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1 Introduction

When plans for a Royal Society-sponsored air-sea interaction experiment
were first discussed it was considered that because of the effects of ship motion
on measured turbulence it would be difficult, if not impossible, to make
satisfactory direct measurements of turbulent fluxes by instruments attached to
a ship or a tethered balloon cable. It was suggested then that measurements of
only high-frequency turbulent fluctuations (ie at frequencies higher than the
characteristic ship motions) might be used to estimate turbulent fluxes provided
certain terms in the relevant energy equations could be ignored or estimated
conveniently. Some of the data obtained during the Joint Air-Sea Interaction
Experiment (JASIN) in June 1970 provided the means of investigating the
applicability of the high-frequency flux method over the sea in this context and
are discussed in this note.

2. Theory
In the inertial subrange the following relations may be used to calculate

rates of dissipation of turbulent fluctuations

S Gy = C g k? (1)
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Here C, = 3/k C,= 0.47 (Panofsky and Pasquill 1963) and C_ = 0.7 (Panofsky 1969)
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if k is in radians per metre. Ch would be expected to have a value similar to

that for C,. The conventional Taylor transformation ( K=2%wn/U ) will be used:

3
we may then write

-2f
k5,90 = m S0 = 0kTe (2mn/5)

or
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and alternatively

e. = (n Sw(m/o«ea)m 27n [T (6)
Thus two estimates for € can be obtained, which are unlikely to agree even if
the measured data are of very high quality because of the lack of isotropy usually
observed in the =5/3 region for the atmosphere, and also because the horizontal
velocity rather than the alongwind component of this velocity is that normally
used in eq (5), leading presumably to overestimates for €, . Dissipation rates
for the temperature and humidity fluctuations may then be calculated from the
relation

= (m See g (M)/0T) e (2w arx/G)"3 (7)

The turbulent energy equations are, for horizontally homogeneous and stationary

turbulence,
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Here, E(=.%7( v*+v®*+w™) . It is conventional, though not necessarily
justifiable, to neglect the pressure transport term in (8), and as a first
approximation the first term can be replaced by -(7:‘ g;? where U is the
horizontal velocity. Near the surface over the sea the second term can probably
be neglected by comparison with the first especially in unstable conditions
without strong baroclinicity. Taking into account the contribution of turbulent
fluxes of both heat and moisture to the buoyant production of turbulent kinetic
energy eq (8) can then be written
—\I bU +3(ew +06l T qw )/T € -3 Ew =0 (11)

Further, as a flrst approxmatlon utev h 240 and s € w Tl Sl

The assumption is sometimes made that the dissipation and mechanical

production terms are equal (eg Lumley and Panofsky 1964) and eq (11) may then be

written
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or in the constant-flux layer
Uy’ %« k2 2 & 8
Alternatively the dissipation may beequated to the sum of mechanical and buoyant
production terms, and then in the constant flux region
U ¢, [z +‘3(§:' 4061 T {,":-‘)/’r =€ (14)
Such a relation is supported by an analysis given by Busch and Panofsky (1968).

D Data

During the initial digitising of data obtained during JASIN, three periods
were selected where data were obtained simultaneously at two levels in unstable
conditions. In each case ten sections equally spaced throughout the full length
of record, each about 3} minutes long, were sampled by the higher-speed Cardington
data logger at 5 scans/sec after filtering by 4-stage RC filters with cut-off
(=12 db) at 2.5Hz. The parameters sampled were the magnitude of the wind vector,
wind inclination and a high-pass filtered temperature signal (filter cut-off at
0.1Hz). The data were converted to horizontal and vertical wind speed, and
temperature, and averaged spectra were obtained from the ten sets of data for each
occasion, using the FFT subroutine described by Rayment in TDN9: the output
spectral estimates included corrections for the low-pass filtering. Spectra were
also calculated for the turbulent fluctuations of humidity, in this case using
the full lengths of data sampled at 1Hz: again corrections were applied for the
attenuation introduced by the low-pass filtering (cut-off at 0.5Hz) during the
digitising stage.

