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Globally intermittent turbulence is characterized by sudden switching from

significant turbulence to weak turbulence and back on time scales ranging from

seconds to tens of minutes as opposed to microscale intermittency, which is due

to organization of small scale gradients by individual eddies on scales as small as

the Kolmogorov microscale. This thesis examines globally intermittent turbulent

atmospheric data by a conditional analysis technique.

The conditional analysis separates the stronger turbulence sections of data

from the weak sections and analyzes each type separately. This analysis is applied

to two different sources of global intermittency. One case arises from the undulating

structure of the top of a convective internal boundary layer that was forming due to

a cool marine boundary layer being modified by a sun-heated beach. The other case

is nocturnal boundary layer intermittency, the causes of which are not well known.

When applied to the top of the convective internal boundary layer, the con-

ditional analysis performs well in that a turbulent kinetic energy budget can be

balanced. Conventional analysis of the same data is unsatisfactory. The conditional

analysis improves the behavior of relationships for nocturnal intermittency, espe-
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cially in that it reduces non-stationarity, but it does not explain all the scatter in

the data. This may be due to the large role of self-correlation in the traditional

presentation of the data.
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A CONDITIONAL ANALYSIS METHOD APPLIED TO GLOBALLY
INTERMITTENT TURBULENCE

1. INTRODUCTION

1.1. The Atmosphere

The earth's atmosphere has different characteristics at different altitudes.

The pressure and density drop off exponentially with height above the surface,

p(z) = p(0) exp(z/H) where H, the scale height of the atmosphere, is about 7km

for about the first 100 km above sea level. About 99% of the mass of the atmosphere

lies within the lowest 30 km above sea level.

Based on temperature characteristics, the atmosphere is classified into four

levels: the troposphere, stratosphere, mesosphere, and thermosphere. The lowest

level, the troposphere, extends from the earth's surface to 8-15 km above sea level,

thicker at the equator, thinner at the poles. The troposphere is characterized by

strong vertical mixing and temperatures that drop nearly linearly with altitude at

an average rate of 6-7C° per kilometer.

Above the troposphere, the stratosphere reaches elevations of about 45 km,

and is characterized by very little vertical mixing and temperatures that increase

with altitude. A narrow zone, the tropopause, separates the troposphere and strato-

sphere. The troposphere and stratosphere together account for about 99.9% of the

mass of the atmosphere. The mesosphere reaches elevations of about 80 km, and

temperatures decrease with altitude. The thermosphere's maximum extent ranges

from 200-500 km depending on solar acitivity, with maximum extent for active solar
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periods. Temperatures increase with altitude in the thermosphere. Above 500 km,

interparticle collisions are so infrequent that temperature is no longer a useful pa-

rameter.

Other layers are based on properties other than the temperature. The ozone

layer is located within the stratosphere between 10 and 50 km, with a maximum

ozone concentration at about 25 km. Due to the rapid increase in mean free path of

particles with height, most of the atmosphere's free electrons are located at levels

above 60 km, where they exist in sufficient numbers to affect radio wave propa-

gation. This region is called the ionosphere. It overlaps the upper stratosphere

and extends above the thermosphere, with a maximum electron density at about

300 km. Electron density changes diurnally as well as with solar activity (Wallace

and Hobbs, 1977).

1.2. Terminology

1.2.1. Potential temperature

The potential temperature, 9, of an air parcel is defined as the temperature

that the parcel would have if it were expanded or compressed adiabatically from

its existing pressure and temperature to a standard pressure, Po, generally taken as

1000 mb = io Pa. From the first law of thermodynamics applied to an ideal gas

dQ=dU+pdv
/ dU'\= ()dT+d(v)_vd

= c,, dT + R dT v dp

=(c+R)dTvdp
=cdTvdp (1.1)
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where Q is the heat, U is the internal energy, v = V/rn is the specific volume, c,

is the specific heat at constant volume, c is the specific heat at constant pressure,

and R is the gas constant, in units of J deg1 kg, which is related to the universal

gas constant by R = R/jio, where t0 is the molar mass of the gas, in this case dry

air.

Since dQ = 0 for adiabatic processes, equation 1.1, with application of the

ideal gas law, pv = RT, becomes

c dT v dp = 0

(1.2)RT p

Integrating from Po, where T = , to p, we obtain

c,, 1TdT [Pdp

RJ9 T
f,,0
p

c,, T p
in = in

R 0 Po

(TAR
o) Po

/ \R/Cp

(1.3)
\Po I

Equation 1.3 is called Poisson's equation. For dry air R = Rd = 287 JK1kg' and
c = 1004 JK'kg' so R/c,, = 0.286 (Wallace and Hobbs, 1977).

1.2.2. Stable, unstable and neutral

Potential temperature in essence "corrects" for elevation differences in tern-

perature. Because warm air rises and cool air sinks, the potential temperature is

a good scale for determining if a parcel of air will be more or less buoyant than

the air above or below. When potential temperature increases with height, surface
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air is less buoyant than the overlying air and cannot rise. This condition is called

statically stable. For a convective boundary layer, the potential temperature at

the surface decreases with height. Surface air is therefore more buoyant than the

air immediately above it, so the warmer surface air rises and cooler overlying air

sinks. This condition is called unstable. At near neutral conditions, the potential

temperature is relatively constant with height.

1.2.3. Velocity term conventions

In fluid dynamics it is customary to denote the wind vector as U, instead

of V as is more typical of physics textbooks. The three components of the wind

vector are denoted by either u, v, and w or U, V, and W. Atmospheric flows are

characterized by fluctuating values of wind speed, temperature, and composition.

It is common to break these down into mean and fluctuating parts. Typically the

mean part is indicated with an overline, U, V, and W, and the fluctuating part of

each component is indicated with a prime, u', v', and w', although usage varies.

1.2.4. Eddy correlation

Turbulent fluxes are calculated by the eddy correlation method. For example,

to calculate the vertical heat flux, the net correlation is calculated between the

vertical velocity fluctuations, w', and the temperature variations, 0'. With surface

heating, in general the updrafts are warmer than average and the downdrafts are

cooler than average, resulting in a net positive correlation, w'O'> 0. Conceptually,

the heat flux may be thought of as the temperature of all the downward moving

parcels of air, w' < 0, subtracted from the temperature of all the upward moving

parcels, W1 > 0.
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Similarly with the momentum flux: faster than (locally) average parcels (pos-

itive u') are carried by the downdrafts (negative w') when wind speed increases with

elevation (positive shear), and slower than average parcels are carried by the up-

drafts, resulting in a net negative correlation between u' and w', u'w' < 0.

1.2.5. Summation notation

To avoid writing multi-line equations, Einstein summation notation is used

to indicate vector and tensor components. Only the three spatial dimensions are

used. So the individual components of the wind vector are denoted by U where

the index i can take on the values 1, 2, or 3 to indicate the x, y, or z directions

repectively.

When an index is repeated, it is assumed that one is to sum over that index.

Occasionally, in cases such as u2, summation may not be implied. Context is usually

sufficient to determine whether or not summation is implied when the author has

not explicitly supplied that information.

The Kronecker delta function, 8jj, and the alternating unit tensor, ijk, have

their usual meanings.

1.2.6. Units

Fluids are treated as a continuous medium rather than as a collection of

discrete particles (Kundu, 1990). Fluid density takes the place of mass in the equa-

tions. As a result, momentum per unit volume replaces the units of momentum,

and energy per unit volume replaces the units of energy. Often, the entire equation

is divided by the fluid density, leaving units such as momentum per unit mass and



energy per unit mass. The turbulent kinetic energy equation (equation 1.9) is in

units of power per unit mass, Wkg' = m2s3.

1.3. The Atmospheric Boundary Layer

Although the troposphere extends from the ground up to an average of 11 km,

only the lowest couple kilometers are directly modified by the underlying surface.

The earth's surface is a boundary on the domain of the atmosphere, and transport

processes at this boundary modify the lowest 100 to 3000 m of the atmosphere. The

atmospheric, or planetary, boundary layer is defined as that part of the troposphere

that is directly influenced by the presence of the earth's surface, and responds to

surface forcings with a time scale of about an hour or less. The remainder of the

troposphere is loosely called the free atmosphere (Stull, 1988; Sorbjan, 1989; Kaimal

and Finnigan, 1994).

We study the boundary layer for many reasons; most important, it is the

part of the atmosphere where we live, and most all terrestial life exists. Water vapor

transport is dominated by surface based sources, not just oceans and other bodies

of water, but also vegetation and moist soils. Transport through the atmospheric

boundary layer regulates how water vapor is incorporated into weather systems.

Most pollutants are released into and disperse in the boundary layer. Atmosphere-

ocean climate coupling takes place in the atmospheric boundary layer. Over half

of the incoming solar radiation does not react directly with the atmosphere, but is

absorbed by the earth's surface. This warmed surface is a major source of energy

for generating turbulence and mixing.
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zi zi

U 0

FIGURE 1.1. Profile plots of mean_wind speed, U, mean moisture concentration,
, and mean potential temperature, 0, within a convective boundary layer, where z2

indicates the location of the capping inversion, which is by definition the boundary
layer top.

1.3.1. Typical profiles

Plots of boundary layer conditions as a function of height are usually graphed

with height along the vertical axis and variables of interest along the horizontal axis.

These are called profile plots or just profiles. Winds are required by the no-slip

boundary condition to be zero at the earth's surface. Mean wind speeds increase

logarithmically with height in the lowest portion of the boundary layer, are usually

constant with height through the rest of the boundary layer and increase sharply to

match free atmosphere velocities above the boundary layer. Surface concentrations

of moisture as well as contaminants are highest in the lowest level of the boundary

layer and decrease to nearly zero in the free atmosphere (figure 1.1).

