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ANALYSIS OF ENVIRONMENTAL PARAMETERS FROM THE
PANAMA CITY TOWER RADAR EXPERIMENT

INTRODUCTION

An experiment was conducted using an X-band radar on the Panama City Tower in the Guilf of
Mexico, was reported upon by Keller, Plant, and Weissman (1985, hereafter referred to as KPW). In
this paper the authors attempted to account for the variation of normalized radar cross section (NRCS)
with wind speed, and to account for the departure from the predicted variation by considering effects
of differences in air-sea temperature in the definition of wind friction velocity. This aim was based
upon the assumption made in scatterometry that the large area NRCS of the sea is a function of wind
speed to first order, and wind stress to next order, a parameter which reflects the variation in atmo-
spheric stability. Relations between wind stress (7), ‘‘air density (p),”” wind friction velocity (u.),
and wind speed (U) are given by the following equations:

7T = pu.2 ‘ ¢))

ud = CpU? )

which defines wind friction velocity in terms of measured wind speed, and where Cp is an empiri-
cally defined drag coefficient, which reflects effects of atmospheric stability through its 2irsea tem-
perature difference dependence.

While such an empirical formalism is useful for engineering applications because it allows wind
field estimates to be made from satellite radars over very large areas, it does not give insight into the
primary sources of radar scatter from the sea for other applications. With other interests in mind, we
have begun to re-analyze these radar data from three points of view: (1) definition of a new drag
coefficient which provides a better air-sea temperature dependence than obtained by KPW; (2) investi-
gation of the importance of specific characterizations of the sea surface on NRCS, rather than just
wind speed; and, (3) processing the data in a manner similar to that used for non-coherent shipboard
radars, for comparison with other experiments that we have conducted (Trizna, 1988).

As part of this general analysis, this report presents a comprehensive look at the environmental
parameters collected on the tower. Wave spectra from a wave gauge are considered in detail, as well
as the changes in wind speed and direction in the context of weather systems which passed through
the area. Effects of flow distortion by the tower on the measurement of wind speed and its accuracy
are discussed, and are suggested as the main reason for the departure of data from expected RCS-
wind speed predictions. Other methods of analyzing wave data besides spectral analysis are also con-
sidered. Finally, consecutive files of data are considered as NRCS vs wind speed plots. These are
shown to follow a tight track with time, with little scatter. It is concluded that scatter which does
appear in the total plot of data is probably associated with non-unique sea surface characterizations
which occurred due to non-fully developed conditions.

Manuscript approved November {3, 1987.
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.::;.: AIR AND SEA TEMPERATURES

GO Fig. 1 shows plots of air and sea temperature during the data runs. During this time, three out-
e breaks of cold air, or cold fronts, moved through the site, each one colder or more intense than the
::;'a previous one. The fronts are identified in Fig. 1 by the sharp decreases in temperature. The air tem-
W perature is initiaily cooler than the sea temperature after the front passed the site, giving strongly
W unstable conditions. The air then gradually warms and ultimately causes a return to stable conditions.
Y This condition persisted until the next cold front passed the site. Due to heat losses to the colder
o overlying air, the sea temperature decreased as the cold front passed the site. Indicated at the top of
R4
t the figure is the start time of each run. The exact times are given in Table 1.
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!"..H Fig. 1 — Temporal record of air and sea temperatures
\; v : recorded during the experiment.
o
N
':§~ Runs 10-17 can be considered together since they are so close together in time. They cover the
:n,':: transition from negative to positive air-sea temperature differences after the first cold front. Simi-
5‘ larly, runs 30-36 can aiso be taken together since they are also close together in time and cover a
st similar transition period after the second cold front. The other runs were taken separately under
9“:1: rather unique circumstances.
}
A
::: " In runs 22 and 26, taken 5 & 16 hours respectively after the second cold front passed the site,
:"‘5 the wind direction was opposite the wave direction and of limited fetch, having shifted to a northerly
® direction. Run 37, taken just as the third front passed the site, covered a change in air-sea tempera-
&y ture difference from positive to negative and again a wind-wave direction difference of 180 degrees.
The last four runs were made after the third front passed the site, runs 41 and 42 when the air tem-
o perature had reached its lowest point and runs 44 and 45 two days later, when the air temperature had
W started to increase, but was still colder than the sea temperature.
‘, WIND DIRECTION AND SPEED
"
! Since wave development depends not only on wind speed, but also fetch, the direction of the
A wind and its duration are important. The wind directions are shown in Fig. 2. Each passage of cold
i air across the site was preceded by winds from the south west, with unlimited fetch. As the front
." passed, the wind shifted clockwise to the north, although it was initially west erly for the first front.
iy After a period of time with northerly winds, depending on the movement of the front, the winds gra-
, ,: dually shifted clockwise to the east and then to the south. As a result of this pattern, the fetch and
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Table 1 — Start Time of Data Runs

