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a b s t r a c t

We analyze the global variations in the timing and magnitude of the Holocene Thermal Maximum (HTM)
and their dependence on various forcings in transient simulations covering the last 9000 years (9 ka),
performed with a global atmosphere-ocean-vegetation model. In these experiments, we consider the
influence of variations in orbital parameters and atmospheric greenhouse gases and the early-Holocene
deglaciation of the Laurentide Ice sheet (LIS). Considering the LIS deglaciation, we quantify separately the
impacts of the background melt-water fluxes and the changes in topography and surface albedo.

In the analysis we focus on the intensity of the maximum temperature deviation relative to the
preindustrial level, its timing in the Holocene, and the seasonal expression. In the model, the warmest
HTM conditions are found at high latitudes in both hemispheres, reaching 5 �C above the preindustrial
level, while the smallest HTM signal is seen over tropical oceans (less than 0.5 �C). This latitudinal
contrast is mostly related to the nature of the orbitally-forced insolation forcing, which is also largest at
high latitudes, and further enhanced by the polar amplification. The Holocene timing of the HTM is
earliest (before 8 ka BP) in regions not affected by the remnant LIS, particularly NW North America,
E Asia, N Africa, N South America, the Middle East, NE Siberia and Australia. Compared to the early
Holocene insolation maximum, the HTM was delayed by 2e3 ka over NE North America, and regions
directly downwind from the LIS. A similar delay is simulated over the Southern Ocean, while an
intermediate lag of about 1 ka is found over most other continents and oceans. The seasonal timing of
the HTM over continents generally occurs in the same month as the maximum insolation anomaly,
whereas over oceans the HTM is delayed by 2e3 months. Exceptions are the oceans covered by sea
ice and North Africa, were additional feedbacks results in a different seasonal timing. The simulated
timing and magnitude of the HTM are generally consistent with global proxy evidence, with some
notable exceptions in the Mediterranean region, SW North America and eastern Eurasia.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The Holocene Thermal Maximum (HTM) was a relatively warm
climatic phase between 11 and 5 ka BP, as indicated by numerous
proxy records (Kaufman et al., 2004; Jansen et al., 2007, 2008;
Wanner et al., 2008; Miller et al., 2010a; Bartlein et al., 2011). The
relatively warm conditions during the HTM are commonly associ-
ated with the orbitally-forced summer insolation maximum
(Wanner et al., 2008; Bartlein et al., 2011). However, proxy records
suggest that both the timing and magnitude of maximumwarming
varied substantially between different regions across the globe,
suggesting involvement of additional forcings and feedbacks

(Jansen et al., 2007; Bartlein et al., 2011). One important additional
factor affecting the early Holocene climate is the remnant Lauren-
tide Ice sheet (LIS). At mid-to-high latitudes of the Northern
Hemisphere, the spatio-temporal complexity of the HTM can be
explained by the cooling effect of the LIS, delaying the HTM by 1e2
thousand years compared to the orbitally-forced insolation
maximum, particularly in NE North America, the North Atlantic,
Western Europe and a zonal band across Eurasia (Kaufman et al.,
2004; Kaplan and Wolfe, 2006; Renssen et al., 2009). It is
however not clear how the HTM expression at other latitudes
relates to orbital forcing and the response to the early Holocene LIS.
Although reconstructions of annual-mean temperatures appear to
suggest a rather uniform timing of the HTM across the globe
(Ljungqvist, 2011), larger differences may exist for different
seasons, given the seasonal nature of the orbital forcing.
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Model experiments have shed light on the response of the
climate system to orbital forcing during the Holocene. For instance,
snapshot simulations performed for 6 ka BP within the framework
of the PaleoclimateModelling Intercomparison Project (PMIP) I and
II, suggest that in summer most northern hemisphere continents
were about 1e2 �C warmer relative to the preindustrial era due to
enhanced summer insolation (Braconnot et al., 2007; Otto et al.,
2009; Zhang et al., 2010). Over the oceans, models indicate a less
expressed 6e0 ka BP temperature response, varying from þ0.5 �C
in the North Atlantic Ocean to even a small negative anomaly in the
tropical oceans (Braconnot et al., 2007). However, it is likely that
simulations for 6 ka BP do not always reflect the conditions during
the HTM, as proxy-based reconstructions suggest that the timing of
the HTM was much earlier than 6 ka BP at many locations (e.g.,
Kaufman et al., 2004; Jansen et al., 2007; Bartlein et al., 2011).
Moreover, northern hemisphere summer may not have been the
season with the largest response in all places (e.g., Davis, 1984).

To improve our understanding of the global expression of the
HTM, it is necessary to study the characteristics of the maximum
temperature anomaly in transient climate model simulations. In an
earlier study (Renssen et al., 2009), we analyzed the HTM at the
Northern Hemisphere mid-to-high latitudes, based on a compar-
ison of simulated July temperatures and selected proxy-based
reconstructions. In the present paper, we extend this analysis by
specifically considering the global scale, thereby focusing on the
relative timing of the HTM in different regions, the variation in
seasonal expression and the explanation of these differences. This
focus is expressed in the following questions:

- What is the maximumwarming compared to the preindustrial
climate?

- What is the timing of the HTM in ka BP?
- What was the seasonal expression of the HTM? In what month
of the year is the maximum warm anomaly occurring?

- How consistent are the model-based simulations of the HTM
with the proxy-based records?

Our main experiment includes the following forcings: orbital
parameters, atmospheric greenhouse gas concentrations, and the
impact of the early Holocene Laurentide ice sheet deglaciation
(albedo, ice topography and meltwater discharge). By comparing
the results of this experiment with those of a simulation with just
orbital and greenhouse gas forcing, we are able to analyze the
separate impacts of the main forcings. For our analysis, we use the
same experiments as discussed in Renssen et al. (2009, 2010).

