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amine methods for the interpretation of sodar facsimile records obtained in the study of
W e 5 xﬂows Acoustic scattering theory is presented first and then interpreted using a simpolified
oot turbulerince closure scheme. The use of this theory suggests the strong sensitivity of acoustic
d shear. With this introduction, detailed sodar facsimile records, temperature

it e T in the win . .
: s ";ﬂl _tn“_"ﬁ‘;ssmd model calculations follow. Characteristic scattering patterns are described for simple
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lex basin flows, convection with a capping inversion, stratus, and dynamical instabilities.
f bistatic facsimile records detailing the strong temporal and spatial variability

1. Introduction
) Wﬁm part of this series (Neff and King, 1987), outlined a sequence of experiments
§ '"mﬁgd out by the U.S. Department of Energy’s Atmospheric Studies in Complex
. Terrain (ASCOT) program in which Doppler sodars were used. That paper described
| thetopography and meteorology of the sites used in the experiments, and the behaviour
¥ ofthe Doppler-derived wind fields in a variety of circumstances. The Doppler sodars
wed in the study of complex terrain flows in fact mimicked conventional instrumen-

differing primarily in spatial and temporal averaging characteristics. Acoustic

processes responsible for the production of turbulence. Because of this, there is some
that sodar facsimile recordings can be used to identify the variety of physical

'WS;' !0'6 begin with a discussion of the scattering theory and simplifications possible
for f'a__hly-stratiﬁed flow: this permits an interpretation of the scattering in terms of
3 “fﬂca_l_potential temperature gradients and wind shear. Them is
Iresented for both monostatic sounding {colocated transmitter and receiver) and
r h‘w__lfﬂounding (separated transmitter and receiver) configurations; in the monostatic
s sound scatters only from small-scale thermal inhomogeneities whereas in the

_InOde it also scatters directly from small-scale velocity fluctuations. We then

@e characteristic monostatic echo patterns that arise in a variety of circum-
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208 W. D. NEFF

stances: (1) simple slope drainage, (2) channeled flows, (3) basin flows, (4) convegy;
with a capping inversion, (5) stratus, and (6) dynamical instability. In the descriptioll
of stably-stratified shearing flow, we shall introduce the use of a second-order tu.rbu]en?:n
parameterization as a technique with which to interpret sodar echo patterns: bwaus:
such models calculate turbulence quantities in terms of mean gradients, we make ue !
of wind and temperature profiles to calculate scattering profiles and then compare these
results with actual sodar observations.

2. Acoustic Scattering

Our analysis of ASCOT sodar data, obtained under mostly stably-stratified conditiong
will use the interpretative approach suggested b. Their line 0;‘
reasoning begins with the classical expression for the-acoustic differential scattering
cross-section per unit volume written in terms of isotropic, three-dimensional spectra]

.y . . et et tatre
densities of temperature and turbulent kinetic energy. Throlgh the use of inertia}

_———'—’ . . ¥
subrange expressions for the spectra, the scattering cross-section assumes the form

0.106N,&~ ' cos?(6,/2)
0(0,) = 3K~ cosz(():)[ g + z 1.532/3] ,
3 13 7C3 Q

where k is the acoustic wave number; K the Bragg wave number, K = 2k sin(6,/2); 6,
the scattering angle from the direction of propagation; N, the rate of destruction of
one-half of the temperature variance; ¢, the energy dissipation rate; T, the local absolute
temperature; and C,, the local speed of sound. They also describe the alternative
expression

6(0,) = bk*K =173 cos?(6,) [0.0;Z;C% + °°s;2-);/ 2 0.76c3,] @
written in terms of the temperature structure function

C2 = ([T(x + 1) = TX)]*>/r?? 6]
and the velocity structure function

CZ = [Ux + 1) - UX)P>/r??, @

where measurements are made at two locations x and x + r, and where { ) indicates
an ensemble average, normally approximated by a time-average in practical applica-
tions.

