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Upper ocean field data from two Fall experiments (STREX, 1980;

MILDEX, 1983) are used to infer the oceanic response to wind stress

and heating in the Northeast Pacific Ocean. STREX examined a region

near Ocean Station P (50° N, 140° W) from thermistor chain moorings;

MILDEX examined a region of the California Current System (3350 N,

127° W) from two drifting platforms which monitored subsurface temp-

eratures and currents. Both experiments spanned eighteen days.

The budgets of heat and turbulent kinetic energy (TKE) reveal a

strong role for advection in the STREX region. The heat content

change, for example, averages 200 W m' while the net cooling at

the surface averages only 86 W m1. The large-scale wind stress

and SST data around the site are used to compute advection in the

Ekman layer which closes the heat (to 23%) and TRE (to 24%) budgets.

The budgets of heat and momentum reveal a similarly strong role

for advection in the MILDEX region. The momentum balance shows,

however, that currents are primarily geostrophic and that heat

advection results from the mesoscale density field, unlike the

larger-scale, Ekman advection in the STREX region.

Although the mean flow is predominately geostrophic, a large

near-inertial signal exists in the MILDEX currents. Comparisons of

wind-forced inertial currents (from a simple slab-layer model) and

observed near-inertial flow are quite favorable at both platform
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locations. However, observed and predicted currents differ signifi-

cantly (10 cni s' in 55 km) between the two sites following a

particular frontal passage. The model currents show that the

disparity in near-inertial currents can be accounted for by wind

differences between the two sites and, therefore, that the ocean

does respond to small-scale (tens of kilometers) variability in the

winds.
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RESPONSE TO WIND STRESS AND HEATING IN

THE NORTH PACIFIC SURFACE LAYER

I Introduction

The oceans play a controlling role in determining the climate

of our planet because they cover a majority of its surface and be-

cause of the great thermal inertia of water. It is not enough,

however, to consider the oceans as simply a large thermal reservoir.

The oceans both absorb and transport heat. Fluxes of heat and

buoyancy at the surface drive atmospheric motions and, in turn, the

oceans are forced by winds. The oceanic and atmospheric circula-

tions are each complex and, more importantly, interdependent.

The precise response of the ocean to atmospheric forcing (wind

and heating) is dependent on the extent of the surface mixed layer

over which heat, energy, and momentum are distributed. Thus, the

oceanic mixed layer has been (and should continue to be) the focus

of intensive study, both theoretically and observationally, by

oceanographers and meteorologists alike. Price et al. (1987) give

an extensive review of the progress and direction of upper ocean

research in the last decade. Much of the work has centered on

large, process oriented field experiments designed to observe

current, temperature and turbulent dissipation, among other things,

below the ocean surface and relate them to atmospheric forcing. The

work presented here is an analysis of data from two such experiments

in the North Pacific Ocean: the Storm Transfer and Response Experi-

ment (STREX) and the Mixed Layer Dynamics Experiment (MILDEX). The

question that has been asked is: What are the fates of the heat,

momentum, and energy imparted to the ocean surface at the sites and

at the times of each of these experiments? By looking at the

budgets of these quantities in the upper ocean, as unveiled in the

field data, we can determine the relative importance of surface

fluxes versus storage versus horizontal advection. It is important



to understand this partitioning for various places in the ocean so

that necessary dynamics can be included in (and unnecessarily

complicating ones omitted from) predictive models of the upper

ocean. Many of the techniques herein are patterned after earlier

work like the excellent and careful analyses of data from the Mixed

Layer Experiment (MILE; Davis et al., 1981a,b) whereas others are

unique. The duration of our data was approximately 18-days in each

case and the season was late fall (October-November). In the North

Pacific, this translates to a time scale of three to four synoptic

storm periods.

Increasingly, oceanographers are becoming aware of the impor-

tance of advection in three-dimensional heat and energy balances.

One goal of this work was to explore the role of advection in the

upper ocean. We found horizontal advection to be as important as

surface fluxes for both the STREX (50° N, 140° W) and MILDEX (33.5°

N, 127° W) sites. More importantly, we have shown distinctions be-

tween two locations that begin to tie the role of advection to the

dynamics of a region. That is, forces driving the advection of

heat, momentum, and energy were different for the northernmost site

near Ocean Station P (STREX) than for the site offshore of the Cali-

fornia Current (MILDEX). At the northern site, Ekman dynamics were

appropriate. We proposed a method for deriving the advection of

heat and potential energy from the large scale wind and SST fields

(available from the oceanographic observing network) based on Ekman

flow in the upper layer. This worked in the Station P region be-

cause winds were strong and temperature gradients were large, but

not so large as to produce strong geostrophic flow. In contrast to

that situation, the MILDEX site was found to be within the influence

of the eastern boundary current system (California Current). Heat

was advected by primarily geostrophic currents, as evidenced by the

momentum balance. The important scales over which temperatures

varied were much smaller (tens of kilometers) than at the STREX

location.

Rapidly varying currents, as well as the mean or slowly-varying

currents considered above, can have a profound effect on the oceanic
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mixed layer. In particular, inertial currents and near-inertial

motions are responsible for much of the shear across the mixed layer

and are thus a primary driving force in deepening of the layer

through entrainment (Pollard et al., 1973). Another goal of this

thesis work was to investigate the generation of inertial currents

in the MILDEX region. We obtained data from two instrumented plat-

forms during the experiment, separated by 10 km to 60 km. We found

significant differences in the near-inertial motions observed at the

two sites. Recent theoretical work has demonstrated that the

inertial response is expected to differ on either side of a density

front (or within an eddy) due to differences in the vorticity field

and the effective Coriolis parameter (Kunze, 1985; Weller, 1982;

Olbers, 1981). The momentum balance during MILDEX indicates such

fronts may have been present. We were able to show, however, that

all of the observed difference was accounted for by actual differ-

ences in the winds between the two locations by using a simple slab

model of the wind-driven flow (Pollard and Millard, 1970). This is

important in light of other recent theoretical work that predicts

rapid dispersion of near-inertial energy out of the mixed layer and

into the oceanic interior for inertial differences of the size (and

over the separations) observed in MILDEX (Rubenstein, 1983; Price,

1983; Gill, 1984; Kundu and Thomson, 1985; Kundu, 1986). It may be

possible to describe the likelihood of observing such mixed layer

inertial current differences based on statistical properties of the

wind field. A stochastic model, based on the slab model, is

presented in the Appendix as a first step toward that end.

The topics and goals described here are addressed in the

following three chapters of this thesis. Chapter II describes the

heat and energy budgets for the STREX region. A method of esti-

mating advection from Ekman flow is presented. Chapter III des-

cribes the momentum and heat budgets for the MILDEX region and

Chapter IV analyzes the near-inertial currents during MILDEX. Each

of these chapters either has been or is being prepared for publi-

cation separately in a refereed journal (Paduan and de Szoeke, 1986;

Paduan et al., l987a; 1987b). Chapter II is copyright by the
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American Meteorological Society. Chapters III and IV were under

review and preparation, respectively, at the time of this writing,

so the final, published versions may vary slightly.
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II Heat and Energy Balances in the Upper Ocean at

500 N, 1400 W during November 1980 (STR.EX)

ABSTRACT

Subsurface temperature data and surface meteorological data are

analyzed from thermistor chain moorings deployed near 50° N, 140° W

during the Storm Transfer and Response Experiment (STREX). The

upper ocean heat and potential energy (PE) contents to 90 m are

examined for an 18-day period and their changes compared to the

sources and sinks of heat and turbulent kinetic energy (TKE). Heat

and TKE do not balance in the vertical dimension alone. The heat

content change, for example, averages 200 W m2 while the net

cooling at the surface, estimated from bulk formulas for latent and

sensible heat fluxes and radiation measurements, averaged only 86

W m2. Advection of heat and PE, in either the vertical or horizon-

tal, play major roles in the budgets of this area. We describe a

method for using the large-scale wind stress and SST data around the

site to compute the advection in the Ekman layer and close the heat

(to 23%) and TKE (to 24%) budgets.

Though the heat and FE contents exhibit long-term trends, there

are two marked events associated with storms on 15 and 27 November

that account for much of the overall cooling and PE change. The

advection estimates mimic the episodic character of the heat and PE

contents and are clearly important on the short, storm time scale.

The relative contributions of horizontal and vertical advection are

quite different for the two storms, showing that the upper ocean

response very much depends on the proximity and orientation of the

storm as it moves past the observational site.

The TKE budget is complex, and some terms can only be estimated

by uncertain parameterizations, so that the relative importance of

surface production, shear production and advection is unclear.

Still, the fact emerges that mixed layer deepening is dominated by

wind-forcing even during the season of significant cooling.



6

II. 1. Introduction

In this paper we attempt to close the budgets of heat and

turbulent kinetic energy for the upper ocean at the site, near 500

N, 140° W, of thermistor chain moorings deployed as part of the

Storm Transfer and Response Experiment (STREX) in the North Pacific

during November, 1980. The turbulent kinetic energy balance can be

used to relate changes of potential energy of the water column to

sources (wind stirring, convection) and sinks (dissipation) of

kinetic energy. The nature of these relations is at the heart of

mixed layer dynamics.

The sources of data are:

(i) Thermistor chain time series of temperature at many

depths between the surface and 143 m, used to calculate heat and

potential energy changes of the water column;

(ii) High quality surface meteorological data from a surface

buoy and from two research vessels operating in the area, used to

estimate components of heat flux, radiation, surface wind stress,

and production of kinetic energy by wind stirring and convection;

(iii) Lesser quality surface meteorological data, mainly of

sea-level pressure and air and sea temperature, obtained from a

network of ships of opportunity and other platforms, used to

estimate surface temperature gradients and the horizontal distribu-

tion of surface wind stress.

More details on the data sources and processing are given in Section

2.

Tully and Giovando (1963) and Tabata (1965) examined the

average annual heat budget of the upper ocean at Ocean Weather

Station P, very near the site of the present experiment, and

concluded that over an average year there should be a net heat gain

of 32 W m2 resulting, mainly, from the winter months when only 50%

of the observed heat loss is accounted for by the surface heat flux.

Since secular warming of the water column is not observed and since
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the apparent net heating is less than 20% of the maximum flux

estimates, this disparity is arguably within the experimental

certainty of the heat transfer estimates. It is also, however,

qualitatively consistent with the idea of equatorward export of heat

by wind drift in the surface layer. In the past, emphasis has been

placed on one-dimensional models that neglect the influence of

advection processes. Camp and Elsberry (1978) concluded that both

vertical and horizontal advection of heat could be neglected for

most of the weather ship data that they investigated. Denman and

Miyake (1973) and Davis et al. (1981a) discounted the importance of

horizontal advection in the summer heat budget near Station P and

other investigators (Gill and Niiler, 1972; Emery, 1976; Stevenson

and Niiler, 1983) concluded that it plays a minor role in the

seasonal changes of heat content in the northeastern Pacific Ocean.

Kraus and Turner (1967) produced a theory of the ocean mixed

layer based on the heat balance and certain parameterizations of the

source and sink terms in the turbulent kinetic energy budget.

Denman and Miyake (1973) applied this theory to an analysis of a

month-long series of bathythermograph profiles at Station P and

obtained what they considered agreement, though this has been

criticized (Thompson, 1976).

Elsberry and Camp (1978) give evidence showing that the

seasonal changes in mixed layer temperatures and thicknesses are

mostly the result of episodic storms. Price et al. (1978) achieved

success in modelling data from the Gulf of Mexico on the response of

the mixed layer, on the several-day time-scale, to a hurricane; they

assumed heat and momentum balance and a critical bulk Richardson

number for the inertial oscillations in the mixed layer, following

Pollard et al. (1973). In a simple laboratory experiment on tur-

bulent convection, Deardorff et al. (1969) used the assumption of

heat balance to relate entrainment of a boundary layer heated from

below to the driving heat flux. Moore and Long (1969) and Kato and

Phillips (1969) used similar tactics to relate entrainment to

surface shear stress. Davis et al. (l981a,b) verified, in the same

spirit though working with field data during late summer from a
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mooring near Station P, a kind of one-dimensional heat balance

modified by vertical advection of cold water from below before

comparing changes in potential energy to parameterizations of wind

stirring. Niiler and Kraus (1977) reviewed theories of the bulk

mixed layer and showed how they all, including ad hoc critical

Richardson number models, amounted, in physical terms, to statements

about the turbulent kinetic energy balance.

In Section 3 we examine the heat balance during the deployment

of our thermistor chain array in late autumn. We estimate the

effect of advection in this balance and argue that it makes a very

important contribution that comes in episodes associated with

storms. In Section 4, analogously, we examine the turbulent kinetic

energy balance from our data set, again paying close attention to

the effect of advection.

11.2. The experiment

The Storm Transfer and Response Experiment (STREX) was a joint

meteorological-oceanographic experiment carried out in the north-

eastern Pacific Ocean during November and December, 1980, to examine

the response of the atmospheric and oceanic boundary layers to the

passage of storms (Fleagle et al., 1982). In this study we have

drawn on data acquired and analyses carried out as part of STREX.

We shall briefly summarize these here.

a. Thermistor chain moorings

Four surface moorings were deployed by NOAA Ship Oceanographer

near 500 N, 140° W. Fig. 11.1 shows the location and configuration

of the mooring array. We refer to the moorings by the letter codes

A, B, C, and D as shown in the figure. Each mooring consisted of a

2.4 m toroid surface float anchored tautly in about 4600 in of water.

As the figure indicates, three of the moorings, A, B, and C,

supported two subsurface thermistor chains with thermistors every
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10 m between 10 m and 110 in and every 3 in between 113 in and 143 m.

The thermistor chains contained Aanderaa model TR-1 recorders which

recorded temperature internally on magnetic tape every 1200 sec.

Mooring D supported only a shallow chain between 10 in and 110 m with

thermistors every 10 m but it was also equipped with meteorological

instruments which measured air temperature and vector-averaged wind

velocity 3.4 m above the surface and the sea surface temperature

(Reynolds, 1982). The data were subsampled every 1200 sec to match

with the subsurface temperatures. Fig. 11.1 shows the time span of

the data return for each component of the mooring instruments. For

example, mooring B supported the longest shallow temperature chain

record extending for approximately 19 days over Julian days 315 to

333 (10 November to 28 November).

Fig. 11.2 shows the time series from the shallow thermistor

chain at mooring B. This was the data set we chose to compute the

heat content and potential energy time series described in Sections

3 and 4 because it contains the longest continuous records and

because it best covers the two major storm events of the experiment.

The curves in Fig. 11.2 have been offset in the vertical so that the

upper trace is the temperature of the 10 in thermistor, the next one

down is the 20 in thermistor, etc. Above 60 m there is a definite

cooling trend over the 18 days shown in the figure but the

temperatures are nearly isothermal at any given time. Beneath this

well-mixed layer is the seasonal thermocline between 60 m and 90 in.

The thermocline shows up in the time series as the region of high

frequency and high amplitude variability attributed to internal

waves within a region of large temperature gradient. A small

temperature change with depth below the thermocline produced the low

amplitude variability that can be seen in the deeper (90 m - 110 m)

time series.

Two relatively abrupt cooling events are visible in Fig. 11.2.

The first one took place on day 320 (15 November). On that date,

the mixed layer thickened to overtake the 60 in thermistor as

evidenced by the slight decrease in mean temperature and the

cessation of the high frequency variability in the 60 in trace. A
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similar event occurred on day 332 (27 November). Again the ther-

mocline deepened on the order of 10 m while the mixed layer tempera-

ture fell by almost 0.5 °C within several hours. These short time

scale deepening events can also be seen in Fig. 11.3 where we have

plotted the mixed layer depth, h, defined as the depth at which the

temperature was 0.2 °C lower than the surface value. The figure

shows h after having been smoothed with a 12.4 hour running average

filter to remove tides and higher frequencies. Large increases in

the magnitude of h on day 320 and on day 332 are clearly visible.

Fig. 11.3 also shows the 10 in temperature which was assumed to be

identical to the temperature at the surface and, for comparison, the

air temperature at mooring D. The surface temperature function

mimics that of the mixed layer depth with noticeably large decreases

on days 320 and 332. The air temperature was almost always colder

than the sea temperature indicating that sensible cooling accounted

for part of the observed cooling trend and that the air just above

the water surface was always unstably stratified.

b. Surface meteorology

The experiment was carried out with the aid of two vessels: the

Canadian weather ship CCCS Vancouver stationed at Ocean Weather

Station P (50° N, 145° W) and the NOAA Ship Oceanographer which

operated in the vicinity of the surface moorings. Both ships made

measurements of the standard surface meteorological parameters

including wind velocity, air pressure and air, wet bulb, dew point,

and sea surface temperatures. In addition, measurements of the

longwave and shortwave radiation fluxes were made from both ships

(Cautier and Katsaros, 1984; Anonymous, 1981; Katsaros and Lind,

1985), and CTD casts were taken from the Oceanographer (Toole et

al., 1980).