Run Data Start Time
10 2 Dec 07:30
11 12:00
12 17:40
13 21:45
14 3 Dec 07:45
15 12:15
16 16:55
17 21:15
22 5 Dec 00:07
26 21:55
30 6 Dec 16:15
31 20:30
32 7 Dec 03:25
32 05:53
33 07:55
33 10:37
34a 13:15
34b 16:50
35 18:50
36 8 Dec 03:30
37 9 Dec 06:33
41 10 Dec | 08:45
42 17:08
44 12 Dec | 07:40
45 11:50
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Fig. 2 — Temporal record of wind direction recorded
during the experiment.
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duration of the wind varied considerably for each of the runs (see Table 2). The wind speed during
this period is shown in Fig. 3. Although not the case for the first front, the wind speed increased
12-18 hours before the passage of the second and third fronts. After the second front, the wind speed
decreased, while after the third, it continued to increase. The reason for this behavior is possibly
related to the greater temperature difference across the third front compared to the second (22°C vs
12°C) and its slow movement. In addition, all of the runs with the greatest atmospheric instability
had winds from either the NNW(330°) or NNE(030°). This is expected to be the case for winter
winds blowing off the colder mainland.

Table 2 — Fetch and Duration of Runs

Run | Fetch (Hz) | Duration (hrs)
10 41 35
11 56 7.5
12 41 14.5
13 56 18
14 104 24
15 185 11
16 185 16
17 185 12.5
22 21 4.5
26 37-185 2.5
30 56 15
31 56 17.5
32 37 27
33 65 32
M 140 22
3s 110 15
36 148 23
37 185 26
41 15 - 22
42 15 30
44 15 31
45 15 30

Because of the unexplained high RCS values which were associated with the high air-sea tem-
perature differences, further consideration of the geometry of the site are of use. The wind sensor
was located at the south corner of the tower (the tower is in the shape of a square with the corners
oriented north, south, etc.). It is strongly suspected that the wind sensor was in the wake of the
tower for these wind directions, thereby giving erroneous wind speeds. Such effects have been
reported in past experiments aboard the Argus Island tower (Thomnthwaite, et al, 1985) and are to be

expected with any tower.

Evidence for such behavior is shown in Fig. 4, which shows the distribution of wind speeds
with azimuth angle for a two week period. The figure excludes any data used in the current analysis.
The figure shows a decrease in wind speed for azimuths between 270-060 degrees, whereas one
would expect the greatest influence between 270 and 090 degrees, since highest winds are encoun-
tered just after the passage of a front, tending to produce wind directions within such a sector. To
counter the possibility that the wind speeds from these azimuths might have been naturally lower in
magnitude because of the prevailing weather systems, shore based winds were also considered. Fig.
5 shows the distribution of wind speeds taken from a shore-based sensor ten miles away for the same
time period. Although the speeds are not distributed uniformly with azimuth, there is no evidence of
significantly lower wind speeds for azimuths between 270 and 090 degrees. This lends credence to
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:::': the suggestion that the decrease in wind speed in the wake of the tower is real. The magnitude of the

.::'. effect is shown in Figs. 6a and 6b, which show the percent occurrence of wind speeds for two

.;:' azimuth ranges, one not. influenced by the tower (120-240 degrees) and the other in the wake of the

¥ ; tower (300-060 degrees). For azimuths between 300-060 degrees, the mode of the distribution occurs

.’ at 4.5 m/s, compared to a mode of 8.5 m/s for azimuths between 120-240 degrees. Thus, the mea-

Y sured wind speeds may be up to 4 m/s lower than the actual speeds. Plots of flow distortion effects
"’ by Thornthwaite, et al, indicate reductions in magnitude of as much as 30% for nominal hexghts on

::'-‘ the back edge of Argus Island Tower.
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Fig. 5§ — Measured wind speed versus azimuth angle recorded
by shore-based sensor for period 15 Nov - 4 Dec.
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Fig. 6a — Wind speed distribution recorded at tower
site for obstructed azimuth.

