
spectrum of the laser using a scanning Fabry–Pérot spectrum
analyser. We see that the laser has multiple cavity modes with a
mode spacing of ,0.9 GHz, which corresponds to the free spectral
range of a 4.8-cm-long silicon waveguide cavity.

This demonstration of Raman lasing in a silicon waveguide cavity
on a single chip represents a significant step towards a more
practical, all-silicon-based, c.w. amplifier or laser. We note that
the multi-layer coatings are not essential for this device, and that
single chip resonators may be fabricated using waveguide Bragg
reflectors or ring resonator architectures; both these alternatives are
compatible with CMOS processing. Further reduction in the carrier
lifetime or cavity optimization could lead to c.w. Raman lasing in
silicon. A
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About 850,000 years ago, the period of the glacial cycles changed
from 41,000 to 100,000 years. This mid-Pleistocene climate
transition has been attributed to global cooling, possibly caused
by a decrease in atmospheric carbon dioxide concentrations1,2.
However, evidence for such cooling is currently restricted to the
cool upwelling regions in the eastern equatorial oceans3,4,
although the tropical warm pools on the western side of the
ocean basins are particularly sensitive to changes in radiative
forcing5,6. Here we present high-resolution records of sea surface
temperatures spanning the past 1.75million years, obtained from
oxygen isotopes and Mg/Ca ratios in planktonic foraminifera
from the western Pacific warm pool. In contrast with the eastern
equatorial regions, sea surface temperatures in the western
Pacific warmpool are relatively stable throughout the Pleistocene
epoch, implying little long-term change in the tropical net
radiation budget. Our results challenge the hypothesis of a
gradual decrease in atmospheric carbon dioxide concentrations
as a dominant trigger of the longer glacial cycles since 850,000
years ago. Instead, we infer that the temperature contrast across
the equatorial Pacific Ocean increased, which might have had a
significant influence on the mid-Pleistocene climate transition.

The warmest pool of oceanic surface lies in the western equatorial
Pacific Ocean and plays an important role in Earth’s climate. Annual
sea surface temperatures (SSTs) above 28 8C (ref. 7) lead to deep
atmospheric convection, which transfers through the atmosphere
large amounts of water vapour and latent heat from tropical to mid-
latitudes. The importance of the western equatorial Pacific warm
pool (WPWP) is perhaps best manifested by the impact of the
El Niño/Southern Oscillation (ENSO) on the interannual variability
in the Earth’s temperature and precipitation patterns8,9. ENSO-
linked changes in tropical SST patterns also have a major influence
on heat transport from low to mid- and high latitudes10 and models
suggest that long-term changes of SST patterns in the equatorial
Pacific may also have had large consequences for extra-tropical
climate in the past11. Thus, reconstructing past changes in tropical
Pacific SSTs is critical for understanding the evolution of global
heat and moisture transport, such as those occurring during the
mid-Pleistocene transition, characterized by the onset of the large
100-kyr glacial cycles, about 0.85 Myr ago.

Here, we present a high-resolution Pleistocene record
(0–1.75 Myr ago, Marine Isotopic Stages MIS1 to MIS59) of paired
d18O and Mg/Ca measurements in planktonic foraminifera (Globi-
gerinoides ruber, 250–300 mm, white) (Fig. 1) from the IMAGES core
MD97-2140 located in the heart of the WPWP (28 02

0
N, 1418 46

0
E,

2,547 m; Supplementary Fig. S1). The record extends the previously
published, late-Pleistocene Ocean Drilling Program (ODP) site
806B record (0–450 kyr ago) from the Ontong-Java plateau12, thus
providing new insights on tropical Pacific climate variability during
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the early Pleistocene. The records demonstrate that the mid-
Pleistocene transition from 41-kyr- to 100-kyr-dominated period-
icities, previously shown in high-latitude cores and more recently in
the eastern equatorial Pacific4, is also a prominent feature of the
WPWP climate. Spectral analysis of the d18O and Mg/Ca records
shows a dominant 41-kyr peak between 1,478 and 900 kyr ago and
a 100-kyr peak between 850 and 6 kyr ago (Fig. 2). Thus, the
WPWP record indicates that the early-Pleistocene obliquity-related
oscillation observed in the eastern equatorial Pacific4 was not
limited to upwelling regions, but rather included the entire tropical
Pacific. The onset of the 100-kyr cycle in the WPWP is accompanied
by a significant increase in the amplitude of the glacial–interglacial
d18OG. ruber. Between 1.75 and 0.85 Myr ago the glacial–interglacial
amplitude (see Methods) in MD97-2140 is about 0.6 ^ 0.2‰,
whereas during the late Pleistocene the amplitude increased to
about 1 ^ 0.3‰, reaching 1.4‰ during terminations I, II and
IV. Although the shift in the dominant frequency and glacial–
interglacial amplitude at about 0.85 Myr ago is consistent with
other Pleistocene records (see ref. 13 for example), the WPWP
record is unique in that it shows no discernible long-term trend in
d18OG. ruber, and remains at about 21.8‰ with a variance around
this mean of ^0.6‰ throughout the Pleistocene.

