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The primary purpose of the AIDJEX Lead Experiment
(ALEX) of early 1974 was to measure the turbulent component
of the heat flux from Arctic leads in winter. This thesis
describes that experiment, summarizes the data taken on the
downwind side of the leads, and discussesgthe determination
of the sensible and latent heat and momentum fluxes over
Arctic leads. ﬁ

Three methods are used to evaluate the sensible heat
flux. The basic estimate relies on an energy conservation
approach which requires upwind and downwind temperature
profiles and the downwind velocity profile. The second
method uses the empirically-determined flux-gradient
relationships, which are approximately valid very near the
surface of the lead. Thirdly, measurements of the correla-

tion between vertical velocity and temperature fluctuations

give the sensible heat flux directly. In addition, several



low quality humidity profiles allow estimates of the

latent heat flux, again on the basis of energy conserva-
tion. Both the sensible and latent heat fluxes correlate
with bulk parameters and, hence, can be estimated with only
a few bulk measurements.

Though the primary emphasis of ALEX was on the heat
flux determination, the raw data alone -- the velocity and
temperature profiles —-- are of considerable interest. Sel-~
dom have internal thermal boundary layers of geophysical
scale been so extensively studied. Seventy-six pairs of
velocity and temperature profiles from within the boundary
layer and more than 30 u and w spectra and uw cospectra
tell a great deal about thermal bouhdary layer processes.
The velocity profile, in particular, within the layer is
very complex. It is modified by the tremendous vertical
heat flux and affected near the surface by the roughness
transition between relatively smooth ice and the rougher
water of the lead. A comparison of upwind and downwind
temperature profiles yields the internal thermal boundary
layer height, &, the height at which the downwind tempera-
ture profile rejoins the upwind profile. ' That height is
primarily a function of the stability parameter ZO/L' where
zq is the surface roughness and L is the Monin-Obukhov
length, but also depends on the upwind stability and, of

course, the fetch across the lead.



Spectra and cospectra from over the lead and the con-
sequent integral statistics are unique for basically two
reasons. First, the spectral data was obtained very near
the surface; therefore, Reynolds numbers were small.
Secondly, the flows were fetch-limited. This horizontal
inhomogeneity apparently affects the uw cospectra most;
they contain more spectral energy at higher frequencies
than do cospectra characterizing horizontally homogeneous

conditions.
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OBSERVATIONS OF VELOCITY AND TEMPERATURE
AND ESTIMATES OF MOMENTUM AND HEAT
FLUXES IN THE INTERNAL BOUNDARY
LAYER OVER ARCTIC LEADS

1. INTRODUCTION

Honor the High North ever and ever . . .
Robert W. Service
"Men of the High North”

1.1. THE ARCTIC HEAT BUDGET

The Earth is a heat engine, a thermodynamic system,
converting heat energy from the sun into the mechanical
energy of atmospheric and oceanic circulations. The goal
of meteorology and oceanography is to understand the
dynamics of the air and water realms and the interaction
of the two. Therefore, since solar heat is the sole source
of energy driving the giobal circulation, heat budget
studies are one avenue to this understanding. How much
heat arrives from the sun? How much is returned to space
and where? What portion is reflected at density interfaces?
Which surfaces absorb how much? What is the rate of trans-
fer froﬁ here to there?

The Arctic region is a huge heat sink in the plane-
tary thermodynamic system. Because the sun's incoming
energy:is concentrated around the equator, the poles re-
ceive much less energy than do lowef latitudes. Hence,

the resulting temperature gradient between low and high



latitudes forces the oceans and atmosphere to answer the
polar call for warmth. Warm currents and warm air masses
transport heat into the Arctic while the region exports
'cold' in the form of cold air masses, cold currents, and
ice.

Because the Arctic is such a sink for the planet's
heat, its heat budget is of considerable consequence. And
the yearly variability of that budget is similarly impor-
tant: do variations in the Arctic heat budget have any
relation -- whether as cause or consequence -- to climatic
anomalies? What ié the state of the Arctic Ocean during
continental glaciation? How would the heat budget and
particularly the pack ice cover respond to a prolonged
heating or cooling of the atmosphere?

Some have hypothesized that the Arctic Ocean has two
quasi-steady states -- an ice-covered and an ice-free
state -- which are intimately connected with the climaﬁe
over the entire planet (Ewing and Donn, 1956, 1958;
Fletcher, 1965; Donn and Ewing, 1966). When the Arctic
is ice-free, it provides a northern moisture source and
so fosters continental glaciation; when ice-covered there
is no moisture source and, consequently, an interglacial
period. But others refute this theory claiming the Arctic
Ocean has never been ice-free and so is not a controlling

factor in continental glaciation (Clark, 1971).



Uncertainty in several terms of the Arctic heat bud-
get allows such antithetical views. Considering that even
year to year Arctic climatic anomalies are proving "diffi-
cult to unravel” (Oort, 1974), anomalies with periods of
10,000 years are yet well beyond the limits of our under-
standing. We must start with the basics first -- define
all the pieces of the Arctic heat budget puzzle. Observa-
tions in the Arctic are a necessity. Too often terms in
the heat budget are estimated using bulk formula which have
rarely been tested against ground truth in the Arctic.

This thesis will, thus, discuss an in situ investigation
of one term in the Arctic heat budget -- the turbulent
flux of heat from Arctic leads in winter.

Through the winter the Arctic Ocean is almost totally
covered by a rind of pack ice about three meters thick.

But due to the stress imposed by wind and water the ice
occasionally cracks and separates. This chink in the pack
ice which at first exposes open water but may, as time |
passes and freezing occurs, contain ice in various stages
of formation, including a complete cover of new ice up to
several centimeters thickness, we shall refer to as a 1eadf

The origin of the term 'lead' to mean a crack in the
pack ice is obscure but may have come from the days of tﬁe’
wooden-hulled sealing and whaling ships. Nansen (1897)
gives us a clue: throughout his book, 'channel' appears

where we infer 'lead'. That is, a lead provides an avenue



for ships: sealers can take their fragile vessels only
where the channels lead;

Seemingly no study has yvet been made to determine the
distribution of physical dimensions of leads: most pub-
lished information on size is simply of a descriptive
nature. 2akhavov (1966) mentions leads which "stretch un-
broken" for several hundred kilometers between the shore
ice and the floating ice in the Laptev Sea. Auferheide and
Pitzl (1970) encountered leads two miles wide and six to
seven miles long on their snowmobile ride to the North Pole
in 1968. When Nansen and Johansen left the Fram in early
1895 and tried to reach the North Pole by ski and dog sled,
they were thWarted; in part, by continually having to
negotiate ‘channels' from ten to fifty meters wide and
perhaps a kilometer in length (Nansen, 1897).

Most agree that leads have limited areal coverage.
Untersteiner (1964), Badgley (1966}, and Coachman (1966)
each estimate that in winter there is one percent or less
open water in the Arctic Ocean; Wittman and Schule (1966)
say two percent is a realistic figure.

How can such small features in the pack ice be of any
significance in the Arctic heat budget? During the winter
the surface ocean water is at near freezing, -1.7°C, while
the lower atmosphere may be -20°C to -40°C; however, the
ubiquitous pack ice is a very good insulator and so general-

ly keeps the two thermally separated. But leads disrupt
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the integrity of the ice. Air and water are allowed inti-
mate contact, and the large temperature difference between
the two drives a tremendous outpouring of heat, sensible,
latent, and radiative, from the ocean to the atmosphere.
The magnitude of this exchange has been estimated to be two
orders of magnitude greater than the heat flux through
mature ice (Badgley, 1966). Consequently, even if leads
cover only one percent of the ocean area, they still
account for roughly one half of the turbulent heat exchange
between ocean and atmosphere during the Arctic winter.

Badgley (1966) provides two tables which give us a
more quantitative picture of the part leads play in the
surface heat budget of the Arctic Ocean. Table 1.1 is his
estimate of the surface heat budget for mature ice; Table
1.2 is the heat budget for a lead surrounded by pack ice.
The notation in the tables is:

o the albedo of the surface

S incident solar radiation (direct and diffuse)

S(l~a) solar radiation absorbed

o} outgoing surface infrared radiation

I incoming infrared absorbed at the surface
o-I net infrared

R = 0-I-S(l-0), the surface radiation balance
H sensible heat flux to air

Hy latent heat flux to air

B = R+H+Hjr the surface energy balance



Table 1.1. The estimated average heat flux during each month for mature ice at 80°N

(after Badgley, 1966). In R, H, Hy,and B, the fluxes are upward if
positive.

JAN FEB MAR APR MAY JUN JUL AUG SEP ocT NOV DEC YEAR

78 56
a(%) - - 83 81 82 78 to to 84 - - - -
54 78
mw/cm2
S - - 1.26 6.46 10.74 11.55 8.90 5.02 1.22 - - - -
S(l-a) - - .21 1.23 1.93 2.54 3.02 1.66 .20 - - - .90
0 6.88 6.64 6.64 7.12 8.92 11.91 12.24 11.78 11.08 9.78 8.38 7.11;{ 9.04
I 6.08 5.71 5.52 5.76 8.01 10.98 11.14 11.39 10.41 9.11 7.18 5.99) 8.11
0-I .80 .93 1.12 1.36 .91 .93 1.10 .39 .67 .67 1.20 1.12 .93
R .80 .93 .91 .13 -1.02 -1.61 -1.92 -1.27 .47 .67 1.20 1l.12 .03
H -.43 -.35 =-~.37 0 35 37 0 11 19 -~.06 -.16 ~-.24| -.05
HL 0 0 0 0 27 35 19 .02 -.14 -.16 =-.11 ~-.02 03
B .37 .58 .54 .13 -.40 -.89 -1.73 -1.14 .52 .45 .93 .86 .02




Table 1.2.

The estimated average heat flux during each menth for a lead at 80°N
surrounded by pack ice (after Badgley, 1966).

are upward if positive.

In R and B, the fluxes

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT = NOV DEC YEAR
a(%) - - 10 10 10 10 10 10 10 - - - -
mw/cm2
S - - 1.26 6.46 10.74 11.55 8.90 5.02 1.22 - - - -
S(l-a) - - 1.13 5.81 9.67 10.40 8.01 4.52 1.10 - - - 3.4
0 11.78 11.78 11.78 11.78 11.78 11.91 12,24 11.78 11.78 11.78 11.78 11.78{11.8
I 6.08 5.71 5.52 5.76 8.01 10.%8 11.14 11.39 10.41 9.11 7.18 5.99| 8.1
0-I 5.70 6.07 6.26 6.02 3,77 .93 1.10 .39 1.37 2.67 4.60 5.79 3.7
R 5.70 6.07 5.13 21 -5.90 -9.47 -6.91 -4.13 .27 2.67 4.60 5.79 .3
H 22.5 25.2 25.2 22.4 12.6 .4 0 .1 2.8 8.4 15.4 22.5 |[13.1
HL 2.4 2.7 2,7 2.4 1.3 0 0 0 .3 .9 1.6 2.4 1.4
B 30.6 34.0 33.0 25.0 8.0 -9.1 -6.9 -4.0 3.4 12.0 21.6 30.7 |14.8




In the tables, R, H, HL’ and B are upward if positive.

On comparing the R, H, H and B components for both

L’
mature ice and leads in winter, we see how the occurrence
of leads greatly increases the heat loss by the ocean. The
B term in winter is more than fifty times larger for leads
than for the pack ice; and most of this increase is contrib-
uted by the sensible heat flux, H. Doronin (1966) esti-
mates H and R only and these are consistent with Badgley's
values. Vowinckel and Taylor (1965) likewise predict simi-
lar magnitudes; they claim their estimate of the sensible
heat flux from the surface in the central Arctic would in-
crease by 40% per year if, instead of the total ice
cover they assumed, there was one percent open water.
Badgley (1966) based his estimates of H and Hp in
Table 1.2 on actual velocity, temperature, and humidity
profiles recorded over a lead near Barrow, Alaska in 1962.
Miyake (1965) tried similar measurements in 1960, con-
structing an artificial lead in the shore-fast ice near
Barrow. These are apparently the only attempts at an
experimental investigation of the turbulent heat flux from
leads. And these results are limited. Each experiment
lasted only a couple of days at a single site; hence, few
environmental and physical parameters were sampled. Several
wind tunnel studies have attempted to measure the heat flux
from warm water to cooler air (Mangarella, et al., 1971,

1973; Coantic and Favre, 1974). But these could not



reproduce the large temperature difference and the very
cold and dry air of the Arctic. Clearly, a more thorough
investigation was desirable since we would ultimately like
to predict the heat flux by measuring only the width of a
lead and such bulk environmental parameters as the wind
velocity, air temperature, and water temperature.

The Arctic Ice Dynamics Joint Experiment (AIDJEX)
sponsored by the National Science Foundation (NSF) provided
an excellent opportunity for such research; consequently,
the AIDJEX Lead Experiment (ALEX) was organized for early
1974 (Paulson and Smith, 1974). The primary goal of our
participation in ALEX was to establish a method for esti-
mating the turbulent heat flux from Arctic leads by measur-
ing a few relevant, bulk parameters. Therefore, during
the six weeks of ALEX we made heat flux measurements over
real and artificial leads of various widths and under a
host of environmental conditions. This thesis discusses -

those heat flux measurements.
1.2. THE INTERNAI, BOUNDARY LAYER

There is another intriguing area to our research which
must flavor this thesis. That is ALEX as a turbulence
experiment on a geophysical scale. As will become evident
in Chapter 2, what we are doing during ALEX is studying
how an air flow -- originally in equilibrium with a sur-

face -- is modified by a change in surface conditions. 1In



10
our case, the flow is initially in equilibrium with the up-
wind ice. When it impinges on the lead -- which has a much
warmer surface and probably a different surface rough-
ness —- its velocity and temperature profiles and, conse-
quently, the momentum and heat fluxes are altered. The
region which is disturbed by the new surface is called an
'internal' boundary layer (IBL) -- 'internal' because it
is imbedded in the planetary boundary layer.

Research into such turbulence problems began only
fairly recently because the thing is so difficult.
Elliott's (1958a, 1958b) pioneering work and much of the
subsequent experimental (e.g., Bradley, 1968; Plate, 1971)
and numerical (e.g., Peterson, 1969; Taylor, 1969; Shir,
1972) research have concentrated on flows encountering a
change in surface roughness. The boundary layer is, thus,
an internal 'momentum' boundary layer.

Taylor (1970) has tried to mocdel an internal 'thermal'’
boundary layer, which results when a flow feels a change in
surface temperature but no change in surface roughness.
Miyake (1965) has made an analytic attempt at ﬁnderstanding
the internal thermal boundary layer. And Shreffler (1975),
as part of the AIDJEX program, has constructed a numerical
model specifically of flow over an Arctic lead but had only
one set of Badgley's (1966) velocity and temperature pro-
files with which to test his results. In addition, the

thermal boundary layer has been investigated in wind



11
tunnels (Mangarella, et al., 1973; Coantic and Favre, 1974).
But ALEX is one of the few times thermal boundary layers
of geophysical size have been observed (see Figure 1.1).
This is a rare opportunity to compare theory and laboratory
results with the real world.

It should be apparent from this discussion that there
are two regions of importance in the flow. To understand
the effects of the change in surface conditions, one must
look not only at the flow within the boundary layer but
also at the undisturbed, upwind regime. This thesis
focuses on what is happening in the boundary layer. The
thesis by Lindsay (1976) chronicles the upwind flow during
ALEX and should be considered a companion volume to this

one.
1.3. SIDELIGHTS

Leads are sites of intense processes. The large
temperature difference between water and air and the result-
ant heat flux drives most of these. Therefore, although
the principle motivation for our heat flux measurements was
to facilitate improved estimates of the Arctic heat budget,
our results are of consequence in several other areas of
study which will not be treated directly in this thesis.

Because of the rapid heat loss in winter, leads are
areas of prolific ice formation. Three things can happen

to ice: it is formed, melted in the Arctic, or transported
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south out of the ocean. The ice budget is, thus, a sub-
budget of the total Arctic heat budget. The heat flux
from leads is, therefore, critical in this budget, too.

Leads also have the potential for generating small
scale thermohaline circulation (Smith, 1973). When the
pack ice cracks and exposes warm ocean water to the dry and
very cold atmosphere, the combined effects of ice formation
and evaporation may increase the surface salinity by as
much as 2.5 °/,, (Zakharov, 1966). Because in seawater
at near freezing, salinity changes determine density
changes, this surface water becomes more dense than the
underlying water and so will sink as a plume until it
reaches water of equal density (Smith, 1974) -- probably in
the halocline between 50 and 100 meters (Coachman and
Barnes, 1962). Here it spreads out as a layer. This sink-
ing water will likely be replaced by the vertical and
horizontal advection of water under the ice. But because
in the Arctic Ocean the water temperature generally in-
creases with depth from the surface down to the Atlantic
water between 200 and 900 meters (Worthington, 1953), this
advection could carry more heat to the surface (Doronin,
1963). To investigate this thermohaline circulation in the
vicinity of leads, a group headed by J. D. Smith of the
Department of Oceanography at the University of Washington

also participated in ALEX.
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Such thermohaline circulation has several important
implications. For example, mixing surface water into lower
layers allows for the aeration of these layers -- a conse-
quence which may have significant impact on the biological
activity in the Arctic. In fact, Zakharov (1966) states
that convection reaching 200 to 300 meters has been
observed. Off the Eurasian coast where the continental
shelf is very broad and shallow, such convection may at
times reach the ocean floor. Secondly, the cooling of the
surface water in leads coupled with its downward transport
in plumes may account for the supercooled water which is
often observed in Arctic Ocean temperature profiles

{Coachman, 1966; Katsaros, 1973).
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2. THE AIDJEX LEAD EXPERIMENT

There always comes a time when one must choose
between contemplation and action. This is
called becoming a man.

Albert Camus

The Myth of Sisyphus

The scale of the Arctic Ice Dynamics Joint Experiment
made our lead research possible. Including ALEX in the
AIDJEX program gave us the opportunity to take advantage
of logistic and technical support gathered for the AIDJEX
assault. Consequently, four different research programs
were carried out as part of ALEX. The Air-Sea Interaction
Research Group from the School of Oceanography at Oregon
State University and a similar group from the Department
of Atmospheric Sciences of the University of Washington
(UW) made atmospheric observations over leads. J. D.
Smith led a group from the Department of Oceanography of
the University of Washington which made oceanic observa-
tions (Smith, 1974). Bjorn Holmgren of the Geophysical
Institute of the University of Alaska measured radiative
fluxes (Holmgren and Weller, 1974). And John Kelley of
the Institute of Marine Science of the University of
Alaska investigated the Cco, exchange in leads (Kelley,
1974).

In late February of 1974 the ALEX participants

assembled at the Naval Arctic Research Laboratory (NARL)
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near Barrow, Alaska, and the experiment, thus, began.
Heiberg's (1974) log is a good day to day account of the
activities of all groups in the ALEX program. So, hence-

forth, we will concentrate on the atmospheric observations.
2.1. SITES

ALEX of necessity had three phases instead of the two
originally planned. We were tc begin by first looking at
flows over artificial leads built on Elson Lagoon (see
Figure 2.1) then move onto the pack ice in the second
phase to sample real leads. However, the pack was most
uncooperative, presenting few real leads in the area
accessible to us; hence, we returned finally to Elson
Lagoon and built a larger artificial lead.

These artificial leads were constructed by pumping
sea water into long, polyethylene tubes and laying the
tubes out in a semicircle on the ice. They froze quickly
and we, thus, had a container which when filled with sea
water was a 'lead' 20 to 30 centimeters deep. The lagoon
itself was our sea water source. We pumped the water up
through a hole in the ice, injected it into the pond at
one corner, and let it drain back into the lagoon through
a hole in the opposite corner. In this way a pond was
held at constant temperature with only minimal freezing
around the edges. The ponds were semicircular so that with

our sensors at the center of the straight side, we could
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track the wind through almost 180° without much change in
water fetch. Ultimately we had to build three such ponds.
The first two were each of ten meter radius but facing dif-
ferent directions to follow a fickle wind. The third pond,
which became necessary in the absence of suitable real
leads, had a radius of 20 meters.

Sampling over these artificial leads let us debug
our instrumentation, better define our experimental pro-
cedure, control the all-important geometry of the air flow,
and proceed at a more relaxed pace; because when we got to
a real lead we would have little time for confusion and
hardly any control over the wind. As soon as leads open,
ice begins forming in them and within 24 hours the thick-
ness of new ice may be several centimeters.

When we finished our first series of artificial lead
experiments we regrouped at NARL and began looking for
real leads. Heiberg (1974) details the search and deploy-
ment procedure. Before we would commit ourselves to de-
ployment, a lead had to meet strict requirements. It had
to be fairly narrow -- 100 meters or less -- so the inter-
nal boundary layer would not be too high on the downwind
side. The wind had to be nearly perpendicular to its long
dimension for reasons which will be obvious later. The
lead had to be through mature ice to insure safe sites for
the camps on either side. Smooth ice nearby was necessary

on both sides so small planes could land. The upwind side
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had to be free of hummocks and pressure ridges, which would
void our assumptions of equilibrium flow upwind. And the
lead had to be within a 30 to 40 mile radius of NARL so
search and deployment could be accomplished in one day
(about ten hours of daylight).

The first satisfactory lead we found was a good one.
We camped on it for two days and got nine hours of useful
data on the downwind side of the lead before a wind shift
during the night of the first day stopped us. However, as
we turned our sensors with the wind, we eventually found
ourselves upwind of the lead with the UW group downwind.
So we recorded an additional six hours in this configura-
tion.

When we set down on our second real lead, it was
about a quarter of a mile across; but we were desperate
for a site as the pack ice was persistently uncooperative.
By the time we were operational (two hours), the lead had
closed to a hundred meters. Two hours later after one 90
minute data run, open water vanished and in its place a
rumbling bressure ridge began advancing on our camp. We
evacuated. The pack ice remained tight for a solid week.
And we returned to Elson Lagoon for the large artificial

lead experiment.
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2.2. THE INSTRUMENT HUT

As I have explained in Chapter 1, to properly inves-
tigate atmospheric processes over leads it is essential to
sample both the undisturbed upwind flow and the flow over
the lead. Hence, twin instrumentation packages were neces-
sary -- the one upwind usually manned by the University of
Washington group; the downwind, by the Oregon State con-
tingent.

The primary component of each of these setups was a
helicopter-transportable, army surplus instrument hut,
which provided shelter and quarters for two to three
people during the experiments on both Elson Lagoon and on
the pack ice and contained the electronics for obtaining,
conditioning, and recording our turbulence observations.
Each hut was accoutered with a 60 cycle, five kilowatt
generator for powering the requisite electronics; for heat-
ing, a propane stove, which could maintain a 40°C tempera-
ture difference between the hut floor and the ceiling
seven feet above; and bunks. In addition, each hut was
mounted‘on two large, wooden skids to prevent its freezing
onto the ice and to facilitate sliding if ice movements

threatened it.
2.3. THE TWO TOWERS

Two towers, which during transport were mounted to

the outside of the hut, held our sensor arrays during
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periods of observation. One tower we call the 'profile
tower'; the other is the 'flux tower'. The profile tower
was equipped to make velocity, temperature, and humidity
profiles over the lead. The flux tower had transducers for
making direct measurements of momentum and heat fluxes
using the eddy correlation technique. Tower sensors were
connected to the hut electronics with 100 meter, teflon-
coated cables.

Both towers were of modular design and built of
aluminum tubing. The principle feature of each was a four
meter arm which could rotate in the vertical and so lift
our sensors from within centimeters of the surface to a
height of about four meters. A small electric motor
mounted on each tower powered this up and down motion. The
arm also swiveled in a horizontal plane and therefore could
be manually oriented into the wind. Figure 2.2 is a draw-

ing of an ALEX instrument tower.
2.4. PROFILE TOWER TRANSDUCERS

The profile tower generated profiles by continually
cycling one set of sensors up and down through the boundary
layer, stopping at each of five predetermined, logarithmi-
cally-spaced heights for usually a minute. By using one
set of sensors thusly, we avoided some complications.
First, and most obvious, is the fact that this scheme did

not require the large battery of transducers which is
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typical in most profiling work. Secondly, and in the long
run more significant, was our eliminating the inter-calibra-
tion problems inherent in using more than one sensor to
measure the same quantity. Admittedly, with only one sen-
sor per observable, there is always a question of confi-
dence in the result. We were not, however, without a means
to judge the validity of our profile measurements: sensors
on the nearby flux tower were also measuring the same
average quantities but at fixed heights. Thus, the profil-
ing method we chose allowed us to make very precise deter-
minations of the shape of the velocity and temperature pro-
files in the internal boundary layer. For our work, that
shape -- the relative magnitudes of the observables between
different heights -- is as interesting as the absolute
values orf the observables.

The velocity transducer on the profile tower was a
Thermo-Systems Inc. (TSI) 1210-20 hot-film probe: its
sensing element is a vertically-oriented, cylindrical hot-
film with diameter 0.051 mm and aspect ratio 20 (Figure
2.3).

All our temperature transducers were 0.5 mil Chromel-
Constantan thermocouples welded between wire supports at
the end of a small diameter rod 15 cm long. The profiling
thermocouple was mounted next to the hot-film and refer-
enced to a 0°C thermocouple reference stimulator, which

with the thermocouple amplifiers was incorporated into the
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sensor arrays. Two other thermocouples, one mounted at the
lower array position with the hot-film and the aforemen-
tioned thermocouple and a second mounted 50 cm above, were
referenced to each other. We thus hoped to increase the
density of our profile temperature observations and get
estimates of temperature differences over 50 cm. But that
differencing pair was just another source of joy for the
Arctic gremlins: it never did give reasonable absolute
temperature differences though its variance agreed with
that measured by the lower thermocouple. Only by doing an
ad hoc calibration of the differencing pair for each run
using the lower thermocouple as the standard could we ex-
tend our temperature profile upward an additional 50 cm.

Midway between the lower temperature and velocity
transducers and the upper differencing thermocouple we
mounted a carbon hygristor as a humidity sensor. The
resistance of the hygristor element is sensitive to mois-
ture; hence, when the hygristor is placed in an oscillat-
ing circuit, the frequency of oscillation is related to
the humidity. Unfortunately, the humidity circuit was
inoperative for the first three-quarters of ALEX and the
humidity values from the final quarter are suspicious;
therefore, we have little faith in our moisture observa-
tions.

A Thornwaite three-cup anemometer sat stationary

atop the profile tower and so gave us an additional point
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for velocity profiles and provided a fixed-height velocity
reference for making sampling corrections to the velocity
profiles. The cup anemometer seems to have been somewhat
affected by the cold -- it inhibited the frequency response
of the cups. Average velocities generally were consistent
with hot-film velocities, but the trace from the cups on
our strip chart recorder was often uneventful. The Arctic
cold had made the cups a low-pass velocity filter.

The arm on the profile tower cycled through five
levels starting near the top of the boundary layer and
working downward until it reached the lowest height --
usually 10 to 20 centimeters. It would then return to the
upper level and begin again. A potentiometer on the gear
of the motor which moved the arm was a monitor for the
heights of these levels. 1Inside the hut, electronics
designed by the University of Washington group allowed in-
finite control of the tower heights and sampling interval.
Each height at which the tower arm would stop was set on
one of five potentiometers mounted together on a panel. A
sixth potentiometer set the sampling interval. The panel
electronics associated a continuous voltage with the
tower potentiometer and from that we knew the arm height.
In addition, the tower control panel assigned a discrete
voltage signal to each level and thereby told us which
potentiometer had positioned the arm. Hence, if necessary,

we could also determine the arm height from this incremental
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voltage knowing the potentiometer settings. Generally, this
system was very reliable in returning the sensing array to
the same heighfs as it made continuing passes through the
boundary layer.

Figure 2.4 is a typical strip chart record of the
more interesting profile tower signals (the x-film veloci-
ties are flux tower signals), and so demonstrates the
essence of our profiling routines. Notice the sampling
interval for this run is about 90 seconds. The temperature
traces appear one-sided because the ambient upwind tempera-
ture is a lower bound while the presence of the much warmer
lead initiates positive excursions from this bounding value.
The fetch across the lead in this example is 8.1 m. Hence,
since the variability of the temperature trace suggests
that at 1.40 m or maybe even 0.93 m the lead is having
little influence on the profile, the thermal boundary layer

height here is roughly one-tenth of the fetch.
2.5. FLUX TOWER TRANSDUCERS

The velocity transducers on the flux tower were TSI
1241-20 crossed sensor hot-film probes. These have the
same sensing elements as our single-sensor hot-film probe,
but each contains two such sensors mounted at right angles
(Figure 2.5). We placed one crossed sensor probe at the
lower position of the transducer array and the second at

the upper array position, 50 cm above. The crossed sensor
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Figure 2.5. The sensor orientation of crossed hot-film
probes. Ideally el and 62 are 45°.
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pairs were oriented in a vertical plane parallel to the
mean wind. We thus could measure longitudinal and vertical
velocities at two heights.

Temperature transducers were like those on the profile
tower, 0.5 mil Chromel-Constantan thermocouples. We placed
the absolute temperature thermocouple and one of the dif-
ferencing thermocouples at the upper array position next to
the crossed hot-film probe there. The second thermocouple
of the differencing pair was mounted with the lower crossed
hot-film. With these temperature and vertical velocity
measurements, we hoped to make a direct determination of the
heat flux. However, again the differencing thermocouples
did strange things: the temperature difference they yielded
was never accurate though the signal variance was consistent
with that from both the absolute thermocouple and the pro-
filing array.

| Both profile and flux tower thermocouples suffered
from another problem which we had anticipated. They
frosted over incredibly fast. By watching the strip chart
record of any of the temperature signals we could see the
frequency response decrease with time as rime formed around
the sensor. All our sensors were right above the lead and
the combination of evaporation and very cold temperatures
doomed the thermocouples. The hot-films, of course, were
in the same position but operated at temperatures in excess

of 200°C and so could not frost over. In preparation for
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ALEX we had recognized the potential for such riming and,
therefore, designed the thermocouple electronics with a
heating circuit for thawing the rime on the sensors when
necessary. But that circuit itself was not too reliable;
consequently, about every half hour someone had to take an
electric heat gun out to the towers and defrost the thermo-
couples.

Perhaps here might be a good place to explain why we
took such small, fragile velocity and temperature sensors
into such a harsh environment. Two considerations are of
prime importance. First, we required sensors small enough
to accurately measure all scales that contribute to the
desired variances and covariances. These smallest scales
are of order one-tenth of the height of the measurement --
i.e., 1 cm or less. Secondly, the sensors had to have a
frequency response high enough to follow these small scale,
rapid motions. The spectra and cospectra presented by
Kaimal, Wyngaard, Izumi, and Coté (1972) suggest that to
accurately determine the variances and covariances, our

sensors had to respond to frequences of at least

where z is the measurement height and U is the average
longitudinal velocity there. 1In our application this fre-

quency is about
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100 cm/sec

£ = 5( 10 cm )

= 50 Hz. 2.2

We expect the limit of the thermocouples is 50 Hz; but the
hot-film sensors are capable of much higher frequency
response.

At the top of the flux tower we mounted a Thorn-
thwaite wind vane. Because the crossed hot-films define a
vertical plane, it was especialiy important that we always
had them head-on into the wind; thus, mounting the wind vane
nearby for referencing was prudent. But despite our fore-
sight we could not always keep pace with the changing wind.
The nearness of the wind vane was then again important be-
cause if deflections from the mean wind direction are small
(less than 10°), the crossed hot-film velocities can be cor-
rected using the angle of deflection (Andreas, 1977a).
Sometimes the wind vane had the same problem as the cups --
the cold limited its frequency response. Hence, it usually
underestimated the variance in wind direction but seemed to
adequately sample the mean direction.

