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was carried out, the bisoxazolidine 24 formed was unsymmetrical,
with one of the oxazolidine rings epimeric with the other. The
pseudo-S 2 symmetry of 24 forces the two oxazolidine centres
(marked with asterisks in Fig. 7) to seek pseudo-enantiomeric
conformations, which can only happen if one oxazolidine adopts
unusual endo relative stereochemistry28, allowing it to retain the
favourable oxazolidine–amide interaction.

Extending information transmission in these systems beyond the
2.5 nm reported here will depend on the efficacy of additional
coupling reactions: the conformational relay itself seems remark-
ably robust, with no significant degradation of information quality
even after six relay steps. The synthetic versatility of amides, and in
particular their ability to act as branch points, may make related
compounds valuable components of future molecular devices for
the transmission and processing of information15,16. A
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Although the El Niño/Southern Oscillation phenomenon is the
most prominent mode of climate variability1 and affects weather
and climate in large parts of the world, its effects on Europe and
the high-latitude stratosphere are controversial2–5. Using histori-
cal observations and reconstruction techniques, we analyse the
anomalous state of the troposphere and stratosphere in the
Northern Hemisphere from 1940 to 1942 that occurred during
a strong and long-lasting El Niño event. Exceptionally low surface
temperatures in Europe and the north Pacific Ocean coincided
with high temperatures in Alaska. In the lower stratosphere, our
reconstructions show high temperatures over northern Eurasia
and the north Pacific Ocean, and a weak polar vortex. In addition,
there is observational evidence for frequent stratospheric warm-
ings and high column ozone at Arctic and mid-latitude sites.
We compare our historical data for the period 1940–42 with
more recent data and a 650-year climate model simulation. We
conclude that the observed anomalies constitute a recurring
extreme state of the global troposphere–stratosphere system in
northern winter that is related to strong El Niño events.

Scientists in the early 1940s observed unusually high values of
total ozone over several sites in Europe, but did not present an
explanation. At the same time, exceptional climatic conditions were
registered at the Earth’s surface, but were never analysed in a large-
scale context. Moreover, a prolonged El Niño occurred in 1939–42,
raising the question of a possible relation between El Niño, Euro-
pean climate, and the northern stratosphere6. In order to study this
period in detail, we have compiled, digitized and re-evaluated all
available total ozone observations7–9 and several tens of thousands
of geopotential height (GPH) and temperature profiles from radio-
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sondes and aircraft from 1939–4410. The latter served to statistically
reconstruct monthly mean fields of GPH and temperature for the
northern extratropics up to the 100 hPa level in the lower strato-
sphere (around 16 km altitude)11. Here we analyse these data and
compare the results to more recent data and a climate model
simulation.

The El Niño event started in autumn 1939, reached full strength
in January 1940 and lasted, with varying intensity, until spring 1942
(Supplementary Fig. 1). The characteristic anomalies in the north-
ern extratropics described below began in December 1939 or
January 1940 and ended between February and April 1942, with a
considerable persistence during this period (Supplementary Fig. 1).
In the following we focus on the extended winter period (January to
April; the season most indicative of large-scale coupling processes)
of the years 1940, 1941 and 1942. Averaged anomaly fields are shown
in Fig. 1 (top). In order to assess the magnitude of the individual
anomaly features, corresponding time series for the twentieth
century are shown in Fig. 2, together with the El Niño index
NINO3.4, the Pacific Decadal Oscillation index (PDOI) and the
North Atlantic Oscillation index (NAOI; for definitions, see
Methods).

The dominant global feature was the contrast between high
tropical and low extratropical sea surface temperatures (SSTs) in
both hemispheres, most pronounced in the Pacific (reflected by
exceptional peaks in NINO3.4 and PDOI). Surface air temperatures
(SATs) were exceptionally high in Alaska, Canada and central Asia
(Fig. 1), but low in Siberia and extremely low in central and
northeastern Europe, where the three severe winters in a row
(TEuro in Fig. 2) played an important role in the Second World
War. A similar, large-scale temperature pattern also appeared in
summer and autumn 1940 and 1941, though weaker in magnitude
(Supplementary Fig. 2). The dominant features in the wintertime
sea level pressure field (SLP, Fig. 1) were a weak Icelandic low and an
intensified Aleutian low; their anomaly difference (IL–AL in Fig. 2)
was twice as large in 1940 and 1941 than at any other time in the