Temperature profiles vary according to surface conditions. With strong sur-

face heating, a convective boundary layer develops. Potential temperatures (sec-



tion 1.2.1) decrease with height in the lower portion, then are constant with height

in the rest of the boundary layer, which is refered to as the mixed layer. Above the

mixed layer, at the top of the convective boundary layer, is a temperature inver-

sion where the potential temperature increases sharply with height. This capping

inversion marks the top of the convective boundary layer. In the overlying free atmo-

sphere, potential temperature profiles are stable (section 1.2.2), increasing slightly

with height. The capping inversion and the overlying stable free atmosphere are a

barrier to the buoyancy of surface air parcels.

With surface cooling, potential temperatures are usually stable throughout

the boundary layer. The absence of a capping inversion makes it difficult to define

a boundary layer depth. Stable boundary layers are often described as stratified.

Profiles of turbulent fluxes such as the heat flux, w'9', or momentum flux,

i (section 1.2.4), seem to be unique to each hour and day (figure 1.2a). However,

profiles of the flux normalized by the surface value, w''/w'e'o in the case of heat

flux, as a function of elevation normalized by the height of the capping inversion,

z/z, are universal in their characteristics (figure 1.2b). Often, velocity terms are

normalized with what is called the friction velocity, u. This term is proportional

to the surface stress, r = p(7J2 + 32)h12
pu2.

1.3.2. Internal boundary layers

Mean wind is responsible for very rapid horizontal transport, or advection.

When boundary layers are advected over a surface with different surface conditions,

equilibrium with the underlying surface is disturbed. It takes time (distance) for

the boundary layer to reach equilibrium with this new surface. Downstream from

the change in surface conditions, an internal boundary layer (IBL) forms as the
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FIGURE 1.2. Scaling of heat flux in the atmospheric boundary layer. a) Profile
plots of heat flux, w'', for several different convective boundary layers. b) Normal-
ized profile plots of the three boundary layers in plot a. By non-dimensionalizing
with the surface heat flux and the height of the capping inversion, all three profiles
now lie on the same curve.

influence of the new surface diffuses upward. Above this IBL, the atmosphere re-

tains characteristics of the upstream surface, although the turbulence is normally

decaying. The time-averaged height of the IBL increases as a power of the distance

from the change in surface. Sometimes the IBL is broken down into two regions: an

equilibrium zone at the surface and a transition zone between the equilibrium zone

and the overlying flow (Garratt, 1990).

Near urban areas, as well as in some rural and natural settings, the surface

is characterized by a patchwork of different surface types with different roughness,

heat, and moisture conditions. To what extent this heterogeneity affects the details

of the boundary layer structure is still a subject of research.
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1.3.3. Nocturnal boundary layers

Night-time surface cooling induces downward heat flux, stratification and

partial suppression of turbulence. Thin boundary layers result, from a few hundred

meters thick with high winds (large shear generation), or cloudy skies, to only a few

meters thick during weak winds and clear skies. During very stable conditions, in-

termittent turbulence develops, where the strength of the turbulence varies between

moderate and very weak, typically on time scales of a few minutes to a few tens

of minutes. Intermittency is seldom clear-cut and therefore is sensitive to detection

criteria. Turbulence may decay slowly or be subject to slow modulation. Some-

times the nocturnal boundary layer is characterized by an "upside-down" vertical

structure in that the turbulence is greater at higher levels than at the lower levels.

1.4. Transport, Turbulence and the Governing Equations

Most fluid flows in nature are turbulent. Turbulent motions are characterized

by irregular conditions of flow in which various quantities show random variation

in time and space (figure 1.3). They are often described as overturning swirls of a

continuous range of sizes superimposed on one another, refered to as eddies. Turbu-

lence is orders of magnitude more efficient at mixing than diffusive processes, and

therefore is of great interest for studying transport of moisture, greenhouse gases,

and particulates as well as heat and energy.

Turbulence is characterized by fluctuations that vary over space and time.

One method of obtaining data is to gather time-series data from stationary in-

struments. Taylor's hypothesis of frozen turbulence states that if the mean wind

is strong enough, the time series from the stationary instrument captures a good

spatial record of the turbulence as it is advected past the instrument. This ap-
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FIGURE 1.3. Two minutes of 20Hz turbulent wind data.

proximation holds well when the turbulent fluctuations are small compared to the

magnitude of the mean wind.

1.4.1. Reynolds decomposition

Turbulent motions can be modeled as a stochastic process. Each data point

is assumed to have an average part and a fluctuating part, so that each point can be

expressed as X = + x', where X is the mean value of X, and x' is the fluctuating

part. The overbar indicates an ensemble average. This process is called the Reynolds

decomposition. The average of the product of two fluctuating variables, x'y', is

called the Reynolds average flux and is the same as the eddy correlation flux in

section 1.2.4.

In practice, atmospheric data cannot be reproduced in such a way that a

true ensemble can be created. Instead, in cases where the statistics of the flow
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are independent of time (stationary), the time average is the same as the ensemble

average, so the time average is used in place of an ensemble average.

The statistics of turbulent variables are rarely Gaussian. In order to facilitate

certain calculations such as random uncertainties, several flux estimates are averaged

in order to exploit the Central Limit Theorem, which states that in the limit as the

sample size goes to infinity, the distribution of the sample mean of a variable is

normal regardless of the distribution of the variable (Coles, 2001).

1.4.2. The Navier-Stokes equation

The equations of motion for a fluid are based on Newton's second law. They

were derived independently by Navier and Stokes in the mid-l9th century, and are

written in terms of density rather than mass. The total momentum changes in a

volume V are a result of forces acting on the surface bounding the volume and forces

acting on the whole volume. For the i component (section 1.2.5) of the momentum

vector, we obtain

fffpUidV = ffT2 d + fffPGzdV (1.4)

Applying the divergence theorem yields

pU = V . T + pG (1.5)

where G2 is a component of a body force and T2 a surface force in the i direction.

The vectors T1, T2 and T3 define a stress tensor

12 T13\

T= T2 = r21 r22 T23 I (1.6)

T3 T31 32 33 )
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where the rj are the normal components and are equal to the negative of the pres-

sure, and the 'r23 are the parallel, shearing stress components which are symmetric,

'rjj (Sorbjan, 1989).

1.4.3. Geophysical form of conservation of fluid momentum

Equation 1.4 is written for an inertial reference frame. In geophysical appli-

cations it is preferred to rewrite it with respect to a frame of reference fixed with

respect to the earth's surface. This adds a Coriolis term to the equation. In ad-

dition, it is assumed that the fluid is Newtonian, that is, the relationship between

stress and strain is linear. The strain tensor is defined as

1 f0U OUjS,=(---+--
2 \ôx3 8x2

(1.7)

After the above requirements and some simplification, the Navier-Stokes

equation for geophysical application is now in the form

ÔU, 1 ?p 92U,ii- (1.8)+ U, fE2j3Uj ôx,
where g is the acceleration of gravity, f is the Coriolis parameter, p is the fluid

density, p is the pressure, and v is the kinematic viscosity. The Coriolis parameter

is proportional to the angular velocity of the earth and the sine of the latitude of the

reference point (f = 2w sin ) and is on the order of 104s' at middle latitudes.

At this point several simplifications, approximations and scaling arguments

are made. Then terms such as U2 are Reynolds decomposed into U2 = U + n. The
entire equation is time-averaged to obtain a prognostic equation for the mean flow.

Subtracting the mean flow equation from the equation before time averaging yields a

prognostic equation for the turbulent departure u. This equation is then multiplied

by 2u and rearranged, simplified and time-averaged to get a prognostic equation for
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the variances u2 (not summed over the index i in this case). The turbulent kinetic

energy is e = O.5u2 = O.5(u'2 + V'2 + ).
The Coriolis terms cancel each other

indicating that the Coriolis forces cannot produce turbulent kinetic energy.

1.4.4. The turbulent kinetic energy equation

The full turbulent kinetic energy (TKE) equation is

_(') (1.9)
at ax3 O,, ôx ox3 p Ox,

where summation over both indices is implied.

The actual values for TKE in the atmosphere are very small compared to

other quantities such as the latent heat transport due to the movement of water

vapor or the amount of solar energy being input to the system. TKE is created and

dissipated at a rate of about 1 watt or less per cubic meter. Solar input is of the

order of several hundred watts per square meter at the earth's surface during the

day. The main interest in TKE is not its absolute magnitude, but rather its effect

on the transport of a great many things of interest, such as water vapor, heated air,

trace gases such as carbon dioxide and methane from foliage, and pollutant gases

and particulates from industry.

The first term in equation 1.9 is called the storage term and usually on the

order of 105m2s3 or less (section 1.2.6) except near sunrise and sunset when it

can reach ±5 x 103m2s3 with positive values in the morning and negative in the

evening. The second term is called the advection term. Its value can be large near

changes in surface conditions, but is negligible for homogeneous surfaces. The next

term is the buoyant production term. It is a source of turbulence when heat flux is

upward and a sink term when the heat flux is downward. Positive values can reach
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102m2s3 with strong surface heating. Negative values are usually not so dramatic.

The fourth term is the mechanical, or shear, production term. It is almost always

a net source of TKE since the momentum flux usually has the opposite sign as

the shear. It is largest near the surface where shear is the strongest. The fifth

term is the turbulent transport. This term can be a local source or sink term.