The Mg/Ca-derived SST record also exhibits the change in
periodicity 0.85 Myr ago (Fig. 1b) and, like d18O, shows no long-
term trend throughout the Pleistocene. As the core is situated above
the modern lysocline, dissolution effects on our SST record are
considered to be minimal. In support of this conclusion, our late-
Holocene estimate of ,28.7 ^ 0.5 8C is in close agreement with the
modern mean annual SST of 28.6 8C in this region7, and our

estimated ,2.7 ^ 0.5 8C cooling of the tropical Pacific during the
last and penultimate glaciations accord with previous studies12,14.
On a longer timescale, the late-Pleistocene part of our record is
generally consistent with the ODP806B SST record from the
Ontong-Java plateau12. The amplitude of a full glacial SST cycle in
the WPWP is on average 2.2 ^ 0.7 8C during the late Pleistocene
(6–850 kyr ago), and 1.5 ^ 0.6 8C during the early Pleistocene (850–
1,750 kyr ago). As glacial SSTs are relatively constant at
25.9 ^ 0.2 8C throughout the Pleistocene, the changes in glacial–
interglacial amplitude reflect mainly variability in interglacial
maxima. Throughout the record, the increase in SST during glacial
terminations leads the deglacial change in d18OG. ruber. Cross-
spectral analysis shows that between 0 and 0.85 Myr ago the SST
lead is about 4 ^ 4 kyr in the eccentricity band, in agreement with
results from other late-Pleistocene equatorial Pacific records4,12,14.
Between 0.85 and 1.75 Myr ago the SST lead is about 10 ^ 4 kyr in
the dominant 41-kyr band (Fig. 2). The early-Pleistocene average
SST is 27.1 ^ 1 8C, which is not statistically different from the late-
Pleistocene average SSTof 27.2 ^ 1 8C; and indicates that long-term
temperature in the WPWP is not influenced by the Mid-Pleistocene
Revolution.

Our record of surface water d18Owater (used as a proxy of surface
salinity; Fig. 1), calculated from Mg/Ca and d18OG.ruber data,
provides a useful assessment of hydrological variations in the
WPWP across the mid-Pleistocene transition. The record indicates
the long-term stability of d18Owater (average 0.66 ^ 0.25‰ and
0.65 ^ 0.25‰ for early and late Pleistocene, respectively). This
contrasts with the record of deep-water benthic foraminiferal d18O
(see, for example, Fig. 3), which shows a long-term trend of

Figure 1 Pleistocene reconstruction of surface water changes in the WPWP from the

IMAGES core MD97-2140. a, b, Planktonic foraminiferal records (G. ruber) of d18O (a)

and Mg/Ca SST (b) from IMAGES core MD97-2140 (Eauripik rise 28 02
0

N, 1418 46
0

E,

2,547 m). SST estimates were calculated using the core-top calibration29 of Mg/

Ca ¼ 0.30 £ exp(0.095 £ SST). c, d18Osea water computed using the isotopic equation of

ref. 30. Interglacial periods are numbered following the terminology of SPECMAP (ref. 13

and references therein). Note the concomitant increase in interglacial d18OG. ruber with

decreasing SSTs between 1.2 and 0.85 Myr ago, before the onset of the late Pleistocene

100-kyr glaciations.
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increasing d18O through the Pleistocene, presumably reflecting
expansion of continental ice. We suggest that the effect of Pleisto-
cene ice-sheet growths on surface WPWP d18O was compensated by
progressive regional freshening. Nowadays, although advection of
surface water might also have affected the hydrography of the
WPWP, the surface salinity is mainly influenced by the local
precipitation–evaporation balance15. Our data suggest that
although the thermal response of the WPWP to the mid-Pleistocene
transition changes was small, there was a substantial effect on the
regional hydrological cycle.

