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El Nifno as a mediator of the solar influence on climate
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[1] Using a climate model of intermediate complexity, we simulate the response of the El Nifio—Southern
Oscillation (ENSO) system to solar and orbital forcing over the Holocene. Solar forcing is reconstructed from
radiocarbon production rate data, using various scaling factors to account for the conflicting estimates of solar
irradiance variability. As estimates of the difference since the Maunder Minimum range from 0.05% to 0.5% of
the solar “constant,” we consider these two extreme scenarios, along with the intermediate case of 0.2%. We
show that for large or moderate forcings, the low-pass-filtered east-west sea surface temperature gradient along
the equator responds almost linearly to irradiance forcing, with a short phase lag (about a decade). Wavelet
analysis shows a statistically significant enhancement of the century-to-millennial-scale ENSO variability for
even a moderate irradiance forcing. In contrast, the 0.05% case displays no such enhancement. Orbitally driven
insolation forcing is found to produce a long-term increase of ENSO variability from the early Holocene
onward, in accordance with previous findings. When both forcings are combined, the superposition is
approximately linear in the strong scaling case. Overall, the sea surface temperature response is of the magnitude
required, and is persistent enough, to induce important climatic perturbations worldwide. The results suggest
that ENSO may plausibly have acted as a mediator between the Sun and the Earth’s climate. A comparison to
key Holocene climate records, from the Northern Hemisphere subtropics and midlatitudes, shows support for

this hypothesis.
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1. Introduction

[2] The concept of a solar influence on the Earth’s climate
is hardly new. Sunspots were a favored explanation for
monsoon failures as early as 1875 [see Davis, 2001, chapter 7],
and the link between the Maunder Minimum and the Little
Ice Age was made a century later [Eddy, 1977] (for recent
reviews, see Rind [2002] and Bard and Frank [2006]).
Since solar radiation is the primary source of energy driving
atmospheric and oceanic flow, and since its intensity is
thought to vary on long timescales (see Fréhlich and Lean
[2004] for a review), it is often invoked to explain natural
climate change on decadal [van Loon and Labitzke, 1988] to
multicentennial timescales [e.g., Jones and Mann 2004].
The puzzling fact is that even generous reconstructions of
past total irradiance changes do not yield changes bigger
than 0.5% of the current solar irradiance (about 6.8 out of
1366 W m?) since the Maunder Minimum. The challenge
is to understand how these subtle radiative fluctuations
could emerge as a significant driving force of the Earth’s
climate, a system showing a considerable degree of internal
variability.

[3] In a seminal paper, Bond et al. [2001] demonstrated
an intriguing correlation between proxies of solar activity
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and the quantity of ice-rafted debris recorded at their coring
of the northeastern North Atlantic (Denmark Strait and Feni
Drift). Bond et al. [2001, p. 2130] concluded to a “persis-
tent solar influence on North Atlantic climate during the
Holocene.” Prompted by their work, a number of inves-
tigators have attempted to understand this link. So far, the
main dynamical pathway from the Sun to the surface has
invoked the stratosphere and its effect on planetary wave
propagation [e.g., Geller and Alpert, 1980; Haigh, 1996].
Fluctuations in the ultraviolet (UV) spectral band have been
shown to alter stratospheric ozone photochemistry, and
therefore latitudinal temperature gradients in the lower
stratosphere. This translates into changes in the index of
refraction of upward propagating planetary waves, which
forces a redistribution of momentum fluxes in the upper
troposphere, eventually leading to surface climate change,
mainly over northern hemisphere continents [Shindell et al.,
1999]. A more recent account describes a mechanism with
a very different premise, but with similar route through
the stratosphere: Shindell et al. [2001] propose that with
increased irradiance, tropical and subtropical sea surface
temperatures (SSTs) increase, leading to a warmer tropical
and subtropical upper troposphere via moist convection.
This results in an increased latitudinal temperature gradient
near the tropopause, again refracting upward propagating
tropospheric planetary waves equatorward. The associated
angular momentum transport produces changes in surface
temperature and pressure corresponding to a high AO/NAO
index. However, Bond et al. [2001] show that this can only
partially explain their record.
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[4] In this paper we explore a new pathway of solar
influence on climate, one centered around the El Nifio—
Southern Oscillation (ENSO) (that is to say, of purely
tropical origin), and irrespective of the spectral signature
of solar changes. Following Mann et al. [2005] and Clement
et al. [1999], we employ a simplified model of the tropical
Pacific atmosphere-ocean system [Zebiak and Cane, 1987]
and diagnose its reaction to solar and orbital forcing over
the past 10,000 years, in a variety of experiments. We show
that even in the face of realistic amounts of weather noise,
low-frequency solar irradiance fluctuations induce notable
changes in the east-west temperature gradient, and in ENSO
activity. The changes, albeit subtle, are of sufficient mag-
nitude to produce sizable hydroclimatic impacts around the
Pacific [Seager et al., 2005b]. We show that this response
can also generate substantial impacts worldwide, in partic-
ular over the North Atlantic, and submit this mechanism as
an explanation for the key paleoclimate records document-
ing the Sun-climate relationship over the Holocene.

