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[1] The �90-year Gleissberg and �200-year de Vries
cycles have been identified as two distinctive quasi-periodic
components of Holocene solar activity. Evidence exists for
the impact of such multi-decadal to centennial-scale vari-
ability in total solar irradiance (TSI) on climate, but
concerning the ocean, this evidence is mainly restricted to
the surface response. Here we use a comprehensive global
climate model to study the impact of idealized solar forcing,
representing the Gleissberg and de Vries cycles, on global
ocean potential temperature at different depth levels, after a
recent proxy record indicates a signal of TSI anomalies in
the northeastern Atlantic at mid-depth. Potential impacts of
TSI anomalies on deeper oceanic levels are climatically
relevant due to their possible effect on ocean circulation by
altering water mass characteristics. Simulated solar anoma-
lies are shown to penetrate the ocean down to at least deep-
water levels. Despite the fact that the two forcing periods
differ only by a factor of �2, the spatial pattern of response
is significantly distinctive between the experiments, sug-
gesting different mechanisms for solar signal propagation.
These are related to advection by North Atlantic Deep Water
flow (200-year forcing), and barotropic adjustment in the
South Atlantic in response to a latitudinal shift of the west-
erly wind belt (90-year forcing). Citation: Seidenglanz, A.,
M. Prange, V. Varma, and M. Schulz (2012), Ocean temperature
response to idealized Gleissberg and de Vries solar cycles in a com-
prehensive climate model, Geophys. Res. Lett., 39, L22602,
doi:10.1029/2012GL053624.

1. Introduction

[2] Variations in total solar irradiance (TSI) on multi-
decadal to centennial time scales may constitute an important
contribution to climate variability on a societal time scale and
have been widely discussed [e.g., Gray et al., 2010].
Reconstructions of TSI based on cosmogenic radionuclides
have identified the Gleissberg (�90 years) and de Vries
(�200 years) cycles as two distinctive quasi-periodic and
non-stationary components in Holocene solar activity
[Knudsen et al., 2009; Ma, 2009]. Evidence of the surface
climatic and oceanic response to solar impact on these time
scales has been inferred from variations in sea surface tem-
perature [e.g., Bond et al., 2001; Jiang et al., 2005], precip-
itation [e.g., Wang et al., 2005], and variations in sea level

pressure and associated wind fields [Shindell et al., 2001;
Varma et al., 2011]. However, indications for the influence
of solar anomalies on deeper oceanic levels is scarce.
[3] A correlation between foraminiferal Mg/Ca and TSI

over the past 1200 years in the eastern North Atlantic is
indicative for a propagation of solar-induced temperature
anomalies also to sub-surface depths (900 m) [Morley et al.,
2011]. According to this study, temperature anomalies may
propagate from the subpolar into the subtropical gyre in
response to changes in solar-induced variations in surface
wind forcing. Furthermore, numerical experiments with
idealized solar forcing have been carried out, revealing
sensitivity of the Atlantic Meridional Overturning Circula-
tion (AMOC) to TSI changes on the multi-decadal to cen-
tennial time scale [Park and Latif, 2012].
[4] To address the oceanic response to TSI variations, we

use a comprehensive global climate model. Sensitivity
experiments with idealized solar forcing, representing the
Gleissberg and de Vries solar cycles, are used to study the
impact of multi-decadal to centennial-scale solar variability
on ocean potential temperature at different depth levels.
Spatial variability in the temperature response to this ideal-
ized forcing is interpreted in terms of propagation pathways
of solar anomalies within the ocean. Contrary to previous
studies, which aimed at simulating the true temperature
response to the full range of solar variability during parts of
the Holocene [e.g., Cubasch et al., 1997;Weber et al., 2004;
Ammann et al., 2007], this study focuses on the mechanisms
of ocean response to idealized TSI at distinctive periods
which have been detected in paleoclimatic records. Specifi-
cally, we address the following questions: (1) Is there a
significant response in ocean temperature at the imposed
forcing frequencies? (2) Can solar-induced changes in tem-
perature be tracked to sub-surface depth in accordance with
the proxy results? (3) What are the pathways of solar signal
transfer into the oceanic interior?