Recently, it has been suggested that the increase in the Pacific
zonal SST contrast and development of strong Walker circulation—
driven by enhanced upwelling and cooling of surface waters in the
eastern equatorial Pacific (ODP site 851, 28 46 0 N, 1108 34 0 W)—
might have had a strong influence on the climate response to
radiative changes, thus contributing to the Pliocene cooling
trend16. A further cooling of the eastern equatorial Pacific cold
tongue, also attributed to changes in upwelling, occurred during the
mid-Pleistocene (between 1.2 and 0.8 Myr ago), as inferred from an
alkenone-based SST record of ODP site 846 (38 6

0
S, 908 49

0
W)4.

Our new record (MD97-2140) suggests, however, that this cooling
was restricted to the upwelling region and did not affect the
greater tropical band. This conclusion is supported by evidence
from the Atlantic Ocean, where a subtropical record from the
Benguela upwelling region shows significant cooling during the
mid-Pleistocene transition3 (Fig. 3), whereas another subtropical
record of ODP site 1077 (108 26 0 E, 58 10 0 S) does not show any long-
term SST change across the mid-Pleistocene transition17. Com-
bined, these observations suggest that the mid-Pleistocene cooling
was restricted to upwelling regions, whereas surface temperatures
remained at the same mean level before and after 0.8 Myr ago in the
WPWP and probably in most of the tropical oceans.

In the modern ocean, the interannual variability in the tempera-
ture difference (DSST) between the sites of MD97-2140 and
ODP846 is highly correlated with the Southern Oscillation index
(r2 < 0.6), an index of the ENSO; a larger DSST, primarily a result
of enhanced upwelling in the eastern equatorial Pacific, occurs
during the cold phase of ENSO (La Niña) and a smaller DSST

during the warm phase (El Niño). La Niña events, which are periods
of intensified low-latitude zonal winds, and enhanced precipitation
in the western equatorial Pacific are also characterized by fresher sea
surface waters at the site of the MD97-2140 (ref. 18). Although a
direct comparison of the alkenone-derived SST record from
ODP846 and the Mg/Ca SST record of MD97-2140 might be
problematic owing to possible discrepancies between the two
proxies19, recent multi-proxy studies indicate that their respective
estimates generally agree to within 1 8C in the equatorial Pacific20.
Taken at face value, the comparison indicates a long-term change in
the DSST between the cold tongue and the warm pool from the early
to late Pleistocene (Fig. 3). The most notable feature of the DSST
reconstruction is an increase from ,3.5 to ,5 8C that occurred
during the interval between 1.2 and 0.8 Myr ago, coincident with the
mid-Pleistocene increase in ice volume as reflected in the positive
shift in the benthic foraminiferal d18O record of ODP846 (Fig. 3).
The increase in DSST gradient between the eastern and western
equatorial Pacific sites and inferred freshening at MD97-2140 are
consistent with a change in the mean climate state from an El Niño-
like state to more La Niña-like conditions, which implies an inten-
sification of the Walker circulation during the mid-Pleistocene
(Fig. 3).

Most mechanisms proposed to explain the mid-Pleistocene shift
from 41-kyr to 100-kyr periodicity in climate records invoke a
gradual global cooling during the Pleistocene, until a threshold is
passed around 0.85 Myr ago, when feedbacks exerted by continental
and/or marine ice-sheet dynamics are assumed to have become
preponderant1,21,22. This gradual global cooling scenario is attrib-
uted by some to a decrease in atmospheric pCO2

, and its effect on
radiative forcing, during the early Pleistocene1. Evidence for this
‘cooling’ hypothesis comes primarily from alkenone-based SST
reconstructions from the upwelling regions, but is not supported
by our WPWP record. Moreover, as the long-term control of
equatorial Pacific SSTs results from the combined effects of green-
house gases (mainly water vapour, CO2 and CH4) and albedo5,6, our
new SST record provides a different perspective on Pleistocene
climate evolution. The long-term stability of WPWP temperatures
during the Pleistocene implies little change in the tropical net

Figure 2 Comparison of spectral analysis of d18O and Mg/Ca-derived SST records from

MD97-2140 in the late and early Pleistocene. a, Time interval from 6 to 850 kyr ago;

b, time interval from 900 to 1,748 kyr ago. Panels also present the coherency (b, e) and

phase relationship (c, f ) obtained from cross-spectral analysis between the MD97-2140

d18O and SST for each period. The confidence interval (CI) at the 80% significance level

and the bandwidth (BW) used for the spectral analysis are displayed.
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radiative budget. This relative stability challenges the decreasing
atmospheric p CO2

scenario assumed for the onset of the mid-
Pleistocene large 100-kyr glaciations1.