WAVE DATA ANALYSIS—TIME SERIES ANALYSIS

In addition to the meteorological data, wave heights were recorded from a wave staff mounted
on the tower. Data were available for 12 of the 22 radar runs, which can be sorted into three dif-
ferent categories. These are as follows: runs (32-35), taken under relative steady-state or uniform
conditions; four runs with short fetch (runs 41-45); and four runs (22,26,30 & 31) where conditions
were transitory or changing with time. These runs will be discussed in more detail in the next sec-
tion.
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)
) The wave gauge records were digitized at a sample interval of .32 seconds to provide an un-
aliased frequency of 1.56 Hz for spectral analysis. A Tektronix 7612D transient waveform analyzer
! was used for the digitization, with the tape replayed at 15 ips, eight times the original speed. For the
;. 2048 data points of the record, the record length was 655 seconds or 10.9 minutes. In order to obtain
‘ a wave record comparable in length to the 21.3 minutes of the radar data, two consecutive records
b were combined to provide a record length of 21.8 minutes. The beginning of each 21.8-min period
was aligned to begin at the same time as each of the radar records in KPW.
; .
‘v ' A single mean was determined for each 2048-point wave record and then subtracted to provide a
zero-mean time series. Individual waves were defined by choosing a zero crossing in the negative
:. direction as the start of a single wave, and the next negative down crossing as the end, and start of
[ the next wave. The actual wave start was determined by interpolation between the last positive and
: the next negative digitized point. Similarly, an interpolated zero up-crossing point was determined
and stored. An accurate minimum and maximum of each wave were determined with a three-point
v parabolic fit, stored as the peak and trough values, along with the fractional time value between each
: such point for each wave. From these values, the wave height, equal to the peak minus the trough
{ values, and the slopes, according to several different slope definitions discussed in Trizna and Martin
; (1988) were determined and analyzed.
Calibration Techniques
Y Since amplitude calibration data were not available for the wave records, the wave heights were
b determined by equating the mean square amplitude from the time series to the integral of a theoretical
; saturated Phillip’s spectrum (af =3 for f > Spks O for f < fp, where f is the peak frequency of
P the m). Frot? the available runs, a spectrum was chosen which came closest to being
o saturated, with a f~° frequency dependence. However, it was taken under short fetch conditions,
requiring modification of the expression for the Phillips constant, «, due tc a limited fetch according
\ to Kitaigorodskii (1962):
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where X is a normalized fetch, X = x,/U %, and g is gravity. Integrating the theoretical Phillips’
spectrum over the frequency range over which the observed spectrum followed a f ~° dependence
provided a value for the mean square voitage amplitude. Then an amplitude scale factor was calcu-
lated, such that the mean-square/amplitude calculated from the time series equaled the value obtained
from the integration of the spectrum. This scale factor was used to convert all of the digitized wave
voitages to meters.

Definition of Statistics Terms .

The wave statistics were determined by three different methods. Based on the work of Pierson, !
et. al. (1955), one can relate all of the wave height parameters to each other by the parameter E, ‘
where E is defined as twice the variance of a large number of wave amplitudes from points equally
spaced in time. Based on Longuet-Higgins work (1952, L-H hereafter) the following relationships
exist between £ and the wave height parameters for a spectrum containing a narrow band of frequen-

C1es.
Mean Squared Wave Height: H2 = 2E %))
Root Mean Squared Wave Height: H,,,, = (2E)!? ©6)
Mean Wave Height: H = 1.77(E)\/2 N
Significant Wave Height: H,,; = 2.83(E)!/? t:))

From the time series, values of £ were calculated using 4096-point records. From E, values of
the significant wave height (H,,3), the mean height and the root mean square height were determined.
An alternative approach was to calculate the wave height statistics from the measured peak to trough
wave heights, not assuming a narrow band spectrum. This was done for the zero down-crossing data
described previously, with the height defined from the initial trough to the following peak. From the
21.8-min data record, approximately 300-400 individual waves were available. From the wave
heights, the mean value and the average of the highest third were calculated. A third approach deter-
mined the wave parameters from the defimdon of the mean square wave amplitude as the integral of
the spectrum and assuming the relationships between wave parameters as determined by L-H for a
narrow band spectrum. In terms of the spectrum, assuming A = H/2 where A is the amplitude and
H is the peak-to-trough height, the wave parameters are,

