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ABSTRACT

Two experiments were performed to study the characteristics of turbulence in convective mixed layers in the
upper ocean. In the first, a diurnal convective mixed layer developed in the Bahamas under the influence of
the cycle of daytime solar heating and nighttime evaporative cooling. The mixed layer reached as deep as 100
m each night and restratified each day. In the second, the mixed layer of a warm-core Gulf Stream ring deepened
from less than 50 m to more than 150 m in a little more than a day, when subjected to rapid cooling during a
cold air outbreak. Although individual profiles of ¢, the rate of viscous dissipation of turbulent kinetic energy,
had considerable spatial and temporal variability, the mean dissipation profiles were similar to those in convecting
atmospheric boundary layers. The ¢ is established by the surface buoyancy flux, J,°;¢/J,® = 0.61 and 0.72 in
the Bahamas and ring data, respectively, compared with 0.64 in convecting atmospheric mixed layers. The
mean profiles decrease gradually, no more than a factor of 3, through the mixed layer and drop abruptly, by 1

to 2 decades, at the mixed layer base.

1. Introduction

Wind stress and surface buoyancy flux supply the
energy for turbulent exchange between the ocean and
atmosphere. Although wind stress alone can drive
mixing in the upper ocean, the deepest oceanic mixed
layers are produced by surface cooling, when buoyant
production leads to convection. This turbulent mixing
process has seldom been studied experimentally in the
ocean, and the parameterization of dissipation during
convection remains a major unanswered question of
mixed layer dynamics (Niiler and Kraus, 1977). Al-
though the turbulence in the atmospheric convective
mixed layer is better understood, it is not clear how
applicable the results are to the ocean (Thorpe, 1985).

The goal of experimental boundary layer studies is
to parameterize turbulence using the surface buoyancy
and momentum fluxes and large-scale velocity shear.
This approach has been applied with success to the
atmospheric convective boundary layer (Businger et
al., 1971; Wyngaard, 1983). In fully-developed con-
vection, well away from the surface, the production of
turbulent kinetic energy (TKE) by the Reynolds stress
becomes small and buoyant production becomes the
dominant source of TKE. It is then possible to produce
simple relationships predicting the forms of the dissi-
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pation rate profiles (Kaimal et al., 1976; Caughey and
Palmer, 1979; Guillemet et al., 1983).

There have been fewer experimental studies of tur-
bulence in the oceanic mixed layer. Oakey and Elliott
(1982) analyze data from a shallow wind-driven oceanic
mixed layer and show that ¢, the mean rate of dissi-
pation of turbulent kinetic energy, is proportional to
U3 (Uyo is the wind speed at a height of 10 m). Shay
and Gregg (1984a,b) show that € in a deep oceanic
convective mixed layer is proportional to the surface
buoyancy flux, J,°. Imberger (1985) presents similar
results in an examination of data from a diurnal mixed
layer in a freshwater reservoir.

Two experiments are discussed in this paper. First,
the turbulence in a diurnal convective mixed layer ob-
served near the Bahamas is analyzed (Shay and Gregg,
1982). These data display some characteristics of the
classic diurnal mixed layer as well as some differences
related to disruption of the diurnal heating cycle. Sec-
ond, a comprehensive analysis of the turbulence in the
mixed layer of a Gulf Stream warm core ring during a
cold air outbreak is presented. Shay and Gregg
(1984a,b) present a preliminary analysis of these data.
More details are given here to show the range of vari-
ability and to compare the results with the diurnal case.

Section 2 contains a brief description of the instru-
mentation and data processing (more details are in the
Appendix). Specifics of the Bahamas and ring experi-
ments are discussed in sections 3 and 4, respectively.
Each section contains discussions of the background
oceanographic environment, the meteorological forc-
ing, the hydrographic response to that forcing, and the
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behavior of . In section 5, the properties of € in the
two experiments are compared with each other and
with those of atmospheric convective mixed layers.
Discussion and conclusions are presented in section 6.

2. Instruments and methods

The purpose of the experiments was to characterize
the turbulence during convectively driven mixing and
to compare the results with measurements from the
atmospheric boundary layer. Although laboratory and
atmospheric experiments have been performed in en-
vironments chosen to minimize the effects of large-
scale velocity shear and horizontal gradients, such con-
ditions are hard to find in the ocean. Since the larger
scale environment affects the structure and evolution
of the turbulence, the direct turbulence measurements
are supplemented with measurements of the hydro-
graphic and velocity fields.

a. Oceanographic data

Vertical profiles of thermohaline finestructure and
of temperature and velocity microstructure were made
with the Advanced Microstructure Profiler (AMP)
(Gregg et al., 1982). The range of fall rates used in the
two experiments was 0.45 to 0.80 m s™'. The data for
computing e are acquired using two airfoil probes (Os-
born and Crawford, 1980). The probes measure the
component of velocity fluctuations normal to the di-
rection of the probe’s motion, and respond to signals
in the dissipation subrange of the kinetic energy spec-
trum. Standard spectral methods are used to obtain e:
the shear spectrum is calculated from 0.5 m sections
of data, corrected for sensor and circuit response func-
tions, and then integrated to a cutoff wavenumber. Two
methods for choosing the cutoff are compared in the
Appendix. Shay (1985) contains a more complete de-
scription of the data processing.

The temperature and conductivity channels of AMP
are periodically calibrated at sea using a temperature-
controlled calibration bath developed by N. Larson
(personal communication, 1983). Corrections for drift
and offsets are later applied to the data. The precision
and accuracy of the temperature measurements are 3
and 10 m°C, respectively. The precision and accuracy
of the conductivity measurements are 0.005 S m™~! and
0.01 S m™!, respectively. An additional error in the
temperature measurements results from pressure dis-
torting the thermistor. This effect varies with the phys-
ical characteristics of the probes, but ranges from (—3
to —9) X 10~° °C m™! (J. Carlson, personal commu-
nication, 1985); this range corresponds to (0.3 to 1.0)
T, where T is the adiabatic lapse rate. We did not correct
for the pressure effect.

Vertical profiles of the large-scale velocity field were
occasionally made using Expendable Current Profilers
(XCP) (Drever and Sanford, 1980). The XCP does not
give the absolute velocity, but vertical shear is consid-
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ered to be accurate at scales greater than 10 m (Gregg
et al., 1986).

b. Meteorological data

The energy driving the turbulent mixing in the upper
ocean is provided by the wind stress and the surface
heat flux. The energy flux at a height of 10 m, E,, is
given by

Ep=1U;p [Wm] N

where 7 is the wind stress and U, is the wind speed at
10 m. It is generally found that a small fraction (about
1 to 2%) of E) is available for mixing in the upper
ocean (Denman and Miyake, 1973).

The other source of energy, the surface buoyancy
flux, J,, is the surface value of the rate of buoyant

. production of turbulent kinetic energy. The Jb contains

contributions from the surface heat flux, J,°, and the
surface salt flux, J,:

o__&812 y0 o] _&|7%;0 Bs
=22 504 850 =& |—u0+—"—r
T pw[cp ¢ '8 S] pw[cp Jq LE(I—S)Jq}

/ [Wke™'l (2)

where g is the gravitational acceleration, p,, is the den-
sity of seawater (1025 kg m™3), « is the coefficient of
thermal expansion [(—2 to —2.5) X 107* K™}, ¢, is the
specific heat of seawater at constant pressure (4.1
X 10% J K! kg™"), 8 is the coefficient of haline con-
traction (0.76 to 0.81), Lz is the latent heat of evapo-
ration (2.5 X 10° J kg™'), s is salinity expressed as a
concentration (e.g., 0.035), and J,f is the evaporative
heat flux. Positive heat and buoyancy fluxes represent
losses from the ocean. The salinity term usually makes
a small contribution to J,°. For example, if J, and J,°
are 300 and 150 W m™2, respectively, then the total
buoyancy flux is 1.71 X 107 W kg™! and the salinity
term is 1.6 X 107® W kg™, only 10% of the total.
In turn, J,,° has four components:

JE=IHIM IS TS WmT (3)

where J;¥ is the shortwave radiative flux, J," is the
longwave radiative flux, and J, is the sensible heat
flux. In the Bahamas, measurements of temperature,
humidity, wind velocity and radiation were taken every
minute by instruments mounted on a spar buoy. For
the ring experiment, data recorded every two hours in
the ship’s weather log were used. In both cases, 7, J;°
and J° were calculated using bulk aerodynamic for-
mulae and the transfer coefficients given as functions
of stability and wind speed by Large and Pond (1981,
1982). Since direct radiation measurements were not
available from the ring, bulk formulae were also used
for the radiative fluxes (J;* and J,) (Smith and Dob-
son, 1984).

