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A REGIONAL WIND-FIELD STUDY IN 
COMPLEX TERRAIN DURING SUMMER 

SEA-BREEZE CONDITIONS 

ABSTRACT 

A regional-scale data base, consisting of wind and temperature data for June and 
July of 1977, was developed for the greater San Francisco Bay Area and eastward to the 
Central Valley. Continuous meteorological measurements were made in the area of a windy 
pass (Patterson Pass) 3 km east of Lawrence Livermore Laboratory. This area was chosen 
because of its complex terrain and Importance as a downwind topographic feature affecting 
the dispersal of possible accidental atmospheric releases from the Laboratory and as an 
area of high wind-energy potential. The results of this study provided the following: 

1. A data base, including over SO stations for use in numerical wind-field 
regional-scale-model validation, 

2. Characterization of summer sea breeze oscillations of *6 and 12 days. This 
analysis is useful In calculating wind-power persistence and in understanding summer sea-
breeze mechanisms in the Bay Area. 

3. Successful application of an optical space-averaging wind sensor over a 1-km 
path across a pass to provide long-path averaged data more suitable for regional, numerical 
wind-field models wiih kilometre-size grid elements. 

INTRODUCTION 

The recent development of large computers has 
enabled significant Improvement In the quality of 
regional-scale, numerical wind-field models. At 
Lawrence Livermore Laboratory (LLL), these 
models have been used to assess the downwind 
transport of pollutants and to find areas of high 
wind-energy potential. In recent years, we have 
made a concentrated effort to use and validate these 
models in areas of complex terrain. This task was 
not simple because meteorological measurements 
are rarely made in complex terrain; nearly all 
routine wind observations arc made at airport's or 
within population centers, In addition, the output 
of our numerical wind models yield winds averaged 
over grid cells on the order of a kilometre.1 Instru
ment exposure problems In complex terrain for con
ventional anemometers ore such that one station 
can rarely represent the average wind over a 
distance of 1 km. Another problem associated with 
establishing a high-quality data base on a regional 
scale Is that of data density, To characterize a 
regional-scale wind field, input data points must be 
sufficiently dense to define the terrain-induced wind 
regimes. 

We designed and executed an experiment to 
develop a data base for numerical wind-field valida
tion, Two elements were involved in the experi
ment. First, we conducted a concentrated measure
ment program at Patterson Pass, an area of com
plex terrain 3 km cast of LLL. We chose this area 
because it has a high wind-energy potential and 
because it Is a topographic feature that strongly in
fluences the downwind dispersal of possible ac
cidental atmospheric releases from LLL. Second, 
while data were collected at Patterson Pass during 
June and July, 1977, data were also being collected 
from more than fifty locations throughout the San 
Francisco Bay Area and Central Valley. In addition 
radiosonde data from Oakland were collected twice 
dally and acoustic-sounder data were recorded con
tinuously at Llvcrmorc. Wind and sea-surface 
temperature data for two ocean locations off the 
west coast were obtained from the Fleet Numerical 
Weather Service at Monterey, California, and in
corporated Into the data base. 

The measurement program at Patterson Pass 
Involved wind measurements with a conventional 
cup anemometer at a height of 5 m over a level area 
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on the south side of Patterson Pass, and optical 
(both laser and white-light) wind-speed measure
ments of the average wind through the Pass, using a 
1-km optical path, Lawrence, et al., 2 and Ochs, et 
al.,3 describe these techniques in detail. Subsequent 
analysis of these data showed a correlation coeffi
cient of 0.91 between the long-path optically de
rived winds and the winds measured with the con
ventional cup anemometer; however, on many oc
casions the values differed by many metres per 
second. These results indicate that the optical 
anemometers were operating satisfactorily and that, 
as expected, a single, conventional wind measure
ment cannot represent short-term average winds 
over a kilometre in areas of complex terrain, 

Combining the data from Patterson Pass with 
wind data from the other stations In the region, we 
developed a data matrix which we statistically 
analyzed for application to numerical wind-field 
validation, True validation of a wind-field model 
requires the comparison of calculations with and 
without the presence of data from selected stations 
to compare predicted and measured winds In the 
vicinity of the stations. Choosing the stations to be 
reserved for comparison is difficult because few of 
the stations in the data base are actually in areas of 
complex terrain. However, many stations in level 
terrain still provide important information about 
the flow field in the complex terrain regions. Other 
stations contribute little important information 
because their data provide either duplicate informa
tion to another station nearby or random data that 
are useless In wind-field estimates because of poor 
exposure or other Instrument problems. 