2. Methods: model and experimental setup

2.1. The model

The model and experimental design have been described in
detail in two recent papers (Renssen et al., 2009, 2010), so here only
a summary is provided. We performed our simulations with the
global ECBilt-CLIO-VECODE3 model. This is an earlier version of the
model recently renamed to LOVECLIM, which has been discussed
by Goosse et al. (2010). The atmospheric module ECBilt, is a quasi-
geostrophic model with T21L3 resolution (Opsteegh et al., 1998),
corresponding to w5.6� latitude byw5.6� longitude at the surface.
The oceanic component CLIO consists of a free-surface, primitive-
equation oceanic general circulation model coupled to a dynamic-
thermodynamic sea-ice model (Goosse and Fichefet, 1999). CLIO
has 20 levels in the vertical and a 3� � 3� latitude-longitude hori-
zontal resolution. Coupled to ECBilt is VECODE; a vegetation model
that simulates the dynamics of twomain terrestrial plant functional
types, trees and grasses, and desert as a dummy type (Brovkin et al.,

2002). ECBilt-CLIO simulates a reasonable present-day climate
(Goosse et al., 2001; Renssen et al., 2002). In addition, the response
of ECBilt-CLIO-VECODE to mid-Holocene orbital forcing was
comparable to that of comprehensive general circulation models
(Braconnot et al., 2007). Due to the simplifications in the general
circulation equations for the atmosphere, our model has a better
performance at mid- and high latitudes than in the tropics (Goosse
et al., 2010). This should be kept in mind when interpreting the
simulation results. The sensitivity of ECBilt-CLIO to a doubling of
the atmospheric CO2 concentration is within the range of
comprehensive GCMs at high latitudes in winter, but slightly
weaker at low to mid-latitudes in summer (Petoukhov et al., 2005).

2.2. Experiments

We discuss here two experiments that cover the last 9000 years:
ORBGHG and OGMELTICE. These experiments have been discussed
before by Renssen et al. (2009, 2010). We started our simulations at
9 ka BP because before that time the influence of the Younger Dryas
cold phase, representing major reoganizations of the climate
system, may still have had an important impact on climate through
the long memory of the deep ocean. Experiment ORBGHG is forced
by annually varying values of orbital parameters following Berger
(1978), and atmospheric concentrations of the main greenhouse
gases CO2 and CH4 based on ice core measurements (Raynaud et al.,
2000). In ORBGHG, the ice sheets are kept fixed at their present-day
configuration. In addition to identical orbital and greenhouse gas
forcing as in ORBGHG, in OGMELTICE we also prescribed the impact
of the early Holocene LIS deglaciation that lasted untilw6 ka BP. To
account for the LIS background melt flux, freshwater was added to
the North Atlantic Ocean near the St. Lawrence River Outlet and the
Hudson Strait. This additional freshwater flux was adapted from
Licciardi et al. (1999) and was set to 0.09 Sv (1 Sv ¼ 106 m3s�1)
between 9.0 and 8.4 ka BP, decreasing slightly to 0.08 Sv between
8.4 and 7.8 ka BP, finally dropping to 0.01 Sv between 7.8 and
6.8 ka BP. In OGMELTICE, we also included the impact of the dis-
integrating LIS during the period 9 to 7 ka BP, by updating surface
albedo and topography at 50-year timesteps. The modified surface
albedo and topography related to the LIS were based on Peltier
(2004), who reconstructed maps of ice sheet extent and thickness
since the last glacial maximum (21 ka BP) at 500 year intervals. To
obtain the surface albedo and topography at 50-year timesteps, we
linearly interpolated in time between the maps provided by Peltier
(2004). In both ORBGHG and OGMELTICE, we kept all other forcings
(i.e. solar constant, aerosol content) constant at preindustrial
values. To obtain initial conditions for OGMELTICE, we spun up the
model for 1000 years with 9 ka BP meltwater flux and LIS albedo
and topography, starting from a state derived from ORBGHG.

2.3. Insolation

As orbitally-forced changes in insolation are considered the
most important driver of long-term Holocene climate change, we
discuss here briefly the details of the prescribed insolation. We
employed in our model a calendar with 360 days per year, with
each month containing 30 days and with the vernal equinox fixed
at day 81 (i.e. March 21). This is common practice in Holocene
climate modelling studies (e.g., Crucifix et al., 2002; Weber et al.,
2004; Braconnot et al., 2007). A calendar with the duration of the
months depending on their angular length (Joussaume and
Braconnot, 1997) would have been more accurate. However, this
would have required major adjustments to the model code that
were considered unfeasible within this project.

Within the time-frame considered here, the maximum differ-
ence in insolation relative to the preindustrial period is at the very
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start (i.e. at 9 ka BP) at all latitudes. In the Northern Hemisphere
(NH), at 9 ka BP a positive insolation anomaly was present
between about May and August (Fig. 1), peaking in June at values
over þ40 Wm�2 north of 60� N (Berger, 1978). In the remainder of
the year, a negative 9e0 ka BP insolation anomaly was present in
the NH. In the tropics, the positive 9e0 ka BP insolation anomaly
was at its smallest with values below þ30 Wm�2, but this rapidly
increased towards Southern Hemisphere (SH) high latitudes, with
a maximum of þ60 Wm�2 in October South of 80� S. Thus, from
north to south, the seasonal timing of the maximum 9e0 ka BP
insolation anomaly changed from June to October. Through the
Holocene, the timing of this anomaly shifted a bit forwards. For
instance, the maximum 4e0 ka positive insolation anomaly
occurred in July in the NH and in November in the SH. For the last
9000 years, the annual mean anomaly compared to 0 ka BP was
negligible (i.e. within 1 Wm�2) at most latitudes, except for the
poles where the maximum was about þ5 Wm�2 at 9 ka BP.

