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Abstract Centennial climate variability during the
Holocene has been simulated in two 10,000 year exper-
iments using the intermediate-complexity ECBilt model.
ECBIlt contains a dynamic atmosphere, a global 3-D
ocean model and a thermodynamic sea-ice model. One
experiment uses orbital forcing and solar irradiance
forcing, which is based on the Stuiver et al. residual '*C
record spliced into the Lean et al. reconstruction. The
other experiment uses orbital forcing alone. A glacier
model is coupled off-line to the climate model. A time
scale analysis shows that the response in atmospheric
parameters to the irradiance forcing can be characterised
as the direct response of a system with a large thermal
inertia. This is evident in parameters like surface air
temperature, monsoon precipitation and glacier length,
which show a stronger response for longer time scales.
The oceanic response, on the other hand, is strongly
modified by internal feedback processes. The solar
irradiance forcing excites a (damped) mode of the ther-
mohaline circulation (THC) in the North Atlantic
Ocean, similar to the loop-oscillator modes associated
with random-noise freshwater forcing. This results in a
significant peak (at time scales 200-250 year) in the
THC spectrum which is absent in the reference run. The
THC response diminishes the sea surface temperature
response at high latitudes, while it gives rise to a signal in
the sea surface salinity. A comparison of the model re-
sults with observations shows a number of encouraging
similarities.
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1 Introduction

Numerous studies have found evidence of solar irradi-
ance forcing in proxy records of different climatic
parameters, covering different time intervals during the
Holocene and representative of different seasons and
spatial scales. Simulations with coupled general circu-
lation models (GCMs) indicate that solar forcing indeed
dominates over internal variability in generating tem-
perature variations at decadal and longer time scales and
large spatial scales (Cubasch et al. 1997; Drijthout et al.
1999; Rind et al. 1999). All of these studies are restricted
to annual-decadal variability of the last 500—-1000 years.

Consideration of longer time scales (50 years and
longer) is of great interest. First, many proxy data have
low temporal resolution, so that they registrate only the
longer time scales (e.g., Bond et al. 2001). Second, the
solar forcing spectrum is thought to be red with a
number of spectral peaks (Stuiver and Braziunas 1993;
Lean et al. 1995). Third, the climatic response to a
radiative forcing is attenuated due to the thermal inertia
of the oceans when the period of the forcing is small
compared to the response time scale of the oceans
(White et al. 1998). This assumes a direct response,
where internal feedback processes do not play an
important role. The low-frequency components in the
forcing are thus expected to be more efficient than the
high-frequency components. In addition, they have
higher amplitudes.

Estimated solar irradiance changes throughout the
Holocene have been used to force an atmosphere—ocean
model of intermediate-complexity (ECBIlt). The solar
forcing is based on residual '*C values from tree rings
(Stuiver et al. 1998) over the last 10,000 years. It has
decadal resolution. This record is spliced into the Lean
et al. (1995) estimate of historic irradiance variations in
order to obtain a scaling factor (compare Crowley 2000).
The aim of the present study is to assess the role of solar
forcing in generating Holocene climate variability. This
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extends earlier modeling studies to longer time scales. In
addition, we more thoroughly analyze the ocean re-
sponse than previous authors and we consider glacier
length as an example of a combined temperature and
precipitation signal. We include orbital forcing (Berger
1978) and compare the present simulation to a
10,000 year reference experiment with orbital forcing
alone (Weber 2001). Both experiments use the present-
day control climate as the initial state. Other forcings
(like volcanic dust or changes in greenhouse gas con-
centrations) are neglected.

The present study is restricted to the possible climatic
impacts of total irradiance variations, independent of
wavelength. Recent work has shown that variations in
UV irradiance can modify atmospheric modes of vari-
ability through changes in the radiative and dynamical
coupling of the stratosphere and troposphere (e.g.,
Shindell et al. 2001; Toupali et al. 2003). However, this
approach is at present not feasible in long-term climate
variability studies. First, the spectrum of irradiance
variability is not known for longer time scales. Second,
stratosphere/troposphere models are too time-consum-
ing to allow for long-term experiments even though they
are coupled to a mixed-layer ocean. The present study is
to a certain extent complementary to this approach, as it
includes a dynamic ocean (versus a mixed layer) and has
its focus on large-scale (versus regional) climatic im-
pacts.

The climate model ECBIlt and the experimental de-
sign used are discussed in Sect. 2, where we also com-
pare the climatic sensitivity and signal-to-noise ratio
simulated by ECBIilt with that of more comprehensive
GCMs and data. In the following sections we consider
the climatic response as a function of time scale, com-
puting correlations with the solar forcing for a range of
band-pass filter periods. The response in atmospheric
parameters is analyzed in Sect. 3.1, while glacier length
as computed with an off-line glacier model is analyzed in
Sect. 3.2. The oceanic response is analyzed in Sect. 4.
Section 5 gives a summary and discussion.

2 Climate model and experimental design

2.1 The ECBIlt coupled model

The atmospheric component of the global climate model ECBIlt
(Opsteegh et al. 1998) is a moist dynamic model based on the quasi-
geostrophic equations. An estimate of the neglected ageostrophic
terms is included, which results in a reasonable simulation of the
tropical circulation cells and monsoon precipitation. However, the
amplitude of the tropical circulation is too weak and variability is
considerably underestimated. There are no ENSO events. The
model incorporates orography, simplified representations of the
diabatic-heating processes and the hydrological cycle. There is a
land surface parametrization, based on a bucket model for soil
moisture and a thermodynamic snow model. There is no repre-
sentation of cloud dynamics, but cloud cover is prescribed from
seasonal climatology.

The atmospheric component is synchronously coupled to a
dynamic ocean model and a thermodynamic sea-ice model. The
resolution in the atmosphere is (T21, L3), while the flat-bottom
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ocean component has comparable horizontal resolution (5.6° X
5.6°) and 12 unevenly spaced vertical levels. The land-sea mask has
realistic geometry. No flux corrections are used, apart from a
correction in the freshwater flux in the Arctic Ocean to compensate
excessive precipitation in this region. In terms of complexity, the
coupled model lies in the upper range of Earth system models of
intermediate complexity (Claussen et al. 2002). It is computation-
ally efficient, with a 10,000-year simulation taking about 10 weeks
computing time on a workstation.