We statistically analyzed the data matrix to 
choose representative stations for use in the valida
tion study. The complete data matrix was analyzed, 
using multiple linear regression, to determine which 
stations significantly contribute to predicting winds 
at Patterson Pass for the two-month period. The 

SITE DESCRIPTION 
The measurement program at Patterson Pass 

was conducted during June and July, 1977, using 
the following instruments: 

• A space-averaging laser anemometer (Cam-

use of multiple linear regression ensures two things: 
1, Elimination of stations with poor data due 

to instrument errors, location and exposure prob
lems, or redundant data. 

2. Development of a rational scheme for the 
selective elimination of input data to computer 
models for their validation. 
The second item is achieved by varying the 
statistical F-test in the linear regression. Not all the 
stations chosen by this procedure were close to Pat
terson Pass, One station close to the pass and 
several others, representative of the various flow 
regimes of the region, were selected. 

The data period chosen coincided with the 
summer sea-breeze period in this region.4 

Therefore, the data were found useful not only as a 
base for model validation but also as a resource for 
understanding the characteristics of the sea breeze 
in the region. Power spectra analyses and correla
tions of ocean data and air temperatures with winds 
In the region proved useful in understanding the sea 
breeze. Spectral analyses showed a recurrent 6- and 
"12-day peak in wind speeds and air temperatures; 
they also showed negative correlation between air 
temperatures and winds over land areas, as well as a 
time lag of many days between changes in ocean 
wind and sea-surface temperatures and Central 
Valley temperatures. These results provide useful 
supplements to previous sea breeze studies.'-8 

The results described in the following sections 
arc divided into two parts. The first part emphasizes 
the measurement program at Patterson Pass. The 
second part relates the Patterson Pass data to the 
other data from the region. It presents the results of 
the statistical analysis applied to the summer sea 
breeze and the results of the regression analysis used 
to choose stations for model validation. The results 
of that model validation will be presented in a 
subsequent report. 

bell Scientific Model #CA-9) over a 1.03-km path 
across the Pass; the path was oriented 20° west of 
true north and nearly perpendicular to the lowest 
part of the Pass. 

RESULTS OF MEASUREMENT PROGRAM IN COMPLEX TERRAIN 
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* A white-light optical anemometer provided 
by the National Oceanic and Atmospheric Ad
ministration Wave Propagation Laboratory 
(NOAA-WPL) oriented along the same path in the 
opposite direction. 

• A mechanical weather station (Meteorologi
cal Research Incorporated Model No, i071) located 
at the south end of the light path. 

Figure 1 is a photograph of the experimental 
arrangement. The optical anemometers were housed 
In Instrument shelters to protect them from the 
elements and wind vibration. The white-light 
transmitter can be seen at the north end of the light 
path. A laser was simultaneously transmitting in the 
opposite direction and being received at an Instru
ment shelter near the white light, Figure 2 shows the 
terrain relief under the light path, The transmitter 
and receiver were S26 and S60 m, respectively, 
above sea level, with the lowest section of the Pass 
at 464 m, The space-averaging laser anemometer 
was run continuously through the two-month 
period, whereas the white-light system was run at 
selected Intervals for comparison. All data were col
lected on strip-chart recorders. Figure 3 shows the 
laser anemometer reading for a windy period during 

July 4. The wind speeds on the chart refer to the 
average wind component normal to the optical 
path, weighted toward the center of the Pass.2 

OPTICAL ANEMOMETER 
COMPARISON 

Figure 4 compares the readings of the laser 
system with the white-light system along the same 
path for July 13. The white-light system has a 
similar, but somewhat more peaked, weighting 
function.3 These data represent the westward com
ponent of the wind normal to the light path. The 
cross-path winds from the space-averaging laser 
anemometer and the wind speed and direction from 
the mechanical weather station were averaged over 
30-min periods, digitized, and compared. The 
30-min Interval was based on a comparison of 
similar data taken at a rate of once per second at 
Honolulu, Hawaii.9 These Hawaiian data Indicated 
that the spatial averaging properties of the optical 
anemometer show a temporal averaging effect over 
data periods $ 10 min along a 1-km path. This ef
fect is represented through a change in slope of the 

».' >S>»f -v ^ ( 

Fig, 1. Photograph of experimental setup In complex terrain looking north across Patterson Pass, A eup-
vanc-anemometcr and optlenl-anemomcler receiving station Is In the foreground; a light source and duplicate 
laser optical-anemometer receiving station Is In the background. 
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564 m 

-North 

526 m 

465 m 465 m 
1.035 km H 

Fig, 2. Relief topography of Patterson Pass beneath laser beam. 

