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contents relative to the Circumpolar Deep Water **. The reduc-
tion or cessation of NADW during glacial times would likely
change the hydrographic characteristics of the deep water within
the ACC, creating a Glacial Circumpolar Deep Water reflected
by the Melonis—-Uvigerina faunal assemblage. It seems unlikely
that the Glacial Circumpolar Deep Water was a young, well-
oxygenated water mass formed in the Southern Ocean, since
the CaCO; record from E49-18 (ref. 10) shows glacial intervals
to have low amounts of CaCO; relative to the interglacial
intervals. If deep-water formation was taking place, a young,
well-oxygenated water mass would enhance CaCO; preserva-
tion. Thus, the Glacial Circumpolar Deep Water was probably
a modification of the present-day Circumpolar Deep Water.

A change in deep-water characteristics within the ACC prob-
ably affected the Southern Ocean heat budget. That a change
in the Southern Ocean heat budget did occur is shown by the
migration of the Polar Front*>*” and by the change in the extent
of summer sea ice during glacial intervals. Summer sea ice
during the last glacial interval is inferred to have extended to
55°8§ (ref. 28) in contrast to the present day when summer sea
ice melts back to the Antarctic continent®®. The lack of NADW
in the ACC may have decreased deep-water temperatures, as
the NADW is a source of warm water for the ACC in the
present day. This cooling of deep water temperatures would
have enhanced sea-ice formation and retarded summer sea-ice
melting, because the warm Circumpolar Deep Water is con-
sidered important in providing heat for the melting of sea ice®’.

The close correspondence between the bottom-water mass
changes in the Southern Ocean and the Northern Hemisphere
ice volume record suggests that bottom-water production in
the Norwegian Sea and the amount of Northern Hemisphere
ice are controlled by the same variables. For example, polar
cooling would influénce both the amount of Northern Hemi-
sphere ice and the development of sea ice in the Norwegian
Sea. An additional factor which may have influenced NADW
production is Mediterranean Sea outflow water®!, which flows
westward from the Straits of Gibraltar®®. Reid®' has suggested
that Mediterranean outflow water also flows northwards into
the Norwegian Sea, providing high-salinity water for the forma-
tion of Norwegian Sea overflow water. It was speculated that
the elimination of Mediterranean outflow water caused by
tectonic events at the sill or a drop in sea level closing the
Straits of Gibraltar would preclude the formation of NADW,
or alter its composition®'. Following this argument, I speculate
that the amount of Mediterranean outflow water during the
Quaternary may be directly controlled by sea-level changes
associated with Northern Hemisphere ice volume changes. For
example, a lowering of sea-level, caused by a build-up of
Northern Hemisphere ice, would decrease but would not elimi-
nate the amount of Mediterranean outflow water to flow into
the Norwegian Sea, which in turn would decrease the amount
of Norwegian Sea overflow water produced.

I conclude that the benthic foraminiferal data from E49-18
show distinct glacial-interglacial oscillations which are inter-
preted to reflect significant changes in the Circumpolar Deep
Water during the late Quaternary. The benthic foraminiferal
faunal patterns in the Southern Ocean are similar to those
found in the North Atlantic, and I suggest that the water mass
changes within the ACC are a direct result of the reduction or
elimination of NADW during glacial intervals. NADW produc-
tion may be influenced not only by polar cooling, but also by
sea-level regulated production of Mediterranean outflow water.
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The concentrations of nitrate and ammonium ion in rainfall
have an important effect on precipitation p H. We have collected
sets of rainfall analyses from non-urban sites in North America
and western Europe, which start from last century, and we
show here that there is a marked increase in the annual deposit
of nitrate ion compared with relatively stable levels of
ammonium ion deposit. The increase apparent in the data from
the US parallels the increases in nitrogen oxide emissions from
combustion processes and is large enough for the nitrate ion
to contribute almost as much to the acidity of rainfall as the
sulphate ion.

