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Abstract. Observations are presented for internal gravity waves and their breaking at a height of 23.5 m
over the ocean in surface-based inversions which are formed because of the advection of warm air aver
cold water. The spectral and cospectral analyses of velocity and temperature Auctuations were made to
establish the characteristic features of the waves. Flow visualization photographs of smoke released during
the breaking of a wave are also presented. Comparison between the turbulent energies present during and
after breaking of a wave indicates enormous mixing and dispersion occurring during breaking.

1. Introduction

Puring stable atmospheric conditions, waves and turbulence co-exist and there is a
non-linear interaction between them, the energy being fed from one to another.
Identification of waves in flows where turbulence is small is probably not very difficult
due to weakly ordered motion of waves as compared to random fluctuations of
turbulence, In the atmospheric surface layer where the mechanical turbulence
caused by the earth’s surface is large, identification of waves would be somewhat
difficult. Here again, the relative magnitude of waves and turbulence becomes
important in the analysis. Philips (1960) and Bretherton (1969) amongst others have
advanced' theoretical approximations to model internal gravity waves. Several
studies of internal gravity waves (Axford, 1970,1971, for example) have been at very
high altitudes, carried out to understand the contribution of the waves to clear-air
turbulence, Metcalf and Atlas (1973) and Metcalf (1975) using aircraft-mounted

- instruments, studied waves at low-level inversions with the base of the inversions a

few hundred meters above the surface, Caughey and Readings (1975) described
waves within 183 m above the earth’s surface during nocturnal inversions over land.
This paper describes observations of internal gravity waves very ncar the surface
(within a height of 24 m)in the surface-based inversion of the marine boundary layer.
Several conflicting features that would probably affect the generation of internal
gravity waves in the marine surface layer are: (1) Nearness of the boundary -
increases turbulence, (2) Smooth surface - decreases turbulence, (3) Large body of
water - minimal diurnal variation in surface temperature, (4) Wind-generated sur-

face waves - contributes to atmospheric turbulence' at certain frequencies. The
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2. Measurements ' /
Mean wind speeds were observed at 3.35, 7,10.7,14.3,16.2 and 23.5mona24-m

‘ower located close to the beach; standard 3-cup anemometers were used. Longitud- \ )

inal, lateral and vertical velocity fluctuations were measured at g height of 23.5 m a) 7as Z

with a Vector Vane whose frequency Tesponse was in excess of ] Hz (a distance N N ° ~ ;ﬁ:suneusm
constant of about 0.6 m)for moderate wind speeds (SethuRaman and Brown, 1976), ' ) 1020
In addition, temperature fluctuations were measured by thermistors at 3,35, 10.7,18 _/ ) y

and 23.5 m. The thermistors had a time constant of about 4 s ata wind speed of about /n /

*ms”', Mean relative humidity wag measured at different heights on the 24-m / /

/
tower, using a portable humidity sensor every 30 min. The tower is located abouyt ;

0m from the ocean. Mean temperatyres over water to a height of 900 m, were / el
measured with ap aircraft-mounted thermistor. Pilot-balloon soundings were mad '
it the beach to obtain wind speeds and directions at higher elévations, ﬁ )

oy 1020~
winds at the experimental site on the south shore of Long Island. With the air flowing —— T )
ata shallow angle to the beach (less than 45 deg), over-water fetch is usually a few o

hundred kilometers. This fetch is sufficient to form 4 Strong surface-based inversion ~ Fie ! Surface weather map at 0700 Esz‘hj""e 19,1975 Sh‘."wmg the synoptic conditions in the vicinity
4] [ mcasufemeﬂtsl €.

temperature conditjons completely (SethuRaman, 1976). The mean Potentia] tem-
perature profile shown i Figure 2 indicates a 300-m deep surface-based inversion

with steepest temperature gradients near the surface, For internal waves, the Wind speeds and directions obtained by pilot-balioon observations are shown in
restoring force is characterized by the Brunt-Viisils frequency Figure 3 along wir the mean of the two Successive observations, Substantial
¢ dyire flcce.leration of Vl.lind and directional shear within the inversion, similar to a nocturnal