2a .m 10 a.m. 4 a.m. 6 a.m. 8 a.m. 
Pacific daylight time 

Fig. 3. An example of strip chart data from laser space-averaging optical anemometer during a windy night, 
July 4,1977. 

standard deviation of the wind-speed component 
normal to the light path at ~10 min for a cup-
anemometer system and only at M min for the 
optlcul-anemometer system. Figure S shows time 
plots and scatter plots of 30-min-average cross 
winds from the laser optical anemometer and the 
component of the wind speed perpendicular to the 
light path derived from cup and vane system at the 
south end of the path. Daytime (1000-2200 PDT) 
and nighttime data are shown separately in the scat
ter plots. The total data correlation coefficient was 
0.91 with the regression equation: 

Laser optical-anemometer speed » 1.62 + 0.94 
x (cross-beam wind component from cup and 
vane anemometers). 

Splitting the data into (1) day and night or (2) wind 
speeds less than or greater than 8 m/s did not 
significantly improve that correlation coefficient. 

The higher value associated with the optical-
anemometer speed (1.62 m/s) over the cup-vane 
system probably results from the greater height of 
the light beam above topography. The average 
height of the light path above terrain was 38 m; the 
cup-vane anemometer height was 5.5 m. Based on 
this height difference, the power-law wind-profile 
equation has an exponent t'p) of 0,12, which is 
within the expected range for a windy area. This 
ratio was determined from: 

T5£"(m/s) / 3 8 m V 
'\75mi WS^m/s) 

where OA • average speed from optical 
anemometer (7.9 m/s) 

WSj_ • average speed perpendicular to light 
path, derived from the weather 
station (6.5 m/s). 

4 

file://'/75mi


20 1 — i 1 1—i 1 1—i r— 
Laser optical anemometer - looking south 

J f * ? . ^ . . . IJVIWYVI/WE 

-i—i—i 1 ( — i 1 1—i 1 1 — i — i 1 — i — r 
NOAA white-light optical anemometer - looking north 

™r i 

20 

k i 

-

0 
2400 0100 0200 0300 

Pacific daylight time 

0400 0500 

Fig. 4. A comparison or the laser optical anemometer and a white-light (saturation resistant) optical 
anemometer looking In opposite directions along the same path In complex terrain (Patterson Pass). (Zero 
value In this case Implies a wind direction along the beam or eastward.) 

Besides height, differences in instrument exposure 
and types of measurements, I.e., point measure
ment or spatially averaged measurement, were also 
factors affecting this ratio. 

Thirty-minute-average data were also collected 
from a 40-m lower at LLL and a 36-m tower at 
Livermorc Site 300, These stations are located 7.5 
km west and 9,6 km south, respectively, of the 
measurement stations at Patterson Pass. Both are 
permanent stations maintained by the Laboratory; 
relationships between the data from these stations 
nnd the wind speeds at Patterson Pass may be 
useful in the future to predict summer winds at the 
Pass, where a station does not normally exist. These 
relationships are summarized In Table I, which lists 
the parameters Involved as well as the average 
values, correlations, and regression formulas for 
these parameters, 

TEMPORAL COMPARISON 
BETWEEN POINT AND 
OPTICAL ANEMOMETER 

We applied spectral analysis to these 30-min-
averaged data to better understand the cyclic 
behavior of summer sea-breeze winds. Figure 6 
shows the normalized power spectral density as a 
function of time in days for (a) the weather station 
wind speeds, (b) the optical-anemometer cross-path 
speeds, (c) the weather-station-derived cross-pain 
speeds, (d) the wind speeds at Site 300, and (e) the 
wind speeds at the 40-m tower at LLL. The spectra 
for each of these data sources show a strong diurnal 
peak, as well as many similarities at low frequen
cies. Comparison of the power spectra for the op
tical anemometer with the cross-wind component 
derived from the weather station shows a greater 
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Table 1. Statistical relationships between Ihe wind speeds measured at Patterson Pass at 5.5 m by a cup 
anemometer and wind speeds at L1.L and Site 300 at heights ot 40 and 3b m, respectively. 