2. Experimental Design

[5] Sensitivity experiments with idealized solar forcing
were carried out using the NCAR Community Climate
System Model Version 3 (CCSM3), a comprehensive global
climate model consisting of ocean, atmosphere, land and
sea-ice components [Collins et al., 2006]. The CCSM3 has
successfully been employed in earlier studies regarding the
climate response to the 11-year solar cycle [Meehl et al.,
2008]. Considering the long integration time, the low reso-
lution version with T31 spectral truncation [Yeager et al.,
2006] has been used. It corresponds to an atmospheric grid
spacing of 3.75� and 26 levels in the vertical. The ocean
model (POP) grid is resolved at 3.6� with a low-latitudinal
refinement in resolution (maximum of 0.9� at the equator)
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and 25 levels. The stratosphere in the CCSM3 has only a low
vertical resolution and does not include potential feedbacks
associated with changes in stratospheric ozone due to solar
UV (ultraviolet) variability [cf. Krivova et al., 2011]. Solar
forcing is implemented through a wavelength-independent
change in TSI, hence mostly affects the climate system
through shortwave absorption by the surface.
[6] Two sensitivity experiments with idealized TSI, each

integrated for 1000 years, were carried out. Solar forcing
varies sinusoidally with an amplitude of 1 Wm�2 (between
1364Wm�2 and 1366Wm�2) at the periods of the Gleissberg
cycle (90 years) and the de Vries cycle (200 years). This
forcing amplitude corresponds to a maximum estimate of
solar variations at multi-decadal to centennial time scales
[e.g., Steinhilber et al., 2009] and has been chosen to enhance
the detectability in the model experiments. We note, how-
ever, that substantial uncertainty regarding the magnitude of
past centennial-scale TSI variability exists [e.g., Lockwood,
2011]. To be comparable to each other, the two experi-
ments were initialized from a quasi-equilibrated experiment

with late Holocene (2.5 ka BP) orbital forcing, as the inte-
gration of the 200-year solar forcing experiment is a contin-
uation of a previously performed 700-year long simulation
with late Holocene boundary conditions [Varma et al., 2011].
Pre-industrial conditions were applied for the atmospheric
composition [Braconnot et al., 2007].
[7] The impact of TSI anomalies on the global oceanic

temperature field is studied by means of cross-spectral
analysis. (Squared) coherency between solar forcing and
annual means of temperature time series is determined at the
two forcing periods (90 and 200 years), and at specified
depth levels, in order to identify regions of significant
impact of TSI anomalies on ocean temperature. This is
extended by studying the lag of the temperature response to
TSI forcing at the two forcing periods to conclude about
possible propagation pathways of solar anomalies within the
ocean. The phase angle (f) is defined in the interval [�180�;
+180�] due to the periodic behavior of the arcus-tangent
function. The phase angle is converted into a corresponding
phase lag (t) using t = f / 360� � T, where T denotes the

Figure 1. Coherency between ocean potential temperature (annual means) and TSI at the forcing periods of (a) 90 years
(representing the Gleissberg cycle) and (b) 200 years (representing the de Vries cycle), for three depth levels. Hatching indi-
cates significant values at the 95% level. Critical values of coherency are 0.34 and 0.59 in the 90-year and in the 200-year
forcing experiment, respectively.
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forcing period in each experiment. Negative phase angles,
which result from the wrapping of f > 180� into the interval
[�180�; +180�], are corrected by making the physically
plausible assumption that at each point changes in TSI lead
temperature variations. Cross-spectral analysis is based on
smoothed periodograms using a Daniell filter. Initially, time
series were tapered, linearly detrended, and had the mean
subtracted using the corresponding routines of the NCAR
Command Language (NCL) package, version 6.0.0 of
Brown et al. [2012].