The array arm on the flux tower was motorized like
that on the profile tower but did not cycle up and dpwn.
Rather we left it at a fixed height for the entire run,
usually with the lower sensors within 20 cm of the surface.

Figure 2.6 shows a strip chart record of flux tower

signals.
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2.6. DATA ACQUISITION

The instrument hut contained in a large, shock-mounted
rack all the electronics for powering, monitoring, condi-
tioning, and recording the signals from the two towers.

Crossed sensor hot-films were used in conjunction
with TSI electronics (power supply, 1051-2; anemometer-
linearizer, 1054A; 5:1 bridge, 1056). A Disa anemometer
(main unit, 55MOl; standard bridge, 55MIO; linearizer,
55D10) operated the straight hot~film. Both these are
linearizing units: the signal from the anemometer bridge
is linearized so that the transducer voltage is a nearly
linear function of the wind speed. The velocity signal
from the profiling hot-film was used not only for velocity
information but was also electronically differentiated.
Hence, on appealing to Taylor's hypothesis and assuming
isotropy, we had a means for estimating dissipation.

A control box built specifically for ALEX by the
University of Washington group, as mentioned above,
housed the electronics for all the temperature and humidity
transducers as well as those for changing and monitoring
the profile arm heights.

The cup anemometer and wind vane had their own indi-
vidual power supplies.

Generally, before being recorded the signals were
passed through gain-offset devices (G/O's) which had been

built by the 0SU Technical Planning and Development Group.
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These gain~offsets removed the mean of the signal and
amplified its fluctuations to take advantage of the full
dynamic range of our recording equipment. In our log we
noted the individual gain and offset settings for each G/O
and, therefore, after calibration could reproduce the
original signal from the recorded signal.

Our recording unit was a Hewlett-Packard 3960 four-
channel, analog tape recorder, which we operated at 3 3/4
inches/sec. Three channels were used in the FM mode. On
these we recorded the two lower hot-film signals from the
flux tower and the differentiated profiling hot-film sig-
nal. We sent all the remaining signals to voltage-con-
trolled oscillators (VCO's), each operating in a different
frequency band. These VCO outputs were mixed and recorded
as one all-encompassing signal on the fourth tape recorder
channel, which was set up in a direct record mode. When it
came to digitizing, we reformed the individual components
of this multiplexed signal by passing it through a bank of
Sonex discriminators.

These discriminators were mounted in the hut rack so
we could monitor any signal as it was being recorded.
There were two methods of visual monitoring. We could use
a small Tektronics oscilloscope or a six channel strip-
chart recorder (Gould Brush). In fact, the strip-chart

recorder ran continuously, monitoring the more important
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signals, and was invaluable in setting up the gain-offset
devices before we began a recording run.

Figure 2.7 is a flow chart of our signal processing

and recording scheme during ALEX.
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3. CALIBRATION, DIGITIZATION, AND
DATA CONDITIONING

To judge the direction of the wind it is enough
to look at a single blade of grass.

Daisetz T. Suzuki

Zen and Japanese Culture

3.1 HOT-FILM CALIBRATTON

Most of our efforts for the several months immediately
following ALEX were directed toward devising a method for
converting the hot;film signals we recorded back into velo-
cities. We tried to calibrate the hot-films before ALEX
and during the eXperiment as need dictated. And we made a
thorough calibration aﬁ‘the conclusion of ALEX of all sen-
sors which remained intact. But this calibration was un-
satisfactory: we did not have the means to produce air
flows for calibration purposes as cold as those observed
during the experiment. Hence, it was essential for us to
develop a basic understanding of the response of the hot-
films in cold temperatures before we could proceed with our
analysis.

Andreas (1977a, 1977b) explains the hot-film calibra-
tion routine we ultimately defined. In summary, the
Nusselt number, N, a nondimensional rate of heat transfer
from the hot-film sensor, is an exponential function of

the Reynolds number, R:



N = A + BRD, 3.1.1

where A, B and n are dimensionless constants unique for

each sensor. The Nusselt number and Reynolds number are

2
E- R
N = —5 B_s 3.1.2
th(Ts—Te)LK
and
_ud
R——\)_o 3.103

Figure 3.1, which is a schematic diagram of our anemometer

bridges, may clarify the notation. In 3.1.2 and 3.1l.3,

Eg the bridge voltage

Rs the sensor resistance during operation

R, = R, + Ry + R, + Ry + R (Rys Ry s and
Rps are cable resistance, internal probe

resistance, and probe support resistance,

respectively) .
Te the environmental temperature
Ts the sensor temperature during operation
L the sensor length
K the thermal conductivity
U the wind speed
d the sensor diameter

v the kinematic viscosity
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Figure 3.1. A typical anemometer bridge.
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Both k and v are temperature-dependent parameters which we
1
evaluate at z(Te + Ts).
At the end of ALEX we calibrated the anemometer
linearizers and modeled each linearizer setup with an equa-

tion of the form
ES = P + QEE . 3.1.4

E is the linearizer output voltage and P, Q, and m are

constants associated with each setup. Letting

(ve ]l V)

and

R = JU, 3.1.6
we combine 3.1.1 and 3.1.4 to form

-1/n

v=gJ1 [HP - A + HQEg]l/n 3.1.7

-- a relation between wind speed and the linearizer
voltage we recorded. Because n and m are nearly the same
and HP ~ A is small, U is almost linearly dependent on EL'
Equation 3.1.7 is, however, an oversimplification for
the crossed hot-films because, unlike the straight hot-
films, they were not operated perpendicular to the mean
wind. In other words, for crossed sensors, U is really a
smaller, effective velocity, Ueff' rather than the actual

wind speed. That wind speed can be gotten from Ueff (i.e.,
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from equation 3.1.7) by understanding how nonperpendicular
wind incidence affects the hot-film response. We investi-
gated that too and found we could relate U to Ueff knowing
two angles; one, the angle the sensor normal makes with
the probe axis (the ©'s in Figure 2.4); and two, the wind
vane angle, which measures how far the mean wind wanders

from the vertical plane defined by the crossed sensors.
3.2 CUP ANEMOMETER CALIBRATION

Before leaving Corvallis for the Arctic we calibrated
several sets of cup anemometers in a wind tunnel on the OSU
campus. This calibratien yielded a linear relation between
anemometer output voltage and wind speed. But on returning
to OSU and beginning our analysis we saw that cup veloci-
ties were systematically higher than hot-film velocities.
The cups were calibrated at 18°C but used in ﬁhe Arctic at
-20°C to -35°C. Hence, we hypothesized that the concomi-
tant increase in air density enhanced momentum transfer,
causing the cups to rotate faster in the Arctic than they
did at the same air speed in warmer temperatures. There-
fore, we had to apply a density (temperature) correction to
our calibration.

Ramachandran (1968) presents a theory of the cup
anemometer in which the air density plays an essential role.
Applying his work to our particular cup assembly, we derived

a velocity correction based on absolute temperature,
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T
(1 s 0.11235)(1 ) Tz)
= - 1 1 3.2.1
U, =y 01 2 ¥ 0.588 U, 1. -2

Here U, is the veleocity we would predict after a calibra-
tion at temperature Ty, and U2 is the true velocity when T,
is the ambient temperature. Equation 3.2.1 likewise cor-
rects standard deviations of cup velocities. The con-
stants depend on cup size and response characteristics

and, consequently, are appropriate only for our particu-
lar anemometer. This correction amounts to about a 4%
decrease when Uq is 3 m/sec and about 6% if U,y is 1 m/sec.
When we applied it to our cup speeds, results agreed much
better with the hot-films but at times were still somewhat

high.
3.3 THERMOCOUPLE CALIBRATION

The thermocouple calibration was a real nightmare. At
NARL we calibrated the thermocouples in the ethanol bath of
a Neslab Circulator (RTE-4). But back at OSU when we began
the data analysis, we found the average thermocouple tem-
peratures were seldom within 5°C of mercury thermometer
observations we made at the same time and location. The
thermocouples were for some unknown reason not adhering
to their own calibration. Hence, we began an odyssey in

search of temperature truth.
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Nobody's temperatures agreed with anybody else's. The
profile temperatures did not agree with the flux tower
temperatures, and neither agreed with our thermometer read-
ings. And when we tried to compare OSU and UW temperatures,
despair was rampant. Ultimately, we simply had to believe
our thermometer and base a corrected thermocouple calibra-
tion on the thermometer readings taken during the experi-
ment. This solution at least provided internal consistency
and improved the agreement between OSU and UW thermocouples.
In the end, the absolute temperature is probably accurate
to within no better than a degree. But the shape of the
temperature profile itself is just as important: because
we used a single thermocouple to generate profiles, the
relative temperature difference between levels is good to
0.05°C.

The signal variances of the absolute thermocouples on
the profile and flux towers were consistent with each other
and with the variances of the differencing thermocouples.
Worry over the absolute temperature difference associated
with the differencing'pair on the flux tower was unneces-
sary. We would use them only for correlation estimates of
the heat flux; so their correctly predicting temperature

fluctuations was all we asked.
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3.4. MISCELLANECUS CALIBRATION

As explained in Chapter 2,we had two methods for deter
mining the height of the profiling arm. A calibration per-
formed at NARL shortly after our arrival gave us linear
calibration equations relating the arm height either to the
settings of the potentiometers on the height control panel
or to ﬁhe voltage across the potentiometer on the tower it-
self. In contrast, someone had to measure the height of
the flux tower arm for each run.

The calibration of VCO's and gain-offsets was checked
periodically during lulls in ALEX. We made a thorough
calibration of gain-offsets and rechecked the VCO's at the
conclusion of the experiment before shipping the equipment
home from NARL. Table 3.1 lists the center frequencies of
our VCO's and their high and low frequency bandedges.
Clearly, the associated discriminators must have the same
frequencies. The VCO output (a frequency) is linearly
related to the input voltage.

The wind vane was calibrated at OSU before we left for
the Arctic. Since it is merely a voltage divider, we could
easily check its calibration during the course of the

experiment.
3.5. DIGITIZATION

Our raw data from ALEX consisted primarily of 28 mag-

netic tapes, each the record of a 90 minute experimental
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Table 3.1. Center and bandedge frequencies of the VCO's
and Sonex discriminators.

Low Center High
Bandedge Frequency Bandedge
Channel (Hz) (Hz) (Hz)

1 370.0 400.0 430.0
2 518.0 560.0 602.0
3 ' 675.2 730.0 784.8
4 888.0 960.0 1032.0
5 1202.5 1300.0 1397.5
6 1572.5 1700.0 1827.5
7 2127.5 2300.0 2472.5
8 2775.0 3000.0 3225.0
9 3607.5 3900.0 4192.5
10 4995.0 5400.0 5805.0
11 6798.8 7350.0 7901.2
12 9712.5 10,500.0 11,287.5

Reference
Oscillator 13,412.5 14,500.0 15,587.5
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run. We digitized these data tapes in the School of
Oceanography on a PDP 11/05, storing the results on 2400
foot magnetic tapes. The PDP has a twelve bit word, a six
bit byte, and writes 800 bytes/inch on the magnetic tape.
Consequently, since we broke our data doﬁn into records of
1024 samples, the digital tape used 3.31 inches to store
one record of one signal, including an inter—record gap.

Our data fell into two logical groups, 'profile' sig-
nals and 'flux' signals. The profile signals were those
from which we woculd generate velocity, temperature, and
humidity profiles and so averaging would be our primary
analysis operation. From the flux signals we hoped to get
the heat and momentum fluxes directly: our method would
be spectral analysis. Therefore, the flux signals required
a higher digitization rate than the profile signals. Dur-
ing the digitization we constructed 'profile' files using
a digitization rate of 40 samples/sec and 'flux' files
with a rate of 250 samples/sec.

Because of the interruptions necessitated by our hav-
ing to thaw out the thermocouples, we rarely had more than
20 or 25 minutes of continuous, good data on an analog tape.
Therefore, in general, both flux and profile files con-
sisted of 15 to 25 minutes of real-time data. Because of
the different digitization rates, we could store about 15
profile files on a digital tape but only four or five flux

files. We finished the digitization with four profile
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tapes containing 59 files and 17 flux tapes of 63 files.

The analog to digital hardware on the PDP ll converts
an analog input signal between plus and minus ten volts
into an integer between -2048 and 2047. The output range
of the Sonex discriminators which were used to demodulate
the multiplexed signals is between plus and minus twelve
volts. And the FM tape recorder channels have a -2.5 volt
to 2.5 volt output range. Hence, to make full use of the
dynamic range of the A to D converter during the digitiza-
tion we amplified some signals and attenuated others. All
were low pass filtered. Both this amplitude conditioning
and the filtering were accomplished with electronic filters
having a -3 db point at the Nyquist frequency and a 40 db/
decade rolloff above that.

In Table 3.2 we list the particulars of our digitiza-
tion process. Sections Al, All, and Al2 of Appendix A make

a few more points relevant to digitization.
3.6. MORE ON DATA CONDITIONING

We have already described the conditioning that pre-
liminary results indicated was necessary for cup speeds and
thermocouple temperatures. Our data preparation also in-
volved correcting the profiling hot-film velocities for
sampling errors.

In using one velocity sensor to establish wind pro-

files we could be misled by a gusty wind. For example, if
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Table 3.2. The ‘'profile' and 'flux' groupings, digitiza-
_ tion rates, and filter characteristics.

Digitization Filter
Rate Cut-off Filter

Signal (Hz) (Hz) Gain
PROFILE:

Velocity 40 20 0.75

Temperature 40 20 0.75

Temperature Difference 40 20 0.75

Humidity 40 20 0.75

Height 40 20 0.75

Cups 40 20 0.75

Wind Vane 40 20 0.75
FLUX:

Lower Ul 250 125 4

Lower U2 250 125 4

Temperature Difference 250 125 0.75

Upper Ul 250 125 0.75

Upper U2 250 125 0.75

Temperature 250 125 0.75
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after recording at one profile level for a minute, we moved
our velocity transducer to a lower level and the wind
decreased for that minute, we would see an artificially
steep gradient between the two levels. Paulson (1967)
suggests a method for reducing the error introduced by such
fluctuations using a fixed-level transducer to provide in-
formation for an entire experimental run. Our cup anemo-
meter was such a fixed transducer. The correction formula

we applied to the profile velocities was

(U, -U_,) - 3.6.1

Here Umi and o; are the measured roving probe velocity and
sample standard deviation at level i, respectively; Uc and

0, are the cup velocity and sample standard deviation for
the entire run; and U is the corrected velocity at level i
when Uci is the average cup velocity while the profiling
probe is at level 1i.

Results from the wind vane also got some scrutiny. I
have discussed how the wind vane angle was a key to the
validity of crossed sensor velocities. For small angles,
these velocities should be reliable; but for deflections
larger than 10° they are doubtful. Therefore, when we
found a wind vane angle lafger than 10°, we eliminated the

corresponding flux file from subsequent analysis. Thirteen

of the 63 flux files met this fate.



51

Lastly, all profile temperature data was converted to

potential temperature by adding the adiabatic correction.

That is,

pot = “obs ¢ ! 3.6.2

where z is the height; g is the acceleration of gravity,

982.7 cm/sec; and cp is the specific heat of air, 1.006

joules gm—l°C_l. This correction never amounted to more

than 0.03°C.
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4, THE INTEGRAL METHOD OF HEAT
FLUX ESTIMATION

The March wind is fretful, fretting the languid
waves into murmurs. ’
Rabindranath Tagore
Fruit-Gathering

4.1 MATHEMATICAL FOUNDATION

Our primary estimates of the heat flux from leads dur-
ing ALEX come from the 'integral' method. This is simply
an energy conservation approach. Upwind and downwind
temperature and velocity profiles are measured and the in-
crease in heat energy in the air downwind over that upwind
is calculated. That increase must be supplied by the lead
and so establishes its heat flux.

Assume we have a linear lead with the mean wind velo-
city perpendicular to its long dimension. The air flow
over the lead is thus two-dimensional. Suppose further
that the flow upwind is in equilibrium with the upwind ice
(horizontal homogeneity) and that both upwind and downwind
flows are in steady state. We let the positive x-axis be
in the direction of the mean wind: =z is positive upward.
Define 8§ -- a function of x -- and F as the thermal boundary
layer height and fetch, respectively.

We can summarize upwind and downwind flows.
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Upwind:

wti is constant with height

Here the t, x, and y subscripts indicate partial deriva-
tives with respect to time and x and z coordinates. Capi-
tals are time-averaged variables. Lower case u, w, and t
will be fluctuations from the average longitudinal and

vertical velocity and temperature, respectively.

Downwind:

4.1.2

T(6) = Ti(ﬁ)

WE!G = Wt

T(z) and T, (z) are, respectively, the downwind and upwind
temperatures.

Over the lead but within the thermal boundary layer
the equations for continuity and temperature diffusion are,

thus,
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BXU + BZW =0, 4.1.3
UBXT + WBZT = Bx(—ut’+ DBXT) + Bz(—wt + DBZT), 4.1.4

where D is theﬂghérmal diffusivity. We do not want

to work with all these remaining terms, so consider a scale
analysis to establish which are the most important. Clear-
ly, x and z scales should be F and §, respectively. If U
and W are the horizontal and vertical velocity scales,

equation 4.1.3 predicts
W~ U % . 4.1.5

We are not yet sure just how to scale wt and ut, though we
have the intuition that over the lead wt will be larger
than ut. The temperature scale should be some fraction of

the water-ice temperature difference:
T ~ c[Tw - Ti(O)] = AT . 4.1.6

Now summarize 4.1.4 in terms of these scales,

UAT Us, AT DAT DAT
BT+ & 2 -l + B2y v zwe + 250, 407
or
. ut -1 -1 ., F wt -1_-1,F,2
l1+1 TET + Rx P + T UAT + RX P (g) . 4.1.8

Here R, is the length (fetch) Reynolds number and P is the

Prandtl number. For typical conditions we encountered
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during the experiment,

R = UEF _ (100 cm/sec) (1000 cm) 446 4.1.9

X v 0.13 cmz/sec
- v _0.13
p=2=213.07. 4.1.10

We have already demonstrated in Chapter 2 that ¢ is of
order one-tenth of F. Therefore, the second and fourth
terms on the right side of 4.1.8 are negligible compared
to the terms on the left side.

From Badgley's (1966) and Shreffler's (1975) esti-

1 1

mates, we expect Wt to be roughly 20 cm sec ~°C ~. Hence,

wt 20

TET ~ T100) (3] _ 0.04 . 4.1.11

Since this term is also multiplied by F/6§, it is of the
same order as the terms on the left side of 4.1.8 and must
be retained. But ut/UAT in 4.1.8 is 10 to 100 times
smaller than one and so we feel justified in neglecting

it. Equation 4.1.4 thus reduces for our problem to

UBXT + WBZT = -Bzwt . 4.1.12

Because the upwind temperature, Ti(z), is net a func-

tion of x, we can write 4.1.12 as
UBX(T - Ti) + Waz(T - Ti) + WazTi = —Szwt ’ 4.1.13

or
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3, [U(T-T;)] =~ (T=T,)8 U + 3, [W(T-T;)] = (T-T;)3,W

+ WS _ T, = -3 _wWt . 4.1.14
Z 1 z

Notice that the second and fourth term here add to zero by

virtue of 4.1.3; so

BX[U(T—Ti)] + BZ[W(T—Ti)] + WBzTi = —Bzwt . 4.1.15

The first two terms in 4.1.15 are of order

UAT | (100) (5)
F 1000

= 0.5. 4.1.16

The term on the right is about the same size,

v~ 2= 0.2, 4.1.17
WBZTi is an order of magnitude smaller than these: Lindsay
(1976) shows that upwind temperature slopes were usually no

more than 0.2 °C/m. Therefore,

Us _ (100) (100) (0.2

+ 9,73 1600 (100 ) = 0.02. 4.1.18

Consequently, we may write 4.1.15 as

ax[U(T—Ti)] + az[W(T—Ti)] = —BZWE . 4,1.19

Let us integrate 4.1.19 over z from z = 0 to the top

of the thermal boundary layer, z = ¢.
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8 8 s
[ 3, lu(P-T;)1dz + [ 3, [W(T-T,)]dz = -] 3 WE dz . 4.1.20
o o o
Again scale analysis suggests we can write the partial

derivatives in 4.1.20 as total differentials. And using

Leibnitz's rule we rearrange the first term. The result is

8 8
axg U(T-T;)dz - [U(T—Ti)|63x6-+£ a[w(r-T,)1

8
= - dwt . 4.1.21
e}

The boundary layer height, &8, is defined as the height
where the temperature flux, wt, returns to its (constant)
upwind value and where the temperature profile over the
lead merges back into the upwind temperature profile. Thus,
the second term on the left in 4.1.21 is zero. The dif-

ferentials integrate quickly and we get

. 4.1.22

§ 8
- |

8
axg U(T-T;)dz + [W(T-Ty

©) )

Again T—Ti at z = § is zero and W at z = 0 must also be
zero: the second term on the left above has consequently

integrated to zero. We are left with

8
ax{)U(T—Ti)dz = wt, - wt,; . 4.1.23

Lastly, integrate 4.1.23 over x from the upwind edge

of the lead to a fetch F,
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F 8 F _
[ axls, [ u(T-T,)az] = [ (wey - wE;)dx . 4.1.24
o o o
In the lefthand term, the z integration removes the z
dependence of the bracketed quantity; hence, the x inte-
grand is a total differential,
F $ F

{)d[{JU(T-Ti)dz] = {)(WEb - WE,)ax . 4.1.25

This integrates immediately to

§ (F) F__ —

/ U(F,2) [T(F,2) - T,(2)1dz = [ (wEy - wt;)dx. 4.1.26
o o

If we multiply both sides by p cp evaluated at the surface

temperature of the lead, we arrive at the equation which is

the foundation of the integral method for heat flux esti-

mation;
§ (F) F
o cp{) U(F,z) [T(F,2)-T, (2) 1dz ={D(HO - Hy)dx , 4.1.27
where
H = p chE . 4.1.28

Notice we are not quite rigorous in saying H; = p chEi is
the upwind heat flux since p cp is evaluated at the water
temperature rather than the upwind temperature. However,

this simplification makes negligible difference because WEi
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is small compared to w 0 and the difference between p ¢

p
upwind and downwind is only a few percent.

The righthand side of 4.1.27 is the principle goal of
this research -- it is the sensible heat transferred to the
atmosphere from the lead.. We have related it to the verti-
cally-integrated product of downwind velocity and the dif-
ference between downwind and upwind temperatures -- hence,
the name 'integral method'. Appendix E contains an alterna-
tive derivation of 4.1.27 based on the energy and mass
budgets.

H, does not depend on x and Shreffler (1975) has
demonstrated that HO depends only slightly en x. Therefore,
from 4.1.27 we can approximate the average surface heat flux
(per unit area) by

$

P Cp fo U(T-T;)dz = Hy - H; . 4.1.29

|

Equations 4.1.27 and 4.1.29 should now make our experi-
mental procedure clear. By measuring velocity and tempera-
ture profiles through the internal thermal boundary layer
and knowing the upwind temperature profile, it is possible
to determine the heat energy a lead loses to the atmosphere.
These profile measurements must extend through the top of the
boundary layer since the IBL height, ¢, is a limit of
integration.

While the profile sensors were cycling up and down
through the boundary layer; sensors on our flux tower were

measuring velocity and temperature fluctuations at two
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fixed heights for a direct determination of the sensible
heat fluxes at those heights. Therefore, let us recon-
sider 4.1.19 with the thought of comparing the integral

heat flux estimates with the direct measurement of p c_wt

p
at height z*'.
Integrate 4.1.19 from z = 0 to z = z*',
z' z' z'
fo 3 JU(T-T,) ldz + fo 3, W(T-T,)]dz = —fo (3, wt)dz. 4.1.30

Again the second and third terms are perfect differentials

and we apply Leibnitz' rule to the first term,

4 4
axfo U(T-T;)dz - [U(T-T,) z'axz' +{D a[w(T-T;)]

zl
=-[ dwt . 4.1.31
6}

z' is independent of x so the second term on the left here

is zero. Hence,

zl

3,/ u(T-T;)dz + [W(T-T;) e U wEy) . 4.1.32
o Z Z
As before, integrate over x from 0 to F,
F z' F F_ —
[ at] u(T-T;)dz] + [ [W(T-T,) (dx = -[ (wt - weg)ax.
e} o} (o} Z o} Z
4,1.33

This yields
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!

z F
[ U(F,2) [T(F,2) ~ T,(2)1dz + [ [W(T-T;)| dx
0} o 2!

F

= —f (WE - WEb)dx . 4.1.34
o z!

We can evaluate the first term in 4.1.34 from our pro-

file measurements. The integral method gives us Wty And

wt . is what our flux sensors are seeing. The second term
on the left of 4.1.34 is beyond our capabilities however;
but we can say something of its behavioer. T-T, is always
positive -- that's essential in our definition of the
thermal boundary layer. Now what does W(x,z) do?

The roughness parameter of sea ice, Zj, is usually
found to be in the range 0.01 cm to 0.02 cm (Untersteiner
and Badgley, 1965; Ling and Untersteiner, 1974). Linday's
(1976) upwind values are also generally of this size. Our

estimates of z. over leads, on the other hand, are for the

0
most part larger than 0.02 cm. In fact, a run by run com-
parison of downwind and upwind zo's shows that the downwind
24 is almost always larger than zZ; upwind (see Appendix C
for the tabulated values). We will say more about our Zgq
values in Chapter 5; but here we simply want to point out
that the flow is feeling a change in surface roughness.
Consequently, the thermal boundary layer is mixed with an
internal momentum boundary layer.

Because the flow undergoes a transition from a smooth

to a (relatively) rough surface, the horizontal velocity
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near the surface would decrease if there were no surface
temperature change (e.g., Bradley, 1968). On the other
hand, if there were no roughness change, just the surface
temperature step, the flow would accelerate (Taylor, 1970;
Shreffler, 1975). Superimposing the two effects compli-
cates matters. But it appears that if the temperature step
is large enough and the roughness transition small enough,
the accelerative profile will ultimately develop at some
height above the surface.

Here, since the vertical velocity upwind is zero, W
must go negative to assure continuity (see quation 4.1.3);
it will, however, remain small in magnitude because of the
relative thinness of the IBL. Above the boundary layer,
the longitudinal velocity profile will rejoin the upwind
profile and W will return to zero. In summary, W essen-
tially remains negative -- or at least non-positive =--
throughout the layer. It seems reasonable to conclude that
W 2 0 in the thermal boundary layer.

With this insight equation 4.1.34 becomes

z F
[ u(r-Ty)dz 2 -] (wE - wEgldx , 4.1.35
o o z"

or

1
wt. - Ffo U(T-T,;)dz . 4,1.36
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This expression finally relates our direct flux measure-
ments to the integral results and sets a lower bound for

comparisons.
4.2. THE BOUNDARY LAYER PROFILES

In Figures 4.1 to 4.4 we have plotted, in groups of
similar fetch, 76 velocity and temperature profiles made
during ALEX. Averaging time for these profiles is general-
ly 15 to 25 minutes. We have omitted plotting cup anemom-
eter data since it seemed to give the velocity profiles an
unreal curvature. Figure 4.4 contains profiles taken over
a real lead: the others are from artificial leads. 1In
Appendix B we tabulate our profile measurements.

During ALEX the water temperature was always measured
to be between -2.0°C and -2.4°C; therefore, the air tem-
perature exerts primary control over the slope of the tem-
perature profile. The reader may remark that these water
temperatures are unusually cold. They indeed are. But
most of the ALEX runs were on Elson Lagcon, which is a
shallow, isolated body. Kelley (1974) reports that the
salinity of the water he sampled in the lagoon during ALEX
always exceeded 42%,, . The temperatufes measured are com-
patible with this salinity. The -2.1°C surface tempera-
tures are associated with the natural lead we observed.
Considering that the accuracy of all ocur surface tempera-

ture measurements is *0.2°C, this is not a surprisingly low
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temperature either when we recall the salt flux at the sur-
face of leads due to the evaporation and ice formation.

The wind speeds are generally low and the velocity
profiles occasionally erratic. However, in the mid-region
of the profiles, especially at the longer fetches, the in-
creased turbulent mixing driven by the heat flux is
apparently accelerating the flow from its upwind profile.
But often the lowest profile point turns to slower speeds.
This may be an indication that increased surface roughness
is, indeed, slowing the flow in the vicinity of the sur-
face, partially offsetting the tendency for the heat flux
to accelerate it.

Lindsay's (1976) upwind observations give us the
ambient stability. Upwind conditions are unstable for the
profiles in Figure 4.2 and mcstly stable for the remaining
profiles pictured. If our profile observations are reach-
ing the top of the boundary layer, we should be able to
read these stabilities at the top of the temperature pro-
files. But at the longest fetches particularly, the upwind
stability is not showing up in the temperature profiles.
That is, we have not found the top of the boundary layer;
for these profiles the integral method of heat flux
estimation is inapplicable.

From studying these profiles it is apparent that the
thermal boundary layer height, &, depends not only on

fetch but also on wind speed. At lower wind speeds the
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boundary layer is higher or not apparent. When we try to
analyze the IBL height in Chapter 6, this effect will

manifest as a dependence of ¢ on local stability.
4.3. A DEMONSTRATION OF THE INTEGRAL METHOD

Chapter 5 contains a figure summarizing the heat
fluxes we calculate using the integral method and Appendix
C tabulates these results. Here we would like to take
four representative profile sets -- two with unstable up-
wind conditions and two with stable conditions -- and
demonstrate the use of the integral method. Figure 4.5
shows the profiles we will consider. Do not be misled
into thinking that the upwind and downwind temperature pro-
files agreed from the start as well as they do in Figure
4.5. In Chapter 3 we discussed thermocouple calibration
problems but also emphasized the importance of the profile
. shapes. To join the temperature profiles in Figure 4.5,
we have matched upwind and downwind profile shapes above
the boundary layer, taking the downwind temperature as the
reference temperature. The goodness in fit at the top of
the profiles confirms the validity of this method.

The z integration in equation 4.1.27 is from zero to
the top of the boundary layer. Since operationally we per-
form the integration by connecting velocity and temperature
points with logarithmic arcs, z = 0 becomes z,. Condi-

tions at zg are U = 0 and T = T, (the water temperature) .
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For purposes of the integration, we related z4 to the fric-

tion velocity, u,, through

where v is the kinematic viscosity. This gave roughness
lengths of about 0.02 cm. We will show in the next chapter
that 4.3.1 is really not the proper form for Z, though it
gives values of the correct order. Fortunately,'z0 does
not have much effect on the integration: 2z may range over
three orders of magnitude while the profile integral
changes by less than 10%.

For the specific heat, cp, which 4.1.27 requires, we

consult National Bureau of Standards Circular 564 (Hilsen-

rath, et al., 1955). Its value at the water temperatures

we encountered is 1.006 joules gm—l°C_l. The air density,

p, at the surface of the lead is

3 3 ,273.16

( ) (527) &
Tw 760

p = 1.2929 x 10 ~“gm/cm 4.3.2

where p is the atmospheric pressure in millimeters of
mercury.

Table 4.1 is a tabulation of the results of the
integral method applied to the four data sets of Figure
4.5. We have separated the integration into segments to
show how different height regions contribute to the total.

The 'Total Flux' refers to equation 4.1.27. The 'Average
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Table 4.1. Integral heat flux estimates from the four pro-
file sets in Figure 4.5. The arrow shows the
50% point of the integration.