Wind union location 
Standard 
deviation Avcngf value ComtaUan 

Kegmilan 
equation 

Al weather Motion (Patterson Pass) 

At 1.1.1,40.ni tower 

3,9 m/s 

3.1 m/s 

7.9 m/s (total) 
8.5 m/s (day) 
7,0 m/s (night) 

6,0 n/8 (total) 
8.6 m/s (day) 
9.3 m/s (night) 

0,64 (total) 
0,67 (day) 
0,63 (night) 

A = 4.93+0.41 II 
A = 4.88 + 0.38 B 
A = 9,17 + 0,49 I) 

Al weather nation (Patterson Vim) 

At Slit) 300 

3,3 tn/s 

.1.8 m/s 

7.86 m/s 

7,83 m/s (total) 
8,4 m/s (day) 
7,2 m/s (night) 

0,66 (loin!) 
0.67 (day) 
0.67 (night) 

A - 4,12 + 0,91 U 
A • 4.21+0.93 U 
A - 3.86 + 0.49 D 

difference and spread in the spectra for the weather 
station at frequencies less than once per day. This 
again demonstrates the problem of using a single 
conventional measurement In areas of complex ter
rain to derive average winds over a distance suitable 
for model validation. The differences in the lower 
frequency spectra between the weather station wind 
speeds and their component perpendicular to the 
light path between once every 5 days and once each 
day are the result of spectral energy In the once-per-
two-day variation In the normal component of the 
wind direction, 

This variation is not present In the wind-speed 
spectrn. However, the wind-direction normal com
ponent, as well as all the other spectra, 
demonstrates a strong one-per-five-day oscillation 
(frequency * 0.2 per day). Because these data were 
taken at the maximum of the summer sea breeze 
and the intensity of the sea breeze Is known to vary 
periodically, these spectra represent a quantifica
tion of this period. Indirect evidence, through solar 
insolation studies, seems to indicate a similar period 
for fog duration, ,0 Subsequent analysis of regional 
wind data with a maximum-entropy spectral tech
nique also reveals an even lower oscillation at about 

once every 12-16 days. Taken together with other 
data described in the next section of this report, 
these oscillations can be useful in understanding the 
mechanisms of the summer sea breeze. 

Closer examination of the higher-frequency 
end of the spectra in Fig. 6 reveals a more subtle dif
ference between spatially averaged winds and point 
winds. All the point-wind spectra show a tendency 
to increase, whereas the optical-anemometer spec
tra do not. This is even more apparent in Fig. 7, 
which shows the power spectra of the cosine of the 
wind direction normal to the laser optical path at (a) 
Patterson Pass, (b) Site 300, and (c) Livcrmorc. The 
point-measurement spectra begin to rise at an even 
lower frequency (about once every four hours). Ap
parently, this is the result of an extended spectral 
gap during unstable conditions close to the ground 
in complex terrain.11 Because of the longer wave
length of eddies affecting the spatially averaged 
winds, this spectral gap and the peak in the tur
bulent energy spectrum arc suppressed. This implies 
that, at Patterson Pass, data from a single station 
must be averaged over a 2-h period to produce 
winds that vary similarly In speed and direction to 
1-km spatially averaged winds. 

COMBINATION OF COMPLEX TERRAIN DATA WITH REGIONAL 
METEOROLOGICAL DATA 

DATA SOURCES 
While the field measurement program was be

ing conducted at Patterson Pass, data were being 
collected at meteorological stations in the San Fran
cisco Area and Central Valley, Table 2 Identifies 
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Table 2. Summary of regional data stations and their locations. 

