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Turbulent Mixing Under Drifting Pack Ice
in the Weddell Sea

Miles G. McPhee and Douglas G. Martinson

By providing cold, dense water that sinks and mixes to fill the abyssal world ocean,
high-latitude air-sea-ice interaction is the main conduit through which the deep ocean
communicates with the rest of the climate system. A key element in modeling and predicting
oceanic impact on climate is understanding the processes that control the near surface
exchange of heat, salt, and momentum. In 1992, the United States—Russian Ice Station
Weddell-1 traversed the western Weddell Sea during the onset of winter, providing a
platform for direct measurement of turbulent heat flux and Reynolds stress in the upper
ocean. Data from a storm early in the drift indicated (i) well-formed Ekman spirals (in both
velocity and turbulent stress); (i) high correlation between mixed layer heat flux and
temperature gradients; (iii) that eddy viscosity and eddy thermal diffusivity were similar,
about 0.02 square meters per second; and (iv) that the significant turbulent length scale
(2 to 3 meters through most of the boundary layer) was proportional to the wavelength at
the peak in the weighted vertical velocity spectrum. The measurements were consistent
with a simple model in which the bulk eddy viscosity in the neutrally buoyant mixed layer
is proportional to kinematic boundary stress divided by the Coriolis parameter.

Despite widespread interest in understand-
ing how turbulence from wind stress and
energy exchange at the surface distributes
momentum, heat, and salt in the upper part
of the ocean (1), direct flux measurements
in the oceanic boundary layer (OBL) are

M. G. McPhee, McPhee Research Company, 450
Clover Springs Road, Naches, WA 98937.
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and Department of Geological Sciences, Columbia
University, Palisades, NY 10964.

218

rare, mostly because of the difficulty of
measuring small turbulent fluctuations and
mean flow gradients in the presence of a
vigorous surface wave field. A largely unmet
goal of oceanic turbulence research is the
relation of the turbulent flux of a quantity
to its mean gradient by means of an eddy
diffusivity (or eddy viscosity if the quantity
is vector momentum) coefficient. Eddy dif-
fusivity, which depends more on the char-
acteristics of the turbulent flow than on the
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particular fluid, is presumed to play a role in
distributing properties analogous to that of
molecular diffusivity but is generally much
larger in geophysical flows. The concept has
obvious utility for the modeling of the
response of the upper ocean to changes in
wind stress or surface fluxes of heat and salt.

Drifting sea ice effectively damps most
surface waves and provides a stable platform
from which it is relatively easy to deploy
instruments sensitive enough to measure
turbulence. In 1992, we maintained such
equipment at several levels under the Unit-
ed States—Russian Ice Station Weddell-1
(ISW-1) as it drifted north in a region of
multiyear pack ice east of the Antarctic
Peninsula (2). In this report, we combine
our direct measurements of turbulent heat
flux and Reynolds stress (3) with basic
planetary boundary layer theory and tem-
perature-gradient data to estimate eddy vis-
cosity and eddy thermal diffusivity. We also
investigate the dominant length scale in
the turbulent transfer process and describe a
method for the estimation of its magnitude
in the oceanic mixed layer.

By dimensional reasoning, eddy diffusiv-
ity, K, is the product of a turbulent velocity
scale, u., and a turbulent length scale, A.
Within the lowest 20 or 30 m of the
neutrally stable, atmospheric boundary lay-
er (usually called the surface layer, as op-
posed to the outer or Ekman layer where
rotation is important in the dynamics),
numerous observations of velocity gradient
(wind shear) and Reynolds stress have es-
tablished that u. = u., = V1 and N = kz,
where 7, is the magnitude of kinematic
boundary stress, z is height above the sur-
face, and k is von Kdrm4n’s constant (4).
The results for the atmospheric surface layer
cannot be extrapolated directly to the
ocean because there is a large disparity in
scales between the two boundary layers. A
Tommon assumption is that both extend to
some proportion of the planetary scale,
v /|f...|» where f___ is the Coriolis parame-
ter (5), which implies that the governing
scales differ roughly by the square root of
the density ratio (a factor of about 30). The
surface layer in the ocean is thus confined
to the upper few meters. The neutrally
buoyant outer layer typically extends to 1 to
2 km in the atmosphere and 30 to 60 m in
the ocean. Although A = k|z| formulations
have been proposed for modeling of the
oceanic boundary layer (6), numerical
boundary layer models based on second-
order turbulence closure (7) suggest that
beyond the first few meters from the ocean
surface (that is, beyond the surface layer),
the mixing length is no longer proportional
to z. Oceanic measurements and theoretical
models typically focus on the outer OBL,
where there is no widely accepted parame-
terization of N and K.