Turbulent transport does not create or destroy turbulence, but transports TKE

from one location in the boundary layer to another. The sixth term is the pressure

correlation. This term is usually calculated as a residual since p' is very difficult to

measure accurately. This term also acts to redistribute TKE within the boundary

layer. The last term is the viscous dissipation. Because turbulence is not conserved,

the greatest TKE values, and therefore greatest dissipation rates, are usually found

at the surface where production is greatest. Dissipation does not exactly balance

production because of the various transport terms.

1.4.5. Intermittency

Turbulence statistics are not uniform in time or space. When examining

the smallest scales of turbulence, it is found that the fluctuations are unevenly

distributed with sections of relatively little fluctuation punctuated by spurts of very

large fluctuations. This microscale turbulence is attributed to the stretching and

narrowing of vortices by shear forces. Turbulence at larger scales is also uneven.

The origins of these larger scale intermittencies are often unkown.

1.5. Dimensional Analysis and Scaling Laws

Dimensional analysis is a powerful tool for turbulence studies. The Law of

the Wall, which states that the velocity profile near a solid surface is logarithmic
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and which is one of the most reliable results of turbulent flows, is justified from

dimensional considerations (Kundu, 1990).

In another application of dimensional analysis, the Russian mathematician

Kolmogorov hypothesized that at scales much smaller than the largest dimensions

of the flow (i.e., the boundary layer depth in boundary layer flows) and much larger

than the viscous scales (typically on the order of millimeters in geophysical flows),

there must exist a range of scales, called the inertial subrange, in which only the

energy dissipation is important. Based on this idea, the Fourier energy spectrum in

this inertial subrange must be proportional to E213k513 where is the dissipation

and k is the wave number. This five-thirds law has been observed and the con-

stant of proportionality has been measured (Tennekes and Lumley, 1972; Edson and

Fairall, 1998).

The Obukhov length, L, is a useful scaling length for the surface layer. To

derive L, the TKE equation (equation 1.9) is made non-dimensional by multiplying

by ,cz/u, where ic is the von Karman constant, z is the height above the surface,

and u, is the surface friction velocity (section 1.3.1). Making the surface layer as-

sumption that fluxes are aproximately constant with height, the bouyant production

term is written as ( = kzg(i)/u. The Obukhov length is defined by setting

(= z/L yielding

L=
kg (Jë)

(1.10)

where (w'O')0 is the surface value of the heat flux. The non-dimensionalized shear

production term is (written in streamwise coordinates and assuming homogeneous

surface conditions)

kz IOU"= (1.11)
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using the definition u = (u'w')0. Monin-Obukhov similarity theory postulates

that çbm and many other aspects of the surface layer are functions of z/L.

Since turbulent fluctuations can have many sharp changes, the sinusoidal

basis functions of Fourier analysis are not always the best. Using square waves as the

basis function can better capture some aspects of turbulent statistics. This method

is analogous to breaking up the time-series into parts and calculating the Reynolds

average flux for each part of this size and then repeating with successively smaller

sizes (scales) to analyze the amount of flux at each scale. This is a multiresolution

analysis (Howell and Mahrt, 1997).

1.6. Sonic Anemometers

Sonic anemometers consist of pairs of transducers usually separated by a

distance of 20 cm. Sound waves are passed between the two transducers. The pulse

type measures transit time differences directly to compute the velocity component

along the path. The continuous wave type measures phase differences which can be

converted to time differences. Three pairs of transducers are needed to obtain the

full three-dimensional wind vector. Usually the path of one pair is vertical and the

other two pairs are oriented in the horizontal plane. The velocity component, Ud,

along the path length d, can be expressed as Ud = (c2/2d)(t2 t1) where c is the

speed of sound in air and t1 and t2 are the transit times for sound pulses traveling

one direction and the other along the path. If c and d are known, Ud reduces to

the measurement of t2 t1, a relatively simple time interval measurement. In most

applications, the speed of sound is approximated by c2 = 403 T (using SI units of K

and ms') since humidity contributions are usually small compared to temperature

effects in the lower atmosphere (Lenschow, 1986).
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Newer sonic anemometers exploit integrated circuits and microprocessors and

measure velocity directly through the relationship

Ud(T_T) (1.12)

allowing them to extract temperature fluctuation data as well as wind velocities

(Kaimal and Finnigan, 1994). Absolute temperatures are not reliable due to the

effects of slight offset voltages.
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2.1. Abstract

Data from a convective internal boundary layer (IBL) are analyzed by focus-

ing on the instantaneous structure of the top of the IBL instead of the time-average

structure. A conditional averaging technique is developed to discriminate between

air from above the IBL and air from below the IBL, which alternately invade some

instrument levels due to substantial variation of the top of the convective IBL. Sen-

sitivity to the conditional sampling criteria is examined.

Inside the IBL, buoyant and mechanical production and dissipation domi-

nate the turbulent kinetic energy budget. The horizontal advection and turbulent

transport terms are smaller, but not negligible. The inferred pressure correlation

term is negligible. Above the IBL, buoyant production and dissipation dominate

the turbulent kinetic energy budget. Shear generation and turbulent transport are

smaller but significant. Advection is negligible above the IBL.

2.2. Introduction

When boundary layers are advected over a surface with different surface con-

ditions, equilibrium with the underlying surface is disturbed. It takes time (distance)

for the boundary layer to reach equilibrium with this new surface. Downstream

from the change in surface conditions, an internal boundary layer (IBL) forms as

the influence of the new surface diffuses upward (figure 2.1). Above this IBL, the

atmosphere retains characteristics of the upstream surface, albeit the turbulence is

normally decaying.

Most studies investigate the time-averaged height of the IBL (figure 2.1) as

well as time-averaged profiles. Sometimes the IBL is broken down into two regions,

an equilibrium zone at the surface and a transition zone between the equilibrium
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FIGURE 2.1. Idealized time-averaged IBL structure for onshore flow.

zone and the overlying flow (Garratt, 1990). This subdivision will be found to be

incomplete near the change in surface (short fetches).This study will focus on the

convective IBL within the first 120 meters downstream from the change in surface

conditions.

The top of the instantaneous internal bounday is contorted as shown in fig-

ure 2.2. Instruments located in the layer of undulation will yield nonstationary data

that switch from conditions representative of the transition layer just below the

interface to conditions above the IBL, more representative of the uptream surface

conditions (figure 2.2). This interface zone is the region in which the interface Un-

dulates. The transition layer will be defined here as the layer below the interfacial

zone where the flow is not yet in equilibrium with the new surface due to horizontal

advection. Ogawa and Ohara (1985) documented intermittency in the interfacial

zone in their short fetch study of a convective IBL.
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FIGURE 2.2. Plausible instantaneous IBL structure and the DUDAMEX sonic
anemometer positions. The vertical scale is expanded compared to the horizontal
scale. The dashed lines identify the interfacial zone.

2.3. IBL studies

IBLs have been a subject of atmospheric studies for decades (Garratt, 1990).

The early works focus mainly on the effects of changes in surface roughness on

profiles near the change in surface (short fetches). Later works concentrate on

mesoscale adjustment due to changes in surface heat flux. Data for these later

studies are usually obtained by aircraft, making short fetch studies impossible.

The leading edge of the convective IBL does not follow traditional boundary

layer growth theories. A capping inversion cannot be assumed at very short fetch.

When the original boundary layer is neutral or unstable, the inversion only forms

farther downstream when the IBL grows deep enough to mix into the overlying
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stratified flow above the upstream boundary layer (Stull, 1976). With no capping

inversion, thermals rise unobstructed by stratification and presumably lose buoyancy

primarily through mixing. It is difficult to define the top of the IBL under these

conditions as the thermal penetration depths vary over a depth that is not small

compared to the time-average depth of the IBL. Even defining maximum or mini-

mum penetration levels is problematic because the penetration depths may follow a

broad frequency distribution requiring a long record to capture extremes.

Also, at small fetches, the overlying air is still turbulent due to advection of

turbulence. This overlying turbulence enhances the mixing at the top of the IBL,

an effect not included in IBL theories. The turbulence in the overlying layer decays

in the downstream direction so that the assumption of weak or no turbulence above

the IBL should be valid farther downstream.

2.4. DUDAMEX data

We analyze data from the Dutch-Danish Meteorological Experiment (DU-

DAMEX), which took place in June 1979, on Schiermonnikoog Island in the Nether-

lands. The amount of data recorded was limited by the available storage media of

the time (tape drives), so each run contains about one hour of data and successive

runs are separated by up to half an hour required to set up new tapes in all the

drives. There are data for twenty-one separate runs taken over six days throughout

the month representing different conditions. Although the data set is quite small,

no subsequent observations have provided comparable spatial coverage. Ogawa and

Ohara (1985) conducted a similar experiment with less instrumentation. Due to the

small amount of data and profile kinks induced by a sea wall, results in their study

are inconclusive with respect to IBL development.
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DUDAMEX is unique in that 3-D sonic anemometers (Kaijo-Denki) provide

both horizontal and vertical structure of the initial development of the IBL. Four

of the sonic anemometers are at a height of 2 meters, one at the high water line

and three others at 40-meter intervals inland (figure 2.2). At 80 meters from the

waterline, three more sonics were placed at 5-, 10- and 20-meter elevations, in ad-

dition to the instrument at 2 meters at that location. At each location, the three

components of the wind vector were recorded at 20 Hz. Sonic temperature data

were also recorded at 20 Hz for each of the 2-meter locations, as well as the 5-meter

location.

To easily refer to individual instrument locations, a short notation of (ele-

vation(in meters), fetch(in meters)) is used in this paper. With this notation, the

instrument located 5 meters above the surface and 80 meters from the waterline is

refered to as instrument (5,80).