UTM coor 
to 

HIilloB idanllHcatlaii North 

1. MHI Patterson Pui 4171.1 
2, L4T UI.U Tower 4172,3 
3, L1,H Site 300 4168,2 
4, DUl BAAPCD Uvermore 4172,2 
3, OHV OB Vullecltoi 4160,0 
6, CPH Pleaianton 4168.2 
7, CFR.C Fremont 4138.3 
9. DPR D Fremont 4134,6 
9. POA Oakley 4203.0 

10. PBI Bethal liland 4209.0 
11, SCU Stockton WSD 4193,4 
11. PSI Shetmin liland 4211.0 
13, CST Stockton Cat Tram 4202,0 
14, CWC Walnut Creek 4191.9 
13. DSJ San Joie 4133.0 
I t , CSL San Leandro 4173.8 
17, DPT Pittsburg Cal Tram 4209.4 
18, DCO Concord 4199.3 
19. EOF Pittsburg POE 4210.2 
20. NUQ Moftett Field 4141,2 
21, DSY Sunnyvale 4136,7 
22. OAK Oakland WSO 4176.2 
23. CMH Morgan Hill 4118.1 
24, DRC Redwood City 4148.5 
23. HGZ Alameda NAS 4181.7 
26. DBB Benicla 4211,8 
27, CRT Crockett 4211.0 
28, CBM Berkeley Marina 4191.2 
29. DBU Burllngame 4139.1 
30. CKE Keyea 4133.0 
31. SFOSanFranclicoWSO 4163.2 
32, SFE SFO Ellis St. 4182.0 
33. SUU Travis AFB 4233.3 
34. SF2 SFO 23rd Street 4181.8 
33, DRM Richmond 4200.4 
38, DVA Vallejo 4217.4 
37, COB Oolden Gate Bridge 4183.0 
38, DOL Oilroy 4096.8 
39. DPA Pacific* 4163,0 
40. CMD Menlo Pk (Dum. Brdg,) 4146,3 
41. DSR San Rafael 4202.7 
42. DNA Napa 4240.7 
43, SAC Sacramento (BvAP) 4263,6 
44, BGL Moil Landing 4074,1 
43, MHR Mather AFB 4268.6 
46, MCC MeClellan AFB 4280.6 
47. SNS Sillnis WSO 4038.2 
48. DSA Santa Rota 4234,7 
49. BAB Beale AFB 4332.1 

Distance 
from 

Patterson Height above 
Gait Pan.km terrain, m 

621.2 0,0 5.5 
613.8 7,3 40.0 
630.4 9,6 36.0 
608,2 13,0 13.06 
603,0 19,6 13,7 
597,8 23,6 6.1 
990,9 32.9 6,1 
591,8 33.7 6,1 
611.0 33.4 10,0 
621.0 37.9 10.0 
653,8 40.7 6.1 
612,0 40,9 10,0 
650,0 42,2 10.0 
384,1 42,5 6.1 
398,3 44,3 6.' 
377.0 44.3 6.1 
397.3 43.1 6.1 
585.7 45.3 6.1 
596.7 46.1 6.1 
384.1 47.6 6.1 
583.9 49.3 6.1 
570.4 51.0 6.1 
619.9 53.0 6.1 
570.5 55.5 6.1 
560.1 62.0 6.1 
574.3 62.1 6.1 
571.0 64.1 6.1 
360.0 64,4 6.1 
537.8 64.5 6.1 
685.0 66.3 10.0 
554.4 67.3 6.1 
352.5 69,6 6.1 
593.2 70,2 14.0 
331.1 70,9 6,1 
336.6 70,9 6.1 
367.1 71,2 6.1 
350.0 72.3 113.0 
627.2 74.3 6.1 
547.0 74.6 6.1 
530.1 73.3 6.1 
342,3 85.0 6.1 
361.6 91.6 6.1 
631.1 93.0 6,1 
608,7 97.8 76,2 
647,8 101.1 3,0 
638.9 110.9 3.0 
623.0 113.0 6,1 
523,1 127,4 6,1 
635,3 161,6 6.0 



these stations, gives their Universal Transverse Mer-
cator (UTM) coordinates and wind-sensor height 
above terrain. Most of the meteorological stations 
provide air temperature as well as wind speed and 
direction. Data were also collected from the Fleet 
Numerical Weather Center in Monterey for ocean 
winds and sea-surface temperatures at 37.8 N and 
123,0 w (about 10 km west of San Francisco) and 
36.6 N and 122.4 W (about 10 km west of 
Monterey). These data were collected hourly; 
however, the comparisons and analyses that follow 
concentrate on two selected hours. 