In an existing mixed layer where the only sources
of TKE are the wind stress and buoyancy flux, the
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Monin-Obukhov length shows the relative contribu-
tions of the two sources; it arises simply out of dimen-
sional analysis and is given by,

_ui
KJbO

where u, is the ocean surface layer friction velocity

defined as
T 172
(2" e

[m] C))

)
Pw,

and « is von Karman’s constant. As defined, L is neg-
ative during conditions favorable to convection (J,°
> 0). Since u3 is proportional to the input of kinetic
energy by the wind and J,° is the buoyant production,
L defines a depth at which the two processes are of
similar importance for the production of TKE; below
L, buoyant production becomes the important source.
Thus, in a mixed layer with depth |D| > |L|, much of
the mixed layer should be dominated by convectively
driven turbulence (Phillips, 1977). The ratio D/L can
therefore be used as a bulk stability parameter indi-
cating the degree of convective instability of the mixed
layer. This development relies on the assumption of a
smooth surface, and is not a priori applicable to the
upper ocean, which contains waves, breaking waves,
bubbles and Langmuir cells (Thorpe, 1985). We will
test whether L actually indicates the depth below which
convection is important in the ocean.

3. Diurnal mixed layer in the Bahamas
a. Background

A diurnal convective mixed layer was observed in
the Tongue of the Ocean, Bahamas, in January 1982
(Shay and Gregg, 1982). The Tongue of the Ocean is
a narrow (40 to 100 km wide) channel east of Andros
Island. The channel is bounded on the west by a narrow
shelf, on the east by a broad arm of the Great Bahama
Bank, and reaches a maximum depth of 3000 m.

Bursts of AMP drops were made intermittently be-
tween 3 and 11 January. Most were made at night dur-
ing periods of surface cooling. The bursts were clustered
within a 10 X 30 km area, but horizontal gradients
were strong enough that repositioning usually resulted
in shifts in the mean hydrographic properties.

b. Meteorological forcing

Isolated peaks of wind forcing (E;o) occurred
throughout the experiment, but the mean value of 0.4
W m™ corresponds to a moderate wind speed, 5 m s™!
(Fig. 1a). On 10 and 11 January, an increase in E;,
accompanied the arrival of a cold front.

The air was not more than 2°C cooler than the sea
surface until the arrival of a cold front on 10 January.
Subsequently, the air-sea temperature difference in-
creased to 5°C on 12 January. The cold front was a
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FIG. 1. Thirty-minute averages of the meteorological data from
the Bahamas. Local noon is at 1700 GMT. Eo is the energy flux
produced by the wind stress. A constant water temperature of 25°C
(broken line) was used for flux calculations; AMP sea surface tem-
peratures (+) show that this approximation is correct to within 0.2°C
(and incidently show the times of AMP drops). J,° (heavy line) is the
surface buoyancy flux, and J,? (thin line) is the surface heat flux.
Positive fluxes (shaded) represent a loss of heat or buoyancy from
the ocean. J,£ (heavy line) is the evaporative heat flux and J,’ (thin
line) is the sensible heat flux. L («) is the Monin-Obukhov length;
when L is negative, conditions are favorable for convection. The
time series of L is shown as a dotted line near sunrise and sunset
when J;° passes through zero, and L is ill-defined.

precursor of a severe cold air outbreak that froze the
Florida citrus crop, but the cruise ended as the outbreak
began.

The AMP sea surface temperatures were within
0.2°C of 25°C (+ in Fig. 1b). A constant sea surface
temperature of 25°C was used in flux calculations.

The incoming shortwave radiation was dominant
during the day, as expected. The peak incoming heat
flux reached —400 to —600 W m™2 on most days, but
cloud cover reduced the peak value to below —300 W
m~2 on 10 January.

At night, the sensible, evaporative, and outgoing
longwave radiative components combined to yield net
upward heat (J,°) and buoyancy fluxes (J;°). (A positive
flux is a loss from the ocean.) The surface cooling at
night was typically —150 to —200 W m™2 before and
—300 to —350 W m™2 after the arrival of the cold front.
Typical values of J,° were (1.0 to 2.0) X 1077 W kg™!
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before and (2.5 to 3.0) X 10”7 W kg™! after the arrival
of the cold front (Fig. 1c).

The Monin-Obukhov length (L, Fig. le) reflects the
diurnal cycle of convectively stable (L > 0) and con-
vectively unstable (L < 0) conditions. During the
nighttime periods of unstable conditions, the mixed
layer depths (D) ranged from —20 to —90 m while L
ranged from —1 to —10 m. The nighttime values of D/
L ranged from 2 to 76; these would be interpreted as
weakly to moderately convective conditions in the at-
mospheric boundary layer. We observed convectively
driven mixed layer deepening on each of several nights,
both before and after the arrival of the cold front.

¢. Hydrographic response

The behavior of the hydrographic fields can be il-
Iustrated with two sets of profiles—one from a daytime
drop and one from a nighttime drop, shown in Figs. 2
and 3, respectively. (The gaps near 0.90 MPa in these
and other profiles from the Bahamas are a feature of
the data acquisition system used for that cruise.) AMP
drop 391 (Fig. 2) was taken at 1720 local time 8 Jan-
uary, near sunset. The solar radiation on 8 January
was the highest of the cruise and, combined with low
winds, resulted in a warm, 10 m thick surface layer.
Below the surface layer, a small amount of restratifi-

0.0
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cation was caused by the depth-dependent absorption
of shortwave radiation. The buoyancy frequency, N,
was about 0.01 s™' in the thin surface layer, but then
dropped t0 0.001 t0 0.002 s™! between the surface layer
and the top of the seasonal thermocline, where it again
increased to about 0.01 s™!.

The relative contributions of the temperature and
salinity gradients to the stratification are given by

_ B3s/3z)

? a(dT/dz) ©

When R, < | temperature is more important, and when
R, > | salinity makes the dominant contribution. The
quadrant of the gradient 7-S diagram (quad) gives the
stability of water parcels to double diffusive convection.
(Quadrant 1 is unstable to salt fingering; quadrant 2 is
diffusively stable; quadrant 3 is unstable to the diffusive
mode of double diffusion; and quadrant 4 is gravita-
tionally unstable. Quadrant 0 means that either the
temperature or salinity gradient was zero.) This daytime
profile has sections in quadrants 1, 2 and 3, but no
gravitationally unstable sections. The relative contri-
bution, R,, and the quadrant can be used as indicators
of potential double diffusive activity; the double dif-
fusive aspects of these data are discussed elsewhere
(Larson and Gregg, 1983). The stratification was
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FIG. 2. Representative daytime conditions during the Bahamas experiment. (1 MPa corresponds
to 100 m.) The potential temperature (6), salinity (s) and potential density (o,) are computed
from 0.1 m vertical averages. (The gaps were introduced by the data acquisition system.) The
buoyancy frequency (N), density ratio (R,), and quadrant (quad) are calculated by first differences
across 5 m bins. The absorption of shortwave radiation has warmed the upper 10 m by 0.2°C

and restratified the upper ocean.
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FIG. 3. Representative nighttime conditions during the Bahamas experiment. The format is
identical to that in Fig. 2. The water column is well mixed to 0.85 MPa, and the resulting tem-
perature profile is adiabatic within the mixed layer. Gravitational instabilities exist on scales of

up to S m in the vertical.

mainly controlled by the temperature gradient, al-
though isolated portions of the profiles were salinity-
dominated.

The nighttime condition is represented by AMP drop
522 (Fig. 3), taken on 10 January at 2044 local time.
There is no stable surface layer, and the profile is well
mixed to 0.85 MPa. The N is less than 0.002 s
throughout the top 0.85 MPa and increases to about
0.01 57! below. Several sections of the mixed layer are
gravitationally unstable, having negative N2 (and falling
in quadrant 4 of the gradient 7-S diagram). The be-
havior below the top of the seasonal thermocline in
the two cases is similar.

