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within the range of the 5800 A bands; un­
fortunately, it has yet to be observed in the 
gas phase. The failure to detect C3 in absorp­
tion in diffuse clouds (24), however, appears 
to rule out this attribution. 

Note added in proof: We recently received 
a manuscript by R. J. Glinski and J. A. Nuth 
(27) in which a vibrational band assign­
ment of the 5800 A Red Rectangle emis­
sion features to C 3 is presented. Combining 
this assignment with the results described 
here leads to the conclusion that C3 is the 
carrierofthe X.=5797, X.=5850, and nearby 
related diffuse interstellar absorption bands. 
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Decadal Trends in the North Atlantic Oscillation: 
Regional Temperatures.and Precipitation 

James W. Hurrell 

Greenland ice-core data have revealed large decadal climate variations over the North 
Atlantic that can be related to a major source of low-frequency variability, the North 
Atlantic Oscillation. Over the past decade, the Oscillation has remained in one extreme 
phase during the winters, contributing significantly to the recent wintertime warmth across 
Europe and to cold conditions in the northwest Atlantic. An evaluation of the atmospheric 
moisture budget reveals coherent large-scale changes since 1980 that are linked to recent 
dry conditions over southern Europe and the Mediterranean, whereas northern Europe 
and parts of Scandinavia have generally experienced wetter than normal conditions. 

A major source of interannual variability in 
the atmospheric circulation is the North At­
lantic Oscillation (NAO) (1), which is as­
sociated with changes in the surface wester­
lies across the North Atlantic onto Europe 
(2). An index of the NAO reveals its vari­
ability since 1864 (Fig. lA). The changes in 
circulation associated with changes in the 
NAO index are determined from the differ­
ence in sea-level pressure (SLP) between 
winters with an index value greater than 1.0 
and those with an index value less than - 1.0 
(Fig. lB). Differences of more than 15 mbar 
occur across the North Atlantic, with higher 
than normal pressures south of 55°N and a 
broad region of anomalously low pressure 
across the Arctic. During high NAO win­
ters, the westerlies onto Europe are over 8 m 
s- 1 stronger than during low NAO winters 
(Fig. lB), anomalous southerly flow occurs 
over the eastern United States, and anoma­
lous northerly flow occurs across western 
Greenland, the Canadian Arctic, and the 
Mediterranean. 

In addition to interannual variability, 
there have been several periods (Fig. lA) 
when such anomalous circulation patterns 
persisted over many winters. In the region of 
the Icelandic low, seasonal pressures were 
anomalously low during wintertime from the 
tum of the century until about 1930, while 
pressures were higher than normal at lower 
latitudes. Consequently, the wind across the 
North Atlantic had a strong westerly com­
ponent, and the moderating influence of the 
ocean contributed to warmer than normal 
winter temperatures over much of Europe 
(3). From the early 1940s until the early 
1970s, when the NAO index exhibited a 
downward trend, European wintertime tem­
peratures were frequently lower than normal 
(4, 5). A sharp reversal has occurred over 
the past 25 years, with unprecedented 
strongly positive NAO index values since 
1980 and with SLP anomalies much like 
those shown in Fig. lB. The 1983, 1989, and 
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1990 winters were marked by the highest 
positive values of the NAO index recorded 
since 1864. 

Variations in the quasistationary plane­
tary waves in the atmosphere, among other 
factors, produce spatially coherent large­
scale patterns of anomalies in local surface 
variables on interannual and longer time 
scales (4, 6). Such patterns can be observed 
in the surface temperature and sea-surface 
temperature (SST) anomalies (7) for the 
period from 1981 to 1993 (Fig. 2). The gen­
eral pattern has been one of cooling over the 
oceans and warming over the continents. 
The North Pacific basin temperature anom­
alies, with warming along the west coast of 
North America and Alaska and cooling in 
the central North Pacific, have been linked 
to a substantial decadal change in the atmo­
spheric circulation, which corresponded to a 
deepened eastward-shifted Aleutian low 
pressure system during the winter half of the 
year and lasted throughout most of the 1980s 
(8, 9). Changes in the mean flow were ac­
companied by a southward shift in the storm 
tracks and associated synoptic eddy activity 
(9) and in surface ocean sensible and latent 
heat fluxes (10). It has been hypothesized 
that the Pacific decadal time scale variation 
has its origin in the tropics (9), and several 
modeling studies have confirmed that North 
Pacific atmospheric circulation changes are 
controlled in part by anomalous tropical Pa­
cific SST forcing (11 , 12). 