3. Results

[8] The impact of TSI anomalies at the 90-year and 200-year
forcing periods on ocean temperature is investigated at the
surface, at mid-depth (1112 m) and at deep-water (1884 m)

level. For the Atlantic Ocean, the mid-depth level allows
for a qualitative comparison with the reconstructed tem-
perature response of Morley et al. [2011], while the depth
of 1884 m represents North Atlantic DeepWater (NADW) in
the model.
[9] Coherency between temperature and solar forcing

(Figure 1) yields the spatially most homogeneous response at
the surface for both forcing periods, in tropical and subtrop-
ical regions, but also at higher latitudes in the Arctic Ocean
(90-year forcing) and in the North Atlantic region (200-year
forcing). With increasing depth, temperature sensitivity to
solar forcing reduces and a pattern of different spatial
temperature sensitivity between the two experiments emer-
ges. The 90-year forcing induces a response in the South
Atlantic and Southern Indian and Pacific Ocean (1112 m
and 1884 m). In contrast, the 200-year experiment exhibits

Figure 2. Phase angle (degrees) and lag (years) of ocean potential temperature to idealized TSI forcing at the surface for
(a) the 90-year forcing period, and (b) the 200-year forcing period. We assume that at each point changes in TSI lead the
variations in temperature (see Section 2). Hatching indicates significant coherency at the 95% level (cf. Figure 1).
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a significant temperature response in the North Atlantic
and subtropical South Pacific at mid-depth (1112 m), and
nearly the entire Atlantic and Arctic Ocean at the deep
level (1884 m).

4. Discussion

[10] Despite the fact that the two forcing periods differ
only by a factor of approximately two, the response patterns
in the oceanic interior differ significantly between the
experiments (Figure 1). To gain further insight into this
unexpected result, we turn to the phase lag of the tempera-
ture response to TSI forcing in order to deduce mechanisms
of signal propagation in the oceanic interior. We limit the
interpretation to regions for which the coherency between
TSI and temperature is significant at the 95% confidence
level.
[11] The surface-temperature response to the idealized TSI

forcing (Figure 2) occurs within 20 years and 44 years for
the 90-year and 200-year forcing, respectively. Moreover,
the two experiments reveal a positive correlation between
sea-surface temperature and TSI (not shown). Together with
the small lag seen in the temperature response, this is con-
sistent with a direct, thermal forcing of the sea surface in
accordance with previous findings [e.g., Swingedouw et al.,
2011].
[12] At depth, the temperature lag to TSI forcing is com-

pared between the two experiments at 1884 m (Figure 3).
Given the pronounced response especially in the Atlantic
Ocean at this depth, we focus on this region for the lag
analysis.
[13] In the 90-year forcing experiment, the temperature

response is visible as a zonal band at approximately 40�–
50�S in the South Atlantic (cf. Figure 1). The lag associated
with this response is short (f < 80� or t < 20 yrs; Figure 3a).
Varma et al. [2011] noted a latitudinal shift in Southern
Hemisphere westerly winds in this latitude band in
response to solar irradiance variations based on sensitivity
experiments with the same climate model and resolution.
Accordingly, centennial-scale intervals of higher solar
activity were associated with a poleward shift in the westerly
winds, and vice versa during solar minima. Our experiment
reveals a small positive correlation of potential temperature
with TSI anomalies (slope �0.1�C/(Wm�2); not shown) in
this region at the deep-water level as well as at the sur-
face. This implies a wind-induced latitudinal shift of the
oceanic frontal system at these latitudes, involving a fur-
ther southward penetration of North Atlantic Deep Water
(NADW) during solar maxima, thereby displacing colder
Circumpolar Deep Water southward in response to a bar-
otropic adjustment to this shift in wind forcing. A similar
feature is visible in the 200-year forcing experiment, albeit
not statistically significant (Figure 1b). Neither of the two
experiments supports the solar-induced temperature varia-
tions at mid-depth in the northeast Atlantic as recon-
structed by Morley et al. [2011]. We note, however,
elevated but statistically insignificant coherency values
along the northwest African margin from where the proxy
information stems.
[14] The 200-year forcing experiment reveals a gradually

increasing lag at 1884 m depth from the northeast Atlantic
(t < 30 years) towards the South Atlantic along the western
boundary (t �125 years; Figure 3b), as well as towards the

