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measurements on about 50 ships at various steady-state engine
loads. A recent analysis27 of in situ aircraft measurements of NOx in
the exhaust plumes of four slow-speed diesel ships indicates a range
of 8.4±14 kg N per t fuel, about 0.33±0.5 times the value assumed
above. It is unknown whether the discrepancy is due to problems
with the techniques of NOx emission measurement, or whether it is
because only a very few ships could be considered in the latter study.
Furthermore, it is uncertain how representative either of these
emission factors can be for the current global ¯eet of over 100,000
registered vessels. Resolving these issues is critical for providing an
accurate base of information for future policy decisions. In particular, extensive measurements in and around the main shipping
routes are needed to obtain a picture of the in¯uence of the ship
NOx source on the oceanic NOx distribution and its further effect on
O3 and OH1 concentrations.
The effects of ocean-going ship emission of NOx on the tropospheric oxidizing power that we calculate, and the potential for
cooling effects, are expected to increase notably over the coming
decades, as ship traf®c is currently growing by about 3% yr-1
globally9, and even more strongly in the tropics. The CO2 release
to the atmosphere from ships (120±150 Tg C yr-1; ref. 9) is about 2±
2.5% of the global release of CO2 from fossil-fuel burning28. In
comparison, the corresponding fractional release for SO2 and NOx
are substantially larger, 5% for SO2 and as much as 10±15% for NOx
(refs 9, 28). Thus there is good reason for considering policy
measures aimed at reducing the relatively large pollutant emissions
from ships, as initiated by the International Maritime Organization
mainly for coastal regions9. However, reduced SO2 emissions can
decrease the Earth's albedo, while reduced NO emissions from ships
lead to lower concentrations of OH1 over the open ocean, thereby
enhancing the concentrations of the greenhouse-gas CH4 and
reducing the production rates of new aerosol particles. All three
of these factors exert a warming effect on the Earth's climate,
presenting policy makers with a striking dilemma.
M

Methods

We use the Model of Atmospheric Transport and Chemistry, Max-Planck-Institute for
Chemistry version13 (MATCH-MPIC). The meteorology component of MATCH (ref. 14
and references therein) simulates advective transport, convection, vertical diffusion, cloud
fractions and microphysics. The simulations are done `semi-of¯ine', that is, gridded values
for basic meteorological parameters (pressure, temperature, horizontal winds, surface
heat ¯uxes, and surface stresses) are read in from the NCEP/NCAR reanalysis project
data29; the remaining meteorological properties (such as water vapour and cloud
transport) are computed online.
The O3 ±HOx ±NOx ±CH4 ±CO tropospheric photochemistry version of MATCHMPIC13 simulates the following: surface sources of NOx, CO and CH4 (for example,
industry, biomass burning); free tropospheric sources of NOx (lightning, aircraft); the
stratosphere-to-troposphere ¯uxes of O3 and NOy; photochemical and photolytic processes; surface deposition loss; heterogeneous loss of N2O5 on aerosols; and cloud
scavenging by precipitation and settling processes. The runs start in December 1992, and
are continued to the end of December 1993, allowing the ®rst December as a `spin-up'
period to reduce dependence on the initial conditions (which are from ref. 13). The model
version used here is an updated version of MATCH-MPIC 2.0 (described in ref. 13); the
only notable change for the present study is that the EDGAR fossil-fuel NOx emissions4
(with ship emissions scaled up to 3 Tg N yr-1) have replaced the previously used
distribution3.
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Numerical dynamo models have been successful in explaining the
origin of the Earth's magnetic ®eld and its secular variation by
convection in the electrically conducting ¯uid outer core1±7. An
important component of the convection in the numerical dynamos are polar vortices beneath the core±mantle boundary in each
hemisphere. These polar vortices in the outer core have been
proposed as sources for both the anomalous rotation of the inner
core and the toroidal part of the geomagnetic ®eld2,8. Here we use
the observed structure of the Earth's magnetic ®eld and its
variation since 1870 to infer the existence of an anticyclonic
polar vortex with a polar upwelling in the northern hemisphere
of the core, consistent with the polar vortices found in numerical
dynamos.
