
do not exhibit these crystal forms; only 
spherules of opal-CT are found. This sug- 
gests that this particular core segment did 
not experience any pervasive thermal 
anomalies which could account for these 
minerals. The sample was recovered from 
a depth of 295 m below the sea floor. Un- 
der a normal geothermal gradient, it could 
not have formed at temperatures signifi- 
cantly above 20?C; however, high cristo- 
balite and high tridymite are thermody- 
namically stable above 1470? and 870?C, 
respectively. Furthermore, the assemblage 
opal-CT consisting of two varieties of 
quartz, cristobalite, and tridymite is highly 
unusual. It further illustrates the dis- 
equilibrium conditions under which this 
sample was formed. 

The existence of discrete crystalline 
growths of cristobalite and tridymite in 
void fillings undoubtedly represents a 
higher degree of ordering of silica phases 
than the disordered cristobalite-tridymite 
spherules that are so common in Tertiary 
deep-sea cherts. Euhedral crystals found in 
vugs are normally assumed to represent 
direct precipitates. This is observed here, 
an indication that these crystals are di- 
rect precipitates from interstitial solutions 
rather than a recrystallization of former 
opal or cristobalite spherules. It is likely 
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Internal gravity waves are local oscilla- 
tions about the equilibrium stable density 
stratification of the earth's oceans and 
atmosphere. In the ocean, the statisti- 
cal properties of motions with horizontal 
scales ranging from tens of meters to tens 
of kilometers and temporal scales ranging 
from tens of minutes to tens of hours ap- 
pear to scale consistently with the predic- 
tions of linear internal gravity wave propa- 
gation theory (1, 2). The primary internal 
wave scaling relationship is that energy 
densities vary in direct proportion to the 
local Brunt-Vaisala frequency N, which is 
defined in the upper ocean in terms of the 
local vertical gradient, dp/dz, by 

N2= _ gdp 
p dz 

where g is the acceleration of gravity. Fur- 
thermore, such motions are generally 
found to be statistically isotropic in hori- 
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that these crystals reflect slower rates of 
nucleation rather than a step in the in- 
version from cherts rich in opal-CT to 
quartzose cherts. 

JOHN A. KLASIK 

Department of Geology, 
Louisiana State University, 
Baton Rouge 70803 
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zontal planes (3, 4). If such motions are in 
fact manifestations of random internal 
wave fields, then by virtue of the fre- 

quency-wave number dispersion relation 
for internal waves, a complete spectral de- 
composition of the wave field requires in- 
formation in only two of the remaining 
three independent coordinate dimensions 
(time and vertical and horizontal space). 
Although it is unlikely that the field of in- 
ternal wave motions constitutes a normal 
random process, there is evidence to the 
effect that it is very nearly normal (5), 
and it is well known that the spectrum of a 
normal random process provides a com- 
plete statistical description of the process 
(6). 

Invoking elements of internal wave the- 
ory and drawing on available empirical 
data, Garrett and Munk (2) constructed a 
model (designated GM75) for the two-di- 
mensional spectral decomposition of the 
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internal wave field in the ocean, 

F,(a, /; w (a, 3)). Unfortunately, the data 
base available to them was intrinsically 
one-dimensional, being composed of fre- 
quency spectra from moored current me- 
ters and wave number spectra from towed 
or dropped instruments, together with 
some limited coherences between pairs of 
instruments separated in space or time. 
Here, we present data on the two-dimen- 
sional spectral decomposition of the inter- 
nal wave field in vertical-horizontal wave 
number space. Although one-dimensional 
spectra in the vertical and horizontal de- 
rived from our two-dimensional spectrum 
agree with published spectra that represent 
a portion of the data base for the GM75 
model, systematic deviations from the 
complete (two-dimensional) model are ob- 
served in the vertical-horizontal wave 
number plane. 

During the period 22 August to 12 Sep- 
tember 1974, the U.S.N.S. Lynch was de- 
ployed in the western North Atlantic be- 
tween Cape Hatteras and Bermuda. Dur- 
ing this time measurements were made of 
the two-dimensional (vertical-horizontal) 
structure of the oceanic internal wave field. 
The basic measurement system consisted 
of a towed thermistor chain. The chain has 
connections for mounting 70 sensors at an 
average vertical spacing of 1.4 m at normal 
towing speeds. Here, we analyze the data 
from 32 thermistors located in the lower 
portion of the chain, where curvature ef- 
fects associated with the chain profile are 
minimized during towing. For this portion 
of the chain, the average vertical spacing 
between thermistors was 1.27 m (7). Sup- 
porting environmental data were provided 
by salinity-temperature-depth (STD) re- 
corder and profiling current meter casts 
and by parachute drogues deployed at vari- 
ous depths. The STD data provided esti- 
mates of the average temperature and 
Brunt-Vaisala frequency profiles, which 
are required for proper data scaling. The 
nominal center line tow depth was 100 m, 
which placed the thermistor array below 
the seasonal thermocline in a region where 
the average temperature gradient and 
Brunt-Vaisala frequency varied only 
slightly over the sampling region, so that 
special processing techniques (8) were not 
required for spectral decomposition in the 
vertical. Our analysis of the parachute 
drogue and current meter data indicates an 
absence of significant background current 
shear over the range of depths of interest 
here. 