The most familiar sodar data come from monostatic systems, a configuration in which
only the temperature spectrum contributes to the scattering; in the case of stably-
stratified flow, simplification of the conservation equation for the temperature variance
leads to an equation useful for the interpretation of such records, namely

3
o(180°) = (0.105/8) (k**/ THKZ [RE/(1 - RO (aEq)ﬂ i
74
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re 00/0zis the vertical gradient of potential temperature and Rfis the flux Richardson
§ defined by
Rf = Ri(Kp/Kpe) )

Jhere Ku and K,, are the eddy diffusion coefficients for heat and momentum,
e ectively. The gradient Richardson number is defined by

wh
qumber

g 06/0z

RGN

written in terms of the vector wind shear.
Equation (5) shows that the acoustic backscatter depends most strongly on the
vertical temperature gradient and on an eddy diffusion coefficient that quantifies the
ocal turbulent mixing. The eddy diffusion coefficient, in turn, depends strongly on Ri
and, hence, on the vertical shear of the horizontal wind because it enters quadratically

in (7).

Q)

3. Modeling of Acoustic Scatter

Whereas the above descriptions provide qualitative insight into acoustic scattering, they
lack practical quantitative substance. However, because second-order turbulence
closures provide simple diagnostic relationships between turbulence quantities and local
mean gradients of wind and potential temperature, they provide an appealing approach
to this problem and a tool with which to study turublent scattering processes (Burk,
1980; Neff, 1980). Following Neff (1980), we have used the parameterizations proposed
by Brost and Wyngaard (1978, 1979) and described in a succinct form by Fitzjarrald
(1979), to analyze scattering cross-sections and to calculate acoustic backscatter
profiles from observed wind and temperature profiles.

We have described the model in the appendix together with a number of tests that
we applied to determine our level of confidence in its application. Our use of this model
requires a few caveats. First, because of the simple model closures, all turbulence values
arecalculated directly as a function of Ri and are set to zero for Ri above a critical value.
This ignores the possibility that turbulence, once generated, can persist up to an
Ri = 1.0; models that include higher order closures deal with this problem more directly.
(However, such models are necessarily prognostic because the scattering profile will
depend on the history of the flow; they thus lack the utility of simple diagnostic models.)
Second, because of the dependence of turbulence on Ri and the neglect of triple
correlations, the model may not deal very effectively with the large Ri region at the nose
of jets; only when there is strong azimuthal shear across the jet will Ri remain below
its critical value. Our use of the model to calculate C2 profiles from observed wind and
temperature data is thus only a first semi-quantitative step in the interpretation of sodar
echo patterns.

Ll




210 W. D. NEFF
Some indication of the behavior of the scattering predicted by (2) can be obtaip
from the model. In particular, we calculated a number of scattering propertieg using
L . e
model, as shown in Figures 1a, b, ¢, and d. In Figure 1a, we show C?asa functioy of
Ri for values of shear from 0.01 to 0.10 s - !; in Figure 1b we show similar curyeg for
C2. In each case, following each curve reveals the effect of increasing static stability
the acoustic scatter for a given value of shear; the displacement in the vertical fro,
to curve for a constant value of Ri shows the effect of increasing shear for a giveq static
stability. For a given value of shear, C# increases with increasing temperature gradiep;
up to an Ri of about 0.12 and, thereafter, decreases with increasing stability a5 the
turbulent mixing becomes weaker. The behavior of C? in Figure 1b shows its sensitivity
to increasing Ri (for constant shear). Of particular note in these results is the
sensitivity of the scattering to changes in static stability at large and small Rj
sensitivity to changes in the shear at all stabilities. For example, a change in shear from
1to 2m s~ over 100 m produces more than an order of magnitude increase in c2,
suggesting that echo patterns observed with sodars ought to reflect a strong sensitivity
to meteorological processes affecting wind shear.
The model also allows comparison of the relative contributions to the scattering frop
C7? and C2. In Figure Ic, we evaluate the relative contributions of C2 and Cito
forwardscatter at an angle of 120 deg, a typical bistatic Doppler-scattering angle, taking
the ratio of the two terms in brackets in (2) for various stabilities and shear. These resuit
indicate that scattering from velocity fluctuations dominate for all but the largest valyes
of Ri and weak shear. In Figure 1d, we examine the ratio of backscatter to forward-
Scatter cross-sections as a function of Ri and shear. In this example, forwardscatter
exceeds backscatter for all but the largest values of Ri. The utility of bistatic Doppler
sodar systems would thus appear to be limited primarily by that portion of the System
design dealing with the illumination of the scattering volumes (the transmitted beam i
fanned to illuminate a larger section of the vertical receiving beam). For example, if the
bistatic illumination is 0.10 of the monostatic, then for those portions of the curves above
the 0.10 line, monostatic systems will be more effective: in this model calculation, these
curves span a significant range of shear and static stability. With large Ri and weak
shear, the results in Figure 1d suggest that monostatic systems would be more effective,