N= { o (1) et is present. Figure 4 shows the fluctuations of vector wind speed, elevation angle

Z and horizontal angle at 23.5 related to longitudinal (along the mean wind

where g is the gravitational acceleration, § the mean absolute potential lemperature  direction), lateral and vertjca
«nd dé/dz the potential temperature gradient. Referring to Figure 2, there seemto  defined waves are seen with ty
be three regions of differing temperature gradients, viz., 0-50, 50-150 and 150- nearly horizontal indicating no
300t But due to lack of observations between 24 and 150 m, the entire height of corresponding to the time period
300 m is considered to pe asingle slab for the computation of N, yielding a vajue of apparent. Simultaneoys temper
1033 Mean temperature measured an hour later indicated slight warming, but the  23.5m are shown in Fip
femperature structure was essentially reproduced, f‘%‘vaves for this time period with the sa
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Fig. 2. Mean potentiat temperature profile measured by the aircraft 2 km offshore. Interpolation
between the airerafy values, the tower temperature and surface temperature of water is shown dotted.
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Fig. 3. Wind speed and direction up 1o a height of 1000 m obtained by pilot-ballovy soundings at th

beach. Solid circle Fepresents the mean wing speed measured at 23,5 m.

4.1. AUTOCORRELATION FUNCTIONS

The auto covariance a(f)a(t;) where a s the variable under consideration i a
function only of the time difference -t fora stationary process and is s

ometimes
normalized by dividing by the variance to oblain ap autocorrelation fup

ction R{s)

R,.(:)=Eg);=€;g£. (2)
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a typical correlogram of
°s around zero for large time

ing the different autocorye-
lation functions, Aj of them have the maximum positjve covariance around a lag

period of about 500 ¢ although each one of them has its own distinct features, None
of them hag Symmetrical shape; but R, seems 1o have the largest positive and
w have approximately the same normalized
covariance value at the first harmonics with the peaks occurring at slightly ditferent
time lags. The reason for very small negative covarianees (close to zero) for R, and
3TITNTRH S0 h 4o a5 S0 55 R, is not readily apparent although the effect of the turbulence caused by mechuan-
TIME (min) cal roughness and breaking waves of different harmonics cannot be ruled oyt, .

ELEVATION ANGLE {deg}

Fig. 4. Time history of vector wind speed, horizontal angle, and vertical angle fluctuations at 23.5 m, 12 SPECTRA
Solid line through the datais a linear regression line. Starting time was 1235 EST.

“j The spectral density § is defined as the Fourier transform of the correlation function
~
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Fig 6. Autocorrelograms of u, v, w, and & using data recorded between 1245 and 1330 EST.
of the velocity fluctuations and has a property that

K @«
E"=L S.(n)dn=L Salk) dk &)
vhere a is the variable under consideration, # is the cyclic frequency, k is the wave
umber as 27n/i7, and S(k) is the one-dimensional energy spectrum whose subscript
«dicates the variance or covariance to which it contributes. Individual spectra for a
<riod of about 50 min when wave action was dominant for longitudinal (u), lateral
2), and vertical (w) velocity fluctuations are shown in Figure 7. When a wave is
'sent, the spectra should indicate peaks associated with high levels of coherence.
the spectra shown in Figure 7 have well-defined peaks around a frequency of
v.vol 11z, The wavy pattern of the spectra involving the harmonics of this frequency
ana the steep slopes approximating n”* behind the peaks are also characteristic of
the presence of an equilibrium field of breaking waves. The data were pre-averaged
to 10s for the above analysis in order to extend the spectra to sufficiently low
frequencies for wave action to be dominant. Analysis of the high frequency part of
the spectrum obtained without any pre-averaging also indicated similar features as
shown in Figure 8, but the general slope of v and w spectra began to approximate

O

&

GENERATION AND BREAKING OF ATMOSPHE RIC INFURNAL GRRAVIEY ) AN N

qu SO | TTTTH L R S B SR ISR | I [
| ==
-y
|03§ T \ :
E - n 4 -
S |
2 10°
o -
E -
S u
< .
1) i
< 10 |