2. Climate Forcing Over the Holocene

[5] Given our model’s formulation in terms of anomalies
(see section 3), the climate forcings of interest are departures
from the current radiative budget. First, one has to consider
fluctuations in solar forcing arising from the changes in the
Earth’s orbit (“orbital forcing”), as in the work by Clement
et al. [1999]. Second, changes in the actual solar irradiance
need to be accounted for (“solar forcing’’). Third, one
should include the effect of volcanic aerosol loading in the
lower stratosphere, which has been suggested to account for
some important SST anomalies in the tropical Pacific over
the past millennium [Mann et al., 2005]. Unfortunately, such
a data set is currently unavailable over the entire Holocene.
The present study will therefore ignore this effect, with the
recognition that a thorough analysis must include tropical
volcanic forcing when such data becomes available.

2.1. Orbital Forcing

[6] The orbital forcing is well known, and can be readily
and accurately computed [Berger, 1978]. In order to separate
the effect of various orbital motions, we carry out an
empirical orthogonal function (EOF) decomposition of
insolation as a function of calendar month, latitude and year.
Nevertheless, the forcing applied to the model is the total
departure from current insolation computed via Berger’s
[1978] code, without EOF truncation. The latitude grid is
restricted to the tropical band [29°S; 29°N], and the time grid
spans | million years, necessary to cleanly isolate important
orbital periodicities.

[7] In Figure 1 we show the first three EOFs (accounting
for 99.7% of the variance over the Holocene), the associated
principal components (PCs) and their spectral density. The
first two EOFs are clearly associated with precession, with a
peak at a period of 23 kyr, zero annual mean and weak
dependence on latitude. EOF1 is associated with the
summertime/wintertime insolation contrast near the equator.
Similarly, EOF2 can be described as the spring-fall insolation
contrast at the equator. Although the two PCs are, by
construction, orthogonal over the last million years, they
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are significantly correlated (p ~ 0.5) over the Holocene. The
third EOF is associated with obliquity changes, with a period
of 43 kyr, and the two hemispheres out of phase. Although it
only accounts for 0.84% of the overall variance, the annual
mean contribution of obliquity is nonzero, in contrast to
precession. Indeed, these changes are mostly responsible for
the increase of ~1 W m™? at the equator since the early
Holocene (changes in eccentricity are negligible). Overall,
these three EOFs show that the northern hemisphere summer-
winter contrast has kept decreasing since the early Holocene,
and so has the fall-spring contrast since about 5000 B.P, while
the annual mean has slowly kept rising.

2.2. Solar Irradiance Forcing

[8] As emphasized in the Introduction, reconstructions of
past solar irradiance variations are a matter of considerable
debate and vexingly large uncertainties. The reconstructions
rely on sunspot observations for recent centuries, and on
paleoproxy records of cosmogenic nuclides ('*C, '°Be,
36C1) for the longer record. The latter are directly influenced
by changes in magnetic flux from the Sun, not changes in
irradiance. A relationship between the two must be created
by extrapolating from the short record of radiometric
measurements, inferring a low-frequency irradiance com-
ponent from observations of the group sunspot number
gathered since the invention of the telescope [see Frohlich
and Lean, 2004, and references therein]. There is no
obvious way to perform this extrapolation.

