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and transport on
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The reduction in the amount of ozone in the atmospheric column
over the Arctic region, observed during the 1990s1,2, resembles the
onset of the Antarctic ozone `hole' in the mid-1980s, but the two
polar regions differ signi®cantly with respect to the relative
contributions of chemistry and atmospheric dynamics to the
ozone abundance. In the strong, cold Antarctic vortex, rapid
springtime chemical ozone loss occurs throughout a large
region of the lower stratosphere, whereas in the Arctic, although
chemical ozone depletion has been observed3±11, the vortex is
generally much smaller, weaker and more variable12. Here we
report a model-based analysis of the relative importance of
dynamics and chemistry in causing the Arctic ozone trend in
the 1990s, using a state-of-the-art three-dimensional stratospheric
chemistry±transport model. North of 638 N we ®nd that, on
average, dynamical variations dominate the interannual variability, with little evidence for a trend towards more wintertime
chemical depletion. However, increases in the burden of
atmospheric halogens since the early 1970s are responsible for a
large (14%) reduction in the average March column ozone, but
this effect is mostly caused by increased destruction throughout
the year rather than by halogen chemistry associated with wintertime polar statospheric clouds. Any in¯uence of climate change
on future average Arctic ozone amounts may thus be dominated
by possible circulation changes, rather than by changes in
chemical loss.
Early observations of stratospheric ozone indicated the important role of transport, as well as chemistry, in determining the
distribution of stratospheric ozone13. Recent studies have indicated
that changes in atmospheric circulation may have contributed to
observed changes in mid-latitude ozone from 1979 to 199114,15.
Three-dimensional (3D) chemistry±transport models (CTMs) are
now able to represent the seasonal chemistry and transport of
stratospheric trace species. These models16±18 specify meteorological
analyses for the winds and temperatures, allowing the calculated
distribution of atmospheric trace species to be compared directly
with measurements. We have now updated our 3D CTM to be
suitable for multiannual integrations19, an advance which allows us
to model the interannual variability in stratospheric dynamics and
chemistry in a single simulation. We integrated the CTM using a
horizontal resolution of 7:58 3 7:58, and 12 potential-temperature
levels from 335 K to 2,700 K (resolution of ,3 km in the lower
stratosphere). The start of the simulation was October 1991 using
horizontal winds and temperatures from the UK Meteorological
Of®ce20. The CTM calculates the vertical (diabatic) motion from a
radiation scheme. The standard CTM includes a description of
heterogeneous chemistry occurring on liquid/solid polar stratospheric
clouds (PSCs) and mid-latitude sulphate aerosols19. The standard
CTM simulations used a constant halogen loading of 3.6 parts per
billion by volume (p.p.b.v.) of total chlorine and 20 parts per trillion
(1012) by volume (p.p.t.v.) of total bromine.
Newman et al.1 reported satellite data which show that the March
monthly-mean ozone-column values in the region 63±908 N
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Figure 1 Monthly average column ozone (DU) between 638 and 908 latitude. a,
March in the Northern Hemisphere (NH) and October in the Southern Hemisphere (SH); b, November in the NH and May in the SH. Panel a also shows the
satellite observations of Newman et al.1 extended until March 1999. Results are
shown from three 3D model simulations. The standard model (dashed line) uses
present-day halogen loadings and includes the effects of heterogeneous
chemistry on polar stratospheric clouds (PSCs). The model includes a timedependent distribution of liquid aerosols which is taken from 2D model calculations. The dotted line shows results of the simulation without the effects of
chlorine activation on liquid and solid PSCs and aerosols. The squares show the
NH results of the model simulation with lower halogen loadings (1.35 p.p.b.v.
chlorine; 10 p.p.t.v. bromine). Panel a (right-hand axis) also shows the seasonal
NH chemical ozone depletion diagnosed directly from the standard model run.
For all model simulations, the mixing ratio of O3 in the troposphere (below ,12 km)
was assumed to be 50 p.p.b.v. in the NH and 40 p.p.b.v. in the SH.

