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[11 Past sea surface temperatures (SSTs) are routinely estimated from organic and inorganic remains of fossil
phytoplankton or zooplankton organisms, recovered from seafloor sediments. Potential seasonal biases of
paleoproxies were intensely studied in the past; however, even for the two most commonly used paleoproxies
for SST, U4, and Mg/Ca ratios, a clear global picture does not yet exist. In the present study we combine
Holocene SST trends derived from U5, and Mg/Ca ratios with results from idealized climate model simulations
forced by changes in the orbital configuration, which represents the major climate driver over the last 10 kyr.
Such changes cause a spatiotemporal redistribution of incoming solar radiation, resulting in a modulation of
amplitude and phasing of the seasonal cycle. Considering that the climate signal recorded by a plankton-based
paleoproxy may be affected by the seasonal productivity cycle of the respective organism, we use the modern
relationship between SST and marine net primary production, both obtained from satellite observations, to
calculate a seasonality index (SI) as an independent constraint to link modeled SST trends with proxy data.
Although the climate model systematically underestimates Holocene SST trends, we find that seasonal
productivity peaks of the phytoplankton-based U4; result in a preferential registering of the warm (cold) season
in high (low) latitudes, as it was expected from the SI distribution. The overall smoother trends from the
zooplankton-derived Mg/Ca SSTs suggest a more integrated signal over longer time averages, which may also
carry a seasonal bias, but the spatial pattern is less clear. Based on our findings, careful multiproxy approaches
can actually go beyond the reconstruction of average climate trends, specifically allowing to resolve the
evolution of seasonality.

Citation: Schneider, B., G. Leduc, and W. Park (2010), Disentangling seasonal signals in Holocene climate trends
by satellite-model-proxy integration, Paleoceanography, 25, PA4217, doi:10.1029/2009PA001893.

change [Laepple and Lohmann, 2009; Huybers and Denton,
2008].
[3] Recently, a global compilation of existing Holocene

1. Introduction

[2] Paleoproxies are routinely used to reconstruct past cli-

mate conditions. However, they provide only indirect esti-
mates of past environmental conditions, so that attributing
a proxy to a certain climate property [Mann et al., 2009] and
the sensitivity of a proxy to internal climate variability
[LeGrande and Schmidt, 2009] are important issues to be
considered when interpreting proxy records. In oceanic
environments past sea surface temperatures (SSTs) are com-
monly estimated from marine sediment cores using either
the alkenone unsaturation index U%; or the Mg/Ca ratio
of planktonic foraminifera tests, measured on fossil marine
phytoplankton and zooplankton remains, respectively. A
potential seasonal bias of paleoproxies has often been
acknowledged to result either from the productivity cycle of
plankton organisms [Fraile et al., 2009a, 2009b; Oppo et al.,
2009; Prahl et al., 2010; Conte et al., 2006; Ternois et al.,
1998; Sikes et al., 1997; Sonzogni et al., 1997; Prahl and
Wakeham, 1987; Mix et al., 1986] or from seasonally vary-
ing sensitivity of the physical climate system to climate
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SST reconstructions based on U%; and Mg/Ca has identified
several regions with uniform trends for each proxy, but sys-
tematically diverging results between both proxies [Leduc
et al., 2010]. These results strongly support the robustness
of each of the proxy organisms, while suggesting that both
proxies probably differ in their sensitivity to climate change.
In the present study we use the Holocene SST data compi-
lation for comparison with results from an atmosphere ocean
general circulation model (AOGCM; Kiel Climate Model;
KCM) [Park and Latif, 2008; Park et al., 2009] that was
adapted to changes in the orbital configuration that occurred
over the Holocene (~ 10 ka to present). Even though other
factors may also operate [Renssen et al., 2009], we assume
that astronomical forcing provides a first-order mechanism
shaping the proxy records considered here. Consequently, the
Holocene is an ideal period to test potential seasonal effects
on proxy records, as the major climate forcing is most
effectively modulating the seasonal cycle.

[4] Our aim is to provide a global perspective on poten-
tial seasonal preferences of the two most commonly used
paleoproxies for SST (U5, and Mg/Ca), which would have
implications for the interpretation of paleoclimate records
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Figure 1. Sensitivity of the climate system to changes in orbital forcing. (a) The spatiotemporal redis-
tribution of solar insolation over the Holocene (0 K minus 9.5 K) at the top of the atmosphere (shaded) is
highlighting changes in the seasonal cycle caused by precessional effects. Contour lines of the respective
anomaly which is reaching the sea surface indicate the feedback of changing cloud properties. (b) The
latitudinal distribution of the annual mean insolation anomaly at the top of the atmosphere (black line)
is caused by decreasing obliquity. The red line shows the strongly modulated signal (due to nonlinear
cloud feedbacks) arriving at the sea surface. Symbols mark reconstructed temperature changes at the
respective latitudes, based on U5, (circles) and Mg/Ca (triangles). (¢) The seasonal zonal mean mixed
layer depth shows time periods when the surface ocean is well stratified (red) and thus more susceptible

to insolation forcing [Laepple and Lohmann, 2009].

(d) The relative net primary production (monthly

zonal mean divided by annual zonal mean) shows the seasonal variability of plankton productivity and,
thus, the sensitivity of marine biology to insolation forcing [Behrenfeld et al., 2006].

as well as for proxy calibration. We analyze how a signal of
external climate forcing is modulated by cascading through
the dynamically responding systems such as atmosphere,
surface ocean, and marine biology, until ultimately shaping
the respective proxy record (Figure 1). The sensitivity of
the physical climate system is represented by the KCM. A
combination of satellite-derived data of modern marine net
primary production (NPP) [Behrenfeld et al., 2006] and SST
[Reynolds et al., 2007] is used to identify regions with pro-
nounced seasonal variability in both climate and plankton
productivity, which would result in enhanced seasonal sen-
sitivity of plankton-based paleoproxies. The independent link
of model results and proxy records by satellite data allows us
on the one hand to derive a conceptual model for the climate
signal that is expected to be contained in the paleodata. On the
other hand, a better knowledge of the climate signal ulti-
mately captured by the data allows a better quantification of
model misfits. We hypothesize that the same external climate
forcing has a different impact on various proxy organisms,

resulting in systematically divergent climate trends as shown
by Leduc et al. [2010].