[o] By consistency with Bond et al. [2001], we use the
detrended '*C production rate (from INTCAL9S [Stuiver et
al., 1998]) as a proxy for solar activity, after applying a
40-year low-pass filter to remove high-frequency fluctua-
tions, which makes the scaling more meaningful (these
periods are too short to affect our model). In Figure 2 we
show the forcing and an estimate of its spectrum. The record
clearly contains the documented centennial variability of the
Gleissberg (~88 years) and DeVries (~205 years) cycles
[Peristykh and Damon, 2003; Wagner et al., 2001], as well
as significant power around 500 years, and a broad band
around 1000 years. These centennial- to millennial-scale
fluctuations are also present in several records of '°Be
accumulation (not shown), so that confidence can be gained
that both nuclides were recording production-related
changes. Indeed, Be and C have such different geochemical
cycles that their coherent behavior must not reflect climate
effects but a common external source: nuclide production.
For periods shorter than about 3000 years (but longer than a
few decades), it is a fair assumption to neglect changes in
the geomagnetic field, and changes in production are
commonly attributed to the Sun’s magnetic activity [Bard
et al., 2000; Muscheler et al., 2006]. Nonetheless, the
existence of millennial solar cycles is not firmly established
[Marchal, 2005; Saint-Onge et al., 2003], and some of our
results rest on the assumption that they are real.

[10] There remains the problem of translating the loosely
defined “solar activity” into irradiance. Though sophisti-
cated techniques have been applied to this end [Mordvinov
et al., 2004], no such reconstruction is available for the
Holocene at the time of publication. We therefore apply the
linear scaling of Bard et al. [2000]: The reference scale
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Figure 1. EOF analysis of the top-of-the-atmosphere insolation over the Holocene. (left) EOF pattern as
a function of calendar month (January = 1, February = 2, March = 3), (middle) PC time series, and (right)
its spectral density, computed with the multitaper method [7homson, 1982]. Numbers above the graph
refer to the period in kyr. To obtain the contribution of a mode to the total insolation at any given time,
each EOF pattern must be weighted by the value of the corresponding PC.

(AF) here is the difference in TSI/4 (total solar irradiance,
divided by 4 because of spherical geometry) from the
Maunder Minimum (roughly 1645 to 1715 A.D.) to the
“present” (1950 A.D.). It is essentially the sunspot number
difference multiplied by the slope of the scatterplot of
irradiance versus sunspot number. The latter, as discussed
above, is only based on about 20 years of reliable radio-
metric data. Since published estimates of the difference
[Frohlich and Lean, 2004] range from AF = 0.05% to
0.5% of the solar “constant” (S, = 1366 W m > for
consistency with Berger [1978]), we consider these two
extreme cases, along with the intermediate case of 0.2%,
corresponding to peak-to-peak differences of, respectively,
0.17, 0.68 and 1.7 W m~2. The 0.2% case is close to the
value used by Crowley [2000] and Weber et al. [2004]. 1t is

worth emphasizing that most recent estimates are on the
lower end of this interval [Foukal et al., 2006; Frohlich and
Lean, 2004], though the solar physics community is far
from having reached a consensus on the issue. Also, these
long-term changes are thought to have a marked maximum
in the UV domain, but recent GCM experiments show that
the atmosphere’s response is somewhat indifferent to the
spectral signature of the forcing [Rind et al., 2004].

3. Experimental Setting
3.1. The Model

[11] We use the intermediate-complexity model of Zebiak
and Cane [1987]. It is a model with linear shallow water
dynamics for the global atmosphere [Gill, 1980; Zebiak,
1982] and the tropical Pacific Ocean [Cane and Patton,
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Figure 2. Spectral analysis of the 14C production rate record. (a) The '*C time series from Bond et al.
[2001], converted to W m > for the intermediate scaling: a Maunder Minimum solar dimming of 0.2% x S,,
(see text for details). (b) Multitaper spectra and 99% confidence level for rejecting the null hypothesis that
the series is pure “red noise” (AR(1) process). This follows the methodology of Mann and Lees [1996].

1984], coupled by nonlinear thermodynamics, which give
the model self-sustained ENSO variability. The ocean
model domain is restricted to [124°E—80°SW; 29°S—
29°N], which means that only tropical processes are consid-
ered. The model is linearized around a constant climatology
[Rasmussen and Carpenter, 1982].

