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1  Introduction

Changes in surface wind stress can have a strong influ-
ence on the ocean circulation and, hence, on climate. Our 
focus here is on variations of tropical winds and their 
impact on the global mean surface temperature (GMST) 
on time scales from months to decades. The smallness of 
Coriolis parameter near the equator implies that even small 
changes in the local winds can translate into large changes 
in the equatorial upwelling, affecting the depth of thermo-
cline and tropical sea surface temperature (SST). The time 
scale of the tropical thermocline response to variations 
in the winds is relatively short, ranging from months to 
less than a year, being set by tropical ocean wave dynam-
ics (McCreary 1978; Philander and Pacanowski 1981; 
Gill 1982). It is therefore expected that, to the first order, 
GMST would respond to a change in tropical winds in less 
than a year, through the associated change in the depth of 
thermocline. However, reproducing the observed GMST 
response to tropical winds in climate models presents a 
challenge (Douville et  al. 2015). To better understand the 
link between tropical winds and GMST, and to identify 
the main components in this link in climate models, it is 
instructive to partition the propagation of the wind-induced 
signals into several stages—an approach adopted here. This 
includes the generation and eastward propagation of Kel-
vin waves along the equator and the associated changes 
in equatorial thermocline depth, followed by the genera-
tion of off-equatorial Rossby waves that carry the associ-
ated changes in the thermocline and SST westward, filling 
a wider tropical region with the wind-induced SST signals 
that are then expressed as changes in GMST.

On longer time scales, from years to decades, changes in 
the tropical Pacific winds can lead to periods of prolonged 
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GMST change. For example, the evidence is that the 
observed slowdown in the global surface warming since 
about 2003 is connected to the acceleration of the Pacific 
trade winds through the associated cooling of the eastern 
tropical Pacific SST. This can be seen, for example, in cli-
mate model simulations where eastern tropical Pacific SSTs 
are constrained to follow their observed monthly evolution 
(Kosaka and Xie 2013). In this way the observed slowdown 
of GMST increase is reproduced whereas it is not in sim-
ulations absent this constraint (Fyfe et  al. 2013; Fyfe and 
Gillett 2014). The recent slowdown of GMST increase is 
also seen in simulations where tropical surface winds are 
instead constrained to follow their observed decadal time-
scale evolution, in which case intensified trade winds accel-
erate the subtropical cell (STC) overturning circulation in 
the upper Pacific Ocean leading to a slowdown in surface 
warming through increased subsurface ocean heat uptake 
(England et  al. 2014; Maher et  al. 2014; Watanabe et  al. 
2014).

Here, we further explore the link between tropical sur-
face wind and GMST during the well-observed period from 
January 1979 to December 2012. We use a climate model 
constrained to follow the observed evolution of tropical 
surface wind, running five such model simulations. These 
simulations are initialized with slightly different initial 
states but with the same observed explosive volcanic and 
solar variability changes and anthropogenic emissions 
of various gases and aerosols (e.g., greenhouse gases and 
sulphate aerosol precursors) and land use changes (e.g., 
deforestation). In addition, five such simulations are con-
sidered where the model is instead constrained to follow 
the observed monthly climatology of tropical surface wind. 
Through the use of a lagged correlation analysis we use 
these simulations to reveal the tropical to global sequence 
of events whereby tropical surface wind fluctuations in 
the West Pacific (WP) drive substantial month-to-month 
changes in GMST, with tropical ocean wave dynamics 
playing a key role in this process. We then use observations 
to identify the strong and the weak links in this sequence of 
events in our model simulations.

We also describe two additional sets of simulations as 
above but where we remove the influence of explosive 
volcanoes and solar variability (in a manner somewhat 
similar to the approach in Watanabe et  al. 2013). By dif-
ferencing these two sets of simulations we obtain estimates 
of the anthropogenic and externally-forced natural signals 
in GMST which we then employ in a multivariate linear 
regression analysis to decompose the observed time series 
of GMST into constituent anthropogenic, natural and tropi-
cal wind components. Here, our interest is on interannual to 
decadal timescales, and in particular, on how these various 
signals in observations combine to yield the cooling sig-
nals associated with the El Chichón and Pinatubo volcanic 

eruptions, as well as with the 2003–2013 slowdown of 
GMST increase.