Duplicate meteorological measurements from the two ships and

mooring D allowed comparison and checking of some of the surface

data. Air temperatures from both ships and the mooring agreed very

well with no obvious biases. The same was true for comparisons of
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the mooring sea surface temperatures with those from the Vancouver.

The Oceanographer, however, reported surface temperatures, measured

at engine-room intake, that were nearly 0.5 °C higher than the

surface buoy. This difference is attributed to the well-known

positive bias of engine-room intake temperatures above true surface

sea temperatures (Saur, 1963). Reynolds (1982) compared wind

velocities from Oceanographer and mooring D and found that they

agree quite well.

We used the air-sea temperature difference and the wind speed

at mooring D to calculate the surface wind stress shown in Fig.

11.4. The wind speeds were adjusted to 10 m and the stress was

calculated using the bulk aerodynamic formulae of Large and Pond

(1981). Several strong wind events are evident in the time series,

especially the two storms on days 320 and 332 when wind stress mag-

nitudes reached 0.9Pa and l.3Pa respectively. We used the meteoro-

logical data from mooring D and the ships to calculate the surface

fluxes of sensible and latent heat from bulk formulae (Large and

Pond, 1982). Fig. 11.5 shows the computed heat fluxes together with

estimates of the radiation flux component. Humidity data from

Vancouver was used during Oceanographer's absence from the site,

days 326 to 334. The net radiation fluxes shown in the figure are

the daily averages of the sum of shortwave incoming, shortwave

outgoing, longwave incoming, and longwave outgoing fluxes. The data

comes from measurements taken on the Oceanographer when available

(Katsaros and Lind, 1985) and on the Vancouver otherwise (Anonymous,

1981). Over the period from day 316 through day 333 the net surface

heat flux averaged 86 W m2. The latent heat flux alone averaged

49 W m2; this is twice as large as the net radiation flux,

longwave plus shortwave (-26 W m2), and far larger than the

sensible heat flux (-11 W m2). The latent heat flux contains

isolated periods of large positive values due to warm, saturated air

moving into the area and warming the ocean through condensation.

It is interesting to note the contrast between the storms on

days 320 and 332 in terms of their associated heat fluxes. The

day-320 storm produced an obvious feature in the heat flux curves of
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Fig. 11.5. The day-332 storm, however, created no outstanding

features in the heat flux curves even though this storm coincided

with the most outstanding changes in the sea surface temperature and

mixed layer depth and had the strongest winds. Figs. 6(a),(b) show

the surface pressure analyses for the two days (Reed and Mullen,

1981). There are obvious differences between the two storm systems.

The day-320 storm was a diffuse, elongated low pressure system with

a strong north-south frontal structure while the day-332 storm was

more nearly radially symmetric and very intense. The spatial scales

of the two storms were similar. The effects they had at the

experiment site were, however, quite different. The peak winds for

day 320 were southerly but for day 332 they were westerly. Other

contrasts between the way the two storms affected the ocean at the

moorings will emerge as we examine the heat and energy budgets in

the following sections.

c. Surface analysis of wind stress and sea surface temperature

The large-scale wind stress field during STREX was computed

using planetary boundary layer models (Brown and Liu, 1982) applied

to the available synoptic data. We used data interpolated to a

100 km grid surrounding the STREX region (Lindsay and Brown,

personal communication, 1983).

Sea-surface temperatures on a similar grid, derived from 3-day

averaged analyses by the Canadian Weather Service, were used to

prepare the maps in Figs. 7(a)-(f). The contours maps exhibit,

individually, the WSW to ENE slope of surface isotherms in the

region and, collectively as a time series, the cooling trend over

the STREX period. This data was used to estimate horizontal

temperature gradients needed to calculate the advective contribu-

tions to the local heat and energy budgets at the thermistor chain

mooring site (Sections 3 and 4).
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11.3. The heat budget

In this section we investigate the heat budget of the upper

ocean during STREX. We shall see that the heat content decrease

measured at the thermistor chains is more than twice as large as the

total surface heat loss. We attempt to reconcile this imbalance by

estimating the advective contributions to the budget. This attempt

is reasonably successful. It turns out that there are two advective

events in the STREX data record that account for the heat content-

surface exchange imbalance. The establishment of an approximate

heat balance is a prerequisite for estimating potential energy

changes and relating them to turbulent kinetic energy production

changes in Section 4.

The heat content between the surface and fixed depth D is

defined by

H(t,D) - p c Tdz [3.1]
0 -D

where p0 and c are average seawater density and heat capacity at

constant pressure, respectively. The heat balance of the water

column is given by

where

3H - A + Q0 [3.2]

A - -V. p0cf° Tudz + PCTW [3.31

is the vertically integrated divergence of heat advection and

Q, - -pccF(0) q(0) [3.4]

is the total heat flux just below the water surface, composed of

sensible heat plus radiant flux q(0). Our notation follows that of

Davis et al. (1981a), who may be consulted for the derivation of

[3.2]. It has been assumed that w(0) - 0 and that D is sufficiently

deep that the turbulent and radiative fluxes vanish there. We
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examined the heat balance for D - 90 m, a depth well below the mixed

layer and within that part of the upper water column covered by our

instruments.

One of the three components in the heat balance, the total

surface flux, Q,, was described in Section 2 and Fig. 11.5. The

heat content, H, was calculated from the thermistor chain records

using a trapezoidal integration of the discrete temperature

measurements. The changes in heat content we observed averaged 200

W m2 for the period from Julian day 316 to day 333. This is twice

as large as the cooling at the surface described in Section 2,

though it is consistent with Tabata's (1965) findings of an average

70 W m2 deficit in surface cooling for this season between 1956 and

1961. This discrepancy in the one-dimensional balance puts a

premium on estimating the other component in the heat budget, namely

advection.

Advection has traditionally been the most elusive part of the

heat budget. To our knowledge, no synoptic measurements of tempera-

ture and velocity with depth have ever been made that would allow

direct calculation of A in [3.3]. We are forced to estimate the

advective contribution indirectly. Various methods have been

employed in the past ranging from a neglect of A on the basis of

historical current and temperature data (Denman and Miyake, 1973) to

approximating the vertical contribution only, and neglecting

horizontal effects, based on spatial measurements of IVTI (Davis et

al., l98la). Each of the arguments for the neglect of advection or

some part of it is based on averaged gradients and velocities

appropriate to seasonal time scale changes in mixed layer proper-

ties. Though these arguments appear valid ex post facto from

success of the closures of the heat budget achieved by making them,

our data indicate that the situation is quite different during the

fall stormy season at mid-latitudes. We find that storms can

produce pulses in the advection terms on time scales of several days

that can be significant in the heat budget averaged over several

weeks.
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The advective contribution consists of two parts: horizontal

advection by surface geostrophic currents which are nearly horizon-

tally nondivergent and advection by directly wind-driven surface

currents that can be composed of both a nondivergent part giving

rise to horizontal transport and a divergent part giving rise to

vertical transport. Thomson (1971) showed that geostrophic currents

in this region are, on average, in the east-northeast direction at 1

cm/sec and are nearly parallel to the surface temperature isotherms.

Though the CTD surveys conducted during STREX were not sufficiently

dense in time or space to give good estimates of geostrophic

current, the data that exists confirm Thomson's figure of 1 cm/sec

for surface currents relative to 1500 dbar. These currents tend to

be aligned across the temperature gradient and hence ineffective in

transporting heat.

Tabata (1965) calculated the average temperature change at

Station P for 1956-61 due to geostrophic transports and found it to

be 0.26 °C per month. He found the geostrophic advection to be

higher during summer than winter. He also found the wind-forced

Ekman contribution to advection to be largest during winter. On

this basis, we shall neglect the advection of heat due to

geostrophic currents for the 18-day winter period of STREX.

We propose to estimate surface Ekman transport by

udz
-h ° [3.5]

where Ue is the surface Ekman velocity, r0 is the surface wind

stress, and h is the mixed layer depth; horizontal stress at the

base of the mixed layer has been assumed to be negligible. If the

Ekman transport is divergent, it leads to an upwelling velocity at

the mixed layer base,

To -'
w. z.curl[__.

I.
[3.6]

0 J
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Accelerations are neglected in deriving [3.5], [3.6]. Their

inclusion leads to inertial oscillations about the longer period

Ekman velocity fields. One may show (Appendix A) that averaging the

time-dependent inertial solutions over a pendulum-day yields

equations [3.5] and [3.6] again, where u0, w.., r0 are now pendulum-

day averaged quantities. Hence the use of the "steady" equations

[3.5], [3.6], to estimate Ekman currents, even for synoptic wind

events, is well justified.

By identifying J'Tudz - Tfu0dz where T is the vertically

averaged temperature of the surface layer, and W..h - wD, equation

[3.3] can be written

where

AA+A5 [3.7a]

A = c(TD- )z.cur1(r0/f) [3.7b]

A11 - cz.(r0/f) x VT. [3.7c]

Were there no horizontal temperature gradient, the nonzero term A

would represent the export of heat due to the upwelling of cold

water. On the other hand, were the mixed layer motion nondivergent,

the term A would represent advection of heat by horizontal flow

across the temperature gradient. The terms in [3.7] were calculated

using the wind stress and temperature fields described in Section 2.

Temperature gradient VT was approximated by VT0 where T0x,y,t was

the sea surface temperature obtained from the large-scale grid (Fig.

II.7(a)-(f)). Even though the data coverage for the large-scale

analyses was sparse (see the data points in Figs. 6(a),(b)), the SST

gradients were robust enough to produce consistent pictures on the

scale of a few hundred kilometers. In contrast to this, the 20 km

separation between thermistor chain moorings at the experiment site

was not enough to reliably determine the SST gradients beyOnd

instrument noise levels.

The total advective contribution was calculated according to

[3.7a] (after rearranging terms) and the vertical component accord-

ing to [3.7b]. The horizontal component was calculated by dif-
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ference, i.e., A5 - A A. The required horizontal vector fields

then appear only in the form of curls. These were evaluated from

the large-scale data by application of Stokes' circulation theorem

ff z.curl(r0/f)dS 5 (r0/f).dc [3.8]
C

where S is some suitable averaging area and c is its perimeter. The

right side of [3.8] is evaluated from an obvious finite-grid rule of

integration. We chose S to be a 600km square (i.e., 6x6 grid points

centered on the mooring site). We experimented with smaller grids

(4x4, 2x2), but this larger one seemed a sensible compromise between

the ideal of S -+ 0 and having a large enough number of points on the

circumference of S to effect some averaging of atmospheric mesoscale

noise. Large et al. (1986) suggest that the synoptic scale in this

area is a few hundred kilometers, based on data from drifting

thermistor chains, so it is likely that our large averaging square

underestimates curl at a point. The size of the averaging square is

indicated in Figs. 6(a),(b) and 7(a)-(f) by the dashed box.

Fig. 11.8(a) shows the time series of heat advection compo-

nents: horizontal (dot-dashed), vertical (dotted), and their sum

(dashed). Fig. 11.8(b) shows the heat content of the upper 90 m at

thermistor chain mooring B (solid line), the cumulative surface heat

flux, ftQdt (upper dashed line), cumulative advection, ftAdt (lower

dashed line), and their sum (dot-dashed line). The starting value

of each quantity on the ordinate is arbitrary; the curves agree if

their slopes match. Table 11.1 gives a summary of daily-averaged

surface heat flux, advection, and heat content change for the STREX

period. The most striking features in Fig. 11.8(a) are the advec-

tive peaks associated with the storms on days 320 and 332. Except

for these two days, the total advection is small and changes sign

often, producing a negligible contribution to the overall budget.

But with the inclusion of these tremendous peaks the mean advection

over 18 days is 68 W m2 which, when combined with the average heat

flux at the surface, balances the mean changes in heat content to
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within 23% (see Table 11.1). The average advection is 80% of the

average of the total surface flux: this is almost entirely due to

the contribution from two individual days! Fig. 11.8(b) shows the

roughly equal importance of advection and surface flux in the heat

balance over 18 days, and the episodic character of advection,

coming in two marked events, in contrast with the fairly steady

surface heat flux. Only the episodes of advection can account for

the episodic heat content changes.

Comparison of Fig. 11.8(a) with the synoptic analyses of Fig.

11.6 gives some insight into the nature of the advection itself.

The advective partitioning between vertical and horizontal

components is different for the two storms. The day 320 peak is

made up of nearly all vertical advection, that is, Ekman suction of

cold water from below z - D. The day 332 peak, however, is

composed of approximately equal amounts of Ekman suction and

horizontal advection due to net horizontal movement of surface water

across isotherms. The different advective characters of the two

storms is reflected in their synoptic structure relative to the

experiment site. Peak winds for the day 320 storm were southerly

shifting abruptly to northerly with the passage of the front (Fig.

11.4). This produced a net Ekman transport to the east and then

west, nearly parallel to the surface isothernis (Fig. 11.7(b)), and

therefore contributed little to the horizontal advection. In

contrast, the day 332 peak winds were southwesterly and produced a

net Ekman transport parallel to the mean oceanic temperature

gradient (Fig. 1I.(e)) and so made a large contribution to the hori-

zontal advection of heat. This contrast shows that the horizontal

advection at a particular location depends on having cross-isotherm

Ekman transport produced by along-isotherm wind. This condition is

sensitive to the structure of a storm and the proximity of its pas-

sage (see Figs. 6(a),(b)) so that points separated by only a few

hundred kilometers may experience quite different advection.

Vertical advection, too, makes an important contribution to the

heat budget. It depends on a surface wind pattern favorable to
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Table 11.1. Daily average surface heat flux, Q0, and
change in heat content, dH/dt, and the 0000 GMT estimate
of heat advection, A. The units are W m2.

Julian day Q0 A dH/dt

316 -35.8 7.7 -99.2
317 -77.2 -19.7 49.6
318 -109.4 -18.8 -181.8
319 -36.4 13.4 214.9
320 -8.6 28.7 -132.3
321 -97.4 -582.6 -231.5
322 -49.5 -99.5 -165.3
323 -85.3 -14.1 -264.5
324 -36.3 56.7 -148.8
325 -129.6 -67.5 -148.8
326 -89.2 26.4 -16.5
327 -113.1 59.8 -49.6
328 -99.4 10.3 -264.5
329 -68.6 -32.5 -281.1
330 -120.2 -16.0 -396.8
331 -60.8 9.9 -628.3
332 -141.4 -565.6 -677.9
333 -184.2 -25.7 -165.3

18-day means: -85.7 -68.3 -199.3

producing upwelling. Despite several peaks in the wind stress mag-

nitude in Fig. 11.4, Fig. 11.8(a) shows only two events that had

local wind stress curl large enough to produce significant up-

welling.

Large et al. (1986) suggest a rule of thumb uncertainty of 10

W m2 per component of the surface heat flux which gives an additive

uncertainty of 30 W m2 for the net surface flux, Q0. This error

grows for the cumulative surface heat flux: after 10 days the error

amounts to about 0.25 x 108 J m2 -25% of one division in Fig.

11.8(b)- and after 18 days to nearly 0.50 x 108 J m2 -50% of one

division in Fig. 11.8(b)-. The discrepancy in the heat budget is

within this uncertainty.

Large et al. (1986) also investigated the advective contri-

butions to the heat budget with drifting thermistor chain buoys in

an area 500 km southwest of our moorings. They inferred water
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movements from the buoy tracks and relative velocities from the

shape of the subsurface thermistor and pressure sensor chains.

Their conclusions contrast with ours. They find that horizontal

advection in the mixed layer was not a significant part of the heat

budget for their region. Their buoys, however, tended to drift

along the surface isotherms thereby diminishing the effect of

horizontal advection. Also, they form their balance estimates over

a long time period so that they do not discern episodic synoptic

events. They also make the point that vertical advection from below

about 120 m, within the permanent halocline, would bring up water

that is too salty to be cancelled by the 0.005 x l03/month dilution

attributed to the mean excess of precipitation over evaporation.

This means that the upwelling water below the mixed layer and above

the halocline must be moving along nearly horizontal trajectories as

it is entrained.

11.4. Turbulent kinetic energy

When the sea surface is cooled or agitated by the wind,

turbulent kinetic energy is produced by fluctuating buoyancy forces

working with vertical motions or by turbulent stress working on the

sheared motion. The part of this turbulent kinetic energy that is

not dissipated is available for increasing the potential energy of

the surface layer by entraining dense water from below and in effect

raising its center of mass by mixing it into the surface water. The

production terms of turbulent kinetic energy, and its dissipation,

are difficult to measure with accuracy. Instead, parameterizations

of these terms, supported by theoretical and dimensional arguments

relating them to bulk parameters that characterize the inputs, are

relied on (Kraus and Turner, 1967; Niiler and Kraus, 1977). Often

the parameterizations can be checked in laboratory experiments

(e.g., Turner and Kraus, 1967; Kato and Phillips, 1969; Moore and

Long, 1969; Kantha and Phillips, 1976; Deardorff et al., 1969) in

which changes in potential energy are compared to the proposed
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dependence on the bulk parameters and used to estimate unknown

coefficients.