[12] We employ the same configuration as Clement et al.
[1999], in the model version written by T. Kagimoto at the
International Research Institute for Climate Prediction.
Radiative forcing anomalies are included as a source term
of the (prognostic) equation for sea surface temperature
(SST). Conversion is made from the top-of-the-atmosphere
perturbation to a surface flux by multiplying by (1 — 0.62C +
0.0019 «), where C is the cloud fraction and « is the noon
solar altitude [Reed, 1977]. Consistent with the absence of
radiative scheme in the model, we hold the cloud fraction
constant, 50%. As in the work by Mann et al. [2005], the

solar forcing estimates are multiplied by a factor of 7/2,
since the model represents only the Tropics.

3.2. Representation of Weather Noise

[13] The tropical Pacific ocean-atmosphere system is the
stage of considerable interannual and intraseasonal variabil-
ity. Whether one is the child of the other is a question
beyond the scope of this paper. The question relevant to the
present study is whether the ENSO system would notice
solar irradiance perturbations in the presence of a physically
realistic amount of weather noise. The latter concept
encompasses all wind fluctuations that are external to the
coupled subsystem, which our model is designed to repre-
sent. The simplest way to parameterize this phenomenon is
to model it as a uniform patch of westerlies over the western
equatorial Pacific (hereafter WP, spanning [165°E—195°SE,
5°S—5°S]). Its behavior in time can be described by a
statistical model that crudely approximates the low-order
moments of the observed zonal wind stress (7,). An
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Table 1. Summary of the Numerical Experiments Used in This

Study
Set Scale Noise Level Name

Solar 0.5 40% Sol0.5
0.2 40% Sol10.2
0.05 40%, 0% S010.05

Orbital NA 40%, 0% Orb

Orbital and solar 0.5 40% Orb_Sol 0.5
0.2 40% Orb Sol 0.2

autoregressive model of order 1 [AR(1)] seems appropriate
for such a process. The amplitude of this random wind
forcing (its time-integrated variance o) can be defined as
the fraction of monthly 7, variability that is not accounted
for by a direct response to SST forcing: oy = £ oncgp, Where
oncep 18 the observed monthly wind stress in the NCEP
reanalysis [Kalnay et al., 1996].

[14] Multimember ensemble experiments with a state-of-
the-art coupled ocean-atmosphere general circulation model
(OAGCM) suggest that ¢ ~ 40% (A.Wittenberg, personal
communication, 2005), corresponding to a noise variance of
16% of the total. The AR(1) parameter is the lag 1
autocorrelation of monthly 7, over the WP, estimated from
NCEP data at o = 0.73.

[15] The AR(1) processes X(¢) are generated numerically,
and the wind noise 75(f) = £ X(¢) is then applied uniformly
onto the WP box for the whole length of the simulation.

[16] In Table 1 we summarize the different numerical
experiments conducted in this study.

4. Results
4.1. Solar

[17] In the following, our diagnostic variable of choice is
the ensemble mean zonal SST gradient along the equator
(EW), which is the difference between the WP index
(average SST over the aforementioned western Pacific
box) and the NINO3 index (average SST over [150°E—
90°W, 5°S—5°N]). This procedure removes any zonally
uniform temperature change and reduces the noise signifi-
cantly. A positive EW means that the gradient is strength-
ened, indicative of La Nifia-like conditions.

[18] In Figure 3 we present the results of the model forced
by reconstructed solar irradiance (AF = 0.2%S,), in a six-
member ensemble. As is apparent from Figure 3a, the
40-year low-passed EW responds almost linearly to the
irradiance forcing, with an amplitude of 0.3°C. While this
may look insignificant at first sight, recent research on the
origin of North American drought has demonstrated, using
two different general circulation models, that La Nifa-like
anomalies of such amplitude generated the sequence of
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severe droughts that visited the American West since the
midnineteenth century, including the 1930s [Schubert et al.,
2004; Seager et al., 2005b; Herweijer et al., 2006]. SST
variations this small, if persistent enough, are sufficient to
alter extratropical atmospheric circulation and perturb local
hydroclimates in the western United States, South America,
and elsewhere [Herweijer and Seager, 2007].