One complete diurnal cycle from 7 and 8 January
is illustrated by the potential temperature (6) profiles
in Fig. 4. A portion of the J;° time series is also plotted
and the superimposed numbers correspond to the pro-
file numbers; the positive values of J,° (favorable to
convection) are shaded. This sequence of profiles is
not strictly a time series since the AMP drops were not
all made in the same location or the same parcel of
water.

Profile 1 was made at 2053 local time, four hours
after sunset. Between 0 and 0.55 MPa, the mean po-
tential temperature gradient, 6,, was slightly negative
and there were many small inversions suggesting over
turning water parcels. Below 0.55 MPa, 8, was positive
and there was less small-scale temperature structure.
These observations suggest that the water column was

6/ °% 6/ °%
25.0 25.1 25.0 35.1
0.0 T T T T T
2 | 3
s
0.5
~ -
a
1.0
I | 1 1 1 I3 | | |
T 3
g 4 5 &
vg ]
~ o]
oD —
o
~ e
2 -3 el

January 1982 (GMT

FI1G. 4. The diurnal cycle from 7 to 8 January. The numbers near
the large dots on the J,° time series give the times of the corresponding
6 profiles. Profiles 1 and 2 show the progressive penetration of the
well-mixed layer down from the surface. Profile 3 shows the effects
of daytime restratification. Profiles 4 through 6 show the erosion of
the stratification during the next night. Because of lateral variability
in 6 and s and changes in ship position of a few km, the profiles are
not a time series in one water parcel.
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rapidly mixing above 0.55 MPa and not mixing below;
the stable stratification below 0.55 MPa was the result
of the absorption of solar radiation during the previous
morning and afternoon.

Profile 2 was made 3.5 hours later. By that time,

0, was slightly negative and the water column was ap- .

parently rapidly mixing to nearly 0.95 MPa. Since
temperature is a good indicator of density in this da-
taset, the temperature inversion in the upper 15 m of
this profile is also an unstable density inversion.

Profile 3 is the only one of this sequence that was
made during the daytime heating phase (1300 local
time). The upper 15 m had been warmed and stabilized
for several hours, and 8, was positive throughout the
water column. The stable stratification below the sur-
face layer was probably the result of a combination of
solar radiation absorption and lateral intrusions. No
drops were made later in the afternoon, so we do not
know how warm the surface layer became.

Profiles 4-6 show the development of the convective
mixed layer as the night progressed. The interpretation
of these profiles is similar to that of profiles 1 and 2.
As the mixing proceeded down from the surface, the
stratification was destroyed and 6, became negative.
The magnitude of the temperature step across the base
of the mixing layer gradually decreased until the new
mixing layer reached the seasonal thermocline near
1.0 MPa.

In the next section, the temperature observations
are related to direct measurements of ¢, and it will be
shown that small temperature steps such as those at
0.35 and 0.50 MPa in profiles 4 and 5, respectively,
correspond to the base of the mixing layer.

d. Behavior of e

The mixing implied by the changes in the temper-
ature profiles in Fig. 4 is confirmed by the direct mea-
surements of e. Figure 5 shows the ¢ proﬁles from the
same 51x drops. The dissipation rate is very high (e
> 1077 W kg™!) between the surface and a pressure of
0.05 to 0.10 MPa; we call the corresponding depth L.
These high dissipation rates are caused by direct wind
forcing, surface wave breaking and vehicle motion.
We have been unable to assess the relative contribution
of each, and the region L, < z < 0 will not be considered
in what follows.

When conditions are favorable for convective mix-
ing, i.e., when J;° > 0, the ¢ profile was often nearly
uniform with depth between L, and a depth at which
a decrease in € of 1 to 3 orders of magnitude occurred.
This depth is the effective mixed layer depth, D.

The diurnal mixed layer is a rapidly evolving system,
and profiles were made at various stages. Profiles 1, 4
and 5 were made when convective mixing was pene-
trating down from the surface and remixing water that
had become slightly restratified the previous afternoon.
In these profiles, D is limited by small density steps
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FIG. 5. The profiles of viscous dissipation rate, ¢, corresponding
to the @ profiles in Fig. 4. (8 is replotted in this figure for reference.)
During the nighttime deepening periods, ¢ is nearly uniform until a
large (1-3 orders of magnitude) decrease at the base of the mixing
layer. The cutoffs occur near the same depths as do small @ steps.
The high ¢ zone is smeared across the mixed layer base by the 5 m
vertical averaging and by overturns at the base of the mixed layer
(see Fig. 6). Above the steps the profiles are adiabatic, while below
they are stably stratified. These small 8 steps represent the effective
depth of the mixed layer. At night, the mean value of ¢ in the mixed
layer is close to J,C.

(and by the small potential temperature steps in Fig.
2); the depth of the seasonal thermocline was not rel-
evant. Profiles 2 and 6 were taken in fully-developed
convective mixed layers. In these cases, D corresponded
to the depth of the top of the seasonal thermocline. In
these five profiles, the mean value of ¢ in the depth
range L,<z<Dis(1.0to 3.0) X 1077 W kg™ !, close
to Jb .

In daytime drops such as profile 3, the stable density
gradient extends to the sea surface. The corresponding
e profile generally decreases rapidly below the surface
and remains low in the restratified mixed layer (e
< 1.0 X 10°® W kg™!). The energy provided by the
wind stress was not enough to overcome the stabilizing
effect of the incoming solar radiation and was quickly
dissipated in the upper 20 m. Intermittent patches of
higher ¢ in the restratifying surface layer (e.g., at 0.40
and 0.70 MPa in profile 3) were presumably caused by
shear instability.

The correspondence between the depth of mixing
and the change in temperature gradient is shown more
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clearly in the expanded-scale plots in Fig. 6. Although
the temperature profiles in the mixing layers appear to
be superadiabatic, the pressure effect discussed in sec-
tion 2 [(—3 to —9) X 107 °C m™'] could account for
most of the apparent gradient, and the profiles are
probably nearly adiabatic. In these cases, the sharp
cutoff in the e profiles occurs within a meter of the
transition from an adiabatic to stratified temperature
profile. The temperature steps across the base of the
mixing layers are less than 0.02°C; the corresponding
density steps are less than 0.005 kg m™3,

e. Velocity field

The major shear feature is associated with the intru-
sive finestructure between 1.2 and 1.5 MPa (Figs. 2
and 3). An XCP profile made about 40 minutes before

8/ ° € / W kg
25.075 25.105 10-10 10-8 10-6
0.0 T T BT T
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1 ]
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FI1G. 6. Expanded scale plots of profiles 1 and 4 (Fig. 5) showing
the correspondence between the 8 and ¢ profiles during convective
mixing. Note that the range of the 6 scale is only 0.03°C. @ is averaged
over 0.1 m in the vertical and ¢ is estimated in 1 m blocks. The mean
values of 4, in the mixed layers of profiles 1 and 4 are —7.1 X 1073
°Cm™'and —11 X 1075 °C m™!, respectively. These values are about
half the adiabatic temperature gradient at these s, T and p. Since this
is close to the estimated pressure-induced error of these thermistors
(J. Carlson, personal communication, 1985), the profiles are nearly
adiabatic in the mixed layers. The depth of mixing, D, is clearly
shown by the transition from an adiabatic to a stratified profile. The
temperature steps at the base of the mixed layers are only 0.014 and
0.020°C in these two examples.
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the final AMP profile in Fig. 4 shows a decrease in
vertical shear in the upper 0.30 MPa, small shear (less
than 0.005 s~!) below that, and an abrupt increase to
a maximum of 0.02 s™! between 1.2 and 1.5 MPa (Fig.
7). The mean velocity in the upper 1.2 MPa is between
0.10 and 0.20 m s™! toward the south. This profile is
typical of other XCP profiles made during the nighttime
convective deepening of the mixed layer.

f. Summary

Data were taken during several cycles of a diurnal
convective mixed layer. During the day, vigorous mix-
ing was restricted to the upper 10-15 m of the water
column since insolation was strong and winds were
weak. At night, the surface stability zone eroded and
convective mixing penetrated through the underlying
slightly restratified surface layer. As the mixing pro-
ceeded, the mixed layer depth was distinguishable as
the point at which the superadiabatic profile became
subadiabatic. This was confirmed with direct dissipa-
tion measurements showing that e undergoes a rapid
decrease starting at this depth. The temperature steps
defining the mixed layer base in these cases would often
not be resolvable with instruments such as XBTs. Dur-
ing the nighttime convective periods, e decreased grad-
ually with depth within the mixed layer, and the mean
valu%s were near 1.0 X 1077 W kg™!, of the same order
asJy .