In principle, this can be done also with suitable field experi-

ments. The difficulty with this approach lies in the impossibility,

contrasted with the laboratory, of control of external conditions:

oceanic variability and complexity on all scales lead to statisti-

cally imprecise estimates of the desired terms. Not only that, some

important contributing terms, especially advection, absent in con-

trolled laboratory experiments, can only be estimated indirectly, as

we have already seen with the heat balance. The advantage of the

field experiments is their obvious direct relevance to mixed layer

dynamics: unlike laboratory experiments, they are conducted at the

appropriate Reynolds and Péclet numbers and are not susceptible to

infection by secondary circulations in the all too finite laboratory

vessels.

Davis et al. (l98lb) expounded the theory of the turbulent

kinetic energy (TKE) balance necessary for relating rate of change

of potential energy of the upper ocean water column to kinetic

energy generation and dissipation and their parameterizations. We

need not repeat this here, except to emphasize that the rate of

turbulent working of buoyant fluctuations against gravity, or

buoyancy flux gp'w', is estimated from the vertically integrated

heat balance and assumption of a stable T-S relationship; hence the

establishment of an at least approximate heat budget is a necessary

requirement for the strategy to succeed.

The potential energy of the water column above z D, given by

P(t,D) - gf°(z D)pd.z, [4.1]

where Pe - p p0 is the excess density above a reference density,

is related to sources and sinks by
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8PB+A+G+S-E, [4.2]

B -Q,D + f°qcz)dz], [4.3]

A - -gSi.f° pu(z + D)dz + [4.4]

- _w'[p' + p(u'.u' + w2)/2]0 [4.5]

s=f0
-D

pu'w'.8udz, [4.6]

E 'D pdz. [4.7]
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Term B in [4.2] represents the effect on potential energy of

surface heating or cooling and penetrative radiation; when cooling

(Q < 0), a part of (cg/c)Q0D is the energy supplied by convection.

This term is readily calculated from the net surface heat flux, Q0,

described in Section 2 and from q(z) parameterized by

q(z) - q(0)[O.77e' + (1 - O.77)e'4°] [4.8]

for z in meters, measured negatively downward (Paulson and Simpson,

1977). The term A represents the advection of potential energy.

The term G0 is the surface flux of turbulent kinetic energy, which

is held to be proportional to p0u, where u is the surface friction

velocity Iro/p01½ (Kraus and Turner, 1967; Davis et al., 198lb).

Term S is the shear production integrated vertically. Lacking

current profile measurements, we are unable to estimate it directly.

We proceed by provisionally neglecting it; but we shall return to

this point later.

As noted, convective production due to surface cooling is

already a part of B. For a homogeneous mixed layer this production

term amounts to
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C - &h(Qj Q0). [4.9]

Term E is the vertical integral of kinetic energy dissipation. We

hold that it acts to suppress a fixed fraction of the energy

produced by the dominant turbulent kinetic energy production

mechanisms. Hence it is proportional to C or G0 in [4.21, whichever

is dominant, and the potential energy evolution is given by

where

8PB+Ap+CmC [4.10]

- mpu. [4.11]

The measurements reported by Davis et al. (198lb) suggest m0 - 0.5,

while Deardorff et al. 's (1969) laboratory measurements give 1n -

0.83.

Advection A is calculated in a fashion analogous to the

corresponding term in the heat balance. We assume that horizontal

velocity is uniform in the mixed layer, of depth h, and given by the

Ekman formula [3.5]; horizontal velocity is neglected below the

mixed layer. The corresponding vertical velocity grows linearly

from zero at the surface to the base of the mixed layer, where it is

given by [3.6], and beyond which it remains approximately constant.

These assumptions of slab-like mixed layer velocity are more

stringent than were required for the heat balance, where only the

vertical integral of horizontal velocity mattered, as temperature is

so nearly uniform in the mixed layer. The quantity A can be

separated into horizontal and vertical components APH, A, analo-

gous to the heat advection terms (eq. [3.7]) except for an

additional dependence on the mixed layer depth that enters because

of the factor z in [4.1]. We shall save space by not writing them

down here.
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The quantities in the potential energy balance are correctly

written in terms of density p(T,S). To determine this, salinity is

required as well as temperature. This is not available from the

thermistor chains. However, CTD profiles taken during November and

December, 1980, in the vicinity of the experiment location from the

Oceanographer exhibit a quite stable and tight relationship between

temperature and salinity above 90 m depth. Fig. 11.9 shows the

envelope for the T-S curves from 32 CTD casts taken between Julian

days 311 and 337. Above 6.5 °C (90 m) salinity is well represented

by a linear function of temperature. A best fit line through the T-

S envelope in this region was used to represent that function. This

was then used to infer density from the thermistor chain temperature

time series.

Each of the terms on both sides of [4.10] can be computed from

the STREX data and compared. Table 11.2 gives a summary of the

daily-averaged values of G, B' (the net buoyancy production, - B -

mDC), potential energy advection, A, and the change in P. Fig.

11.10(a) shows the time series of the advection estimates. The

features are very similar to the heat advection estimates in Fig.

11.8(a): the advection is small except on two occasions associated

with storms on days 320 and 332. The day 320 event is a result of

mostly vertical advection while the day 332 event is composed of

nearly equal amounts of vertical and horizontal advection. Note

that though heat and turbulent mechanical energy terms have the same

units, the latter is five orders of magnitude smaller than the

former.

Fig. 11.10(b) shows the potential energy of the upper 90 m at

the thermistor chain (solid line), the cumulative surface production

of TKE [ftGdt (using in0 - 0.5)], the cumulative advection (ftAdt),

and the cumulative net buoyancy production [ftBdt (using m -

0.83)]. The last term is the difference between the total cumu-

lative buoyancy production (upper dotted line) and the dissipation,

taken to be proportional to that production, (lower dotted line).

The beginning positions on the ordinate of traces on this figure are

arbitrary; the curves have been offset in the vertical for clarity.
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Table 11.2. Daily average surface production G, net
buoyancy flux B', and change in PE, dP/dt, and the 0000
GMT estimate of PE advection, A. The units are W m2.

Julian day A B' dP/dt

316 0.6 0.1 0.2 2.4

317 0.7 0.5 1.7 -0.4

318 0.9 0.3 2.3 3.0

319 1.3 0.0 0.8 4.6

320 4.6 0.2 0.4 11.1

321 1.2 7.2 1.9 3.5

322 1.7 1.5 1.6 3.7

323 2.3 0.9 1.8 5.8

324 1.2 0.4 1.3 2.1

325 0.8 1.1 3.8 2.8

326 0.5 0.1 2.2 4.1

327 1.5 0.2 2.0 5.9

328 1.1 0.4 2.5 5.7

329 2.9 0.8 1.7 7.7

330 1.6 0.8 2.4 13.9

331 6.9 0.1 1.1 12.7

332 7.3 9.3 2.6 32.4

333 0.6 0.6 3.7 5.8

18-day means: 2.1 1.3 2.0 7.1

A successful closure of the TKE budget is obtained when the slope of

the total cumulative production curve (dot-dashed) matches that of

the vertically integrated potential energy curve. This figure shows

a reasonable closure of the TRE budget over 18 days particularly for

the periods prior to the day-320 storm and after the day-332 storm.

The storms create large, episodic increases in the vertically

integrated potential energy that are not totally reproduced by the

estimated production terms, particularly for the day-332 storm where

only one half of the increase observed in the density record is

accounted for by the TKE production terms included in the budget.

The figure also shows the difference between the three production

terms: both the surface wind stirring and advection terms exhibit

impulsive jumps associated with the two storms but the buoyancy flux

term -composed mainly of the net surface cooling- is a fairly
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steady function. Advection and wind stirring are, in some combi-

nation, necessary to reproduce the episodic increases observed in

the vertically integrated potential energy associated with the two

storms. However, the advection terms cannot be estimated with

sufficient accuracy to attempt improved estimates of either in0 or

m. From the viewpoint of modelling, it is still remarkable that

potential energy changes may be no less due to advection than to

turbulent production of TKE.

An uncertainty in the excess density can be estimated from

uncertainties in the thermistor temperatures and in the salinity

derived from the best-fit linear T-S relationship above 90 m. The

spread in the T-S diagram of Fig. 11.9 suggests an uncertainty of

about 0.08 x l0 in inferring salinity from temperature and this,

together with the thermistor errors, leads to an uncertainty of 0.07

kg m3 for the excess density and about 2.80 x lO J m2 (2.8

divisions in Fig. II.lob) for the vertically integrated potential

energy. The discrepancy in the ThE budget is within this uncer-

tainty. The closure of the TKE budget is poorest for the time

periods associated with the two major storms, particularly the

second, day-332, storm. Ignoring the potential energy uncertain-

ties, the buoyancy flux term B' is a very steady, non-episodic

component of the budget and as such is not a good candidate to

explain the excess in the observed vertically integrated potential

energy jumps over the predicted increases. The discrepancies are

more likely the result of underestimating either the advection or

the wind stirring terms or both because each of these terms exhibits

episodic increases during the storm periods.

There is one important, additional component of the TKE budget

that could explain the discrepancies in the balance. It is the

neglected shear production term [4.8]. Sheared currents in the

water column contribute to the TKE of the layer, particularly

inertial currents with shear concentrated at the base of the mixed

layer. Shear production would be episodic in character and very

likely associated with storms. D'Asaro (1985) examined and modeled

the inertial current structure from expendable current profiler
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drops taken from the Oceanographer during STREX, paying close

attention to the day-320 storm. That storm acted to change the

current shear at the mixed layer base by 30 cm s1; but the pre-

existing currents were such that the overall shear was actually

reduced. Hence, shear production of TKE was not a factor in the

day-320 storm. Current profiles were not available for the day-332

storm so it is not possible to assess what role shear production

played in the TKE budget during that period. The poor closure of

TKE on that day may indicate an overlooked energy source, such as

shear production.

11.5. Summary

In this paper, we outlined and demonstrated a method for

incorporating large-scale wind stress data and estimates of sea

surface temperature gradients into the local budgets of upper ocean

heat and TKE through advection terms. We obtained a reasonable

balance for the heat and TKE budgets of the upper 90 m of the water

column at the site of thermistor chain moorings in the northeast

Pacific Ocean. The rate of change of heat content averaged 200

W m2 over 18 days, while the net surface heat flux averaged 86

W m2. We were able to form estimates of the large-scale advection

which we found to be significant during two strong storms. The 18-

day average advection was 68 W m which contributes to balance the

budget within 23%. Our findings confirm Tabata's (1965) observa-

tions about the winter heat balance at Station P.

The changes observed in the vertically integrated heat content

and potential energy are very episodic. For the heat budget this

episodic character can only be explained by advection. The tur-

bulent kinetic energy budget contains source terms from the vertical

buoyancy flux, the wind stirring at the surface, and current-shear

production. The last two of these are episodic in character. Our

data show that advection and wind stirring are necessary to account

for the episodic changes in the vertically integrated potential
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energy associated with the storms. The role of shear production is

uncertain. D'Asaro (1985) determined that the current structure

before day 320 was such that the storm on that day acted to decrease

the current shear so that shear production was not a factor for that

storm. No data exist to determine the role of shear production for

the second, day-332, storm.

The calculations described here illustrate the importance of

advection to understanding the response of the upper ocean to

atmospheric forcing. The advection estimates we have made are quite

rudimentary: they could be improved by better estimates of surface

wind distribution on synoptic and meso-scales, and better estimates

of temperature gradients. The potential energy storage estimates

could be greatly improved by time series measurements of salinity

(conductivity), as well as temperature. Salinity effects on density

can be significant, and should be monitored, and the budget of salt

could be independently checked.
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Figure 11.1. Schematic representation of STREX mooring array.
Subsurface thermistor chains extended between 10 m and 110 m and

between 113 m and 143 m. Mooring D meteorological platform measured
air temperature and wind velocity 3.4 m above the surface. Time

lines indicate length of data return with tick marks every 5 days at
0000Z and labeled in Julian days.
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Figure 11.2. Offset temperature time series from the shallow

thermistor chain at mooring B. Note the cooling trend in the well-

mixed layer above 60 m and the two rapid cooling and deepening

events on Julian days 320 and 332.
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Figure 11.3. Mixed-layer depth, h, and sea surface temperature,
SST, from mooring B and air temperature, AT, from mooring D smoothed
with a 12.4 hour filter. The mixed-layer depth is defined by a 0.2
°C temperature change and the sea surface temperature was measured
at a depth of 10 m.
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Figure 11.4. Wind stress (upper panel) and direction from which the
wind blew (lower panel) at mooring D, smoothed with a 12.4 hour
filter.
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Figure 11.5. Surface fluxes of sensible and latent heat at mooring
D smoothed with a 12.4 hour filter, daily averages of the net
radiative heat flux aboard the Oceanographer and Vancouver (days 326
to 334), and the algebraic total of all 3 components. Note the
sharp frontal structure indicated by the sensible and latent heat
flux curves on day 320.
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Figure 11.6. Surface pressure isobars for 1200Z on day 320, (a),

and 0000Z on day 332, (b), (Reed and Mullen, 1981). Dots indicate

locations of data reports used to construct the pressure fields
including the two ships involved with STREX, ships of opportunity,

and 5 stationary NDBO buoys. The experiment site is approximately
500 N, 1400 W. The dashed box indicates the area used to calculate

average wind stress curl with this data.
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Figure 11.7. Sea surface temperature isotherms from the large-

scale grid for days 316-318(a), 319-321(b), 322-325(c), 326-328(d),
329-332(e), and 333(f). The 6, 10 and 14 degree contours are

labeled and the spacing is 1 °C. The dashed box indicates the area

used to calculate horizontal temperature gradients.
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Figure 11.8. Daily estimates of the vertical, A, and horizontal,
A, advection of heat and their algebraic sum, A, (a), and the time
history of the cumulative surface heat flux, fQ0dt, cumulative heat

advection, fAdt, their algebraic sum, f(Q0 + A)dt, and the daily
averaged vertical integral of heat content to 90 m, H, (b). The

cumulative and vertically integrated curves in panel (b) are
relative to an arbitrary reference level: it is the slopes of these

curves that are important. Note the large advective peaks on days
320 and 332 and how they are responsible for making the estimated
total cumulative curve more closely match the observed vertically
integrated heat content.
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Figure 11.9. T-S relations from 32 CTD casts taken aboard the
Oceanographer between Julian days 311 and 337. The linear relation
between S and T above 6.5 °C (- 90 m) was used to predict S from T
for this temperature (depth) range.
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Figure 11.10. Daily estimates of the vertical, A?y, and horizontal,
APH, advection of potential energy and their algebraic sum, A, (a),
and the time history f the cumulative surface wind stirring,
ftG*dt cumulative potential energy advection, ftAdt, cumulative
buoyancy production, ftBdt, composed of the production due to
surface cooling and penetrating radiation (upper dotted line) minus
the dissipation proportional to that production (lower dotted
line) their algebraic sum, ft(c* + A + B')dt, and the vertical
integral of potential energy to 90 m, F, (b). The cumulative and
vertically integrated curves in panel (b) are relative to an
arbitrary reference level: it is changes in these curves that are
important. Note how peaks in advection and wind stirring combine to
produce the jumps in the estimated total cumulative curve which
mimic the jumps in P on days 320 and 332.
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III The Balances of Heat and Momentum at 3350 N, 127° W

in the Upper Ocean during MILDEX

ABSTRACT

The balances of momentum and heat were studied for an eighteen-

day period in October-November, 1983, during the Mixed-Layer

Dynamics Experiment (MILDEX) at a site 650 km off central Califor-

nia. Data were collected from a drifting platform from which

surface winds, air temperature, and ocean currents (from a string of

vector-measuring current meters), were measured. The position of

the unattended drifter was determined by Loran-C on the platform.

Currents in the surface layers were partially wind-driven, and

partially coherent with low-frequency currents at deeper levels.

The latter currents, though coherent, were sheared, turned sig-

nificantly with depth, and were presumably nearly geostrophically

balanced. The wind-driven part of near-surface velocity was

calculated by removing an estimate of the vertically coherent part

of the currents. This part of the momentum, integrated over the

surface layers, balanced quite reasonably the surface wind stress.

Very near the surface (above 15 in), the velocity profile followed

the theoretical logarithmic profile, scaled by the wind stress

friction velocity, except for a diurnal cycle clearly associated

with the daily heating function.

Surface heat flux was not clearly reflected in the heat content

of the near-surface layers. On time scales of several days, heat

content changes did reflect surface heating, but over the first

thirteen days of the experiment average net surface heating was 60

W m2, while the average heat content change in the top 38 m was

only 10 W m2. Heat balance must be restored by advection.

Vertical advection was rejected as an explanation because heat

content changes in layers defined by isotherm depths showed similar

imbalances with regard to surface heating. Horizontal advection was

estimated by two methods: (i) by using sparse thermistor chain tows
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around the current meter drifter to construct a history of horizon-

tal temperature gradients; (ii) by using current profiles at

moderate depths to estimate pressure gradients (essentially through

geostrophy), hence buoyancy gradients (by the hydrostatic relation),

hence temperature gradients. The two methods gave very different

estimates, though both tended to redress the imbalance between

surface heat flux and local heat storage.