2.4. Analysis of model results

To address the questions raised in the introduction, we
analyzed the monthly mean simulation results to establish for
each grid cell the maximum positive temperature anomaly relative
to the preindustrial mean (see example in Fig. 2). The analysis
resulted in global maps of this anomaly (Fig. 3aeb), which we
consider to represent peak HTM conditions in the model. It is
important to note that the anomalies on this map do not repre-
sent “real” climatic conditions, as they originate from different
months in the year and from different times within the last 9000
years. In addition, we also mapped the timing of this anomaly in
ka BP (Fig. 4aeb) and the month of the year in which this anomaly
occurred (Fig. 5). This was done for both ORBGHG and OGMEL-
TICE. The latter experiment is used here as the standard simu-
lation, as it contains the impact of all considered forcings. The
preindustrial mean was based on an average over 1000 to
200 yr BP. Before we performed the analysis, we applied
a 499-point running mean to all temperatures to filter out high-
frequency variability. We have also tested shorter filter lengths of
100 and 250, but these did not sufficiently suppress the impact
of unforced variability at multi-centennial scales generated
by our model (i.e. in the Southern Ocean). Fig. 2 shows an

example of the result of the analysis, with a timing of
7800 yr BP thus meaning that the anomaly averaged over the
period 7550e8050 yr BP reached the highest deviation compared
to the preindustrial mean.

3. Results

3.1. Simulated global HTM characteristics

3.1.1. What is the maximumwarming compared to the preindustrial
climate?

Warmest conditions are simulated at high latitudes in both
hemispheres, where the anomalies exceed þ5 �C, whereas smallest
positive anomalies (i.e. less than 0.5 �C) are found over tropical
oceans (Fig. 3a). Over mid-latitude continents, the HTM magnitude
is mostly between 1 and 3 �C. A marked land-sea contrast is seen at
low-to-mid latitudes, with warmest conditions over the continents
being 1e2 �C higher than over ocean surfaces at the same latitude.

3.1.2. What is the timing of the HTM in ka BP?
Almost everywhere, the timing of the warmest conditions falls

between 9 ka BP and 5 ka BP in OGMELTICE (Fig. 4a). We find the
earliest HTM (before 8 ka BP) over NW North America, N South
America, Eastern Asia, Northern Africa, the Middle East, Australia,
the Central Arctic Ocean and parts of the tropical Pacific and
Atlantic Oceans. The latest HTM is simulated over Greenland and
along the coast of Arctic Northern Russia, with a timing between
6 and 5 ka BP. Inmost of Europe and NENorth America the timing of
the HTM is between 7 and 6 ka BP. A similar HTM timing is found
over most of the SH mid-latitudes. In a small region in the equa-
torial Pacific (green grid cells in Fig. 4a), the timing is notably later
(between 4 and 3 ka BP) than the surrounding areas.

3.1.3. In what month of the year is this maximum warming
occurring?

Over continents, the timing of the maximum warming occurs
later within the seasonal cycle going from north to south (Fig. 5).
Over NWNorth America and Northern Siberia, the maximumwarm
anomaly falls in June, shifting to JulyeAugust over most of conti-
nents in the NH mid-latitudes and the tropics. Finally, over land
surfaces at SH mid-latitudes, the maximum warm occurs in
SeptembereOctober. Over the oceans a similar latitudinal gradient
in seasonal timing exists, but the timing generally lags the terres-
trial response by 1e2 months, ranging from August in the North
Atlantic to December in the Southern Ocean. Exceptions to this
general pattern are the Arctic Ocean, with maximum anomaly in
December, part of Northern Africa and Arabia, with maximum
warming in AprileMay, and parts of the Southern Ocean with
a timing in July to October.

3.1.4. Summary of the simulated HTM
The main characteristics of the simulated maximum positive

temperature deviation from the preindustrial level are presented in
Fig. 6 and may be summarized as follows:

- the intensity of the warm anomaly decreases from high to low
latitudes,

- at most latitudes, the timing of the maximum deviation is
delayed compared to the insolation maximum,

- the spatial difference in Holocene timing is largest at mid-to-
high latitudes in the Northern Hemisphere, and

- the seasonal timing of the warm anomaly shifts from NH
summer in the north to SH spring (i.e. NH fall) in the south,
with a 2e3 month delay over the oceans compared to the
continents, with some notable exceptions.

9 - 0 kyr BP insolation anomaly

JAN    FEB    MAR    APR    MAY     JUN     JUL    AUG    SEP    OCT    NOV    DEC

90°N

60°N

30°N

EQ

30°S

60°S

90°S

Fig. 1. Difference in monthly insolation values (in Wm�2) between 9 and 0 ka BP for
each latitude (based on Berger, 1978).
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4. Discussion of simulated characteristics

4.1. Magnitude of the warming

The contrast in the magnitude of the HTM response between
high and low latitudes (Fig. 3aeb) is partly caused by the latitudinal
variation in the maximum insolation difference with the prein-
dustrial. This insolation difference also shows a minimum in the
tropics and maxima at high latitudes in both hemispheres (Fig. 1).
However, the high-latitude HTM response is also stronger because
of positive feedbacks, the most prominent ones involving snow and
ice, contributing to the well-known polar amplification of climate
change (e.g., Holland and Bitz, 2003; Masson-Delmotte et al., 2006;
Miller et al., 2010b). When the polar climate warms, the area
covered by snow in the winter season becomes less and also the
duration of the snow cover is reduced, resulting in an important
reduction of the surface albedo and thus to enhanced absorption of
shortwave radiation and higher surface temperatures (i.e. the so-
called snow-albedo feedback, e.g., Kerwin et al., 1999; Crucifix
et al., 2002). The vegetation type also influences the albedo of the
snow cover, since it is much higher for tundra and grasslands than
for forests (e.g., Harvey, 1988; Foley et al., 2003). In addition,
warming of the polar ocean surface waters reduces the thickness of
the sea-ice cover, causing the heat flux from the ocean to atmo-
sphere to increase, resulting in additional warming of the lower
atmosphere near the surface during the cold season (so-called ice-
insulation feedback). Furthermore, previous idealized modelling
studies with uniform forcing have indicated that enhanced
meridional transport of latent heat in a warmer atmosphere also
contributes to polar amplification (e.g., Alexeev et al., 2005; Langen
and Alexeev, 2007).