The Earth's solid inner core has an important effect on the pattern
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of convection in the liquid outer core and on the geomagnetic ®eld,
according to dynamo theory. Because the convection is expected to
be quasi-geostrophic and nearly two-dimensional, the outer core is
divided into two regions, separated by the tangent cylinder, an
imaginary cylinder tangent to the inner-core equator and parallel to
the Earth's rotation axis. Inside the tangent cylinder, convectiondriven dynamos show intense polar vortices associated with upwellings or downwellings in both the northern and southern
hemispheres. Convective upwellings that generate anticyclonic
polar-vortex motion beneath the core±mantle boundary (CMB)
seem to be preferred1,2,5,6, but downwellings with cyclonic polarvortex motion beneath the CMB are seen in some numerical
dynamos3.
The geomagnetic ®eld and its secular variation can be used to
map the ¯ow in the outer core beneath the CMB. Because of high
electrical conductivity in the core, advection of the magnetic ®eld by
the ¯ow dominates over diffusion and the magnetic ¯ux lines tend
to move with the ¯uid. This `frozen ¯ux' property has been used
previously to construct global maps of the large-scale core ¯ow9±14.
Here we use the same basic technique to delineate a more localized
¯ow structure: a polar vortex.
Figures 1a and c show maps of the radial component of the
geomagnetic ®eld on the CMB at epochs 1870 and 1990,
respectively15. The effect of an anticyclonic vortex can be seen in
the change in ®eld structure with time in the north polar region.
Anticyclonic motion inside the tangent cylinder is evident from the
clockwise motion of the patch of reversed magnetic ¯ux during the

120-year interval. The boundary of this patch (the curve along
which the radial ¯ux is zero) represents a material curve in a
hypothetical perfectly conducting core16. Although the core is not
a perfect conductor, its conductivity is high enough that the
westward rotation of the patch about the north pole implies anticyclonic ¯ow just below the CMB. A simple cross-correlation of the
®elds at the two epochs indicates anticyclonic motion inside the
tangent cylinder, with an average angular speed of about 0.258 per
year.
Evidence for a generally southward meridional ¯ow inside the
tangent cylinder comes from the change in energy density of the
polar magnetic ®eld with time. Although the geomagnetic ®eld is
largely an axial dipole on the Earth's surface, the radial component
of the ®eld on the CMB is maximum not at the pole, as for an axial
dipole, but instead at two ¯ux bundles located just outside the
tangent-cylinder region17, as shown in Fig. 1a and c. There is a
minimum in intensity of the axisymmetric part of the ®eld at the
pole, and a maximum just outside the tangent cylinder. During this
time period, the azimuthally averaged magnetic-energy density
close to the pole tends toward zero, while the energy density near
the tangent cylinder increases, as shown in Fig. 1b. This behaviour
indicates that magnetic ¯ux is being expelled from the polar region
and concentrated at lower latitudes. The ¯ux expulsion suggests a
polar upwelling and southward meridional ¯ow, which transports
the ®eld lines away from the pole and towards the tangent cylinder.
The axisymmetric part of the vortex is determined by inverting
the radial component of the magnetic induction equation in the
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Figure 1 Secular variation of the geomagnetic ®eld observed over the north-polar region
of the core±mantle boundary and structure of the inferred axisymmetric polar vortex in the
outer core. The continental outlines and the inner-core tangent-cylinder radius are shown
for reference in a, c and d. a, c, Contours of the radial component of the geomagnetic
®eld intensity on the core±mantle boundary in millitesla at epochs 1870 (a) and 1990 (c)
from the geomagnetic ®eld model of Bloxham and Jackson15. The westward motion of the
null ¯ux curve (dashed contours) shows the direction of ¯uid motion in the anticyclonic
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vortex. b, Change in the energy density of the radial component of the magnetic ®eld on
the core±mantle boundary, in nanotesla squared per year, during 1870±1990. The
energy decrease near the pole and the corresponding energy increase near the inner-core
radius (dashed line near co-latitude 20.48) imply magnetic-¯ux expulsion by a north-polar
upwelling and generally southward meridional ¯ow. d, Inferred axisymmetric structure of
the north-polar vortex. Arrows indicate tangential velocities (maximum 0.13 mm s-1) and
colour contours indicate vorticity.