2. Materials and Methods

2.1. Model Simulations of the Physical Climate System
Responding to Orbital Forcing

[s] A series of quasi steady state simulations is conducted
with a fully coupled atmosphere ocean general circulation
model (AOGCM), the Kiel Climate Model (KCM), repre-
senting three time intervals during the Holocene (pre-
industrial, 6 ka, 9.5 ka). The model includes the atmospheric
component ECHAMS [Roeckner et al., 2003] with a T31
resolution (3.75° x 3.75°) horizontally and 19 levels verti-
cally. The ocean model OPA9 [Madec, 2008] is on a 2°
Mercator mesh with enhanced meridional resolution of 0.5°
in the equatorial region, and 31 vertical levels which are
increasing in thickness from 10 m in the upper 100 m to 500 m
at depth. The sea ice model LIM2 [Fichefet and Morales
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Figure 2. Map of the locations of marine sediment cores
from which paleo-SST data is available [Leduc et al.,
2010] (black, U%; red, Mg/Ca). The core locations are
numbered according to Tables 1 and 2.

Magqueda, 1997] is coupled to OPA9 and run on the ocean
grid. The ocean and atmosphere models are coupled via the
coupler OASIS3 [Valcke, 2003]. The model does not use
any flux correction, and it has already shown to realistically
reproduce present-day climate and ocean circulation [Park
and Latif, 2008]. Particularly in the tropical Pacific the
model yields reasonable results with a clear annual SST cycle
in the east, a semiannual SST cycle in the west and a zonal
SST gradient of about 2.7°C [Park et al., 2009]. Furthermore,
the model reproduces the east-to-west propagation of SST
anomalies and it exhibits ENSO events distinctly different
from a too regular biennial cycle with frequencies peaking
between 3 and 4 years. A more detailed description of the
model setup and results of the model for the modern situation
are given by Park and Latif [2008] and Park et al. [2009].
[6] In the present study three time slice experiments are
performed with prescribed orbital configurations for the
parameters eccentricity, obliquity and precession, according
to the respective time periods of preindustrial (0 K), mid-
Holocene (6 K) and early Holocene (9.5 K), following the
standard protocol of the Paleoclimate Modelling Inter-
comparison Project (PMIP) [Joussaume and Taylor, 1995;
Braconnot et al., 2008]. This approach is rather a sensitivity
test of climate models to changes in orbital configuration, as
it neglects other forcing factors, such as greenhouse gases
and ice sheets. However, these are assumed to be of minor
importance compared to the orbital forcing, and some poten-
tial effects of this neglect will be discussed later in this work.
Adapting the orbital parameters results in a spatiotemporal
redistribution of solar insolation at the top of the atmosphere
with a modified signal arriving at the sea surface (Figures la
and 1b). All simulations are initialized with the World Ocean
Atlas (WOA) climatology [Conkright et al., 2002] for tem-
perature and salinity and are spun up over 500 years. Another
500 years of model integrations provide stable climate con-
ditions that are used for the analysis. Monthly climatological
mean SSTs are calculated for all simulations, and Holocene

SCHNEIDER ET AL.: SEASONAL SIGNALS IN SST PALEORECORDS

PA4217

SST trends are derived as the differences between the dif-
ferent time slices.

2.2. Paleoproxy Data for Holocene SST Trends

[7] Paleotemperature proxy data for the model-data com-
parison of Holocene SST trends are taken from a data com-
pilation that combines SST reconstructions from UX, and
Mg/Ca (Figure 2) [Leduc et al., 2010; Kim et al., 2004]. All
included data sets have been published before, individually.
Alkenones are C37 (ketones) organic carbon molecules syn-
thesized by coccolithophorids, and their degree of unsatura-
tion provided by the U%; unsaturation index is commonly
used as an indicator for sea surface temperature [Conte et al.,
2006; Prahl and Wakeham, 1987]. Additionally, Mg/Ca
ratios measured on planktonic foraminifera tests are also used
as temperature indicators [Niirnberg et al., 1996; Regenberg
et al., 2009]. The corresponding Holocene SST trends are
calculated as the difference between the first and the last 1000
years in the records and assumed to be linear (Tables 1 and 2).
While the U%; data is obtained from the organic remains of
the coccolithophorid species Emiliania huxleyi and Geo-
phyrocapsa oceanica, the individual zooplankton species on
which the Mg/Ca data is measured are listed in Table 2. A
detailed description of the data set is given by Leduc et al.
[2010].

2.3. Marine Biogeochemical System

[8] For the evaluation of the observed modern relationship
between SST and phytoplankton productivity climatological
values for net primary production (NPP) [Behrenfeld et al.,
2006] averaged over the years 1997-2006 are combined
with SST data from the same period [Reynolds et al., 2007],
both derived from independent satellite measurements. A
seasonality index (SI; Figure 3a) based on the seasonal
amplitudes of SST (K) and NPP (gC m 2 yr ') including their
phase relationship is calculated as

NPP, SST,
SI = ( a'"p) . ( amp) - sign(R),
NPP’W@ norm SSTaV" norm

(1)

where the relative amplitudes of NPP and SST at each grid
point are normalized by the respective global average value
to avoid the index to be dominated by NPP variability. The
regression coefficient R is determined by linearly regressing
SST with NPP over the 12 months of the climatologies, and
its sign (positive or negative; +1) is used to distinguish areas
with positive and negative SST-NPP relationships. The
absolute value of R is not used here, as it is not important for
the existence of seasonal signals in proxy organisms. It may,
however, be important for the calibration of paleoproxies,
and areas where the absolute value of R is larger than 0.8
are contoured in Figure 3a. Those areas where the seasonal
amplitude of SST is below 2°C are also marked (dashed
lines), as here the sensitivity of the proxies may be too low
to be affected by seasonality.