Solar forced runs have previously been conducted with ECBilt
using idealized irradiance variations (Drijfhout et al. 1999) and
using estimates of historic solar forcing for the last millenium (Van
der Schrier et al. 2002). Studies on the impact of orbital forcing
with ECBIlt include Weber (2001), Weber and Oerlemans (2003)
and Tuenter et al. (2003), while a later model version with inter-
active vegetation was used by Renssen et al. (2001, 2003). The
ECBiIlt response at the mid-Holocene optimum was compared with
other coupled model results by Braconnot et al. (2003).

2.2 Solar forcing of the climate of the last millenium

In addition to the 10,000 year experiments described in the fol-
lowing sections, we performed an experiment with ECBIlt for the
last 1000 years using annual-resolution solar forcing (Crowley
2000). We use this experiment to compare the climatic sensitivity
and signal-to-noise ratio of ECBIlt to that of other models and
proxy data. The forcing is based on 'Be measurements from
Antarctica (Bard et al. 1997), spliced into the Lean et al. (1995)
record. Different scaling factors have been proposed in the litera-
ture (see Bard et al. 2000 for an overview). We use a conservative
one, which results in a 0.20% decrease in total solar irradiance
(TSI) for the deepest part of the Maunder Minimum (at about 1690
AD) with respect to the mean value of 1366 W/m?. In the following
we will define the solar irradiance forcing as the prescribed
anomalies in TSI divided by four to account for the Earth’s
geometry. They have amplitudes of 0.5-1.0 W/m? The climatic
sensitivity (or regression parameter; in °C per W/m?) is defined as
the temperature response divided by the solar forcing. The signal-
to-noise ratio is given by the correlation coefficient.

Variations in global, annual-mean surface air temperature
(SAT), that are associated with the solar forcing, have an amplitude
of 0.1-0.2 °C in the ECBIilt experiment. This implies a climatic
sensitivity of 0.2, which is clearly lower than the figures given for
more comprehensive GCMs of 0.4 (Cubasch et al. 1997) and 0.5
(Rind et al. 1999; henceforth RLH). Waple et al. (2002) give an
empirical estimate of 0.24 for the global-mean sensitivity (for the
period 1650-1850 AD), based on the temperature reconstruction of
Mann et al. (1998) and the Lean et al. (1995) irradiance record. The
spatial response pattern in ECBIlt has highest amplitude over land
in mid-high latitudes and lowest amplitude over the tropical
oceans, similar to the pattern shown by Cubasch et al. (1997). A
comparison of empirical and GCM-based spatial response patterns
indicates reasonable similarity, although the empirical pattern has
more regional detail (Waple et al. 2002).

The correlation coeffcient between global, annual-mean SAT
and the solar forcing is 0.68 in the ECBIlt experiment, while RHL
give a value of 0.74. The signal-to-noise ratio in ECBilt is thus
similar to that in GCMSs, although the climatic sensitivity is too
weak. The reason for this is that ECBIilt also underestimates
internal climatic variability (see Drijthout et al. 1999). This aspect
can be quantified in more detail by comparing latitudinal correla-
tions obtained with ECBIlt to results reported by RHL. In the
tropics (16°S—16°N) the correlation for the annual-mean SAT is
0.76 (0.7 in RHL), in midlatitudes (30—-60° in both hemispheres) it is
0.57 (0.5 in RHL) and in high latitudes (poleward of 60°) it is 0.2
(0.2 in RHL). The lag at which optimal correlations occur is about
4 years, with a broad peak around the optimal lag consistent with
RHL.

Global, annual-mean precipitation shows a clear response
to the insolation forcing in the 1000-year ECBilt experiment.
The regression is about 1 cm/year per W/m?, which is 1% of the
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time-mean precipitation value. A 1% change in precipitation con-
current with 0.1-0.2 °C temperature changes seems high in com-
parison to IPCC figures. These indicate a 1% precipitation increase
concurrent with a 1 °C temperature increase (Cubasch et al. 2001).
The reason is probably that ECBilt underestimates the time-mean
precipitation in the tropics. Variations in the water holding
capacity of the atmosphere associated with variations in tempera-
ture seem to be the cause of the simulated correlation between
precipitation and insolation.

Proxy based estimates of the correlation between temperature
and solar forcing for the period 1600-present range from 0.57-0.74
for annual data (Crowley and Kim 1996) to 0.75-0.86 for decadal-
mean data (Lean et al. 1995). These figures may be spurious be-
cause on the one hand, the CO, and solar indices correlate well,
and on the other hand, the pre-anthropogenic period contains only
1-2 cycles of the dominant low-frequency component in the solar
forcing (Crowley and Kim 1999). Four 1000-year reconstructions
of Northern Hemisphere (NH) temperature have recently become
available. They are representative for annual-mean conditions
(Mann et al. 1999; Crowley and Lowery 2000) or for the warm
season (Jones et al. 1998; Briffa 2000). All data can be obtained
from the World Data Center for Paleoclimatology (http://
www.ngdc.noaa.gov/paleo). We found the correlation of these re-
cords with the solar forcing to be 0.2-0.4 for the pre-anthropogenic
interval (1000-1850 AD). This is clearly lower than the values
found in ECBIlt (for the same time interval). This is also true for
the decadal-centennial range, as shown in Fig. 1. Both in the model
and in the data there is a tendency for higher correlations for longer
time scales, with overall lower values in the data than in the model.

One possible reason for this discrepancy between reconstructed
and simulated records is the neglect of volcanic forcing in the
model simulations. This point is illustrated in Fig. 1 by results from
a second 1000-year experiment with ECBIlt, using both solar and
volcanic forcing (Crowley 2000). Volcanic forcing introduces
additional variability uncorrelated with the solar irradiance forc-
ing, thus reducing correlations. A possible bias in the data toward
high-latitudes reduces correlations, while a bias toward the warm
season increases correlations (Fig. 1). Other reasons for the model-
data discrepancy might be inadequate sampling of the large-scale
signal in the data or noise inherent in the biological and geological
records used in the reconstructions.

