SIMILARITY OF STRUCTURE-FUNCTION PARAMETERS IN THE
STABLY STRATIFIED BOUNDARY LAYER

J. WYNGAARD and B. KOSOVIC
Department of Meteorology, Penn State University, University Park PA 16802-5013, USA

(Received in final form 12 April, 1994)

Abstract. The structure-function parameters C2 and C? of temperature and velocity, respectively,
from the 1973 Minnesota experiments and from large-eddy and direct numerical simulations show
a smooth transition from M—O similarity to the “local scaling” hypothesized by Nieuwstadt for
the outer regions of the stable boundary layer. Under that hypothesis, turbulence statistics aloft
depend on the local vertical fluxes of momentum and temperature, so these results suggest that
remote-sensing measurements of C+ and C? could be used to infer vertical profiles of those fluxes.
We argue that the sensitivity of the fluxes to unsteadiness, baroclinity, terrain slope, and breaking
gravity waves precludes the universality of the vertical profiles of structure-function parameters
in the stable PBL. We find that the C% profile is particularly sensitive to these effects, which is
consistent with observations that it varies considerably from case to case.

1. Introduction

Many boundary-layer researchers will recall the impact of the McAllister et al.
(1969) paper. These authors had pulsed an array of loudspeakers and detected
the backscattered energy with the same array. By cleverly recording the signal
on a facsimile receiver, they produced striking time-height displays showing how
convective eddies rising from the heated surface in the early morning break up
the nocturnal boundary layer. Use of the acoustic echo sounder, as it was soon
called, spread rapidly.

Deardorff (1972) suggested that the acoustic echo sounder would be able
to provide direct data on the nocturnal boundary-layer height h, a subject of
speculation and controversy at that time. Similarity theories {e.g., Clarke, 1970)
held that h satisfied the equilibrium relation
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where ¢ ~ 0.3, u, is the friction velocity (the square root of the kinematic
surface stress), f is the Coriolis parameter, and L is the Monin—Obukhov length;
the function F' is unity at neutral and decreases under stable stratification. It
was not clear, however, whether the nocturnal boundary layer could reach this
equilibrium. The behavior of conventional soundings of temperature and wind
had led Blackadar (1957) to conclude that & typically increases during the night
from its early-evening minimum.

On the basis of his one-dimensional model calculations, Deardorff inferred
that A is generally time dependent and cannot be diagnosed from a steady-state
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similarity relation such as Equation (1). [He had just carried out time-dependent,
fine-mesh, three-dimensional calculations of the neutral and convective PBLs; his
attempts to extend these to the stable case failed because most of the turbulence
became subgrid-scale. This approach, which we now call large-eddy simulation,
or LES, was first applied successfully to the stable case by Mason and Derbyshire
(1990).]

Rather than prescribing eddy-diffusivity profiles, as Deardorff had done in
his model study, Delage (1974) used eddy diffusivities based on predicted turbu-
lent kinetic energy. His one-dimensional model of the nocturnal boundary layer
reached a steady state after several hours with a realistic rate of surface cool-
ing. Wyngaard (1975), integrating a fuller set of second-moment equations, had
similar findings. Brost and Wyngaard (1978), using a simplified form of Wyn-
gaard’s second-moment model, found that the stable boundary layer could reach
an essentially steady state within a few hours.

Nieuwstadt (1984) showed that the Brost-Wyngaard equations have steady
solutions displaying a similarity structure in outer regions that is an extension
of Monin—-Obukhov (M-O) similarity. In M—O similarity the friction velocity u.
and the surface temperature flux fw, define the Obukhov length L:
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Here k is the von Karman constant and g/7" is the buoyancy parameter. The
counterpart of L in “local scaling”, as Nieuwstadt termed it, is the “local Obukhov
length” A
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where 7(z) is the magnitude of the local kinematic stress (i.e., 72(z) = Tw>(2) +
Tw(z)) and Bw(z) is the local temperature flux. Under Nieuwstadt’s local-scaling
hypothesis, quantities made dimensionless with 7, §w, and A depend only on z/A.
Nieuwstadt showed that observations taken in the nocturnal PBL at Cabauw, The
Netherlands, support this hypothesis.