Turbulence in the ocean is usually mea-
sured at small scales (for example, with
high-frequency shear probes) from which
dissipation of turbulent kinetic energy
(TKE) is estimated (8). Reynolds stress
magnitude is then inferred from some ap-
proximation to the TKE equation (9).
Analogous techniques exist for the estima-
tion of heat flux from the dissipation of
temperature variance (10). The methods
are controversial, especially regarding the
definition of mean gradients, or equivalent-
ly, the choice of length scale (11). Most
oceanic turbulence measurements have
been made in the stratified thermocline
underlying the mixed layer, where buoyan-
cy and internal waves are important. Scales
that depend on the reciprocal of the buoy-
ancy frequency (12) are not appropriate for
the neutrally stratified or statically unstable
mixed layer, nor is k|z| a good choice
beyond the first few meters. Thus, to ex-
tract flux values from dissipation measure-
ments in the mixed layer, we need either
accurate measurement of the mean shear
associated with turbulence, or alternative-
ly, the mixing length, N (13).

During ISW-1, we suspended six instru-
ment clusters on a rigid mast spanning 24 m
in the mixed layer to measure turbulent
heat flux and Reynolds stress. Each cluster
measured velocity components u, v, and w
along with temperature, T, and conductiv-
ity, six times per second. The geometry of
the cluster allowed measurement of coher-
ent turbulent eddies down to length scales
of ~25 cm (14). Turbulence data from the
cluster 12 m below the boundary were
discarded because of electronic noise con-
tamination in one current component.
From day 86.5 (1200 UTC on 26 March
1992) to day 89.0, the ice camp drifted
rapidly north in response to a storm with

Fig. 1. Time series of 20

southerly winds. Currents in the mixed
layer were relatively steady, and mixed
layer depth varied from about 30 to 50 m.
Velocity and temperature data were divided
into 15-min intervals for the calculation of
vertical turbulent fluxes of heat, H, and
momentum, 7 (3).

Scalar gradients in the so-called mixed
layer are typically much too small to be
detected at the standard calibration accuracy
of 0.01°C specified for each thermometer in
the instrument clusters. However, the plati-
num resistance thermometers are capable of
much higher resolution, and reasoning that a
well-stirred, polar mixed layer with no heat
flux is close to an ideal calibration bath, we
adjusted the calibrations accordingly (Fig. 1).
Using the refined calibrations, we obtained a
time series of temperature gradient by linear
regression over the vertical extent of the mast
each hour. Eddy thermal diffusivity, K,,, was
calculated from a linear regression of vertical
average kinematic heat flux, (w'T"), against
the negative thermal gradient, —9T/dz, from
sample pairs for which the temperature slope
was statistically significant (15). The heat flux
regression slope is K, = 0.018 * 0.004 m?
s71. Heat flux clearly follows temperature
gradient over time, even when the gradient is
small (Fig. 1).

The small values of oceanic heat flux,
combined with observations of ice temper-
ature showing little heat conduction near
the base of the ice (16), rule out surface
buoyancy flux as a significant factor in OBL
dynamics (17). Because there was practical-
ly no mean density gradient in the upper 24
m, the OBL was neutrally stable with regard
to the turbulence dynamics; that is, buoy-
ancy production was insignificant in the
TKE equation.

Viewed from a reference frame drifting
with the ice, the mean flow velocity (Fig.

vertical turbulent heat
flux pc(w'T") (circles,
left axis) and tempera-
ture gradient (curve,
right axis). The overbar
indicates a vertical av-
erage across five turbu-
lence clusters from 4 to
24 m; error bars are
twice the sample stan-
dard deviation. The
temperature  gradient
was calculated by lin-
ear regression, after the
calibration of each ther-
mometer was adjusted

e e
o o (3,
T

Vertical turbulent heat flux (W m-2)
o

T T T 270

Temperature gradient (1K m-1)

by a constant amount
to match mixed-layer
temperature from the
ISW-1  profiling con-

87

87.5 88 88.5 89

Day of 1992

ductivity-temperature-depth (CTD) instrument at day 86.95, when the heat flux was near zero (heavy

arrow).

