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Forced by transient solar activities since 7 ka, the thermal structures of the Pacific upper water at boreal winter are featured by an
enhanced response of 3-dimensional Western Pacific Warm Pool (WPWP) in an Earth system model of Intermediate Complexity
at centennial scales. During solar maximum periods, the magnitude of surface ocean temperature variations is 30% larger in the
western tropical Pacific than in the Nifio3 region, while at subsurface, it is 40% larger in the subtropical North Pacific than in the
western Equatorial Pacific. They compromise stronger zonal and meridional thermal gradients in surface and subsurface Pacific
respectively which are both linearly responded to solar forcing at centennial periods. The surface gradient is most sensitive at
208-year period while the subsurface gradient shows more significance at periods longer than 208-year. Also noteworthy are two
differences: (1) the phase lags at these periods of surface gradient are slightly smaller than that of subsurface; (2) the 148-year and
102-year periods in surface gradient are lost in subsurface gradient. These modeled features preliminary confirm the centennial
fluctuations of WPWP in paleo-proxies and a potential solar forcing during the Holocene.
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Modern climate studies have shown that, small-magnitude
variations of Total Solar Irradiance (TSI) at the top of at-
mosphere (TOA) can induce significant surface climate
responses at decadal and interdecadal time scales [1,2]. For
example, Clement et al. [3] proposed that uniform heating
over the entire tropical region will warm the Pacific more in
the west than in the east and strengthen the zonal equatorial
Sea surface temperature (SST) gradient. So the Pacific up-
per water thermal structure may act as a transmitter of solar
forcing with a La Nina-like SST pattern in Pacific during
solar maxima periods [4,5].

Since the Holocene is featured by significant millenni-
al-centennial fluctuations of solar activities [6], there are a
growing number of paleoclimatic studies pointing toward a
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stronger solar forcing on past climate [7—11]. The enhanced
response of the Western Pacific Warm Pool (WPWP) is first
recorded in surface temperature anomalies between the Me-
dieval and the Little Ice Age [12]. The centennial zonal os-
cillations of Pacific SST forced by solar activities are also
significant in the Mg/Ca records of early Holocene [13] and
supported by a transient Holocene simulation of the El Nifio-
Southern Oscillation (ENSO) [14]. However, this simula-
tion used a simple Zebiak-Cane (ZC) model constrained in
tropical Pacific and it is still unknown whether their results
are independent of model.

And more, it has been shown High TSI at periods of
11-year and 22-year can induce 0.03 and 0.06 K warming of
the subsurface water at 80—160 m depth (i.e. Thermocline
Water Temperature, TWT) [15,16]. Though these adjust-
ments of upper water structures in tropical Pacific may be
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linked with the ENSO-like SST pattern, little attention has
been paid to the spatial-temporal variations of TWT forced
by centennial solar activities during the Holocene.

Here in an Earth system Model of Intermediate Com-
plexity (EMIC) with transient accelerated TSI forcing since
7 ka, enhanced responses of WPWP are simulated with dif-
ferent spatial/spectrum patterns of SST and TWT at centen-
nial periods, and their meanings for paleoclimate are inter-
preted with multi-proxies of paleoceanography.

1 Model, experiment and data processing

The model used here is the University of Victoria Earth
System Climate Model, Version 2.9 (UVic_ESCM), which
employs a 3.6°x1.8° horizontal resolution and 19 vertical
levels for the ocean. This 3-D ocean general circulation
model is coupled to a 2-D energy-moisture balance atmos-
pheric model with dynamical feedbacks, a dynamic-
thermodynamic sea-ice model and a land surface scheme.
To isolate the thermal response of Pacific upper water from
internal variability, the atmospheric dynamical feedback
option (which may damp the “ocean thermostat” mecha-
nism [3]) has not been included in this application and the
model uses prescribed present-day winds in its climatology.
Weaver et al. [17] further described the model version (in-
cluding the atmospheric, Ocean and sea ice model), its ability
in reproducing the observed Pacific SST/TWT structures, and
its sensitivity to transient solar forcing in global warming
experiments.