Nieuwstadt pointed out that local scaling is not very well suited for practical
applications because it does not directly give vertical profiles of turbulence. How-
ever, one can obtain profiles by using local scaling as a closure in model equations
for the stable boundary layer. With such a closure, one finds that the turbulence
profiles depend on the time history of the boundary layer. As Wyngaard (1988)
states, . .. a simple, diagnostic similarity framework for the structure of the noc-
turnal boundary layer seems not to exist. What we have described instead is a
relatively simple model of its dynamics. . .. (Its) solution ... gives the structure,
which then depends on the history of the flow and boundary conditions.”
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2. The Structure-Function Parameters

2.1. REFRACTIVE INDEX

Most theoretical analyses of the scattering of electromagnetic, acoustic, and opti-
cal radiation by turbulence use the refractive index structure function (Tatarskii,
1971) which is defined by

[n(x,t) = nx+r1,9) = (n — )%, 4

where n is the fluctuating refractive index at point x and n’ that at point x + r. The
overbar denotes the ensemble average. Many problems of practical importance
involve this structure function only for separations 7 =| r | in the inertial range
of scales, where it has the form

(n— /)2 = C%r?/3, (5)

Fluctuations in the refractive index for electromagnetic radiation are caused
primarily by fluctuations in temperature and absolute humidity, 6 and g, respec-
tively. For fluctuation levels typical of the atmospheric boundary layer one can
write

n = af + bq, (6)

where the coefficients o and b depend on the wavelength of the radiation. Wyn-
gaard et al. (1978) have shown that this implies that C’JZV may be expressed in
terms of the structure-function parameters for temperature and humidity, C% and
C%, and the joint parameter, Crg:

C% = a’Ch +2abCrq + b Ch. M

(For acoustic radiation, CZZV depends also on the turbulent velocity field.) Func-
tional forms for the coefficients in Equation (7) are summarized by Burk (1979)
for acoustic, microwave, and optical radiation. Gossard (1988) has discussed the
maintenance of the joint parameter Crg and its role in radar scattering.

These structure-function parameters are directly proportional to the spectra
of temperature and humidity, and their cospectrum, respectively, in the inertial
subrange. Similarity arguments due to Kolmogorov, Obukhov, and Corrsin (see
Tennekes and Lumley, 1972) indicate that these inertial-range spectral levels
depend only on the molecular destruction rates ¢, g, Xq, and xgq of turbulent
kinetic energy, potential temperature and humidity variances, and their covari-
ance, respectively. In the inertial range the one-dimensional spectra behave as
(Wyngaard and LeMone, 1980):
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where 3; and ~; are the one-dimensional spectral constants. Our normalization
in Equation (8) is such that the integral over the half-line is the covariance.
Following Wyngaard and Lemone (1980), we take 1 = v; = 0.4 and recast
Equation (8) as

C% = 1.66_1/3)(9,
Crg = 1.6 xq,, 9
Cé = 1.,66—1/35(1.

2.2. VELOCITY

As discussed by Kaimal (1973), the inertial-subrange form of the velocity struc-
ture function for u;, for example, is

[ui(x, 8) — wy (x + 1, )2 = C2r2/3, (10)

where C? is called the velocity structure-function parameter. Kaimal presents the
spectral relations analogous to Equation (8). We need only the result

C? = 4q; 2% ~ 2623, (11)

where a1 ~ 0.5 is the one-dimensional spectral constant for velocity. When
acoustic radiation is scattered at angles other than 180°, 03 can be the dominant
factor in the scattering cross-section.

3. Similarity Structure

Equations (9) and (11) tie the structure-function parameters to the rates of molec-
ular destruction of the temperature-humidity covariances and of turbulent kinetic
energy. We can relate these destruction rates to the dynamics of the turbulence
through the second-moment equations. We derive these formally by using the
ensemble mean, fluctuating decomposition for all random fields (Tennekes and
Lumley, 1972). We denote these fields with a tilde, using upper and lower case
symbols for their mean and fluctuating parts, respectively:

i; = U; + u;; ﬁ:P-&-p; T=9+0; (f:Q‘HI- (12)
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We shall use the mixed notation u; = (uq, uy, u3) = (u, v, w); x; = (X1, T3, X3) =
(z,y, 2).