Decadal changes in the atmospheric cir­
culation and lower tropospheric tempera­
tures during winter over the North Atlantic 
and adjacent land areas, however, do not 
appear to be as strongly influenced by trop­
ical Pacific SST variability (12, 13). The 
anomalous coldness over the past decade 
near Greenland and the eastern Mediterra­
nean, and the very warm conditions over 
Scandinavia, northern Europe, the former 
Soviet Union, and much of central Asia 
(Fig. 2), are more strongly linked to the 
recent behavior of the NAO. To isolate the 
important coupled modes of variability be­
tween the SLP and surface temperature and 

http://www.sciencemag.org
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SST fields, I applied singular value decom­
position (SYD) analysis {14) to the tempo­
ral covariance matrix between a data set of 
95 winters (1899 to I 993) consisting of sea­
sonal mean SLP anomalies and concurrent 
SST and surface land temperature anoma­
lies. The temperature data set is the same as 
that used to construct Fig. 2, whereas the 
SLP data have been carefully evaluated and 
corrected for errors (15). Because the signa­
ture of the NAO is strongly regional (Fig. 
1B), a domain of 20°N to 80°N and 90°W 
to 40°E was selected for the SYD analysis. 

The first set of singular vectors corre­
spond to the NAO and explain nearly 75% 
of the total squared covariance. The chang­
es in SLP associated with the first SYD 
mode (Fig. 38) confirm that the stations 
used to construct the NAO index in Fig. IA 
are near the main opposite centers of the 
teleconnection. The correlation coefficient 
between the expansion coefficients of the 
first SLP vector and the NAO time series 
(Fig. IA) is 0.9I from I899 to I993. The 
similarity between the departure patterns of 
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Fig. 1. (A) Winter (December through March) 
index of the NAO based on the difference of 
normalized pressures between Lisbon, Portugal, 
and Stykkisholmur, Iceland, from 1864 through 
1994. The SLP anomalies at each station were 
normalized by division of each seasonal pres­
sure by the long-term mean (1864 to 1994) stan­
dard deviation. The heavy solid line represents 
the meridional pressure gradient smoothed with 
a low-pass filter with seven weights (1, 3, 5, 6, 
5, 3, and 1) to remove fluctuations with periods 
less than 4 years. (B) Difference in SLP between 
years with an NAO index > 1.0 and those with 
an index <- 1.0 (high index minus low index 
winters) since 1899. The contour increment is 
2 mbar; negative values are dashed. Stippling 
indicates where the composited surface 
geostrophic zonal wind difference is greater than 
8 m s- 1 . 

temperature (Fig. 3A) and the decadal 
anomalies over the North Atlantic and sur­
rounding landmasses (Fig. 2) suggests that 
the recent temperature anomalies over these 
regions are strongly related to the persistent 
and exceptionally strong positive phase of 
the NAO index since the early I980s. 

Changes in the mean circulation patterns 
over the North Atlantic are accompanied by 
pronounced shifts in the storm tracks and 
associated synoptic eddy activity (16). 
Changes in the mean and eddy components 
of the flow affect the transport and conver­
gence of atmospheric moisture and can, 
therefore, be directly tied to changes in re­
gional precipitation. The atmospheric mois­
ture budget cannot be adequately computed 
before I 979 because of the lack of high­
quality global analyses. To provide an anal­
ogy to the low-frequency changes evident in 
the NAO index (Fig. IA), I compared low or 
near-normal NAO winters with very high 
NAO winters using composites of the global 
analyses produced by the European Centre 
for Medium Range Weather Forecasts (EC­
MWF), which are considered to be of suffi­
cient quality to adequately evaluate the 
large-scale moisture budget ( J 7). For the low 
or normal NAO composite, the average De­
cember through March ECMWF analyses for 
the winters I979, I985, I986, I987, and 
I 988 were used. Only three of these winters 
have negative index values, resulting in a 
composited index value of -0.6 :+:: 0.8. The 
high NAO composited index is 3.5 :+:: 0.9, 
determined from the average of the I 983, 
I 989, I 990, I 992, and I 993 winter indices. 