[s] To investigate potential interactions among different
phytoplankton species, which cannot be separated by the
satellite data used, but may affect the climate signal stored in
paleoproxies, results from a 3000 year spin-up of the IPSL-
PISCES marine biogeochemical model are used [Gehlen
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Table 1. Reconstructed Holocene SST Trends From U%; [Leduc et al., 2010] and Corresponding Model-Derived SST Trends (°C) Based

on Different Filters at the Respective Core Site (See Figure 2)

Core Site Latitude (°N) Longitude (°E) U T-ANN SI-WEIGHT T-MAX T-MIN
1 67.0 -18.0 23 —0.16 —0.36 —0.54 0.00
2 58.8 -26.0 -0.9 0.12 -0.24 -0.50 0.28
3 577 7.1 -1.9 0.14 ~0.04 ~0.46 0.20
4 48.9 -126.9 ~1.4 0.22 —0.35 —0.84 0.67
5 482 1513 2.1 -0.58 ~1.44 -1.96 0.07
6 44.5 145.0 1.5 —0.06 —0.82 -1.83 0.78
7 43.9 -62.8 —6.3 —0.19 —0.80 -1.12 033
8 435 -54.9 -7.7 ~0.40 -0.91 -1.41 0.20
9 417 ~124.9 —0.6 0.16 -0.37 —0.91 0.64
10 379 -10.2 -0.7 0.50 0.40 -0.17 0.72
11 37.8 -10.2 0.0 0.50 0.40 —0.17 0.72
12 37.8 -10.2 —0.6 0.50 0.40 —0.17 0.72
13 36.9 ~74.6 -35 0.34 0.53 -0.55 0.68
14 345 -121.1 1.7 0.08 —0.66 -1.07 0.71
15 327 138.5 0.1 1.02 1.27 0.64 1.41
16 31.1 138.7 0.9 1.04 1.24 0.81 1.37
17 23.6 64.2 0.8 0.66 0.83 —0.49 1.03
18 23.0 ~109.5 0.1 0.32 0.73 —0.48 0.93
19 20.8 -18.6 0.9 043 0.31 0.23 0.57

20 202 -18.5 0.7 0.43 0.31 0.23 0.57
21 20.1 1174 1.7 0.79 1.04 0.17 1.29
22 20.0 90.0 0.6 112 0.59 0.37 2.14
23 19.0 -20.2 —0.3 0.74 0.73 0.73 0.83
24 18.0 111.5 1.5 0.69 0.81 0.05 1.09
25 14.3 57.3 0.7 0.74 0.34 0.34 1.04
26 12.0 -61.3 1.3 0.15 —0.41 —0.73 0.62
27 11.1 52.0 0.4 0.71 0.50 0.80 1.04
28 10.7 -65.2 0.0 -0.02 0.43 -1.01 0.57
29 10.5 752 0.1 0.54 -0.07 1.26 -0.10
30 8.0 -84.1 1.6 0.18 -0.05 -0.73 0.80
31 48 ~78.0 2.1 0.24 1.01 0.09 ~0.46
32 32 50.4 0.2 0.63 0.37 0.92 1.05
33 25 9.4 1.8 1.01 0.72 0.74 1.73
34 —0.5 -82.7 1.2 —0.34 —0.73 0.42 -1.58
35 -25 -84.7 0.5 -0.24 -0.70 0.53 -1.02
36 3.4 -83.5 0.4 -0.23 -0.38 0.49 -0.95
37 -39 -36.3 0.4 0.82 0.50 1.30 0.51
38 -4.6 -35.9 0.2 0.82 0.51 1.48 0.51
39 -5.6 11.2 0.3 0.64 0.51 0.17 0.75
40 —6.5 103.8 1.2 0.85 0.95 0.66 1.16
41 -11.9 13.4 1.2 0.49 0.16 0.67 -0.05
42 -17.2 11.0 -03 031 0.20 0.80 -0.03
43 -20.4 363 0.6 0.61 0.34 1.18 0.29
44 -30.2 ~72.0 -15 0.39 0.25 0.67 0.37
45 -32.8 -72.0 —0.3 0.39 0.27 0.68 0.40
46 -36.7 136.6 -1.0 0.41 0.46 0.94 0.06
47 -41.0 ~74.5 -1.6 0.48 0.48 0.79 0.39
48 —43.4 167.9 -1.9 0.46 0.30 0.46 0.48
49 -45.5 179.5 -02 0.48 0.44 0.56 0.55
50 -45.5 174.9 -2.9 0.28 0.28 0.39 0.28
51 50.4 1483 —0.1 —0.72 -1.67 —2.47 0.03
52 30.9 -103 -1.4 0.52 0.29 0.03 0.62
53 38.6 9.5 -3.0 0.47 0.22 0.21 0.69
54 214 -158.2 1.5 0.34 0.52 0.07 0.59

et al., 2006]. This model couples climate and the marine
carbon cycle for the preindustrial situation, simulating two
phytoplankton size classes, which represent silicifying dia-
toms and to some extent calcite forming nanophytoplankton
[Aumont et al., 2003]. The mentioned species interactions
result from the competition for nutrients.

2.4. Filtering Modeled SST Trends

[10] To isolate Holocene temperature trends from the
model as they would most probably be registered by paleo-

proxies with a seasonal preference, we apply several filters to
the model results that are used to mimic the respective proxy
sensitivity, relying on the modern template of the NPP-SST
relationship as given in Figure 3a. By comparing different
filtered trends with the proxy data, it can be distinguished
which filter is yielding the best match.
2.4.1. T-ANN

[11] The filter T-ANN uses the annual mean SST to
derive the trends, which means it weights all months of the
year, equally. This filter is considered as the reference for
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Table 2. Reconstructed Holocene SST Trends From Mg/Ca Ratios [Leduc et al., 2010], Corresponding Model-Derived SST Trends (°C)
Based on Different Filters at the Respective Core Site (Figure 2), and Species Used for the Respective Reconstruction

