 6 =-3C e-- e = 00 = 150 6 = 300 6 = 450

77h .96 0.994 0.99 M 07~ - 7 T- - 777 1.003T
1.3? 0 .96 0.90 0.983 0.984 0.984 0.989 1.000

1.64 C.947 0.950 0.955 0.953 0.945 0.948 0.967
. . ..829 0.861 0.884 0.870 0.832 0.819 0.850

L.bu S.597 0.680 0.725 0.687 0.606 0.569 0.619
.L 1.307 0.436 0.495 0.409 0.273 0.230 0.312

.14 • .1A 0.206 0.262 0.189 0.084 0.054 0.114
10.43 0.0Th 0.083 O.iO 0.077 0.031 0.020 0."44
4t.gu 0. 17 0.035 0.045 0.033 0.014 0.010 0.019

Vertical Win6 Component
k-450 C =-30' e =-150 0 = 00 e = 150 e = 30 e = 45'

7 76 .00 7 .02 1.002 1.00 1 --7-0 -
0.32 1.000 1.003 1.001 0.999 1.000 0.996 C.985
1.64 0.990 0.987 0.976 0.972 0.978 0.980 0.966
I.28 0.883 0.841 0.808 0.808 0.838 0.873 0.886
2.56 0.590 0.542 0.525 0.525 0.546 C.597 0.652
5.12 0.361 0.350 0.338 0.342 0.342 0.352 0.382
10.24 0.151 0.145 0.145 C.143 0.146 0.155 0.176
20.48 0.037 0.027 0.025 0.034 0.044 0.053 0.066
40.96 0.023 0.021 0.017 0.018 0.022 0.025 0.029



configuration of the 1.9-m sonic anemometer on Rattlesnake Hountain that was

used to estimate viscous dissipation. Here the mean wind direction P is

measured relative to the downslope direction: e = 0 for a wind blowing

straight down the slope and e = -16.5' for a downslope wind along the sOnic U

axis.

TABLE A-I. Spectral Transfer Functions for Horizontal Flow. (e is
the mean wind direction relative to the sonic U axis.'

Downwind Component
k .00 e = 15 6 = 300 e = 45°

0.16 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
1.28 0.844 0.792 0.721 0.693
2.56 0.516 0.474 0.405 0.377
5.12 0.038 0.140 0.163 0.146
10.24 0.021 0.058 0.081 0.062
20.48 0.003 0.021 0.026 0.017
40.96 0.001 0.007 0.0i0 0.008

Crosswind Component
k = 00 e 150 e = e 450

0.16 0.994 0.995 0.995 0.995
0.32 0.984 0.984 0.984 0.983
0.64 0.955 0.953 0.948 0.945
1.28 0.882 0.872 0.846 0.831
2.56 0.731 0.692 0.608 0.563

5.12 0.499 0.415 0.263 0.i92
10.24 0.269 0.197 0.083 0. 39
20.48 0.117 0.083 0.03i 0.013
40.96 0.048 0.036 0.014 0.006

Vertical Wind Component
k Z e = 00 e = 30' e = 60' = 90-

0.16 0.995 0.995 0.994 0.994
0.32 0.985 0.984 0.984 0.9C4
0.64 0.957 0.956 0.955 0.955
1.28 0.887 0.886 0.883 0.802,3 C.i-7 1
2.56 0.738 0.735 0. 732 C."
5.12 0.500 0.498 0.499 C.499

10.24 0.244 0.250 0.262 C.269
20.48 0.047 0.075 U.1CC C.117
40.96 0.019 0.031 0.043 0.048
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The principal assumption of this analysis is that the three-dimensional

spectral density tensor can be described by the inertial subrange expression

(k2, k, k A 3 k .(k 6- - k1k )/k
4  (A-i)

i kl 2 k3) = A -/ (2 ij 1 j

where k is the magnitude of the wave vector with components ki, E is the

viscous dissipation rate, and A is a constant which need not be specified S

here. This assumption is entirely appropriate, since our main reason for

correcting the spectra was to calculate the dissipation using the

one-dimensional 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 functioris

calculated for one-dimensional wave number spectra can be applied to the

measured frequency spectra through the use of Taylor's hypothesis
I

kI = 2n'u , (A-)

where kI is the wave number in the direction of the mean wind ul, 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 a7so

ccessary to calculate dissipation rates from the measured spectral densities.

T.blcs A-I and A-2 list the calculated power spectral transfer functions for

the three wind components, as a function of wave number k normalized by the

path length z. Table A-i lists the transfer functions for horizontal flow

(flow normal to the vertical sonic axis) as a function of the mean wind

direction 9 measured relative to the sonic U axis. The horizontal transfer

functions are symmetrical at 45' intervals, and the vertical transfer function

is s~mmetrical at 900 intervals. The one-dimensicnal spectral density tensor

is obtained by integrating the three-dimensional spectral densities over the

components of the wave number vector normal to the mean wind direction, k, and

k. As a consequence, the transfer functions for the downwind compcnent are

ncticeably different from those for the crosswind and vertical components.

