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Variations in Atmospheric N,O 
Concentration During Abrupt 

Climatic Changes 
J. Fliickiger,' A. ~allenbach,' T. Blunier,'* 

B. Stauffer,'? T. F. Stocker,' D. Raynaud,' J.-M. Barnola2 

Nitrous oxide (N,O) is an important greenhouse gas that is presently increasing 
at a rate of 0.25 percent per year. Records measured along two ice cores from 
Summit in Central Greenland provide information about variations in atmo- 
spheric N,O concentration in the past. The record covering the past millennium 
reduces the uncertainty regarding the preindustrial concentration. Records 
covering the last glacial-interglacial transition and a fast climatic change during 
the last ice age show that the N,O concentration changed in parallel with fast 
temperature variations in the Northern Hemisphere. This provides important 
information about the response of the environment to global climatic changes. 

Nitrous oxide (N,O) is an atmospheric trace 
gas with a relatively long lifetime of about 
120 years (I).  The main sources of N,O in 
preindustrial times have been tropical soils, 
the ocean in upwelling regions, and soils in 
temperate regions (estimated contributions 
are 45, 30, and 25%, respectively, but with 
high uncertainties) (1). The main sink is pho- 
todissociation in the stratosphere (1). The 
atmospheric concentration of this greenhouse 
gas [which, apart from water vapor, is third in 
importance after carbon dioxide (CO,) and 
methane (CH,)] reached 3 14 parts per billion 
by volume (ppbv) in 1998 (2) and increases 
by about 0.25% per year (I).  Knowledge 
about the atmospheric N,O concentration be- 

fore 1976 comes mainly from ice core anal- 
yses (3-7). Our record covering the past mil- 
lennium allows us to narrow the range of the 
preindustrial concentration. 

Records of CH, variations parallel to cli- 
matic oscillations have provided a wealth of 
information about the global significance of 
climatic oscillations and about the response 
of the environment to such variations (8-10). 
Like CH,, N,O has an important source in the 
tropics [wet forest soils and dry savannahs for 
N,O; wetlands for CH, (l)], but in contrast to 
CH, it has an important oceanic source too. 
Therefore, we expect that our measurements, 
which cover time periods of drastic climate 
changes, will provide new information about 
environmental responses to those changes. - 
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The air trapped in polar ice samples was 
'Present address: Princeton University, Princeton, N j  
08544, USA. extracted with the melt-refreezing method used 
+To whom correspondence should be addressed. E- for CH4 The N2O concentra- 
mail: stauffer@climate.unibe.ch tion of the extracted air was measured with a 

gas chromatograph equipped with an electron 
capture detector. Tests with bubble-free ice and 
standard gas (the worlung standard was 304 + 
4 ppbv) confirmed that N,O can be extracted 
with the melt-refreezing method despite the 
high solubility of N,O in water (12), if the 
freezing speed is kept low. The small sample 
size (about 40 g) allowed us to measure several 
samples per annual layer for samples from this 
millennium as well as one sample per annual 
layer for the transition from the last glacial 
epoch to the Holocene. Data presented in this 
study are not corrected for gravitational frac- 
tionation (13). 

Samples for the first measurement series, 
covering the past 1000 years (Fig. l) ,  are 
from cores drilled at Summit (central Green- 
land, 72"34'N, 37'38'W) as part of the EU- 
ROCORE project and the Greenland Ice Core 
Project (GRIP). The preindustrial N,O con- 
centration was relatively stable, with an av- 
erage of 270 i 5 ppbv for the time period 
between 1400 and 1750 A.D. Previously pub- 
lished data (3-6) are highly scattered and 
allow only a rough estimate of the preindus- 
trial concentration of between 260 and 285 
ppbv (Fig. 1). An exception are the precise 
results by Machida et ul. (7) covering the past 
300 years. The low scatter of our measure- 
ments and the good agreement with the mea- 
surements bv Machida et al.. which were 
performed with a dry extraction technique, as 
well as the good agreement with the direct 
measurements on atmospheric air (14) and 
firn air measurements from Antarctica (15), 
indicate that our measurements for this time 
period are reliable and allow us to investigate 
changes in the atmospheric N,O concentration 
that occurred together with climatic changes in 
past climate epochs. 