H? = 4 [[ S()dQ) )
H =25 [f s@d9)'”? (10)
H; =4[ s@d9)'? an
Hpy =2 [f S@4Q)'? (12)
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Figure 7 shows the correlation between H,,, calculated from the integration of the spectra and
H,, using the variance technique (H,,, = (2E)!/%). The excellent correlation indicates the calcula-
tions are being done properly and gives confidence in the results. Figs. 8 and 9 show the correlation
between the significant wave height (H,;) calculated as the average of the highest one-third waves
versus H,; calculated from the variance techniques and the spectrum, respectively. In both cases the
correlation is excellent, with only a 7% difference between the various techniques. Fig. 10 shows the
correlation between the significant wave height and mean wave height calculated directly from the
time series, that is, not assuming the waves are narrowbanded. The ratio equals 1.55, in close agree-
ment with the theoretical prediction of 1.6 by L-H and observed by many other workers.
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:‘?‘ As an indication of the distribution of waveheights, the spectral width parameter, defined by
1]

® SW2=1- (N,/N,) (13)

N .' was calculated for the various runs. In this expression, N, is the number of positive zero crossings
! * during the run and N, is the number of crests, which may be above or below the mean value. Typi-
;\',0 cal values were near 0.8, where SW2 = 0 would be expected for a Rayleigh distribution of wave
,‘.:.: heights and SW? = 1 is the expected value for a Gaussian distribution. The observed height distribu-

i tion for two cases are shown in Fig. 11. Run 22/1 is for the case for the highest waves observed, a
e case with a well developed sea, followed by a frontal passage with the wind coming from the opposite
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‘;.u Fig. 11 — Wave height distributions for two sea conditions; a well-developed
) sea state (run 22/1) and a fetch-limited case (run 45/1).

direction and increasing over the run. Run 45/1 shows the distribution of heights for short fetch con-
ditions after sufficient time had passed so as to eliminate the longer (and therefore higher) waves.
The final figure in this section (Fig. 12) shows the significant wave height versus the median period
of all of the observed waves. The solid line is the prediction of Schmied (1985) based on the
Pierson-Moskowitz spectrum and sets an upper limit for the observed points. This is not unexpected
since neither time nor fetch was sufficient to allow growth of a fully developed sea state.
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& WAVE DATA—SPECTRUM ANALYSIS

L
f'::. The time series from the digitized wave data were also subjected to Fourier analysis to obtain
;::o: wave height variance spectra. Using a 256 point FFT calculation with Hamming weighting, the
_,.:v:. coberent integration time was 81.92 seconds, resulting in a spectral resolution of 0.0122 Hz. Time
::v::' overlap was utilized in processing the data. That is, after a 256 point record was processed, the last
Y"" 128 points of the record were shifted to the first 128 input points of the new record and next 128
w ints were used to fill the second half of the new input record. Such time overlap effectively pro-
R po!
:: vides nearly independent spectra because of the severe weighting of the data points near each end of
:.:, the time series. Thus, for a 4096 point record, 31 spectra were calculated. These were incoherently
:: .; summed to provide an averaged spectrum for .the 21..84 minu.te period. Peak fr.equenf:iu were fictcr-
é_f%. mined fro:m the averaged spec:,um :’::rhthe wind dn:::d portion anc; tsh\:c.-.ll. This pc;xod :as shg:d);'
n different that used in KPW, which required a ljustment o start time of each record o
‘3"\ 4096 points in the digitization process.
Wt .
;‘::':: Amplitude Calibration of Spectra
)
}t‘:" The scaling of the spectra was done in a different manner from that of the time series, because
u_? of properties of the FFT software requiring digita! input data, the raw digital data used in this case.
‘:,:. The Phillip’s asymptote, in square meters per Hz, is given by
o
EE?' S(f) = 0.0081 2m)~* g%~ (14)
-:."i
o = 5 x 107* (m?/Hz) (15)
ﬁ"j Thus, at one Hz, S(f) equals -33 db m?>/Hz. Using the same run that was used to determine a decibel
:.:. ) scaling factor for wave height, the saturated spectrum was adjusted so that it equaled -33 db m*/Hz at
1:0' 1 Hz. Because the test spectrum was a fetch limited case, adjusting the fetch dependent parameter as
Jot before changed the actual value to -31 dB m?. Once the adjustment factor was determined for this
‘.’,v' . spectrum, the same factor was applied to all of the remaining spectra. The emphasis of the following
Wb _':f discussion of wave spectra is directed toward the temporal changes in spectral characteristics due to
"-: changes in environmental parameters, for purposes of classifying the data into. groups for comparison
-.‘ with radar data in Trizna and Martin (1988). As a result of this emphasis and the general lack of
v::t fully developed spectra, little discussion is provided as to agreement of the data with various models.
)
R Characterization of Waves for Various Data Runs
90
W
' .
s Run 22 - As noted in the background discussion, run 22 was made five hours after the second
Wk cold front passed the site. For eighteen hours previous to the passage of the cold front, the wind
W direction was from the southwest, where the fetch was unlimited (see Fig. 13). The wind speed dur-
] ing this time varied from 6.5 to 12 m/s. As the front crossed the site, the wind direction shifted to
,, , the north, reducing the fetch to 11 miles. Temporarily ignoring the effect of the wind shift, one would