RUN 31.0 8l.1 251.0 281.0
Fetch (m) 8.5 6.8 20.0 18.9
Upwind unstable stable stable unstable
§ (cm) 164 165 248 213
Height Integral Contribution

(cm) (w/cm)

0-5 8.63 7.34 6.06 6.06
5-10 4.86 4.05 3.78 4.00
10-20 +5.41 +3.72 4.13 +4.18
20-40 5.76 4.62 +5.86 4.73
40-80 4.93 4.00 8.20 4.68
80-150 1.78 1.72 7.15 2.73
150+ 0.10 0.11 2.56 0.74
Total Flux

(w/cm) 31.5 25.6 37.7 27.1
Average Flux

(mw/cm2) 37.0 37.6 18.9 14.4
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Flux' is the fetch-averaged quantity, equation 4.1.29.

It is important here to recognize how close to the
surface things happen in this transfer process. The arrow
in each 'Integral Contribution' column of Figure 4.5 marks
the 50% point of the integration. In other words,
the portions of the profiles above and below the arrow con-
tribute equal amounts to the integration in 4.1.27. This
means then -- because of 4.1.36 -- that the average verti-
cal heat flux is reduced to one-half its surface value in
the height region denoted by the arrow. Compare these
heights with the boundary layer height, §. They are typi-
cally f% S. Most of the escaping heat is not rising very

far before it is carried away from the lead.
4.4, COMPARISON WITH THE DIRECT MEASUREMENTS

Here would be the perfect place to present our direct
measurements ofg:chE, call on equation 4.1.36, and so com-
pare profile and direct estimates of the sensible heat flux.
Our original attempt at that comparison was an abject
failure: the direct estimates were 10% to 50%
what they should have been on the basis of 4.1.36.

On plotting temperature spectra and the cospectra of wt we
saw what was wrong. These spectra seldom contained much
energy beyond the peak frequency since riming of the thermo-

couples limited their frequency response. Thus, the direct

determination badly underestimated the value of wt.
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In an attempt to mathematically correct for the
attenuation of the high frequency temperature signals, we
appealed to the spectral and cospectral shapes reported by
Panofsky and Mares (1968) and Kaimal, Wyngaard, Izumi, and
Coté (1972). These suggest that the cospectra of uw and wt

have coincident peaks and that in the inertial subrange

Co g

wt - wt
o = 2.9 —_ 4.4.1

uw [ uw

where Co is the cospectra. Since our uw cospectra seem
very good and because we generally reach the peak of the wt
cospectrum, 4.4.1 gives us a method for correcting our
direct estimates of wt. Basically, we assume that at the

frequency of the peak

In the inertial subrange Cow is estimated from 4.4.1 using

t
the value of wt from 4.4.2. An interpolation establishes
Cowt between the peak and the presumed start of the
inertial subrange. Finally, we integrate Co v and get a
revised estimate of wt.

Admittedly there's a lot of handwaving going on here.
But the original wt cospectra were so deficient in spectral
energy at the higher frequencies (Figure 4.6) that we gave

up hope of a confident comparison between direct and pro-

file heat flux estimates. Hence, any reasonable method of
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Figure 4.6. A measured and corrected wt cospectrum 1l cm
above the surface. The fetch is 7.2 m.
Measured value of p cp Wt is 5.0 mw/cm2;
corrected value is 11.9 mw/cm2; integral
estimate (equation 4.1.36) is 12.0 mw/cm2.
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putting the spectral energy back is justifiable. We will
be satisfied with ballpark harmony. And this correction
method gave us that. In fact, the corrected estimates of
p chE agreed with the profile estimates in the sense of
equation 4.1.36 about as well as we could hope (for that
comparison, see Appendix D). We are, consequently,

reassured that the integral method is yielding proper

values of the sensible heat flux from Arctic leads.
4.5. LATENT HEAT FLUX

As explained earlier, the original plan for ALEX
included provisions for determining the latent heat flux
from leads in addition to the sensible heat flux. Elec-
tronics problems pretty much thwarted these plans. How-
ever, we did salvage five humidity profiles of questionable
gquality (Figure 4.7) -- questionable because we have no
other humidity observations with which to compare them. We
compute the latent heat fluxes associated with these pro-
files here.

The integral method is again our approach. For our
purposes, humidity behaves just like temperature: we can,
thus, immediately reinterpret 4.1.27 and 4.1.29 in terms

of the latent heat flux. These become, respectively,
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5 F
o L,/ (F,2) [Q(F,2)-0Q; (2)1dz = [ (Hy - By )dx 4.5.1
o o) 1
and
5
Lot f Yo, 2 1o )z = HL_ - H 4.5.2
FP v o »2) [Q IZ)—Qi(z) z = LO Li . «J.

Here L, is the latent heat of vaporization; ¢ the height

ql
of the moisture boundary layer; Q, the average specific
humidity; HLO’ the surface latent heat flux; and HLi’ the

upwind latent heat flux. Clearly,

H = p L,Wq , 4.5.3

where q is the fluctuating specific humidity.

We have not measured upwind humidity profiles and,
hence, will assume the upwind profile is constant with
height and has the value it has at the top of the boundary
layer. This assumption implies that HLi is zero. These
necessities are not detrimental to our estimates because the
severe Arctic cold and the absence of upwind moisture
sources ensure that the upwind specific humidity will be an
order of magnitude smaller than the specific humidity at the
surface of the lead. Therefore, any upwind humidity struc-
ture will have no significant effect on the profile inte-
gration.

Our hygristor sensed relative humidity. To convert
these observations into the specific humidity which 4.5.2

requires is an involved algebraic process. It's clearer if
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we work backwards. The specific humidity, Q (units of gm/

gm), is related to the vapor pressure, e, thusly (Kraus,

1971),

Tl ©

where m, and m, are the molecular weights of water and air,
respectively, and p is the atmospheric pressure. The vapor

pressure, e, comes from the relative humidity, r, through

4.5.5

where e is the saturation vapor pressure. This satura-

at

tion vapor pressure depends on the air temperature and is

tabulated in the Smithsonian Meteorological Tables (List,

1971).

We assume the air is saturated with vapor at the sur-
face of the lead and so assign a specific humidity at Zgq
dictated by the water temperature. However, Roll (1965)
points out that the saturation vapor pressure of air over

salt water, e is less than the saturation vapor pressure

sw’

over distilled water, egw- He gives

Cow = edw(l - 0.000537 s) , 4.5.6
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in which S is the salinity in parts per thousand. There-
fore, to assign a surface humidity, we require an estimate
of the salinity. Assuming the water in the lead is at its
freezing temperature, Tfp’ and that the salinity has defined
that freezing point, we find the surface salinity from the

measured water temperature with (Neumann and Pierson, 1966)

Tg, = ~0.003 - 0.0527 S - 0.00004 s2 4.5.7

Finally, we choose a latent heat of vaporization con-

sistent with the surface temperature using (Kraus, 1971)
LV = 2500.3 - 2.344 T , 4.5.8

where L, is in joules/gm when T is in °C.

When all these conversions have been made, we apply
4.5.2 to calculate the latent heat flux. Table 4.2 compares
the latent heat fluxes for our five runs with the corre-
sponding sensible heat fluxes. The numbers seem to be of
the proper size: the latent heat flux accounts for 1/6 to
1/3 of the total turbulent heat flux from the leads we ob-
served. Shreffler (1975) suggests a value of 1/4 is typi-
cal. Badgley (1966) finds the latent heat flux to be more

like 1/10 of the total turbulent flux (see Table 1.2).
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Table 4.2. A comparison of sensible and latent heat fluxes.
All these leads are artificial.

Average Flux

Fetch Tice (mw/cm2)

Run (m) (C°®) Sensible Latent
272.0 20.0 -29.2 15.42 3.25
273.1 20.0 -29.7 15.32 3.13
273.2 20.0 -29.8 15.49 2.84
282.0 18.9 -21.0 13.04 7.06

283.0 18.9 -20.8 13.17 7.08
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5. THE FLUX-GRADIENT METHOD OF
FLUX ESTIMATION

But lo, a stir is in the air!

The wave -- there is a movement there!
Edgar Allan Poe
"The City in the Sea"

Because our.direct measurements of the heat flux
proved unreliable, we sought an alternative method of esti-
mating heat and momentum fluxes for the purposes of check-
ing the quality of the integral method. The empirical flux-
gradient equations (Businger, et al., 1971; Dyer, 1974) re-
late velocity and temperature profile gradients in a con-
stant flux layer to corresponding momentum and heat fluxes.
This restriction to a constant flux layer presents difficul-
ties, because, obviously, the region above a lead is not a
constant flux layer. But perhaps far enough downwind from
fhe leading edge of the lead or very near the surface, the
flow will‘be in approximate equilibrium with the new sur-
face (Bradley, 1968; Rao, et al., 1974). We proceed on this
assumption and try to keep it valid by using only the lowest
two profile points and the surface conditions. That is, we
apply the flux-gradient technique to three-point profiles in
which none of the points is ever more than 31 cm above the
‘surface. And these profiles are always at least 6.8 m from

‘the front edge of the lead.
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5.1. THE FLUX-GRADIENT EQUATIONS AND TECHNIQUE

There are two sets of flux—gradient relations: one
for unstable conditions, another for stable conditions.
Since the flow is always unstable over the lead we need not
bother discussing equations for a stable regime.

The essence of the flux-gradient approach is in the
definition of nondimensional velocity and temperature

gradients, ¢_ and ¢h’ respectively,

m

kz |
m '1'1_*' BZU 7 Solol

¢y, = f% 3,T 5.1.2
where
k = 0.4, von Karmin's constant
u, = (%)%, the friction velocity
T the surface stress
tx = - gﬁ;

wt the surface temperature flux

For unstable conditions, ¢m and ¢h are (Paulson, 1970; Dyer,

1974)
0y = (1 - 16 ¢ "t 5.1.3
6, = (1 - 16 272 5.1.4
h T .

where z is the height and L is the Monin-Obukhov length,



Here T is a temperature representative of the layer and g
is the acceleration of gravity.

Paulson (1970) has demonstrated how 5.1.1 and 5.1.2
may be integrated since O and ¢h are known. The integra-

tions yield

_u 2 _
U(z) = Tf [1n Zg wm] 5.1.6
— 2 _
T(z) = T, + t,[ln o vyl 5.1.7
with
b= 2 1n:E%] 41 [l+x2] - 2 arctan x + = 5.1.8
— nl= nl~—— 5 .1
2
_ 1+x
lPh = 2 ln[ ) ] ’ 5.1.9
and
Z, %
x = (1 - 16 f) . 5.1.10

In 5.1.7, Zy is the roughness length for temperature, which

is not necessarily equal to zq (Garratt and Hicks, 1975).
Having equations 5.1.6 to 5.1.10, the flux-gradient

technique for estimating the momentum and heat fluxes, uf

and ku,t,, respectively, is an iterative procedure:

1. Take % = 0. Fit the velocity data, U(z) and 1ln z, and

the temperature data, T(z) and ln z, with least
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7b.
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squares lines. From 5.1.6 and 5.1.7 get zeroth order
estimates of u, and t..

Use u, and t, to calculate L. Find % for each height
and subsequently wm(%) and wh(%).

According to 5.1.6 and 5.1.7, U and T are linear func-
tions of 1ln z - wm and ln z - wh’ respectively. So
fit the data in this form with least squares lines.
This least squares linear regression yields new values
of u, and t,.

Use u, and t4 in 5.1.6 and 5.1.7 to predict U(z) and
T(z) and check how these predicticns differ from the
data by calculating the sums of squared deviations for
both data sets.

If these two sums are Still larger than some desired
limits but smaller than for the previous iteration,
return to Step 2 and iterate again.

If the sums of sqguared deviations have become accept-
ably small, the current u, and t, will predict the
fluxes.

If the sums have begun increasing, the u, and t, from

the previous iteration best reflect the fluxes.
The z0 CONTENTION

Since our plan for using the flux-gradient technique

is to fit only two profile points and assign zZgq (where U=0)

and zy (where T=Tw), this choice of 2z, and zy is critical.
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The simplest model would be to make zq and Zy constant and,
henceforth, forget about them. But there is compelling evi-
dence that over water Zgr at least, depends on the wind
speed (e.g., Kitaigorodskii and Volkov, 1965; Smith and
Banke, 1975).

There are basically two parameterizations for the
dependence of Zp on wind speed. The first is for an
'aerodynamically smooth' flow (e.g., Tennekes and Lumley,

1972; Csanady, 1974),

The second applies at higher wind speeds where the flow will
be ‘'aerodynamically rough'. This is the Charnock relation

(Charnock 1955, 1958; Wu, 1969),

2
= Ux
z2q = C g ' 5.2.2

where C is a supposed universal constant. The aerodynamic
character of the flow is usually determined by its rough-

ness Reynolds number,

R, = . 5.2.3

There are three aerodynamic regions (Businger, 1973):
smooth: R, £ 0.13
transition: 2.5 > R, > 0.13 5.2.4

rough: R, 2 2.5
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Relations 5.2.1 and 5.2.2 are distinctly different.
For the smooth case the roughness length decreases with in-
creasing wind speed: for Charnock's relation it increases.
Hence, a close examination of our data should make the
choice between 5.2.1 and 5.2.2 easy.

In Figure 5.1 we show the correlation between our flux
tower measurements of (—Eﬁ)% and velocity -- that flux
tower average velocity logarithmically extrapolated to 50
cm. These measurements were always made within 42 cm of
the surface and usually within 20 cm. (See Appendix D for

a tabulation of the data.) The line in the figure is

(-EW)% = 0.0643 U - 0.77 , 5.2.5

0.5

which gives (-EW)% in cm/sec for Ug. 5 in cm/sec.

Some might be concerned about the accuracy of a
logarithmic extrapolation in such an unstable layer. Brad-
ley's (1972) work implies that so near the surface it will
be valid even under pronounced instability. Nevertheless,
we desire further assurance since much of what we do later
is based on 5.2.5. From our profile data we can inter-
polate between velocity measurements above and below 50 cm
and so make a very confident estimate of U0.5' When (—Eﬁ)%
is plotted against this profile wvelocity, U0 5 the

i %
resultant correlation is

(—EW)% = 0.0707 Uy o - 1.59 . 5.2.6

P
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Figure 5.1. Flux tower measurements of uw and velocity. Uy 5 is the velocity extrap-

olated to 50 cm. The line is equation 5.2.5. ° ®



89
There was more scatter in this plot than in Figure 5.1, but
the results of the two agree: the multiplicative constants
in 5.2.5 and 5.2.6 are close and the additive constants are
definitely negative. 1In other words, the extrapolation
which led to 5.2.5 seems to introduce no significant error
despite the instability of the layer. We prefer 5.2.5 to
5.2.6 because of the good correlation in Figure 5.1 and the
fact that the profile data was not always simultaneous with
the flux data.

From Taylor's (1970) and Shreffler's (1975) numerical
experiments we infer that in boundary layers developing over
heated surfaces, -uw should be constant to within five per-
cent for heights of at least 20 cm. Therefore, we identify
(—EW)% with u, and interpret 5.2.5 as a drag relation. By
assuming a logarithmic profile to 10 meters, we compute a
drag coefficient referenced to this height and compare it
with other reported coefficients. A mid-range value of 250

cm/sec for U converts 5.2.5 to

0.5

c.. = (U*)2 - 3 .76 x 1073 5.2.7
10 = {7,

which is roughly 30% higher than most observations

of an open water drag coefficient (cf. Miyake,

et al., 1970a; Sheppard, et al., 1972; Smith and Banke,
1975). This disparity is a very good indication of the in-
tense mixing in the IBL initiated by the vertical heat flux.

The multiplicative constant in 5.2.5 is, however, in
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remarkable agreement with a result quoted by Hicks (1976)

for grassland,

u, = 0.0632 Ug.g5 + 2.22 . 5.2.8

Consider what the result 5.2.5 implies concerning Zg.
If -- as according to Bradley (1972) -- near the surface the

logarithmic velocity law,

U=3%1ln =, 5.2.9

is always approximately true, we have from 5.2.5

_ 50
k Uy = (aUyc+b) In > 5.2.10
So
-k
zy(cm) = 50 a*th7Uo.5 | 5.2.11

Since b is non-zero, zg must be a function of wind speed.

We can find out more by differentiating zg with respect to

Up.57
-k
a 2 = 50 2™@/00.5 [ bk 1. 5.2.12
u. _Zp y
0.5 (a U0 5+b)

Because b is negative, the quantity in brackets is always
positive in the wind speed range for which 5.2.5 is valid.
Thus, our observations indicate that Zq increases with in-
creasing wind speed (increasing u,). The balance swings

toward Charnock's relation.
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The obvious thing to do now is search the literature
for an acceptable value of the constant C in 5.2.2. Table
5.1 summarizes some of the Charnock constants we find.
Seemingly our search has failed to uncover a universally
accepted value for C; the tabulated constants range over an
order of magnitude. Kitaigorodskii and Volkov (1965), in
fact, present a forceful exposition of how nonuniversal
the Charnock constant apparently is.

But let us experiment with two values. American
investigators are fairly closely grouped about C = 0.012.
On the other hand, the Russians prefer C = 0.035 (Monin,
1970). The Zq values that each of these constants predict
in the u, range of our observations are very small -- 0.01
cm is an upper limit with 0.002 cm a lower bound. But we
expect Zq to be around 0.02 cm since that is a typical
value for flows over water.

On calculating roughness Reynolds numbers using Zg =
0.02 cm we discover the problem. R, is always smaller
than five and most often has values characteristic of flows
in the transition region between aerodynamically smooth and
rough. Phillips (1969) casts doubts on'the validityAQf the
Charnock relation in transitional flows and we recall that
most investigators have verified it only at high wind
speeds. In other words, our data seem to fall in the un-
explored area where neither the smooth flow parameteriza-

tion nor the Charnock relation correctly models Zge Hence,



Table 5.1. Some reported values of Charnock's constant.

Source C Comments
Charnock (1955) 0.0067 Small reservoir and labora-
tory channel.
Charnock (1958) 0.0123
Kitaigorodskii and 0.035 Over 1000 observations from
Volkov (1965) several data sets ranging
from laboratory to open
ocean.
Hidy and Plate 0.011 Laboratory results.
(1966) u, > 20 cm/sec.
Wu (1968) 0.0112 Laboratory study. Confirm
at high wind speeds.
Wu (1969) 0.0156 Compilation of laboratory
and oceanic observations.
Laykhtman and 0.074 Quoted by Kitaigorodskii
Snopkov (1969) .
Hicks (1972) 0.016 Bass Strait (off Australia)
and Lake Michigan.
Hsu (1974) 21% Dominant wave height and
gT period.
Smith and Banke 0.0144 Seaward of a sandspit.

(1975)
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with these two baselines and our data as a map, let us sur-
vey this area.

The integral method has given us an estimate of ku,t,.
and our eddy correlation measurements yield -uw = uf.
Hence, is it possible to select reasonable values for Zg
and Zy which when plugged into the flux-gradient equations
result in momentum and heat flux estimates compatible with
these? We first tried a range of constant zo's and zH’s.
But no constant value for the two gave consistent estimates

over the entire velocity range of our data. Therefore, we

at last settled on the scheme

Zq 0.00014 Ug.5 ~ 0.005 ,

5.2.13

I§

Z 0.03 cm,

H

where Z is in centimeters for UO.S in cm/sec.

In the next section we will show graphically how well
these formulatiens of the roughness lengths worked in the
flux-gradient technique. But here we still have a few
things to report concerning our trek in the transition
region.

Some might take exception with our choice of zy = 0.03

cm. It has been suggested that z, is inversely proportional

H
to u, (Garratt and Hicks, 1973; Hicks, 1975),

= 2 .
ZH - k u* 7 5-2.14
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where, as before, k is von Kdrmdn's constant and D is the
thermal diffusivity. But there is nothing in our data
which implies this is a better model of temperature rough-
ness length than the one we have chosen. So we stay with
simplicity.

The relation between z, and U, ¢ in 5.2.13 is
admittedly not very aesthetic. Let us use 5.2.5, identify-

ing (-aw) ¥ with u,, to rewrite it:

3 3

zg = 2.18 x 107~ u, - 3.32 x 10~ . 5.2.15

This is a little better: Zgq is a linear function of u,.
However, we discover that in the u, region for which 5.2.13
was originally confirmed, 5.2.15 is well-represented by
2o = 0.4 (313 u, . 5.2.16
g

This is a new parameterization for Zq which we suggest is
valid for flows in or slightly beyond the transition region
where neither 5.2.1 nor 5.2.2 applies.

Figure 5.2 summarizes the various relations between
zg and u, we have been discussing and offers heuristic sup-
port for 5.2.16. For aerodynamically smooth flow, zg is
proportional to v/u,: for fully rough flows it is propor-
tional to ui/g. Thus, intuitively it seems there should be
a region between the two regimes in which zg is constant or

where it depends linearly on u,. The fact that (\)/gz)l/3



O.l

0.0l

0.00I

95

2,=00022u,-00033 |

Figure 5.2.

I 10 |00

Uy
(cm/ sec)

Various suggestions of the u, dependence of Zg-
zg = e=2 v/u, is also the boundary between
smooth and transition regions. The dashed line
‘separates transition and rough regions.
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can give the linear dependence correct dimensions and the
proper order of magnitude supports this contention.

The smooth flow parameterization implies that the
surface presents no inherent roughness elements to the flow
and, therefore, the molecular viscosity must dictate a
length scale. On the other hand, Charnock's formulation is
interpreted to mean that gravity waves determine the rough-
ness length (Phillips, 1969). Wu (1968) suggests there
might also then be a wind speed region in which capillary
waves act as the roughness elements. For such flows the
surface tension, ¢, would be important in parameterizing
Zg- Because air flows we observed were always fetch-
limited, capillary waves, indeed, might be defining Zg-
Therefore, we rewrite 5.2.16 in a form which contains ¢ as

a parameter,

9

3
09

= 0.12 (

1
z, ) us . 5.2.17
Here p is the water density.

We conclude this section by emphasizing that
relations 5.2,13, 5;2.16, and 5.2.17 are as yet strictly
empirical results, though the parameters in 5.2.16 and
5.2.17 are physically suggestive. The parameter groupings
have been examined under no other conditions than the ones
described in this thesis; they may not prove universal when

tested at other temperatures.
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5.3. FLUX-GRADIENT RESULTS

A comparison of our fluk—gradient estimates of heat
and mementum fluxes with our other measurements makes the
tedium of the last section satisfying.

In Figure 5.3 we have plotted the flux-gradient esti-
mates of surface heat flux against the integral estimates
of the same quantity. The results lie fairly uniformly
about the 1l:1 line. There does seem to be a systematic
discrepancy at longer fetches; but the integral method is
as likely at fault as the fluk—gradient method. For the
longer fetches upwind conditions were almost always stable.
Matchiné a stable upwind temperature profile with the down-
wind profile was much trickier than matching an unstable
one. And the fact that at longer fetches the thermal
boundary layer is higher adds further uncertainty to the
integral results. Therefore, we have no justification for
attributing the scatter in Figure 5.3 solely to the flux-
gradient‘technique. Rathér; we are pleased hbw Figure 5.3
indicates that, on the average; fluk—gradient and integral
estimates would predict the same flux.

Figure 5.4 compares the'flux#gradieht estimate of u,
with our direct measurement of (-ﬁﬁ)%. The two generally
agree to within six percent though there is a systematic
difference at higher u,. We have never intended to imply
that over a lead (-Eﬁ)% measured at a height of 20 cm should

equal u,. We do expect it to be within a few percent
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though, since -uw was measured so near the surface. But
our observations are not detailed enough to judge the
effects of different fetches and wind speeds. Therefore,

it's not clear where responsibility for the systematic dif-

=

ferences in Figure 5.4 lies.. (-uw) > might not necessarily
be u,; and u*F_kaight not be u, either, because the
appropriateness of the flux-gradient technique likely has
a fetch dependence or, equivalently, a velocity dependence.

The Monin-Obukhov lengths, L, which are incidental in
the flux-gradient estimation procedure, offer good insight
into the very unstable character of the flow over the lead.
The L's associated with our velocity anditemperature profile
pairs range from a minuscule -9.5 cm to a maxinum value of
-468 cm ~- which is still small by normal standards. The
combination of large water-air temperature differences and
the light winds which prevailed during most of ALEX account
for such small lengths.

Of course, an interpretation of the Monin-Obukhov
length for our problem is not straightforward. The signi-
ficance and worth of L in surface layer meteorology is a
consequence of its being invariant with height through
constant flux layers. However, the internal boundary
layer is not a constant flux layer -- L may be a strong
function of height. In other words, what we call L as yet
has only the mathematical form of a Monin-Obukhov length

and not the attendant physical interpretation; it remains
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to be established whether this L has a meaning for pro-
cesses other than those occurring near the surface.

In summary, the flux-gradient technigue we have out-
lined in this chapter offers valuable support for our other
estimates of heat and momentum fluxes from Arctic leads.
Although the flux-gradient equations have proven validity
only in horizontally homogeneous conditions where the
fluxes are constant with height, we have used them here in
an internal boundary layer with surprising success. Our
precaution of selecting only the lowest two profile heights
and assigning surface conditions to give three-point pro-
files apparently minimizes the effects of the non-

equilibrium character of the flow.
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6. PREDICTIVE SCHEMES

We can be absolutely certain only about things we
do not understand.

Eric Hoffer

The True Believer

6.1. A SIMPLE, ILLUSTRATIVE MODEL

To introduce a few of the nondimensional parameters
which will be used in this chapter for characterizing the
heat flux from leads, let us consider a very rudimentary
model of the growth of the thermal boundary layer. We make
no pretense that this model is a realistic picture of
nature. Rather its recommendations are that it contains an
essence of the physics, is mathematically trivial, yet
yields the very parameters which we will later use to pre-
dict heat flux. s

Consider a volume of Arctic air of height h, length L,
and width Ay moving along the surface of the ice with velo-
city U in the x direction. The temperature of the ice and
the air is T,. At x=0 this mass encounters a lead of in-
finite extent in y and with surface heat flux H (per unit
area) and water temperature T . Because the air parcel is
heated as it flows over the warm lead, it expands upward
and in the x direction: the flow is two-dimensional, so its
width does not change. Assume the air continues moving
with velocity U. Let's look at the situation just as the

back end of the volume reaches the front edge of the lead.
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Suppose the air mass now has a height 6§, the height of the
thermal boundary layer, and a length F. Figure 6.1 shows
the details of the model.
The first law of thermodynamics requires that the
change in internal energy of the air parcel, AE, be equal
to the heat added, Q, minus the work the parcel does in ex-

panding, AW,

AE Q - AW . 6.1.1

By definition
AE = M cp AT , 6.1.2

where M is the mass of the volume and AT is its temperature

change. Notice

if V is the volume.
Because the work of expansion is done at constant

pressure, p,

AW = p AV, 6.1.4

where AV is the volume change. But from the ideal gas law

= —= 6.1.5

S
N

-- the jinitial and final volumes and temperature. Hence,



Ice =0 Water

Figure.6.1. A simple model of boundary layer growth.

vOoT
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AV

I
<
I
<
]
<

) . 6.1.6

In our model Tl is T, . Let's say

T, = 3(T, + T,). 6.1.7

Thus, from 6.1.2 and 6.1.3

And from 6.1.6
TW - Ti
AV = LsF oy . 6.1.9
TW + Ti

One form of the equation of state for an ideal gas is

(Lumley and Panofsky, 1964)

p= p%T 4 6.1-10

where G is the universal gas constant and m is the molecular
weight of the gas. However, we prefer to write (Halliday

and Resnick, 1966, page 586)

& % e ; 6.1.11

so for our model

p = P cp(Tw + Ti) . 6.1.12

U=
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Finally, we evaluate Q, which is simply the total heat
added to the air volume as it moves over the lead. The

time required for the mass to flow out entirely over the

lead is
F
"——
t!' = T - 6.1.13
Therefore,
tl
0=/ HAy x dt
o
tl
= Ay H [ Ut dt
o
¢ 2
=3 Ay HU t
. F2
Q=% Ay H T 6.1.14

Now we can bring everything together as 6.1.1 requires.

From 6.1.8, 6.1.9, 6.1.12 and 6.1.14 we get

2
1 - = F_ _ X -
2 P cp(Tw Ti)é F Ay = %+ H 5 Ay z P cp(Tw Ti)d F Ay ,
6.1.15
or
7 _ HE
5 P cp(Tw - Ti)é =5 - 6.1.16

Rearranging 6.1.16, we derive our first nondimensional

parameter of heat transfer, the Stanton number,

_ H -7
St = =

- . 6.1.17
P cp(TW—Ti) U

| o,
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The term on the right side is also of some interest -- it
contains the ratio of IBL height to fetch. Using the
identity

K

c r
° °p

6.1.18

li
o

where Kk is the thermal conductivity and D is again the

thermal diffusivity, 6.1.17 becomes

- HF =1¢
N : w5 (F) R, P - 6.1.19

The Nusselt number, N, is a second important dimensionless
parameter of heat transfer. Equation 6.1.19 relates it to

the length (fetch) Reynolds number,.

R =9 6.1.20
X v
and the Prandtl number,
= 2
P - D L] 6.1.21

Notice that using 6.1.17 in 6.1.19 gives us a last rela-
tion -- which is true by definition, not just for this

problem:
N = St RxP . 6.1.22

Hopefully, after this brief introduction to the
dimensionless groups which are most often used in heat

transfer studies, the next sections will go more easily.
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Though we do not expect our simple model to have any pre-

dictive value, the suggestion how to proceed is there.
6.2. SENSIBLE HEAT FLUX: INTEGRAL RESULTS

Because the integral method of heat flux estimation
is the more basic approach, whenever we write 'heat flux'
in this section, it will be an estimate made by that
method. The flux-gradient technique would probably yield
estimates easier to fit with bulk models because of the
smoothing inherent in the process. But that technique is
still not totally proven in our application; so we'll con-
centrate our analysis on the more physically founded esti-
mates of the integral method.

The bulk parameters used in defining the Nusselt,
Stanton, and length Reynolds numbers of the last section
will now have to be carefully assigned values. After a

lot of experimentation we choose to write

R = _0:5° 6.2.1
X v

p C UO.S(TW - TO.S) 6.2.3

In these, x is the fetch, Tw is the surface water tempera-
ture, and U0 5 and T0 5 are the velocity and temperature,

respectively, 50 cm above the lead at the fetch x. H is
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the average surface heat flux (equation 4.1.29); so Hx is
the total heat flux (equation 4.1.27). The remaining quan-
tities, v, Kk, p, and cp, are all temperature dependent: we
evaluate them at Tw.

The only debatable parameter choices here are UO.S
and TO.S' We have discussed earlier the complex shape of
the velocity profile over the lead. Within the boundary
layer that profile is a function of the surface roughness
transition, the heat flux, and the fetch, and above the
boundary layer is prescribed by the upwind stability. Con-
sequently, the specification of a reference height is criti-
cal. There is no externally imposed 10 meter (bridge of
the ship) reference -- which would be of guestionable value
anyway, likely being above the IBL and, thus, necessitating
an accounting for upwind stability. Therefore, we are free
to select a velocity reference height within the boundary
layer where the complicating effects on the profile will be
minimal. In Chapter 5 we demoenstrated that 50 cm was such
a height.

‘Why not then also measure the temperature at that
height? One might argue that the ambient air temperature
would be a better choice. But this isn't a wind tunnel --
upwind stabilities are variable, so the upwind temperature
is a function of height. Clearly, then the only logical
upwind reference temperature is Ti(O), the temperature of

the ice. And, in fact, this is not a bad choice in place
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of Toosf However, with Ti(O) instead of TO.S’ the results
we will discuss would have been more scattered because of
the variety in upwind stability and the uncertainty of our
Ti(O) measurements.

