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SIMILARITY THEORIES AND MICROTURBULENCE IN THE ATMOSPHERIC MIXED LAYER

C. W. FAIRALL

Department of Meteorology, Pennsylvania State University, 505 Walker
Building, University Park, Pennsylvania, 16802

ABSTRACT

The cloud-free, convective mixed-layer is the simplest and best understood
atmospheric boundary layer regime. Many of the mean and turbulent
properties can be well represented by similarity models based upon scaling
in terms of the basic forcing processes (e.g., the surface and tropospheric
interfacial fluxes). The boundary layer can be divided into three scaling
height regimes which, historically, are described with different scaling
models: the surface layer (Monin-Obukhov similarity), the mixed layer
(top-down/bottom-up diffusion), and the inversion layer (Wyngaard-Lemone
entrainment similarity). These models are known to be particularly
successful when used to describe the small scale turbulence properties
(dissipation rates and structure function parameters for velocity and
passive scalars). Combined with these simple models, measurements of small
scale turbulence can be used to infer surface fluxes, entrainment rate, and
flux profiles.

INTRODUCTION

Compared to the ocean, the atmospheric boundary layer (ABL) has been
extensively investigated and, in many ways, is considered to be better
understood. This understanding has developed from a combination of
information sources: (1) laboratory models (e.g., Willis and Deardorff,
1974; Deardorff and Willis,1982), (2) three-dimensional, primitive equation
large eddy simulations (e.g., Deardorff, 1974; Deardorff, 1980: Moeng,
1984),and (3) atmospheric measurements with aircraft and tethered balloons
(e.g., Lenschow, 1973; Kaimal et al., 1976; Lenschow et al., 1980; Brost et
al., 1982; Nicholls, 1984). Remote sensors are just beginning to make
major contributions to knowledge about atmospheric boundary layers. An
interesting example from Brost et al. (1982) is shown in Fig. 1, where
aircraft measured profiles of the various terms of the budget equations for
the turbulent kinetic energy (TKE) and vertical velocity variance are
given. All terms are measured except the pressure terms which are inferred
as an imbalance.
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Fig. 1. Terms of the TKE budget (upper) and one-half the vertical velocity
variance (lower) normalized by kz./u,”. For the upper panel the
terms are: dissipation (solid circles); shear production (crosses);
buoyant production (open triangles); turbulent transport (open
squares); and pressure transport (open circles). For the lower panel
the terms are: ¢/3 (solid circles); buoyant production (open
triangles); turbulent transport (open squares); and pressure
scrambling (open circles).
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Given this vast store of information, it is of interest to ponder the
present ’'state of understanding’ of the ABL. I admit that the word
understanding is rather subjective and that my own opinions may not be
universally held. Given the complexity of ABL dynamics, it is natural to
classify the conditions under dynamical regimes (see Table 1).

Table 1. An evaluation of the present ’'state of understanding’' for
several typical ABL regimes.

Regime Understanding
Cloudfree, convective good
Cloudfree, shear driven not good
Stratocumulus not good
Tradewind cumulus not good
Stable poor

Broken cloud poor
Mesoscale forcing poor

One index of our understanding is the existence of simplified conceptual
models and useful scaling laws or parameterizations. By this measure, the
cloudfree, convective ABL is clearly the best understood regime. It is
also closely analogous to the convective regime in the oceanic mixed layer;
and the simple scaling laws may be applicable to both the ocean and the
atmosphere. Some evidence for this viewpoint is given in Fig. 2, where
profiles of the dimensionless rate of dissipation of TKE, ¢/Jo, are
remarkably similar in the ocean and the atmosphere (Jo is the surface
buoyancy flux). This paper will present a summary of similarity models
developed to describe the ABL. Following these introductory comments are
sections on general background, surface flux scaling, entrainment scaling,
and top-down/bottom-up diffusion.

BACKGROUND

Microturbulence Variables

The primary small scale turbulence variables of interest to meteorologists
are the standard dissipation rates: e (for TKE), x.,. (temperature
variance), and x_ (specific humidity variance). These variables
represent the vigcous/diffusive loss terms in the TKE or variance budget
equations. The dissipations are related to the inertial subrange variables
known as the structure function parameters,

2

C,° = <(X(x)-X(r+d))%>/a?/3 (1)
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Fig. 2. Rate of dissipation of TKE (¢) scaled by the surface buoyancy flux
(J.°) as a function of height (or depth) scaled by the mixed layer
depth (D). The upper panel is from the ocean and the lower from the
atmosphere (Shay and Gregg, 1984).
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where X(r) represents the value of the variable X (X=u for velocity, T for
temperature, and q for specific humidity) at the position r and X(r+d) is
the value of X at a position a distance d from r. The brackets (<)
signify the standard ensemble average. 1In the inertial subrange of
isotropic turbulence, the 1l-dimensional variance spectral density, Sx’ is
given by the Kolmogorov -5/3 law:

- 2 ,-5/3
S, = 0.25 ¢ ° k (2)

where k is the wavenumber magnitude. The structure function parameters and
dissipations are related by the Corrsin’s equation,

1/3 (3)

) -
Cx =4 ﬁx Xy €
where ﬁx is the Kolmogorov constant (8 =0.5 and ﬁT= =0.4% forzyge
variable X. Note that for velocity, this implies thit Cu =2 ¢ .
Incidently, the value 0.25 in eq.(l) is a mathematical constant while the
B, are empirically determined by measurement (e.g., Champagne et al.,
1977).

The microturbulence variables are important for several reasons. The
dissipation is important in dynamics and the inertial-dissipation method is
useful for estimating surface fluxes over the ocean. In regions where
gradient production is approximately balanced by dissipation, the
dissipation profile can be used to infer the flux profile. The structure
functions are important in the realm of wave propagation (optical, acoustic
and radar) and atmospheric dispersion.

Scaling Regimes

Scaling theories have their origins in dimensional analysis, where
important variables of the problem are selected and other properties are
calculated from dimensionally consistent combinations of those variables.
The basic concept of similarity theory is that some selected dynamical
property (e.g., €), when normalized by the proper combination scaling
variables, can be described by ’‘universal’ function of the scaling
variables. In other words, the flow of honey around a basketball is
indistinguishable (i.e., ’‘similar’) from the flow of helium around a BB
when viewed scaled by diameter and when the flow velocity is adjusted so
the Reynolds numbers are the same. Modern ABL similarity theories are now
based on arguments about the relative variability (or lack of variability)
and magnitude of the various terms in the mean and turbulent budget
equations (see Fairall and Larsen, 1986, for examples). Since this is
considered to be a more firm foundation than the dimensional analysis
approach, the universal function of the scaling variables described above
is often referred to as a semi-empirical function. The 'semi’ supposedly
imparts some increased credibility. 1In fact the functions must be
determined by measurements but often the limiting forms of the functions
can be determined by scaling arguments so that only one or two constant
coefficients must be determined by fitting to real data.
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In the ABL the similarity regimes are broken down by vertical scale.
Historically, this process has proceeded from the ground up. Fig. 3
depicts a schematic of the typical mean structure of the ABL under
convective, well-mixed conditions in a synoptic regime with sufficient
subsidence to ensure a healthy capping inversion. Compared to the ABL, the
overlying free troposphere is essentially nonturbulent. Table 2 contains a
summary of scaling regimes that will be discussed.

Table 2. Summary of the hierarchy of ABL scaling models/regimes
beginning at the surface and moving up to the inversion. The basic
scaling parameters, the form of the dimensionless height (£), the
vertical region of applicability, and an example of a parameterization
are given. The symbols will be explained in the text. Scaling
parameters for humidity (not shown) are similar to those for temperature.

Name Scaling 3 Height Example

parameters Region
Monin- u,,T,, z/L constant e-u*3/(nz) £(¢€ )
Obukhov z,L flux
Free <w'T'>o - z>>-L e=0.5(g/T)<w'T’'>0
Conv.
Mixed W0, 2/z4 £50.1 =W, /2, F(£)
Layer z;
Top-dn W0y, 2/2,  £<0.9  F(E)=E4RE+R°E
Bot-up z.,R

iTx
Invers. We,Af,Au, - z~z; e-ec+Au2FTWe/A0

Iy

T

SURFACE FLUX SCALING

Monin-0Obukhov

Surface layer similarity theory is based on scaling parameters obtained

from the surface fluxes (Wyngaard, 1973). The theory is considered valid
in the region near the surface where various terms (particularly the
gradients) in the TKE and scalar variance budget equations are considerably
more dependent on height than the surface fluxes. Thus, the assumptions on
which the theory is based are generally valid in the lowest 10% of the ABL.
The basic scaling parameters are the friction velocity, u,, and the
temperature scaling parameter, T,, given by
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Fig. 3. Schematic of a typical convectively mixed ABL. The absolute
humidity (Q) and virtual potential temperature (0V) are shown as a
function of height where h is the height of the turbulent ABL.

uug = -<u’w'>o (4a)
u*T* = -<T'w'>o (4b)

where the primes denote turbulent fluctuations and the o denotes the
surface value. The humidity equations will not be given since they can be
obtained from the temperature equations by replacing T with q. According
to M-O theory, the suitably non-dimensionalized variables are functions of
the dimensionless height scale, ¢,