Let us assume that conditions are locally homogeneous in the horizontal and
quasi-steady, so that the mean advection and time-change terms in the second-
moment equations are negligible. Satisfying these assumptions requires that the
time and length scales of the turbulence are small compared to those of the
external changes, which is often the case under clear conditions at good sites
(Wyngaard, 1992). Then the budget of potential temperature variance is (Wyn-
gaard and Coté, 1971):

00 002w
Wwa=t+ =5 = ~Xo

(13)

The budgets of humidity variance and the temperature-humidity covariance are
(Wyngaard er al., 1978)

_ 0 /Q\ O¢w
(= = 14
prqaz (p) + ER Xg> (14)
00 o (Q\ 00qw _
WG4~ +p9wa <;) tg = T Xog (15)

where p is the mean density. Finally, the turbulence kinetic energy (TKE) equation
is
oUu 3V 15} wu,ul l opw g
= Hw — €,

UW—— + VW~

0z 0z 82 2 ) Bz (16)

where repeated indices are summed. We are assuming here that the humidity
is sufficiently small that it does not contribute significantly to buoyancy; if this
is not the case, one can use the same equations but interpret T as the virtual
potential temperature (Lumley and Panofsky, 1964).

It seems generally agreed (Panofsky and Dutton, 1984) that to a good approx-
imation in the quasi-steady, locally homogeneous surface layer, the budgets of
scalar variance and turbulent kinetic energy reduce to a local balance between
production and molecular destruction. The fqg budget has not received as much
attention, but Wyngaard et al. (1978) found that in the unstable surface lay-
er, it also has a local balance. Since our experience with these second-moment
budgets generally indicates that the turbulent transport (i.e., the third-moment
divergence) terms are least important under stable conditions, it is plausible that
the local balance for the 974— budget extends to stable conditions as well. Thus,
we write Equations (13)—(15) as

06

= —20w—
Xg w 82 3
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—_ 0
Xog = ~p6’w3 <Qp-> - qu—Q- (17

The TKE Equation (16) becomes

oU ov —
€= —uw% - vwgz + —-—0 w. (18)

3.1. SURFACE-LAYER SIMILARITY

We use the conventional surface-layer temperature and humidity scales 7, and
q*a

T, = _ews'; gs = "‘qws; (19)

Ux Ux

where gy is the surface humidity flux. Under the M~O hypothesis for the quasi-
steady, locally homogeneous surface layer, mean gradients made dimensionless
with these scales and height z are universal functions of z/L:

k

o = ua/ D

kz 0

“05: (%) = sute/m, 0)

It is not clear whether the functions ¢, and ¢, differ; following Panofsky and
Dutton (1984), we assume that they are equal. In the surface layer the fluxes
of temperature, humidity, and momentum are essentially equal to their surface
values, so under the M-O hypothesis we can write Equation (17) as

2 u*T2 2 Uyq? 2 uy Tyq,
On; Xq= k7q¢h§ Xog =3~ O (1)

X6 =

We choose the z-axis along the mean wind, so that U; = [U(2), 0, 0] and the
M-O function for mean wind shear is

kz 00U
Gmlz/L) = w B (22)

We can write the dissipation-rate expression (18) as
3

€= 2(0n —2/L). (23)
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Combining Equations (9), (21), and (23) then yields M-O expressions for the
refractive index structure-function parameters:

0%22/3 Cé22/3 CTQ22/3 3.2 ~1/3
e LG OB 24
That for velocity is
C2;2/3 2
o = o - z/L)*3. (25)

Unlike the other structure parameters, Cr¢ is not positive definite; its sign
is that of T.q, — ie., that of the product of the surface fluxes of temperature
and humidity. Under stably stratified conditions, the surface temperature flux is
negative; we would normally expect the surface humidity flux to be positive, so
CTq is negative under typical stable conditions.

Of the three refractive-index structure-function parameters, only C’% has been
measured extensively. The Kansas results (Businger et al., 1971) indicate for
stable conditions

dn=0.74+472/L; ¢m=10+472/L, (26)

so that with the Kansas value of 0.35 for k, the M—O form Equation (24) for C2
becomes

C%2%%  4.8(1+6.352/L)

T2 (1+43.7z/L)Y/3° @7)

Figure 1 shows C% data from the 1968 Kansas experiments (Wyngaard et al.,
1971), the 1973 Minnesota experiments (Caughey et al., 1979), and experiments
reported by Foken and Kretschmer (1990). Equation (27) fits those results fairly
well.

