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Early twentieth-century warming linked to tropical
Pacific wind strength
Diane M. Thompson1*†, Julia E. Cole1,2, Glen T. Shen3, AlexanderW. Tudhope4 and Gerald A. Meehl5

Of the rise in global atmospheric temperature over the
past century, nearly 30% occurred between 1910 and 1940
when anthropogenic forcings were relatively weak1. This early
warming has been attributed to internal factors, such as
natural climate variability in the Atlantic region, and external
factors, suchas solar variability andgreenhousegasemissions.
However, the warming is too large to be explained by external
factors alone and it precedes Atlantic warming by over a
decade. For the late twentieth century, observations and
climate model simulations suggest that Pacific trade winds
can modulate global temperatures2–7, but instrumental data
are scarce in the early twentieth century. Here we present
a westerly wind reconstruction (1894–1982) from seasonally
resolved measurements of Mn/Ca ratios in a western Pacific
coral that tracks interannual to multidecadal Pacific climate
variability. We then reconstruct central Pacific temperatures
using Sr/Ca ratios in a coral from Jarvis Island, and find
that weak trade winds and warm temperatures coincide
with rapid global warming from 1910 to 1940. In contrast,
winds are stronger and temperatures cooler between 1940
and 1970, when global temperature rise slowed down. We
suggest that variations in Pacific wind strength at decadal
timescales significantly influence the rate of surface air
temperature change.

The recent slowdown of global atmospheric warming2 probably
reflects increased storage of heat in the ocean, and several regions
may play important roles3,8. A strengthening of Pacific trade winds
since the 1990s4,5 as part of a larger shift to a negative phase of the
Interdecadal Pacific Oscillation (IPO) has probably contributed to
the slowdown3,6, andmodel studies demonstrate physically plausible
mechanisms by which Pacific zonal wind variability can influence
the rate of global temperature change3,4,6,7.

Between 1910 and 1940, global temperature warmed by 0.4 ◦C
(Fig. 1) under an increase in anthropogenic forcing of only
0.3Wm−2, compared with 0.75 ◦C of warming under a 1.5Wm−2
increase since 1970 (refs 1,9,10; Fig. 1).Detection/attribution studies
with three generations of global coupled climate models have
indicated that at least some of this early century warming was
probably due to natural factors, such as very few volcanic eruptions
and an increase in solar output10–12 (Fig. 1). However, the magnitude
of observed warming is greater than that simulated by climate
models with forcing from external sources alone (0.20–0.25 ◦C;
ref. 10), suggesting that internal variability played an important role
in the early twentieth-century warming.

Although previous work has linked Atlantic warming to the
rise in global atmospheric temperature13, Atlantic sea surface

temperatures (SSTs) were actually below average until the mid-
1920s. The importance of internally generated climate variability
in the Pacific region in recent decades6 leads to the question of
whether tropical Pacific variability contributed significantly to the
early century warming. However, the lack of reliable wind and
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Figure 1 | Comparison of global temperature with external forcings over
the twentieth century. a, Global surface air temperature (SAT) anomaly9,
monthly (red) and 10-year smoothed (black). The record mean is indicated
by the black dashed line. b, Total anthropogenic e�ective radiative forcing
(W m−2; ref. 1). c, Total solar irradiance (TSI), annual and smoothed at
31 years (thick line; W m−2; ref. 1). d, Volcanic e�ective radiative forcing
(W m−2; ref. 1). Shaded intervals denote periods of more rapid warming
(1910–1940; red) and slower warming (1940–1970; blue) discussed in
the text.
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Figure 2 | Comparison of coral Mn/Ca with indicators of Pacific climate over the twentieth century. a–d, Quarterly detrended δ18O anomalies22 (a) and
Mn/Ca (b) from Tarawa Atoll, 20CR zonal wind in a 10× 10 degree gridbox surrounding Tarawa (4◦ S–6◦ N, 166◦–176◦ E; ref. 21; c) and Niño 3.4 SST
index23 (d), where shading denotes the strength of historical El Niño events in each data set26,27 (bottom; see Methods and Supplementary Table 1). We
highlight (black outline) events that are captured by the Mn/Ca data set, but are underestimated in the 20CR zonal wind data set. In contrast, only one
event was absent from the Mn/Ca data set (red outline). ONI, Oceanic Niño index.

SST observations before about 1950 over most of the tropical
Pacific5,14 (Supplementary Fig. 1) makes it difficult to determine
whether Pacific trade-wind variability influenced past rates of global
temperature change.

The region near the Date Line and the Equator is particularly
crucial for monitoring the effects of trade-wind strength on
tropical Pacific SSTs and subsurface heat storage4. Yet, there are
virtually no observations of early twentieth-century winds in this
region (Supplementary Figs 1 and 2). Consistent with previous
work14, we find considerable disagreement among wind products
regarding the magnitude and sign of trade-wind variability over the
twentieth century in this region (Supplementary Fig. 2). The lack of
observations and the discrepancies among historical wind data sets
highlight the need for an independent method to assess changes in
zonal winds.