We conclude our paper by illustrating the link between 
year-to-year changes in the strength of the STC overturn-
ing in the upper Pacific Ocean and changes of global-mean 
ocean temperature at various depths. We find an anticor-
relation between the surface and subsurface ocean tem-
peratures, generalizing the ideas presented in England et al. 
(2014) for the case of weaker-than-normal trades.

2 � Observational data

Our analysis involves observational estimates of monthly 
surface wind stress, surface air temperature (SAT), and sea 
surface height (SSH), with the wind stress used to drive the 
Canadian Earth System Model (see next section). The main 
wind stress product used in our study is from the ERA-
Interim Reanalysis (Dee et  al. 2011). In this reanalysis 
product (Fig. 1a), and in other reanalysis products (Fig. 2), 
the equatorial trade winds are seen to accelerate since about 
the 1990’s. This acceleration is most pronounced in the WP 
region; i.e., where the tropical Pacific wind stress variabil-
ity is strongest (Fig.  3). The exact cause of this accelera-
tion, whether internally or externally generated, or in some 
combination, is unknown at this time. Arguments have 
been presented demonstrating its link to the Interdecadal 
Pacific Oscillation (IPO) (e.g., England et al. 2014; Maher 
et al. 2014), as well as to the surface warming in the Indian 
Ocean (Luo et al. 2012; Han et al. 2013) and in the Atlantic 
Ocean (McGregor et al. 2012). A recent study by Li et al. 
(2015) presents some further evidence suggesting that the 
changes of the trade wind may be attributed to the SST 
changes over the Atlantic Ocean.

The SAT observations used in our study are from NASA 
Goddard Institute for Space Studies (GISS; Hansen et  al. 
2010). For SSH we use the Archiving, Validation, and 
Interpolation of Satellite Oceanographic (AVISO) dataset 
(Le Traon et  al. 1998) which is based on measurements 
from several satellites (including Envisat, TOPEX/Posei-
don, Jason-1 and OSTM/Jason-2) binned in 1◦ × 1◦ grids 
and averaged monthly over the period from October 1992 
to December 2010.

3 � Model and experimental design

We employ a version of the Canadian Earth System Model 
(CanESM2; Arora et  al. 2011), updated to include a spa-
tially-variable representation of the ocean mesoscale eddy 
transfer coefficient based on Gnanadesikan et  al. (2006), 
and a parameterization of eddy-driven diapycnal mixing in 
the deep ocean based on Saenko et al. (2012). The model is 
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composed of global ocean, atmosphere, sea-ice, land and 
carbon cycle components. The atmospheric component is 
a spectral model employing T63 triangular truncation with 
physical tendencies calculated on a 128 (longitude) × 64 
(latitude) (i.e., ∼ 2.8◦ in either direction) horizontal grid 
and 35 vertical levels (von Salzen et al. 2013). The oceanic 
component is based on a version of the Geophysical Fluid 

Dynamics Laboratory Modular Ocean Model with hori-
zontal resolution of 1.41◦ (longitude) × 0.94◦ (latitude) and 
40 vertical levels (see Yang and Saenko 2012). CanESM2 
reproduces many features of the observed climate and its 
evolution (e.g., Arora et al. 2011; Yang and Saenko 2012). 
For example, Fig. 1b shows that the model reproduces the 
observed evolution of equatorial East Pacific (EP) thermo-
cline depth (i.e., the depth of the 20◦C isotherm, inferred 
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Fig. 1   Observed anomalies (relative to 1979 to 1984 climatology) 
of monthly eastward wind stress averaged over the West Pacific 
Ocean from 150◦E to 210◦E and from 10◦S to 10◦N (a). The thick 
curve shows 12-month running averages and the dashed line shows 
the best fit linear approximation. The slope of the linear trend line is 
−1.2± 0.6× 10−2 Pa per decade. Observed and simulated anoma-
lies of equatorial thermocline depth averaged from 210◦E to 270◦E 
(b). The simulated values of thermocline depth represent the depth 
of the 20◦C isotherm; the observed proxy is computed by scaling the 
observed sea surface height (SSH) anomalies by ∆ρ/ρ = 5× 10−3 
where ∆ρ is the density difference between the upper warm layer and 
the deeper ocean, averaged over five ensemble members. The linear 
correlation (r) between the observed and simulated times series of 
thermocline depth is about 0.94. All anomalies are relative to aver-
ages over the indicated time period which is from January 1993 to 
December 2012. Blue shading indicates the time period from January 
2004 to December 2005 which is investigated in more detail in Fig. 5