SCIENCE °* VOL. 263 < 14 JANUARY 1994

REPORTS

2A) rotated counterclockwise with increas-
ing depth. Conceptually, the observed cur-
rent system may be divided into three com-
ponents (18, 19), which include (i) the
strong shear layer near the surface (corre-
sponding to the atmospheric surface layer),
(ii) the frictional Ekman (20) spiral, appar-
ent between 4 and 24 m, where rotational
effects are paramount (the outer layer), and
(iii) a small geostrophic current attributed
to sea surface tilt. Although Ekman turning
is clearly present in the mean velocity, it is
difficult to estimate eddy viscosity directly
from the velocity profile because of compli-
cations imposed by surface layer shear and
geostrophic current. The Reynolds stress
profile (Fig. 2B), on the other hand, derives
from short-term covariance statistics and is
not affected by geostrophic current. We
used the Reynolds stress vector measured 4
m below the ice to construct a theoretical
profile of turbulent stress on the basis of a
simple similarity model (21). The model
implies that u., = 0.012 ms™!, from which
the eddy viscosity is K, = Kaz /.ol =
0.021 m? s~!, where K, is a constant
nondimensional eddy viscosity. Except for a
clockwise deviation of about 30° in mea-
sured stress direction at 20 m, modeled
stress corresponds closely with observed.
In flows with high Reynolds numbers,

A Mean velocity

10cms™!
—_—

-B Reynolds stress

Fig. 2. (A) Plan view of mean velocity at five
levels, averaged over the storm. Numbers indi-
cate distance in meters from the ice-ocean inter-
face. The dashed vector labeled "Bot” is the
apparent velocity of the ocean floor in the drifting
reference frame, obtained from satellite naviga-
tion. Geostrophic current (that is, the current that
would exist in the absence of the drift-induced
boundary layer current) is approximately the dif-
ference between vectors labeled “24" and “Bot.”
(B) Horizontal Reynolds stress. The dotted stress
hodograph is from a similarity model for the rota-
tional boundary layer (27). Boundary stress
(dashed vector) is inferred from the model solu-
tion, which matches measured stress at 4 m.
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turbulent transports of momentum and heat
depend much more on the characteristics of
the overturning eddies than on the respec-
tive molecular diffusivities (which differ by
an order of magnitude); thus, we expect
that eddy viscosity and eddy thermal diffu-
sivity should be roughly the same. Indeed,
our estimates of the bulk diffusivities for the
boundary layer are K;, = 0.018 m? s~! and
K, = 0.021 m? s\,

We also investigated the vertical structure
of mixing length and eddy viscosity from
measurements at the sampling depths consid-
ered separately. Two “spectral” methods based
on the measured Reynolds stress and weighted
variance spectra of vertical velocity were used.
The first method exploits the balance be-
tween TKE shear production and dissipation:
N, = ui/e (9, 13). The definition of friction
velocity is local: ux = V[&| (3). The TKE
dissipation is determined from spectral density
levels in the inertial subrange (22). The
method is an inversion of the so-called iner-
tial-dissipation technique used to derive u.,, in
the atmospheric surface layer, where \ is

Fig. 3. Examples of 6-hour-average spectra from
the 20-m turbulence cluster at day 86.87. The
power spectra were calculated from 1-hour time
series of the longitudinal (u’), horizontal cross-
stream (v’), and vertical (w’) deviatory compo-
nents, then fitted with seventh-order polynomials
in wave number k = 2wf/(U), where f is frequen-
cy and (U) is mean flow speed. The envelope
surrounding the polynomial fit to the w”’ spectrum
shows the 95% confidence interval for spectral
estimates averaged in wave number bins. In an
isotropic, inertial subrange, the weighted spectra
decrease with a —2/3 slope in the log-log repre-
sentation, with cross-stream and vertical spectral
levels being 4/3 of longitudinal (22). The inertial
subrange slope and spectral separation are indi-
cated by the triangle and dashed line, respective-
ly. Dotted lines mark the spectral peak, K., =
C/Ageax (vertical) and the spectral level used to

obtained from Monin-Obukhov similarity
theory (23). Here we derive A from measured
Reynolds stress and €.

The second spectral method makes no
assumptions about the TKE equation but re-
lies instead on the wave number at the peak of
the weighted w spectrum (k). In the atmo-
spheric surface layer, it has been shown that
k... varies inversely with distance from the
surface (24) and is thus also inversely propor-
tional to A. In the outer part of the under-ice
OBL, 1k,,.. no longer scales with |z|, but a
working hypothesis is that the spectral peak
does still indicate the size of the dominant
eddies: that is, A = ey, (25).

Vertical velocity spectra were averaged
over 6 hours at all levels and consistently
showed a region with —2/3 logarithmic slope
(for the weighted spectra) indicative of the
inertial subrange (Fig. 3). When averaged
over the storm (2.5 days), mixing lengths
calculated from the inverse of the peak wave
numbers are similar to those inferred from an
assumed balance of TKE production with
dissipation and vary from 2 to 3 m through

LA A B S S B

w4 e

log [KS,,,, (K]

PR IRt

T R

-2 -1 0 1 2
log k

estimate dissipation (horizontal). Dissipation may be estimated at any point in the —2/3 slope region.