Figure 6.2 presents our first relation between the
sensible heat flux from leads and bulk gquantities. The
line is

N = 0.18 R§'71 ) 6.2.4

This is in good agreement with wind tunnel results reported

by Coantic and Favre (1974) for latent heat fluxes,

_ 0.75
N = 0.08 Ry . 6.2.5

Because of the different ways in which the bulk parameters
were selected, we would not expect the multiplicative con-
stants in 6.2.4 and 6.2.5 to agree; the exponents on Rx’
however, are in happy accord.

Kays (1966, page 239) presents a theoretical result
with which we might also compare 6.2.4. He looks at a flow

encountering a constant-temperature, flat plate and predicts

st 24 = 0.0295 R;O‘z . 6.2.6
Using 6.1.22, we rewrite 6.2.4 as

St P R, = 0.18 g0-71 6.2.7
or .

st = 0.18 p~r r70-2% | 6.2.8

X
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Figure 6.2. The Nusselt number correlated with fetch Reynolds number.
equation 6.2.4.
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With a value for the Prandtl number of 0.714, this becomes

St

0.29 6.

’

9.204 R,

while the theoretical result, equation 6.2.6, is

St

0.2 6.2

9.0338 R,

This isn't superb agreemen& and is a first indication of

the difficulty we will have in this section correlating

the Stanton number with the length Reynolds number.

2.9

.10

Since log-log plots tend,to make even scattered data

look good, Figure 6.3 showg a linear plot of N versus R.

Again the result is useful

line

N 2.24

Compare 6.2.11 with

as the data gather around the

3

x 1077 R+ 1120 . 6.2

Schlichting's (1968, page 662)

theoretical prediction for transfer from a heated, flat

plate,

To get 6.2.12 he set the EF

6.2

randtl number equal to one and

based the drag coefficient, C_, on the free stream velo-

.11

.12

city. Our Prandtl numberA 0.71, is near enough to one to

justify continuing the comparison. In equation 5.2.7 we

showed that the empiricalidrag relation, 5.2.5, corresponds
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Figure 6.3. The Nusselt number and the length Reynolds number linearly correlated.

The line is equation 6.2.11.
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to a 10 meter drag coefficient of 1.76 x 1073, 1f we use
this as the free stream drbg coefficient, Schlichting's re-

sult applied to our problem predicts

3r . 6.2.13

N =1.76 x 10 -

Considering the approximations involved and the fact that

the Clo calculated in 5.2.7 does not reflect the non-zero

intercept of 5.2.5 (which is likely associated with the
additive constant in 6.2.11), this theoretical result is

remarkably close to our observational relation, 6.2.11.

That linear equation betwden N and R is apparently a good
one. |

In an effort to pro@ide a little something for every-
one, we lastly show a plot of the Stanton number versus Rx
in Figure 6.4. As hinted%before, the correlation is not

exceptional. The line we;have drawn through the data is

st = 0.56 R.0°>° . 6.2.14
Again check this against the Kays (1966) relation of
equation 6.2.10. Mangarella, Chambers, Street, and Hsu
(1971, 1972, 1973) are al%o fond of the Stanton number.
Though they relate it to & Reynolds number defined dif-
ferently than Rx’ we infer from their work that the Stanton

-0.25

number is proportional to| (roughly) Rx (Mangarella,

et al., 1973). This is closer to Kay's theoretical pre-

diction (equation 6.2.10) than to our result, 6.2.14.
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Figure 6.4. The Stanton number correlated with fetch Reynolds number. The line is
equation 6.2.14.
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However, let us also compa?e this R;O'ZS dependence with
the Stantoen number relatioﬁ we deduced from our Nusselt
number correlation (equatiﬁn 6.2.9). The Reynolds number
term here, R;0.29’ agrees well with the suggested R;O'ZS
dependence of Mangarella, bhambers, Street, and Hsu. And
the Coantic-Favre result Cequation 6.2.5) also implies St

0'25f(using 6.1.22 to convert N to

is proportional to R;
St). The experimental evidence, thus, suggests that the
exponent of RX in the thedretical result 6.2.10 is too
large; instead a correlatﬂon of St with R;O‘ZS Seems more
realistic. ‘

Despite the apparenﬁ popularity of the Stanton num-
ber, our data correlate bést when the heat flux is non-
dimensionalized in the form of a Nusselt number. This is
likely a consequence of h&w the wind speed enters the non-
dimensionalization. The Stanton number contains U, g while
the Nusselt number does nét. Thus, because the U0.5 and
Tw_TO.S values have the 1érgest relative uncertainty of the
bulk quantities, St will be more scattered than N.

Hopefully, the equations we have presented in this
section make the proceduré for predicting sensible heat
fluxes from leads obvious Equations 6.2.4, 6.2.11, and

6.2.14 relate the surface heat flux to certain bulk para-

meters. Hence, measuring| the bulk parameters is sufficient

to allow a prediction of the sensible heat flux.



6.3. SENSIBLE HEAT FLUX:

Since we have made f

heat flux, it's interestin

FLUX-GRADIENT RESULTS

predicting the flux on the}basis of these. Remember,

flux~-gradient surface heat flux is

H=-pcC

Equation 5.2.5 already rel

D ku, t, .

ates u, to a bulk variable.
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lux~gradient estimates of the

g to also devise a procedure for

the

6.3.1

In Figure 6.5 we likewise estimate t, from bulk quan-

tities. The line is

t, = 0.195(T,

Recalling our flux-gradient method, the correlation in

Figure 6.5 is not that sur

at 0.03 cm, equation 5.1.7

Hence, though stability ef

scatter, t, should be a ne

0.5°

5 " Tw) + 0.475 .

says

50 50
[ln(ﬁjag) - wh(ir)] . 6

fects introduce a modicum of

arly linear function of Ty -

prising. Because zy was constant

.3.3

The quick result of this section is that on the basis

of 5.2.5 and 6.3.2 it is a

gain possible to predict the

sensible heat flux from bu

lk measurements.

*
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6.4. LATENT HEAT FLUX

We do not have enougﬁ quality data to formulate an
empirical relation for latEnt heat flux as we have for
sensible heat flux. But consider. The diffusion equa-
tions of temperature and ﬂumidity are the same; so there is
a similarity between the turbulent transfer mechanisms for
heat and moisture (Brutsaért, 1975) .- Over water, the
spectra of temperature and humidity are alike (Phelps and
Pond, 1971). 1In laboratoﬁy experiments over water when
waves are not breaking and, consequently, generating vapor
mechanically, Stanton numﬂers for latent and sensible heat
fluxes are nearly the samé (Mangarella, et al., 1973).

And lastly, the Coantic—F#vre result (equation 6.2.5) for
latent heat is much like éur relation for sensible heat
(equation 6.2.4). The imﬁlications are that if we know
how to estimate the sensiﬁle heat flux, H, we also know
how to estimate the latenﬁ heat flux, H;.

From 6.2.4 we simply say

’ 6.4.1

_ 0.71
N, = 0.18 Ry

where N, is the Nusselt number associated with the latent

L
heat flux: that is,

HL X

L-D L§DW(QW-QO_5) ’

N 6.4.2

In this, D, is the molecuﬁar diffusivity of water vapor
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at the surface temperaturei Qw is the specific humidity at
the water surface, and Q é is the humidity at 50 cm. From

6.1.18, 6.2.2, and 6.4.2 we write

H. x H x

L = 6.4.3
— {"- — , . L]
P Lva(Qw Q0.5)j P ch(Tw TO.S)
or
_ LD, (9% . 5)
p W 0.5

There is nothing terrifically profound in this re-

sult. We have simply giveh the Bowen ratio,

chKTw-T0.5)

i — r 6.4.5
LvD*lw(Qw QO.S)

B =

a mathematical form. Had he chosen to equate Stanton num-
bers instead of Nusselt nu@bers, B would have been essen-
tially the ratio derived &y Roll (1965, page 253) for more
restrictive conditions. :

Table 6.1 compares ghe values of Hy predicted on the
basis of 6.4.4 with our iﬂtegral estimates of it. Despite
the low quality of our huﬁidity profiles, the agreement is
encouraging. Notice that%the Bowen ratio over leads is an
order of magnitude largerjthan usual values for the open
ocean. |

Because the specifié humidity is closely tied to the

temperature and because in the Arctic Q0 5 is typically
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Table 6.1. Prediction of ﬁhe latent heat flux from the
sensible heat flux using equation 6.4.4.

H O, ; (mw/cm?)

RUN (mw/cm®) .. .Predicted . .. Measured B
272.0 15.42  4.98 3.25 3.10
273.1 15.32 4,92 3.13 3,12
273.2 15.49  5.10 2.84 3.04
282.0 13.04 . 5.93 7.06 2.20

283.0 13.17  5.95 7.08 2.22
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10% of Qw’ we can use 6.4.4jto estimate H, for all the pro-

L
filing runs although there ére humidity values for only
five of them. We simply assume the relative humidity at
50 cm is 100%. Q, is usualiy about 3.10 gm/kg; but at
-25°C and 100% relative humidity, QO.S is 0.50 gm/kg; at
50% relative humidity it is}O.25 gm/kg. Therefore, any
error introduced by this aséumption of saturation at 50

cm should be under 10%. Thé results of these latent

heat flux calculations are tabulated in Appendix C.

6.5. MOMENTUM FLUX

Equation 5.2.5 is ess%ntially our method for estimat-
ing the surface momentum.flﬁx (stress). Because it re-
quires UO.S be measured 50 ém from the surface, it should
approximate u, to within fi&e percent despite the compli-
cations the large surface h%at flux introduces (cf.
Bradley, 1972). |

Our flux tower was eqpipped to make direct measure-
ments of uw at two levels séparated by 50 c¢cm so we could
see how the stress profile bhanged with height. Spectral
analysis was used to deduce uw from the lower measure-
ments -- the Nyquist frequency was 125 Hz. All upper

level flux tower values are the results of straightfor-

ward correlation calculatiohs: for example,



(Uj - U)(Wj - W . 6.5.1

Here, clearly, U and W are the average longitudinal and
vertical velocities and Uj and Wj are the individual
observations. The sampling rate for the data which went
into these calculations was 5 Hz. Hence, the upper uw
value is not as statistically certain as the lower one:
nevertheless, a comparison of the uw values at the two
heights makes an unambiguous statement about the shape of
the stress profile.

We have 32 pairs of lower and upper uw measurements.
Nineteen of these are made over leads of short fetch --
7.2 to 8.5 meters. Thirteen pairs are from leads with
longer fetches -- five from a thirty-four meter lead and
the remaining eight in the 19.0 to 19.8 meter range. Over
the 34 m lead the lower uw measurement was made at 50 cm.
For virtually all the remaining runs it was within 20 em
of the surface. 1In 15 of the 19 uw pairs at short fetch,
the lower -uw value is greater than the upper -uw value.
On the other hand, for all 13 of the uw pairs at longer
fetch, the upper ~-uw is larger than the lower one.

Table 6.2 summarizes what we have just written.

This kind of stress profile behavior is just what
Taylor's (1970) and Shreffler's (1975) numerical models
have predicted. Figure 6.6, taken from Shreffler's (1975)

thesis, shows the stress profiles his model generated on
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10°
10° +
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Figure 6.6.

270 290 310
-uw

2 2
(cm* /sec”)
Stress profiles predicted by Shreffler (1975)
from Badgley's (1966) lead data. The fetches
are, from left to right, 5, 10, 15 and 20 m.
The dashed lines interpret our observations.
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Table 6.2. Comparison of lower and upper -uw Mmeasurements.

Fetch (m) 7.2 - 8.5 19.0 - 34
Pairs 19 13

Lower > Upper 15 0

Lower < Upper 4 13

the basis of Badgley's (1966) Arctic lead velocity and
temperature data. On it we have tried to suggest our
observed uw relationships at short and long fetches.
Because Shreffler's prediction is for only one
unique set of environmental conditions, we cannot make an
extensive quantitative comparison of our observations with
his model. However, for a couple of our runs the surface
heat flux and surface stress were near those he modeled.
A comparison of these few sets with the profiles in Figure
6.6 suggests Shreffler's model underestimates the
ﬁﬁhi/ﬁﬁlo ratio at longer fetches. For example, at a
fetch of 20 m, if —Eﬁlo is measur?d at 20 cm and —Eﬁhi at

70 cm, the model yields

Wi
T,

= 1.06 . 6.5.2

In contrast, our observations would suggest the ratio is
more like 1.4, a value cleser to what Taylor (1970)

predicts.
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The question must eventually arise, "Why does the
stress profile have the shape it does?" Look at the U

momentum equation,

U3 U+WOo U= 93 (-uw) . 6.5.3
X Z z

This dictates how the stress profile depends on the veloci-
ties. And we have a good qualitative idea of the velocity
profiles over the lead.

In Chapter 4 we explained that if the flow felt only
a smooth to rough surface transition, it would decelerate.
Both Shreffler (1975) and Taylor (1970) show the flow
accelerating near the surface when it encounters an in-
crease in surface temperature but no roughness change.
Thus, close to the surface the superposition of the two
effects makes things confusing. Higher up, the flow will
indeed accelerate as the positive heat flux fosters mechani-
cal mixing which ultimately increases the average horizon-
tal velocity. Here W must be negative to preserve con-
tinuity. Near the top of the boundary layer U returns to
its upwind value, so BXU becomes vanishingly small; W
remains negative but small.

Understanding this, we examine 6.5.3. Near the sur-
face the first term on the left dominates; so -uw will in-

crease with height if the heat flux influences the flow
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more than the roughness transition or will decrease with
height if the opposite is true. Slightly higher, the first
term is definitely positive: -uw must increase with
height. Throughout the layer the second term on the left
is non-positive but small because of its W dependence; the
first term, thus, continues to force a -uw increase with
height. Finally, near the top of the layer, BXU, becomes
so small that the second term on the left (which is nega-
tive) becomes dominant: -uw, therefore, decreases to its

upwind value. The stress profile is thus buxom.
6.6. THERMAL BOUNDARY LAYER HEIGHT

A discussion of the thermal boundary layer height, §,
necessitates an unequivocal definition of it. Thermal and
momentum boundary layers are regions of disturbed tempera-
ture and velocity profiles. But fundamentally, it is the
altered heat and momentum fluxes within the layers that
support the profiles -- they are really the truer represent-
atives of the boundary layer. Ideally then, the thermal
or momentum boundary layer height should be defined as the
point where the heat or momentum flux within the layer
returns to its upwind value. But clearly, a determination
of § on this basis is prohibitive except for well-instru-
mented, unhurried operations. Therefore, most still tradi~
tionally rely on the more available temperature or velocity

profiles for getting 6.
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We have adopted the standard procedure for defining
§. It is the height at which

0.0005 = .
T TEYO)

Here T(8) is the IBL temperature at ¢; Ti(G), the upwind
temperature at ¢§; and T, and Ti(O), the water and ice
temperature, respectively. Because in the Arctic Tw—Ti(O)

was always roughly 20°C, eqguation 6.6.1 is approximately

0.01 > T(8) - Ti(é) ’ 6.6.2

which is consistent with the limits we ascribe to our
thermocouples.

As an alternative to this profile method and to the
aforementioned flux method, C. A. Paulson (personal com-
munication) has suggested the possibility of defining the
thermal boundary layer height on the basis of signal
variance. Rather than the well defined, steady-state,
easily knowable line we have been portraying it as, the top
of the thermal boundary layer is a billowing, oscillating
thing which summits to definition only in the statistical
sense. That is, a fixed height may sometimes be within the
layer and at other times outside. There is, in other
words, an intermittency in temperature observations near
the top of the layer. See, for example, the temperature

traces in Figure 2.4. By examining temperature records
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with regard to this intermittency it seems possible to
derive a boundary layer height with more statistical signi-
ficance than the 8 based on 6.6.1. Though the analysis
this method would entail is beyond our scope, the idéa is
good and may be of use to others.

Elliott's (1958) paper, which was the herald of
American internal boundary layer research, contains equa-
tions for predicting the heights of both internal momentum
and thermal boundary layers. Apparently, only Miyake (1965)
has offered alternatives to these. But he finds neither
the relation he suggests nor Elliott's equation consistent-
ly predicts the thermal boundary heights he observed --
though the essentials of Elliott's momentum height predic-
tion have been verified elsewhere (e.g., Bradley, 1968;
Panofsky and Petersen, 1972). Therefore, we attempt to
deduce from our data an expression for calculating the
thermal boundary layer height.

Because Elliott's (1958) thermal boundary height
relation is so attractively simple, we consider it a

starting point. He writes

§ _ x,0.8
E—— 0535(2 ) ’ 6.6-3

0 0
where x is the fetch over the warmer (or colder) surface.
But we realize on contemplating our temperature profiles

that this is too simple. There must be a wind speed
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dependence stronger than that contained in Zgi higher
speeds stretch the layer downwind rather than letting it
grow upward. Conversely, a large surface heat flux pro-
motes vertical growth. These two considerations imply that
the IBL height may be proportional to a local stability
parameter.

Miyake (1965) first suggested the use of —ZO/L for
characterizing stability effects on boundary layer growth.
On embracing this parameterization, we discover it has more
influence on § than the fetch does. The relation which

best describes our thermal boundary height measurements is

2z
E§_= 8(~ -0,0.8 x,0.4

] 6.6.4
0 L 20

Here L is the Monin-Obukhov length which derives from our
flux-gradient estimations of Chapter 5.

Intuitively, we feel that upwind stability should
also have an effect on the boundary layer height. Stable
upwind conditions would suppress thermal boundary layer
growth while upwind instability would enhance it. Figure
6.7 supports this conjecture while demonstrating the strong
—267Lﬁﬁ€pendencé’ef'6,‘ Therefore, B8 in 6.6.4 is a con-
stant reflecting the dependence of boundary height on up-
wind stability. Table 6.3 summarizes our calculated values
of B and contains the evidence to let us reject with

greater than 95% confidence the hypothesis that
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Dependence of béundary layer heights on -2zy/L
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6.6.4 with 8 = 6.6 x 104 for a and 8 = 5.5 x
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Table 6.3. Values of B in equation 6.6.4.
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Upwind Unstable Stable
Observations 27 22
B 6.6 x 10° 5.5 x 10°
Standard Deviation:

of Sample 0.9 x 10° 0.7 x 10%

of Mean 0.2 x 10% 0.2 x 10%
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upwind stability has no effect on boundary layer growth
(e.g., Brunk, 1965, page 258).

Figure 6.8 presents all our thermal boundary height
observations and compares these individually to the model
they collectively suggest (i.e., equation 6.6.4). The
scatter is an indication of the difficulty inherent in
determining 6. Nonetheless, this set is valuable, being
the largest collection of geophysical observations of
thermal boundary height we know of.

Equation 6.6.4 needs further confirmation before
being accepted as a trustworthy prognostic tool. Since
our data were primarily for low wind speeds (u, < 30 cm/
sec) and fetches of 20 m and less, we would like to see
other results in stronger winds and for longer fetches.

If 6.6.4 Qithstands these tests, consider its implications.
Because I contains the surface heat flux, 6.6.4 would offer
another method for heat flux estimation on the basis of

bulk measurements.
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7. SPECTRAL CHARACTERISTICS AND
INTEGRAL STATISTICS

And science is . . . nothing but the determina-
tion to establish differences.
Hermann Hesse
Narcissus and Goldmund

then we refer to 'spectra' or 'cospectra'lin this
chapter we will mean spectral or cospectral density esti-
mates. Appendix A thoroughly details the procedure for
reducing time series to spectral density estimates; there-
fore, we will add only a few words of supplementary
information.

ALEX was designed to measure spectra of longitudinal
and vertical velocity and temperature fluctuations, @u, v
@t, respectively, as well as cospectra and guadrature
spectra of uw and wt, Couw, Qduw’ Cowt’ det' But as
explained, because of the limited response of the thermo-
couples, the temperature-related spectra are doubtful.
Hence, they are omitted from this discussien: we concen-

trate on @u, 0] and Cou . The ‘integral statistics' of

w’ \f

the turbulence properties we will describe are gotten by

integrating the spectrum or cospectrum -- thus, the name.
7.1. FUNDAMENTALS

Both digital profile and flux tapes contained record

lengths of 1024 data points. Before performing the
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spectral analysis on the flux files, we grouped four such
records into a block of length 4096. In other words, the
N which appears throughout Appendix A is, for this analy-
sis, 4096. The number of blocks, B, per file was variable
but generally exceeded 55. Hence, the shortest spectral
files contained time series which usually ran at least

(55) (4096)

(2507 (60) = 15,0 minutes . 7.1.1

The longest useable time series we collected over leads
were 29.8 minutes -~ average length was about 22 minutes.
In addition, we made several runs over ice. Here, because
the riming problem was less severe, some of these files
were 35 minutes long.

To allay worries that only 15 minutes of turbulence
data may be insufficient to yield useful spectra and
spectral statistics, we investigated the effects of averag-
ing time on the statistics. Figure 7.1 summarizes our
results. In it, though the mean velocity is varying
throughout, the statistics reach fairly steady values at
about 17 minutes. 57% is the least steady of the statis-
tics, as we would expect; yet it changes by less than two
percent after seventeen minutes. Consequently, we feel
our time series are long enough to have meaningful spectra

and statistics.
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7.2. SPECTRA OVER ICE

The University of Washington group, which was usually
positioned upwind of the leads, was equipped as our down-
wind group was and, therefore, had the capability to deter-
mine upwind spectra. However, because that analysis has
not been done, we cannot compare simultaneous upwind and
downwind spectra. But while encamped at the real lead
site, we found ourselves for a time on its upwind side due
to the caprice of the wind. The nearest upwind pressure
ridge was about 1 km away and there was no open water for
at least several kilometers upwind. So we continued re-
cording over this smooth, snow-covered ice fetch. 1In the
absence of any upwind spectra from the University of
Washington group, for the purpose of checking our spectral
technique, and as a transitional step for getting into the
more complicated downwind spectra, we here present the
spectra of these runs.

To facilitate comparison of our spectra with those
reported elsewhere, in this chapter we plot only normalized

spectra and cospectra against the nondimensional frequency,

& £z
f —'ﬁ— . 7-2-1

Here f is the frequency (Hz) associated with the spectral
estimate, z is the height of observation, and U is the

average velocity at z. The goal of such normalization is
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to collapse diverse spectra into a presumably universal
shape. Customarily, ui = -uw is used to normalize velocity
spectra and cospectra (e.g., Busch and Panofsky, 1968;
Kaimal, et al., 1972). But our spectra are more consistent

——

when w2 normalizes f@u and f@w and uw normalizes fCeuw (cf.
Miyake, et al., 1970b; Pond et al., 1971). In Figure 7.2
all our spectra over ice are so nermalized and do collapse
neatly into similar shapes at the higher frequencies.

A comparison of the low frequency end of the vertical
velocity spectra with the uw cospectra shows why w2 is a
better normalization for ¢ and ¢ than uw is. The co-
spectra contain significant energy in this range. And be-
cause there are few degrees of freedom in spectral esti-
mates at such low frequencies, the estimates are highly
variable. This combination of relatively large though
poorly known cospectral estimates at low frequency makes
uw a less statistically certain quantity than w2.

A review of nondimensional spectra and cospectra col-
lected in the atmospheric surface layer under homogeneous
conditions (e.g., Busch and Panofsky, 1968; Miyake, et al.,
1970b; Kaimal, et al., 1972) confirms the accuracy of the
results in Figure 7.2. Our spectra and cospectra have
peaks of the proper magnitude and in the usually reported
frequency range. The high frequency behavior of ¢, and
@w apparently follows Kolmogorov's -2/3 law (in these coor-

dinates) for the inertial subrange. And the cospectra
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suggest a —-4/3 dependence at higher frequencies though are
not in total accord here. This postulated ~4/3 dependence
of Couw in the inertial subrange (e.g., Wyngaard and Cote,
1972) has not received the overwhelming experimental con-
firmation that the -2/3 dependence for individual velocity
spectra has. Other subrange behavior has been observed
(Panofsky and Mares, 1968; Miyake, et al., 1970b) .

Pointing out the Reynolds number range, which is
given in the upper left of each spectral plot, leads into
a short digression. The Kolmogorov (1941) inertial sub-
range hypotheses are valid only in the limit of large Rey-
noelds numbers. Tennekes and Lumley (1972, page 266) infer
an inertial subrange exists only for R of order 105 or
greater. Our over-ice spectra, for which z is 65 cm, have
an R this large. For tower-mounted instrumentation, which
is a usual source of spectra appearing in the literature,

z may be 50 m and more; therefore, R would be roughly lO7
and the inertial subrange, consequently, extensive.

But whether R is large enough to support an inertial
subrange or not, its magnitude still affects the shape of
the spectrum. The dissipation range of the spectrum shows
the energy in the highest frequency (or smallest scale)
motions of the flow. These highest frequencies correspond

to the inverse of the Kolmogorov microscale for time,
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Since the dissipation rate is approximately

% ()

e s Ui, 7.2.3
we find
%% | b (ux,3/2 Uz 7.2.4
U U v
« k% (Ux3/2 gE 7.2.5

U

That is, because u,/U is only a weak function of velocity
and height near the surface, the nondimensional frequency
of the spectral dissipation range increases with Reynolds
number. The spectrum is contracted or spread out depend-
ing on the magnitude of R.

The purpose of this discussion was twofold. First,
we wanted to review the often forgotten condition that R
must be large before an inertial subrange can develop.
Secondly, to prepare for the next section, which presents
spectra characterized by smaller Reynolds numbers, we have

shown how the magnitude of R affects the spectrum.

7.3 SPECTRA OVER LEADS

With the last section as background and the spectra
therein for comparison, Figures 7.3, 7.4, and 7.5 show
nondimensional spectra and cospectra made over leads with

fetches from 7.2 m to 34 m. The spectra are grouped
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according to Reynolds number and largely without regard to
fetch. The highest Reynolds number plot in each figure
does, however, happen to contain only spectra made over
the 34 m lead since our sensors were higher above the
water here.

In each plot the line shows the inertial subrange
behavior we found in the spectra over ice. However, the
spectra of this section seldom have that frequency depend-
ence -- the Reynolds number is not large enough. The
longitudinal veleocity spectra come closest: as R increases,
an inertial subrange begins stretching out to approach the
-2/3 slope. But even for the highest Reynolds number
range, it's doubtful that @w and Couw have inertial sub-
ranges.

A second motivation for the Reynolds number grouping
is the very high frequency behavior of the spectra. At
the lowest Reynolds numbers there is a recognizable dis-
sipation region. With increasing R this moves to higher
frequencies as 7.2.4 shows it must. Finally, for the
largest R range there is only the merest trace of a change
in spectral slope hinting at the presence of a dissipation
region.

The low frequency end of the spectra also appears to
be a function of Reynolds number. We are looking especial-
ly at %4 and Co . : energy levels tend to fall as R in-

uw
creases. But consider the horizontal length scales
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represented by this frequency region. Because the non-
dimensional frequencies are less than 0.0l1, characteristic
eddy size is 10 m or more. Therefore, the low frequency
energy is likely not associated with the lead but instead
reflects larger scale atmospheric processes. Realizing
this, we can refer for guidance to published spectral
shapes for horizontally homogeneous conditions (Kaimal,
et al., 1972). At the low frequency end, the spectra and
cospectra depend on z/L. There is more energy at large
-z/L and much less at large z/L. Of coincidence, our
smallest Reynolds number range corresponds primarily with
unstable upwind conditions while the largest R range
occurred during stable ambient conditions. Apparently,
the low frequency dependence on R is accidental.

The frequencies of the spectral and cospectral peaks
do not change with Reynolds number nor do the heights of
the peaks. Both peak frequencies and magnitudes coincide
with those of the ice-fetch spectra.

After interpreting the somewhat unique shape of
these spectra as primarily a Reynolds number dependence,
we look for effects attributable to the nearby lead. For
example, we might expect a feature’neér the nondimensional
frequency corresponding to the fetch of the lead. This is

roughly

2 x% 7.3.1
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-- about 0.01 for our observations. But clearly, nothing

is evident here. 1In a qualitative search of the spectra,
there appears to be no hint of the presence of the lead.
We need the quantitative results of the next section to

point out where the inhomogeneity is manifested.
7.4. INTEGRAL STATISTICS

As we've shown, the measurement of ;5 is more certain
and thus easier than the measurement of -uw. But because
-uw is the more desirable quantity, trying to relate w2
and -uw is a valuable endeavor. Presumably the ratio
afé/u* is a universal function of z/L. However, that func-
tion has been slow in emerging. For example, in neutral
conditions reported values of Qzé/u* generally range from
0.9 (Monin, 1970) to 1.4 (McBean, 1971). And the ratio
seems to be different over land and water (Busch, 1973).

In unstable conditions there is a firm theoretical
basis in Monin-Obukhov similarity for the behavior of

Gzé/u* (e.g., Businger, 1973). As -z/L increases beyond

about 0.5 (Businger, 1973; Wyngaard, 1973) -- that is, in
an atmosphere approaching free convection -- ;7%/u* is pre-
1/3

dicted to be proportional to (-z/L) However, again
the proportionality conétant is in question. Because in
the Arctic we measured w2 and uw for the stability para-
meter -z/L spanning almost three decades, we offer our re-

sults here for comparison. The data is also listed in

Appendix D.
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Figure 7.6 is a plot of (;EV-GW)% versus z/L. L is
the Monin-Obukhov length from our flux-gradient results;

-uw is the stress measurement from the lower flux sensors,
which for all but eight of the points in Figure 7.6 were
within 23 cm of the surface; and the ;E come from both
lower and upper flux sensors.

Although both uw and L are presumably functions of
height, the data in Figure 7.6 show no systematic difference
between upper and lower levels. There are two regions in
the figure. For -z/L less than 0.4, the (5-2-/-517)22= ratio is
constant with a value of 0.99 * 0.05 {(95% confidence).

Above -z/L = 0.4, the points turn upward and approach the
(--z/L)l/3 dependence. The general shape of this plet is in
excellent agreement with similar ones given by Businger
(1973) and Wyngaard (1973), particularly with regard to the
break toward the +1/3 dependence.

The ratio, however, is lower than for most other find-
ings. We muse on possible reasons. Initial suspicion falls
on our use of (—GW)% measured somewhere above the surface
rather than u,. In fact, we have shown in Chapter 6 how
-uw increases with height in the presence of an upward heat
flux. Could (—GW)% at 20 cm exceed u, by 40 percent -- the
factor necessary to bring our results into agreement with
previous estimates? Probably not. Taylor's (1970) and
Shreffler's (1975) numerical experiments and Bradley's

(1972) field work all show that the stress profile should
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be virtually constant to heights greater than 20 cm.

Secondly, consider L: we have already expressed our
doubts concerning its meaning in the IBL, which is not a
constant flux layer. If anything, a systematic error in L
would affect the horizontal position of the data, not its
level. Yet we find the horizontal positioning in good
agreement with other results: the change in slope toward
the +1/3 dependence occurs in our plot at just the z/L
value where it does in others. This result and our finding
in Chapter 6 that ZO/L is a prime determinant of boundary
layer height are indirect evidence of the worth of L de-
spite its dubious origin. Within 20 to 50 centimeters of
the surface it may not be as variable with height as we at
first thought it would.

The finger finally points at w2. BAbout one-third of
the values plotted in Figure 7.6 are from measurements made
within 20 cm of the surface; and practically all the measure-
ments are within 70 cm of the surface. So near the surface
vertical velocity fluctuations should be reduced compared
to fluctuations higher up. Therefore, the smallness of our
(57/—EW)% ratio may be a boundary effect. Lumley and
Panofsky (1964) summarize measurements of the ratio in pipe
flow and within a boundary layer which support this explana-
tion. For these two flows, in which the boundary is impor-

tant by definition, (;5)%/u* is 1.05.
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The cospectré of uw also contain evidence as to why
(;7/—55)% is smaller than the values usually reported. Com-
pare these cospectra with the uw cospectra for horizontal
homogeneity in Figure 7.2. The former contain much more
energy at high frequency than do the latter, which fall
rapidly above fz/U = 1. This too implies that the (WE/—EW)%
ratio would be smaller over leads than for horizoentally
homogeneous conditions.