For our transient accelerated experiment (Expsop), We
started from the TSI at 9.3 ka [6] and advanced it by 10
years at the end of each model year (acceleration factor =
10). The model was integrated for 930 model years with its
original configurations except for this transient forcing. It
means that other boundary conditions were kept constant at
modern values (including orbital parameters). This acceler-
ation technique has been used to reveal the transient behav-
iors of summer monsoon in fully coupled general circula-
tion models (GCMs) at orbital timescales [18-20]. And the
effects of different acceleration factors can be neglected for
the external forcing that vary on (centennial) timescales
longer than the actual length of the model response [21,22].
To diminish the uncertainties due to initial state, the first
230 model years were abdicated as adjustments for atmos-
phere-upper ocean system since the Pacific SST and TWT
(-120 m water depth) both reached equilibrium during the
last 700 model years (7 to 0 ka) (Figure 1(a)).

Since modern Pacific upper water changes are most sig-
nificant at boreal winter, we first calculated December-
January-February (DJF) SST anomalies and TWT anomalies
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Figure 1 In (a), the detrended TSI anomalies (red dashed line, 9-points
smoothed) (Units: W m™) [6] are shown together with timeseries of annual
averaged tropical (30°S to 30°N) SST (black thin line) and TWT (blue
thick line, added by 4.2 K for comparison); In (b), EOF1-PCs of SST
(black thin line, multiplied by —1) and TWT (blue thick line) both can be
matched well with the TSI evolution.

from the monthly results (the last 700 model years) of
Expsoar- Then an unrotated Empirical Orthogonal Functions
(EOF) analysis with area weighting was used to extract the
main spatial modes (Figure 2) and temporal evolutions
(Principal components, PCs in Figure 1(b)) of DJF SST
(TWT) anomalies. Based on the definitions in Figure 2(a),
we calculated the regional averaged timeseries of DJF SST
anomalies in WPWP and Nifio3 region respectively and
differenced them as a zonal (WPWP-Nifio3) SST gradient
timeseries (Figure 3(a)). Similarly, a meridional TWT gra-
dient was calculated between subtropical North Pacific
(NPac) and Western Equatorial Pacific (WEP) defined in
Figure 3(b). Finally, a cross-spectrum analysis using the
NCAR command Language (NCL)" was conducted be-
tween the SST (TWT) gradient and TSI forcing to reveal
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Figure 2 (a) and (b) show the EOF1 spatial modes of DJF SST and TWT
respectively. The rectangles in (a) and (b) denote the boundaries of regions:
WPWP (10°S-20°N/120°-160°E), Nifio3 (5°S-5°N/150°-90°W), WEP
(0°-10°N/120°E~160°W), and NPac (10°-30°N/120°E-160°W).

1) The NCAR Command Language (Version 6.0.0) [Software]. (2012). Boulder, Colorado: UCAR/NCAR/CISL/VETS. http://dx.doi.org/10.5065/

D6WD3XHS.
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TWT gradient (K)

Figure 3 Regional averaged timeseries of DJF SST anomalies in WPWP
(blue line) (Units: K) is shown in (a) with its differences (green line) rela-
tive to SST timeseries in Nifio3 region; while regional averaged timeseries
of TWT anomalies in NPac (black line) is shown in (b) with its differences
(red line) relative to TWT timeseries in WEP region.

their phase relationship at different centennial periods (Fig-
ure 4), which were compared with the spectrum of Mg/Ca
SST/TWT and other paleorecords in WPWP (Figure 4(d)—
(f) and Figure 5). Here the spectrums of Paleorecords are
cal culated by the REDFIT software [23] using rectangle-
type window. Since our simulation excluded transient varia-
tions of orbital parameters, all the timeseries used for com-
parison here were first detrended by 4-order polynomial
fitting method.

2 Results and discussion
2.1 Solar forced SST and TWT responses in Pacific

To reveal the TSI forced upper water thermal evolutions,
the EOF results based on DJF SST and TWT are shown in
Figure 1(b) and Figure 2. The first EOF “spatial” modes
(EOF1) of SST and TWT (Figure 2) account for 91.0% and
77.4% of the total variance respectively and both show cen-
tennial variations in their PCs (Figure 1(b)). Noteworthy are
their different spatial patterns: the SST shows larger mag-
nitudes (30%) in WPWP (-2.4) than in the Nifio3 region
(-1.6) (Figure 2(a)), while the TWT changes in NPac (2.2)
are enhanced by 40% relative to WEP (1.6) (Figure 2(b)).
Interestingly, these spatial patterns are similar to the clima-
tological distributions of WPWP temperature at 0 and —120
m water depth [24] respectively. And the TWT patterns can
further represent the distributions of thermocline depth or
upper ocean heat content [15,25] in WPWP. In short, inho-
mogeneous responses of Pacific upper water are induced by
centennial solar fluctuations during the Holocene, indicating
an enhanced response of 3-D WPWP with a zonal SST gra-
dient and a meridional TWT gradient.