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frozen-¯ux (high magnetic Reynolds number) limit:
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For Br , the radial component of the geomagnetic ®eld, we use the
time-average ®eld on the CMB from 1870±1990 (ref. 15) and we use
the difference between the ®elds at 1990 and 1870 to compute the
secular variation ]Br/]t. We then solve equation (1) for UH, the
velocity ®eld in the outer core, tangent to the CMB (the subscript H
denotes tangential coordinates.) We restrict our attention to the
axisymmetric part of the ¯ow, assumed to be steady over the time
interval of the calculation. This allows us to solve for the two
components of the tangential velocity without making additional
assumptions. The surface integral of the axisymmetric part of
equation (1) yields the meridional velocity Uv directly. The nonaxisymmetric part of equation (1) is then inverted using the leastsquares method for the azimuthal velocity Uf (here v denotes colatitude and f denotes east longitude).
Figures 1d, 2 and 3 show the axisymmetric ¯ow in the northern
hemisphere found with this procedure. The azimuthal ¯ow is
anticyclonic everywhere and is concentrated inside the tangent
cylinder. Its maximum angular speed corresponds to a westward
drift rate of about 0.68 per year. The 120-year average westward drift
rate inside the tangent cylinder is 0.258 per year, almost four times
greater than the global average value over the same time period (see
Fig. 3). Figure 2c and d shows the axisymmetric distributions of
meridional velocity and vorticity. The vorticity is negative within
158 of the pole, but becomes positive at lower latitudes, reaching a
local maximum around the tangent cylinder. The vorticity reversal
has the effect of con®ning the azimuthal circulation to the region
inside the tangent cylinder, shielding the polar vortex from the rest
of the core circulation. The axisymmetric meridional ¯ow is southward inside the tangent cylinder, but becomes northward beyond
the tangent cylinder. The arrows in Fig. 2c indicate the regions of
upwelling and downwelling implied by the divergence of the
meridional ¯ow. The region of implied upwelling is con®ned to
the vortex core, within about 108 of the pole. Elsewhere the

meridional ¯ow is convergent and the implied radial motion is
downwelling.
The pro®les of the azimuthal velocity, meridional velocity,
vorticity and angular velocity shown in Fig. 2 are similar in shape
to baroclinic, convection-driven polar vortices in the numerical
dynamo calculations2,5,6. These pro®les are also qualitatively similar
to isolated vortices generated in rotating ¯uids18 in the laboratory
and, apart from the difference in sign, are broadly similar to the
structure of the polar vortices in the stratosphere19 and to the
convective chimneys in the deep ocean20. The intensity of the
polar vortices in the numerical dynamos tends to be larger than
in Fig. 2, depending on the parameters of the calculation. But the
core vortex could be stronger than our frozen-¯ux method indicates. When we apply our technique to the dynamo models, we
recover the shapes of the polar vortices but underestimate their
intensity. This is because a signi®cant part of the ¯ow in the dynamo
models is parallel to the magnetic ®eld contours and does not
contribute to the secular variation of the ®eld21. The same situation
could occur in the Earth's core. We could add an arbitrary amount
of motion parallel to the contour lines in Fig. 1a and c, which would
not be detected using the frozen-¯ux technique.
Because the vortex occupies a small portion of the CMB, it is near
the limit of resolution of current geomagnetic ®eld models and near
the limit of validity of the frozen-¯ux assumption. Accordingly, it is
important to determine how robust the results are with respect to
variations in model parameters. Figure 3 shows the sensitivity of the
average westward drift in the vortex to variations in the epoch and
window length since 1870, the year which marks the advent of polar
data in the geomagnetic ®eld model15. Figure 3 indicates that the
anticyclonic motion is a persistent feature in the ®eld model since
1870, at all epochs and for all window lengths. The shortest time
windows produce a cosine ¯uctuation in westward drift about the
120-year average, with a period of about 80 years and a minimum
near epoch 1920. Longer windows systematically approach the 120year average. We have also calculated the axisymmetric polar ¯ow
using this geomagnetic ®eld model truncated at spherical harmonic
degree 4, the twentieth-century degree-4 ®eld model of Yokoyama
and Yukutake22, and a degree-4 archeomagnetic ®eld model (Y.