We conclude that hemispheric-scale temperature and precipi-
tation correlations in ECBIlt are consistent with those found in
earlier GCM studies. The temperature sensitivity is underestimated
compared to earlier GCM studies, while it is on the low end of the
range of sensitivities estimated by the recent IPCC Third Assess-
ment Report (Cubasch et al. 2001). However, it is only slightly
lower than an empirical estimate of the temperature response to
solar forcing. Correlations seem to be overestimated in all models,
in comparison to proxy data. This is partly due to the neglect of
volcanic dust in the model experiments.

2.3 Design of the 10,000 year experiments

Two 10,000 year simulations were made with ECBIlt, one solar-
orbital forced and one with orbitgl forcing alone. The orbital
forcing for the period of 10 kyr Bé‘f&ﬂousand years before pres-
ent) up till now is due to variations in the parameters of the Earth’s
orbit (Berger 1978). It modifies the seasonal and geographical
distribution of incoming short-wave radiation. The solar forcing is
prescribed as a small modulation of the solar constant. It is as-
sumed to be constant thoughout the year. In both experiments all
other boundary conditions (orography, concentration of trace ga-
ses and tropospheric aerosols, surface characteristics) are set to
their present-day values.

The solar forcing is based on the residual '“C record (Stuiver
et al. 1998), which is interpolated within the decades to get an
annual time series. It is scaled to the Lean et al. (1995) record in
such a manner that the TSI decrease for the Maunder Minimum is
the same as in the forcing record used in the 1000-year experiment.
This implies a scaling factor of —0.0185 W/m? per permil. The *C
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Fig. 1 The correlation with the solar irradiance forcing in two
ECBilt simulations (upper panel): annual NH temperature in the
solar-forced experiment (¢zriangles) and in the solar-volcanic forced
experiment (open cicles). Also shown are annual (solid circles) and
summer (open squares) temperature for land points north of 30°N
in the solar-volcanic forced experiment. The correlation for
reconstructed temperatures (lower panel): the records of Jones
et al. (1998; open circles), Mann et al. (1999; solid circles), Briffa
(2000; open squares) and Crowley and Lowery (2000; solid squares).
All correlations are computed over the pre-anthropogenic interval
(1000-1850 AD) for different band-pass filter periods (in years)

record and the associated solar irradiance forcing are depicted in
Fig. 2. Although '"Be is generally thought to be the better proxy
for solar activity, at the time of running the experiments there were
no high-resolution records available for the period of interest here.
Instabilities of the ocean circulation have been hypothesized to
cause the low-frequency variability in the residual '*C record,
especially in the early Holocene (Stuiver and Braziunas 1993). As
any filtering of the forcing record would be arbitrary, we have
chosen to apply the full record. The good agreement between the
independent "C and '°Be-based assessments of solar variability for
the last millenium suggests that ocean variability is playing a rel-
atively minor role in modifying the '*C signal. A possible feedback
of the oceanic circulation on the atmospheric '“C content will be
examined a-posteriori.

The combined solar-orbital record is shown in Fig. 3 (top). The
long-term trend is characterized by a gradual decrease in NH
summer insolation during the Holocene, especially at mid-to-high
latitudes. This results in a gradual cooling of NH summers (Fig. 3,
middle), a reduced land-sea contrast, reduced low-level conver-
gence over the NH land mass and a decrease in summer monsoon
precipitation (Fig. 3, bottom). The amplitude of the ECBIlt re-
sponse at 6 kyr BP, which is one of the foci of the Paleo Modeling
Intercomparison Project (PMIP), falls in the low-middle range of
the PMIP modeling results (Weber 2001; Braconnot et al. 2003).

Time-slice experiments with ECBIilt show a reduction (by about
0.7 Sv) in the North Atlantic overturning circulation in response to
the annual-mean orbital forcing at the mid-Holocene optimum
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Fig. 2 Solar irradiance forcing

Weber et al.: Solar irradiance forcing of centennial climate variability during the Holocene

Scaling of the 14C record

ggirey line) based on the residual
C record (Stuiver et al. 1998)
for the last 10,000 years (left
axis; in W/m?). The right axis 0.6
gives the corresponding units of '
permil of the original record.
For comparison the Lean
reconstruction of historic
irradiance variations is
extended back in time to the
year 1000 AD by the
independent '°Be record (Bard
et al. 1997) (black line). Time in
calendar kyr BP (where
0 year BP is defined as
1950 AD)

0.3

solar forcing (W/m2)

_0_6_

L _4c

F-20

r20

W -

10

(Braconnot et al. 2003). In the present transient experiments any
orbital-forced oceanic signal is dominated by transitions which
occur in the southern ocean between a ‘weak overturning’ and a
‘strong overturning’ state. The former state is characterized by a
small drift in the deep ocean (of about 0.05 °C/century). Both
states have a typical residence time of many millenia. All long
ECBIlt experiments exhibit this behavior, which was first described
in a control run (Haarsma et al. 2001). As the time scale of this
transitional behavior is similar to the orbital time scale, we will not
consider the oceanic response to orbital forcing in the present
experiments. In order to analyze the response to solar forcing, we
have high-pass filtered the simulated oceanic records to remove all
variability on time scales longer than 1200 years. The solar re-
sponse discussed in the following sections was found to be inde-
pendent of the southern-ocean overturning state.