In Fig. 2. the N,O record for the transition 
period from the last glacial epoch to the Holo- 
cene measured along the GRIP ice core is com- 
pared with the GRIP records of oxygen isotope 
6180 (16)  (used as a proxy for temperature) and 
CH, (8, 17). The N,O concentration increased 
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during the transition from around 200 ppbv in boring samples (partly from the same core 
the late glacial epoch to about 270 ppbv in the section) by much more than our mean ana- 
early Holocene. This increase was interrupted lytical reproducibility (3.7 ppbv). Values that 
by a decrease during the Younger Dryas (YD) we assume to be too high are marked as open 
period (12.7 to 1 1.6 kyr BP). circles in Fig. 2. The highest values measured 

The N20 record shows a few surprisingly in this section (1 1.4 kyr BP, 404 ppbv; 16.3 
high values, which deviate from their neigh- kyr BP, 297 ppbv) are out of range and are 

marked by arrows at the corresponding time. 
The long lifetime of N 7 0  excludes variations 

Fig. 1. Comparison of 
our N 2 0  measurements 320 
with previously published 
values for the past 1000 310 
years. Shown are EURO- 
CORE (0) and GRIP mean 
values (+) from this study , 300 

of 20 ppbv or more in oily a few years. There- 
fore, the high values cannot represent the atrno- 

I ~ I ~ I ~ I ~ I ~ I I I ~ I ~ I ~ I ~ +  
- - 
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+ + -  
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spheric N20 concentration and are probably 
due to an artefact (18). 

The question arises whether the synchro- 
nous evolution of the N20 record with the 
records of 6180 and CH, could be an artefact 
caused by variations of the impurities in the 
ice with climate changes. Calcium (Ca++) is 
a proxy for impurities in the ice and shows 
variations that are parallel to climatic chang- 
es. The GRIP Ca++ concentrations are ele- 
vated (19) and the N,O values are depleted and the calculated la  
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5 

v 1 J 
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during the YD event. However, there is a 
clear depth shift for the beginning as well as GRlP mean values (shad- R 

ed area). Previously pub- 
280 lished data are from Law- 

dome (+) (3), Byrd (V). 
CrCte (0). Camp Centu- 270 

rY (0) (4). D57 (0) (5). 
D y e 3 ( A ) ( 6 ) , H l 5 ( A )  m. 
(7), the South Pole (a) 

for the termination of the two signals in the 
ice core. Such a shift is expected if the mea- 
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sured N20 signal corresponds to the atmo- 
spheric concentration, because of the age dif- 
ference between ice and enclosed air (20). If 
reactions with chemical impurities caused the 
N,O signal, no such shift would be expected. (75) and direct atmo- loo0 1100 1200 1300 1400 1500 1600 1700 18M) 1900 XXX) 

spheric measurements Age (V AD) Ge conclude that it is very unlikely that the 
from Cape Grim (x) (74). whole N20 record during fast climate chang- 
Each point of our record is either a single measurement or the mean value of two t o  six measurements es is an artefact caused by chemical impuri- on samples from the same core section. The error bars represent the analytical reproducibility ( lo) .  For 
the age scale, the difference between the age of the air and of the surrounding ice has been taken into ties in the ice. 
account (20). The l a  band through our data was obtained by a Monte Carlo simulation (25) and marks In the GRIP record covering a fast climate 
the range of a likely evolution of the N 2 0  concentration for this period. oscillation during the last ice a g e D a n s -  

gaard-Oeschger (D-0) event 8 (36.5 to 33.5 

Fig. 2. GRlP N,O (sol- 
id and open circles), 
6180 (76) (upper trace), 
and CH, (77) (lower 
trace) records for the 
last glacial-interglacial 
transition [the GRlP time 
scale is in years before 
1989 (20,26)]. For N20, 
the results from all indi- 
vidual samples are plot- 
ted together with their 
analytical uncertainty 
(lo). We assume that 
high N 2 0  values (open 
circles) are caused by ar- 
tefacts. Solid circles indi- 
cate reliable results. Er- 
ror bars indicate esti- 
mated l o  uncertainty (4 
ppbv). Measurements 
that are out of range are 
marked by arrows at the 
corresponding time. The 
light shading denotes 
the time period of the 
BIA; the dark shading 
denotes the YD event 
The uncertainty in the 
difference between ice 
and gas ages (Aage) and 
therefore in the compar- 
ison of N,O and CH, to  
6180 is about 100 years 
(77). 

kyr  fithe he N20 concentration increased 
from below 210 ppbv to over 250 ppbv and 
decreased again to less than 2 10 ppbv within 
3.5 kyr (Fig. 3). The highest value measured 
in this time period (302 ppbv at 36.0 kyr BP) 
is marked by an arrow at the corresponding 
time in Fig. 3. For the same time period, 13 
samples of the Byrd ice core from Antarctica 
(80°S, 120°W) were analyzed as well (Fig. 
3). Given today's small interhemispheric gra- 
dient of approximately 1 ppbv (I), we expect 
that the interhemispheric difference was also 
small during D-0  event 8 and that therefore 
the measurements from the two cores should 
be almost the same within the analytical un- 
certainty. The Byrd measurements indicate 
an increase in the N 7 0  concentration from 
approximately 2 10 ppbv to a maximum value 
of 247 ppbv around 35 kyr BP. The increase 
at the beginning of D-0 event 8 and the 
absolute values during the mild phase are in 
good agreement with our GRIP results. This 
agreement between two records from ice 
cores that differ significantly in their chemi- 
cal impurities strongly supports our assump- 
tion that the general N20 record measured in 
Greenland ice represents the atmospheric 
concentration. 