Core Site Latitude (°N) Longitude (°E) Mg/Ca T-ANN SI-WEIGHT T-MAX T-MIN Species
1 2.50 9.40 —-1.60 1.01 0.72 0.74 1.73 G. ruber (pink)
2 2.50 9.40 —0.20 1.01 0.72 0.74 1.73 G. ruber (pink)
3 —4.60 —36.60 —0.20 0.79 0.47 1.40 0.45 G. ruber (white)
4 —-1.20 —89.70 0.60 0.05 —0.52 1.04 —0.81 G. sacculifer
5 10.70 —65.90 —0.20 —0.02 0.43 —-1.01 0.57 G. ruber (white)
6 6.30 126.10 —0.80 0.25 0.11 —0.45 0.70 G. ruber (white)
7 —5.00 133.40 —0.30 0.24 —0.05 0.28 —0.38 G. ruber (white)
8 —10.60 125.40 —0.80 0.35 0.11 0.14 0.23 G. ruber (white)
9 7.90 —83.60 0.20 0.20 —0.06 —0.70 0.86 G. ruber (white)
10 —25.50 13.30 —0.90 0.78 0.75 1.09 0.60 G. bulloides
11 —4.70 117.90 0.20 0.45 0.98 —0.04 0.90 G. ruber
12 19.00 —20.20 0.10 0.74 0.73 0.73 0.83 G. ruber and G. bulloides
13 61.00 —25.00 0.70 0.08 -0.27 —0.52 0.30 N. pachyderma (d)
14 27.80 127.00 0.10 0.96 1.22 0.83 1.36 G. ruber
15 0.00 —86.40 —0.70 —0.20 —0.76 0.58 -1.21 G. ruber
16 57.40 —27.90 2.40 0.16 —0.22 —0.47 0.31 G. bulloides
17 29.00 —87.10 -1.30 0.17 0.50 —0.70 0.62 G. ruber
18 0.50 —92.40 —0.40 0.01 —0.64 0.80 —0.86 G. ruber
19 43.50 —54.90 —0.80 —-0.40 —0.91 —1.41 0.20 G. bulloides
20 —9.60 118.30 1.60 0.36 0.18 0.12 0.12 G. ruber
21 2.30 —91.00 0.10 0.07 —0.40 —0.02 0.63 G. ruber
22 —45.50 174.90 —-0.90 0.28 0.28 0.39 0.28 G. bulloides
23 —-13.10 121.80 —0.70 0.32 0.15 0.00 0.14 G. ruber
24 62.10 —-17.80 —0.90 —0.08 —0.47 —0.73 0.16 G. bulloides
25 6.60 113.40 —0.60 0.29 0.80 —0.47 1.09 G. ruber s.s.
26 37.8 -10.2 1.6 0.50 0.40 —0.17 0.73 G. bulloides

comparison with all other filtered trends, as it is based on the
assumption that paleoproxies of SST represent annual mean
climate conditions. This assumption is often made in the
absence of a clear indication for a distinct seasonal signal.
2.4.2. SI-WEIGHT

[12] Exploiting the information given in Figure 3a the
SI-weighted SST trend (SI-WEIGHT) is computed from the
model results by weighting each month by W:

_ NPP — NPPyy,  SST — SSTpin

w
NPPo, SSTomp

(2)

when the correlation between SST and NPP is positive
(R>0), and

_ NPP — NPP,,
NPPoy,

SSTnax — SST

w
SST o

3)

when the correlation is negative (R<0). The SI-WEIGHT
trend is then calculated as

S>W; - ASST;
Wi

where ASST is the SST difference (trend) between the
time slices. This filter implies that the modern NPP-SST
relationship is also valid for other time periods during the
Holocene. Furthermore, it implicitly assumes that the flux of
material toward depth is pulsed [Bijma et al., 2001], and that
temperature next to NPP exerts a control on the amount of
material exported relative to NPP [Laws et al., 2000].

SI — WEIGHT = 4)

2.4.3. T-MAX, T-MIN

[13] Taking into account the positive (negative) phase
relationship between NPP and SST at high (low) latitudes
(Figure 3a), the respective warmest (T-MAX) or coldest
(T-MIN) month of the year is used to calculate the Holocene
SST trends. Assuming that the plankton organisms keep their
preference for the respective warmest or coldest months of the
year, both filters consider possible phase shifts in the seasonal
cycle of SST, which may have occurred over the Holocene.
Consequently, the respective maximum/minimum tempera-
tures do not necessarily have to occur at the same months in
the different Holocene time periods investigated here.

3. Results and Discussion

3.1. Prerequisites for Seasonal Signals
in Paleoproxy Records

[14] Considering that an organism at the origin of a
paleoproxy may carry a seasonally weighted SST signal
requires that the seasonal cycles of both proxy productivity
and SST exhibit sufficiently large amplitudes compared to
background values [Huybers and Wunsch, 2003]. In fact, the
seasonality index (SI) shows a clear latitudinal pattern with a
strong positive SST-NPP relationship at high latitudes and a
weaker negative one in the low-latitude permanently strati-
fied ocean (Figure 3a) [Behrenfeld et al., 2006]. The higher
the value of the SI the more the climate signal is focused on a
particular season or month. Given that marine net primary
production (NPP) represents the productivity of a US,-SST
proxy, a direct implication provided by the SI is that Uk,
would rather reflect warm (cool) periods over the year at high
(low) latitudes. A pronounced phase relationship between
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Figure 3. (a) Modern distribution of the seasonality index (SI) (see section 2), highlighting areas where
SST and NPP are strongly correlated, i.e., where NPP is rising either with increasing (red, positive
correlation) or with decreasing (blue, negative correlation) SST. Gray-shaded areas indicate a modern
seasonal SST amplitude below 2°C, which probably would not be captured by proxy records. (b) Zonal
average SI. (¢) Trends of annual mean SST (T-ANN) over the full Holocene (0 K minus 9.5 K) as
simulated by the model (shaded), superimposed with reconstructions from Uk, (circles) and Mg/Ca
(triangles). (d) Same as Figure 3¢ but for SST trends weighted by the SI (SI-WEIGHT).

SST and NPP with correlation coefficients higher than 0.8 (or
lower than —0.8) is found for roughly one third of the surface
ocean (contour lines in Figure 3a). A high absolute value
of R indicates that the preferentially recorded temperature
deviates more strongly from the annual mean, which would
be important for the calibration of proxy indices from core
tops against modern SST.