(March hO3i63±90) decreased from values near 470 dobson units
(DU) in the early 1970s to values as low as 355 DU in 1997. They
chose to analyse this region as it typically contains the polar vortex,
which is often decaying by this time. We note, however, that the size
of the vortex in March is very variable and, even with a conservative
(large) de®nition of the vortex extent, this diagnostic will include
mid-latitude air. For example, the size of the polar vortex was
around 50% of this area in March 1992 and 80% in March 1997
(although the large vortex was not zonally symmetric). Figure 1a
shows the monthly hO3i63±90 observations of Newman et al.1 for the
Arctic (March) and Antarctic (October) from 1990 extended to the
end of 1998. The Antarctic hO3i63±90 values are small and show little
interannual variability. This is a result of the large chemical removal
of ozone within the large, stable Antarctic polar vortex which occurs

© 1999 Macmillan Magazines Ltd

551

letters to nature
regularly every year. In contrast, the Arctic March hO3i63±90 values
are generally much larger and show more interannual variability. In
particular, the lowest March value in 1997 of around 355 DU was
followed by a much larger value in 1998 of around 428 DU. In fact,
the modelled hO3i63±90 in March 1997 indicates only a net 5 DU
increase since November 1996.
The standard 3D CTM integration captures well the observed
interannual variability in hO3i63±90 in the Arctic region, to within
,20 DU. The CTM reproduces all of the relative minima and
maxima and, in particular, the strong minimum in 1997, followed
by the large increase in 1998. (The CTM also reproduces synopticscale features which determine the time evolution of column ozone
at speci®c sites related to the motion of the polar vortex19.) Given
the excellent agreement, we have diagnosed the relative roles of
chemistry and transport within the model. We have quanti®ed the
modelled rapid winter/spring chemical O3 loss by two methods.
First, we used a passive O3 tracer to diagnose the total chemical loss
each winter. On 15 December of each year this tracer was initialized
with the model O3 ®eld. Second, we repeated the model experiment
without heterogeneous reactions on solid PSCs or direct chlorineactivating reactions on cold liquid aerosols. The ®rst method gives a
direct quanti®cation of the chemical O3 loss in each winter; the
second method illustrates the effect of polar processing in all seasons
throughout the integration. Over the latitude range 63±908 N, the
average column chemical loss is around 30±40 DU (,50% larger
than the difference between the two 3D model experiments as the

a March 1993

different ozone ®elds feed back into the transport via calculated
descent rates). This mean chemical loss re¯ects the relatively small
area of the Arctic polar vortex relative to the area poleward of 638 N
(the maximum local mean model column loss in March 1997 is
around 80 DU, similar to other calculations for the mid-March loss
of that year21) and that distortions to the polar vortex can cause O3depleted vortex air to extend equatorward of 638 N. When presented
as this monthly average over the area 43±908 N, which includes air
both inside and outside the vortex, the modelled interannual
variability in the rapid vortex ozone depletion in March is relatively
small, although the cold winters of 1995/96 and 1996/97 do show
the largest chemical loss. While we acknowledge that the model
simulation (run at low resolution) may underestimate the magnitude of the observed chemical lossÐas shown in the Antarctic
comparison in Fig. 1a and indicated by other model studies11,22 Ð
the interannual variability in the vortex chemical loss is much less
than the overall observed and modelled variability in column O3
north of 638 N.
Figure 1b shows the hO3i63±90 from the model simulations at the
start of the winters (November in the Northern Hemisphere, NH;
May in the Southern Hemisphere, SH). The model predicts similar
mean ozone values in the two polar regions, with only small
interannual variation (for example, a standard deviation (s.d.) of
8 DU in the NH). This is supported by our analysis of Nimbus 7
TOMS data for November and May averaged over the sunlit area of
the polar regions (H. TeysseÁdre, personal communication). This
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Figure 2 Northern Hemisphere March average column ozone (DU). Results are
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loss is a minor contributor to the observed hO3i63±90 variation
in the 1990s (that is, the s.d. of chemical loss is 8 DU compared
to an s.d. of the March hO3i63±90 of 21 DU), the increase in
halogens has nevertheless caused a reduction in Arctic hO3i63±90.
This loss is due to increased destruction throughout the stratosphere throughout the year, which is not related to PSCs. Figure 4
shows differences in the November and March zonal-mean ozone
®elds. The increased halogens have caused a reduction of around
1 p.p.m.v. (up to 20%) in the upper stratosphere, and smaller
mixing-ratio reductionsÐwhich will contribute to the column
decreaseÐthroughout the lower stratosphere which are not linked
to polar processes. Diagnosis of the model shows that the main
catalytic cycles responsible for this decrease involve ClO1  O1 in
the upper stratosphere, and cycles involving ClO1  BrO1 or HO21
in the lower stratosphere, with ClO1  ClO1 important in the
polar lower stratosphere.
Overall, our multiannual 3D model simulations have quanti®ed
many features of the observed interannual variations in Arctic
ozone. Although PSC-related halogen chemistry certainly destroys
O3 within the polar vortex, the model shows that the mean springtime abundance of ozone in the entire polar region (north of 638 N)
is mainly controlled by dynamics acting over the winter (the mean
dynamical increase in hO3i63±90 from November to March in our
7-year simulation was 80 DU, partially offset by a mean chemical
loss of 38 DU). This dynamical build-up shows strong interannual
variability which controls the observed interannual variability in the
mean column ozone. Over this large area, the signal of rapid
halogen-catalysed loss inside the vortex (which can be as small as
a 14 Nov 1992
0.2
Average pressure (hPa)