The general pattern of N20 variations is 
similar to that for CH,, with lower concen- 
trations during cold climate stages and higher 
concentrations during warm ones. Like CH,, 
N20 seems to be coupled with Greenland 
temperature and therefore to the climate 
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changes in the Northern Hemisphere, where- 
as the temperature reconstructed for Antarc- 
tica shows a different pattern (1  7). The pre- 
industrial emission rate of the natural sources 
is estimated at 11 X 10" g of nitrogen per 
year (1 1 Tg of N year-') (21). We assume for 
the following estimates that the lifetime of 
N 2 0  was constant and therefore that the equi- 
librium concentration was proportional to the 
annual emission rates. Lower concentrations 
in the past suggest that emission rates assum- 
ing equilibrium states were reduced by 1056 
(1.1 Tg of N yearp1) during the YD event and 
by about 26% (2.9 Tg of N yearp1) in the late 
glacial relative to preindustrial emission 
rates. During D - 0  event 8, the concentration 
changed by about 50 ppbv, corresponding to 
an emission rate change of 2 Tg of N yearp1. 
These are significant changes in any single 
natural source. Additional information about 
environmental changes in response to climat- 
ic changes is expected from measurements of 
changes in the interhemispheric gradient of 
N,O and of time lags between changes in the 
concentrations of CH, and N20 .  The inter- 
hemispheric gradient cannot be determined 
with the present precision of measurements. 
Time lags are especially pronounced during 
the two transitions from mild events with a 
relatively high N 2 0  concentration to cold 
events with a low N 2 0  concentration. The 
decreases of N 2 0  at the end of the warmer 
epochs started at the same time or even be- 
fore the decreases of CH, and the final de- 
crease of 8' '0 after a last neak value. but 
occurred more slowly. Only part of the de- 
layed decrease of N,O as compared to CH, 
after a climate cooling can be attributed to the 
longer atmospheric lifetime of the foi-nler. 

At the end of D - 0  event 8. the CH, 
concentration showed its highest value at 
about 34.5 ltyr BP (Fig. 3) and decreased over 
about 500 years to a value typical for the cold 
phases. Assuming a linear decrease of the 
N,O source from 10.4 to 8.4 Tg of N year-' 
ill-the same time period as the CH, sources, 
we would expect a N 2 0  concentration below 
210 ppbv at about 33.8 lcyr BP (22). There- 
fore. we conclude that the reduction of N,O 
sources was slower than that of methane 
sources at the end of D - 0  event 8. 

The difference is even more pronounced 
at the transition from the Bol1ing;Aller~d 
(B,/A) (14.5 to 12.7 kyr BP) to the YD (12.7 
to 11.6 kyr BP) (Fig. 3). The CH, concentra- 
tion decreased veiy quicltly. indicating a re- 
duction of methane sources to late glacial 
levels within 250 years or less. If N,O sourc- 
es had been reduced in the same time snan to 
late glac~al levels. we would expect a concen- 
tration of about 200 ppbv in the middle of the 
YD period despite the longer lifetime of N,O. 
The N 2 0  sources were reduced more slowly 
than the CH, sources and, in contrast to CH, 
sources, did not reach a usual cold phase level 

Fig. 3. GRlP N 2 0  (solid 
circles, left axis), 6180 
(16) (upper trace), and 
CH, (17) (lower trace) 
records for D - 0  event 
8. We assume that 
high N 2 0  values (open 
circles and arrow at the 
corresponding time) are 
caused by an artefact. 
For this t ime period, 
the uncertainty in l a g e  
is better than 300 years 
(17). N 2 0  measure- 
ments from the Byrd 
core for the same t ime 
period are shown as 
solid diamonds (right 
axis). Error bars indi- 
cate estimated la un- 
certainty (4 ppbv). The 
t ime scale of the Byrd 
gas record was syn- 
chronized t o  that of 
the GRlP gas record 
wi th an uncertainty of 
200 years (17). 