m Curye

Sttong
and the

4. Temperature and Wind Structure in Drainage Flows

The model results described above suggest that the interpretation of sodar echoes
requires coincident and detailed wind and temperature profiles. Neff and King (1987),
using tethered balloon data, described typical temperature profiles that occur in
nocturnal inversions in complex terrain. On steep slopes, radiative cooling, and the
subsequent redistribution of heat by long-wave radiation and turbulent mixing near the
surface, causes a shallow katabatic inversion layer, often less than 50 m depth. Because
of the steep slopes, they found that Archimedean forces dominate in these regions: In
contrast, in basin areas, the inversion builds to a depth of several hundred meters as
cool air accumulates in low-lying regions. Because of the lesser slopes, Archimedean
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Fig 1. (a) Behavior of C7 as a function of shear and Ri, using model parameterization described in the

Appendix. (b) Behavior of C}. (c) Relative contributions of CZ and C2 to forward scatter at an angle of

120°, as functions of shear and Ri. (d) Ratio of backscatter to forwardscatter (120°) cross-sections as
functions of shear and Ri. .
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forces were comparable to those of synoptic and mesoscale origin. Neff and Kin
also described characteristic wind profiles observed in both simple and

W. D. NEFF

8(1987)
COmpiey

drainage flows using both Doppler sodars and tethered balloon soundings: OVer giy
slopes and in draining valleys, wind profiles were simple, usually with a single v

maximum; in basins subject to topographic constriction and/or blocking by an
pressure gradient (such as the marine inversion in the Geysers),
variable with height and in time. In these data, the Doppler sodar wind profileg
typical vertical resolution of 25 m, the tethered balloon of about 4 to 10 m.

5. Monostatic Echo Structure

5.1. SIMPLE SLOPES

ambjen

winds were Jj ght & ]

had 5

Stably-stratified flows dominated by frictional interaction with a rough boundary
provide examples of the most simply-structured echo layers observed with sodars (Nef, 3
1980; Neff and Coulter, 1986). In such cases, strong shear near the surface OVercomes
the effect of a statically stable lapse rate, producing turbulence; the resulting turbulent "’f
mixing and long-wave radiative flux divergence then communicates the effect of radiative

cooling of the surface to the interior of the boundary layer causing a stable lapse rate, -
This then provides the necessary ingredients to produce acoustic scattering as predicted

by (5): a positive 86/0z and non-zero eddy diffusion coefficient, K,. In a katabatic fiow ‘
over a simple slope, complications ensue. In particular, with a low-level wind maximum, -

Height (m)

8
Fig. 2. Sodar facsimile record corresponding to shallow drainage flow on an elevated slope displaycdvnﬂ! 3
simultaneous wind and temperature profiles. The top of the drainage flow is denoted by A. A second, W“k'
elevated inversion and scattering layer is identified with the label B. The strongest echoes occur in the regdi-
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Iesoscale origin. Neff and King are regions of strong shear both near the surface and above the wind maximum
Ere

Phserved in both simple and ™ it When such shear becomes large enough, turbulence results, producing momentum

 tethered balloon soundings: ove fers that try to balance the katabatic force due to the increasing temperature deficit
"5 were simple, usually with a Sing] f" the slope (Manins and Sawford, 1979; Horst and Doran, 1986). This same
constriction and/or blocking by ap | bulence should also produce acoustic scattering as suggested by the results shown
|version in the Geysers), winds were igf Figure 2, where we have used tethersonde and sodar data from the Unit 19 site
¢ data, the Doppler sodar wind profile,§ crated by the Pacific Northwest Laboratory (PNL). In this case, the major tempera-
ithered balloon of about 4 to 10m. ° deficit and wind maximum are below the minimum range of the sodar. However,