twentieth century. The weak Icelandic low and Azores high led to a
strongly negative NAOI. Positive SLP deviations were observed over
Scandinavia and North America, and negative deviations over
Labrador and Manchuria. Distinct anomaly patterns are also
found in the reconstructed upper-level fields (see Methods). The
300 hPa GPH field reflects an anomaly in planetary wave structure;
positive deviations appear over Canada and Greenland, negative
deviations over the western North Pacific, parts of the North
Atlantic, and central Europe. At the Earth’s surface and in the
troposphere, the period 1940–42 represents an extreme climatic
anomaly of hemispheric to global extent.

Re-evaluated upper-air data and reconstructions11 reveal that this
is also the case in the stratosphere. The wintertime 100 hPa GPH
anomaly field (Fig. 1 top) shows a large difference between the polar
region and the mid-latitudes (Z100 in Fig. 2), indicating a weak and
meridionally expanded polar vortex. Temperatures at 100 hPa
exhibit a positive anomaly over northern Eurasia and the North
Pacific, and negative anomalies over the northern Atlantic and
Canada. The data suggest a frequent occurrence of major midwinter
stratospheric warmings (MMW, at least in January 1940, February
1941 and February 1942)12. The anomaly in stratospheric circula-
tion was accompanied by large total ozone deviations. A strong
positive anomaly around 1940–42 appears in all six available ozone
series (Fig. 3), at sites spread throughout the Northern Hemisphere.
The same is found for lower-quality series from Oxford, UK13, and
Table Mountain, California14. The highest annual mean values in the
series from Arosa in Switzerland (since 1926) and Tromsø in the
Norwegian Arctic (since 1935) both occurred in 1940 (Fig. 2; note
that anthropogenic ozone depletion affects total ozone after around
1970). Chemical effects can largely be excluded— rather, the total
ozone data point to an extreme perturbation of ozone transport,
and hence circulation, in the stratosphere.

Analysed in context of twentieth-century climate variability, the
1940–42 period stands out as an anomaly unique in strength, but
weaker anomalies of the same type are also found after 1948. There

Figure 1 Consistent northern winter climate extremes related to strong El Niño

events. Top, polar stereographic projection of anomaly fields (with respect to 1961–90)

of surface air temperature27, sea level pressure (SLP)29, 300 hPa and 100 hPa

geopotential height (GPH in units of geopotential metres, gpm) and 100 hPa

temperature11, in the northern extratropics averaged from January to April, 1940–42.

Light shadings denote a low reconstruction skill (reduction of error RE ,0.2 based on two

split sample validations11). Bottom, same anomaly fields for the winters during the 26

strongest El Niño years (October–September NINO3.4 .1 8C) in the CCSM-2.0 control

run.
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are seven cases where all index series relating to the Atlantic-
European sector and the stratosphere (NAOI, TEuro, Z100, total
ozone at Arosa and Tromsø), after removing an 11-yr moving
average to account for trends and possible solar cycle effects, have
the same sign as in 1940–42. All of these cases— the most pro-
nounced were 1969/70, 1987 and 1998— concur with El Niño
conditions (positive NINO3.4), which therefore are considered as
a possible driving factor.

The anomalies in the Pacific region can at least partly be
attributed to El Niño, which is known to affect the North Pacific
and surrounding areas via changes in the Hadley circulation and
Rossby wave generation15,16. Possible low-frequency oceanic pro-
cesses and ocean–atmosphere feedbacks in the North Pacific might
also have contributed to the cold central North Pacific and strong
Aleutian low in 1940/41 and 198717,18. As to the Atlantic-European
sector, the anomalies at the surface and in the stratosphere are

