D(¢) = AV’7,. We approximate the behaviour of the decay time
with 74 = £/2.5AV, and use the measured functional form for £,
and the expression for AV in equation (2), thereby obtaining a
new analytic expression for the diffusion coefficient, D(¢) =
11.4aV {n,/[n()1}[S(¢, 0)]">. We again obtain very good agree-
ment with the data, as shown by the solid line in Fig. 4. This
agreement further validates our use of thermal equilibrium quan-
tities to describe this highly athermal system.

We can obtain insight into the origin of the thermalization of
the sedimenting particles by considering the diffusion coefficient.
We take the approximate relation based on our data, D(¢)=
AVE/2.5, and use equation (1) for the velocity fluctuations, to
obtain

B C,Am gk
-~ 6mn($)é

where C, = 0.4. This expression has the same functional form as the
Stokes—Finstein equation for the diffusion coefficient of therma-
lized particles. This allows us to identify the effective temperature,
kyT = C,Am,g¢, which provides the equivalent of thermal energy
to the system allowing it to explore phase space, and resulting in the
diffusive motion of the particles. But, here it is clearly the gravita-
tional energy of the fluctuation in particle density which drives the
thermalization. We note that it is only the fluctuating part of the
energy, that arising from Am;, which drives the system and causes
the diffusive motion. By contrast, the full buoyant mass of the
particles is much larger, but contributes only to the average settling,
and not to the fluctuations which are the origin of the thermaliza-
tion. The conversion of potential energy into viscous shear energy,
rather than translational kinetic energy, is a consequence of the
vanishingly small Reynolds number; Re is related to the ratio of
kinetic to shear energy.

Finally, we note that the effective temperature can only be defined
for the parallel component of the motion; in the perpendicular
direction, there is no gravitational potential energy. The difference
in the parallel and perpendicular components of the diffusion
coefficients suggest that the effective temperature also exhibits an
asymmetry'’; for the perpendicular temperature it must be the
coupling of the two components of the velocity fluctuations that
causes the thermalization and leads to the diffusive motion. Never-
theless, these results provide a clear measure of the effective
temperature for sedimenting particles, and offer new insight into
the relationship between the diffusive motion of individual particles
and collective correlations of the velocity fluctuations. O
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Pumping of nutrients to ocean surface
waters by the action of propagating
planetary waves

B. Mete Uz, James A. Yoder & Viadimir Osychny
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Primary productivity in the oceans is limited by the lack of
nutrients in surface waters. These nutrients are mostly supplied
from nutrient-rich subsurface waters through upwelling and
vertical mixing', but in the ocean gyres these mechanisms do
not fully account for the observed productivity’. Recently, the
upward pumping of nutrients, through the action of eddies, has
been shown to account for the remainder of the primary produc-
tivity; however, these were regional studies which focused on
mesoscale (100-km-scale) eddies’®. Here we analyse remotely
sensed chlorophyll and sea-surface-height data collected over
two years and show that 1,000-km-scale planetary waves, which
propagate in a westward direction in the oceans, are associated
with about 5 to 20% of the observed variability in chlorophyll
concentration (after low-frequency and large-scale variations are
removed from the data). Enhanced primary production is the
likely explanation for this observation, and if that is the case,
propagating disturbances introduce nutrients to surface waters
on a global scale—similar to the nutrient pumping that occurs
within distinct eddies.

Much of the motion in the open ocean is baroclinic: at the surface,
geostrophic flow balances the pressure gradient caused by a sloping
sea surface. The geostrophic current is typically strongest near the
surface, and decreases with depth. Because the horizontal pressure
gradient must similarly decrease with depth in order to maintain
geostrophic balance, constant-density surfaces must slope in the
opposite direction to the sea surface. As a result, a baroclinic
disturbance that displaces the constant-density surfaces upwards
has a negative sea surface height (SSH) anomaly, which can be
measured by altimeters. These disturbances propagate westward—
as planetary waves or eddies—mostly due to the variation of the
Coriolis parameter with latitude. Westward-propagating first-mode
baroclinic features dominate the propagating components of the
SSH satellite-sensed record from the TOPEX/POSEIDON mis-
sion””. They have also been observed in images of sea surface
temperature from the satellite-borne Advanced Very High Resolu-
tion Radiometer'®"2.

If the displacement of constant-density surfaces by baroclinic
disturbances brought new nutrients into the euphotic zone, the
concentration of phytoplankton chlorophyll would be expected to
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increase above the disturbance. As the disturbance propagates
westward, there would be enhanced production near the leading
edge and fall-out and grazing of the biomass anomaly near the
trailing edge, so that the chlorophyll anomaly would also propagate
with the disturbance. If this were to happen, chlorophyll variability
would have a component that was coherent with the SSH variations.