The first hour began at 2300 OMT (23Z or 
1600 PDT) during the peak of sea-breeze intensity 
at Patterson Pass; the other hour began at 1100 
GMT (HZ or 0400 PDT) at the typical sea-breeze 
minimum. Figures 8-12 show sample time plots 
taken from the stations listed in Table 2 and the 
ocean locations at 2300 OMT and 1100 OMT (0000 
OMT or 0Z and 1200 OMT or 12Z for the ocean 
locations). These plots were derived from original 
data points and smoothed by a Whitacker-
Henderson Type A formula12 with a smoothing 
parameter of 0.2 for Figs. 8-11 to emphasize the 
long term cycles and 2.0 for Fig. 12 to show the long 
term trend. Figures 8 and 10 show the daily fluctua
tion of wind speed recorded at the stations listed in 
Table 2 at 2300 OMT or 1100 OMT, respectively, 
with ocean dntu off the count of Sun Fruncisco [Fig, 
8 (1)]. Figures 9 und II show analogous data for 
sample stations that reported air temperature ut 
2300 GMT and 1100 GMT, respectively. Also in
cluded in these figures ure plots of the air tem
perature differences between Sun Frun-
cisco/Ouklund and Sacrumento/Stockton (see Figs. 
9 und 11 (c), (0, (i). (k), und (I)) and seu-surfuce tem
peratures for the June and July data period off the 
coast of Sun Francisco, (Fig.9(g) and 11(g)) and the 
extended period (May-Aug.) off the coust of Mon
terey (Fig.9(k), us well us the oceun winds off the 
coust of Monterey (Fig, 9(j) und I l(j)). 

Figure 12 shows the long term trends of 
selected data from the previous figures. Parts (I) 
and 0) of Fig. 12 show that the ocean winds peaked 
during the June-July data period while the ocean 
temperatures continued to Increase. Parts (a), (b), 
(c) and (d) of Fig. 12 show that, though daytime 
winds continued to increase at Patterson Pass and 
Site 300, winds had a downward trend. The other 
data showed little or no trends. 

DATA ANALYSIS USING 
TIME-LAGGED CORRELATION 

A time-lagged correlation analysis was per
formed on the data shown in Figs. 8-12 and on 
other wind and temperature data from the region. 
The results of this analysis appear in Table 3 in the 
form of a correlation matrix with the time lag to 
maximum correlation shown in parentheses. A 
summary of the results of this correlation matrix 
follows: 

1. Low and variable correlations exist between 
the ocean winds and sea surface temperatures and 
wind speeds throughout the Bay Area and Central 
Valley. 

2. Higher correlations exist between air 
temperatures at the land stations and the ocean 
temperature and wind speeds. 

3. Negative correlations exist between the air 
temperature data for the region and sea-surface 
temperatures. 

4. Positive correlations exist between regional 
air temperatures and sea surface winds during the 
day; negative correlations exist at night. 

5. Time lags of 1-3 days occur for maximum 
correlation with air temperatures in the region (in
creasing for stations as a function of their distance 
east from the coast) and sea-surface temperatures 
and wind speeds. 

6. The temperature differences between the 
Central Valley and the coast correlate less with the 
ocean temperatures and wind speeds than the air 
temperatures alone in the Central Valley, implying 
that the differences are dominated by the 
temperatures in the valley. 

7. Slightly higher correlations exist between 
the regional temperatures and the ocean 
temperatures and wind speeds off the coast of 
Monterey than off the coast of San Francisco. 

8. The expected high negative correlation ex
ists between regional air temperatures and sea-
breeze wind speeds measured at Patterson Pass. 

SPECTRAL ANALYSIS OF 
REGIONAL DATA 

Power spectral analysis was also applied to 
these data. However, only 53 data points are 
available for each data set, too few for conventional 
spectral analysis techniques. In the past few years, 
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however, a new approach, called maximum entropy 
spectral analysis, has been developed for sparse 
data conditions.13 

The basic idea of the maximum entropy 
method (MEM) is the minimal assumption about 
the unknown values of a stochastic process to fit 
filters (whitening) to obtain the reciprocal of the 
squared magnitude of the Fourier-transformed 
filter coefficients. Earlier methods artificially ex
tend the data, assuming a zero or periodic signal 
with specified windows. The computer code 
developed by Strand uses a tapered entropy method 
(TEM), which fits a filter by optimal extension of 
the covariances to keep the covarlant determinant 
properly bounded (I.e., positive definite). 