3.2. THE STABLE SURFACE-LAYER ASYMPTOTE

Under very stable conditions (large z/L), expression (27) for C% becomes

/
~ 20(z/L)*>. (28)

Equation (25) for 03 becomes, using Equation (26),

2.2/3
ST 9.6/ 1. (29)
Ui
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Fig. 1. Experimental data on C% in the stable surface layer, presented in M—=O coordinates.
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In this limit, the structure-function parameters are independent of z:

T2 u2
2 P~ * 2 ~ __*__
C ~ 20L2/3, Co ~ 9.6L2/3. (30)

A “local z-less stratification” interpretation of Equation (30) (Wyngaard, 1973) is
that under very stable conditions, turbulent eddy sizes are restricted by stability
and z loses significance as a length scale for the turbulence. Then the only length
scale is L, the only temperature scale is Ty, and the only velocity scale is uy, S0
that C% and C? must scale with 72/L%/3 and u2 /L%, respectively.

3.3. OUTER-LAYER SIMILARITY

Let us briefly review the physics underlying the notion of local scaling of turbu-
lence in the stably stratified boundary layer and the evidence supporting it.

When the requisite turbulence sensors and data-acquisition systems became
available by the 1960s, researchers studied in detail the structure of the sur-
face layer and the transport processes within it over a wide range of stability
conditions. Under stable conditions, the second-moment budgets showed a local
equilibrium state in which the turbulent transport (third-moment flux divergence)
terms were small and the production and destruction rates were in balance, as
exhibited in Equations (17) and (18). Furthermore, the data behaved as if L rather
than z determined the length scale of the turbulence under very stable conditions,
as exhibited in Equation (30). These findings stood in striking contast with those
for the unstable surface layer.
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Numerical models that used closures rooted in this interpretation of sta-
ble surface-layer physics appeared (Delage, 1974; Brost and Wyngaard, 1978;
Nieuwstadt, 1984). There were indications that such models could account fairly
well for observed behavior (Caughey er al., 1979; Nieuwstadt, 1984), although
flow intermittency under very stable conditions (Kondo ef al., 1978) and gravity-
wave effects (de Baas and Driedonks, 1985) were not generally accounted for
by the models.

When the stably stratified boundary layer yielded to large-eddy simulation
(Mason and Derbyshire, 1990), a new avenue to studying its structure and dynam-
ics was opened. Derbyshire (1990) suggested that a key parameter is By /(G2 [),
where By is the surface buoyancy flux and G is the magnitude of the geostrophic
wind. He argued that when By/(G2f) < 0.1, approximately, the layer can exist
in a quasi-steady state. Regarding gravity waves, Mason and Derbyshire stated
that “The potentially nonlocal character of some wave motions does not seem to
be strong enough to invalidate local scaling. ... Arguments given by Derbyshire
(1990) show that this is to be expected if the waves are generated purely by
turbulence, though topographic waves may of course behave differently.” In the
quasi-steady state and without topography, the Mason-Derbyshire results indicate
broad agreement with the local-scaling hypothesis for the nocturnal boundary
layer.

Under the local scaling hypothesis we can write for the outer layer

— (2 7_/12/3 —~ 02A2/3

C% = LB——J— = fi(z/A), 012, = UT
where f] and f, are functions to be determined. The vanishing significance of z
under strong stratification implies that f; and f, approach constants in the limit
z/A — oo, as do the flux and gradient Richardson numbers. The Brost-Wyngaard
model gives in this stable limit

= fa(z/ ), €1y

o :21/6 . .
C:2r=f1=—?'527160~—1/57 5=f2=—:—0f753—4E—, (32)
K,'FE 2 K—}IL /3

where K}, is the eddy diffusivity for temperature, F is twice the turbulent kinetic
energy per unit mass, and a tilde denotes nondimensionalization with the local
scales Qw, 7, and A. Each of these dimensionless dependent variables is a func-
tion of z/A. Nieuwstadt’s numerical solutions show that as z// increases, they
approach constant values of

K, ~008, EY?~29 w?~17, (33)
so that from Equation (32)

fl =~ 197 f2 = 97 ‘ (34)
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and

(w)>

VTR (35)

C% ~19

These agree well with the surface-layer asymptotes in Equation (30) because the
closure constants in the Brost-Wyngaard model were chosen so that its results
were compatible with this stable limit. This is consistent with Sorbjan’s (1986)
hypothesis that for a given variable the forms of the M—O and outer-layer simi-
larity functions are the same.