L pand of strongest echoes above the }:ninimum range corn;isponds to the strongly-

. ion above the jet maximum where Ri = 0.10. In the gure, we have indicated
S0 Structure '4.. ej:evated inversions, each corresponding to a temperature change of less than
% °C. The first, labeled A, corresponds roughly to the top of the mixing region above
: jet; the second, labeled B, corresponds to a weak echo region on the sodar record

ctional interaction with a rough by t below a region of increasing wind shear and slightly stronger stability,
tured echo layers observed with sodag; ,

ses, strong shear near the surface ove). DRAINING AND CHANNELING VALLEYS

»roducing turbulence; the resulting tug jce individual slope flows accumulate, they are generally channeled by the larger-scale
nce then communicates the effect of raf ley system. In the upper portions of Big Sulphur and Brush Creeks, the resulting wind

: boundary layer causing a stable lapelq is fairly steady with a well-defined wind maximum. Figure 3 shows the V-shaped
ts to produce acoustic scattering as pre
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Fig. 4. Sodar facsimile recording during well-developed drainage flow at Unit 14 together with wind apg i
temperature profiles and model-calculated scattering profiles. Labels are keyed to the text.

ot

valley cross-section at the Unit 14 site in Big Sulphur Creek and the relative locations.

of sodar and tethersonde profiles. The downstream location of the Unit 14 power plm 3

is also shown. Figure 4 displays a typical facsimile record, associated temperature agd -
wind profiles obtained within the drainage flow, an indication of regions in w]:ié,jt:
Ri < 1.0 and Ri < 0.25, and the profile of C? calculated with the model do:scribed-i:if3
Section 3. The temperature and wind data were obtained with a tethered balloon sysnen{%
The vertical sampling interval was about 4 m and we smoothed the profiles wﬂﬁ
triangular filter. The calculated C7 profile, non-zero only where Ri<0.22, wE |
smoothed with a 30-m block filter that corresponded to the acoustic pulse length
in the observations. Several features (keyed to the figure) are evident in comparingtl_ﬁ
data and calculations: %
() The dark echo band corresponds to the region of reduced Ri above the jet, aaitf}
5.1. The region in which Ri < 0.25 is more elevated than the observed echo pattern; thif
may arise from two causes. First, the fact that turbulence once generated can pemﬂ"'

to values of Ri = 1.0 would imply a thicker scattering region than that predigggd_y th%.. i

model. The region of Ri < 1.0 in Figure 4 corresponds more Closely fo the actual sodf
echo region. Second, because of the irregularity of the underlying terrain, there ulﬁ‘p

guarantee of horizontal homogeneity. Also of interest is the location of the maximu |

echo layer relative to the temperature inversion, as calculated with the model: namdyt}_._
at its boundary. Examination of Figure 1a shows that for constant shear (as above
jet maximum in Figure 4), C7 rapidly decreases with increasing stability. This suggess
that sodar echo layers may af Times delineate the boundaries of temperature m\m

rather than the inversion itself. / / .
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Sl weaker echo region below the band described in (a) corresponds to a
i K at the nose of the jet where the wind shear is least.
i ;; temperature profile near the surface is nearly isothermal, suggesting that
adiative cooling is not sufficient to maintain a stable lapse rate against the
__ ;hear.induced mixing below the jet. Such isothermal layers below elevated
strong > ets have also been observed in Antarctica and modeled numerically in cases
: urface cooling (Neff, 1980), a situation corresponding to a nearly balanced
o cacry budee : :
d,'mtermittent turbulence occurs above the jet at periods on the order of tens of

ONNNNNNN S
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FE ";‘_l:;yeak echo layer occurs at a weak elevated inversion (~ 250 m) and marks the
== e daty between the down-valley flow and northerly winds above.

A M‘;; The maximum of the jet occurs at a point corresponding to about one half of the
gaximum temperature deficit.