Figure 3. Phase angle (degrees) and lag (years) of ocean
potential temperature to idealized TSI forcing at 1884 m
depth for (a) the 90-year forcing period, and (b) the 200-year
forcing period. We assume that at each point changes in TSI
lead the variations in temperature (see Section 2). Hatching
indicates significant coherency at the 95% confidence level
(cf. Figure 1).
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Arctic Ocean (not shown). Previously performed sensitivity
experiments with idealized TSI forcing on multi-decadal
time scales revealed a sensitivity of the AMOC strength to
solar forcing, albeit with a forcing amplitude twice as large
as in our experiments (2 Wm�2) [Park and Latif, 2012].
Given the spatial pattern of response in the 200-year forc-
ing experiment at 1884 m depth, we investigated the
coherency of the AMOC with idealized TSI in this exper-
iment (Figure 4). Significant coherency can be detected at
subpolar northern latitudes (ca. 60�–80�N), reaching a
depth of �3600 m. However, the southward component of
the meridional overturning stream function at depth does
not show any significant response to the TSI forcing. The
pattern of increasing temperature lag at the deep level
(1884 m) nevertheless indicates a propagation of solar
anomalies with the deep western boundary current, taking
into account that the clock-wise circulation pattern in the
deep North Atlantic (cf. Figure 3b) is due to a shortcoming
in the model simulation of the deep western boundary
current in this region [cf. Prange, 2008]. Thus, the solar
signal becomes entrained into the NADW by deep con-
vection and is subsequently propagated towards the South
Atlantic via the deep western boundary current without
involving any changes in the strength of the meridional
overturning circulation. Given the discrepancy with the
sensitivity seen in the AMOC strength when forced with a
twice-as-large TSI amplitude [Park and Latif, 2012], we
note that our experiments results may yield a qualitatively
different response pattern when excited by a different
forcing amplitude. However, investigating this aspect is
beyond the scope of our study.
[15] Recent simulations of the surface-climate response to

the 11-year solar cycle [Meehl et al., 2009; Bal et al., 2011],
including detailed representations of the stratosphere and the
stratospheric ozone response to ultraviolet irradiance varia-
tions, have resulted in a better match with observed climate
anomalies as compared to the sole dependence on TSI
forcing. Despite the fact that the stratosphere is only poorly
represented in the present experiments, the obtained results

are nevertheless promising as a similar model set-up (i.e.,
TSI forcing of CCSM3) was largely successful in simulating
the surface-climate response to solar variability, albeit with
lower amplitude [Meehl et al., 2008].

5. Conclusions

[16] Our experiments with idealized TSI forcing suggest a
significant sensitivity of ocean temperature down to a depth
of at least 1884 m at both forcing periods. Especially at
depth, the spatial expression of the temperature response
differs between the two experiments. While the 90-year
forcing induces a significant temperature response in the
mid-depth (1112 m) and deep (1884 m) South Atlantic
(�40�–50�S), the 200-year forcing reveals the highest sen-
sitivity to solar-irradiance changes in the northeast Atlantic
at mid-depth (1112 m), and nearly the entire Atlantic and
Arctic Ocean at the deep-water level (1884 m). Accordingly,
different mechanisms of solar signal propagation are pro-
posed for the two experiments, which involve barotropic
adjustment in response to shifting westerlies in the South
Atlantic when forced with the 90-year period in TSI, and
southward advection by NADW in the 200-year-forcing
scenario. The previously detected solar-induced temperature
anomalies in the northeast Atlantic at the multi-decadal time
scale during the late Holocene derived from a proxy-based
reconstruction could not unambiguously be confirmed by
our experiments. Furthermore, future work is required to
more accurately estimate the climatic response to solar var-
iability using models with a properly resolved stratosphere,
as has recently been suggested to be important on the 11-
year time scale. Our sensitivity analysis could not confirm
the sensitivity in AMOC strength to TSI forcing in previous
experiments with idealized solar forcing using a forcing
amplitude twice as high as the present simulations. Conse-
quently, our findings illustrate the importance to systemati-
cally evaluate the role of the forcing amplitude in numerical
experiments in triggering different mechanisms of solar
signal propagation in the ocean.

Figure 4. Coherency between the streamfunction of the Atlantic meridional overturning circulation (AMOC) and idealized
solar forcing at the 200-year forcing period. Hatching indicates significant coherency at the 95% level. Black contour lines
show the long-term mean overturning streamfunction (in units of 106 m3 s�1).
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