expect a relatively smooth single-peaked spectrum with the peak corresponding to that predicted from

'

o the wind speed. The average of the first three 20 minute spectra, shown in Fig. 14, is a smooth spec-
jo trum with a peak at .17 Hz. Using f,x = 1.48/U where U is the wind speed in m/s, the frequency
peak corresponds to a speed of 8.6 m/s, close to the mean wind value over the previous eighteen
W hours. The wind, after having shifted direction with frontal passage five hours previous to the run,
e increased in speed from 7.0 to 11.5 m/s during the run, before decreasing slightly. The response of
o the spectra to these changes are shown in Fig. 15, which shows the average of the first and last three
'..f 20 minute spectra. Only minor variations near 0.2 Hz are evident and these are not considered
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:‘. slgmﬁcam l:lowever, the spectra are not saturated, or follow a f-5 dependence, even at high frequen-
- cies. One might speculate that this is a consequence of the wind direction being opposite the wave
® direction from the previous winds. The mean square wave height, proportional to the total wave
,"‘: energy and shown in Fig. 16, increases sligh.tly over the run. l:!owever, the peak frequency (see Fig
1N 16) remains roughly constant through the period (ignoring the third to the last point as a fluctuation).
I t
~
P
e !
P
trad
;:': < 13
oy,
N
v ‘
L \
W) |
¥y, i
Y !

) CANAOO0O U AN R0 hyth PN T NI N O OO GOSN OO0 GOSN AAOIGANSCAANG
ﬁ.“." '!".‘.\.'4‘,.00‘{‘(' ' '-’I',.l" l‘!“s‘l{"\‘»,"" 5’])’#“:&“‘7_" 3 t‘?ﬁ“"\“'h .‘h‘","l:“‘ J?."),!‘t!.‘g!".’..g!0‘;’0'.‘0‘.')‘-’!'&‘0’:‘I‘»‘l‘-‘l‘.‘«‘f"‘?‘»'ihd‘q‘!’).:‘.\‘.‘ﬂ...‘

Y .
DL TOUM ) D f
(AR \'.'.,.’:f.'u'_.'t,.'I‘.n’ifn'l’o".




LA —— RN RFTRETTT T WY UTOEr ooy -y

PANAMA CITY WAVE SPECTRA
JD-339 HOUR-O ' TAPE #22
10 - JD-339 HOUR.3 TAPE #22

!
o ¢
-10
-20

-30f

SPECTRAL DENSITY (d8-m"2)

- BN R T SN BN S BE e |
50.01 . 1 .5 1. 15

FREQUENCY IN Hz
Fig. 15 — Change in spectral density between first and last hours of run 22.
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Fig. 16 — Temporal record of mean square wave height and peak
frequency of wave spectrum for run 22.