Since w2/-uw is linked with z/L, again a method for
making an indirect estimate of sensible heat flux arises.
If w2 and -uw can be measured and the functional dependence
of their ratio on z/L is known, L and, consequently, wt can
be established.

The (EEY—EW)% ratio is also an interesting statistic;
but there is considerable uncertainty over its value and,
indeed, doubt whether it should take universal form. This
is simply because @u contains energy due to large scale
atmospheric motions while the variables used in Monin-
Obukhov scaling reflect only local conditions (McBean,
1971).

In Figure 7.7 we plot our measurements of ;5 at the

lower flux tower level. The line drawn in by eye is

1
(25 - 215 . 7.4.1
-uw

This concurs with the simple sum of the individual raties,

2.19 =+ 0.06 (95% confidence). Neither stability nor
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fetch influence this ratio: in the 2z/L range (-1.6, -0.02)
and for fetches from 7.2 m to 34 m, it shows no definable
trends with either.

As with (;7/-EW)%, our (;5/—55)% ratio is smaller

than values usually reported. Typical values in the litera-
ture for measurements over the ocean in unstable conditions
are in the range 2.6 to 2.8 (Miyake, et al., 1970b; Pond,
et al., 1971). We again infer that the smallness of our
ratio is due to the effects of the horizontal inhomogeneity

on -uw as evidenced in the uw cospectra.
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8. SUMMARY

Only the ideas that we actually live are of any
value.,
Her@ann Hesse
Demian

The heat transferred through leads is a substantial
part cf the total energy the Arctic Ocean loses to the at-
mosphere during the winter. This thesis recounts the
AIDJEX Lead Experiment whose main purpose was to measure
the turbulent component of that heat flux.

The sensible heat flux from leads was determined in
three different ways. The primary estimate derived from
an integral or energy conservation approach. The second
relied on published findings relating fluxes to temperature
and velocity profiles--the flux-gradient technique. Third-
ly, a direct measurement yielded the Reynolds flux, wt,
after necessary corrections. Each of these methods gave a
heat flux estimate consistent with the others. A typical
value of sensible heat flux at the surface of Arctic leads
in winter is 25 mw/cmz, In addition, we made five measure-
ments of latent heat flux and found it to account for 1/6
to 1/3 of the total turbulent heat flux from leads.

From the integral estimates of sensible heat flux we
devised several methods for predicting the surface flux by
. measuring a few bulk parameters. On recognizing the simi-

larity between the turbulent transfer of heat and moisture,



156
these were extended to include a latent heat flux predic-
tion. TFor both sensible and latent heat fluxes the prin-

cipal prediction equation is

N = o0.18 rRO°7H, 8.1
X
where N is the Nusselt number appropriate for either sen-
sible or latent heat transfer. From direct measurements
of the Reynolds stress, we correlated surface stress with

a bulk parameter,

W=

u, ¥ (-uw)?® = 0.0643 Uy o - 0.77 . 8.2

Equations 8.1 and 8.2 now provide a means for making
estimates of heat and momentum fluxes over leads on the
basis of a few routine measurements.

We made the assumption that the flux-gradient rela-
tionships are valid near the surface of the lead. They
then yielded surface heat and momentum fluxes; the Monin-
Obukhov length, L, which we henceforth used as a stability
parameter; and, indirectly, Y which is critical in the
IBL height relation. The value of all these results, in
part, justifies the original assumption. Seldom have the
equations been used so near the surface or for such seem-
ingly inhomogeneous conditions as in our work. But we have
demonstrated that, with due caution, the flux-gradient
relationships can have a domain of applicability even in

flows which are largely inhomogeneous.
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The profiles and these flux-gradient results suggest
a new, linear relationship between z, and u, over water,
particularly in the transition region between aerodynami-
cally smooth and rough flow. It is

= 0.4 (13, . 8.3
g

20

From our many observations of thermal boundary layer
height, §, we have developed an equation to predict that

height,

V4
zi:: 6 (- _ig),oos
0

§)0°4

(L ’ 8.4

where x is the fetch and B is a constant which depends on
upwind stability. This expression does need further con-
firmation for longer fetches and stronger winds. In fact,
it might be good to reevaluate the whole concept of bound-
ary layer height. Which is the more useful definition of
that height; the point where the flux returns to its upwind
value, or the point where the profile returns to its upwind
value? Are these necessarily different heights? Maybe an
alternative criterion which recognizes the oscillating
nature of the top of the boundary layer is better than
either. An investigation of these options would be an
interesting turbulence problem.

The more than 70 pairs of velocity and temperature

profiles we collected are supplemented by simultaneous
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measurements of uw at two levels. Together these give a
picture of the internal thermal boundary layer. The velo-
city profile within the IBL is accelerated in its mid-
region through a coupling with the large vertical heat
flux. Near the surface the profile is accelerated less--
or maybe even decelerated--by the roughness change. And
above the IBL, upwind and downwind velocities merge.
Therefore, the stress profile has an emphatic bulge some-
what below the top of the IBL.

4 @ [4

We presented more than thirty sets of spectra, @u w

and Co ¢ Mmade over leads and plotted in normalized form.
On comparing these with reported spectra for horizontally
homogeneous conditions and also with the spectra from our
observations over ice, it seems that Couw contains most of
the effects of the horizontal inhomogeneity. Its energy
content above the peak frequency is much greater than that
observed in cospectra characterizing more homogeneous
conditions. The spectral velocity statistics are conse-
quently lower. (;E/-E;)% has a value of 0.99 for z/L in
the interval (-0.4, 0.0) and is likely affected by the
nearness of the measurements to the surface. (57/—1_1;7_)1/2 is
2.15 and depends on neither fetch nor stability.

Spectra of temperature and cospectra of wt are still
required over leads since our thermocouples failed at the
higher frequencies. The gap in our understanding of flow

over leads due to the absence of these spectra is hard to
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evaluate. The wt cospectra would be very interesting be-
cause the velocity profile within the IBL is strongly in-
fluenced by the intense mixing, which is, in turn, driven
by the vertical heat flux. And the measurement of Zf and
wt at different levels would have let us make a more con-
fident determination of thermal boundary layer heights.

Humidity measurements of high enough quality to permit
a calculation of the Reynolds flux are seldom routine any-
where. Succeeding with them in the Arctic would reguire
exceptional skill and the determination of Charlie Finley.
Nevertheless, to properly measure the latent heat flux over
a lead and so verify our inferred relation, equation 6.4.1,
they will likely be necessary because the applicability of
the integral method is doubtful. Temperatures are so cold
that vapor escaping from the lead may immediately condense
and freeze on the nearest salt particle. Profile humidity
values would then always be systematically lower with pro-
file temperatures higher reflecting the latent heat lost by
the vapor. It's an ambiguous system to describe with only
bulk averages.

In closing, we want to emphasize for any contemplating
a polar experiment how difficult it is doing research in
the Arctic environment. The cold affects more than just
the dexterity of your hands and the color of your nose.
Coupled with the extreme dryness of the air, it causes

often subtle and always bothersome problems. We
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anticipated the riming of our thermocouples but not that it
would be too severe for even the built-in heating circuitry
to combat. When we strung our cables from the instrument
hut to the towers, the cold lowered their resistance so
much that our hot-film anemometers had to be modified. The
cup anemometer turned faster in the Arctic than it did at
the same wind speed in warmer Oregon. A portion of the
thermocouple electronics was mounted with the sensors on
the two towers. The effects of the cold on the character-
istics of this circuitry was likely responsible for the
inconsistency in thermocouple calibration.

So firstly, take infinite pains in the calibration of
transducers. Calibrate in conditions as nearly Arctic as
possible. Also plan for in situ calibration, preferably
using references with well-established temperature response.
Secondly, be prepared for a wide range of modifications to
the instrumentation and the experimental design. It's im-
possible to guess everything in the Arctic bag of

surprises.
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APPENDIX A

SPECTRAL ANALYSIS IN THE ATMOSPHERIC
SURFACE LAYER

Perilous to us all are the devices of an art
deeper than we possess ourselves.
J. R. R. Tolkien
The Two Towers

Al. INTRODUCTION

The numerous books on time series analysis (Jenkins and
Watts, 1968; Bendat and Piersol, 1972; Otnes and Enochson,
1972; Kanasewich, 1975) are often both too general and too
specific -- too general because they emphasize the mathemati-
cal formalism rather than the practical result, and too
specific because when they do get practical their solutions
are not usually applicable to your problem. Hence, after
studying these texts, each must write his own cookbook of
time series analysis. The Air-~Sea Interaction Group at
Oregon State University has evolved a spectral analysis pro-
cedure for time series from the turbulent atmospheric sur-
face layer ~- this is the first edition of our cookbook.

The energy in surface layer turbulence is spread over
- a wide frequency range: thus, the spectral window smooth-
ing techniques which might be applied, for example, in the
reduction of oceanic wave or velocity series are not really
appropriate -- there are no spectral peaks to isolate.

Rather in our turbulence research the overall shape of the
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spectrum and the total area under it (which, in general, is
not preserved by smoothing with most spectral windows) are
the two features of interest. Clearly, the analysis of
turbulence data has a different focus than that concerned
with more periodic processes.

Our problem is this: we record one or more simul-
taneous time series of surface layer turbulence (e.g., velo-
city, velocity time derivative, temperature, temperature
derivative) as voltages in analog form on magnetic record-
ing tape. This analog tape is subsequently digitized at a
sampling rate of l/A;‘where A may range from one second to
1/6000 second, with the digital results stored as integers
on a computer-compatible digital tape. The information on
this digital tape is broken down into 'files', 'blocks',
and 'records'. A recor@ais the smallest piece of informa-
tion which can be passed between tape and computer: for
example, one record could contain several hundred digital
values and require five inches of magnetic tape for storage.
Usually, however, this record length, L, is a power of two
such as 1024, 2048, or 4096. During the analysis of the
time series one or more records may constitute a block of
length N, where N is again a power of two. The file will,
thus, contain B blocks, each with N values, where BN is

typically of order one million for turbulence time series.
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A2. THE FOURIER TRANSFORM

Given a time series {xk} of length N, the Fourier

transform pair is defined as

N-1 .
X = ) x o~ 2mink/N n=0,1,...,N-1 , A2.1
n k ‘
k=0
N-1 .
X = Ly x e2™nk/N 4 o1,...,8-1 . A2.2
N n=0 n

The Xn's are called the Fourier coefficients at frequency

_ n
fn = i - A2.3
Observe that
N-1 _
X, = X, = Nx , A2.4
0 k=0 k

where the overbar indicates a sample average.
Let us establish an orthogonality relation for Fourier
analysis. We require that A2.1 substituted into A2.2 yield

an identity. That is,

N-1

. o . )
X, = % 2 e2'rr1nk/N X, e 2rink'/N
n=0 k'=0
N-1 N=1 . et
= % 2 xk, 2 eZTrln(k k') /N . A2.5
k'=0 n=0
N-1

Look closely at |} . If we define
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e21ri(k—k')/N

W = ’
then
N-1 -
P Wl = 1+ WA W A ... WL A2.6
n=0
But recall
L1 v w+ w4 ce. + e

N-1 N
n_ 1 _ N 1, _ 1-W
LT T Iw = = =% - AZ.7

Consider the properties of A2.7. k-k' is always an integer
less than N; therefore,vWN is always one. And since W is
less than one except for k=k', A2.7 is zero whenever k#k'.

At k=k' we invoke L'Hospital's Rule,

Nil n l_eZvimn
lim W' = 1lim -
m-=>0 n=0 m->0 l-ezm'mn/N
- 1im —2rin eZvlmn
=1 27in _2wimn/N
m+0 —-—— e
N
= N

In summary,
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1 ¥l onin(x-x"yN
v loe -

n=0

S A2.8

kkl 4
a relation which will be useful throughout our ensuing dis-
cussion.

Now returning to A2.5,

which is the identity we sought; hence, our transform pair
is valid.
Notice finally a symmetry in the Fourier coefficients

when {xk} is a real time series:

« - Ngl . o= 2Ti(N-n)k/N
N-n k=0 k
N-1 . .
_ z x, © 2mik e21r1nk/N
k=0

where * indicates complex conjugation.
A3. THE POWER SPECTRUM

The power spectrum of a time series {xk}is simply the

complex product of its Fourier coefficients,
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PXn = XnX; n=0,1,...,N-1". A3.1

Because of A2.9, PXn also has a symmetry if the time series

is real:

PX,N_N = PXn n=l,2,...,N—l . A3.2

That 1is, PXn is symmetric about N/2 excluding n=0.
Let us investigate just what the power spectrum means.

Suppose we sum PXn over n:

N-1 N-1
n£0 Pxn n£0 anﬁ

N-1 N-1 N-1

- : : '
- Cx e 2mink/N %, 0 e21r1nk /N
n=0 k=0 k'=0
N-1 2
= N Xp . A3.3
k=0
But remember X, = Nx, so A3.3 yields
N-1 N-1
I P+ N%%? =N ] x]i .
n=1 k=0
. Or
N-1 N-1
1 Z 1 = 2
- P, == ] (x-x)°, A3.4
N2 n=1 X0 N k=0 k
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where now the right side of A3.4 is the sample variance

(see Brunk, 1965). Consequently, we interpret P to be a

measure of what motions of frequency n/AN contribute to the

variance of our observable.

We can also define a power spectrum of two distinct

series {xk} and {yk}. This is the cross spectrum:

14 = X Y* | A3.5
Xyn n n
Notice here again a symmetry about N/2,
= *
ny,N—n xN—nYN-n
= X*y
n'n
= P* n=l,2,--.’N_l- A306
xXyn
As before, sum nyn to see what interpretation we can
offer:
Nil o - Nil Ngl .« o-2mink/N Nil 2mink /N
n=0 X¥" S0 k=0 ¥ k'zo K
Proceeding as above, we find
N-1 g — N-1
L Payn + Ny = N kzo X Yy A3.7
and
1 N-1 1 N-1 _ _
2 ) Peyn = N I (% =x) (v-¥) A3.8
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the covariance between'{xk} and’{yk}. Or in the perhaps

more familiar correlation notation

’ A3.9

the primes denoting fluctuations from the mean. Thus, the
cross power spectrum is a measure of what the frequencies
n/AN contribute to the correlation between {xk} and {yk}.

Observe what A3.6 implies about A3.8. We could write

N-1 N/2-1
P = P 4+ P + P
nzl Xyn nEO ( Xyn xy,N—n) xy,N/2
N/2-1

|

*
-1 (nyn + nyn) + ny,N/Z

But Px + P¥* is real as is P

yn Xyn xy,N/2 (see equation A2.1).

Hence, though the nyn are, in general, complex, x'y' 1is
real since nyn is antisymmetric about N/2 in its imaginary

part. We, thus,; could simplify things by writing

1

— P
N2 xy,N/2 '

A3.10

where ‘R[ ] indicates the real part.
Ad. THE SPECTRAL DENSITY

Equations A3.2, A3.4, A3.6, and A3.8 and our anticipa-

tion of some method of smoothing the raw spectral estimates
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lead us to the consideration of spectral density estimates.
In the smoothing process we will in some way combine
spectral estimates over a frequency band to produce a
single estimate. Therefore, to preserve the variance and
covariance relations of A3.4 and A3.8 we need an altered
definition of the spectrum to account for the length of the
frequency band: this is the spectral density -- the con-
tribution to the total variance or covariance per unit of
frequency.

To get the feeling of spectral densities, we will
first neglect the complications of smoothing. In A3.4 each

Pxn is appropriate to a frequency band of length

df_ = =< . Ad4.l

We also know that for a real time series Pxn is symmetric
about N/2. . So A3.4 rewritten in terms of the spectral den-
sity ®xn and the frequency interval dfn would be

N/2-1

x'x'' = ) o _df + ¢
ne] Xnoon

x,N/deN/Z Ad.2

Clearly, the spectral density in this case is related to the

power spectrum by

_ 24 _ e
¢xn - "N—PXn n—1'2'ooo'N/2 l A403
) = &
x,N/2 = § Px,n/2 ¢
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We can likewise rewrite A3.8 in terms of a cross

spectral density,

X'y’ = Z ¢ oA, s Ad.4
where

= 4 = -1 .
@xyn hand N nyn n l,z,...,N l A405

However, the interpretation of this cross spectral den-

sity, is obscure because PX is complex. So we

yn
choose to write Qxyn as the sum of its real and imaginary

o
xyn’

parts -- the cospectral and quadrature spectral densities --

xyn = Coxyn - 1i deyn n=1,2,...N/2., Ad.6

To understand the origin of these look at

= L * ’=, _
B[®yynl [0y * @xyn] n=1,2,...,N-1

N [nyn + ny,N_n] '

where R[ ] again indicates the real part. Now rather than
summing everything twice, we recognize the symmetry about

N/2 and define the cospectral density

4 _ _
xyn — N [nyn + ny,N_n] n=1,2,...,N/2-1

A4.7
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Similarly,

]
\M

2[@ - ©* ] n=ll2,-oo,’N'—'l

~i Ile, xyn. xyn

Yn]

A .
2N [nyn - ny,N—n]

14

where I[ ] indicates the imaginary part. Again because of

the symmetry the quadrature spectral density is
Qd = = [P - P ] n=l,2,-..’N/2_l

dey,N/Z =0 . A4.8

Henceforth, when we write 'spectrum' we will mean the
spectral density or these cross spectral densities.

As we've explained in Section A3, the imaginary part of
the cross spectrum cannot contribute to the covariance of x

and y; thus, a summation from one to N/2 of de n does not

Y
have a ready interpretation (a summation from one to N-1 of

I[PX n] is zero). The summation of CoX is, on the other

Y yn

hand, the covariance:

N/2 A N/2-1 1 A 1
z COxyndfn N 2 (nyn+ny,N—n) N TN ny,N/Z N&
n=1 n=1
_ 1 N-Z‘l
N% p=1 X¥D
N/2
— 1 1
Coxyndfn = x'y' . A4.9

n=1
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We could choose an alternative formulation to R4.6,

representing @x as a length and an angle in a complex

yn
polar plane. That is,

-ip
e ~X¥D n=1,2,...,N/2 , A4.10

= |

xyn xyn

where the vertical bars indicate magnitude. Here nyn is

related to the coherence spectrum and exyn is the phase

spectrum. Obviously,

Coxyn = lnynl cos @xyn ,
A4.11
deyn = |G v | sin exyn .
Therefore, the phase spectrum is
de n
6] n = arctan Ea—z— ’ Ad.12
Xy Xyn
and the length InynI is
_ 2 2 % ‘
Inynl = (Coyyn * deyn) ’ Ad.13

By squaring A4.13 and normalizing with the spectral densi-

ties of x and y we define the coherence spectrum,

’ G + 0d
Ch = Xyn _ __Xyn xyn A4.14
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'Coherence' is an appropriate term because on looking back

at Ad.6 we realize Chx is also

yn
52
ch = _xyn 24.15
xY q)an)yn

which may be interpreted as the square of the spectral cor-
relation coefficient.

Notice if Coxyn: de , an’ and Qyn are simple

vn
multiples of the power and cross power spectra (i.e., if no

smoothing has been done), then

2 2 2
-1 -
Ch = (1 2(Sn,N/z) [(nyn+ny,N-n) +(nyn ny,N—n) ]

Xyn _ 2
(2 Gn,N/Z) Panyn

4 P P*
Xyn xyn

4 P

P
Xn yn

(,12) OgY,)
R R T3]

Ch =1 . Ad4.16
xyn

Thus, the coherence of raw spectral densities is always one
regardless of the physical process.

Just for fun let's try to give equations A4.10 to
A4.13 a more solid geometric interpretation. Consider two

vectors in a complex plane; their decomposition is



182

>
n
>
+
|>_.<

A4.17

¥R 4 5yt

=<
|

where the superscripts indicate real and imaginary parts.
Figure A4.1 defines our notation. Suppose we seek the
anglé between the vectors, a. That's easy to find if we
rotate to a new coordinate system X', Y' in which X' coin-

cides with X. The matrix of this transformation is

cos v sin vy

A4.18
-sin vy cos ¥y
and
cos y = XR
= »
(xR2 + xIZ)2
A4.19
sin y = XI
= r .
(XR2 4+ xI2)7%
Hence,
R,I I R
a = arctan % = arctan [XRYR XIYI] . A4.20
: XY + XY

Now can we draw an analogy between A4.20 and A4.12?
Using A3.5, A3.6, A4.7, and A4.8 write
1 * *
Qd :L(XnYn XnYn)

Xyn _
Co_._ ~ X._Y¥ ¥ X%Y ' Ad.21
nn nn




183

Imaginary

T

Figure A4.1. The decomposition of two vectors in a complex
plane.
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Recognizing X and Yn are complex we expand to

. R .o I R . I . oR LI R Lo I
deyn;_ 1(Xn + J.xn)(Yn - 1Yn) 1(Xn 1Xn)(Yn + 1Yn)
Co - R . o1 R s oI R . o1 R oI

Xyn (xn + 1Xn)(Yn 1Yn) + (xn :.xn)(Yn + 1Yn)

Xyl - xIyR

= | R T . A4.22
XY + XY
nn nn
So
XY - XY
0 = arctan [ 1, A4.23
Xyn XRYR + xIYI
nn nn

which has exactly the same form as A4.20. The lesson is
that if we interpret the Fourier coefficients X, and Yn as
complex vectors, Oxyn is the angle between these in the
complex plane.

Next look at equation A4.13. We can again substitute

A4.7 and A4.8 to get

e (1-%6 PR ) (PR tP o)

xynI n,N/Z)[(ny Xyn Xyn =~ Xyn

i
+(P -P* )} (P* =P )12
Xyn ~xyn Xyn Xyn

= A e %
= § (278, w2 BpYRXRYal "
or
= A 5 :
lnynl =5 (2 sn,N/z)lxnllyn! . A4.24
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Excellent! This result gives the cospectrum and quad-
rature spectrum as defined by A4.11 ready geometric signi-

ficance. We rewrite,

=4 -
Coxyn ~ K (2 6n,N/2)‘Xn||Yn| COS Cyyn
A4,25
= 4 - :
deyn =5 (2 6n,N/2)|Xn||Yn| sin Oxyn .
Now Coxyn looks much like a scalar product -- the product

of the lengths of two vectors multiplied by the cosine of
the angle between them. In turn, deyn evokes memories of
the cross product between the two vectors. And these two
vectors are the Fourier coefficients of the two time series

of interest.
AS. BAND AND BLOCK AVERAGING

In the last section a one point estimate defined the
raw spectral density. But band and block averaging reduce
computer storage requirements and improve confidence in the
estimates. Therefore, we combine the N/2 raw spectral den-
sity estimates per block into b band-averaged estimates and
further average together the estimates for each of the B
blocks.

The band averaging is really a smoothing process; how-
ever, because of the nature of turbulence spectra we need

not consider the more sophisticated smoothing windows.
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Rather our window will be (in the vernacular) non-overlap-
ping boxcars of unit height. Generally, the high frequency
limit of each boxcar is an exponential function of the band
index; thus, on a logarithm of frequency plot the smoothed
spectral densities will be evenly spaced. Table A5.1 is an
example of exponentially spaced frequency bands for N =
4096.

If we let BEn be the upper bandedge of the nth fre-
quency band (the high frequency limit of the nth boxcar)

and define

our smoothed spectral density is

. 1 ? B%n ;
@ = — 2 n=l,»2,...,b r AS.l
n B(BEn BEn—l) j=1 k=BEn_l+19kJ

where ij is the raw spectral density, A4.3, or the raw

cross spectral density, A4.6, at frequency
£ = e A5.2

in the jth block. We associate this smoothed estimate with

the center frequency of the band

i BE, + BE_ _, + 1
E = STR . A5.3
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Table A5.1. Example of exponentially spaced spectral bands
for a block length of 4096.

Upper F rceznuteerfcy
Band Frequency BE +BE .+1
Index Index Count ( n n-1 i
(n) (BE,) (BEn—BEn_l) 2AN
(x4)
1 1 1 2.44 x 1074
2 2 1 4.88 x 10°°
3 3 1 7.32 x 107¢
4 4 1 9.77 x 1074
5 6 2 1.34 x 1073
6 9 3 1.95 x 1073
7 12 3 2.69 x 1073
8 17 5 3.66 x 107°
9 23 6 5.00 x 1073
10 32 9 6.84 x 1073
11 45 13 9.52 x 1073
12 62 17 1.32 x 1072
13 85 23 1.81 x 1072
14 117 32 2.48 x 1072
15 161 44 3.41 x 1072
16 221 60 4.68 x 1072
17 304 83 6.42 x 1072
18 418 114 8.83 x 1072
19 574 156 1.21 x 107%
20 789 215 1.67 x 1071
21 1084 295 2.29 x 1071
22 1490 406 3.14 x 1071
23 = b 2043 558 4.32 x 1071
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As mentioned earlier, one motive for choosing the
simple smoothing procedure of A5.1 is to preserve the
variance and covariance. In analogy with A4.2 and A4.4 we
can compute the variance or covariance from the smoothed

spectral densities thusly,

b
x'x' = § o df AS5.4
n=1
where
. BE - BE _;
dfn = NS A5.5

is the frequency interval over which éxn is defined. 1If,

to continue, we substitute A5.1 in for éxn in AS.4,

? BE,-BE__; : 1 | B B§n )
ToT — .
X'x -1 AN B(BEn BEn_l) 521 k=BEn-1+l xkj
B b BE
=51 1 i
=z af ) O . - A5.6
By21np=1 M k=BE__;+1 xkJ

But the sum at each frequency within band n and then over
the b bands is equivalent to summing over the N/2 raw esti-

mates. That is,

b BEn N/2
) z I -
n=1 k=BE +1 n=1
n-1
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Equation A5.6 obviously includes a summation over the B
blocks which we were not yet considering in A4.2 or A4.4;
otherwise, in all respects A5.6 is mathematically equiva-
lent to A4.2. In other words, the smoothing operation,
A5.1, does not alter the sample variance or covariance if
we pair the smoothed estimate with its appropriate frequency

interval, AS5.5.
A6. EXTENDING THE SPECTRUM

The zeroth Fourier coefficient, A2.4, cannot contain
any information pertaining to frequencies of 1/AN or higher,
and the higher order coefficients contain no information
about frequencies lower than 1/AN. However, the series of
averages {§j} we generate when Fourier transforming B con-
secutive blocks most likely contains information at fre-
guencies lower than 1/AN. In essence, applying the Fourier
transform to B blocks each of length N is a low pass fil-
ter with the time series {ij} the output of the filter.
Since we derive one ij for each time step of AN, the
sampling frequency of this new series is 1/AN. Hence, we
see the possibility of extending the spectrum to lower fre-
quencies by working our Fourier magic on this series of
averages.

This concept of extending the spectrum is easier to

see mathematically if we return to A3.7
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N-1
1 2 P

= . A6.1
0 N4 n=1 X¥0

Or changing to the more familiar notation of the spectral

density

=

2
I

[

A6.2

b T
3 2
e~
o
e
~
<
3
1
%1
|
+
o}
| ~1
|_l
»
~
3
jo )
Hh
3

Now consider what happens when we sum over B consecutive

blocks. We get from A6.2

B N-1 B
1l 1 —_— 1
BN L. L ¥y¥yy =5 L XYyt 3

N-1
: af_. A6.3
j=1 k=0 J

o .
1 ¥ynj''n

o~

j=1 n=

As promised we'll transform the series of the averages. But
first suppose B isn't a power of two -- we transform only
series with lengths a power of two. For such a series,
somehow choose N consecutive values from the B averages,
where N° is the largest power of two less than B, and work
with these N€ samples. That is, in A6.3 we make the
approximation

1 B - — -
= X.Y. ~ — \ . A6.4

As usual, the transform pairs of {§j} and {§j} are

e
-1 o ins e
%, e 2mini/N A6.5
j=0
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e
N -l—z e-ZTrinj/Ne
n . Y5

and

. . €
% e2-rr1nj/N

X1
I
|

It =~

A6.6

NS-1
Y
0 n

P e
e2n1nj/N ,

g

[
ol
Il &~

where

A6.7

>
(]
1
2
<

(new averages, not to be confused with the X and y of
A6¢l) .
Substituting A6.6 into A6.4 and using the ubiquitous

A2.8 we continue,

e

N®-1 N®-1 NE-1

N'-l o e ] e
_— A ~ "2 ! N
A A P
N~ m=0 N m=0 n=0 n'=0
1 NS-1 . |
This result in A6.3 yields
A6.9
e
B N-1 N =1 B N-1

1 z - - 1l 55 1l
= X, . Voo = XV + —=5 z XY + = z z 0] .df_.
BN 3=1 k=0 ki “kj Ne2 n=] o'n B j=1 n=1 Xynl n
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Not surprisingly, we again find the covariange:

ST = LT vy - 57
BN 521 k=0 kj“ k3
A6.10
1 N®-1 ; B N1
= — Y + = Af_ .
Ne2 nZI. Xn n B jzl nleXYnJ n

Clearly, we can get the variance through the same routine
by substituting xzfor Y.

We've seen how to band average the spectra -- we do
likewise with the extended spectra. In fact, to preserve
the same logarithmic spacing the b€ extended spectral
averaging bands can be those of the regular spectra -- only
the frequencies and perhaps the highest bandedge are
altered. Table A6.1 is an example of extended spectral
bands for N° = 128 and N = 4096.

In analogy with the band-averaged spectral density
estimates, A5.1, we define the smoothed extended spectral

density. This is

g L ) oo , A6.11
n BEN"BE-1 k=BE _l+l k
where
®e=AN % Nk .
© (2 5k,Ne/2)kak A6.12

for spectral density estimates, and
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Table A6.l. Example of averaging bands of an extended
spectrum for Ne = 128 blocks, each of length
N = 4096.
Up pexr F rcee qnuteerfc Y
Band Frequency BE +BE +1
Index Index Count ( n n-1 )
(n) (BE,) (BE_-BE__;) 25N Ne
(x4)
1 1 1 1.91 x 1078
2 2 1 3.81 x 10°°
3 3 1 5.72 x 10°°
4 4 1 7.63 x 107°
5 6 2 1.05 x 107°
6 9 3 1.53 x 10°°
7 12 3 2.10 x 1077
8 17 5 2.86 x 107°
9 23 6 3,91 x 107°
10 32 9 5.34 x 107°
11 45 13 7.44 x 107°
12 = b°® 64 19 1.05 x 1074
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e

e _
@k = Coxyk

€
- lexyk A6.13

for cross spectral density estimates. Obviously, in the

second case

~e _ e _ iRne
Qn = Coxyn lexyn . A6.14
We associate these 3

n with the frequency

. BE. + BE + 1
£ = 1 n-1 A6.15

n 2 AN N©

and the frequency interval

Jf® = D n-1 A6.16

Hence, A6.10 finally becomes

B . . , B b -
x'x' = ) oS afrf+z VY ) & _.df A6.17
Xn n B . £, Xnj n
n=1 j=1 n=1
and
IR N RS
x'y' = Co df- + = Co df_ . A6.18
n=1 Xyn n B 4=1 n=1 Xynj n

A7. CONFIDENCE INTERVAL FOR T

Because assigning confidence limits to the results of

a process requires knowing or assuming the probability
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distribution of that process, we should spend a few moments
reviewing the notation of probability and statistics before
moving on to a discussion of confidence intervals.