suggests that all NH winters start with similar values of hO3i63±90 and
that the interannual differences observed in March are determined
by transport (and to a lesser degree, chemistry) during the winter.
Comparison of Fig. 1a and b emphasizes that over the winter the SH
experiences a strong net reduction due to the domination of
chemical loss, while the NH experiences a strong increase due to
transport which is partly offset by chemical loss. Having already
diagnosed the chemical loss, and having shown that the modelled
November means are similar from year to year, we can argue that the
interannual differences in March are due to differences in
the wintertime transport, which affect the size and stability of the
vortex. Descent, and transport of ozone, is weakest when the vortex
is strong and undisturbed, which are also the conditions that lead to
cold temperatures. In contrast, a warm, disturbed vortex will result
in stronger diabatic descent, and a larger increase in ozone. Further
comparison of Fig. 1a and b shows that the dynamical build-up of
O3 during winter 1997/98 was particularly strong. The Arctic mean
O3 column for November 1997 was slightly lower than other years
but the March 1998 column was much larger. Long-lived model
tracers (such as total inorganic chlorine) indicate that the modelled
wintertime high-latitude descent was indeed strongest in 1997/98
(not shown).
Figure 2 shows the March monthly mean O3 for selected winters
from the standard model run. The values of hO3i63±90 generally
combine low column values associated with the mean position of
the polar vortex and much higher values in the extra-vortex region
(see, for example, the 1990s data of Figure 2 in ref. 1). In 1998 the
modelled values in this larger extra-vortex region were much higher
than previous model years.
The meteorological analyses used to force the CTM are only
available from October 1991, so we cannot study directly the
observed ozone variation throughout the 1970s and 1980s.
However, we have investigated the effect of the increased atmospheric halogen loading by repeating the ®rst 2 years of the
standard model run with reduced halogen loadings typical of the
early 1970s23 (Cly, 1.35 p.p.b.v.; Bry, 10 p.p.t.v.). This reduced
halogen loading yields Arctic hO3i63±90 values which are higher
by 8% in November and 14% in March. This March difference is
similar in magnitude to the reduction observed by Newman et
al.1 between the early 1970s and early 1990s. Comparing Figs 3
and 2a shows that under the low-halogen conditions the calculated March ozone column is larger throughout the polar region;
not just in the region of the polar vortex, but also throughout
the `collar' region. These model results suggest that, although
interannual differences in wintertime halogen-catalysed ozone
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Figure 3 Northern Hemisphere average column ozone (DU) for March 1993.

