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ABSTRACT

Time-series observations of the upper mixed layer of the ocean are presented for a six-week period at Ocean
Station Pape in the northeast Pacific Ocean. These observations indicate the rate and extent of the wind-
induced deepening of the mixed layer during the passage of several weather disturbances. The formation of
the shallow layer of warm water that occurs under conditions of low winds and intense solar heating is also
evident. A numerical model, developed by Denman, accurately predicts the behavior of the upper ocean
during a 12-day period for which observed values of wind speed, solar radiation, and back radiation are used
as input. To obtain realistic results, a value of 0.0012 for the ratio of the potential energy increase of the
water column to the downward transfer rate of turbulent energy by the wind stress is used. This value is in
agreement with that obtained from previous laboratory experiments (0.0015) indicating that the results
obtained from such experiments are transferable to open ocean conditions.

1. Introduction

The annual growth and decay of the seasonal ther-
mocline in the open ocean has been successfully ex-
plained by Kraus and Turner (1967; also Turner and
Kraus, 1967) who modelled the annual cycle both
theoretically and in the laboratory. Effects correlated
with the passage of synoptic-scale weather systems
(periods from 1-5 days) have not, however, been
adequately investigated. Tully and Giovando (1963)
described the formation and destruction of transient
thermoclines by varying weather conditions, but their
model was of a qualitative nature. Munk and Anderson
(1948) presented an analysis of the influence of the
fluxes of momentum, heat and moisture across the air-
sea interface on the temperature and salinity structure
in the upper ocean, but their treatment did not include
any time dependence.

In this paper, data are presented which illustrate the
behavior of the thermocline at Ocean Station Papa in
the northeast Pacific Ocean during the passage of
several synoptic-scale weather systems. The observed
behavior is then simulated with a physical model of the
upper ocean which requires only routine marine
meteorological parameters as input (Denman, 1973).
Finally, the observations are compared with the model
output, and areas of discrepancy are discussed.

! A Bedford Institute of Oceanography contribution.

2 Present affiliation: Fisheries Research Board of Canada,
Marine Ecology Laboratory, Bedford Institute of Oceanography,
Dartmouth, Nova Scotia, Canada.

2. Background data

Ocean Station Pape is a geographic position (50N,
145W) at which a Canadian weathership is continuously
stationed. It is located in the eastern part of the sub-
arctic Pacific region on the southern edge of the Arctic
Gyre. According to Thomson (1971), typical geostrophic
currents are in an east-northeast direction, roughly
parallel to surface isotherms and isopycnals, with a
speed of the order of 1 cm sec™. Wind-induced surface
drift currents (see, for example, Lawford and Veley,
1956) and inertial currents (Defant, 1961) may be as
large as 50 cm sec™, but as they are either transient or
oscillatory they do mnot contribute appreciably to
large-scale advection.

The influence of horizontal advection at Ocean
Station Papa can be estimated from horizontal currents
and temperature gradients. For typical surface tem-
perature gradients in the northeast Pacific of about
1C (100 km)™* and currents of 1-10 km day™, the
maximum temperature change to be expected from
advective effects would be about 1C in 10 days. From
geostrophic transport calculations, Tabata (1965)
attempted to estimate the temperature and salinity
changes at Papa attributable to horizontal advection.
He concluded that the average monthly temperature
change at Papa due to advective effects for a five-year
period was 0.26C month™, with a maximum of 0.78C
month™. The average monthly salinity change was
0.02%, month™, with a maximum of 0.05%, month™.
During the heating season, changes in sea surface tem-
perature associated with synoptic-scale weather pat-
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F16. 1. An STD trace taken at Station Pape at 2100 GMT 23
June 1970. The hatched areas represent the change in 7', S and
a¢ that occurred since 19 May 1970.

terns are of the order of 1C over several days. This is at
least an order of magnitude greater than changes
expected from advective effects over the same time
period. Therefore, one does not expect horizontal
advection to affect significantly the heat budget of the

" upper layer of the ocean in the vicinity of Papa for
periods less than several weeks.