In addition to the seven sonic anemometers, a neighboring set of tow-

ers recorded 45-minute average values for mean wind and temperature from cup

anemometers and thermocouples. They were placed on four 20-meter towers at six

levels (0.75m, 1.5m, 3.Om, 6.Om, 12.Om, 20.Om) These towers are located at the

high waterline, 40 meters from the water, 120 meters from the water, and 240 me-

ters from the water, all about 10 meters to the east of the sonic anemometer towers.

The tower at 120 meters has only temperature data, the other towers have both

temperature and wind data.

This analysis first concentrates on data from run 23 starting at 1500 on

18 June. For this record, cool marine air is blowing over a sun-heated beach at

about 3.5 ms1 forming an internal boundary layer due to the step change in surface

temperature from 17.0°C at the water surface to 31.4°C at the sand surface. There
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FIGURE 2.3. 100 seconds of the vertical wind component (w') for the four levels
80 meters from the waterline.

is very little change in roughness (Vugts and Businger, 1977). The temperature

profile of the marine layer is slightly unstable as measured at the high waterline.

2.5. Nonstationarity and flux calculations

The flow at 5 meters, on the tower 80 meters from the water, (5,80), switches

back and forth between highly turbulent conditions, comparable to the data at 2

meters, (2,80), and less turbulent conditions, comparable to the data at 10 meters
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and 20 meters, (10,80) and (20,80), typically on a scale of tens of seconds (figure 2.3).

The data from instrument (2,40) show the same characteristics as (5,80). These

instruments are apparently inside the new boundary layer at some times and above

the interface at other times. Due to their intermittent nature, the data from these

instruments in the interface zone require a conditional analysis and will be treated

differently from the other five time series.

This switching from one regime to another implies that in addition to a sharp

transition between the upstream and new internal boundary layer, the interface is

quite contorted, similar to observations at the top of the atmospheric boundary

layer as well as laboratory boundary layer flows (Stull, 1976). Also, the structure of

these contortions has a depth that is not small compared to the average height of

the interface. The locations of the interface extrema are somewhere above 2 meters

but well below 5 meters for the lower extreme, and possibly slightly over 10 meters

for the higher extreme based on inspection of the raw data (figure 2.3).

The data from the seven sonic anemometers fall into three categories: Those

entirely inside the convective IBL, (2,80) and (2,120), those primarily above the

IBL, (2,0), (10,80) and (20,80), and those primarily in the interface zone, (2,40)

and (5,80) (figure 2.2). A conditional analysis method is required for analysis of the

intermittent turbulence in the interface zone.

2.5.1. Data either above or below the interface zone

The data are divided into non-overlapping windows of fixed length, and the

Reynolds averaged flux is computed for each window. The perturbation quantities

are calculated with respect to the average within each window. The resulting fluxes

are then averaged to obtain the one-hour average flux. The averaging windows
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FIGURE 2.4. One-hour flux estimates as a function of averaging window size.

need to be large enough to capture all of the transporting eddies and the final flux-

averaging length long enough to reduce random flux errors (Lenschow et al., 1994;

Mahrt et al., 2001).

For these data, choice of averaging windows between 30 seconds and 30 mm-

utes in length yields similar values for the one-hour average fluxes (figure 2.4), except

for the data at 10 meters and 20 meters. Averaging windows between 10 minutes

and 30 minutes for these elevated instruments yield similar values for the one-hour

average fluxes. A larger minimum window size is needed due to large eddies advected

from the upstream boundary layer.



To eliminate any mesoscale flux from the analysis and also minimize the

random error, the window width is chosen to be 2 minutes, except for the data from

the instruments at 10 meters and 20 meters, discussed below. Reynolds averaging

was applied individually to each 2-minute section to calculate flux estimates and the

average of the thirty 2-minute flux estimates was taken as the one-hour turbulent

flux. For the instruments at 10 and 20 meters, 10-minute windows were used and

the average of the six 10-minute flux estimates was taken as the one-hour flux for

those instruments.

2.5.2. Conditional analysis for instruments in the interface zone

An intermittent signal representing first one state and then another corre-

sponds to a strongly nonstationary record, and standard analysis methods do not

apply. If the two states can be separated by partitioning the record, then the two

states can be studied independently.

The use of conditional analysis to separate boundary-layer events of interest is

often based on whether w', 9' or some other variable is positive or negative (Réchou

and Durand, 1997, Lenschow and Stephens, 1982), or based on wavelet analyses

(Mahrt and Gibson, 1992; Mahrt and Howell, 1994; Galmarini and Attié, 2000).

A variety of conditional analysis methods has been used to study fine-structure

intermittency in laboratory flows. Many of these methods have been evaluated in

the comparison by Yuan and Mokhtarzadeh-Dehghan (1994).

The method used in this paper separates the IBL data from the overlying

marine layer data based on the magnitude of the local standard deviation of vertical

velocity, o. The low-variance data above the IBL consist of more cool downdrafts

on average than the high-variance convective IBL data. However, using the value of



w' or 01 as the conditional variable will not serve to effectively separate the above

IBL data from the data inside the IBL since w' and 9' are both positive and negative

in both regimes. Although the low-variance regions are consistently cooler, the high-

variance data have temperatures that span the entire range.

2.5.2.1. Partitioning

The standard deviation of the vertical velocity component, o,, is calculated

over small non-overlapping segments. The segment length needs to be small enough

to capture short time scale details while also including enough points to be statisti-

cally meaningful. Once cJ is calculated, a threshold value for o, needs to be applied

to classify a segment of data as inside the IBL (high variance) or above the IBL (low

variance). The frequency distributions of o, inside the IBL and above the IBL have

distinct peaks but overlap, so that the high variance tail of the low-variance curve

overlaps the low variance tail of the high-varance curve (figure 2.5).

The intermittent data are separated into two data sets applying the threshold

value to the a values (figure 2.6b). For segments where c is greater than the

threshold value, all data in that segment are classified as representing conditions

inside the IBL (high variance) (figure 2.6c). For segments where u, is less than the

threshold value, all data in that segment are classified as representing conditions

above the IBL (low variance) (figure 2.6d). The new data sets contain blank areas,

but are otherwise assumed to be stationary and statistically similar to a hypothetical

data set obtained from an instrument either entirely below or entirely above the

interface.

Using five-minute windows of data, Reynolds averaging is applied to each

data set separately, ignoring the blank areas. The average of the twelve 5-minute
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set.
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flux estimates is taken as the one-hour average flux. This method is not strictly

a five-minute window flux estimate as only about half of the data in each window

are classified as either high variance or low variance. Since conditions are fairly

stationary on a time scale greater than the scale of the intermittency, the number of

points remaining in each 5-minute section is statistically uniform across all twelve

sections for the entire hour.

Although this method superficially resembles the method of Variable Interval

Time Averaging (VITA) (Narsimha and Kailas, 1990; Yuan, and Mokhtarzadeh-

Dehghan, 1994), the underlying philosophy differs. VITA is employed to isolate and

study structures, such as sweeps and ejections, in an otherwise stationary record. In

this paper, a values are used to separate a nonstationary record into two stationary

data sets.

. 5. . 2. Sensitivity

Since the choice of the two parameters, window size and threshold, is some-

what arbitrary, a sensitivity study was undertaken. Inside the IBL, the calculated

values of some of the larger terms in the turbulent kinetic energy (TKE) budget,

such as buoyancy and shear generation terms, are fairly insensitive to the choice of

conditional parameters. The dissipation is calculated using spectral analysis using

only non-intermittent data, and is unaffected by the change in parameters (sec-

tion 2.6.2). Smaller terms, such as advection and turbulent transport, are sensitive

to the number of data points that are classified as either inside the IBL or above it

(figure 2.7), more sensitive than to either the window size or threshold value alone.

That is, the window size and threshold are not important by themselves but to-

gether become important for the advection and turbulent transport terms through
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FIGURE 2.7. Results of sensitivity study for TKE terms inside the IBL.

determination of the number of points classified as either high variance or low vari-

ance. A window size of 1 second and threshold value of a = 0.11 ms' was chosen,

resulting in about 50% of the data classified as inside the convective IBL and 50%

classified as above.

To further test the validity of the partitioning method, the conditional anal-

ysis is run on stationary records using the same threshold. Both the high-variance

and low-variance fluxes match the true one-hour fluxes for each instrument to within

the standard errors of the mean fluxes.
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2.6. Turbulent kinetic energy budget

In figures 2.8 and 2.9, the one-hour averages are located at their approximate

instrument location and also with respect to a hypothetical instantaneous IBL struc-

ture. Bold face indicates data for conditions inside the IBL, and italic indicates data

for conditions above the IBL. Conditional analysis on the intermittent data from the

instruments in the undulating zone at the top of the IBL, (2m elevation, 40m fetch)

and (5m elevation, 80m fetch), yields two numbers, one representing conditions in-

side the IBL in bold face, the other representing conditions immediately above the

interface in italic.

The TKE increases with height above the interface, reflecting structure in-

herited from the upstream marine boundary layer. The TKE remains smaller in the
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overlying marine layer than inside the IBL. Inside the IBL, the 2-meter values of

TKE decrease with distance from the coastline. This is consistent with an increase

of with height in the lower part of the IBL (a,, = f(z/h), where h is the IBL

depth) and the increase of the IBL depth in the downstream direction.