The thermistor chain measurements 
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The thermistor chain measurements 
were made during four basic exercises (see 
Table 1), each consisting of a box pattern 
of four 8-km tow legs at a nominal speed 
of 3 m sec-~ (9). Data were sampled every 
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tal wave number space. The measured two-dimensional spectrum exhibits a systematic 
deviation from the corresponding Garrett and Munk modelfor internal wave spectra. 
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30 cm in the horizontal and averaged 
in 105-m increments. Only 64 such in- 
crements were retained for each tow leg 
in order that the spectral decomposition 
could be performed on an array of 64 x 32 
points using efficient fast Fourier trans- 
form techniques (10). Assuming horizontal 
isotropy and internal wave scaling, the 16 
tow legs yield 32 independent sample esti- 
mates of the two-dimensional spectral den- 
sity Ff (a,, d) of internal wave amplitude, 
where a, is the horizontal wave number in 
the direction of tow and 0 is vertical wave 
number. Each sample spectrum resolves 
32 x 16 wave number pairs in increments 

al = 1.5 x 10-4 cycle/m and A/3 = 2.5 
x 10-2 cycle/m up to the Nyquist wave 
numbers an = 4.8 x 10-3 cycle/m and 
On = 4.0 x 10-1 cycle/m. Because the 
spectral estimates are obtained by direct 
Fourier transformation of the data grid, 
the sample spectra are in fact smoothed by 
a Bartlett window (11, pp. 239-243). By 
averaging over the 32 sample spectra, the 
variance of our resultant smoothed spec- 
tral estimator of Fr(a, ) \ should be re- 
duced to roughly 2 percent of the variance 
found in the original sample spectra (11, p. 
252). Note that the range of wave numbers 
resolved by our array (1.5 x 10-4 < a 
< 4.8 x 10-3 cycle/m and 2.5 x 10-2 
< B < 4.0 x 10-1 cycle/m) is well suited 
for internal wave analysis. It is probable 
that for the environmental conditions un- 
der which our data were taken, pure inter- 
nal wave motions are restricted to horizon- 
tal and vertical wave numbers less than 
7.5 x 10-3 and 1 cycle/m, respectively (12). 
At the other extreme, we note that the low 
wave number resolution of our array cor- 
responds roughly to the low wave number 
resolution of previous one-dimensional 
studies of internal wave motions (3, 13, 
14). 

The data base Garrett and Munk were 
able to draw on in constructing their model 
for the internal wave spectrum was inher- 
ently one-dimensional. The one-dimen- 
sional horizontal and vertical wave number 
spectra F(a,) and F(i) are the result of 
collapsing the two-dimensional spectrum 
F{(a,, ,3) onto the respective wave number 
axes 
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In Fig. 1 we have plotted the one-dimen- 
sional spectra Fr(a,) and F(i) based on 
the thermistor chain data. The spectra are 
properly normalized by the Brunt-Vaisala 
frequency for direct comparison with the 
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Table 1. Cruise data. 

N Exer- Date Location Depth (cycle/ dT/dz 
cise (m) hour) (oC/m) 

1 25 August 1974 34?40'N, 72?20'W 100 5.4 0.018 
2 29 August 1974 31?53'N, 64?45'W 100 5.0 0.031 
3 1 September 1974 31?50'N, 64?52'W 82 6.0 0.044 
4 7 September 1974 34?28'N. 72?55'W 116 6.0 0.044 
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Fig. 1. Normalized horizontal (A) and vertical (B) one-dimensional spectra of internal wave ampli- 
tude. 
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GM75 model. The vertical wave number 
spectral estimates have been compensated 
for aliasing (11, pp. 52-53), assuming an 
asymptotic 3-25 dependence consistent 
with the GM75 model. Because the data 
are averaged horizontally over scales 
smaller than the sampling interval, the 
horizontal spectrum is not aliased. Also 
plotted in Fig. 1 are normalized one-di- 
mensional spectral estimates drawn from 
several published sources (3, 13, 14), to- 
gether with the appropriate predictions of 
the GM75 model. Clearly, our data are 
consistent with the historical data, and the 
GM75 model gives a fair representation of 
the one-dimensional spectra. 