The last four days of the experiment were dominated by a low

pressure system with peak wind stresses of 0.5 Pa and net surface

cooling of 43 W m. Below the mixed layer, isotherms oscillated

vertically with the same time scale as a wind reversal. Crude

estimates of wind stress curl (from three-point wind measurements)

were large and of the right sign to account for the isotherm

excursions.

111.1 Introduction

The pathways through the ocean of the momentum, heat and

buoyancy imparted to the surface determine the circulation of the

ocean and its interplay with the atmosphere. Plainly, the paths

commence in the near-surface layers where the fate of input momentum

and heat is determined by a combination of local generation of

motion and heat storage on one hand, and on the other hand by

advection by currents, sometimes correlated with the wind (as

observed by Paduan and de Szoeke (1986)), sometimes incoherent with

the wind and associated with mesoscale structures that penetrate

deeper into the ocean (Davis et al., 1981). In this paper we

present an analysis of the balances of momentum and heat in the

upper ocean at a site some 650 km off central California in the

Northeast Pacific Ocean. Despite the season (late fall), net

heating and light winds prevailed during the experiment. We used

current and temperature data collected as part of the Mixed Layer

Dynamics Experiment (MILDEX). We found strong, vertically coherent,

variable currents, extending from moderate depth (141 m) to the
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surface, and probably associated with mesoscale eddies frequently

found in the area (Koblinsky et al., 1984). Through advection,

these currents affected the heat balance of the surface layers

profoundly.

Davis et al. (1981) found, during the MILE experiment, that

local wind stress balanced mixed layer momentum after mixed layer

currents were corrected relative to current at a fairly deep level,

thereby presumably removing depth-independent pressure gradients.

Similarly, in the present study, we infer that pressure forces

associated with vertically coherent geostrophic currents were

significant in the momentum balance during MILDEX. There was

significant turning of these presumably geostrophic currents at

moderate depth, which was not related to the wind but rather

associated with mesoscale features. Hence, balance between wind and

momentum integrated over the mixed layer was achieved by correcting

the mixed layer currents relative to current at a moderately shallow

depth, only slightly below the mixed layer, rather than some greater

depth (Section 3).

Richman et al. (1987) showed strong near-surface shears, well-

correlated with wind, and consistent with the classical constant-

stress model of turbulent boundary layers. The MILDEX data confirms

this analysis, at least above 8.5 m, except for a very clear diurnal

modulation of the near-surface shear associated with the daily cycle

of heating and cooling.

Denman and Miyake (1973) showed evidence of a one-dimensional

heat balance during early summer at Ocean Weather Station P (500 N,

145° W). The success of their l-D model suggested that the role of

advection is minimal. Though Davis et al. (1981) also discounted-

the importance of horizontal advection in the summer heat balance at

Station P, they found it necessary to include vertical advection

effects. Paduan and de Szoeke (1986) found the role of both

vertical and horizontal advection to be important during the fall

stormy season in the Station P region. They computed surface

currents and their divergence from a simple Ekman model applied to

the wind field, used them to estimate the associated advection of
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heat and potential energy, and so accounted for the observed

discrepancies in the one-dimensional heat and turbulent kinetic

energy balances. Large et al. (1986) investigated the heat budget

for two groups of drifters deployed near Station P. They estimated

that horizontal advection of heat was small in the mixed layer but

large below it, and that turbulent diffusion of heat out of the

mixed layer was more important than the surface heat fluxes during

the autumn phase of their experiment.

In MILDEX we found that on time scales of a few days surface

layer heat storage mimicked surface heat flux quite well. However,

on longer time scales, a simple balance between surface heat flux

and local storage did not hold and horizontal advection was an

important part of the balance. In attempting to estimate advection,

we are led to conclude that advection by geostrophic currents near

the surface, coherent with currents at deeper levels, rather than

wind-driven Ekman currents, was important in the heat balance. This

is discussed in Section 4. We use currents at moderate depths to

infer pressure gradients, and from them buoyancy gradients (through

the hydrostatic relation), which in turn we take to represent

temperature gradients for use in the horizontal advection calcula-

tion. The method is fraught with error but does tend to redress the

balance between surface heating, heat storage, and advection.

111.2 The experiment

MILDEX was a multi-institutional cooperative experiment between

several investigators. It took place in a region approximately

650 km west of Santa Barbara, California (Fig. 111.1). The water

depth was 4700 ni with the nearest topographic feature, the Fieb-

erling Seamount, about 200 km away to the southwest. The experiment

was designed to observe the surface forcing of the mixed layer and

the dissipation of energy within the layer. Pinkel et al. (1987)

have also looked at the mixed layer interaction with the deeper
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ocean (to 1100 m) during MILDEX using an array of Doppler sonars

aboard the Research Platform FLIP.

In the present study, we shall report current and temperature

data taken from a drifting instrument chain called the Current Meter

Drifter (CMD). This arrangement consisted of a 2.4 m toroid float

from which were suspended fifteen Vector Measuring Current Meters

(VMCM; Weller and Davis, 1980) from 3.5 m to 141 m and four Aanderaa

thermistor chains from 73 m to 800 m (Fig. 111.2). The surface

float carried instruments that measured surface wind, air tempera-

ture, and Loran-C position. We shall limit our discussion to the

analysis of the VMCMs and the temperature chains above 141 m. The

data from the deep temperature chains has been reported by Levine et

al. (1984). Richman et al. (1987) report results from an earlier

deployment of a similar, though shorter, instrument chain.

The CMD drifted at an average speed of 5.4 cm s (4.7

km day1) to the Northeast (Fig. 111.3). Most of the instruments

functioned for the entire 17.5 days of their deployment from 25

October to 11 November, 1983. The temperature sensors at 64 m and

70 m did not return any usable data; the current meters and tempera-

ture sensors at 34 m and 106 m and the current meter at 64 m gave

short records.

The research vessel Wecoma operated near the drifter for much

of the experiment. The ship conducted measurements of the upper

ocean microstructure (Park et al., 1984) and performed four thermi-

stor chain surveys in an area about (100 km)2 around the CMD

(Baumann et al., 1985). The survey tracks are shown in Fig. 111.4.

Surface salinity and temperature, incoming shortwave and longwave

radiation, and the standard meteorological parameters were contin-

uously monitored from Wecoma.

The research platform FLIP provided a another platform from

which winds, temperatures, and currents were measured (Smith et al.,

1987), and the research vessel Acania made temperature and velocity

surveys centered on FLIP for a part of the experimental period. We

shall make use of the simultaneous wind measurements from CMD, FLIP,
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and Wecoma to form estimates of wind stress curl during the experi-

ment.

Time series of wind stress and net surface heating, computed

from bulk formulae (Large and Pond, 1981,1982), are shown in Fig.

111.5. They represent a hybrid data set in that winds were measured

at the CMD while air-sea temperature differences, dewpoint tempera-

tures, and radiative heat fluxes were measured aboard Wecoma. From

25 October to 6 November, winds were sporadic but generally light.

On 7 November a front passed with strong (up to O.5Pa) winds

shifting in direction from Northerly to Southerly in three days.

During the light wind period, heating persisted at an average of 60

w m. When the front passed, strong evaporative cooling dominated.

In this paper, we shall contrast the period of light winds and net

heating before 7 November and the storm period that followed.

The wind stress and heating may be compared to the subsurface

velocity and temperature records. Temperature time series (down to

85 m) are shown in Fig. 111.6. The records have been offset for

clarity. Above 15 m, the temperatures exhibit a diurnal cycle

forced by the corresponding periodicity in the surface heat flux

while between 15 in and 38 in they are relatively uniform with depth

indicative of a remnant well-mixed layer. Large temperature

fluctuations associated with internal waves in the seasonal ther-

mocline are seen between 38 m and 58 in but, because of weaker

temperature gradients, the temperature fluctuations are correspond-

ingly reduced below that layer.

The current meters indicate directly only the motion relative

to the CMD. The motion of the CND itself is calculated by differen-

tiating its hourly Loran-C positions (Fig. 111.3). The vector sum

of relative velocity and CMD velocity will be termed the absolute

velocity. Relative flow past the drifter is germane to the heat

budget in forming advection estimates but it is more natural to use

absolute velocities when investigating the momentum balance.

Because of diurnal effects on the Loran-C positioning system, care

must be exercised in interpreting absolute velocities at diurnal and

inertial frequencies. Both relative and absolute low-frequency
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(two-day averaged) currents are shown in Fig. 111.7 for selected

depths. The magnitude of the low-frequency currents is on the order

of 10 cm s1 and significant shear is seen within the remnant mixed

layer as well as across the mixed layer base, especially after 1

November.

111.3 The momentum budget

In this section, we investigate the upper ocean momentum

balance among acceleration, Coriolis force, pressure gradient, and

wind stress. At moderate depth, we assume that turbulent stress is

not a factor and use the balance of the first three of these to

infer pressure gradient (because accelerations of low-passed

velocity are necessarily small, this is merely using the geostrophic

relation to infer pressure gradient). We shall see that current

rotates significantly at moderate depth and, hence, the inferred

pressure gradient is a strong function of depth. We shall show that

the inferred pressure' gradient extrapolated from the deep measure-

ments is a significant part of the. near-surface balance. This

inferred geostrophic flow will be a significant factor also in the

heat budget to be considered in section 4.

The equations of motion are

fxu - -p'VP 8(-iiV7) [3.1]

0 8P + pg. [3.2]

The symbols have their usual meanings. We call the left hand side

of [3.1] the geocentric acceleration (Davis et al., 1981). By

integrating the hydrostatic balance to depth z from the surface, we

can compute the pressure gradient as
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VP - gpV, + gfVPd [3.3]

where (x,y) is the free surface elevation. By using this and

integrating [3.1] over a layer of constant thickness D below the

surface we obtain

fxu)dz - r/p - gDV (g/p)f° fvpddz. [3.4]

We have assumed that turbulent stress is negligible at z - D. The

left hand side of equation [3.4] is geocentric acceleration of the

column, the first term on the right is the momentum supplied by the

wind stress and the next two terms represent influences of surface

elevation and density gradient through the pressure forces. We have

neglected nonlinear terms. For velocities on the order of 0.1 m s

and length scales in the range l0 to 105m, we estimate the ne-

glected nonlinear terms to be on the order of 10.6 to iO m an

order of magnitude less than the observed accelerations.

a. Geocentric acceleration

Geocentric accelerations computed from several instruments on

the CMD are shown in the stick diagrams of Fig. 111.8. To produce

these time series, a low-pass filter (half-power point of 98 hours)

was applied to hourly absolute velocities to which the geocentric

operator (8 + fxu) was then applied. Geocentric accelerations are

fairly strong and northward for the first 6-7 days, thereafter

rather weak until 7 November when the atmospheric front passed

overhead. Coriolis force is by far the larger contributor to

geocentric acceleration when low-passed velocities are used so that

a northward acceleration is indicative of an eastward low-frequency

flow, an eastward acceleration is indicative of a southward low-

frequency flow, etc. (cE Fig. III.7b). Even at shallow depths
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(15-38 m), the geocentric acceleration is strikingly different from

the wind stress (Fig. 111.5), which it should resemble were the

pressure gradient ternis on the right of [3.4] negligible. On the

other hand, the pattern of geocentric acceleration is remarkably

coherent with depth. This suggests the effect of depth-coherent

pressure gradients. Closer inspection of Fig. 111.8, however,

suggests a vertical structure for the inferred pressure gradient.

For instance, below 38 m geocentric acceleration turns consistently

to the left with depth.

b. The differenced budget

Davis et al., (1981) used velocity from a moderately deep

current meter (94 m), at which turbulent stress divergence was held

to be negligible, to estimate pressure gradient. They extrapolated

this inferred pressure to the surface and used it to correct the

momentum balance in the mixed layer. The momentum balance [3.4],

thus written in terms of a differenced velocity U6(z.z0) - U(z)

U(z0) - Ur(z)Ur(zo) iS

5Dt6 + fxu6)d.z - :2 + I r° fo Vpddz [3.5]
P0 P-D z

where Ur is the relative velocity and z0 is some deep reference

depth at which the divergence of the turbulent stress is assumed to

be negligible. Fig. 111.9 shows geocentric acceleration of the

surface layer (integrated to D - 38 m) relative to (a) z0 - 38 m

and (b) z0 - 141 m. For comparison, Fig. III.9c shows absolute

geocentric acceleration integrated to D - 38 m. The panels of Fig.

111.9 also show the appropriate component of wind stress. Agreement

between geocentric acceleration, corrected in this way, and wind

stress is best for the shallow choice of z0. There is apparently

significant low-frequency shear between 38 m and 141 m so that the

extrapolating of inferred pressure gradient from the greater depth

does not markedly improve the momentum balance. The comparison of
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uncorrected acceleration and wind stress is quite poor clearly

indicating the need to correct for geostrophic flows. Below the

surface stress layer, the observed geostrophic shear can be related

to horizontal density gradients (see [3.3]). In the heat budget of

the next section, we shall use this to estimate the horizontal

advection of heat.

c. Momentum transfer at the surface

This discussion of the momentum budget has said nothing about

the way momentum is transferred from the wind to the water column at

the sea surface. For example, what is the role of surface gravity

waves versus shear generated turbulence? Making measurements in the

very near surface to answer this question is difficult. The CMD was

designed as a drifting platform to alleviate high frequency con-

tamination due to surface gravity waves thus providing improved

measurements of near-surface shear from which simple theories of

turbulent boundary layers can be tested. Richman, de Szoeke and

Davis (1987) used this idea to make shear measurements similar to

those in MILDEX. They found evidence of a constant stress layer

above 6 m. Such boundary layer dynamics have long been observed in

the atmosphere (Monin and Yaglom, 1975) but their applicability at

the ocean surface boundary layer is unclear (see introduction in

Richman et al., 1987). A constant stress layer near the ocean

surface requires the velocity difference between two near surface

current meters to be

za
in [3.61u5(z1,z2)

,c

for z measured from the interface. ç=4 is von Karman's constant

and the friction velocity u - (r0/p0)½. The observed velocity

differences and those predicted by [3.6] are shown in Fig. 111.10

for three depth levels. The agreement is best nearest the surface

(3.5-6.1 in) yet remains good for the 6.1-8.6 m velocity differences.

The deepest pair (8.6-15.0 in) shows substantially less correspon-



52

dence between observed and predicted velocity differences. The peak

velocity differences during the early phase of the experiment are

due to diurnal heating and stratification (Halliwell, 1986). These

are dynamics which are not included in the constant stress layer

model and, hence, it is not expected to reproduce the observed

peaks. The constant stress model does, however, predict the

background velocity differences during unstratified conditions as

far down as 8 m below the sea surface.

111.4 The heat budget

We shall consider the upper ocean heat budget during MILDEX as

observed from the CMD. The ocean received heat at the surface

during most of the experiment (Fig. 111.5). We shall show that that

heat was not stored locally within the surface layer, and argue that

horizontal advection by the mean flow, rather than vertical advec-

tion, was the primary mechanism responsible for disposal of the

incoming heat during much of the experiment. Finally, we shall

compute wind stress curl from wind measurements on the CMD, Weconia,

and FLIP during the storm period for which large upwelling of

isotherms was observed.

The heat budget derives from the conservation of heat and mass:

pc(3T + + w82T) - 8(q-r) [4.1]

+ 8w - 0 [4.2]

where T is the temperature, Ur is the relative horizontal velocity

vector, w is the vertical velocity component, pc is the specific

heat capacity per unit volume of water, q is the penetrating

radiative heat flux, and r-pcw'T' is the vertical turbulent heat

flux. We neglect the horizontal divergences of radiation and

turbulent heat flux. We return to this neglect in a scaling
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argument given below.

Integrate [4.1] and [4.21 from z çx,y.t to the surface.

The depth ç may be chosen as a fixed depth, an isotherm depth, or

any other convenient surface. Stevenson and Niiler (1983) suggested

that the choice of an isotherm depth minimizes the effects of vert-

ical excursions of the thermocline in redistributing heat. Low-

frequency vertical motions were seen at moderate depth in MILDEX.

Another form for the heat budget is recovered by choosing ç to be a

fixed depth (Davis et al., 1981). Denote vertical averages over the

depth ç by

<1'>J'°Tdz [4.3]

Deviations from this average are denoted by tildes: T <T> + T.

Similarly for velocity. Sample vertically averaged currents and

temperatures are given in Table 111.1. The depth integrals of mass

and heat conservation give

w. V.(c<ur>) [4.41

pcc8<T> + pcc'<ur>V<T> + pcV. [TcIz] + pc(<T> T...c)We

Qo Qç [4.5]

where We - W + ac + [4.6]

is the vertical flow of material across z ç. q0p0 is the

net surface heat flux (Fig. 111.5); Q is the turbulent flux at

z ç.