The land-sea contrast in the intensity of the simulated HTM is
partly due to themuch larger thermal heat capacity of the seawater
compared to land surfaces, implying that continents heat up much
easier. In addition, compared to land surfaces, oceans also release
a relatively large portion of the heat as latent heat, which has no
effect on the surface temperature (e.g., Joshi et al., 2008).

4.2. Holocene timing of the HTM

The cooling influence of the early Holocene LIS clearly had
a large impact on the global expression of the HTM in our

simulations. Under the influence of the LIS, the early Holocene is
relatively cool in many regions in OGMELTICE, not only over the LIS
itself (Fig. 4). As discussed previously (Renssen et al., 2009, 2010),
the impact of the LIS on the Atlantic Ocean circulation plays an
important role in creating these cooler conditions. The background
melt flux from the LIS prevents the formation of deepwater in the
Labrador Sea in experiment OGMELTICE until around 7 ka BP.
Between 9 and 7 ka BP this leads to a reduction of the Atlantic
Meridional Overturning Circulation (AMOC) and associated ocean
heat transport by about 30%, accompanied by significant cooling of
the North Atlantic Ocean, expansion of sea ice and strongerwesterly
winds relative to ORBGHG. Downwind from the LIS and the cooler
North Atlantic Ocean (i.e. much of Europe and a zonal band over
Eurasia), this also results in significantly cooler conditions before
7 ka BP. As discussed in detail in Renssen et al. (2010), the relatively
cool conditions in the Southern Ocean in OGMELTICE are related to
the upwelling of rather cold North Atlantic Deep Water (NADW).
The latter is associated with the absence of deep convection in
Labrador Sea, leaving the colder Nordic Seas as the only source area
of NADW. Consequently, in the early Holocene there was an
advective teleconnection in operation between the high latitudes of
the Northern and Southern Hemispheres (Renssen et al., 2010).

A comparison to the orbitally-dominated signal in ORBGHG
(dark blue in Fig. 4b) shows that in regions with a relatively cool
early Holocene under influence of the LIS, the HTM timing is
delayed compared to the insolation maximum in OGMELTICE
(Fig. 4a). This delay is 1e3 ka over NE North America, most of
Europe and a zonal band across Eurasia along 60� N (compare
light blue areas Fig. 4a with 4b). A lag of 1e2 ka is also found
over most of the Southern Ocean, and the South Pacific. In other
regions, such as NW North America, most of the Arctic Ocean and
E Asia, the LIS had no discernible impact on the timing of the
HTM. A long delay is also suggested in the East Pacific but the
signal of the HTM itself is not clear in this region because of the
very weak trends simulated by LOVECLIM there.

The map with the difference in the maximum temperature
anomaly between OGMELTICE and ORBGHG (Fig. 3b) reflects partly
this delay in timing and partly the direct cooling influence of the LIS.
In areas that experience a delay in the HTM timing (i.e. between 7
and 6 ka BP instead of between 9 and 8 ka BP) e such as NE North
America, the North Atlantic Ocean, Greenland andmost of Europee
the cooler conditions are the effect of the reduction in insolation

Fig. 2. Example of the analysis performed in this study. The coloured curves are 499-point running averages of simulated monthly surface temperatures in one model grid cell.

H. Renssen et al. / Quaternary Science Reviews 48 (2012) 7e1910
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going from 9 ka BP to 6 ka BP. Over areas without a significant delay
e such as NW North America and the Arctic Ocean e the simulated
HTM signal is reduced by up to 2 �C due to the LIS influence (Fig. 3b),
but here the impact of the orbitally-forced insolation is still stronger
than the cooling influence of the LIS, thus resulting in a HTM timing
in line with insolation. In southern North America, the cooler HTM
conditions are caused by a small shift in the atmospheric circulation
that results in an increase in precipitation, leading to moister
surface conditions and enhanced evaporation (Fig. 3b).

Compared to ORBGHG, notably warmer HTM conditions in
OGMELTICE are seen North of Iceland, the near East and the
northernmost Pacific (Fig. 3b). North of Iceland the warmer

conditions are related to a slightly stronger ocean-to-atmosphere
heat flux in OGMELTICE that is related to enhanced convective
activity (Renssen et al., 2010). In the Near East, reduced precipita-
tion leads to drying of the soil, an enhanced sensible heat flux and
relative heating of the surface. Over the northernmost Pacific
Ocean, the warm conditions in OGMELTICE are associated with
a change in the atmospheric circulation, bringing relatively mild air
masses to this region.

The delay of HTM from 9 ka BP to w7 to 6 ka BP in OGMELTICE
also leads to a slight shift within the seasonal cycle in some parts of
Europe and NE North America, with the strongest response in
August in OGMELTICE compared to July in ORBGHG (not shown).

Fig. 3. a (top) and b (bottom): a: Simulated maximum positive surface temperature anomaly in OGMELTICE relative to the preindustrial mean, based on monthly mean results. b:
Difference between the maximum positive temperature anomalies in OGMELTICE and ORBGHG.

H. Renssen et al. / Quaternary Science Reviews 48 (2012) 7e19 11
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Fig. 4. a (top) and b (bottom): Holocene timing (in ka BP) of the maximum positive temperature anomaly in OGMELTICE (a) and ORBGHG (b).

Fig. 5. Month of the year with maximum positive insolation difference at 9 ka BP (left) and the month with the largest positive temperature deviation from the preindustrial mean
in OGMELTICE (right).

H. Renssen et al. / Quaternary Science Reviews 48 (2012) 7e1912
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This is consistent with the maximum insolation anomaly between
50 and 60� N, which also falls one month later at 7 ka BP than at
9 ka BP.

4.3. Seasonal timing of the HTM

Compared to the continents, the relatively large heat capacity of
the oceans is responsible for the greater seasonal lag between the
temperature maximum and the insolation maximum over most sea
surfaces. The exceptional seasonal timing of the HTM in some
regions can be explained by additional processes. The seasonal
expression of the simulated HTM over the Arctic Ocean and the
Southern Ocean, with the largest anomaly in the winter season, is
related to the relatively thin sea-ice cover, enabling the upward
ocean heat flux to reach the atmosphere more easily (Fig. 5). In
North Africa, the summer insolation anomaly produces enhanced
summer monsoons, creating moister conditions that temper the
surface heating in summer, resulting in the largest temperature
anomalies in spring (i.e. before the summer rains).

