
alone. However, all of the model simula- 
tions, which used global SST anomalies, did 
produce these (Fig. 1, B and D). It is likely 
that the model responses in these regions are 
the result of extratropical anomalies. Results 
from a subseauent suite of numerical exDer- 
iments performed to separate the effects of 
various tropical and extratropical SST 
anomalies also suggest this connection. 

This investigation does not ureclude the 
L. 

possibility that the observed warming of the 
trouical oceans is the end result of global - 
warming itself. If so, our results imply that 
the spatial and temporal characteristics of 
the global warming trends are manifested as 
a bias in the frequency of occurrence of one 
of the modes of the natural variability of the 

ocean-atmosphere system, that is, ENSO. 
As a corollary, the AGCMs that do not 
simulate these modes of natural variability 
for the present climate may also misrepre- 
sent the spatial and temporal characteristics 
of predicted global warming. 
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Causes of Decadal Climate Variability over the of the Kuroshio extension. Simulated SSTs 
in this region exhibit a distinct irregular 

North Pacific and North America oscillatorv behavior on a decadal time scale 

M. Latif" and T. P. Barnett 
with makimum anomalies of slightly less 
than 1°C. There are three manifestations of 
the decadal mode. 

The cause of decadal climate variability over the North Pacific Ocean and North America To  determine the spatial coherence of 
is investigated by the analysis of data from a multidecadal integration with a state-of- the decadal-scale SST variability, we com- 
the-art coupled ocean-atmosphere model and observations. About one-third of the low- puted the associated SST regression pattern 
frequency climate variability in the region of interest can be attributed to a cycle involving (Fig. 1B). It is dominated by a large-scale 
unstable air-sea interactions between the subtropical gyre circulation in the North Pacific positive SST anomaly centered near 35'N 
and the Aleutian low-pressure system. The existence of this cycle provides a basis for and extending from the Asian coast almost 
long-range climate forecasting over the western United States at decadal time scales. across the entire Pacific. The orientation of 

this positive anomaly coincides approxi- 
mately with the position of the model Ku- 
roshio current and its eastward extension. 

T h e  origins of decadal climate variability ticular, it simulates realistically the El Ni- The positive SST anomaly is surrounded by 
over the North Pacific Ocean and North fio-Southern Oscillation (ENSO) phenom- negative anomalies, most prominently in 
America, characterized by anomalous sur- enon. A n  earlier version of this model was the south. The space-time structure of the 
face temperatures and surface pressures (1-  also applied successfully to predict the be- SST anomalies can be represented as a 
4), are uncertain. A recent example of the havior of E N S 0  (9). The coupled model coinbination of a standing wave pattern and 
impact of such decadal climate variability is simulates pronounced decadal variability a propagating pattern, with the latter com- 
the multiyear drought over the southwest- over the North Pacific and North America ponent dominating in the region of the 
ern United States. It has been speculated by during the course of the 70-year integration. Kuroshio and its extension. The spatial 
some researchers that unstable air-sea inter- One example (Fig. 1A) of such variability is structure of the SST anomalies affects the 
actions over the North Pacific and changes the anomalous sea surface temperature meridional temperature gradient in the Pa- 
in the large-scale ocean circulation might (SST) in the western Pacific in the region cific, which has important consequences for 
force the decadal climate variability (5, 6), 
while other studies suggest that tropical A 
forcing is a stronger influence (2, 4, 7). In 

B 

this report, we develop a consistent physical 
picture of how decadal climate variability 
over the North Pacific and North America 
may be generated. 

T o  study the decadal climate variability, 
we used a state-of-the-art coupled model of 
global ocean-atmosphere general circula- : 
tion (ECHO) (8). which was forced by $ I ' 

seasonally varying insolation and integrat- i - 0 . 5  

ing for 70 years. The coupled model simu- 
lates well the mean climate and observed 
short-term interannual variability. In par- 

20 24 28 32 36 40 44 48 52 56 60 64 68 
Time (years) 