The observed wave heights for this run are two-three times larger than heights observed during
any of the other runs. There are several reasons for this: (i) the time and fetch available for wave
growth before frontal passage; (ii) the 4.5 m/s increase in wind speed over the run; (iii) the interac-
tion between waves propagating in opposite directions; and, (iv) the effect of the wind blowing oppo-
site the waves. Complicating the situation even further is the unstable atmospheric conditions that
prevailed after the cold front passed the site, and evidence that the wind sensor was sheltered for wind
directions from the north, causing the observed wind speeds to be too low. This run might be
expected to produce quite anomalous radar results due to the confused seas expected.

Run 26 - This run was made 24 hours after run 22. The wind direction, having persisted from
the north for 20 hours, shifted to the southeast six hours previous to the run (see Fig. 2). Con-
currently, the wind speed decreased from a maximum of 14.5 m/s shortly after run 22 to a minimum
of 2 m/s nine hours later, gradually increasing to 6 m/s at run time. Fig. 17 shows the average of the
last three 20-minute spectra for run 22, compared to the average of the first three 20-min spectra for
run 26. There is a large decrease in wave energy for frequencies between generated by the southwest
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o8

K airflow prior to run 22 propagating beyond the site and contributing less and less to the spectrum.
:" The energy at 0.5 Hz and higher is presumably locally wind driven, yeilding a dual-peaked spectrum,

® with peaks at .42 Hz and .15 Hz. Separation of the wave height into sea (waves traveling into the
%y area from previous winds) and locally wind generated waves (assuming a cutoff frequency of .5 Hz),
o shows that the sea made up a significant portion of the total wave height (80% initially to 67% at the
% end of the run). Hence, one would not expect the radar return to correlate well with these winds.
:: During the run, the wind speed varied oaly | m/s about a mean value of 6 m/s. The change in the
- spectra, see Fig. 18, shows significant growth of wave energy between 0.3 to 0.4 Hz, and no loss for

gy frequencies less than .2 Hz. This is reflected in the decrease in peak frequency from .46 to .34 Hz
v (see Fig 19).
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Fig. 18 — Change in spectral density between first and last hours of run 26.
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Fig. 19 — Temporal record of mean square wave height (total height and the height
due to wind waves alone) and peak frequency of wave spectrum for run 26.

Run 30 - This run was made 18 hours after the previous run. During this period, the wind
direction shifted from the south back toward the east, with the speed remaining near 7 m/s. The
change in the spectra from run 26 to run 30 is shown in Fig. 20. It shows a loss of wave energy for
all frequencies less than .6 Hz. This run produced the lowest wave heights observed during any of
the runs, a result of the previously generated waves propagating beyond the site and the weak air flow
with short fetch failing to produce any wave growth. At the start of the run, the sea component made
up 44% of the total wave height. Shortly before the run started, the wind speed decreased to 4 mv/s.
From this speed, it increased steadily to 9.3 m/s by the end of the run. The change in the spectra,
shown in Fig. 21, shows a significant increase in wave energy between .2 and 1. Hz. The growth
starts at high frequencies and gradually shifts to lower frequencies with time. In addition, wave
energy continues to decrease at low frequencies. The wave height, shown in Fig. 22, does not
change significantly for the first 40 minutes, after which time it steadily increases. The peak-frequen-
cies, also shown in the same figure, show a sharp drop from .33 to .27 Hz after 40 minutes and then
slowly decrease thereafter (ignoring the last data point). The behavior of the spectra during this run
is consistent with what one would expect from the increase in wind speed, that is, a large increase in
wave height. One reason why the wave development behaves as expected this case is the elimination
of waves from the previous southwest airflow. Therefore, the wind was starting with a relatively
‘‘clean slate.””

Run 31 - This run was made four hours after run 30. The wind direction remained from the
east-southeast, but the speed varied, initially decreasing, then increasing before decreasing again. The
temporal changes in wave height and frequency peak are shown in Fig. 23. The wave height shows a
gradual decrease, consistent with the decrease in wind speed. The frequency peak remains relatively
steady over the run. These results are consistent with the minor changes in spectral shape that were
observed, both between this run and the previous one, and during the run itself.