[15] The detected latitudinal SI pattern is not due to
physiological effects, but rather arising from water column
dynamics. At high latitudes phytoplankton productivity is
mainly light limited because of strong vertical mixing during

winter, while surface ocean warming and enhanced stratifi-
cation in summer results in phytoplankton blooms. At low
latitudes the surface ocean is permanently stratified and
nutrient depleted, thus deep mixing events associated with
cooler temperatures provide new nutrients from below,
fuelling phytoplankton productivity [Behrenfeld et al., 2006;
Schneider et al., 2008]. Interestingly, the zonally averaged SI
is higher in the Northern Hemisphere than in the Southern
Hemisphere (Figure 3b), because iron next to light limits
phytoplankton growth in the Southern Ocean [Martin et al.,
1990; Schneider et al., 2008]. As iron is mostly provided
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by upwelling in the Southern Ocean [Blain et al., 2007], this
provides a dampening effect on the SST-NPP relatlonshlp

[16] A seasonal signal in U37 -based SST estimates, as
suggested by the SI (Figure 3a), is supported by sediment trap
data from the North Atlantic that are demonstrating a clear
pattern of enhanced flux of the alkenone-producing cocco-
lithophorid Emiliania huxleyi during the warm (cold) season
at high (low) latitudes [Bijma et al., 2001]. The negative SI
in the western Arabian Sea and the positive SI in the Bay of
Bengal clearly match findings from sediment trap data where
the highest flux of organic material occurs during the cold-
est (western Arabian Sea) and the warmest (Bay of Bengal)
season, respectwely [Sonzogni et al., 1997]. Studies cali-
brating the UL, unsaturation index agamst SST have pointed
out this potential bias, but argued that the application of
annual mean SSTs resulted in the highest correlations [Conte
et al., 2006; Miiller et al., 1998; Prahl and Wakeham, 1987].
However, this result can be due to pronounced spring or fall
blooms occurring when the ambient SST may accidentally
correspond to the annual mean [Bijma et al., 2001]. Similarly,
sediment trap data have shown that planktonic foraminifera
species used to estimate Mg/Ca-based paleo-SSTs may not
always record annual mean conditions. For example, in the
Panama Basin about 60% of the annual flux of the planktonic
foraminifera G. ruber, occurred during boreal summer months
[Thunell et al., 1983]. Taken together, sediment trap data
from several locations support the potential for seasonal
biases of paleo-SST records derived from both phytoplankton
(U%,) and zooplankton (Mg/Ca).

3.2. Model-Data Comparison

[17] Annual mean Holocene SST trends (preindustrial
minus early Holocene) simulated by the model are largely
reflecting the insolation forcing trend, with a clear warming at
low latitudes, caused by the positive insolation anomaly due
to decreased obliquity (Figure 3c). The same effect induces
cooling at high latitudes, where the climate system is more
susceptible to the respective summer season, when the mixed
layer depth (MLD) is shallow and sea ice cover at mini-
mum [Laepple and Lohmann, 2009] (Figure 1c). As a result,
obliquity-forced cooling in the Northern Hemisphere is ampli-
fied by the precession-induced negative insolation anomaly
during boreal summer. A late Holocene regional warming
south of Iceland can be explained by an intensification of
deep convection. In the Southern Ocean the expected cooling
effect south of 45°S is overcompensated by positive insola-
tion forcing during austral summer (Figure 1).

[18] Our results are consistent with other models simu-
lating the climate of the Holocene, that have shown to be
qualitatively in rough agreement with proxy reconstructions
for SSTs derived from U%, [Voss and Mikolajewicz, 2001,
Lorenz and Lohmann, 2004; Lorenz et al., 2006; Kim et al.,
2004]. However, when our model results are superimposed
with multiproxy reconstructions there is still considerable
disagreement in many places (Figure 3c). The KCM is gen-
erally underestimating Us7-based SST trends, particularly
at high latitudes, when annual mean SSTs are considered.
Furthermore, modeled and observed SST trends are some-
times in opposite directions at midlatitudes in the Southern
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Hemisphere. Finally, proxy-related divergent SST trends in
the northeast Atlantic and the eastern equatorial Pacific (EEP)
[Leduc et al., 2010] cannot be resolved by a single model
projection, and suggest that at least one of the proxies is
probably not showing annual mean SST, but rather a sea-
sonally affected SST signal.

3.3. Filtering the Climate Signal Captured
by Proxy Records

[19] To explore the seasonal signal that is potentially
recorded by proxy organisms, we use information provided
by the SI (Figure 3a) to extract an SI-weighted SST trend
from the model (Figure 3d). This approach goes beyond the
study of Lorenz et al. [2006], who showed a stronger cooling
over the Northern Hemisphere when displaying the tem-
perature trend of the respective warmest month of the year,
assuming that phytoplankton productivity peaks during sum-
mer. Given that high rates of NPP and subsequent export flux
[Boyd and Trull, 2007], amplified by the seasonal cycle of
SST, largely determine the climate signal embedded in Uy,
our SI-weighted Holocene SST trends are in better agreement
with proxy data than annual mean modeled trends in many
places, e.g., in the North Atlantic and the North Pacific
(Figure 3d). The validity of the assumption of SI-WEIGHT,
that the export of material is pulsed rather than continuous
and controlled by both NPP and SST (see section 2), is sup-
ported by a better agreement between SI-WEIGHT derived
and reconstructed SST trends compared to SST trends weighted
by the seasonal cycle of NPP alone or the month of maxi-
mum NPP (not shown).

[20] According to Figure 3a, U5, would at first-order
register the warm (cool) season at high (low) latitudes, such
that also the respective warmest and coldest months during
the year can be used as filters for the model results (T-MAX,
T-MIN). These two filters, as mentioned before, account
for seasonal phase shifts in SST, which means temperature
maxima and minima do not necessarily have to occur during
the same months in the different time periods we investigate.
In many places the resulting filtered SST trends get actu-
ally closer to the proxy data than those filtered by T-ANN
(Figure 4) Clearly, SI-WEIGHT gets better results than
T-ANN in most places for the U%, data. For 41 out of
54 locations from which UY, data exists, modeled and
reconstructed trends are converging when considering the
SI-weighted SST trends instead of annual mean values from
the model. Although such a relationship was not a priori
expected for Mg/Ca data, 13 out of 26 data points yield a
better match for the SI-weighted SST trends, suggesting that
in some regions zooplankton organisms may undergo a sea-
sonal cycle, potentially triggered by the seasonal cycle of
their phytoplankton food source.