dynamically consistent with each other. The wintertime relation
between the Icelandic low and the polar vortex and their effect on
European climate and total ozone are well documented19–21. To what
extent European winter climate and the northern stratosphere are
affected by El Niño is a matter of debate2–5. According to several
observational and modelling studies, the ‘canonical’ El Niño
winter signal in Europe consists of cold temperatures in Northern
Europe, high SLP from Iceland to Scandinavia and low SLP over
central and western Europe2,4,22, as in 1940–42. Also, strong El
Niños have been found to be associated with a weak polar vortex
and more frequent major stratospheric warmings5,6. However, not
all El Niños show these features and other studies find no
consistent signal, which may be due to the strong variability of
extratropical circulation, the small number of strong events,
disturbing effects of volcanic eruptions and anthropogenic influ-
ences, interference with the Quasi Biennial Oscillation in the
stratosphere5,6, or a varying, non-stationary signal4,16. In summary,
all anomalies found in 1940–42 are qualitatively consistent with El
Niño influence.

To further explore the concurrence of extremes in Pacific and
European climate and the northern stratosphere and their possible
relation to El Niño, we used a 650-yr control run of a coupled
climate model (CCSM-2.0) and calculated the same index series as
in Fig. 2. Extremes in the different series tend to be concomitant.
Selecting only strong El Niño years (October–September average of
NINO3.4 .1 8C, 26 cases in 650 yr), significant deviations of the
same sign as in 1940–42 appear in all series (Fig. 2 right, the selected
year is denoted 0). The mean wintertime anomaly fields for these
cases (Fig. 1 bottom) show a strong similarity to those of the early
1940s, not only with respect to SAT and SLP, but also the planetary
wave structure and strength of the polar vortex, as evident in 300
and 100 hPa GPH. Even for 100 hPa temperature we find the same
characteristic pattern. In addition, the selected El Niño years exhibit
very similar SAT patterns as in 1940 and 1941 for summer and, to
a lesser extent, autumn (Supplementary Fig. 2). These results
confirm that, first, the concurrence of the characteristic anomalies
in 1940–42 represents a consistent extreme state of the global
troposphere–stratosphere system on interannual timescales.
Second, they suggest that this extreme state can be related to strong
El Niños.

The CCSM-2.0 model does not simulate stratospheric ozone.
Nevertheless, analysing further dynamical properties can give
important indications with respect to stratosphere–troposphere
coupling and stratospheric ozone. We find a significant increase

T

Figure 2 Climate indices and total ozone series from 1900 to 2003 (left) and

composite series for the 26 strongest El Niño years (preceding and following 4 yr are also

shown) in the CCSM-2.0 control run (right). a, NINO3.4 (ref. 26); b, PDOI (ref. 28);

c, T Euro; d, NAOI; e, IL-AL; f, Z100; g, occurrence (red) or absence (blue) of major

midwinter (December–February) stratospheric warmings (MMW)12,31; and h, total

ozone at Arosa7 (red) and Tromsø (blue). a, b and h are annual averages, c–f are

January–April averages (see Methods). Green bars give 95% confidence intervals for

reconstructions (left, f) and mean values (right, a–f). Dashed lines denote the 1938–44

period.

Figure 3 The 1940–42 total ozone anomaly. Standardized monthly anomalies (with

respect to the 1938–44 mean annual cycle) of total ozone at Arosa (Switzerland)7,

Tromsø, Dombås8 (both Norway), Århus (Denmark)9, New York (USA)9 and Shanghai

(China)9 smoothed with a 12-month moving average.
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in the zonally averaged, early-to-midwinter (November–February)
meridional eddy heat flux at 100 hPa (458–758N) in the selected El
Niño years, suggesting that more upward propagating planetary
wave activity reached the stratosphere. A stronger wave activity flux
diminishes the strength of the polar vortex and strengthens the
meridional circulation in the middle stratosphere23,24. It leads to
more ozone transport from the tropical source regions to the
extratropics24, stronger descent over the polar area and hence a
warm lower stratosphere23 and high Arctic total ozone in late
winter24. Furthermore, pulses of increased upward propagating
wave activity act as trigger for major stratospheric warmings25.
Hence, this mechanism is qualitatively consistent with all strato-
spheric features of the 1940–42 anomaly (for which no heat flux can
be calculated). It not only provides an explanation for the total
ozone increase in the Arctic but would also contribute, together
with ozone redistribution in the lower stratosphere owing to the
change in planetary wave structure12, to the total ozone increase at
mid-latitudes.