The fourth term in [4.5] is the flux of heat carried by the

material flow across z -c. If ç were the mixed layer depth, this

term would be the familiar entrainment heat flux (de Szoeke, 1980),

<T> being equal to the mixed layer temperature. If ç were a mat-

erial surface in quasi-laminar flow, then this term would be identi-

cally zero because we would be zero. Stevenson and Niiler (1983)



Table 111.1. Daily averaged, vertically averaged velocity
and temperature and the vertical integral of the devi-
ations. Angle brackets denote the vertical average above
the specified depth and tildes denote the deviation front
the vertical average (eg. 5 - x(z)-<x>).

Date

Oct 25
26

27

28

29

30

31

Nov 1

2

3

4

5

6

7

8

9

10

average

sxriace to 18C isotherms

<u> <v> <I> pcjT pcJV

cm c io w

3.8 -0.1 18.5 -3.0 -0.7
4.8 -1.1 18.5 -3.3 -1.3
4.1 0.9 18.5 -4.4 -2.7
6.5 0.6 18.5 -0.3 0.4
5.6 -6.9 18.5 6.5 -0.2
2.7 -3.8 18.5 -0.1 -3.0
4.7 -4.7 18.6 4.7 -4.2

-1.1 -1.8 18.5 -5.5 -6.7
-0.7 0.9 18.5 -1.5 -2.5
-0.1 0.2 18.5 -1.5 -3.5
-0.6 -0.8 18.6 -2.4 -1.3
0.5 -2.0 18.5 0.1 -0.5

-0.4 -3.4 18.5 -0.5 -3.4
0.0 3.1 18.5 -4.5 -2.9
2.3 -1.2 18.5 -1.1 -0.7
2.6 -6.5 18.5 2.0 -0.4
3.7 -9.8 18.4 3.1 -1.2

2.3 -2.1 18.5 -0.7 -2.0

suxiace to 14C isotharms

<u> <v> <T> pc5ZT pcfT

cm C 10 W

4.9 0.6 17.7 -67.7 -39.0
5.4 -0.3 17.8 -39.1 -57.4
4.4 1.9 17.8 -22.0 -54.5
6.7 1.4 17.8 -4.6 -46.1
4.9 -5.9 17.8 40.7 -52.4
2.4 -3.2 17.9 10.9 40.5
3.9 -3.5 17.9 49.6 -70.6

-0.1 -0.1 17.8 -59.6 -88.7
-0.5 1.5 17.8 -8.1 -41.2
-0.4 0.9 17.9 20.0 -46.2
-0.4 0.1 17.9 -14.6 -55.4
0.3 -0.4 17.8 0.5 -98.1

-0.2 -1.9 17.8 -3.7 -97.7
1.6 4.4 17.8 -79.6 -75.8
2.5 -0.5 17.8 -7.6 -39.9
0.9 -5.7 17.8 93.9 -43.8
0.3 -8.0 17.7 180.9 -99.2

2.2 -1.1 17.8 5.3 -61.6
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argue that this situation is approximated by choosing ç to be an

isotherm depth below the mixed layer. Associated with this approx-

imation is the assumption that Q is negligible. Other investi-

gators used We 0 to infer vertical motion from isotherm surfaces

Within the thermocline (McPhaden, 1982; Davis et al., 1981).

Choosing ç to be an isotherm depth, then, the balance of heat,

absent advection, would be between the heat storage rate, the first

term of [4.5}, and the surface heat flux. If ç is chosen to be

fixed in time and space, on the other hand, then We iS simply the

particle motion W_ç. The fourth term in [4.5] becomes the vertical
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advection of heat across the fixed depth ç and the storage rate is

the time rate of change of heat content.

a. Heat storage versus surface heating

We shall compare surface heat flux with heat storage rate for

choices of ç corresponding to variable isotherm surfaces and fixed

depths. Isotherm depths are shown in Fig. 111.11. Also shown is

the mixed layer depth defined as the depth at which the temperature

was 0.2 °C less than the temperature at 21 m. This depth follows

the base of a weakly stratified remnant mixed layer above which an

active diurnal cycling layer was often found. The hourly time

series have been smoothed with a low-pass filter (half-power point

of 53 hours). Shallow isotherms tend to rise and fall in unison

with the mixed layer depth. Deeper isotherms can diverge sig-

nificantly from those above.

The daily averaged surface heat flux Q, and storage rate to c -

38 m (near the base of the remnant mixed layer) are shown in Fig.

111.12. Nominal error bounds of ±30 W m2 are assigned to Q0. RMS

differences between these estimates, made from measurements on

Wecoma, and independent estimates from Acania and FLIP are well

within this uncertainty. The uncertainty in the storage rate to 38m

over one day is estimated to be 10 W m2 based on temperature sensor

drifts being less than 0.01 °C day'.

There is significant correspondence between heat storage rate

and incoming surface heat flux on time scales of several days. For

instance, the heating peak on 29 October and the storm event of 7

November are clearly reflected in both records. The rebound

following each of the two events is also evident. The cooling on 7

November is shown in both records. Yet the overall comparison of

the two traces in Fig. 111.12 shows that surface heating was, on

average, considerably greater than heat storage rate. Up to 7

November, Q0 averaged 60 W m2, while average storage rate for the

same period was 10 W m2. We cannot rule out advection, nor can we

rule out turbulent diffusion across the fixed depth ç - 38 m. The

large cooling of the mixed layer observed on 10 November is quite
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likely the result of such processes. Large et al. (1986) attributed

the imbalance in their one-dimensional heat budget to diffusion into

the thermocline below their drifters. Examination of storage rates

to deeper levels below the CMD supports the interpretation that

three-dimensional advection rather than diffusion was primarily

responsible for the one-dimensional heat imbalance during MILDEX.

If [4.5] is divided by pcç, the heat balance is written in

terms of the change in average temperature above z - ç. The

cumulative balance (since 25 October) between the storage rate and

surface heating, so written, is shown in Fig. 111.13 for c given by

isotherms in the range 18 °C to 13 °C. For comparison, storage rate

and surface heating for the fixed depth ç - 38 m are also shown.

The traces have been adjusted to coincide at the beginning of the

records. A balance is achieved during periods in which the slope of

the curves match. On average, the temperature increase predicted by

Q, is greater than that observed at all levels. The observed

temperature change above 38 m is very similar to the changes

observed above the 18 °C, 16 °C, and 15 °C isotherms. This suggests

that turbulent diffusion was largely confined above 38 m, for

otherwise the temperature changes to an isotherm (a nearly material

surface) would differ considerably from temperature changes to a

fixed surface like 38 m across which significant heat was being

transferred by diffusion.

The deeper isotherm cases (panel c) show temperature fluctua-

tions on the order of those predicted by Q,. However, they are not

consistent for periods of more than a few days. Instead, the large

changes in average temperature to these deep isotherms are dominated

by three-dimensional divergences (advection) in the thermocline.

This can be seen as divergences and convergences in the isotherm

traces (Fig. 111.11) and is particularly apparent for the 25-26

October and 4-7 November periods. Advection within the thermocline

was apparently weak between the 18 °C and 15 °C isotherms (roughly

45 m to 60 m depth) but increasingly strong below 15 °C. Strong

advection in the thermocline has been reported near Station P (Large

et al., 1986; Paduan and de Szoeke, 1986).
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Heat content to fixed depths is shown in Fig. 111.14 for ç in

the range 38 in to 97 m. The cumulative surface heat flux (as in

Fig. 111.13) is also shown and, again, the traces have been adjusted

to coincide at the beginning of the records. From Fig. 111.11, we

see that the 58 m, 76 m, and 97 m levels correspond roughly to the

depths of the 15 °C, 12 °C, and 11 °C isothernis respectively. The

deeper heat content traces differ markedly from the 38 m trace.

Detailed comparison with the isotherm depths in Fig. 111.11 shows

that the large variations in heat content are associated with

vertical excursions in the thermocline. The deep heat content

traces bare little resemblance to the surface heat flux. The heat

contents to 58 in, 76 in, an 97 m (especially the last two) show a

gradual decrease to 3 November after which they gradually increase

again. These trends are clearly a reflection of the vertical

excursion of the moderately deep isotherms. On 7 November, the

three deep heat contents show a strong increasing trend associated

with a sudden deepening event in the isotherms down to 15 °C (6O in)

below which the event merges into the more gradual deepening trend.

On 9 November, this increase reversed and heat content dropped

abruptly. The sequence of events in the heat content traces from

7-10 November is associated with the passage of an atmospheric

disturbance (see wind stress Fig. 111.5). This prominent sequence

of events in the fixed depth heat content traces is not at all

apparent in the averaged temperature traces to isotherms in Fig.

111.13. This reflects the insensitivity noted above of the latter

to vertical excursions of material surfaces. Even so, there is a

marked decrease of depth averaged temperature on 10 November in Fig.

111.13 in all of the traces. This can only be due to a horizontal

advective event.

b. Evidence for wind-driven upwelling

The relatively large heat content changes and isotherm dis-

placements during the 7-10 November period were coincident with the

highest winds observed. This is strongly suggestive of vertical

displacements being directly influenced by the wind. Theory relates
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wind stress curl to vertical velocities (Paduan and de Szoeke, 1986;

Gill, 1982); this is called "Ekman pumping." We used the wind

information from the CMD, Wecoma, and FLIP to estimate, where

possible, average Ekman pumping over the triangle described by the

three platforms:

- .fJz.vx!.dxdy - [4.7]
pf

The second equality comes from an application of Stokes' theorem; S

is the area of the triangle and c is a counterclockwise tangent

vector element along its perimeter. This is shown, along with the

size of the averaging area, for six-hourly averaged winds and

position from the three platforms in Fig. 111.15. Times when the

area is largest correspond to the thermistor chain tows by Wecoma.

Because the error in the estimate is inversely proportional to

averaging area, w is not plotted when that area drops below

25 km2. The only remarkable event exhibited by this noisy parameter

is the large positive (upwelling) velocity on 10 November. This

coincides with the rise of isotherms in Fig. 111.11 and the preci-

pitate decrease of heat content to fixed depths in Fig. 111.14.

c. Horizontal advection within the mixed-layer

We shall attempt to form estimates of the advective contri-

bution to the heat balance. These are given by the second and third

terms in [4.5]. The first of these is the horizontal advection by

the vertical averaged current; the second is the divergence of the

heat transport by the variations from the vertical average. We have

no means at our disposal to compute the latter term. If the heat

balance of a mixed layer were being examined, it would be zero. We

return to this term in the scaling argument below. The fact that

heat storage to the fixed depth of ç - 38 m is similar to those to

the 18 °C and 16 °C isotherms while all three differ from the

surface heat flux (Fig. 111.13) implicates advection above 38 m in
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the near-surface heat balance. To estimate advection, we need

currents and temperature gradient.

Estimating horizontal temperature gradient on time and space

scales associated with the variations seen in the heat storage time

series is quite difficult because of the sparseness of the horizon-

tal coverage that is available. Nevertheless, we attempt to

estimate a time history of temperature gradient in the most simple,

direct way from the thermistor chain tows of Fig. 111.4. The four

tow patterns took about two days each to complete and covered areas

on the order of (100 km)2. An inclined plane was fitted by least

squares to each thermistor chain tow pattern at a fixed depth

between 14 m and 24 m. The results are shown in Table 111.2 for

mixed layer temperature, salinity, and density gradients. Salinity

was taken from the ship's intake level (2.5 m). We used the hourly

depth-averaged relative velocities and the plane-fit temperature

gradient for the time periods indicated in Fig. 111.16 to estimate

horizontal advection to 38 m and compared it to storage rates and

surface heat fluxes. Fig. 111.16 shows the result of adding the

cumulative heat storage to the cumulative horizontal advection.

Certainly the advection correction is in the sense of bringing

storage plus advection into agreement with surface heating. The

average advection plus storage to 38 m before 7 November was 24

W m as compared to 10 W m2 for the storage rate alone, while the

surface heat flux averaged 60 W m2 for the same period. The

uncertainty in the cumulative advection estimate is unknown. The

calculation itself is biased because it does not properly take into

account correlations between small (sub tow) scale temperature

gradient and velocity variations. We can illustrate this effect in

Fig. 111.17 where we have subjectively contoured the temperature at

14 m from the first thermistor chain survey. The tow began at the

position indicated in the figure and proceeded counterclockwise

around the square followed by clockwise around the triangular

portion of the ship track. For comparison, the path of the CMD

during this period is shown in the figure near the center of the

ship track. Fig. 111.17 illustrates the mismatched length scales of



Table 111.2. Best plane-fit temperature, salinity, and
density gradients from horizontal surveys aboard R.V.
Wecoma. Temperatures derive from thermistor chain sensors
at the indicated depths and salinities derive from the
ship's surface intake at 2 m. The survey tracks and times
are given in Fig. 4.

Survey Nominal Depth Temperature Salinity Density
Code m 1030C km' l0 km' g m3km'

1: 3/3x 14 1.1 ± .31t 1.0 ± .22 0.5 ± .15
3/8y -3.9 ± .27 1.5 ± .20 2.1 ± .13
% var 72.7 63.3 83.2

2: 3/Ox 24 1.3 ± .23 -0.3 ± .11 -0.5 ± .09
3/3y -2.1 ± .29 0.9 ± .15 1.2 ± .11
% var 36.8 24.7 52.2

3: 8/Ox 16 -1.5 ± .27 -0.7 ± .09 -0.2 ± .08
3/8y 1.8 ± .42 0.1 ± .14 -0.3 ± .13
% var 32.7 37.8 9.2

4: 3/Ox 10-167 -1.2 ± .25 -0.7 ± .11 -0.3 ± .06
3/3y 2.6 ± .38 0.7 ± .18 -0.1 ± .10
% var 49.6 44.8 30.8

tstandard deviation based on tow pattern and data variance
percentage of variance explained by best-fit parameters
7depth for this tow varied between these levels

the temperature fi

around the drifter

estimates over the

variability (Table

gradient estimates

near the CMD.
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ld and the tow paths. There are high gradients

that tend to cancel out with best-fit gradient

entire tow. Other tow periods show similar

111.2). Hence, it is likely that the plane-fit

of advection underestimate the true advection

We shall attempt to infer temperature gradients from the

velocity field underlying the mixed layer and then use these

gradients to infer horizontal advection. By differencing the

momentum balance [3.4] at two levels z - z1 and z - z2, we obtain
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8u6(z1,z2) - fxu,(z1,z2) - -p'VP6(z1,z2) [4.8a]

where u6(z1,z2) - u(z1)-u(z2) and, by the hydrostatic relation,

VP(z1,z2) gf2 VPdz - -g(z1-z2)<Vp>. [4.8b]
zi

In this context, angled brackets are used to denote the average

between z - z1 and z - z2. Since we have neglected turbulent stress

divergence, it is appropriate to apply these equations only below

the mixed layer. We have also neglected advection of momentum which

even on scales of 10 km, given velocities on the order 0.1 m s,

would be an order of magnitude smaller than the Coriolis force. No

salinity data is available to subtract the effect of salinity

gradients from density gradients. Failing this, we have assumed

that all of the density gradient is attributable to temperature

gradient. Hence Fig. 111.18 shows the average temperature gradient

between z1 - -71 m and z2 - -141 m calculated from the low-passed

velocities (half-power point of 98 hours). The Coriolis force term

in the momentum balance is by far the larger contributor to this

gradient. We assume that this temperature gradient, inferred in

effect from the geostrophic balance (Bryden, 1976), is coherent

through the upper ocean, as indeed the visual impression of Fig.

111.8 tends to confirm. Hence, using the observed velocity profile

in the surface layers we can compute an estimate of <Ur>'V<T>. The

effect of this term on the 38 m heat balance is shown in Fig. 111.16

as an alternative to the method used above. Evidently the tempera-

ture gradients calculated by this method are considerably larger

than what was estimated from the thermistor chain tows, as com-

parison of Fig. 111.18 with Table 111.2 shows.

The uncertainty in the cumulative advection estimates from the

momentum balance method is large. We illustrate this by calculating

the variance of cumulative advection
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DV - (1 U.VTdt] [4.9]

where curly brackets denote ensemble averages, primes denote

deviations from those averages, and U is the depth-integrated

velocity to 38 m (units are Length2/Time). This is taken to be 0V

- a2 + 0211 where I and II denote east-west and north-south

components. Under the assumptions that velocity and temperature

gradient statistics are stationary and Gaussian,

p2c211 [ 20a0 +
oc: + TJZo2 + 2tTa'coUaaT ] T [4.10]

a Txa
a

where 02TXa and 0a are the east-west temperature gradient and

velocity variances over segment of length Ta. A similar equation

holds for oh. Segments were chosen to coincide with the tow

periods and II is the integral time scale, estimated from the zero

crossing of the autocovariance functjon of the depth-integrated

relative velocity (the integral time scale of the temperature

gradient is assumed to be the same). Advection uncertainties are

tabulated in Table 111.3 for times corresponding to the end of each

tow period. Temperature gradients and their variances were taken

from the momentum balance method (Fig. 111.18).