3 The atmospheric response as a function of time scale

There is pronounced climatic variability superimposed
on the orbital-forced trend, as illustrated in Fig. 3. In
this and the following section we examine to what extent
climatic variability is related to the irradiance forcing
and how this relationship depends on the time scale.
This is done by band-pass filtering the forcing and re-
sponse records and then computing the lagged correla-
tion for filter periods t ranging from 50 to 700 years.
The lag is varied over a range of 0-30 years in Sect. 3.1
(and in Sect. 4), while the range is 50 years centered
around the glacier response time in Sect. 3.2. We check
whether the lag at which the optimum correlation occurs
is physically realistic. The statistical significance of cor-
relations is estimated following Von Storch and Zwiers
(1999) using a ¢ test, with the number of samples given
by the record length divided by the filter period. We
apply a two-sided test, unless the sign of a (small) signal

6 5 4
time (kyr BP)

o4
|
e
o
o

can be established a-priori. Focus of the following
analysis is on variability on multi-decadal and longer
time scales.

3.1 Temperature and precipitation

In this section we will examine the response of temper-
ature and precipitation for different areas with spatial
scales ranging from regional to hemispheric (Fig. 4).
Temperature correlations are found to be small for rel-
atively short time scales. This is due to the long response
time scale of the oceans. As a result the solar irradiance
forcing is integrated over time, which effectively damps
the climatic response at shorter time scales. Correlations
are also small regionally, e.g. for the European area (0—
50°E and 35-70°N), because at small spatial scales the
amount of noise in the system is relatively large. How-
ever, temperatures are very well correlated with the solar
forcing at the continental or hemispheric scale. At low
latitudes correlations are larger than at higher latitudes,
while the same holds for summer versus winter. The
regression (of 0.2-0.4 °C per W/m?) is found not to
depend sensitively on the time scale.

The NH annual-mean precipitation response can be
separated into a contribution from midlatitudes (north
of 30°N) and from low latitudes. At midlatitudes pre-
cipitation correlates well with temperature, which links it
to the irradiance forcing. This effect is even evident for
small spatial scales, although one has to go to long
temporal scales to reach a correlation that is statistically
significant. At low latitudes the summer (June-July—
August) signal dominates the precipitation response.
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Fig. 3 NH incoming insolation (in W/m?; upper panel), tempera-
ture in NH midlatitudes (in °C; middle panel) and monsoon
precipitation over North Africa (in cm/year; lower panel) for June—
July—August as a function of time (in kyr BP) from the solar-orbital
forced ECBIlt run. Grey lines in the lower two graphs give yearly
values, black lines the 100-years low-pass filtered values

The spatial response pattern shows an increase in the
African-Asian monsoon precipitation for high irradi-
ance. The impact is only discernable at centennial and
longer time scales. Over north Africa (20°W—-50°E and
5-25°N) the regression is 1-2 cm/year per W/m?. There
is a slight northward shift as well, with a few tropical
gridpoints (5-10°N and 10-40°E) where precipitation
decreases (by about 3 cm/year per W/m?). The negative
response in the tropics seems to be a robust feature,
although correlations are low here.

For the temperature as well as the precipitation re-
cords the optimum lag always lies in the range 0-20
years, with longer lags for longer time scales. We
examined whether the impact of solar forcing depends
on the background climatic state by separately analyzing
the first and the second half of the 10,000 year simula-
tion for all records. The results were found not to
depend on the time interval.

The monsoon precipitation response seems to be
due to the following mechanism. A positive radiative
forcing in summer (due to a high solar irradiance)
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leads to stronger heating of the NH continents, an
intensified large-scale flow and a stronger hydrological
cycle. This mechanism is confirmed by the correlation
between summer precipitation over North Africa and
temperature over the NH midlatitude continents,
which is 0.77 using 100-year low-pass filtered records.
For the Asian monsoon this is 0.69. The mechanism
described here is similar to that underlying the mon-
soon response to the summer orbital forcing at the
mid-Holocene optimum. An indication of the sensi-
tivity of the ECBilt model is obtained by comparing
the amplitude of its response at 6 kyr BP to that of
other models and proxy data. Here we assume that the
strength of the relevant feedbacks is similar for cen-
tennial time scales (solar forcing) and millenial time
scales (orbital forcing). In PMIP the simulated maxi-
mum difference in annual precipitation (between 6 kyr
BP and present) over north Africa ranges from 5 to
40 cm/year (Joussaume et al. 1999), whereas it is
15 cm/year in ECBIlt. The values found in the PMIP
models seem to be on average at least a factor 2
smaller than estimates based on proxy data (Joussaume
et al. 1999). The sensitivity of the African monsoon to
orbital forcing is thus found to be smaller in ECBilt
than in a number of other models. It is likely to be
underestimated considerably compared to proxy data.
Therefore we tentatively conclude that the simulated
African monsoon response to solar irradiance forcing
is a realistic feature, although ECBIlt considerably
underestimates subtropical variability.

The imprint of the solar irradiance forcing on the
climatic spectra is illustrated in Fig. 5. The Fourier
spectra are computed by cutting the records in over-
lapping segments of length 2048 years and then aver-
aging the results. The longest period that can be resolved
is 1024 years. The forcing spectrum (upper panel) is red,
with spectral peaks at 80-90, 140—160 and 200-220 years
(see also Stuiver and Braziunas 1993). In addition, Fig. 5
gives the spectrum of the temperature of the NH mid-
latitudes, which has correlations of 0.6-0.95 at time
scales longer than 100 years, and of rainfall over North
Africa, which has correlations of 0.3-0.6 in the same
time scale range (see Fig. 4). The temperature spectrum
shows increased variance for centennial time scales in
the solar-orbital forced run compared to the orbital
forced run. In additon, the 140-160 years and 200-220
year peaks are clearly recognizable. The precipitation
spectrum is not significantly modified by the irradiance
forcing.

3.2 Glacier length: a combined temperature
and precipitation signal

Many proxy records represent a combined temperature
and precipitation signal. As an example we analyze
glacier length for three glaciers, for which a process-
based model of glacier dynamics exists. Such a model
can be coupled off-line to the climate model, using
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Fig. 4 A The correlation with

A: correlation temps
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B: regression temps

the solar irradiance forcing as a 1
function of time scale (in years)
for the annual-mean
temperature of the NH (open
circles), the NH midlatitudes
(open squares) and Europe
(diamonds). B The temperature
regression (in °C per W/m?).