We tested the predictions (35) of the local-scaling hypothesis with results
from both large-eddy and direct numerical simulation and with experimental data.
The LES data, from the Mason-Derbyshire (1990) study of the stably stratified
boundary layer, were provided to us by S. Derbyshire directly in the form of the
molecular destruction rates and other statistical parameters. They used a domain
500 m in the direction of the geostrophic wind, 300 m wide, and 1000 m deep.
Their numerical grid was 40 x 32 x 62 points. The direct numerical simulation
(DNS) data are from case SA of Coleman et al. (1992), who simulated a boundary
layer over a cooled surface with a numerical grid having 96 x 96 x 45 points.
The flow was very low Reynolds number; GD/v, where the laminar Ekman-
layer depth, D = /2v/ f, was 400. For air at midlatitudes, this corresponds to
G ~ 1 cm s~!. By contrast, this Reynolds number for an atmospheric case is
about 400,000, 3 orders of magnitude larger. We accessed the DNS data base
from G. Coleman and computed the statistics, averaging over horizontal planes
and over five different times. We performed the calculations on the Cray-YMP
at NCAR. .

The LES data indicate that C% approaches an asymptote of about 12 (Figure

2), while the DNS data suggest an asymptote perhaps 50% larger. For C2, the
LES data show an asymptote of about 7 (Figure 3), while the DNS asymptote is
again about 50% larger. This difference between the LES and DNS results could
be due to the small Reynolds number of the DNS. Nonetheless, these asymptotes
agree fairly well with those of Equation (35).

The experimental data were taken at 0.3 < z/h < 0.75 in the 1973 Minnesota
experiment (Caughey et al., 1979). Unfortunately, only ww data are available; the
lateral stress 7w was contaminated by balloon motion. Thus, in calculating the
local scaling parameter = we neglected the contribution of 7w, which is difficult
to justify near h. The Minnesota C% and C? data so scaled are plotted in Figures
4 and 5, respectively. In general they agree well with the local-scaling results
Equation (35) and the results from the numerical simulations.
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Fig. 2. C% data from numerical simulations of the nocturnal boundary layer, presented in

local-scaling coordinates. —, Mason-Derbyshire LES; - - - - - , Coleman et al. DNS.
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Fig. 3. C? data from numerical simulations of the nocturnal boundary layer, presented in
local-scaling coordinates. —, Mason-Derbyshire LES; - - - - - , Coleman et al. DNS.
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Fig. 4. A test of the local-scaling prediction that the dimensionless C2 approaches a constant.
The Minnesota data are averages over a few measurements; the symbol represents the mean and
the bracket indicates plus and minus one standard error.
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Fig. 5. A test of the local-scaling prediction that the dimensionless C? approaches a constant.

4. Vertical Profiles

From Equations (30) and (35) we have similarity relations for the vertical profiles
of C2% and C2 over most of the stable boundary layer. From the outer edge of
the surface layer through the outer layer we can write

2/3 | G [3/3

2/3
CZ(z) =~ 20 (k%) — C2(2) ~ 9 (%?) | w |?3 . (36)
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The key ingredients in these similarity relations are the vertical profiles of kine-
matic stress magnitude 7(z) and temperature flux fw(z). The C’% profile depends
on both 7(z) and Gw(z); their effects are opposite, and we shall argue later that
their balance is so delicate that C% can either increase or decrease with height.
By contrast, the profile of C2 depends only on the 6w profile and we expect both
to decrease monotonically with height. Let us now consider the behavior of the
7 and Ow profiles in more detail.