[21] The multiple filtered SST trends allow to diagnose
which filter is yielding the closest match, i.e., the lowest
mismatch, with the data, for each proxy at each location.
Here, the degree of improvement of a filtered SST trend
compared to T-ANN can be expressed as the cost function, C:

abs (ASSTﬁher - ASSTpmxy)
abs (ASSTT—ANN - ASSTprmcy)

C(%) = - 100, (5)
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Figure 4. Comparison of different filters for Holocene SST trends. Green indicates where the respective
filtered trend ((a) T-MAX, (b) T-MIN, and (c) SI-WEIGHT; see explanations in the text) is getting closer
to the reconstructed proxy value for UX, (circles) and Mg/Ca (triangles) than the annual mean (T-ANN).
Red shows where the annual mean from the model yields a better or equal result. The numbers show in
how many cases the respective filtered trend is getting better (plus) or is equal to or worse (minus) than

the annual mean.

which is the percent mismatch made by the respective filter
relative to the mismatch resulting from the annual mean, with
ASST representing the SST trends (filtered, data). The lower
the value of C the better the match of the respective filter
compared to T-ANN. Accordingly, UX, data exhibit a clear
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signal to represent the warm season (T-MAX) in high
northern latitudes (Figure 5a), while at low latitudes T-MIN
yields most often the best result. SI-WEIGHT is clearly
dominant in the Indian Ocean, where sediment trap data have
already shown that U%; derived SST signals strongly follow

Figure 5. Maps showing the filter yielding the best match with the proxy data at the respective locations
for (a) U%; and (b) Mg/Ca ratios. The larger the symbol the greater the improvement, i.e., the lower the
relative error (reduction of mismatch, C (%)) of the filtered result relative to the annual mean (see expla-

nations in the text).
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Figure 6. (a-1) Modeled and reconstructed Holocene sea surface temperature (SST) trends in the eastern
equatorial Pacific. Model results (shaded) are superimposed with reconstructions by UY (circles) and
Mg/Ca (triangles). Arrows show the modeled anomalies in surface currents, and numbers indicate the
insolation anomalies arriving at the sea surface in the respective hemispheres displayed. All trends are
separated into early Holocene (Figures 6a, 6e, and 6i), late Holocene (Figures 6b, 6f, and 6j), and full
Holocene trends (Figures 6¢, 6g, and 6k). The model results are furthermore split up into SST trends for
the annual mean (Figures 6a—6d), boreal summer (Figures 6e—6h; JAS), and boreal winter (Figures 6i-6l;
JFM) SST trends. For reference, the last column shows the absolute values of SST, surface currents, and
insolation for the annual mean (Figure 6d), the boreal summer upwelling season (Figure 6h), and the
boreal winter stratified season (Figure 61) from the preindustrial (HOK) simulation.

the seasonal cycle of plankton productivity [Sonzogni et al.,
1997]. For only five out of 54 locations the annual mean
SST (T-ANN) provides the best result for the U4, data. The
same procedure applied to Mg/Ca data shows a less clear
spatial pattern (Figure 5b). However, only for five out of
26 data points the annual mean is the best filter, and none
of them is located in the Northern Hemisphere extratropics.
This result indicates that in some regions Mg/Ca-derived SST
trends may also be better approximated by seasonal sub-
sampling. However, Mg/Ca data are even more sparse than
U%, and the generally smoother Mg/Ca trends, compared
to US, [Leduc et al., 2010] suggest that Mg/Ca is probably
integrating over longer time intervals than U%7, which under-
lies more peaked productivity and downward flux [Bijma
etal.,2001].

3.4. Effect of Plankton Interactions on Proxy Records

[22] At certain locations, different SST trends for the early
compared to the late Holocene may help to clarify the inter-
pretation of proxy-related diverging SST trends. In the
eastern equatorial Pacific (EEP) all U%; records agree on a
constant warming trend, while Mg/Ca ratios exhibit no clear
trend over the entire Holocene [Leduc et al., 2010]. When the

Holocene period is split into the early (9.5 ka to 6 ka) and late
(6 ka to preindustrial) Holocene, an early cooling trend fol-
lowed by a slight warming is often detected from Mg/Ca in
the EEP.

[23] The EEP exhibits a warm and stratified season in
the boreal winter (JFM) and a cold upwelling season during
boreal summer (JAS). The existence of a permanent cold
tongue is a result of the local wind forcing that is driving
continental and equatorial divergence of surface currents
(Figures 6d, 6h, and 6l), especially during boreal summer
when the ITCZ is at its northernmost position. An expansion
of the seasonal amplitude of SST in the EEP is manifested
by a strong cooling of the upwelling season (JAS) during
the early Holocene and a strong warming of the warm phase
(JFM) during the late Holocene. This feature is partly driven
by insolation changes (see insolation anomalies given in
Figure 6); however, the coexistence of strong insolation
anomalies together with relatively weak SST changes and
vice versa indicates that ocean circulation change (equatorial
and continental divergence/convergence) probably plays the
more important role (Figures 6f, 6g, and 6i), sometimes in
concert with the insolation changes (Figures 6a, 6¢, 6¢, and
6j). Only for the late Holocene annual mean trends and the
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Figure 7. Modeled and observed seasonal cycle of SST
and NPP in the eastern equatorial Pacific (100°W—-80°W,
0°-5°S). Dashed lines are from observations (red, SST
[Reynolds et al., 2007]; black, NPP [Behrenfeld et al.,
2006]), and solid lines show results from a preindustrial
simulation of the IPSL-PISCES marine biogeochemical
model [Gehlen et al., 2006]. The blue line indicates the
relative contribution of diatoms to total phytoplankton bio-
mass, dominating during the high productive season (JAS).

full Holocene boreal winter trends local insolation is domi-
nating the SST signal (Figures 6b and 61).

