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ABSTRACT OF THESIS
Early Morning Evolution of the Convective

Boundary Layer at the Boulder Atmospheric Observatory

The growth of the earth's planetary boundary laver is an extreﬁely
interesting and complex phenomenon. Awareness of its significance has
risen over the 9ears due in part to the increase in atmospheric pollu-
tion that becomes trapped within this layer. Its importance does not
stop there as local weather conditioms such as summer thunderstorms and
surface circulation patterns are also directly related to daily changes
in the planetary boundary layer. Missing from many of today's studies
are details of its evolution over complex terrain. Observations of the
early morning evolution of the CBL at the Boulder Atmospheric Observa-
7tor§ éven under similar synoptic and local conditions show marked dif=-
ferences in growth patterns. Potential temperature, wind and moisture
profiles along with sodar and synoptic data are analyzed in an attempt
to explain the growth behavior of the mixed layer from just prior to
sunrise until several hours after sunrise. Entrainment, horizontal
advection, vertical motion and upper levei stability are investigated
as they pertgin to the observed growth patterns. It is intended that

these results may be used in conjunction with other analyses to better
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understand and describe the growth of the atmospheric layer in which

man livese.
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I. INTRODUCTION

l.1 The Planetary Boundary Layer

The Planetary Boundary Layer (PBL) is one of the most important
height. regions in the atmosphere. It is within this layer that pollu-
tion 1is generated and trapped and where many important controls
affecting our everday weather begin. Wyngaard (1982) uses the follow-
ing simple definition when describing the PBL:

"the layer through which the earth's surface influences the ver-

tical profiles of the mean quanities (wind, temperature, mois-
ture)"”.

This iayer has a diurnal cycle with the daytime portion often referred
to as the conVéééive boundgry layer (CBL) aﬁd the nighttime portion as
the nocturnal boundary layer (NBL). The convective boundary layer, the
subject of this study, 1is often subdivided into three distinct layers.
The lowest of these layers is known as the surface or constant flux
layer and typically several tens of meters deep, where wind shear is
important. Above the surface layer and making up the largest portion
of the CBL is the mixed, adiabatic or neutral layer, where convective
mixing creates a nearly adiabatic layer. Ihe depth of this layer is
variable and normally increases in proportion to the heating of the
earth's surface during undisturbed éynoptic conditions. Above the

mixed layer is the stable or capping layer that works against upward

growth and mixing.



Over land the depth of the CBL and its evolution are controlled in
an important way by short wave solar radiation Intercepted by the
earth. During the daytime, heating at the earth's surface creates warm
buoyanﬁ plumes (thermals) which effectively mix heat, moisture and
momentum vertically. The intensity and depth of mixing is a function
of season, latitude, local surface properties and all scales of weather
conditions. It is the purpose of this thesis to study the evolution of
the CBL and report findings of an observational study of the early
morning boundary layer growth. The mixed layer is analyzed on clear
summer days using data from the Boulder Atmospheric Observatory (BAO)

300 m tower (Kaimal and Gaynor, 1983).

In Fig. 1 (adapted from Carson 1973) is a schematic of the diurmnal
cycle of mixed layer growth over land onm clear days. Carson divides
boundary layer evolution into five phases controlled by four factors
(subsidence, interfacial mixing, lapse rate éf the capping layer and

sensible heat flux). These phases (illustrated in Fig. 1) are:

Phase I. The surface sensible heat flux reverses sign, negative
to positive, as solar flux density increases. Most early morning ther-—
mals and their overshoot are quickly supressed by the nocturmal inver—

sion, leading to little significant interfacial mixing (entrainment).

Phase 1II. The nocturﬁal inversion 1s essentially gone. The
capping layer at this height is now less stable, thermal strength is

growing and mixing at the upper boundary intensifies.
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Phase III. Sensible heat flux reaches a maximum with siginificant
thermal penetration present. This penetration displaces cool air aloft

and also brings warmer air down into the mixed layer.

Phase IV. Here we find sensible heat flux though still positive
beginning to drop off. Thermals are weaker and unable to mix through-
out the complete convective layer and entrainment is nearly gone. Me-

chanical mixing and subsidence become dominant.

Phase V. During the last phase, just prior to sunset when surface
sensible heat flux once again reverses sign, the nocturnal inversion
begins to form. The inversion remains shallow often growing slowly

throughout the night until just after sunrise.

This thesis will examine the first three phases described by Car-

SON.

The daytime and nocturnal cycles are fepéated,oﬁér mahy days espe-
cially in the late spring'aﬁd éummer.. Rebirth of the nocturnal inver-
sion interacting with daily differences in surface moisture, heating
and pollutants can produce changes in the evolution process. Even
though these differences may be slight, moisture, temperature and pol-
lutants are occasionally trapped between the previous day's mixed layer
and above the newly developing boundary layer. Kaimal et al. (1982b)
examine similar situations while tracking the mixed layer depth with a
variety of remote sensors. RéiEle.et al. (1983) discuss these layers

and their importance with respect to pollution problems. Another way



pollution influences the boundary layer is its interaction with solar
radiation. Peterson and Flowers (1976) analyze and describe how pollu-

tion affects the atmospheric turbidity and also the photochemical pro-

cesses taking place.
1.2 Inversions and the CBL

When observing a growing CBL, one must also deal with the tem-
perature inversion aloft. Inversions serve as a 1lid restricting growth
and vertical mixing in the CBL. There are generally four types of
inversions whose names either directly or indirectly describe where

they are located or by what process they formed in the atmosphere.

First and most common' to the boundary layer is the radiation in-
version, also refarred to as a ground, surface or nocturnal inversion.
Frontal, turbulence indqped and subsidence inversionralso play a part
in the eﬁolution and growth of the CBL, but are not focused on in this
thesise. Frontai inversions-are associated with air mass separation and
occur primarily during disturbed conditions. Turbulence induced inver-
sions produce small scale variations in the detail of the vertical tem-
perature structure and CBL growth. Subsidence inversions are found
predominantly above 500 m and restrict growth later in the evolution of

the boundary layer.

None of these inversions is mutually exclusive and all can con-
ceivabiy exist at the‘same tiﬁe. Hosler (1961) finds from analyzing

radiosonde data (taken four times daily) within the United States that



25% of the time during a year inversions or low-level isothermal layers
exist limiting vertical mixing. Hosler's specific figures for Denver

at 0500 MST show even higher values of 65% in spring and 84% in summer.

1.3 Need for more Studies

Until recently, the study of the evolution of the boundary layer
was limited to radiosonde flights widely spaced in time (Holzworth
1964) or well planned field experiments such as 0'Neill, 1953 (Lettau
and Davidson, 1957), Wangara, 1967 (Clarke et al. 1971), and Kansas,
1968 (Haugen et al. 1971). With the development of many CBL models,
Coulman (1978) points out how some of these models fail to adequately
trace the evolution of the boundary layer. Two aspects that can affect
the accuracy or applicability of model results are their simplification
or the data put into them. Simplification can generalize or completely
eliﬁiqate parémeters that control boundary layer growth. Data used to
initialize and run many models are often. lacking the details to
describe the atmosphere, especially the vertical stability. As the
time scale of the model increases, so do the necessary scale sizes and

complexity of the input data.

The BAO is a facility that can provide data sets of sufficient
time and vertical resolution to adequately loock at the evolution of the
boundary layer. Kaimal and Gaynor (1983) state that the BAO tower data
represent at least 257 of the:dayﬁime convective layer until almost

noon on a majority of days. Goff and Hudson (1972) show some analyses



from a 450 m tower over homogeneous terrain in Oklahoma. Their analy-
sis consists of mean temperature and lapse rate characteristics as well
as the effects of different air masses and sky conditions on the ther-—
mal structure. Only one individual study is undertaken on the dissipa-—

tion of a mid-winter nocturnal inversion after sunrise.

The BAO, with its compliment of sensors, proximity to the Rocky
Mountains and continuous data logging, presents a unique opportunity to
study the evolution of the CBL over non-homogeneous terrain. Kaimal et
al. (1982a) report similarities of BAO spectral data to that of cher
unifofm terrain studies. Differences, caused mainly by mountain wave
effects in the low frequency range, also exist in the spectral analy-
sis. Investigations by Schotz and Panofsky (1980) and Johnson and Toth
(1982a) point out the importance of uneven terrain and the Rocky Moun-
tain front range topography to mesoscale circulation and therefore to
the BAO. All three studies examined what effec:s non-homogeneous ter-—

rain can have on measured parameters in the boundary layer.

Generalizing or compositing boundary layer data must be domne care-
fully. Johnson and Heywcod (1938), after examining composites of tem—
perature profiles from a short tower in England, discuss the need for
analyzing individual days because, the temperature of the air depends
on many meteorological factors. The purpose of Johnson and Heywoodfs
study was to observe winds and temperature up to 100 m and to determine

the characteristics and errors of the instruments used to measure them.



From their five years of data mean variations in the wind and tempera-
ture fields are calculated. Inversion statistics as well as some early

turbulence measurements are also examined.

1.4 Thesis Outline

This thesis presents analyses of observations from the BAO showing
the early morning growth of the CBL. Thirteen meteorologically undis-
turbed days are selected during the summers of 1981 and 1982. Using
time series from the BAO along with synoptic and nearby Denver (DEN)
radiosonde data, some insight into the role mesoscale, upper interface
and surface physical processes play in the evolution of the daytime

boundary layer rise is offered.

First a review of literature is undertaken to find out how knowl-
edge of the boundary layer and its growth have progressed over the
years. Recent related work, including models and observations, are
covered along with studies tied to the BAO. Prior to analysis of the
thirteen days, the BAO data, other supporting data sources and how par-

ticular days were chosen are described.

To achieve the goals of this thesis, observations are analyzed and
compared to previous work showing consistencies and dissimilarities to
what already is known. In the summary, future needs and studies of the

entire PBL are discussed, especially as they pertain to the BAO.



II. LITERATURE REVIEW

2.1 General Review

Mahrt (1983) reviews a large number of studies on the atmospheric

boundary‘layer from 1979 through 1982. Such a wide selection of stu-
dies specifically on the boundary layer was not previously available.
Literature on climate and inversions were often an excellent source of
knowledge on the CBL. The work of Geiger (1965) and Yoshino (1975) on
climatology often relates to the boundary layer. They examine both
local climatic conditions such as vegetation and terrain, and larger
scale climatic factors like positioning of pressure systems, relating
their effects to boundary layer gro&th and depths. One of the earliest
reviews on temperature inversipns is that of Quiroz (1956). 1In his
review he provides a refereﬁce list of both studies.and experiments
which are closely tied to boundary layer growth. It was noé until the
last 20 to 25 years, with improved technology, instrumentation and the
forming of a few basic theories, that work concerning the CBL increased

dramatically.

The O0'Neill experiment in Nebraska was a major step taken to ana-
lyze a homogeneous boundary layer. Publishing this data im 1957,
Lettau and Davidson provide the scientific community with a comprehen-—

sive boundary layer data set. After Lettau and Davidson's book, Ball
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(1960) developed a thermodynamic model describing inversion break-up
due to convection. Twobkey observational studies of the boundary layer
using past rawinsonde data soon follow. Hosler (1961) looks at low—
level inversion frequency and Holzworth (1964) defines mixed layer
depths across the United States. Two important points shown by
Holzworth are the strong mixing depth gradient along the Rockies (E/W)
and that lifting condensation levels (LCL's) on the average are less
than the mean mixing depths in July for the BAO region. These con-
ditions make determining mixing depths difficult and aid in the for-
mation of convective clouds. Hosler classifies inversioms by climate
and geography. For the Rocky Mountain region inversions are directly
related to the diurnal cycle and the seasons are important to the
strength and duration of the inversion. Hosler acknowledges deficien-
cies in his data such as time resolution, but still feels his results

are representative of actual conditions.