The constant upstream value of u can still be observed above the interface

zone at instruments (2,0), (10,80) and (20,80) in contrast to u inside the IBL

(figure 2.9). Any surface layer within the new IBL would be below the 2-meter

observational level.
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2.6.1. The TKE equation

The equation for mean turbulent kinetic energy, (Stull, 1988) = +

v'v' + w'w') is written as

ae
= +8j3=- () TTi 8 () 18 ()

at
+ U3 uiuj

o ôx
(2.1)

For DUDAMEX, the coast is a relatively straight line. We rotate the coordinate

system so that y is parallel to the coastline and assume homogeneity in the y-

direction, so = 0. The mean wind is not perfectly perpendicular to the waterline

so V 0. Equation 2.1 can then be written as:

Oe Oe 8 g OU _OV+ U- + W = w'O' -u'w'--- v'w'-
Ot Ox Oz Oz Oz

'-'V

shear I

aU aV aW oWu'tt' fliw' wlwl___
Ox Ox Ox Oz.

shear II
O(i) O() residual (2.2)

Ox Oz

The pressure correlation term cannot be directly calculated from the data, and is

therefore estimated as a residual.

The relative magnitudes of the various terms in the turbulent kinetic energy

budget are evaluated for conditions both inside the convective IBL and above it. The

gradients are estimated as finite differences, except for the mean wind data where

profile fits to cup anemometer data are used. For example, is approximated as
(ë)m)m

5m-2m

Values for W are calculated by integrating the continuity equation (ap-

pendix 2.11), but cannot be evaluated with the available data, therefore, the

third term in shear II (equation 2.2) cannot be evaluated directly. An order of mag-

nitude evaluation yields a maximum LW on the order of 103ms' over a change
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in fetch on the order of 100 meters, zU on the order of 10'ms1 over a change

of elevation on the order of 10 meters. Comparing u'w' to we find the

former to be about i0 times smaller than the latter, and therefore negligible.

2.6.2. Spectral estimates of the dissipation

The dissipation can be estimated from the spectra based on Kolmogorov's

theory. Only stationary data were used for the dissipation estimates since the con-

ditional data produced discontinuous time series unsuitable for Fourier analysis (fig-

ure 2.6). Based on Edson and Fairall (1998),
-2/3

fS(f) 2/3= - (2.3)
U

where S(f) is the spectral value of the horizontal component of the wind vector

at frequency f, c, is the Kolmogorov constant for the one-dimensional form of

the equation, and is a correction term for using Taylor's hypothesis of frozen

turbulence. For these data, differs from 1.0 by less than 1%, yielding the ap-

proximation
2/3/ U \

S(f) °u f-5/3 (2.4)

Fitting the slope for the 5/3 region of a log-log plot of the Fourier spectrum

and using c = 0.52, the intercepts yield estimates of the dissipation. Above the

IBL, E = (8.7 + 0.7) x 104m2s3. Inside the IBL, & = (9.9 + 0.8) x 103m2s3

2.6.3. Relative importance of the budget terms

Both inside the IBL and above it, the terms WO/Oz, shear II, and

O()/ax are insignificant (table 2.1). These terms might be significant in an



Budget term Inside IBL (m2s3 x i0-) Above IBL (m2s3 x i0-)
Oio- oio-3

-t79e/Ox 0.70 ± 0.20 0.05 + 0.21

-W8/ôz 0.03 ± 0.01 OiO

(g/) () 4.37 ± 0.42 0.93 + 0.18

shear I 3.03 ± 0.45 0.42 + 0.21

shear II -0.05 + 0.03 -0.04 + 0.03

-O()/8x 0.01 + 0.02 0.04 ± 0.02

-ô(7)/8z 0.98 ± 0.53 -0.33 ± 0.28

-9.9 ± 0.8 -0.87 ± 0.07

-residual 0.8 ± 1.2 -0.20 ± 0.45

TABLE 2.1. TKE budget terms and their values inside and above the IBL. The
residual corresponds to (1/)0(up')/8x2. Shear I and shear II are defined in equa-
tion 2.2.
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even narrower zone at the change in surface conditions. Inside the IBL, buoyant

and mechanical production are of comparable importance and together roughly bal-

ance dissipation. Advection and turbulent transport are small but not insignificant.

The pressure correlation, calculated as a residual, remains quite uncertain due to

the accumulation of errors.

Above the interface, dissipation and bouyant production are the dominant

terms. Shear generation and turbulent transport are small but not negligible. Ad-

vection is negligible above the IBL. The pressure correlation, calculated as a residual,

remains uncertain due to the accumulation of errors.

Turbulent transport is a source term inside the IBL as occurs in the interior

of conventional heated boundary layers; that is, turbulence is transported from near

the surface (below the observation levels in this case) to the boundary layer interior.

The upward turbulent transport is small at the interface and increases upward above

the interface, corresponding to divergence (a sink term) above the interface. This

is consistent with viewing the flow just above the interface as remnants of a surface

layer at the bottom of a deeper upstream marine surface layer.

2.6.4. Other records

The same analysis is conducted on another data run starting at 1630 local

standard time the same day. The results are similar with small changes due to the

lower sun angle. Above the IBL, the marine layer is unchanged. Inside the IBL,

buoyancy generation is 25% smaller, advection is larger, and the residual value is

similar to the analysis of the data from 1500.

Analysis of other conditions sampled during DUDAMEX find no other data

sets for which a conditional analysis would be appropriate. The other records all
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correspond to small buoyancy production compared to shear production due to

cloud cover, nocturnal conditions, or high winds combined with smaller beach surface

temperatures. With weak or no surface heating and small roughness change, an IBL

is not discernable for these data.

2.7. TKE budget analysis without conditional sampling

If the TKE analysis is redone without partitioning, the top of the IBL would

be defined using temperature profiles as being at or just below the 10-meter instru-

ment at the tower 80 meters from the water, and somewhere just above the 2-meter

instrument at the tower 40 meters from the waterline.

For the traditional analysis in this section, data from instruments (2,40),

(2,80), (5,80) and (2,120) were all considered to be completely inside the IBL and

were analyzed according to the method in section 2.5.1 without any conditional

sampling. Inside the IBL, dissipation is the dominant term and buoyancy generation

and shear generation are the next largest terms (table 2.2). Although the relative

magnitudes of the advection and turbulent transport terms are about the same as

in the conditional anlysis, the signs of these terms are different (figure 2.10). As a

result, the residual term becomes as large as the buoyancy generation term. The

large residual term appears to be due to the inappropriate application of Reynolds

averaging to nonstationary time series.

2.8. Mesoscale scale flux

The "mesoscale" fluxes asociated with the window-averaged flow are defined

as
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Budget term Inside IBL (m2s3 x i0-) Above IBL (m2s3 x 10-s)

Oio- Oio

-U9/ôx 0.43 + 0.20

-W8/ôz 0.012 + 0.005 OiO

(9/tv) (?) 4.00 + 0.41 0.75 ± 0.03

shear I 2.81 + 0.45 0.12 ± 0.04

shear II 0.04 ± 0.01 0.04 + 0.02

-8()/Ox 0.03 + 0.01

-o()/az 0.84 + 0.46 0.64 + 0.17

-E 9.9 + 0.8 0.87 + 0.07

residual 4.4 ±1.1 0.68+0.19

TABLE 2.2. A traditional analysis of the TKE budget. The residual inside the
IBL corresponds to (l/p)O(up')/8x. The residual above the IBL correspnds to
tJOë/Ox + ô()/8x + (1/)t9(up')/Ox. Shear I and shear II are defined in equa-
tion 2.2.



(I)
C'J

E 0

0
1

x
C',

C-)

E -5
ci)

C
-

-1 C

C ci) C
t -c
ci) > U) 4-
> 0 -
C)

ci)
I.-

-

iJ conditional I

traditional

42

FIGURE 2.10. Comparison of the conditional TKE budget to a traditional TKE
budget
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X'Y' = (XWfldoW Xrecord) (Ywndow Yrecord)

where X' is the difference between the non-overlapping window average and the

one-hour record average for the variable X.

In general, the results of this analysis indicate that the mesoscale fluxes are

small. The mesoscale fluxes of heat and momentum are 10% or less of the turbulent

flux value. In all cases, the random error for the mesoscale flux is comparable to

the magnitude of the mesoscale flux.

2.9. Conclusions

New information about convective IBLs was revealed by considering the in-

stantaneous structure of the IBL top when constructing the Reynolds averages. The

terms of the TKE budget equations were analyzed separately within and above the

convective IBL. Intermittent data from instruments located near the top of the IBL

were interpreted as intermittently sampling on both sides of the undulating interface

between the IBL and the overlying air. This partitioning substantially reduced the

residual term in the TKE analysis. The results were not significantly sensitive to

the threshold value of the partitioning. The TKE budget within the heated bound-

ary layer is similar to that of a typical heated, sheared IBL except that horizontal

advection of TKE is not negligible, about 20% of the dominant terms.

These results indicate that traditional analyses of turbulence at a fixed level

near an undulating interface can lead to misleading results due to nonstationarity of

the record. Partitioning of the record into segments according to the location of the

sensor with respect to the moving interface (here, the top of the internal boundary

layer) is required to meaningfully interpret the data. Similar partitioning would be
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required for analysis of the turbulence data taken in the vicinity of the entrainment

zone at the top of the boundary layer.
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2.11. Appendix

Appendix A. Calculation of W

oU oV owStarting with the incompressible mass continuity equation, + + 0,

rearranging and integrating, (V = 0), to obtain

Wzr = f
Zr

(2.5)

Using the log-linear fit of U(z) from the Dutch data for the towers at 40

meters and 240 meters from the water, we can evaluate the integral symbolically

2m

W2m =
(t7240m(Z)

dz (2.6)
Lx

yielding W = 3.0 x 103ms1 at 2 meters, and 5.2 x 103ms' at 5 meters.
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3.1. Abstract

The correlation between dimensionless shear q5m and dimensionless height

z/L for stable conditions is found to be dominated by self-correlation. A conditional

analysis of nocturnal stable boundary layer data, where "non-turbulent" parts of the

record are removed, did not significantly reduce scatter in spite of the fact that the

conditional analysis removed non-stationarity. The small effect of conditional analy-

sis is presumably due to the strong role of self-correlation. The conditional analysis

did move a few outliers, associated with nonstationarity, closer to the theoretical

relationship.