Tabata (1961, 1965) and Thomson (1971) examined
the vertical structure of the ocean at Papa in some
detail. In any dynamic process in the ocean, it is the
density structure, as determined by the temperature
and salinity through the equation of state, which
significantly influences the sequence of physical events.
At Papa the main or permanent pycnocline occurs
between 100 and 200 m: there, the salinity increases
from 32.8 to 33.8%, the temperature decreases from
4.5 to 4.0C, and v, increases from 26.0 to 26.8 (see
Fig. 1). The density in this region is determined
primarily by the salinity.

In summer, the seasonal thermocline forms in the
upper 75 m: there, the temperature variations control
the density variations. Typical summer variations in
the upper layer as a result of synoptic-scale meteoro-
logical influences (lasting for 1-5 days) are AT=2C and
AS=0.06%,. For mean values 7= 7C and S=32.7%,
the resulting variations in sigma ¢ are Ac,=—0.286
and 4-0.047; the temperature effect is obviously larger.
In the winter months, the salinity variations associated

with the large evaporation at the sea surface may
become significant.

The region of relatively small density change between
the seasonal thermocline and the main pycnocline
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(i.e., over the depth range 50-100 m) in Fig. 1 was
referred to as the “sub-thermocline duct” by Tully and
Giovando (1963). As long as the seasonal thermocline
is present, the sub-thermocline duct is sheltered from
local meteorological effects. However, it is affected by
horizontal advection and by entrainment from below.
Because these processes vary from year to year, the
sub-thermocline duct presents the upper mixed layer
with a bottom boundary condition which also varies
from year to year.

With increasing depth below the main pycnocline the
gradients and curvatures of the temperature and
salinity traces in Fig. 1 decrease. Below about 125 m,
exponential curves could be fitted to the traces. The
vertical structure in and below the main pycnocline is
determined by the large-scale thermohaline circulation.
An examination of the influence of the upper boundary
conditions on the thermohaline circulation was carried
out by Needler (1971).

From these previous studies, the following tentative

conclusions can be drawn regarding the air-sea inter-
action at Ocean Station Pepe during the summer
months. First, the upper mixed layer is most stable from
May to August, indicating that during the summer the
mixing is essentially a wind-generated rather than a
convective phenomenon. Second, the turbulent fluxes
of heat are a minimum then, usually several times
smaller than the back radiation, and we have ignored
them. Third, because the rate of heating is greatest in
the summer months, the temperature fluctuations in
the upper layer associated with passing weather distur-
bances have the largest signal-to-noise ratio of any
time during the year. Finally, the works of Tabata
indicate that the advection of heat by ocean currents
at Papa is not important for time scales much less than
one month. The time of yvear best suited for a study of
the wind mixing in the upper ocean at Pape was there-
fore determined to be the early summer months. We
decided to carry out our program during a patrol of
the Canadian weathership CCGS Vancouver-at Ocean
Station Papa in May and June, 1970.

3. Observational program

Routine oceanographic and meteorological observa-
tions have been taken every 3 hr at Ocean Station Papa
for over 10 years. Although these observations have
been used in previous studies of the upper ocean, more
refined and more frequent measurements are required
to delineate the physical processes involved in the time-
dependent behavior of the mixed layer. The Canadian
Meteorological Service (now Atmospheric Environment
Service) agreed to make the routine observations im-
mediately available during the cruise and arranged for
the output from a wave gage to be recorded continuously
for the duration of the cruise. The Canadian Marine
Sciences Branch assisted in the progr‘am by providing
expendable bathythermographs and a Bissett Berman
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F16. 3. Contours of constant salinity for the same period as in Fig. 2.

9040 STD so that hourly soundings of the upper ocean
could be obtained during storms.

During the patrol at Papa during May and June
1970, a 6-week long series of STD (salinity-temperature-
depth) profiles was obtained. The upper 150 m of the
ocean was sampled eight times each day during storms
and twice a day otherwise. Sippican XBT’s (expendable
bathythermographs) were also released at 1-hr intervals
during storms. These series illustrate the time-
dependent behavior of the seasonal thermocline as it
was affected by intense summer heating and by the
large variations in mean wind speed that accompanied
several synoptic-scale weather disturbances.