An alternative view is that nonlinear coupled ocean–atmosphere
dynamics that regulate the equatorial Pacific climate, might have
played a more significant role than changes in radiative forcing in
the mid-Pleistocene transition; in agreement with recent studies of
the Pliocene initiation of Northern Hemisphere glaciation16. The
increased temperature contrast between the eastern equatorial
Pacific upwelling regions and the thermally stable WPWP in the
mid-Pleistocene probably led to the intensification of the Walker
circulation. This strengthening of the zonal Pacific atmospheric
circulation is further supported by the surface freshening of the
WPWP. Both observations imply drastic changes in the equatorial
Pacific SST and salinity patterns across the mid-Pleistocene tran-
sition. These changes might have led to atmospheric processes11 and
oceanic interactions23, which could have altered the meridional
heat and moisture transfer to the Northern Hemisphere ice sheets
during the mid-Pleistocene transition and thus contributed to the
Northern Hemisphere glaciation. A

Methods
Analytical methods
Isotope measurements were done at LSCE (Gif-sur-Yvette, France), using a Kiel device
coupled to a Finnigan MAT 251 mass spectrometer. The external precision of d18O analysis
was 0.05‰, as determined by repeated measurements of a standard carbonate material,
NBS19. Mg/Ca measurements were done at Rutgers University using Finnigan Element 1
inductively coupled plasma mass spectrometry (ICP-MS), following the analytical
protocol detailed in ref. 24. Samples were prepared using the Boyle and Keigwin method25,
excluding the reductive step. The long-term external precision of Mg/Ca analysis was
about 4.5% (1 j, relative standard deviation, r.s.d.) as determined by repeated
measurements of three consistency standards with Mg/Ca ratios varying from 1.2 to
7 mmol mol21. This is equivalent to ^0.5 8C analytical error in the core record. The
planktonic foraminifer G. ruber was chosen for this study because this species lives strictly
in the mixed layer, and therefore its geochemical composition reflects the overlying surface
hydrography. Moreover, fluxes of G. ruber to the sediment in the WPWP do not show any
evidence of a seasonal bias, circumventing the possibility of a seasonal effect on the
estimated SST26.

Age model and time-series analyses
The MD97-2140 d18OG. ruber record was tuned to the astronomically calibrated ODP677
d18OG. ruber record13 located in the eastern equatorial Pacific (Fig. 1), yielding chronology
consistent with major micro-paleontological (disappearance of G. ruber pink variety) and
palaeomagnetic (Brunhes–Matuyama boundary27) events. The average sedimentation rate
is ,2 cm kyr21 throughout the last 1,755 kyr recovered by the core. The core was sampled
every 10 cm for both isotopic and trace-metal analyses, yielding ,5-kyr resolution. To
calculate the equatorial zonal temperature gradient, we first matched the MD97-2140
d18OG. ruber record to the ODP846 d18Obenthic record28 to get a consistent timescale for
both records. The zonal thermal gradient was calculated as the difference:
DSST ¼ SSTMD97-2140 2 SSTODP846. To compute the amplitude of glacial–interglacial
changes in SST and d18O, we first defined the MIS using the d18OG. ruber correlation to the
ODP846 benthic reference curve28. Then we averaged the downcore values within each
MIS. The amplitude of glacial–interglacial variations was finally computed by subtracting
the interglacial estimates from the glacial ones. Spectral analyses were performed using the
Arand software package of Brown University (available at http://www.ngdc.noaa.gov/
paleo/softlib/), after linear detrending of time series. All MD97-2140 data are archived on
the NGDC-NOAA palaeoclimate database website: http://www.ngdc.noaa.gov/paleo/
paleo.html.
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The sensitivity of soil carbon to warming is a major uncertainty
in projections of carbon dioxide concentration and climate1.
Experimental studies overwhelmingly indicate increased soil
organic carbon (SOC) decomposition2–8 at higher temperatures,
resulting in increased carbon dioxide emissions from soils.
However, recent findings have been cited as evidence against
increased soil carbon emissions in a warmer world9,10. In soil
warming experiments, the initially increased carbon dioxide
efflux returns to pre-warming rates within one to three years10–
14, and apparent carbon pool turnover times are insensitive to
temperature15. It has already been suggested that the apparent
lack of temperature dependence could be an artefact due to
neglecting the extreme heterogeneity of soil carbon16, but no
explicit model has yet been presented that can reconcile all the
above findings. Here we present a simple three-pool model that
partitions SOC into components with different intrinsic turn-
over rates. Using this model, we show that the results of all the
soil-warming experiments are compatible with long-term tem-
perature sensitivity of SOC turnover: they can be explained by