C Same as A, but now for the
precipitation of the NH (open
circles), the NH midlatitudes
(open squares), North Africa
(solid squares) and equatorial
North-Eastern Africa (solid
circles). D The precipitation
regression (in cm/year per W/
m~). Thick marked line
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simulated monthly temperature and precipitation
anomalies as input. The procedure has been described
earlier (Reichert et al. 2002; Weber and Oerlemans
2003). ECBIlt has reasonable skill in simulating the rel-
ative contributions of temperature and precipitation to
the climatic forcing of the glacier model (Weber and
Oerlemans 2003). However, the overall level of vari-
ability is underestimated. We consider three glaciers,
ranging respectively from maritime to continental: Ni-
gardsbreen (62°N, 7°E) in southern Norway, Rhone-
gletscher (47°N, 8°E) in the Swiss Alps and Abramov
glacier (40°N, 72°E) in Kirghizia.

The long-term trends in glacier length in the solar-
orbital forced experiment are very similar to those in the
orbital forced experiment described earlier (Weber and
Oerlemans 2003). Nigardsbreen, which is a very sensitive
glacier, increases its length by more than 12 km during
the Holocene. This is primarily due to decreasing sum-
mer temperatures. The glacier is confined to a narrow
valley in the interval 10-5 kyr BP, which results in rapid
expansion and pronounced variability. After 5 kyr BP a
broader valley is entered. Rhonegletscher shows only a
slight expansion. Abramov glacier reaches a neo-glacial
maximum (of 1 km more than its present-day length)

400 500 600 700 100 200 300 400 500 600 70C

timescale

during the mid-Holocene as a result of enhanced mon-
soon precipitation at this time.

The correlation between glacier length and the solar
forcing is shown in Fig. 6A. Glacier length variations
consist of a part related to temperature and one related
to precipitation. At all three locations the temperature
contribution dominates the length response. The posi-
tive correlation between the solar forcing and (summer)
temperature results in a negative correlation with the
glacier length. For Nigardsbreen and Rhonegletscher
correlations increase up to time scales of about
250 years. They decrease again for longer time scales.
This is due to the precipitation contribution, as local
precipitation shows a response to the solar forcing for
centennial and longer time scales. Abramov glacier is
situated at low latitudes, where the summer temperature
correlation is higher than at Nigardsbreen and Rhone-
gletscher. Here the correlation increases smoothly for all
time scales.

Correlations were computed separately over the first
and the last 5 kyr of the simulation, in order to examine
whether there are any differences between the different
length ranges. The climatic forcing (on sub-millenial
time scales) is similar during the two periods. The results
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Fig. 5 Variance spectrum of the annual-mean NH incoming
insolation (upper panel), temperature in NH midlatitudes (middle
panel) and monsoon precipitation over North Africa (lower panel),
refer to Fig. 3 for units. Spectra for the solar-orbital forced run are
indicated with solid circles; spectra for the orbital forced run with
open circles

for Nigardsbreen suggest that correlations decrease
more strongly for > 250 years in the rapid expansion
phase (10-5 kyr BP), while the glacier sensitivity is
much higher (Fig. 6B). For Rhonegletscher and Abra-
mov glacier the results do not depend on the time period.

The optimal lags are shown in Fig. 6C. Their mean
values (over all time scales) range from 30 year for
Rhonegletscher, 60-70 years for Nigardsbreen to 75
years for Abramov glacier. The pattern of increasing
time scale for Rhonegletscher, Nigardsbreen and Abra-
mov glacier agrees with the specific response periods of
each glacier (Oerlemans 2000). Nigardsbreen shows a
longer lag in the early Holocene than in the later period.
This is probably due to the higher sensitivity in the rapid
expansion phase (Fig. 6B), which leads to larger excur-
sions of the glacier snout. The glacier length spectra are
very similar in the solar-orbital forced run and the
orbital forced run. They are red, without significant
periodicities. We thus find that the solar forcing excites
only weak signals in glacier length. The reason for this is
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Fig. 6 A The correlation of glacier length with the solar irradiance
forcing as a function of time scale (in year) for Nigardsbreen in the
period 10-5 kyr BP (open circles) and in the period 5-0 kyr BP
(solid circles), for Rhonegletscher (open squares) and Abramov
glacier (solid squares). Significance indicated as in Fig. 4. B The
regression of glacier length (in km per W/m?). C The lag (in years)
at which the optimal correlation occurs

that the link between the solar forcing and the local
climate, which drives the glacier mass balance, is weak.

4 The ocean response as a function of time scale
4.1 The overturning circulation

We first consider the ocean response in the Atlantic
basin. Figure 7 shows the simulated mean overturning
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Fig. 7 The North Atlantic overturning circulation (upper panel; in
Sv) for the present-day climate (100-year mean) as a function of
depth and latitude. The regression (lower panel; in Sv per W/m?) of
the overturning circulation on the solar irradiance forcing for the
10,000 year experiment

stream function in the latitude-depth plane. The
amount of North Atlantic Deep Water formed in
the model is about 14 Sv, close to the observed value.
The location of convection sites is further north than
observed, which is due to a warm bias at high lati-
tudes in ECBIlt. The overturning stream function is
anticorrelated with irradiance anomalies, as shown in
Fig. 7. The mechanism underlying the thermohaline
circulation (THC) response in ECBIlt was described by
Van der Schrier et al. (2002) based on a small number
of 1000-year experiments, using both the Lean et al.
(1995) estimate and a higher-amplitude scaling of the
solar irradiance forcing. High (low) irradiance was
found to lead to increased (reduced) surface tem-
peratures in the northern North Atlantic, increased
(reduced) stability of the water column and reduced
(increased) deep-water formation, followed some
years later by a weaker (intensified) overturning cir-
culation.

In the present 10,000 year experiment it is possible
to examine the time scale-dependence of the oceanic
response to irradiance variations. Correlations and
regressions for the amount of deep-water formed at
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high latitudes and the maximum in the overturning
stream function are shown in Fig. 8. They have their
most negative values for time scales between 150—
300 years. For time scales longer than 300 years cor-
relations are not statistically significant, given the
number of samples in the present experiment. Optimal
correlations occur at a lag of 0 years (deep-water for-
mation) and about 10 years (THC maximum). The
spatial response patterns (not shown) are similar for
different band-pass filter periods, with highest ampli-
tudes between 150-300 years.