We will denote a 'random variable' by x: x; and 5
are observations of the random variable at times i and j,
respectively, with x; and X5 the results of these observa-
tions. Assume X is normally distribuﬁed with mean zero and
variance one: that is, x is normal(0,1). If a random

. o . . 2
variable y is instead normal with mean u and variance ¢,

we can make it normal(0,1l) with the transfermation

. Sl

X
- o

.

Let us generate a series of observations of x, {x.},

containing N samples. The 'sample average' of this series

is
N-1
= 1
X = = z X.,
= Nt
and the 'sample variance' is
N-1
2 _ 1 _ 2
s"=§ .l -
i=0
1N e
No__ _i - ‘
i=0

The true distribution mean of a quantity of interest is the

'ensemble average' (Lumley and Panofsky, 1964) or the
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'expected value' (Brunk, 1965) and is denoted by E[ ]. For
the expected value of the variance of the distribution we

write V[ 1. Hence,

E{x] =0
1 N-1
E[x] = E[N‘ '2 -}ii]
~1=0
N-1
=§. ] Elx;] =0
i=0

VIx] = E[x - E[x]]

I
=
%
N
4
tet
1%,
"
|—l

Elyl = u

2

Viyl = Ely’] - v¥ = o

Finally, we define the correlation coefficient,

E((y; - w) (g5 = w)]
= J
pi_j 02 . A7.1

Clearly, this is an even function,

And

since for i=j the numerator of A7.1l is 02,
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The crux of defining the probability distribution of
@n and thereby establishing a mathematical basis for
assigning a confidence interval to Pn, the true spectrum,
is proving the independence of any two members %y and §j of
the time series {§k}. The masterworks in thekfield of
spectral analysis either beg the question or do not treat
confidence intervals at all. For example, Jenkins and
Watts (1968) assume their time series is white noise and so
by definition uncorrelated. However, most time series are
not as trivial as this. In turbulence research we might
study a time series of the horizontal wind speed, {Ek}'

Everyone knows this series is correlated: the correlation

coefficient

Pi-3 = .

is not always zero but rather depends on the time separa-
tion, k = i-j, between observations. The smaller k is, the
better the correlation. For large k the correlation co-
efficient becomes zero -~ the series eventually 'forgets'
what has happened before. After such reflection there
seems little hope of showing any two X3 and ij of a geo-
physical time series are uncorrelated. We can, however,
design our experiment to approximate this condition as
closely as we like.

Consider the sample correlation between x, and x

j.
That is
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1 N-Z'l N-1
= N X._}E- .
XjX5 N2 32q o0 19
The expected value of this is
1 Nil Nil
E[i_}_{_] = - Py A7.2
=37 §? 320 420 17D

since the standard deviation of x is 1. To strictly estab-
lish the independence of any twq observations in the time
series, A7.2 must be zero. As we've explained, this is
obviously not true for most gecophysical time series. How-
ever, let us continue on to investigate just how close to
zero A7.2 is.

Write A7.2 as

Nil Z}I:. N'il 1
E[x.X.] = =5 [ P._s * p._.] - = ., A7.3
= N2 i=0 =0 =] j=1i -] N

In the second summation on the right make the substitutions
n=N-1-1i

m:N—l'—j-

Then
N-1 N-1 Nil N-1
p_,: v p___.
i=0 j=i =3 n=0 j=N-1-n N-1-n-j
N-1 n
= 1 1 epop
n=0 m=0
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Thus, because pi-j is even,

N-1 i

‘ 5 1
E[X.X.] = <5 ] ) opa_. - = A7.4
T30 N2 420 320 71 N
Next let k = j-i. We get from A7.4
2 Nil %.
E[X-E- ] S p A7:5
—izi+k N2 120 k=0 k

Suppose now for illustrative purposes that P is a
correlation coefficient linearly decreasing with time

separation:

]
=
1

for 0 £ |k| < r,

il oy

Px
A7.6

=0 for |k| 2 r .

Tennekes and Lumley (1972, p. 210) explain that the inte-

gral scale

A7.7

is a measure of the time over which X remains correlated
with itself. For the correlation coefficient modeled by
A7.6 the integral scale is about Ar/2. Keep this in mind.

On substituting A7.6 into A7.5 we can at last approximate
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Pra— 2 ]i' Z
E[X X ] [ (l _ -)
itk N2 i=0 k=0
r
1
= _?i_ z [ l(l+ )]
N i=0
= —l-i-[r(r+l) - %[r(r+l)6(2r+l) + r(r2+l)]]
N
2(r+l) (r-1)
) 2 g A7.8
3N

The result A7.8 demonstrates what is important in
determining the correlation of a process: the longer the
sampling time or the poorer the 'memory' of the signal, the
smaller the expected value of the correlation. For example,
if Ar is of order ten seconds and our sampling time AN is

five minutes, then

10 2

ElxiXi] (300

~ 0.001 :

that is, the expected value of the correlation is 0.1%

of the sample variance. Our conclusion is that given

a finite integral scale, we can choose a sampling time for
any process which forces the expected value of the correla-~
tion to be approximately zero. In other words, the assump-
tion that any two observations in our sample are independent

is well justified.
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Now we can go on to establish the probability distribu-
tion of the spectral density estimates. We'll assume our
observable is the y defined earlier which was normal(u,Uz)-

As always

- v -2m1ink/N
_Y.n z Xk e :

And since by proper sampling we can force the zk‘s to be

approximately independent,

_ 2 _ .2
E[Xizj] = @ 6ij uoo. A7.9

Our first step is to determine the mean and variance

of Xn:

1
E[X] e
0 k

N ~-27ink/N

I

Blry) = 1

= Nuéno A7.10

from A2.8. The correlation between any two Xn's is

E[Y, ¥*] = zz; e—2ﬂink/N]fi:)e2ﬂimk'/N Ely, ¥y ]
= N o2 Sy ~ N2 0P 520 Smo A7.11
on the basis of A7.9 and A2.8. That is,
EIY 8] = N o° - N2y
E[Y ¥*] = N o° n#o0 A7.12
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*] =
E[Y Y*) 0 n#mnm.
Consequently,
vy ] = N o n=0,1,...,N-1 . A7.13

Therefore, since the y,'s are normally distributed, the Y 's

are also normally distributed such that
2
Y, - normal(Nu,6No )

Y. normal(O,Naz)

Our development will continue along smoothly if we

write Y as

N-1
- 27Tnk . . 2mnk
Y, = Y ly, cos =f— + i sin =5 ]
k=0
CJR L LI
=Y, t1Y . A7.14

With little trouble we can show that Xﬁ and Xi are uncor-

related for all n and m and that each is uncorrelated with
itself unless n = m. For example, look at

N_l . . N—l - [
E[X§X§] = % 2 (82ﬂ1nk/N + e-2ﬁ1nk/N) 2 (e 2nimk' /N
k=0 : k'=0

+ e21r1mk-/N)E[zkzk'] .

Substituting A7.9 and summing, this is
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2 N-1 o .
B(eReRy = BT 2rd(memk/N 2w (k) /N
k=0
+ o 2Ti{n+mk/N | o~ 2mi (n-m) k/N

2 2
N™ u 6n06m0 ' A7.15
which reduces to
YRRy = Ng? 5 + & 1 - n%u2s_ s A7.16
=n-m’ = 2 nm n,-m H °ho°mo :
But notice
e21ri(n+m)k/N - e2ni(n+m—-N)k/N
Hence, A7.15 is also
BiyRyR) = Ng? s + 8 1 - n%u%s_ 6 A7.17
=n=-m- =~ 2 nm n,N-m W °no°mo - *

Therefore, if we insist on our frequency index ranging be-

tween zero and N-1, Gn ~p 1S non-zero only at n = m = 0, and
4

Gn N-m 1S non-zero only when n = m = N/2. Thus, A7.16 and
14

A7.17 are in summary

E[YaYs] = No? - n%y?
R R | No?
EIY Yl = 5 Sim n # 0,N/2

R 2

R =

The remaining statistical properties of Xﬁ and Xﬁ follow

similarly. These are



204

Xg > normal(Nu,Noz)
R N02

Y - normal (0, —5*) n#0,N/2

R 2 o

XN/Z -+ normal (0,No”) A7.18

I NGZ

Xn + normal (0, —— n#0,N/2

I

I . \
¥y and XN/Z + identically zero

Recall that

R I
= * =
Pop = Yp¥i YV 4+ Y Tyt A7.19

Since, Eyn is, thus, a random variable found by summing the
squares of two independent, normally distributed random
variables, 2 gyn/No2 for n#0,N/2 is a chi-square random
variable with two degrees of freedom (see Brunk, 1965, p.

230). That is,

—-I;izlrl > xg n#O,N/Z
A7.20
P
Y ,N/2
Xl .
NO

And we've arrived! Having established the probability dis-
tribution of Byn’ we at last reach the firm footing of prob-
ability theory and should find the going easier. But be-

fore trekking on let us review the fundamentals of a chi-
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square distribution. Remember, if a chi-square random

variable has v degrees of freedom, then

Elx;1 = v
5 A7.21
VIX;1 = 2v
consequently,
2E 1521
V= — . A7.22
V[xv]

Rather than working with the power spectrum in A7.20, we

prefer to use the spectral density

(2 - 6 n=1,2,...,N/2. A7.23

b= [

9yn n,N/Z)Byn

By substituting A7.23 into A7.20, we show that

- xg n=1,2,...N/2~1

A7.24

However, Sections A4 and A5 explained that we are seldom

concerned with the raw spectral density, [ but instead

yn'

will average ¢, raw densities (note: ¢, = BE, - BEn_l) to

get the nth band average and further average each band over
B blocks (refer to equation AS5.l1). Hence, the smoothed

spectral density estimate, gyn’ is the result of adding the

squares of 2an independent, normally distributed random
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variables. It will, thus, have approximatelnyCnB degrees
of freedom.

Therefore, we wish to form a random variable from §

vn
such that
——Lz > -XZC B ° A7.25
Ao n
From A7.21 we can find a. That requires
4 B BEn
1
2¢ B = =25 [= ) E[o, .11 .
DT ag? CpB 321 k=BE. 41 X3
n-1
Using A7.23 and A7.19 we get
2¢B=-2. L 8 (53 % J EYR R+ yiovlo)
= 2 _ = & - AR Y. Y. ,
n 02 cB N n,N/2) 521 ¥ k™ jk jk=jk
which from A7.18 reduces to
2 2
_ . a _ No Ng
n,N/2
or
a = an .

With more algebra than we care to mess with here it

can be shown that ¢ is an unbiased estimator of I __, the

Yyn yn
true spectral density: that is,

E[2,] =T, -
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Hence, recalling A5.1 and using A7.23 and A7.19,

E[3 1 =T =280° . a7.27

Substituting A7.26 and A7.27 into A7.25, we finally demon-
strate that

2c_ B 5
n —yn

2
-5 ‘x .
ryn 2an

A7.28

Because of the fact that the Fourier coefficients are
only approximately independent for a non-trival time series,
we prefer to estimate the degrees of freedom rather than
assume v is simply 2an. To do that we appeal to A7.22
using the sample mean and the variance of the sample mean.
So note that if for a series of observables {xk} we calcu-

late

then

Likewise we relate the sample standard deviation, s, to

the sample standard deviation of the mean, S:

2 _1 2
s¢ =5 . A7.29
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In our problem o is the sample mean. The sample standard

yn
deviation, syn’ is consequently
B BE
2 1 n 2 ~2
Syn = E—B'- 2 z (0] - 9 . A7.30

n® j=1 k=BE, ,+1 Y& ¥P

Hence, from A7.29 the sample variance of the mean, 82

yn’ is
2 _ 1 2
Syn = -%_B Syn . A7.31
Then finally
2 32
v_ o= — 8 A7.32
n 82
yn
and we, consequently, modify A7.28 to read
v 8§ ,
BB el A7.33
T Vn
yn

In general, considering A7.31, we expect Vi will be roughly

2an.

Everything is now ready for our placing confidence
limits of Pyn' Because of A7.33 we can make the probability
statements

Vi
Pr{—-l—,:zE < x5S =

v, 0
yn
A7.34
v 9
n 2 = -
Pri—p - Xv,l—a} =l-oy
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where o is an arbitrary, small number and Xi,a is the 100a
percentage point of a chi-square distribution with v
degrees of freedom. Rearranging A7.34 we have expressions
for the confidence limits of T'__.

yn

v o
Pri{b = —-522 <T _} =oa
yn
X\),OL
A7.35

N <
|
o]

Pr{a = yn

Xv,l—a

[a,b] is, thus, a 100(1 - 2a)% confidence interval for

|
yn

An an exercise, suppose we find v = 30 and desire a

95% confidence interval on Pyn: in other words, o =

0.025. From readily available tables

2
X30,0.025

16.79

2 =
X30,0.975 = 46.38

sSO .
30 8
a4 = 76.98
30
b = o gm
I6.79

That was pretty easy. But many time series will con-
tain so many blocks and/or such long records that a smoothed

spectral density estimate could have anywhere from 100 to
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20,000 degrees of freedom. Few tables tabulate the chi-
square distribution beyond 100 degrees of freedom. However,
for large degrees of freedom a normal approximation is well-
founded: the C.R.C. handbook of probability and statistics
(Beyer, 1966) gives the following approximation for the
100a percentage point of a chi~square distribution with more

than thirty degrees of freedom:

2 _ 3.2
Xy o = Flzg + (2v - 1717, A7.36

4

where Z,, is the 1000 percentage point of a cumulative nor-

mal distribution.

A8. CONFIDENCE INTERVAL FOR nyn

We have yet to find a proof which establishes the prob-

ability distribution of éx , the cross spectral density

yn
estimate; therefore, we appeal to the Central Limit Theorem

as a basis for assigning confidence limits to nyn' That
theorem states that the distribution of the sample mean
approaches a normal distribution as the size of the sample
gets large. Because our block and band averages may be com-

prised of from 50 to 10,000 raw spectral estimates,

~

assuming gxyn is normal seems reasonable. Hence, drawing

on the volumes written about the normal distribution we can

easily place rough confidence limits on nyn.

If we again define the sample variance §i of the

yn'
as in A7.30 and A7.31, we can form an

~

sample mean, ¢
P ean, Zxyn’
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approximately normal(0,l) random variable, thusly,

~

2 n I‘X n
z = —xys Y . A8.1
Zxyn

‘'The reader might argue that because we must use the sample
variance, a t-statistic would be more appropriate. But re-
call, the t-distribution approaches a normal distribution
as the sample size grows.

Probability statements about A8.1 follow immediately.

~

2xyn xXyn

Pr{ S < —za} = q ,
Zxyn
A8.2
& -
pr{=XY2 xyn < za} =1 - a,
2xyn

where z, is the 1000 percentage point of the normal distri-
bution. A few manipulations of A8.2 yield

) + z_ S < T } = a

Prib —xyn a=xyn Xyn’

i

AB.3
l1 - a.

I

® -z 8 <T }

Pr{a —Xyn a=xyn Xyn

i

Obviously, [a,b] is a 100(1 - 2a)% confidence inter-

val for nyn' If, for example, we desire a 95% con-
fidence interval for nyn’ then z, = 1.960. So
a = Qxyn - 1.960 Sxyn

b = Qxyn + 1.960 Sxyn .
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A9. THE FAST FOURIER TRANSFORM

Most of the spectral analysis we do is economically
possible (with respect to both money and time) only because
of the fast Fourier transform (FFT). That algorithm is
roughly N times faster than the direct transform of equa-
tion A2.1. Therefore, since, we've spent most of our energy
describing the mathematics of spectral analysis given the
Fourier coefficients, it might be worthwhile to at last add
a few words about the mechanics of generating those coeffi-
cients.

Let us look again at the series used in A2.1. Write
the Fourier transform as
N-1

X
k=0 k

e—2ﬂink/N , A9.1

N
n
where we introduce the superscript N to indicate the number
of samples in. the data series. Suppose we divide the series
{x;} into two unique series {y,} and {z,} each of length

N/2, thusly,

Y = X2k
k=0,l,-o.,N/2_l

x T X2k+1 -

Then the Fourier coefficients of these new series are
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N/2-1

N/2 -4m1ink/N
Yn/ _ y, e /
k=0
2’1—"-0,1,...,1\]—1 A9.2
ns2  N/2-1 ~4Tink/N
z = ) z, e .
n k=0 k

Or we could write Xﬁ in terms of the new series

N/%—l
X = [y
n k=0 k

e—2nin(2k)/N e—2nin(2k+l)/N1

+Zk

which yields

XN = YN/2 + e—2W1n/N ZN/2

. A9.3
n n _ n

Now let's go another step farther ~- divide each of

our new series in two again. Set

Y = Yox
Zp = Yoyl
k=0’1,.o.,N/4—l
Y = Zox
z" = 2 .
k 2k+1
As before
v N/4 . N/4-1 , _-8mink/N
n yk e
k=0
n=0,l,...,N/2—l A9¢4
N/4-1 Camd
g1 N/4 _ 2l e gTink/N

n k=p ¥
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and so forth. In terms of the new series

N/4-1

N/2 _ -471in(2k) /N -471in(2k+1l) /N
el e N+ ozl e ] .
Or
YN/Z = YlN/4 + e"4ﬂin/N ZIN/4
n n n

n=0,1,...,N/2-1 A9.5

ZN/2 - Y,,N/4 + e~4ﬂin/N Z"N/4
n n n

It's now possible to generalize from A9.3 and A9.5.
If we've divided our original N samples into N/m series of

m samples each, then
x2m Yg + Wt g™ 2A9.6

where

W= e T/m A9.7

But from A9.2 and A9.4 we can show that

m _ W
Yn+m - Yn
A9.8
m _.m
Zatm = Zn
And from A9.7
W oy A9.9
Thus, the computation of Xim is further simplified because
TR SR L A9.10

n+m n n
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Equations A9.6 and A9.10, thus, constitute the fast Fourier

transform algorithm:

2m m n ,m
Xn —Yn+W Zn
A9.11
2m m n ,m
Xn+m Y, - W 2,

n=0,l,...,m-l.

By now the scheme for use of the FFT should be glim-
mering, at least faintly. If the number of samples, N, in
our original series is a power of two, we can continually
divide it in two until we have formed N new series of one
sample each. But the direct Fourier transforms of these
one-sample series are the sample values themselves. We
then climb back up the ladder generating progressively
higher order Fourier coefficients using the algorithm of
A9.11 until we reach the ultimate coefficient, Xﬁ. If N
is not a power of two, we divide it by two until reaching
an odd number, p, split our N samples into N/p series of p
samples each, compute the direct Fourier transform of these
N/p series, and again apply the FFT algorithm, A9.11, to
compute higher order Fourier coefficients.

It might facilitate our understanding the FFT to look
at an example. Take a time series’{xk} for which N=8.
Figure A9.1 is a signal flow graph (after Cochran, et al.,
1967) which demonstrates the workings of the FFT in this

case. On a signal flow graph the dots (or nodes) represent
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m=| m=2 m=4 . N=8
iw -1
W=e '" W=e 2 W=e 4
2 4 8
Y Yy R X0
Xo

Figure A9.1. A signal flow graph demonstrating the fast
Fourier transform for N = 8.
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variables and the arrow heads specify transmissions. Each
node is the sum of the nodes pointing into it with weight
factors noted near the arrow heads. So, for example in

Figure A9.1, xg in the upper right is

In this FFT signal flow graph the variables down the left
side are the original eight one-sample time series and are
themselves the Fourier coefficiénts contributing toe the
next level of nodes. On the right are the final Fourier
coefficients. The arrows lead from the time series to its
Fourier transform specifying the summations and multiplica-

tions required by A9.11.
Al0. FFT PECULIARITIES

Because the time series {x,} used in A2.1 need not be
real, it's economical for any FFT computer software to
always process a complex time series. Hence, most FFT
packages yield the transform of the complex series'{xk},

where
X = ¥y + i Zy o Al0.1

{y,} and {z; } being real series. Consequently, if we have
only real data, it's feasible and, in fact, prudent to
transform two time series simultaneously by entering them

in the form of Al0.1.
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We may, for example, have a horizontal and a vertical
velocity series, {uk} and'{wk}, respectively, and so could

call for the Fourier transform of {XK}, where

X = U + i Wy - Al0.2

This is simply

N-1 .
X e—ZWlnk/N . Al0.3
k=0

On substituting Al0.2 into Al0.3 we get the individual

transforms of the u and w series,

X = J Iu o~2mink/N 5 o =27ink/N,
n & k k
k=0
=U_ +1iWw Al10.4
n n
As usual
_ N-1 -27ink/N
k=0
Al0.5
N-1 .
_ -21ink/N
wo= ] we
=0
Because Un and Wn are, in general, complex -- that is,
R, . T
Un = Un + 1 Un
Al0.6

W= WY+ 1wt
n n n
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-- they will not be as easy to retrieve as Al0.4 might
imply. To enter the data in the form Al0.2 we stored {ux}
in a real array and {wk} in an imaginary array. The trans-
form coefficients are likewise returned with the real part
in the real array and the imaginary part in the imaginary

array. So it would be more appropriate to write Al0.4 as

R P &

where now Xﬁ and Xi are the real and imaginary parts,

respectively, and so both real numbers. Clearly,

Al0.8

I R

n’ Wn’ and Wi from

To deduce the four quantities Ui, U
the two stored terms Xi and Xi will require some algebra.

From Al10.5 we show that since Uy and wk are real

* =
Us = UN-n
Al0.9
* =
Wn WN-n .
Thus, if
Xn = Un + 1 Wn ’

then
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Hence,

U= RIX + Xh )

Al0.19

=
il

~i/20%, - X1 .

Or using Al0.7 and rearranging, we finally get expressions

for the real and imaginary parts of the Fourier coefficients

Un and Wn:
U, = BL(X Xy )+ X - e )]
Al0.11
Woo= 00X+ X )+ A(X: - Xe )]

n=0,l,...,N"‘l.

Usually the software sets

so for n=0 and n=N/2 both Un and W are real as expected.

In performing the FFT a computer must sometimes scale
the results to keep the numbers in a range it can accommo-
date. This scaling is simply multiple divisions by two of
every coefficient. When the FFT is completed, the computer
notes the scale factor, c, which is the number of such divi-
sions. The true Fourier coefficients are, thus, related to

the stored coefficients by
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true _ ,cC
U = 2 U,
Alo.12
true _ ,cC
Wn = 2 Wn .

A.ll CALIBRATION COMPLICATIONS

Our introduction explained that we record turbulence
data -~ transducer voltage signals -- in analog form on
magnetic tape, digitize this analog data, and store the
digital results as integers on a computer-compatible magnet-
ic tape. All the spectral analysis is done using this
digitized data. Thus, there are several processing steps
between the physical observable and its spectral density:

a calibration equation for each of these will likely be
necessary.

Suppose we are fortunate ~- suppose every step in our
data handling involves only a linear calibration. If x is
the observable, t the corresponding transducer voltage, v
the analog tape voltage, and m the digital tape integer, a
typical set of calibration equations might include the fol-

lowing:
1. Calibration of the transducer—-

X = alt + bl All.l
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2. Signal processing and analog tape conversion--

a,v + b,
3. Analog to digital conversion--

v = a3m + b3 .

Obviously, with these happy circumstances the

a linear function of the mag tape integer,

X = ala2a3m + alazb3 + alb2 + bl '

-3 + R
X a m bX

All.2

All.3

observable is

All.4

All.5

Next look at what A2.l1 says about the Fourier coeffi-

cients of the integers,

N-1 .
- -2mink /N
Xn = kzo (a,m + b.) e
Xn = aXMn + bX 61’10 ’
where as usual

N“l g
M = ) m, e~2mink/N

k=0

All.6

All.7

The result All.6 is extraordinarily convenient. It

suggests the possibility of doing the FFT on the integer

series rather than converting the integers back to
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observables before the FFT. Because integer variables re-

quire half the computer memory that floating point varia-

bles do, such a routine has a lot to recommend it. If, for

example, as in Section Al0 we have time series of horizon-

tal and vertical velocities which obey All.5, we would

write

and

uk = aumk + bu All.8

W T auqk + bw

The averages of u and w are by All.9 simply

N u

N w

From A3.]1 and A4.3 the

un

2>

wn

Un = auMn + bu8n0

All.9
Wn = ann + bwano :
= U0 = auM0 + bu

All.1l0

= W, = an0 + bw .

raw spectral density estimates are

2 %*
(2 - 6n,N/2) au MMy
All.1ll
2 *
(2 - 6n,N/2) a, 9
n=1’2,¢..,N/2 .

The import here is that since the multiplicative constants

can be factored out of

each of these spectral estimates and



224
because our smoothing operation, A5.1, is such a simple
process, we save a lot of computing time by doing the FFT
on the series of the integers, block and band averaging
the raw spectral densities formed from the integer trans-
forms, and then applying the calibration as the very last
step instead of converting each individual integer to an

observable by All.S8.
Al2, DIGITIZING CONSIDERATIONS

In the introduction we simply assumed we had a time
series sampled at 1/A and containing B blocks, each of
block length N. Now the reader has the background to
understand how to select these three parameters, A, B, and
N.

A is the most fundamental of the three because as A5.2
implies, the spectral analysis cannot provide information
about frequencies higher than 1/2A = fNy’ the Nyquist fre-
quency of the sampling process. If disturbances with fre-
quencies above the Nyquist frequency occur in the original
signal, their contributions to the variance or covariance
will be 'folded back' or 'aliased' in the spectral esti-
mates at frequencies lower than 1/2A and so must alter the
true shape and variance of the spectrum.

To demonstrate this let us suppose {xk} contains fre-

quencies higher than 1/2A; represent these by
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m

£ =%

r _
+—Aﬁ—mfNy+fr’ Al2.1

where m is an integer greater than zero and r is an integer

such that 0 < r < N/2. Then {xk} will have components of

the form
x, = a o2mifAk _ o 2mi(m/2 + r/N)k Al12.2
If m is an even number
N-1 . .
X = a z e21r:|.(m/2+r/N)k e—2n1nk/N
n
k=0
= a N Gnr . Al2.3

That is, frequencies of

all contribute to the Fourier coefficient Xr'

If mis odd

N-1 . _ s
X = a 2 e2ﬂl(m/2+1/2 1/2+r/N)k o 2mink/N
k=0

N_l » . =
a 2 e1r1(m+l) e—2n1(n N/2+r)k/N
k=0

=a N Al2.4

n,N/z—r ¢

So each of the frequencies
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f=f + £

Ny pr 3fny * £y Sy, + f

Ny r’

are aliased in the Fourier coefficient XN/2-1" Figure

Al2.1 tries to show why we call this aliasing process 'fold-
ing': the frequency axis is apparently folded accordian
fashion at multiples of fNy'

The moral of this exhibition is to choose A so that
the Nyquist frequency is higher than any frequency in the
signal. Or if we're unsure a priori just how high fre-
quencies in the signal can be, filtering the data to remove
all frequencies above the Nyquist would be a plausible
alternative.

The selection of N is fairly straightforward. We
wrote in the introduction that N was a power of two: Sec-
tion A9, where we described the mechanics of the FFT,
emphasized the reasons for this choice. Though some larger
computers may have software to accommodate an arbitrary N,
don't be surprised if most FFT packages categorically
refuse to handle any N not a power of two. In general, N
should be as large as computer storage limitations allow:
the FFT is more economical and more accurate for large N.

The choice of the number of blocks, B, may, in the
end, be a matter of convenience since ANB is the elapsed
time of the experimental run. However, equation A6.15
indicates that B does play a crucial role in the shape of
the spectrum. Because N® is less than or equal to B, the

lowest frequency the extended spectral egtimates can
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N/2 N 3N/2 2N

Figure Al2.1. Aliasing of frequencies at fyy + r/AN and

ZfNy + r/AN. The scale on the frequency
axis is the frequency index. Notice the
'folding' about N/2 and N.
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resolve is

£ =

1
low = ANB °* Al2.5

Thus, our first thought might be to make ANB longer than
the longest period oscillation we expect to encounter in
our observable. But if that period is too long, synoptic
changes may affect our signal and so ruin assumptions about
.stationarity. ‘Consequently, to compromise let ANB be some
small fraction of the synoptic period (say 1/10 or less).
yet long enough to adequately sample the more energetic
frequencies at the low frequency end of the spectrum. This
isn't double talk because if we ektend the spectrum to low
enough frequencies we'll likely find 52&%2 approaches zero
and so no longer contributes to the variance or covariance

in A6.17 and A6.18.
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APPENDIX B
THE ALEX PROFILE DATA

Data! data! data! I can't make bricks without

clay.
Arthur Conan Doyle
"The Adventure of the Copper Beeches"

On the following pages we list what we consider the
highest quality downwind velocity and temperature profile
data from the AIDJEX Lead Experiment. Lindsay (1976) makes
a similar listing of the corresponding upwind profiles.

Our run number is referenced to the sequencé;number of
the analog tape on which the raw data was recorded. The
hundreds and tens digits of the run number give that analog
tape number. The units digit specifies a section of
selected data on an individual analog tape. And a number
after the decimal point indicates that such a section
was broken down into shorter intervals which are, thus,
consecutive. For example, Run 121.1 and Run 121.2 are
consecutive 21 minute runs from the first section of good
data on analog tape 12.

The bulk Richardson number characterizes the flow over

the lead. It is

(T - T )(50 cm)
Ri = I 0.5 W , B1
B Tw U2
0.5

where T0 5 and U0 5 are the temperature and velocity,
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respectively, each at a height of 50 cm; Ty is the water
temperature; and g is the appropriate acceleration of
gravity, 982.7 cm/secz.

There are six profile levels. The velocity at the
highest level was measured with a cup anemometer and
averaged over the entire run. The velocities at the lower
five levels are from the straight hot-film sensor, which
spent one-fifth of the run at each of the five levels.

The lowest five temperature points were generated by
the profiling thermocouple, which was also at each height
for one-fifth of the run. The sixth point of the tempera-
ture profile comes from the differencing thermocouples.
All are potential temperatures.