Vector plots of the vertically integrated 
total moisture transport for both the high 
and the normal-low NAO composites (Fig. 
4) show that during times of a high NAO 
index, the axis of maximum moisture trans­
port shifts to a more southwest-to-northeast 

Fig. 2. Average surface temperature and SST 
anomalies of 13 winters (1981 through 1993, De­
cember through March), expressed as departures 
from the 1951 through 1980 mean. Negative 
anomalies less than -0.25°C are dashed, and 
positive anomalies greater than 0.25°C are indi­
cated by solid contours. Regions of insufficient 
data are not contoured. 
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orientation across the Atlantic and extends 
much farther to the north and east onto 
northern Europe and Scandinavia. A signif­
icant reduction of the total atmospheric 
moisture transport occurs over parts of south­
ern Europe, the Mediterranean, and north 
Africa. 

It is the divergence of the moisture trans­
port, however, that determines the excess of 
precipitation over evaporation. Evaporation 
(E) exceeds precipitation (P) over much of 
Greenland (Fig. 4C) during high NAO win­
ters, especially in the south where changes 
are on the order of I mm day- 1• Together 
with the low-frequency changes evident in 
the NAO index (Fig. IA), these results are 
consistent with observational and modeling 
evidence of a declining precipitation rate 
over much of the Greenland Ice Sheet over 
the past two decades (I B). During high 
NAO index winters, drier conditions occur 
over much of central and southern Europe 
and the Mediterranean, whereas enhanced 
moisture flux convergence occurs from Ice­
land through Scandinavia. The increases in 

30°W 0 30°E 

B 

120°w .· 120°E 

60°W ". 

30°W o 30°E 

Fig. 3. Geographical patterns of the hemispheric 
(A) surface temperature and SST and (B) SLP 
departures corresponding to a unit standard de­
viation of the expansion coefficients of the first 
SLP vector. Negative departures are dashed, and 
regions of insufficient data are not contoured. The 
contour increment is 4 x 10 - 1°C in (A) and 1 mbar 
in (8). The SLP-temperature temporal covariance 
matrix was computed from unnormalized winter 
(December through March) data over the period 
from 1899 through 1993. 
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wintertime prec1p1tation over Scandinavia 
may be related to recent positive mass bal­
ances in the maritime glaciers of southwest 
Norway (19). 

Long-term station records of wintertime 
precipitation (Table 1) support the evapora­
tion minus precipitation (E - P) patterns 
(Fig. 4C). Correlations between the NAO 
index (Fig. IA) and the station data are of 
greatest magnitude where the E - P patterns 
are largest and statistically significant, 
whereas stations that exhibit low correla­
tions (not listed here) are mostly located in 
regions where the E - P map shows little 
signal. The main disagreement between Ta­
ble 1 and Fig. 4C is that the strongest neg­
ative correlations are found at stations 
throughout the Azores, Portugal, Spain, and 
northwest Africa, whereas weaker and statis­
tically insignificant atmospheric moisture 
flux divergence is indicated throughout 
these areas during high NAO index winters 

in the ECMWF data. The differences in 
precipitation rates between winters in which 
the NAO index exceeded 1.0 and winters in 
which the index was less than -1.0 (Table 
1) also agree well with the E - P patterns. 
They provide further evidence that the re­
cent, decade-long winter dry conditions over 
southern Europe and the Mediterranean, and 
the wet anomalies from Iceland eastward 
through Scandinavia (20), are related to the 
persistent positive phase of the NAO. 