To look for this signature in the satellite imagery, we sought large-
scale anomalies in SeaWiFS" remotely sensed oceanic chlorophyll
concentration that propagate westward in coherence with SSH
anomalies. Even though the eddy pumping mechanism was origin-
ally intended for mesoscale eddies, our study focuses on the larger
scales of Rossby waves; this larger scale enables us to do more spatial
smoothing and compositing (replacing cloud-masked pixels of one
image with corresponding pixels of a consecutive image) over time.
The compression of the upper layers of the ocean by a Rossby wave is
very similar dynamically to the compression caused by a small-
amplitude eddy, and the same mechanism of nutrient enhancement
should apply. With a nonlinear eddy that transports water, the
pumping would occur only once—during the spin-up of the eddy.

Propagating anomalies were readily observed as slanted features
in time—longitude diagrams (Fig. 1) once data were bandpass-
filtered to remove noise and variability at small scales as well as
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Figure 1 Time—longitude diagrams of the bandpass-filtered SeaWiFS chlorophyll
concentration data. The figure shows zonal propagation of anomalies as slanted features.
The phase speeds of linear non-dispersive first-mode baroclinic Rosshy waves are shown
by a solid line at each latitude (a, 30°N; b, 20°N; ¢, 10°N). The variation with latitude of
the propagation speed of chlorophyll anomalies may be seen as an animation sequence at
http://po.gso.uri.edu/~uz/chl_anomaly.htm).
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seasonal and other very-large-scale variations. These anomalies
persisted for a long time. For example, a high-chlorophyll-concen-
tration anomaly at 30°N which was at longitude —200° (160°E)
around day 150 (150 days after 7 September 1997) was still visible on
day 550, by which time it had moved to longitude —225° (135°E).

We used spectral analysis to investigate the coherence between
chlorophyll and SSH features in order to separate different scales of
variability and propagation directions. We calculated the power
spectral density of—and coherence between—chlorophyll and SSH
for individual ocean basins. At most latitudes, westward-propagat-
ing features made up almost all of the spectral density of SSH,
whereas chlorophyll spectral density showed more spread. Part of
the spread in the chlorophyll spectral density may be due to non-
propagating phenomena such as the expansion of blooms in both
directions. High coherence between chlorophyll and SSH was
mostly in the westward-propagation quadrants (Fig. 2).
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Figure 2 Wavenumber—frequency spectra of coherence between log(chlorophyll
concentration) and sea surface height. Most of the spectral density is in the second and
fourth quadrants, where propagation is westward. Data shown are from the Pacific Ocean
at latitudes of 30°N (a), 20°N (b) and 10°N (e). Dotted lines bracketing the axes show
cut-off points for the highpass filters. The linear dispersion relation is shown by a solid
line.
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Phase speeds of planetary waves measured with the TOPEX/
POSEIDON altimeter have been seen to vary between 0.5 and 3
times the phase speed from the linear dispersion’, though a recent
study reports that with different methods the linear phase speed is
within the error bars'. Nevertheless, the theoretical phase speed of
baroclinic planetary waves may not be adequate for a precise
comparison with measurements. Qualitatively, the propagation
speeds of chlorophyll anomalies that we saw in the time—longitude
diagrams were similar to the theoretical propagation speed of first-
mode baroclinic planetary waves, and (more importantly) they
varied with latitude in the same way.

We calculated propagation speeds from the chlorophyll and
chlorophyll-SSH coherence spectra, and compared these to the
non-dispersive linear phase speed calculated using climatological
density profiles” (Fig. 3). Between 10° and 25° in both hemispheres,
estimates from chlorophyll, SSH and chlorophyll-SSH coherence
were all similar and within a factor of two of the theoretical phase
speed. At higher latitudes (>25°), propagation speeds from chlor-
ophyll spectra were significantly higher than the rest. This deviation
must be caused by phenomena not related to SSH, because the
propagation speed of the SSH coherent features (the estimate from
chlorophyll-SSH coherence) remained close to the phase speed
from SSH and the theoretical phase speed.