[24] When overlaylng model results with proxy data in the
EEP, the U%; data are in good agreement with modeled SST
trends for the boreal winter (JFEM). In contrast, the Mg/Ca
records are best represented by SI-weighted SST trends
(Figure 5b), that are intermediate between annual mean and
boreal summer trends (JAS; Figure 6). This systematic sea-
sonal difference among the proxies could not be explained by
a change in the vertical structure of the water column in our
model-data comparison. Although in single cases the U%;
record matches slightly better with subsurface temperature
trends from the model (down to 35 m), it clearly remains the
warm season that yields the best agreement with the proxy
data. Also, Mg/Ca in some cases slightly better matches with
subsurface temperature trends from the model trends (down
to 200 m), while mostly the upwelling season or the annual
mean trends are getting closest to the data. This largely sup-
ports the surface findings as shown in Figure 5b.

[25] The fact that the U4, records benchmark the warm and
stratified season during boreal winter (Figures 5a and 6i—6k)
is puzzling, since higher NPP is related to the cold season
(Figure 3a). This paradox can be explained by the fact that
here the alkenone-producing coccolithophorids are in com-
petition with other phytoplankton species, in particular dia-
toms. The EEP is known to be strongly iron limited [Hutchins
and Bruland, 1998]. As iron becomes available during
the cold upwelling season, diatoms preferentially take up the
nutrients, outcompeting other phytoplankton taxa such as
coccolithophorids. In the absence of any sediment trap studies
resolving the seasonal dynamics of different phytoplank-
ton species in the EEP, a marine biogeochemical model is
used, which includes two phytoplankton functional types,
representing diatoms and calcite forming nanophytoplankton
(Figure 7) [Gehlen et al., 2006]. Both model and satellite data
show a clear antiphase relation of SST and NPP (Figures 3a
and 7). The biogeochemical model also shows that there is
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a pronounced peak in the relative abundance of diatoms
during the month of highest NPP (Figure 7) suggesting that
small phytoplankton such as alkenone (Uy) producing coc-
colithophorids are more abundant and thus more indicative
of the climate signal of the low productive stratified season
in this particular region. This hypothesis agrees with a recent
core top compilation of U5, derived SSTs indicating a warm
bias in the estimated temperature within the Peruvian upwell-
ing system [Prahl et al., 2010]. Consequently, accounting for
seasonality in the interpretation of multiproxy records from the
EEP reveals that the amplitude of the seasonal SST cycle has
increased over the Holocene, which agrees with precession-
induced insolation changes (Figure 1) and the climate model
results (Figure 6).

4. Implications of Seasonal Signals
in Paleoproxy Records

[26] Seasonal signals in paleoclimate records are crucial
for the interpretation of past climate evolution. For example,
orbital forcing at the same latitude can either be positive or
negative, depending on the season, which implies that phy-
toplankton organisms formed during spring, summer or fall
blooms may exhibit contrasting climate trends (Figures la
and 1d). Apart from this, temperature anomalies can also
be transported latitudinally by advection. Both effects can
explain the coexistence of strong positive and negatlve Holo-
cene SST trends even from the same proxy (Uy) for example
at 40°N, where the annual mean insolation forcing is neutral
(Figure 1b). Due to nonlinear cloud feedbacks the insolation
anomaly reaching the sea surface can be distinctly different,
and sometimes even opposite in sign, from the insolation
anomaly at the top of the atmosphere (Figures la and 1b).
Therefore, a direct link between reconstructed temperature
trends and insolation anomalies at the top of the atmosphere
may be misleading.

[27] An outstanding result of the data compilation by
Leduc et al. [2010] is the general tendency of Mg/Ca records
showing overall smoother climate trends than U%,. This
suggests that Mg/Ca records probably show results integrated
over wider time and/or depth windows, which needs to be
further investigated in future work. Species specific differ-
ences within the Mg/Ca data may also play a role for non-
uniform trends. However, the diverging temperature trends
from two locations in the North Atlantic [Leduc et al., 2010]
are obtained from the same species (G. bulloides) and can
therefore not unambiguously be explained by our model
results.

[28] For the calibration of core top proxy indices against
modern SSTs seasonal effects may need to be taken into
account. Particularly at high northern latitudes the SI (Figure 3)
suggests a strong deviation of the climate signal in phyto-
plankton proxies from the annual mean toward higher tem-
peratures. Similarly, in the tropics the application of annual
mean SSTs may overestimate the temperatures registered by
the proxies. Consequently, the temperatures used for proxy
calibration may need to be revised toward lower values at the
warm end, and toward higher values at the cold end, which
suggests that a calibration curve as found in the work by Prahl
and Wakeham [1987] could result in a less steep slope of
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Figure 8. Regression of reconstructed versus modeled SST
trends for (a) U5, and (b) Mg/Ca. The modeled trends are
shown for the annual mean values (T-ANN, open symbols)
and the respective seasonally subsampled value that was
yielding the best match with the data at each location (gray,
T-ANN; green, SI-WEIGHT; red, T-MAX; blue, T-MIN).
Regression lines are shown for the annual mean values
(dashed line) and the trends based on the best filter (black
line). The resulting statistics are given in Table 3.

temperatures increasing with U%7, which would have im-
plications for the temperature sensitivity of the Uiy index.
Therefore, we suggest that laboratory studies should focus on
U%; calibrations in the temperature ranges where also a sig-
moidal calibration curve is more or less linear, which means
around 24°C and 10°C [Conte et al., 2006; Sonzogni et al.,
1997; Sikes et al., 1997; Miiller et al., 1998; Prahl and
Wakeham, 1987].