The occasional zeroes which appear in the profiles

show where bad data points have been removed.
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18, 292. 18. -123, 82
26, 323. 28, -20. 89 «
56. 267, 56. -24. 44
93. 386, 53 -21, 62
1aa, 399, . 44@. -21. 67
232, 45@. 198, -21. 78
RUN: 2.3 DATE:  NWFARCH 14, 4374
e o 2 A4 0 2 TIHE: 2233 RST
DURATION: 415 25 WMINUTES
FETCH T-WATER T-1CE - BRROMETER RI-gULK
(M) ) (C)> {Hk=-HGE)
3.5 -2. 1 -24. 8 vei € -9, 82588
zZ4 U 27 T
Chd (CH/SEC) (CH} {C)
19, 307. ie. -19. 89
26. 324, 26. -21, 44
56. 369, 56, -21. 32
g3, 442, . 93 ~21. 7%
148, 423, 149, -21.27
232. 45635, 199, -21. 34
RUN: -R22. 4 DRTE: MPRCH 14, 1974
o400 20 p b e e 4 0 TIKE: 2388 AST
DURATION: 14. 51 HINUTES
FETCH " T~WARTER T~1CE BRAROMETER RI-BULK
L {C) C (HH~-RG )
&35 -2. 4 -24. 8 7L 6 -G, G4R?%
2u - o 27 T
(CH) (CH/SED) (Ch Cy
A, 2357. i3, ~13. 94
245, 276, 25. -21. 8%
54, 312, 5%, ~24. 85
S$3. 334. . 92, -241. 88
143, 332, 143, ~21. 84
232. 3553, 4139, -24. 88
RUM: 411 DATE: HWHRRCH 44, 4974
S o A0 A W 0 e e TIKE: &Z232 ARST
DURARTION: 44, 9% #nlNUTES
FETCH T-HATER T-1CE BARDHETER RI-BULK
{4y (g {C) (M= HG )
3 § -2. 1 -21. & 7L 8 -3, 8343
2u ] ray T
{Th) (CH/SEC) {CH) (C3
X N 9 14, ~132, 89
6. 254, 25, -24. 82
55, zz2. 34, -Z4i. 87
33, 2ab, 93, ~21. R2
148, 359. 144, -241. 88
2323, 4“5 19:&, ~-21. 77
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RUM: 41, 2 DATE:. HWARCH 414, 4974
03 3024 2 o0 e A e TIKHE: 23438 ARAST
) DURATION: 414.93 HINUTES
FETCH T-HETER T-1CE BRROUKETER RI-BULK
M) (g C> (H~-KG? ..
8.1 -2.1 -24.5 7716 -8, 8313
ZU U ZT T
(Ch) (CH/SEC) (CH2? <C)
1i8. 254, 13, -139. 63
26. 3a7. . 26. -28. 32
S6. 239, 58. -2i. 32
. 93. 3356. 93, -24. 66
148, 366. 148, -21. &4
233. 411, 1.94. ~21. 64
RUN: - 41.3 DARTE:  HRARCH 12, 41974
Heate e o el e e Rl TIHE: 883 AsST
DURATION: 14 93 FKINUTES
FETCH T-MATER T~1CE B8FAROKETER RI~-BULK
(4,94 <« C> CHA-HG 2
8.1 -2. 1 ~21. 4 774, € T -8, 8282
2U 1) 27 T
(CHt) (CH/SEC) - (CH) ($99
10. - 291, 418. -13. 83
26. 315. 26. -28. 88
S6. 358. 56. -24. 42
93, 383. 93. -2%. 57
140, 395, 149, -24. 57
233. 438, 158, ~21. 57
RUN: 45 4 DATE: MERCH 12, 1974
e 20020 e sfesge e e fesie TIHE: &ei8 AST
DURATICN: 414,93 HINUTES
FETCH - T-WATER . T-1CE BAROKETER RI-BULK
<H) ¢} cr CHM~HE >
8.1 -2. 1 -21. 2 718 -8, 83983
. 2u ] 27 T
{CH) (CH/SEC) LCH> C>
19, 276. e, -19. 43
286. 388, 26. ~28. 8¢
S6. 343, ’ S56. -21. 23
93. 374, 93. -24. 49
148, 354, 149, =24 44
233 431, 198, ~24. 43
RUM: 41 .3 CATE: HRRCH 12, 41374
Mol R e TIKE: 2832 AST
DURATION: 14 93 KINUTES
FETCR T-HATER T-ICE BHROAETER RI-BULK
(€39 {C) (€39 (EA=H5 ) .
8.1 -2.1 -21.2 775 & -8, 8389
2y U 27 T
(CM) (CH/SEC? Cir> (409
19, 2451, ie. ~4.2. 25
26. 274, 26, -28, 48
S6. 3332, 56. ~24. 13
23. 327. n 33, 24, 31
143, 331 1493, -24,. 38
233, ~241, 32

372. 198,



RUNM: 41 A
a0 o0 20 4.2 o 4 e e
FETCH - T-WMATER "
(M) (C)
8.1 -2. 1
2U U
(CH> (CH/SEC)
19, 201,
26. - 239.
96, 261,
93. 277.
248, 292.
233. 324,
RUN: 51.1
- A 20 T N 28 2T
FETCH T-HATER
(M) ($39}
8. 1 -2. 1
2U U
(CH?» (CH/SEC)
8. 127.
24, 139, -
S54. 149,
S1. 174,
1i39. 176.
228. 211,
RUN: 51.2
390 246 348 e e e 2 24 24 24e ¢
FETCH T-MATER
<R )
8.1 -2. 1
U . 1
CH) (CH/SECY
8. . 454,
24, 167,
. 54, i88.
91. 243,
139, 299.
2728, 248,
RUN: 52.1
e e o 2 40 e 24t 3 nje ot 2
FETCH T~WATER
Ry )
8 1 -2Z. 1
21 i
{CH> CCHZSEC)
8. 146,
24, 1£2.
S54. 177.
91. 193,
128. 134,
224, 238,

DATE: HKARCH 12, 4974
TIKE: B8#48 RST
DURATION: 14.93 HWINUTES
T~ICE ERROMETER RI-8ULK
03 CHH-HG Y _
-21. 3. 771. 8 =9, 8513
2T T
K> O
18, -19. 94
26. -28. 32
56. -24.. 88
93. -2, 27
148, -21.32
198, -21. 33
PATE: WARCH 12, 1574
TIME: @448 RST
DURATION: 45.36 HINUTES
T-ICE BAROKETER = RI-BULK
s CHH=HEY -
-21.4 774, @ -8. 1546
4l T
cH )
8. . ~19. 49
24. ~28, 44
54. ~-28. 83
94. -21. 26
139, -21.38 .
189. -21. 40
DATE: HARCH 12, 1924
TIKE: @133 AST
DURATION: 14,93 KINUTES
T~-1CE BAROHETER RI~BULK .
ey CHM~HGY .
-21.8 774.8 -8, 8982
27 T
iy «wr
8. -49. 44
24. -29. 24
S4. -28. 53
94. -24. 15
139, -24. 28
189. -21. 32
DATE: HMARCH 12, 1974
TIE: 8455 AST
DURATION: 45.24 MIWUTES
T-1CE EFROWETER RI-BULK
133 CHibi~HE 2 _
-21. 14 771. @ ~93. 1484
zZr : T
CCid «C)
8. ~19. 48
z4. -28. 45
54. -28. 94
S1. ~z4. 24
135, ~21. 32

135, -21. 36
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RUN: 352.2 DRYE: HWARCH 12, 1974
00200 300 58 o o N o e TIKE: ©2i2 AST
DURATION: 416.24 HINUTES
FETCH T-HATER T-1CE BRROWETER RI~BULK
[4,2] «> «C> {HH~-HG) -
8.4 C-2.1 ~21. 9 7L 8 -3, 2567
2u . U A | T
CM) (CH/SEC) (CH) L
8. 163, ) 8. ~19. €&
29, 189, 24, -28, 27
S, 115. ) 54, ~28, 68
91, 127. 91. -21. 94
138. 428, 1328, -=21. 23
228. 169, 188, ~2%. 27
RUN: 52. 3 DATE:  KRRCH 12, 1974
0o 200 o o e o e TIME: 8228 AST
: DURETION: 16,24 HINUTES
FETCH T-WATER T-ICE BARVCKETER RI~BULK
[4:)} ) (499 ] CKEi=HG)
8.1 -2. 1 -23. 9% 774. 8 -8, 2646
2U U : T T
(CH>» : (CH/SEC) CH> (€2
8. 183, 3, -13. 42
24, 117, 24, -28. 33
354, 112, 54, -23. 53
94. 125, 9i. -2, 92
138. 4133, 138. -21. 11
228 164, 188, =21, 16
RUNM: 61. 1 DATE: HARCH 412, 1974
EL P DL TIHE: 8325 AsT
) DURRTION: 135.36 HINUTES
FETCH T-HATER T-ICE BRROSETER RI-BULK
<K <C> (Cy {Hf~HG)
8.1 -2.1 -23.8 v7i.8 -3, 2532
2U U ’ 2T T
{CM) (CR/SEC) ' (CH) Ly
8. 102, : 8. -19. 26
24, ii8. ) 24, =19 84
Sa, . 443 . S, -28. 48
91, 117, 91. -28. 8§
138, 124. 138, -283. 94
229. 163, ’ 138, -26, 92
RUN : 1.2 DRATE: ®ARCH 12, 41974
ek e e o oA ol TIKE: 8348 HRST
' DURRTION: 44,93 RINUTES
FETCH T-HATER - T~ICE BAROKETER RI-BULK
(MY C» ) CHE-HGE? ,
8.1 -2.1 -29.7 77i. 0 -3, 2587
2U U 2T T
(CH) : (CHASED) {LK2 (Co
8. S35, 3. -19, 33
24. 196, 24, ~13. 38
. 115, 54, -2, 46
o 1418. o4, -289. 73
238, 144, ) 138, -28. 88
229. 5% 159, —-20. 33
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RUN: 52. 1

237

DATE:  HMARCH 12, 41374
0 a4t e e b o 2 2 e TIKE: @418 AST
DURATION: 28.983 HINUTES
FETCH T-KRATER T-1CE BRROMETER RI-BULK
CH) (L) . (cH (HHA~HG )

8.1 -2. 4 -28. 9 ¥71. 0 7 -8, 1854
20 ] ’ - 2T T
M) (CH/SEC) : {CH> C?

8. 148, ) : 8. -19. 22
2%, 167. . 24, -28. 135
Se, 189, . 54, -28. 74
91, 197. , 81, - ~21. 88
138. 268, . 438, -21. 49
2293. 238. 188, -21. 14
RUN: 62. 2 DATE:  MHARCH 12, 1974
O A e " TIKE: 8438 AST . .
DUEARTION: 28.65 HINUTES
FETCH T-WATER T~1CE BRROMETER RI-BULK
(4] <C) ) CHH=-HG>
8.1 -2 4 -21. 8 v7i. @ -8, 1144
22U u ’ ZT T
ChJ (CH/SEC) ) (CH> «>
8. 136. 8. -19. 23
' 2a. 452. 24, -29. 16
Se. 17+, S5e, -26. 84
91, 189, 91, -21. 84
138, 196, © 438, -24. 43
229. 227. 188, ~-24. 17
RUN: 7i. @ DATE: HARCH 12, 41974
e 2 a2 3 2 s e e e TIHE: 2424 #AST
DURRTION: 14,93 HINUTES
FETCH T-WATER T-1CE BAROMETER RI-BULK .
(4.0 [€>9 (C) (HH=~HG)Y . )
6.8 -2.2 ~-18.7 772. 8 -3, 8239
2U ] 27 T
{(Ch) (CH/SEC) {CH) )
12. 238. iz, ~17. 49
22. 3ia. 22. -17.62
a3, 337. 43, -17. 83
86, 384, 886. . =48, 48
17?5, 487, 176, ~18 49
2238. a. 226, & a9
RUN: 72. 8 DARTE: HWHRCH 42, 1374
B T Y TIKE: 2237 #ST
DURRTION: 435. 36 HMINUTES
FETCH T-WRTER T=1CE BAROMETER RI~-BULK
(4P (C? (L) (HH-HG)
6. 2 -2.2 -22. 1 772. 8 -8, 8384
2u U 27 T
(€M) (CH/SED) ’ {(Ch3 [
12. 263, i12. -29. 53
22. 284, 22. -24. 49
a3, 297. 43, -2i. 72
25, 329, . 86. ~24. 87
176, 373, 176 8,89
228. a. : =6,

8. 89




RUN: 81, 1 DRTE: HKARCH 12, 1974
200 2 300 e 206 200 295 46 e e ¢ TIHE: 2343 AST
DURRTION: 14,93 HINUTES
FETCH T-WARTER T-1CE BAROKETER RI~BULK
(M) (C> C? . (Eiki-HG >
6.8 . =-2.2 -23. 8 772.8 T -3, 8568
2U o U ZT T
(CH)y . (CH/SEC) : T (e (C)
12, 238. ) 12, -22. 38
22. 258. ' z2. -22. 59
43, 256. 43, ~22. 96
86. 273. 886, -23. 22
176, 338. 1786. -23.22
228. 8. - 226. ~23. 44
RUN: 84. 2 DRTE: HARRCH 12, 1974
e s 2o e ape s e e e TIRE: 2228 As5T
DURATION: 14.93 HINUTES
FETCH T-WRATER T=-ICE BARUKETER RI-BULK
") (C?» - £C> C(HH-HG)
6.8 -2.2 -24, 2 ?72. 8 -8. 8717
+-2U | 2T T
CH) (CH/SEC) {Ci)> C»
12, 199. 12, -22. 66
22. 282. » 22. ’ -23. 82
43, 227. . +3, -23. 32
86, 248, g6, -23. 63
176. 283. 176. -23. 68
228. a. 226. -23. 52
RLUN: s82. 1 DATE: HARCH 12, 1974
ks ok 24 ol 40 20 e 4o e o8 TINME: 2258 AST
CURATION: 15,72 HINUTES
FETCH T-WRTER T-1CE BRROMETER RI-8ULK
<) ) (>3] (HH-HG Y
6.8 ) ~2. 2 ~24.6 772. ¢ -8. 8783
2U U 2T T
(CH) . (CH/SEC) (Cit) (€3]
2. 215, 12. -22. 9%
22. 229. 22. -23. 38
a3, 229. 43, -23. 8&
87. 263. ) 87, -24. 8%
176. 343, 178, -24, 83
223. 9. 224, -24. €53
RUN: 82. 2 DARTE: HKWARCH 43, 1974
o 2 o 5 2 e ofe o e e TIKE: @886 asT o
DURRTION: 43. 7% HKINUTES
FETCH " T-WATER T-1CE BAROMETER RI-BULK
{H) (€59 (C C(HH~-HIiI}
6.8 -2. 2" -25. 8 772.0 -8. 8948
Frall U ‘ 2T T
(oM (CH/SEC? CCi> (G
12, 1382, 12, -23. 85
22. 194, 22. -23. 53
43, 198, 43, -232. 52
&°?. 231. 57, -24, 22
176, 254, 176, -24. 23
223. 2. 226, -Z4. 22
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RUN: 82. 3 DATE: MARCH 13, 41974
240 0 e e 0 o ot o4 e e TIKE: 8822 @AST
: DURATIGN: 45.36 WINUTES
FETCH . T—HWATER T~-1CE BAROKETER RI-BULK
(4} (C) C> (KK-KRG)> -
6.8 -2. 2 -25. 3 2.8 -8, 1864
2u . u 27 : T
(CH) (CH/SECY . (93] C)
a2, 172. 12, ~23. 5¢
- 22. 183. ) 22, -23. 82
43, C 488, 43. ) ~24. 23
a?7. . 216, oo 87, -24. 48
176. 256. 178, 24, 43
223. 8. 226. -24. 47
RUN: 91. 4. DRTE: HRRCH 132, 1974
AN R A - TIKE: 1149 AST
. DURATION: - 44. 92 HKINUTES
FETCH - T-RRATER . T-1CE BAROMETER RI-BULK
) wr > (HM~HG) :
6.8 -2. 4 -25.6 - 7?8. 9 -8, 3135
2y u 2T T
(CH) (Ch/SEC) (CHY ({v
12, 187. 12. -23.76
23. 183, 23. -24, 34
s, : 118, 44, -24. 68
87. 125. 87. -25. 35
a7e. 136. i1e¢7. - -25. 43
239. 183. 227. ~29. 4+
RUN: 91. 2 DATE: H®WRRCH 43, 1374
0 e 00 420 o 2 2 A oA TIKE: 41284 RAST
i DURRTION: 44,51 HINUTES
FETCH T~-RATER T~1CE BARONETER RI-BULK
142D Cy e (HK-HG> .
6.8 -2. 4 -25. 4 778. 9 -8. 2332
p:¢12 1] 2T T
{(CH)> (CR/SEC) (CK) <C)>
12, i24. i2. -23. 48
23, 132, . . 23, ~24, 42
“s, 128. . 44, —24. 42
87. 145, 87. -24, 93
177 155. 177. -~25. 49
238. 283, 227, ~-25. 1%
RUN: 92. 1 DATE: HARCH 132, 49574
3¢ 00 e 46 o o e o 0 TIHE: 4226 6&ST

DURATION: 4S5. 36 FKINUTES

FETCH T-WATER T-iCE BRROMETES RI-BULK

(MO «)> « (HH-HG?

6.8 2.4 -24.7 - A -g. 4052
2y 1] 27 T
i) (CH/SEC) . LChy «
i2. 93, 12, -22. 92
22. . 97. 22, -23. 45
43, 96. 43, . -22. 79
87, 185, . &?. -24. 32
176, 144, 176, ~-24. 54

238, 154, 226, -24, 68



RUN 82. 2 DATE: HARCH 13, 1974
9 e e e e 3 o ol TIME: 4241 AST
DURATION: 14.93 HWIRUTES
FETCH T-HRTER T-1CE BARUHETER RI-BULK
(4:3} C) ({»] (HH~HG) -
6.8 -2. 4 ~24. 3 778. % -8. 3592
2y u ZT T
€M) (CH/SEC? (Cr )
2. S6. i2. -22. 68
22. . 97. 22. -232. 29
42, 150, 43, - -23. 38
87. 115, - 387, -23. 86
176. 127. 1786, ~-24. 13
2380, 167. 226. -24. 23
RUN: 161, @ ORTE: KARCH 43, 1974
e e B TIKE: 4487 AST
DURATION: 43.36 MINUTES
FETCH T-HATER T~ICE BAROKETER RI-BULK
(M2 (C> (C» (HH-HG)
6.3 -2. 3 -23.9 779. 0 -Q. 8738
Zu U 2T T
(Ch) (Ch/SEC? (CH) (C)
22. 193. i2. ~-21. 68
21. 245. 21. -22. 23
“2, 246, 42, ~-22. 63
36. 259. 86, -22. 98
173, 282. 1?5, -23. 84
223. 354, - 225. -23. 68
RUN: 162. 8 DATE: HARCH 43, 1974
ool Ao ofe e oA TIME: 1430 AST
DURATIQN: 22 .61 HMINUTES
FETCH T-WATER T~1CE BRROKETER RI-BULK
(¢} ) c> CHK~HG > ;
6.8 -2.3 -22. 8 779.9 -g, 1364
U U 2T T
{Cn) (CH/SEC> (CK> (C>
12. 433 42. -24. 43
22. 138, 22. -24. 82
a3, 162. 43, -22, 45
86. 174, 86. ~22. 76
i?3. 188S. 175. -22. 33
223. 218. 223. -22. 83
RUN: 1€3. 1 DATE: WFRRCH 13X, 1974
20300246 e 546 e e HSofe e e TIHE: 41%5€8 RST
DURATION: 44.393 HKINUTES
FETCH T-HATER T-1CE EEROHETER © RI-BULK
(€.} (C) (§9] (HHN=HGD
6.8 -2. 3 -24. 8 7728 -3, 3344
2y u 27 T
i) (CW/SECY (Ch? <C)>
12, 9. 12. -28. 35
22z. in@, 22. ~24a, 86
43, 14, 43, -24. 16
87. 115, 37. ~24. 63
176, 118, 176. ~-2i. 79
2392, 163, 226. -21. 31
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RUN: 183.2
e 3¢ 34 2 3¢ 3¢ e 30 244 e o
FETCH T-HATER T-1CE
CH) ({>)) (C)H
6.8 -2.3 -21.8
2U U
(CHM?> {ClH{/SEC?
12, 134,
22. 143,
43, 1354.
87. 167,
1.76. 178.
238. 248.
RUN: 444.1
3¢ 20 240 240 2 330 sl a4 2t S 22
FETCH . T-WATER T~ICE
(4: )/ ($0%) (>
6.8 -2.3 -24.8
2y U
(CN) (Ch/SEC)
2. 9.
22. 99.
43, 183,
86. 1185,
176. 1486,
229. 175.
RUN: 111.2
S 3 3 240 30 2030 48 e e N
FETCH - T-WATER T-1CE
<M L) (C)
6.8 -2.3 -23. 5
zZu U
(Chi) (CH/SEC)
12, 74.
- 22, 73.
43, 72.
86, 87.
176. 1685,
223. 121,
RUN: 4121. 1
e TH e o4t 2 3 30 A
FETCH T-WATER T-1CE
CHY {C)> (L)
327 -2. 1 ~-24,. 8
2u U
(Chi) (CH/SEC)
i1, 238,
5. 269,
as, a4,
55. 324.
2.52. 332.
283, 1.8,

241

DATE: HARCH 33, 1974
TIKE: 4515 AST
DURATION: 14.93 HINUTES
BRROKETER R1-BULK
CHH-HG)
779. 8 ” -9, 1458
zT T
> <C)
12, -20. 59
22. ~21, 82
43. -21. 44
g2, -24. 68
176. -21. 76
226. -21. 74 -
DATE: HARCH 13, 1974
TIKE: 155% RAST
DURATION: 45.36 HINUTES
BRROMETER RI-BULK
CHN=HG) :
779. 4 -8. 3285
zT T
«H >
12, -21. 45
22. . -24.93
43. ~22. 49
8s. -22. 99
176. -23. 85
22s. -23. 87
DATE: MARCH 13, 1974
TIKE: 1618 AST
DURATION: 14.93 HINUTES
BRROKETER . RI-BULK
CHK=HG) :
779. 4 -8. 6393
27 T
ccH 3]
12, -24.43
‘ 22. -24. 38
43. -21. 86
86. -22, 42
" 176, - -22.68
22€. -22. 64
DATE: HARCH 19, 1974
TIHE: 465¢ AST
DURATION: 26. 94 HWINUTES
BRROMETER RI-BULK
CHM~HG)
775.7 -9, 8392
zT T
<K «
i1, -23. 95
45, ~21. 29
44, ~22. 45
. 85 -23. 86
152, -23. 55
292, -23. 74




Y

RUN: 124.2 DATE: KARCH 1%, 41574
e 3 2o 2 a8 e 3t it o 2t e TIME: 47414 AST
DURATION: 26.48 HRINUTES
FETCH T-KATER T~I1CE BAROCKETER RI~-BULK
13/ C> | (HR-HG 2
33.7 -2.1 -24. 2 7?5. ¢ ~8. 8348
ZU 1] 27 T
. CCH) (CR/SEC) (CH)> <«
11. 252, . 11, -24. 44
15. 283. 15, -21. 53
ad. 322. 44, -22. 93
- 8%, 343, 83. -232.29
152. 382, 152, -23. 74
298. . 458, 282. ~23.92°
RUN: 122. 1 DATE: HARCH 413, 1974
20000 0 2 2 o 5 4 0 TIKE: 4735 ARST
DURATION: 24.33 HMINUTES
FETCH T-WATER T-1CE BAROKETER RI-BULK
<h) <C) {C) (HE~HG)
33.?2 -2. 1 -24. % 775. 7 -9, 9453
2U 1) ZT - T
(o1, D] {CH/SEC) {(Ch)> )
24, 225. 11, -241. 35
15. 218. 15. -21. 58
44, 254, 44, -22. 92
85. 382, as. -23. 34
153. 334, 153. ~-24. 35
298. 398 293, -24, 24,
RUN: 1222 DRTE:  HKARCH 19, 41974
e e s o B e e TIME: 47356 AST
DURATION: 24.33 HMINUTES
FETCH T-WATER T-1CE BARDKETER RI-8ULK
) <C)> (€99 (HKR-HG
33.7 -2. 1 -24.8 775. ¢ -3. 9525
2u 1] 27 T
Cn) (CM/SEC) (Ch) C>
1. 234, - 14. -21. 78
195, 232, 15. ~-24.95
aa, 264, 42, ~23. 45
85, 297. 8s. ~23. 83
153, 335 153. -24, 3§
298. 396, 283. ~24, 56
RUN: 132. 6 DATE: RARCH 19, 419745
I TldE: 194¢ 0ST
DURATION: 28. 31 MINUTES
FETCH T-WATER T-1Cg BRROKRETER RI-BULK
M) (€% (L) CRK-~8132
3.8 -2.1 -27. 1 776, 6 -3. 88957
2u U zZT T
CH) (CH/SECY (Chd (g re]
23, 203, 11, -23. 64
26. 236, 26. -24. 43
63, 246, &9, -25. i1
115, 271. 115, ~25. 36
2335, - xiz. 238S. -235. 94
2932. 358, 235, ~-23. 3?
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RUN: 132. @ DRTE: HMARCH 19, 1974
e e oo TikE: 28417 AST
DURATION: 24.76 HINUTES
FETCH T-RATER T-I1CE BAROKETER RI-BULK
(4.} ) (C? {RM~KG) )
34.0 -2. 1 -27. 3 776. 8 w =@ 8843
2y ] 2T T
M) (Ch/SEC)Y cr) C>
i1, i8a. 11, -24. 87
26. 208, 26. =24, 84
68, 22°. 68, -23. 38
115, . 2353. 115, -2%. 76
234, 288. 234, . -26, 13 -
292. 329. 284, - ~25. 48
RUN: 133. 0 PRTE:  MARCH 19, 1974
PP R pRpN TIME: 2643 AST
QURRTION: 26.88 HNINUTES
FETCH T-WATER T~ICE BARORMETER "RI-~BULK
M) (C) «> (HM~HG?
34.0 -2.1 -27. € 778 . 8 -8, 8594
2u : U rag T
«ch) (CH/SEC) CCH} <C)
¥ W 188, i1, -24, 73
26. - 195, 26. -25,. 19
61, 242, 64, -2%. 92
245, 242, 115, -26, 34
234, 288, 234, -26. 47
293. 3. 284, ~-26. 47
RUN:  a41. 1 OATE: NKARCH 13, 1974
e 39e 34e2fe 20 30 o0 20 e e 4t TIRE: 2242 AST
DURATIOM: 28.94 HINUTES
FETCH T-WATER T-ICE BAROMETER RI-BULK
) 3 3 CHN=HG) =
33.9 -2. 1 -28. 1 ?76. 7 - -8, 8727
20 u 2T T
ey (CH/SEC) (1) ({9
14, 201, 1%, -24. 83
29. 238. 29. -23. 43
&3. 256. 63, ~26. 22
118, 263, 148, -26. 58
237. 3Iae. z3°. -26, 96
296. 344, 287. ~27. 84
RUN: 2191, 2 DATE: HARCH 19, 1974
30200 30 2 o 3 2 34 90 0 TIME: 2233 AST
.DURRTION: 28. 94 HINUTES
FETCH T~WATER T-1CE EARQHETER R1-BULK
o) C «) (Mif=-HG)
33.8 -2. 4 -28. % 7?6.7 ~3. 8683
Ziu [} ZT T
(CM> {CH/SEC) hi) ()
N 291, L4, -24. 33
29, 237. 23, ~-23. 68
63. 253, 63, -25. 48
118, 257, 118, -26, 34
237, 314 237, -27. 28
235, I, 287, -27. 48



RUN: 142.9 DATE: WMARCH 19, 1974
e e e e el e ek o "TIME: 234X AST
DURATION: 21.33 HINUTES
FETCH T—MATER T-ICE BRROKETER RI-BULK
) C) ) (leg=HG) '
33.0 -2. 1 -29. 4 7?6.7 -3, 168683
ZU u 27 T
(CMD (CH/SEC) (Ci) C
is. 136. 14, ~26, 18
23. 158, 29. -26. 66
63. 167. 53, -27. 8¢
118. 188. 143, -27. 43
237. 224, 237. -27. 84 i
296. 268, 287, -27.3%% .-
RUN: 151. 8 DATE: HKRARCH 28, 1974
ook i el s s s O TIiKE: 8141 AST
) DURRTION: 25.88 HINUTES
FETCH T~-HATER T=-1CE BARONETER RI-BULK
(R (C> {C) (Hh-HG)
S52.8 -2. 4 -33, 9 e, 8 -8. 1893
24 U 27 T
(CH) (Ch/SEC) (Cr) ()
14, 127. 14 -27. 37
28. 1486, 2s. -23, 89
62. 163. &2, ~28. 43
117. 175. 117. -23. 86
236. 216. 236, -23. 19
-296. 238. 236, -29, 25
RUN: 161.@ DATE: MARCH 28, 4974
40 3 A MO AS N e TIRE: 8221 ARAST
DURATION: 24.33 HINUTES
FETCH ' T~WRTER T-1CE BRAROKETER Ri-8ULK
) C) C3 (HR~-HG)
€8. 8 -2.1 -32. 8 777. 7 -6.156?
2 1] 27 T
(Cm) ' {CR/SEC) £Ch) (Y
1, 141, 14, -28. 28
28. 164, 3. ~23. 82
62. . 4182, 63. -29. 48
117, 1906, arv. -2, 4&
2386, 211. 238, -23. 34
295, 231, 235, -23. 93
KUN: 162 1 DATE: RARCH 29, 1974
a4e e oy 2 6 2 Ao e TIRE: @2 65T :
' DURATION: 48, 7?7 HINUTES
FETCH T~WATER T-1CE BAROMETER RI-BULK
14} C» (>3] (H-HG )
63. 3 62.1 --32. 6 77e.? -8, 1463
ried} 1} 27 T
ey (CR/SEC? (cr (C)
2.9, i8e. 14, -235, 73
29, 19%, 23. -29. 31
63, 243, 53, ~29. 93
2315, 21.3. 11i2. ~33, 83
237. 243, 237 -33, 57
293. 2353 W7, -2J. 74



T-1CE
(2>
~32. 8

T-ICE

C)
~31i. 8

T-1CE
«<
~-31.9

T-ICE
(Cy
-31. 4

RUN: 162. 2
< 200 3 240 3¢ 8 30 ah e i 2
FETCi4 T-WNRTER
M) (C»
68.8 _ -2.1
2u ‘U
cH) (CM/SEC)
14, 122.
29. 151, -
63. 152,
218. - 4173,
237, - 184,
298. 291,
RUN: 171.1 .
2 2823 2 ks 0 3¢ 340 24
FETCH T-WATER
S ) (L)
85.8 -2.1
ZU (1] :
(CM) (CM/SEC)H
1e, 143,
23. 159.
&4, 173,
118, 179.
238. 261,
296. 21°7.
RuN: 171.2
8 3¢ 34e 3¢ 3¢ 24 208 3¢ et A
FETCH T-KATER
14, D) <y
85. 0 -2.1
2U v
(Ch> (CH/SEC)
14, 133.
29. i52.
64, 174
118, 179.
238. 193,
296, 243,
FUM: 1733
O Mo 2 e 3t 20 2 e e A
FETCH T-HATER
£y C
85. 8 -2.1
2y U -
«Cri) (CHASEC)
14, 166,
29. 154,
5e 153,
118 217.
233 229.
296, 237,

DURRTION:

DURATION:

DURRTION:

ODURRTION:

DATE: . HARCH
TIME: 9332
18. 23
BAROKETER
{(Mir=-HG?
el 7
27
wmn
14,
29.
63.
113,
237.
287,
‘DATE: HARCH
TIRmE: 6414
16. 23
BARORETER
(RH=-HG 2
?78. 4
2T
cm)
14,
29.
64,
118.
238,
288.
DATE: HHRCH
TIRE: 3438
16. 21
BARCHETER
(HH-HG )
778. 8
2T
(cri
14,
29.
&4,
118,
238,
288.
DRTE: NBRCH
TinE: 8446
19 %8
BAROMETER
Cithr-HG >
778. 8
2T
(CH)
1%,
29.
L
118,
238.
2388,