The skeletal Mn/Ca ratio in corals from atolls with west-facing
lagoons offers a proxy for westerly wind anomalies15. Previous work
has shown that at Tarawa Atoll15, situated near the Date Line and
the Equator (1.33◦N, 172.97◦ E), coral skeletalMn/Ca is high during
El Niño events when zonal winds in the tropical Pacific are weak;
Mn/Ca peaks also coincide with coral δ18O minima, reflecting
warm and wet El Niño conditions. Westerly winds trigger strong
physical mixing and release of Mn from the reducing environment
of the lagoonal sediments, which are enriched in Mn relative to the
overlying water column by 3 orders of magnitude as a result of the
diagenetic reduction of Mn4+ to the more soluble Mn2+ species15.
As a result, wind-driven mixing of only 1.3 cm of sediment would
double the dissolved Mn concentration of the lagoonal sea water
from 1 to 2 nM (ref. 15). Following wind-driven mixing events,
Mn-enriched sea water is transported to the nearby fore-reef and
incorporated in coral skeletons (Supplementary Fig. 3).

Other studies have suggested that coral Mn/Ca may reflect
volcanic or terrigenous sources, or upwelling or advection of waters
with anomalous Mn concentrations16–18. However, these factors are
unlikely to be important at this small, remote equatorial atoll15
(see Supplementary Discussion). Further, although a reduction in
equatorial upwelling may contribute to anomalously high Mn/Ca
during El Niño events, upwelling variations are small at this site
and cannot account for the observed variability in skeletal Mn/Ca
(Supplementary Discussion).

At this site near the Equator and the Date Line, westerly wind
events are strongly tied to the state of both the interdecadal (IPO)
and the interannual (El Niño/Southern Oscillation, ENSO) modes
of variability within the basin (Supplementary Fig. 4). Westerly
winds typically occur before and during El Niño events, when the
sea level pressure gradient and trade winds are weak and the warm
pool is extended eastward19. Strong (but short-term) westerly wind
bursts initiate downwelling Kelvin waves that propagate eastward
and participate in the onset and maintenance of El Niño events20.
The resolution of the coral records and mixing time of lagoonal
waters onto the reef precludes the ability to reconstruct individual
wind burst events that occur over a few days. Nonetheless, elevated
seawater Mn concentration resulting from westerly winds before
and during El Niño events are captured in the Tarawa coral Mn/Ca
record15. As westerly wind events are tied to the mean trade-wind
strength19,20, which has been linked to recent variations in the rate
of global warming4, reconstructed changes in westerly winds from
Tarawa may provide insight into the role of Pacific winds in past
warming variations.

Here we present a quarterly Mn/Ca record spanning 1894–1982
from a Tarawa Porites sp. coral (Methods) and compare it with
ensemble mean zonal winds from the twentieth-century reanalysis
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(20CR; Fig. 2)21. Coral Mn/Ca ranges from 8.3 to 80.2 nmolmol−1,
with an average of 34.2 ± 10.2 nmolmol−1 and peaks associated
with westerly winds and warm, wet conditions (negative δ18O
anomalies22) during the major El Niño events of the twentieth
century. Quarterly and annual (April–March) Mn/Ca correlate
significantly with Tarawa coral δ18O (ref. 22), local zonal wind
anomalies from the 20CR (ref. 21), and Niño 3.4 SST anomalies23,
despite the fact that Mn/Ca tracks only the warm phase of ENSO
(annualδ18O: rs =−0.42, N = 88, P < 0.001; annual20CR: rs = 0.43,
N = 88, P < 0.001; annualNiño3.4SSTa: rs = 0.27, N = 88, P = 0.013).
The lower correlation between Mn/Ca and Niño 3.4 SST reflects
the fact that the impact of westerly winds on tropical Pacific
SSTs depends on the background state24,25. We also find a strong
event-by-event correspondence in the amplitude of Mn/Ca, zonal
wind, δ18O and Niño 3.4 SST during major historical El Niño
events26,27, with the Tarawa Mn/Ca record capturing several strong
well-documented El Niños26,27 that are underestimated or absent in
the 20CR zonal wind data set (Fig. 2 and Supplementary Table 1
and Discussion). The Mn/Ca from our new record also closely
matches that published previously15 from aHydnophora microconos
coral at Tarawa, and the Mn/Ca peaks of both records coincide
(within age model uncertainties) with trade-wind reversals
(Supplementary Fig. 5).