These results indicate that the assumption of a direct
response to the solar irradiance forcing only holds for
time scales longer than a few hundred years. The
asymptotic value (of about —0.8 Sv per W/m?) for the
THC response is consistent with the equilibrium re-
sponse found in ECBIlt time-slice experiments for the
mid-Holocene optimum (Braconnot et al. 2003), when
the annual-mean orbital forcing had similar amplitude
as the solar irradiance forcing. For t between 150—
300 years, internal feedback processes seem to play an
important role.

We now consider the oceanic surface forcing, focus-
ing on those terms in the heat and freshwater fluxes that
can be considered as external forcing terms. In the
coupled system the heat flux consists of the absorbed
shortwave radiation and the air-sea heat exchange (net
longwave radiation, latent and sensible heat). The
freshwater flux consist of precipitation, runoff, evapo-
ration and a small contribution from brine rejection.
Terms that are not modified by the ocean circulation can
be considered as ‘external’ forcing terms of the ocean
component. These are the shortwave radiation term SW
in the heat flux and the contribution of precipitation and
runoff P + R to the freshwater flux. Correlations for the
northern North Atlantic (north of 45°N) are shown in
Fig. 8C.

At sub-centennial time scales the absorbed shortwave
radiation is not well correlated with the incoming
shortwave radiation, because changes in sea-ice coverage
result in albedo variations that are not correlated with
the incoming radiation. However, at longer time scales
sea-ice closely follows the insolation. This results in
correlations that increase smoothly with t. Precipitation
and run-off also show increasing correlation for
increasing timescale, consistent with the curves shown in
Sect. 3. In order to quantitatively compare the two terms
we have computed the regression (Fig. 8D) in terms of
the buoyancy forcing due to the absorbed shortwave
radiation and precipitation plus run-off, respectively.
Here a linear approximation of the equation of state was
used. The buoyancy forcing is dominated by the heat
flux term, with a smaller contribution from the fresh-
water flux term. It is clear that both SW and P+ R
result in negative (positive) buoyancy forcing anomalies
for high (low) irradiance, which correlate increasingly
well for longer time scales. The surface forcing thus
cannot explain the time scale-dependence of the THC
response.
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Fig. 8 A The correlation of the

A: correlation THC, DWF
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B: regression THC, DWF

THC maximum (circles) and
the rate of deep-water
formation in the northern
Atlantic (north of 45°N;
squares) with the solar
irradiance forcing as a function
of time scale (in years).
Significance indicated as in
Fig. 4. B The regression of the
THC maximum (left axis; in Sv
per W/m?) and the rate of deep-
water formation (right axis; in
percenta%e of the mean rate
per W/m®). C Same as in A, but
now for the surface forcing of
the northern Atlantic: absorbed
shortwave radiation (squares),
precipitation plus run-off

(circles). D The regression of 100 200 300
the associated buoyancy fm'c?ing
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4.2 Temperature, salinity and advective feedbacks

It seems likely that advective feedback processes are
important for the occurrence of a preferred time scale of
about 200 years. A reduction (intensification) of the
THC results in anomalous advection of temperature and
salinity. This modulates the density field and thus the
density contrast between high and low latitudes, which
again has a direct effect on the strength of the THC
(Hughes and Weaver 1994; Rahmstorf 1996; Thorpe
et al. 2001). We will first consider the ocean temperature
and salinity response to the irradiance forcing, examin-
ing the northern North Atlantic, the midlatitude North
Atlantic (20-45°N) and the tropical Atlantic (20°S—
20°N). Figure 9 gives correlations and regressions for
the upper ocean (depths 0-80 m) and the deeper levels
(depths below 80 m). Changes in the temperature and
salinity can be due to changes in the surface forcing as
well as changes in the ocean transports. Figure 8 gives
an indication of the time-scale dependence of these
processes, assuming that the THC strength is a reason-
able measure of the zonal-mean meridional transport
(more detailed output of advection and diffusion terms
was not available).

100 200 300 400 500 600 700

timescale

400 500 600 700

The surface heat and freshwater fluxes result in
warmer and fresher surface fields everywhere in the
Atlantic Ocean, given high irradiance anomalies. A re-
duced THC transports less surface water northward,
while the salty and warm water that is transported
northward is exposed longer to net precipitation and
cooling. This contributes to the freshening of the surface
water of the northern ocean, but counteracts the
warming. The upper-ocean temperature response is
dominated everywhere by the surface forcing. The shape
of the upper-ocean salinity correlation curve for the
northern North Atlantic illustrates that the advection
term dominates over the surface flux term. Correlations
are optimal, albeit weak, between 150-300 years. At
midlatitudes (and in the tropics, not shown) the upper-
ocean salinity curve is similar, but has the reversed sign
as expected. The deep-ocean response is primarily
determined by advection effects, both for temperature
and salinity. Given a high irradiance and reduced THC,
the deep ocean freshens at high latitudes while it warms
and becomes more saline at lower latitudes.