3.2. Introduction

Night-time surface cooling induces stratification and partial suppression of

turbulence. Thin boundary layers result, from a few hundred meters thick with high

winds (large shear generation) or cloudy skies, to only a few meters thick during

weak winds and clear skies. During very stable conditions, intermittent turbulence

develops, where the strength of the turbulence varies between moderate and very

weak, typically on time scales of a few minutes to a few tens of minutes.

Intermittency is seldom clear-cut and therefore is sensitive to detection crite-

na. Turbulence may decay slowly or be subject to slow modulation. Sometimes the

nocturnal boundary layer is characterized by an "upside-down" vertical structure

in that the turbulence is greater at higher levels than at the lower levels, some-

times leading to intermittent downward bursting of turbulence. In addition, the

scale of the spectral gap between turbulent and mesoscale motions varies with sta-

bility (Vickers and Mahrt, 2003), which makes estimation of turbulent fluxes more

complex.
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3.3. Monin- Obukhov similarity theory

The flux-gradient relationship in the surface layer is usually posed in terms of

Monin-Obukhov similarity theory. Monin-Obukhov similarity theory can be derived

from the Buckingham Pi groups obtained using aU/az, u, (w'O')0, g/O, and z as the

fundamental variables. Since this scaling uses only surface values and applies only

near the surface, Monin-Obukhov similarity theory is also refered to as surface layer

scaling. The results are a dimensionless height, z/L, and a dimensionless shear, qm,

with

L-- (3.1)
kg (7)

kz /t9U\= (3.2)

One test of Monin-Obukhov similarity theory compliance is whether or not

the scaled variables follow some universal function and have no additional dependen-

cies on any other variables. Previous experiments have found the nondimensional

shear to be approximately m = 1 + /3(z/L) for z/L > 0. Textbook values for /3 are

usually around 5 for 0 < z/L < 2, while published values usually fall in the range

of 3.5 < /3 < 6. Plots of versus z/L using nocturnal data show considerable

scatter, especially for large values of z/L.

The Monin-Obukhov relationship (equations 3.1 and 3.2) becomes local scal-

ing if the heat flux and stress from level z are used instead of the surface values

for u,, and (w'O')0. When the instrument at level z is in the surface layer, Monin-

Obukhov surface layer scaling and local scaling are the same. If z is above or below

the surface layer, the findings from Monin-Obukhov similarity theory may not apply

to the local scaling. In practice, most researchers use local scaling rather than pure

Monin-Obukhov scaling.
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3.4. Data

We analyze data from the main 60-meter tower from CASES99 (LeMone et

al., 2000; Poulos et al., 2002) in October of 1999 for the nocturnal period 2100-

0600 CST, and exclude hours when the mean wind is through the tower. We also

exclude hours with data problems at any one of the instruments. This leaves 79

hours of data from throughout the month. The 20 Hz data from sonic anemometers,

deployed at lOm, 20m, 30m, 40m, 50m, and 55m on the 60m tower, are used for

this analysis. Additional sonic anemometers at 1.5 m and 5 m were deployed on a

small tower placed 10 meters away. Each sonic recorded three dimensional winds

and sonic temperature. The sonic anemometer at 1.5m was moved to 0.5m on 19

Oct. Propellor anemometers recorded 1 Hz wind data at 15 m, 25 m, 35 m, and 45 m.

In addition, a series of closely spaced thermocouples provided temperature profiles

(Burns and Sun, 2000).

As the data set was limited only by the quality of the data recorded, it rep-

resents many of the complex nocturnal conditions. Conditions include near neutral,

with relatively strong turbulence; highly stable, with weak turbulence; intermittent

turbulence; and gradually varying turbulence.

3.4.1. Flux calculations

The ideal averaging window for flux calculation varies depending on the sta-

bility and height above ground (Vickers and Mahrt, 2003). A scale range of low

spectral density normally separates turbulence scales from mesoscale motions. The

central time scale of this spectral gap scale increases with height and decreases with

increasing stability. Choosing a Reynolds averaging time scale larger than the gap

time scale will result in mesoscale contamination of the flux calculation. Choosing
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an averaging time scale smaller than the gap time scale will result in underestimation

of the flux.

A 1-minute averaging scale is used for this analysis, rather than a more accu-

rate stability-dependent scale, in order to allow for the conditional analysis described

later in this paper (section 3.5). Sixty 1-minute flux estimates are averaged to ob-

tain the 1-hour flux. The standard deviation of the sixty 1-minute flux estimates is

used to evalauate the uncertainty of the 1-hour flux value.

Multiresolution analysis of the CASES99 nocturnal data indicates that one

minute is an acceptable window size except for weakly stable conditions. For weakly

stable data, the net effect of using 1-minute averaging windows instead of the ideal

5 or 10 minute windows is small. Although the 1-hour average flux is slightly larger

using 5-minute windows, the locations of the data points on the 15m versus z/L plot

change very little, usually on the order of 2-4%. Since the effect on near neutral

hours is negligible, short windows are used both for their advantage in capturing

finer details of intermittency and for optimal flux calculations for the more stable

conditions, z/L> 2, which are the focus of this paper (section 3.7).

3.4.2. Gradients

Estimation of the vertical gradients of mean wind and temperature profiles

is sensitive to the calculation method. The mean wind follows a log-linear profile

only in the surface layer. The surface layer, normally considered to be about the

lowest 10% of the boundary layer, may be only a few meters deep, or less, for many

of the CASES99 profiles (Mahrt and Vickers, 2002). A log-linear fit over the entire

tower height is only slightly improved by removing the surface constraint U = 0 at

= = 3cm (figure 3.la).
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FIGURE 3.1. Vertical mean wind profile for 0400-0500 18 October, 1999. a) Tra-
ditional log-linear fit, with (-) and without (- -) surface constraint. b) Piecewise
fits to the same data.

A piecewise fit better approximates the observed complex profiles (fig-

ure 3.lb). With the piecewise method, the lowest profile fit and rms calculation

use the mean wind data from levels 1.5 m (0.5 m), Sm and 10 m as well as the sur-

face constraint, tY(zo) = 0. The gradient is evaluated only for the middle levels,

1.5m (0.5m) and 5m. Next, the profile fit and rms calculation are made to the

mean winds from levels 1.5m (0.5m), 5m, lOm, and 20m and the gradient evalu-

ated for levels 5m and lOm. The process is sequentially repeated, stepping up the

tower one sonic level at a time. A separate fit and rms calculation are made with

data from the four propellor anemometers at 15 m, 25 m, 35 m, and 45 m. For this

profile fit, the gradient is evaluated for 20m, 30m, and 40m.

As a result of these multiple profile fits, some levels have two or three separate

gradient estimates. For the hours used in this analysis, these multiple evaluations
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are all similar to each other. In this analysis, we have chosen to use the gradient

evaluation associated with the profile fit having the lowest rms value. In addition to

fitting complex profiles well, the piecewise fit method also does well in cases where

the traditional method works well.

Gradients calculated as finite difference and also as log-finite difference were

found to have values comparable to the piecewise gradients at the higher instument

levels, but not at the lower levels. For these lower levels, plots of m vs. z/L using

piecewise gradients yield m(Z/L = 0) = 1.0. For the q5m vs. z/L plots using

finite difference gradients, cm values approach values significantly larger or smaller

than 1.0. All shears and temperature gradients are evaluated with the piecewise-fit

method for the remainder of the analyses.

3.5. Nonstationarity and intermittency

Turbulent scaling laws assume stationary conditions, so the non-stationarity

due to intermittent turbulence may introduce scatter. Removing sections of the

record with little turbulence might reduce the scatter.

To separate significant turbulence sections from low turbulence sections, the

standard deviation of the vertical component of velocity, o, was chosen to objec-

tively characterize whether a section of data was turbulent or quiescent. Ideally,

the resulting analysis will not be overly sensitive to the time scale over which o

is calculated or to the threshold value of a, used to determine whether a section is

strong or weak turbulence.

For the preliminary analysis, 1-minute sections of data are used to calculate

o. For each hour, a minute of data was considered turbulent if cr > 0.05 ms1

Flux estimates were computed from each turbulent 1-minute record, and the 1-hour
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level 0.5m 1.5m 5m lOm 2Dm 30m 4Dm 5Dm
R, all hours 0.57 0.99 0.63 0.62 0.50 0.72 -0.32 0.17

R, no weak turb 0.73 0.98 0.86 0.82 0.76 0.95 0.91 0.84

TABLE 3.1. Scatter of as a function of z/L as measured by the linear correlation
coefficient, R. Removing hours with low turbulence data increases R compared to
the R using all 79 hours.

average flux is taken as the average over all the turbulent minutes of that hour. In

order to provide adequate statistics, only hours with 10 minutes or more of above-

threshold data were analyzed, eliminating 2-19 hours of the original 79 depending

on the level (table 3.2).

Conditional gradients are computed from piecewise 1-minute gradients. The

1-hour gradient is taken as the average over all the turbulent minutes of that hour.

For the fully turbulent hours, this produces the same gradient as the conventional

method of using the 1-hour mean wind to calculate the gradient.