4. The warm-core ring

a. Background

In the upper ocean, convection is most likely to occur
where warm surface water is exposed to cold air; a
warm-core Gulf Stream ring is an ideal setting. Our
measurements were made in warm-core ring 82-I in
January 1983 (Larson and Gregg, 1983; Shay and
Gregg, 1984ab; Joyce and Stalcup, 1985; Kunze,
1986). In this region of the North Atlantic (41°N,
66°W), cold air outbreaks are common in the winter,
and the large air-sea temperature contrast in warm-
core rings enhances the surface heat loss. Thus, the
turbulence measurements were made in the ring not
to investigate ring dynamics, but to maximize the
chance of observing convectively driven turbulence.

The structure and dynamics of the marine atmo-
spheric boundary layer during cold air outbreaks have
been investigated over the past decade. While cold air
is advected over cold land, it does not gain a significant
amount of heat from below. The transfer of sensible
and latent heat from the ocean, however, results in
convection and the growth of a mixed layer in the lower
atmosphere. The initiation of convection is marked by
the edge of a cumulus cloud band, preceded by a clear
air band parallel to the coast (Chou and Atlas, 1982;
Atlas et al., 1983).
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FIG. 7. Profiles of velocity (U, V), shear magnitude and temperature from an XCP drop made
at 0330 GMT 8 January 1982. The temperature profile appears well mixed to 1.0 MPa and there
is a shear maximum between 1.2 and 1.4 MPa. The closest AMP profile was made 20 minutes
later and indicates that the mixing layer extends only to 0.70 MPa, near the depth of the shear

minimum in this plot.

During two weeks of operations in ring 82-I, two
cold air outbreaks were observed. The second (on 17
January) was the more severe and forced convective
deepening of the mixed layer. The satellite photograph
of the region above the ring on 19 January (Fig. 8,
kindly provided by David Atlas) is typical of those
taken during cold air outbreaks. The alignment of the
cloud streets in the direction of the mean wind, the
clear air band parallel to the coast, and the thickening
of the cumulus clouds offshore are all characteristic of
cold air outbreaks.

Warm-core ring 82-1 was a small ring with a radius
of about 40 km. In the two weeks between two XBT
surveys (Joyce and Stalcup, 1985), the ring moved 90
km to the west-southwest following the 2000 m isobath.
The surface of the ring was partially flooded by cold
slope water before the first survey and its surface
expression was obscured. During the second survey,
the surface signal was more pronounced, with tem-
peratures as much as 8°C higher than the surrounding
slope water. The basic thermal structure and heat bal-
ance of the ring are discussed by Joyce and Stalcup
(1985). Based on their two XBT surveys, they conclude
that an outward lateral heat flux is needed to close the
ring’s heat budget and speculate that the flux occurred
in a 50 m thick surface layer. Unfortunately, direct
measurements are not available to test the hypothesis.

The large-scale velocity structure and internal wave
field of the ring are discussed by Kunze (1986) and will
only be summarized here. The azimuthal velocity
maximum (about 0.50 m s™!) occurs at a radius of
about 35 km and a depth of about 100 m. Inside 25
km and above 300 m, the ring was in solid body ro-
tation. The radial momentum balance was cyclogeo-

strophic to lowest order. When the asymmetry of the
ring is taken into account, there is no net radial flow.

The operational objective of the turbulence experi-
ment was to stay close to ring center, where conditions
were expected to be more uniform than near the edges,
and make frequent AMP profiles during a cold air out-
break. The positions of AMP bursts are shown in Fig.
9. The contours are the depth of the 7°C isotherm de-
termined from the combined XCP and XBT datasets,
and all data have been projected to a common ring
center using the ring’s mean translation speed. Bursts
26-35 were made on 19 and 20 January during the
second cold air outbreak and are all within 20 km of
ring center. Within a burst, the drops fell along a
smooth track determined by the ship’s wind drift. The
separation between consecutive drops was 200 to
600 m.

b. Meteorological forcing

The weather was cold and windy during the ring
experiment. Two storms passed through the area; a
weak cold air outbreak followed the first storm and a
severe cold air outbreak followed the second. The me-
teorological measurements are summarized in Fig. 10.
Since we are mainly concerned with conditions near
ring center, we have interpolated across two periods
when we were sampling near the edge of the ring.

The wind forcing was much stronger in the ring than
it was in the Bahamas. Peaks occurred during the two
storms on 13 and 17 January. The maximum values
of Ejo, 10.0 and 13.0 W m~? (corresponding to wind
speeds of 18 and 20 m s™'), were a factor of 10 higher
than the maximum values in the Bahamas. Large sur-
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FIG. 8. A satellite image of the area around warm-core ring 82-1
at 1840 GMT 19 January 1983. The circle marks the nominal position
of the ring. The clear air band between the coast and the edge of the
clouds is characteristic of cold air outbreaks. Where the transfer of
heat from the ocean to the atmosphere is strong enough, a convective
mixed layer grows in the atmosphere and cumulus clouds form. The
orientation of the cloud streets shows the direction of the mean flow
of cold air from the continent. (The photograph was provided by
David Atlas.)

face waves accompanied the strong winds, making
working conditions difficult.

During the first storm, J,° reached a maximum of
500 W m~2, and J,/J,f was 2.6. The corresponding J,°
was 2.8 X 1077 W kg~!. A moderate cold air outbreak
followed the storm and the air-sea temperature contrast
reached 5°C.

The maximum heat loss during the second storm
was higher; J,° reached 600 W m™, and J,?/J,; was
3.4. The maximum value of J,° was also higher, 3.2
X 1077 W kg™

During the cold air outbreak after the second storm,
the wind forcing decreased by more than a factor of §
(E1o =~ 2.0 W m~2, which matches the maximum val-
ues in the Bahamas), but J,° and J;° remained high
because of the 13°C air-sea temperature difference.
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FIG. 9. The positions of AMP bursts projected to ring-center co-
ordinates. AMP Bursts 26-35 (solid circles) were made during the
cold air outbreak on 19-20 January. The contours are the depths of
the 7°C isotherm. The temperature contours for this figure were pro-
vided by Eric Kunze, and are based on data from XCPs and the
XBTs of Joyce and Stalcup (1985).
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FIG. 10. Meteorological time series from the ring experiment, using
data recorded every two hours in the ship’s weather log. On 15 and
18 January, T, decreased by several degrees (dashed lines) when
we made measurements near the ring edge; fluxes were calculated
by interpolating across these periods in order to reflect conditions
near ring center. After Storm 2 on 17 January, a severe cold air
outbreak forced convective deepening of the ring’s mixed layer (solid
circles in bottom panel). Maximum values of E,q are a factor of 10
higher and the contribution of J;* to J® is much greater than in the
Bahamas. (Note that the scales are different from those in Fig. 1.)
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Continuous AMP operations were run on 19 and 20
January when the average values of J,° and J,° were
620 W m~? and 3.5 X 107 W kg™, respectively. The
surface cooling was often made obvious by sea smoke,
when visibility was not obscured by snow.

The mixed layer reached a maximum depth of 50
to 60 m following the first storm (® Fig. 10), but did
not continue to deepen during the weak winds between
storms. We were unable to make AMP drops during
the second storm and did not make measurements in
the ring center again until early on 19 January. By that
time, D was 70 m, and increased to more than 150 m
when operations stopped on 20 January. Although L
was greater than in the Bahamas (because the wind
forcing in the ring was stronger), D was also greater.
Therefore, D/L was between 5 and 12, again weakly
to moderately convective by atmospheric standards.

c. Structure and evolution of the hydrographic field

Within the core of the ring, the hydrographic field
is characterized by a salt-stabilized temperature inver-
sion in the upper 2.0 MPa; both 8 and s reach maxima
near 2.0 MPa. Before the arrival of the storms and
cold air outbreaks, the upper 0.1 to 0.2 MPa contained
a cap of cool (6 = 12.0°C), fresh (s = 0.0342) water,
apparently a result of partial flooding of the ring surface
by slope water (Joyce and Stalcup, 1985). AMP Burst
1 (Fig. 11a) is an example of the mean hydrographic
profiles before the first storm. Below the surface cap
(i.e., between 0.15 and 0.35 MPa), 6 increases by 2.0°C
and 10°s increases by 1.0; below this, the temperature
and salinity gradients begin to decrease. Near 1.5 MPa,
the gradients again increase until reaching the 6s max-
imum. In the upper 0.5 MPa, N decreases steadily from
a maximum of 0.014 s!. By 0.5 MPa, N is reduced to
less than 0.002 s~ and remains low until 1.5 MPa.