a. Isopleth contours

The outputs from the STD observations to 150 m
were digitized at 1 m intervals. Contours of isopleths of
temperature and salinity were drawn in a depth vs time
graph with a standard contouring program; these are
shown in Figs. 2 and 3. The time of each observation is
indicated by a vertical line immediately above the time
axis. No smoothing has been done. :

Notice, first, that in Fig. 2 the isotherms between 40
and 80 m converge with time during the period of high
winds up to 25 May. At the end of this period, the upper
mixed layer was essentially homogeneous in tempera-
ture down to 60 m, not unlike the upper layer during
winter conditions. After 25 May, the seasonal thermo-
cline started to form: shallow transient thermoclines
built up during relatively calm periods only to be mixed
down to about 45 m during each storm. This seasonal
trend is relatively absent in the salinity contours in
Fig. 3. The data plotted in Fig. 1 support this statement
as can be seen from the hatched areas which represent

changes near the surface from 19 May to 23 June, 1970.
The salinity change affects sigma ¢ only about one-eighth
as much as does the change in temperature: the salinity,
then, is apparently only passively involved in the
development of the seasonal thermocline.

The frequency of sampling with the STD was greater
during the three high wind periods: 5-6 June, 15-17
June, and 21-23 June. That the contours show much
more structure during these periods is obvious; during
the periods of twice daily sampling, higher frequency
oscillations must have been present, but the slow rate
of sampling did not resolve them. Even for the observa-
tions taken at 3-hr intervals, the apparent fluctuations
in Figs. 2 and 3 are a direct result of the sampling rate.
Fig. 4 illustrates the extent of the high-frequency
motions for the storm period 22-23 June 1970. Isotherm
contours were plotted from the hourly XBT profiles in
exactly the same manner as from the STD profiles.
Large-amplitude oscillations at the sampling frequency
are evident in this plot only around 200 m depth; there,
they result from the temperature change in 20 m being
less than the temperature accuracy of the measure-
ments. Near the seasonal thermocline, the dominant
fluctuations occurred over periods of 8-9 hr. From 0000
to 1200 GMT on 22 June, the mixed layer thickened
markedly and its temperature decreased as cooler water
from below was entrained upward into the layer. The
stratification at the bottom of the layer became more
intense, as is indicated by the convergence of the
isotherms between 20 and 60 m during the time up
to 1200.

As the Brunt-Viisild period at the bottom of the
mixed layer was less than 10 min, effects resulting from
unresolved internal waves with periods <1 hr must be
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F16. 4. Contours of constant temperature at Station Papa for the period 0000 GMT 22 June to 0900 GMT 23
June 1970. The traces were obtained hourly (as indicated by the vertical bars) with Sippican XBT’s.

present in Fig. 4. However, the smoothness of the curves
indicates that these were small compared to the
fluctuations of 8-9 hr duration. We do not believe that
these 8-9 hr fluctuations are “aliased” internal waves
with periods <1 hr (see Blackman and Tukey, 1958)
because for any given observation the ship was posi-
tioned randomly within a 10-km radius of 50N, 145W.
The 6-week data series of Fig. 2 indicates that the
seasonal trend and the changes occurring over several
days that result from large-scale meteorological dis-
turbances are easily distinguishable from the shorter
period fluctuations.

b. Routine meteorological dala

The corresponding routine meteorological data for
the 6-week period of interest are plotted in Fig. 5. Note

dT,

dt

the seasonal trend evident in the sea surface tempera-
ture. The two bottom panels (wind speed and wave
height) show a high degree of correlation on the synoptic
meteorological scale (1-5 days). The period 13-25 June
with its two well-defined weather systems will be
examined in detail later.