Fig. 2   As in Fig. 1 (a), except covering the whole period of analysis 
and using the total (rather than anomaly) wind stress data from six 
reanalyses: NCEP/NCAR Reanalysis 1, (R1), Kalnay et  al. (1996); 
NCEP/DOE Reanalysis 2, (R2), Kanamitsu et  al. (2002); NOAA/
CIRES Twentieth Century Reanalysis v2, (20CR), Compo et  al. 
(2001); ERA-Interim Reanalysis, (ERA-Int), Dee et al. (2011); NCEP 
Climate Forecast System Reanalysis, (CFSR), Saha et  al. (2010); 
NASA Modern Era Retrospective Analysis for Research and Applica-
tions, (MERRA), Rienecker et al. (2011). Time series are computed 
as 12-month running averages of monthly data
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from SSH) when driven with observed tropical surface 
wind stress. This suggests that the propagation of the wind-
induced signals by equatorial Kelvin waves is captured well 
by the model, which will be confirmed by a more detailed 
analysis in the next section. The model also simulates a 
reasonably good time-mean state of the ocean, including 
the vertical structure of temperature along the equator in 
the Pacific Ocean (Fig. 4).

Our model experiments branch from an 1850 to 2012 
“control” simulation that used observed time-evolving 
external forcing (anthropogenic and natural) and wind 
stress at the ocean surface following the observed mean 
annual cycle computed from monthly ERA-Interim Rea-
nalysis over the period 1979 to 1984 (linearly interpolated 
to model time step). In what follows we shall refer to it as 
to “climatological” wind stress, even though it represents 
a rather short time interval. (The latter was selected so to 
ensure a smooth transition from the control simulation to 
the climate model simulations forced with evolving wind 
stress, described next). In other words, the model is fully 
coupled but the computed wind stress is overwritten with 
the observed wind stress; the latent and sensible heat fluxes 

are computed using the wind field simulated by the model 
atmosphere.

Two sets of model simulations, five experiments each, 
were branched off the control using slightly different initial 
conditions in January 1979 and then following the observed 
time-evolving external forcing and monthly ocean surface 
wind stress. In the first set of simulations the observed 
interannual-varying monthly ocean surface wind stress 
was applied globally, while in the second set of simula-
tions it was applied only in the tropical region from 35◦S 
to 35◦N, with the observed fixed annual cycle of monthly 
ocean wind stress prescribed elsewhere, as in the control. 
The ensemble mean and global mean surface temperature 
evolution is very similar between these sets of simulations 
(i.e., r ≈ 0.96), confirming the dominant role of tropical 
wind variations on global temperature evolution (England 
et  al. 2014). Henceforth, unless stated otherwise, we will 
focus on the set of tropical wind simulations. To balance 
the five tropical wind experiments we executed four addi-
tional control experiments each branched with slightly dif-
ferent initial conditions from the primary control in Janu-
ary 1950 and then following the same external forcing and 
wind prescription as the primary control.

Finally, to quantify the role of natural external forcing 
on global surface temperature, separate from tropical wind, 
we repeated all of the controls and experiments described 
above but with the external forcing changes associated with 
explosive volcanoes and solar variability removed. In total, 
940 years of model simulation were utilized in our study.

4 � Monthly influences

The basic dynamics linking tropical wind variability to 
the slope of the thermocline depth (D) along the equa-
tor can be illustrated with a simple 1.5-layer model of the 
ocean which dictates the following main steady-state zonal 
momentum balance at the equator: g′∂xD = τ x/(ρH) , 
where g′ is reduced gravity, τ x is zonal wind stress, ρ is ref-
erence density and H is mean depth of Pacific equatorial 
thermocline. For example, an equatorial thermocline that 
shallows towards the east (i.e., ∂xD < 0) can only be in bal-
ance with a westward zonal wind stress (i.e., τ x < 0). If that 
westward zonal wind stress were to increase (i.e., ∆τ x < 0 , 
as with trade wind intensification) then the thermocline 
must become steeper (i.e., ∂x∆D < 0) to maintain equilib-
rium. Taking typical values of equatorial thermocline depth 
H = 100 m, reduced gravity g′ = g∆ρ/ρ = 0.05 m/s2,  
and zonal length scale L = 10,000 km then this relation-
ship implies that trade wind intensification of 10−2 Pa is 
associated with thermocline shallowing towards the east 
of about 20 m. These values are consistent with the wind 
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stress and thermocline depth anomalies shown in Fig. 1a, b, 
respectively.