Runs 32, 33,34 and 35 - These runs are considered together since they were made under similar
environmental conditions; the wind speed was close to 7 m/s and the direction was from the
southeast. These runs were made four hours after run 31 and were made immediately following one
another. The environmental conditions were as close to steady-state as occurred during any of the
runs; that is the fetch was sufficiently long (greater than 60 miles) and the wind speed was steady. A
typical spectrum (the average of three 20-minute spectra) is shown in Fig. 24. The peak occurs at a
frequency of 0.2 Hz, close to the predicted value for a wind speed of 7.4 m/s. This value is
unchanged between any of the spectra. This constant frequency peak is consistent with the minor
variations in spectra that were observed, either between the various runs or within individual runs.
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Fig. 24 — Spectral density for the first hour of run 32.

Consequently, the corresponding values of wave height were also unchanged during the runs.
Although the observed spectral peak agrees with that predicted by the wind speed, the spectra are not
saturated.

Runs 41-42 - These runs, taken 24 hours after the third cold front crossed the site, are con-
sidered together becaise they were made under similar conditions. Between runs 35 and 41, signifi-
cant changes occurred in the wind. After run 35, the wind continued its clockwise shift in direction,
graduaily moving to southwest and increasing in speed. As a resuit, the wind direction was within 30
degrees of southwest (with unlimited fetch) for 10 hours before frontal passage. Based on these con-
ditions, one might expect a spectrum similar to the one observed in run 22, which also had southwest
airflow before frontal passage. The average of the first three 20 minute spectra is shown in Fig. 25.
Instead of a single-peaked spectrum, the spectrum is dual-peaked, with peaks at .13 and .28 Hz.
However, the spectrum is close to saturation for frequencies greater than .28 Hz. The change in
spectra between runs 35 and 41 is shown in Fig. 26. There is decrease in wave energy between .15
and .23 Hz and a gain of energy for frequencies less than .15 Hz. This behavior is consistent with
carlier development of a single peaked spectrum by the southwest airflow before frontal passage, and
its decay as the wind shifted to the north and was opposite the wave direction. Also of importance
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are the longer time (and effective fetch) of southwest airflow before frontal passage in run 22 com-
pared to run 41 (19 hours vs 10 hours), and the time differences between frontal passage and the time
of the runs (5 hours vs 24 hours). The change in the spectra during the run, shown in Fig. 27,
shows the continued loss of wave energy for frequencies between .15 and .28 Hz, with the frequency
peak shifting to higher frequency (see Fig. 28). This trend is also evident in the behavior of wave
height, which also decreases with time (see Fig. 28). The reason why the spectra are close to satura-
tion for this run and not run 22 is probably due to the longer time the wind blew from the same gen-
eral direction in this case, as is apparent in Fig. 2. In addition, there is a greater instability associ-
ated with the third front compared to the second (7,,-T,, equals -23°C vs -12°C, respectively).
Run 42, made four hours after run 41, shows no significant changes from run 41 or changes with
time. This is consistent with the observed steady values of wave height.
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Fig. 27 — Change in spectral density between first and last hours of run 41.
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Fig. 28 — Temporal record of mean square wave height and peak
frequency of wave spectrum for run 41.

Runs 44-45 - Between runs 42 and 44, an additional 24 hours passed. During this time, the
wind shifted to the northeast and then back to the north, still providing short fetch conditions. The
speed varied as well, first decreasing to 3 m/s, then increasing to 12 m/s before decreasing to 7 m/s
by run time. Fig. 29 compares spectra from runs 42 and 44. There is no change for frequencies
greater than .28 Hz, a gain of wave energy between .18 and .28 Hz and a significant loss for fre-
quencies less than .18 Hz. The loss for low frequencies is part of the continuing loss of waves gen-
erated by the southwest airflow before frontal passage as they pass beyond the site. The gain in wave
energy around .2 Hz can be associated with the increase in wind speed. The change in the spectra
over the run are shown in Fig. 30. This change is reflected in the change in the wave height, which
decreased slowly over the run, shown in Fig. 31. This is independent of the wind speed, which
showed no variation over the run. Run 45, taken immediately following run 44, shows only minor
changes in spectral shape from run 44. However, there is a continuous loss of wave energy for fre-
quencies less than .33 Hz (see Fig 32). This is consistent with the decrease in the peak frequency and
the continuous decrease in the wave height (see Fig. 33). The reason for the sudden loss of wave
energy during this run after the unchanging conditions of run 44 are unknown.
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TEMPORAL DEVELOPMENT OF RCS WITH TIME