During the first storm, the mixed layer depth in-
creased to 40 m, and the cool, fresh surface cap was
partially eroded. In the calm period following the first
storm, the mixed layer did not continue to deepen and
we began a radial survey of the ring. While we were
near the ring edge, the strong cold air outbreak began
and we went back to the ring center to make AMP
Burst 26 early on 19 January. The upper 0.7 MPa is
now homogenized and the slope water cap is eroded
(Fig. 11b). The maximum upper layer stability fre-
quency is about 0.004 s™! in a broad region from 0.7
to 1.2 MPa. The density change across the base of the
mixed layer is only 0.05 kg m™3,

The mixed layer continued to deepen under the in-
fluence of the cold air outbreak for the next two days.
AMP Burst 33 was made early on 20 January; by then
the mixed layer was more than 150 m deep. The density
profile (Fig. 11c) shows that the upper 1.5 MPa are
well mixed. There were strong lateral gradients and
intermittence present in the ring even during the in-
tense convective mixing forced by the cold air outbreak.
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d Behavior of

Accompanying the hydrographic changes was an
evolution of the turbulence field similar to that during
a night in the Bahamas. Before the first storm (Fig.
12a), € is high near the surface (¢ > 107 W kg™'), but
rapidly drops to 4 X 107! W kg~! at 0.5 MPa. This
burst was made when surface cooling was small (J,°
= () because of the small air-sea temperature contrast.
The mixing in the upper 0.35 MPa is predominantly
wind-driven.

By AMP Burst 26, the convective mixed layer was
well established (Fig. 12b). Below the wave zone, ¢ falls
to a mixed layer value of € = 2.5 X 1077 W kg~!, com-
parable to J;° = 3 X 1077 W kg~". The ¢ then decreases
by two orders of magnitude across the mixed layer base
and intermittently rises in patches throughout the up-
per 2.5 MPa. This profile is similar to a typical night
time e profile from the Bahamas (Fig. 5).

One day later, the mixed layer is more than 150 m
deep and ¢ is high throughout (Fig. 12c). The mean
mixed layer value of e is 2.7 X 1077 W kg~! and J,° is
3.2 X 1077 W kg™'. Near the base of the mixed layer,
the decrease of ¢ is only a factor of 10 since the mixed
layer has now penetrated into a zone of elevated dis-
sipation, which has been attributed to the combined
effects of shear and double diffusion by Larson and
Gregg (1983).

e. Velocity field

The large-scale shear field changed little during the
deepening of the mixed layer in the part of the ring
observed during the cold air outbreak. XCP 1169 (Fig.
13a) was made immediately upon our arrival back near
ring center after the beginning of the cold air outbreak.
The flow in the upper 1.6 MPa is predominantly
southward and the mean speed decreases from 0.45 m
s~ at 0.30 MPa to 0.30 m s~! at 1.6 MPa. After an
initial decrease in the upper 0.5 MPa, the vertical shear
remains low (less than 0.005 s™!) before increasing to
more than 0.01 s™! in the intrusion below 1.5 MPa.
The XCP profile indicates a mixed layer base between
0.6 and 0.7 MPa.

XCP 1171 (Fig. 13b) was made about 28 hours after
XCP 1169. The mixed layer has deepened to about
1.5 MPa, but the velocity is still predominantly toward
the south (although changes in the vertical are some-
what smaller) and the shear profile is about the same
as earlier. The maximum shear is still in the intrusion
below 1.5 MPa, but now that depth closely corresponds
to the mixed layer depth.

f. Summary

Warm core ring 82-1 was a small ring, with a radius
of about 40 km. The azimuthal velocity maximum was
at a radius of 35 km and a depth of 100 m. Before the
first of two storms, the ring surface was partially capped
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FI1G. 11. Evolution of the hydrographic profiles near ring center. Each profile is an average of
2-6 drops in an AMP burst; all drops in the burst-averages extended to the same depth. The s, 6
and o, profiles are 0.5 m vertical averages (burst numbers in lower left). N, R, and quad are
estimated in 5 m blocks. (a) AMP Burst 1 (1530 GMT 12 January 1983), the initial condition
before the cold air outbreak; the ring is capped by cool, fresh water. (b) AMP Burst 26 (0330
GMT 19 January 1983), made during the cold air outbreak following the second storm. The
mixed layer now extends to 0.70 MPa. (c) AMP Burst 33 (0400 GMT 20 January 1983), made
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FIG. 12. Profiles of e corresponding to the hydrographic profiles in Fig. 11 (o, is replotted in
this figure for reference; burst numbers in lower right). The burst-averages are averaged in 5 m
blocks. J,? is indicated by the vertical lines in panels b and c. Before the first storm (a), e decreases
steadily from the surface. The profiles made during the cold air outbreak (b and ¢) are similar to
those made at night in the Bahamas (see Fig. 5).
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FI1G. 13. Profiles of velocity (U, V), shear magnitude and temper-
ature from two XCP drops made during the cold air outbreak (drop
numbers in lower right). (a) XCP 1169 made on 19 January 1983 at
0150 GMT (just before AMP burst in Fig. 11b). The flow is predom-
inantly to the south and the shear decreases rapidly in the upper 0.50
MPa before again increasing in the intrusion at 1.6 MPa. The mixed
layer extends to about 0.65 MPa. (b) XCP 1171 made on 20 January
1983 at 0530 GMT (an hour before the AMP burst in Fig. 11c). The
velocity and shear fields are similar to those from XCP 1169, but the
mixed layer has deepened to nearly 1.5 MPa.
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by cool, fresh slope water. The first storm homogenized
the upper 0.35 MPa and partially eroded the slope-
water cap. A severe cold air outbreak followed the sec-
ond storm. During the cold air outbreak, the mixed
layer deepened to more than 150 m, driven by con-
vection forced by the rapid surface cooling. The mean
value of e during the convectively driven deepening,
~3.0 X 1077 W kg™!, was of the same order as the
surface buoyancy flux and decreased gradually through
the mixed layer. Near the end of the measurements,
the mixed layer had deepened into a region containing
a horizontal intrusion and shear maximum. Even dur-
ing the intense mixing phase, there was a large amount
of lateral variability in both hydrographic and turbu-
lence fields.

5. Dissipation rates in the mixed layers

In this section, we discuss the behavior of ¢ in the
mixed layers during the convective periods of both ex-
periments; i.e., during the night in the Bahamas and
during the second cold air outbreak in the ring. First,
we discuss the probability distributions of the dissi-
pation data to assess the validity of our estimates of
the mean values. Second, we show that there is signif-
icant variability of e profiles between drops in a single
burst. Finally, using convective mixed layer scaling,
we compare the results with data from the atmospheric
mixed layer.

We have selected profiles made when convection
was the dominant process. Thus, drops made when
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there is evidence of either significant horizontal ad-
vection (revealed by intrusions) or large horizontal
gradients are not used. About 70 nighttime drops from
the Bahamas (made on each of several days) and 45
drops from the second cold air outbreak in the ring are
used.

a. Probability distributions
An approximately lognormal probability distribu-

tion is expected for small-scale gradient quantities, such

as dissipation rates, in fully developed, homogeneous,
isotropic turbulence (Gurvich and Yaglom, 1967).
More important for the experimentalist, the accuracy
of statistics such as € depends on the characteristics of
the distributions (Washburn and Gibson, 1984). If the
tails of the distribution are undersampled, then mean
values will be poorly estimated. Several authors have
investigated the statistics of e or x in the thermocline,
where the distribution functions are nearly lognormal
over at least a small portion of the ranges of ¢ and x
(Gregg et al., 1973; Osborn, 1978; Elliott and Oakey,
1980). The average dissipation rates in the thermocline
are so low, however, that the distributions are distorted
owing to the accumulation of values near the instru-
mental noise levels (Washburn and Gibson, 1984;
Moum and Lueck, 1985; Gregg et al., 1986). In an
active convective mixed layer, the dissipation rates are
high enough that the instrumental noise level should
not affect the distribution; some distortion of the dis-
tribution will result from the underestimate of high
values of ¢ caused by early termination of the integra-
tion (see the Appendix).