The best source of early rainfall analyses proves to be the
records of agricultural stations concerned with the importance
of meteoric nitrogen to crop yields. In the UK analyses were
made at Rothamsted as early as 1853, although NO; and NH,
were not determined simultaneously until several years later.
In North America the earliest analyses appear in the 1880s. It
is important to acknowledge the difficulties in assembling long
records from sources widely separated by time and geography.
There is some internal evidence in the Rothamsted data to
suggest that even early analyses can be quite reliable’, and as
large changes are to be expected they should be evident even
in quite noisy data. An increase in the concentration of the
nitrate ion in rainfall was suspected as long ago as 1918, and
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the principal source assumed to be combustion processes’.
Ammonia, on the other hand, has long been considered to
emanate largely from the soil® and today the industrial inputs
are relatively small®. Hence the annual deposit of the
ammonium ion should have remained reasonably constant over
the past 100 yr Miller® tabulated some of the earlier data,
collected from sites all over the world. As can be seen in Fig.
1, the relative proportion of nitrogen as ammonia remains fairly
constant, independent of locality and amount deposited. This
pre-industrial value for the fraction of inorganic nitrogen pres-
ent as the ammonium ion, NH;/(NH; + NO3), of ~0.7 seems
much reduced in present day North America and Europe, where
values as low as half this are found. Such a change in the ratio
would be expected if the nitrate ion concentration of precipita-
tion were increasing and that of the ammonium ion remaining
fairly constant.

Analytical records available for sites in eastern North
America (including only one site outside the US, in Ottawa)
and England and Benelux now cover a century, so annual
deposits may be plotted as a function of time. Although analyses
of rainfall composition have become more frequent recently,
they are now often event or wet-only samples. Such results are
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Fig. 1 The proportion of inorganic nitrogen deposited as

ammonia as a function of ammonium i(gn deposit at sites in
operation last century’.

difficult to compare with the older monthly samples which tend
to show larger deposits (see ref. 6). Variation in the deposition
of both nitrate and ammonium ion in the two regions are shown
on semi-logarithmic axes in Figs 2 and 3. The annual values
here are typically sums of 12-monthly measurements. Gaps in
the data for the period 1920-50 show a decline of interest in
rainfall chemistry among agricultural researchers. In both
regions the deposit of nitrate ion increases throughout the
duration of the record, while the amount of deposited
ammonium ion is stable. The deposit of nitrate-nitrogen in
eastern North America may be compared with the combustion
source strength of the oxides of nitrogen over the same period.
The early NO, emissions for the US were determined from the
amounts of energy obtained from coal, wood, gas and petroleum
combustion’, weighted for yields of NO, (refs 8, 9). A small
contribution of 0.015gm 2 yr ! was estimated from burning
due to forest clearance'® up to the year 1910. The source
strength (total emissions divided by area of the contiguous US)
is plotted as a line in Fig. 2a and agrees reasonably well with
the observed changes. The location of England and Benelux
about the North Sea does not allow such a simple calculation
for the European data, but the display in Fig. 3 suggests the
increase in nitrate deposition over the past 100 yr is smaller in
western Europe than in eastern North America.
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Fig. 2 Trends in the amount of nitrate (a) and ammonium (b)
ion brought down annually by rainfall in eastern North America.
All but the most recent data come from agricultural sources” '~

The line plotted through the nitrate ion data indicates the estimate
of the source strength for nitrogen as nitrogen oxides” ", There
may have been a slight change in precipitation amount over the
past 100 yr, but this would probably be a decrease and certainly

<10% (ref. 29).