Lilly (1968) heads a long list of authors concerned with modeling
the CBL. This work includes Deardoff et al. (1969), Carson (1973),
Tennekes (1973), Stull (1973), Deardorff (1974), Mahrt (1976), Stull
(1976 a,b,c), Zeman and Tennekes (1977) and Benkley (1977). Most of
_these models deal with clear skies and real atmospheric data. Lilly
(1968) examines the mixed layer under a strong inversion and cloud
layer while Deardorff et al. (1969) use laboratory experiments in an

attempt to model the atmosphefic boundary layer.

As was discovered in the models above, entrainment processes are

very important to the growth of the mixed layer. Surface heating is
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fairly well understood, but in what manner and how much entrainment
takes place at the top of the boundary layer interface is not fully
understood. Ball (1960) defines an entrainment ratio (k) of one in
relating surface heat flux to downward heat flux at the top of the
mixed layer during convection. This process of heat transfer is also
associated with mass transfer. Carson (1973) and others point out that
entrainment depends not only on the surface heating, but also on the
strength and stability of the capping layer. Stull (1976b) uses a
" diagnostic entrainment equation in placé of the downward to upward heat
flux ratio. Stull's entrainment value includes the effects of infrared
radiation, gravity'waves and clouds which reduce his ratio to 0.l as
compared to a range 0.2-0.3 for Lilly (1968). Consideration of these

additional mechanisms places a greater demand pn the initial data in

more complete models than exists for the simplest models.

How extensive the convection is within a region is also important
to entrainment. Isolated thermals produce less mixing than widespread
convection  (Deardorff et al., 1969). \Stull (1976b) and Deardorff
(1979) make use of a zero order "jump” model to describe entrainment,
idealizing the boundary layer interface zone as a finite jump in poten-
tial temperature over a zero height change (Fig 2). The entrainment
analyses and models by Tennekes and Driedonks (1981), Driedonks (1982
a,b) and Wilczak and Bussinger (1982) consider the dynamics and micro-
structure of this interface ;egion. Driedonks (1982a) looks at the

sensitivity of the entrainment ratio and also the effects of initial
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, : Ae\ Stable or capping layer de/dz> 0
i >

Mixed layer do/dz=0

\ Superadiabatic layer de/dz >0

| —=

Fig. 2. Zero order jump model (adapted from Deardorff, 1979).
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boundary layer conditions in models. Initial conditions quickly Ilose
their influence on the boundary layer height and the mean temperature
of the mixed layer. Because of the inaccuracies in measuring the boun-—
dary layer height, the true effect of entrainment is often obscured.
What Driedonks did find is that a change from 0.2 to 0.5 in the

entrainment ratio only causes a variation in the boundary layer depth

of 207%.

2.2 Studies of the CBL

Beginning with the 0'Neill experiment in 1953, there have been at
least seven major CBL experiments (Table 1). Each experiment was con-—
ducted during predominantely convective periods. OQf these seven, six
fit the basic criteria fof horizontal homogeneity while only one takes
place over non-homogeneous terrain, Project Phoenix (Hooke et al.,
1979) at the BAO. Data from both the 0'Neill and Wangara expériments
have been used extensively in comparisons with models and other experi-
ments over the years. A majority of these experiments had as their
goal the continuous measurement of boundary layer properties throughout

its depthe.

The Kansas and Minnesota experiments collected data on short
towers instrumented with sonic anemometers and fést response tempera-
ture probes for measurement of heat and momentum flux. Kaimal et al.
(1976) present results from tﬁe Minnesota data of heat flux versus

mixed layer depths (Fig. 3). These data show very similar trends of
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sensible heat flux and boundary layer growth to that of the 0'Neill

data uéed by Carson (1973) in Fig. 1.

The Sangamon experiments were two in a series examining the phy-
sics of the boundary layer. The 1975 experiment concentrated on early
to mid-morning evolution of the mixed layer and the 1976 experiment on
late afternoon to early evening periods. Data consisted of tower and

balloon profiling with sodar for upper level information.

Project Phoenix at the BAO was the first experiment to incorporate
detailed measurement of the lower boundary layer using in situ and re-—
mote Sensors. Use of different types of remote and in situ sensors

allowed the intercomparison of measurement techniques.
2.3 Models versus Observations

Comparison of model results. with observational studies is instru-—
mental in devéloping new. and reliable ﬁodels. There afe still ques-—
tions concerning how well models describe the boundary layer and its
growth. Mahrt (1983) and others feel models fail to simulate meso-
scale influences or take into account horizontal advection. Mahrt also
suggests that errors in observations are sometimes too large to verify
these models. Kaimal's ‘(1982b) work with remote sensors described
earlier helps to confirm this point. Signatures used by sensors to
locate and measure the height of the boundary layer interface often
become weak and undefined as-growth progresses into the less stable

upper regions.
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Models can reproduce actual atmospheric conditions under certain
circumstances. Kuo and Sun (1976) looking at the effects of dry con-
vection in the lower atmosphere, compare their model results with three
case studies. For one particular case they are able to simulate the
slow growth and weak thermal activity observed under a strong nocturnal
inversion. Using a 300 m tower near Hamburg, Germany with an attached
profiling sensor package, Kl&ppel et al. (1978) examine the formation
and dissipation of ground based inversioms. Resulting entrainment
rates are compared to a few models depicting both free and forced con-
vection. Klsppel cites how a slight change in the surface roughness
under similar meteoroloéical conditions can result in substantially
different shear induced turbulence. These types of differences must be
accounted for if the models are going to trace the boundary layer evo-
lution process. They also point out how Kuo and Sun (1976) use com—
monly measured surface data in contrast to Tennekes (1973) who requires
surface heat flux and stress and the appfoximate value of the entrain-
ment ratioc as input to his model. Both types of models are capable of
predicting boundary layer growth, but with different accuracies. and
amount of time necessary to run the model. Garrett (1981) is able to
modify Tennekes' (1973) equations, eliminating the need for an entrain-
ment coefficienf and surface heat flux, making his model more attrac-—

tive as an operational tool.

Coulman (1978) stresses the importance of subsidence caused by

large scale anticyclonic circulation and again the varying complexity
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of models. Coulman also believes models can predict final mixing
heights and times fairly well, but fail to accurately track their evo-
lution.b Yamada and Berman (1979) obtained 937 correlation between
Wangara mixing heights and results of their simple model which includes
variable inversion strengths and an entrainment ratio of 0.2. They
believe that this may be good enough for regional scale models but,
admit many improvements are necessary for more precise local pollution

dispersion requirements.

Driedonks (1982b) lists two ways for comparing models to obser-
vations and also the problems associated with them. Each differential
term can be compared to the observations'but, like Mahrt (1983), he
suggests that errors in the measurements may be too large. A second
method is to integrate the model in time and compare. A major problem
7with this is the.reliability of the initial conditions and any unknown
changes. Driedonks also points out that it is unclear how sensitive
the solutions of coupled equations'are to variations in constants of

one of them.
2.4 Variables in Boundary Layer Growth

Deardorff et al. (1969) begin with a simple equation when defining

the growth of a mixed region in their laboratory experiments,

i m (Tf]—l ,

3z70

3t ot (1)

. ATy . ..
where T is the mean temperature of the mixed region, (SE] is the ini-
' )

tial lapse rate and with zj defined to be the height of the lowest
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point or base of the inversion. Using the fact that heat flux de-
creases linearly with height (neglecting the small negative flux re-
gion near zi) they replace aTm/Bt with H/pCp, where H is the initial
surface heat flux. If the surface heat flux is defined by a constant,
this expression integrates to give

2
(H/on) 1/

1/2 1/2

=2 t . (2)

1 (3T/3z)
o

It is along these same lines that Tennekes (1973), Deardorff
(1974), Kuo and Sun (1976), Benkley (1977) and Driedonks (1982a a,b)

have continued to work on atmospheric mixed layer growth models.

Tn his 3-D model of the heated PBL, Deardorff (1974) writes

another expression,

dz (w'el').
=2 v/ii .

= - +'w, : (3)
dt (Aev)i i

where w; is the large scale vertical velocity, (w'ev')i the buoyancy

flux at z; 5pq (48,); the jump or gradient of virtual potential tem-
perature at Z5. In situations where large amounts of water vapor are
present, it is important to use the virtual potential temperature, ﬁv =
8(1+0.61q), where q is the specific humidity. The total derivative of
zs (dzi/dt), includes not only the local but advectiQe changes in the
depth of the boundary layer. An expression for determining_(Aev)i is

given as
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acas,);  dzy ) 38, e - ey,
at ac i) 3z Z; (4)

by Deardorff (1974), with 33;/32 the stability above the interface jump
and (w'ev')s the mnear surface sensible heat flux. The second term on
the right hand side of (4) can also be written as (dﬁ;/dt). This total

derivative incorporates advective changes as well as the entrainment

process.

Driedonks (1982a) uses an expressién similar to Deardorff (1974)

dz. (w'e!)
Lo s s +
i

d(Aev)i 38V -1 (s)
dt 9z

and examines the sensitivity of this equation for a convective mixed
layer. Driedonks (1982b) carries the analysis further examining the
entrainment portion of (5)? (§T§;T)sk. The‘ importance of buoyancy
due to moisture and mechanical entrainment, both near surface and at

z; caused by wind shear, are discussed with additional correction terms

given for each.

From the simple equations above, we find five terms important to

the growth of the convective boundary layer:

1. Advectioh of z;

2. Stability

3. Vertical motion

4. Surface buoyancy flux

5. Entrainment
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1. Advection of z; may seem unclear or unimportant at first, but as
mentioned earlier there is a strong west to east mixing depth gradient
along the front range of the Rockies (Holzworth, 1964). Reasons for
this gradient are not discussed by Holzworth, but a possible explana-
tion involves mesoscale circulation in the region. Dirks (1969) exami-
nes convective patterns of the ‘Colorado Front Range and develops a
model of the circulation perpendicular to the Rocky Mountains. 1In his
model a two-cell c¢irculation pattern 1is evident. Une?en surface
heating sets up a pattern of rising air (deeper mixed layer) to the
west and subsiding air (shallower mixed layer) to the east. Another
area to be considered here is what effect the Rocky Mountains may have.
Advection of z, from the west includes mountain influenced air. North/
south gradients of z; are also highly variable, with differences as
large as three to ome expected along the front range (personal com-
munication with Dr. J. Wilczak). Actual studies to substantiate these

gradients have not been conducted.

2. Because the strength of the stable layer is not constant in time,
it is necéssary to examine what causes it to change. The United States
Air Force Manual AWSM 105-124 (1969) on analysis of Skew-T, Log P dia-
grams and Whiteman (1980) both present equations describing dy/dt (Ap-
pendix A), where ¥y isvthe lapse rate. (Whiteman neglects three of his

terms after a scale analysis.) The five terms common to each equation

are:

A. Vertical gradient of diabatic heating

B. Non-shearing advection of the lapse rate
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C. Differential shearing advection of the temperature gradient
D. Vertical advection of the lapse rate

E. Shrinking and sretching of an air column

Diabatic controls include radiation, conduction, evaporatiom and
condensation which are most important near the ground in the early sta-
ges of mixed layer growth. Diabatic heating is responsible for diurnal
changes in the lapse rate. Radiational heating is dominant in the for-

mation of superadiabatic layers found at the surface.

The only difference in the two horizontal advection terms (B and

C) is the vertical gradient of the wind. Non-shearing advection

' (d¥/dz=0) is not capable of changing the existing stability, but can
displace it with the stability from another location. Shearing advec—
tion (d¥/dz # 0) can change the stability. Remembering there are two
components of the wind, geostrophic and ageostrophic, helps one to
understand this process a little more. Differential shearing advection
due to the vertical wind shear is very important to mixed layer growth,
because any differences in the cooling or warming rates with height in-
fluence the stability. Rapid cooling above decreases the stability and

can enhance growth of the boundary layer.