The probability density functions (pdfs) and empir-
ical-theoretical quantile-quantile (q~q) plots of all the
0.5 m estimates of log(¢) in D < z < L, are shown in
Fig. 14. The pdf of the Bahamas data (Fig. 14a) resem-
bles a lognormal pdf more than does that of data from
the thermocline (it is symmetrical about its mode and
not skewed toward the instrumental noise level). The
g-q plot is a generalized form of the familiar probability
plot; empirical quantiles (the value of ¢ associated with
a given cumulative probability) are plotted against
theoretical quantiles (obtained by inverting the as-
sumed theoretical distribution—in this case, a lognor-
mal distribution); if the distributions are identical, then
the points lie along a line with slope = 1 (Chambers et
al., 1983). The distribution passes the test for lognor-
mality at the 95% confidence level throughout the range
of e. [The small panels above the pdf and q—q plot
show where the data are within (C = 1) or outside (C
= 0) the 95% confidence bands.]

The pdf of the ring data (Fig. 14b) also is more log-
normal than pdfs from the thermocline, although the
peak is offset to the right. Because of this offset, the q—
q plot shows that the distribution is not lognormal at
the 95% confidence level; the test fails in the band
6 X 1078 < e < 1.4 X 1077 W kg~! near the center of
the pdf.
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Given the resemblance of the pdf to lognormal pdf,
there are several ways of estimating the mean value of
¢ (Washburn and Gibson, 1984; Baker and Gibson,
1986). The results are summarized in Table 1. The
variance of In(e)(¢?) and maximum likelihood estimates
(emie) are found by linear fits to the high e portion of
the cumulative probability distributions (see Washburn
and Gibson, 1984 and Gregg et al., 1986). The values
of o2, 1.55 for the ring and 1.44 for Bahamas, are low
compared with typical thermocline values (Baker and
Gibson, 1986), and somewhat lower than those found
by Osborn and Lueck (1985) for dissipation data ac-
quired by a submarine in an actively mixing surface
layer. The € and ¢, agree to within 10%, and, in the
rest of this paper, mean values of € refer to arithmetic
means.

b. Variability of € within bursts

Before discussing the mean properties of ¢ profiles
in the next section, it is necessary to point out that
there is significant variability among the profiles in a
single burst. Figure 15 shows a sequence of ¢ profiles
made within a half-hour period near 0200 GMT 7 Jan-
uary 1982 (i.e., a Bahamas burst). The depth of the
seasonal thermocline at this time was about 1.0 MPa,
so this mixing was proceeding in weakly stratified water.
The vertical resolution of these profiles is 0.5 m so that
patches with small vertical scales and the sharpness of
the cutoff of high ¢ at the mixed layer base are both
obvious.

Even within the mixed layers, individual estimates
of ¢ vary by more than a factor of 10. In drops 283 and
291, ¢ decreases steadily through the mixed layer while
in the others the behavior appears more random. The
depth of the mixing layer varies from 0.46 MPa in
drop 283 to 0.56 MPa in drop 285 (taken 7 minutes
later). The mean profile appears much more uniform
within the mixed layer, having a gradual decrease of
¢(p) followed by the sudden cutoff near the mixed layer
base. This decrease, however is more diffuse in the
mean profile than in any of the individual profiles be-
cause of the variability of the depth of the mixed layer.

Figure 16 is a similar sequence of drops from the
ring. (The gaps in these profiles are sections that contain
cable jerks.) The five drops span about 1 hour starting
at 0200 GMT 19 January 1983. Like the profiles in
Fig. 15, these have mixing patches with a variety of
vertical scales. Despite the strong buoyancy forcing
throughout the burst, € in the mixing layers of drops
1284 and 1285 is considerably less than in the other
drops (although still significantly greater than € below
the mixing layer). These two sequences of profiles il-
lustrate the importance of making multiple drops even
during periods of strong forcing.

¢. Convective mixed layer scaling

It has been established in the atmospheric literature
that a set of simple scaling laws is useful for describing
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FIG. 14. Probability density function and empirical-theoretical g-q plot of the 0.5 m estimates
of log(e) from the mixed layers (D < z < L,). The lognormal density with the same mean and
variance as the data is plotted as a dashed line. If the data and theoretical distributions are the
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panels has a value of 1 when the distributions are the same at the 95% confidence level and 0
when they are not. (a) Bahamas. In this case, the data distribution is lognormal at the 95%
confidence level. (b) Ring. This distribution fails the test for lognormality (C = 0 in top panels)
at the 95% confidence level in the band 6.0 X 1078 <'¢ < 1.4 X 1077 W kg™,

some properties of the turbulence in highly convective important. Under these conditions, the characteristic
conditions (D/L > 1) when, far from the surface (z/L length, velocity, and time scales are
> 1), the surface shear stress can be considered un-

l.=D [m] )]
TABLE 1. Estimates of the mean value of ¢ in the mixed layers (D o 1
< z < LJ). € is the arithmetic mean, ¢ is the variance of In(e) based Wy =(DJy )1/3 [ms™] ®)
ona linear fit to the cumulative probability distribution, and €y is
the maximum likelihood estimate for lognormal distributions. D
Te=—r [s]. )
. We
Ring Bahamas
3 2.14 X 1077 8.42 X 1078 Terms in the turbulence balance equations, non-
o 155 1.44 dimensionalized using this set of scales, should be
€mle 2.12X 1077 7.82% 1078

universal functions of the nondimensional depth
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FI1G. 15. Sequence of ¢ profiles from a single AMP burst in the Bahamas (0200 GMT 7 January
1982) spanning about 30 minutes. The vertical resolution is 0.5 m. The vertical dotted line is J;°
and the drop number is in the lower right of each panel. Even in this actively turbulent mixing
layer there is a large amount of intermittence over small vertical scales. Note the sharpness of the
cutoff of ¢ at the mixed layer base in several of the profiles. The final profile is the mean of the

other five and is more uniform and has a more diffuse base.
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FIG. 16. Sequence of e profiles from a single AMP burst in the ring (0200 GMT 19 January
1983) spanning about one hour. The vertical resolution is 0.5 m. The vertical dotted line is J,°
and the drop number is in the lower right of each panel. The € in the mixed layer of drops 1284
and 1285 is considerably smaller than in the other drops. (The gaps in these profiles result from

editing of sections with cable jerks.)

1791



1792

& = z/D. This scaling works well for highly convective
conditions over land (Kaimal et al., 1976; Caughey
and Palmer, 1979; Guillemet et al., 1983), but less well
when applied to the less convective marine atmospheric
boundary layer (Nicholls and Readings, 1979), where
changes with D/L are noted.

Using the convective mixed layer scales, the dimen-
sionless form of the viscous dissipation rate becomes

eD €

: \I,=_Vi7§=.]_b0' (10)

The selected drops are treated as an ensemble for
convective mixed layer scaling. The dissipation data
in D < z < L, from each profile are scaled using the
local convective mixed-layer scales, averaged in bins
of width 0.05D, and then averaged across all profiles
in the ensemble. [This procedure differs from that in
Shay and Gregg (1984a,b) where the data in D < z
< L were used. Here L, is used since the high dissipation
surface zone often penetrates past L; L is generally
within a factor of 2 of L.]

The results of applying convective mixed-layer scal-
ing to ¢ from the two oceanic datasets and one dataset
from the atmosphere are shown in Fig. 17. [The mean
value in each & bin and the 95% confidence intervals
are shown, The confidence intervals are estimated using
the bootstrap method (Efron and Gong, 1983).] The
W decreases gradually with depth (by no more than a
factor of 3) in the mixed layer (6 < 1) before starting
a sudden decrease near the base of the mixed layer

L 4
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(8 =~ 1). The mean values of ¥ within the mixed layer
are 0.61 for the Bahamas data and 0.72 for the ring
data.