The equatorial thermocline adjusts to zonal wind stress 
fluctuations through the generation and propagation of 
equatorial Kelvin waves which act to deepen or shallow the 
thermocline (Gill 1982). This is illustrated in Fig. 5 for one 
of our model experiments in the case of significant trade 
wind weakening that occurred in February 2005. Here we 
see trade wind weakening in the WP (Fig.  5a) followed 
by an eastward propagating feature in equatorial thermo-
cline depth leading to deepening in the EP (Fig. 5b). The 
propagation speed of this feature is consistent with that of 
a first-mode baroclinic Kelvin wave, as illustrated with the 
upward sloping lines in Fig. 5b. Upon reaching the eastern 
boundary, such Kelvin waves typically propagate north and 
south as coastal Kelvin waves, with some westward reflec-
tion as off-equatorial Rossby waves (McCreary 1978; Gill 
1982). That such a model can capture the observed propa-
gation speed of these off-equatorial Rossby waves has been 
previously demonstrated (Fyfe and Saenko 2007). In this 
example, the cross-basin transit time of the eastward propa-
gating Kelvin wave and returning off-equatorial Rossby 
waves presumably accounts for the 6-month lag between 
trade wind weakening in the WP and SST warming in EP 
(Fig. 5c).

To explore these relationships more generally we have 
conducted a lag correlation analysis based on 12-month 

running averages. Figure  6a shows observed tropical WP 
wind stress plotted against simulated equatorial EP thermo-
cline depth which in turn is plotted against simulated EP 
SST in Fig. 6b. Here the simulated variables are relative to 
the simulated controls. Since the experiments include wind 
and external forcing impacts and the controls only include 
external forcing impacts then we can reasonably assume 
that differencing effectively removes the external forcing 
impacts. However, the difference may still include some 
portion of unforced internal variability which is not related 
to the wind stress variability

Figure  6 shows that wind stress fluctuations are 
highly correlated with thermocline depth fluctuations 
with a lead time of about 1-month, and that the lat-
ter are, in turn, highly correlated with SST fluctuations 
with a lead time of about 5-months. As noted, these 
timescales are consistent with the cross-Pacific transit 
times of eastward propagating equatorial Kelvin waves 
and returning off-equatorial Rossby waves, although the 
processes involved are likely to be more complex than 
can be described by linear wave dynamics. To obtain a 
further insight, Fig. 7 shows the simulated and observed 
spatial patterns of correlation between EP thermocline 
depth and SST for lags of −5, 0 and +5 months. In the 
model (left panels), the correlation in the tropical Pacific 
is positive at −5 months lag, but weak and centered on 
the WP. At 0 lag and, particularly, at +5 months lag the 
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over the indicated time period which is from January 2004 to Decem-
ber 2005, and represent averages over five ensemble members
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correlation in the tropical Pacific increases and shifts 
eastward, with high positive values spreading beyond 
the tropics. Similar tendencies, while attenuated by other 
signals, can be seen in the observed correlation patterns 
(right panels).

Figure  6c shows that the wind-induced SST anoma-
lies in the EP are reflected in the GMST about 4-months 
later, as is broadly consistent with the observational analy-
sis presented by Trenberth et  al. (2002). Figure 6d closes 
the sequence showing that tropical WP wind stress varia-
tions produce highly-correlated GMST fluctuations peak-
ing about 7-months later. Note that these are independent 
statistical estimates with no physical constraint on their 
additivity. The fact that they are roughly additive (though 
not completely) supports the sequence of cause and effect 
events presented in Fig. 6.