Longitude (degrees) 
M. Latif, Max-Planck-lnst~tut fur Meteorologle, Bunde- 
strasse 55, D-20146 Hamburg, Germany. Fig. 1. (A) Time series of the coupled model's anomalous SST ("C) averaged over the region from 1 50°E 
T. P. Barnett, Climate Research Divison, Scripps nsttu- to 18OoE and 25"N to 35"N. The time series was smoothed with a 9-months running mean fllter. (B) 
tion Of Oceanography' La JOla' CA 92093-0224' USA. Spatial distribution of linear regression coeffic~ents between the index time series shown in (A) and SST 
*To whom correspondence should be addressed. values. The pattern was scaled so that the maxlmum SST anomalies were to 1°C. 
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the atmospheric circulation. 
To  elucidate the mechanism producing 

the SST pattern, we investigated the char- 
acteristic evolution of umer-ocean heat con- 

L L 

tent anomalies, as defined by the vertically 
averaged temperatures over the upper 500 m 
of the water column by using a complex 
empirical orthogonal function (CEOF) anal- 
ysis (1 0). Before the CEOF analysis, the heat 
content data were smoothed with a low-pass 
filter that retained variability at time scales 
of more than 3 years. The leading CEOF 
mode, accounting for about one-third of the 
variance in the filtered heat content data, 
has a period of about 20 years. Anomalies in 
upper-ocean heat content reconstructed 

90E 120 150 180 150 120 90W 

..-.-..- 
Longitude (degrees) 

Fig. 2. Reconstruction of anomalous heat content 
(degrees Celsius . meters) from the leading CEOF 
mode. The individual panels show the heat content 
anomalies at different stages of the decadal cycle, 
approximately 2.5 years apart. The phase angle O 
measures the phase of cycle (full cycle = 360"). 

from this leading CEOF mode (Fig. 2) are 
displayed at intervals of about 2.5 years. 
When the SST anomalies are fully devel- 
oped and in a stage corresponding to that 
shown in Fig. lB, the main heat-content 
anomaly is positive and covers the majority 
of the western and Central Pacific (Fig. 2, 
upper panel). A negative anomaly extends 
southwesterly from North America and in- 
creases in area and strength as it approaches 
the tropics. With time, through one-half of a 
cycle, the large anomalies rotate around the 
Pacific in a clockwise fashion reminiscent of 
the general gyral circulation. Thereafter, the 
whole sequence of events is repeated but 
with reversed signs, which completes one full 
cycle. 

This evolution is characteristic of the 
transient response of a mid-latitude ocean to 
a variable wind stress, as described in many 
theoretical and modeling papers [for exam- 
~ l e ,  (1 1-13)]. The response is mostly ha- 
roclinic at climate time scales of more than 
several months and involves the propaga- 
tion of long, relatively fast planetary waves 
with westward group velocity and their re- 
flection into short, relatively slow planetary 
waves with eastward group velocity. Howev- 
er, the mean horizontal currents affect the 
wave propagation. The net effect of this 
wave propagation is to modify the strength 
of the subtropical gyre circulation (13). In 
~articular, resultant fluctuations in the pole- 
ward transport of warm tropical waters by 

90N 

60N 

30 N 

0 
0 30 60 90 120 150 180 -150 -120 -90 -60 -30 0 

Longitude (degrees) 

Fig. 3. Atmospheric response to the SSTanomaly shown in Fig. 1 B. (A) The response in the 500-hPa field 
(geopotential meters), (B) The net surface heat flux (watts per square meter). (C) The wind stress curl 
(pascals per meter). The mean fields shown in the panels were obtained by averaging the results of a 
12-member ensemble of 30-day perpetual January integrations with the use of the same SST forcing. 
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the western boundary current lead to the 
generation of SST anomalies along the path 
of the Kuroshio and its extension. The spin- 
up time of the subtropical gyre, of which the 
changes in the western boundary current 
are a part, is several years to a decade or 
more, which accounts for the decadal time 
scale of the mode under discussion. 

The  remaining task is to explain the 
oscillatory nature of this mode. Our hypoth- 
esis is that it arises from an instability of the 
coupled ocean-atmosphere system in the 

North Pacific. The characteristic SST 
anomaly pattern exhibits a strong meridi- 
onal gradient that either reduces or enhanc- 
es the meridional SST gradient normally 
found in the Central Pacific. 