Note that the signs of EOF results only indicate relative

Chin Sci Bull

May (2013) Vol.58 No.15

positive/negative phases, the EOF1 PCs of SST and TWT
are linearly respond to the Holocene TSI forcing (Figure 1).
Similar linear responses also prevail in the timeseries of
regional averaged SST/TWT and their gradients (Figure 3).
Due to the increased TSI at TOA (1 W m~ from TSI, to
TSI ax), the WPWP SST and the NPac TWT exhibit a
warming of 0.04-0.07 K and 0.02-0.04 K respectively,
while the zonal SST gradient and meridional TWT gradient
are both increased by 0.02 K (Figure 3) which are consistent
with previous studies [15,16]. Despite of these differential
magnitudes, more meaningful are their spectrum features.

In the frequency spectrum of TSI, periods of 102, 142,
208, and 357 years are most significant at 90% confidences
and the periods of 500, 769 and 1100 years are also clearly
resolved (Figure 4(a)). The periods of 90% significance are
linearly transferred to the spectrum of the zonal SST gradi-
ent (black line in Figure 4(b)) with the strongest magnitudes
at periods of 208 years while the periods of 769 and 500
years are significant at 80% level. In spectrum of TWT gra-
dient (black line in Figure 4(c)), the magnitudes at periods
of 208, 142 and 102 years are greatly suppressed but are
still significant at 90% level with other centennial periods.
Considering the cross spectrum (blue and purple lines in
Figure 4(b)), zonal SST gradient is highly correlated with
TSI at periods of 1100, 769, 500, 357, 208, 142 and 102
years and shows phase (time) lags of 15° (46 years), 15° (32
years), 15° (21 years), 25° (25 years), 50° (29 years), 60°
(24 years), 70° (20 years) (SST gradient lags TSI). In con-
trast, peaks of 142 and 102 years are missed in TWT gradi-
ent (blue line in Figure 4(c)), and larger phase lags against
TSI (20° (61 years), 20° (43 years), 30° (42 years), 50° (50
years) and 80° (46 years)) appear for periods of 1100, 769,
500, 357, 208 years. It seems that these phase lags are de-
creased at longer timescales for both two gradients, and can
be converted to an averaged time lag (or response time) of
28 (48) years for SST (TWT) relative to centennial TSI
forcing respectively. This longer response time of TWT and
the lack of high frequency can be attributed to the “low-pass
filter” effect of the upper ocean.

With a warmer WPWP at surface, the stronger zonal SST
gradient agrees well with the “ocean thermostat” hypothesis
[3] and may indicate a solar forced ENSO-like response [14]
at centennial scales. Further, the enhanced meridional TWT
gradient is reversed with a meridional SST gradient (with
warmer WPWP and relative cooler SST north of 30°N) in
Western Pacific (Figure 2(a)). Since the equatorial thermo-
cline water is mainly sourced from the subduction and ad-
vection of midlatitude waters [26], and considering the
thermal effect on water density, there may be more subduc-
tion at 30°N and a stronger meridional Subtropical Thermo-
cline Circulation (STC) in Pacific [27,28]. This STC and the
surface ENSO commonly alter the operation of ocean ther-
mostat centered with an enhanced 3-D WPWP. Considering
the simplicity of the model, our discussion will be limited on
the Pacific upper water thermal variations while the detailed
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Figure 4 The spectrum of TSI (unsmoothed), SST gradient, TWT gradient, the Mg/Ca SST of MD98-2176, MD98-2181 and 13GGC are shown as the
black peaks in (a)—(f) which are calculated by the REDFIT software [23]. Additionally, the cross-spectrum between TSI and SST gradient are shown as
power magnitudes (blue line) and phase angles (purple line) against TSI in (b); (c) is similar to (b) but for the situations of TWT gradient.

evolution of STC and ENSO should be accessed in EMICs or
CGCMs with dynamical atmospheric feedbacks [29].