To further assess these results in observations we have 
undertaken a lag correlation analysis of de-trended obser-
vations since 1995 when the influence of explosive vol-
canic activity was at a minimum and when SSH observa-
tions became available (used here to estimate the associated 
variations in the equatorial EP thermocline depth). In this 
case, observed tropical WP zonal wind stress variability 
accounts for about 58% of the observed GMST variance 
at 5-month lead, and about 66± 11  % of the simulated 
GMST variance at 6.4± 1.4 month lead (using 95% con-
fidence intervals on the ensemble averages). The regres-
sion coefficients between tropical WP zonal wind stress 
and lagged equatorial East Pacific thermocline depth are 
11.73 m/(10−2 Pa) and 14.05± 0.06 m/(10−2 Pa) for 
observations and simulations, respectively. The regression 
coefficients between equatorial EP thermocline depth and 
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lagged EP SST are 0.05 ◦C/m and 0.05± 0.00 ◦C/m for 
observations and simulations, respectively. We note that all 
these observed relationships are highly statistically signifi-
cant (i.e., p << 0.05) and the validity of the relationship 
between EP thermocline depth and SST is further apparent 
in Fig. 7. The good agreement between these observed and 
simulated regression coefficients suggests that the oceanic 
adjustment to the wind stress anomalies in the tropical WP, 
associated with propagation of equatorial Kelvin waves and 
off-equatorial Rossby waves described above, is captured 
by the model not only qualitatively but also quantitatively. 
Finally, the regression coefficient between EP SST and 
lagged GMST for observations is 0.11 ◦C/◦C. This is sig-
nificantly lower then the corresponding coefficient for the 
simulations, which is 0.23± 0.05 ◦C/◦C, suggesting that 
the atmospheric response to the EP SST is overestimated 
by the model. We return to this point in Sect. 7.

5 � Interannual to decadal influences

Here we utilize our model experiments to decompose the 
observed long-term evolution of GMST into anthropo-
genic, natural and tropical wind components. To accom-
plish this we perform a multivariate linear regression 
between observed anomalies of GMST, TGLOBAL(t) (as 
regressand), simulated anthropogenic signal, TANTHRO(t) 
(as regressor), simulated natural signal, TNATURAL(t) 
(volcanic and solar; as regressor) and observed tropi-
cal WP zonal wind stress shifted forward by 7-months 
TWIND(t) (as regressor). In our calculation the regressand 
and regressors are based on monthly and 12-monthly 
running averages, respectively, and we assume that the 
residual, TRESIDUAL(t) = TGLOBAL(t)− TANTHRO(t)−  
TANTHRO(t)− TNATURAL(t)− TWIND(t) , follows a first order 

ObservationsModel
lag = −5 months

lag =  0 months

lag = +5 months

Fig. 7   Maps of correlation coefficients between the simulated (left) 
and observed (right) equatorial thermocline depth (ETD), aver-
aged along the equator over the EP Ocean from 210◦E to 270◦E, 
and sea surface temperature (SST) field for lags of −5 (upper pan-
els), 0 (middle panels) and 5 (bottom panel) months. The simulated 
values of ETD represent the depth of the 20◦C isotherm, whereas the 
observed proxy is computed using the observed SSH, as in Fig. 1b. 

The observed SST is the GISS data (Hansen et al. 2010). The simu-
lated correlation maps represent averages over five ensemble mem-
bers. The calculations are based on monthly and 12-monthly running 
averages, starting from January 1995 when the influence of explosive 
volcanic activity was at a minimum and when SSH observations are 
available
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autoregressive AR(1) process. The applied methodology is 
also described in Fyfe et al. (2010).

Two comments should be made before we proceed. 
First, we use the observed wind stress (TWIND), rather than 
the thermocline depth in this multivariate regression anal-
ysis of decadal GMST trends. The reason for this is that 
on a decadal time scale, a trend in the tropical wind stress 
should not be expected to be fully reflected in the thermo-
cline depth, despite the two variables showing a strong cor-
relation on shorter time scales (Figs. 1, 6a). This is because 
for slowly increasing trade winds the corresponding steep-
ening of the east-west tilt of the tropical thermocline, and 
the associated build up of available potential energy, should 
be expected to get halted at some point through a variety 
of instability processes operating in the tropics. Instead, the 
mechanism described by England et al. (2014) comes into 
operation on a decadal scale, wherein the slowly increasing 
Pacific trade winds during the last two decades (Figs.  1a, 
2) led to a subduction of warm water off the equator and 
an upward transport of colder water across a (near steady) 
equatorial thermocline, thereby making the eastern tropical 
Pacific SST colder. Second, our separation into TANTHRO , 
TNATURAL and TWIND is not perfectly clean, since anthro-
pogenic or natural external forcing can itself influence the 
winds. Therefore, TANTHRO or TNATURAL exclude any exter-
nal influence on the surface circulation, since they use cli-
matological winds, while TWIND, specified from observed 
monthly evolving winds, may include some externally 
forced component.