B:;sms AND POOLING REGIONS

| 'fa sodar observations of simple slope and channeled draining flows described above,
o Ws were generally well defined and similar in a variety of locations. However,
x basins and pooling regions, echo patterns are typically more complex, their primary
- ¢haracteristic being the stratification and irregularity of the echo strata as shown in
Figre 5. In this case, the tethered-balloon sounding obtamed data at 10-m intervals;
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TERRA
because of this larger interval, we used no filtering on the data u
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~dexampleis provided in Figure 6 where winds are light throughout the profile
$ - nanges i wind speed combine with larger changes in wind azimuth to
_ smal : ariety of thin scattering layers:
yoduce & ind maxima produce minima in the scattering as before.
meight of the surface-based inversion corresponds to the region of strongest
. based echoes. ) i :
o o egions Of stronger azimuthal shear produce isolated scattering layers even though
@ R egl yaries little. This follows from the fact that the Richardson number, and
!mv{mm;ulence, depend on the vector shear as in Equation (7).
' &) Th ¢ (emperature profile often shows a weak elevated inversion at several hundred
@ in contrast to the results in Figure 5. Because this is often the boundary between
e pooled flow and the ambient wind, a distinct, although weak, echo layer often forms
thepo ™ to changes in wind speed and direction across this airmass boundary.
: ;gpoPS:ﬁon of these figures shows an association of echo strata with small variations
wind ¢ and larger variations in wind direction in thin layers: often in these cases
& ;,Wis nearly isothermal, the wind speed varies from 0.0 t0 2.0 m s~ !, and the wind
et by as much as 90 deg over a height of 25 m. In our discussion of (5),
argued that echo regions should be closely connected with regions in which Ri was

(B

and increasing stahi}

ersonde on the soda'r.
1 below 1.0. These g
as before), to the ob

Jirection ‘varies
we argy

small, If one takes a wind speed of 1.0 m s ~ !, an isothermal lapse, and a direction shift
of 90 deg over 25 m (not unusual in such light wind conditions), Equation (7) predicts
Ri=0.10, a value sufficiently small to expect instability and turbulence. Refering to
‘Figure 1, using these values of Ri and shear, suggests a relatively large value of CZ of
5_(:z m~2? despite the relatively small temperature gradient.

s §

4 CONVECTION WITH A CAPPING INVERSION

;{h the onset of solar heating in the morning, echoes characteristic of convective
ativity form. Such echoes, as shown in Figure 7, result when temperature inhomo-
-Mes.from the heated surface are carried upward by buoyant plumes. Because the
‘magnitude of the inhomogeneities decreases as mixing continues, convective echo
mgm\des decrease with height on average. In the presence of a capping inversion, the
mixing produced both by the shear, if any, in the ambient wind, and by the impact of
e buoyant parcels results in scattering layers as evident in Figure 7 and as described
Kaimal e? al. (1982). In the facsimile recording in this figure, obtained over complex
n with slopes between 0.1 and 0.2, there is little evidence of terrain influence on

’hNdf and King (1987), it was proposed that the marine inversion could have a
"_i!smﬁc_ant influence on drainage flows in the Geysers area. At times, the connection is
‘e more direct, as the depth of the marine layer increases to the point that fog and
._.,h?“.louds fill the valleys to the west and northwest and flow over the Mayacmas ridge
e }:‘ In Figure 8, we show echoes from the top of such a stratus layer. The fact that

fio: _l?Yet.OY strong echoes lies near the top of the stratus layer was verified by direct
_'_“bigl:?ahon from the ridge above the valley. *

[
720406080 0°
Wind Speed
(ms~1)
serature, wind speed,. and
| shear under light wind




MG

R R T N o X

DT -
218 W. D. NEFF

inversion [

Er ll
PR

Height (m)

Holght (m)