The confinement of high chlorophyll-SSH coherence in a loca-
lized area of the wavenumber—frequency domain allowed us to
construct a filter to isolate chlorophyll features which were asso-
ciated with the SSH anomalies. The variance of the coherent,
westward-propagating signal was around 5-20% of the variance
of the input (Fig. 4). These fractions depend on the choice of the
threshold coherence, and are provided here as only a rough scale for
the magnitude of the effect. This fraction varied with latitude, and
between basins at any given latitude. There were local minima at
latitudes corresponding to the middle of the subtropical gyres. The
coherence estimate is sensitive to the relative magnitude of error in
the data. If each data series is modelled as the sum of an ideal signal
and random noise, wherever the amplitudes of the signals are
reduced, the coherence estimate also goes down even though the
coherence between the two ideal signals remains the same. This
effect may be what we are seeing in the middle of the gyres, where
the mean as well as the variability of chlorophyll is low and therefore
the noise figure is high. The local minima at these locations may
then be mostly in the estimate, and might not occur in the estimates
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Figure 3 Propagation speeds of Chl and SSH anomalies. The figure shows that
propagation speeds of chlorophyll anomalies associated with baroclinic features vary with
latitude in nearly the same way as do the theoretical phase speeds of Rosshy waves
(dotted lines). The propagation speeds are estimated from the wavenumber spectra of
chlorophyll (dash-dot line), sea surface height (SSH; dashed line) and chlorophyll-SSH
coherence (solid lines) in the Pacific Ocean. The theoretical speeds are based on
baroclinic radii of deformation from ref. 15.
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if more accurate data were available. Nevertheless, in all basins there
were large areas where coherence was observed between chlorophyll
and SSH. We note that our analysis used the entire time record; for
chlorophyll and SSH features to be coherent, they must not only
coincide in space at one point in time, but they must propagate
together. A phase offset may exist between chlorophyll and SSH
features without reducing the coherence as long as the offset
remains constant.

The mechanism of enhanced primary production proposed in
ref. 3 may explain how the chlorophyll anomaly can follow the
baroclinic disturbance detected by the SSH anomaly. In this
mechanism, the disturbance introduces nutrients into the euphotic
zone; primary production is therefore enhanced, and eventually
chlorophyll concentration increases in the surface water over the
nutrient-enriched area. The nutrient enhancement may occur
through the compression of near-surface layers, so that deeper
layers richer in nutrients extend into the euphotic zone'®. Alterna-
tively, it may occur through isopycnal mixing within a tilted
constant-density layer that protrudes into the euphotic layer over
the disturbance'’. There may also be a physiological delay between
the introduction of the nutrients and the enhancement in chlor-
ophyll concentration. For large-scale disturbances that have periods
on the order of months, the phase offset caused by such delays
should be very small, and unlikely to change much even as the
anomaly propagates through areas of different planktonic commu-
nity structures. The chlorophyll anomaly induced through this
mechanism by a SSH anomaly should be easily detected with our
methods.

The coherence between SSH and chlorophyll that we observe is
consistent with the eddy pumping mechanism, but does not yet
prove it: there are means other than enhanced primary production
by which the coherence may be created. One of these is the advection
of a horizontal background chlorophyll gradient by the geostrophic
velocity associated with the baroclinic anomaly. In this case,
chlorophyll acts as a passive tracer and the contrast visible in the
imagery will be determined by the magnitude of the gradient and its
displacement by the disturbance. Another possible mechanism is
the shoaling of a deep chlorophyll maximum by the disturbance
from an original depth too deep to be seen by the sensor. In the
interior of the gyres, where the horizontal chlorophyll gradients are
weak and the deep chlorophyll maximum occurs at greater depths,
neither of these alternative mechanisms would be very effective.
The presence of propagating chlorophyll anomalies in these areas
supports the hypothesis of enhanced primary productivity. U
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Figure 4 Features associated with westward-propagating baroclinic disturbances make

up ~10% of the variance of the log(chlorophyll concentration) data. These chlorophyll

data were filtered so as to eliminate variability at length scales larger than 25° and
timescales longer than 260 d.
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Methods

We acquired individual global area coverage swaths of SeaWiFS chlorophyll concentration
from September 1997 to the end of December 1999, and mapped them to a cylindrical grid
at 0.125°x 0.125° resolution. We used a median filter over a running box of 21 d and 2°x 2°
to filter out small-scale variability and noise. At this stage we also reduced the resolution to
1°x 1°and 10 d. The data were log-transformed and run through Remez highpass filters'®
in longitude (cut-off length scale 25°) and time (cut-off period 260 d) so as to eliminate
seasonal and other large-scale variability.