The above analysis of changes in surface 
temperatures, precipitation, winds, and other 
measures of the atmospheric circulation re­
veals coherent, long-lived coupled variations 
on a regional scale. Evidence for large and 
rapid fluctuations in the climate of the At­
lantic abound in historical and proxy 
records. Recent analyses of Greenland ice­
core data, for instance, have revealed abrupt 
changes in the climate of the North Atlantic 
at decadal time scales (21) that may be 

related to fluctuations in the NAO (22) . 
lnterannual fluctuations in surface ocean 
conditions over the North Atlantic are 
largely governed by wind-induced changes in 
the air-sea energy fluxes, whereas interdec­
adal variations also involve changes in the 
ocean circulation (23). Prolonged periods 
with anomalous atmospheric circulation pat­
terns associated with the NAO (Fig. IA) 
alter the amount of heat extracted from the 
ocean by the atmosphere and the fresh water 
input to the ocean through changes in E -
P, the melting of sea ice, and continental 
runoff and therefore are likely to affect the 
rate of deep water formation in the North 
Atlantic. Significant temperature variability 
on decadal time scales has been observed at 
depth in the ocean (24), but there are insuf­
ficient observations to determine what 
changes have occurred in the ocean thermo­
haline circulation. 

The large warm wintertime anomalies 

60°N 

40°N 

A Table 1. Stations (latitude, longitude) that contain records of December through 
March precipitation for at least 40 years. The correlation coefficients between precip­
itation and the NAO index [r(NAO,P)] and the total number of winters (n) that were 
included in the correlations are indicated. Also indicated are the mean precipitation 
rates P over the total number of winters (n) and the differences in precipitation rates 
between winters with an NAO index > 1.0 and those with an index < -1 .0. One 
asterisk indicates statistical significance at the 5% level, and two indicate significance 
at the 1 % level. 
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Fig. 4. Vectors of the vertically integrated moisture transports for (A) 
high NAO index winters and (B) normal or low NAO index winters. 
Evaporation minus precipitation computed from the atmospheric 
moisture budget for high minus normal or low NAO index winters is 
shown in (C) . The contour interval of the magnitudes is 50 kg m- 1 

s- 1 in (A) and (B). The contour interval in (C) is 0.5 mm day- 1 , and 
the stippling indicates values significantly different from 0 at the 5% 
level with the use of a t test. 

Station 

Bergen (60.4°N, 5.3°E} 

Stornoway (58.2°N, 6.3°W) 

Tiree (56.6°N, 6.9°W) 
Stavanger (58.9°N, 5.6°E} 

Thorshavn (62 .0°N, 6.8°W} 

Lerwick (60.1°N, 1.2°W) 

Reykjavik (64.1 °N, 21.9°W) 

Akureyri (65.7°N, 18.1°W} 

Stykkisholmur (65.1°N, 22.7°W) 

Haparanda (65.8°N, 24.2°E) 

Karesuando (68.5°N, 22.5°E) 

Oslo (60.2°N, 11 .1°E) 

Helsinki (60.3°N, 25.0°E} 
Paris (49.0°N, 2.5°E) 

Frankfurt (50.1°N, 8. 7°W) 

Godthab (64.2°N, 51 .8°w) 

Jakobshavn (69.2°N, 51 .1°W) 
lvigtut (61 .2°N, 48.2°W) 

Marseille (43.5°N, 5.2°E) 
Milan (45.4°N, 9.3°E) 
Istanbul (41.0°N, 29.1 °E) 
Lyon (45. 7°N, 5.0°E} 
Rome (41.8°N, 12.2°E) 
Ajaccio (41 .9°N, 8.8°E) 
Ponta Delgado (37.8°N, 25.7°W} 
Belgrade (44.8°N, 20.5°E) 
Casablanca (33.6°N, 7.7°W) 
Lisbon (38.8°N, 9.1°W) 
Madrid (40.4°N, 3.7°W) 
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r(NAO,P) 

0.77 .. 

0.75 .. 

0.67 .. 

0.66** 
0.53 .. 
0.49 .. 
0.48 .. 

0.43 .. 

0.40 .. 

0.37** 
0.21· 

0.21* 
0.18* 

-0.19" 
-0.19* 

-0.20* 

-0.21* 
-0.31* 
-0.32 .. 
-0.35 .. 

- 0.36** 
- 0.37** 

- 0.37** 
-0.48 .. 
-0.49 .. 
-0.50 .. 
-0.61 .. 
-0.64 .. 