1000 I.__

22 July 1979 (PST) 3 0800

Fig. 7. Example of sodar echo patterns in the case of convection from a heated slope together mm 2
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Variations in the height of the echoes correspond to variations in the height of the stratus layen oscillati
thickness of the layer presumably corresponds to the amount of shear at the top of the cloud and (& a
thickness of the inversion at or above cloud top. 3 example-_‘
o} thewaye)
“ | medium |
5.6. DYNAMICAL INSTABILITY o |
In much of what we have discussed to this point, we have related the origin of aoou*: ‘ '
echoes in stably-stratified flows to the effect of a locally-reduced Richardson nm :
following the arguments of Neff and Coulter (1986). An initial reduction of Rich In genera
number below its critical value has also long been related to the formation of g & the windg

*
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3 Fb9 Sodar echoes showing dynamical instabilities resulting from shear at the top of the nocturnal
B ersion. In this case, Doppler sodar wind profiles show winds increasing with time and eroding into the
L ST stable layer below.

o-di ensional motions, often referred to as Kelvin—Helmholtz instability (e.g.,
,wmd Hooke, 1975). As reviewed by Neff and Coulter, such instabilities produce
! cT:'arﬁctensuc signatures on sodar facsimile records. In Figure 9, we provide an example
o, ?tigliechoes obtained from the Diamond-D site in the Geysers. In this case, we have
""‘ﬁﬁmposed Doppler-derived wind profiles at 20-min intervals showing how the

{ pearance of such echoes often reflects the response to an acceleration of the flow aloft

“’*from 3to8 ms™') and a consequent increase in the shear. In Figure 10 we show
several additional examples of such echoes reflecting their ubiquity in the data from the

%

* Diamond-D site, a drainage flow pooling area. Of curiosity in both Figures 9 and 10

f'-:.?s__!li_é;rqsponse of lower-level echo strata to the instabilities above, the same periods of

"if,}lﬁhon being present, but with amplitudes that decrease with elevation. This is an
mmple of the ‘hydrodynamical filtering’ of internal waves, a process that depends on
W?Yelength of the wave and its frequency relative to the buoyancy frequency of the

- 08l (Gossard and Hooke, 1975),

el

6. Bistatic Echoes

-g.ﬂ..u =
( i’; Nﬂ’ﬂl bistatic echoes, while useful for computation of Doppler shifts from which
S WS are deduced, are not usually displayed in facsimile representations. Hawever,
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echoes usually mark the interface between different flows and/or air masses.
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Bl presented earlier, they provide a direct measurement of turbulence at

 the meo;Yh eir display should, therefore, provide a useful key to the distribution of
"ales complex terrain flows. At any particular time, the scattering received at
gn-cem ointing receiver comes from the volume between the two ellipsoidal
e ;uc.all)"Pected by the vertically pointing beam. The thickness of this ellipsoid
 grfaces mtetr:e Jength of the pulse transmitted. Figure 11 shows a typical example of
' .ds ?n echoes, where for contrast, we shifted from the monostatic to the bistatic
“{.:I:igback again. Because of the separation of the transmitter and receiver, the
) fthe bistatic pulse is delayed and, in addition, the corresponding height at which
. occurs is not a linear function of time. This is reflected in the different height
:'fb the two displays in the figure. In this case, the bistatic echo indicates that
once fills the regions between the isolated echo layers shown in the monostatic
melghts petween 100 and 350 m. Above 400 m, the bistatic echoes again increase
' to the monostatic ones, indicating higher levels of turbulence. This distribution
oes is also reflected in the C? model-calculated profile obtained using the wind
: perature profile shown in Figure 11. Bistatic traces displayed over a longer

iod of the night in Figure 12 reveal the variability in space and time of turbulence in

- wurnal drainage flows. In particular, this figure shows that turbulence occurs only

+—
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n different flows and/or air massés._
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TERRAIN
intermittently above 400 m, and in lamina some 100 to 300 m thick, beloy thi
Notable also are the regions in which turbulence is very weak. In addition, g
turbulence can be seen to increase during surges in the drainage flow ) ¢,6SSENCE of Brost
jies in (1) tk