[29] Although seasonal subsampling can distinctly improve
the agreement between model results and proxy data, there
is still a general tendency of our model results to yield
more positive temperature trends (positive intercepts of
the regression line; see Figure 8 and Table 3), while at the
same time it underestimates the reconstructed Holocene SST
trends. The latter is very similar to results from other climate
models [Brovkin et al., 2008; Voss and Mikolajewicz, 2001;
Lorenz and Lohmann, 2004; Lorenz et al., 2006]. For U5, the
slope of the regression line of the respective best filter yields a
slope on the order of 0.24, which is considerably better than
the slope for the annual mean values (0.07), but still far away
from one, which would be expected for an ideal match. The
regression coefficient, however, improves from R* = 0.10
to R? = 0.62 due to the seasonal subsampling. For Mg/Ca the
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slope of the regression line for the respective best filters is
as good as for U4, (0.25), but the regression coefficient is
still very low (R? = 0.17). Interestingly, for both proxies
the filters T-MAX yield highest correlations (R* = 0.69 and
R? = 0.78) among the individual filters and for the Mg/Ca
data the regression slope is almost 1 (0.97). It remains an
open question why climate models systematically underes-
timate climate trends. We suggest that one potential candi-
date is overly strong vertical mixing either in the atmosphere
or in the ocean (or both) that would dampen the climate
signal evolving at the sea surface. A potential slight over-
estimate of the reconstructed trends, e.g., resulting from a too
steep regression slope due to the neglect of seasonal SSTs in
the calibration curve, is unlikely to have a sufficiently strong
effect on SST trends. The neglect of other climate forcing
mechanisms such as greenhouse gases and ice sheets is also
unlikely. The radiative forcing of CO,, which was increasing
by 20 ppm over the Holocene [Indermiihle et al., 1999] and
of CH4 which was around 750 ppb in the early and late
Holocene with a minimum of 600 ppb between 5 and 6 ka, is
probably of minor importance compared to the effects of
orbital forcing, considering temperature changes of a similar
magnitude resulting from a doubling of CO, [Meehl et al.,
2007]. A larger than present ice sheet over North America
in the early Holocene has probably cooled the climate over
the northwest Atlantic Ocean [Renssen et al., 2009]. The
neglect of this effect in a PMIP-type study should thus result
in an underestimation of the warming trend in this area. In
fact, the SST data show a very strong Holocene cooling in
the western North Atlantic reaching a maximum reduction by
—7.7°C, which is the opposite from what would be expected
from relaxation of the ice sheet impact, and our model even
underestimates this cooling. It is therefore unlikely that the
neglect of a larger than present ice sheet in the early Holocene
has affected our model-data comparison.

[30] Based on our findings we argue that in the North
Atlantic a summer cooling trend shown by U%; and a winter
warming given by Mg/Ca can be reconciled by a reduction

Table 3. Regression of Observed Versus Modeled SST Trends for
the Two Paleoproxies U%; and Mg/Ca and the Different SST
Trends From the Model Based on the Annual Mean (T-ANN),
the Best Filter Available (BEST) at the Respective Location, and
the Individual Filters (T-MAX, T-MIN, and SI-WEIGHT) When
Yielding Best Results (See Also Figure 8)

Slope Intercept R? n?
Usy
T-ANN 0.07 0.40 0.10 54
BEST 0.24 0.36 0.62 54
T-MAX 0.22 0.22 0.69 20
T-MIN 0.26 0.42 0.33 17
SI-WEIGHT 0.22 0.38 0.40 12
Mg/Ca

T-ANN —-0.01 0.32 0.00 26
BEST 0.25 0.13 0.17 26
T-MAX 0.96 0.34 0.78 9
T-MIN 0.06 0.30 0.04 6
SI-WEIGHT —-0.38 —0.41 0.06 6

“Here n denotes the number of samples per regression.
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in the amplitude of the seasonal SST cycle over the Holocene,
which is in agreement with insolation forcing (Figure 1). This
may have further implications for the global carbon cycle, as
the North Atlantic is the main region for uptake and south-
ward transport of CO, from the atmosphere [Mikaloff
Fletcher et al., 2007] and the highest air-sea CO, fluxes are
taking place during the winter season [Takahashi et al.,
2009]. Consequently, we hypothesize that seasonality plays
arole in the air-sea carbon flux, so that in contrast to findings
from Brovkin et al. [2008] a slight early Holocene winter
cooling followed by a more pronounced late Holocene win-
ter warming in the formation areas of North Atlantic Deep
Water, as simulated by our climate model (not shown), may
be qualitatively reconciled with the Holocene evolution of
atmospheric CO, concentrations detected from ice core
records [Indermiihle et al., 1999], which needs to be tested
in future work.

5. Summary and Conclusions

[31] In a careful combination of multiproxy data with cli-
mate model results and modern satellite data, we have illus-
trated how the different sensitivities of atmosphere, ocean,
and marine biology to changes in external climate forcing
result in a strongly nonlinear modulation of the climate signal
that is ultimately shaping proxy records (Figure 1). This
confirms the hypothesis that the same external forcing may
have a different impact on various proxy organisms, result-
ing in apparently contrasting climate trends. The a priori
knowledge on the seasonal relationship between sea surface
temperature (SST) and net primary production (NPP), which
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was obtained from modern satellite data and used as an
independent link, enabled us to bring model and proxy results
closer together. Nevertheless, we find that our (and probably
other) climate model(s) systematically underestimate climate
trends [Brovkin et al., 2008; Voss and Mikolajewicz, 2001;
Lorenz and Lohmann, 2004; Lorenz et al., 2006], which
needs further investigation. Our findings give a more robust
view on which climate signals are probably contained in
the two most commonly used proxies for SST (U5, and
Mg/Ca), which is crucial for model-data comparisons aiming
at evaluating the ability of models to simulate past climates
[Braconnot et al., 2007]. Our results imply that a careful
application of multiproxy approaches opens new perspectives,
such as to go beyond the reconstruction of annual average
climate trends, and to resolve the evolution of the seasonal
cycle in the past. Paleoclimate reconstructions can therefore
be refined including seasonal climate variability, which pro-
vides better hypotheses against which climate models can be
tested. We believe that the detected latitudinal preference of a
phytoplankton proxy for recording the warm (cold) season in
high (low) latitudes is a robust feature that may also be valid
for different climate states such as the last glacial maximum
[MARGO, 2009].
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