Figure  8 (top) shows the observed monthly evolu-
tion of GMST anomaly from January 1979 to Febru-
ary 2013. The features of interest here are the long-term 
warming trend, the cool anomalies associated with the El 
Chichón and Pinatubo eruptions, and the warming slow-
down (hiatus) from about 2003 to 2013. In our multivari-
ate regression the long-term warming trend is captured 
by TANTHRO(t) = αT̂ANTHRO(t) where T̂ANTHRO(t) is the 
ensemble-mean GMST from the set of controls without 
natural external forcing changes, and α = 0.57± 0.04 . 
This value of α indicates that the simulated anthropo-
genic signal needs to be scaled down by about 40  % to 
match the long-term trend in GMST. The natural signal 
is TNATURAL(t) = βT̂NATURAL(t) where T̂NATURAL(t) is the 
ensemble-mean difference between the two sets of con-
trols with and without natural external forcing changes, and 
β = 0.60± 0.07. This value of β indicates that the simu-
lated natural signal also needs to be scaled down by about 
40  % to produce a match with observations. Finally, the 
tropical wind signal is computed as TWIND(t) = γ T̂WIND(t) 
where γ = (0.08± 0.01)× 10−2 ◦C/Pa. If we use simu-
lated rather than observed TGLOBAL(t) then in the ensemble-
mean γ = (0.14± 0.03)× 10−2 ◦C/Pa, which implies that 
the simulated GMST response to observed tropical wind 

forcing is significantly larger than observed. However, the 
spatial structure of the observed near-surface temperature 
is captured reasonably well by the model. Figure  9 illus-
trates this for two periods of prolonged positive and nega-
tive TWIND. During the former period, lasting from about 
1991 to 1996, the weakening of trades was associated with 
El Niño-like pattern of surface warming in the central and 
eastern tropical Pacific (Fig.  9a, c, e; see also Watanabe 
et  al. 2014). In contrast, during the period of recent pro-
longed negative TWIND, the strengthening of trades has led 
to a La Niña-like pattern of surface cooling in the central 
and eastern tropical Pacific (Fig. 9b, d, f; see also England 
et al. 2014).

Our analysis indicates that the trend in observed GMST 
during the warming slowdown period from 2003 to 2013 
of −0.01± 0.07 ◦C per decade can be interpreted as offset-
ting anthropogenic warming against tropical wind-induced 
cooling. The trend in simulated GMST during the hiatus 
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Fig. 8   Anomalies of observed monthly global surface temperature 
(TGLOBAL) which are decomposed into components due to anthro-
pogenic forcing (TANTHRO), natural forcing (TNATURAL), wind forc-
ing (TWIND), and a residual (TRESIDUAL). The lower curves share the 
same vertical axis as the top curves but are vertically offset for pres-
entational purposes. All anomalies are relative to the indicated time 
period which is from January 1979 to December 2012. The black 
curves are 12-month running averages of monthly values which 
are shown in grey. In the top panel the blue curve shows the recon-
structed GMST. The linear correlation coefficient between our recon-
structed GMST and the actual observed GMST is high and statisti-
cally significant (r = 0.84)
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period of −0.10± 0.09 ◦C per decade also indicates no 
warming but with greater than observed anthropogenic 
warming balancing greater than observed tropical wind-
induced cooling. After the El Chichón and Pinatubo erup-
tions, volcanic cooling is partially offset by anthropogenic 
and tropical wind-induced warming. The tropical wind-
induced warming after the El Chichón and Pinatubo erup-
tions presumably reflects trade wind weakening associated 
with the 1982–1983 and 1991–1992 El Niño’s, respectively.

6 � Influence on subsurface ocean

England et al. (2014) show the influence of the recent trend 
in the Pacific trade winds on the ocean surface and sub-
surface temperatures. They find that the intensified trade 
winds accelerated the STC overturning circulation in the 
upper Pacific Ocean leading to a warming slowdown in 

the surface ocean and warming intensification in the sub-
surface ocean. Here this result is confirmed and extended 
for the case of trade wind weakening. In the latter case the 
STC overturning weakens, leading to a more pronounced 
warming in the surface ocean and relative cooling in the 
subsurface ocean, on global mean. This is illustrated in 
Fig. 10 using the experiments that include wind and exter-
nal forcing impacts and the controls that include only exter-
nal forcing impacts. It can be seen that the time intervals 
with stronger (weaker) than in the control STC overturning, 
for example between 2003–2012 (1991–1996), are char-
acterized by cooling (warming) of the near-surface ocean 
and warming (cooling) of the subsurface ocean. Such an 
anticorrelation between the surface and subsurface ocean 
temperatures is consistent with the advective mechanism 
proposed by England et al. (2014). We also confirm a sug-
gestion by England et al. (2014) that it is the changes in the 
low-latitude winds (35◦S–35◦N) that have a major influence 