Figures 13 and 14 show the results of Ihe TEM 
spectral analysis with a matrix dimensionality of 
nine for regional winds at 2300 and 1100 OMT (see 
Fig. 2), regional air temperatures at 2300 GMT, and 
sea-surface temperatures and wind speeds at 0000 
GMT and 1200 GMT off the coast of Monterey 
(Fig. 13). The spectra in Fig. 13 show large dif
ferences at frequencies above once per 4 days; 
however, at frequencies between once per 16 days 
and once per 4 days, a double-peak feature Is 
characteristic. One peak occurs close to theonce per 
5-day peak found earlier in the 30-mln-averaged 
data and the other peak ranges between once per 12 
days and once per 16 days, This second peak is not 
observed at the Llvermore tower (L4T) at night, 
possibly because It is the only one of the three sta
tions below the nocturnal inversion at 11 DO GMT. 
The air temperatures and ocean parameters In Fig. 
14 also show this double maxima feature, but with 
less energy In the higher frequency peak. This spec
tral information, combined with the correlation 
matrix, provides a tool for the characterization of 
the mechanisms of the summer sea-breeze 
phenomenon. 

APPLICATION TO MODEL 
VALIDATION 

These data serve not only as a tool for 
understanding regional wind and temperature 
phenomenal but also as a data base to validate 
numerical wind-field models. Simultaneous data 
from 38 of the stations listed in Table 2 were passed 
through a multiple linear-regression analysis, with 

the wind speeds at Patterson Pass as the dependent 
variable. This was done assuming varying F-test 
criteria. The statistical F-test is the mean square due 
to regression divided by the mean square due to 
residual variation; it serves as a criterion for accept
ing data from another independent variable by 
making a statistically significant contribution to ex
plaining the variance of the dependent variable. I 4 

Table 4 shows the stations chosen under dif
ferent F-test criteria and their distances from Pat
terson Pass, The stations chosen were not necessar
ily the stations closest to Patterson Pass or the ones 
that correlated best. Closer examination of the sta
tions selected shows that they were chosen at loca
tions sensitive to the many different wind-flow pat
terns characteristic of the greater Bay Area and the 
Central Valley. Figure IS summarizes the results of 
the study shown in Table 4 and plots the number of 
stations chosen under the various F-tcsis versus the 
percent of the variance explained. 

The graph of Fig. IS serves two purposes. 
First, the sudden slope change, at approximately 
eight stations with 90% ot the variance explained, 
implies that eight properly placed stations in the 
region could characterize the wind field In the 
region of complex terrain downwind of < LL (Pat
terson Pass) almost as well as many more stations in 
similar locations. More stations in the complex ter
rain region would be helpful because the only com
plex terrain measurements included in the data set 
were at Patterson Puss (the dependent variable) and 
the station at Site 300. Figure IS includes a data 
point obtained by using only data from airport 
wind stations normally available for fast response 
to the Atmospheric Release Advisory Capability 
(ARAC) network. ARAC assesses in real time the 
downwind transport and diffusion of atmospheric 
releases at LLL. 1 5 Figure IS shows that many more 
airport stations are required to explain the same 
amount of variance in the data at Patterson Pass as 
found with the regression-selected stations. A sec
ond conclusion from the results shown in Fig. IS is 
that the stations selected can be used in a rational 
scheme for numerical model validation. By selective 
elimination of stations shown to be of value In 
predicting winds In complex terrain and comparison 
of the model results, models can be validated with 
some quantification of the Importance of the sta
tion eliminated. The results of this kind of model-
validation study will be discussed In a later report. 
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Table 4. Stations selected from multiple linear regression analysis with Patterson Pass wind speeds as the 
dependent variable wi th F-test criteria (Yes •» passes test). 

DlsUnee 
Iron) 

Piuuion 
Pass, km 

F-test 
Simian 

DlsUnee 
Iron) 

Piuuion 
Pass, km 0,6 0.4 0.3 0.1 0.1 0.09 0,01 

1, MT(U.LTawn) 7.5 Yes Yes Yes Yes Yes No No 
2, LLH (Site 309) 9,6 Yes Yes Yes Yes Yes Yes Yes 
3. DLI (BAAPCD Llvermore) 13.0 Yes No No No No No No 
4. FBI (Bethol.Iiland) 37,9 Yet Yes Yes Yes Yes Yes No 
9, PS1 (Sherman Island) 40,9 Yes Yes Yes No No No No 
6, DCQ (Concord) 43,3 Yes Yes No No No No No 
7. NUQ (Mofftlt Field) 47,6 Yes Yes Yes No No No No 
8. OAK (Oakland) 31,0 Yes Yes Yei No No No No 
9, DRC (Redwood City) 33,3 Yei No No No No No No 