4.1. IDEAL (QUASI-STEADY, HORIZONTALLY HOMOGENEOUS) CONDITIONS

In the simplest quasi-steady case with horizontal homogeneity and z-independent
geostrophic wind components Uy and V, the equations for the evolution of the
vertical gradients of mean wind and temperature reduce to

oww OV oww  ,0U

822 = f—a;a 022 - "f"&v (37)
82
8—9w 0. (38)

With the boundary conditions fw = fw; at z = 0 and fw = 0 at z = h, Equation
(38) yields the steady-state 6w profile

Ow = 0ws(1 — z/h). (39)

Nieuwstadt (1984) showed also that a stress closure based on local scaling gives
a solution of Equation (37) whose 7 profile is

r=u2(1 - z/R)>2. (40)

It follows from Equation (36) that the corresponding profiles of C% and C? from
the outer edge of the surface layer through the outer layer are
— z/hy*3. (41)

C-T_201;3 1—2/hy'3, G292t

/ L2/3

Equation (41) predicts that C2 increases with height, but the observations of
Caughey et al. (1979) and Cuijpers and Koshiek (1989) show that it decreases.
The prediction of Equation (41) of an increasing C% profile results from the
balance between the competing effects of fw, which causes C2 to decrease with
height, and , which causes it to increase. Let us now examine other factors that
can influence the shapes of the fw and 7 profiles and, hence, change this balance.

4.2. DEPARTURES FROM IDEAL CONDITIONS

Since the stress and temperature flux profiles enter the mean balances of horizon-
tal momentum and potential temperature, respectively, their shapes can depend on
the many influences on these balances that appear under less than ideal microme-
teorological conditions. Let us consider a few of these influences. For simplicity
we shall investigate them in isolation — i.e., one at a time.
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4.2.1. Time Changes

‘During its early phases, the nocturnal PBL must be unsteady. Near sundown the
changing surface energy balance causes the surface heat flux to change from
positive to negative; in a horizontally homogeneous case, the mean potential
temperature gradient in the air above must then evolve according to

0 06 90w
———+—==0. 42
ot 8z 022 “2)
In the initial stages of evolution, 90/0z grows in time, so that 0%0w /022 is
negative. Let us now estimate the departures from a linear 6w profile that this
causes. L

Let us model the fw profile in the evolving nocturnal PBL as

7u =00, (1-2) +astol (1-2), @3

where 60w is the midlayer departure from a linear profile. We scale the terms in
the mean temperature evolution equation as

00w _ 80w 59O 106 )
022~ R2 7 9t 9z 71,0z’

where 74 is a time scale of the evolution of the mean potential temperature
gradient. Thus, the balance Equation (42) is

0w 100 h? hAG

P e

= — 45
bws 74 0z 80w, STgﬂws’ (45)

where A denotes the change across the boundary layer. For typical values of
h =200 m, A® =5 K, 7, = 12 h, and fw, = —0.01 m K s, Equation (45)
yields 66w/6w, ~ —1/4. Then to a good approximation, the fw profile (43)
becomes in this case

z

e oo Z\ — 2 AN _z 2
Hw__Bws(i-E)—BwsE(l h>—9w3<1 h). (46)

The data on fw from the rapidly evolving, early-evening boundary layers in the
Minnesota experiment (Caughey et al., 1979) are fit well by Equation (46).

It appears that this time-change-induced departure from linearity of the fw
profile can have a strong effect on C’%. Consider, for example, a situation where
T behaves as (1 — z/ h)*/2, as in Equation (40). Then Equation (36) shows that
a linear Ow profile gives C% increasing as (1 — z/ h)~1/3, while a parabolic Gw
profile yields CZ decreasing as (1 — z/ R)~7/3. Put another way, for a given
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T profile, Equation (36) shows that the ratio of C2 for linear and parabolic
Ow profiles varies as (1 — z/ h)~8/3, which translates to an order-of-magnitude
difference in C? values at z/h ~ 0.6.

Under unsteady but horizontally homogeneous conditions, the z-derivatives
of mean horizontal momentum equations are

Sww_ oV oou gwm_ o aav
022 ' 0z Otdz’ 82 0z Ot oz’

We can define a time scale 7, of the evolution of mean shear in analogy with
Ty, the time scale for evolution of the mean temperature gradient in Equation
(44). We see from Equation (47) that if fr, ~ 1, the evolving mean shear can
have a significant effect on the stress profile curvature. Since the time scale for
adjustment of the mean wind profiles to the decaying turoulent stress divergence
in the late afternoon and early evening is 1/f, it appears that fr, could be of
order 1 at those times.