4. Results

Summaries of data obtained during the three periods are given in table 1.
Wind speeds were not measured at 10m but were calculated (very approximately in
the third case) using the relation

Ue = Ur = % (Lo 2fio + V4 Got)~ Y E/L)) (15)
which applies in the constant flux layer: values for\rg were obtained from Dyer
and Hicks (1970). For this purpose L was estimated with sufficient accuracy
from the relation (TDN14)

L= -2 U":/(es—- L +t19’(1,—1,..)) (16)
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The subscript S§ refers to parameters derived from sea-temperature measurements
and LAL is a guess at the wind speed at 10m. The vertical fluxes of momentum,

heat and moisture at the surface were obtained using the conventional formulae

T ey O (17)
Ho 7 e CP CN,E (es‘em)( U\o 3 Uo) (18)
B2 B G B %)t =-W) (19)

CD and CH,E were corrected for stability as described in TDN14 - it was assumed
that Cy(n) =Cue(™) = 1.3 x 1077 The listed values for l=; were then calculated
from

b it T ecp [y (Ho+(TSEL) (20)
The measured fluxes were obtained by planimetry of the appropriate cospectra
after smoothing of the obviously identifiable peaks due to ship motion.

Table 2 shows the magnitudes of various terms in the turbulent energy
equations. The '"mechanical' production terms in column 3 were calculated assuming
the lower level of measurement was within the constant flux layer, a very rough
approximation especially for the third period. The values for 1h‘ were those
given by Dyer and Hicks (1970): Wx, was deduced using eq (17). The buoyant
production of turbulent kinetic energy (column 4) was calculated using measured
fluxes at the appropriate heights. The next three columns list respectively the
rates of dissipation éeduced from the alongwind and vertical velocity spectra
using eq (5) and (6), and their avérage values. The alongwind spectra had been
corrected for the finite time constant of the anemometers (about 0.1 sec). The "
estimates are very unreliable because it was found that the spectra showed no
well-defined -5/3 region, almost certainly because of noise introduced by ship
motion. Figure 1 shows a typical spectrum. The crosses are spectral estimates
obtained as described in § 3: the dots are estimates using the complete length of
data sampled at 1 second intervals and then segmented as described in TDN11. The
agreement in the overlap region is excellent, showing that the ten short samples

used in the high-frequency analysis were a good representation of the full record

length, and that the low-pass filtering reduced aliasing to very small amounts.
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The distinctive features are major peaks around 0.16 and 0.08Hz, the latter being
somewhat obscured by the smoothing applied before plotting the data. However there
are also harmonically related peaks at 2 i gl g3 .6, and 1.2Hz which with the
two major peaks produce a series spaced exactly one octave apart. The peak at
0.16Hz corresponds to the characteristic period of the ship motion. Inspection of
the analogue records shows that the spurious inclination angle and speed
fluctuations due to this motion are markedly non-sinusoidal so a series of
harmonically related peaks in the power spectra might be expected. The subsidiary
peaks are certainly not the result of ''leakage" which results from a non-ideal
spectralwindow. This has the shape ((S’m “T'\)/ﬂ”rn)z s (Jones 1964) where T is the
length of record. Thus a particular frequency in the original record appears not
as a single spectral line but as a series spaced 1/T apart, with amplitude falling
off by a factor of 4 for each octave. The peak at about 1.2Hz may also be
reinforced by contributions due to oscillations of the pendulum mount of the
yawmeter at its natural frequency which lies close to this. The dissipation
values in columns 5 -7 were obtained by subjectively fitting a line of slope -5/3
to data between 1 and 2Hz after smoothing out any peaks in this frequency range.
It will be argued later that these values for € are almost certainly substantial
overestimates.

The vertical fluxes of turbulent kinetic energy were obtained from 8-sec
averaged data but showed marked changes with increasing averaging time, suggesting
that ship-induced motion was important even for this relatively low-frequency
cut-off (0.05Hz): this is not altogether surprising because triple velocity
correlations will be more sensitive to the effects of ship motion than say the
momentum flux.

Column 9 lists values for the production term in the temperature variance
equation (eq (9)), using the measured heat flux and assuming in order to determine
the potential temperature gradient that the measurement level is within the
constant flux layer. Column 10 shows dissipation rates for the temperature

fluctuations obtained from eq (7). Vestigial -5/3 regions were usually discernible
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in the temperature spectra, but at frequencies above about 1Hz the spectra were
contaminated by instrumental noise (due chiefly to tape flutter and the telemetry
system) and so even apart from any errors in € , the Xe values were not very
accurate. Column 11 gives the vertical flux of temperature variance, again from
8.sec averaged data.

The final three columns list terms in the balance equation for moisture
fluctuations. The production was estimated assuming a constant flux layer up to
the lower level of measurement, and using the measured moisture flux. In
calculating ‘)Lt’ Sit(“) was corrected for (calculated) instrumental response
before trying to identify a -5/3 region, but because of small harmonically-related
peaks in the spectrum due presumably to ship motion, and noise at higher
frequencies, the resulting estimates for )($ could well have been significantly
in error even apart from errors in € (some of the noise must result from the
differing time constants of the wet bulb and "dry bulb" thermometers and the
use of an equation of the form

g= £ Crn) = 1 (V=)
to deduce specific humidity from the observations).