Suppose the coupled system is in its re- 
duced meridional SST gradient state (Fig. 
1B). It has been suggested (14) that such a 
distribution of SST would result in a north- 
ward shift of the baroclinic eddy activity in 
the atmosphere, leading to a weakened 
Aleutian low and subsequently reduced 

-3.0 o -3.0LA 
20 30 40 50 60 70 1930 1940 1950 1960 1970 1980 

Time (years) Year 

Fig. 4. Comparison of (A) the 500-hPa height anomaly near the Aleutian Islands and transport of 
subtropical gyre (1 7) from the coupled model between the years 18 and 68, (6) Observed sea-level 
pressure near the Aleutians and sea level at Hosojima, Kyushu, the latter being a surrogate of subtropical 
gyre strength. All data were smoothed with a 3-year running mean filter and are shown in relative units. 

westerly winds over the mid-latitudes 
ocean. Indeed, the model results show that 
a reduced meridional SST gradient is ac- 
companied by anomalous high pressure over 
the entire North Pacific. 

To  investigate further the nature of the 
atmospheric response to the anomalous SST 
pattern, we forced the atmospheric compo- 
nent of our cou~led  model in a stand-alone 
integration by the SST pattern shown in Fig. 
IB. The integration was done in a ~eme tua l  - * A 

January mode, and an ensemble of 12 Janu- 
ary integrations was performed. The atmo- 
spheric response is highly significant and 
shows the expected result: anomalous high 
pressure over the North Pacific (Fig. 3A) 
(1 5). The response pattern is the weak Aleu- 
tian-low extreme of the "Pacific North 
American" mode, which is one of the most 
prominent eigenmodes of the atmospheric 
circulation and is excited during extremes of 
the ENS0  cycle (16). However, the re- 
sponse shown in Fig. 3 arose from an atmo- 
spheric model simulation in which tropical 
SSTs were near their climatoloeical norms: - 
that is, the tropics played a minor role in the 
result. This finding was confirmed by an 
additional integration in which SST anom- 
alies south of 25"N were entirely neglected. 

The associated changes in the net surface 
heat flux (Fig. 3B) are such that they tend to 
reinforce the SST anomalies over most of 
the North Pacific. Heat is anomalouslv 
pumped into the ocean in most of the region 
where it is alreadv warm and is leaked from 

Fig. 5. Correlation between (A) 
coupled-model, 500-hPa height 
anomaly near the Aleutians and 
model 2-m air temperature over 
North America in the winter over 
years 18 to 68. (6) A similar corre- 
lation between sea-level pressure 
and surface-temperature observa- 
tions over the period from 1935 to 
1990 [adapted from (4)]. The data 
were smoothed with a 3-year run- 
ning mean filter before calculation. 
Note the different contour intervals 
on the two panels. 

areas where it is cold (compare Fig. 1B with 
Fig. 3B). Changes in the latent and sensible 
heat flux contribute most to the net surface 
heat flux anomaly. Furthermore, because the 
westerlies are weakened over the warm SST 
anomaly, the mean wind speed is reduced. 
This change leads to reduced mixing in the 
ocean, which tends also to strengthen the 
initial SST anomaly (3). Thus, the ocean 
and atmosphere form a positive feedback 
system capable of amplifying an initial dis- 
turbance, giving rise to instability of the 
coupled system. The growth is eventually 
equilibrated by nonlinear processes and by 
the phase-switching mechanism described 
below. 

The changes in the wind stress curl (Fig. 
3C)  force characteristic changes in the 
ocean, eventually reducing the strength of 
the gyre circulation and enhancing meridi- 
onal SST gradients. The ocean has a mem- 
ory of past changes in the wind stress and is 
not in equilibrium with the atmosphere. It 
is this transient response of the ocean to 
imposed wind stress, expressed in terms of 
planetary wave propagation (Fig. 2), that 
causes a change from one phase of the 
decadal mode to another and, hence, en- 
ables the coupled system to oscillate. The 
oscillation can easily become irregular in 

Longitude (degrees) the presence of high-frequency weather 
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fluctuations. Some elements of these ideas 
were suggested over 20 years ago (5, 6). 

The model results are observable in the 
real world. For instance, SST patterns and 
their associated atmospheric patterns, as de- 
termined from observations (1, 2, 4) ,  are 
close to those from our simulation. Further, 
projection of the last 45 years of observed 
SST fields onto the leading EOF of the 
anomalous SST field from the model yielded 
a principal component whose amplitude and 
characteristic time scale closely resemble 
those of the principal component of the 
model. More important, the relation be- 
tween atmospheric response and ocean 
transDort indices was the same in the model 
and k observations (1 7): Gyre strength and 
atmospheric pressure vary in phase on dec- 
adal time scales (Fig. 4). 