2.2 Drawbacks and comparisons with proxy-records of
paleoceanography

Several limitations constrain the detailed comparisons be-
tween our simulation and the paleorecords of Pacific SST/
TWT: (1) with great uncertainties, the magnitude of TSI is
roughly a factor of 10-100 smaller than other forcing (vol-
cano, orbital insolation, greenhouse gases) in paleoclimate
and our solar forced SST/TWT variations may be covered
up by them; (2) As an EMIC, our coarse resolution model is
limited in physical processes (i.e. atmospheric feedbacks,

especially from stratosphere) for a realistic simulation of
past climate. But it is still suitable for testing the sensitivi-
ties of upper water column to solar forcing that may be un-
derestimated by CGCMs, because the “thermostat” mecha-
nism is dampened by atmospheric effects in CGCMs
[12,30]. Despite of those discrepancies, here we only focus
on the common spectrum features.

In the ZC model [14], a zonal SST gradient linearly re-
sponds to TSI forcing and shows a short phase lag (about a
decade) at periods of 200—500 and 800-1000 years. Similar
periods appear in Mg/Ca-SST record of Northeast Pacific
with 50-100 years’ lag [13] and can be comparable with our
SST results (Figure 4(b)). Centennial SST changes are also
found in Holocene proxy-records from the western Philippine
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Figure 5 (a) Detrended timeseries of MD01-2386 AS%0pg (black line)
and MD98-2188 Mg/Ca TWT (blue line) are compared with the TSI
anomalies (9-points smoothed) (red line); (b) and (c) show the spectrum of
MDO01-2386 A5'*0p.g and MD98-2188 Mg/Ca TWT respectively.

Sea (MD98-2188) [31], Makassar Strait (13GGC) [32],
Mindanao Sea (MD98-2181) and Flores Sea (MD98-2176)
[33]. All of their spectrums are significant at centennial pe-
riods (especially 190-229 years) of solar cycle (Figure
4(d)—(f)). But due to uncertainties in their age models, reso-
lutions, local environments and other forcing factors, it is
difficult to fully match these quasi-period bands with those
of solar forcing and to compare their phase angles as shown
in Figure 4(b).

Besides these surface variations, multi-proxies of
paleoceanography have revealed centennial fluctuations of
thermocline water in WPWP. For example, the thermocline
depths indicated by A6'®Op.g records (black line in Figure
5(a)) during the Holocene show significant 212-year periods
(Figure 5(b)) in WEP (MDO01-2386) [34]%. More direct ev-
idences can be found in the Mg/Ca-TWT records from
western tropical Pacific (MD98-2188) [31]: the TWT
timeseries share similar variability with detrended TSI dur-
ing 6.9, 4.3-3.4, and 3-0.3 ka (Figure 5(a)) and show cen-
tennial periods of 320, 427 and 694 years (Figure 5(c)).
Again, shorter periods of TWT are suppressed (208 years)
as our simulation. So our simulated TWT results can be
used to argue for a possible solar origin of these paleocean-
ographic variations.
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3 Conclusions

Forced by the transient TSI forcing since 7 ka, the inhomo-
geneous evolution of Pacific upper water structures in an
EMIC is featured by an enhanced thermal response of
3-dimensional WPWP at centennial scales. At surface, the
magnitude of SST variations in the WPWP is larger than
that of EEP, and results in a stronger zonal SST gradient in
tropical Pacific during TSI, intervals. While at subsurface,
the magnitude of TWT shows larger responses in the sub-
tropical North Pacific than in the WEP regions and induces
a stronger meridional TWT gradient. These two gradients
both exhibit high correlation to TSI fluctuations at periods
of 1100, 769, 500, 357 and 208 years with smaller phase
lags (relative to TSI forcing) at longer timescales. And the
phase lags of SST gradient at these periods are smaller than
those of TWT gradient. Confirmed by paleorecords from
WPWP, the most significant periods in SST gradient are
weakened (208 years) or disappeared (148 and 102 years) in
TWT gradient. These transient thermal features, which may
indicate the solar forced Pacific upper water changes over
the last 7 ka, should be further accessed in models with im-
proved physics and higher resolutions or in comparison with
more proxy-records of paleoceanography.
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