rapid depletion of labile SOC combined with the negligible
response of non-labile SOC on experimental timescales. Further-
more, we present evidence that non-labile SOC is more sensitive
to temperature than labile SOC, implying that the long-term
positive feedback of soil decomposition in a warming world may
be even stronger than predicted by global models1,17–20.

The short-term temperature dependence of decomposition and
heterotrophic respiration in soils is well established experimentally
(see, for example, refs 2–8), and is modelled either by a constant Q 10

value of ,2 (Q10 is the proportional increase in reaction rate for a
10 K warming) or more accurately by the Arrhenius equation or
slight modifications thereof3,5. This short-term response conceals
enormous heterogeneity in SOC: soils include compounds with
intrinsic turnover times (that is, turnover times at a reference
temperature) ranging from ,1 yr to .6 £ 103 yr (refs 4, 16, 21).
Geographical patterns generally show younger SOC 14C ages in
warmer climates4,16,21,22, consistent with the hypothesis that climatic
warming should reduce global SOC by reducing residence times.

It is well established that a one-pool representation of SOC
dynamics is insufficient to explain experimental findings from
warming and incubation experiments5,16. But no model has yet
been presented that is able to reconcile the above observations with
refs 10–15. To this end, we used experimental data from ref. 6 to fit
simple illustrative models of SOC decomposition. The data were
derived from temperature-controlled incubations of an undis-
turbed soil from a tropical rain forest site with a mean annual
temperature of 27 8C. Carbon dioxide (CO2) efflux was measured at
ten intervals through a 24-week period (see Methods). The soil was
taken to consist of n pools of carbon content c i, each decaying at a
temperature-dependent rate k i over time t:

dciðtÞ=dt ¼2kiciðtÞ ð1Þ

We considered Arrhenius models with a single reference decay rate
A for all pools, and n activation energy values E i:

kiðTkÞ ¼ Aexpð2Ei=RTkÞ ð2Þ

where Tk is soil temperature in kelvin and A the theoretical decay
rate at Ei ¼ 0; R is the universal gas constant.

We started by fitting a model with n ¼ 1, then increased n until
no significant improvement of a x2 criterion was obtained (see
Methods). This procedure selected a model with n ¼ 2 (Table 1a).
The time-course of CO2 efflux during the 24-week observation
period is thus appropriately modelled by the decay of two SOC
pools following Arrhenius kinetics but differing in activation
energy. But the total soil carbon content implied by the two-pool
decay models (Table 1) is far less than the measured initial carbon
content of 29.4 g C per kg soil. We therefore added a third pool,
effectively inert over the timescale of the experiment, which accounts
for ,95% of SOC. The fitted turnover time for this pool is arbitrarily
large. A lower limit for its activation energy (see Methods) is
68,000 J mol21, implying a turnover time of 260 yr at 25 8C.

Adopting the three-pool Arrhenius model with
E 3 ¼ 68,000 Jmol21, we first reconsider the analysis of incubation
experiments in ref. 15. A one-pool model based on equation (1) was
used there to analyse the fractional decay of SOC after incubation
for 1 yr. Inverting the solution to equation (1) for a single SOC pool
gives an apparent turnover time, t:

t¼2t1=ln½cðt1Þ=cð0Þ� ð3Þ

where t 1 is the time at the end of the incubation15. Applying this
definition to modelled total soil carbon content c(t 1), with
t 1 ¼ 1 yr, markedly reduces the apparent sensitivity of turnover
time to temperature despite the built-in temperature dependence of
all the rate constants (Fig. 1a). This paradox arises because total soil
carbon c(t) is dominated by the slowest pool; over a year, the two
faster pools have largely decayed. The apparent turnover time is
then closely approximated by c 3(0)/c(0). This ratio contains no
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