In order to compare the conditional data analysis to the traditional analysis,

only those hours retained in the conditional analysis are used in the traditional

analysis. This eliminates hours with very weak turbulence from the traditional data

analysis. Outliers are eliminated and scatter is reduced in the traditional analysis

just by removing these weak turbulence hours (table 3.1). Hours with upward heat

flux or negative shear do not need to be removed in a separate step as they are

already eliminated by removing the very weak turbulence hours.
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3.6. Influence on scaling laws

Comparing versus z/L using conditional data and plots for the same

hours using traditional data analysis (figures 3.2 and 3.3) indicates that the outlying

points tend to move toward the theoretical line with conditional analysis, mostly

due to reduced z/L. Both u and w'9' increase by about the same percentage with

application of conditional analysis, resulting in decreased z/L since L is proportional

to u. Many of these outlying points, although closer to the theory line, could still

be considered outliers.

Conditional analysis more often decreases cbm than increases it. In general,

the percentage increase of shear with application of conditional analysis is less than

the percentage increase in 'u. One of the notable exceptions is the 0.5m data

point for the hour 0400-0500 on 26 October. During this hour the flow shifts from

significant low level turbulence with very weak turbulence above 0.5 m, to very weak

turbulence at 0.5 m and weak intermittent turbulence from 5-40 m. This change took

less than two minutes and occured at about 0415 (Figure 3.4). Shear increases the

most with conditional analysis for hours where the turbulence switches just once

or twice in the hour rather than for intermittent turbulence where more frequent

changes occur.

Overall the 0.5 m data are the most improved by the conditional analysis.

At this level, conditional analysis increases the shear more than at the other levels

(figure 3.5). The 0.5 m level is the only level where the linear correlation coefficient

increases significantly due to the conditional analysis (table 3.2, columns 3 and 4).

This implies that the scatter with respect to a linear model is not primarily due to

intermittent turbulence, especially at higher elevation.
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FIGURE 3.2. Traditional (a) and conditional (b) analysis of 0.5 m CASES99 data.
Conditional sampling increases cbm for the circled points. The points marked with
diamonds are examples of the more usual case where cbm decreases. Hours that are
affected by conditional analysis are marked with an asterix. Hours where all minutes
are above threshold and therefore unaffected by the conditional analysis are marked
with a dot. The dashed line is cbm = 1 + 4.7(z/L).
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FIGURE 3.3. Traditional (a) and conditional (b) analysis of 5 m CASES99 data.
Conditional sampling usually decreases both m and z/L without moving the point
significantly closer to the theory line. Two examples are marked with a diamond.
One exception is marked with a circle. Hours that are affected by conditional anal-
ysis are marked with an asterix. Hours where all minutes are above threshold and
therefore unaffected by the conditional analysis are marked with a dot. The dashed
line is cbm = 1 + 4.7(z/L).
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FIGURE 3.5. Conditional shear versus traditional shear. a) Data for O.5m (*),
1.5m (circle) and 5m (diamond). b) Data for lOm (box-cross), 20m (+), 30m
(open box), 40 m (x), 50 m (diamond-dot).



3.7. Sensitivity to threshold value and o, averaging length

Selection of the threshold value is somewhat arbitrary, so sensitivity to the

threshold value is investigated. Repeating the analysis with different threshold val-

ues finds that setting the threshold higher eliminates more of the large z/L data

points without otherwise significantly altering the scatter even at 0.5 m. Setting

the threshold lower includes more low turbulence data and eventually increases the

scatter. Due to the minor difference in scatter between the conditional analysis and

the traditional analysis, an optimal threshold is difficult to define.

In order to capture the details of intermittency, o and fluxes are computed

for non-overlapping one-minute sections of data. Repeating the analysis, using 100

second blocks of data to compute cr, and the conditional fluxes, yields results nearly

identical to using 1-minute windows. Using 5-minute blocks results in more scatter

for both conditional and traditional data, with hours with low flux values being

most affected. The perturbations computed as deviations from 5-minute averages

are more contaminated by mesoscale motions.

3.8. Sensitivity of linear correlation coefficient to self-correlation

Both m and z/L contain u, (equations 3.1 and 3.2), presenting the pos-

sibility that self-correlation between and z/L could dominate the relationship

between them. Normally a value of zero for the linear correlation coefficient is con-

sidered to indicate no relationship between the variables being compared. When

the variables being compared share a common divisor, however, even random data

can have a significant non-zero correlation coefficient (Kim, 1999). This random

correlation coefficient is a better reference point than zero correlation as a measure

of no physical relation.
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level N Rdata (cond) Rdata (trad) (R)rand (cond) (R)rand (trad)

0.5m 48 0.84 0.73 0.65 0.63

1.5m 26 0.97 0.97 0.70 0.71

5m 77 0.92 0.86 0.68 0.69

lOm 75 0.81 0.82 0.70 0.70

20m 72 0.81 0.76 0.67 0.66

30m 65 0.94 0.95 0.70 0.72

40m 63 0.91 0.91 0.74 0.77

50m 60 0.94 0.84 0.70 0.71

TABLE 3.2. Linear correlation coefficient (R) for conditional data, traditional data,
and the ensemble average correlation coefficients for 1000 trials of random data for
each level. (R)rand is the amount of correlation due to self-correlation and is the
reference point of no correlation not R=0.

To test the possibility of significant self-correlation, we construct random

data sets by using the real data as a pool of values to draw from at random. The

degree of self-correlation for data with a common divisor is proportional to the range

and distribution of the values of the common divisor, so by using the actual data,

the range and distribution of the original data are closely reproduced in the random

data sets (Kim, 1999; Efron and Gong, 1983; Hicks, 1978).

For a given z, the fundamental variables that compose q and z/L are

u, and 0U/9z. So to construct the first random data point for level z, a heat flux

value is chosen at random from the heat flux data for that level, then a u value

is chosen at random from the n, data, and a shear value is chosen at random from

the shear data. The process is repeated until the random data set has as many
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points as the original data. Using the random data, new values for cbm and z/L are

computed and the linear correlation coefficient between them is computed (Efron

and Gong, 1983).

This process is repeated 1000 times. Since the random data no longer retain

any physical connections between the fundamental variables, the average correlation

for these 1000 trials of random data is a measure of self-correlation due to the

common divisor. Due to the presence of n, in the denominator of both m and z/L,

the random data for these 79 hours of CASES99 data yield average R values of 0.63-

0.77 with standard deviations of 0.06-0.13. Although the R values for the original

data are quite high (0.73-0.97), they are only a little higher than the reference point

of no physical correlation, (R)rand.

In addition to problems of self-correlation, a linear correlation coefficient

may not be adequate. The relationship between cbm and z/L may not be linear.

The self-correlation relationship is not expected to be linear since m 1/u and
z/L x 1/n. Also, the linear correlation coefficient can be sensitive to only a few

outlying points.

The difference between the variance explained (square of the correlation co-

efficient) for the original data and the random data is a measure of the true physi-

cal variance associated with the underlying processes governing the turbulence (ta-

ble 3.3). This difference is not a true variance in that it can be negative even when

the correlation coefficient of the original data is significant compared to the ran-

dom data correlation coefficient. This occurs if Rdata and (R)rand are of opposite

sign but the square of the correlation for the original data is less than that for the

random data. Such a situation is not expected here and the difference of the vari-

ance explained between the original and random data seems a useful measure of the

physical variance explained. This physical variance is more than doubled by the
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level N Rata '(R2)rand (cond) Rata '(R2)rand (trad)

0.5m 48 0.26 0.12

1.5m 26 0.45 0.42

5m 77 0.38 0.26

lOm 75 0.17 0.19

20m 72 0.21 0.13

30m 65 0.39 0.37

40m 63 0.28 0.21

50m 60 0.38 0.19

TABLE 3.3. Physical variance explained for both the conditional analysis and the
traditional analysis. The physical variance explained is defined as the difference
between the percent variance explained (R2) for the original data and the random
data.

conditional analysis of intermittent records near the surface, however, the impact of

the conditional analysis is smaller at higher levels. Mahrt and Vickers (2002) found

that Monin-Obukhov similarity theory was generally applicable only in the lowest

few meters for this data. Could it be that the physical basis for the nondimensional

shear as a function of z/L is less certain above the surface layer, where local flux

values for L are used?

Since the data are distributed unevenly on the mZ/L plane, the linear

correlation coefficient may be dominated by the sparsely distributed outliers. To

correct for this, the linear correlation coefficients are evaluated for the logarithm of

the data. Plotting log(qm 1) versus log(z/L) results in more normally distributed

data points, however, calculations of Rdata and (R)rand for log(qm-1) versus log(z/L)

results in the same conclusions. Although Rdaja values are large, (R)rand values are
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level N

Rdata

cond trad

(R)rand

cond trad

Rata

cond

KR2rand

trad

0.5m 48 0.93 0.88 0.67 0.68 0.41 0.30

1.5m 26 0.989 0.990 0.747 0.749 0.41 0.41

5m 77 0.981 0.979 0.855 0.848 0.23 0.24

lOm 75 0.956 0.959 0.878 0.874 0.14 0.16

20m 72 0.94 0.93 0.84 0.83 0.17 0.18

30m 65 0.974 0.976 0.843 0.849 0.24 0.23

40m 63 0.95 0.96 0.83 0.84 0.22 0.22

50m 60 0.93 0.93 0.70 0.78 0.36 0.25

TABLE 3.4. Results of log-data analysis. Linear correlation coefficients for
1og(m 1) versus log(z/L) using traditional data, conditional data and for the

random data sets generated for each. Also tabulated are the physical variances
explained.

much larger than zero, typically 0.70-0.85 (table 3.4). Also, conditional analysis has

the largest effect near the surface.