4.4. Is the simulated global HTM expression consistent with proxy
evidence?

It is difficult to make ameaningful comparison of our simulation
results with proxy-based reconstructions of temperature due to
associated uncertainties and our discussion will thus remain in
many cases qualitative. First, the relation between proxies and
temperature is not always direct, and transfer functions often
include statistical uncertainties that are 1 �C or more (e.g., Marchal
et al., 2002). Formany places, this is of the same order of magnitude
as the simulated maximum temperature anomaly (Fig. 3a), espe-
cially at lower latitudes and over the oceans. Second, different
proxies may represent different seasons (e.g., Davis, 1984). For
instance, alkenone-based sea-surface temperatures (SSTs) are
considered to reflect conditions at the time of maximum coccolith

production, which does not necessarily correspond with the
summer conditions reconstructed using diatoms and foraminifera
(Marchal et al., 2002), and the continental proxies chironomids are
generally seen as a proxy for summer temperatures, whereas pollen
records may reflect summer or growing season temperatures,
winter temperatures, water balance and other climatic parameters
(Huntley, 2011). Third, in many instances the different proxy-based
reconstructions are inconsistent, which is most probably related to
the two points raised above. As a consequence, it is difficult to
obtain a coherent global proxy-based picture of the temporal and
spatial of the intensity and timing of the HTM. Jansen et al. (2007,
their figure 6.9) made an effort in the 4th assessment report (AR4)
of the Intergovernmental Panel on Climate Change (IPCC), but their
synthesis was based on only limited amount of available records. To
assess whether our simulated global HTM expression is consistent
with proxy evidence, we compare in the following sections our
results with a selection of proxy-based reconstructions that we
consider to provide a fair overview of the global HTM expression in
proxy records.

4.4.1. Continental records
ForNEurope, an earliermodel-data comparison suggests that the

simulated HTM expression is consistent with proxy-based recon-
structions (Davis et al., 2003; Renssen et al., 2009; Seppä et al., 2009).
Mid- andhigh latitudeEuropeanpollen and chironomiddata suggest
warmest conditions between 7 and 5 ka BP, with summer temper-
atures being 0.5e1.5 �C above the preindustrial level. Our model
results generally agree well with these data, although the
simulation results suggest somewhat warmer summer conditions
during the HTM in central Europe (i.e. 3 �C above the preindustrial
value). The simulations agree with temperatures based on pollen-
climate transfer functions derived from northernmost European
Russia, where both methods indicate an HTM magnitude of 3 �C,
dating to roughly between 6 and 5 ka BP in the model and between
8 and 3.5 ka BP in the data (Salonen et al., 2011).

Fig. 6. Summary of main characteristics (Holocene timing, intensity and seasonal timing) of the simulated maximum positive temperature deviation from pre-industrial levels,
shown as a function of latitude (vertical axis) and time (horizontal axis). The Holocene timing for the different regions is given with a 500-year range (as indicated by the width of
the boxes), consistent with the applied 499-year running mean (see Section 2.4). The green arrow at the right summarizes the seasonal timing of the maximum temperature
deviation for the different latitudes. Note that some regions, notably the Arctic and Southern Oceans and North Africa, have a different seasonal expression than indicated by the
green arrow (see Section 4.3). Our experiments start at 9 ka BP (indicated by the dashed line), implying that we could not simulate a HTM timing before this time.
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Pollen-based summer temperature reconstructions from
Southern Europe suggest that the early-to-mid Holocene was
cooler than the preindustrial period (Davis et al., 2003; Bartlein
et al., 2011). This cooler early-to-mid Holocene is not expected
from the orbital forcing pattern for summer and is not reproduced
by our model. Davis and Brewer (2009) explain this anomalous
response by a strong sensitivity of climate to the latitudinal gradi-
ents in insolation and temperature. However, the pollen-based
temperature reconstructions presented by Davis et al. (2003) for
Southern Europe are not unequivocal, as some other reconstruc-
tions from this region suggest a long-term Holocene cooling trend
(Cheddadi et al., 1998; Marchal et al., 2002; Dormoy et al., 2009), i.e.
the opposite response. Using pollen as a temperature proxy in the
Mediterranean region might be problematic, since the main
climatic parameter influencing plant distribution and vegetation
structure here may be effective precipitation rather than tempera-
ture (e.g., Osborne et al., 2000). Holocene vegetation changes are
therefore interpreted by some researchers as mainly reflecting
changes inmoisture availability (Jalut et al., 2009). Indeed, relatively
large long-term Holocene variations in effective precipitation have
been reconstructed in theMediterranean region using speleothems
(Bar-Matthews and Ayalon, 2004) and lake levels (e.g., Cheddadi
et al., 1998). Furthermore, late Holocene Mediterranean vegeta-
tion has been strongly influenced by human activity and associated
changes in fire frequency (e.g., Colombaroli et al., 2009).

Further east, in NE Siberia, both model and data indicate that
the HTM was significantly earlier, being before 8 ka in the simu-
lation results and between 11.4 and 7.6 ka BP in records from Lake
El’gygytgyn (Swann et al., 2010). In central Siberia, on the other
hand, evidence for the HTM is more ambiguous. The pollen-based
reconstructions reported by Bartlein et al. (2011) suggest gener-
ally lower-than-present temperatures at 6 ka BP in central Eurasia
between 45 and 65� N, whereas Demske et al. (2005) interpret the
data from Lake Baikal to show that the HTM appears to have been
delayed here too, with a peak warming around 6 ka BP (Demske
et al., 2005) that corresponds to a HTM timing between 6 and
8 ka BP in our model.