The Tarawa Mn/Ca record exhibits interdecadal modulation
in the frequency of westerly winds (Supplementary Fig. 6) that
corresponds with the rate of global atmospheric warming (Fig. 3).
Mn/Ca pulses are more frequent during decades of rapid global
warming and less frequent during slowly warming decades.
This result is consistent with local weather station data for
recent decades: more frequent westerly winds occurred at Tarawa
during the accelerated warming interval of 1985–2000, and strong
easterly winds characterized the current period of slower warming
(2000–2009; Supplementary Fig. 7).

Just as stronger easterly trade winds seem to be important in
the current warming slowdown, frequent westerly winds between
1910 and 1940 in our reconstruction suggests that weaker trade
winds played a role in early twentieth-century accelerated warming
(Fig. 3). Previously, internal variability in the Atlantic has been
invoked to help explain this warming13, but Atlantic temperatures
remain below average until the mid-1920s, over a decade after
the onset of accelerated global warming. Our coral Mn/Ca
reconstruction, in contrast, shows frequent westerly winds (weaker
trade winds) as early as 1911, concurrent with the acceleration of
warming. Anthropogenic forcing was non-negligible during this
time and probably contributed to warming1 (Fig. 1). Increased
solar output may have played a role in this accelerated warming
as well1, although the small rise in irradiance persisted from the
start of the twentieth century to the 1950s (Fig. 1), whereas the
warming rate levelled off between 1940 and 1970. Similarly, a lack
of strong volcanic eruptions between 1905 and 1961 may have
contributed, but does not overlap uniquely with the warming
interval. Our data support a previously unrecognized role for
internally generated Pacific trade-wind variability in contributing
to the early twentieth-century warming, particularly before
the mid-1920s.

The subsequent slowdown in warming between 1940 and
1970 coincides with stronger than average Pacific trade winds,
little trend in solar output, and (in 1957) a sudden drop in
North Atlantic SST (Figs 1 and 3). Anthropogenic influence was
also intensifying through this interval (Fig. 1), with negative
forcing from aerosols probably playing an important part
in the slowdown1,10. Our Pacific trade-wind reconstruction
supports a role for stronger Pacific trade winds as part of the
mix of internal/external, natural/anthropogenic forcing that
contributed to this slowdown in global atmospheric warming in the
mid-twentieth century.
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Figure 3 | Comparison of the rate of global warming with internal
variability over the twentieth century. a, Ten-year linear trend in SAT
(ref. 9). b, 11-year smoothed Atlantic Multidecadal Oscillation (AMO) index
(from detrended HadSST v 3.1.0.0 data; http://climexp.knmi.nl). c, 11-year
smoothed IPO index (from HadSST v2 (ref. 28) and HadSST v3).
d, Ten-year smoothed coral Sr/Ca from Jarvis Atoll (warm SST plotted
upwards). e, Tarawa coral westerly wind index (10-year sum of quarterly
Mn/Ca with a Z-score≥1, that is,≥85th percentile). The black dashed lines
denote the record means, and shading denotes the intervals discussed in
the text (as in Fig. 1).

Decadal variability associated with the IPO corresponds with
these intervals of accelerated and reduced global warming4,6 (Fig. 3).
Available SST observations (from the uninterpolated HadSST v3
data set, Fig. 3) suggest that the eastern Pacific was warmer than
average during the early twentieth-century accelerated warming
period, consistent with a new reconstruction of SST based on coral
Sr/Ca from east of the Date Line (Fig. 3, see Methods). Although
the IPO index based on earlier versions of the instrumental data
set (for example, HadSST v2; ref. 28) suggests a negative state
between∼1912 and 1924 (Fig. 3), virtually no tropical observations
are available for this period (Supplementary Fig. 1). Considered
together, the available proxy-based reconstructions suggest that
the tropical Pacific was significantly warmer between 1910 and
1940 than both the record mean and the 1941–1970 mean,
consistent with weaker trade winds, frequent westerly winds near
the Date Line, and accelerated warming between 1910 and 1940
(Supplementary Discussion). In contrast, there was no significant
difference inAtlantic temperatures between these periods according
to the available reconstructions of Atlantic multidecadal variability
(Supplementary Discussion).
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An important result of this study is to demonstrate that coral
Mn/Ca can extend and improve the history of westerly wind events
and trade-wind strength in the tropical Pacific. The coral Mn/Ca
data from Tarawa adds to the twentieth-century climate record,
revealing westerly winds during historic ENSO events that are not
captured in the 20CR wind record. Extending this approach to
present, and to other islands, would add to our understanding of
the proxy–climate relationship and enable reconstruction of past
changes in the broader Pacific wind field.

Our results support a strong connection between tropical Pacific
westerly winds and the rate of global temperature rise, even during
the early–mid twentieth century when anthropogenic forcing was
smaller than today. We highlight the more frequent occurrence of
equatorial westerlies during the period of rapid warming in the
early twentieth century (1910–1940), which suggests that unusually
weak Pacific trade winds are linked to past periods of accelerated
warming. The importance of this mechanism, together with our
understanding of Pacific decadal variability, suggests that global
warming will accelerate when Pacific trade winds weaken and
tropical Pacific SSTs shift yet again to a warmer state.