4. Running the physical model '

A model of the upper ocean was developed in Denman
(1973) from the three equations for conservation of
heat, mass and mechanical energy. The mixed layer in
this model is a completely homogeneous layer bounded
below by an arbitrary temperature gradient. The
resulting equations describing the upper mixed layer
are:

2
= [~ (@=D)HhB+HH AR+ Ry 4y b, M
dah 2[0G—D+Ry(1—e ") |—h[ B+ H,+H,+R(1+e
H(w+——>=[ +RyY( )]—h[B+H,+H,+R(1+e¢ )]’ @
dt WTs—T_4)
dT_y/dt=vy Re~""— (w—+dh/dt)dT(—h)/ 9z. 3)

In these equations, the time rates of change of the
- upper layer temperature (7,) and thickness (%) are

the wind stress (G— D), the net radiative heat input
through the ocean surface (R+B), and the turbulent

specified in terms of the turbulent energy derived from heat exchanges at the upper boundary (H.+H,). The
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vertical advective velocity imposed below the mixed
layer is w, and H is the Heaviside step function having
the properties:

dh
0, if w4+—<0; no entrainment mixing
di
H:
dh
1, if w+—>0; entrainment mixing at =4
dt

As the temperature gradient below the layer, d7'(z)/9z,
varies with time because of solar heating and vertical
advection, 97 (z)/9z must be known at any time ¢ in
order to evaluate a7 (—#4)/dz in (3). The necessary
boundary condition is

07T (z)/ 0=~ Rer—wdT (3)/dz, z<—h. 4)

The two adjustable parameters are v, the extinction
coefficient of the solar radiation, and m, the fraction of
the wind stress energy at 10 m height which is eventu-
ally used to increase the potential energy of the water
column (to be defined later).

a. The extinction coefficient

Solar radiation incident on the sea surface is confined
to the visible -and infrared regions: the spectrum is
composed of wavelengths ranging from 0.3-1.0 um
(Jerlov, 1968). For wavelengths > 1.0 um, most of the
radiation is absorbed within the upper few centimeters
of the ocean. Much of this absorbed heat is reradiated
back to the atmosphere. For wavelengths between 0.3
and 1.0 um, the radiation penetrates to much greater
depths. Although the absorption within this band varies
with wavelength, an average extinction coefficient v
(cm™) for wavelengths from 0.3-1.0 um can be defined
such that the rate of solar heating at some depth z2=—d
can be expressed as R(—d)=R(0)e~"? The ocean also
acts as an approximate blackbody radiator. The result-
ing back radiation to the atmosphere, — B, is assumed
to occur at the surface within a layer of water of
negligible thickness.

b. Energy available for mixing

Most of the momentum transported into the ocean
by the wind stress is used to generate surface waves
(Dobson, 1971). Some of this wave energy is advected
away, some is dissipated or transformed into turbulence
through wave breaking in the upper few meters, and
some is transferred into a drift current. The breaking
waves and vertical shear of this drift current provide
sources for turbulent energy production on small scales.
The turbulent energy may be dissipated, it may be
used to increase the potential energy of the water
column by doing work against the buoyancy forces, or
it may be used to increase the kinetic energy of the
mean flow. Turner (1969) suggested that the rate of
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increase in potential energy of the upper ocean as a
result of work done by mixing is approximately a con-
stant fraction m of the rate of turbulent energy trans-
ferred downward by the wind stress at 10 m above the
surface. If Gye— Dy[=poag(G—D), where a is the
coefficient of thermal expansion] is the rate at which
wind stress energy is made available for mixing within
the upper layer, then

m= (Gy— Dy)/ (1(U10)) = (Gsx— D4)/ (peC1o{U0)*), (5)

where p, and p, are average air and water densities and
7 is the wind stress.

Implicit in any assumptions about m is also some
assumption concerning the drag coefficient Cy. Mea-
surements indicate that Cyo does not vary appreciably
for mean wind speeds up to at least 18 m sec™! (Denman
and Miyake, 1973). Eq. (5) shows that if Cy, is constant,
then the parameterization of the energy available for
mixing involves only one adjustable constant, m.

5. Results

In this section, data for the 6-week cruise period are
examined to determine appropriate values of the two
adjustable parameters. For these parameter values,
the numerical model is run with real input data con-
sisting of hourly values of wind speed, solar radiation,
and back radiation from the sea surface. One period
of 12 days and one 2-day storm period are examined.

a. The input data

Physically realistic values for the adjustable param-
eters are necessary input for the model. One of the
adjustable parameters is m, the ratio of potential energy
change to the rate of production of wind stress energy.
A value of m=0.0012 gave realistic results in the
idealized studies of wind mixing and diurnal heating
discussed in Denman (1973). From the results of Xato
and Phillips (1969), who carried out a mixing experi-
ment in the laboratory, one can calculate a value for m
of 0.0015. These are both considerably smaller than the
value 0.01 obtained by Turner (1969) for some actual
field data.