North Atlantic SST variability exhibits 
pronounced energy at time scales of about 
10 years (18). This pattern is consistent 
with our scenario, because the zonal width 
of the North Atlantic is only about half 
that of the North Pacific. Moreover. the 
spatial patterns of the decadal variability 
observed in the North Atlantic region agree 
with those we found in the North Pacific 
region: Anomalouslv warm SSTs and - 
anomalously high pressure occur together 
and the associated changes in the surface 
heat flux and oceanic mixing tend to rein- 
force the SST anomalies (1 8). 

Both the model and observations show a 
strong, simultaneous wintertime relation be- 
tween low-pass filtered anomalies of atmo- 
spheric pressure in the heart of the main 
atmospheric response region south of the 
Aleutians (Fig. 3 )  and air temperature over 
North America (Fig. 5) (1, 4, 19). The re- 
markable accuracy of the model in reproduc- 
ing the d i ~ o l e  correlation over North Amer- " 

ica suggests that it can be used to forecast 
decadal climate change numerically over 
North America (20). A t  a minimum, knowl- 
edge of the present phase of the Pacific mode 
obtained from current observational pro- 
grams should allow a "nowcast" (21 ) of ex- 
pected climate "bias" associated with this 
decadal climate change, which is equivalent 
to a climate forecast of several years in the 
future. 
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Middle Cambrian Arthropod 
Embryos with ~lastomeres 
Xi-guang Zhang and Brian R. Pratt 

A phosphatized Middle Cambrian (-510 million years ago) fauna from Duyun, southern 
China, has yielded fossil embryos that may be of arthropod affinity and could belong to 
the co-occurring eodiscid trilobite Pagetia sp. The shell was most likely flexible and 
possessed a€ least two thin layers. Four embryos reveal blastomeres, and two embryonic 
stages are represented. These embryos demonstrate that the basic paradigm for the 
growth of the invertebrate embryo has not changed in more than half a billion years. 

A unicellular zygote (fertilized egg) is con- 
verted into a multicellular organism by suc- 
cessive cleavages during embryonic devel- 
opment. Lacking mineralized tissues, how- 
ever, invertebrate eggs are unlikely to es- 
cape breakdown. Fossil examples are there- 
fore exceedingly scarce, and none reveal 
embryonic stages. Among the Echinoder- 
mata, for instance, only a single blastoid 
from the Lower Pennsvlvanian of Oklaho- 
ma contains probable eggs (1 ). Fossil trilo- 
bite eggs were mentioned in several 19th- 
century publications but were not conclu- 
sive (2). The  trilobite embryo and the sus- 
pected preprotaspis stage have been un- 
known (3). Possible ostracode eggs from the 
Lower Cambrian of China (4) and Lower 
Cretaceous of Brazil (5), as well as shrimp 
eggs similarly from the Cretaceous of Brazil 
(6), are nondescript spheres (7). Possible 

Depariment of Geological Sciences, University of 
Saskatchewan, Saskatoon, Saskatchewan S7N OWO, 
Canada. 

Middle Cretaceous insect eggs from Brazil "" 
(8) have not been substantiated, but a sin- 
gle, Upper Cretaceous moth eggshell from 
Massachusetts does possess a well-preserved 
lepidopteran sculpture (9). In this report, 
we describe fossil eggs that contain embryos 
bearing delicate blastomeres. 

These embryos are phosphatized and co- 
occur with many trilobite juveniles (protas- 
pides and meraspides) of the eodiscid Page- 
tia sp. and an  unidentified polymeroid tri- 
lobite, a few adult bradoriid ostracodes, and 
lots of inarticulate brachiopod valves. We  
liberated these fossils by dilute (-5%) ace- 
tic acid digestion of 7 kg of a thin, bioclastic 
limestone bed sandwiched between grav do- 

- 1  

lomites within the lower part of the Middle 
Cambrian Gaotai Formation in Duyun, 
Guizhou, China. 

The five embryos are ovoid (Figs. 1 and 
2). The lengths range from 0.30 to 0.35 mm, 
and the widths from 0.24 to 0.27 mm (10). 
The shell, being about 1.5 p m  thick and 
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