Fig. 4. (A) Mixing length
determined by assum-
ing shear production 0 1

Mixing length (m)
2 3 4 5 0

Stress magnitude Eddy viscosity
(104 m?s2) (m2s7)
04 08 12 16 0 001 002 003

equals dissipation (\,) ~
and from the inverse of
the wave number at the
peak in the weighted
spectrum  (A,q,). Error -10

bars on the spectral £ A
peak estimate indicate g 45|
twice the sample stan- §

dard deviation over time; 20

those for the dissipation

estimate are similar but 05

not plotted. (B) Average
Reynolds stress magni- A

5 N \/—KIZI

,
iy

e

B C

tude, with a least -30
squares—fitted exponen-

tial decay with depth. The coefficients are 7, = 1.44 x 10~* m2 s72 and a = 0.051 m~". (C) Eddy
viscosities: K, calculated from the similarity solution (Fig. 2B), except with a linear increase with depth
in the surface layer; K., = UN a0 and K, calculated from the extinction coefficient, a.
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much of the boundary layer (Fig. 4A). The
distribution is clearly different from that de-
rived from surface layer scaling, A = k||, and
is a strong indication that below the first few
meters, the maximum size of the turbulent
eddies is not controlled by distance from the
boundary. A depth-dependent distribution of
eddy viscosity (Ki,,), calculated by the com-
bination of the measured Reynolds stress mag-
nitude (Fig. 4B) with the spectral peak esti-
mate for N, agrees reasonably well with the
bulk eddy viscosity K., (Fig. 4C). The verti-
cally averaged value of K, is 0.019 m? s~!

Because the Ekman solution for stress de-
creases exponentially from the interface, the
eddy viscosity may also be estimated (26) from
the fitted extinction coefficient, a, according
to K, = [f. /(2% (this differs from K
because only one measurement at 4 m was
used to derive the similarity stress profile).
The value of K, is sensitive to small stress in
the deep boundary layer; its value is 0.020 m?
s~ if the bottommost cluster is deleted from
the semilogarithmic regression analysis.

Our results show that provided there are
no other important sources or sinks of TKE in
the boundary layer, bulk eddy viscosity and
eddy thermal diffusivity in the mixed layer are
similar and are well estimated by K = 0.027 /
|f.ol- This is consistent with earlier findings
evident from direct turbulence measurements
and inferred from ice drift statistics (19, 25,
27) and underscores the similarity between
outer boundary layers in the atmosphere and
ocean. We also found that the peak in the
vertical velocity spectrum provides a good
estimate of the turbulent mixing length. If
this concept withstands further experimental
scrutiny, it provides a fairly easy observational
test for numerical models and a straightfor-
ward means for the determination of flux from
dissipation measurements in  well-mixed
boundary layers, from both temperate and
polar oceans.
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Root-Knot Nematode-Directed Expression
of a Plant Root-Specific Gene

Charles H. Opperman, Christopher G. Taylor, Mark A. Conkling*

Root-knot nematodes are obligate plant parasites that induce development of an elaborate
feeding site during root infection. Feeding-site formation results from a complex interaction
between the pathogen and the host plant in which the nematode alters patterns of plant
gene expression within the cells destined to become the feeding site. Expression of
TobRB7, a gene expressed only in tobacco roots, is induced during feeding site devel-
opment. The cis-acting sequences that mediate induction by the nematode are separate
from those that control normal root-specific expression. Reporter transgenes driven by the
nematode-responsive promoter sequences exhibit expression exclusively in the devel-

oping feeding site.

Plane parasitic nematodes are among the
most devastating pathogens of the world’s
food crops, causing an estimated $77 billion
in food and fiber crop losses in 1987. The
majority of this loss is caused by the root-
knot nematodes (Meloidogyne spp.) (I).
Root-knot nematodes are obligate seden-
tary endoparasites with a complex and in-
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timate relationship with their host plants.
The nematodes have a host range exceed-
ing 2000 plant species (2). The primary
symptom of root-knot nematode infection
is the formation of enlarged galls on roots of
susceptible host plants. Nutrient and water
uptake are substantially reduced because of
the damaged root system, resulting in weak
and poor-yielding plants.

Nematode growth and reproduction de-
pend on establishment of modified feeding
sites within the plant root. The infective
second-stage juvenile nematode (J2) moves
freely through the soil. The J2 penetrates the
root intercellularly in the region just posterior
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