“47)

4.2.2. Baroclinity
Let the flow be steady and horizontally homogeneous except for mean tem-
perature gradients in  and y. The vertical gradients of U, and V, are given
hydrostatically by

U, g 8T 8V, g T

— =, = —_—. 48
0z fT oy’ 0z [T oz (48)
The mean-shear equations are now
ww oV 8V, O*vw oU  aU,
—=f = - = =fl——+—7=]). 4
072 (82 oz > T 022 ! ( Oz * 0z ) “49)

The terms on the right side represent the rate of generation of mean wind shear
by Coriolis forces and baroclinity, respectively; in steady conditions, they balance
the stress curvature.

The mean potential temperature gradient balance now becomes

I [T (Y00, 00 0% o
922~ g \ 8z 8z 0z 9z )

The right side represents the rate of generation of vertical gradients of potential
temperature by the interaction of mean wind shear and the horizontal temperature
gradient, which has been written in terms of the baroclinity through Equation
(48).

Equation (49) shows that the stress profile curvature will be significantly mod-
ified by baroclinity if the geostrophic wind shear is an appreciable fraction of the
wind shear. According to Equation (48), in midlatitudes a horizontal temperature
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gradient of 3 K per 100 km, not an unusually large value, causes a geostrophic
wind shear of 10 m s~} per km. This is comparable to the wind shear, so we
conclude that typical magnitudes of baroclinity can indeed have a substantial
effect on the curvature of the stress profile.

Equation. (50) shows that baroclinity also induces curvature of the fw profile.
Let us estimate the geostrophic wind shear required to generate a significant
departure from a linear profile. Denoting the magnitude of the mean wind as
S, we use Equation (43) as a model of the fw profile and scale the terms in
Equation (50) as:

86wl  fT AS AG 51

T g h h
It follows that the fractional change in midlayer temperature flux with respect to
a linear profile is

bwh  fT ASAG
Ows/2 49 Ow,
Yor fws = —0.01 m s~! K and ASAG = 10 m? s—2, Equation (52) gives a 70%

change in the mid-layer temperature flux. We conclude that moderate baroclinity
can appreciably change the fw profile.

(52)

4.2.3. Terrain Slope
Consider a nocturnal PBL that is homogeneous in planes parallel to a land surface
that slopes at an angle § to the horizontal. Then the steady mean wind gradient
equations in coordinates aligned with the sloping terrain are (Brost and Wyngaard,
1978)

o*uw oV ¢ 06

52 15y 79, |8leos.

o*vw . ,0U g 0@
IR A
Here ~ is the angle, measured counterclockwise, from the fall-line vector (the
vector perpendicular to the contour lines and pointing down the slope) to the
z-axis. Let us use Equation (53) to ¢stimate the threshold terrain slope that gives
a drainage term that appreciably changes the stress profile. We can do this simply
by equating the magnitudes of the drainage and Coriolis terms. This yields
fTAS
gAB
For AS =10 m s~ ! and A@ =5 K, this gives 3 ~ 1.5 x 1073, a terrain slope
of 1.5 parts per thousand. This is the slope of the unusually flat Minnesota site

(Caughey et al., 1979). We conclude that terrain-slope effects on the stress profile
are apt to be significant.

| B | siny. (53)

B~ (54)
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4.2.4. Internal Gravity Waves

De Baas and Driedonks (1985) observed nocturnal PBL structure from the 200-m
tower at Cabauw, The Netherlands. On occasion they detected Kelvin-Helmholtz
waves with frequencies in the range 3 x 1073 Hz to 2 x 1073 Hz that persisted as
quasi-steady oscillations for as long as one hour without breaking into turbulence.
Their presence was seen not only in the time series of flucturations, but also in
the increase of the vertical velocity and temperature variance with height.

Einaudi and Finnigan (1981) analyzed a nearly monochromatic wave of 240 s
period detected in a weakly stable, nocturnal boundary layer at the Boulder Atmo-
spheric Observatory. They found that linear wave theory described the wave
properties and the vertical structure of the w and ¢ fluctuations well. In a sec-
ond paper (Finnigan and Einaudi, 1981) they showed that while the wave-like
fluctuations in Reynolds stress were larger than the background turbulent stress
levels, they were nearly in quadrature with the gradients of wave velocity, so
they did not extract energy from the wave at an appreciable rate; as a result, the
wave could persist in a quasi-steady state. They found that the turbulence time
scale was longer than the wave period, however, so the turbulence was not in
equilibrium with the large, wave-frequency fluctuations in shear production.