The large uncertainties in the advection estimates we have

formed suggest we have no reliable method for estimating horizontal

advection or divergence of heat during MILDEX. The attempts we have

made, however, give a feeling for the scale and variability of these

processes and confirm that disparities between the heat storage and

surface heating could well be accounted for by horizontal advective

effects within the mixed layer.
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d. Heat transport by deviations from vertical averages

So far we have dealt only with advection by vertical averaged

currents and temperatures. Deviations from these averages can also

transport heat. Estimates of the heat flux by the vertical devia-

tions are shown in Table 111.1 for the water column above the 14 °C

and 18 °C isotherms. The time averages to 18 °C are small. On the

other hand, because of large variability in the thermocline, heat

flux by vertical deviations integrated down to 14 °C can be quite

large. What is needed for the estimate of the heat budget is the

horizontal divergence of these quantities (see [4.5]) which we are

clearly unable to form. Nevertheless, assumption of a length scale

for the deviation heat flux in the range 100 km to 10 km gives

average estimates of the deviation heat flux divergence of 1 W m2

to 10 W m2 for the surface to 18 °C isotherm. Such values would

make small but not negligible contributions to the MILDEX heat

budget.

e. Heat transport by turbulent fluctuations

Horizontal heat transport by turbulent fluxes was neglected in

the derivation of the heat budget. We can estimate the magnitude of

this term by adopting the eddy diffusivity model -pcV.u'T' - pcKV2T

- pcK5VT/L. We choose VT - 2 x 1O °C km1 (Table 111.2) and L in

the range 100 km to 10 km. For Kfl - iO cm2s1, a value consistent

with the open ocean observations of Freeland, Rhines and Rossby

(1975) and the continental shelf observations of Davis (1985), the

turbulent heat flux divergence is in the range of 3 W m2 to 30

W m2 for a 40 in deep mixed layer. The upper limit of this range

would certainly be consequential in the closure of the MILDEX heat

budget. It does require, however, a quite short estimate, -10 km,

for the variation of horizontal turbulent heat transport.
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Table 111.3. Estimated uncertainty in the horizontal ad-
vection by the depth-averaged currents and temperature
gradients for the time periods corresponding to the thermistor
chain gradients in Fig. 111.16 (see text). Variance estimates
are for the depth integrated flow to 38 m (TJ,V) and the.hori-
zontal temperature gradient (T), estimated from the momen-
tum balance method. The integral time scale is II - 2.5 x 10"
sec (7 hrs) and derives from the zero crossings of the U,V
autocovariance functions.

n
Elapsed time (hrs)

p2c2llT (J°C1s2m3)

U2 (m4s2)

V2 (m4s2)

c72U (m4s2)

4 (m4s2)

(°Cm2)

f2 (°Cm2)

(°Cm2)
x

(°Cm2)
x

1 2 3 4
160 306 356 421

2.3xl023 2.lxlO23 0.7xl023 O.9xl023

3.3 6.2x104 1.lx102 0.6
0.8 0.7 2.8x103 0.6
2.3 3.9 1.3 6.9
3.2 5.2 2.5 6.1
O.2xl0'° 2.5xl0'° O.6x10'° O.6x10'°
6.6x10'° 0.6x10'' 2.3xl0'' 6.9xl0''
1. 7xl09 2. lxlO9 1. 2xl09 1.5x109

l.8xl09 l.9xl09 1.9x109 l.6xl09

iv (l0 Jm2) 8.6 12.4 12.8 14.8

111.5 Discussion

The balances of momentum and heat were studied from observa-

tions of current and temperature in the upper ocean from a drifting

chain of instruments (CMD) deployed for 18 days during MILDEX. Over

the experiment time period, the vertically integrated momentum

observed from the CMD was not locally in balance with the wind

stress. The largest contributor to this imbalance was a pressure

gradient which was estimated indirectly from the observed currents.

The pressure gradient was removed by subtracting reference veloci-

ties from the mixed layer momentum balance. This presumes that the

primary balance at the reference level is between geocentric
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acceleration and pressure gradient. Several reference levels were

tried from 38 m, at the base of the mixed layer, to 141 m. The use

of the shallower reference levels effect better reconciliation

between the geocentric acceleration and the wind stress (Fig.

111.9). Apparently, there is significant geostrophic shear between,

say, 38 m and 141 m so that the use of a reference level too deep

does not produce so effective a reconciliation. This can be seen in

the geocentric acceleration shown at several levels in Fig. 111.8.

There is a significant sheared event in the thermocline above 141 m

during the first seven days of the records.

The momentum profile at the ocean surface was examined. Under

the assumption of a constant stress layer, the velocity profile

should be logarithmic and should scale with the friction velocity

based on the wind stress. We found this model to give a qualita-

tively good representation of the shear between 4-6 in and 6-9 m,

less so for 9-15 in (Fig. 111.10). In making the comparison, one

overlooks high frequency diurnal shear events clearly associated

with the diurnal heating and cooling cycle in the upper 15 m.

Richman et al. (1987) found similar agreement between near surface

current shear and the theoretical logarithmic profile.

The heat content of the upper ocean during MILDEX was not

locally in balance with surface heat flux, in the sense that the

latter showed strong trends not evident in the former. The first

thirteen days of the experiment saw an average net heating of 60

W m2 at the ocean surface while the heat content change within the

remnant mixed layer (above 38 m) averaged only 10 W m2. The

difference between these is larger than the uncertainties in the

measurements. Despite this, on the 3 to 5 day time scale, cor-

respondences can be discerned between surface heat flux and storage

rate (heat content changes).

On the long time scale, to have achieved heat balance, the

surface heating must have been offset by cooling either by horizon-

tal advection or by downward flux of heat into the therinocline. To

test the latter possibility, we calculated the storage rates to

isotherm depths below the base of the mixed layer (Stevenson and
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Niiler, 1983). The storage rates to the 18 °C and 16 °C isotherms

(mean depths of 46 m and 54 m respectively) were identical to that

to the fixed depth of 38 m. This suggests, assuming that isotherms

within the seasonal thermocline behave as nearly material surfaces,

that entrainment heat flux and turbulent mixing were weak below the

base of the mixed layer down to the 16 °C isotherm. Farther below

the mixed layer, large horizontal divergences of heat occurred as

evidenced by the storage rates calculated to deeper isotherms and

fixed depths.

Large et al. (1986), on the other hand, find that to reconcile

the heat budget of their observations from drifting thermistor

chains in the northeast Pacific, significant vertical turbulent

diffusion of heat out of the mixed layer is required, taken up by

horizontal advection within the thermocline beneath. To reconcile

the disparity between our observed storage rate and surface heat

flux (average - 50 W m2) by means of heat diffusion into the

thermocline below the mixed layer (where 8T 0.2 °C m') requires

an eddy diffusivity of 0.6 x lO m2s1, not an unreasonable figure

compared to Large et al.'s (1986) estimates, though about twice

Gargett's (1984) estimates of the diffusive effects of internal wave

breaking. However, the large turbulent fluxes that would be

involved in this explanation of the imbalance are inconsistent with

the similarities between the heat content computed to various

isotherms within the therniocline (see Fig. 111.13). For this

reason, we favor the horizontal advection explanation for the

imbalance.

We calculated heat advection by the depth-averaged currents

acting on the temperature gradient within the mixed layer by two

methods. One method consisted of forming the horizontal temperature

gradient from thermistor chain tows and combining them with observed

velocities in the mixed layer. Mean advection so estimated was

found to be of the same order as the surface heat flux through much

of the warming period, and in the correct sense to balance the

budget. The other method, similar to Bryden's (1976) and Joyce et

al.'s (1980) methods, was to form estimates of the horizontal
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temperature gradients by attributing density gradients inferred

from the momentum balance below the Ekman layer to temperature

variations, neglecting salinity variations: Though the necessity of

neglecting salinity is troubling, this method provided advection

estimates that were qualitatively similar to those formed from the

first method using thermistor chain data. These crude estimates

indicate that advection of heat within the mixed layer was large

enough to account for the imbalance between surface heating and

storage rate. The heat flux due to divergences of the deviations

from the vertically averaged currents and temperature gradients was

probably less important than the advection by the vertically

averaged currents in the mixed layer, based on an order-of-magnitude

scale argument given in Section 4.

The last foUr days of the experiment were dominated by the

passage of a low pressure system with peak winds on the order of 0.5

Pa. The surface heat flux, comprised largely of latent cooling,

averaged 43 W m2 over 7-10 November. The mixed layer heat budget

was locally in balance during this period except for a large

decrease in heat content on 10 November. This was observed in

storage rates both to fixed depths within the mixed layer and to

isotherms in the thermocline, and so was attributed to strong

horizontal advection. During these four days, isotherms moved

abruptly, apparently associated with the wind changes. Ekman

pumping, estimated from the triangle formed by the CMD, Wecoma, and

FLIP, was large during the storm period and of the right sign to

drive vertical motions consistent with the observed isotherm

excursions.

The mixed layer budget picture that has emerged for the MILDEX

area is very much a three-dimensional one. Water currents trans-

ported at least as much heat laterally as flowed through the

surface. The geostrophic contribution to mixed layer currents was

significant and responsible for a great deal of the advection of

heat. Simpson et al. (1984) studied the California Current and

adjacent offshore regions which they found to contain vigorous

mesoscale eddy activity. The baroclinic currents in the upper ocean
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which we found in MILDEX are probably associated with such mesoscale

eddies. Future upper ocean experiments must take account of the

increasingly evident three-dimensional nature of the surface

momentum and heat balances. Spatial temperature (and salinity) data

on scales appropriate to the local dynamics of the experimental site

will be required. High quality spatial wind data (or analyses like

Brown and Liu's (1982)) will permit the .separation of the effects of

Ekman advection (Paduan and de Szoeke, 1986) from advection by

geostrophic currents.
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Figure 111.2. Schematic diagram of the Current Meter Drifter (CMD).
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Figure 111.5. Hourly (thin, upper panel) and daily-averaged (heavy,
upper panel) net surface heat flux with hourly vector stick plots
(lower panel) of surface wind stress. A wind stress to the north is
up. There is a six-hour gap in the wind record on 10 November.
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(below 58m).
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Figure 111.7. Six hourly vector stick plots of low-pass filtered
(half-power point of 73 hours) relative (a) and absolute (b)
current. Depths are shown at the right of the figure and the series
have been offset in the vertical for clarity. Divisions on the
ordinate are 10 cm s1.
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Figure 111.8. Vector geocentric acceleration determined from
absolute (relative + CMD) current velocities. Northward accelera-
tion due primarily to eastward current is up. Depths are shown at
the right of the figure and the series have been offset in the
vertical for clarity. All series were smoothed with a low-pass
filter (half power-point of 73 hours) before plotting.
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Figure 111.9. Low-passed surface wind stress (dashed lines) and
depth integrated geocentric acceleration (solid lines). East-West

and North-South components are plotted in the left and right columns

respectively. The geocentric accelerations are depth integrated to
38 m where the velocity is the relative velocity minus the relative
velocity at 38 m (a), the relative velocity minus the relative
velocity at l4lm (b), and the absolute (relative + CMD) velocity
(c). The filter had a half-power point of 98 hours.
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Figure 111.10. Observed (solid) and predicted (dashed) velocity
difference between 3.5 in and 6.1 in (a), 6.1 in and 8.6 in (b), and
8.6 m and 15.0 m (c). Predicted differences are based on the
observed wind stress and a constant stress layer model (see text).
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Figure 111.11. Depths of the remnant mixed layer (mid) and of the
12 °C to 18 °C isotherms. The mixed layer depth is the level at
which the temperature is 0.2 °C colder than at 21 m and the hourly
series have been smoothed with a low-pass filter (half-power point
of 53 hours).
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Figure 111.12. Daily averaged values of the net surface heat flux
(solid line) and the rate of change of heat content to 38 m (sym-
bols). Stippling represents a ±30 W m2 uncertainty in the surface

heat flux measurements.
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Figure 111.13. Observed (solid) and predicted (dashed) cumulative
change in the average temperature above (a) 38 m (heavy) and 18 °C
(light), (b) 16 °C (heavy) and 15 °C (light), and (c) 14 °C (heavy)

and 13 °C (light) isotherms. Observed changes derive from the VMCM

and thermistor chain temperatures. Predictions are computed from

Q0/(pcç)(t). All curves are relative to the beginning of the

records. A balance is achieved when the slopes of the curves agree.
The hourly series have been smoothed with a low-pass filter (half-
power point of 40 hours).
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Figure 111.14. Cumulative heat budget components: cumulative
surface heat flux (heavy solid) and the heat content to the fixed
depths of 38 m (light solid), 58 m (dashed), 76 m (dot-dashed), and
97 m (dotted). All curves are relative to an arbitrary constant of
integration and have been adjusted to coincide at the beginning of
the records. A balance is achieved when the slopes of the curves
agree. The hourly series have been smoothed with a low-pass filter
(half-power point of 40 hours).
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Figure 111.15. Ekman Pumping, w, determined from the three-point
wind observations of the CMD, Wecoma, and FLIP (upper panel) and the
area of the averaging triangle (lower panel). The periods of
largest averaging area reflect the thermistor chain tows conducted
by Wecoina. The wind stress curl is not plotted when the averaging
area is less than 25 km2.
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Figure 111.16. Cumulative heat budget components. Surface heat
flux (bold line) and heat content to 38 m (thin line) as in 14.
Cumulative advection plus heat content to 38 m for temperature
gradients determined from thermistor chain tows (dashed) and from
the residual momentum method (dotted, see section 4) are also shown.
Curves are relative to an arbitrary constant of integration and have
been adjusted to coincide at the beginning of the records. The

baseline shows the periods of the four thermistor chain tows (solid
lines). The extended time intervals with which these periods have
been associated are shown dotted, separated by ticks. A balance is
achieved for periods when the slopes match.
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Figure 111.17. Surface temperature contour map for thermistor chain
tow 1, contour interval is 0.05 °C. The location of the CMD is
given by the thin irregular line near the center of the figure and
the path of the ship (data points) is given by the bold, rectangular
line.
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IV Wind-Forced Near-Inertial Motions in the

in the North Pacific Mixed Layer

ABSTRACT

Surface currents in the near-inertial frequency band were

analyzed from 18-day long measurements taken in October/November,

1983 as part of the Mixed Layer Dynamics Experiment (MILDEX). The

currents below two drifting platforms separated by 55 km were found

to have differed in their inertial response to a frontal passage on

1 November by 10 cm

Wind records from the two platforms were used to compute the

predicted inertial currents with a simple slab model of the wind-

driven flow. The model currents reproduced most of the features of

the observed inertial currents, including the disparity between the

two locations following the 1 November frontal passage. The dis-

parity was due to differences in the weak winds preceding the

frontal passage which account for inertial currents of -5 cm sec1

in opposing directions at the two platforms at the time of the

front. These differences in small-scale (-50 km) structure in the

wind field were responsible for the disparity rather than the slight

difference in the arrival time (-2 hour) of the front at the two

locations.

IV. 1. Introduction

The spectra of near-surface current observations in oceans and

large lakes are dominated by inertial period fluctuations. Pollard

(1980) and Weller (1982), for example, show field data from the

Western and Eastern Atlantic Ocean, respectively, which bears this

out while Davis et al., (l98la) and Weller (1985) give similar

evidence from the Northeast Pacific Ocean. Current observations

below the surface layer often contain significant near-inertial



period fluctuations from the low-frequency end of the internal wave

band (Webster, 1968).

Although the existence of near-inertial motions is well docu-

mented, their roles in the energy budget and mixing processes of the

upper ocean are not clear. In the mixed layer, and particularly

across the mixed layer base, inertial currents are presumed to be

responsible for large vertical shears and, in turn, for significant

turbulent energy production (Pollard et al., 1973; Niiler and Kraus,

1977). Below the mixed layer, motions of slightly super-inertial

frequency can propagate freely into the stratified interior (Munk,

1981) while sub-inertial frequency motions decay exponentially with

depth (White, 1986). These low-frequency internal waves may be a

source of energy for the remainder of the internal wave band through

wave-wave or non-linear interactions (Munk, 1981).

The generation of such near-inertial internal waves has been

the subject of many recent modelling efforts, most of which have

focused on motions resulting from open-ocean wind forcing (Pollard,

1970; Gill, 1984; Rubenstein, 1983; Price, 1983; Kundu and Thomson,

1985; Kundu, 1986). Kundu et al. (1983), Kundu (1984), and Millon

and Crepon (1981) included the effects of a coastal boundary. In

these models, the critical parameter affecting the efficiency and

rate at which near-inertial energy leaves the mixed layer is the

wavenumber of the wind forcing function. Energy of larger wave-

number (smaller wavelength) disturbances in the mixed layer is more

rapidly dispersed into the interior. For example, at a latitude of

350, the e-folding time for mixed layer inertial motions forced by

an ideal, single-wavenumber wind event would be 60 days if its wave-

length were 1000 km but less than 1 day if it were 100 km (Gill,

1984).