Vertical motion is possible on all scales. Subsidence is a good
example of vertical motion on a large scale. Turbulence, vertical as
well-as horizontal, usually occurs over a broad range of scales. Ver-
tical motion caused by subsidénce; orographic lifting or other compar-

able means can change the existing stability.
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The presence of a lower boundary at the earth's surface influences
the vertical motion in the air above. This fixed boundary forces de-
scending air to diverge, converging air to ascend and mechanical tur-
bulence through frictional forces. Vertical motions in the boundary

layer are difficult to measure accurately.

Shrinking and stretching pertain to the relative motion of air
parcels within a column of air. Shrinking occurs when the air at the
top of a column rises slower than at the bottom, so that the upper re-
gion cools at a slower rate and increases the stability. Stretching
destabilizes in a manner opposite to shrinking. Both processes are
ones that affect the stability above the growing boundary layer and can

occur before or during the evolution process.

3. Equation (3) of Deardorff (1974) includes W, . This term and its
importance are partially explained when examining vertical motion and
its effects on the loéal cﬁange‘in the lapse rate (3v/%t). A Chinook
is a common form of‘vertical motion found on the lee side of the moun—
tains produciﬁg warming downslope winds. Most large scale downward
motions (sudsidence) work in a similar manner, warming the air at the
dry adiabatic lapse rate (1°C/100m) and increasing the stability of the
a;mosphere. For a more complete picture of the large scale vertical
motion there is the omega equation. The two main terms in this
equation areithe differential vorticity advection and thickness advec—
tion. Because these terms réqﬁiré knowledge of the synoptic pattern

over time, its use in simple models is somewhat limited.
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4, Surface buoyancy flux is fundamental in the growth of the CBL.
Without it, conditiomns are similar to what takes place after sunset
when the NBL forms and vertical mixing is controlled by the extent of
the mechanical turbulence and buoyancy. As was recpgnized by Ball
(1960), buoyancy flux is closely related to entrainment. Although it
is not a 1:1 ratio as first suggested, entrainment as it pertains to
penetrétive convection is almost non-existent without surface buoyancy
flux. As seen and used in many studies (Carson, 1973, Stull, 1973 and
Kaimal, 1976), a sinusoidal function is a good first order approxima-
tion of the changing buoyancy term on clear days. This assumﬁtion has
its limitations during the initial growth of the CBL, where many other

processes (e.g., surface warming, evaporation) are occurring.

5. Entrainment, though most often represented as a constant, is much
more complex (Stull, 1976a and Driedonks, 1982b). Laboratory simula-
tions and modeling are excellent ways to study the physics behind en-
trainment. The fact that the entrainment region varies in depth and
follows a constantly changing z; makes studying it in the real atmo-
sphere difficult. Entrainment and more of the concepts behind it will

be discussed later in Chapter V.
2.5 Estimation of CBL Heights

As with most models, basic assumptions are made either to simplify

or to concentrate on specific areas of interest. Models in simplified
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form are estimations or educated guesses based on a few measured para-
meters and equations. Whenever the basic assumptions are wrong the
estimates fail. Kaimal et al. (1982b) suggest a method for estimating
z; from the peak of the spectrum of vertical velocity (w). As stated
earlier z; is often difficult to identify when the inversion is rising.
However, changes in the wavelength of maximum energy in the w spectrum
can be related to changes in the depth of the boundary layer and used
for verification of its position. This technique is useful when mixing
heights are not well defined or when weak layering occufs Below the
true capping inversion. These conditions are nofmally found later in

the evolution process when the mixed layer is deep.

Another method of estimating z; is possible from calculations
using the vertical velocities measured on the BAO tower and the hori-
zontal convergence obtained from an optical triangle (Tsay et al.,
1980) measuring path—averaged winds along each side of the triangle.
Cross correlation between hofizontal convergence and vertical veloci-

‘ties, related through the equation of continuity

z
w(z) = - f $h . ?(z) dz .
o ,

can help to identify zg. This method is limited to values of zg be-
tween 50 m and 300 m because of constraints imposed by the optical
triangle and the height of the tower. It is conceivable that measure-

ments of vertical velocity from remote sensors in conjunction with an

optical triangle could produce zg estimates to greater heights.
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A cruder but simpler boundary height estimation scheme (CBL and
NBL) is proposed by Benkley and Schulman (1979). The three factors
Benkley and Schulman key on are the NBL's dependence on surface winds
and roughness, the difficulty in distinguishing mechanical from convec-—
tive mixing regimes during the daytime and the effects of horizontal
temperature advection. The only inputs they require are soundings from
the nearest rawinsonde station and local surface winds, temperature and
roughness lengths. Mixing depths are determined by a line drawn up the
dry adiabat from the current surface temperature to its intersection
with the morming sounding. The height of the intersection is taken>as
z;. This method assumes no advection and should have a tendency to
underestimate z, because entrainment 1is mnot directly considered.
Benkley and Schulman (1979) do offer suggestions on what effect a
superadiabatic layer may have and an approach to horizontal advection
using 700 mb (500 mb in mountainous regions) temperatures. Other
assumptions and adjustments arevneeded based omn thé particular situa-
tion., Garrett's (1981) intercomparison of Benkley and Schulman's esti-
mation scheme and his model to observed data shows both have potential

for future use in predicting boundary layer growth.
2.6 Work Related to the BAO

In addition to Kaimal and Gaynor (1983) many other papers and re-
ports have been written using BAO data or data with couditions close to

those at the BAO.
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A large number of these deal with boundary layer wind profiles,
characteristics, diurnmal patterns and correlation with drainage flow
(Korrell et al., 1982; Schotz and Panofsky, 1980; Panofsky, 1984; Hahn,
1981; Johnson and Toth, 1982b; Hootman and Blumen, 1983). Mahrt (1976)
analyzes rawinsonde fiights taken during the National Hail Research
Experiment (NHRE) between 1972 and 1974 for the vertical moisture
structure of the mixed layer. Lenschow et al. (1979) concentrate on a
shallow layer near the surface during early morning hours. Using data
from both NHRE (1976) and Haswell, Colorado (1975) they analyze rapid
changes in a non-homogeneous morning boundary layer. Discussion of how
their results might affect observations reported in this thesis are

presented in.Chapter IV and V.



III. DATA SOURCES AND REDUCTION TECHNIQUES

In this chapter data sources and analysis schemes are discussed.
The BAO 1is described, avoiding some details previously written, while
still covering aspects important to this thesis. Table 2 summarizes

the entire data set used.
3.1 Overview of the BAO Facility

The BAO is a 300 m research tower completed in early 1978 capaﬁle'
of collecting data year round from eight fixed levels (10, 22, 50, 100,
150, 200, 250, 300 m) and a moveable instrument carriage (Kaimal ana
Gaynor, 1983). Each level is equipped with a sonic anemometer, fast
response temperature, slow response temperature, cooled mirror dew
point hygrometer, and a propeller-vane anemometer. In conjunction with
the tower instruments, there are several other ground based sensors
considered part of the BAO facility. Those sensors used or discussed
in this thesis are an Eppley pyranometer, absolute pressure sensor, and
an optical system for measuring winds and convergence at the tower.
Configuations and characteristics of this instrumentation can be found

in Table 3 and Figs. 4a,b.

Signals from all instruments are recorded by an on-site PDP 11/34
computer. Data are sampled at 10 or 1 Hz and averaged into 10 s and 20

min points for storage on tape, except for special experiments when 10
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and 1 Hz data are recorded directly. The 20 min mean data are printed
out continuously at the tower providing a real-time picture. Near
real-time data analysis capabilities are also available on a PDP 11/70
computer receiving the data via a dedicated phone 1line in Boulder.
This second system has numerous programs written to facilitate ana-
lyzing these data in either a time series or vertical profile form.
All these capabilities have encouraged the study of the early morning
CBL at the BAO. Many of the figures in this thesis are products of the

BAO data analysis programs.
3.2 Terrain Features

The BAO is situated 45 km east of the Continental Divide and 31 km
north-northwest of the city of Denver. Fig. 5 is a two dimensional and
Fig. 6 a localized three dimensional tobographical map showing the
complex terrain surrounding the BAO. The,tower lies‘in a rural setting
composed of farms, feed lots, widely spaced private homes, a dairy and
the small town of Erie all within a radius of 5 km. The Rocky Moun-
tains are the major terrain feature, with numerous smaller scale topo-
graphic features of importance to the BAO. Approximately 90 km to the
north and 102 km to the south are the Cheyenne Ridge and Palmer Lake
Divide respectively, both extending eastward onto the plains and adding
to the already uneven surface heating aﬁd flow pattern. Coupled with
this high ground are four major river drainage systems. The South

Platte river basin, 15 km due east of the tower, flows northeast after



33

|05|'00'

Boaulder Creek
4390 \f

Y V>T_‘
(e S VAiNS
W =T e
;XA e S

NI
|

1 County Rd.8~

.8 (; )
5 s
'S i /J’\l . 4 <
S =N — It
& l’l/R/—
N
N
%,
2

% 4

pN

. \

i EA T i il
| | e ?
7 =~ 7 (v | )

|
0 0.5 10 (mile}
08 16 {km)

Fig. 5. Contour map of local BAO terrain (circle = 5 km radius).



34

"\

*(e1EOS TEOTII°OA pejeasd8exe/m) Oovd 3JO MM Q-€ °9 371
- *814

(2w ) wigl
3143

wolL \

/ w9zl

-py au) Kunod

va / 26
g°py Awnod : w98l /~\ =

Jamoj WOOE Ove




35
running through Denver. The remaihing three rivers are oriented east-
west and located north of the BAO (Fig. 7). Horizontal cross—sections
in Fig. 8 depict the four points of the compass“extending out 30 km
from the BAO. The local terrain around the tower slopes gently down-

ward from the south to north, east and west with a relative flat grade

on the order of 2%.
3.3 Instrument Design and Tower Structure Considerations

Due to certain principles of instrument operation and structural
configuration of the instruments and tower, some subjective interpola-

tion of the data was necessary.

Cooled mirror dew péint sensors use minute hygroscopic particles
as a basis for condensation to form on the mirror and thereby measure
dew point temperature. Too many particles or particles too large con-—
taminate the mirror producing false or oscillating readings. An auto-
matic heating cycle once every twelve hours for five to fifteen minutes
in the dew point sensors eliminates a good portion of this problem.
The heating cycle was not synchronized at each tower level but was evi-
dent in the time series of the dew point temperatures. When this cycle
was found in the data, a linear interpolation was»used to extract mean-

ingful data points.

Not all temperature profiles at the BAO appear as expected and at
times have "kinks". This is éspeéially evident when the mixed layer
encompasses the tower. Parts of the descrepancy are explainable by

real atmospheric conditions or bad data, while others are possibly due
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to the way temperature is measured. Recent studies by Wolfe (not pub-
lished) on the response characteristes of temperature sensors at the
BAO and work by McTaggart—Cowan (1976) and Slob (1978) on measuring
temperature bring to light many unanswered questions. Aspiration rate,
shape of the air intake and radiation shields (primary and secondary)
are all known to be important when measuring temperature. Side by side
tests of BAO temperature sensors show there are also effects due to in-
dividual sensor time constants and even 20 min averages of two closely
mounted sensors are not free of these effects. Most of the effecté are
small and can't be easily distinguished from the others. When com~
paring two or more like sensors one must be aware of their relative

accuracies because of these physical processes.