T IIHIII

1 [!lll!l

Ol bl _L.l.Ll_LLZ___.J ~Ldin

16
n (Hz)

Fig. 7. Low-frequency Spectraof u, v, and w. The data between 1245

and 1330 EST were Pre-an
to 10 s before analysis,

1", The spectral densities of v and w components were
It component, one of the requirements for the
turbulent flows, the inertial subrange usually be
fora height of 24 m, The cascading process char
to higher frequencics when waves are present.

also higher than that of
onset of the inertial subrange.
gins at frequencics as fow as{) 3
acteristic of turbulent flows isshil

4.3, CROSS-SPECTRA

The g_rgsts-spectra uw, vw, and up are shown in Figure 9 and the cross-spectra up.
and wé in Figure 10, All the cross-spectra show the anticipated peaks nes
frcq?ency of 0.002 Hz associated with the waves. The phase angle ¢, aln
tan " [Q,, (n})/ Co,u(n )l. where a and B are the two variables considered, Co, ,(s
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Fig. 8. Higher frequency spectra of «, v, and w for the data between 1300 and 1330 EST. The sampling
timewas(.5s.

the Cospectra and Q.a(n) is the Quadrature spectra, represents the average phase
difference between common frequency components of the two variables. The
~ “»erence given by {Co? g(n)+ Q2 5(n )}/ 8.(n)Ss(n) yields a measure of the correla-
1 between the two variables as a function of frequency.
.he coherence and phase angle for the dominant frequency of 0.002 < 1 <0.003 is
& -0 Tablel, In wave motion, the vertical velocity fluctuations w and temperature
fluctuations & should be about 90 deg out of phase. In turbulence, the phase lag is
gencrally much smaller. The phase angle for wéwas 99°, for uw,~81°andfor u#, 15°,
These are consistent with the values expected from theoretical considerations.
Values given by Axford (1971) for gravity waves in the lower stratosphere are in
agreement with the above results, Caughey and Readings (1975) found values of wé,
ud and uw to be 48, 72 and 22°, respectively, in their study of internal waves in
nn-turnai inversions at a height of 183 m. They concluded that phase refationships
not be used to identify waves near the earth’s surface due to the co-existence of
ulence. The present study indicates that the theoretical phase relationships are
id even at a height of about 24 m for a stable atmospheric flow. If the peaks are

rpreted as a group of waves, then the six values of ¢ are not independent; or for "\‘
K
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Fig.9. Cross-spectra uw, vw, and uvfor the individual spectra corresponding to Figure 7.

example, if 8 is considered to be the first wave variable, then the last three colum,
define u to lag w by 84°, i 1o lag » by 47°

and v to lag w by 37°. Comparing thes
values with those in the first 3 columns of T:

able I, it can be scen that the analysis ha
produced results compatible within 3°. The coherences ranged from 0.62 10 0.96 .,

shown in Table I. Cross-spectral computations between the temperature fluctuation.
at different levels indicated high coherences (in excess of 09 for 18and 23.5m. A
the vertical separation distance increased, the coherence decreased appreciably.

4.4. CASCADE PROCESS

Another diagnostic tool helpful in distin
quantity q representative of the number
of the motion E by an amount compar

q =fE/@E/ar)

guishing internal waves from turbulence js
of cyclesit takes to change the kinctic cnerg
able with E (Busch, 1969). g is given by