The complete description of near-inertial wave dispersion

therefore depends on an accurate specification of the wavenumber

spectrum of the wind field. This is a rather poorly known quantity

over most of the ocean but satellite scatteronietry (Freilich and

Chelton, 1986) and aircraft measurements (Overland and Wilson, 1984)

are beginning to provide estimates of the large ( > 100 km) and
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mesoscale ( < 100 kin) variability respectively. For large-scale

translating wind patterns, the ocean responds predominantly to

forcing whose wavelength is the product of the translation speed and

the local inertial period (Kundu and Thomson, 1985; Thomson and

Huggett, 1981; Price, 1983, D'Asaro, 1987). While this account may

be fairly accurate for fronts and large storms, it does not well

describe smaller scale structure which causes more effective dis-

persion. Such small scale features in the winds or mixed-layer

inertial currents are important in understanding the role of

inertial currents in energy transfer to the deep ocean.

In this paper, we show evidence from current meters on two

drifting platforms in the Northeast Pacific Ocean of significant

disparities in mixed-layer inertial currents over separations of

50 km. A comparison of observed inertial currents with those

predicted using a simple slab model of the wind-driven flow (Pollard

and Millard, 1970; D'Asaro, l985b) at each site shows the dis-

parities to have resulted from variations in the winds between the

sites.

IV.2. The experimental setting

a. Background

The Mixed Layer Dynamics Experiment (MILDEX) was a multi-

institutional cooperative experiment which took place in a deep-

water region (depth 4700 in) approximately 650 km off central Cali-

fornia (Fig. IV.l). Two ships and two floating platforms were used

to make measurements of the surface meteorological forcing and the

temperature and current response of the near-surface layers in the

ocean.

In this paper, we examine differences in near-inertial response

in current meter data taken from the two drifting platforms, the

Current Meter Drifter (CMD), and the Research Platform FLIP. The

former consisted of a 2.4 in toroid float from which were suspended

fifteen Vector Measuring Current Meters (VMCM; Weller and Davis,



93

1980) from 3.5 in to 141.0 in and four Aanderaa thermistor chains from

73 m to 800 in (Fig. IV.2). The Research Platform FLIP was posi-

tioned approximately 10 km southeast of CMD at the beginning of the

experiment (25 October, 1983). Two VMCMs were suspended from FLIP

at fixed depths of 2 and 6 in. Four other VMCMs were automatically

raised and lowered during the first half of the experiment and later

were fixed at depths of 20, 35, 50, and 65 m (Smith et al., 1987).

Both platforms supported instruments to measure wind speed and

direction, air temperature, and position using Loran-C.

A number of published studies have used data obtained from

either CMD or FLIP during MILDEX: an analysis of the low frequency

heat and momentum balances observed from CMD was reported by Paduan

et al. (1987); the higher frequency, internal wave signatures from

that platform were investigated by Levine (1987); Smith et al.

(1987) reported on details of the mixed layer velocity structure at

FLIP; and Pinkel et al. (1987) and Pinkel and Smith (1987) studied

deep internal waves and surface waves, respectively, using Doppler

sonars mounted on FLIP's hull. In this study we compare currents

and winds observed at both CMD and FLIP. The time period common to

the measurements covered 17.5 days between 25 October and 11

November, 1983, during which time the platforms drifted roughly to

the northeast. The drift tracks are shown in Fig. IV.3. The

symbols mark the beginning of each day (GMT). The distance between

the two platforms as a function of time is also shown. After

increasing initially, the separation remained about 55 km for

several days during the middle portion of the experiment and then

decreased to 35 km by the end. FLIP moved faster (7.7 km day') on

average than CMD (4.7 km day1) presumably because of greater

windage and smaller deep water drag.

b. Velocity spectra

Hourly drift velocities were computed for the two platforms by

center-differencing the Loran-C positions. The sum of drift velo-

city and velocity measured relative to the platform is our best
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estimate of the actual water velocity and is termed the 1tabsolute

velocity." The spectra of drift velocities (Fig. IV.4a) show that

the platform motions consisted of a wide range of frequencies. Most

of the energy was in the low (sub-inertial) frequencies but there

was a substantial plateau in the diurnal to semi-diurnal frequency

band (including the local inertial frequency of 1/22 - 0.046 cph).

FLIP's energy levels were nearly a decade above CMD's at all fre-

quencies but in this tidal/inertial band. Both platforms responded

very strongly at the semi-diurnal tidal frequency.

Energy levels of the relative currents (Fig. IV.4b) were

approximately equal to energy levels in the platform motions for the

tidal/inertial frequency band. Outside that band, CMD relative

current energies were about five times higher than the drift velo-

city levels while FLIP energy levels were about equal. Hence

platform motions are an important part of the total velocities,

especially at FLIP.

Absolute velocity spectra show very definite near-inertial

peaks in clockwise energy that are not present in the anti-clockwise

components (Fig. IV.4c). Large peaks in semi-diurnal period energy

are present as well. The 17-day record length is not long enough to

distinguish confidently between diurnal and inertial period motions.

However, the response was consistent with inertial motion in that

clockwise energy was dominant at both platforms. CMD had a broader

near-inertial response than FLIP for clockwise frequencies and a

sharp peak in the anti-clockwise component indicating that it

responded to some diurnal motions as well1. Side lobes of digital

filters or data windows can cause unwanted leakage of semi-diurnal

energy into the inertial-diurnal band. This must be controlled by

careful design of such filters (Appendix B).

1Diurnal period motion can be introduced into Loran-C positions
by variations in travel times due to day/night differences in atmos-
pheric temperatures. The record was hand edited to remove obviously
erroneous positions, minimizing this effect.



95

c. Wind stress

Hourly wind-stress vectors from CMD and FLIP are shown in Fig.

IV.5a. Winds were generally light ( < 0.2 Pa) during most of the

experiment but increased during the last five days. These winds

represent the local forcing felt at each of the platforms. The two

time series have a complex correlation coefficient (Kundu, l976b) of

0.97 with a phase difference of only 4 degrees, the rms difference

in magnitude between them is less than 0.02 Pa, and u, a measure of

wind power imparted to the water (Kraus and Turner, 1967), is very

similar at the two sites (Fig. IV.5b). We shall use these winds to

predict the mixed layer inertial currents at CMD and FLIP and

compare them to observed near-inertial period currents.

IV.3. Wind-forced slab model

We compute the inertial currents Q - u + iv driven by the

surface wind stress pT - r + ir according to a simple slab model

in which the stress is taken up uniformly over a constant depth h:

dt h [3.1]

where - r + if. Ad hoc Raleigh frictional decay is included with

an e-folding time of r1. The solution is

Q - Q0e
+ f [3.2]

where Q0 is the initial current (Phillips, 1966). This simple model

was used successfully by Pollard and Millard (1970) and has since

been used many times to predict wind-driven currents within the
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mixed layer (Kundu, 1976a; KAse and Olbers, 1980; Pollard, 1980;

D'Asaro, 1985a, 1985b).

IV.4. Comparison of observed and model currents

The amplitudes of the observed currents (at 6 m) and the

predicted currents (from [3.2]) are shown in Fig. IV.6 for the near-

inertial frequency band. These were obtained by complex demodula-

tion of the hourly VMCM and model currents. The complex demodu-

lation used a triangular data window. This was done to minimize

side-lobe leakage of the strong semi-diurnal period energy into the

inertial band (Appendix B). The records were demodulated at the

inertial frequency before comparing them because the raw (hourly)

currents contain mean and tidal period motions that we know, a

priori, were not driven by the local winds. Paduan et al. (1987),

for example, showed that sub-inertial frequency currents observed

during MILDEX were associated with mesoscale density structures in

the area. Near-inertial period current fluctuations in the mixed

layer, on the other hand, are thought to be driven directly by

winds. We have used an e-folding time of four inertial periods (r1

- 88 hours) for the model currents because it yields the best

agreement between observed and predicted decay. This value is in

agreement with previous measurements of e-folding times for mixed

layer inertial currents (D'Asaro, l985a; Pollard, 1980; Pollard and

Millard, 1970). A depth of h - 20 in is used because it provides

consistent current magnitudes. That choice is independently

supported by the temperature measurements in Paduan et al. (1987)

which show the base of the active diurnal mixing layer was at

approximately 20 m during most of the experiment.

The agreement between observed and predicted inertial current

levels is quite good for most of the experiment at both CMD and

FLIP. There are peaks in the near-inertial amplitudes on 29 October

and 1 November in all of the records and the observed decay fol-

lowing these peaks is well modelled by the specified friction. The
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comparison is poor, however, during the later storm period beginning

9 November. During that time, the active mixed layer extended to

depths greater than 40 m (Paduan et al., 1987) and the constant h -

20 m model overpredicted the current amplitudes by a factor of about

two. Before 9 November, the correlation between observed and

modeled amplitudes was 0.78 at CMD and 0.71 at FLIP, indicating that

the wind-forced slab model can explain 60% of the variance in the

inertial current amplitudes at CMD and 50% at FLIP. Although

observed and predicted current levels agree at each of the two

locations, the near-inertial currents differed significantly between

FLIP and CMD. In particular, the peak amplitudes following the

frontal passage on 1 November were nearly fifty percent lower at the

FLIP site. This is despite the apparent similarity in the wind

records (Fig. IV.5) and the close proximity of the two platforms (55

km, Fig. IV.3) and in contrast with the results of models assuming

large correlation scales (several hundred kilometers) for mid-

latitude wind systems (Gill, 1984). Comparisons with currents

measured at other depths in the range 6 m to 21 m yield similar dis-

parities following the frontal passage.

IV.5. The frontal passage of 1 November, 1983

The disparity in near-inertial current levels between CMD and

FLIP following the frontal passage of 1 November was apparent in

both the observed and wind-forced model currents. The slight dif-

ferences in the winds between the two sites around the time of the

front were closely examined. The complex demodulation procedure

used in producing Fig. IV.6 employed a 44-hour width data window

which, though necessary for smoothrress, obscures the details of the

abrupt front. This smoothing method will be abandoned in this

section in favor of a time-dependent calculation of the current

response to the wind.

The spectral response of the slab model is obtained by Fourier

transforming the governing equation [3.1]. The spectrum of Q in
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terms of the wind stress spectrum is

S(w) 1

h2 [r2 + (f)2]
S(w) [5.1]

(Davis et al., 1981b). The coefficient on the right is the transfer

function between wind and current. It is peaked at inertial fre-

quency (w - .f), declines like w2 for high frequencies (w > f) and

levels out at (h2[r2 + (w2 + f2)2])1 for low frequencies (w < .f).

S(w) contains sub-inertial period fluctuations which survive the

transfer function to produce a strong low-frequency response in

S(w).

Instead of the complex current Q, we can use

Q1(t) Q(t) T(t)
[5.21

the excess current over the quasi-steady wind-driven current T/flh.

In terms of this, [3.2] may be written, upon integration by parts,

Q'(t) Q'
flt 1 rt dT(t')

dt'. [53]fih0 dt'

The transfer function between Q and Q' is

S(w) 4)2

[5.4]S(w) r2 + if2

This transfer function ( =1 at w - f) tends to attenuate the low

frequencies which dominate the wind. The wind stress possesses no

dominant peak around the inertial period, as can be seen from the

complex demodulation of T/12h at inertial frequency, plotted on Fig.

IV.6. Its contribution is small compared to the near-inertial

portion of Q. The advantage of using Q' is in the attenuation it

imposes on the wind response at low frequencies.
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The Q' calculated from the winds at CMD and FLIP during the

five-day period surrounding the 1 November front is shown expanded

in Fig. IV.7 (center panel). The results for the entire MILDEX

period are also shown (upper panel). The model current directions

have been backrotated according to

QB(t) - etQ'(t), [5.5]

to counteract clockwise inertial rotation of the current vector.

Abrupt changes in wind forcing would cause changes of magnitude and

orientation in backrotated current vectors, according to [5.2]. The

greater current magnitudes at CMD compared to FLIP, following the 1

November front, are easily seen in this figure. The explanation for

this magnitude difference lies in the differences in orientation of

the weak inertial currents before the front at the two sites. This

is shown in the bottom panel of the figure, which shows that

inertial currents some 24 hours before the frontal passage were

opposed at the two locations by nearly 180 degrees. The ca. 2 hour

difference in frontal arrival time, a small fraction of an inertial

period, cannot account for the disparity in inertial response. As

the front passed the CMD, the wind and the preexisting inertial

currents were both nearly collinear and oriented in the same dir-

ection while at FLIP they were nearly opposed.

IV.6. Discussion

Wind and current meter records were analyzed for near-inertial

frequency response of the mixed layer at two sites in the Northeast

Pacific during an eighteen-day period in October-November, 1983. We

concentrated on comparing near-inertial frequency motions in the

mixed-layer at two drifting platforms and the winds recorded at the

sites. Mixed layer currents, corrected for drift of the platforms,

were complex demodulated in the 1/17 to 1/31 cph (counterclockwise)
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band (Appendix B). The inertial amplitudes at the two locations

differed markedly in their response to a frontal passage on 1

November. The amplitude at CMD reached 20 cm sec1 following the

front while the amplitude at FLIP was only half that value. The

separation between the platforms was about 55 km during this time

period. This disparity is remarkable over such a short separation.

D'Asaro (1984) observed similarly short horizontal correlation

scales for inertial currents in the Sargasso Sea. These observa-

tions contrast with the assumption commonly made in models of near-

inertial current generation (Gill, 1984) that the dominant scale of

mid-latitude storms and their associated ocean response is hundreds

to thousands of kilometers.

A simple slab model (Pollard and Millard, 1970) was used to

compute wind-forced currents at each of the MILDEX sites. In the

near-inertial frequency band, modelled currents were similar to

observed currents. The inertial-amplitude disparity between CMD and

FLIP following the 1 November frontal passage was well modelled.

This disparity was attributed to slight differences in wind forcing

that conditioned inertial currents at the two sites before the front

arrived. The model currents were oriented in the same direction at

the two sites two days before the front, but one day before the

front they were oppositely directed, though weak.

Pollard (1980) found near-inertial current differences among

three moorings in the North Atlantic of similar magnitudes and over

similar separation scales (50 - 70 km) as the one described here.

He showed that variations in the difference between arrival times of

two distinct fronts accounted for the varying response at the

moorings following the second front. This mechanism of differences

in frontal timing relative to the phase of preexisting inertial

currents does not account for the observations at the MILDEX sites.

The difference in frontal arrival at the two locations was approxi-

mately two hours which is a small fraction of an inertial period.

Disparate forcing over the 55 km separation between the two loca-

tions during the variable-wind period preceding the front accounts

for the different inertial response. Horizontal correlation scales
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of 30 km to 60 km have been observed in aircraft measurements in the

atmospheric boundary layer (Overland and Wilson, 1984).

We conclude that concentration on so-called "dominant" length

scales of mid-latitude storms in terms of their effects on the mixed

layer may be misplaced and give a misleading picture of the hori-

zontal structure of inertial currents. Smaller mesoscale features

in the wind can be responsible for small-scale differences in the

surface currents. It may be that the physical effects of such small

scales on the ocean surface layers require a statistical description

rather that a deterministic one (Appendix C).
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Figure IV.2. Schematic diagram of the Current Meter Drifter.
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Figure IV.5. Vector wind stress (upper panel) and wind power (lower
panel) at CMD (solid) and FLIP (dashed). A wind blowing to the
North is an upward pointing vector.
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Figure IV.6. Near inertial current amplitudes as observed at 6 m
(solid) and as computed from the wind-driven slab model (dashed).
For comparison, the near-inertial portion of the winds (Q Q') is
also given (dotted, see text). Amplitudes were calculated by
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Figure IV.7. Backrotated inertial current vectors calculated from
the winds at CMD and FLIP using approximate inertial decomposition
(see text). Vectors from 30 October to 3 November are expanded in
the lower panel together with the phase (relative to 30 October) and
the time of greatest wind change (arrows, CMD is first). Phase
lines show direction of the backrotated currents during the expanded
time period and indicate that preexisting currents were out of phase
between the two sites at the time of the frontal passage.
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APPENDIX A

The Quasi-steady Ekman Approximation

Consider the time-dependent momentum and mass conservation

equations for a slab layer of thickness h driven by a wind stress

r0(x,t):

where

+ Q - + ir) [A.l]

- Re(8 - i3)Q, [A.21

Q - hu + ihv. [A.3]

The general solutions of [A.1], [A.2] are easily written down

(Phillips, 1966):

t

Q - p1 f [rx(t) + irY(t)]e (tt)dt. , [A.4)

w_ - p _lReft
(8 ia) [TX(v) + ii(t.)]eit'_t)dt. [A.5]h

If these expressions are averaged over n pendulum days between times

t-2irn/f and t, we obtain:

iF - - (lip )'(r' + ir)

(-l)'(ifp)' f° ( e1tfsinc[ (w-f)nir/f' [A. 6]



(r
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Re (_1)h1(ifp y' f (w.-f)nir/f' [A. 7]

where is the Fourier transform of tX(t) +

rx + f {A.8]

'(i.i) - (8 i8)). [A.9]

The first terms on the right of [A.6], [A.7] are the usual "steady"

forms for the Ekman transport and divergence; though here they are

replaced by time-averaged quantities. The remaining time-dependent

contributions consist of fluctuations driven by a frequency band of

the rotary wind of width f/n centered on the (clockwise) inertial

frequency f; this is the effect of the sinc[(wf)nir/f] spectral

window. These can be reduced by increasing n, which reduces the

bandwidth of admitted wind-driven near-inertial fluctuations. They

are in any case small if sub-inertial variance of the wind dominates

near- inertial variance.
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APPENDIX B

Complex demodulation

In order to examine the near-inertial component of the currents

during MILDEX, it was necessary to perform a suitable band-pass

filtering operation on the observed currents. The method we used is

that of complex demodulation (Pollard and Millard, 1970; Kundu,

1976) because it is particularly well-suited to the analysis of

vector velocity series. The method is simple, yet the subtleties

involved in choosing an appropriate data window are worth exposing.