The other adjustable parameter in the model is 7,
the extinction coefficient of solar radiation in sea water.
From Jerlov (1968), a reasonable range for the extinc-
tion coefficient in open ocean waters found at Ocean
Station Papa is 0.001-0.003 cm™. Parsons et al. (1966)
used photometer measurements obtained at Papa (see
also McAllister et al., 1959, and Parsons and Anderson,
1970) to calibrate the Secchi disk readings. They
estimated the extinction coefficient v to be in the range
0.001-0.002 cm™ at Papa during May and June. The
value of y=0.002 cm™ used in the diurnal model
discussed in the preceding paper is within the ranges
just presented.

The oceanographic observations described in the
previous sections indicate that none of the sensible and
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_ F16. 6. Input and results of the model (Run 3) for the period 13-24 June 1970: (a) and (b) are the observed data inputs to the model :
Ujois the mean wind estimated from the 3-hr observations from cup anemometers, and R and — B are the measured incident solar radia-
tion and calculated back radiation at the sea surface; (c) is the comparison of the predicted sea surface temperature with that observed
from bucket measurements; and (d) is the comparison of the temperature profiles of the model (each 12 hr) with those obtained with an
STD (where available). The parameter values were m=0.0012 and y=0.003 cm™.. See legend to Fig. 7.

latent heat fluxes across the air-sea interface, the
horizontal advection of heat by ocean currents, and
the vertical advection from below the layer are im-
portant to the heat balance of the upper mixed layer
during the summer months.

If the turbulent and advective heat fluxes are ignored,
then the boundary conditions are derived from hourly
values of solar radiation Ry, back radiation — B,, and
wind speed at 10 m {Uio). The hourly values of solar
radiation are those obtained from the pyranometer
output (Canadian Monthly Radiation Summary, 1970).
The routine estimates of wind speed taken every 3 hr
were smoothed and interpolated to 1-hr intervals. The
estimates of back radiation for 12-hr periods, which
were calculated using empirical formulas of Laevastu
(1960, 1963), were also interpolated and smoothed to
give hourly values. The boundary conditions, (Uso), Re
and By, are shown in the upper two panels of Fig. 6.

The initial temperature profile is also shown at the
bottom left of the figure; it was estimated from the
STD profiles taken near 0000 GMT 13 June.

b. The 12-day period

The results of the model calculations for the 12-day
period, 13-24 Tune 1970, are presented here. The values
of the parameters m and y were progressively adjusted
for Runs 1, 2 and 3 as described below. Only the results
for Run 3 are plotted. In Run 1 (m=0.0025, y=0.002
cm™), the mixed layer thickness calculated by the
model slowly departed from the observed mixed layer
thickness until, on the twelfth day, it exceeded 75 m.
At that time, the observed thickness of the mixed layer
was only about 50 m. ‘

In Run 2 (m=0.0012, y=0.002 cm™), setting
m=0.0012 was equivalent to using the friction velocity
in the water, wy= (7/po)?}, as the scaling velocity in Gy,
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the energy available for mixing. The computed behavior
of the mixed layer during the stormy periods reproduced
quite closely the observed behavior. During the heating
periods, however, the layer depth was about 609, too
large, and the sea surface temperature did not reach
the pronounced peaks present in the real data. From
the theoretical results (Denman, 1973) we know that
in the model the thickness of the mixed layer during
low winds had been decreased significantly by increasing
the extinction coefficient. The extinction coefficient was
therefore increased from 0.002 to 0.003 cm™ in the
next run.

For Run 3 (m=0.0012, y=0.003 cm™), the resulting
sea surface temperature and twice-daily temperature
profiles calculated from the model are plotted in Fig. 6.
The observed temperature profiles superimposed on the
model profiles were obtained, in all cases, within 1 hr of
the time for which they are plotted.