It is possible to follow the propagation of salinity and
temperature anomalies around the THC loop by con-
sidering the correlation between irradiance and the
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Fig. 9 A The correlation of

A: correlation ocean temps
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B: regression ocean temps

surface and deep temperature
with the solar irradiance forcing
as a function of time scale (in
years): northern Atlantic (north
of 45°N; open squares) and mid
Atlantic (20-45°N; solid
squares). The surface levels
(depths 0-80 m) are indicated
by solid lines, while the lower
levels (depths below 80 m) are
indicated by dashed lines. B The
temperature regression (in °C
per W/m?). C Same as A, but
now for salinity. D The salinity
regression (in PSU per W/m?).
Correlations are only significant
(at the 10% level in a two-sided
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zonal-mean fields for the 150-300 years band-pass fil-
tered records for different lags. Figure 10 shows the re-
sults for the salinity field. High insolation and a reduced
THC initially results in a fresh anomaly at all depths
north of 45°N and relatively saline water south of 45°N
(Fig. 10, lag 20 years). The overturning circulation
transports these anomalies southward in the deep ocean
(lag 60 years), while a positive anomaly starts to develop
at the most northern latitudes (lag 100 years). At lag
140 years the negative anomaly is still recognizable in
the subtropical deep ocean. It does not propagate across
the equator, but decays within 200 years (lags 180 and
220 years). The correlation between the zonal-mean
temperature field and the insolation (not shown) gives
similar results for lags of 20 and 60 years. However, the
deep-ocean temperature signal is weaker than the
salinity signal. The temperature signal is also less per-
sistent and disappears for increasing lags. (A correlation
between the overturning maximum and the zonal-mean
salinity and temperature fields gives similar patterns, but
with stronger correlations and reversed sign.)

The anomalous salinity and temperature fields obvi-
ously modify the meridional density contrast Ap. Fig-
ure 11 shows the correlation between Ap and the solar

400 500 600 700 100 200 300 400 500 600 70C

timescale

irradiance forcing as a function of the time scale. Here
the contrast between the depth-mean density of the
northern and midlatitude Atlantic boxes has been used.
Similar results are found for the contrast between the
northern and tropical Atlantic boxes. Figure 11 also
shows results for the density contrast associated with
salinity differences Aps and that associated with tem-
perature differences Apr. Salinity anomalies, with Apg
primarily determined by the deep ocean, are found to
dominate. Both the northern and the midlatitude (trop-
ical) boxes contribute to Aps (compare Fig. 9C). It is not
surprising that correlations are again largest in the time
scale range 150-300 years, as advective process dominate
any change in deep-ocean salinity. Anomalies in Ap in
turn reinforce the THC response. This is illustrated by a
direct correlation between the density contrast and the
THC maximum, which shows that a linear relation in-
deed holds very well on centennial and longer time scales.

4.3 A loop-oscillator mode

When summarizing the analysis we conclude that the
solar irradiance forcing gives rise to an initial THC
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response, which is driven by surface temperature the delayed salinity-advection feedback as the mecha-

anomalies. The THC response in turn generates salinity
(and density) anomalies. This well-known salinity-
advection feedback is a positive feedback on the THC
response at any forcing time scale. High-latitude salinity
anomalies propagate southward in the deep ocean, thus
modulating the north-south density contrast with a de-
lay of 70-150 years. If the irradiance forcing has chan-
ged sign by this time (i.e. has a periodicity in the range
150-300 years), then this is again a positive feedback on
the THC response. We will term this the delayed salin-
ity-advection feedback. In the ECBIlt experiment salin-
ity anomalies propagate around part of the THC loop,
before they disappear due to diffusion and zonal
spreading. Propagation and decay time scales thus set
the preferred time scale range of 150-300 years, which
clearly is to a certain extent model-dependent. We be-
lieve that the present analysis gives sufficient support to

nism underlying the occurrence of an optimal time scale
of covariance between the THC and irradiance varia-
tions, although it is not a rigorous proof.

Earlier model studies have shown that loop-oscillator
modes can be excited by white-noise freshwater forcing.
A 320-year mode was found by Mikolajewicz and
Maier-Reimer (1990) by applying spatially coherent
noise in a 3-D ocean model forced by mixed boundary
conditions. This resulted in salinity anomalies propa-
gating around the full Atlantic loop. Mysak et al. (1993)
found a 200-year mode in a 2-D ocean model coupled to
a moist EBM. Here salinity anomalies were only ad-
vected around a partial THC loop. These centennial
modes are essentially 2-D in the latitude-depth plane
(Sirkes and Tziperman 2001), which sets them apart
from the multi-decadal 3-D modes involving the gyre
circulation. By using continuation techniques Te Raa
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and Dijkstra (2003) performed a linear stability analysis
of the ocean circulation in a single-hemispheric basin.
They identified a multi-decadal 3-D mode as well as a
centennial 2-D mode, with its time scale set by the mean-
state overturning time scale. In contrast to earlier authors
(Mikolajewicz and Maier-Reimer 1990; Mysak et al.
1993), Te Raa and Dijkstra (2003) found that the cen-
tennial loop-oscillator mode is too strongly damped to be
identified in time-integrations with white-noise forcing.
Based on these earlier results we hypothesize that the
solar forcing excites a strongly damped mode of vari-
ability in the THC. This mode is evident in the THC
spectrum (Fig. 12), which shows a significant peak at
time scales of 200-250 years. Such a peak is absent in the
reference run without solar irradiance forcing. Although
the preferred range of time scales coincides with an
identified peak in the solar forcing spectrum of 200—
220 years (Stuiver and Braziunas 1993), it is not clear a
priori that the periodicity of the forcing is essential to
excite this mode. An alternative is that the enhanced
noise levels in the solar-forced run are sufficient to excite
this mode, as some earlier studies seem to indicate. As
the presently used solar forcing acts directly on the sea
surface temperatures, it is probably fairly efficient.

In the Southern and Indian oceans the correlation
between the THC and solar irradiance shows a similar
time-scale dependence as in the Atlantic Ocean. In the
Southern Ocean the negative overturning cell has max-
imum correlation of 0.40 at t = 300 years (at a lag of
about 20 years). This gives rise to a peak in the THC
spectrum, which is absent in the control run. In the In-
dian Ocean the maximum correlation is 0.34 (at zero lag)
for T = 250 years, which is too low to generate a spectral
peak. The preferred range of time scales found for the
different basins is consistent with estimates of the over-
turning time scale, based on the overturning maximum
divided by the volume of the water mass. This is about
300 years for the Atlantic Ocean and about 400 years
for the Southern and Indian oceans. In the Pacific Ocean
there is no signficant THC response to irradiance vari-
ations.