- 0.69 .. 

Years 

72 

63 

63 
43 

116 

63 
73 

63 
117 

130 
115 

125 

130 

119 

130 
100 

95 

89 
120 
130 

64 
129 
119 
42 
98 
94 

82 
130 
129 

P(mm 
day- 1) 

5.8 

3.5 

3.4 
2.7 

4.8 

3.6 

2.7 

1.6 
2.2 

1.2 

0.6 

1.3 

1.5 
1.5 

1.4 

1.1 

0.4 
2.8 

1.5 
2.2 
2.7 
1.6 
2.6 
2.2 
3.2 
1.4 
2.0 
3.0 
1.3 

t.P(mm 
day- 1) 

3.6 .. 

1.4 .. 

1.2 .. 
1.4 .. 

1.1 ** 

0.8** 
0.9** 

0.4* 

0.7** 
0.4** 

0.1 
0.2 

0.1 
-0.3** 

-0.2* 

-0.4 

-0.1 
-0.9* 

-0.5** 
-0.8** 
-0.7** 
-0.5** 

-o.8·· 
-1.1 ** 
-1.1 .. 

-0.6** 
-1.1 .. 

-1.8 .. 

-1.0** 
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• a 

over the middle- and high-latitude conti­
nents over the past decade (Fig. 2) resemble 
some results obtained by coupled atmo­
sphere-ocean models forced with steadily in­
creasing atmospheric greenhouse gases (25), 
and evidence suggests that the recent warm­
ing may be related to increasing tropical 
ocean temperatures that have led to an en­
hancement of the tropical hydrologic cycle 
(12, 26). However, significant decade-long 
changes in the atmospheric circulation, and 
in the NAO in particular, have contributed 
substantially to the regional warming, com­
plicating the interpretation of the climate 
system response to increased greenhouse gas 
forcing. Decadal variability in the NAO has 
become especially pronounced since about 
1950 (Fig. IA), but the causes for such vari­
ability in the Atlantic are not clear. The 
relation of the NAO to greenhouse gas forc­
ing and possible links to coherent variations 
in tropical Atlantic SSTs (27) need to be 
examined, along with how well climate 
models simulate the NAO and its recent 
variations. 
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Rescue of the En-1 Mutant Phenotype by 
Replacement of En-1 with En-2 

Mark Hanks,* Wolfgang Wurst,t Lynn Anson-Cartwright, 
Anna B. Auerbach,+ Alexandra L. Joyner+§ 

The related mouse Engrailed genes En-1 and En-2 are expressed from the one- and 
approximately five-somite stages, respectively, in a similar presumptive mid-hindbrain 
domain. However, mutations in En-1 and En-2 produce different phenotypes. En-1 mutant 
mice die at birth with a large mid-hindbrain deletion, whereas En-2 mutants are viable, 
with cerebellar defects. To determine whether these contrasting phenotypes reflect dif­
ferences in temporal expression or biochemical activity of the En proteins, En-1 coding 
sequences were replaced with En-2 sequences by gene targeting. This rescued all En-1 
mutant defects, demonstrating that the difference between En-1 and En-2 stems from 
their divergent expression patterns. 

The mouse Engrailed (En) genes En-1 and 
En-2 are the murine members of a large 
conserved gene family related to the Dro­
sophila segmentation gene engrailed (en) . All 
En genes encode proteins that contain a 
homeodomain as well as four small, highly 
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conserved regions (1 ). However, outside 
these regions, En proteins share little iden­
tity across the phyla. Overall, En-1 and 
En-2 proteins share approximately 55% 
amino acid identity with each other and 
approximately 35% identity with Drosophila 
En protein. 

En-1 expression is first detected during 
mouse embryogenesis at the one-somite 
stage, in cells of the anterior neural folds. 
En-2 expression, which occurs in a similar 
region, initiates at the five-somite stage 
but does not fully overlap with En-1 until 
approximately eight somites have formed 
(2). Expression of both genes continues in 
cells of the ventricular layer of this pre­
sumptive mid-hindbrain region. At 9.5 
days post coitus (dpc), En-1 expression 
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