The agreement between the predicted and observed
sea surface temperature is very good on time scales
greater than one day. The model profiles, while ob-
viously idealized, do reproduce the time-dependent
behavior of the mixed layer. Deepening of the mixed
layer resulting from the high winds during the periods
15~17 and 21-23 June is simulated satisfactorily. The

shallow warm layer which built up during 14-15 June

and again during 18-21 June is also evident in the
model profiles. The general agreement indicates that
the model representation of the time-dependent be-
havior of the upper mixed layer is quite good.

The observed sea surface temperature, represented by
the dashed line in Fig. 6, was obtained from standard
bucket temperatures taken every 3 hr; the measurement
error in these data is =4(0.05—0.10)C. That bucket
measurements do not accurately determine the surface
“skin” temperature (resulting from back radiation) is
not important here because the model does not predict
the skin temperature either, but rather the average
mixed layver temperature.

Because the boundary inputs to the model were
smoothed somewhat, fluctuations in the observed sea
surface temperature that occurred in less than ~12 hr
are not predicted by the model. Such fluctuations
probably result from the frequency and accuracy of the
sampling technique and can thus be neglected. On the
other hand, the larger variations in sea surface tem-
perature on scales of 2-3 days are associated with the
synoptic meteorological inputs, and are accurately
reproduced by the model to within 0.1C.

One can observe a diurnal variation in the model
estimate of the sea surface temperature. However, any
such variation in the observations is obscured by
measurement errors; thus, it might be recovered by a
Fourier analysis of observed summer sea surface
temperatures.

DENMAN AND M.
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c. A 2-day storm period

The model was also run with the same parameter
values used in Run 3 for the 48-hr storm period 21-23
June denoted by the vertical bars in Fig. 6. During
this storm, STD profiles were taken every 3 hr, and
XBT profiles were taken every hour in order that the
rate of deepening of the mixed layer as well as its
eventual depth of penetration might be determined.

The results of the model calculations are plotted in
Fig. 7. Surface temperature measurements from the
STD traces, from the XBT traces and from bucket
values, and the surface temperatures calculated using
the model are plotted in Fig. 7a. Fig. 7b shows observed
and computed estimates of the mixed layer depth. The
error bars represent the observed depth range of
strongest stratification just below the layer. From the
XBT profiles, a point estimate of the mixed layer depth
has been plotted; the error in this estimate is about
45 m. At the bottom of Fig. 7, the available STD
profiles have been superimposed on temperature
profiles computed from the model at 3-hr intervals.

The sea surface temperatures estimated by the model
agree with the STD and XBT values within the un-
certainty of the measurements; bucket temperatures,
as one might expect, show less consistency. The model
predicts correctly the mean rate of deepening within
the accuracy to which it can be determined from the
observations; the scatter in the observed mixed layer
depth is mostly attributable to internal waves.

6. Possible sources of discrepancy

With actual meteorological inputs and adjustable
constants, the model reproduces the observed time-
dependent behavior of the upper mixed layer. The sea
surface temperature derived from the model is con-
sistent with the actual observations within the limits of
the errors in measurement. However, the depth and
shape of the simulated mixed layer do show some
differences from the depth and shape of the observed
mixed layer. A discussion of the possible sources of the
discrepancies between the model and the observations
is presented in this section.

a. Currents in the mixed layer

Hasselmann (1970) described a possible sequence of
responses of the upper mixed layer of the ocean to the
passage of a synoptic weather disturbance. The re-
sponses to meteorological forcing which lasts only a few
hours are transient and highly time dependent. For
forcing which lasts about one-quarter to one-half an
inertial period (15.7 hr at 50° latitude), the response
will very likely include inertial oscillations (Ekman,
1905; Gustafson and Kullenberg, 1936). For forcing
which lasts considerably longer than one day, Ekman
transports are set up in the upper layer with large-scale
divergences and convergences resulting from non-zero
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F1c. 7. Comparison of the model output with the observed data for the storm period 1200 GMT 21 June to 1200
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files represent the observed depth range of strongest stratification immediately below the layer. The error in the
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curl in the surface wind stress field (Fofonoff, 1962;
Roden, 1969).