Coulter (1990) found that the turbulence levels in the nocturnal PBL over
gently rolling terrain in northeastern Illinois were quite different on consecutive
nights with similar mean conditions. Turbulence levels were low on the first
night, but during the second night the signals showed evidence of waves of 2-min
period that grew and extended beyond the PBL depth at approximately 60-min
intervals. The records showed clearly defined active and inactive periods, with the
differences in turbulence parameters o,, IV, and ¢ ranging from a factor of 2 to
4 between them. Coulter interpreted the 2-min periodicities as Kelvin-Helmholiz
waves made detectable to the acoustic sounder through their modulation of the
local turbulence structure. He inferred that they grew rapidly in amplitude with
time until they overturned and broke into turbulence that temporarily erased the
wind shear and temperature gradient. Within about 30 minutes, the cycle was
renewed.

These studies indicate that the nocturnal PBL can have strong gravity-wave
activity that modifies its turbulence structure. In view of the Finnigan-Einaudi
finding that the time scales of the wave and the turbulence can be of the same
order, we must conclude that the local-scaling relations for structure-function
parameters could be modified as well. For this reason, in his analysis Nieuwstadt
(1984) excluded cases with strong gravity waves by including only those for
which w? decreased continuously with height. He then used a high-pass filter on
the time series, as did Caughey et al. (1979).

4.3. IMPLICATIONS FOR REMOTE SENSING

We have argued that the sensitivity of structure-function parameter profiles in the
stable PBL to flow unsteadiness, baroclinity, terrain slope, and internal gravity
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waves precludes the universality of these profiles in the typical nocturnal case.
This is consistent with the findings of Cuijpers and Koshiek (1988). Their mea-
sured CZ profiles in the nocturnal boundary layer were not fit well by the steady
state models of Nieuwstadt (1984, 1985) or Sorbjan (1986). The numerical mod-
el of Duynkerke and Driedonks (1987), which uses closures similar to those of
Nieuwstadt but allows for time evolution of the boundary layer, gave the best
results.

At the same time, the similarity expressions (36) that relate the structure-
function parameters to local values of turbulent stress and temperature flux are
congistent with observations, LES results, and model predictions. Thus, the evi-
dence suggests that the similarity relations coupling the structure-function param-
eters to the turbulence are more robust than similarity relations for the vertical
profiles of structure-function parameters. We interpret this as a characteristic
of the turbulence dynamics underlying the second-moment Equations (13)—(16);
evidently the spatial and temporal scales of that turbulence are sufficiently small
that this dynamics is not substantially affected by slower and larger-scale changes
in the background conditions.

This has interesting implications for remote sensing. From the second of
Equation (36), we see that a measurement of C? yields the temperature flux
directly:

0.037T

sz——kg-—“

(C2H3/2, (55)

A measurement of CZ as well then yields the stress magnitude from the first of
Equation (36):

_0.055T (C2y?
T kg (CR)V2

Neff and Coulter (1986) and Gossard (1992) have discussed the measurement of
structure-parameter profiles with ground-based remote sensors.

If the measured C% and C2 have errors ¢(C2) and €(C2), then from Equations
(55) and (56) the errors in the inferred fluxes are, to first order,

(56)

€wh) 3eCy en) _,eCy  1eCh)

wd 2 C: 7 T Cr 2 CEC S

showing that the technique is considerably more sensitive to errors in C2 than
in C2.
5. Conclusion

The local-scaling hypothesis holds that over most of the nocturnal boundary lay-
er, the turbulence is near its critical Ricardson number and its length, velocity,
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and temperature scales are determined by the local stress and buoyancy flux. Data
from several field experiments and both direct and large-eddy simulations show
that the structure-function parameters for temperature and velocity are consistent
with local scaling. The vertical profiles of the structure-function parameters are
apt to be highly variable because of the sensitivity of the stress and temperature
flux profiles to unsteadiness of the flow, baroclinity, terrain slope, and gravity
waves. The local scaling result does offer the prospect that the stress and temper-
ature flux profiles can be inferred from measurements of the structure-function
parameter profiles, however.
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