5 Discussion and conclusions

An insolation forcing of 0.5-1 W/m? due to solar
irradiance variations, gives rise to significant climatic
signals in a 10,000 year simulation with the ECBIlt
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Fig. 12 Variance spectrum of
the maximum of the North

Atlantic overturning circulation
(in Sv?) in the solar-orbital 0.0144- -
forced run (open circles) and
orbital forced run (solid circles).
The solar forcing excites an
internal mode of the ocean
circulation with a time scale of
200-250 years
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model. Temperature variations reflect the primary re-
sponse of the climate system. They in turn result in
midlatitude precipitation variations through changes in
the atmospheric water holding capacity. In addition,
variations in summer heating over the NH midlatitude
continents result in changes in the large-scale atmo-
spheric flow and associated changes in the African-Asian
monsoon precipitation. The effect is similar to the cli-
matic response to the orbital forcing of enhanced sum-
mer heating in the early Holocene, but much smaller in
amplitude. Temperature and precipitation variations
correlate increasingly well with the applied forcing for
longer time scales and larger spatial scales. Climatic
spectra show a clear imprint of the solar forcing spec-
trum, when correlations are higher than about 0.7.

The assumption of a direct response, attenuated at
shorter time scales by the thermal inertia of the oceans,
is thus found to be valid for atmospheric variables.
Proxy temperature records for the last millenium seem
to confirm this model result. We note that correlations in
ECBIlt (as well as earlier GCM studies) seem to be
overestimated compared to these data. This is partly due
to the neglect of volcanic dust forcing, which introduces
additional variability into the climate system uncorre-
lated with the solar irradiance forcing. Proxy precipita-
tion records resolving centennial-scale variability
indicate a positive correlation between irradiance and
the summer monsoon over North Africa (Neff et al.
2001) as well as India (Gupta et al. 2003). At the same
time, equatorial east Africa was relatively dry during
periods of high irradiance (Verschuren et al. 2000).

0.0033
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Uncertainties inherent in radiocarbon dating inhibit a
detailed time scale analysis of these records. These data
studies support the intensified monsoon precipitation in
the African-Asian subtropics and arid periods in equa-
torial Africa concurrent with high irradiance as found in
the ECBIlt simulation. The model results indicate that
the monsoon response can only be identified at centen-
nial and longer time scales.

Many proxy records reflect a combined temperature
and precipitation signal. As an example glacier length
was considered for three specific sites. This showed that
the opposing effects of temperature and precipitation on
glacier length can result in correlations that are only
significant in a limited time scale range. Lags range from
20-100 years, depending on the time scale and the gla-
cier characteristics. The correlation with the irradiance
forcing was found to be too small to have an impact on
the length spectra.

Irradiance variations over the oceans result in sea
surface temperature variations, consistent with obser-
vational studies (White et al. 1998). In the North
Atlantic Ocean this leads to changes in the amount of
deep water formed at high latitudes and the strength of
the overturning circulation. The correlation between
the THC and the solar forcing peaks between 150—
300 years. A further analysis shows that the mechanism
underlying the occurrence of a preferred range of time
scales is based on the advection of salinity anomalies
around part of the THC loop, which modifies the
north-south density contrast. This constitutes a positive
feedback on the THC response, when the period of the
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forcing is consistent with the propagation time scale of
the salinity anomalies. Although the correlation is rel-
atively small (-0.43), this feedback mechanism gives
rise to a strong peak in the THC spectrum at time
scales of 200-250 years. Such a spectral peak is absent
in the reference simulation, indicating that the solar
forcing excites a strongly damped internal mode of the
THC.

At high latitudes the primary sea surface temperature
response to the solar forcing is diminished by the THC
response in the time scale band 150-300 years. At the
same time the THC response leads to a substantial signal
in the sea surface salinity field. Sea-ice follows low-fre-
quency irradiance variations, but does not play an active
role in the oceanic feedback processes. A significant
THC response to the irradiance forcing was found ear-
lier by Cubasch et al. (1997). In their model experiment
the correlation is much larger (-0.8 over all time scales),
which results in a temperature correlation at high lati-
tudes that is even negative.

The correlation found in the ECBIlt simulation im-
plies that irradiance variations explain 10-20% of THC
variations. The present results therefore do not support
the view of a THC increase concurrent with every cold
climatic period associated with low irradiance, and vice
versa for high irradiance. This is, to a certain extent,
consistent with the ambiguous evidence for THC chan-
ges during the Holocene in marine records (Broecker
2000; Keigwin and Boyle 2000; Van de Plassche et al.
2003). The present results do support the notion of a
centennial mode in the THC, which is excited by irra-
diance variations. This mode is essentially 2-D in the
latitude-depth plane. This sets it apart from the multi-
decadal modes involving the horizontal gyres, which
have been associated with solar irradiance forcing as
well (Waple et al. 2002). Centennial loop-oscillator
modes have been identified earlier in ocean models
by applying random-noise freshwater forcing
(Mikolajewicz and Maier-Reimer 1990; Mysak et al.
1993). They have not been described before in connec-
tion with solar forcing. Bond et al. (2001) report varia-
tions in ice-rafted debris in North Atlantic sediment
records for the Holocene, which show maximum corre-
lations with solar irradiance variations in a centennial
and a millenial time scale band. There is no evidence in
ECBIlt for a significant response at millenial time scales.
The present model results do provide a possible expla-
nation for a centennial signal in oceanic fields, namely
through a resonant THC response that amplifies the
weak solar forcing.

Finally, we note that it has been hypothesized that
the low-frequency peaks in the '*C spectrum are due to
variations in the ventilation rate of the ocean (Stuiver
and Braziunas 1993). The present model results indicate
that the 200 year peak cannot be regarded as an ‘ocean-
mode’, as such a mode is absent in the reference
integration. It must be, at least partly, due to solar
irradiance variability. However, the ocean response
could amplify or diminish the ‘solar-mode’ peak in the

Weber et al.: Solar irradiance forcing of centennial climate variability during the Holocene

14C spectrum. Experiments with atmosphere—ocean
models, which include a full carbon cycle, are needed to
determine the sign of this possible feedback on the
atmospheric *C content.
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