At the BAO the sonic and propeller-vane anemometers are located on
opposite sides of the tower (see Fig. 1.2, Kaimal et al., 1980, BAO
Report No. 2) to provide useable winds for all directions. Because of
this configuration, a computer program was written to determine which
sensor was on the lee side and to perform some additional déta quality
checks. The sonics were tested first for tower shadowing (Gill et al.,
1967 and Cermak and Horm, 1968) and used when pbssible. Lf the sonics
were shadowed, the propeller—vanes were used after examining the data
for_any 0-360° phase shift problems. BAO software uses a phase analy-
sis routine on each 1 Hz sampled point, but even this does not elimi-
nate erroneous readings for the propeller-vanes when winds are light

and variable. If only one of the instruments was functioning properly
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it was used regardless of positioning on the tower. Analysis of tower
shadowing effects at the BAO indicate that 20 min mean directions and
speeds do not differ significantly for the two sensors. This fact is

also evident by agreement of the wind data found in this thesis.

The following BAO calculation was also considered when using
sonic and propeller—vane 20 min data. The sonics measure two hori-
zontal wind components (u,v) and from each 20 min mean of u and v a
speed and direction are calculated. This type of calculation produces
a vector average rather than.a scalar average like that obtaiﬁed from
the propeller—vanes. The need for recélculating 20 min means in a con-

sistent fashion was not deemed necessary as the two types of averaging

produced only minor differences.
3.4 Tower Data Set

The time period chosen for analysis is from just prior to.sunrise
at 0400 Mountain Standard Time (MST) until 1140 MST. Table 4 shows the
20 min data set for the thirteen days during June and July of 1981 and
1982 with a 'l' indicating data present and a 'O' wmeaning no data
available. Eight of 13 days chosen have continuous data, 2 days are
missing data near the end of the analysis period and the 3 other days
are missing no more than 2 non-consecutive 20 min periods out of 24
possible. 'Missing data toward the end of the analysis period is not
considered signifiqant as the_Boundary layer was above or nearly above

the height of the tower by this time. Single missing points were
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linearly interpolated by wusing both vertical and time series data.
Individual days and the criteria for their choosing are presented in

the following two chapters.

Twenty 20 min averages used provide two advantages. First they
serve to smooth out small scale changes that may not be important to
the overall boundary layer growth. Secondly they allow for inter-—
polation of missing points with minimum impact on the complete data
sef. Times of all BAO data points are the start time of the 20 min

averaging period. All times are MST unless otherwise stated.
3.5 Sodar Data

Monostatic sodar facsimile records were available on 8 of the 13
days (Appendix B). The NOAA, WPL Mark VII sodar (Owens, 1975) was
located at three different positions around the tower on these days.
Smaller spatial scales eliminated by sodar volume averaging and tower
time averaging make the spatial separations between sodar andltower of
little consequence. Positions and specifications of the BAO system are
given in Fig. 9 and Table 5. Sodars operate in a manner very similar
to micro-wave radars by transmitting a sound pulse that is scattered
off small scale acoustic refractive index fluctuations in  the atmo-
sphere. These fluctuations are usually areas of turbulence associated
with inversions or convective regions that affect the temperature

structure. The sodar records in this thesis were produced by a 2 Kz

signal pulsed every 5 sec reaching a height of 850 m (based on an
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Table 5. Sodar Specifications

A) Frequency (f) 2000 Hz (w/100 Hz bandwidth)
B) Pulse width (pw) 04 s
C) Pulse repetition rate (pr) 5s
D) - Beam pattern (b) 4° from_Tenter of beam
E) Speed of sound (c) 340 m s (at 14°C)
F) Receiver delay (d) ~,117 s

Maximum height (prec)/2 = 850 m

Minimum height (dec) = 40 m

Vertical resolution (pwee) = 13.6 m

Sample Sample

Ht {(m) Area! (mz) Volume? (m3)
300 m 1381 18788
200 m 614 8350
100 m 153 2087

Area = 7r> r = tan 4°eHt

Volume = Area e+ vertical resolution

£y
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average speed of sound of 340 ms—l). Minimum height, restricted by
system design to eliminate pulsed signal feedback, is 40 m. The fac-
simile record actually represents an integrated volume because of the

nature of sodar measurement techniques. This volume increases with
height as a direct function of beam width while the height resolution
remains a constant 13.6 m. Although the original sodar records extend
up to 850 m, Appendix B depicts traces of only 425 m in height. Rea-
sons for this are the physical properties (molecular absorption and
attenuation) of sound in the atmosphere and the changes in thé tem—
perature structure with time which combine to limit écoustic scatter-at

higher altitudes. An excellent quantitative reference on sodars is

found in Neff (1975).
3.6 Other Supporting Data

Additional data are used to provide a synoptic picture and extend
the vertical profiles of pqtential temperature, dew point temperature
and the wind. Synoptic summaries in this thgsis are based on data
taken from NOAA's "Daily Weather Map" series (Appendix C) and three
hourly surface maps available from the National Climatic Center in
Asheviile, NC. Rawinsonde flights (12Z /05 MST; Appendix D) from
Denver are used along with WBAN-11 daily surface observations to pro-

vide additional sky cover, pressure and wind information.
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3.7 Data Reduction

Nearly all BAO-related data were useable for analysis with minimal
processing. The exceptions were potential temperature (8) and specific
humidity (q). The BAO software calculates 20 min means of wind speeds
and directions, dew points and absolute temperatures. All other para-

meters were calculated especially for this thesis. Data processing was

done on the BAO PDP 11/70 computer.

To calculate 8, it is first necessary to obtain an absolute'pres—
sure at each of the eight tower helghts using the hypsometric equatién.
Inputting these pressures and their corresponding temperatures into
Poisson's equation we obtain 8. Specific humidity calculations also
use the absolute pressure found for each level to extract vapor pres-—
sure (ep) from the dew point temperatures. The equation for calculating
ep was taken from Murray (1967). Dew point temperatures are used in
place of the ambient temperature in the equation which then calculates
ep rather than saturation vapor pressure. Once ep is determined it ;s

converted to q using Murray's approximation. The equations for find-

ing 9, ep and q are found in Appendix E.

It should be noted here that virtual (Tv) temperature and virtual
potential (GV) temperature are not used or calculated. ‘This could be
important if there are either large mixing ratios or changes in the
gradient of the mixing ratio. High levels of moisture in the atmo-

sphere can contribute significantly to the buoyancy or lifting of a
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parcel. Moist air is less dense than dry air (at the same pressure and
temperature) and therefore more buoyant. Where large moisture gra-
dients exist the interpolation of the stability will be affected if the
virtual tempefature is not considered. A significant decrease in
moisture with height will indicate more stability with respect to the
environment than actually exists if using a simple "dry" temperature
curve. As will be seen later in the data analysis, moisture levels and
gradients are not of the magnitudes to produce changes worthy of this

i

additional calculation.



IV. SELECTION OF DAYS

Five basic criteria were used to select observational cases.

These criteria are as follows:

l. Sky cover <0.3 (at Denver) in the early morning

2. Continuous data available from the BAO

3. Solar radiation data available at the BAO

4. Nocturnal inversion existing at the tower at sunrise

5. Undisturbed synoptic conditions

This list represents the hierarchy used to obtain a quality data

set.
4.1 Sky Cover

Clear skies or opaque cloud cover less than or equal to 0.3 at
0750 MST was the initial guideline. Cloud observations from Denver are
a subjective measurement, especially at night or near sunrise and
because of this, reports were analyzed both as an individual obser-
vation and as a total picture of the sky conditions. Clouds reported
to the west over and along the foothills were not regarded as importént
to early morning boundary layer growth. Denver hourly sky condigions
(opaque/total) are given in Table 6 from 0400-1200 with an example of
actual cloud types observed a£v0750 listed in Table 7. Evidence of

correlation between mixed layer growth and cloud cover is discussed in
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Table 7. DEN (0750 MST) Sky Cover

Total Total

Date L M H opaque

810622 0 Cs 0 0
810625 0 Cu 0 0
810711 0 Ac 0 ci 0 0
810728 0 0
820604 0 0
820616 0 0
820620 0 Sc 0 0
820621 0 Cu . 0 0
820708 0 Sc 0 Ac 2 Ci 1 2
820720 ‘ 0 0
820721 0 Cu 0 0
820724 0 0
820731 0 Cu 0 0
(1/10's)

6%
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Holzworth (1967) and shown by Schewe (1975). Cloud cover as a rule
reduces the intensity of the surface heat flux which slows or stops the
growth of the mixed layer. Stull (1976b) believes that CBL growth
stops when a balance between entrainment, synoptic scale subsidence and
convective cloud induced subsidenﬁe is reached. Representativeness of
the Denver data was verified by comparison with Buckley Air Base and
Broomfield (Jefferson County Airport) observation stations (Fig. 7) and
solar radiation data from the BAO. Total sky conditions were also exa-

mined using hourly satellite imagery.
4.2 Data Continuity

To provide an adequate picture of the CBL evolution, nearly con-
tinuous operation of the BAO tower was required during the early
morning. Chapter III Section 4 describes the data and Table 4 indica-
tes data availability. Only four individual 20 min periods are missing
and require interpolation of all the tower parameters. Three of these
periods are in the initial sunrise transition period where changes are
small and erratic but it is felt that a combination time series and
height linear interpolation is able to reproduce an accurate 20 min
mean. The remaining missing period occurred after the mixed and super—.
adiabatic layers have already formed. Interpolation here may create a

false inversion rise, but should not affect the overall growth pattern.

Individual instrumentation problems are unavoidable and handled in

the same manner as entire missing periods. Dew point heating cycle



51

points are easily corrected for because dew point 20 min values do not
exhibit rapid changes that make interpolation difficult. Wind data has
two sensors making the chances of missing data small. Problems encoun-
tered with the temperature sensors were confined to the 300 m level on
three days when the aspirator motor failed. Because tracking the mixed

layer depth above 250 m was not possible these points were left out of

the analysis.
4.3 Solar Radiation

The BAO pyranometer measures both direct and diffusé short wave
solar radiation. Solar radiation data are then used in conjunction
with cloud observations to confirm sky conditions at the BAO. The data
of 11 July 81 and 8 July 82 are two periods in which BAO solar radia-
tion data are given priority over Denver cloud observations. A timé
series (Fig. 10) of 11 of the 13 days extending beyond the 24 analysis
periods shows‘both early morning similarities and afternoon differences
of the incoming solar radiation at the BAO. These differences are not
unexpected since cumulus clouds form along the front range and move
slowly eastward as the days progress. Toth and Johnson (1983) shows a
similar time series of solar radiation data for several PROFS (Program
for Regional Observing and Forecasting Services) stations in 1982 over

northeastern Colorado.

Some cloud build-up does occur out over the plains, but normally

develops too late in the day to affect the morning boundary layer
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growth. Johnson and Toth (1982a) look at the interrelations of meso-
scale flow patterns, heating of the sloping terrain and preferred areas

of convective activity over northeastern Colorado.

A nearly wunobstructed horizon greets sunrise, with gradually
~sloping terrain east of the BAO. Artifical horizon tests at the BAO
show minimum elevation angles of less than 2 deg. Sunrise varies a
maximum of 27 min for all cases and produces some minor differences in
the initial solar radiation data (Fig. 10). These differences are
insignificant in affecting the oyerall boundary layer growth because
of other physical processes taking place at the surface (e.g., evapora-
tion, surface heating) that essentially control the growth rate.
Surface albedo, condugtivity and moisture all play a part in how this
incowming energy is distributed. Mean daily values taken from climato-
logical data for June (Trewartha and Horn, 1980) and July (Climate of
the United States, 1974) indicate lower cumulative amounts (2.O9x10S
Wm—z) of solar radiation pfesent by 1140 thaﬁ the.average of the-l3

observational days (2.22x10S Wo 2

Ye Approximately 47% of the total
daylight occurs by 1140 during June and July. This difference in total
incoming energy can be explained by the fact that the comparison is

between individual "clear™ days and monthly averages taken from several

years of data.
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4.4 Nocturnal Inversion

Radiation inversions, as mentioned earlier, have an effect on
boundary layer growth. The stonger the initial stability at the sur-
face, the slower the CBL grows all other factors being equal. Strong
surfaced based radiation inversions might be expected on all selected
days from our initial criteria of clear skies. This is true for the
13 observation days, but not for all days originally surveyed (as a

consequence of other factors, e.g., strong winds, cloud cover, etc.). .