10. DBE (Bcniela) 62.1 Yes Yet Yes Y« Yes Yes No 
11. CRT(Croek«tl) 64,1 Yes Yes Yes Yes Yes No No 
12. CBM (Berkeley Marina) 64,4 Yes Yes Yes Yes Yei W No 
13, DRM (Richmond) 70.9 Yes Yes Yes Yes No Na No 
14. [)GL (Ollroy) 74.3 Yes Yes Yes Yes No No NO 
13, CMD (Menlo Park) 73.3 Yes NO No No No No No 
16. DSR (San Rafael) 83.0 Yes NO No No No No No 
17. EOL (Moil Landing) 97.8 Yes Yes Yes No No Na No 
18. MCC(MeClellanAFB) 110.9 Yei Yes Yes Yei Yes Yes Yei 
19, SNS(Sallnai) 113,0 Yes Yes No No No No No 
10. DSA (Santa Rasa) 127,4 Yes Yes Yes Yes Yes Yes No 

Variance tmplolnad-% 
Fig. IS. Plol of Shi number of stations selected from 38 alalloni In the region, bated 
on multiple linear regression with Patterson Pau wind speeds as the dependent variable 
and varying F-testa from 0.01 loO.J vs the resultant percent of variance explained. 
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CONCLUSIONS 
The results described in this report can be 

separated into two categories. The first shows how 
statistical analysis of the data base can be applied to 
determine the summer sea-breeze flow patterns in 
the region; the second category of results shows 
how the data base can be applied to numerical 
wind-field model validation in complex terrain. The 
results listed below are significant in understanding 
the regional wind patterns during summer sea-
breeze conditions; 

1. Power spectral analysis of 15-min average 
wind data over 53 days in June and July 1977 at 
locations In and around a windy area of complex 
terrain downwind of LLL (Patterson Pass) showed 
strong spectral peaks once each day and once every 
five days. 

2. Maximum entropy spectral analysis of dally 
data at 2300 GMT and 1100 GMT (typical times of 
maximum and minimum In sea-breeze Intensity) at 
these locations and others revealed an even longer-
term cycle ranging between once per 12 and 16 days. 

3. Cycles of S and 12 days were also observed 
In sea-surface temperatures and ocean winds. 

4. A weak correlation exists between the ocean 
parameters and regional winds. 

5. A stronger correlation exists between the 
ocean parameters and regional air temperatures. 

6. The sign of the correlation between regional 
air temperatures and sea wind reversed from 
positive during the day to negative nt night. 

The authors would like to thank M. Dickerson 
and J. Knox for their support with this project; 
P. Weidhaas and J, Huebel for their help with the 
multiple linear regression statistics; L. Lomonaco for 
data location help; H, Etlsaesser for advice; 
V, Arganbright for Site 300 data; G. Ochs, from 
NOAA/WPL, for advice and the loan of the white-
light optical anemometer; P. Russell, from SRI, for 
the loan of an acoustic sounder; J. Pryshepa and 
R. Llttlefleld, from Cal Trans, for wind data; 
M. Mooney and R, Swanson, from PG&E, also for 

7. A time lag of 1-3 days was noted between 
the ocean parameters and Central Valley air 
temperatures. 

The conclusions listed below were derived from 
this data base which relate to numerical model 
validation in complex terrain, 

1. Despite the high correlation coefficient 
(0.91) between space-averaged wind data from op
tical anemometers and wind data at one end of the 
path from n cup anemometer, these data often show 
differences of many metres per second, implying a 
single wind station cannot satisfactorily represent 
3Q-raln average winds over one kilometre In com
plex terrain. 

2. These differences are lower for data of a 
longer time period. 

3. Multiple linear regression is a successful 
technique for selecting stations that contribute most 
to the explanation of wind variations at the complex 
terrain location (Patterson Pass). 

4. Multiple linear regression eliminates redun
dant and random data from consideration for 
model validation. 

5. Multiple linear regression was successfully 
applied to determine the number of stations needed 
to characterize the wind flow over the region, 

6. Multiple linear regression provides a ra
tional selection criterion for data comparisons for 
numerical wind-model validation. 
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