For the lower level of measurement in each experimental run it is seen that
the calculated dissipation is substantially larger than the estimated production
of turbulent kinetic energy. Because both ¥ and g_g decrease with height it
appears that dissipation is larger than production at the higher level also but
the observed rate of change with height of the vertical flux of turbulent kinetic
energy is positive and hence of the wrong sign to balance the equation. This
suggests that the estimates for dissipation are significantly in error (too large).
?(o and')($ are likely to be more reliable since the temperature and humidity
spectra show less noise due to ship motion than the velocity spectra and because

€ only enters as the one third power in their case, and in this context it is
interesting to note the approximate balance between production and dissipation
for the humidity fluctuations, but the striking imbalance for corresponding

terms in the temperature variance budget.
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It is clear therefore that using a pendulum-mounted yawmeter in order to
obtain a satisfactory levelling of the yawmeter in the mean prevents the use of
the resulting velocity data to estimate dissipation from spectral estimates at
frequencies above that of the characteristic ship motion. Satisfactory "high-
frequency'" measurements could presumably be made with the presemnt system only by
clamping the yawmeter mount, and this would preclude any possibility of measurement
of the vertical turbulent fluxes. On the other hand it may be possible to use
spectral estimates at frequencies substantially lower than ship motion, where the
signal-noise ratio is much more favourable, provided the -5/3 region extends
sufficiently far. Measurements of Miya<e et al (1970) suggest the limit for w
is around ‘hZ/U ~ 1 (probably somewhat lower for U) or in the present
circumstances around 0.16Hz at 45m and 0,07Hz at 90m. This allowed revised
estimates for € to be obtained (Table 3) except at 45m where the limit
corresponded to the main noise peak in the U and w spectra, In these cases the
observed spectra at low frequencies were extrapolated to a frequency of 0.16Hz
and a -5/3 relation assumed at higher frequencies: the resulting estimates cannot
be very reliable but it is difficult to estimate the magnitude of the errors.
Revisec values for ?Ce and ?(,, also appear in table 3, and estimates for the
vertical fluxes of turbulent energy calculated from 32 sec averaged data (shown
in parentheses).

It is seen now that at 45m the total production of turbulent kinetic energy
exceeds dissipation, though there may be an approximate equality of dissipation,
and mechanical production. However, because the mechanical production falls off
approximately as the reciprocal of the height, the dissipation will substantially
exceed total and mechanical production at 140m. The vertical flux of turbulent
kinetic energy increases with height between 45 and 140m, with a net flux

3

divergence of around +10 cm2 sec ”, of correct sign but much too large to balance
the equation at 45m, and too large and the wrong sign at 140m! On the third
occasion the mechanical production was rather small (winds at 90 and 185m were

nearly equal) and on average dissipation exceeded production but again the flux
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divergence was large and of the wrong sign to effect a balance. In general it
appears that close to the surface (45m) the total production probably exceeds
dissipation but the reverse is true a hundred or so metres higher: the divergence
as calculated seems completely unreliable.

In the case of the temperature fluctuations, at the lower height of
measurement in each case, the production is small compared to dissipation. At
140m on the first two occasions the potential temperature gradient was almost
certainly positive, probably a few tenths of a degree per kilometre, and so the
production, while positive also, was again smaller than dissipation. On the third
occasion (185m) because of the small heat flux the production was again probably
less than dissipation. However, on only two out of the three occasions was the
divergence of the correct sign to balance the discrepancy.

The moisture fluctuation data suggest an approximate equality between
production and dissipation at 45m. In the third case at 90m the calculated
production may be significantly in error because it is based on the constant flux
layer assumption. The average divergence between the two levels for all three

1 (8-sec averaged data) which, assuming production

occasions is around -2 x 10~
is inversely proportional to height, is of the right sign to balance the equation.
On the other hand the comparatiﬁely large values ofﬁk:jz?‘at the lower level
suggests that production exceeds dissipation nearer the surface.
5. Conclusions

At 45m the data are not inconsistent with approximate equality of mechanical
production and dissipation of turbulent kinetic energy and production and
dissipation of humidity fluctuations, but there is marked inequality in the
corresponding quantities for temperature. At greater heights it is not possible
to draw very firm conclusions since in the absence of accurately measured vertical
gradients it is not possible to estimate accurately the production terms. However
it appears that at the higher level on these three occasions dissipation exceeded

production in all cases (turbulent kinetic energy, temperature and moisture

variance).
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It appears then that even if reliable values for € , X, and X‘L could
be obtained, the divergence terms in the appropriate energy balance equations are
so important that it would not be reasonable to neglect these, especially well
above the surface, and equate production and dissipation to obtain fluxes if
the appropriate vertical gradients were measured as well.