Kquations -
7. Summary gons and (2) the pare

We have discussed the origin and character of acoustic echoes obtaineq in' oo
terrain flows, providing examples interpreted using both tethersonde wind and: 3
ture profiles and Doppler-derived wind profiles. In stably-stratified flows, we foun:
the scattering cross-sections could be expressed in simple forms with suitabj
tions. This line of reasoning was then developed further using results of 3 5

u'hel:c C, is a constar

i given by the harmor

on shear and stability in a general fashion and used specifically as a diagnostic
analyze wind and temperature profiles measured with a tethered balloon sy
found general agreement between predictions and observations suggesting thatfy
development of such diagnostic tools would be worthwhile. :

In the interpretation of monostatic echoes, we found that echo patterns
sensitively on the distribution of wind and temperature. In simple slope flo
channeled flows, simple echo patterns were predicted and observed. In comple
: with light and variable winds, echo strata occurred with each reduction of Rj,
i 4 laminated echo patterns. e and neutral surfaqe la
| We also discussed a variety of other echo patterns occurring in complex terrain e (1979). The resulting
We found that patterns representing convection with a capping inversion did noty "_forward alg'ebra,. the:
the local terrain slope. Stratus and fog, trapped within valleys, revealed themselve number \,vnh fhis sol
strong echoes at the top of the moist layer. Dynamical instabilities were reﬂ ) © ofthe vananc'es and ¢
distinct echo patterns, usually at the boundaries of different air masses, and in pg °f Lhesg solutions. Tt
when the wind aloft would increase in speed.

Wm w2 is the ver
. constant. This prescr
i displacement availab.
 gratified temperature

e ey

ability to depict the distribution of small-scale turbulence in drainage flows.
analysis using second-order turbulence closure suggested that such bistatic
would be dominated by the turbulence portion of the scattering (as oposed to thg
to temperature) for all but the largest values of Ri.

Because /=0 for (i
Richardson number.
¢*lBN2, w*I’NZ, a
_ tovariance equations
270 at-a Richardsor
. Wyngaard (1979) in t
. number.

" In the setting of th
- fiting model-calculat
fenctions. In fact, m
“Ovariance equations
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T

1300 m thick, below Appendix
~ weak. In additiOn, ot

d’s simplification of the second-moment turbulence
" the drainage flow, fhe cs5enCe of Brost and Wyngaar p

: fies in (1) the dropping of time derivatives, Coriolis terms, and triple correla-
ﬂunuon: (;) the parameterization of the dissipation rate as
foos an

f acoustic echoes obtaineq m, o
ing both tethersonde wind g x
In stably-stratified flows, we
1 in simple forms with suitapje
1 further using results of a sepgp;
to examine the dependence of gos
used specifically as a diagnogtip
2d with a tethered ballooq

nd observations suggesting thag
: worthwhile.
we found that echo patterng g
perature. In simple slope
dicted and observed. In complg
red with each reduction of Rj,

3
6=Cs'qT ’ (Al)

9 C is a constant, q? is twice the turbulent kinetic energy, and the length scale /
wbﬂ'ﬁ ;y the harmonic mean of the distance from the surface, z, and a buoyancy length

‘ w2\ 12 A2
. (17;) , (a2)

'-,;5 is the vertical velocity variance, N2 = g/T(86/éz), and Cy an empirical
Emmt This prescription simply relates the dissipation length scale to the vertical
;Bplacement available to a fluid parcel moving with vertical velocity w in a stably
g‘ siratified temperature lapse rate and the height above the surface. The majority of the
i :-wnstﬁnts in the model are set through the requirement of matching the observed stable
bt peutral surface layers as described by Wyngaard (1975) and Brost and Wyngaard
(jgfls). The resulting set of equations is described in Fitzjarrald (1979). With straight-

ard algebra, they provide a solution for g2/ N2 as a function of Richardson
. qumber, With this solution, one can then find w?/I> N2. To proceed with a calculation
‘of the variances and covariances requires a prescription for the length scale / in terms
these solutions. This can be obtained from (A2) as

erns occurring in complex t
with a capping inversion did gof
within valleys, revealed ther
ynamical instabilities were
of different air masses, and in

‘ F 172
iar product from sodars, sh Cy (12N2> -
rbulence in drainage flows. Th ot i = zF,(Ri). (A3)
2 suggested that such bis . w2 \12
; C
o the scattering (as oposed to thi { B ( > 2)
. [ 12N}
Rl. L