While the origina] plot of RCS vs wind speed in KPW showed a reasonable amount of scatter
about their fitted u> curve, it was noted that a given sequence of RCS values with time followed a
rather narrow track near the same curve, with very little scatter. Fig. 34 shows examples of four of
such occurrences for which the RSC varied significantly over a run, but for which no in-situ wave
records existed. While not specifically labeled in their sequential order, the nearest neighbor for each
different piot symbol indicates sequential points in time as well, and it is clear that the RCS-wind
speed temporal development follows a very regular path in each case. It is postulated that the narrow
track is a result of the regular and continuous development of the wave system, including both the
decay of the swell and the response of the wind waves to local winds.

If true, it follows that the spread in the KPW RCS-wind speed summary curve is due to slightly
different characterizations of the sea surface due to waves present from previous winds, so called sea
and swell. This hypothesis would indicate that the wind speed is an implicit variable for an RCS
comparison, through its development of the wave system responsible for the radar scatter. Hence,
any condition in which waves continue to run due to a previous wind direction, with sufficient time
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Note the small variability for individual runs.

and fetch to allow a bi-modal spectrum to develop, would probably produce an offset or error of
RCS-wind speed correlation relative to winds which generate a single-mode wave spectrum.

Let us investigate this hypothesis further by considering the wind and RCS tracks in time for
each of the runs of the three sets defined in the previous section, for which wave records existed.
Figures 35a-d show plots of relative RCS and wind speed for the equilibrium set of data and these
indicate relatively good correlation with wind speed. The differences in the plots for the two curves
it quite similar for these data. Figs. 36a-d show similar results for the fetch limited data. Relatively
good correlation exists again, but with a different scaling in RCS vs wind amplitude, the RCS being
significantly higher. (The last run shows poorer correlation for reasons unknown at this point in our
analysis.) Finally, the four cases of non-equilibrium transient conditions are shown in Figs. 37a-d,
and show the worst correlation. The first of these, run 22, occurred nearest in time after the 180-deg
change in wind direction, with significant swell continuing to run from the previous wind direction.
It shows the worst correlation of the group on a relative basis between RCS and wind speed of the set
of four, as might be expected from significant swell running opposite the wind, with little time
allowed for the waves to respond to local winds.

SUMMARY

In this work we have processed environmental parameters collected for the Panama City Tower
experiment reported on by Keller, Plant, and Weissman (1985) in preparation for further analyses of
these data. In particular, wave staff data collected on the tower have been analyzed using both
spectral analysis and time series analysis, with calibrations detailed for both. With the onset of spec-
tral analysis of wave data, the use of time series analysis has generally fell into disuse. However,
recent studies on correlating wave breaking occurrence with local wave steepness (Holthuijsen and
Herbers, 1985) have renewed our interest in the use of time series of the surface profile as a radar
comparison tool. For this reason, the various definitions of significant, rms, mean, and highest 1/3
beights are stated for time series processing. The definitions of significant wave height were com-
pared for the two different processing techniques and results were very good, reinforcing our confi-
dence in the time series technique.
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I The twelve sets of data for which wave staff data existed were processed, and a variety of
.\* environmental parameters were displayed. Based on the time histories of the wind, these were
ANA divided into three groups and characterized as (1) equilibrium, (2) fetch limited, and (3) transient con-
:::;.‘ ditions.
..l
::: ) Several examples of the changes in RCS and wind speed from one twenty-minute data run to the
-_y::'c next were shown, in which it was noted that the track from one time period to the next show continu-
( ous development, with very little random scatter from one period to the next. It was hypothesized
] _-\. that the reason was that the specific sea surface characterization played a dominant role in determining
:;\ _ the RCS value, and that the wind speed correlates only as an implicit variable, which generates the
e wave conditions. For cases of swell or changing wind directions, one expects poor RCS-wind corre-
jf.\,}' lation. Individual plots of wind speed and RCS versus time show similar characteristics for the three
52 groupings of wave conditions defined above, with poorest correlation for transient conditions, lending
,‘., credence to our hypothesis.
\ ": In the future, the radar data will be compared with a variety of definitions of long wave slope
A " and newly defined drag coefficients for wind stress determination and comparisons, which will
‘;“ account for both atmospheric stability and the presence of swell.
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