In Fig. 11 are © profiles at 0400 presented as departures from the
lowest tower temperature (10 m) for each 20 min period. These 20 min
mean profiles for each day show inversions, but they are not all iden-
tical in structure. Soundings from Denver at 12 Z/05 MST (Fig. 12) are
used for extention of the vertical profiles, but the question again
arises of how representative Denver's conditions are to the BAO.
Comparisons of tower profiles to Denver soundings are not expected to
produce compatible results based on their spatial separation, 20 min
tower averaging versus rawinsonde individual sample points and vertical
resolution. Standard rawinsonde ascent rates are 300 mm:'m—l which
translates into only two to three data points within the 300 m tower
height. Taking into account the additional factors of horizontal
advection, local terrain features and sometimes. poor signal levels
during the firsf minutes of a rawinsonde flight, comparisons with the
BAO tower are not likely to be good. Despite these differences Fig. 13

shows good agreement in all cases but one (8 July 1982) and even the
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Fig. 12. DEN 0500 MST rawinsonde A8 profiles (AB = Sz - esfc); 10 days.
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sharp inversion structure in the lowest levels compares better than
expected. It should be noted that 0500 MST (12Z) is the approximate

time that rawinsonde data is transmitted while actual release times are

about 60 min prior to this.

Features in addition to the surface inversion are visible in the
Denver skew-T/Log P plots up to 500 mb (Appendix D); dew point tem—
perature and wind profiles. The surface based inversions extend to an
average depth of 308 m varying from 91 m at the shallowest to a maximum
of 530 m. The stability is greatest near the surface and weakens
upwards to 1372 m on the average or nearly 700 mb in all cases. From
this point up to 500 mb (~4200 m AGL) there are both adiabatic lapse
rates and some instances with slight stability. On three of the days
an increase in stability accompanied by a layer of rapid drying is
found near 500 mb. Upper regions such as these are often indicative of
high pressure with subsidence‘wa;ming and drying aloft. ’As_synoptic
conditions show, all thfée days-do have.ﬁigh préésu?é fo-fhe ﬁorth.
Yoshino (1975) and André aﬁd Mahrt (1982) discuss similar profiles and

some reasons for their formation.

Rapid and continual drying with height exists on four of the eight
days available. On three other days drying just above the surface
evolves into a comstant mixing ratio profile. ’‘Surface values of the
dew point and air temperatures are very close due to radiational

cooling of the air overnight.
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The wind profiles are in good agreement with the overall synoptic
situations. Seven of the eight days have light winds up to 500 mb.
Even though light and mostly variable, there is a tendency for souther-—
ly surface flow consistent with the local and South Platte river
drainage effects and synoptically forced WNW winds near 500 mb. The
absence of strong westerly downslope winds and any significant veering
(counter-clockwise rotation) with height precludes significan; warming

or increasing stability due to orographically induced subsidence.
4.5 Synoptic Conditiomns

Synoptic controls, though last on the list, are a dominant factor
in final selection of the days. It was the goal of this selection pro-
cess to collect a set of data based on the first four criteria that
were then found to be undisturbed synoptically. Typically, an upper
level ridge in conjunction with a strong high pressure system posi-
tioned over the region would be considered ideal. As it turned out,
several days had to be discarded because of unwanted synoptic distur-—
bances even after meeting the first four criteria. Table 8 is a mete-
orlogical summary showing a comparison between the days and Appendix C

contains the 0500 surface and 500 mb charts for each day. It should be
noted that the winds plotted for Denver on 21 July 1982 at 0500 are not
consistent with Denver's original observation form (WBAN-11). The
observed winds are 210° at 10 kt compared to 210° at 20 kt for the
plotted data. Winds recorde& iﬁ‘the log are assumed correct and seem

to fit in with the local gradients and surrounding statiomns.




Table 8. Meteorological Summary

DEN (0500 MST) Lowest BAO (0400 MST)
sfc 700 mb 500 mb 100 mb sfe sfe Precip. Sunrise Solar#*
P Ht Ht average T q last (MST) Rag%ation
Date (mb) (m) (m) molsture (°c) (g/kg) 24 hr. (Wm = x 107)
(g/xg) (mm)
810622 1010.0 - - - 15.35 9.99 0 0432 -
810625 1018.1 3215 5940 7.89 15.21 10.61 0 0433 -
810711 1008.8 3217 5960 7.81 22.65 8.14 1.8 0441 2.18
810728 1014.2 3138 5890 8.74 13.49 9.43 0 0455 2.16
820604 1006.3 3095 5740 - 4,87 7.43 7.58 0 0433 2,38
820616 1011.7 - - —_ 8.41 6.38 2.8 0431 2.36
820620 1013.4 3132 5800 5.12 12.98 5.97 0 0432 2,31
820621 1010.5 3132 5810 4.93 12.90 6.67 0 0432 2.32
820708 1009.1 - 3147 5850 4,96 16.41 6.79 0 0439 -
820720 1011.4 3175 5890 3.27 20.64 5.35 0 0448 2.13
820721 1013.9 3202 5940 3.50 22.01 5.95 0 0449 2.10
820724 1011.6 3187 5930 4.56 19.09 6.99 0 0451 2.10
- 0 0458 2.11

820731 1016.1 - -— -~ 16.51 10.58

* Cummulative amount from 0400-1140 MST

[4°]



Table 8. Meteorological Summary (continued)

Satellite 500 mb 500 mb Surface 500 mb
synopsis spd dir synopsis synopsis
(kt) (deg)
810622 CLR 25 290 weak upslope gradient zonal
' 1017 H to N
810625 CLR 10 ' 310 weak upslope gradient weak ridge to W
1027 H to N
810711 CLR 10 250 weak downslope gradient weak ridge over
1005 L to NE eastern 2/3 of U.S.
810728 CLR 10 : 270 southerly gradient weak winds weak trough to E
1023 H to NE
820604 CLR 30 ‘ 260 southerly gradient short wave moving
_ 1003 L over Salt Lake City on coast Pac. N.W.
820616 - CLR 15 330 weak southerly flow trough in mid-west
, 1018 H in eastern Colorado
820620 CLR 10 270 northerly gradient trough over Great Lakes
cold front in eastern Wy. moving NE
1004 L over N. Wis.
820621 CLR 15 310 very weak southerly gradient slight ridging
stationary front in NE Colo.
820708 CLR 25 260 weak southerly gradient weak ridge along
stationary front to SE front range
1020 H to E ‘
820720 CLR 5 " 300 center of weak High zonal
1013 H over Colorado
820721 CLR 25 350 weak NW gradient weak short wave
1017 H in central Wy. in mid-west
820724 CLR 25 240 weak southerly winds slight ridging over
' cold front in NE Colorado central U.S.
820731 CLR 20 310 western side of broad High weak ridging
' over central U.S. along Rockies

€9
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Review of the summary and Appendix C finds strong high pressure

the exception rather than the rule. Weak pressure gradients and light
winds dominate the synoptic pattern. Several days originally con-
sidered were dropped because of advective cooling behind a cold front.
Days with high winds were also eliminated because of the strong advec-
tion present. By choosing undisturbed situations, large—-scale synoptic
forcing can be almost completely eliminated as one control of the tower
mixed layer growth. Previous work by Hahn (1981) with BAO data and
Johnson énd Toth (1982b) with the PROFS‘&ata along the front range show
that in the absence of large scale synoptic controls, a well defined

diurnally—forced mesoscale circulation pattern takes over.

Upper level winds and ridge/trough patterns as seen on the 500 mb
charts serve to support the clear skies and weak surface conditions
found. No major troughs or storm systems are evident on any of the
13 days, nor is strong ridging present. Zonal flow and weak.ridges are

the preferred patterns.



V. OBSERVATIONAL RESULTS

5.1 Potential Temperature
5.1.1 Pre-growth (Inversion)

With data included 40 to 60 min prior to sunrise, we are able to
observe the final stages of the nocturnal inversion and atmospheric
conditions not yet affected by surfacé heating. " Inversions seen at the
tower and Denver are influenced by two mechanisms, turbulent heat flux
divergence (mechanical mixing) and radiative cooling both at the sur-—
face and in the atmosphere. Near the ground the effects of wind shear
and friction induced mechanical mixing on deepening the NBL are several

times larger than the effect of radiative cooling.

Inversions form at night when the surféce cools to below the tem—
perature of the overlying air. From this time until morning the air
just above the surface also begins to cool by radiating energy upward
and downward creating a low-level inversion. Without vertical mixing
the inversion remains sharp and shallow. Mixing of the cold air
through mechanical proéesses (wind shear) reduces the strength of the
inversion at the same time it deepens. Holzworth (1967) and Schewe
(1975) find a general correlation between increased wind speed and
decreased inversion frequency. A fixed relationship of wind speeds to

inversion frequency has not been found, but it seems logical that
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stronger cooling near the surface can tolerate higher winds and larger
shears before the inversion is mixed out. In the atmosphere above the
turbulent region radiative cooling along with heat transfer by molecu-
lar diffusion are small relative to mechanical mixing and cooling near
the surface. It is the combination of these different cooling and
mixing rates that determines the Denver 0500 potential temperature pro-
file (Fig. 12). Negative buoyancy and downward heat flux work against

upward mixing, making the height of the NBL much less than its daytime

counterpart (CBL).

The remnance of the mixed layer from the previous day are also seen
in elevated regions of the soundings wheré the verti;al gradient of 6
approaches zero. Results in this thesis (to follow later) are con-—
sistent with those of Carson (1973) showing that the actual lapse rate
of 0 remains slightly positive even in well mixed areas of the daytime

CBL.

5.1.2 Growth Processes in the Early Morning

As surface heating begins, there is no noticeable warming of the
air or formation of a mixed layer. A certain amount of warming of the
ground takes place depending on surface conditions. Water at the sur-
face and in the soil absorbs a portion of the incoming solar energy and

eventually evaporates if the air is subsaturated.
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In a semiarid region such as the eastern plains of Colorado, there
is almost always large potential evaporation. Availabie moisture be-
gins to change phase very quickly after sunrise. Local moisture at the
‘tower 1s limited to irrigation ditches, condensation forming at the
surface during the night and moisture remaining from isolated summer
showers. It is just after sunrise when the incoming solar energy is
small and relative amounts of ‘liquid water are at their maximum that
the evaporation and evapotranspiration (physical exchange of heat and
moisture between the vegetation and atmosphere) are most likely impor-
tant. During this period a large portion of the available energy is

often not used for warming the atmosphere.

Considerable work in the field of climatology by Geiger (1965),
Sellers (1965) and Yoshino (1975) examines the effects of surface con-
ditions and heating on the overlying atmospheric boundary layer. Local
vegetation at the BAO, except for the immediate tower area, consists of
natural grasses and fields of wheat and corn separated by rows of bgre
soil. During midsummer to late summer when the wheat and corn are
ready for harvest, evapotranspiration normally drops off. Rosenburg et
al. (1983) have examined the microclimate of fields similar to those
surrounding the BAO. A term they call the "internal” boundary layer is
descriBed and represents the layer of air downwind of the leading edge
of a new underlying surface. The internal boundary layer, for prac-—
tical purposes the same as the . surface layer, is being affected by a

change in the surface conditions. Three such effects possible at the
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BAO are evaporation in near-by irrigated fields, air flow parallel ver-
sus perpendicular to planted rows and regional sensible heat advection

("oasis effect”).