28, 1574
AST
NINUTES

RI-BULK
-~ ~g. 2821

T
)
-29. 38
-39. 89
-38. 26
-38. 52
-36.89
-38. 98

28, 1374
AST
NINUTES

RI-BULK

-8, 1776

T
>
. ~29. 74
-38. 13
-38. 33
~38. 73
-31. 15
~341. 235

28, 1974
AST
HINUTES

RI-BULK
-8, 1903

T
LY
~29, 82
~38, 42
~38. 83
-33. 89
-34. 32
~31. 42

28, 1974

AST

RINUTES
- RI-BULK
-8. 1243

T
&>
-29. 74
-39, 29
-38. 64
~383. 93
~34.23
T =31, 49

245




RUN: 231. 8 DHTE: FAPRIL 2, 1374 .
e 34¢ 0o 30 4 36 2 3 0 4 ot TIHME: 4952 AST
’ DURATION: 28.91 HWINUTES
FETCH T-WATER T-1CE BARQKETER . RI=-BULK
(M) (CY &) (HK~HG)
290.5 -2. 4 -25. 8 767. 2 -3, 2486
2u u ZT T -
(CMY (CH/SEL) (CH) (>
‘48, i2a. 18, -22, 79
34, 122, s W -23, 87
S6. 126. 56. -23. 38
18e, 1e3, 134, ~-23. 56
202. 18ae. 282, -23. 68
244, 2084, 252. . -23. 6%
RUN: 232.8 DRTE: APRIL 2. 1874
242200 0 0l 05 O 2 AN TIKE: 284% ARST
DURARTION: 26,88 HINUTES
FETCH T-WATER T-I1CE EAROMETER RI-BULK
(M) (C) W . AMM=HG)
28. 3 -2. 4 -26.3 767, 2 -8. 4513
2U ] Fa) ‘ T
(CH)> (CH/SEC) {CH) (o)
18. 89. i3, -23. 835
31. 31, 31 -232. 97
S56. 94, S56. -24. 14
104, i1a7. 184, =24, 483
292. 148, 282. -24, 71
- 244, 163, 252. 8. 8¢
RUN: 233. 8. DATE: FAPRIL 2, 1974
o e o o e e 0 e A e TIKE: 2838 AST
DURARTION: 26.45 HINUTES
FETCH - T-WATER T-1CE BARORETER RI-BULK
(") C> (L2 (Ria-HG)
28. 35 -2. 4 ~-26. 1 767. 2 ~3. 2693
Al U 27T T
) (CH/SEC) - chy >
18, 1135, is. -24. 18
31. 119. 31. -24. 33
S6. 123. 5. -24. 62
184, 139. 164, -24, 9¢
202. 183, 282. -25. 88
244, 292, 252. ~-24. 2%
RUN: 241. 9 DATE: APRIL 2, 4974
464 e she ol e ool A TIHE: 2224 AST
CURATION: 27.31 HINUTES
FETCH T-WATER T-10E BAROMETER RI-BULK
) ) (29 (HH=-HG)
24.5 -2.3 -27. % h6.5 ~8. 3743
2 U 2T : T
{CM) {Ch/SED) {Criy >
11, 99, 11, -25. 43
22. 148, 22, -25. 59,
32. i87. 52. -2%. 92
39. 143, 99, ~26. 24
282, 143, 282, -25. 48
173, 2352, -26. 57



247

RUNM: 242. 8 DRTE: FAPRIL 2, 4974
o o e o b 2 o 2 e o o TIHE: 2287  AST
DURATION:  21.32 NINUTES
FETCH T-WRTER T-ICE BARURETER RI-~8ULK
(¢ D/ <€) C) (HM-~HG?
20.3 -2.3 -28. @ 766, 5 ° -8, 3284%
2u : i u 27 T
(CH) (CM/SEC) (Ch) (C) .
i1, 184, 11, -25. 70
23. 148, 23. -26, 86
53.. 116, 53, -26, 45
- 100, ) 128. 189, -26. 78
284, 16e, 204, ~27.43
248, 172, 254, ~27. 13
RUN: 235i.0 DPATE: APRIL. 3, 1974
05000 2000030 2 2 00 TIME: @443 A8ST :
’ DURATION: 435. 36 HINUTES
FETCH T-MATER T-ICE BARCKETER R1-BULK
o) <C) (Cy (MN~HG 3
29.9 -2.3 -28. 6 766, 8 -@, 4623
2V ] 2T T
CH) CCH/SEC) {CH) <C?»
12. . 4951, 12. -25.12
23. 158, 23. -26. 74
S3. 167. 53, -27. 14
ige, 186. 128, -27. 59
20%, 223. 204, -27. 8¢
248. 238. 254. ~-27. 835
RUN: 252.9 DATE: FRPRIL 3, 1974
e SH 20 402002 o e TIHE: ®148 RAST
DURATION: 25. .94 WIMUTES
FETCH T-HATER T=ICE BAROKETER RI-BULK
(M) «C) o) CRIS-HG
29. 8 -2.3 -28. 3 766. 8 -8, 1334
20 . u 27 ’ T
<Crid (Ch/SEC) (CH> . (C)
12. 162. 12, -26.13
23. 171. 23. -26. 78
53. iS4, 53. -~27. 38
198, 1.99. 189, ~2?.73
%4, 243, 204, -28. 02
243, 247. 254, -28. 84
RUN: 253.1 DRTE: APRIL 3. 1874
HOM S 1A A A A TlkE: ®©B296 AST
DURATION: 435.79 HINUTES
FETCH T-WATER T-I1CE BARQHUETER RI-BULK
ChY «2) [£99] (=G> :
28. 3 -2. 3 -23. 5 765, 8 -3, 1895
2U v 27 T
(41 D] (CHA/SEC) [P <C)
©oaz. 139, 12. -26. 24
2, 183, 24, -26.73
52 o S2. -27. 48
181, 229. 191, -27. 88
289, 271. 264, -23. 19
245, 2749, 254, ~23. 12




RUN: 2953.2 DATE: FRPRIL 3, 1974
e o e e A A o TIME: @222 AST
DURSTION: 45. 35 MNWINUTES
FETCH T~RATER T~1CE BARUMETER RI-8ULK
1) [{op] [$o9] Cald~HO 3
29.8 -2.3 -28..7 756, 8 7 -9, 43954
24 U 27 T
CCHY (CR/SEC? {CH? {CH
1z . 153, 1z, -25. 31
24, 173, 24, -26. 33
53. 154, S3. -27. 43
131, 211. 284, -27. 92
28a, 245, 284, -23. 14
. 249, 24%. 254, -23. L7
RUN: 281.8 DRTE: APRIL 3. 1874
X MR RAA RN TIHE: @312 AST
DURATION: 25.4353 HIRUTES
FETCH T-WATER T-1CE BRROMETER RI-BULY
) W) (g CHil=HI3)
26. 8 -2. 2 ~29.°1 757. 9 -8, 2236
2U U 2T T
Cr? {CH/SEC? (CH) (C»
12. 134, i2. -28. 61
23. 133, 23, -27. 47
53. 145, 53. -27. 73
i90, 153, 188, -28. 12
284, 191, 264, -~23. 43
249, 212, 254, -23. 45
RUN: 262.1 DATE: ®PFRIL 2, 1374
e o536 240 o M 00 2 TINME: 8417 AST
DURATION:. 16. 21 MINUTES
FETCH T~WRTER T-1C& BRROMETER RI-BULK
{4) > (G2 {KB=HI3) :
23. 9 -2.3 -29. 4 757. 8 -8, 1708
2y u zT T
(Chy {CMASED) (o) (€29
1z, 435, 12, -26, 47
23. 154 23. —-27. 42
53. 1567, 53, -28,43
198, 1886, 148, -28. 62
2aa, 2z 284, -23, 89
2495, - eT2. 234, -29, 94
RUM: 262.2 DATE: FRPRIL. 2, 1974
N e RN W Ao TiwE: ®B433 AST
DURARTION: 45,24 HINUTES
EETCH T-WATER T-1CE BARONETER RI-BuLX
[€\ D (L) (€] (rr—-HE32
249. 9 -2. X -29. 2 57,5 -3, 2143
24 Y 2T T
oD {oPMerSEC) {onm) cl
2. 122. 12. ~28, 43
23. 143, 23. -27. 53
53, 149, 53 -29. 8%
89, 161, 1893 -23, 48
268, 269, 234 -23.7¢
243, 213, 254 -23. 84

248



RUN: 262.3 DATE: FAPRIL 3, 1974
hlub LA Ll L Ll TIKE: ©449 AST
DURRTION: 16.Z1 HINUTES
FETCH T-HATER T-1CE BRROMETER RI-BULK
Gh B 1)) ) CHl=-HG)
28. 8 -2.3 - . =29.3 757. 8 ”  -8.1852
2y U Fay T
e (CH/SEC) cry {3
12, 1386, 12, ~26. 74
23. . 154, 23. -27. 57
53. . 15%. 53. -23. 83
199, 182. 108, ~28, 68
264, 214, 264, -28. 82
249, 225, 254, -28. 29
KUN: 271.8 DRTE: FAPRIL 3, 1374
e 2 e afe 206 2 3o S 30 o TIKE: 8527 AST
' DURRTION: 26,45 HINUTES
FETCH T-WATER T-ICE BRARCKETER RI-BULK
CH2 <y () (HE~HGY
28.8 -2.3 ~-29. 5 767. 8 -8, 1627
2y u 27 T
<CH) (CH/SEC) Ch) <)
12. 136, i2. -26. 74
23. 155, 23. ~27.79
53. 174. 53. ~-28. 29
161, 191, 164, -23. 79
264, 225, 284, ~-29. 85
258. 238 254, -29. 87
RUN: 272.8 DATE: APRIL 3, 1974
200346 24 e 20t 2 2 e 2 TIKE: 8358 AST
DUKATION: 21.33 HINUTES
FETCH T-HATER T-ICE BRAROMETER RI-BULK
<4 (3] e (KH~HG) )
29.9 -2.3 -29.2 767. 8 -8, 295€
2y T 27 T
(CH) (CH/SEC) (cr 3
12, 185, 12, -28. 69
23. - 428, 23, -27. 64
53. 126, 53 -23. 83
189, 135, 168, -23, 32 .
293. 167. 243, -28. 74
258, 183, 253. -23. 72
RUN: 273.1 DRTE:  RPRIL 3, 1974
e 3200 3o 2 o 324 A M TldE: 8623 ARsST- .
o DURATION: 15.79 HINUTES
FETCH T-WATER T-12€ 8AROHETER RI~BULK
o > C> Car=HG
z0. 9 ~-2.3 -29.7 767. 8 ~&, 3836
2u TR 27 T
ey (CH/SEC) wn (3
12 191 12, -26. 84
23, 114, 23, ~27. 88
33. 126, 52, -28. 57
199, 127. . 168 ~-28. 81
293, 1S5, 253, ~29. 28
254, 176. 253. -23. 24




T-~ICE
>
-29. 8

T-I1CE

-~21. 2

T-ICE

(&)
-231. 8

T-1CE
(€29
-20. 8

RUN: 273, 2
A6 26 3¢ A 20 20 2 e A IR o
FETCH T-HATER
() (o
23. @ -2.3
ZU U
ced (CH/SEC)
12, 98.
23. 193,
S3. 113,
289, 129.
293. i52.
a59.- . 168,
"RUN: 284, 0
202 290 2 2 2 2R 2 A B 2
FETCH T-wATER
4, )] )
18. 3 -2.2
2V u =
(CH> (Ch/SEC)
15, 218,
26. 225.
56. 233,
283, 257.
. 287. - 273.
| 25+, 291,
RUN: 252. @
304306 20 At 3¢ 2t 30 20 a8 S )6
FETCH T-WATER
- CHD )
18. 3 -2.2
Fal} u
@Chd {CH/SEC) -
13, 221,
27. 2323,
57. 243,
184, 257.
207. 259,
254, 3e3,
RUN: 283. 4
462 24 200 2 40 € 240 X0 A 2
FETCH T-WATER
CH2 (459
18. 9 -2. 2
21 U
(Cr3 (Cir/SEC)
135, 29,
26, 199,
5eé. 219,
283, 233,
286, 25e.
232. 27a.

DHTE: APRIL 3, 1974
TluE: @641 A[ST
DURATION: 45.7% WINUTES
BRROMETER RI-BULK
(is~HG
767. 6 ~ ~8 3462
ra} T
(CH) C)
12, -27. 44
23. -28. 18
53. ~23. 62
144, -28. 86
243, -29. 24
253. -23, 3@
ORTE: ARPEIL 3, 1974
TIHE: 412435 RST
. DURARTION: 24.33 MWINUTES
BAROKETER - - RI-8BULK
(hn-HG)
767. 8 -3, 08438
2T T
(Cit) <C)
15. -28. 37
26. -28, 98
54, -24. 5¢
143. =21, 87
287, -22, 89
237, -22. 13
ORTE: APRIL 3, 1974
TIKE: 4314 AST ’
DURATION: 24,33 HKINUTES
BAROMETER RI~-BULK
(HE~HGS L
757.8 -g, 8583
zZT T
{CK) (S
15. -268. 37
27. -28. 7¢
S7. ~21. 33
194, -24. ¢3
287, -24. 87
257, -24. 93
DRTE: RPRIL 3, 419?74
TIKE: 4332 A#AST
DURATION: 2¢6.83 KINUTES
BRROMETER RI-BULK
{hri-HG Y
Te7. 8 o -3, 8723
27 T
«(r) (C)
15, -29. B3
286, -29. 34
545, -21. 83
- 443, ~21. 45
2ns. -24. 68
256,

~21. 68

250
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APPENDIX C

SUMMARY OF RESULTS FOR PROFILE FILES

Table C lists results derived from the ALEX velocity
and temperature profiles. The columns designated 'Upwind'
contain values taken from Lindsay's (1976) thesis; his
analysis was based on the flux-gradient relationships. The
'Down' column is then clearly our downwind results.

The remaining column headings are:

Run The profile run or file designation. See
Appendix B for the actual data.
Flux Run The flux file best corresponding Lo the pro-

file file. See Appendix D for tabulated re-
sults from these flux files.

Upwind Run The run designation of Lindsay's (1976) up-
wind profile set which best corresponds to

cur downwind run.

Fetch The fetch across the lead.
8 The thermal boundary layer height.
Zq The surface roughness. The downwind zp comes

from equation 5.2.13.

L The Monin-Obukhov length. The downwind L
results from our flux-gradient estimation
procedure.

Uy The friction velocity. The downwind ux also

derives from the flux-gradient technique.



(- ®

Integral

Latent

252
uw is the direct measurement of the stress
from the lower hot-film anemometers on the
flux tower. The height of the measurement
is given in Appendix D and is usually less
than 20 cm.

The flux-gradient estimate of surface heat
flux.

The integral estimate of average surface
heat flux; i.e., equation 4.1.29.

An estimate of surface latent heat flux
based on equation 6.4.4 and the integral
estimate of sensible heat flux. When the
value is enclosed in parentheses an integral
estimate was not available so the flux-

gradient estimate was used instead.



Table C.

A summary of results for profile files.

Flux Upwind Fetch 5 z, (cm) L (m) u, (cm/sec) (=) 3 Heat Flux (mw/cm2)

Run Run Run (m) (cm) Upwind Down Upwind Down Upwind Down (cm/sec) F-G Integral Latent
11.0 11 3 . 175 .010 .060 -406.4 -4.68 23.8 30.1 24.4 53.7 44.6 17.0
12.0 3 8.5 174 .010 .061 -406.4 -~-4.43 23.8 29.3 52.1 39.6 15.2
31.0 31 7 8.5 164 .007 .046 -150.1 -2.62 18.0 22.5 24.0 39.9 37.0 13.8
32.1 32 7 . 163 .007 .050 -150.1 -3.00 18.0 24.1 26.2 42.9 43.4 16.2
32.2 . 171 . 046 -2.43 21.7 38.3 38.5 13.4
32.3 . 150 . 046 -2.48 22.0 39.2 35.9 13.4
32.4 33 8 8. 163 .007 .038 -732.1 -1.75 16.4 18.4 20.0 32.4 32.6 12.2
41.1 41 8 8.1 84 . 007 .040 -732.1 -1.93 16.4 19.2 20.8 33.8 30.5 11.5
41.2 8.1 88 .042 -2.02 19.7 34.7 29.6 11.1
41.3 9 8.1 88 .07 .044 -111.0 -2.36 16.6 21.2 37.2 33.2 12.5
41.4 42 9 8.1 91 . 007 .042 -111.0 =-2.17 16.6 20.2 22.1 35.1 31.7 11.9
41.5 9 8.1 120 . 007 .637 -111.0 -1.70 16.6 17.8 30.2 32.2 12.2
41.6 43 8.1 123 .031 -1.24 15.0 16.9 25.0 28.9 11.1
51.1 51 10 8.1 136 . 006 .016 -25.7 -0.41 10 2 8.7 6.4 14.7 18.0 6.9
51.2 10 8.1 le8 . 006 .021 -25.,7 =~0.61 10.2 10.6 18.1 20.8 7.9
52.1 52 11 8.1 166 .017 .020 =17.2 -~-0.57 8.8 10.2 12.0 17.3 19.8 7.5
52.2 11 8.1 166 .017 .011 -17.2 -0.25 8.8 6.8 11.4 14.9 5.7
52.3 . 173 .011 -0.27 7.0 11.4 14.7 5.6
61.1 61 12 . 174 .Qo8 .011 -8,9 =-0.25 . 6.7 6.2 11.1 14.8 5.7N
6l.2 13 8. 179 . 006 011 -18.3 -0.23 7.7 6.5 10.7 14.0 5,4:£



Table C (continued)

Flux Upwind Fetch s z, (cm) L (m) u, (cm/sec) (—EG)% Heat Flux (mw/cmz)

Run Run Run (m) (cm) Upwind Down Upwind Dewn Upwind Down {(cm/sec) F-G Integral Latent
62.1 62 13 8.1 170 . 006 .020 -18.3 -0.60 7.7 10.5 13.5 17.5 20.7 7.9
62.2 8.1 170 .019 -0.50 9.6 16.2 18.7 7.1
71.0 6.8 137 .044 -2.84 21.3 31.2 44 .2 18.0
72.0 72 16 6.8 .003 .038 63.2 -1.84 13.1 19.0 21.0 A34.4 (12.6)
8l.1 81 17 6.8 165 .003 .031 18.8 -1.30 10.5 16.5 19.7 31.6 37.6 13.4
81.2 17 6.8 154 .003 . 027 18.8 -0.84 10.5 13.5 26.7 30.7 10.6
82.1 82 6.8 176 .028 -0.98 14.6 17.1 29.0 35.7 12.4
82.2 83 6.8 176 .024 -0.72 12.5 16.4 25.0 40.2 13.9
82.3 18 6.8 176 . 005 .022 11.2 -0.62 9.1 11.7 24.0 36.1 12.4
91.1 91 6.8 170 011 -0.20 6.6 11.4 13.8 24.8 8.2
91.2 21 6.8 215 .013 4.6 -0.30 23.9 8.1 16.4 31.6 10.4
92.1 92 21 6.8 226 - 009 4.6 -0.16 23.9 5.9 7.5 11.8 25.8 8.7
92.2 22 6.8 226 .008 .009 348.0 -0.17 6.3 6.1 11.9 25.0 8.5
i01.0 101 23 6.8 137 .015 .026 -164.1 -0.93 10.6 13.7 14.2 25.6 27.3 9.6
102.0 102 24 6.8 i98 .002 .01l8 -209.8 -0.40 5.2 8.9 12.8 16.7 23.0 8.2
103.1 163 24 6.8 201 .002 .010 -209.8 -0.20 5.2 6.1 11.3 10.5 18.6 6.8
103.2 24 6.8 162 .002 .017 -209.8 =-0.42 5.2 8.9 15.7 19.1 7.0
111.1 111 6.8 217 .010 -0.18 6.1 14.4 11.2 27.0 9.6
111.2 6.8 215 .006 -0.10 4.3 7.8 20.6 7.4
121.1 121 33.7 .038 -1.55 17.9 20.3 33.9
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Flux Upwind Fetch s z, (cm) L (m) u, (cm/sec) (—Ew-)% Heat Flux (mw/cmz)

Run Run Run (m) (cm) Upwind Down Upwind Down Upwind Down  (cm/sec) F-G . Integral Latent
121.2 33.7 .041 -1.82 19.5 37.5 (10.1)
122.1 122 33.7 .035 -1.19 15.8 17.5 30.6 (9.2)
122.2 33.7 .033 -1.18 15.8 30.9 (9.4)
131.0 131 34 292 .029 -0.96 14.8 17.2 31.1 24.0 8.1
132.0 132 34 292 . 026 -0.73 13.1 17.8 28.2 21.1 7.1
133.0 133 27 34 293 .020 .024 15.8 -0.66 13.7 12.5 19.8 27.5 15.2 5.0
141.1 28 33 .010 .029 28.6 -0.87 1l4.6 14.4 31.6 (10.2)
141.2 28 33 .010 .030 28.6 -0.90 14.6 14.7 32.6 (10.3)
142.0 29 33 .019 .018 11.4 -0.36 9.6 9.6 22.4 (9.2)
151.0 30 52 .088 .017 16.7 -0.29 14.4 9.0 22.5 (9.3)
161.0 31 68 177 .020 8.9 -0.36 13.3 10.1 26.2 (9.8)
162.1 68 .024 -0.54 12.4 32.3 (10.5)
162.2 68 .017 -0.28 9.0 24.6 (9.7)
171.1 85 .019 -0.33 9.9 27.2 {(10.0)
171.2 85 .018 -0.30 9.5 26.2 (9.9)
171.3 85 .022 -0.48 11.8 32.0 (10.6)
231.0 20.5 244 .013 -0.27 7.5 14.2 19.1 6.7
232.0 231 52 20.5 . 040 .008 3.9 -0.14 5.5 5.5 5.2 11.1 (7.2)
233.0 232 20.5 244 .012 -0.24 7.3 6.9 14.8 14.8 5.0
241.0 241 55 20.5 250 .005 .010 4.7 -0.18 5.2 6.5 6.5 14.3 13.2 4.4 8:
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Table C (continued)

Flux Upwind Fetch s z, (cm) L (m) u, (cm/sec) (_E;)é Heat Flux (mw/cmz)

Run Run Run (m) (cm) Upwind Down Upwind Down Upwind Down (cm/sec) F-G Integral Latent
242.0 242 20.5 248 .011 -0.19 6.8 6.2 15.5 15.4 5.0
251.0 251 58 20 248 .005 .018 11.2 -0.41 8.4 10.2 9.8 23.5 18.9 6.0
252,0 252 20 .021 -0.48 11.0 10.5 25.5 (9.5)
253.1 253 59 20 .014 .024 23.8 =-0.62 11.2 12.5 12.0 28.7 (9.9)
253.2 59 20 .014 .021 23.8 -0.49 11.2 11.2 25.8 (9.6)
261.0 261 60 20 249 .003 .015 9.6 -0.30 7.1 8.8 9.4 20.7 17.7 5.6
262.1 262 6l 20 249 . 002 .018 13.5 -0.34 8.0 9.5 10.1 22.7 19.4 6.0
262,2 20 249 .016 -0.29 8.7 20.8 16.9 5.3
262.3 62 20 249 .014 .017 23.5 =0.35 9.9 9.5 22.8 18.0 5.6
271.0 63 20 250 .016 .019 21.5 -0.36 8.8 9.8 23.8 19.3 6.0
272.0 63 20 250 .016 .013 21.5 -0.20 8.8 7.3 17.7 15.4 4.8
273.1 20 250 . .012 -0.18 7.0 17.3 15.3 4.7
273.2 20 250 .011 -0.17 6.7 16.7 15.5 4.7
281.0 i8.9 213 .028 -1.12 14.4 24.2 14.4 5.4
282.0 64 18.9 233 .018 .029 -8.2 -1.19 10.9 14.8 24.9 13.0 4.9
283.0 18.9 230 .025 -0.91 12.9 21.4 13.2 5.0
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APPENDIX D

SUMMARY OF RESULTS FOR FLUX FILES

Table D lists the results of our analysis of ALEX flux

The column headings are:

Height

The flux data run or file designation. The
coding is the same as for profile runs and

is explained in Appendix B. However, none of
the flux files were broken into shorter sec-
tions as the profile files were; so there is
no need for the decimal point notation.

The height of the lower flux sensors. The
upper sensors are 50 cm above this.

Denotes measurements from the lower sensors.
Denotes measurements from the upper sensors.
The fetch across the lead.

A stability parameter based on sensor height
and the Monin-Obukhov length. Monin-Obukhov
lengths are tabulated in Appendix C.

The average longitudinal velocity measured by
the flux sensors.

uw is the stress measurement.

The spectral estimate of the heat flux at the
lower height after the correction procedure

described in Section 4.4.
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Est. The integral estimate of heat flux at the
lower height on the basis of equation 4.1.36.

(;5/—;;)% The integral statistic for the variance of
vertical velocity fluctuations. For both
lower and upper w2 values, the lower (—EW)%
value was used.

(;5/—;;)% The integral statistic for the variance of
longitudinal velocity fluctuations. For

both lower and upper 52 values, the lower

(—EW)% value was used.



Table D.

A summary of results for flux files.

z p— —
Hléo:]:rft Fetch i U (em/sec) (é;j:;i) H(en?wt/ct:nlg;x ( % )2 ( '—Eu% ?
Run (cm) (m) Lower Upper Lower Upper Lower Upper Direct Est. Lower Upper Lower Upper
11 10 7.5 .02 .13 367 462 24.4 25.2 5.2 26.2 1.10 1.23 2.63 2.87
12 10 7.5 271 435 30.1 21.7 .81 .97 1.77 2.29
23 10 7.5 241 388 25.2 20.4 .82 .92 1.75 2.18
31 12.8 7.5 .05 .24 303 360 24.0 19.2 12.3 18.9 .95 .87 2.18 2.24
32 12.8 7.5 .04 .21 321 381 26.2 18.8 16.3 23.8 .91 .89 2.18 2.17
33 12.8 7.5 .07 .36 259 312 20.0 12.0 l6.1 16.2 .94 .88 2.09 2.08
41 12 7.2 .06 .32 258 311 20.8 12.1 7.8 13.9 .91 .83 2.20 2.09
42 12 7.2 .06 .29 284 340 22.1 15.4 13.3 14.9 .90 .86 2.16 2.08
43 12 7.2 .10 .50 215 261 16.9 13.0 17.8 15.3 .92 .90 2.19 2.34
51 11 7.2 .27 1.49 132 152 6.4 9.6 11.3 1.9 2.09 5.45 5.75
52 11 7.2 .20 1.08 122 139 12.0 11.9 12.0 .84 .87 2.52 3.79
61 9.3 7.2 .37 2.33 101 105 6.2 7.6 10.2 1.29 1.34 3.39 4.16
62 9.3 7.2 .15 .98 157 177 13.5 11.6 13.4 .79 .74 2.25 3.06
72 17 8.5 .09 .36 277 318 21.0 20.9 12.3 1.08 1.12 1.96 2.27
81 17 8.0 .13 .51 238 266 19.7 18.8 11.1 16.7 .99 1.08 2.02 2.46
82 17 8.0 .17 .68 222 246 17.1 17.8 14.3 15.3 .99 1.24 1.97 2.10
83 17 8.0 .24 .94 207 256 16.4 54.5 8.9 21.3 1.02 3.96 2.02 3.45
91 12 8.2 .61 3.16 90 102 11.4 3.4 11.1 14.8 1.08 1.10 2.35 2.68
92 12 8.2 .73 3.76 98 98 7.5 7.4 8.9 17.3 1.09 1.18 1.91 1.90
101 14 8.2 .15 .69 185 207 14.2 15.0 10.8 11.3 1.01 1.08 2.21 2.60
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Table D (continued)

Lower z (-E;)% Heat Flux w2 % 2 3
Height Fetch "L U (cm/sec) (cm/sec) (mw/cm2) ( = ) ( e )

Run (cm) (m) lower Upper Lower Upper Lower Upper Direct Est. Lower Upper Lower Upper
102 14 8.2 .35 1.62 162 181 12.8 10.9 8.7 1l.6 .95 .96 2,84 3.21
103 14 8.2 .71 3.23 74 99 11.3 4.8 11.6 10.8 1.15 .83 2.33 2.16
111  14.5 8.4 .78 3.49 100 125 14.4 6.8 10.3 17.0 .93 .68 2.49 2.85
112 16.5 8.4 86 85 8.4 10.4 6.7 13.1 1.11 1.21 2.09 2.94
121 50 33.7 .32 .64 308 391 20.3 31.7 12.7 1.16 1.55 2.50 2.96
122 42 33.7 .35 .78 292 362 17.5 27.9 15.2 1.38 1.67 2.54 2.93
131 50 34 .52 1.04 263 297 17.2 21.4 10.8 12.5 1.31 1.45 2.28 2.48
132 50 34 .68 1.37 250 287 17.8 21.5 1l4.0 11.4 1.19 1.33 2.10 2.33
133 50 34 .76 1.52 226 266 19.8 22.1 13.9 6.6 1.06 1.11 2.08 2.24
231 23 19.8 1.68 5.34 88 106 5.9 7.8 1.49 1.90 2.30 2.62
232 23 19.8 .98 3.09 110 135 6.9 8.6 2, 9.2 1.40 1.68 2.10 3.30
241 19 19.8 1.08 3.90 93 116 6.5 8.6 . 9.2 1.27 1.90 2.08 2.40
242 19 19.8 1.02 3.96 26 6.2 .4 11.1 1.28 2.24

243 19 19.8 109 7.8 . 1.10 2.02

251 15 19 .36 1.57 142 158 9.8 11.5 . 12.7 1.18 1.47 2.04 2.16
252 15 19 .31 1.35 151 168 10.5 12.2 9. 1.17 1.40 1.99 2.11
253 15 19 .24 1.05 166 189 12,0 13.3 9.3 1.02 1.30 2,18 2.18
261 15 19 .50 2.19 117 145 9.4 15.2 . 12.2 1.07 1.62 2.15 3.82
262 15 19 .44 1.89 137 167 10.1 12.7 6.2 13.2 1.23 1.52 2.07 2.27

09¢
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APPENDIX E
ENERGY AND MASS BUDGET APPROACH

Equation 4.1.27 can be derived by considering the
energy and mass budgets in a control volume over the lead.
Let one end of this volume be at the upwind edge of the
lead, x = 0; its other end is over the lead at x = F. The
height of the volume, h, is greater than §(x) for all x be-
tween zero and F. Ui(z) and Ti(z) are upwind velocity and
temperature profiles. U(F,z) and T(F,z) are the velocity
and temperature profiles at the downwind end of the control
volume. W is the vertical velocity; Wfi the upwind verti-
cal temperature flux; and WEb the flux at the surface of
the lead.

If conditions are steady-state, the energy content of

the volume will not change. 1Its energy budget is thus

h F , e
J j;) U, (2)T; (z)dz - p <y J; [W(x,h)T; (h) + WwE;ldx
h F
-0y L U(F,z)T(F,z)dz + p cy {) wty dx = 0 , El
or
F h
i (Hy - H;)dx = p o [ U(F,z)T(F,z)dz
0o (e}
h F
- p cpf U;(2)T; (z)dz + p cpf W(x,h)T; (h)dx . E2

&) @)
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The third integral on the right above can be rewritten
using the continuity equation,
h

h
[ Udz=-[ 3 Wdz=-W(xh) . | E3
o} o

Therefore,

F F h
{) W(x,h)T, (h)dx -{) T, (h)dx {) 3,U dz

h F
=-[ T;(Maz | 3.U dx
o o
h
=‘-L [U(F,2) - U;(2)]T, (h)dz . E4

Equation E2 now becomes

F h
L (Hy - H;)dx = p °p £ U(F,z) [T(F,z) - T;(2)] dz
h
* e oo £ [U(F,z) - U;(2)]1[T;(z) - T;(h)] dz . E5

Because the two integrals on the right have the same
limits of integration, let us compare them by estimating

the magnitudes of their integrands:

ulT - Ti] ~ (100) (5) = 500 , E6
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[U - Ui][Ti - Ti(h)] ~ (10) (0.2) = 2 . E7

Hence, on the right side of E5, the second integral is
negligible in comparison to the first. We are left with

F § (F)
L (Hy - Hy)dx = p c, f U(F,2) [T(F,z) - T,(z)]dz , E8
(o]

since [T(F,z) - Ti(z)] is zero above 6 (F) by definition.

E8 is exactly 4.1.27: the budget approach leads to the
same result that the differential equations de. Apparently
condition 4.1.18, the smallness of the product of the
vertical velocity and the upwind temperature gradient, is

equivalent to E7.