(-

where f is a characteristic frequency associated with a given motion (taken s




GENERATION AND BREAKING OF ATMOSPITERIC INTE RNAL GRAMVIEY W avy s
342 §. SETHURAMAN
TABLE 1
Phase angles and coherence for 0,002 < o - 0) 003
¥ T T T 7111 e
N _M—U HJ Jw ut) LH wit
- T ¢ indeg. ~45 -8 ~34 18 62 >
$ i Coherence 0.62 0481 0.78 09 07s "
= e —
E -
<
= ] E'” /1 where I is the space scale, when a better estimation of this frequency is
.3‘ available) and 9E/dr is the rate of spectral energy transfer obtainable from
€ inertial subrange. For a turbulent field, g is close to 1. To compute g, the characn
-4 tic frequency was assumed as the Brunt-Viisili frequency equal to 0.033 H,
-8 . ) J oE/at was estimated from the inertial subrange of the v spectraas 0. 43 em’s .V
L LA L L 'l 1 L 1 i1 1 vy W N ' -, o
o’ (H"l"z ot the total kinetic energy, E=o}+o,+0%=1849cm’s 2, ¢ was found 10 be -
14 . . N
28 i - - which is far in excess of 1.
e RRAL L T LELER Lad L] T T 1T TT
a4 1 4.5. CHARACTERISTICS OF THE WAVE
zor | Some insight into the structure of the wave may be obtained by considering a sin:
f '8F ] O two-dimensional wa /e equation of the form (Caughcey and Readings, 1975),
x i . .
8" ud Z = a sin (kx ~ )
3 o 1
3 oal ] where Z is the vertical displacement, k the wave aumbcr, w the intrinsic frequen.
€ FAN " the wave inrad s~* (i.e., the frequency relative to the air in which the wave oceuar
v v . . " . . . . .
°c\J TN is the horizontal position and ¢ is the time. Vertical oscillations of the wave arc g
=04F T by
OB . 1
LAad L. ' A0 1 1)l - L A l. 1.8 21 X dz
> ¢ o' W=—-=—(aw)cos (kx —wt
n (H2} dr ( ) (kex ).
T T T T T Lol e e ] . . . .
‘ ] The velocity of the wave relative to air at height z is
1 Clz)=w/k
3 /\v\ ] and the observed time period of the wave r, is given by
* 004 E
§ _ VM A‘T rom A
3 U(z)+ C(z
g-ooq- V 1 . ) ( )
<008l ] where A is the wavelength and U(z) the mean wind speed. This assumes thi
—orzl wave is propagating in the direction of the wind. The intrinsic frequeacy n,, ol
—osel | wave can be deduced from the amplitude of the oscillations of vertical veloeity
cozolsaidi 4w NPT Equation 6 as
’ 103 102 1w
n (Hz)

aw = aw =2xan,, .
Fig. 10. Cross-spectra u, 08, and wé.

From the considerations of the variation of potential temperature with height an.

™\ mecan temperature perturbations, the amplitude of the wave, a, w

as estimated
.
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10 m. The amplitude of the vertical velocity oscillations was about 0.06 m s~}
yielding an intrinsic frequency of 0.0009 Hz.

Adopting the method used by Hooke et al. (1973), n, is related to the Jocal
Brunt-Viisili frequency by

Pl

where AU and AW are the amplitudes of the horizontal and vertical velocity
perturbations, respectively. From the data, AU/AW =36 and N =0.033. Using
Equation (10), n,, = 0.00092 Hz which is very close to the value obtained from the

11 AU

N2
n AW

ni

(10)

amplitudes of the vertical velocity oscillations. Rewriting Equation (8) with no = 1/7,
and C(z)= An,,
a=22) (11)
ng—n

With n, = 0.0024 estimated from Figure 4 and with a wind speed of 6.4 m 57}, the
wavelength A = 4.3 km and C(23.5)=3.8ms™". For a wave height of about 10 m,
he wavelength seems to be reasonable although three-dimensionality of the wave
itself should be taken into account to obtain more correct values. ‘

In fact, if  is the angle to the horizontal at which the wave propagates, it is givenby
the relationship

6 =cos™ (n./N). (12)

For the values of nw and N estimated here, 8 is close to 88 deg indicating the
possibility of a vertically propagating wave. Since the quantity uw was positive during
he period of wave propagation and hence the Reynolds Stress negative, it can be
shown that the internal wave was propagating downward and the energy extracted
from the wave motion was transferred to the mean flow (Phillips, 1966). Using the
angle determined from Equation (12), the wavelength in a horizontal plane can be
computed to be about 120 m, which is close to the values inferred from photographs,