These changes and the fact that there is substantial agreement
between emissions of oxides of nitrogen and the deposition in
the US reaffirm that anthropogenic combustion is largely
responsible for the observed changes. The anthropogenic con-
tributions are thus so large that natural contributions to the
nitrate ion concentrations in rainfall are presently almost negli-
gible. This is in agreement with recently proposed global
cycles*!!, but is in conflict with the higher soil sources of NO,
adopted by earlier workers'>"?, Charleson and Rodhe' have
recently noted how the lack of knowledge of the HNO; cycle
makes our understanding of the natural pH of rainfall difficult,
but these results suggest that the levels of nitrate ion in US
rainfall have now become greater than those of the ammonium
ion, so that it can no longer neutralize the atmospheric nitric
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Fig. 3 Trends in the amount of nitrate (¢) and ammonium (3b)
ion brought down annually in Belgiumao’3 s Englandz's’ls‘w_ 4
and The Netherlands®**°. @—@, Precipitation weighted annual
means and the periods over which they are averaged. O, English
data; @, continental data. The two bracketed points in the nitrate
graph are displaced 20 yr from 1855 to 1856. The rainfall amount
at Rothamsted shows.no obvious long-term trend over the past
100 yr (ref. 1).
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acid as it may have done in pre-industrial times. Figure 2a
implies an increase in nitrate ion deposition over eastern North
America of ~0.06 equiv m > yr* since 1880. In regions receiv-
ing a 100-cm annual precipitation this would imply a precipita-
tion weighted mean py shift from 5.6 to about 4.2 in carbon
dioxide equilibrated water. Note that the present day deposition
of sulphate ions (0.09 equiv m™ yr'; 1.2g (S)m™>yr ! wet
deposition and 0.25 g (S) m™2 yr~! dry deposition®) is not very
much larger than the current deposit of nitrate
(0.065 equiv m~? yr™"), reaffirming that the nitrate component
of rain makes an important contribution to its acidity. Agricul-
tural records do hint at an increase in sulphur deposition, but
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Emissions of nitrous oxide from soils
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Potential changes in the concentration of nitrous oxide (N.O)
in the atmosphere have sparked considerable interest because
of the proposed role of N, in regulating stratospheric ozone
levels, and in contributing to the atmospheric greenhouse effect.
A substantial portion of the atmospheric N,O is thought to
result from microbial transformations of inorganic forms of
nitrogen in soils; N,O is an intermediate in denitrification
(reduction of NO3 to N,) and is formed during nitrification
(oxidation of NH} to NO3) in soils, although the mechanism
is unclear. Several models have predicted that input of nitrogen
into cropland, either from commercial fertilizers or N-fixing
leguminous crops, could sufficiently increase emissions of N,O
from soils to deplete stratospheric ozone levels'™ and raise
average world temperatures*. We report here N,O emissions
from mineral and organic soil sites in New York and from
organic soil sites in the Florida Everglades Agricultural Area.

Only a few studies of emissions of N,O from soils have been
carried out over extended time periods in commerical aricul-
tural conditions. In the US Hutchinson and Mosier’ measured
a loss of 2.6 kg N,O-N ha ' during corn growth in typical
Colorado conditions and emissions of N,O ranging from 6 to
40 kg N ha~' yr " have been reported for heavily fertilized, irri-
gated, vegetable fields in California®’. Ryden found that
3.3 kg N,O-N ha™' yr! were evolved from fertilized perennial
ryegrass in the UK®. These data exceed the Council for Agricul-
tural Science and Technology’s (CAST) estimated average value
for cropland of 1kgN,O-Nha'yr~! (ref. 9) and indicate the
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need for further assessment of emissions of N,O from agricul-
tural fields.

Measurement of N,O flux from sites in New York and Florida
was by a chamber method'®. Sampling locations within a site
were defined for extended periods of time by a metal rim (60
or 76 cm diameter) sunk 5 or 10 cm into the soil. When a flux
measurement was to be made, a chamber was completed by
sealing an insulated top to the rim with a wide rubber band cut
from tire innertubes, Chamber volume was 28, 56, or 801 and
tops were removed immediately after each flux measurement.
Gas samples (5 or 10 ml) were withdrawn from the chamber
at zero time and 10-min intervals up to 30 min or at 30-min
intervals up to 1h, and their N,O contents were determined
by gas chromatographic analysis using a **Ni electron capture
detector'®. Analytical precision was routinely 1% at the 1 p.p.m.
level. Changes in concentration of N,O greater than 10 p.p.b.
in 1 h (3% of ambient level, corresponding to a flux of about
0.5gNha ' day ?) were considered significant. Frequency of
flux measurement was based on the magnitude of observed
fluxes and on environmental and management variables.
Measurements were usually made daily during high flux periods.

Daily flux values were the mean of four or five simultaneous
flux measurements from chambers spaced randomly (5-10m
apart) over the site. The coefficient of variation (CV) for daily
flux measurements ranged from 0 to 224%, with means in the
range 60-94% for New York and 43-56% in Florida. No
relationship between flux magnitude and CV was found. Fluxes
from individual chambers showed similar trends with time but
were sometimes out of phase during high flux periods. Variabil-
ity amongst chambers was consistently reduced when fluxes
were summed over important flux periods, allowing significant
effects of treatment and/or crop on N,O emissions to be demon-
strated.

Mineral soil sites in New York were on silt loam soils. Alfalfa
and field corn were grown following established practices for
the northeastern US and an unmanaged timothy grass-mixed
weed stand was included for comparative purposes. Only corn
received fertilizer N; 20 kg N ha™' was applied to the seed bed
at planting, but the major nitrogen supply came either from
manure applied and ploughed down before planting (Cw) or
from a sidedressing of commercial liquid fertilizer applied
40 days after planting (Cg). Annual emissions of N,O from
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