Hamano, personal communication). All three lower-resolution
models show westward ¯ow in the northern tangent cylinder.

Figure 3 Persistence of the north polar vortex since 1870, determined using different
time windows of geomagnetic secular variation. Solid curves show the average angular
velocity inside the inner-core tangent cylinder, expressed as westward drift rate in
degrees per year relative to the crust and mantle. The symbols indicate the midpoint in
time (epoch) of the different time windows used: triangles, 20 years; diamonds, 40 years;
squares, 60 years; crosses, 80 years. The horizontal solid line is the value for 1870±1990
from the average of Fig. 2b, obtained from the data in Fig. 1. The dotted curve shows the
average drift rate over the entire core±mantle boundary.
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In another test, we compare the observed and predicted geomagnetic secular variation, obtained by integrating the ®nite difference
version of equation (1) forward in time using the velocities in Fig. 2a
and c, and the 1870 ®eld as the initial condition. A small amount of
tangential diffusion was included to stabilize these calculations. The
results are insensitive to diffusion for magnetic diffusivities less than
30 m2 s-1 (about ten times the value estimated for the outer core23,
which supports use of the frozen-¯ux approximation for the
axisymmetric part of the ¯ow). The mis®t between the calculated
and the observed secular variation, measured using the parameter j
of Voorhies10, varies with time from ,0.3 to 0.5 during the 120-year
interval. Overall, the axisymmetric vortex accounts for about 60%
of the variance in the tangent cylinder ®eld during this time. Nearly
all of the unexplained secular variation comes from localized
intensi®cation of two featuresÐthe reversed ¯ux patch inside the
tangent cylinder and the normal-polarity ¯ux patch beneath
Siberia. The ®eld intensi®cation within these patches violates the
frozen-¯ux constraint. It indicates the presence of convection on
scales smaller than the ®eld-model resolution and radial magnetic
diffusion in these regions.
A frozen-¯ux analysis of the geomagnetic ®eld near the south
pole shows some evidence for ¯ux expulsion there. But we do not
®nd evidence of coherent vortex motion in the southern-hemisphere tangent cylinder. Differences in magnetic ®eld behaviour
between the polar regions might simply be an artefact of poorer data
coverage near the south pole before the ®rst decades of this century.
Alternatively, it might re¯ect genuine differences in the ¯ow pattern
of the two regions, isolated from each other by the solid inner core.
Our results differ from most global models of the core ¯ow. Some
global models do show retrograde azimuthal motion inside the
northern tangent cylinder9±14, but without the large angular-velocity
concentration that we ®nd. This difference might be due to model
resolution: global models use spherical harmonics and tend to ®t
the secular variation at low and middle latitudes, whereas our
method treats only the polar region. The only exception is the
Pais and Hulot global model11, which focuses on the axisymmetric
azimuthal part of the ¯ow. They obtain an azimuthal ¯ow pattern
similar to Fig. 2 with a distinct polar vortex, but with larger
amplitude. However, they attribute the vortex to a particular
zonal spherical harmonic of the ¯owÐdegree 7Ðimplying a
similar vortex near the south pole, for which we do not ®nd
evidence.
Anticyclonic polar vorticity near the CMB has implications for
the structure of convection deeper in the core. Some studies using
seismic body waves have inferred anomalous prograde inner-core
rotation24,25, while other studies based on normal modes ®nd no
anomalous inner-core rotation relative to the crust and mantle26.
Either result indicates that the anticyclone weakens or possibly
reverses direction somewhere between the CMB and the inner core.
Previously the westward geomagnetic drift has been interpreted in
terms of either cylindrically symmetric12 or spherically symmetric27
¯ow. Our results indicate that the convection in the north polar
region has a structure more like a tropical hurricane28, cylindrical in
shape with circulation and vorticity changing with depth through
M
the outer core.
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The productive regions of the ocean are characterized by seasonal
blooms of phytoplankton which are generally dominated by
diatoms. This algal class has, therefore, traditionally been
regarded as providing the bulk of the food that sustains the
marine food chain to top consumers and important ®sheries.
However, this bene®cial role has recently been questioned on the
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