The generation of inertial period currents by moving
storm patterns was investigated by Pollard (1970), and
Pollard and Millard (1970). For such forcing, the upper
mixed layer appears to respond like a slab : the influence
on the vertical structure of temperature and salinity
at a single point would be expected to be small relative
to the effects due to local wind mixing. The observations
presented here substantiate this reasoning.

b. Turbulent and advective heat fluxes

The agreement of the model with the observed data
seems to justify neglecting both the transfer of heat
from the air-sea interface by turbulent processes and
the advection of heat by horizontal ocean currents. In
a study such as this one, the advection of heat by

horizontal ocean currents for times less than one month
can probably be neglected during any season. However,
the sensible and latent heat fluxes could possibly
account for some of the variation between the model
results and the observations. We estimated these heat
fluxes from the routine meteorological data using the
aerodynamic formulas of Jacobs (1951) with the ex-
change coefficients determined by Pond et al. (1971).
Calculations every 12 hr for the period 13-25 June 1970
gave a mean heat loss at the sea surface due to the
turbulent fluxes of heat and moisture of roughly —25
to —30 cal cm™2 day™ which was about one-third of
the average back radiation. On two occasions the heat
loss due to the turbulent fluxes was the same size as
the back radiation; neglecting the turbulent heat fluxes
during the buildup of the summer thermocline probably
causes appreciable errors only on isolated occasions.
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¢. Internal waves

Many of the variations in the depth of the mixed
layer and in the shape of the temperature profile below
the mixed layer can be attributed to internal waves
which have periods ranging from the Brunt-Viisild
period, of about 1-10 min in the upper ocean, to the
local inertial period of 15.7 hr (at latitude 50°). The
shorter period waves, which may be excited by either
tidal or indirect meteorological forcing, have character-
istic wavelengths of the order of hundreds of meters or
of kilometers (see, e.g., LaFond, 1964). These internal
waves, with their inherent convergences and diver-
gences, are responsible for much of the point-to-point
variation in the mixed layer depth plotted in Fig. 7.
However, the effects coupled to the moving storm
systems are easily discernible in the data presented.

d. Turbulent dissipation

Dissipation of energy within the upper mixed layer
has been included implicitly in the formulation of s,
the fraction of the downward transfer of energy by the
wind stress 10 m above the sea surface, used to increase
the potential energy of the water column by mixing.
However, if the model is to be applicable over wide
ranges of wind speeds and surface heat losses, the
dissipation should be treated explicitly. Before a more
complicated assumption about the effect of the dissipa-
tion on the mixing energy is incorporated into a model
such as this, more experiments on the mechanisms of
energy partition in the upper layer of the ocean must
be carried out.

7. Conclusions

Observations have been obtained from Ocean Station
Pape which illustrate the behavior of the upper mixed
layer during the passage of several synoptic meteoro-
logical disturbances. This time series allows a quantita-
tive determination of the rate and extent of the wind-
driven deepening of the oceanic mixed layer.

A physical model of the upper mixed layer (Denman,
1973) was used to predict the variations in the tempera-
ture structure evident in the time series measurements.
The model accurately simulated the behavior of the
upper mixed layer at Papa over a 12-day period; the
data used as input to the model were the observed
values of wind speed, solar radiation, and back radia-
tion. The ratio, m=0.0012, of the energy available for
mixing to that transferred downward by the wind at
10 m, needed for the model to yield results consistent
with the real profiles, agrees with the value (m=0.0015)
calculated from the laboratory experiments of Kato and
Phillips (1969). The radiation extinction coefficient
used in the model is shown to be consistent with values
observed by other authors. Other heat transfer mecha-
nisms such as latent and sensible heat fluxes at the
ocean surface, and horizontal or vertical advection
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within the ocean itself appear not to be important to
the spring development of the summer thermocline
at Station Papa.

The good agreement of the model simulation with
the observations indicates that on time scales of 1-5
days the local responses to the meteorological forcing
dominate both the internal waves and the large-scale
responses. To study the horizontal gradients of these
large-scale effects, one must extend this model to a
horizontal grid and to longer time scales. That would
require extensive knowledge (which is not available at
the present time) of the temporal and spatial behavior
of the temperature and salinity gradients at the bottom
of the well-mixed layer.
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