[19] Figure 3b shows the wavelet spectral density of the
same EW index, which is a convenient way of visualizing the
evolution of a power spectrum through time. Its application to
climate time series has been developed by Torrence and
Compo [1998]. Though nonstationary, the signal generally
shows the highest power in the ENSO band (2 to 7 year
period, centered around 4 years) and the centennial to
millennial band (~200 to 1000 years) where the solar forcing
displays its maximum variance. However, variability in this
band could be entirely due to the model’s internal chaotic
dynamics, as shown by Clement et al. [1999]. We therefore
devise the following test: From a 150,000 yearlong unforced
run of the model, we extract 400 time series of the same length
as the simulations of interest (i.e., 10,000 years), with starting
times picked at random more than 100 years apart. We
perform the wavelet analysis on each of those time series,
compute their global wavelet spectrum and for each scale, sort
the spectra in increasing order. The upper 20 thus define the
95% confidence level.

[20] From this we can see on Figure 3c that only in the
500 and 1000 year bands does the model response exceed
its level of natural variability at the 95% level. Interestingly,
the model internal variability does exhibit a weak peak in
the millennial band, though it knows of no numerical
constant or physical process that could have introduced
such a timescale. It is an illustration that the nonlinear
atmosphere/ocean feedbacks it embodies can generate var-
iability at unexpectedly long periods. The fact that it also
responds to forcing at such frequencies could be perceived
as a form of damped resonance, but this is not the case:
Perturbing the model by a white noise radiative forcing with
the same variance as the AF = 0.2%S, case, we find that
variability is raised uniformly at all frequencies and that the
millennial scale is not favored.

[21] Note that this approach implicitly assumes that the
time series extracted from the unforced run are statistically
independent, which may seem contradictory, as they are part
of the same realization of a numerical dynamical system.
We assert that independence is true for all practical pur-
poses, as predictability studies with the same model [e.g.,
Karspeck et al. 2004] show that its NINO3 index is of very
limited predictability even a decade or two in advance.

[22] Why does the model respond with increased SST
gradient to positive radiative forcing? This may be under-
stood as follows [Clement et al., 1996]: If there is heating
over the entire tropics, then the Pacific will warm more in

Figure 3. Model response to solar forcing (AF = 0.2%S,,, experiment Sol0.2). (a) Solar forcing (grey) and response (7 —
Tk) (black). (b) Wavelet spectral density (arbitrary units, with maxima in black, minima in white). The thick black line is the
cone of influence, the region under which boundary effects can no longer be ignored [Torrence and Compo, 1998]. The
Morlet wavelet was used here). (c) Global wavelet spectrum and 95% confidence level (see text for details). (d) Probability

of a large El Niflo event over a 200-year window.
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the west than in the east because the strong upwelling and
surface divergence in the east moves some of the heat
poleward. Hence the east-west temperature gradient will
strengthen, causing easterly winds to intensify, further
enhancing the zonal temperature gradient (the Bjerknes
[1969] feedback). This process leads to a more La Nifia-
like state (positive values of the EW index) in response to
increased irradiance. Such an adjustment typically occurs
over a few years to a decade, so that on millennial time-
scales, it looks virtually instantaneous. The dynamical
feedback that makes the SST harder to change in the east
has earned the name ‘thermostat” to this mechanism.
Quantitatively, we find the intermediate scaling (AF =
0.2%S,) sufficient to trigger these feedbacks, while the
weaker one (AF = 0.05%S,,) is not: At least in our model,
a forcing that small would not generate a noticeable
response.

[23] Finally, we present in Figure 3d the probability of
a strong El Nifio event (NINO3 > 2 K for a year) on a
200-year window, as a measure of ENSO variability per se.
Indeed, this quantity is more closely related to rainfall
proxies from central and South America [e.g., Moy et al.,
2002; Rein et al., 2004]. The index does show centennial to
millennial cycles, but no obvious trend, unlike the orbitally
forced model, as we shall see. Not surprisingly, it is
significantly anticorrelated with EW, since the latter is
equal to WP-NINO3, with WP exhibiting much weaker
variations than NINO3. In turn, periods of higher NINO3
are synonymous with an increased likelihood of large
ENSO events.