3.9. Self-correlation: other data sets

Because the self-correlation coefficents were so large for the CASES99 data,

we extended the self-correlation study to other data sets. A simplified version of

the conditional analysis is employed to facilitate quick analysis of data. We first

examine the impact of the alternate criteria on CASES99 data and then include

data from additional field programs.
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Since using large data bases of raw data can be cumbersome, many data sets

are stored in preprocessed form. The preprocessed data are not always amenable to

the conditional analysis used above, but the fact that simply eliminating low turbu-

lence hours from the analysis is nearly as effective at removing scatter as conditional

analysis suggests a simpified analysis method to apply to preprocessed data from

other experiments where 100 second variances and covariances are available. Using

100 second preprocessed flux calculations for CASES99 data and removing hours

where the one hour average w'w' < 0.0025 eliminates much of the scatter. Since

a preprocessed o, is not available, w'w' is used instead. This simplified method

did not remove all hours with negative cbm or negative z/L, so they were removed

separately.

Repeating the linear correlation of m vs. z/L and the tests for self-correlation

with the new selection criteria yield slightly lower self-correlation estimates than

the initial analysis while the original data correlation coefficients stay about the

same (table 3.5). The lower self-correlation numbers are due to differences in the

distrubutions of the fundamental variables compared to the previous analysis. The

larger number of hours includes a wider range of values for the heat flux and shear

but only a slightly wider range of values for u.

Six stable nights in Borris, Denmark in July, Borris95, yield about 40 hours

of data at four levels. The surface is a low heather canopy in the Borris Moor of the

Jutland peninsula. Mean winds from cup anomometers are available at only three

levels possibly introducing more scatter in OU/8z at 2m. Due to the limitations of

the cup anomometers, hours with U less than 0.5 ms1 are not used. Hours with

w'w' < 0.0025 m2s2 are eliminated.

The random data have R values of about 0.6, except at 20 m, where it is only

0.43. At 2 m, the R for the original data is only 0.60, slightly lower than the self-



level N Rdata (R)rand

0.5m 53 0.75 0.61

1.5m 41 0.78 0.66

5m 105 0.70 0.62

lOm 97 0.80 0.65

20m 98 0.87 0.61

30m 116 0.95 0.63

40m 111 0.77 0.65

50m 110 0.87 0.62

TABLE 3.5. Linear correlation coefficient (R) for CASES99 preprocessed data, and
the ensemble average linear correlation coefficient for 1000 trials of random data for
each level.

correlation value. Even though a linear correlation coefficient of 0.60 might seem

significant, it is in fact the point of reference of no relation for this data. At the other

levels, the data correlation coefficients are comparable to CASES99 (table 3.6).

The Microfronts field campain took place over grassland in south central

Kansas, late February through March 1995. The piecewise wind profiles use cup

anemometer data from 3 m, 5 m, and 10 m as well as a surface constraint of van-

ishing wind at z0 = 0.03 m. The linear correlation for the original data and for the

randomized data are similar to the CASES99 analysis with the alternate criteria

(table 3.7).
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level N Rdata (R)r2nd

2m 37 0.60 0.64

7m 31 0.77 0.63

lOm 36 0.91 0.62

20m 39 0.83 0.43

TABLE 3.6. Linear correlation coefficients (R) for Borris95 data, and the ensemble
average linear correlation coefficients for 1000 trials of random data for each level.

level N Rdata (R)rand

3m 107 0.92 0.65

lOm 101 0.88 0.67

TABLE 3.7. Linear correlation coefficient (R) for Microfronts data, and the en-
semble average linear correlation coefficient for 1000 trials of random data for each
level.



3.10. Conclusions

Conditional analysis, though it substantially improves the flux-gradient re-

lationship for a few of the data points and reduces nonstationarity, does not reduce

the overall scatter in nocturnal data compared to the traditionally processed data.

This appears to be due to dominance of self-correlation in the linear correlation

coefficient for cbm and z/L. The self-correlation as measured by the average linear

correlation coefficient for randomized data was found to be significantly larger than

zero due to the occurance of u, in both terms. The dominance of the self-correlation

is also found in other data sets. While the physical correlation (excess of that due

to self-correlation) between q5 and z/L is small, linear correlation analysis may

be incomplete. Even when dominated by self-correlation, empirical relationships

between cm and z/L, or its integrated form '(z/L), provide closure for modeling

fluxes.

3.11. Appendix

Appendix A. Z-less analog to Monin-Obukhov similarity theory

Monin-Obukhov similarity theory can be derived from the Buckingham Pi

groups obtained using 9U/Oz, u, w'O'0, g/O, and z. The results are a dimensionless

height, z/L and the dimensionless shear, q5m (Equations 3.1 and 3.2).

When the turbulence is decoupled from the surface, z and the surface fluxes

may no longer be relevant factors. Using the local heat flux and local stress values

instead of the the surface values and the local gradients of wind and temperature,

as well as the buoyancy factor, g/9, new Pi groups can be derived (Stull, 1988).

The constraints put on this set of variables by Buckingham Pi Theory will yield
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only two independent Pi groups. Here we assume that the turbulence is stationary

and not influenced by advection and that important additional length scales are not

introduced by curvature of the temperature and wind profiles, as might occur with

a low-level jet.

The two Pi groups, however, are not unique. They can be rearranged into a

wide variety of combintaions. One familiar pair of Pi groups is

where

Oz
2

Ri (3.3)
lou

(3.4)

A=-0== (3.5)
cg w'9'

11 is the gradient Richardson number and fl2 is dimensionless shear using the

Monin-Obukhov length calculated from local values, A, instead of z as in equa-

tion 3.2. 112 is also another form of the inverse of the flux Richardson number.

As there are only two independent Pi groups, the dimensionless shear must

be a function only of the gradient Richardson number in cases where the height

z and other length scales are not relevant (z-less). Buckingham Pi theory does

not give any indication of what that function might be, so it must be determined

experimentally. If the above assumptions are relevant, a relationship between Ri

and R1 exists irregardless of the applicability of K theory.

Since 112 is the inverse of the flux Richardson number and Hi is the gradient

Richardson number, if K theory is applicable, we can express H2 in terms of the

inverse of H.
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FIGURE 3.6. q5 as a function of Ri'. The slope is KM/KH. The solid line is
KM/KH = 1, the dashed line is KM/KH = 0.4 a) Data for 0.5m (*), 1.5m (circle)
and 5m (diamond). b) Data for lOm (box-cross), 20m (+), 30m (open box), 40m
(x), 50m (diamond-dot).
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level N Rdata (R)rond

0.5m 48 0.93 0.15

1.5m 26 0.998 0.13

5m 77 0.986 0.02

lOm 75 0.92 0.03

20m 72 0.50 0.05

30m 65 0.78 0.05

40m 63 0.42 0.04

50m 60 0.81 0.05

TABLE 3.8. Linear correlation coefficient (R) for q as a function of Ri' and the
average correlation coefficients for 1000 trials of random data. (R)rad is the amount
of correlation due to self-correlation and is the reference point of no correlation not
R=0.

R' u (at!
I

KM = Ri1KH \8z) KH
(3.6)

The ratio KM/KH is often taken to be 1.0 in the surface layer. This is a good

approximation for the higher stability turbulence at small z (figure 3.6a). Weakly

stable data support KM/KH which decreases as Ri approaches 0. This subtlety

is lost when the data are plotted as versus Ri. Some of the 0.5 m data have

KM/KH near 0.4. These are weakly stable hours where the boundary layer depth

is usually deeper than 30 m. For the same hours, KM/KH = 1 at the 5 m level. For

levels above 10 m, the ratio varies (figure 3.6b). Nocturnal boundary layer depths

are usually shallow enough that surface layers may often be less than 10 meters

(Mahrt and Vickers, 2002).
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Since 8U/Oz is in both terms, the relationship is subject to self-correlation.

The average linear correlation values for randomized data range from 0.03 to 0.17,

and the original data have R values between 0.42 and 0.99 (table 3.8). The small

self-correlation is due to the fact that the range of shear data is relatively small

compared to the range of the other variables. The largest range of shear values are

found at the lowest levels as is reflected in the larger (R)rnd values at 0.5 m and

1.5m.
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4. CONCLUSIONS

The thesis research has provided encouraging results toward the use of a

conditional analysis technique to reducing non-stationarity in globally intermittent

atmospheric turbulence data. The technique works especially well when the inter-

mittency is a consequence of structural non-stationarity due to sampling two very

different atmospheric conditions as a result of an interface undulating above and be-

low an instrument at a fixed elevation. Conditional analysis results in reconstructing

data samples of the two different conditions from a data set that would otherwise

need to be discarded as nonstationary. The resulting individually stationary data

sets can then be analysed using traditional methods. The success in this case is

encouraging for its application to data taken at the top of the convective planetary

boundary layer.

The results of conditional analysis applied to intermittent nocturnal bound-

ary layers are less clear-cut. Conditional analysis successfully reduced scatter for

hours with nonstationary conditions, but the results of intermittent hours are mud-

dled by the strong self-correlation between c5m and z/L due to the presence of u in

both terms. Conditional analysis improves the physical variance explained more at

lower levels than higher elevations.

For the nocturnal data, the weak turbulence sections gave widely scattered

results. The turbulent flux levels from the weak turbulence sections are extremely

small and may be taxing the instrument resolution. During such weak turbulence

conditions, the random fluctuation by itself may not be an adequate estimate of

uncertainty.

By providing more reliable analyses, the improved data analysis due to the

elimination of nonstationarity will help inform theorists and modelers as to the
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verity of current and future atmospheric turbulence models and their applications

to fields such as pollution dispersion and green house gas transport. The more

reliable analysis also led to discovery of a data substructure in the w'9'u plane for

stable boundary layer data which was not previously noticed. This data substructure

determines the placement of much of the large z/L data and explains the placement

of outliers. Further investigation of this data substructure is needed to determine if

it points to physical processes not previously noted in the literature.
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