Our empirical two-dimensional spec- 
trum is presented in Fig. 2A. Since there 
are no data relating to the correct asymp- 
totic form of the two-dimensional spec- 
trum, no attempt has been made to com- 
pensate for aliasing in the vertical. The 
presentation is in the form of a contour 
map. The wave number axes are logarith- 
mic, and the data are represented by 
computer-generated contours of log(N/ 
No)FA(a1, 3), the units of F being (meters)2 
(cycles per meter)-2. Along any curve (con- 
tour) F{a, /3) is constant, and successive 
contour levels are separated by 5-db in- 
crements in F. Small-scale vacillations in 
the contours are the result of statistical 
variability related to the finiteness of our 
data sample. The spectrum is roughly sym- 
metric about the line f = a,N/f; which 
corresponds to a (45?) diagonal passing 
through the point (a, 3) = (0.2 cycle/km, 
0.025 cycle/m). 

This behavior is consistent with the 
results of a scale analysis of the in- 
ternal wave equation, which indicate that 
vertical and horizontal dimensions in the 
internal wave field should scale roughly in 
the ratio f/N, where f is the local inertial 
frequency (2 cycles per day times the sine 
of the latitude). The corresponding GM75 
model spectrum is plotted in Fig. 2B, and 
although the model gives a fair representa- 
tion of the data for /3 < a,N/f it exhibits 
a trend of systematic deviation from the 
data for / >? a,N/f This trend is empha- 
sized in Fig. 2C, where we have contoured 
the logarithm of the ratio of the empirical 
spectral density to the model spectral den- 
sity-that is, the difference between A and 
B of Fig. 2. The effect of aliasing on 
the measured spectrum should be confined 
to a narrow band along the top of Fig. 2C, 
the maximum effect being a 3-db (0.3 unit 
of log F) rise in the spectrum at f = 0.4 
cycle/m. Taking into account the vertical 
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is primarily a function of the ratio a,/F. 
Since the frequency-wave number dis- 
persion relation takes the form 

-2 = f(l + a2N2/Y32) 
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for waves with frequency w < N, this 
implies that the deviation is primarily a 
function of frequency, rather than wave 
number per se. That is, the GM75 model 
systematically underestimates the mea- 
sured spectrum as a tends down to the 
inertial frequency. Note that this system- 
atic deviation is much less apparent in the 
integrated or one-dimensional spectra, al- 
though a close examination of Fig. 1 in- 
dicates that the GM75 model does not pre- 
cisely predict the data. Unfortunately, con- 
version of the a,'- spectra to a frequency 
spectrum via the dispersion relation great- 
ly amplifies the statistical "noise" in the 
experimental data since the derivative bF/ 
ba, is required in order to estimate 
F(a,f(;w(a,f)), so that a meaningful quanti- 
tative comparison of our data with his- 
torical data from moored sensors is virtu- 
ally impossible. However, we do note that 
the nature of the deviation between GM75 
and our data appears at least to be con- 
sistent with the fact that although simple 
wave theory (as incorporated in the GM75 
model) dictates that inertial period mo- 
tions produce no sensible vertical displace- 
ments, vertical displacements are indeed 
found to be associated with inertial period 
motions in the sea (15). 
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ments, vertical displacements are indeed 
found to be associated with inertial period 
motions in the sea (15). 
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Cigarette smoking over a long period is 
associated with cough, sputum production, 
and chronic bronchitis in many human 
subjects (1). The mechanism of the bron- 
chitis is unclear. Cigarette smoking and ex- 
posure to other airborne agents such as 
cotton dust are additive in producing 
chronic bronchitis, as found in cotton tex- 
tile workers (2). Exposure to cotton dust 
recruited polymorphonuclear leukocytes 
to nasal airways in human subjects 
(3) and in pulmonary airways of rodents 
(4). The link between cotton dust exposure 
and cigarette smoking suggested that 
smoking may recruit leukocytes to air- 
ways. The immediate effects of cigarette 
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smoking include reduced early phase of 
particle clearance (5), increased closing 
volume (6), increased airway resistance (7), 
and toxic effects on oral leukocytes (8). We 
now report that in hamsters inhaled ciga- 
rette smoke recruits polymorphonuclear 
(PMN) leukocytes to airway lumens from 
trachea to terminal bronchioles. The 
particle phase of the smoke has the same 
effect. However, the vapor phase alone is 
cytotoxic to epithelial cells, especially the 
nonciliated ones. 

Hamsters were used to study the imme- 
diate effects of airborne exposure to unfil- 
tered whole cigarette smoke, vapor phase 
alone, and particle phase alone. A novel 
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Leukocyte Recruitment to Airways by Cigarette Smoke and 
Particle Phase in Contrast to Cytotoxicity of Vapor 

Abstract. After hamsters had breathed fresh cigarette smoke in a miniature chamber, 
airways of the lung showed recruitment of polymorphonuclear leukocytes. Exposure to 
particles alone by removal of the vapor phase with charcoal did not change the leukocyte 
response. However, exposure to cigarette smoke vapor after removal of particles with 
Cambridge filters did not recruit leukocytes but produced nuclear and cytoplasmic vacu- 
oles, double nuclei, and exfoliation of cells. 
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