The results suggest that the global climate anomaly in 1940 to
1942— previously poorly documented—constitutes a key period for
our understanding of large-scale climate variability and global
El Niño effects. A

Methods
Climate model
CCSM-2.0 is a coupled, global climate model with four components (ocean, atmosphere,
land, sea ice). We used the control run b20.007 provided by the University Corporation
for Atmospheric Research, Boulder, Colorado (for documentation see http://
www.ccsm.ucar.edu/models/ccsm2.0/). The model was run fully coupled for 370 yr in a
spin-up mode with constant 1990 conditions. The final control run was continued from
year 350 and was run fully coupled until year 999. The atmospheric component CAM1 was
run in a T42 horizontal spectral resolution with 26 levels. Ozone concentrations were
fixed to the 1990 annual cycle. Note that this includes ozone-hole conditions over
Antarctica, not representative of 1940–42 conditions. However, we expect no strong effect
on the circulation of the northern extratropics. We used monthly averages for the years
350–999.

Climate indices
Several climate indices were calculated based on monthly mean values. NINO3.4 (ref. 26),
T NPac, TAlaska and T Euro are averaged temperature anomalies for the areas 58 S–58N/1208–
1708W, 308–508N/1558–2258E, 508–758N/1808–2408 E and 458–708N/208–558E,
respectively (HadCRUT2v data, consisting of SATover land areas merged with SST27). The
PDOI is the amplitude, defined for all calendar months, of the first principal component of
monthly North Pacific SSTs (poleward of 208N) obtained from October to March28. Z100
is the difference in 100 hPa GPH anomalies between 758–908N and 408–558N, IL and AL
are SLP29 anomalies for the areas 608–708N/108–408W and 408–558N/1408–1708W,
respectively. The NAOI is the difference of standardized SLP29 anomalies at 64.138N/
21.98W and 37.738N/23.78W. In order to obtain annual series, T Euro, Z100, NAOI and
IL-AL were averaged from January to April, when large-scale coupling processes are
expected to be most influential20,23,24. Annual averages were used for PDOI, total ozone
(calendar year) and NINO3.4 (October of previous year to September, thus leading all
extratropical indices by three months), because anomalies in total ozone and SST have a
long persistence. Monthly meridional (transient plus stationary) eddy heat flux was
calculated from the model data as kv 0 T 0 l þ kvl*kTl*, where v and T denote instantaneous
meridional wind and temperature, respectively, k l denotes a monthly average, and primes
and stars denote deviations from monthly and zonal averages, respectively. It was
subsequently zonally averaged between 458 and 758N from November to February. The
chosen lead of two months with respect to Z100 maximizes the correlation with Z100
(r ¼ 0.75), consistent with other studies23. Upper-level fields were reconstructed from
historical radiosonde and aircraft data as well as SAT station data and SLP by means of
principal component regression models calibrated in the 1948–94 period11. They were
supplemented with NCEP/NCAR reanalysis30 after 1948. Unless otherwise noted,
anomalies refer to the 1961–90 mean annual cycle (years 350–999 in the CCSM-2.0 data).
For the determination of spatial or temporal averages, 50% of the data must be available.
Spatial averages from gridded data were obtained using the grid cell areas as weights. Tests
and 95% confidence intervals for mean values were calculated assuming a t-distribution.

Total ozone
The Tromsø total ozone data 1935–49 were homogenized partially by introducing
empirical correction factors. The measurements before 15 August 1939 performed with an
older instrument (Fery spectrograph) were homogenized with the later measurements
(Dobson spectrophotometer) based on simultaneous measurements in the period August
1939 to September 1940 (scaling factor of 1.37). Zenith sky measurements 1940–49 were
adjusted by calculating ratios of pure direct-sun/zenith-blue daily means and daily means
including zenith-cloud measurements, yielding consistent correction factors (T.S. and
G.H., manuscript in preparation). After November 1978, the record was supplemented

with TOMS Version 7 overpass data in order to fill gaps. For all series, monthly means were
calculated if at least six daily values were available in order to include winter months with
sparse data (most monthly means are based on more than 15 values).
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