The expected value for ¥ can be calculated if the
TKE balance is between buoyant production and vis-
cous dissipation, and the buoyant production rate is
Ji? at the surface and decreases in a simple way through
the mixed layer. For example, if the buoyant produc-
tion decreases linearly to O at the base of the mixed
layer [Jy(2) = J;%(1 + z/D)] then,

1 0 l 0 0 z 1 ° :
BJ:De(Z)dZ=BJb J‘—D(l +B)dz=§.lb [Wkg™1.
(11

Here, a mixed layer value of ¥ ~ 0.5 is expected; other
forms of the buoyant production profile would lead to
different expected values for ¥, but reasonable forms
lead to ¥ of order 1. Thus, the oceanic values of ¥ in
the mixed layer are close to the value expected for a
convective mixed layer. )
Results from experiments in the atmospheric
boundary layer are also plotted in Fig. 17. The data
are from the Minnesota Experiment (Kaimal et al.,
1976) and the Aschurch Experiment (Caughey and
Palmer, 1979). Each point represents the average of
several time-averaged values of ¥ (the time averages
were usually over 30 to 75 minutes). In the atmospheric
experiments, dissipation is inferred from the inertial
subrange of velocity spectra measured at fixed heights
in the boundary layer. As the boundary layer evolves
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FIG. 17. Profiles of viscous dissipation rate nondimensionalized using convective mixed layer
scaling. The atmospheric data are from Caughey and Palmer (1979) and have been ensemble
averaged to appear on the same & grid as the oceanic data. The error bars are 95% confidence
intervals calculated using the bootstrap method. The mean values of ¥ in the mixed layers
(0 < 6 < 1) are 0.61 (Bahamas), 0.72 (ring) and 0.64 (atmosphere).
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FIG. 18. Envelopes of the 95% confidence intervals overlaid to
show that, at most depths in the mixed layer, the three datasets are

and deepens, D changes and a range of é results. These
data also produce a ¥(3) profile similar to the two
oceanic profiles. The mean mixed layer value, ¥
= 0.64, is between the two oceanic values. In an anal-
ysis of data from a reservoir, Imberger (1985) finds ¥
~ 0.45.

The confidence intervals show that the ranges of all
three datasets overlap and that the mean values are
statistically indistinguishable at the 95% confidence
level through most of the mixed layer. This is seen
more clearly in Fig. 18 where the envelopes of the 95%
confidence intervals are overlaid. The three curves di-
verge only in the last 10% of the mixed layer, where
the oceanic results are higher. This difference may be
because shear across the mixed layer base is more im-
portant in the ocean. The atmospheric data were care-
fully edited to exclude profiles from periods of strong
mixed layer shear (Caughey and Palmer, 1979), while
no similar editing procedure was followed for the
oceanic datasets.

* No systematic effect of the bulk stability parameter
D/L is found. In Figs. 19 and 20, the drops are grouped
into ranges of D/L before being nondimensionalized;
higher values of D/L imply that the conditions are more
strongly convective. There are variations among the
stability classes, but no systematic changes are seen.
Nicholls and Readings (1979) and Deardorff (1972)
find departures from typical mixed layer behavior for

statistically the same. D/L < 10. The scatter in the oceanic profiles may be
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FIG. 19. Bahamas nondimensional viscous dissipation profiles grouped in stability classes. The
numbers in the upper left of each panel give the range of the bulk stability parameter D/L; e.g.,
3-6 means 3 < D/L < 6. There is no systematic variation of ¥ with D/L.
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Fi1G. 20. Ring nondimensional viscous dissipation profiles grouped in stability classes.
Again, there is no systematic variation of ¥ with D/L.

great enough to obscure similar results. In general, ¥
behaves as it does in the mean profiles. The lowest
stability class (3 < D/L < 6) in the Bahamas (Fig. 19)
is the only case that is atypical; V is lower than in all
other cases. The equivalent profile from the ring (Fig.
20) does not show a similar decrease of V.

The importance of this comparison of results is two-
fold. First, the agreement of the oceanic datasets shows
that convective mixed layer scaling is a useful tool for
describing the viscous dissipation rate in the oceanic
convective mixed layer. Second, the agreement between
the oceanic and atmospheric results extends the range
of geophysical flows to which convective mixed layer
scaling has been shown to apply; together, the oceanic
and atmospheric boundary layers span a much wider
range of conditions than does either alone. -

6. Summary and discussion

Two experiments were performed to study the char-
acteristics of turbulence in convective mixed layers in
the ocean. In the first experiment, the mixed layer was
forced by nighttime evaporative cooling and low winds.
A diurnal cycle of mixed layer deepening at night and
stabilization by absorption of solar radiation during
the day was established. In the second experiment, the
mixed layer of a Gulf Stream warm-core ring deepened
from less than 50 m to more than 150 m in a little
more than a day under the influence of surface cooling
forced by a cold air outbreak and strong winds.

The major results are:

1) In both mixed layers, convective mixed layer
scaling produces similar profiles of the rate of viscous
dissipation of turbulent kinetic energy, e.

2) The mean values of ¥ = ¢/J° from the two
oceanic experiments and from atmospheric measure-
ments are statistically the same throughout the bulk of
the mixed layer (D < z < L).

3) There is no systematic effect of the variation of
the stability parameter D/L, at least in the range (3
< D/L < 76) observed in the two experiments.

4) Although the results for ¢ are encouraging, the
choice of D can be difficult. The base of the oceanic
mixed layer often is not as obvious from hydrographic
profiles as is the atmospheric inversion base from tem-
perature soundings. In particular, if an instrument was
unable to resolve temperature steps of 0.005 to 0.02°C,
then D in the Bahamas dataset often would have been
overestimated by a factor of 2 or more. This obviously
makes comparison with the output of numerical mod-
els subject to error.

Given the comparison of results from the ocean and
atmosphere, it is possible to assess the range of appli-
cability of convective mixed layer scaling and the re-
strictions imposed by the assumptions. The two
boundary layers span a wide range of conditions, and
this can be illustrated by considering some of the bulk
properties of the oceanic and atmospheric layers. Table
2 is based on #,o = 10 m s~! and J,° = 500 W m~2,
which were typical over the ring during the cold air
outbreak.

TABLE 2. Comparison of the oceanic and atmospheric boundary
layers. p, o and c, are properties of the medium (air or seawater). WA
u}, J® and D are characteristics of the flow either directly measured
or calculated from measured data. L, W, and T, [Egs. (4), (8) and
(9), respectively] result from dimensional analysis.

Ocean

Property Ocean Atmosphere  Atmosphere

p [kg m™3] 1025 1.25 820

a K] 2.5X107* 3.5x1073 7.1 X102

¢ [DK'kg™'] 4.0X%x10° 1.0Xx 10* 4.0

J,s" [Wm? 500 500 1.0

Uy [m?s73) 20X107¢  47x1072 42X10°°

A [Wkeg™] 3x1077 1.4 X 1072 2.2X1073

D {m] 100-200 1000-2000 0.1

L [m] -17 —8.5 2.0

D/L - — 6-12 120-240 0.05

W, [ms™'] 0.027-0.034 2.4-3.0 0.01

T. [s] 3700-5900 420-670 9
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In the ocean, both k3 and J,° are less than 107 of
the corresponding values in the atmosphere. This is a
consequence of the much higher density (p) and lower
thermal expansion coefficient () of seawater com-
pared with air. Since the mean stability of the stratified
lower atmosphere is about the same as the ocean ther-
mocline [the mean value of N in the troposphere is
about 0.01 s™! (Gill, 1982)], and the forcing in the ocean
is so much weaker, ocean mixed layer depths, D, are
much shallower—typically only 10% of those in the
atmosphere. By contrast, L in the ocean is twice that
in the atmosphere. Hence the bulk stability parameter
D/L in the ocean is only 5% of that in the atmosphere
and conditions are less convective, or, equivalently,
less of the oceanic mixed layer is dominated by con-
vection. This is shown schematically in Fig. 21 (adapted
from Nicholls and Readings, 1979) where the four
quadrants of the space z/D versus z/L are categorized
based on the dominant dynamics. Diagonal lines are
drawn for several values of D/L. Nicholls and Readings
(1979) showed that data from the atmospheric mixed
layer over water often fall into the upper left quadrant,
where both wind stress and buoyancy forcing are im-
portant for D/L < 10. For the majority of data from
the ring, D/L is between 3 and 9, while for the majority
of data from the Bahamas, D/L is between 5 and 25.
By contrast, for the Minnesota Experiment, most of
the data fall in the range 30 < D/L < 200.