Gridded sea-level anomalies at 0.25° x 0.25° and 10 d resolution calculated by blending
TOPEX/POSEIDON and ERS-2 data were supplied by AVISO (Analysis, Validation and
Investigation of Satellite Oceanography). This is an optimally analysed data set, which
combines some of the strengths of the two platforms, namely better temporal resolution
with TOPEX and smaller cross-track separation with ERS-2. The SSH data were highpass-
filtered in the same way as chlorophyll.

We calculated the power spectra of, and the coherence between, chlorophyll and SSH
records from time—longitude plots individually for each ocean basin at every 5° of latitude
between 40° S and 40° N. We averaged the auto-spectra and the co-spectrum over a 3°
latitude band, and smoothed over a moving box of three frequencies and three
wavenumbers for statistical convergence. (The equivalent number of degrees of freedom
was 9.45 after accounting for the reduction in independence of neighbouring spectral
bands due to zero padding and cosine-taper windowing.) Coherence was calculated only
where both chlorophyll and SSH power spectral densities were at least 1% of their
maximum values.

We used the coherence spectra to construct a filter in the frequency—wavenumber
domain. The passband of the filter included only the second and fourth quadrants, where
the propagation is westward, and only those wavenumbers and frequencies for which the
chlorophyll-SSH coherence was above a threshold of 0.3, which was the 95% confidence
limit for significant coherence for the number of degrees of freedom in the spectral
analysis'®. This filter was applied to the power spectra of chlorophyll and SSH. The
variances of the filtered and unfiltered signals were calculated by integration over
wavenumber and frequency.

To estimate the propagation speed of chlorophyll anomalies, we used the ‘Radon’
transform of the power spectrum or of the SSH—chlorophyll coherence. The Radon
transform of a two-dimensional image corresponds to the projection of the image intensity
along a radial line oriented at a specified angle®. The angle that maximizes the Radon
transform is perpendicular to the spectral distribution of the non-dispersive Rossby waves.

The dispersion relation of baroclinic Rossby waves is w = —Bk(k* + \,”) ™', where w is the
natural frequency, 3 is the rate of change of the Coriolis parameter with meridional
displacement and A, is the radius of deformation for the nth vertical mode. The radius of
deformation is a variable of the Coriolis parameter, density stratification and the total
depth of the water column. We used N, values calculated in ref. 15 using climatological
density profiles.

The phase speed (C, = /k) is nondispersive for long waves and equal to —BN2. We
zonally averaged the radii of deformation, which was originally at 1° X 1° resolution within
each basin so as to get one mean phase speed at each latitude.
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Hydrothermally altered rocks can weaken volcanoes, increasing
the potential for catastrophic sector collapses that can lead to
destructive debris flows'. Evaluating the hazards associated with
such alteration is difficult because alteration has been mapped on
few active volcanoes'™ and the distribution and severity of
subsurface alteration is largely unknown on any active volcano.
At Mount Rainier volcano (Washington, USA), collapses of hydro-
thermally altered edifice flanks have generated numerous exten-
sive debris flows™® and future collapses could threaten areas that
are now densely populated’. Preliminary geological mapping and
remote-sensing data indicated that exposed alteration is con-
tained in a dyke-controlled belt trending east—west that passes
through the volcano’s summit*~>®. But here we present helicopter-
borne electromagnetic and magnetic data, combined with
detailed geological mapping, to show that appreciable thicknesses
of mostly buried hydrothermally altered rock lie mainly in the
upper west flank of Mount Rainier. We identify this as the likely
source for future large debris flows. But as negligible amounts of
highly altered rock lie in the volcano’s core, this might impede
collapse retrogression and so limit the volumes and inundation
areas of future debris flows. Our results demonstrate that high-
resolution geophysical and geological observations can yield
unprecedented views of the three-dimensional distribution of
altered rock.

Mount Rainier (Fig. 1), built in the past ~500 kyr atop Tertiary
granitic and metavolcanic rocks’, is composed of andesite and
dacite lavas with subordinate pyroclastic flow deposits'®. Alteration
at the summit lies in the volcano’s axial vent system (S, Fig. 1a),
through which most magmas that fed the volcano were erupted.
Intense alteration (yellow pixels, Fig. 1a) on the volcano’s upper
flanks is associated with a zone of open fractures and radial dykes’
(Fig. 1a) emplaced during two episodes of heightened magmatic
activity from ~500—400 kyr and ~280-190 kyr'’. Isotopic evidence
suggests that most of the alteration was formed where degassing
magmas interacted with meteoric water near the surface (R. Rye,
personal communication), supporting the geological and geochro-
nological evidence that alteration on the volcano was confined to
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