In North America, the model is generally consistent with data.
In NE Canada, our model agrees with the pollen-based recon-
structions of peak Holocene warming between 7 and 5 ka BP and
temperature anomalies of about 1 �C relative to the preindustrial
(Kaufman et al., 2004; Kerwin et al., 2004; Renssen et al., 2009;
Viau and Gajewski, 2009). Based on numerous proxy data, Kaufman
et al. (2004) showed that the HTM timing was between 12 and
8 ka BP in Alaska, which contrasts with a delayed HTM between
7 and 3 ka BP in northernmost Canada. Our simulation suggests
a similar contrast in timing, confirming the delaying effect of the LIS
in the latter region. Inwestern North America, chironomid-inferred
temperatures from the Sierra Nevada in California (Potito et al.,
2006) suggest that warmest Holocene conditions were reached at
6.5 ka BP with values of about 2 �C above the present-day level. Our
model suggests for this region a similar HTM magnitude, but
peaking somewhat earlier between 8 and 7 ka BP. Our model result
does contradict pollen-based temperatures from SW North Amer-
ica and the southern part of the continent, showing lower-than-
present temperatures at 6 ka BP (Bartlein et al., 2011) and a Holo-
cene warming trend (Viau et al., 2006; Bartlein et al., 2011).
However, with reference to the discussion for the Mediterranean
region, it could be debated if pollen is an ideal temperature proxy
for the semi-arid climate of SW North America.

Proxy records from Greenland suggest a considerable variability
in the timing and magnitude of the HTM. Oxygen isotope records
from the GRIP, GISP2 and NGRIP Greenland ice cores indicate
warmest conditions in the earliest Holocene between 9.5 and
7 ka BP (e.g., Johnsen et al., 2001; Thomas et al., 2007; Vinther et al.,

2009), interrupted by the cold 8.2 ka BP event. However, a later
timing is indicated by temperature reconstructions based on
borehole data from the Dye 3 ice core (between 6 and 3 ka BP) and
GRIP (between 8 and 5 ka BP), with anomalies of 2.5e3.0 �C
compared to the preindustrial level (Dahl-Jensen et al., 1998).
Kaufman et al. (2004) suggest that the HTM warming was stronger
at lower elevation sites and locations closer to the ocean than at the
summit and high latitudes. This is confirmed by data from several
lacustrine records from coastal Greenland (Kaufman et al., 2004).
Over most of Greenland, our model simulates a thermal maximum
between 6 and 5 ka, which is consistent with some indirect
lacustrine evidence for the warmest Holocene conditions in NE
Greenland (Klug et al., 2008). Our model also suggests a latitudinal
gradient in the HTM magnitude, ranging from 1 �C in the South to
5 �C in the North. Given the low spatial resolution of our model that
does not capture the full elevation of the Greenland ice sheet, our
simulation results are in reasonable agreement with these
reconstructions.

Reviews of proxy-based reconstructions from China and the
Tibetan Plateau have generally suggested a long period of moister
andwarmer conditions at 9.5 kae3 ka BP (Shi et al., 1992; Xiao et al.,
2002; Feng et al., 2005; Herzschuh, 2006; Herzschuh et al., 2006;
Zhao et al., 2011). In their synthesis of multi-proxy data from
a number of sites on the eastern Tibetan Plateau, Zhao et al. (2011)
concluded that the maximum warmth was caused by both orbital
forcing and monsoon strength, and that the warmest conditions
were reached at 6.5 ka BP, followed by gradual cooling and weak-
ening of the monsoon. This is in rough agreement with our simu-
lated HTM between 9 and 7 ka throughout the region. However,
more recent investigations have suggested regional asynchroneity
in the timing of the highest temperatures and precipitation. For
example, He et al. (2004) suggest an early HTM between 11 and
9 ka BP inwestern China, and a later timing between 9 and 8 ka BP in
eastern China and Chen et al. (2008) show that the Holocene
climate trends between the monsoonal eastern China and the arid
central Asia differ markedly. The monsoonal reconstructions based
on stable isotope records from stalagmites (Wang et al., 2005)
indicate that the monsoon was strongest in the early Holocene and
has attenuated roughly in tune with the summer insolation. It is
possible that the strong monsoon suppressed the insolation-
induced warming during the early Holocene in northern China,
Mongolia and southern Siberia (Bartlein et al., 2011).

In the Southern Hemisphere mid-latitudes, evidence seems to
confirm that here the HTM was later than would be expected from
pure orbital forcing. In New Zealand, Williams et al. (2004) sug-
gested based on speleothem data peak HTM conditions around
10.8 ka BP, and cooler conditions setting in after 7.5 ka BP, while
Wilmshurst et al. (2007) found warmest conditions between 9 and
7 ka BP based on pollen, with temperatures being 3e5 �C higher
than at present. The timing suggested by the model fits this
evidence well, but the simulated peak temperatures for the New
Zealand area are less expressed. However, due to the low spatial
resolution, the relatively small land mass of New Zealand is not
recognized in our model. Speleothem data from Tasmania (Xia
et al., 2001) suggest a HTM between 8 and 7 ka BP and pollen-
based evidence at 8e5 ka (Fletcher and Thomas, 2007), consis-
tent with the timing in our simulation. In South Africa, proxy
evidence suggests that warmest Holocene conditions occurred
between about 10.5 and 6 ka BP (Holmgren et al., 2003; Neumann
et al., 2010). This is consistent with the modelled peak warming
between 9 and 7 ka BP in this region. In southernmost South-
America, the HTM occurred at 9e6 ka BP and was characterized
by a warming trend that produced warmer and drier conditions
than at present in Tierra del Fuego (McCulloch et al., 2000;
Waldmann et al., 2010).
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Antarctic ice cores (Masson et al., 2000; Jouzel et al., 2001;
Masson-Delmotte et al., 2004, 2011) and marine and continental
palaeoclimatic records (Bentley et al., 2009) suggest that therewere
two thermal maxima in Antarctica: one in the earliest Holocene
between 11.5 and 9 ka BP, followed by a relatively cold period, and
a secondary maximum that varied in timing between 7 and 5 ka BP
(Ross Sea sector) and 6e2.5 ka BP (Antarctic Peninsula, Eastern
Antarctica). The first thermal maximum is outside the range of our
experiments, so we should compare our results with the timing of
the secondary optimum. In our simulation, the timing of warmest
conditions ranges from 8 to 5 ka BP, in general agreement with the
ice-core data. As discussed in Renssen et al. (2010), in OGMELTICE
cold conditions prevailed over the Southern Ocean between 9 and
7 ka BP due to the upwelling of relatively cold NADW.