Convective mixed layer scaling is expected to apply
only when the turbulence is in equilibrium with the
surface forcing. This restriction can be checked by
comparing the convective time scale, T, = D/W,, with
the time scale of the forcing 7. The T, is the time

100

T T T T

£ 10t

1072 ]

100 101 102
z/L

1072 10~

FIG. 21. Schematic diagram of regions of dominant dynamics in
a turbulent boundary layer forced by shear stress and buoyancy flux.
Most of the oceanic data are bounded by D/L = 3 and D/L = 25
(shaded) while the atmospheric values are much higher.
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required for a parcel at the surface to reach the base
of the mixed layer while traveling in a convective
plume. When T}/T, is high, the turbulence should be
in equilibrium with the forcing. In the ocean, W, is
only 1% of that in the atmosphere and, since D is only
a factor of ten smaller, T, is ten times greater. Thus,
the oceanic mixed layer responds much more slowly
to changes in forcing (1 to 2 hours for D of 100 to 200
m) and is less likely to remain at equilibrium.

The atmospheric convective mixed layer is forced
by the diurnal heating cycle, so Tis a few hours. Since
T, isonly 7 to 12 minutes and 7/T is 16 to 25, many
cycles can be completed before significant changes oc-
cur in the forcing and the turbulence can remain at
equilibrium. In the ring, the forcing, J;°, remained high
for more than a day during the cold air outbreak, so
Tymay be taken as 1 day. Since T, is 1 to 2 hours, T/
T, is 14 to 23—in the same range as in the atmosphere.
In the Bahamas, the forcing is again diurnal, so Tyis a
few hours. But 7, is a little over an hour, and just a
few cycles may be completed before the mixed layer
experiences significant changes in forcing. Thus, it is
not obvious that the turbulence would be able to re-
main at equilibrium. This result suggests that the equi-
librium assumption is not very restrictive; i.e., as long
as a few mixed layer cycles can be completed before
the forcing changes significantly, the mixed layer dis-
sipation behaves as expected in a convective system.

We have shown that a useful parameterization of
the mean dissipation rate in a convective mixed layer
can be found by measuring J,°. This parameterization
applies only to mean values of ¢, however, since indi-
vidual profiles often differ dramatically. Also, the zone
of influence of other processes such as wave-driven
turbulence and Langmuir circulation may be a con-
siderable fraction of the mixed layer depth (Kitaigo-
rodski et al., 1983; Thorpe, 1984; Thorpe, 1985). If the
surface waves are large, the whole mixed layer may be
dominated by processes other than convection, re-
gardless of D/L. Finally, these results apply to existing
mixed layers. The two mixed layers studied reached
the depths they did because of weak background strat-
ification. Each night in the Bahamas the diurnal mixed
layer quickly penetrated through the weakly restratified
remnant of the previous night’s mixed layer. In the
ring the stratification of the upper 150 m was weakened
by some other process before the cold air outbreak.
This is common among other oceanic convective sys-
tems that have been studied; in both the Mediterranean
and Labrador Seas (Anati and Stommel, 1970; Clarke
and Gascard, 1983; Gascard and Clarke, 1983), a pre-
conditioning of the upper ocean resuits in weak strat-
ification and makes possible convection under sudden
cooling.
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~ APPENDIX

Data Processing Details

For isotropic turbulent flows, the viscous dissipation
rate is given by

aull 2
= 7 —
¢ 5”[6x3

[Wkg™'] (A1)

where v is the kinematic viscosity and ] is the cross-
stream velocity perturbation. The variance of the gra-
dients is computed by integrating spectra so noise can
be excluded from the estimates and corrections can be
made for the response functions of the sensors and
electronics:

ke
e=75v J;o (2wk)2E (k)dk (A2)
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FIG. Al. Typical small-scale velocity spectrum from one of the lift
probes. Mechanical and electrical vibration peaks begin to contam-
inate the spectrum at frequencies near 55 Hz. The integrations of
velocity spectra are always terminated before 54 Hz (arrow, the be-
ginning of the vibration peak) to avoid including noise in the estimates
of €. The dashed line is the Nasmyth spectrum (Nasmyth, 1970) for
the e given by the data spectrum (¢ = 1.52 X 1077 W kg™!). Termi-
nation of the spectra at 54 Hz begins to result in significant under-

estimates of ¢ for ¢ > 107 W kg~'.

’
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FIG. A2. Comparison of the effect on ¢ of varying f, the integration -
cutoff frequency. Three cases are shown: f. = 54 Hz (dotted line), f;
= 15 Hz (thin solid line), and a variable f; based on the universal
cross-stream turbulent velocity spectra (thick solid line). In the tur-
bulent mixed layer (p < 0.7 MPa), the variable cutoff and f. = 54
Hz give similar results, while below the mixed layer (p »> 0.7 MPa)
the variable cutoff and f, = 15 Hz agree closely. These results are
consistent with an examination of individual spectra, and the variable
cutoff method was adopted as standard.

where E, is the spectrum of cross-stream velocity fluc-
tuations, and ky is the lowest nonzero Fourier wave-
number (ky =~ 1.2 cpm). Determining the upper bound
for the integration (k.) is a compromise between ex-
cluding the noise and resolving the signal variance.
Since hundreds of spectra are computed to produce a
dissipation profile, k, must be estimated automatically.

Determining k. is difficult because the spectral noise
level is not well defined and the data are prone to con-
tamination by mechanical vibrations and electrical
noise. For example, all the velocity spectra (for e < 5
X 107 W kg~!) have a broad mechanical vibration
peak (Fig. A1) centered near 70 Hz (140 cpm at a fall
rate of 0.5 m s™'). Thus, the integrations must be ter-
minated before the noise peak. Two procedures have
been used and compared. The first was simply to ter-
minate all integrations at a fixed frequency. The ob-
vious disadvantage of this method is that to avoid
making gross overestimates of the lowest values of ¢,
/> must be so low that moderate to high ¢ is underes-
timated.



NOVEMBER 1986

The second method is based on the resemblance of
many of the velocity spectra to a “universal” spectral
form for cross-stream velocity in the dissipation range
(Nasmyth, 1970; Oakey, 1982). To use the method,
each data spectrum is integrated to 10 cpm; the re-
sulting value is called €;9. The cutoff wavenumber is
then calculated using the universal spectrum by the
following procedure: calculate the predicted total dis-
sipation rate, ¢,, from a universal spectrum having the
same ¢;o [using a polynomial function, p,(e,0)]; com-
pute the wavenumber, kg, at which 90% of ¢, is re-
solved in the universal spectrum (another polynomial
function, p,(e,) is used); if koo < 54 W integrate to kg,
otherwise integrate to 54 W,

The results of applying these two methods for a single
profile are shown in Fig. A2. The fixed cutoff method
was used with cutoff frequencies of 15 and 54 Hz. These
frequencies were chosen since 15 Hz is the approximate
cutoff frequency of the lowest signals and 54 Hz is the
beginning of the mechanical vibration peak. In the
mixed layer, the variable cutoff method and fixed cutoff
method with . = 54 Hz agree to within an rms differ-
ence of 12.5%, while using f, = 15 Hz gives an rms
difference of 40%. In the quieter region below the mixed
layer, using f. = 54 Hz gives gross overestimates, and
the rms difference between the two methods is more
than 400%. Using f. = 15 Hz, however, gives results
that agree to within an rms difference of 5%.

The universal spectrum method was chosen for all
¢ profiles shown in previous chapters since it behaves
well in both active and quiet sections of the water col-
umn. The size of the underestimate of e caused by ter-
minating the integration at 54 Hz can be estimated
based on the universal spectra. For typical mixed layer
values e = 1077 W kg™' and W = 0.65 m s~!, the in-
tegration cutoff scheme introduces an underestimate
of <5%; for the maximum mixed layer values of ¢
= 107 W kg™, the underestimate is about 10%.
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