5. Breaking Phenomenon

Breaking of internal waves seems to be a problem not very well undersiood. For
waves of different modes, overturning may occur due to the distortion of one mode in
the velocity field of another (Davis and Acrivos, 1967). For a single wave mode,
unstable density gradients may occur where the local horizontal particle speed
xceeds the phase speed of the wave (Orlanski and Bryan, 1969) when the amplitude
'fawave exceeds a critical amplitude. These unstable gradients contribute towards a
mvective instability in a small volume of fluid. Such breakdown is not complete and

© waves may reform. Some unique flow visualization photographs taken during and
I3

-

ter a typical internal wave breaking in the co of eri will . g .
yp ave b ing in the course the experiment will be ﬁhg.II.Wmddtrccuonfnrthe pcrmdbc[nrcandduringlhccxpcrimcnt,shxxwinglhc busrsts of uut
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presented in this section, A comparison will also be made between Various put.
ters, during and after breaking to understand the degree of interaction.
Although detailed study of the atmospheric variables at the tower is for only
hours on days when the required meteorological conditions were met, the wind
and direction measured by an acrovane were recorded continuously. Figur:
shows the direction trace for a period of about 90 min startingat 1210 ESTexten
over the period in Figure 4 during which detailed abservations were made. Refu;
to Figure 11, two significant bursts can be seen; one at 1220 for S min and anuth
1235 for 3 min. The second burst of turbulence corresponding to the first 3 m
Figure 4 is the subject of analysis in the following paragraphs. Mean wind sp
turbulent fluxes and energies for a period of 15 min beginning at 1235 £§
intervals of 3 min are given in Table 11. The first interval correspands to the bus
turbulence shown in Figure 4 due to the breaking of internal waves. This is foll.
by a period when a group of internal gravity waves was ohserved at the
Certain interesting features are apparent from the Table. As expected. turba
fluctuations were significant during breaking, variance being several times hi
than the corresponding values when the breaking phenomenon was absent. 1
downward fluxes of momentum in the streamwise direction were present durin,
breaking process yielding a friction velocity i, in excess of 30 cms™'. During ne:
conditions or slightly stable conditions when internal gravity waves are absen
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TABLE i
Mean and turbulent parameters at different stages of internal gravity waves

Starting Time @ a, o, Ty W ow uv Turbulent
time interval (cms™") (ems™')Y  Energy
(min)

1135 3 74 105 81 54 -1106 517 264 10251
1138 3 817 35 18 9 -2 -9 66 81§
1141 3 Bi6 28 7 9 ~19 0 20 457
1144 3 829 11 11 4 -2 5 -45 129
1147 3 787 21 8 5 -3 B =27 265

hardly exceeds 20 cms™' over water. Downward momentum flux decreased to near
zero when breaking did not occur, indicating the dominance of wave action over
turbulence in transporting momentum. Turbulent energy was found to be about 100
times higher during breaking. Some of this significant energy is obviously fed back
into the mean flow and the internal waves in a non-lincar fashion. As can be seen

from Table [I, the mean wind speed increased by about 15% in the next five minutes —_
before leveling off.

Fig. 13. Photograph of the smoke during the bicaking of the w.

aves (time 1237 1N
from the aircraft.
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g
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Fig. 12. Photograph of the smoke during the breaking of th ti ‘W ' ' ‘ o -
lrf:mthebf:c]:,ng of the waves (time 1237 EST) taken Y of kg 1L Photograph of the smoke when e wis o wase b
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While the internal waves were in the process of breaking, some flow visualization
photographs were taken of the oil-fog smoke released over water, from the beach
and also from an aircraft. The smoke was released from a b
8 m above the water surface and about 400 m offshore. Figu
of the smoke during the breaking of internal waves showin
and dispersion. The degree of dispersion in Figure 12 wo

re 12 is an elevation view
8 the tremendous looping
uld be hard to believe and

surface-based inversion formed due to the
When turbulence and waves co-exist near the surface, spectral and Cross-spectral
analysis, which yields dominant peaks, coherence and phase angle relationships,
identifying and characterizing waves. Breaking of
waves produces large amounts of momentum flux and turbulent energy, some of
which is fed back into the wave system. Wavelength, amplitude and velocity of the
wave obtained from a simple two-dimensional medel seems to be of comparable
ossard et al., 1970). Propagation of gravity
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