4.2. Orbital

[24] In Figure 4 we show the same quantities as before, in
the case of the orbitally forced run. High wavelet spectral
density is expected at orbital timescales, but its exact value
is unreliable in this calculation, as it mostly lies within the
“cone of influence” [Torrence and Compo, 1998]. Notice
the small centennial-to-millennial power in this case, in
contrast to the solar case.

[25] The salient feature is the growing intensity of ENSO
activity from the mid-Holocene onward, which can be seen
either in the wavelet spectrum (b) or the probability of large
ENSO events (d). The latter features a prominent upward
trend, with the probability of a strong El Nifio gaining 50%
over the Holocene. A similar finding was noted by Clement
et al. [2000] and qualitatively supported by a flood proxy
from Lake Pallcacocha [Moy et al., 2002], high-resolution
coral 6'®0 from the Huon Peninsula [Tudhope et al., 2001],
and oxygen isotopes in deep-sea sediment cores from the
ENSO source region [Koutavas et al., 2006].

[26] The dynamical explanation for why ENSO has a low
variance at times of stronger seasonality is given by
Clement et al. [1999]. The reason is that the seasonal
migration of the intertropical convergence zone (ITCZ)
modulates the effective coupling strength [Zebiak and Cane,
1987], so that the system is most responsive to radiative
anomalies centered around August/September: An increased
insolation at that time of the year is then translated as a
cooling in the eastern equatorial Pacific via the “thermo-
stat” mechanism described above. This tends to suppress
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the growth of large El Niflo events at times where the
summertime insolation was much stronger than now, such
as the early Holocene. As this seasonal contrast wanes over
the course of the Holocene, ENSO variance steadily grows
toward modern-day values.

4.3. Orbital and Solar

[27] We now consider the model response when solar and
orbital forcing act together. In this we neglect the interaction
between solar and orbital forcing anomalies, i.e., the mod-
ulation of irradiance perturbations exerted by the departure
from today’s orbital configuration, since the product is too
small to be of significance. The total radiative forcing is
therefore, to a very good approximation, the sum of the two
previously applied forcings (solar plus orbital).

[28] The model response is presented in Figure 5, with the
same conventions as before, but with AF = 0.5%S,,. The
overall result, clearly visible in Figure 5d is that both effects
(slow orbital growth over the Holocene, important solar-
induced variance at 500—1000 year scales) are superim-
posed, yet the model response is nonlinear. With a weaker
AF = 0.2%S,, the model produces centennial and millennial
changes that are not quite large enough to pass the same
significance test. They are, however, still visible in the
probability of strong events, albeit weaker. This is because
in the early part of the Holocene, orbital forcing weakens
the effective air-sea coupling (as discussed above), which
makes it harder for solar forcing to excite a thermostat type
of response. Solar variability at centennial to millennial
scales is thus subdued in this early part of the record, and
only emerges in the second half of the Holocene.

[29] It is noteworthy that although solar forcing has peak-
to-peak variations of ~2 W m™2 even in the strong scaling
case, much smaller than the summer-winter insolation
difference (peaking at ~40 W m2), their effect is dispro-
portionately large: EW temperature responses are of similar
amplitude for the two forcings. This is because the annual
mean signal in insolation is of the same order as the solar
forcing perturbation, about 1 W m™2.

[30] How much of the ENSO variability can be linearly
predicted from knowledge of solar irradiance and the
Earth’s orbital parameters? We consider the 6 realizations
of the Orb_Sol 0.5 experiment, and perform a multivariate
regression of the smoothed, ensemble mean EW time series
over three variables: PC; and PC, from the EOF analysis
presented in Figure 1 and the solar irradiance F, from
Figure 2. The EW gradient was low-pass-filtered at periods
longer than 40 years with a Gaussian window prior to
normalization, to ease comparison with Figures 3a, 4a,
and Sa. Figure 6 (top) shows the result for the dependent
variable and its predictors, and Figure 6 (bottom) shows the
result of the regression.

[31] The linear correlation coefficient between predicted
and “observed” time series is high (p ~ 0.70). Such a
correlation means that about half the time series variance
can be explained by the linear response to the forcing, with
orbital forcing accounting for 14% and irradiance fluctua-
tions for 35%. This ratio does change qualitatively over a
wide range of cutoff frequencies, since, as expected, the
higher the cutoff, the lesser the fraction of variance
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