Methods
Cores from a massive Porites sp. colony were collected in 1989–1990 on the
southwest seaward fringe of Tarawa Atoll (Supplementary Fig. 3). A monthly
δ18O record from this material correlates strongly with rainfall, SST and
large-scale ENSO indices22. The current study uses the core material and age
model from that earlier work, resampled at approximately quarterly (4 per year)
increments using a miniature band saw. Quarterly resolution is used to detect
trace concentrations of Mn incorporated in the coral skeleton (lattice-bound Mn
in the carbonate matrix), but the accuracy of this sampling method may result in
some variability in the temporal coverage of the Mn/Ca data between years.
Mn/Ca analyses were produced on a graphite furnace atomic absorption
spectrophotometer15,16 (1σ : ±1.6–2 nmol Mnmol−1 Ca) after rigorous cleaning in
peroxide, reducing media, and acid following the methods of ref. 16.

The coral Sr/Ca record was developed from a core collected from a
4-m-diameter, massive Porites sp. coral at Jarvis Island (0◦ 22.3′ S, 159◦ 59.0′ W)
in September 1999. The coral lived in an unrestricted setting, well flushed with
open-ocean water, and the top of the coral was at 4m water depth. Coral powders
were drilled every 1mm along optimal sampling transects parallel to the growth
direction of individual corallites, and the chronology for the core was developed
using X-ray images of the annual growth bands and identification of the seasonal
cycle and major historical El Niño events in δ13C, δ18O, and Sr/Ca. Scanning
electron microscope images of samples from the top and bottom of the core were
used to screen for the presence of alteration or diagenesis of the coral material.
The coral samples were acidified in 2ml of 5% trace metal grade HNO3 and the
ratio of strontium (407.77 nm) to calcium (393.37 nm) was measured every 2mm
of core on a JY Optima 2C inductively coupled plasma atomic emission
spectrometer29. The long-term analytical precision (1σ ) was 0.0305mmolmol−1
for high-purity standards (0.33% RSD) and 0.044mmolmol−1 for an in-house
coral standard (0.49% RSD). The strong correlation between SST and Sr/Ca
measured in the Jarvis core over the period of overlap supports the interpretation
of this Sr/Ca record in terms of local SST variability (rs ranges between
0.42 and 0.67 for multiple SST data sets at monthly resolution). (The Jarvis
Sr/Ca and Tarawa Mn/Ca records developed in this work can be accessed
on the National Climate Data Center’s Paleoclimatology database;
http://ncdc.noaa.gov/data-access/paleoclimatology-data).

We compare this new Mn/Ca record with the Tarawa coral δ18O22 and the
H. microconos Mn/Ca15 records (http://hurricane.ncdc.noaa.gov/pls/paleox/
f?p=519:1:0::::P1_study_id:1845), 20CR zonal wind data21 (which offers an
improvement over previous products such as COADS data that are very patchy;
http://esrl.noaa.gov/psd/data/20thC_Rean/), and the Niño 3.4 ENSO SST index23
(http://iridl.ldeo.columbia.edu/expert/SOURCES/.NOAA/.NCDC/.ERSST/
.version3b/.anom/X/%28190%29%28240%29RANGE/Y/%285S%29%285N%
29RANGE/dods) to assess the connection between coral Mn/Ca and El Niño
events (each quarterly and annually averaged using the April–March ‘tropical’
year). We note that the observed decrease in the ensemble spread of 20CR over
time had no observed effects on the magnitude of interannual zonal wind
variability. To compare the event strength, we calculated Z-scores
(Z= (Xi−µ)/σ ) for each data set from the magnitude of the event (Xi) and the
mean (µ) and standard deviation (σ ) of the period of overlap (1893.75–1982.75),
and ranked each event as follows: very weak events: Z=0.5–0.84 (∼70–80th
percentile), weak events: Z=0.85–0.99 (∼80–85%), moderate events: Z=1–1.2
(∼85–90%), strong events: Z=1.21–1.6 (∼90–95%), and very strong events ≥1.6

(≥∼95%). We use the frequency of seasonal Mn/Ca Z-scores greater than 1
(summed over running 10-year intervals) to compare with global temperature
trends, which are similarly calculated on seasonal anomalies (relative to
1951–1980) over running 10-year intervals. Finally, we compare variability in
westerly winds and bursts over the twentieth century inferred from Mn/Ca and
the 6-hourly 20CR zonal wind data. Westerly winds were defined as any positive
20CR zonal wind values, and bursts were defined as westerly winds ≥5m s−1 that
lasted for 2 days30.
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