4.4.2. Marine records
North Atlantic sea-surface temperature (SST) reconstructions

suggest a thermal maximum in the early to mid Holocene.
According to Moros et al. (2004) the HTM lasted until about
6.7 ka BP based on alkenone-based reconstructions, which is
consistent with the timing of warmest conditions in our model
between 7 and 6 ka BP. Alkenone-based SST reconstructions in the
Eastern North Atlantic (Jansen et al., 2008) suggest an increase in
the HTM magnitude from less than 1 �C between 20 and 40� N to
2 �C south of Iceland and more than 3 �C in the Nordic Seas north
of 65� N. In our model result, this northward increase is of the
same order of magnitude. However, SST reconstructions based on
diatom assemblages suggest a somewhat earlier and more
expressed HTM in the Nordic Seas over the Vøring Plateau, with
a 5 �C anomaly compared to the preindustrial level (e.g., Andersen
et al., 2004; Berner et al., 2011), and a timing between 9 and
7 ka BP, revealing a clear mismatch with the alkenone-based
reconstructions (Marchal et al., 2002). This might reflect the
already noted difference in seasonal representation between the
two methods (i.e. annual in alkenone based SSTs, summer in
diatom-based SSTs). Southwest of Iceland, the diatom-based
reconstructions indicate a later HTM between 6 and 5 ka BP,
with a magnitude of 1e2 �C (Berner et al., 2008), fully consistent
with alkenones (Marchal et al., 2002; Jansen et al., 2008) and our
model results.

In tropical oceans, the HTM signal appears to be small, and
there is some conflicting evidence of the trend of ocean surface
temperatures over the Holocene. In the Western Tropical Pacific,
Stott et al. (2004) derived 0.5 �Cwarmer conditions during the early
part of the Holocene (between 10 and 5 ka BP) based on forami-
niferal oxygen isotope and Mg/Ca data, corresponding well with
our results. However, most tropical alkenone SST records (Rimbu
et al., 2004; Lorenz et al., 2006) suggest a warming trend over
the entire Holocene and cooler than present conditions between
9 and 6 ka BP, although there are some notable exceptions (e.g., Kim
et al., 2003). Our model does not reproduce this overall warming
trend, and suggests that temperatures were warmer than today at
some point in the Holocene, also in the annual mean (not shown). It
should be noted that over tropical oceans the warm anomaly in the
model is small (less than 0.5 �C). Only in a small area of the equa-
torial Pacific (indicated by green grid cells in Fig. 4a), the simulated
temperatures are cooler than today between 9 and 6 ka BP. The
noted general pattern of Holocene warming observed in alkenone-
derived SSTs is not reproduced in the overall picture emerging from
SST reconstructions based on Mg/Ca ratios (Leduc et al., 2010). For
instance, in the tropical Atlantic off Congo, a Mg/Ca-derived
reconstruction by Weldeab et al. (2007) suggests warmest Holo-
cene SSTs (w1.5 �C above late Holocene level) between 10 and
8 ka BP, followed by a cooling trend. Several explanations have been
proposed for the mismatch between alkenones and Mg/Ca ratios,

including different seasonal representations for both methods
(see Leduc et al., 2010 for a detailed discussion).

Alkenone-based SST reconstructions for many marine cores in
the North Pacific Ocean also suggest a small Holocene warming
trend (Kim et al., 2004), ranging from 0.3 to 1.8 �C increase over the
last 7 ka. However, at some sites in the N Pacific, alkenone-based
SSTs show a slight long-term cooling, thus contrasting with the
warming trend in the majority of the alkenone records here (Kim
et al., 2004). A clear HTM, followed by a cooling trend, is also
suggested by radiolarian-based SST reconstructions from the East
China Sea (Fengming et al., 2008). Our model does simulate a small
cooling trend of 0.5e1 �C over the last 7 ka, and thus provides no
support for cooler surface conditions in the mid-Holocene N
Pacific. As mentioned above, alkenone-based SST reconstructions
reflect the period of maximum coccolith production, and it may not
always be clear what season this represents and if this has been
stable throughout the Holocene, thus complicating model-data
comparisons.

In the Southern Ocean, proxy records indicate a complex
temporal structure of the changes over the Holocene. Some coastal
records support our modelled HTM timing that falls mostly 7 and
6 ka BP. For instance, coastal diatom records sampled near East
Antartica also reveal a cooler phase between 9 and 7.5 ka BP with
extended sea-ice cover, followed bywarmer conditions lasting until
about 4 ka BP (Crosta et al., 2007, 2008; Denis et al., 2009, 2010).
However, a variety of responses has been recorded in eastern
Antarctica, as reviewed by Wagner and Melles (2007), suggesting
a quite complex structure of the changes over the Holocene here.
Also, marine diatom records from the Atlantic sector south of the
polar front, suggest earlier warmest conditions between 12 and
9 ka BP, followed by cooling and sea ice expansion between 9 and
7 ka BP (Bianchi and Gersonde, 2004), in agreement with the
Antarctic ice core records. A recent SST reconstruction based on the
TEX86 methodology from a core west of the Antarctic Peninsula
confirms warmest conditions between 12 and 8 ka BP (Shevenell
et al., 2011). Other records from the Antarctic Peninsula indicate
a later thermal maximum, for instance between 9 and 7 ka BP (e.g.,
Brachfeld et al., 2002; Sjunneskog and Taylor, 2002; Roberts et al.,
2008) and or even between 8e7 and 4e3 ka BP (Taylor et al.,
2001; Heroy et al., 2008). As discussed in detail by Denis et al.
(2010), the coastal signature of warmest conditions in the first
half of the Holocene contrasts with the response of the open ocean
in the East Atlantic and Indian Ocean sectors that suggests rela-
tively cool conditions until 4.5e3.5 ka BP, followed by warming
(Hodell et al., 2001; Nielsen et al., 2004; Anderson et al., 2009).
Denis et al. (2010) relate this latitudinal contrast to a strong
sensitivity to the latitudinal temperature gradient.