Consider the complex time series Q(t) - u(t) + iv(t) where u

and v are the east-west and north-south velocity components respect-

ively. We wish to solve for the complex coefficient D(r) such that

D(r)e is a measure of the rotary velocity of frequency f at time

r. The solution is

1 rc+T
D(r)

r-T
W((t)) et Q(t) dt

1
fw(!- et Q(t) dt [B.l]
(,2TJ

where W((t)) is a data window defined to be zero for > ½. (t)

is, therefore, (r-t)/2T for a window of length 2T centered on r.

That [3.1] is indeed the desired coefficient can be seen by noting

that the latter integral is equivalent to a convolution such that

1 * [etQ(t)]. [B.2]D(t) -

By applying the shift and convolution properties of Fourier trans-

forms (Jenkins and Watts, 1968), the spectral characteristics of

D(t) are easily expressed in terms of the spectral characteristics

of W and Q. That is,
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- fD(t)et dt - W(w) (w+f). [B.3J

The demodulation serves to shift the desired center frequency (.f for

our purposes) to the zero frequency and the bandwidth is determined

by the transform of the data window.

Data windows and their Fourier transforms are shown in Fig. B.l

for several common windows. The rotary spectrum of the currents at

20 ni is also shown so that the frequency components retained by each

of the windows can be easily seen. We have chosen the triangle data

window as a reasonable compromise between a narrow center bandwidth

and small side lobes. As a counter-example, the simple boxcar

window is particularly poor for our applications, even though its

center bandwidth is small, because the first side lobe is large and

lies directly under the semi-diurnal spectral peak (a result of our

choice of window width and center frequency). If that window were

used, the internal tidal energy would, erroneously, appear as f ±

l2' cph - 8' cph and 28' cph energy in the filtered result,

D(t). The triangle window used passed greater than half the energy

for frequencies in the range _171 cph to _311 cph, the range

referred to as "near-inertial" in the body of this paper.
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Figure B.1. Data windows (a) and their Fourier transforms (b).
Each window is 44 hours in width and is labeled in panel (a).
Fourier transforms have been shifted by 22-1 cph in accordance with
[3.3] and so they may be compared with the clockwise rotary spectrum
of the current at 20 ni (S)
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APPENDIX C

Statistical View of Inertial Current Differences

The observation that small-scale fluctuations during low-wind

periods can significantly affect the inertial response of the upper

ocean suggests that we may be able to model inertial forcing as a

random process, described in terms of the statistical properties of

the forcing (wind). In particular, we look at the statistical pro-

perties of Q' as constrained by equation [5.2] and the statistics of

-y - dT/dt. Allen and Denbo (1984) used a similar approach to look

at sea level response on a shelf using a first order wave equation.

Take -y to be a random process then Q'(-y) is a random process and we

can compute its expected value, variance, structure function, etc.

For an arbitrary random process x the expected value is defined as

E(X) - fx f(x) dx [C.l]

(Papoulis, 1965) where f(x) is the probability density function of

x over the independent variable x. Similarly, for a function g()

E(g(X)) ,f°g(Xx) f(x) dx. [C.2]

This latter formula can be applied to the either function Q or Q1.

Because of its reduced response at sub-inertial frequencies, Q1 is

preferred but for simplicity, we shall drop the superscript I for

the remainder of this section; it should be understood that Q refers

to the inertial portion of the wind-driven flow. Applying [C.2] to

equation [5.2], the expected value of Q is
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fQ0et f7(y) dy e°' y dt' f1(-y) d-y

- Q0etff1 d7 f7f d7dt'

- Q0et.(1) Etflfte_Q(t_t)dt
Oho

= Q0et E(7)(1et)
[C.3J

which depends on the expected value of y and on the initial Q. For

either zero initial conditions or, more generally, for long times,

the expected value of Q is zero if the expected value of -y is zero.

We are interested in only solutions for long times (as described

below) so for all intents and purposes we may consider forcings for

which E(-y) - 0 and thus E(Q(-y)) - 0. This simplifies the inter-

pretation of the second moment (variance). The variance of Q is

E((Q-E(Q))2) - E{QQ*) E2(Q)

- r° 1 te tt
,-y") d [C.4]Jl

where * denotes complex conjugate and f(-y' ,y") is the joint pro-

bability density function for -y' - -y(t') and -y" - -y(t"). Exchange

the order of integration, and the variance may be written

a2
ft e_t_t)e*(t_t

R7(t' -t") dt'dt"
)I2h2 0 0

where R1(t'-t") = (t')-y(t") f7(t',t") d-y

[C.5J

[C.6}
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is the autocovariance function (ACF) and we have assumed that -y is a

stationary process (i.e. R7 is a function of time difference only).

An ACF must be chosen that describes, realistically, the

statistics of -y while remaining simple enough to allow us to

evaluate expression [C.5}. The latter restriction is severe. Only

the simplest autocovariance functions will comply but they are not

necessarily good representations of the -y field over the ocean. We

examine the results for two particularly simple functions, the

exponential and the delta function.

As a first approximation, we take the rate of change of wind

stress (-y) to behave as a first order Markov Process for which the

ACF is

-It--t-I
R7(t'-t") - e [C.7}

(Papoulis, 1965 chapter 15). The parameter ' is an integral time

scale for R. It will be necessary to specify realistic values for

S and in order to obtain accurate predictions for a. However,

the solution scales directly by a, and its sensitivity to can be

determined, so that a great deal of information can be obtained even

without such realistic values.

Expression [C.5] is, in general, a function of elapsed time but

we are not interested in the variance prediction for short times

(near the initial conditions). Instead, we want to predict the

variance after many realizations. This also allows us to ignore the

problem of requiring zero initial condition in order to simplify the

solution. For an exponential ACF, the long time (t-) solution is

[2[ll]
- J[l -]

1
2 4r2

A IQI2h2 [I2+] -

[C.8]
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which depends on latitude, frictional decay time, and the integral

time scale and is scaled by the forcing variance and the depth.

Beyond the prediction of variance, we would like to know the

predicted mean square difference between two functions lagged in

time. This is often called a structure function in statistical

analysis. For a time lag r, the mean square difference inertial

current is

El [Q(t)-Q(t+r)] [Q(t)_Q(t+rfl*)

c1 r t t
2a

1012h2
1 SQ 11

e_*(t_t eCt+t eltt dt' dt"

1.t. t+, *
+ JO 'I ett') e (t+i--t) eItt dt' dt" ) . [C.9}

The integrals in this expression arise from cross-terms in the

structure function and are related to the lagged covariance of Q.

In the case of a real random process x the structure function is

E([(t)-(t+r)]2) - 2a(l-pci-)) where p is the autocorrelation

function. Its value ranges, depending on the value of p, between

zero and four times the variance of x. The behavior for the complex

random process Q is similar. Thus, having a solution for the

variance of Q, we know, a priori, the range of its structure

function. However, evaluation of the integrals in [C.9] shows where

the peaks in the mean square difference inertial currents can be

expected to be as a function of lag.

The long time solution of [C.9] is

E([Q(t)_Q(t+r)]{Q(t)_Q(t+r)J*) 2a(t-'a)

2o

{ r [1 r ]cos(fr)
II2h2

e
rII2 rII2 II2 sin(fr)]

+ e Lii cos(2fr) + i sin(2fr) ] }
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where the complex number

+ i - 12 - 1 + [C.11]

The behavior of the cross terms in the solution is doubly periodic

in lag r, varying with inertial and twice inertial periods. Each of

these periodic components decays, in turn, with e-folding times

proportional to the frictional decay (r') and the integral time

scale () respectively. The solution is plotted in Fig. C.l as a

function of lag for several values of the integral time scale and a

value of 12 corresponding to the MILDEX parameters (2,rf' 22hrs;

.f/r - 4). The structure function has been normalized by the

variance (which does not depend on r) so that the ordinate runs from

zero to four. The solution is dominated by the portion that is

periodic at the inertial period and decaying on the r1 time scale.

The remaining portion, decaying on the 6 time scale, decays very

quickly except for large b (approaching r'). The relative impor-

tance of the terms in [C.lOJ depends on 12 but, in fact, even at low

latitudes, the structure function is dominated by the cos(fr) term

in the solution [C.lO].

At very large lag, the cross-terms in the structure function go

to zero and the mean square difference inertial current is simply

twice the variance at any single point. At smaller lags, the mean

square difference can be much greater (or smaller) depending on the

lag. As we might expect, for small lags proportional to the

inertial period the expected difference is nearly zero because the

inertial currents are exactly in phase. The greatest differences

are expected for lags proportional to roughly one half inertial

period, depending slightly on the value of .

The magnitudes of the expected current differences depend on

the statistical properties of
,
the rate of change of wind stress.

In particular, they depend on the variance and on the integral time

scale, (a measure of the width of the ACF). The sensitivity of

the structure function to the parameter S can be seen in Fig. C.2
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where the solution obtained above is plotted against 6 for several

lags. In this case, we have normalized the structure function by

the variance at infinite * which, from [C.8}, is

[C.l2]

*. 11214h2

The figure shows the structure function is quite sensitive to the

parameter ' for values of 5 below about twelve hours. The depen-

dence on i,b is, in turn, sensitive to the latitude. At the latitude

of MILDEX, the structure function has a sharp peak at integral time

scales of about four hours and tails off to less than half the maxi-

mum value for integral time scales greater than one day. For lower

latitudes, the position of the maximum shifts to longer integral

time scales (at 100 N, the maximum is at approximately 12 hours) and

the fall off with increasing is less rapid. This result impacts

heavily on the expected mean square difference inertial current

because realistic choices of b fall near the peak in Fig. C.2 where

the structure function can obtain values that are an order of

magnitude greater than values obtained for large

It is instructive to form estimates of and in order to

assess the importance of the mean square current differences pre-

dicted above, particularly in light of the strong sensitivity to .

The sample time series of -yt from MILDEX can be used to provide

order of magnitude estimates. The standard deviation of y was

obtained from the center-differenced hourly wind stress (divided by

p0) at CMD. The result was approximately 5 x 10 m2sec3. This is

consistent with scaling arguments that would place the value at

between 10-8 and l0 m2sec3 for a wind stress change of 0.1 Pa

occurring in the time range between 3 hours and 1 day. It is also

consistent with the estimate obtained using the 10-year mean near-

2The cross terms in [C.10] are not necessarily zero at infinite
because the cos(2fr) term survives. Only for cos(2fr) 0 (r3hr)

does the normalized structure function asymptote to 2.
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inertial energy flux at Ocean Station P from D'Asaro (1985b). For a

typical near-inertial magnitude of 5 cm s, D'Asaro's work predicts

an average 'y of 0.9 x 10-8 m2sec3.

The integral time scale is approximated by the zero crossing of

the autocorrelation function of y (Appendix D). From the MILDEX

winds, we estimate the integral time scale b to be about 6 hours, a

value that is very near the peak in structure function versus

(Fig. C.2). The time scale for the wind stress itself is much

longer, on the order of 30 hours.

When the above estimates are used in the statistical pred-

ictions, meaningful scales can be placed on the variance and struc-

ture function of Q. For - 6 hr and a.1 - 5 x l0 m2sec3, the

variance = 0.017 m2sec2. The expected mean square difference

inertial current could range as high as four times that value making

the expected current difference as high as 26 cm sec', the maximum

occurring for a lag of ½ inertial period. At lags comparable to the

separation between CMD and FLIP (=1/8 inertial period) the structure

function is about twice the variance, predicting current differences

on the order of 18 cm sec.

Another simple ACF for which the variance and structure

function can be evaluated is the delta distribution

R7(t'-t") - ll6(t'-t") [C.l3J

which is defined in terms of the integral

f R7(r)dr f I16(r)dr II. [C.14]

The factor II is obtained from the limiting form as E 0 and the

relationship between the ACF and the spectrum (see also, Appendix D)

R(r) - f S(t)e1' [C.15]
- 2,r

(Jenkins and Watts, 1968). Substituting [C.151 in [C.l4J and

exchanging the limits of integration,
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11 - 1- f S(w) fedr dw

- f S(w)'' dw S(0) # SlflWE dw - S(o) [C.16]J_. wIt

where S(0) is the spectral "level" near zero frequency. The long

time solution for the structure function under this ACF is easily

evaluated to be

E( [Q(t)-Q(t+r)J [Q(t)_Q(t+r)]*) -
t-

S (0)
[1 ecos(fr)]. [C.17J

r IO 2h2

The variance is one half the first term in the structure function.

Two points are immediately obvious about the similarity of this

solution and the solution above for the exponential ACF: they both

go as cos(fr) and decay as r1. Absent from this simpler situation

is the secondary oscillation and decay related to the width of the

ACF (the delta distribution has zero width). In practice, it is

difficult to form physical estimates for the mean square difference

current in this case because S,,co is not accurately estimated from

a sample time series. The robust features of the statistical method

are pointed out, however, in the similarities between the solutions

for the exponential and delta distributions.
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Figure C.1. Normalized structure function (S.F.) at the MILDEX
latitude for f/r - 4, h - 20 m, and b - 6 (solid), 24 (long dash),
48 (short dash), and 72 (dotted) hours.
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Figure C.2. Normalized structure function (S.F.) at the MILDEX
latitude for fir - 4, h-20 m, and r - 3 (solid), 12 (dashed), and 18
(dotted) hours.
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APPENDIX D

The Autocovariance Function of the Wind

The stochastic model developed in Appendix C requires the

specification of the autocovariance (ACF) function of the time rate

of change of wind stress. One method of estimating this function is

to exploit the relationship between the ACF and the spectrum

ACF(r) f S()e 4!f {D.l]
- 2,r

(Papoulis, 1965) in which the two form a Fourier transform pair. In

this context, r denotes a time lag and not the wind stress which we

denote by T (for the wind stress divided by the density). The time

rate of change of wind stress is denoted by -y - dT/dt. Its spectrum

is related to the spectrum of the wind by

- w2 Sc1) [D.2]

(Jenkins and Watts, 1968). The longitudinally average spectrum of

wind stress magnitude at 340 N in the Pacific is shown in Fig. D.1

The spectrum derives from surface pressure analyses and is taken

from the work of Willebrand (1978). The spectrum of the rate of

change of the wind stress is also shown (according to [D.2]).

In practice, the ACF is not easily obtained from a sample spec-

trum because the entire frequency band is not resolved. This is

particularly true for the derivative spectrum which is blue out to

the Nyquist frequency. In reality, this trend cannot continue in-

definitely and the spectrum must roll-off at some higher frequency.

The autocorrelation functions (acf), derived from the Fourier

transform method, for wind stress and its derivative are shown in

Fig. D.2(a). The acf for the wind stress itself is fairly well-

behaved. It falls off smoothly at small lags and is closely approx-
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imated by an exponential decay. This result could have been pre-

dicted from the spectrum which is similar to the analytical form

Sv 2a/(a2-i-w2) whose Fourier transform is e'1 (Papoulis,

1965 chapter 10). From the spectrum we would take a1 2 days

which is not far from the decay scale that would be inferred from

Fig. D.2(a).

The aef for the rate of change of wind stress is much more

complicated than that of wind stress itself. The acf for any

derivative series x' dx/dt is related to the acf of the original

series through the relation

d2(acfc1-))
acf,(1-)

dr2
[D.3]

(Papoulis, 1965 chapter 9). The behavior of the derivative acf in

Fig. D.2(b) is consistent with [D.3] and the exponential form

obtained above for the wind. It is expected to be negative and to

decay exponentially away from the origin. Near the origin, the plus

and minus lags of the wind acf must join smoothly implying the

second derivative must become negative, and the derivative acf

become positive, in, at least, some narrow region.

The sample acfs obtained from the pressure-derived wind stress

spectra can be compared to the sample acfs obtained directly from

the MILDEX time series (Fig. D.2(b)). The two methods provide

similar results. The details of the sample acf of y near zero lag

are lost because the high-frequency end of the spectrum of -y is not

resolved in either the spectral method or the direct method.
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Figure D.1. Autospectra of wind speed (solid, left axis) and rate
of change of wind speed (dashed, right axis) from surface pressure
analyses at 34°N (from Willebrand, 1978).
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Figure D.2. Autocorrelation function of wind speed (dashed) and
rate of change of wind speed (solid) from spectra in figure A.l (a)
and CMD winds (b).