Figure 4 Difference in zonal mean O3 mixing ratio (p.p.m.v.). Shown is the

Results are from the model run with low halogen loading. Contour interval is

difference between the low-halogen experiment and the standard model run. a,14

20 DU. The symbols H and L indicate relative maxima and minima, respectively.

November; b, 16 March.
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50% of this area in March) is reduced. However, the increases in
stratospheric halogen loading due to anthropogenic emissions has
contributed signi®cantly to the springtime decrease since the 1970s.
The observed decadal decrease in column O3 values in March north
of 638 N may contain a large (.50%) contribution from slow, yearround, halogen-catalysed depletion.
These results have implications for future levels of ozone in the
Arctic region. Although the amount of PSC-induced chemical
depletion within the vortex may be enhanced due to stratospheric
cooling24, the main factor determining the average ozone column
to date in a given winter is dynamics. This transport is affected
by interannual variability, but may also be subject to a trendÐ
for example, due to stratospheric O3 decrease or other climaterelated effects. Possible future circulation changes (for example,
those that make the Arctic vortex more Antarctic-like) could
signi®cantly change mean wintertime ozone levels by transport
alone. Also, while Shindell et al.24 pointed out the potential
feedback between stratospheric cooling which may delay the
recovery of Arctic ozone as halogen levels decrease, the contribution of halogens to the decadal decrease in ozone in the larger
extra-vortex region may be expected to follow the halogen loading
more closely, unless cooling extends PSC activation outside the
vortex.
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Oxygenic photosynthesis is widely accepted as the most important
bioenergetic process happening in Earth's surface environment1.
It is thought to have evolved within the cyanobacterial lineage, but
it has been dif®cult to determine when it began. Evidence based
on the occurrence and appearance of stromatolites2 and microfossils3 indicates that phototrophy occurred as long ago as
3,465 Myr although no de®nite physiological inferences can be
made from these objects. Carbon isotopes and other geological
phenomena4,5 provide clues but are also equivocal. Biomarkers are
potentially useful because the three domains of extant lifeÐ
Bacteria, Archaea and EukaryaÐhave signature membrane
lipids with recalcitrant carbon skeletons. These lipids turn into
hydrocarbons in sediments and can be found wherever the
record is suf®ciently well preserved. Here we show that 2-methylbacteriohopanepolyols occur in a high proportion of cultured
cyanobacteria and cyanobacterial mats. Their 2-methylhopane
hydrocarbon derivatives are abundant in organic-rich sediments
as old as 2,500 Myr. These biomarkers may help constrain the age
of the oldest cyanobacteria and the advent of oxygenic photosynthesis. They could also be used to quantify the ecological
importance of cyanobacteria through geological time.
In the Bacteria, bacteriohopanepolyols (BHP) are amphiphilic
membrane biochemicals6 that serve a regulating and rigidifying
function similar to that of sterols in the Eukarya. The hydrocarbon
skeletons of BHP are extremely refractory and resist biodegradation
to become incorporated into kerogen or bound into sulphur-linked
macromolecules. They also survive high geothermal gradients
accompanying hydrocarbon generation and ultimately appear in
petroleum as defunctionalized and stereochemically modi®ed7
`geohopanes'. Although many aspects of the preservation of BHP
are well understood, there remains uncertainty about the sources
of BHP and environmental controls on their abundance and distribution. This study assesses the role of cyanobacteria as a source of
fossil hopanoids.
Table 1 summarizes the hopanoid contents of cultured cyanobacteria and mat communities that we analysed, along with
data extracted from the literature. The high polarity and complexity
of the hydrophilic side chains of BHP8 precludes a generalized
gas chromatography±mass spectrometry (GC±MS) analysis that
detects all hopanoids. Accordingly, we applied the methodology of
ref. 9 (Fig. 1) in our survey of the occurrence of hopane skeletons in
cultures and environmental samples. Structural variation in the
hydrophobic pentacyclic triterpane skeleton of BHP appears to be
very limited. Unsaturation (D6 and/or D11) is rare, but supplementary methyl substituents at the 2a, 2b and 3b positions of ringA have been reported often and may indicate metabolism in some
bacteria. Methylation at C3 has been reported for a variety of
methanotrophic, methylotrophic and acetic bacteria9,10. Methylation at C2 is common in cyanobacteria9,11, as shown in Table 1,
although it is not exclusive to this group. Of those other bacteria
that have been studied, 2-methylhopanoids have also been found in
pink pigmented faculative methylotrophs (PPFMs) related to
Methylobacterium organophilum12 and some nitrogen-®xing bacteria
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