£ = z/L = -m(g/Tz<w'T'> /u,> (5

The standard meteorological convention is that heat flux is positive upward
so that convective conditions are characterized by €<0. Consider as an
example, the standard deviation of vertical velocity, T written

0., /0y = £(E) (6)
where f({) represents the semi-empirical dimensionless function.
The M-O forms for the microturbulence variables are

enz/u*3= o (7a)

(]

xprz/ (0, T,%) = 2 (7b)
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The dimensionless dissipation functions were initially measured in the
famous Kansas experiment (Wyngaard and Cote, 1971; Wyngaard et al., 1971).
For example,

3, = (140.5 1612/3)3/2 (8)

under unstable (£<0) or convective conditions. Similarly, the
dimensionless structure function parameters are given by

0, 222/ /%, 2= £, () (9

and are shown in Fig. 4. Under unstable conditions, these are represented
by the empirical formulae (Fairall and Larsen, 1986)

£.(6) = 4.0 (140.5 1£1%/7) (10a)
£,(6) = 4.9 (1-7.0 £ (10b)
£L(6) = 0.7 £1(O) (10¢)
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Fig. 4. Dimensionless structure function parameters (eqs.l0) as a function
of surface layer stability (£).
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The empirical formulae for the dimensionless scalar variance dissipation
functions can be obtained from egs.(8) and (10) using the Corrsin relation
given in eq.(3). Of course it is important to remember that these
empirical formulae are only expected to be correct in an average sense and
that any particular measurement (say a one hour average at a surface tower)
can be expected to be in error by an amount associated with normal
atmospheric variability and deviations from the assumptions of the theory
(something on the order of 20% for the case sited above). The average
accuracy of eqs. (8) and (10b) is illustrated by a series of aircraft
profile data (Fairall et al., 1980) where 15 profiles have been normalized
and averaged in bins of £ (Fig. 5). The apparently poorer fit of the
temperature struture data is believed to be caused by a failure of the
isotropic assumption very near the surface (the temperature probe spacing
was not much smaller than the altitude).
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Fig. 5. Composites of aircraft measurements of ¢ and C
(non-dimensionalized) indicating the average fit o¥ eqs. (10).
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Free Convection

The mathematical form of the dimensionless functions as z/(-L) becomes
large is referred to as the convective limit. This limit may be obtained
by z becoming large at fixed L or by -L becoming small at fixed z.
Physically, the convective limit is obtained when the buoyant production of
TKE greatly exceeds the surface shear production (the two are equal when
=-L). Since the shear production due to the surface shear becomes
unimportant, the friction velocity, u,, is not a relevant scaling
parameter in the convective limit. This means that T  is also no longer
relevant but is replaced as a scaling parameter by the surface buoyancy
flux. The asymptotic behavior of the dimensionless functions is expressed
as f(f)zém where m is a constant that is selected u, to drop out of the
scaling relation. For example, let us consider the relation for vertical
velocity variance. As -£ becomes large, eq.(6) becomes

o, = Uy [;c(g/T)z<w'T'>o/u*3]m (1D

Clearly if m=1/3, then u, will drop out of eq.(ll) yielding
o, = [x(g/T)<w'T'> 2]/ (12)

This implies that 9 increases as zl/3 near the surface, which is
consistent with observations (Wyngaard, 1973).

The forms of the dimensionless functions for the dissipation and structure
functions [eqs.(8) and (10)] have been constructed to obtain the proper
fgS?SConvection limits. Thus, the structure function p§£7§eters have a

z dependence very near the surface but approach a z behavior as
z increases (see Fig. 6). Because the TKE has an additional source
(buoyancy), the behavior for e is quite different. Near the surface ¢
decreases as z ~ (which reflects the decrease in the shear production

from the surface) but for large z, ¢ becomes independent of height,
e = (0.52/k) (g/T)<w'T'> (13)
Note that eq.(l3) implies e/J ®~constant (recall the discussion
concerning Fig. 2), where we used Jbo=(g/T)<w'T'>o. These asymptotic
behaviors are very consistently observed under convective conditions in the

lower ABL (an example is given in Fig. 7).

Mixed-layer Scaling

The dynamics of the convective ABL are greatly influenced by the total
depth, z., which determines the vertical scale of the largest eddies.
Clearly, z. is a nmatural choice for a length scale for mixed-layer
scaling ané it is natural to assume £ =z/z. as the dimensionless length
scale. The mixed layer velocity scale (usually called the convective
mixing velocity) is easily obtained by writing eq.(l12) in terms of ¢,

0 = Le/Dzy<w 1> 12 (2720 (14)