§. Because /= 0 for (W?/I?N3)'/> = 1/Cg, the choice of C, determines the critical
_Rkh}ll'dso_n_ number. This can be seen explicitly in Figure A1 where we have plotted
} 'l;'ﬂ_ZN}, WI>NZ, and F,(Ri). From the figure, it is clear that the solution of the
Q‘{_ari_anee equations provides a ratio of buoyant to turbulent time scales that goes to

'at a Richardson number of about 0.43. The choice of Cp = 1.69 in Brost and
m;!?;ﬂd'(mw) in turn makes / = 0 at an Ri of about 0.23, their critical Richardson
In the setting of the model constants, use was made of neutral-layer limits and of

2 model-calculated profiles to stable surface-layer Monin-Obukov similarity
o In fact, making the approximation /~ z (i.e., small Ri) allows the set of
“4lce equations to be reformulated and solved explicitly for tPe similarity

aents
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Fig. Al. Behavior of g?/*N7? and w2/I2N2 as a function of Ri. The function Fy(Ri) :
function used in the choice of length-scale parameterization. :

LOG

functions. This analytical calculation (Neff, 1980) reproduced the mﬂu )
Wyngaard (1978), who obtained the similarity function from numeric I m ;
tions, for values of z/L < 0.2, where L is the Monin—-Obukhov leng_th o e AL uo; of itw, wh, and
The majority of stable-layer data have been obtained at Ri < 0.25; the inconsis g -
in the critical Ri described above (Figure A1), therefore, does not no; -
The question still remains as to how well the model predicts the behavxol'L b
variances and covariances in stably stratified flow for data such as those: : inances are used. (Result
the Kansas experiments. We thus examined the ability of the model ' ]
turbulence quantities, using tabulations of mean gradients, variances, and :
from the Kansas Data Report (Izumi, 1971). These ratios for temperatut | _ ‘w? also examined t
and turbulent kinetic energy are presented in Figure A2 as functions of Ri - ;
fit lines are also shown that reveal the general stability dependence of th res
cases the Brost and Wyngaard model underestimates at low Ri, does
covariances than variances, and is more credible at Ri greater than 0.1 i N
are more limited. In particular, the temperature flux is least subject t0 0 un . s L Cﬂ_gcal fgature of the 1
the momentum flux somewhat more, and the variance the most. Any non< - :
zation scheme involving variances and covariances derived from modﬂ.l‘,
thus reflect an Ri-dependent bias, its magnitude depending on Wh1°h= o

of the Kansas st
turbulent kinetic «
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sre, does not normally re : alf
predicts the behavior of tum Lg
r data such as those availal r ces are used. (Results from Nieustadt (1984) appear to reflect this bias intrinsic .
lity of the model to calculate (BSERE o the model.)
dients, variances, and covasi ‘Because the choice of length scale is critical to the determination of the variances and 13
ratios for temperature 1 ies, we also examined the sensitivity of the results in Figure A2 to the value of Cj. ed.
A2 as functions of Ri. Least& In Figure A3, we have plotted the values of Cj as a function of Ri, required to make e

e model-calculated temperature flux and turbulent kinetic energy agree with those
. d"ﬂ . In these results, C,, has the greatest stability dependence below Ri = 0.1;
Rl = 0.1, the choice C,, = 1.69 appears quite appropriate for this limited data set.
" A critical feature of the model used is in the parameterization of the dissipation rate
i“'f‘--_‘,-(:3(413/1). In order to test this parameterization, we obtained dissipation rates for
a of the Kansas stable runs (J. C. Kaimal, private communication), used the
f?dt\lrbulent kinetic energy, and calculated the dissipation length scale*from (A1).

rdependence of the
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Wc-ﬂleﬂ compared this value with that predicted using the mean gradients in the Brost
a;&'\“yngwd model (Figure A4) and with that predicted by (A2) using observed values

it "‘f?jmd N2 (Figure A5). The figures shoYv the generally good agreement for these
0.2 rface-layer results; equivalent data outside the surface layer under more stable
i conditions (strong static stability, light winds) are limited.
the fit of model-calculatedta N,

1etic energy. ;
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