Recent work by Lenschow et al. (1979) examine the morning boun-
dary layer growth over complex terrain in northeastern Colorado and the
effects of cold air drainage and mechanical mixing. Cold air forming
close to the ground during the night and horizontal density differences
along with uneven terrain forceithe heavier air to seek the lowest
point (equilibrium). On a small scale this is called "pooling” and
differs from "katabatic™ drainage type flow off the Rocky Mountains

analyzed by Hootman and Blumen (1983).

In the morning uneven heating of the earth's surface begins.
Differential heating and the convergence of turbulent heat flux are not
believed sufficient to produce the large temperature changes (12°C)
over a short period of time reported by.Lenschow. What does appear to
take place is that these>pockets of stabily stratified cold air act
like a separate boundary layer with turbulent transport of properties
across the interface iﬁhibited. A parameter used to examine whether
turbulent mixing is present or possible is the Richardson number (Ri).
Ri is a ratio of the vertical gradient of 8 to the vertical wind shear
(Appendix E). As this ratio approaches a critical value (Ri<0.25),
either from a decreased d6/dz and/or an increased dU/dz, turbulent
mixing is enhanced. Calculatiéns of Ri within the NBL reveal values
very close to critical creating periods of momentary internal tur-

bulence.
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At the same time heating of cold air pockets is taking place,
relatively less stable air over higher gfound also warms to a point
where 'a shallow CBL forms. Coupling these two areas of the differing
stability with horizontal advection and shear stress (-u'w') can re-
sult in large temprature changes. Depending on the depth and overall
stability of the c¢o0ld air and the amount of stress applied, these
changes ﬁay occur either very rapidly or slowly. In order to see such
large temperature changes, displacement of the cold air by the warm air
is favofed over a mixing of the two. This process allows the cold air
to retain its physical characteristics as it moves downstream for a
short time. Changes are not restricted to temperature alone, but
include moisture and winds with the largest changes occurring in

valleys.

5¢1.3 Sunrise Transition (0400-0620 MST)

Steady growth of the CBL is not readily evident until early wmorn-—
ing horizontal gradients near the surface are eliminated through mix-
ing. Profiles of each observational day from 0400-0620 at the BAO are
presented in Fig. l4. Temperature changes of the magnitude found by
Lenschow ét al. (1979) are not seen due iﬁ part to the 20 min smoothing
and also the fact that the BAO is on a slope rather than in a depres-—
sion where cold air can collect and theﬁ be displaced. Displaced poc-

kets of cold air may advect by the tower though.

Examination of the sunrise transition period shows moderate con-

sistency between the 13 days. In eight cases formation of a mixed
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layer is evident, some only 40-60 min after sunrise and in two cases
reaching a maximum depth of 100 m. Five of these days show signs of a
superadiabatic layer forming, which is an indication of strong surface
heating unable to mix upward rapidly enough. Of the five remaining
days, four show no significant change of € and the last day (4 June
1982) warms at a nearly constant rate over the entire depth of the
tower. Common growth patterns start to appear once a definite mixed

layer forms.

We find more inconsistency in the upper 2/3's of the tower profi-
les where cooling (7 days), warming (3 days) and no significant change
(3 days) in 0 occur, apparently independent of mixing below. Mid-
levels at times have a tendency toward less variation which, combined
with the warming helow and cooling above, gives the 6 profiles in Fig.
14 an hour glass appearance. On several days there is cooling through-
out the entire tower depth even as the CBL evolves below (25 Jun 1981).
If the boundary interface is at 50 m, it is not logical to assume that

cooling at 300 m can be attributed to entrainment.

Fluctuations in 9 at the top of.the tower are at times as large if
not larger than those at the surface though they may be opposite in
sign. Sodar data indicate elevated layers that oscillate in a wave-
like fashion up and down the tower. Gossard et al. (1983) analyzes the
detailed structure of such layers at the BAO using a moveable instru-
ment carriage. Results shows that these layers are correlated with

small regions of turbulence mixing and sharp temperature gradients. It
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is likely that the layers seen by the sodar are a partial answer to the
unorganized appearance of the early morning evolution and the tem—

perature fluctuations at the upper levels of the tower.

Potential temperature profiles for the entire 0400-0620 period do
not always present similar growth patterns, but in almost all instances
changes in 6, regardless of the sign, maintain the existing stabiiity.
Only two consecutive days (20, 21 July 1982) with sharp inversions in
the lqwest levels show a noticeable change in stability. Both are days
with cooling (as much "as 3°K) above the lowest 22 m coupled with a

decrease in the stability (Figs. 145 ,k).

Closer examination of the transition period finds cooling a domi-
nant feature in the middle to upper levels of the tower. Figures l4j,k
are two of seven cases where a maximum of 3°K cooling at 50 to 100 m is
observed. Reasons for this large decrease in 8 are mnot readily evi-
dent, but speculations cah bé.made ffom_the available data.v The sodar
facsimile record for 21 July 1982 (Appendix B) shows evidence of some
type of irregular temperature structure occurring at the same time as
the cooling (note dark region peaking at 0500). Structures like these
usually indicate an Qrea of increased-turbulent mixing. The 20 min
mean wind profiles (summarized later in Chapter VI, Fig. 23) reveal
direction and velocity shear in the lowest levels. This shear could be
in part responsible for mixing cooler air near the surface upwards.
The lack of corresponding wafming, if mixing is indeed taking place,

leads one to look for additional explanations.
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From Fig. 18 it is evident that westerly flow is generally down-
slope (warming) and northerly flow upslope (cooling). At sunrise, be-
tween 0400 and 0500 the winds shift from a westerly to northerly com-
ponent. The vertical motion and resulting adiabatic cooling accompany-
ing such a shift (for average conditions on 20 July 1982) are 0.03
m st and 3.6 K hr—l, respectively. This cooling rate is comparable
to that observed. Thus, it is possible that the upper level cooling
may be a consequence of adiabatic cooling associated with shifting

slope circulations early in the morning. This process is taking place

while sensible fluxes at the surface are still quite small.

Cold air drainage off the mountains as described by Hootman and
Blumen (1983) is not consistent with the cooling at this time period.
Results of Hootman and Blumen show the strongest cooling occurring in
the ea;ly evening at the outset of the drainage flow. The effects of
cold-air pockets early in the morning (Lenschow et al., 1979) can not
be ruled out as a factor. The tower is located on a slope though, and
because of this the processes analyzed by Lenschow may relate in an
"indirect" way to the BAO. For a more complete explanation, the

effects of advection and the local terrain need further study.

5.1.4 Mixed Layer Development (0640-0900 MST)

Development of the CBL continues between 0640 and 0900 (Fig. 15).

On 2/3's of the days mixing extends above 300 m by 0900. As stated in
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the previous section, when the lower CBL mixes out early morning gra-
dients of 6, overall growth patterns become evident. The superadiaba-—

tic layer is also increasing in depth.

If examining CBL growth through surface heating and mixing alone,
one might expect a smooth steady rise over a homogeneous surface. This
assumes horizontal advection is negligible, surface conditions are
nearly identical and a larger and larger volume of air is being warmed
as the mixed layer grows. At the BAO we do not see this consistent

pattern for several reasons.

Thermal penetration and entrainment are possible partial explana-
tions of the erratic growth. Entrainment is dependent on vertical sta—
bility, with increased stability in the capping inversion retarding
entrainment. Determining the stability of the lifted air in relation
to its surroundings can be done in a similar manner to the "parcel”
theory. For an unsaturated atmosphere the parcel is lifted dry adiaba-
tically and it is assumed that there is no mixing between the parcel
and the atmosphere through which it moves. Comparison of the virtual
temperatures between the parcel and its surroundings determines the
stability. ‘ Higher virtual temperature (lower density) than the sur-
rounding air means the parcel has positive buoyancy and continues to
accelerate vertically. In terms of a rising thermal, once it penetra-
tes the inversion its wvirtual temperature is lower (higher density)
than the capping stable layer. A negative buoyancy now exists and the

parcel tries to return to an equilibrium point. During entrainment the
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same overall ideas apply and, in addition, the lifted parcel does mix
with its environment which in turn affects the buoyancy. Conceptually,
the virtual temperature.of air penetrating and then mixing above the
capping region increases, thereby reducing the amount of negative
buoyancy. Air displaced by rising thermals is compensated for by
locally subsiding air due to the conservation of mass. This downward
moving air must also be envisioned as part of the entrainment and is
governed by the same thermodynamic processes. These complicated pro-
cesses along with vertical tower resolution and data averaging appear

to be some of the reasons for the erratic growth of the mixed layer

found in the BAO tower data.

Figure 16 (Kaimal, 1976) represents vertical velocity and heat flux
data over a ten minute period obtained from tower and tethered balloon
data in a summertime experiment in Minnesota. The fop of the figure is
the location of z, and the curved vertical lines are the outline of the
rising thermals. Though the figure depicts a much deeper mixed layer
than analyzed in this thesis, the upper portion still shows the rising
thermais and the corresponding areas of subsidence as would be found on
the BAO tower. Downward moving air carries with it momentum from above
and if there exists a large wind shear, the downward extent of this air
can be substantial. Stull (1973) presents an illustration of the
“dome—-wisp" «concept in the entrainment region. The dome 1is a
penetrating thermal plume and-ﬁherwisp is thought of as air from above

pushing down between the plumes.
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Mixing by entrainment 1s not instantaneous and an oscillating
‘motion (internal gravity waves) is often.set up al&ng the upper mixed
‘layer boundary. This is similar to orographic lifting generating the
waves found on the lee side of the Rocky Mountains but on a much
smaller scale. The periods of these oscillations are at the Brunt-
Vaisullyd frequency (N). N, also kﬁown as the buoyancy frequency, is a
measure of the static stability where, if N equals zero, a state of
eqilibrium exists with no oscillations. A series of three papers by
Stull (1976 a,b,c) examines the dynamics bf entrainment, entrainment in

a mixed layer model and finally the internal gravity waves generated by

thermal plumes.

Elevated layers not seen by ground-based sensors are depicted in
sodar recofds as they oscillate and advect through the tower. Fig.
17 is a comparison of the tower mixed layer depths to those measured by
the sodar. BAO data points are based on 20 min average 6 profiles,
where as the sodar data are individual points taken at 00, 20, 40 min
after each hour from the facsimile records (Appendix B). Tower points
lack vertical resolution and averaging of the data may shift the actual
growth pattern or smooth vertical gradients into weak undefinable
interface zones. Sodar records represent time height cross sections of
backscatter smoothed over the scattering volume. There is often a
discrepancy in defining z, as measured by a sodar and z; from a 6 pro-—
file. Panofsky and Dutton (1984) state differences of z, as large as

10% are possible because the turbulence region seen by the sodar
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extends above and below the lowest point of the inversion found in the

6 profile. Nevertheless, the agreement between the two independent

estimates of z; is quite good.

Appendix B also pictures how mixed layer growth stagnates when in
the presence of elevated layers. In particular cases on 8 July 1982
around 0630 and 20 July 1982 from 0640 until 0730 are examples of these
layers. Also seen on 20 July 1982 is the correlation of the oscilla-
tion of multiple elevated layers and the inversion rise profile.

Trough portions of the wave appear to produce a subsidence type lid.