4.5. Is the HTM an analogue for the climate at the end of the 21st
century?

There are some similarities between the AR4 projections of the
IPCC (Meehl et al., 2007, Fig. 10.9) for the end of the 21st Century
and our simulation results for the HTM. First, in both cases, similar
warm conditions are present over the Arctic Ocean during the
winter season. Our simulated December temperature anomalies of
more than 6 �C are comparable to the AR4 winter projection
between 6.5 �C to more than 7.5 �C in the A1B scenario. Second,
over Northern Hemisphere high and mid-latitude continents, the
largest response is in summer, with comparable temperature
anomalies between 2 and 5 �C in both our simulation and the AR4
results for the A1B scenario. However, over mid-to-low latitude the
oceans, the HTM anomaly is smaller in our model (0.5e1 �C)
compared to the 1e2 �C warming suggested by AR4. It should be
noted that our model’s sensitivity to radiative forcing is slightly
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weaker than comprehensive GCMs at low to mid latitudes in
summer (Petoukhov et al., 2005), implying that the comparison
to AR4 results is not always straightforward.

In any case, important differences between the two periods exist
in the duration and the spatiotemporal variability. The future
climate conditions from AR4 discussed above refer to only two
decades at the end of the 21st Century. Moreover, the AR4 projec-
tions suggest that it will be a period with rapid climate warming
that is likely followed by evenwarmer conditions in the subsequent
decades. The HTM, on the other hand, reflects more or less stable
conditions during at least a millennium. The HTM is also a time-
transgressive phenomenon, with much larger spatiotemporal
variations than projected for the 21st Century. Both our model
results and proxy evidence suggest that the timing of the HTM in
different regions differs by as much as 3000 years, even at the same
latitude. In addition, we have only considered the temperature
response here, and it is likely that there also notable differences in
other climate characteristics between the two periods (e.g., in
precipitation). In summary, there are some similarities between the
HTM and the projected climate at the end of the 21st Century,
particularly with respect to the magnitude of the warming and the
seasonal characteristics in the Arctic/Subarctic regions as was also
discussed by MacDonald (2010), but important differences in
duration and spatiotemporal variability between the two periods
imply that the HTM is not a close analogue for the predicted global
warming by the end of the 21st Century.

5. Conclusions

We analyzed transient climate model simulations of the last
9000 years to characterize the HTM in terms of the maximum
positive temperature anomaly, the timing of this anomaly and the
month of the year with the strongest response. Our analysis
suggests the following.

- The HTM expression was strongest at high latitudes in both
hemispheres, where the maximum temperature anomaly
relative to the preindustrial reached 5 �C in our model. The
weakest HTM signal was simulated over low-latitude oceans
(less than 0.5 �C) and low latitude continents (0.5e1.5 �C). Over
mid-to-high latitude continents the HTM anomaly was
between 1 and 4 �C.

- This latitudinal contrast is partly caused by the orbitally-forced
insolation anomaly that is also largest at high latitudes. The
strong high-latitude response is amplified by polar
amplification.

- The earliest HTM (before 8 ka BP) is found in regions not
affected by the remnant early Holocene Laurentide Ice sheet.
Most notably, this is the case in NW North America, E Asia, N
Africa, N South America, the Middle East, NE Siberia, and
Australia. Compared to the insolation maximum, the HTM was
delayed by 2e3 ka over NE North America (i.e. location of LIS)
and regions directly downwind from the LIS, i.e. North Atlantic,
Greenland, Europe, and a zonal band across Asia. This was also
apparent over much of the Southern Ocean. An intermediate
delay of around 1 ka was found over most other continents
and oceans.

- One implication of this temporal heterogeneity of the HTM
timing is that the 6 ka BP climate cannot be used as a good
representation of the HTM climate, as is sometimes assumed in
modelling studies.

- The seasonal expression of the HTM is such that over conti-
nents the maximum positive temperature anomaly generally
occurred in the same month as the maximum insolation
anomaly. Over ocean surfaces, the timing of the HTM within

the seasonal cycle was delayed by 2e3 months relative to the
insolation maximum. Exceptions are found in the Arctic
Ocean, North Africa and the Southern Ocean. Over the Arctic
Ocean and the Southern Ocean, the largest anomaly is
simulated in winter, when the thinner sea ice allows for
a relatively strong upward heat flux from the ocean. In North
Africa, the summer insolation anomaly leads to enhanced
summer monsoon, creating moister conditions that temper
the surface heating in summer, resulting in the largest
temperature anomalies in spring (i.e. before the rains).

- The timing and magnitude of the HTM in our model results is
generally consistentwith global proxy evidence, indicating that
our simulations provide a reasonable global characterization of
the HTM.

- Regions where there are clear mismatches between model and
data include the Mediterranean region, SW North America,
northern China, Mongolia and southern Siberia, and some
ocean regions (alkenone SSTs in tropics and N Pacific). It is
possible that that in these instances the reconstruction-
methods may not be suitable to reconstruct temperature
conditions during the HTM, but it is also possible that the
model simulations are unable to capture all the second order
components of past climate systems (e.g., circulation changes)
and, hence, give incorrect simulation results in these regions.
We suggest that model-based and proxy-based palae-
oclimatological research should focus on these regions in the
future.

- The HTM represents the most recent major geological warm
period and it is thus a potential analogue for the warmer
climate projected for the end of the 21st Century. However,
although there are some similarities, particularly with respect
to the warming and the seasonal characteristics in the Arctic/
Subarctic regions, important differences in duration and
spatiotemporal variability have been identified in the HTM.
Most importantly, the HTM does not represent a globally
coherent and synchronous warm period, making it a poorly
suitable reference climate for the future climate for most of the
world.
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