(about 8 Tg of N yearp1) during the YD production but also on the transport of N 2 0  
event. from denth 124) to the surface water. Climate 

Time lags during increases of the N 2 0  con- 
centration at the beginning of mild phases or of 
the Holocene are less obvious. The increase at 
the beginning of D-0  event 8 is difficult to 
determine because there is a gap of results 
between 36.2 and 36.7 kyr BP. An increase in 
the N,O concentration of 50 ppbv occurred 
either in 1250 years or in a little less than 1000 
years. However, the increase in the source was 
a gradual one. The increases at the begin~ling of 

A \ ,  

changes influence both sources, but their in- 
dividual contribution and even the sign of 
their response to climate variations are dif- 
ficult to estimate. Because both oceanic and 
terrestrial sources can change very quiclcly; 
even the rate of a N 2 0  increase (for exam- 
ple. from the last glacial to the B!A) is not 
sufficient to constrain the sources. On the 
basis of our data. we cannot yet determine 
the sources responsible for the N,O con- 

the B.A and the Holocene are difficult to deter- centration changes discussed here. 
mine because of results that we consider to be An identification of sources will only be- 
affected by artefacts. N 2 0  started to increase 
slowly at about 16 kyr BP to reach a level of 
about 220 ppbv in 14.8 kyr BP and was fol- 
lowed by a fast increase of about 45 ppbv in 
300 years. At the YD-to-Holocene transition. 
the N 2 0  concentration increased by 30 ppbv in 
about 200 years. Considering the present uncer- 
tainty, the increases at the beginning of the B,/A 
and the Holocene can either be explained by an 
immediate increase of the sources or a gradual 

come possible when the isotopic signature of 
N,O trapped in ice can be measured accurate- 
ly. However, it is not a priori clear whether 
N 2 0  trapped in ice lteeps its isotopic signa- 
ture over centuries and millennia. Compari- 
son of additional high-resolution N 2 0  records 
with CH, (mainly terrestrial source) and CO, 
records (largely influenced by the oceanic 
source) and identification of leads and lags of 
concentration changes of these three green- 

increase within 300 and 200 years, respectively. house gases during climate changes will pro- 
as shown by very simple model calculations. vide more detailed infoilnation about the re- 

The main candidates for changing sources sponse of the environment to climate chang- 
of N 2 0  are the oceans and terrestrial soils. The es. In addition, model simulations of oceanic 
N,O production in soils depends mainly on the and terrestrial sources should be performed 
input of organic matter; fertility, moisture sta- to further constrain the N,O source history 
tus. temperature, and oxygen status (23). The on the basis of measurements of past N 2 0  
oceanic N 2 0  source depends not only on N 2 0  changes. 
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Optical Vortices Crystals: 
Spontaneous Generation in 
Nonlinear Semiconductor 

Microcavities 
J. Scheuer and M. Orenstein 

Broad-area, vertical-cavity surface-emitting lasers were shown to switch their 
emission mode from the regular single or multilobed light fields to exhibit 
complex arrays of "dark beams." Examination of these dark spot arrays revealed 
that they consist of multiple, closely packed optical vortices: optical fields that 
have phase singularities and show increased complexity as the injection current 
level is raised. Contrary to their complex appearance, most of these light 
distributions are not the result of a multimode (multiple-frequency) operation 
but exhibit single-frequency characteristics. The dark beam patterns can be 
described as emanating from a spontaneous process of transverse mode locking 
of nearly degenerate modes, assisted by the laser nonlinearity. surprisingly, 
these patterns show high resemblance to patterns generated in other nonlinear 
scenarios that are completely different both in scale and in mechanism. 

The formation and propagation of complex, 
transverse, spatiotemporal field patterns (dy- 
namically evolving optical field patterns, man- 
ifested as a complex structure of high- and 
low-intensity areas across the optical beam) 
in nonlinear optical devices is both of a fun- 
damental interest and could have applications 
in a variety of areas such as optical data 
storage, distribution and processing [exploit- 
ing the robustness of a vortex field ( I ) ] ,  and 
laser cooling [optical trapping of particles in 
the featured intensity distribution ( 2 ) ] .  The 
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peated elongated field distributions), had 
been observed as well (3). The experimental 
observation of these phenomena is intricate 
because of the requirement for high values of 
both the Fresnel number and the nonlinearity. 
As a result, "optical crystals" were observed 
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structure by replacing some of its more dif- 
ficult-to-achieve intrinsic mechanisms (such 
as nonlinearity and feedback) with an elec- 
tronic realization] and also in a nonlinear 
macrocavity containing sodium vapor (7). 

Semiconductor microcavities under lasing 
condition are uotentiallv the best microlabor- 
tories for producing and using complex opti- 
cal fields because of the reasons detailed 
here. These devices combine a very high- 
quality optical cavity and a nonlinear medi- 
um. The semiconductor laser nonlinearity is 
of a saturation type and is unique in having an 
appreciable contribution from both the real 
and imaginary nonlinear index of refraction. 
The intrinsic gain of the laser assists in over- 
coming the losses that are a dominant factor 
in the deterioration of the nonlinear propaga- 
tion. The vertical cavity configuration plays a 
major role in the pattern formation discussed 
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Fig. 1. Schematics of the nonlinear microcavity 
cross section. 
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