Days with a mixed layer forming in the initial period (0400-0620)
continue a similar pattern during the next stages of growth. Examining
all the profiles‘in Fig. 15 we find two major features; a superadiaba-
tic layer which grows in debth and intensity and a layer above the
mixed layer with both absolute cooling and wafming‘(decreases or in-
creases in 6). Changes in thé stabilify of the capping inversion and
entrainment are the most likely causes. Growth of the superadiabatic
layer continues at a rate and to a depth dependent on surface rough-
ness, vertical wind shear and sensible heat flux. Maximum depth

approaches 100 m in an exponential like profile.

Overall there are three recognizable growth patterns: 1) mixing
below and entrainment above (Stull, 1973), 2) mixing below only
"Pattern 1" (Whiteman, 1982a) and 3) a combination of (1) and (2) or

undefinable growth. The preferred pattern for 6 above zg is toward
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cooling (5 days; Figs. 15a,c,d,i,m) and 1is consistent with Stull
(1973). Stull uses a model to simulate growth and compares his results
to the O'Neill data. He finds not only cooling, due to entrainment,
but an increase in stability above z; in the transition layer. This

change in stability (also found in the BAO data) should in turn modify

the entrainment rate.

Four days (Figs. 15b,e,f,i) follow Benkley and Schulman's (1979)
idea which is wvery much like Whiteman's (1982a) "Pattern 1" for the
destruction of inversions in mountain valleys. Here boundary layer
growth 1s accomplished ©predominately through convective mixing
generated at the surface while the temperature in the stable layer
above remains constant. The last four cases (Figs. 15g,h,k,l1) are a
combination of processes. A common facﬁor here appears to be that at

some time during these periods z; either remains constant or drops in

height over several periods.

Figure 18 is a comparison of observed tower mixed layer depths and
those calculated from the simple equation (Tennekes, 1973):

t
z, = (gil%gkl f A sinwt)l/2 . (6)
5 .

It is assumed in (6) that the surface heat flux is closely approximated
with a sinusoidal function, where w is the period and A the amplitude.
The initial lapse rate (y) is calculated from tower 8 profiles near

sunrise, an average maximum surface heat flux (A) is determined from
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past measurements at the BAO and the entrainment coefficient (k) is
replaced by a constant (0.2). Horizontal advection is neglected and
the initial input of surface heat flux is taken as the point where =z,
is first observed to grow on the tower. This delay is an unrefined way
of alloﬁing for variations in surface heating and evaporation from day
to day and early morning low sun angles. Observed values of z, are

smoothed 1linearly for each day before comparison because, variations

seen are due in part to the averaging and vertical resolution of the

datae.

Sensitivity studies of equation (6) show that the mixed layer pre-
diction depends significantly on the assumed evolution of the heat
flux. Changes in the entrainment (k) have almost no effect on the
growth of Zi. Increasing A or decreasing Yy by the same percentages has
nearly an identical influence on Z . These points help to confirm the

importance of an accurate heat flux measurement.

Results in Fig. 18 show calculated values larger for a majority of
the cases. Assumption of a sine profile gives more rapid growth to the
heat flux and in turmn z; than is probably really present (due to eva-
poration and thermal lag for example). This could account for the dif-
ferences seen in Fig. 18. Vertical motion and mechanical mixing are
additional terms not incorporated in equation (6) tﬁat could further

influence the comparison.
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S.1.5 Maturing Mixed Layer (0920-1140 MST)

Two of the 13 days are not used in this section because of lack of
data points (22 June 1981 and 8 July 1982). 1In all cases but one (31
July 1982) the boundary layer is already above the tower by 0920 (note
sodar records: Appendix B). We find in Fig. 19 a deepening of and in
some cases an increase in strength of the superadiabatic layer with

time. This continued development 1s not unexpected because surface

heating is near its maximum.

Again each day shows continuai warming but not at a constant rate.
Incoming energy is nearly identical, and with similar wind flow pat-
terns one would not expect substantial wvariability. Inspecting the
area surrounding the BAO it becomes evident how important local surface
conditions might be. Strip planting‘creates alternating rows of bare
soil with wheat or corn. These contrasting surfaces and even thé dif-
ference between newly sprouted wheat and that ready for harvest produce
significant surface heating differences (Rosenburg et al., 1983).
Vertical extent and strength of thgrmals generated over these dissimi-
lar surfaces are also affected. Lenschow et al. (1981) while examining

luxes from aircraft data taken just north of the BAO sees similar results.

Average total increase of 8 in the mixed layer is 4.0°K with the
largest increase 7.0°K (4 June 1982) and the smallest increase 1.5°K
(11 July 198l1). 1Increases in 8 per 20 min period are fairly consistent

on nine of the days but only- relative to each individual day.
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Maximum depth of the superadiabatic layer now lies somewhere between
100 and 150 m and has the appearance of two layers with different sta-
bilities. Because gradients in the upper portions of this layer drop
off slowly and the gradients in the mixed layer are slightly positive
(Carson, 1973), there is not a sharp cut-off between the superadiabatic
and mixed layers. Vertical tower resolution and averaging may also

give a false appearance to the superadiabatic layer.

A simple equation can be written for dev/dt. Using an expression

similar to Tennekes (1973)

de, (w'el) - (w'el);
ac z (7
i

and rewriting it in terms of entrainment ratio and breaking horizontal

advection out of the total derivative we get

38, (w'e!)
v \4 > >
= + - A
3t o () =V Ve, (8)
i
where (w'ev')i = —k(w'ev')s. Examining this equation provides a little

better understanding why the profiles in Figs. 19 ¢ and e show such

large differences.
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From equation (8) it is evident that a number of factors can affect
the rate at which the CBL warms: advection, surface buoyancy flux, the
depth of the mixed layer (zi) and processes that influence the entrain-
ment (discussed earlier). The 13 cases were deliberately chosen so
that advective effects were small. Assuming that G;TEJT)S and k are
within>30—SOZ of their average values for these days, it is apparent
that the factor of 4 difference in observed 36v/3t is most likely a
consequence of widely varying mixed layer depths on the various days.
These depths and their variations in time could not be determined after
approximately 0900 because the mixed layer dépth was generally above
the top of the tower and sodar records as explained in Section 3;5 no

longer are able to identify z.

Without further study and more detailed information on the vari-

ability of (w'ev')S Zss entrainment or advective processes it is not
?

possible to determine precisely the contributions of all of the terms

in equation (7).
5.2 Winds

Winds in general are more variable than 6. Figures 20 and 21 are
speed and direction time series composites at 3 levels on the tower
(10, 150, 300 m). Included with the tower direction plots are hourly
averaged PROFS mesonet data July 1981, interpolated from Johnson and
Toth (1982b). While intercomparison of tower and PROFS speeds is not

made, it is noted that speeds from the mesonet are less than those for
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the tower. This fact is due in part to the height of the measurement
level and hourly averaging of the PROFS data over an entire month. For
the cases chosen in this thesis a PROFS mesonet station was not yet

located at the BAO.

Conéistency of the BAO 10 m and PROFS directions helps to confirm
the local mesoscale influence discussed by Johmson and Toth. Early
morning drainage winds out of the southwest are consistent with the
local terrain. Winds above 50 m on the tower appear influeﬁced by
larger scale drainage off the front range as well as the synoptic pat-
tern. Clockwise turning of the wind begins at the lowest levels around
0620. It is at 0720, when the wind direction at 10 m reaches 340°,
that all levels on the tower begin to turn as one. Clockwise rotation
of the wind is believed to be a combination of horizontal forcing

brought about by changes in the surface pressure field and the Coriolis

force (Toth and Johnson, 1983);-

The composite of the BAO wind speeds are similar in trend to that
of the directions. Early morning light winds (drainage) are evident at
10 m. As the wind turns at all levels, speeds decrease until 0820 when
the direction reaches approximately 40°. This minimum in the wind
speed appears to correlate with the shift from nighttime drainage to
upslope flow caused by heating. Winds at all levels then gradually
.increase in speed starting at 0820 reaching a maximium of & ms--1 at 300
m by the end of the analysisﬁperiod. Tower wind profiles show less

variability as winds become vertically "mixed” over the height of the
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tower. Johnson and Toth (1982b) in their hourly streamline analyses

show how the entire front range behaves in a similar manner.

Two studies on wind characteristics and profiles present results
from the BAO using similarity and surface layer theory. Schotz and

Panofsky (1980) using

"results derived under ideal conditions at locations where actual
conditions are somewhat more complex”

conclude three things. First they find that after defining a term
called "effective™ roughness, west winds at the BAO closely fit the
surface layer theory even though they move up a slight hill. Effective
roughness differs from true roughness in that it is significantly
larger because it takes into account the rolling terrain. Next, useful
estimates of winds up to 150 m are derived from 10 m winds using the
effective roughness lengths and stability measurements. The higher the
height at which the winds are estimated the larger the area that must
be used in determining roughness lengths. Finally, values of the von
Karman constant are calculated from observations. These numbers are
consistent with previous findings in near neutral conditions, but do
show a direction dependence. Korrell et al. (1982) reconfirms the work
of Schotz and Panofsky, adding new data for different seasons, stabili-

ties and wind directions.

The wind contribution to the development of the CBL is primarily
in two ways that are both a result of wind shear (mechanical turbu-

lence). Wind shear at the surface is a major factor early in the
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morning when convective mixing has not fully developed. As the evolu-
tion process continues its importance decreases. The other region of
wind shear is at Z. Comparison of Figse. 20 and 21 (wind time series
composites) with Figs. 14 and 15 (6 time series profiles) shows there
is vertical wind shear on the tower until almost 0800 MST while the

mixed layer is growing.

A recent study at the BAO (Phoenix II; data and results not yet
published) collected slow ascent rawinsonde profiles of a growing CBL.
What is seen in these profiles is that by late morning the upslope
easterlies (mesoscale controlled) are capped by westerlies (synop-
tically forced). This direction shear can be very important to
entrainment at the boundary layer interface. Driedonks (1982b) exami-—

nes both types of wind shear in relation to entrainment.
5.3 Moisture

Moisture and its role in the CBL evolution is the least understood
and possibly the least important of the three variables examined in
this chapter. What makes it more difficult are the problems encoun-—
tered in accurately measuring moisture, especially in dry regions, and
its large horizontal variability. Figure 22 shows plots of q relative
to the 10 m level comparing verfical profiles for each day at 0400,
0840 and 1140. Pre—sunrise transition q profiles indicate erratic
variations in the lowest levelé with drier air above. In contrast to

8, q does not show signs of vertical homogeneity at 0840, i.e., there
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is a gradual decrease of q with height. Furthermore, gradients on all
days are now more consistent. Profiles at 1140 still have a few
discontinuities in the lowest 22 m with gradually decreasing values
above. Gradients for the most part are now only half of what they were
at 0840. Specific humidity and 6 often have similar profiles close to
the ground (Mahrt, 1976) but q may not be as well mixed as 6 above this

layer.

Examining time series of the individual days at 3 heights (10,
150, 300 m; not shown), there is evidence of a limited moisture source
mixing vertically. Specific humidity at 10 m increases shortly after
sunrise as evaporation and mixing of surface moisture begins. At 150 m
q remains constant until 0640 when it begins to increase as the surface
moisture mixes vertically. A similar trend is visible at 300 m where ¢
remains nearly constant until 0840 before slowly increasing. As the

moisture mixes vertically, its increase at 10 m slows.

Unlike Mahrt's (1976) depiction of Wangara data, BAO profiles do
not show a distinct drop in q corresponding to the height of the mixed
layer. This comparison may be somewhat unfair since the difference in
the mixing depths is quite large. The profiles do have similar charac—
teristics at the lowest levels to that of Sterling, Co. soundings
taken in 1973 during NHRE shown by Mahrt (1976). Mahrt attributes
these vertical gradients at Sterling to surface evaporation and
entrainment of dry air above. If boundary layer growth is rapid,

mixing of dry air into the top of the boundary layer will maintain a
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strong vertical gradieﬁt. Other factors that would also lead to such
gradients are differential advection of moisture caused by large ver-
tical direction shear or increased westerly flow across the top of the
mixed layer. The BAO q profiles represent only a small portion of the
mixed layer discussed by Mahrt and reexamining of his results is

necessary before applying them directly to this data.