Table A-2 lists the transfer functions for an anemometer on a 21' slope,

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

CORRECTION OF SONbIC ANENIOMETER DATA FOR SPAT:AL AVERAG:

A sonic anemometer measures the speed of the wind by transmitting sound waves

between 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+- directions

along that path. In order to measure all three components of the wind vector,

the sonic anemometers used in this study have three orthogonal paths, each Cf

which is 25 cml long and is actually composed of two parallel paths (tc allow

simultaneous measurement of the transit time in both directions) separated Lb

2.5 cm. The two horizontal axes cross at their centers, but are separated

vertically by 4.45 cm. The vertical axis is in the same vertical plane js the

horizcntal U axis, and its center is separated by 33.18 cr1 horizortal',y and

LT.6S cm vertically from the midpoint of the two hori:ontal axes.

,order to use a sonic anemometer to measure eddies with wavelengths compar-

Th . to the anemometer's dimensions, we must consider the effects of path

iveraging and path separation on its response. Kaimal et al. 7,i] present a

detailed derivation of the required spectral transfer functions, the ratio of

thp measured to the actual one-dimensional power spectra, for the three

ccmponents of the wind as measured by a sonic anemcmeter. Horst [1] extended

their calculations to account for additional spatial separations. which were

originally neglected.

The procedures of Kaimal et al. [1] and crst [21 were further extended to

calculate spectral transfer functions for the sonic anemometers used in this

study. This was necessary because the geometry of our anemometers is

different from that used for the Kaimal et al. and Horst calculat'icns and

because those calculations assumed that the flow was normal to the vertical

axis of the anemometer. Our anemometers were aligned with the true vertical

but the flow was roughly parallel to the slope, increasing the comp'exity of
the transfer function calculation.
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analyzed the energy buoget, the parallel heat flux above the jet was three

times the normal heat flux. For our 21' slope, therefore, the contributions

of 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 snal',

(and in most cases actually positive) because the vertical components of 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 components of the parallel and normal heat fluxes. The

normal and parallel components of the buoyancy term are generally or, the order

of 6 cm /s about 15% of the shear production term, but the net buoyancy term
,~3averages 1.1 cm2/s , only 3% of the shear production term.

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

22 cm2/s3 , with an average imbalance of 7.3 = 11.5 criL/s 3 . The imbalance is

i90 of the shear production term, but it is comparable to the statistical

uncertainty in the shear production and viscous dissipation terms. The net

buoyancy term makes a statistically negligible contribution to the energ,

budget. Neither is there any evidence that divergence of the vertical flux of

turbulent kinetic energy or pressure transport make a significant contribution

to the energy budget, unless the large (43 to 48%) imbalance fcr some

individual 10-min periods is related to intermittent turbulent energy flux

divergence or pressure transport. Thus the energy budget Thove the jet i.

essentially a balance between shear production and viscous dissipaticn. Below

the jet, both the normal and along-slcpe bucyan'cy terms are ererg: sinks, and

therefore we would expect the net buoyanc, term to be noticeabil' mcre

important in that region, perhaps contributing as much as 30' c the encrs:-

budget.
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the dissipation rate were constant with frequency within 10 to 30%. The

I0-min estimates of the dissipation rate varied from 25 to 40 cm 2/s3, with an

average for the hour of 3.2 ± 6.4 cm /s

The buoyancy term in the energy budget is (g/T)u-T, where u3 is the true

vertical wind component. We find that this term is quite different in slope

flow from that over flat terrain and that it can be either a source or a sink

for turbulent kinetic energy, depending on the slope angle and whether one is

below or above the wind speed maximum. The buoyancy term can be divided into

components normal and parallel to the slope,

( /T)- = (g/T);- cos - (g/T)u-O sine (7)

where a 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 wCT

rcrmal to the slope is negatives and thus the first term on the right-hand

siat of Equation (7) is always a sink for turbulent energy. The heat flux u--e

parallel to the slope is a consequence of the momentum and heat fluxes normal

to the slope; i.e., because uw and w@ are nonzero, u( is expected to be

nonzero as well. Under stable conditions over flat terrain, the vertical

i:iorlentum 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 to the slope are both negative, the heat flux parallel to the slope 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

terri 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 to the

kinetic energy budget depends on the slope angle and the relative magnitudes

and signs of the heat flux components. Under stable conditions 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 flux compnent

is several times the normal heat flux. During the period for which we
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TABLE 3. Turbulent Kinetic Energy Budget for Sept. 11, 198S,
C722:30 to 23:30. T: 10-min subperiods; P: shear

production; D: viscous dissipation; B: bucyanZ
production; I: budget imbalance. Units are cmL/s'.