Unexpectedly, the effects of ship motion have been found to extend to
harmonically related frequencies much higher than the characteristic ship motion
and this makes the calculation of dissipation rates rather uncertain. In general
a worthwhile improvement could only be obtained by using a servo-stabilising
system to control the amount of tethering cable paid out, to reduce the effects
of ship motion. However this would also much increase the reliability of
estimates of vertical fluxes obtained by the conventional eddy correlation method
(it will be shown in a later TDN that fluxes obtained in this way with the present
system may already be plausible estimates) and hence diminish the need for a high-

frequency method. Steps have already been taken to secure a suitable servo-system.
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Table 1., Meayyred fluxes and cu{lcuh'ced surface fluxes

_ ! Measured d fluxes
U-o H., E.‘-, v Lo Height sl Measure uxe
Date/time i b 3 speed( ) <
mw
m sec” om~ 2 5”?1 on 2 R | asee 5 R %19 e
17/6/70 7.7 o8 | 1.9 | 090 | -220 | 45 8.38 0.12 2.1 -0.80
1610-1738 x 10° T 140 8.67 -0,76 0.6 -0,59
17/6/70 | 6.9 0.43 2.1 -0.71 <145 |1 45 7.48 0.75 3. -0.39
1749-1922 x 106 140 7.86 -0.89 3.8 -0,56
17/6/70 5.7 0.97 2.2 -0.52 -5 || 90 6.05 0.68 2.0 -0.39
214,3-0005 x 10~6 k185 6.10 0.19 1.9 -0.23
Note (a) Speed not corrected f&r ships' drift velocity
; Table 2. Turbulent efiergy balance
Nl (3) (3) (&) (5) (6) (2) (8) (9) (10) (11) (12
— L i - ?- —-1 -l——“
Height “"’gcbn /KE S(H*O'S‘T("E) € €. € sw'i2U " w?) w® Py X 5 i we w'q e
P> o 2 I KUxZ x 10 W2
Date/time . 4 5 4 4 4
m on2 seo::-'3 cnz 390-3 om2 300-3 cm2 so.w”3 onz aec-5 cm3 aec-3 5 °C2 sec oC sec cm 002 sec sec
-
17/6/70 L5 7.4 1,3 12 28 35 PR b SRS 48 |-0.8x1072 | 2.5 20"
1610-1738 | 140 5 ~ 158 10.4 19,2 15.8 +2.2 x10° | 5 17 leuprta -
12/6/70 45 AT R 51, 18.1 18.4'% 1425 x100) | 3.3 2107 5.7 |+1.5x102 | 6,220
1749-1922 | 140 - - 0.6 8.8 10.3 9.6 + 3,6 x107 | 1.6 - 23 x10 -
17/6/70 90 | (1.0)!% + 2.8 14.9 1 | 1.5 - 0.5 x105, [(0.8x100)®) 3.8 [+3.7x102 |(6.1 xt0 )
214,3-0005 | 185 - R 6.1 e +1.7x10% 0.8 |+ 0. x10 -
Notes (a) Assuming € = €, ﬁ;’:
(v) Unroliuble‘oatinatotbocaun of height above surface
Table 3. Revised
(1) “{of (3) (&) (5) (6) () (8) (10) ity 12) !
1610-1738 | 45 Tk +1.3 4.6 3.9 a3 Jo0e0( 2.5 | -0.8(-1.7007, | 2.5x10
140 x S 5.5 4.5 5.0 +2.2(2.7)xt 1.2 |+.7(6.8)x10 -
- - =T
1749-1922 45 L.7 + 3.7 5.7 7.4 6.5 +2.5$2.9;x1§ 1 4.0 |+ .5&1 .9;:1‘0?2 6.2 x10
140 - - 0.6 5.4 3.5 b5 +3.6(5.0)x1 0" - 1.2 |=23 €34 )x10 -
! - - .1
2143-0005 | 90 (1.0) +2.8 5.9 3.6 i -o.2$-o.1 ;m% (0.8 x 10°°) 2.6 *3.7?..7 no_f (6.1 510
185 + 1.4 3.7 boly k.1 +.7(2.2)x1 0.6 [+0.4(0.4)x10 -
I <
i
|
|
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