Wyngaard and Brost (1984) examine further the mixing of a scalar
(moisture) within the boundary layer. Both "top—down"” and "bottom—up"
type diffusion are discussed in relation to the CBL. Under steady
state conditions (without horizontal advection) Wyngaard and Brost are

able to maintain the type of vertical gradients found by Mahrt.

The importance of moisture to the growth of the CBL has not been
extensively studied. Driedonks (1982b) in examining models and obser-—
vations of boundary layer growth analyzes the effects of humidity.
Latent heat flux and buoyancy are the two factors considered. A term
used to define the ratio of sensible heat flux to latent heat flux is
the Bowen ratio (B). For regions similar to the BAO this ratio is
small in the early morning and very large in favor of sensible heat as
the CBL grows. Moist air is lighter than dry air (for the same tem-—
perature and pressure). In the early morning the effects of increased
buoyancy are usually overshadowed by the large stability present. It
is later in the day as the lapse rates become less stable that this

buoyancy has its greatest impact.



VI. SUMMARY AND CONCLUSIONS
6.1 Summary

Evolution of the early morning convective boundary layer (CBL) at
the Boulder Atmospheric Observatory (BAO) along the Colorado front
range has been investigated under clear and undisturbed conditions.
Twenty minute average potential temperature (6), wind and specific
humidity (q) data for June and July of 1981 and 1982 have been used.
Synoptic and local conditions have been chosen in an effort to reduce
the effects of large scale circulation and to treat situations with a
generally uniform energy input. While an attempt has been made to
strive for horizontally homogeneous conditions by selecting these days,
some horizontal variations are inevitable due to the terrain and the

varying surface conditions in the region.

BAO tower 6 profiles have been compared to Denver, Colorado (12Z)
rawinsonde flights, winds at the BAO compared to PROFS (Program for
Regional Observing and Forecasting Service) mesonet analyses and q pro-
files compared to a limited number of moisture studies under similar
conditions. Estimates of zg (height of the lowest point or base of the
temperature inversion) taken independently from BAO tower and sodar
data have been presented. Several mechanisms involved in the evolution

process of the CBL have been discussed along with past CBL experiments

and growth studies.
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Potential temperature and wind profiles for 20 July 1982, a day
determined representative of the evolution of the CBL, are presented in
Fig. 23. 1In these three periods we see many expected processes; ini-
tial mixed layer growth, superadiabatic layer development and heating
of the mixed layer. Clockwise rotation of the wind is also shown,
which is a result of the inertial oscillation and the diurnal heating
along the Rocky Mountain's eastern slope. The influences of 1local
terrain and surface heating should be examined before this rotation is
fit to the entire front range (Toth and Johnson, 1983). Not expected
is the large cooling found near sunrise. Advection, vertical mixing
and adiabatic cooling are three processes that have been examined in an
effort to explain this decrease in 8. Entrainment is evident at the
top of the mixed layer, though not easily recognizable due to the data
averaging and vertical tower resolution. Not depicted in Fig. 23 is
the variability of both 8 (Figs. 14, 15, 19) and the wind from day to

day.

6.2 Conclusions

Comparison of BAO and Denver 6 profiles showed good agreement
despite their 30 km horizontal separation and the lack of vertical
resolution in the rawinsonde data. Basic vertical structures had simi-~
larities even in terms of the sharp gradients in the lowest levels.
Potential temperature profiles for each day were analyzed in detail for

three 2 hr 40 min time blocks. The first period (0400-0620 MST)
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Fig. 23. BAO 8 and wind profiles of 20 min means, a) sunrise transition
b) mixed layer development, ¢) maturing mixed layer.
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included the sunrise transition where horizontal gradients and changing
surface conditions were important. Evidence of a developing mixed
layer did appear as early as 40 min after sunrise in some instances.
As the initial growth processes began in the lower 1/3 of the tower,
the upper 2/3's were changing in an independent manner. Cooling and or
warming in this region were at times accompanied by changes in the

existing stability.

From 0640-0900 MST an evolving mixed layer was visible on the tower
as well as a superadiabatic layer. Processes controlling the supera-
diabatic layer were not discussed, but instead these layers were exa-—
mined for overall depth and shape. Exponential shaped profiles
extended to a maximum depth of 100 m by the end of this period.
Evolution of the mixed layer was analyzed in detail with five terms
singled out from equation (5) in Chapter V as important; advection of
zi, stability, vertical motion, surface buoyancy flux and entrainment.
All of these terms were affected by the complex terrain as well as by
each other to some degree, but not necessarily in the same way or

amount.

An attempt was made to classify the type of CBL growth found on
each day. Though by no means clear—cut, two growth patterns were iden-—
tified with a third covering undefined growth. The first type was
classified as a combination of surface heating and mixing from below
coupled with entrainment at fhe upper boundary interface. In the

second type, growth by surface heating alone was identified.
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Entrainment is also occurring here but is not changing the stability
above z; significantly. Three factors considered when examining these
classifications were vertical resolution of the tower, 20 min averages
and entrainment treated as a constant. Tower resolution and data
averaging smoothed out the CBL growth pattern. This point combined
with the fact that entrainment in a true sense could be better repre-
sented by bursts of mixing at varying rates made these classifications

somewhat crude.

In the final period (0920-1140 MST) the mixed layer had grown to
encompass the entire tower. What was most evident over this 2 hr 40
min period was the warming of the CBL. Because there was a large
spread in the heating of the mixed layer (1.5-7°K), an attempt was made
to explore the processes contributing to these differences. It was
shown that the heating rate depends on advection, variability of zi,
surface heat flux and entrainment. The initial conditions set forth
allowed horizontal‘advection to be neglected and surface heat flux was
treated as a sinusoidal function, while the wvariability of zi and
entrainment became the unknowns. Since both z, and entrainment were
dependent on additional factors (e.g., terrain, upper-level stability),
it was not possible from this analysis to directly determine their

individual importance.

BAO wind profiles and time series were analyzed for the effects of
local terrain and mesoscale circulation. Comparison of the BAO wind

directions to an analysis of the PROFS mesonet data in July of 1981
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(Johnson and Toth, 1982a) provided excellent insight into the mesoscale
circulation pattern set—-up along the front range. Early morning
downslope drainage, both shallow flow influenced by local terrain and
flow off the Rocky Mountain Front Range, was observed. This pattern
shifted in a clockwise direction from downslope westerlies to easterly

upslope flow over the depth of the BAO tower.

Winds influence the evolution of the CBL primarily through mechani-
cal turbulence created by wind shear. Shear is important at the sur-
face early in the morning when convection is in its preliminary stages
and at the upper boundary interface later in the day when low-level
easterlies (mesoscale) are capped by upper—level westerlies (synotpic

scale).

BAO q profiles did not have the consistent mixing pattern that was
found for 6. Time series at three tower levels showed evidence of ver-—
tical mixing of surface evaporated moisture. Gradients and changes in
q were close to the limitation imposed by the accuracy of the

instrumentation.

The main impact of moisture on the CBL is through latent heat flux
and buoyancy. Latent heat flux 1is significant early in the morning
when sensible heat flux is small. Increased buoyancy due to the

moisture becomes important as the stability above the CBL weakens.

The BAO provides a continuous data platform with which to study the

vertical and time variations of the CBL, while its data processing
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capabilities along with the supporting data adds to the quality of the
data. Not to be overlooked is the BAO's proximity to the Rocky
Mountains and the surrounding non-homogeneous terrain making it a uni-
que research site. Horizontal gradients of z; along the front range
are highly wvariable in all directions. This fact makes results ob-
served at the BAO representative of a small region with mixing depths

in other areas subject to local conditions.
6.3 Future Studies

As seen in this thesis, there is need for future studies and analy-
sis of data already collected at the BAO. Increased time resolution as
well as vertical resolution through the use of 10 s averages and the
instrument carriage could provide additional answers to the evolution
process. Lyman—alpha hygrometers are available for special experiments
and would allow further study of the importance of moisture flux in the
CBL, especially during the initial growth period. Direct calculation
of (WTE;T) from tower instruments and independent measurements of z;
from sodar data would prove very valuable in future analyses. Elevated
layers seen on sodars can be studied further in conjunction with tower
measurements. Detailed analyses of the processes, varying strengths
and time scales of entrainment are also possible while the interface
region remains within the height of the tower. Knowledge of how the
complex terrain interacts with boundary layer growth needs further exa-

mination under "non-ideal"” conditions. And finally, because the BAO is
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located within the PROFS mesonet region, the opportunity exists to com—-
bine these two data sets for a wide range of studies covering not only

the CBL, but other aspects of the planetary boundary layer.
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APPENDIX A

Whiteman (1980)

AWSM 105-124 (1969)

B _ g .3, . W 328y, w1 3 dg
=t 7 vy + o %T W o + 32-(F Y) ——-(——J

A B c D E
A) Horizontal advection of y gradient.
B) Shearing advection of temperature gradient.
C) Vertical advection of the stability.
D) Shrinking or stretching of v.

E) Vertical gradient of diabatic heating rate.



APPENDIX B

BAO SODAR FACSIMILE RECORDS

Note reverse time notation at the bottom of each record.
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APPENDIX C

SURFACE AND 500 mb WEATHER MAPS

Taken from NOAA's "Daily Weather Map" weekly series.
Upper map is surface with isobars at 4 mb intervals
and lower map is 500 mb. Box withlcross-hétch is
Colorado. Wind flags are in knots and contours on

500 mb map are in feet. (19,100 feet = 5805 m).



142

e

1008 1004 1004

‘81

r

June 22

0500 MST




143

June 25, ‘81
0500 MST




144

July 11, “81
0500 MST




145

10201016 1912

0% T00E 107216 1020

SN

‘81

r

July 28

0500 MST




146

1000 ,1008 1012 1916 1020
1004 4

June 4, ‘82
0500 MST




147

June 16, ‘82
0500 MST




June 20, ‘82
0500 MST




1016 10121003 1004 1004 ,

\\j

1012 1016

June 21, ‘82
0500 MST



150

N8

1000 10§42

82

0500 MST

’

July 8




1016 10121

1004 | 996 932
008

1000

July 20, “82
0500 MST



152

Ala's’

1020 .10121
1016

July 21, '82
0500 MST




153

1016 1012 1008 104

1018 1012 1C9

19500
N

~

N Y

July 24, ‘82
0500 MST




154

1016.1012 1012 1016 101€ 1012§10081004 .. 100G 00 1004 1008 1012

July 31, 82
0500 MST




APPENDIX D

DENVER (127/05 MST) SKEW T-log P PLOTS

Surface to 500 mb, includes mandatory and significant
levels. Wind flags are in 111s-1 and MB on dew point
temperature plots signifies a motor boating humidity
sigﬁal from the rawinsonde package. The skew T-log P

base plate is taken from a standard Skew-T diagram.
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APPENDIX E

Hypsometric Equation

g€2¢
[- RdT]
Pl =Po s e
Possion's Equation
P R,/C
g =T » (=2 a’p
P

Specific Humidity Equation (Murray, 1967)

€ ze Sp . 1000g
Po lkg
M a(T ,-273)/(T ,~b)
g = — e = 6.,1078 - (e d d
M P
d
Richardson number
R‘i_:—jB_z_
(3u/09z)
90 s
g = %3z vertical stability.
g = gravity.

34/9z = vertical wind shear.