T P D B 1

* 2 41.7 38.8 1.3 4.2
3 40.9 24.8 3.5 i9.6
4 33.8 27.1 0.5 7.2
5 50.2 29.3 0.8 21.7
6 29.3 32.4 1.C -Z.1

Average 38.4 32.2 .'i 7.3

The generalized shear production term is u. u. dU./dx,. :n a cecrdinate
1 j 1

system with its axes aligned normal and parallel to the slope this term is

* uw dU/dn * w 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

fluxes were determined from the covariance of the deviations of the individual

velocity components from the 10-min average. The 10-min estimates varied from
2/3 2330 to 50 cm /s , with an average for the hour of 38.4 t 7.5 cm s. In most

cases, this is the dominant term in the energy budget.

The dissipation was determined from the velocity spectra of the streamnwise

wind component in the inertial subrange, using the Kolncorov lawo1
112 2/'3

n (n) = o, c (2Trn/u - 3  (6j
u

where n is frequency, u(n) is the one-dimensional spectrum of the mean

velocity fluctuations, a, is the one-dimensional Kolomogorov constant equal to

0.50 [123, and E: is the dissipation rate. Because the inertial subrange

occurs at the high frequency end of our measured spectra, it was recessar]. to

correct the sonic data for spatial averaging and aliasing as discussed by

Kaimal et al. [131 and Horst [143. Transfer functicns calcula.ted specifically

for the sonic anemometers used in this study are tabulated 'n the Appernix.

After correction of the sonic spectra, the predicted -2,'3 dependence of the

spectral density on frequency was found to hold abcve 0.2 H:, dr,a estirates 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 over 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 to

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 6'I].

Under stable conditions buoyant production is a sink for turbulent energy, but

it is never more than 20% of the shear production term. Divergence of 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 dissipation, with

an additional small loss of energy caused by buoyancy. Wyngaard and Cote 7l17

found that observations of these three terms 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

terms.

The turbulent kinetic energy budget for slope flow was estimated from the data

for September 11, 1983, 22:30 to 23:30. Mleteorolcgical 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 negative shear above the jet

that is a distinctive characteristic of slope flow. The shear production and

buoyancy terms in the budget were determined from direct measurements of the0
momentum flux, the wind shear, and the heat flux, and the dissipation was

estimated from the inertial subrange of the velocity spectrum of the mean wind

component parallel to the slope. Table 3 shows these terms for six ccnsecu-

tive i0-min periods and for the 1-h average.
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We conclude that local scaling seems to be a promising approach to the

CW1 description of turbulence in drainage flows, although a more rigorous test of

this approach requires additional measurements over a wider range of 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 flows. 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.

3
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and

1 2 1/2
Km = 3 z,) 2 ( z 5)

In Figure 16 we show the variation of Kh/A1/2 with z/A, and compare these

values with those of Nieuwstadt. Again, there is significant scatter. For

our lowest two classes of z/A, there is good agreement between the Rattlesnake

1:ountain and the Cabauw data. For larger values of z/A, our results lie

appreciably above the Cabauw measurements. Whether this trend continues for

larger values of z/A is not known. Unfortunately, we are not able to extend

our comparisons to larger values of z/A because of our limited range of

measurements.

We noted earlier that determining velocity gradients in the region of the jet

is difficult; because of this, dependable estimates are harder to obtain for

Km than for Kh. However, on the night of September 11-12, during a period of

-2 h the maximum observed wind speed was at our" lowest anemometer ('K r), and

we were able to calculate somewhat more reliable estimates of the derivatives

of the wind speed. For this time period, we found that the ratio K /Kh was

1.2 - 0.35. INieuwstadt's model and observations suggest that Kh Km, arid our

results are consistent with this result, within the experimental uncertainty.

Nieuwstadt's model, as well as his data, shows the Richardson number

increasing with z/A for z/A less than I and then changing very little with -/A

above z/A equal to 2. Our scatter was too large to allow a reasonab,e

* comparison of our Richardson number data vith Nieuwstadt's firdings, and we

note that we had no value of z/A larger than about I. TYhus, we are unable to

determine whether a constant value of Richardson number is acproached in

drainage flows. In contrast to the Richardson number behavior, heuws-,dt's

* model and data show that quantities such as q/T /L and E- should be

independent of z/A at much lower values of z,/. than are re;uired "or cons-anc.

cf Ri. For these quantities, the evidence for the ut i l ;. of lcal sc 1i al in .

turbulence in slope flows is encouraging if not defini:ive.
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