a b

c d

e f

Fig. 9   Maps of surface air temperature (SAT) and wind stress 
anomalies: (a, b) observed and (c–f) simulated SAT, corresponding 
to (left) 1991–1996 and (right) 2003–2012. The observed SAT maps 
correspond to the GISS product (Hansen et al. 2010). The simulated 
SAT maps are obtained by forcing the climate model with either (c, 

d) evolving monthly wind-stress from the ERA-Interim reanalysis 
(ERA-Int; Dee et al. 2011), the anomalies of which are over-plotted 
as vectors, or with (e, f) monthly wind-stress climatology (see Sect. 3 
for details). The simulated SAT maps represent averages over five 
ensemble members. All anomalies are relative to 1979–2012 averages
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on the subsurface ocean temperature (Fig.  10b, c). As 
expected, the external forcing impacts, by themselves, are 
not capable of forcing strong interannual variations in the 
strength of the STC overturning circulation (Fig. 10a).

7 � Discussion and conclusions

Our observed tropical-wind constrained simulations using 
the Canadian Earth System Model reveal the month-to-
month sequence of events connecting episodes of trade 
wind strengthening (or weakening) to global mean surface 
temperature cooling (or warming). Key to this sequence 
are equatorial ocean wave dynamics which in our simula-
tions, and observations, set an average time scale of about 
half a year between a given surface wind stress fluctuation 
in the tropical WP and a corresponding signal in GMST. 
Using the anthropogenic, volcanic (plus solar) and tropical 
wind signals extracted from our simulations in a multivari-
ate linear regression with observed GMST makes clear the 
cancellation that exists between anthropogenic warming 
and tropical wind-induced cooling during the recent warm-
ing slowdown, and between volcanic cooling and tropical 
wind-induced warming during the El Chichón and Pina-
tubo eruptions.

A further aspect that becomes apparent through our 
multivariate linear regression is the fact that the simulated 
anthropogenic, volcanic (plus solar) and tropical wind-
induced signals in GMST each appear to be overestimated, 
relative to those seen in observations. By comparing the 
observed and simulated regression coefficients involved 
in each step of the above sequence of events, i.e. whereby 
tropical WP wind stress signals lead equatorial EP ther-
mocline depth signals which lead tropical EP SST signals 
which lead GMST signals, we conclude that the main 
weakness in the simulated sequence is between fluctuations 
in tropical EP SST and GMST. This is demonstrated by the 
fact that in observations the regression coefficient between 
these two variables is 0.11◦C/◦C at 4 month lead, while in 
the simulations it is 0.23± 0.05◦C/◦C at 3.0± 1.5 month 
lead. Why this is so warrants further investigation in our 
model, and in other models that similarly overestimate the 
tropical wind-induced signal in observed GMST (Douville 
et al. 2015).

Finally, in response to the year-to-year fluctuations 
in the trade winds we find an anticorrelation between the 
global-mean temperatures in the near-surface (upper ∼ 100 
m) and subsurface (∼ 100–300 m) ocean layers. The peri-
ods of stronger (weaker) than normal trades, with the asso-
ciated strengthening (weakening) of the STC overturning in 
the upper Pacific Ocean, correspond to cooling (warming) 
in the surface ocean and warming (cooling) in the subsur-
face ocean.
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Fig. 10   a Net annual-mean tropical upwelling (in Sverdrups) in the 
Indo-Pacific basin which combines contributions due to the northern and 
southern subtropical overturning circulation cells, in the experiments 
with evolving (red) and fixed climatological (black) wind stresses. b and 
c Evolution of the annual-mean global ocean temperature profile anom-
alies (in K) given by the difference between the experiments with evolv-
ing and climatological wind stresses when the evolving wind forcing is 
applied b globally and c only between 35◦S and 35◦N, with the tropical 
upwelling, shown in a, being almost identical in these two cases. The 
simulated upwelling circulations and temperature anomalies represent 
averages over five ensemble members
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